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Abstract. A computer model to simulate the processes of charge injection and migration through DNA after irradiation by a
heavy charged particle was developed. The most probable sites of charge injection were obtained by merging spatial models
of short DNA sequence and a single 1 GeV/u iron particle track simulated by the code RITRACKS (Relativistic Ion Tracks).
Charge migration was simulated by using a quantum-classical nonlinear model of the DNA—charge system. It was found that
charge migration depends on the environmental conditions. The oxidative damage in DNA occurring during hole migration
was simulated concurrently, which allowed the determination of probable locations of radiation-induced DNA lesions.
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1. Introduction

The phenomenon of charge transfer through DNA is a hot topic of many experimental and theoreti-
cal papers [1-5]. Some of these studies are concerned with the issues of the charge migration induced
by environmental factors, among which ionizing radiation is of great interest [6, 7]. Recently extensive
research was performed on the identification of biophysical mechanisms leading to the formation of
radiation-induced DNA lesions of different types [8-10]. In this regard, it is important to reveal the
processes involved in charge transfer through the DNA molecule exposed to ionizing radiation for fu-
ture investigations.

In the paper, the emphasis is placed on DNA damage resulting from ionizing radiation, more specif-
ically by the high charge and energy (HZE) nuclei which are also called heavy ions. HZE usually re-
fers to nuclei of atomic number (Z) greater than 2 (helium). One important feature of heavy ions is
their high-linear energy transfer (LET), which makes them more damaging for biological structures
than sparsely ionizing radiations like y- and X-rays. The DNA damage caused by HZE nuclei fre-
quently results in clustered DNA lesions of higher complexity which lead to more pronounced biolog-
ical effects with regards to cell killing, induction of chromosome aberrations, structural gene muta-
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Fig. 1. Coupled harmonic oscillators representing the bases in a double-stranded model of DNA.

tions, initiation of cell transformation, and so on than exposure to low-LET ionizing radiations. Con-
sequently, the charge migration is an important mechanism that follows DNA damage since it may
influence the final lesion type and its complexity.

In this study, a numerical model of charge migration along DNA following both the direct and indi-
rect actions of HZE particles was proposed. In the model, DNA is considered as a double-stranded
molecule and represented as shown in Figure 1.

The model takes into account the stacking interaction in each DNA strand, the existence of hydro-
gen bonds between bases, and individual base positions. Since direct and indirect effects result in the
loss of an electron within DNA, or the creation of a positive charge, we will speak about a hole as a
carrier of a charge. The authors’ model of this process yields a system of nonlinear differential equa-
tions for which the solution gives the time evolution of the probabilities of the charge locations and the
oxidative damage of the DNA [11].

In the paper, the possible involvement of the sugar-phosphate backbone into the charge migration is
not taken into consideration. At the moment, the influence of the sugar-phosphate backbone on the
charge transfer is being discussed in several experimental and theoretical papers [12, 13]. These stud-
ies are based on the idea proposed by L. Brillouin, who noted that the sugar-phosphate backbone may
have conductivity properties. However, according to the current consensus, much attention is devoted
to the study of the charge migration through the DNA n-base stacks as proposed by D. Eley and D.
Spivey [14].

2. Method

This model consists of three main parts. In the first part, all interactions of the HZE particle are sim-
ulated with water (the so-called radiation track structure). In the second part, the initial locations of the
positive charges in a DNA sequence are obtained by finding the intersection points between the atoms
of the sequence and both the direct ionizations and the radiolytic species of the track structure. In the
third part, a quantum-classical model is applied to follow the charge migration in DNA.

2.1. Track structure simulation
To simulate the heavy ions' radiation track structure a Monte Carlo simulation code RITRACKS

[15-17] was used. It provides stochastic track calculations of the energy deposition events, ionization
and excitation of medium molecules, position and direction of the secondary electrons, and the coordi-
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Fig. 3. The space-filling model of B-DNA combined with

the 1 GeV/u °Fe- ion track. The dots represent ionizations
Fig. 2. XY projection of a 1 GeV/u *Fe- ion track in liquid  or radiolytic species produced in the medium. The dashed
water as calculated by RITRACKS. line shows the track axis and its direction.

nates of all radiolytic species. This code utilizes liquid water as a medium for the track structure simu-
lation. To demonstrate the approach, a 1-GeV/u *°Fe ion (LET ~ 150 keV/um) was used. The track
length is set to 1 um for this simulation (Figure 2). In the cases studied for this work, the ion trajecto-
ry's axe intersects the DNA strand perpendicularly as it is shown in Figure 3.

2.2. Determination of charge injection sites

To find the initial locations of the positive charges in the DNA strand, a computer program was
written to determine the intersection points of the ionizations in the radiation track structure with a
linear 68- bp B-DNA sequence (Figure 3), using the atomic radii values given in Table 1. The space-
filling model of DNA is obtained using the 3DNA software package [18].

The program written compares sequentially the positions of each direct ionization or radiolytic spe-
cies with the coordinates of atoms approximated by spheres of the corresponding radii and identifies
all atoms which are possibly affected by the radiation track. In this study, for simplification, the influ-
ence of the molecular dynamics of DNA on initial damage is not taken into consideration.

It is possible for many atoms of a given base, sugar or phosphate, to be ionized. However, DNA ba-
ses are on the whole considered as units of initial charge injection for the charge transfer model in
question. When several of the sugar and/or phosphate atoms are ionized, it is assumed that these
events are either a possible substrate for other types of DNA lesions or a limited number of incidents
when the charge migration starts from the sugar-phosphate backbone and, therefore, cannot be de-
scribed with this model. When more than one atom of a base is initially ionized, it is assumed that it is
a single ionization of this base as a first approximation.

Table 1
The radii values of atoms of the DNA molecule

Atom United radius, 10"'? (m)
H 120
C 170
N 160
O
P

155
195
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2.3. Charge migration in a double-stranded DNA fragment

The DNA-hole interaction is investigated using a mixed quantum-classical approach [4]. In this
model, the total DNA-charge Hamiltonian H is written as a sum of classical and quantum terms:

H = Ho+< y|Hply >, (1)

H¢ being the classical part of the Hamiltonian:

My2, My, k —yin-1)’ |k —Yan-1)’ |k —Yyntl)
HCl — g=1( 3;1,11_'_ J;Z,n_l_ v(J’Ln 23’1,11 1) + v(J’Z,n 23’2,11 1) + h(yl,n 23’2,n )) (2)

In Eq. (2), the first and second terms correspond to the kinetic energy of the bases located on two dif-
ferent DNA strands. The third and fourth terms are the contributions of the potential energy from
stacking interactions through each DNA strand while, the last term represents the potential energy of
the hydrogen bonds between the bases. Furthermore, M is the effective base mass, k; and k, are force
constants, / is the horizontal distance between the bases at equilibrium, and N in the summation is the
number of base pairs in the strand. In fact, the Hamiltonian H¢; represents the DNA macromolecule as
a system of coupled harmonic oscillators formed by two adjacent strands, which are joined to compose
DNA (Figure 1). The second part of Eq. (1) is determined by the quantum dynamics of charged parti-
cles.

Two sets of parameters are introduced. The first is the ionization potentials, or bases' energies &,
which yields the energy profile of the DNA sequence. Guanine (G) possesses the smallest ionization
potential, being approximately 0.4-0.45 eV less than that of adenine (A) and 0.7-1.5 eV less than those
of thymine (T) and cytosine (C), respectively [19, 20]. The second set of parameters is the coupling
matrix elements v, , which determine the rate of charge transfer between the bases n and m. Since the
bases' energies and coupling matrix elements are influenced by the structure and dynamics of DNA
and by the DNA interaction with the environment (solvent), they are not static values.

The hole Hamiltonian Hy is determined by the tight-binding model. In this approach [4, 21, 22], Hp
can be written as:

Ho = BN1 (a9 + (Y0 — Yo +1)) In >< 1l + T Vi In >< m, 3)

where /n> (<m/) are the charged particle states in Dirac’s notation. In the model, the matrix elements
va,m are static (i.e. time — independent). In general, the values of v, ,, are different for the different hole
transitions. As has been shown by many calculations (for a more comprehensive data set, see [23]), the
matrix elements could differ, depending on the nucleobase types and the relative nucleobase positions
on the DNA strand. Also, it was shown in previous works [4, 21] that this approach is a good approx-
imation for the study of the nonlinear hole dynamics on the basis of the experimental results [1, 2].
However, the bases' energies vary with time and are determined by the dynamics of DNA and by the
DNA -environment interaction. In the model, the bases' energies are written as

&n = ag + arll(yl,n —Yon t+ l) , “)
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in which the first term a is static and corresponds to the energy of an individual base while the sec-
ond term changes with time. Thus, the interaction between the charged particle and DNA is introduced
by the second component, @, being a fitting parameter. The value of this parameter was obtained by
the method of successive iterations, i.e. the values of a,, parameter were adjusted until the probability
of the charge location on the initial base became less than 0.1. The charge migration through DNA’s
base sequence is determined by the Schrodinger equation

5 0|Y>
ih 22 = H |y >. )

The solution to the Schrodinger Eq. (5) is expressed as

[ >=Ei=1 ba()In > (6)

In Eq. (6), the squared module P, = /b,(?))° represents the probability of the charge being located at the
n™ base at time ¢. The system of equations defining the DNA — charge dynamics is determined by the
Schrodinger Eq. (5) and Hamilton equations for the bases located on either strand:

azyl‘ O0H ayl,
M Z‘n — _ 11’ (7)
at Y1n at
a? 0H 9
M 3’2,n —— _ YZ,n’ (8)
ot2 0Yan ot

H being the total DNA-charge Hamiltonian Eq. (1). The interaction of DNA with the environment
leads to energy dissipation, which is taken into account by inserting damping terms empirically (the
last terms in Hamilton equations). In the model the damping coefficient vy is linked to the viscosity of
the medium (1) by the Stokes’ law y=67nr, where r =5 A.

3. Results and discussion
3.1. Evaluation of charge migration processes

The two-dimensional projection of the radiolytic species created by a 1 GeV/u **Fe track as simulat-
ed by RITRACKS is shown in Figure 2. For the calculations, one sample of the *°Fe track and space-
filling DNA model were randomly selected (Figure 3). In this study, it is assumed that the spatial posi-
tions of atoms composing the DNA molecule and therefore the positions of the nucleobases are fixed
in relation to the time. It means that in these calculations the time-independent DNA structure is used.
Figure 4 schematically shows the initial locations of the charges created by the ionizing radiation.

The objective of this work is to identify possible regularities of charge migration along short DNA
sequence and estimate a probable distribution of oxidative damage in DNA induced as a consequence
of the presence of a charge and its transfer. The study assumes that the probability of charge location
at a certain base correlates with the probability of the corresponding DNA cleavage. In other words, it
is assumed that the final location of the charge may determine the most probable sites of DNA damage.
This assumption is made on the basis of experimental studies [1, 2], where the identification of specif-
ic DNA damage was correlated with the hole presence at certain DNA bases.
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Fig. 4. The track-DNA interaction. The symbols @ indicate the calculated sites of a charge injection. The arrow shows the
position of the particle’s track axis. The horizontal brace shows the DNA sequence selected for the charge migration analysis.

For the analysis of the charge migration, the A1 T2 C3 G4 A5 (+) C6 A7 A8 A9 DNA sequence
was selected (Figure 4). In this notation, the letters are the base types, the numbers are their ordinal
positions in the DNA sequence and the symbol (+) indicates the hole position at the time of formation
(t = 0). In this study, a charge transfer is simulated when a single charge migrates through the DNA
sequence while other ones are assumed to be fixed. The distinctions between the intra-strand and inter-
strand charge transfer are not considered since it requires further development of the model.

For the simulation, the following parameters were used: a; = 1.24 eV, a4 = 1.69 eV, ag(c) =19

eV [19]; k = 0.025 eV/A2, k;, = 4.90¢103 eV/A? and M = 2.51+10% kg [24]. The matrix element v,,,, =
0.12 eV. This value is located in the interval of the possible matrix elements v, ,, values as indicated in
previous works [23]. At equilibrium, the average distance / =7 A.

As has been mentioned before, since the hole migration through DNA chain is strongly dependent
on both the DNA dynamics and environment properties, an attempt was made to study the effect of the
media by using two different values of the viscosity n: 6.95°10* Paes for an aqueous medium and
1.20+107 Pass for the gas phase. Indeed, the calculations for the gas phase are important to study the
effect of the parameters such as the viscosity in the model.

In Figure 5(a), the calculation results for the hole migration through the sequence A1 T2 C3 G4 AS
(+) C6 A7 A8 A9 in liquid water (aj,= 0.249 eV/A) are shown. Since the case is considered when the
selected DNA segment is crossed by the particle’s track, there is a high probability of double-strand
break induction when both strands of the DNA molecule can be broken in this area (Figure 4). How-
ever, it is assumed that the m-orbitals between DNA bases overlap at the initial time in a manner ena-
bling the charge migration along the chain.

The process is initially unstable and reversible, as indicated by the oscillations of Ps(t), P7(t) and
Ps(t). At t~1.7-10" s the probabilities stabilize. The probability of the charge to be located at the ini-
tial base A5(+) decreases considerably. Then the hole localizes preferentially on the bases A7 and AS.
The probability of the hole to be located on the bases Al, T2, C3, G4, C6, and A9 is rather low during
the period under consideration. Since the bases A5, A7, A8 are separated by the base C6, these results
suggest the possibility of a quantum tunnel effect. Indeed, this effect was observed experimentally for
hole migration in short DNA sequences like G(H) TG GG, G(+H) ATGGG,orG(H ATTGGG],
2]. In these cases, despite the fact that the ionization potential of guanine is less than that of thymine T
and adenine A, the hole migrates from the guanine G(+) to the guanines G G G bypassing adenine and
thymine. In these sequences, cytosine C6 represents a potential barrier for the charge (i.e. the ioniza-
tion energies of adenines A5, A7, A8 are less than that of cytosine C6).

Similarly, calculations for the sequence A1 T2 C3 G4 A5(+) C6 A7 A8 A9 in the gas phase (a,=
0.119 eV/A) is performed (Figure 5(b)). In this case, the charge is localized on the four adenines
AS5(+), A7, A8, and A9 shortly after irradiation. Then the hole migrates to the first adenine Al and
locates there.
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Fig. 5. Time evolution of the probabilities of hole location Px(?) at the bases for A1 T2 C3 G4 A5(+) C6 A7 A8 A9 sequence:
(a) liquid phase; (b) gas phase.

4. Conclusion

The results of the work indicate that the possible sites of oxidative damage in DNA may be de-
pendent on the environment conditions and are different for the aqueous and gas medium. The envi-
ronmental properties of the medium are introduced in the model by using known values of the viscosi-
ty, which influence the damping parameter. Indeed, the values of Pn(t) are very sensitive to the latter.
In liquid water, the time-dependent redistribution of a charge occurs mainly between the bases A7 and
A8 at the final simulation time (Figure 5(a)). In the gas phase, the charge is distributed mainly be-
tween A5, A7, A8, and A9 at first, and then it migrates to the base Al and remains at this location
(Figure 5(b)).

The model also puts in evidence the importance of the quantum nature of charge migration in DNA.
Therefore, DNA damage process should not be considered only from classical models. A quantum
tunnel effect is suggested for the cases shown in Figure 5 when a hole hops from A5(+) to adenines
A7, A8 (Figure5(a)) and Al (Figure 5(b)), effectively crossing their respective potential barriers
caused by cytosine C6, as well as cytosine C3 and thymine T2, respectively. Here, the charges evolve
as demonstrated in experiments [1, 2] when they migrate through bases possessing bases with higher
ionization energies than initial and final bases.

It is assumed that the investigation demonstrates the utilization of formalism for the study of the
charge migration through different molecular sequences that may be tested in experiments.
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