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We developed a model to describe the radiation-DNA interaction in water solution. The model is based on
some important aspects of the Bethe Theory for the ionizing process, and on the assumption that the direct
interaction between the incident particle and the DNA molecule is negligible in comparison with the indirect
effect. This assumption can always be true under controlled conditions. The results show that the number of
damages induced by radiation depends on the accumulated dose, on parameters related only to the medium
properties, and on the DNA structure, but not on the incident particle. A few applications of the model are
discussed, and results are successfully compared with experimental data. New experiments are proposed.

1 Introduction 2 The model

Our model is based on the assumption that the radia

. .. DNA interaction in water solution occurs mostly by an
For many years the studies related to the effect of radiation yjrect way, i.e., the incident particles interact with the we

on living organisms were performed by irradiating living olecules producing ions which migrate by diffusion acr
cells or tissues[1, 2, 3]. The_se experime_nts are very difficult y,o water, eventually interacting with a DNA molecule. T
to undertake and analyze, since many biochemical processegjrect interaction between the incident particle and the C
are taking place at the same time, competing with the radia-jg consjdered negligible, and this assumption is quite rea
tion effects. More recent studies are performed with purified 56 if the DNA molecules and the radical-scavenger
DNA molecules diluted on water solution, with or without - cantrations are low. Since the intracellular environment
the addition of radical-scavengers. not present these conditions, the assumption can restri
applicability of our model tan vitro studies. However,
better knowledge of the indirect mechanism for radiati
DNA interaction can provide important informations to t
in vivo studies.
An incident particle with LETe creates a numbetin;

of radical-pairs while crossing a distanékin the medium,
%amely,

We developed a model to describe, qualitatively and
quantitatively, the interaction of different kinds of radiations
with organic molecules, in particular the DNA. The model
uses, as a starting point, a well established physical the-
ory for describing the ionization process which takes place
whenever a charged particle travels across matter - the Beth
Theory[4]. There is one aspect of this theory that is more dns — ked? (1)
important here, namely, the fact that the mean-energy trans- ’ ’
ferred by the incident particle to the water molecule-target wherek = 1/¢,, ande, is the average energy transferrec
does not depend on the particle energy. From this fact andan atom of the medium during its ionization process.
one assumption about the damaging process, a specific for-  The ions drift away by diffusion and the number of da
malism for calculating the number of different kinds of dam- ages in molecules;,, at a distance betweenandr + dr
ages caused by radiation in the molecules inside the solutiorfrom the incident particle track, is

is worked out.
dnmad

dnd = dni ’ (2)
Also, a series of experiments are being developed for ds
testing the predictions of this model with different incident \yith gn,, being the number of molecules in the volur
radiation types, as neutrons, gamma, and protons. Here Weygssed by the ions,
show the first results obtained with the last two types of ra-
diation. ANy, = pmdsdr , 3
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whereds = 2nrdl, p,, is the number of molecules per vol-
ume unit, andr4 is the cross-section for the damagén-
duction by the incident radical. Since the ion-pair energy is
independent of the characteristics of the incident particje,
does not depend on the deposited enerlfy Substituting 3
and 1in 2, we get

dnye = Ednike = Ek2€2dl, (10)

where¢ is a proportionality factor dependent on chemical
) properties of the ions and on the solution’s physical charac

dna = pmheoadtdr teristics.

If the radical average range is, we calculate the ap- Then, the number of ions drifting out of the track has to
proximate average number of damages induced while thesaye correct as
ions travels away from the ionization track as

T dn; = kedl(1 — vke) , (11)
dng = pmkeogqdl / dr = ppmkeogr;dl (5)

which can be rewritten more appropriately as

This expression gives the number of damages in target
molecules induced by one incident particle with LEWhile
; . kedl
crossing a distancd. dn; = ,
The quantitys; that we have introduced is related to the 1+ e
structure of the DNA molecule and to its chemical interac-
tions with the radical _produced in the medlum. However, wheres = k. With this correction the cross section ob-
it is convenient to define the cross sectien for the dam- . - - A
) N A . tained in eqg. 9 is modified into
age induced by the incident particle, because it can be more
easily measured. In fact, if, particles cross an aredg,

(12)

of the DNA sample, the number of damages induced in the oo (13)
molecules is given by 1+ Be’
AN, = npdidnm, 6)
a The radiation-induced damage has, therefore, a cros
where section which is approximately linear at low LET, and de-
dnm = pmdlda (7 viates from linearity as the LET increases. Equations 9 anc

13 allow us to access the radical-DNA cross sectioy),(

is the number of target-molecules inside the irradiated re- i-h may be defined for each damatye

gion, then,
dNgda Equations 9 and 13 are the main findings of our model
7= nppmdlda (8) We now discuss how these results can be applied to differer

) studies related to radiation-DNA interaction.
But dN4 = n,dng, andn, can be calculated by equation 5.

Then, equation 8 turns into One of the most studied radiation-induced damage ir
DNA is the single strand break, because it can be easil
o =ae, 9) observed and quantified by using the electrophoresis tect
nigue. In this case, from equation 13 we obtain the radiation
wherea = kogr;. induced SSB (single strand break) cross section,

This expression shows that the cross section is propor-
tional to the incident particle LET, independently of its type
or initial energy. Also, the constant depends only on the Oosh = ——— .
medium characteristics and on the target molecule studied. 1+ fe
The constant is related to the minimum energy necessary
for the radical production ang depends on the distance the
produced radical will reach away from the ionizing track; This result is compared in Fig. 1 with data from litera-
bothk andr; depends on the medium properties. The cross ture obtained with different incident particles for LET val-
sectiono, depends on the properties of the target molecule. Ues ranging from~ 1kev/pm to ~ 10°kev/um. We fitted
For high density of radical, that could be produced by the parametes andj3 in equation 14, obtaining = (1.6 +
highly ionizing particles, there is a probability that the ions 0.2)x 10~ 2um?/keV and = (1.2+0.2) x 102 um/keV.
produced a|0ng the track interact with other ions produced The nice fitting obtained is an indication of the rellablllty of
by the same ionizing particle. The probability that one ion the model developed in this work.
recombines with another is proportional to the linear radi-
cal density along the tracky = ke. Thus, the number of
recombinations may be written as

ag (14)
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wheren = pV is the number of intact molecules in ti
sample volumé/, andp, = m/V is the medium (usually
water) density. This number decreases at adatelD =
—dng/dD, therefore

°)

1d
E% = —v,andn = n,e P (19)

SSB cross section (microm#+2)

wheren,, is the initial number of target molecules, a
Y = Polt.

Equation 19 shows that the exponential reduction of
damage molecules, characterized by the paramgtele-
pends on the medium density and on its paramigtdefined
in equation 1. It also depends on the radical mean-free-
in the mediumy;, which is related to diffusion characteri
tics that may depend on the solution’s chemical proper
temperature, and other physical conditions. In partict
bl the parameter; depends on scavengers concentration

2 3

' ° 10 LET (kev/m;g%m) the solution.

Figure 1. The cross section for SSB as a function of the LET. Data

points are from ref. [3] for x-ray*He, 2C, *°0 and®*°Ne, and the 3 Expe”mental verification

full line represents the results of our calculation.
In order to verify at least some of the results and impli
Another application of our model is the calculation of tions of our model, we started the development of an
the number of induced damage¥,) as a function of the ~ Perimental program which has as one of its objectives

delivered dose. Let us consider thiat, (c)de is the number realization of measurements of relevant quantities in
of incident particles with LET betweer ands+ de in an radiation-DNA interaction under controlled conditions,

areads of the volumedv. From equation 6 we get that the eXperimentS performed with different kinds of re
ation can be compared among themselves.

We choose to measure, at a first step, the number o
gle strand breaks induced by gamma, protons and neut
. . . . as a function of dose, using as target a plasmid produce
The dose imparted by these particles is given by the rat'OStratagene, the pBsKSpurified through a standard puri
between the deposited energy and the solution’s mass Congaion process[5]. At present we have the first results
taine_d in_ the considered volumk. If p, is the solution’s gamma and proton irradiations. A comprehensive des
density, it follows that tion of these experiments will be published elsewhere,
here we will show some features of the experiments \

dnd g
m = dTLp (5) £p7n . (15)

dng = P, (16) protons, since a new experimental setup was construct

dmdD study the effects of this radiation on DNA in water solutit

where we have used equation 9, alwd = p,dv is the sam- Since protons have high LET, their range inside the D
ple mass contained . solution is very small, resulting in additional difficults

Expression 16 can be used to obtain the number of dam-carry out this experiments which are not present in tt
ages of any particular kind induced by irradiation. In fact, with gamma and neutrons. In fact, some problems we
in the particular case of uniformly distributed dose delivered to face are
over a sample with mass, we obtain, integrating over all

irradiated mass, ¢ the small range of protons in water, which limit t
ng = mpmaD . (17) thickness of the target solution;

The last equation shows why the doBeis an useful e the strong heating process of the target, inducec
quantlty in the analySIS of _damages produced by radiation. the proton beam, which prevent us of using the dil
In fact, for a particular medium, the number of damages pro- proton beam;
duced depends, as far as equation 9 is valid, only on the tar-
get molecule concentration and on the dose. e the problem of quantifying the number of molecu

We may apply these resullts, for instance, in the study of with gel electrophoresis; which led us to the de
the SSB damage production in DNA molecules as a function opment of a software specially designed for caref
of the delivered dose. Expression 17 can be rewritten as analyzing the gel image.

d
S = npoa, (18)

dD
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in agreement with the prediction of our model, according
to equation 19. Also, as discussed in the text below tha
equation, the exponent parametewhich characterizes the
exponential decreasing of the surviving fraction should be
independent of the radiation type. It is not simple to com-
pare the different sets because since all the relevant expe
imental conditions determining this parameter were not the
same in each experiment. But from a preliminary analysis
A N s = according to the fitting process for the experimental results
° # 0 * et shown in Fig. 2, the exponential constants which best de
scribe neutron and gamma results (Fig. 2a), or the proton
results(Fig. 2b) and gamma results may be considered th
() same, inside the experimental errors. Although for neutror
this parameter is slightly different from the others, due to
the relatively large experimental errors we can not say the
are not compatible. Therefore two of the main results of the
4o model developed by us were proved to be in accordance wit
B — the experimental results.
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Figure 2. (a) Number of undamaged DNA molecules (supercoiled 4 Conclusmns

plasmids) as a function of the accumulated dose for irradiation with

gamma (full circles) and neutron (open circles). The experimental In this work we developed a model to describe the radiation
data are from [6], and the solid and dashed lines show the resultDNA interaction. This model addresses the problem of
fr(_)m expression 19 after the fitting proc_edure (see text)' for irradi- quantifying the damages induced in DNA molecules in wa-
ations by gamma and neutron, resEeCt'Vely' The eXp,eg”m%r}tal ®*ter solution samples, when irradiated with different particles
ponent parametey, for gammaisy, = (—37 £ 6) x 107°Gy . .

and for neutronsy, = (—21 «+ 1) x 10~3Gy~'. (b) The same  and at different energies. We have shown that the cross se
for gamma and proton irradiated DNA obtained by the experimen- tion for damages induced by radiation does not depend o
tal procedure described in this work. The experimental exponentthe kind of incident particle and on its energy.

parametery, for gammaiisy, = (—32 +4) x 10~*Gy~" and for In order to verify if the predictions of this model are cor-
proton~y, = (=28 £2) x 107Gy~ ". rect, we gave start to the development of an experimente
nProgram which have among its main purposes to test the re
sults of this model. Here we show the first results obtainec
with protons and gamma irradiations. The analysis of the
experimental data show that they are in agreement with th
theoretical results. A more comprehensive description of the
experiments and detailed analysis of the results will be pre

The first problem has been solved by the design and co
struction of the sample holder, with dimensions according to
the optimal results obtained with GEANT3.21 simulations.
The second problem has been circunvected by irradiating
the sample with the protons scattered on the thin aluminium
window at the end of the IFUSP-Pelletron pipeline at an an-

o \wi anti sented in a forthcoming paper.
gle of 20° with the beam direction. .
The gamma irradiation was performed in a standard Ve are thankiul to FAPESP, CNPq and CAPES (Brazil-

gamma-cell, and the samples were kept in a centrifuge tube!an agencies) for their support.

For both proton and gamma irradiations, a control sample

not irradiated was manipulated following exactly the same
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