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ABSTRACT: The ultrasonic scission was studied for deoxyribonucleic acid (DNA) and five 
polyribonucleotide duplexes; three antiparallel-stranded helices (Poly(G) · Poly(C), Poly(A) · 
Poly(U), Poly(!)· Poly(C)) and two parallel-stranded helices (Poly(C) · Poly(C+) and Poly(A) · 
Poly(A +)). The sonication was carried out in 0.1---0.2 M NaCl solutions at 0°C and 200 watts for 
totally 20 minutes under helium gas atmosphere. The sonicated sample was fractionated by succes
sive precipitation with acetone as the precipitant. For each duplex, several fractions were obtained 
in large quantities. The weight-average molecular weight M w• the degree of polydispersity M w! M., 
and the molecular weight distribution were determined for unsonicated, sonicated, and fractionated 
samples by the gel-permeation-chromatography/low-angle-laser-light-scattering method. The Mw 
values were reduced to a limit of 105 and the Mw/M. values were narrowed to a 2-1.5 range by 
sonication. These values were further refined by fractionation. The molecular weight distribution 
profiles of well-defined fractions could be fitted by the logarithmic-normal function. The relationship 
between intrinsic viscosity and Mw was evaluated for each duplex. The result showed that the 
rigidity or flexibility of polymer chain depends on the molecular weight of fractionated samples 
and the kind of duplex examined. 
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It is well-known that the hydrodynamic and 
electric properties of the double-stranded 
helices of deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA) are sensitive to the 
chain length or molecular weight. 1 - 5 In order 
to study the dependence of these physical 
quantities on the chain length, a large quantity 
of respective polymer is needed. In addition, 
the sample should be fractionated in such a 
way that the molecular weight and the weight 

distribution of each fraction are well-defined. 
The technique of sonication has been employed 
in the past to prepare fairly large batches of 
DNA samples, each of which was irradiated 
for a different period of time and at a varied 
power level to reduce molecular weights. 2 •6 • 7 

Recently, a preparative technique was devel
oped for narrowing the molecular weight and 
weight distribution of a sonicated DNA sample 
by successive precipitational fractionation with 

* To whom correspondence should be addressed. 
t This paper is Part V of "Ultrasonic Scission of Deoxyribonucleic Acid in Aqueous Solution." Part IV is ref 11. 

Part of this work was presented at the 41st Annual Meeting of the Polymer Society, Japan, held at Yokohama, May 
26---29, 1992. See Polym. Prepr. Jpn., 41, 1090 (1992). 
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acetone. 8 ·9 The effect of chain length on the 
thermal profile, together with. the hydro
dynamic and spectroscopic properties, was de
termined for purified DNA fractions. 6 • 7 • 10 - 12 

Some questions remain unresolved on how 
the sonication process affects the molecular 
weight and the distribution, and also on how 
the new precipitation technique improves these 
properties, mostly because of the difficulty of 
molecular weight determinations. The intrinsic 
viscosity [17] of a DNA solution is convenient 
for estimating the weight-average molecular 
weight M w· Eigner and Doty reported an 
expression between [1/] and Mw for a number 
of DNA's from various sources. 13 Their 
relationship often leads to an error, since the 
intrinsic viscosity is affected by the molecular 
weight distribution even for a given value of 
M w· In the present series of studies, for 
example, a slightly different relationship was 
presented for DNA fractions with the lower 
molecular weights (hence, the less chain 
flexibility) that were prepared from calf thymus 
DNA by sonication and precipitational frac
tionation. 10 - 12 

The objectives of this work are (1) to 
establish that the molecular weights of both 
the antiparallel heteroduplexes in the A-form 
conformation and the parallel homoduplexes 
in slightly acidic region can be reduced in a 
similar manner as DNA, and (2) to present the 
[17] vs. Mw relationship with the fractionated 
samples. For this purpose, the ultrasonic 
scission work was extended to five high 
molecular weight double-stranded polyribo
nucleotides and to calf thymus DNA as the 
reference. Both intact and sonicated samples 
were subjected to a newly acquired method, 
i.e., the gel-permeation-chromatography/low
angle-laser-ligh t-sca ttering (abbreviated as 
GPC(LALLS), for the molecular weight, the 
weight distribution, and the polydispersity in 
terms of weight-average to number-average 
molecular weights M w! Mn. 
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EXPERIMENTAL 

Materials and Ultrasonic Scission 
A calf thymus DNA sample was purchased 

from Worthington Biochemical Corp. 
(U.S.A.), lot no. 38Cl37. It was gently 
dissolved in 0.2 M NaCl solution. 8 •9 The 
following polyribonucleotide samples were 
either purchased from or kindly supplied by 
Yamasa Shoyu Co., Ltd. (Choshi, Chiba, 
Japan): poly(inosinic acid)· poly( cytidylic acid) 
(abbreviated as Poly(I) · Poly(C)) was prepared 
from Poly(I), lot no. 501064, and Poly(C), 
lot no. 301270, by mixing in 0.2 M NaCl 
solution 13 - 15 ; poly(adenylic acid)·poly
(uridylic acid) (abbreviated as Poly(A) · Poly
(U)), lot no. 2-7, was dissolved in 0.1 M 
NaCl 16 - 19; a singly charged poly(cytidylic 
acid)· poly( cytidylic acid) (abbreviated as Poly
(C) · Poly(C+)) was prepared by dissolving 
Poly(C), lot no. 301430, in 0.1 M NaCl solution 
maintained at a pH of 4.5 with an acetic acid 
buffer at an ionic strength of0.0520 - 2 3; a singly 
charged poly(adenylic acid)· poly(adenylic 
acid) (abbreviated as Poly(A) · Poly(A +)) was 
prepared by dissolving Poly(A), lot no. S-101, 
in an acetic acid buffer maintained at a pH of 
5.5 and at an ionic strength of 0.0871. 24 - 26 

The antiparallel double-stranded poly(guanylic 
acid)· poly( cytidylic acid) (abbreviated as Poly
(G) · Poly(C)) was prepared by mixing Poly(G), 
purchased from Sigma Chemical Co. (U.S.A.), 
lot no. 18F-4026, with Poly(C), kindly supplied 
by Yamasa Shoyu Co., Ltd., lot no. S-301, in 
0.1 M NaCl solution maintained at a pH of 8 
with a sodium phosphate buffer at an ionic 
strength of 0.05. 2 7 - 29 It should be noted that 
the ionic strengths specified above are critical 
in some cases and that the references cited 
should be consulted with for actual sample 
preparations. Other chemicals were all of 
reagent grade. 

Ultrasonic irradiation was carried out with 
Tomy sonicator, Model UR-200P (Tomy 
Seiko Co. (Tokyo)), at an output power level 
of 200 watts (20 kHz) for totally 20 minutes 
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(forty repetitions of a 30-second burst and a 
subsequent 5-minute bubbling interval) under 
the helium gas atmosphere. A polymer solu
tion (usually 2.0 mgml- 1 but l.5mgm1- 1 for 
Poly(A) · Poly(A +)) was added in a three-way 
branched rosette vessel ( ca. 150 ml), in which 
the solution was vigorously circulated by jet 
flows for rapid temperature equilibration. The 
vessel was held at 0°C in an iced bath and the 
air was replaced by bubbling helium gas. 
Details of the sonication procedure have been 
described elsewhere. 2 •8 •9 No damage in nucleic 
acid bases nor strand separation of duplex was 
detected by the UV absorption spectra of the 
polymer solution before and after the sonica
tion. 

All six sonicated sample solutions were 
fractionated to several fractions at 20°C by the 
successive precipitation method with acetone 
as the precipitant. 8 •9 • 12 Prior to viscosity and 
GPC/LALLS measurements, the fractions 
were dialyzed against appropriate NaCl-added 
blank solutions at 4°C over 48 hours, with 
totally 4 L (several batches were changed), the 
first batch containing 0.1 M ethylenediamine
tetraacetate (disodium salt). 

Measurements 
GPC/LALLS. The molecular weight and the 

distribution pattern were determined 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 ml) at a 
concentration of 0.114--2.33mgml- 1 was 
injected for a single run at a flow rate of 
0.6 ml min - 1 . The eluting solution was filtered 
through a sintered stainless filter for the GPC 
column, and through a 0.45 µm pore-size 
cellulose acetate membrane (Millipore Co., 
HA WP 01300) in front of the LALLS ap
paratus for complete removal of dusts. A 
bovine serum albumin sample (molecular 
weight= 66250) from Miles Inc. Diagnostics 
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Figure 1. Chromatogram of a fractionated Poly(A)· 
Poly(U) sample (F4) in 0.1 M NaCl through the GPC/ 
LALLS system. Conditions for detection: GPC column at 
30°C, refractive index at 35°C (right) and light scattering 
at room temperature (left). 

Div., (U.S.A.), and a chicken erythrocyte nu
cleosomal DNA sample (molecular weight= 
95700) were used as the molecular weight 
standards. Because of an aggregating tendency, 
the strands of Poly(C)·Poly(C+) were sep
arated at a pH of 8 in a phosphate buffer 
adjusted at an ionic strength of 0.1. The 
molecular weight was determined as the single 
strand and it was then multiplied by a factor 
of 2. Poly(A) · Poly(A +) was measured in a 
0.05 M NaCl solution at a pH of 5.5 adjusted 
with acetate buffer at an ionic strength of 0.05 
to avoid aggregation. The remaining polymer 
samples were all measured in the double-strand 
structure under the same conditions as de
scribed in Materials. 

Figure 1 shows a typical GPC/LALLS 
chromatogram of a sonicated Poly(A) · Poly(U) 
fraction taken on the present apparatus. The 
chromatogram was detected as the output 
signal intensities in voltage of the differential 
refractive indices, /R1, and of the scattered light, 
/Ls, against the elution time. The small hump 
detected by refractive index is due to added 
salt in solvent. 

Analysis of GPC/LALLS Data 
Molecular Weights. The signal intensity of a 
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refractive index ,1/Riand the signal intensity of 
LS · a light scattering at a low angle ,1/ are given 

for a dilute solution as 

,1 /RI = J!,110 - I!,11v = k 1 c' 

,11LS = J;,~0 - I;,t = k2c' M 

(1) 

(2) 

where k1 and k 2 are constants, c' and M are 
the mass concentration in mononucleotide unit 
and the molecular weight of a particular 
polymer molecule, respectively. From eq 1 and 
2, the following results: 

,11Ls;,11RI = (k2/k1)M (3) 

By eluting the standard solution, which 
contains a monodisperse sample of known 
molecular weight M and concentration c', 
through the GPC/LALLS system, the instru
mental constants (k2/ k1) can be evaluated. 
After determining the concentration of a 
sample whose molecular weight to be mea
sured, the sample solution is now eluted 
through the GPC/LALLS system. From the 
observed intensities, the ratio, ,11Ls;,11RI, can 
be obtained, and finally M can be calculated. 

Molecular Weight Distribution. Being eluted 
through the GPC column, a sonicated and 
subsequently fractionated sample exhibits a 
characteristic elution pattern, with the highest 
molecular weight portion first entering the light 
scattering cell. From the refractive index and 
light scattering measurements of the sample, 
the molecular weight M can be determined (cf 
eq 3). From the former measurement, the 
weight fraction fw(M) for the molecules with 
the molecular weight M can be evaluated 
(cf eq 1). In order to compare the molecular 
weight distribution over a wide range of M, 
another weight fraction gw(log M) should 
be adopted, which is a function of log M and 
given as 

f, (M)dM=f, (M)( dM )dlogM 
w w dlogM 

= gw(log M) · d log M (4) 
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Hence, the molecular weight distribution can 
finally be calculated as the 9w vs. log M plot. 

Viscosity. The intrinsic viscosity was mea
sured at 25°C on a five-bulb Ubbelohde-type 
dilution viscometer for high molecular weight 
samples, which exhibit shear-rate dependence 
(DNA, Poly(A) · Poly(U), Poly(I) · Poly(C), a~d 
Poly(A) · Poly(A +)) and on a single-bulb vis
cometer for other solutions. The observed 
reduced viscosities were extrapolated to zero 
shear-rate, whenever necessary, to evaluate the 
intrinsic viscosity. Both sample solution and 
solvent were filtered through a 0-2 or G-3 glass 
filter to remove dusts. The solvent composi
ti~ns were the same as those for GPC/LALLS 
measurements, except for Poly(C) · Poly(C+), 
for which the buffer solution was the same as 
used for the duplex preparation. 

RESULTS AND DISCUSSION 

Effect of Sonication and Fractionation on 
Molecular Weight and Distribution 
Figures 2a-f show the profiles of molecular 

weight distribution for six different polymer 
samples, each being fractionated by precipita
tion to several fractions as numbered from the 
first (Fl) to the last, together with the sonicated 
but unfractionated (s) and the original and 
unsonicated (h) samples. The GPC/LALLS 
data are summarized in Table I, where the 
weight-average molecular weight M w, the ratios 
of weight-average to number-average mo
lecular weights Mw/ Mn and those of z-average 
to weight-average molecular weights Mz/ Mw-

DNA. In Figure 2a, the s sample shows a 
slight tailing to the lower molecular weight side, 
while the Fl to F5 fractions show tailings to 
higher molecular weights. By sonication, the 
molecular weight is lowered to about one 
thirty-eighth (s) and further to about one 
hundredth by fractionation (F5). As the 
precipitational fractionation proceeds, the 
M /M values become smaller, and hence the w n 

molecular weight distribution becomes nar-
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rower. The Mz/ Mw values ofFl-F3 are higher 
than the value of s-sample, probably because 
of the coprecipitation of a small amount of 
very high molecular weight molecules. 

Poly(G) · Poly( C). Poly(G) · Poly(C) forms an 
antiparallel double-stranded helix just as DNA. 
Since the molecular weight of the original 
Poly(G) is relatively small, the duplex was 
degraded only slightly by sonication, as shown 
in Figure 2b and also in Table I. This result is 
in conformity with the previous report for 
DNA that. there is a practical lower limit in 
molecular weight degradation. 8 •9 Some Mw 
values of acetone-precipitated fractions are 
indeed higher than the value of the starting 
sample (cf h-fraction and the others in Table 
I). Nevertheless, the sonication and fractiona
tion technique is effective for preparing samples 
with various molecular weights in large 
quantities. 

Poly(A) · Poly( U) and Poly([)· Poly( C). 
These heteroduplexes form antiparallel double
stranded helices under the present conditions. 
Contrary to Poly(G) · Poly(C), the molecular 
weight of the sonicated Poly(A) · Poly(U) was 
reduced to one third of the starting value, which 
is over a million (h-sample); the same is also 
true for Poly(I) · Poly(C), as are shown in 
Figures 2c and d and also in Table I. Here 
again, the ultrasonic scission is quite effective 
for preparing samples with different chain 
lengths. The molecular weight distribution was 
also narrowed, some distribution profiles 
showing a tailing trend toward higher or lower 
molecular weight side. This irregularity is 
mostly due to the technical skill or experience 
of individuals who actually performed the 
precipitational fractionation protocol. 

Poly(C) · Poly(C+) and Poly(A) · Poly(A +). 
These homoduplexes are the parallel double
stranded helices in the acidic pH region. The 
molecular weight of the starting Poly(C) · 
Poly(C+) was indeed reduced by half after 
sonication, and the fractionation with acetone 
seems quite successful, as judged from Figure 
2e and Table I. This result is remarkable in 

Polym. J., Vol. 26, No. 3, 1994 

that the present procedure can produce samples 
with widely varying M w values regardless of 
the conformations of duplexes in solution. The 
molecular weight of the original Poly(A) · 
Poly(A +) sample was too high to be determined 
by GPC/LALLS because of the GPC column 
presently in use; the sample easily form 
aggregates in acid solution. Figure 2f shows 
that each Poly(A) · Poly(A +) fraction contains 
higher molecular weight components, proba
bly except for the smallest fraction (F4), as 
indicated with the tailing trend in the 
distribution profiles. On further reflection, it 
would be better if a high molecular weight 
single-stranded Poly(A) was first sonicated to 
prepare shorter fragments, and then the pH of 
the solution was lowered to 5.5 to form duplex 
fragments. This solution might then be 
subjected to re-sonication, in order to remove 
unpaired ( or unmatched) ends from the duplex 
chains. The re-sonicated Poly(A) · Poly(A +) 
solution could be fractionated to separate 
closely monodisperse fractions for studies of 
the solution properties. 

Table I shows the recovery of the sonicated 
and fractionated samples for each polynucleo
tide duplex. The total recovery is generally 
satisfactory, ranging between 70 and 90% 
without appreciable loss of polymeric materi
als during manipulations. This result indicates 
that extremely low molecular weight materials 
are hardly produced by sonication, unless a 
prolonged irradiation time is adopted, and that 
the amount of a precipitated sample with a 
specified molecular weight may be controlled 
by adjusting the volume of added acetone. 
Finally, it should be noted that experience 
always counts most for executing the sonica
tion-fractional precipitation procedure cited 
here. 

Comparison of Molecular Weight Distribution 
with Theoretical Distribution Function 
In the strict analysis of experimental results 

of a given polymer system, e.g., the hydro
dynamic10·30-32 and electro-optica11.3.33.34 
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Figure 2. The GPC/LALLS-determined molecular 
weight distributions of the unsonicated (h), the sonicated 
but unfractionated (s) and the sonicated and fractionated 
(numbered from I to appropriate fraction number) double
stranded helix samples. The weight fraction Ow was plotted 
against the molecular weight Mon a semilogarithmic scale. 
(a) DNA; (b_) Poly(G) · Poly(C); (c) Poly(A) · Poly(U); 
(d) Poly(I) · Poly(C); (e) Poly(C) · Poly(C+); (f) Poly(A) · 
Poly(A +). 

5 10 50 100 500 
MI 104 

Table I. Weight-average molecular weight, Mw, molecular weight distribution, Mw/ M. and M,/Mw, 
recovery, Y, added acetone, W, and intrinsic viscosity, [I/], of unsonicated (h), sonicated (s) and 

fractionated (Fl-F7) polynucleotide duplex samples 

MW y• 
Sample Fraction M,/Mw 

DNA h 

Fl 
F2 
F3 
F4 
F5 
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104 

780 
20.6 
39.9 
36.2 
25.5 
16.5 
7.61 

1.64 
1.36 
1.27 
1.25 
1.25 
1.20 

C -

1.36 
4.82 
2.34 
2.23 
1.50 
1.26 

% 

100 

4.7 
10.8 
14.5 
19.5 
6.4 

(55.9) 

65.1 
69.2 
68.8 
76.0 

120.0 

47.3 
1.39 
2.34 
2.22 
1.57 
0.89 
0.30 
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Table I. (Continued) 

MW y• wb [11] 
Sample Fraction Mw/Mn Mz/Mw 

104 % % 102 cm3 g- 1 

Poly(G) · Poly(C) h 12.9 1.51 1.42 100 0.54 
11.1 1.61 1.53 0.41 

Fl 18.5 1.58 1.56 11.2 64.4 0.58 
F2 19.1 1.33 1.41 8.7 66.4 0.67 
F3 15.8 1.25 1.35 8.4 71.5 0.54 
F4 12.0 1.21 1.34 9.3 76.6 0.39 
F5 5.34 1.28 1.46 13.4 110 0.16 

(51.0) 
Poly(A) · PGly(U) h 113 2.17 1.67 100 6.12 

s 39.2 1.56 1.46 1.63 
Fl 72.3 1.58 1.49 3.3 58.3 2.35 
F2 66.2 1.48 1.44 5.3 60.1 2.27 
F3 38.5 1.35 1.33 22.3 73.2 2.07 
F4 43.4 1.43 1.45 4.9 63.9 1.72 
F5 36.3 1.50 1.48 4.8 67.5 1.66 
F6 36.5 1.47 1.51 6.9 72.0 1.39 
F7 12.1 1.46 1.67 2.8 100 0.49 

(50.3) 
Poly(!)· Poly(C) h 103 1.73 1.53 100 6.22 

s _d _d - d 0.91 
Fl 42.3 1.63 1.86 6.0 66.8 1.21 
F2 29.6 1.38 1.46 51.4 70.0 1.18 
F3 18.0 1.25 1.30 31.5 74.5 0.75 
F4 10.9 1.31 1.30 5.8 120 0.30 
F5 10.2 1.28 1.38 9.2 86.5 0.29 
F6 5.71 1.91 1.49 2.4 126 0.09 

(106.3) 
Poly(C) · Poly(C+) h 72.6 2.04 1.63 100 2.03 

40.3 2.01 1.66 1.21 
Fl 41.5 1.85 1.54 22.6 73.8 2.17 
F2 44.7 1.56 1.42 19.9 77.2 1.31 
F3 24.5 1.33 1.38 4.3 86.5 0.79 
F4 16.9 1.39 1.41 12.3 81.7 0.51 
F5 8.36 1.29 1.29 5.3 100 0.29 

(64.4) 
Poly(A)· Poly(A +) h - e - e - e 100 83.0 

s 51.0 1.93 1.98 5.60 
Fl 244 - C - C 17.4 85.0 17.0 
F2 33.9 1.53 1.79 16.7 90.0 4.85 
F3 18.8 1.52 1.68 5.8 110 l.90 
F4 5.97 1.34 1.45 3.5 140 0.45 

• The recovery was defined as a photometrically-determined weight of a sonicated and fractionated sample divided 
by the weight of the h sample. Values in parentheses are the sum total of the percent recovery of all fractionated 
samples. 

b The volume of acetone that was added to separate each fraction divided by the volume of the s-sample solution. 
c Because of high molecular weight, the elution volume was beyond the limit and the molecular distribution was 

undetermined. 
d No GPC/LALLS measurement for the s sample. 
e No GPC/LALLS measurement for the h sample, because of the high molecular weight. 
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properties, the polydispersity of the system 
must be taken into account. The physical 
parameters involved in these properties depend 
on the method of measurement and are given 
by some averaged quantities, e.g., number
average or higher-order averages. 30 In order 
to compare the observed data with a particular 
theoretical expression, use of a distribution 
function in an analytical form is often quite 
convenient. 35 Among others, two analytical 
functions have been utilized in previous re
ports from our laboratory1 •3·33 '34; the Schultz
Zimm36·37 (eq 5) and the logarithmic-normal, 
the Wesslau38 or the Lansing-Kraemer39 (eq 
6) functions that are given below. 

fw(M)= (-lnpl+ 1 MkpM/r(k+ 1) (5) 

where fw(M) is the distribution function in 
terms of weight fraction, M is the molecular 
weight, I'(k+ 1) is the gamma function, Mn= 
-k/lnp, Mw= -(k+ 1)/lnp, k=Mn/(Mw-Mn), 
and p=exp[ - l/(Mw-Mn)]. 

fw(M)= - 1-exp{-~(ln: )
2
}· wF w o 

(6) 

whereMn=M0 exp(-w 2 /4), Mw=M0 exp(w 2 / 

4), M 0 =(MwMn) 112 • The Schulz-Zimm func
tion has been utilized to express the molecular 
weight distribution of polymers synthesized by 
addition polymerization, while the Wesslau 
function has been shown to be useful for the 
products of the Ziegler-Natta polymerization. 

Figure 3 shows the observed distribution 
profiles (solid lines) of the sonicated but 
unfractionated DNA sample (denoted ass) and 
a fractionated sample· (denoted as F4), as 
compared with the theoretical Schulz-Zimm 
(dotted lines) and logarithmic-normal (dashed 
lines) distribution functions, each being calcu
lated with observed Mw and Mwf Mn values. 
The observed distribution of the s sample is 
closer to the Schulz-Zimm function, whereas 
the F4 fraction can be fitted by neither func
tion. 
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Figure 3. Comparison of the experimental mo!ecular 
weight distribution profile (solid lines) of DNA with the 
theoretical logarithmic-normal (dashed lines) and Schulz
Zimm (dotted Jines) distribution functions. (s), sonicated 
but unfractionated sample (Mw=2.06x 105, Mw/M.= 
1.64); (F4), sonicated and fractionated sample (Mw= 
1.65 X 105, Mw/Mn= 1.25). 

Figure 4 shows the observed distribution 
profiles ( solid lines) of the unsonicated starting 
Poly(A) · Poly(U) sample (denoted ash) and a 
fractionated one (denoted as F3). The h sample 
fits to neither of the theoretical functions, but 
the distribution of the F3 and the sonicated 
but unfractionated samples (the latter not 
shown here) can be reproduced quite well with 
the logarithmic-normal theoretical function. 
Thus, it is clear that the well-defined lower 
molecular weight Poly(A) · Poly(U) sample 
with a narrow distribution can be prepared in 
a large quantity according to the present 
sonication-fractionation method. 

Figure 5 shows the observed distribution 
(solid lines) of the unsonicated starting 
Poly(C) · Poly(C+) sample (denoted as h) and 
a fractionated one (denoted as F3). The h 
sample can be fitted approximately by the 
Schulz-Zimm function, but the fractionated F3 
sample can be reproduced by neither of two 
theoretical distribution functions. This dis
agreement is probably due to the fact that the 
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Figure 4. Comparison between the experimental mo
lecular weight distribution profile of Poly(A) · Poly(U) with 
theoretical distribution functions. (h), unsonicated sample 
(Mw=l.13x 106 , Mw/M.=2.11); (F3), sonicated and 
fractionated sample (Mw=3.85xl05, Mw/M.=1.35). 
Other notations are all the same as in Figure 3. 

higher and lower molecular weight portions 
still remain in the acetone-precipitate, in 
addition to the major component, just as in the 
case of DNA (cf Figure 3). 

From the above comparisons betw~en ob
served and theoretical distribution profiles for 
six polynucleotide duplexes (not all were shown 
in this section), the following general conclu
sion may be drawn on the molecular weight 
distributi0n. If the sonication-fractionation 
procedure is carried out properly, the mo
lecular weight distribution of an acetone
precipitated fraction is in practice represented 
by the logarithmic-normal distribution func
tion, which has been utilized extensively in 
electrooptic studies. 1 •3 •31 - 34 The present find
ing is an important confirmation of these 
previous studies. The data analysis may be 
practised with the theoretical distribution 
function fw(M) to evaluate the physical 
parameters involved in the hydrodynamic and 
other physico-chemical properties of poly
disperse polymer systems. 
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0.5 5 

M /105 
10 

Figure 5. Comparison of the experimental molecular 
weight distribution profile of Poly(C) · Poly(C+) with 
theoretical distribution functions. (h), unsonicated sample 
(Mw=7.26 x 105 , Mw/M.=2.04); (F3), sonicated and 
fractionated sample (Mw=2.45 x 105, Mw/M.= 1.33). 
Other notations are all the same as in Figure 3. 

Intrinsic Viscosity of Unirradiated and Irra
diated Duplexes 
Figure 6 shows the variation of the reduced 

viscosity 17sp/c' with the mass concentration c' 
for two duplex samples in appropriate salt 
solutions. The reduced viscosities of the 
starting high molecular weight Poly(A) · Poly
(U) in Figure 6a and Poly(I) · Poly(C) in Figure 
6b (both denoted as h) clearly depend on the 
shear rate. A double extrapolation to zero 
concentration and to zero shear rate must be 
carried out. to evaluate the intrinsic viscosity 
[17]. The extrapolation to zero shear rate was 
achieved by plotting the bulb-height-dependent 
reduced viscosities of a given solution against 
(c' + kh2 ), where k is an arbitrarily chosen 
constant and h is the average height of each 
bulb of a viscometer (the detail will be reported 
elsewhere). The reduced viscosities of the 
sonicated and fractionated preparations show 
a linear concentration-dependence without 
exception, the slope being smaller with lower 
[17] values. The sonicated but unfractionated 
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Figure 6. The reduced viscosity Y/,p/c' vs. the mass concentration c' at 25°C. (a): Poly(A) · Poly(U) in 
0.1 M NaCl. (b): Poly(I)· Poly(C) in 0.2 M NaCl. Numerals denote the fraction number of each sample 
(cf Table I). h is the average height between the middle of each bulb and the end of capillary spiral of 
a viscometer. k is an arbitrary constant in gcm- 5 to spread observed values, being equal to 1.085 x 10- 6 

for (a) and 1.333 x 10- 6 for (b). Filled circles are extrapolated points (h2 ->0 and c' ->O). 

samples (denoted ass) yield [,i] values that are 
located appropriately between two fractionat
ed preparations F5 and F6 for Poly(A) · 
Poly(U) and between F2 and F3 for Poly(I) · 
Poly(C). It should be noted that these results 
were also found for the other duplexes. The 
[17] values are all given in Table I. 

Relationship between [17] and Mw 
Figure 7 shows the double logarithmic plots 

of the relationship between the intrinsic 
viscosity and the weight-average molecular 
weight for six duplexes. A linear relationship 
was observed for every duplex, provided that 
the molecular weights are not higher than half 
a million. Since a sonicated but unfractionated 
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sample (denoted as s with filled symbols) is 
associated with a wider molecular weight 
distribution, the contribution of the higher 
molecular weight portion to intrinsic viscosity 
may be proportionally larger, even if the 
weight-average molecular weight happens to 
be the same as that of the other sample. Thus, 
the points scattered from the solid lines in 
Figure 7 were not taken in evaluating the [17] 
vs. Mw relation, expressed as [11]=K(MwY, by 
the least-squares method. The constants Kand 
a are given in Table II, together with the range 
of molecular weights, in which the relationship 
holds. 

The weight-average molecular weight can be 
estimated conveniently from the above re-
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Poly(C)·Poly(C) 

Table II. The parameters Kand IX in the 
Mark-Houwink-Sakurada expression 

between intrinsic viscosity [I/] and 
weight-average molecular weight 

M..,: [I/] =K(Mw)" 

K Applicable 
Samples IX range 

10- 6 cm3 g- 1 Mw/104 

DNA 14.1 1.30 7.6----39.9 
Poly(G) · Poly(C) 138 1.07 5.3-19.1 
Poly(A) · Poly(U) 204 1.06 12.1---43.4 
Poly(I) · Poly(C) 6.16 1.32 5.7---42.3 
Poly(C) · Poly(C+) 933 0.91 8.4---44.7 
Poly(A) · Poly(A +) 13.8 1.36 6.0--33.9 

unrelated to the a value, the size and the 
stacking of base-pairs may be responsible for 
the chain rigidity. The precise solution con
formation of polynucleotides may be resolved 
with the sonicated fractions which can now 
be prepared in large quantities, as described in 

0.5 
Mw / 105 

5 10 detail in this work. 

Figure 7. Relationship between [I/] and Mw for six 
double-stranded helices on a double logarithmic scale. (a): 
measured points are (0) for DNA, (L.) for Poly(G)· 
Poly(C), ('v) for Poly(A) · Poly(U), and (D) for Poly(l) · 
Poly(C). (b): measured points are (0) for Poly(C)· 
Poly(C+) and (6) for Poly(A) · Poly(A +). Solid ·lines are 
drawn by the least-squares method. Filled symbols are 
either the unsonicated (h) or the sonicated but un
fractionated (s) samples. 

lationship not only for DNA 10•13 but also for 
polyribonucleotide duplexes in a lower mo
lecular weight range. The exponent a is in the 
range between 0.9 and 1.4, indicating that the 
fractionated samples of all six duplexes are in 
a semiflexible conformation in O. l-0.2M NaCl 
solutions, 30 although the degree of flexibility 
seems to vary with the polymer species. 
Whether this flexibility results from the pentose 
(the deoxy- vs. oxyribose) structure or from the 
regular or random sequence of hetero or homo 
base-pairs remains open to the future study. 
Since the antiparallel or parallel double
strandedness of the helical structure appears 
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CONCLUSION 

This work showed that the ultrasonic 
scission can be performed successfully not only 
for high molecular weight calf thymus DNA 
but also for high molecular weight poly
ribonucleotide duplexes to reduce the mo
lecular weight and polydispersity. The sonica
tion-precipitational-fractionation technique 
developed in this series of work is simple but 
versatile. When this procedure is properly 
executed, a series of high-quality fractions can 
be prepared in large amounts from a single 
sonicated sample. Thus, the various physico
chemical studies of nucleic acids in solutions 
can be advanced, where the molecular-weight 
dependence is often a critical factor. 

The determination of the molecular weight 
and the molecular weight distribution of 
sonicated duplexes could be carried out 
conveniently by the GPC/LALLS method, if 
an appropriate gel material is selected for the 
GPC column. The present work revealed that 
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the distribution profile of purified fractions can 
be fitted by the theoretical logarithmic-normal 
function. The relationship between intrinsic 
viscosity and weight-average molecular weight 
(the Mark-Houwink-Sakurada equation) was 
evaluated. The exponent rx, was found to be 
1.4-0.9 that represents the semiflexible chain. 
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