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Abstract The formation of DNA-based nanostructures involves the binding of
different kinds of ligands to DNA as well as the interaction of DNA molecules with
each other. Complex formation between ligand and DNA can alter physicochemical
properties of the DNA molecule. In the present work, the accessibility of DNA-
ligand complexes to cleavage by DNase I are considered, and the exact algorithms
for analysis of diagrams of DNase I footprinting for ligand-DNA complexes are
obtained. Changes of mechanical properties of the DNA upon ligand binding are
also demonstrated by the cleavage patterns generated upon ultrasound irradiation
of cis-platin-DNA complexes. Propagation of the mechanical perturbations along
DNA in the presence of bound ligands is considered in terms of a string model
with a heterogeneity corresponding to the position of a bound ligand on DNA. This
model can reproduce qualitatively the cleavage patterns obtained upon ultrasound
irradiation of cis-platin-DNA complexes.
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1 Introduction

Two approaches are developed for the formation of DNA-based nanostructures.
In the context of the first approach complicated interactions in the living cell are
modeled by more simple interactions between DNA and synthetic ligands. For
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example, studies on the binding of various antibiotics and drugs to DNA and the
synthesis of new sequence-specific DNA-binding-ligands may help to under-
stand more complicated interactions underlying the recognition of specific target
DNA sites by the transcription factors.1 The second approach implies the forma-
tion of new artificial structures stabilized by interaction between single-stranded
DNA segments and complementary oligonucleotides or structures formed when
DNA molecules form associates upon ligand binding.2,3

Models for a quantitative description of DNA-ligand binding have been developed
in several works.4,9 A number of natural and artificial compounds bind to DNA and
change its properties. In the first part of this communication we demonstrate that
binding of the dimeric analogue of the antibiotic netropsin changes the accessibility
of DNA for cleavage by DNase I. In the second part, we describe a model which
allows us to interpret the observed cleavage patterns generated upon ultrasound
irradiation of cis-platin - DNA complexes.

2 Quantitative Analysis of Footprinting Diagrams

Modern experimental techniques developed in the past years such as different
variants of footprinting allow to determine the sites of predominant location of
a ligand bound on a DNA fragment with a known sequence of base pairs. The
method of footprinting is based on the fact that DNA regions occupied by a lig-
and are inaccessible for cleavage by DNase I or another reagent capable of
hydrolyzing the sugar-phosphate backbone of DNA. However, analysis methods
for footprinting diagrams, which enable one to evaluate the probabilities of lig-
and binding to different DNA regions, have so far only been developed
insufficiently.

Here, we briefly describe the algorithm that allows to calculate the probabili-
ties of binding a ligand with the binding sites on a DNA fragment with a known
sequence of base pairs.6,9 A statistical mechanics approach allows the most
complete characterization of the system and a clear representation of the effects
related to its statistical properties. This algorithm can be used for the quantita-
tive analysis of diagrams of DNase footprinting for the complexes of the
dimeric analogue of the antitumor antibiotic netropsin, which exhibits a high
binding selectivity.9 This antibiotic binds in the minor DNA groove to runs of
four and five AT base pairs.10,11 An obvious way to increase the selectivity of bind-
ing of these compounds is to synthesize dimeric (oligomeric) analogues, in
which two or more netropsin fragments are bound covalently.112 This group of
compounds includes Pt-bis-netropsin, in which two netropsin fragments are cova-
lently linked via the cis-diaminoplatinum group.13 It was shown earlier that
Pt-bis-netropsin forms three types of complexes with DNA,13,16 but only one of
them dominates under the experimental conditions used.
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2.1 The Thermodynamical Model of Adsorption

Consider a solution at constant temperature and pressure which contains DNA
molecules with adsorbed ligands and free ligand molecules. The DNA molecule
represents a linear polymer consisting of N units (nucleotide pairs). Upon binding,
the ligand occupies L units of the polymer, which become inaccessible for binding
with other ligand molecules. Henceforth we refer to these L units as "the binding
site". Assume that the ligand cannot protrude beyond DNA ends. Let us number the
units of the polymer from 1 to N, thus the first binding site is the site including L
first units; the second binding site begins with the second unit and ends with the
unit L + 1, etc. By K(i) we designate the constant of ligand binding with i-th binding
site, which begins with the unit / and ends with the unit i + L— 1.

All thermodynamical characteristics of the system can be calculated if the
expression for the great partition function is known. The latter can be calculated
using the method of recurrent equations. Recurrent equations for describing nonco-
operative binding of extended ligands on a homo- and heteropolymer were obtained
previously.6,8 In the case of noncooperative binding, the recurrent equation will be
as follows:

with boundary condition

where K(i) is the constant of binding of the ligand with the i-th binding site and
m is the free ligand concentration in solution. In case of specific binding on the
heteropolymer, K(i) depends on the nucleotide sequence in the DNA site occu-
pied by the ligand. The probability, P(i), that the i-th site of DNA is occupied
by the ligand can be calculated using the standard equation (see Nechipurenko
and Gursky8):

2.2 PT-Bis-Netropsin Binding with DNA

The curves of titration of poly(dA)-poly(dT) with Pt-bis-netropsin show that the
size, L, of the binding site for Pt-bis-netropsin is equal to eight base pairs.14,15 The
probability P(i) can be calculated using recurrent Eqs. (1) and (3), if the set of constants
K(i) (1<=i<=N - L+ 1) is known. The binding constant K(i) depends on the contribu-
tion to the binding energy of both specific and nonspecific (i.e., independent of the
nucleotide sequence) interactions between the ligand and DNA. To calculate the
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Fig. 1 Dependence of the probability of ligand binding to the i-th binding site of DNA, P(i), on
the base pair number, i. Curves were calculated for the following concentrations of free ligand in
solution: 0.125μM (•), 0.25 μM (A), 0.5 μM (O), and 1 μM (solid line)

profiles of distribution of the ligand bound on a DNA fragment TV base pairs long,
it is necessary to determine the constants of binding of the ligand with N - L +1
overlapping binding sites on the DNA fragment with the specified nucleotide
sequence. The constants K(i) can be estimated based on the isotherms of adsorption
of the ligand on DNA oligomers. The interaction of the ligand with weaker binding
sites can be characterized using a certain binding constant KAV, which is averaged
with respect to all "weak" binding sites. In our calculations, we used the value

The use of a smaller KAV value only slightly affects the relative
positions of the maxima and minima on the profiles of distribution of the ligand
bound on the DNA fragment.

Figure 1 shows calculated profiles of distribution of Pt-bis-netropsin bound on a
DNA fragment with known sequence 15 for different ligand concentrations.

In our calculations we used the experimental values of constants of binding of
Pt-bis-netropsin with DNA regions with three strongest sites (4-107 M- 1, 1.107 M-1

and 1.106 M- 1). The P(i) values directly correlated with information obtained using
the footprinting technique (see Yu et al.9 for details).

The Propagation of Mechanical Perturbations
along the DNA Molecule

Protein-DNA interactions can induce DNA bending and twisting and might be
responsible for a local change in electric and mechanical properties of a DNA mol-
ecule. In the last decade new approaches have been developed for studies of
mechanical properties of a single DNA molecule.1718 Studies on the effect of
mechanical perturbations induced in DNA upon ultrasonic irradiation in solution
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may also provide information on the mechanical properties of DNA and its complexes
with regulatory proteins and anticancer drugs. Recent observations show that the
efficiency of DNA breakage upon ultrasound irradiation depends on the nucleotide
sequence near the cutting site.19 DNA breaks occur most frequently at 5'-CG-3'
steps. The interaction of DNA with cis-platin greatly increases the probability of
DNA cutting by ultrasound in the close proximity of a bound cis-platin molecule
on DNA.

Here, we propose a simple model for the description of the propagation of
mechanical disturbances along the DNA molecule. The model can be used to
describe some of the recent experimental observations on effects of ultrasound
irradiation upon DNA.

3.1 Ultrasonic Irradiation of DNA-Ligand Complexes

The effects of ultrasonic irradiation are based on the cavitation phenomenon: tiny
bubbles are produced in solution and their collapses initiate microjets with a speed
of about l00 m/sec.20 It is assumed that those jets are capable of breaking the sugar-
phosphate backbone of a DNA molecule. The sizes of the bubbles and the jet diameters
have recently been estimated experimentally.21 The typical jet size is approximately
300 nm, a value which greatly exceeds the diameter of a DNA molecule (2nm).
That is why DNA fragments containing at least several hundreds of nucleotide pairs
might be considered to be one-dimensional structures.

3.2 String Model of a DNA Molecule

The dynamical features of a DNA fragment are determined by both electrical and
mechanical properties of the molecule. Repulsion between phosphate groups creates
a tension within a single DNA molecule which might be compensated by the strain
of valence and non-valence bonds, creating a total tension of the molecule. Thus,
the DNA molecule might be considered a self-stressed mechanical construction
(a tensegrity system).22 Tensegrity plays a fundamental role in many biological
processes.23 Both tensegrity and one-dimensionality make it reasonable to model
the DNA fragment as a string in order to study the propagation of mechanical per-
turbations along the DNA.

The propagation of perturbation along the string is determined by the wave
equation with the initial and boundary conditions which will be formulated as
follows:
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where U(x,t) is the transverse displacement of a string's element with the coordi-
nate x at time interval t; F is the overall tension of the string (the appropriate esti-
mate of F for a DNA molecule is about 10pN);22 p(x) is the linear density of the
string (approximately 3-10-15 kg/m for DNA); g(x,t) - is the external force (which
acts on the string at position x and time t) divided by the linear density p(x).

gives the speed of propagation of transverse perturbations along
the string. The estimated value of this parameter is about l00 m/sec.

We considered the problem of propagation of the mechanical impulse along the
string provided the linear density of the string involves a step-like heterogeneity.
The external force has been chosen to be of exponential form:

here xo is the centre of the applica-
tion of external force; A, a, b are parameters.

The numerical values have been chosen to make the time span of the force action
shorter than the time needed for the propagation of a disturbance along the string.
This mode of force action might correspond to the interaction of DNA with cavita-
tional microjets in the regions of high velocity gradients.

The numerical values of parameters used in calculations are as follows: the
string's length / = 100, so that x varies in the interval: 0 < x < 100; A = 600; a=1;

The linear density of the string is assumed to be a step
function: in a small region of the string the value of density is twofold greater than
in other string parts:

A step-wise change of linear density may model complexes of DNA with proteins
and anticancer drugs. A typical example is the binding of cis-platin, which forms a
crosslink between adjacent guanine residues on the same DNA strand and increases
the mass of the corresponding DNA segment.

Equation (4) with zero displacements and zero velocities as initial conditions
and free-ends of string as boundary conditions has been solved numerically. We
have analyzed the time-dependence of deformation energy density. To solve the
equation, the standard "cross" difference scheme has been used. The analytical grid
has been chosen to have coordinate step Ax = 1 and time step At = 0.001 These values
make the difference scheme stable.24

The calculation shows that when perturbation reaches the region of heterogeneity
on a string, there is a considerable increase in the deformation energy density at the
boundaries between string segments with different linear densities. This effect is
attributed to the string's heavy region's dynamics: since this region has a greater
inertia (p(x) = 2), it can not respond to the perturbation as rapidly as the adjacent
segment which is characterized by a lower linear density value (p(x) =1). This is
why the amplitude of string deformation increases.

Figure 2 shows the deformation energy profiles for two points in time shortly
after the initial perturbation of the string occurs.

Figure 3 illustrates the string's deformation energy profile at the time t3, when
the wave reaches the density's heterogeneity. One can see that an increase of the
deformation energy takes place on the boundary between "light" and "heavy" string
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segments (x = 70). It is significant that the effect still takes place when the initial
impulse is applied directly to the region where string heterogeneity is located.

The string model clearly demonstrates that deformation energy increases at the
boundary between "light" and "heavy" string segments. Such an increase might be
considered as a basis for the explanation of recent observations showing that the
probability of DNA breakage by ultrasound is increased at the preferred ligand
binding site on DNA.19

Fig. 2 The string's deformation energy profiles for two points in time shortly after the initial
perturbation, x - distance from the left end of the string; E(x,t) - string's deformation energy
density

Fig. 3 The string's deformation energy profile at the moment when the perturbation wave reaches
the boundary of linear density's heterogeneity, x - distance from the left end of the string; E(x,t3)
- string's deformation energy density. The deformation energy increases at the boundary of
heterogeneity (x = 70)
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