Bull. Chem. Soc. Jpn., 68, 181—492(1995)

Electro-Optical and Hydrodynamic Properties
of Synthetic Polyribonucleotides in Solutions
as Studied by Electric Birefringence

Masato Tanigawa and Kiwamu Yamaoka™*

Department of Material Science, Faculty of Science, Hiroshima University,
1-3-1 Kagamiyama, Higashi-Hiroshima 724

(Received July 8, 1994)

The electro-optical and hydrodynamic properties of four synthetic polyribonucleic acids were clarified
by electric birefringence methods which take the molecular-weight distribution into consideration. Parallel
double-stranded helices, poly(adenylic acid)-poly(protonated adenylic acid), I, and poly(cytidylic acid)-poly-
(protonated cytidylic acid), II, are known to possess an electric permanent dipole moment, because the
reversing-pulse electric birefringence (RPEB) signals of these duplexes exhibit dips upon pulse reversal. The
RPEB signals of antiparallel double-stranded poly(adenylic acid)-poly(uridylic acid), III, and poly(guanyl-
ic acid)-poly(cytidylic acid), IV, show no dip; therefore, these polynucleotides have no permanent dipole
moment. By analyzing the relaxation time of the birefringence decay signals, the axial translations of the
polynucleotides per base-pair were determined to be 4.0 A for I, 2.7 A for III, and 2.4 A for IV, respec-
tively. By analyzing the dependence of the steady-state birefringence values on the electric-field strength, the
magnitudes of the permanent dipole moments per unit length of I and II projected onto the helix axes were
found to be ca. 0.4 debye A™!. The electric properties unraveled by electric birefringence experiments were
compared with calculations based on a recent Manning theory. An unsaturable induced dipole moment may
result from the polarization of the Debye—Hiickel ion-atmosphere, while a saturable induced dipole moment is
probably caused by the polarization of counter ions that are condensed on the charged sites of a polyion. The
experimental values deviate from calculated values at ionic strengths lower than 0.0001; hence, the Manning
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theory is not applicable in this region.

In aqueous solutions, DNA and RNA are ionized
with high electrical density. It would be interesting
to clarify the electrostatic interaction of these polyions
with counter ions and co-ions in solution. Mandel?
clarified the electric polarizability of polyions at low
filed strength, neglecting the mutual repulsion between
counter ions. Based on the idea that electric polarizabil-
ity arises from ion fluctuation, Qosawa®* has discussed
in detail the polarizability of a polyelectrolyte in solu-
tion. Archer et al.®) have studied the extent of bind-
ing of counter ions to synthetic polynucleotides. Rau
and Charney® studied the polarizability of an ion-at-
mosphere based on the Debye—Hiickel theory. Many
investigations have been carried out concerning the be-
havior of counter ions and co-ions around polyions, and
also for the electric properties of a polymer solution by
computer simulations.®—® Manning!®!? has suggested
that counter ions are condensed on polyions, and that
the electric polarizability is caused by both counter-ion
condensation on polyions and by a Debye-Hiickel-type
interaction of counter ions with polyions'?>—%) when the
charge density of the polyion is high.

Electric birefringence is a very useful technique for
studying the magnitude and nature of the electric mo-

ments of polymers in solution.’>—2% If polymers with
electrical and optical axes of symmetry have no per-
manent electric dipole moment (u), the field-strength
dependence of steady-state birefringence (An(FE)) of
the polymer can be analyzed, by using a saturable
and unsaturable induced dipole (SUSID) orientation
function.?®?¥ This function presupposes that a rodlike
polymer is oriented due to an interaction between an
applied external field (E) and both an unsaturable in-
duced electric dipole moment (Aa’F), which is propor-
tional to the field strength, and a saturable induced
electric dipole moment (Ao Ep), which is saturated at a
critical field strength (Fp) and becomes constant above
this point.? 2% If a polyion has a permanent dipole
moment, the electric properties of the molecule can
be analyzed, by using the permanent dipole, the sat-
urable and unsaturable induced dipole (PD-SUSID)
orientation function, i.e., an extended function for a
molecule having three electric moments (Ao'E, Ao FEy
and p).?) Since a polymer sample generally has a molec-
ular-weight distribution, it is necessary to consider such
a distribution for analyzing the electrical properties of
the system. It is thus desirable to determine the molec-
ular-weight distribution independently of electric bire-



482  Bull. Chem. Soc. Jpn., 68, No. 2 (1995)

fringence experiments. The present authors extended
the PD-SUSID orientation function for the polydisperse
system and clarified the importance of the molecular-
weight distribution for studying the electrical proper-
ties, proposing a practical method of analysis.3

In this work four synthetic polynucleotides were
studied: poly(adenylic acid)-poly(protonated adenylic
acid) (abbreviated as (A),-(A%),) and poly(cytidylic
acid)-poly(protonated cytidylic acid) (abbreviated as
(C)n+(C*)n), which are in a singly charged double-
helical structure in acid solutions' 4® as well as
poly(adenylic acid)-poly(uridylic acid) (abbreviated as
(A),+(U),) and poly(guanylic acid)-poly(cytidylic acid)
(abbreviated as (G),+(C)y), which are formed in neu-
tral-pH solutions.**—4% Since each sample is constituted
from base pairs of the single type and the molecu-
lar structure is uniformly defined, the electric proper-
ties are reflected by the structure with a specific base-
pair. Both (A),:(U), and (G),:(C), are antiparallel-
stranded helices like DNA, and the permanent electric
dipole moments are compensated. On the other hand,
(A)p+(A*), and (C),-(C"), are parallel-stranded he-
lices and may have a permanent dipole moment in the
direction of the symmetry helix axis.

The purpose of this study was to clarify the electro-
optical properties of the above-cited four polyribonu-
cleotides by using the PD-SUSID orientation function
for the polydisperse system. For this purpose, these
molecular parameters were determined independently
by the gel-permeation-chromatography /low-angle-laser-
light-scattering (abbreviated as GPC/LALLS) method.
The weight-average rotational relaxation time was eval-
uated based on the transient birefringence decay signals
to obtain the hydrodynamic properties using the pro-
cedure for extrapolating the relaxation times at given
fields to infinitely high fields while considering the elec-
tric property and molecular-weight distribution. The
chain lengths of each double stranded helix were es-
timated based on the weight-average rotational relax-
ation times. The counter ions were sodium and magne-
sium ions at varying ionic strengths from 1.0x107% to
1.0x1073; the relationship between the electrical prop-
erties and the chain lengths was examined. These re-
sults were compared with the Manning theory, the va-
lidity of which is also discussed.

Experimental

Materials. Polyribonucleotide samples were prepared
in the same way as previously described by Tanigawa et
al.%® The following samples were purchased from, or kindly
supplied by, Yamasa Shoyu Co., Ltd. (Choshi, Chiba,
Japan). Duplex (A)n-(A")n was prepared by dissolving
(A)n (lot no. S-101) in an acetic acid buffer maintained at
a pH of 5.5 and an ionic strength of 0.0871; (C)n+(C™)n
was prepared by dissolving (C)n (lot no. 301430) in a 0.1
moldm ™2 NaCl solution maintained at a pH of 4.6 with an
acetic acid buffer and at an ionic strength of 0.15; (A)n+(U)n
(lot no. 2-7) was dissolved in a 0.1 mol dm~3 NaCl solution
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at a neutral pH. (G)n-(C)n was prepared by mixing (G)n,
purchased from Sigma Chemical Co. (U. S. A.) (lot no. 18F-
4026), with (C)n, supplied from Yamasa Shoyu Co., Ltd.
(lot no. S-301) in a 0.1 moldm ™2 NaCl solution maintained
at a pH of 8 with sodium phosphate buffer and at an ionic
strength of 0.15. All other chemicals were of reagent grade.

In order to prepare rodlike narrowly-polydisperse sam-
ples, ultrasonic irradiation was carried out in the same way
as described by Fukudome et al.?”*®) with a Tomy Model
UR-200P sonicator (Tomy Seiko Co. (Tokyo)) at an output
power level of 200 watts (20 kHz) for a total of 20 min (forty
repetitions of a 30-s burst and subsequent 5-min bubbling
interval) under a helium gas atmosphere. Although the con-
centration of the polymer solution was usually 2.0 mgcm ™3,
1.5 mgem™2 was used for (A)p-(AT)n. The intactness of
each sample was confirmed by the UV-absorption spectra,
which showed no change before or after sonication.**%? All
sonicated sample solutions were fractionated to several frac-
tions at 20 °C by the successive precipitational method with
acetone being used as the precipitant in the same way as de-
scribed by Fukudome et al.474®)

Prior to GPC/LALLS and electric birefringence measure-
ments, each fraction was dialyzed at 4 °C over a period
of 48 h against an appropriate solvent at a total of 4 dm?
(several batches were changed), the first batch containing 0.1
moldm™? ethylenediaminetetraacetate (disodium salt). Al-
though a singly charged (A)n+(A%)n helix is said to form in
an acetic acid buffer maintained at a pH of 5.5 and an ionic
strength of 0.1, a doubly charged (A*)n-(A"), is probably
formed in the same buffer maintained at a pH of 4.0 and
an ionic strength of 0.1.3340:5152) Pigure 1 shows the CD-
spectra of duplexes comprising (A)n in acetic acid buffers
maintained at pHs of 5.5 and 4.0 and at ionic strengths
of 0.1 and 0.001. The measurements were performed on a
JASCO J-600 spectropolarimeter at room temperature. It
was clear that singly charged (A)n+(A1), duplexes, formed
at two ionic strengths of 0.001 and 0.1, were in the same
conformation if the pH was maintained at 5.5.
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Fig. 1. Circular dichroism of duplexes composed of

(A)n+ The molar dichroism Ae is expressed with
mol~!dm®cm~!. (—): L=0.001, pH 5.5. (---):
L=0.1, pH 5.5. (-+-): [;=0.001, pH 4.0. I is the
ionic strength.
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Measurements of GPC/LALLS. Measurements of
the molecular weight and molecular-weight distribution pro-
files of the samples were carried out, as described in de-
tail in a previous study,*® at 30 °C on a Tosoh flow-type
GPC/LALLS detecting system (Tosoh Co. (Tokyo)), which
consists of two Tosoh TSK G-DNA-PW columns in tandem,
a Tosoh LS-8000 light-scattering photometer, and a Tosoh
RI-8011 differential refractometer. A sample solution (0.5
cm?) at a concentration of 0.114—2.33 mg cm ™2 was injected
for a single run at a flow rate of 0.6 cm® min~!. The elut-
ing solution was filtered through a sintered stainless filter for
the GPC columns, and through a 0.45 pm pore-size cellulose
acetate membrane (Millipore Co., HAWP 01300) in front of
the LALLS apparatus for complete removal of any dust. A
bovine serum albumin sample from Miles Inc., Diagnostics
Div., (U.S.A.), and a chicken erythrocyte nucleosomal DNA
fragment (molecular weight=95700) were used as the molec-
ular-weight standard. Because of an aggregating tendency,
the strands of (C)n-(C*)p were separated at a pH of 8 and
an jonic strength of 0.1 in a phosphate buffer. The molecu-
lar weight was determined as a single strand and then multi-
plied by a factor of 2. (A)n+(A™)n duplexes were measured
in a 0.05 moldm 3 NaCl solution at a pH of 5.5, then ad-
justed with an acetate buffer and at an ionic strength of 0.1.
The remaining samples were all measured as double-strands
under the same conditions as described in Materials.

Measurements of Electric Birefringence. Elec-
tric birefringence was measured at 7 °C and at 633 nm on
a He—Ne laser apparatus with a quarter-wave plate in the
optical path; the details were given in a previous paper.®®
The residue concentrations of samples, expressed in terms
of mononucleotide units, were diluted in the (0.08—0.17)
mmol dm ™3 range. The counter ion was either Na™ or Mg?™,
and the ionic strength was kept in the (0.1—1.0)x1073
range by dialysis. In order to improve the signal-to-noise
ratio, the birefringence signal was digitized on a 10-bit wave
memory (Riken Denshi TCL-005-4000R), accumulated, and
processed on a microcomputer (NEC PC9801VM). The Kerr
cells were of the cylindrical type, their optical paths (d) be-
ing 1.00 cm (electrode gap of 2.0 mm) and 3.00 cm (electrode
gap of 4.2 mm).

The electric birefringence (An) is expressed with the op-
tical phase retardation (6), which is experimentally deter-
mined as

A Ag
An:n//—nl=m6=2nC‘, (7—) é(E), (1)

where A is the wavelength in vacuo, Cy the volume fraction
of the solute, Ag/n the reduced optical anisotropy factor, n
the refractive index of the solution, and ¢(FE) the orientation
function.}”

Analysis of Electric Birefringence

Steady-State Data.  The steady-state values of
the electric birefringence for polydisperse systems were
analyzed by using the theoretical PD-SUSID orientation
function, while taking the molecular-weight distribution
into consideration.?® The total electric dipole moment
(m:) of an ionized polymer is given by?®

my=p+Ad'E+ AcE (0 < E < Ey), (2)
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my=p+Ad'E+ AoE (Eo £ E), (3)

where Ad/(=aj3—a};) is the electric polarizability
anisotropy responsible for the unsaturable electric
dipole moment (Aa’E), a4y and «f; being the polar-
izabilities along the longitudinal and transverse axes.
Ao (=033—011) is the electric polarizability anisotropy
responsible for the saturable dipole moment (Ao Ep),
which is saturated at the critical electric filed strength
(Ep), the symmetry axis being taken as the 3 axis.
Polyion molecules in solution are oriented as a result
of an interaction between the external electric field and
the electric moments of the molecules. The potential
energy (W) is expressed as

W =—uE— %(Aa' + Ao)E? (0 < E < Ey), 4)

W = —uE — AcEoE — %Aa'E2 + %AO'ES (Bo < E). (5)

By using these terms, the PD-SUSID orientation func-
tion (®(8, ps, p, ¥')) was calculated with the following

parameters:>

E AcEoE AcE? , AJ'E?

b=t =% =" = ©

This PD-SUSID orientation function was extended to

the polydisperse system.3®) The weight-average orienta-
tion function ((@(B, ps, p, ¥')),,) is defined as

. = P fu(M)AM
(B(8,pep 7 N =+ T

where f, (M) is the weight fraction of molecules with
molecular weight (M). In the present work, the weight-
average PD-SUSID orientation function was calculated
with the logarithmic-normal distribution function for
fu(M).49) The weight-average electric property of a
given polydisperse system was evaluated by fitting the
theoretical PD-SUSID orientation function to the elec-
tric birefringence steady-state values, measured over a
wide range of field strengths.?®

Decay Process. The birefringence decay process
commences upon removal of an applied pulse field of
arbitrary strength. The area surrounded by the nor-
malized decay curve and baseline yields the electric
birefringence-average relaxation time ((7)gg; the area
method):%4—56:59)

° An(t) dt = JT(M)S(M) fw(M)AM
An(0) JoM)fw(M)dM
where 7(M) is the rotational relaxation time of a

molecule with a molecular weight of M. For a rodlike
molecule, 7 is expressed by Broersma®® as

In (%) —-1.57+7

(7)

®)

(T)eB = A

2+ —1
7'(7]0L3 1
r=100> ———0.28 9)
18kT L ’
n (3)
where 79 is the viscosity of the solvent, L the length
of cylindrical molecules, and b the radius of the cylin-

der. Since @(M) approaches unity at infinitely high
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fields, (7)gg reduces to the weight-average relaxation
time ((1),,).7*"

Results

Reversing-Pulse Electric Birefringence. Fig-
ure 2 shows some reversing-pulse electric birefringence
signals of (A)n+(A*)n, (C)a*(C*)n, (A)n+(U)n, and
(G)n+(C)y in the low electric field region. Each sig-
nal of (A),+(A%), and (C),-(C"), shows a dip upon
field reversal (arrow in a and b). Such a signal may
appear, if a rodlike polymer possesses a permanent
dipole or an ion-induced dipole moment whose induc-
tion time is comparable to the rotational relaxation time
of the whole molecule.?*?458) Therefore, parallel double-
stranded (A),+(A*), and (C),-(C*), probably possess
a permanent dipole and/or slow-induced dipole mo-
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Fig. 2. Normalized RPEB singles (6/80) of four du-
plexes with Na™t counter ions at 7 °C and at 633 nm.
(a) (A)n-(AT)n (L,=0.001, My =1.88x10%, §o=—1.0
deg, E=0.9 kVem™?). (b) (C)n+(C*)n (I;=0.0008,
M, =2.45%10°%, §6=—-0.65 deg, E=2.1 kVem™}).
(c) (A)n+(U)n (L=0.001, M, =1.21x10%, =—0.17
deg, E=1.0 kVem™). (d) (G)n+(C)n (L=0.001,
M,=1.85x10%, 60=-0.18 deg, E=0.7kVcm™'). M,
is the weight average molecular weight.
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ments. Since the signals of antiparallel double stranded
(A)pn+(U), and (G)n+(C), show no dip upon field rever-
sal (arrow in ¢ and d), these duplexes possess neither a
permanent dipole nor a slow-induced dipole moment.

Field-Strength Dependence of Steady-State
Birefringence. Figure 3 shows the dependence
of the steady-state optical phase retardation (8) of
(A)n+(AT), on the electric field strength. The intrinsic
optical phase retardation values (6(c0)) given in Ta-
ble 1 were obtained by extrapolating the ¢ values to
infinitely high fields with the aid of the theoretical PD-
SUSID orientation function for the polydisperse sys-
tem (the fitting method).?® Since the intrinsic opti-
cal phase retardation values of (A),-(A%), are 15249
degmmol~! dm® cm~! and the variation with the ionic
strength is small, it is safe to conclude that the sec-
ondary structure does not change with the conditions
cited. Regardless of counter ions, the degree of orienta-
tion becomes lower; hence, the induced dipole moment
becomes smaller as the ionic strength increases. At a
given ionic strength, the degree of orientation in the
middle-to-high field region is smaller for the counter
ion Na* than for Mg?*.

The possible transformation of the field-strength de-
pendence of the electric birefringence from the second-
to first-power (E? to E!) can be visualized more effec-
tively if the optical phase retardation, which is normal-

-6 ¢! d™' / deg mmol™ dm3 cm™!
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Fig. 3. Dependence of the steady-state optical phase
retardation per residue concentration and path-
length, 6/cd, in degmmol ™! dm cm™! on the applied
electric field strength for (A)n+(A™), with Na* or
Mg?* counter ions. M, is 1.88x10°. (O) (NaT,
I,=0.0001); (®) (Mg®*, I,=0.0001); (A) (Na*, L=
0.0004); (A) (Mg?*, L =0.0004); () (Na*t, L=
0.001).
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Table 1. Experimental and Calculated Electric Properties of Four Double-Stranded Polyribonucleotides

Duplexes Counter-  Ionic Soore ~hed™! n Aa Ao Ey AcEy
ions strengths degmM~'cm™! 10%° Cem™! 10%*F m 10¥Fm kVem™! 10**Cm
Obsd Calcd® Obsd Calcd®
Poly(A)-Poly(A™)
M,=3.39x10° Na* 0.0001 —152.0 2.10 9.67 646 1230 0.27 207 0.32
(1.53)) 0.0010 —161.0 1.20 6.29 777 399 047 118 1.26
Mgt 0.0001 —~158.0 2.42 155 —) 1620 023 238 0.76
M,=1.88x10° Na* 0.0001 —~144.0 1.43 4.85 469 357 0.98 224 0.46
(1.52) 0.0004 —~147.0 1.20 12.6 117 198 093 1.18 0.50
0.0010 —~159.0 1.03 8.64 428 972 094 058 0.43
Mg+ 0.0001 —~153.0 1.37 497 — 518 0.41 1.35 0.20
0.0004 —~147.0 1.49 55.4  — 61.7 1.18  0.46 0.66
M.=5.97x10* Na* 0.0001 —~142.8 0.51 0.61 188 45.2 2.77  0.80 0.09
(1.34) 0.0010 —158.6 0.57 2.70 152  15.2 3.37 033 012
Mgt 0.0001 ~155.0 0.42 4.97 — 25.9 2.58 0.43 0.06
Poly(C)-Poly(C™)
M,=4.47x10° Na¥t 0.0010 —60.2 1.00 0.75 26.9 464 610 0.18 0.53
(1.56) Mg+ 0.0010 —61.5 0.84 0.56 — 3.94 148 0.37 1.93
M,=2.45x10° Na* 0.0008 —50.0 0.69 3.97 344 314 285 067 0.29
(1.33) Mg+ 0.0008 —57.0 0.60 3.03 — 9.59 817 059 0.90
My=1.69x10° Na* 0.0010 —50.6 0.55 246 214 6.83 6.12 031 0.30
(1.39) Mg*+ 0.0010 —49.0 0.43 466 — 489 11.4 042 0.68
Poly(A):Poly(U)
M,=3.85x10° Mg?* 0.0010 —112.0 0 9.48 — 53.0 3.47 138 249
(1.35)
M,=1.21x10°> Mg**+ 0.0004 —95.0 0 498 — 26.4 8.09 1.36 0.59
(1.46) 0.0010 —95.7 0 6.79 — 10.6 6.99 047 0.31
Poly(G)-Poly(C)
M,=1.85x10° Nat 0.0008 —110.0 0 164  36.1  50.2 321  1.03 0.40
(1.58) Mg+ 0.0008 ~118.6 0 2,20 — 23.3 6.09 0.90 0.37
a) These values are calculated with Eqs. 12 and 13. b) Values in parenthese are the polydispersity Mw/My. c¢) Eq. 12is

not applicable for divalent salt.

ized by the concentration of the sample and the opti-
cal path length, is plotted against the applied electric
field strength on a double-logarithmic scale.’® Figure 4
shows such plots. The slopes of the straight lines of
low-weight samples (circles and triangles) are found to
be two. Thus, Kerr’s law (E2-dependence) holds in the
low-to-middle field region. The slopes of the straight
lines of the high-weight samples are found to be unity in
the low-field region. As the SUSID orientation function
indicates,>*%) the electric birefringence is linear with
respect to the first, but not to the second power of the
electric field strength (E), if the applied field is higher
than the critical field strength (Ey). This E'-depen-
dence of 6 was already observed for high-weight DNA
samples.” The degree of orientation of (A),-(A*),
with the counter ion Na™ is larger than that with Mg2*
at very weak fields, though the trend is reversed in the
middle-to-high field region.

Figure 5a shows the dependence of the steady-state
optical phase retardation of (C),+(C*),, on the electric
field strength (F). The intrinsic optical phase retarda-
tion values (6(00)), which are obtained by the curve-fit-
ting method with the PD-SUSID orientation function,
are 55+6 degmmol~!dm3cm~!. As for (A),-(A1),,

although the degree of orientation of (C),-(C*), is
larger with the Nat counter ion than with the Mg?+
ion at the low-field region, the trend is reversed in
the middle-to-high field region. Figure 5b shows the
dependence of the steady-state optical phase retarda-
tion of (A),+(U), on the electric field strength. Like
(A)n-(At)n, the degree of orientation is larger with de-
creasing ionic strengths; hence, the lower is the ionic
strength, the larger is the ion-induced dipole moment.
Figure 5¢ shows the dependence of the steady-state op-
tical phase retardation of (G),+(C), on the electric field
strength. As in the cases of other polyribonucleotides,
the degree of orientation of (G),+(C),, is larger with the
Mg?* counter ion than with Na* in the middle-to-high
field region.

Rotational Relaxation Time. Figure 6 shows
the dependence of the electric birefringence-average ro-
tational relaxation time ((7)pp) on the electric field
strength for (A),+(A"), and (A),-(U),. The solid lines
were calculated with Eq. 8 based on the assumption
that 7 is proportional to the cube of L. These curves
represent the measured values quite well. This result
indicates that these duplexes are oriented according to
the PD-SUSID orientation mechanism. The weight-av-
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Fig. 4. Double-logarithmic plots of the steady-state

optical phase retardation values for (A)n-(A%)n
with Na* or Mg?* counter ions versus the ap-
plied electric field strength. The ionic strength is
1.0x10™%. (O) (Na‘t, M, =5.97x10%); (@) (Mg>*,
M, =5.97%x10%); (A) (Nat, M, =1.88x10%); (A)
(Mg®*, M,,=1.88x10%); (O0) (Na*, M, =3.39x10%).

erage rotational relaxation time ((7),,) is estimated, by
extrapolating values of (7)gg to infinitely high fields by
using this curve. Taking the molecular weight distribu-
tion of a polydisperse sample into account, the weight-
average chain length ((L),) was determined from (7)
with Eq. 9, in which the molecules were assumed to
be rodlike. In the extremely high-field region, the PD-
SUSID orientation function can be expanded as:?%

2 2 ! —1_— _ ___3
(B >1,p:>19>1)=1 o)ty (E>Eo), (10)
2 ! —_1— _.—_3
B(8°>>1,(p+")>>1)=1 12007 (E<Eo), (11)

Equations 9, 10, and 11 indicate that (7)ggp approach
(), linearly against the reciprocal of the field strength
(E~1) if the permanent and saturable-induced dipole
moments contribute mostly to the field orientation.
Since the weight-average molecular weight of the small-
est (A),+(A1), sample is 5.97x10* (too small to be sep-
arated by the GPC column), this extrapolation method
is applied to estimating (7),, for this sample, by plotting
(T)gp against E~L.

The axial translation of a duplex chain per base-pair
(h) can be calculated, by dividing (L), by the num-
ber of weight-average base-pairs ({bp),,), which is in
turn calculated, by dividing the weight-average molec-
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ular weight ((M),) by the molecular weight of a nu-
cleotide, which is 694 for (G),+(C),, 679 for (A),-(U),,
654 for (C),-(C*),, and 702 for (A),-(A*),. Table 2
gives the values of (1), (L),, and h for all of the du-
plexes. The axial translations per base-pair are (6.8—
10) A for (A),-(A*), at 0.001 of the ionic strength of
Mg?*. These extraordinarily large values indicate that
(A),-(AT), aggregates in this condition.

Figure 7 shows the axial translation per base-pair
(h) plotted against the weight-average molecular weight
((M),,) for each polynucleotide duplex. The value be-
comes smaller with increasing (M), probably because
of the bending effect of the helical chain, which should
be more notable for higher molecular-weight duplexes.
The solid lines were fitted to the observed axial trans-
lations per base-pair for (A),+(A"), and (C),-(C*),
by the least-squares method. The dashed lines were
drawn parallel to the solid lines which pass through the
points for (A),+(U), and (G),+(C),. The value of h,
extrapolated to the limiting low molecular weight, is
4.0 A for (A),+(A*),. This value is very close to 3.8,
which was estimated from on X-ray study.?* Similarly,
the h values extrapolated to the ordinate (M,,—0) are
2.7 A for (A),+(U)p, 2.4 A for (G),+(C)y,, and 2.1 A for
(C)n*(C*),. The value of (A),-(U), is in good agree-
ment to 2.8 A;* however, the value for (C),-(C*t), is
smaller than 3.1 A, estimated from an X-ray study.3®
Since the degree of flexibility of (C),-(C*), may be
large, as clarified from a viscosity study,*® the extrap-
olated value must be smaller than the value for rodlike

(C)n : (C+)n'
Discussion

Persistent Length of the Duplex.  Hagerman
and Zimm®? derived the following equation for the per-
sistent length (P) and the experimental relaxation time

(Ta):
%:(1.0120 —0.24813X 4 0.03703X2 — 0.019177X°)
x(1-Y)
Y'=0.06469X — 0.01153X2 4 0.0009893X >, (12)

where 7, is the rotational relaxation time of a straight
cylinder, and X (=L/P) is the ratio of the contour
length (L) to persistent length (P). Figure 8 shows
the variation of ratio 7,/m, with L for (A),-(A"), and
(C)n+(C*),. This ratio can be fitted to the calculated
lines with a persistent length of 550 A for (A),-(A1),
and that of 250 A for (C),+(C*t),. This result means
that the persistent length of a parallel-stranded du-
plex of polyribonucleotides depends on the type of base
pairs.

Electrical Property.  The electrical parameters
((“)w’ (Aa’>w’ <AU>W: (EO)W’ and <A0>w'(E0>w) are
given in Table 1. These values were estimated, by fit-
ting the theoretical PD-SUSID function for the polydis-
perse system to the steady-state electric birefringence,
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(G)n(C)n and (A)n-(U)n with Na™ or Mg®* counter ions. (a) (C)n-(CT)n: (O) (Mw=1.69%x10%, Na*, 1,=0.001);
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(A) (Mw=4.47x10°, Mg®*, L,=0.001); (W) (My=2.45x10°, Mg?*, I,=0.0008). (b) (A)n+(U)n, (O) (My=1.21x10°,
Mg®*, I,=0.001); (A) (Myw=3.85x10°, Mg®*, =0.001); (O) (Mw=1.21x10°, Mg?*, ,=0.0004). (c) (G)n*(C)n: (O)
(Mw=1.85x10°, Na*, [,=0.0008); (A) (Mw=1.85x10%, Mg**, [,.=0.0008).

shown in Figs. 3 and 5. Clearly, the parallel helices,
(A)n+(At)n and (C),+(C*),, have permanent dipole
moments of reasonable magnitudes, as is also supported

by reversing-pulse birefringence signals.

Antiparallel

helices, (A)n+(U), and (G),+(C)n, have no permanent
dipole moment, as expected from the fact that the re-
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Fig. 6. Dependence of the rotational relaxation time
on the electric field strength for (A)n-(A%), and
(A)n-(U)n.  (0):  (A)n-(A*)n (Mw=1.88x10%
M,/ My=1.52, Mg®*, L,=0.0004). (A): (A)n-(U)n
(Mw=1.21x10°, M, /M,=1.46, Mg>*, L,=0.0004).
Solid line represents results calculated from Eq. 8
for each sample under consideration of the electric
properties and molecular weight distributions of each
sample given in Table 1.

versing-pulse birefringence signal shows no dip.

Figure 9a shows the dependence of the perma-
nent dipole moment per unit length, (u),/(L),, of
(A)n*(A*)nand (C)n:(C*)y on (L),. The (u),/(L),
are 0.43+0.18 debye A~!. The diverseness is small, re-
gardless of the difference in the base-pairs, the chain
length and the ionic strength. These results indicate
that the magnitude of the permanent dipole moment
of each backbone per unit length is ca. 0.2 debye A~1,
and that the base-pairs do not contribute to the perma-
nent dipole moment projected on the helix axis. Fig-
ure 9b shows the dependence of the saturable induced
dipole moment per unit length, (Ac)  (Eo),/(L), on
(L), for (A)n-(A)m, (C)n-(C*)ny (A)n-(U*),, and
(G)n+(C)n. These electric dipole moments are from
1.1 to 9.1 debyeA~1, and the average values is 4.2
debye A—1. They are approximately independent of the
chain length, probably because the saturable electrical
anisotropy ({Ao), ) increases, though the critical field
strength ((Ep),,) decreases along with an increase in
the chain length; thus, these two factors compensate
for each other.

Figure 10a shows the dependence of the unsaturable
induced electric anisotropy ((Ac), ) on the chain length
together with solid lines drawn by the least-squares
method. At an ionic strength of 0.0001, the slopes
are two for (A),+(A*), with counter ions Na*t (circles)
and Mg?* (squares). Thus, unsaturable induced elec-

Electric Birefringence of Polyribonucleotides

0 1 2 3, 4 5
My, /10
Fig. 7. Dependence of the axial translation per base-

pair, h, on weight-averaged molecular weight, M,,,
for four duplexes with counter ion Na® or Mg?*.
(A)p+(AT)n: (O) (Na't, L=0.0001); (O) (Na*, L=
0.001); (@) (Mg**, L=0.0001). (C)n-(CH)n: (D)
(Na™, L=0.001 and 0.0008); (a) (Mg®*, L=0.001
and 0.0008). (A)n+(U)n: () (Mg®*, L,=0.001);
(W) (Mg, ,=0.0004). (G)n+(C)n: (O) (Na¥t, L=
0.0008); (®) (Mg?*, L,=0.0008). Solid lines are ob-
tained by the least-squared method for (A)n-(A™),
and (C)n+(C*)n. Broken lines are drawn in parallel
to the solid lines for (A)n+(U)n and (G)n+(C)n.

N\
1 R L

1000 1500 2000 2500
L/A

Fig. 8. Plot of 7, /7 as a function of contour length L.
Ta is the experimental rotational relaxation time, 7
is the rotational relaxation time for a straight cylin-
der of axial length, L. (A)n+(A1)n: (O); (C)n+(CH)n:
(®@). Solid line is obtained by calculation with Eq. 12,
where a persistent length is 550 A, while dashed line
is obtained by calculation with Eq. 12, where a per-
sistent length is 250 A.

0 500

tric dipole moment is proportional to the second power
of the chain length. (Aa), values for the Mg+ counter
ion are larger than those for Nat. This trend may be re-
lated to the polymeric aggregation at an ionic strength
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Table 2. Hydrodynamic Properties of Four Kind of Polyribonucleic Acids

Duplexes Counter Tonic T L h
ions strengths s A A
Poly(A)-Poly(A™)
M,=3.39x10° Na*t 0.0001 80 1200 2.5
(1.53) 0.0010 130 1400 3.0
Mg?* 0.0001 190 1600 3.4
0.0010 1500 3400 7.1
M,=1.88x10° Nat 0.0001 38 860 3.2
(1.52) 0.0004 38 860 3.2
0.0010 30 790 3.0
Mg?* 0.0001 39 870 3.3
0.0004 39 870 3.2
0.0010 300 1800 6.8
M, =5.97x10* Nat 0.0001 2.4 350 4.1
(1.34) 0.0010 2.3 340 4.0
Mg?* 0.0001 1.8 310 3.6
0.0010 26 850 10
Poly(C)-Poly(C™)
M, =4.47x10° Na*t 0.0010 5.7 500 0.7
(1.56) Mg?+ 0.0010 8.0 570 0.8
My=2.45%10° Na* 0.0008 5.3 510 1.4
(1.33) Mg+ 0.0008 5.7 520 1.4
M,=1.69x10° Na* 0.0010 3.0 400 1.5
(1.39) Mg**t 0.0010 3.5 420 1.6
Poly(A)-Poly(U)
M, =3.85x10° Mg+ 0.0010 35 950 1.7
(1.35)
M,=1.21x10° Mg?*t 0.0004 6.5 450 2.5
(1.46) 0.0010 4.0 370 2.1
Poly(G)-Poly(C)
M,=1.85x10° Na*t 0.0008 8.0 530 2.0
(1.58) Mgt 0.0008 4.4 430 1.6

a) Values in parentheses are the polydispersity My /Mx.

of 0.001 for Mg2*. This aggregation mechanism must be
open for future studying. At an ionic strength of 0.001
for the Na™ counter ion, the slope is 0.6 (triangles); the
effect of the chain length on the unsaturable induced
dipole moment is less notable. Figure 10b shows the de-
pendence of the critical electric field strength ((Ep),,) on
the chain length ((L),) for the (A),+(A"), duplex. The
solid line was drawn by the least-squares method. (Ep),,
is inversely proportional to the 1.5th power of (L), be-
ing independent of both the counter-ion species and the
ionic strengths. The critical field strength is lower for
(A)n+(AT), than for other duplexes. This may be due
to the difference between the electric field surrounding
the (A)n-(A¥), duplex chain and that of other sam-
ples. The charge density of the backbone is smaller for
(A)n+(AT), than for the other three duplexes because
the axial translation of (A),-(A*), is larger.

Calculation from Manning Theory. Manning
derived the following equation for the Debye—Hiickel
ion-atmosphere polarizability anisotropy for a macroion
with univalent sites in a univalent-univalent salt solu-
tion:

13,14)

2¢°L\ (3(1—-a)\ (u 1

GrrmeL= (hkT) ( 2a+1 ) (u_,,) (5?) (13
where a is the anisotropy of the mobility of the poly-
mer; this value is 1/2 for a infinitely long cylinder in
a solvent with a Debye length much greater than its
radius.®u, and us are the electrophoretic mobility of
the polymer and the salt, respectively; u,/us was as-
sumed to be 0.83 in this calculation.'®)¢ is the struc-
tural parameter of 2¢?/ekTh, where ¢ is the proton
charge, ¢ is the bulk dielectric constant of the solvent, k
is the Boltzmann constant and T is the Kelvin temper-
ature.  is the Debye screening parameter, and equals
81073 Nav(¢?/ekT)I, where Nay is the Avogadro con-
stant and [ is the ionic strength. The electric polar-
izability induced by the counter ions condensed on a
polymer chain is given as follows:'%

_14°L° Z%60
6 hkT 1—222¢60ln (5211 »

o (14)

where 0y=|Z|~1(1—|Z]7'¢~1); Z is the valence of
counter ion. The saturated induced dipole moments,
which is the product of the calculated saturable polariz-
ability from Eq. 14 and the critical field strength (0 Ey)
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Fig. 9. Dependence of (a) the permanent and (b)
saturated dipole moments on chain length of du-
plexes for four duplexes. (A)n-(A1)n: (O) (Na™, L=
0.0001); (O) (Na', ,=0.001); (@) (Mg>*, ,=0.0001).
(C)n(CHn: (L) (Nat, L,=0.001, and 0.0008);

(A) (Mg®*, L,=0.001, and 0.0008). (A)n+(U)n:

(O) (Mg**, L=0.001); (W) (Mg®*, I=0.0004).

(G)n+(C)n: (O) (Nat, =0.0008); (®) (Mg**, L=

0.0008).

are given in Table 1.

Comparison with Manning Theory. Fig-
ure 1la shows the dependence of the calculated value
from Eq. 14 (sclosed circles and closed triangles) and
the experimental values (open circles and open trian-
gles) of the unsaturable induced electric polarizability
on the chain length for (A),-(AT),. A close agree-
ment was obtained at an ionic strength of 0.001 (closed
and open triangles). Thus, in this case the experimen-
tal result can be explained well by Manning’s theory.
When the ionic strength of Na* was ten-fold diluted to
0.0001, however, the calculated values (closed circles)
were larger than the experimental ones (open circles);
therefore, the unsaturable induced dipole moment was
not only due to the Debye—~Hiickel ion-atmosphere polar-
izability, but also due to the polarizability of the counter
ion condensed on the polymer.

Figure 11b shows the dependence of the saturated
ion-induced dipole moment (Ao Ey) on the chain length.
A close agreement between the observed values (open
symbol) and the calculated values with Eq. 14 (closed
symbol) was obtained for the counter ion Nat at an
ionic strength of 0.001. The experimental result for Na™
at an ionic strength of 0.001 can be explained well by
ion-condensed theory (Eq. 14). When the ionic strength
is as low as 0.0001, the calculated value by Manning the-
ory is smaller than the experimental value. The reason
may be that a part of the polarizability of the counter

Electric Birefringence of Polyribonucleotides
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Fig. 10. Dependence of (a) the unsaturable induced
electrical anisotropy and (b) the critical field strength
on chain length of (A)n-(A"),. (O) (Nat, L=
0.0001); (A) (Nat, L=0.001); (O) (Mg®t, L=
0.0001). The solid lines are obtained by the least-
squared method.

ion condensed on a polymer does not saturate at Ey,
and contributes to both the saturable and unsaturable
induced electric polarizabilities. More detailed experi-
mental work is necessary to show the details why the
Manning theory cannot explain the experimental data
in this region.

Conclusion

From the reversing-pulse birefringence signals of
(A)p+(At), and (C),-(C*),, which show a dip upon
field reversal, these duplexes are thought to possess a
permanent electric dipole moment. Both (A),-(U),
and (G),+(C), duplexes possess no permanent dipole
moment, because the reversing-pulse signals show no
dip upon a field reversal. The axial translations per
base-pair are 4.0 A for (A),-(A™),,, 2.7 A for (A),+(U)n
and 2.4 A for (G),+(C),. From an analysis of the field-
strength dependence of steady-state electric birefrin-
gence, the permanent dipole moments per unit length
are found to be of the same value of 0.4 debye A~ for
(A)n-(AT"), and (C),+(C*),. These results indicate
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(A)n+(A™)n between the experimental values (open
symbols) obtained by using PD-SUSID orientation
function and calculated values (closed symbols) by
Manning’s theory. (a) The unsaturable induced elec-
trical anisotropy and (b) the saturated induced dipole
moments, (O, ®) (Na™, L=0.0001); (A, A) (Na¥,
1,=0.001).

that the magnitude of the permanent dipole moment
of each backbone per unit length is 0.2 debye A~! and
that the base-pair contributes slightly to the permanent
dipole moment. It became clear from Manning theory
that the unsaturable induced dipole moment (AakF)
originates from the polarization of the Debye—Hiickel
ion-atmosphere and that the saturated induced dipole
moment (Ao FEyp) is due to a condensation of the counter
ions on the polymers. However, Manning theory is not
applicable in such an extremely low ionic strength as
0.0001.
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