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Electric birefringence (EB) and electric linear dichroism (ED) of a sonicated DNA (M =1.24 x 10°) sample
were studied in solutions containing various additives at 7 °C. Signals of EB at 535 nm and of ED at 260 nm
were measured in the electric field range 0—ca. 19 kV/cm. Both signals obeyed the Kerr law at low field strengths

(E<ca. 5kV/cm) and showed a saturating trend at high fields.

The mean relaxation time, {7)gy, obtained

from the decay of EB, was field-strength dependent, indicating the effect of the polydispersity of SDNA. The
field strength dependence of steady-state EB signals was nearly identical with that of ED signals. These results

were analyzed with the “classical’’ orientation functions derived for mono- and polydisperse systems.

The optical

anisotropy factor (g;—g,;) of sSDNA was ca. —2.0x 10-2, while the average angle between the orientation axis of
sDNA and the transition moment of the base pair was ca. 70° at 260 nm. The electric moment of SDNA was

influenced by ionic strength, counterions, and other additives.

The weight-average length [, of SDNA decreased

in this order: 0.2 mM NaCl**>9-aminoacridinium chloride (P/D=10)>1.0mM NaCI>>0.33 mM MgCl,>
20 vol%, glycerol. Values of [, /base pair were 2.8—2.7 A in the glycerol and 3.6—3.4 A in the 1.0 mM NaClL

Electric dipole moments of DNA in solutions have
been investigated by various methods, e.g., electric
birefringence (EB),-19) electric dichroism (ED),3-5:17-27)
and dielectric relaxation.?¢6-33) Both EB and ED are
powerful techniques for studying the optical, electric,
and hydrodynamic properties of DNA in aqueous
solutions. With reversing-pulse electric birefringence,
Greve and Heij”? and Yamaoka and Matsuda!® recently
demonstrated that DNA fragments have no permanent
dipole moment. Hogan et al.2") found that an apparent
dipole moment of DNA is inversely proportional to the
square-root of ionic strength. There have been numerous
observations that the electro-optical property of DNA is
very sensitive to its molecular weight and to external
conditions such as ionic strength and small mo-
lecular weight additives in solutions.511,13-16,19,21,23)
Stellwagen!®) recently studied the electro-optical and
hydrodynamic properties of restriction enzyme frag-
ments of DNA whose lengths vary widely, exposing a
number of interesting points to be clarified. The decay
process of birefringence, for example, could not be
explained by a monodisperse system when the DNA
fragments are larger than 217 base pairs (bp). The
previous studies!~33 are unanimous in pointing out that
native DNA in solution can be oriented by an external
electric field, but they also indicate that the nature of
the electric moments responsible for field orientation
remains to be clarified. Sustained efforts are needed for
resolving this problem. For this purpose, the intrinsic
effects of the polydispersity of DNA length and the
flexibility of DNA chain, and the external effects of the
various ionic additives must be considered on a system-
atic basis.

The present study is the first of a series of work on the
electro-optical properties of DNA and related biopoly-
mers. In this paper, the electric field strength depend-
ence of steady-state signals of EB and ED was examined
with a sonicated rodlike DNA (sDNA) sample under
various ionic conditions. The decay curve of the EB

*¥* 1 mM=10"%mol dm™3.

signal was also measured an a function of field strength.
This is a result that cannot be explained if the sample is
monodisperse. Hence, tan analytical method for the
polydisperse system was utilized to compare the observed
EB and ED data with theoretical orientation func-
tions. The length of sDNA in solutions with various
additives was not constant, but was influenced by
external factors. The applicability of the ‘“classical”
mixed orientation function @(f8, y)* was tested for the
sDNA system.

Experimental

Materials. A calf thymus DNA sample was purchased
from Worthington Biochemical Corp (USA). The sonica-
tion procedure for SDNA was described elsewhere.?® The
protein content was determined to be less than 0.01 mg/1 mg
DNA by the microbiuret method. The weight-average
molecular weight was determined to be ca. 1.24 X 108 by ultra-
centrifugation.?® (The ratio of the weight-average to the
number-average molecular weight for sonicated DNA samples
is known to be in the range between 1.02 and 1.11.39)) ‘The
cationic dye, 9-aminoacridinium chloride (AA), was described
in previous papers.3-%) Other chemicals used were of reagent
grade.

Preparation of Sample Solutions. The stock sDNA solution
(ca. 1 mg cm=2) containing c¢a. 1 mM NaCl was prepared
in an ice bath. The solutions were unbuffered to avoid
any effect of buffer cations.?”® Each stock DNA solution
was diluted ten-fold and dialyzed against NaCl or MgCl,
solutions of desired ionic strength at 4°C for ca. 48 h.
The concentration of AA was determined by using a
molar absorption coefficient, &, of 1.03x 10¢ M-1cm-! at
401 nm.?» The sDNA-AA solution was prepared by adding
the dye solution to the SDNA solution at a molar mixing ratio
of DNA-phosphate residue-to-dye (P/D) of 10, the final con-
centration of AA being 10 uM. The concentration of sDNA
solution was determined photometrically with a molar absorp-
tion coefficient of 6400 M—! cm~! at 258.5 nm.?» The sDNA
in a 20 volY%, glycerol-0.8 mM NaCl solution was prepared in
an ice bath by adding glycerol to the aqueous SDNA solution.
The hyperchromicity of the denatured sDNA solution con-
taining either 1.0 mM NaCl or 0.2 mM NaCl was higher than
309,.3%4%  Absorption spectra were measured at 7 °C on a
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Hitachi EPS-3T double-beam recording spectrophotometer
equipped with a thermostated cell holder.

Measurements of Electric Birefringence and Electric Linear Di-
chroism. An EB apparatus constructed in our laboratory
was used.®? The voltage and the duration of a single square-
wave electric pulse field were continuously varied between
0.248 and 3.24 kV and between ca. 40 and 150 ps, respectively.
The instrumental response time for a transient birefringence
signal was usually faster than 0.5 ps; this was checked with
nitrobenzene.®® The linear response between the trans-
mitted light intensity and the output voltage generated across
a load resistor was verified by testing the Malus law.?® In
order to determine the sign of the birefringence and to increase
the sensitivity of the signal, a quarter-wave plate was placed
before the analyzer. The phase retardation was measured
at 535 nm and at 7 °C with the procedure described pre-
viously.#:5:42) An electric linear dichroism apparatus was also
built in our laboratory and has been described in detail 243
Both the parallel dichroism (AA4,/4) and the perpendicular
dichroism (Ad,/A)%25:38) were measured at 7°C and at
260 nm. The voltage and the duration of a single square-
wave electric pulse field were varied between 0.455 and 3.91 kV
and between 50 and 200 ps. The linear response between the
photocurrent and the incident light intensity was checked with
a metal mesh of a known absorbance (=1.20),2% the deviation
being always kept less than 1%,. For both EB and ED, optical
path lengths of the ‘“Kerr” cell were 2 cm (electrode gap 0.33
cm) and lcm (electrode gap 0.207 cm).?® Two electric
pulses were usually applied to each fresh solution, but the
sample solution was discarded after a single high-field pulse
to avoid denaturation of sDNA.

Method of Data Analysis

Analysis  of Steady-state. For a monodisperse
systemn, the steady-state birefringence (An) of a rodlike
polymer of axial symmetry (the 3-axis) may be given as®¥

A6 2aC,
An = Gg =T ()0, (1

where A is the wavelength of light in vacuo, d is the path
length, § is the phase retardation of solution, n is the
refractive index of the solution, Cy is the volume fraction
of solute, (g;—g,) is the optical anisotropy factor, and @
is the orientation function. Correspondingly, the steady-
state reduced dichroism (AA4/A4) is given as%38.43)

Ad _ A,—4, A4, A4, 3

4~ 4 T4 4 2
where AA4,/A and AA,[/A are the specific parallel and
perpendicular dichroisms, respectively. A4 is the isotropic
absorbance of the solution in the absence of an electric
field. 6 is the angle between the transition moment of
a chromophoric group and the orientation axis of SDNA.

For a polydisperse system, the molecular weight (or the
length for rodlike molecules) distribution of a polymer
sample must be considered. For this purpose, the
Schulz-Zimm function was assumed;*4%) then, the
number-average length distribution density function
Ja(l) is given as®®)

Bcost0—1)0, (2)

(LY p—
1) = 220 [k=1a=ym, s
Jull) = - e (3)
where y and k are related to the number-average and the
weight-average molecular weights (M, and M) as
M, =kly and M ,=(k+1)[y. The conformation of

Koichiro MAaTsupA and Kiwamu YaMaoka

[Vol. 55, No. 6

sDNA is a rigid double-stranded helix and is approxi-
mated by a cylindrical model. The molecular weight
M of an sDNA molecule may be equated to myl, where [
is the contour length and m, is the molecular weight
per unit length. The ratio M,/M, may be equated to
the ratio of weight-average length to number-average
length, i.e., [,[l,. According to the analytical method
devised for the polydisperse system,?” Eqs. 1 and 2
may be expressed in terms of the sum of the contributions
from component species of heterogeneous lengths, for
which the length distribution density function is defined
by Eq. 3:3®

“ f.(hodl
_ 2n(gs — gl)év_SLl -0

An n L
[, o
L
= 2n(g3'n_gl)cv <m>w, (4)
and similarly,
ad _ 3 _
T =73 (3 cos? 0 —1)<0), (8)

where Cy is the total volume of all solute molecules with
various chain lengths divided by the volume of solution
and <@, is the weight-average orientation function.
Both L, and L, are the lower and upper limits of /.
The field strength dependence of the steady-state EB
or ED for many DNA systems5:13,14,16,18,19,21,25,27) |ag
been described by the “classical” orientation function,
0(B,y), where S=upE[kT and y=AaFE?2kT (>0).39
Notations are the same as those in Refs. 34 and 38.
Analysis of Decay Process. The electric birefrin-
gence-average relaxation time {t)gs and initial slope
{S$>es of the decay process of EB for the polydisperse

system are given as?7,46,47)

Ly
sy, by, OO0

o An(0) Sl: If.(hod!

{t)gs = S ] (6)

Ly Ls
&m=={ wwwmwoa /(" rwea, )

where An(t) is the birefringence at time ¢ after removal
of an electric field, An(0) is the birefringence of the
steady-state. 7(l) is the relaxation time for a cylindrical
molecule of length / and may be calculated from the
Broersma equation :48)

() = %ff[lnib —_1.57 4 7(7;1(11/—1)) —0.28) 2]_1, (8)

where 7, is the viscosity of the solvent and b is the radius
of the cylinder.

At infinitely high field strength, ® approaches
unity.3443) Then, Eqs. 6 and 7 become the weight-
average relaxation time,

Ly
@ = [ ronwa /(7 noa, ©

and the weight-average initial slope,

==,

- Si‘ ORVAOL / SZ ¥ (di, (10)
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respectively. These quantities are independent of the
electric parameters, § and y, since the orientation
function is not involved. Once <1),, and <{S),, are
obtained from the experimental data, the ratio [,fl,
and the length [, can be evaluated;2” with these values,
the most likely Schulz-Zimm function may be deter-
mined.

Results and Discussion

Electric Field Strength Dependence of the Steady-state
Birefringence and Linear Dichroism. Figure 1 shows
the field strength dependence of the birefringence
(An/C) of sDNA in solutions with various additives.
Values of An/C tend to saturate at high field strengths.
The sign of An is negative in all cases. No positive or
peculiar signal of An could be observed at low fields,
contrary to the report by Colson et al.9 At a given field
strength, e.g., 10 kV/cm, values of —An/C of sDNA
decrease with solvent compositions in this order: 0.2 mM
NaCI>AA(P/D=10)-1.0 mM NaCI>1.0 mM NaCI>
0.33 mM MgCL,>20 vol%, glycerol-0.8 mM NaCl.
This result does not necessarily indicate a difference in
the degree of orientation of sDNA in solutions with
various additives. The birefringence at an electric field
strength and at a wavelength is given by the product of
the orientation factor and the optical factor (¢f. Eq. 1).
Hence, the different values of An arise from the differ-
ences in these factors. In order to obtain values of
(gs—&1); #, and Aa of SDNA, the experimental points

will be compared with the theoretical orientation
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Fig. 1. The field strength dependence of the birefrin-

gence (An/C) of SDNA at 535 nm and at 7 °C in solu-
tions with various additives. The residue concentra-
tion of sSDNA (C) and the concentration of additives
are: C=0.165mM and [NaCl]=0.2mM (Q); C=
0.10mM, [AA]=0.01mM, and [NaCl]=1.0mM
(©); €=0.171mM and [NaCl]=1.0mM ([7]); C=
0.22 mM and [MgCl;]=0.33 mM (A); C=0.10 mM,
[NaCl]=0.8 mM, and 20 vol9%, glycerol (D). Symbols
indicate experimentally determined points, while
solid curves are the theoretical ones calculated by
using the orientation function <@(f, ) >, for the

polydisperse system.
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Fig. 2. The double-logarithmic plots of the field-strength
dependence of both Ar/C and AA/A of sDNA in the
low field strength region. The slope of the straight
linesis 2. The right ordinate refers to values of A4/4
of SDNA at 260 nm and at 7 °C in 0.2 mM NaCl (@),
for which 4=1.1, and in 1.0 mM NaCl () for which
b=1.0. Other symbols and conditions are the same
as in Fig. 1.

functions (see Discussion, together with Fig. 5).
Figure 2 shows the double logarithmic plots of An/C
against E. In the low field strength region, the experi-
mental points follow a straight line with a slope of 2;
thus, the Kerr law holds for sDNA in various solvents
(E<5kV]jcm). The field strength dependence of
reduced dichroism (A4/4) of sDNA in 0.2 and 1.0 mM
NaCl solutions is also shown in Fig. 2(a) (closed
symbols). The sign of AA4/4 is negative for both cases.
In the same low field strength region (E<(5kV/cm),
the Kerr law holds for sDNA. This quadratic field
strength dependence of EB and ED has been predicted
by the electro-optical theories for molecules with
cylindrical symmetry.3¢:43:4%  Hence, the dependence
of EB and ED on the first power of electric field in the
low field region, as was observed by Sokerov and Weill
for the aqueous sDNA solution,'? must be considered
rather anomalous. From our result in Fig. 2, it is now
verified that the Kerr law holds for the low molecular
weight, rodlike SDNA in diverse cases. The fact that
the straight lines of An/C and AA4JA in Fig. 2(a) are
superimposed upon each other is reasonable, considering
that the orientation function @ in Egs. 1 and 2 must be
the same for a given sDNA solution provided that the
backbone conformation of the SDNA molecule is rigid.
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Fig. 3. The semi-logarithmic plots of the field-free decay
curves of EB for sDNA in a 20 vol9, glycerol-0.8 mM
NaCl solution at a low field strength (E=6.45 kV/cm)
(@) and at a high field strength (E=10.5 kV/cm) (Q).
Dashed lines (------ ) are straight lines.

Electric Field Strength Dependence of the Relaxation Time
of sDNA. As a precautionary example, two
normalized decay curves of birefringence, (An(t)/An(0)),
are shown in Fig. 3 for sDNA in a 20 vol9, glycerol-0.8
mM NaCl solution. The field-free decay curve (open
circles) of EB after removal of a high electric field yields
a nearly straight line (dashed line) on a semilogarithmic
plot, whereas the curve displayed by a solution subjected
to a low electric field (filled circles) deviates slightly
from the straight line, being larger than the former.
This example clearly indicates that a single decay curve
of EB at a relatively high electric field may often result
in an ambiguity over whether or not a polymer system
is monodisperse. In order to determine whether the
polymer system is polydisperse, the electric field strength
dependence of relaxation times must be examined. The
field-free relaxation time of sDNA from a low electric
field should be larger than that of SDNA from a high
electric field, if the sample is polydisperse.

Figure 4 shows the electric field dependence of
birefringence-average relaxation time <{7)Dgs. The
persistence length of DNA is generally 1.5x 103 A in
5 mM NaCl59 or 1.3 x 103 A in 30 mM NaCL5) These
values are much larger than the contour length of an
sDNA molecule of 1.24 X105 daltons. Therefore, the
present sDNA sample is probably a rigid rod with little

TABLE 1.
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Fig. 4. The dependence of birefringence-average relaxa-
tion times, <t >y, of SDNA solutions obtained from
the field-free decay curves on the applied electric field
strength. Symbols and conditions are the same as
in Fig. 1. Solid lines are theoretical curves calculated
by the use of Eq. 6 with the parameters ({//,, [,
B4?%2y,). These values for each curve are: [, /l,=1.16,
l,=742 A, and B,%2y,=2(—0—); l,/l,=1.16, I =
674 A, and £.%2y,=2 (—[J—); l./l,=1.16, I =533
A, and 8,%2y,=4 (—I0—); I /l,=1.16, =682 A,
and B,%/2y,=4 (—Q©—); I /l,=1.16, I,=596 A, and
ﬂw2/27w=2 (_A_)'

0 50

flexibility at low ionic strengths. The results in Fig. 4
may be best explained by the effect of the length poly-
dispersity of SDNA. An analytical method for treating
the decay process of the polydisperse rigid rodlike
system was recently developed.?” According to this
method, the values of [,/l, and [, for a given sDNA
sample can be determined from the weight-average
relaxation time {7, and the weight-average initial
slope <§), at infinitely high field, provided that an
appropriate length distribution is assumed. The best
values of [, /I, and [, can be determined by comparing
experimental values of <{t), and <S), with the
theoretical values of <t), and <S>, which were
calculated from Eqs. 9 and 10. In this work, the Schulz-
Zimm function (Eq. 3) was used for the length distribu-
tion density function, together with two values of 10
A%?) and 13 A2 for the radius b of the cylinder
assumed for SDNA. Two sets of parameters ([, /l,, [,,)
thus determined are given in Table 1. The theoretical
relaxation times calculated from Eq. 6 with the experi-

THE WEIGHT-AVERAGE RELAXATION TIME, <_T_>,, THE WEIGHT-AVERAGE LENGTH, [,, AND THE

WEIGHT-AVERAGE LENGTH PER BASE PAIR FOR SDNA IN SOLUTIONS CONTAINING DIFFERENT COUNTERIONS

w =104 (,/L=1.16D =134 (lLJ.=1.17)®
{t)
Aow ~ T

sDNA in Ix 108 ——

us LA (u/op)?A LA (l/bp)?/A
0.2 mM NaCl 0.2 12.5 742 3.9 712 3.8
1.0 mM NaCl 1.0 9.7 674 3.6 645 3.4
20 vol%, glycerol, 0.8 mM NaCl 0.8 11.4 533 2.8 509 2.7
AA(P/D=10), 1.0 mM NaCl 1.0 10.0 682 3.6 635 3.4
0.33 mM MgCl, 1.0 7.0 596 3.2 569 3.0

a) [ is the ionic strength. b) Values obtained from the relaxation time <t >gg which is extrapolated to infinitely high

field strength.

Egs. 9 and 10 with experimental values of {t), and —<{S),~!(=4.68us) by using a constant value of [,//,.

number of base pairs, which is 188 for sDNA.

) b is the radius of the cylinder for SDNA in A (1A=0.1nm). d) Values of [, were evaluated from

e) bp is the



June, 1982]

mentally obtained parameters (I, /l,, I, and B,2%/2yy)
for each sDNA solution are also shown by solid curves
in Fig. 4. The “classical” mixed orientation function
(OB, y)>, was utilized for the calculation of the
theoretical relaxation times (the reason is given later).
Except for the low field strength region, the experimental
points are in fairly good agreement with the theoretical
curve in each case.

The weight-average length (I,) of sDNA given in
Table 1 decreases with the increase of the ionic strength
or the valence of counterion. The value of (tDgs or
{(ty> for the sDNA in the 20 vol%, glycerol-0.8 mM
NaCl solution is almost equal to that for the sDNA in
the 0.2 mM NaCl solution. However, the values of /[,
are very different. This is because the solvent viscosity
of the former solution is about 2.2 times larger than that
of the latter. The weight-average length per base pair
(lw/bp) is also given in Table 1; it decreases in the
order: 0.2 mM NaCI>AA (P/D=10)-1.0 mM NaCI>
1.0mM NaCl>0.33 mM MgCl1,>20 vol9, glycerol-
0.8 mM NaCl. The value of /,/bp in 1.0 mM NaCl is
3.4—3.6 A, which is close to that for B-form DNA,
whereas it is 2.7—2.8A in 20 vol% glycerol-0.8 mM
Na(Cl, which is close to that of A-form DNA. The latter
value appears to support the proposals by Nelson and
Johnson® and Ivanov et al.5%%% that the A-form DNA
exists in water—alcohol solutions.

The decay curve of ED was not analyzed in the
present work, because the time constant for the signal
detector of our ED apparatus was ca. 2.7 ps (with a
load resister of 12 kQ) for good signal-to-noise ratios.
The good transient signals of EB could be measured
with the instrumental decay time less than 0.5 ys (at a
load resister of 2 kQ3) for the same sDNA solutions under
the identical experimental conditions; therefore, the
analysis of decay curves was possible in this case. Since
the field strength dependence of the steady-state EB
and ED is superimposable upon each other (vide post),
the mean relaxation times of EB and ED may be the
same for a given sDNA solution.

Electro-optical Properties of sDNA. Figure 5 shows
the field strength dependence of the steady-state EB
and ED signals of sSDNA in 0.2 mM (circles) and 1.0 mM
(squares) NaCl solutions. In order to obtain both the
electric dipole moments responsible for field orientation
and the intrinsic birefringence and dichroism (Ang and
(Ad/A4),), the experimental data may be compared
with the theoretical orientation function. The orienta-
tion function @(x) proposed by Kikuchi and Yoshioka,®

Electric Birefringence and Electric Dichroism of Sonicated DNA
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Fig. 5. Comparison of experimental values of birefrin-
gence and reduced dichroism for sDNA in 0.2 mM
NaCl (Q for EB and @ for ED) and 1.0 mM NaCl ([
for EB and W for ED) solutions with the theoretical
orientation functions, @, for the monodisperse and
polydisperse systems. Two sets of the double-loga-
rithmic plots are shown: An/C against E? (Q, [1);
(An/C), OB, y) against (f+2y)[a (—); (An/C),
<OB, 7)>y against (Bu*+2y,) (—-); Ad/4
against £ (@, M); (A4]4), O(8, y) against (B~
29)fa l(—); (A4/A), <O, 7) >y against f,°+2y,
(==—-). The intrinsic values of (Ar/C), and (A4/4),
are given in Table 2. The factor a is 0.192, while the
factor b is 1.0 for () and 1.1 for (@). Symbols and
experimental conditions are the same as in Fig. 2 (a).

in which ion-atmosphere polarization is considered,
seems to be the most reasonable one for the polyelec-
trolyte with axial symmetry. The applicability of @(x)
has been already tested for sodium poly(p-styrene-
sulfonate) (NaPSS) and NaPSS-AA systems.3® It was,
however, found that the fitting of @(x) to the experi-
mental data is good only in the low field strength range.
In view of this fact, the function @(8, ») has been em-
ployed for many DNA systems.%13,14,16,18,19,21,25,27) T
will be also used in this work, although it was originally
derived for nonionized polymers.

The experimental points in Fig. 5 (open symbols for
EB and closed symbols for ED) fit not only the theoreti-
cal curves for monodisperse system, @(f, y).39 but also
those for polydisperse system, <O(8, ¥)>y, fairly well
over a wide range of field strength, provided that values
of the interaction terms, § and y, or, 8, and y,, are

TABLE 2. ELECTRO-OPTICAL PROPERTIES OF SDINA IN SOLUTIONS OF DIFFERENT COUNTERIONS

—31) 168) )
sDNA in Ix108 A% D‘g ”wl/)bp <A"‘>c';;§ 1})()) mff_’i/ gr):l” —(g—g)) —(AA/4),
0.2 mM NaCl 0.2 4.5 24 2.6 0.023 0.027  1.0(70)®
1.0 mM NaCl 1.0 4.0 21 2.0 0.016 0.018  0.88(68)
20 vol9, glycerol, 0.8 mM NaCl 0.8 3.3 18 0.7 0.009 0.011
AA(P/D=10), 1.0 mM NaCl 1.0 3.8 20 0.9 0.019 0.022
0.33 mM MgCl, 1.0 2.7 14 0.9 0.018 0.021

a) The number-average distribution density function f;, (I) with the parameters (I,/[,=1.16, [, in Table 1) was used. b) 1

D=3.336%x10-%° Cm, and 1 cm®=1.113x 10-1¢ F m?
parentheses are the angles 4 in degrees.

c) C stands for the residue concentration of sDNA. d) Values in
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adjusted. This is because the curve of @(8, y) for the
monodisperse system differs only slightly from that of
OB, y)w, if 1,[l,<1.3. Hence, it is difficult to
determine uniquely the exact electric property of sDNA
in solutions from the field strength dependence of An
(or AAJA). Nevertheless, <0(8, y)>,, should be
employed because, as noted in the preceding section,
it was verified that the sSDNA sample is a polydisperse
system. The best values of 8, (=#,l,E/kT) and yp,,
(=Aayl,E?2kT), where u,=u,l, and Awa,=~Aayl,,
were read by the curve fitting method?®:34,38:42 and are
given in Table 2. It has been shown by reversing-pulse
electric birefringence that sDNA has no appreciable
permanent dipole moment, but has only a pseudo-
permanent dipole moment.’® It is clear that this
moment depends strongly on the ionic strength and the
species of counterions and decreases in the order (¢f.
Table 2): 0.2 mM NaClI>1.0 mM NaCI>AA (P/D=
10)-1.0 mM NaCl>20 vol%, glycerol-0.8 mM NaCI>
0.33 mM MgCl,. In conclusion, the electric dipole
moment of SDNA may be accounted for by the coun-
terion-induced dipole moment which originates from
the interaction between the counterions of sDNA and
the applied external field.

From values of Ang at infinitely high field strength,
together with the partial specific volume of 0.55 cm?/g
in 1 mM NaCl (Emonds-Alt et al.),® the optical
anisotropy factor (gz—g,;) was estimated to be —(2.7—
1.1) x 10-2 for sDNA at 535 nm. This result is in good
agreement with the values of —(2.0—0.5) x 102 at 550
nm (Houssier et al.)51® and —(2.8—2.3) x 102 at 633
nm (Stellwagen).’® These values are much larger
than —(7.1 —6.4) x 10~ for high molecular weight DNA
at 633 nm (Marion et al.).}9

The apparent angle 6 between the plane of base pair
and the orientation axis of SDNA helix was estimated
from Eq. 5 and is given in Table 2. Itisin good agree-
ment with the 6 value of 73°4+3° at 265 nm obtained
for digested fragment DNA by Hogan et al.?? It is very
close to the value for A-form DNA or the revised B-
form DNA,® but differs from that for the original
B-form DNA. The apparent tilt angle remains un-
changed by a 5-fold increase in NaCl concentration,
while the weight-average length per base pair, [, /bp,
decreases about 10%, (¢f- Table 1). In 1.0 mM NaCl,
however, the value of [, /bp is 3.6 A, which is close to
that of B-form DNA (l,/bp=3.4A). The value of
(A4/A)s should represent the true tilt angle of ca. 70°
between the plane of the bases and the orientation axis
of the sDNA helix, only if no out-of-plane transition
(such as the n-m* transition) is involved in the 260 nm
band of the bases. In order to determine the exact
conformation of rigid rodlike DNA in solutions with
various additives, we should study the wavelength
dependence of reduced dichroism spectra of DNA over
the entire UV region.

Conclusion

The field strength dependence of both the steady-state
EB and the field-free relaxation time of sDNA in
solutions with various additives can be described over a
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wide range of field strength by the “classical” mixed-
dipole orientation function <{@(8, y)>, for the poly-
disperse system. Similarly, the dependence of steady-
state ED of sDNA is fitted by this orientation function
with the same electric and distribution parameters
(Bws Yw> bwlln, and [,). The weight-average length and
the electric dipole moment for sDNA are strongly
influenced by the ionic strength, the species of counter-
ions, and additives, while the optical properties such as
the apparent tilt angle (ca. 70°) and the optical
anisotropy factor (ca. —0.02) are constant. The value
of I, /bp for sSDNA in 20 vol%, glycerol is close to 2.5 A
for A-form DNA, but that of [, /bp for sDNA in 1 mM
NaCl is close to 3.4 A for B-form DNA.

We are deeply indebted to Mr. K. Fukudome for
the use of his original computer program for calculating
the polydispersity parameters, for participating in many
discussions, and for determining the protein content of a
DNA sample. We also thank Mr. K. Takarada for
measuring the ED data.
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