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ABSTRACT: Changes of weight-average molecular weights (Mw) and the molecular weight distributions
in terms of weight fraction (gw) were evaluated in the course of sonication for three nucleic acids in different
conformations by the gel permeation chromatography/low angle laser light scattering (GPC/LALLS)
method. High Mw samples used were single-stranded poly(uridylic acid), (U)n, double-stranded DNA,
and triple-stranded poly(adenylic acid)‚2poly(inosinic acid), (A)n‚2(I)n, in 0.2-0.1 M NaCl at 0 °C. The
experimental gw vs M curves were computer-simulated for different chain-scission mechanisms: (1)
random, (2) midpoint, (3) Gaussian, (4) classical partially random, and (5) newly proposed partially random
scission models. In comparison with the GPC/LALLS data, the middle portion of each single- or multiple-
stranded chain was sheared randomly, whereas the adjacent end portions of the chain resisted sonic
scission. The Mw value of each intact end portion was 1.0 × 105 for (U)n, 1.5 × 105 for DNA, and 1.7 ×
105 for (A)n‚2(I)n, corresponding to the lowest possible Mw for the sonicated but unfractionated nucleic
acid samples under the present conditions.

Introduction

High molecular weight intact DNA samples are
known to be degraded to smaller size fragments by the
ultrasonic irradiation without their double-helical con-
formation being ruptured, if a proper sonication proce-
dure is adopted.1-15 This is indeed a well-established
and convenient technique to prepare fairly large quanti-
ties of DNA with various molecular weights for physi-
cochemical studies in solutions.14,15 Among them are,
for example, the molecular weight dependence of light
scattering,1,16 viscosity,5,16,17 circular dichroism,18 and
electric linear dichroism,19 to name a few. By carefully
fractionating sonicated fragments, the well-character-
ized fractions of lower molecular weight can be prepared
not only for double-helical DNA but also for other
nucleic acids such as triple-stranded synthetic poly-
nucleotides. In addition, the molecular weight distribu-
tion curve and degree of polydispersity of these soni-
cated polymers can now be evaluated quantitatively by
the gel permeation chromatography/low angle laser light
scattering (GPC/LALLS) method.17,20

The degradation of various kinds of polymers has been
studied, by using both theoretical21-30 and experi-
mental31-33 methods; for example, Heymach and Jost29
calculated the change in molecular weight distribution
of the polymer chain in cases of random and restricted
shearings. Using a computer simulation technique,
Ballauf and Wolf30 could reproduce the change of the

molecular weight and the molecular weight distribution
of polystyrene on the assumption that the molecular
weight distribution of the polymer prior to degradation
can be expressed by the Schulz-Zimm distribution
function.34 They calculated the degradation process on
the basis of three (the random, midpoint, and Gaussian)
scission models and showed the relation between the
mechanism and the change of molecular weight distri-
bution. Nevertheless, the probability of scission upon
ultrasonic irradiation still remains to be clarified for
actual polymer systems.
In the present work, changes in molecular weight and

the distribution were experimentally studied by the
GPC/LALLS method for three nucleic acids of different
types in the course of ultrasonic irradiation. The high
molecular weight samples, i.e., the double-stranded
helical DNA, a single-stranded random-coiled poly-
(uridylic acid), (U)n, and a triple-stranded helical poly-
(adenylic acid)‚2poly(inosinic acid), (A)n‚2(I)n, were cho-
sen to ascertain the effect of sonication on the chain
rigidity and to compare the presently observed data with
those previously reported for other multistranded poly-
nucleotides with different constituent bases.17,20 Cal-
culations were performed for various scission models
with the objective for clarifying the effect of sonication
process on the change of molecular weight distribution.
Finally, a plausible sonication mechanism was proposed
for each nucleic acid, by comparing computer-simulated
results with experimental observations.

Experimental Section

Materials and Preparations. High molecular weight calf
thymus DNA (Mw Z 8 × 106) was purchased fromWorthington
Biochemical Corp. (lot. no. X9J1174). The stock solution was
prepared, by dissolving it in 0.2 M NaCl. High molecular
weight polyribonucleotide samples were all purchased from
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Yamasa Shoyu Co., Ltd. (Choshi, Japan). The stock solution
of single-stranded (U)n with an Mw of 3.1 × 105 (lot no. 401078,
S20,w ) 6.1) was prepared, by dissolving it in 0.2 M NaCl. (A)n
(lot no. 101077, S20,w ) 8.0) and (I)n (lot no. 501476, S20,w )
9.6) were mixed at a 1:2 molar ratio and incubated at 7 °C for
2 days at a pH of 7.4 in sodium phosphate buffer containing
0.4 M NaCl to prepare a high molecular weight triple-stranded
(A)n‚2(I)n helix. The preparation, characterization, and solu-
tion properties of the (A)n‚2(I)n helix will be reported else-
where.35

Ultrasonic Irradiation. Ultrasonic irradiation was car-
ried out with a Tomy sonicator, Model UD-200P (Tomy Seiko
Co., Tokyo), at an output power level of 200 W (20 kHz) for 20
min for DNA and (A)n‚2(I)n (40 repetitions of a 30-s burst and
subsequent 5-min bubbling interval cycle) and 30 min for (U)n
(60 repetitions of the same cycle) under a helium atmosphere.
A 70-120-mL polymer solution (2 mg/mL) was placed in a
three-way branched rosette vessel of about 150 mL in volume,
which enabled vigorous circulation of the content by jet flows
for rapid temperature equilibration. Into the vessel, which
was held at 0 °C in an iced bath, the helium gas was introduced
for 15 min before sonication to expel the dissolved air. The
sonication procedure has been described elsewhere in detail.15
Possible damage to the irradiated nucleic acid bases and the
strand separation of DNA or (A)n‚2(I)n were checked with the
UV absorption spectra of each polymer solution before and
after sonication. No anomaly was detected in the spectra.
GPC/LALLS. Each solution was sampled intermittently

in the course of sonication. The molecular weight and distri-
bution pattern were determined at 30 °C on a Tosoh flow-type
GPC/LALLS apparatus (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 dif-
ferential refractometer. For each typical run, a sample
solution (0.5 mL) was injected into a sample loop and eluted
with 0.2 M NaCl eluent at a flow rate of 0.6 mL/min. The
solvent was filtered through a sintered stainless filter before
injection to the GPC column and then through a 0.45-µm pore
size cellulose acetate membrane (Millipore Co., HAWP 01300)
in front of the LALLS apparatus for complete removal of dusts.
Details were given in previous papers from this laboratory.17,20
A bovine serum albumin sample (molecular weight ) 66 250)
from Miles Inc., Diagnostics Div., and a chicken erythrocyte
nucleosomal DNA sample (molecular weight ) 95 700) were
used as the molecular weight standards.
The weight fraction fw(M) for molecules with the molecular

weight M can be evaluated from the ratio of light scattering
intensity to refractive index intensity. In order to visualize
the molecular weight distribution over a wide range of M,
another weight fraction should be used. It is defined as gw(log
M), which is the function of log M:

Hence, the molecular weight distribution can finally be
calculated and represented as the gw vs log M curve.

Computational Section

Procedure for Calculation. The present calcula-
tion was performed in a manner similar to the procedure
proposed by Ballauf and Wolf.31 Let the molecular
weight distribution of polymer chains at time t be given
by F(t); then, the change in molecular weight distribu-
tion with a lapse of sonication time t is expressed as

where f(i,t) is the number fraction of polymer molecules,
each consisting of i segments at an irradiated time t;
the element a(i,j) of matrix A expresses the scission
probability of a polymer molecule with j segments into
two fragments with i and j - i segments; and the
diagonal element a(j,j) is the scission probability of the
polymer molecule with j segments into fragments with
arbitrary segments. The diagonal element a(j,j) is given
as

It should be noted that the matrix A has a triangular
form. With computer-aided iterative calculations, the
change of molecular weight distribution with the lapse
of time t can be evaluated in the course of a sonication
process.
Actual calculations were performed on EPSON PC-

386VR and NEC PC9801FA computers. The input data
were the molecular weight distribution, determined by
the GPC/LALLSmethod, for each high molecular weight
sample. The assumption was made that the longest
molecule in a given polymer system is composed of 201
identical segments. The number fraction of molecules
with a particular number of segments was calculated
by the Spline interpolation method. On the basis of the
different models, which are shown in the following
section, 201 simultaneous first-order differential equa-
tions were set up for changes of the number fraction of
molecules with various segments with time t. These
differential equations were solved successively by the
Milne method for evaluating the molecular weight
distribution in terms of the number fraction of molecules
with molecular weight M, fn(M), in the course of soni-
cation. This number fraction at time t was converted
to the weight fraction, fw(M), and finally the molecular
weight distribution was presented in term of the gw(log
M) vs log M plot.
Models for the Scission Process. Computer-

simulations were performed with the following five
models. In the first three models, the scission prob-
ability is proportional to molecular weight or length.
1. Random Scission Model I. In this model, the

chain scission occurs randomly at any site on a chain
with an equal probability. The scission probability is

fw(M) dM ) fw(M)( dM
d logM) d logM ≡ gw(logM) d logM

(1)

d
dt
F(t) ) AF(t) (2)
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.
.
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f(201,t)
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expressed as

where c is a constant.
2. Midpoint Scission Model II. In this model, a

polymer chain is sheared only at the midpoint. The
scission probability is expressed as

where c is a constant.
3. Gaussian ScissionModel III. In this model, the

probability of scission is expressed by a Gaussian
function, being the largest at the center of each chain,
and is expressed as

where c is a constant and σ is the standard deviation of
the Gaussian function being set equal to 0.2i in this
calculation.
4. Classical (Partially Random) Scission Model

IV. In this model, a polymer chain is utterly resistant
to shearing in the vicinity of both ends. Except for the
end region, the polymer chain is sheared at random.
Therefore, the scission probability is expressed as

where c is a constant and k0 is the number of segments
in a molecule. If k0 ) 0, this model reduces to (random
scission) model I. A chain composed of segments less
than k0 remains unaffected.
5. Newly Proposed ScissionModel V. This model

is an extension of classical scission model IV. In model
V, the scission probability is nonzero anywhere on a
chain. However, the chain is hardly scissile in the
vicinity of the ends. Scission takes place randomly
anywhere in the central region of the chain. The
scission probability is expressed as

where c is a constant. If k0 ) 0, this model reduces to
random scission model I. If the exponent n is infinitely
large, this model is in agreement with the classical

scission model IV. Thus, the presently proposed model
(V) contains two previous models as the limiting case.
Figure 1 shows schematically the scission probability

of a chain on the basis of these five scission models, I-V.

Results and Discussion

Experimentally Determined Mw and gw vs M.
The Case of DNA. Figure 2 shows the change in
molecular weight distribution of a high molecular
weight DNA, hDNA (Mw ) 8.3 × 106), in the course of
sonication time (t) in terms of the weight fraction, gw,
of sheared fragments versus molecular weight (M).
Dotted curves indicate the GPC/LALLS-determined
experimental gw(log M) vs log M, which is simply
denoted hereafter as gw vs M. The lapse of sonication
time (in the direction of the arrow) makes the average
molecular weights of sonicated fragments lower and the
corresponding distributions narrower. The behavior of
sonication can now be revealed quantitatively in this
work, though similar results have been cited occasion-
ally on a qualitative basis.2,23,30 Since the molecular
weight of the original hDNA sample is too large and
beyond the exclusion limit of the GPC column (Tosoh
TSK G-DNA-PW), the gw vs M curve cannot be evalu-
ated accurately by the GPC/LALLS method. In this
work, therefore, only the Mw value could be estimated
from the ratio of the total intensity of light scattering
to that of refractive index, as indicated with a dashed
vertical line (Figure 2a). Successive changes of the gw
vs M curves show that even the initial shortest burst
time (no. 1, 30 s) reduces theM value nearly 10-fold;M
values approach steadily to a low molecular weight limit
(no. 9, 20 min) with narrower distributions after pro-
longed sonication periods. Figure 2b-e show quantita-

a(i,j) ) c (i e j)

a(i,j) ) 0 (i > j) (5)

a( j2,j) ) cj

a( j2 + 1,j) ) cj (6)
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Figure 1. Models for the scission probability: (I) random
scission model, (II) midpoint scission model, (III) Gaussian
scission model, (IV) classical scission model, and (V) newly
proposed scission model. The ordinate is the scission prob-
ability k(M), in which M is the distance from the end of a
polymer chain in terms of molecular weight;M0 stands for the
unsonicated end region.

7420 Tanigawa et al. Macromolecules, Vol. 29, No. 23, 1996



tive comparisons between experimental data (dotted)
and theoretical calculations (solid) for different sonica-
tion mechanisms (vide post).
Figure 3 shows the dependence of Mw on irradiation

time (circles in upper half) and the degree of polydis-
persity, expressed in terms of the ratio of the weight-
average to number-average molecular weights (Mw/Mn),
on the time (circles in lower half). In this figure, the

initial 30-s burst sample is taken as the original (Mw )
1.7 × 106 andMw/Mn ) 1.8), instead of the unsonicated
hDNA, for which theMw/Mn value could not be available
from GPC/LALLS. For an accumulated period of 20-
min irradiation, the molecular weight is reduced to 2.0
× 105, more than 40-fold reduction, as compared with
the originalMw of hDNA. Similarly, the polydispersity
parameterMw/Mn is also decreased from 1.8 to 1.4 after

Figure 2. Measured and simulated molecular weight distributions of DNA in the sonication process: Dotted curves, GPC/LALLS-
determined experimental molecular weight distributions (a-e). Irradiation time in min: (1) 0.5, (2) 1.0, (3) 2.0, (4) 3.0, (5) 4.5,
(6) 6.5, (7) 9.5, (8) 13.5, (9) 20. Solid lines are simulated molecular weight distributions: (a) random scission model calculated
with eq 5, (b) midpoint scission model (eq 6), (c) Gaussian scission model (eq 7), (d) classical scission model (eq 8), (e) newly
proposed scission model (eq 9). The ordinate is the weight fraction gw(logM), in which M is the molecular weight. The dashed
vertical line in (a) is the Mw of hDNA.
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a 20-min sonication. These two facts, now verified, have
been taken qualitatively into account in the past in the
preparation of low molecular DNA samples for confor-
mational and other solution studies.14,35
The Case of (U)n. Figure 4a shows the observed

changes of the molecular weight distribution (dotted
curves) of (U)n sampled out in the course of sonication.
The unsonicated (U)n sample is successively sheared to
shorter fragments after a lapse of 30-min sonication
with narrower molecular weight distributions. Figure
4b shows the dependence of Mw and Mw/Mn on sonica-
tion time; the values are reduced from 3.1 × 105 to 6.4
× 104 and from 1.7 to 1.2 after a lapse of 30 min,
respectively. These parameters are all affected strongly
at the initial 5-6-min period after the start of sonica-
tion, as also observed for DNA. The result in Figure 4
indicates that the present sonication procedure can also
be utilized effectively to prepare a single-stranded
polynucleotide of random-coiled conformation with rea-
sonably low molecular weight and molecular weight
distribution.
The Case of (A)n‚2(I)n. Figure 5a shows observed

changes of the molecular weight distribution (dotted
curves) of (A)n‚2(I)n with sonication time. TheMw value
of the unsonicated sample is too large to be subjected
to the GPC/LALLS determination due to the same
reason as hDNA. The distribution profiles at the initial
irradiations are broad and skewed toward smaller
molecular weight fragments (e.g., no. 1, 1 min). Inter-
estingly, however, the pattern of skew reverses, now

tailing toward higher molecular weight fragments, as
the sonication time proceeds. Figure 5b shows the
dependence of Mw (open circles) and Mw/Mn (filled
circles) values for (A)n‚2(I)n fragments on the sonication
time. The initial 5-min irradiation time appears to be
sufficient to reduce the Mw value by ca. 4-fold. At the
same time, the broad distribution of the unsonicated
sample rapidly becomes narrower at an early stage of
sonication. Although the triple-stranded (A)n‚2(I)n is an
unusual purine-purine helix, it can also be sonicated to
shorter fragments; thus, a large quantity can be pre-
pared to serve for many physicochemical studies in
solution.36 This sonication behavior is in accord with a
previous report on other triple-stranded helices more
commonly available.
Susceptibility of Different Strands to Sonica-

tion. The weight-average degree of polymerization,
DPw, may be expressed by dividing the Mw value of a
given nucleic acid by the average monomeric unit, i.e.,
328 for (U)n, 660 for DNA, and 1055 for (A)n‚2(I)n. In
order to compare the susceptibility of these nucleic acids
to ultrasonic scission, the data in Figures 3a, 4b, and
5b are all replotted, by adjusting the coordinates so that
the sonication starts for the samples with the same DPw

Figure 3. Dependence of the weight-average molecular
weightMw (a) and the ratio of the weight- to number-average
molecular weight (Mw/Mn) (b) on ultrasonic irradiation time.
Circles are measured values. Each lined curve was calculated
on the basis of sonication mechanisms of the random scission
model (I), midpoint scission model (II), Gaussian scission model
(III), classical scission model (IV), newly proposed scission
model (V), and modified newly proposed scission model (V′).
In b model IV behaved abnormally.

Figure 4. (a) Measured and simulated molecular weight
distributions and (b) changes of the weight-average molecular
weight Mw and the degree of polydispersity Mw/Mn in the
ultrasonic irradiation process for (U)n. (a) Dotted curves, are
the GPC/LALLS-determined experimental molecular weight
distributions. Irradiation time in min: (1) 0, (2) 1, (3) 2, (4)
4.5, (5) 6.5, (6) 9.5, (7) 13.5, (8) 20, (9) 30. Solid lines are the
simulated molecular weight distributions based on model V.
The weight fraction gw(log M) was plotted against the loga-
rithm of molecular weight logM. (b) Circles are experimental
values, Mw (O) and Mw/Mn (b), solid lines are simulated on
the basis of the modified newly proposed scission model (V′).
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on the ordinate and at the same time (t ) 0 - d) on the
abscissa. In the present case, (U)n is taken as the
reference sample (DPw ) 960 and d ) 0 min). The shift
factor d is 2 min for DNA from Figure 3a and 4.5 min
for (A)n‚2(I)n from Figure 5b. Thus, the efficiency of
ultrasonic scission may be visualized by assuming the
unsonicated, starting samples have nearly the same
degree of polymerization.
Figure 6 shows the modified plot of DPw of three

different nucleic acids against the adjusted sonication
time, which is displaced for the sonication process to
start at t ) 0, 2, and 4.5 min. For the measured period
of sonication time, the successive reduction of chain
length apparently depends on multiple strandedness of
polymer sample. To obtain sonicated fragments of the
same reduced DPw values, the longest irradiation time
is required for (A)n‚2(I)n. These results may be inter-
preted as revealing that the single-stranded (U)n is most
susceptible to the sonication, followed by DNA, with the
triple-stranded (A)n‚2(I)n helix being most resistant to
sonic scission.

Comparison of Measured and Simulated Molec-
ular Weight Distributions. The Case of DNA. Now
the experimental data of the gw vsM,Mw vs t, andMw/
Mn vs t curves are all compared with the results of
simulation on the basis of the scission models cited in
the previous section. The solid lines in Figure 2a-e
represent the computer-aided simulation of gw vs M
curves for successively sonicated fractions, which are
denoted with numerals. The no. 1 sample is the first
30-s irradiated fraction and taken as the reference for
molecular weight distribution because of the reason
cited (vide supra).
The distribution curves in Figure 2a were calculated

on the basis of the random scission model (I). The
measured distribution profiles become progressively
narrower with the increase in distribution peaks, as the
chain scissions proceed. The simulated curves, however,
show narrowing, as observed experimentally, only at the
initial stage but no further sharpening of breadth nor
increase of the peak height at later stages. Thus, it is
safe to conclude that the random scission model fails to
describe the sonication mechanism of DNA, except only
for the initial stage.
The calculated results in Figure 2b are based on the

midpoint scission model (II). The simulated distribu-
tions curves become progressively narrower with higher
peaks, as the sonication time is increased. The fitting
to measured profiles is slightly improved in the lower
molecular weight region, indicating that the lower
molecular weight DNA may be sheared in the middle
of the double strands. The calculated results in Figure
2c are based on the gaussian scission model (III), in
which the standard deviation, σ, of the Gaussian func-
tion is set to be 2/10 of the chain length. The fitting of
measured distribution profiles with this model is still
unsatisfactory, though it is better than the two previous
models I and II. The Gaussian model is also concluded
to be inconsistent with the experimental DNA scission
process.
The calculated gw vsM curves in Figure 2d are based

on the classical scission model (IV), which predicts that

Figure 5. (a) Measured and simulated molecular weight
distributions and (b) changes of the weight-average molecular
weight Mw and the degree of polydispersity Mw/Mn in the
ultrasonic irradiation process for (A)n‚2(I)n. (a) Dotted curves
are GPC/LALLS-determined experimental molecular weight
distributions. Irradiation time in min: (1) 1, (2) 1.5, (3) 2, (4)
3, (5) 4.5, (6) 6.5, (7) 9.5, (8) 13.5. Solid lines are simulated
molecular weight distributions based on model V. The weight
fraction gw(logM) was plotted against the logarithm of molec-
ular weight logM. (b) Circles are experimental values,Mw (O)
and Mw/Mn (b). Solid lines are simulated on the basis of the
modified newly proposed scission model (V′). Broken lines are
calculated on the basis of the newly proposed scission model
(V).

Figure 6. Comparison of changes in the weight-average
degree of polymerization DPw of DNA (O), (U)n (0), and
(A)n‚2(I)n (4) in the course of the sonication process. The
abscissa is t - d, where t is time and d is an adjusting
parameter (2 min for DNA, 0 min for (U)n, and 4.5 min for
(A)n‚2(I)n), to arrange the initial DPw values approximately at
the same starting point on the ordinate.
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the chain is randomly sheared in the middle region but
both ends remain resistant to sonication. In this
calculation, the end molecular weight inaccessible to
shearing (cf. M0 in Figure 1) was assumed to be 1.5 ×
105 for the best fitting. The distribution curves simu-
lated for the later sonication stages become irregular
at the lower molecular side, where sharp and anomalous
peaks appear. In conclusion, this classical model is also
inadequate for the scission mechanism of DNA chains.
The calculated curves in Figure 2e are based on the

newly proposed model (V), for which values of M0 and
n are best assumed to be 1.5 × 105 and unity, respec-
tively. By using this model, the measured distribution
profile of each fraction can be reproduced superbly well
in the entire course of sonication as regards the breadth
and the peak position. According to model V, the
molecular weight distribution for polymer chains higher
than 3 × 105 in Mw-values, generally changes in a
manner as predicted by model I, but the pattern shifts
to another mechanism, as predicted by model II for
chains shorter than 3 × 105. Thus, the newly proposed
model (V) includes both models I and II as the limiting
case and is no doubt the best possible mechanism for
explaining the ultrasonic scission process of DNA.
Now the simulated results for the dependence of Mw

and Mw/Mn values on the sonication time is discussed.
In Figure 3a, the Mw vs t curves, computed according
to models I-V′, are compared with experimental data
(circles). Both models I and II fail to reproduce the
dependency, whereas models III-V apparently repro-
duce the general tendency; however, none of the simu-
lated curves fit the observed points. Therefore, model
V must be modified slightly by taking into account the
number concentration of polymers in the system. This
model is designated as model V′, in which the scission
probability A in eq 3 is now modified as

where cnm is the ratio of numbers of sonicated polymers
to those unsonicated in the original sample with an
adjustable parameter m. It should be noted that this
modification affects only the dependence of molecular
weight distribution on the time, i.e., the rate of change,
but not the shape of the distribution profile. As shown
in Figure 3a with the solid line, the simulated curve
fits to the measured data excellently in the entire course
of sonication. In the case of DNA, the parameter m in
eq 10 is taken to be 1/3 for the best fitting, the physical
meaning being open for future work.
In Figure 3b, the simulated dependence of the poly-

dispersity of sonicated fractions on sonication time t is
compared with the experimental data. Values of Mw/
Mn calculated on the basis of model I increase with a
lapse of sonication, contrary to the data. The simulation
with model II is also distinctly off the measured values,
whereas model IV yields an anomalous dependence (not
shown in Figure 3b), because of the abnormal behavior
of gw vs M profiles (cf. Figure 2d). The Mw/Mn vs t
curves, simulated with models III, V, and V′, all agree
with the measured data reasonably well. Considering
large experimental uncertainties, the newly proposed
model (V) and its variation (V′) are again proved to be
the best for the sonic scission of DNA.

The Case of (U)n. In Figure 4a, the simulated gw vs
M curves are compared with the experimental data for
single-stranded (U)n. The distribution profiles were
calculated on the basis of model V with two parameters,
M0 ) 1.0 × 105 and n ) 2. Since these calculated
distribution profiles are in excellent agreement with
measured ones, it is concluded that model V can describe
the sonication process of (U)n. It should be noted that
the other models I-IV are unable to reproduce meas-
ured distribution profiles for the entire course of soni-
cation (not shown). Thus, the scission process of (U)n
resembles that of DNA. The (U)n chain is hardly
sheared at end portions, where molecular weights are
less than 1 × 105, but can be sheared randomly in the
middle portion; the end portion of DNA is slightly less
scissile (M0 ) 1.5 × 105). The scission probability of
the end portion for (U)n (n ) 2) is lower than for DNA
(n ) 1), indicating that the domain between the scissile
middle and unscissile end regions is more distinct for
(U)n than for DNA. These subtle differences may stem
from the differing structural rigidity of single- and
double-stranded nucleic acid conformations.
In Figure 4b, the change of Mw and Mw/Mn with

sonication time is shown. The simulation was carried
out, by using model V′, for which m ) 0 in eq 10.
Measured points of both Mw and Mw/Mn fit to the
simulated curves quite well over the entire course of
sonication. The scission probability of (U)n does not
depend on the (number) concentration, whereas that of
DNA depends on this concentration.
The Case of (A)n‚2(I)n. In Figure 5a, the simulated

molecular weight distribution profiles of (A)n‚2(I)n are
compared with the experimental data. The simulation
was carried out, by using model V with parametersM0
()1.7 × 105) and n ()5). The agreement between these
two sets of profiles is excellent for the entire sonication
process. When other models were employed for simula-
tion, the agreement was less satisfactory. Thus, it can
be concluded that the sonication of triple-stranded
(A)n‚2(I)n also proceeds according to the newly proposed
model (V). The parameter n of 5 indicates that the end
portions are clearly distinguishable from the middle
portion of the polymer chain.
In Figure 5b, the observed dependence ofMw andMw/

Mn on sonication time is simulated with model V′, the
modified new model, by taking into account the increase
in the number of polymer chains as produced by
successive scissions and also by assigning a value of 0.5
to the parameter m in eq 10 (solid-line curves). For
comparison, another set of simulation was performed
on the basis of model V without considering the param-
eter (i.e., m ) 0), the result being given with dashed
curves. The excellent agreement between measured
values and simulated curves strengthens the proposed
mechanism (model V′) for the sonication process of
(A)n‚2(I)n.

Conclusion

The ultrasonic irradiation of DNA, (U)n, and (A)n‚2(I)n
successively reduces the molecular weight in solution,
making the molecular weight distribution progressively
narrower, regardless of their different structures. The
sonication process can be explained satisfactorily with
the scission model newly proposed in the present work.
This model assumes that the high molecular weight
polymer chain is sheared randomly in the middle
portion but is hardly scissile in the end regions. The
joining domain is distinct in the order (A)n‚2(I)n > DNA

A ) 1
cn

m(a(1,1) a(1,2) . . a(1,n) .
a(2,1) a(2,2) . . . .
. . . . . .
. . . . . .

a(n,1) . . . a(n,n) .
. . . . . .

) (10)
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> (U)n. These unscissored ends correspond to the
fraction of shortest fragments, yielding the limiting low
molecular weight products by careful sonication (DP Z
160 for (A)n‚2(I)n, 230 for DNA, and 300 for (U)n). Thus,
the purpose of preparing well-fractionated nucleic acid
samples of various conformations in a large (gram order)
quantity for physicochemical studies in solution is now
achieved.
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