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INTRODUCTION

Genomic DNA occurs as a single circular molecule
in the prokaryotic cell and as several linear molecules
per each chromosome in the eukaryotic cell. Such
DNA molecules vary in length from a fraction of a
millimeter in prokaryotes to several centimeters in
eukaryotes. To illustrate, if the diameter of a molecule
were increased to 2 cm, its length would be several
hundreds of kilometers. In the cell, DNA is folded and
condensed owing to complexes of histones in eukary-
otes and histone-like proteins in prokaryotes. The
combination of a macroscopic length with a micro-
scopic diameter makes it possible to study the proper-
ties of double-stranded DNA upon exposure to various
physical factors. DNA cleavage with ultrasound was
widely employed in early studies of DNA [1, 2]. High-
intensity sonication of double-stranded DNA in an
aqueous solution causes mostly double-strand breaks
and yields fragments of several hundreds of base pairs
[3, 4]. Yet there is no information in the available lit-
erature concerning comparison of the extent of cleav-
age for different sequences or the character of the ter-
minal nucleotides in the resulting DNA fragments.
The objective of this work was to study the specificity
of breaks arising in the sugar–phosphate backbone
upon sonication of DNA fragments with known
sequences.

DNA breaks caused by acoustic waves have been
explained by cavitation, that is, generation of cavities
filled with vapor (cavitation bubbles) when an acous-
tic wave passes through a solution [5, 6]. At the
moment of collapse, high temperatures and pressures
develop inside cavitation bubbles and even high-volt-

age discharges are possible because a double electri-
cal layer is formed on the bubble surface. Cavitation
does not occur until acoustic waves reach a certain
threshold intensity. It is clear that only part of the
energy is expended for generating cavitation bubbles
by ultrasound waves passing through a fluid. The
other part goes into generating microflows, heating
the fluid, forming a fountain, and spraying the fluid.
The energy of collapsing bubbles goes into the radia-
tion of shock waves, local heating of the gas and the
fluid, generation of free radicals, and some other pro-
cesses [7]. There is evidence that the suppression of
cavitation prevents the destruction of some polymers.
It is thought that polymeric chains break mostly under
the action of extremely high forces arising in rapid
flows near collapsing cavitation bubbles and shock
waves arising as bubbles disappear [8]. The results of
this work testify again that the mechanical forces of
local microflows, rather than reactive radicals, play
the major role in causing DNA breaks. DNA strands
break mostly at sites with an altered local conforma-
tion of the double helix.

EXPERIMENTAL

 

DNA fragments.

 

 To obtain DNA fragments, mod-
ified pGEM7(f+) (Promega), which contained syn-
thetic oligonucleotides in the polylinker [9], was
digested with 

 

Nco

 

I and 

 

Apa

 

I to yield 470- and 475-bp
fragments or with 

 

Xba

 

I and 

 

Bgl

 

II (Promega) to yield a
439-bp fragment. In addition, pUC9 was digested with

 

Dde

 

I (Promega) to yield a 166-bp fragment. The
sequences of the fragments are shown in the figures. The
166-bp fragment was 3'-endlabeled with [

 

α

 

-

 

33

 

P]dCTP
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and the other fragments, with [

 

α

 

-

 

33

 

P]dATP (Institute of
Reactor Materials, Zarechnyi, Russia) in the presence
of the nonlabeled other dNTPs and the Klenow frag-
ment of 

 

Escherichia coli

 

 DNA polymerase I (Boe-
hringer-Mannheim, Germany). The DNA fragments
were isolated by PAGE in 1-mm thick 5% gel with
subsequent elution and precipitation [10].

 

Sonication of DNA fragments in solution.

 

 To
obtain samples for sonication, 5 

 

µ

 

l of a DNA fragment
(approximately 10

 

4

 

 Bq) in 5 mM NaOAc, pH 7.0
(unless otherwise indicated) were combined with 5 

 

µ

 

l
of the same buffer or a ligand dissolved in the same
buffer in 0.2-ml thin-walled polypropylene tubes (Per-
kin-Elmer, United States). The final concentration of
the fragment was 5–10 

 

µ

 

g/ml (

 

~10

 

 

 

µ

 

M base pair).

Samples were sonicated using an UZDN-2T ultra-
sound dispergator (Ukraine) at 44 or 22 kHz. Tubes
were placed into a Teflon ring which had a 15-mm
central hole and radial tube accommodation holes, so
that the ends of the tubes were 1 cm below the surface
of the radiator end. The ring was placed in a bath filled
with water and finely ground ice (unless otherwise
indicated) and rotated at 2 rpm.

 

Nondenaturing PAGE.

 

 After sonication, the sam-
ple was combined with an equal volume of 50% glyc-
erol with 0.02% Bromphenol Blue. Aliquots (0.5 

 

µ

 

l)
were applied on PAAG of 40 cm in length and 0.15 mm
in thickness. Electrophoresis was carried out in 1 

 

× 

 

TBE
at 1.3 kV (

 

~30

 

 W) for 3 h (gel temperature 

 

~30°C

 

) or
at 300 V (

 

~1

 

 W) for 18 h at 

 

+2°C

 

. Gels were dried on
a glass which was pretreated with 

 

γ

 

-methacrylpropyl-
oxysilane (LKB, Sweden); they were then exposed
with a Kodak X-ray film (United States) or with a
luminescent screen. Sequencing was carried out using
a Cyclone Storage Phosphor system (Packard Bio-
Science, United States).

 

Denaturing PAGE.

 

 After sonication, the sample
was combined with 90 

 

µ

 

l of 0.15 M NaCl, 50 mM
Tris-HCl (pH 7.5), 10 mM EDTA, and 10 

 

µ

 

g/ml
tRNA. The resulting mixture was extracted with phe-
nol. DNA was precipitated with ethanol, washed with
70% ethanol, dried, and dissolved in 1 

 

µ

 

l of 95%
formamide, 15 mM EDTA (pH 8.0), 0.05% Bromphe-
nol Blue, 0.05% xylene cyanole FF; it was subse-
quently heated at 90

 

°

 

C for 1 min, quickly chilled at
0

 

°

 

C, and applied on denaturing PAAG (length 40 cm,
thickness gradient 0.15–0.45 mm) [11]. Electrophore-
sis was carried out at 100 W (2.3 kV) at 60–70

 

°

 

C for
55 min. Gels were fixed with 10% acetic acid, dried on
a glass, and exposed as above.

RESULTS AND DISCUSSION

 

Cleavage as Dependent on the DNA Fragment Size, 
Ultrasound Frequency, pH, and Ionic Strength

 

Cleavage profiles of the 470-bp DNA fragment
were obtained by nondenaturing PAGE (Fig. 1). The
fragment contained AT clusters alternating with GC
clusters. PAGE was carried out at 2

 

°

 

C (Fig. 1a). A
similar pattern was observed when PAGE was carried
out at 30

 

°

 

C (Fig. 1b). This temperature makes it pos-
sible to detect double-strand breaks with cleavage
sites located several nucleotides apart on the two DNA
strands: such sticky ends melt during PAGE under
these conditions.

As Fig. 1 shows, the fragment was cleaved prefer-
entially at several sites, which corresponded to alter-
nating GC pairs. Many double-strand breaks arose as
early as within the first four minutes of sonication.
Further sonication enhanced the cleavage pattern,
but the ends of the fragment still remained non-
cleaved. It is probable that the ends of fragments are
sufficiently flexible and difficult to break. The effi-
ciency of cleavage slightly increased with ionic
strength increasing from 5 mM to 0.5 M at pH 7.0.
When pH was varied, cleavage was almost undetect-
able at pH 11.0, while its efficiency considerably
increased at pH 5.0. This finding is explained by the
fact that the double helix is partly unwound at alka-
line pH, which increases the flexibility and the con-
densation of DNA. Acidic pH expedites the proton
attack on the phosphodiester bond. When sonication
temperature was increased to 30

 

°

 

C, cleavage was
almost completely suppressed (Fig. 1c). The frag-
ment was cleaved to a significant extent at 30

 

°

 

C only
at low pH. These findings suggest that the main con-
tribution to breaking DNA strands is made by hydro-
dynamic forces which arise when cavitation bubbles
collapse and which depend on the water vapor pres-
sure, decreasing with a decrease in temperature [8].
The chemical processes generating radicals during
cavitation play only a minor role, if any.

The character of fragment cleavage was the same
upon sonication at 22 and at 44 kHz.

 

Sequence Dependence of the DNA Cleavage Rate

 

To localize the DNA cleavage sites, the sonication
product was resolved by denaturing PAGE. Figure 2
shows the cleavage patterns of the 475- and 439-bp
fragments. The fragments carried the label on differ-
ent strands of the same sequence: one 3' end of each
fragment was labeled. PAGE reports breaks for only
one strand under such conditions. Several sites were
revealed whose cleavage rate was considerably higher
than the background level. Preliminary analysis of the
nucleotide sequence of these and other (data not
shown) fragments demonstrated that DNA strands
break more readily between cytosine and guanine in
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Fig. 1.

 

 Cleavage profiles of the 470-bp DNA fragment in nondenaturing 5% PAAG after sonication at 44 kHz. DNA was (

 

‡

 

) soni-
cated at 

 

0°ë

 

 and resolved at 

 

2°ë

 

, (b) sonicated at 

 

0°ë

 

 and resolved at 

 

30°ë

 

, or (c) sonicated at 

 

30°ë

 

 and resolved at 

 

30°ë

 

. The
fragment sequence is shown at the bottom. Positions of labeled marker double-stranded DNA fragments of known sizes are shown
with arrows on the electrophoretic patterns and on the sequence. The fragment was analyzed (

 

0

 

) before and after sonication (

 

1

 

–

 

4

 

)
in 5 mM NaOAc (pH 7.0) for 2, 4, 8, and 16 min, respectively; (

 

5

 

–

 

8

 

) in 0.5 M NaOAc (pH 7.0) for 2, 4, 8, and 16 min, respectively;
(

 

9

 

, 

 

10

 

), in 0.5 M NaOAc (pH 11.0) for 4 and 8 min, respectively; and (

 

11

 

, 

 

12

 

) in 0.5 M NaOAc (pH 5.0) for 4 and 8 min, respectively.

 

the 5'-CpG-3' sequence. The cleavage rate of this
sequence depended on its nucleotide context. Cleav-
age was intense when the sequence was flanked by
mixed sequences which contained all four nucleotides

and had both purines and pyrimidines in each strand.
Weaker cleavage was observed when 5'-CpG-3' was
flanked by sequences having purines only in one
strand. In addition, the cleavage rate was higher than
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the background level when the cleavage site was at the
boundary between a mixed sequence and a sequence
having purines only in one strand.

 

Ligands Affecting the Local Conformation
of the DNA Double Helix Change

the DNA Cleavage Rate

 

The above data suggest that sonication can be used
to probe the local conformation of the DNA double
helix. The structure of double-stranded DNA is not
perfectly monotonous, but depends on the nucleotide
sequence [12–15]. The nucleotides differ in geometry,
and their combinations show various deviations from
the ideal helical structure: bends, turns, and changes
in the widths of the minor and major grooves. Such
features are of importance for DNA condensation and
recognition by various proteins in the cell.

In addition, structural changes arise in DNA when
the parameters of its aqueous environment are
changed or various ligands are bound. A convenient
model for studying the local parameters of the double
helix is provided by low-molecular-weight sequence-
specific ligands, which bind to particular DNA
sequences [16, 17]. To localize certain ligands on
DNA, advantage can be taken of the selective adsorp-
tion of X-rays by heavy metal atoms [18–20]. Pt-bis-
netropsin was used in such experiments and was local-
ized in the DNA minor groove on a fragment with a
known sequence (Fig. 3) [18]. Sites where the sugar–
phosphate backbone was cleaved in both strands (long
arrows) were detected in regions tightly bound with
Pt-bis-netropsin and corresponded to the position of
the platinum atom. Netropsin residues oriented differ-
ently relative to the DNA helix recognize two sym-
metrical consensus sequences, 5'-TTTT-3' (under-
lined). A scheme of the complex of Pt-bis-netropsin
with DNA is shown on the right.

However, it remained unclear why minor cleavage
sites are detectable in a sequence of alternating AT
pairs. More recent analysis of the binding of Pt-bis-
netropsin with double-stranded oligonucleotides
revealed complexes of another type [21]. In this case,
two netropsin residues of a Pt-bis-netropsin molecule
are arranged as a parallel pin which forms a tight com-
plex with a sequence of four alternating AT pairs (Fig.
3, left scheme).

When a complex of Pt-bis-netropsin with this frag-
ment was sonicated (Fig. 3, on the left), the back-
ground cleavage rate was slightly decreased in sites
where the ligand was bound to DNA in the extended
conformation. A local increase in cleavage was
observed at nucleotides adjacent to the sites where
Pt-bis-netropsin pins were bound (wavy arrows). Sim-
ilar regions where the cleavage rate decreased or
increased depending on the conformation of Pt-bis-
netropsin in complex with DNA sequences containing

thymines or alternating AT pairs in one strand are
detectable in Fig. 2 (lanes 

 

5

 

–

 

7

 

).

 

Character of the Terminal Groups Resulting
from DNA Cleavage

 

Chemical cleavage of DNA with formic acid elim-
inates a purine from the cleavage site [22]. Thus, the
bands seen in lanes A + G (Figs. 2, 3) correspond to
oligonucleotides lacking the terminal purine. 3'-End-
labeled fragments contain the uncharged 3'-OH group
at the 3' end and the phosphate group, which carries
two negative charges, at the 5' end. When the 5'-termi-
nal phosphate is removed with phosphatase, the elec-
trophoretic mobility of DNA fragments changes (Fig. 2;
lanes 

 

1

 

, 

 

2

 

). The mobility of a fragment depends on its
molecular weight, its total charge, and the gel density.
The longer the fragment, the lower the contribution of
the two terminal charges to the total charge and the
stronger the dependence of the electrophoretic mobil-
ity on the fragment size. For instance, electrophoretic
mobility shifts by 1.5 steps in the region of 20-mer oli-
gonucleotides, by 1 step in the region of 40-mer oligo-
nucleotides, and by 0.5 steps in the region of 90-mer
oligonucleotides in denaturing 6% PAAG. In 14% gel,
similar shifts are observed in the regions of 14-, 25-,
and 55-mer oligonucleotides, respectively.

The bands observed after sonication of the DNA
fragment coincided with the bands observed after its
chemical cleavage at purines (Figs. 2, 3). This result
indicated that the products had phosphates at their 5'
ends.

The above data on the effect of ultrasound on DNA
fragments allow several conclusions concerning the
sequence dependence of the DNA strength and the
biological consequences of this dependence.

Since fragment ends of less than 30–50 bp escape
cleavage almost completely, the cavitaion hydrody-
namic impacts arising upon sonication affect extended
DNA regions of about 100 bp. Short DNA fragments
of less than 50 bp are virtually noncleavable by soni-
cation. A similar effect has been described for various
polymers [8]. When a minor amount of more labile
bonds is introduced in a polymeric chain, its degrada-
tion by ultrasound increases dramatically [23]. These
findings make it possible to assume that DNA cleav-
age sites reflect the dependence of the strength of
phosphodiester bonds in the sugar–phosphate back-
bone on the local conformation of nucleotide combi-
nations. Under normal conditions, cell DNA is
exposed to similar loads during chromosome segrega-
tion, replication, transcription, and some other pro-
cesses. Hence, this characteristic is probably reflected
in the DNA sequences of various organisms.

As the above results demonstrate, DNA is most
readily cleaved at the 5'-CpG-3' dinucleotide upon
sonication. This dinucleotide occurs at an appreciably
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Fig. 2.

 

 Cleavage profiles of the 475- and 439-bp DNA fragments in denaturing 6% PAAG after sonication at 44 kHz for
20 min. Lane 

 

1

 

, products of chemical cleavage at purines with subsequent treatment with phosphatase; 

 

2

 

, product of chemical
cleavage at purines; 

 

3

 

, the initial fragment without treatment; 

 

4

 

, the fragment sonicated in isolation; and 

 

5

 

–

 

7

 

, the fragment
sonicated in the presence of 1, 0.5, or 0.25 

 

µ

 

M of Pt-bis-netropsin, respectively. The cleavage profiles are shown on the left
for the 475-bp fragment (the upper strand is radiolabeled) and on the right for the 439-bp fragment (the lower strand is radi-
olabeled). The nucleotide sequence of the fragments is shown in the center. To simplify comparison with the bands seen on
gels, purines are marked with slants for each strand. The sites with a cleavage rate far higher than the background level are
indicated with arrows.
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Fig. 3. Cleavage profile of the 166-bp fragment in denaturing 6% PAAG after sonication at 44 kHz. The fragment was analyzed
(1) before and (2–5) after sonication for 2, 4, 8, and 16 min, respectively; (6–9) sonication in the presence of 0.5 µM Pt-bis-
netropsin for 2, 4, 8, and 16 min, respectively; and (10) chemical cleavage at purines. Plain arrows indicate the sites of complex
cleavage upon exposure to X-rays [18]. A wavy arrow indicates the site where sonication-induced cleavage became more
intense. 
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reduced frequency in the genomes of many organisms,
with a few noteworthy exceptions such as Heamophi-
lus influenzae and Niesseria gonorrhoeae, which are
highly competent, that is, capable of integrating for-
eign DNA into their genomes [24]. The low frequency
of the 5'-CpG-3' dinucleotide in vertebrate DNA is
usually explained by the classical scenario methyla-
tion–deamination–mutation, which leads to the sub-
stitution of 5'-TpG-3'/5'-CpA-3' for 5-CpG-3' [25, 26].
Yet this hypothesis fails to explain the low frequency
of 5'-CpG-3' in animal mitochondrial DNA and in the
genomes of some organisms lacking CpG-methylase
activity. The normal presence of 5'-CpG-3' in the
genomes of insects, worms, and most fungi probably
reflects the specifics of their replication systems or the
more compact packing of nucleosomes in chromatin.
It is possible to assume that the presence of islands
with a high content of 5'-CpG-3' upstream and down-
stream of structural genes provides a mechanism of
gene shuffling during evolution. Epigenetic mecha-
nisms based on 5'-CpG-3' methylation may be second-
ary, arising because the enzyme recognizes the
unusual structure of the 5'-CpG-3' dinucleotide or
flips cytosines out of the DNA helix during methyla-
tion more efficiently then the other bases.

Comparison of the results with published data
yielded a paradox: according to quantum mechanical
computations, the 5'-CpG-3' dinucleotide (and 5'-GpC-3'
as well) contained in B-DNA has the lowest free
energy as compared with the other dinucleotides. The
stacking conditions are optimal for the two pairs of the
dinucleotide, suggesting a greater stability of the bond
between them [27, 28]. On the other hand, the
mechanical properties of single DNA molecules [29]
better agree with the idea that DNA is a vermiform
chain [30, 31], which is flexible and even capable of
knotting [32]. According to this model, specific breaks
caused by the difference in stacking between adjacent
base pairs are unlikely. The discrepancy between the
experimental findings and modeling data can be
explained by the fact that quantum mechanical com-
putations yield a picture at the molecular level and
take into account neither the macromolecular charac-
teristics of DNA, such as local transitions from the B
to the Z conformation [33, 34], nor the cluster proper-
ties of water [7]. Experiments with single DNA mole-
cules consider periods of tens of seconds, which are
sufficient for the complete relaxation of transition
states. It is possible to assume that the time it takes for
cavitation hydroacoustic impacts to affect DNA better
corresponds to the actual periods of cell processes
proceeding at the boundary of the molecular and mac-
romolecular levels.
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