
Acta Oncobgica Vol. 35, No. 7, pp. 849-856, 1996 

MODELLING OF AUGER-INDUCED DNA DAMAGE BY INCORPORATED 1251 

HOOSHANG N I K J 0 0 ,  ROGER F. MARTIN, DAVID E. CHARLTON, MICHEL TERRISSOL, SWAMANY KANDAIYA and 
PAWL LOBACHEVSKY 

We have analyzed a newly available high resolution and precision repeat of the original Martin and 
Haseltine experiment which includes the influence of DMSO on the results. The new model includes the 
production and diffusion of radical species and ‘OH radical attack on DNA as well as the direct hits. 
Calculations of single-strand breaks use individual Auger electron along with the tracks of electrons and 
radical species superimposed on an atomistic model of B-DNA. Comparison of the preliminary 
calculations with the experiment supports the earlier choice of data for the amount of energy required 
to produce a single-strand break, i.e. 17.5 eV. In a separate simulation we found that an average of less 
than two ionizations inducing a single-strand break gave the best fit to experimental data. Direct hits 
were found to be predominantly occurring at short range while the damage by ‘OH radicals was mainly 
of the long-range type. 

Early experimental observations of the effects of ”’I 
incorporated into the DNA indicated that each decay 
produces about one double-strand break (dsb) ( I ) .  At that 
time it was not possible to  examine in more detail the nature 
of the break. Later, in one of the earliest applications of 
molecular biology techniques to radiation biology, Martin 
and Haseltine (2), showed that the single-strand breaks 
thought to  be responsible for the double-strand break could 
be distributed over several base pairs and so it was likely 
that the dsb was not a simple scission of the DNA. They 
measured the distribution of the greatest distances of single- 
strand breaks from the base carrying the l r 5 1  in the strand 
containing the decay. Most single-strand breaks were pro- 
duced within 5 base pairs of the decay. 
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In theoretical studies a Monte Carlo treatment of the 
I2’I decay produced sets of electron spectra for individual 
decays and the development computer codes to simulate 
the deposition of energy along individual electron tracks 
(3, 4). An average spectrum is shown in Fig. 1, generated 
by the code ‘1125cascade’, with an average number of 20.9 
electrons and 19.4 keV average total electron energy per 
decay. Charlton (5) combined these two techniques to 
calculate the energy deposited in double stranded DNA in 
sequential base pairs (bp)  from the site of the decay for 
DNA wrapped around the nucleosome. Results of this 
calculation were that in the DNA strand containing the 
decaying iodine atom there is a very rapid decrease in the 
average energy deposited away from the location of the 
decay. The mean energy deposited decreased by a factor of 
50 at 10 bp from decay site. It was also shown that the 
directly deposited energy on double stranded DNA varied 
considerably from decay to  decay. 

The rapid decrease of energy deposited with distance 
from the decay was remarkably similar to the decrease in 
single strand breaks observed by Martin & Haseltine ( 2 )  
and an attempt was made to model this experiment (6, 7) .  
Here a model of the DNA was constructed, Fig. 2a, 
reducing the complex molecular structure to simple vol- 
umes representing the bases (assumed not to participate in 
strand breakage) and the sugar-phosphates moieties of the 
two strands where energy deposition could cause strand 
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Fig. 1. Frequency distribution energies released in '"I decay. Data are presented for lo4 decays. The average number of electrons per 
decay is 20.1 and the average electron energy per decay is 19.8 keV. Note that the region on the energy scale not containing any electrons 
in the spectrum is not shown. 

breaks. Energy depositions in sugar-phosphate skeleton of 
the DNA were calculated for the strand containing the 
decay and breaks were assigned according to the energy 
deposited in the sugar-phosphate volumes. It  was found 

(a) Volume model of B-DNA 

that 17.5 eV of energy deposited on average in the sugar- 
phosphate volume produced reasonable agreement with 
the experimental results of Martin and Haseltine. The 
figure of 17.5 eV which is the lower threshold for produc- 

(b) Atomistic hydrated DNA 

Fig. 2. Model of B-DNA. The volume model of B-DNA shows the volume of sugar-phosphate and the bases occupied by one nucleotide 
pair. The model implicitly contains the first hydration shell of the DNA within the volume of the sugar-phosphate and the bases. The 
atomistic model of the B-DNA is a decamer with the sequence CGCGAATTCG including the water molecules in the first hydration shell 
within 3.5 A of the polar atom. 



Acta Oncologica 35 (1996) DNA DAMACik BY AUGER ELECTRONS 85 1 

P 
='OH, 'H, eg, 

+ = Jonization and Excitation 

Fig. 3. Diagram illustrating the conceptual method of scoring DNA strand breaks induced by decay of iodine. The inner cylinder shows 
the double helical B-DNA with 2.3 nm diameter. The figure shows the tracks of all electrons released in I decay of the iodine which in 
this case contains 22 elctrons of various energies. The shaded area is the cylindrical shell around the DNA with a variable radius. The 
shell represent the bulk water around the DNA. The first hydration shell which is a structured bound water is shown in Figure 2b. The 
radius of cylindrical shell mimics the experimental condition of DNA environment. Interaction of electrons released in the decay of "'1 
cause direct damage in the DNA modecule and generates radical species in the hydration shell around DNA. The reactive species 'OH, 
'H. eLq diffuse and could induce DNA damage. The probability of a reactive species reaching DNA is dependent on the DNA 
envimoment. In a highly scavenging environment the radius of the cylindrical shell is very small-in limii reaching the condition of dry 
DNA. In a very dilute solution the radius of the cylindrical shell is very large being limited by the lifetime of the reactive species. 

ing an ssb is not very precise in the sense that other values 
close to this were also in reasonable agreement with the 
experimental results (e.g., see ref. 8). 

The agreement on the results of the Monte Carlo calcu- 
lations with the experimental data provides some confi- 
dence in the Monte Carlo results. By analyzing the energy 
depositions in both of the strands and assuming that dsb 
was produced by ssbs separated by less than 10 base pairs, 
the yield of dsb per decay was calculated to be 0.9. In 
mammalian cells, an additional 0.2 breaks per decay would 
be produced by dose delivered to the cell nucleus by the 
longer ranged electrons. The results then were consistent 
with experiments with incorporated Iz5I, which yielded 1 
dsb per decay (4). 

Through the estimate of breaks produced by each decay, 
the very complex and variable damage to the DNA was 
apparent. Dsb is not caused simply by scisson of the DNA 
but by several (if not many) occurring in the two single 
strands close to the decay site (9). 

While the described results produced are encouraging, 
the model is empirical and overty simple. For example the 
energy depositions include all mechanisms-ionisatinn. ex- 
citation and sub-excitation whereas the latter two are 
unlikely to contribute greatly to DNA damage. Further- 

more, the model does not provide for a mechanism to 
account for the effects of radical scavenging as observed by 
Rao et al. (9). 

An alternative mechanism for DNA damage was dis- 
cussed as early as in 1980 by Turner et al. (10) who 
considered the chemistry of the species initially formed in 
water in electron track, ('OH. e&. 'H), with particular 
attention to  the production, diffusion and reactions of 'OH 
radicals). 

Material and Methods 

Recently, Nikjoo et al. ( I  1 )  have developed a treatment 
to include the production. diffusion of chemical species 
and 'OH radical attack on DNA into the earlier model (12, 
13) to produce a considerably more realistic treatment. 
This approach was used to analyze the results of a newly 
available high resolution repeat of the original Martin and 
Haseltinc experiment ( Kandaiya et al. this conference) 
which include the influence of scavenging DMSO. Calcula- 
tions of single strand breaks use the Charlton et al. (14) 
Auger electron spectrum with the tracks of electrons and 
radical species. generated by the code CPAIOO (15, 16) 
superimposed on an atomistic model of decamer B-DNA 
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Fig. 4. Model of DNA damage. Various possible types of damage in the sugar-phosphate of the DNA induced by direct energy 
deposition or by the diffusing hydroxyl radicals. Only one type of damage assigned to DNA segment. On the left shown DNA damage 
indicated by an ‘X’. Combination of one, two, three or greater than three single strand breaks on the same strand or on opposite strands 
have been assigned as ‘ssb’, ‘ssb”, ‘2ssb’. ‘dsb’, ‘dsb+’, and ‘dsb‘ +’. The models on the right explicitly show the origin of the strand break 
‘X’ whether arising from a direct energy deposition ‘D’, or from the activation of an ‘OH radical. 

(17) (Fig. 2b). The calculations were carried out for direct 
energy deposition events and for the hydroxyl radicals 
generated and diffusing in water of hydration around DNA. 

General outlines 

‘”I decays first by electron capture (EC) to a metastable 
state of 125mTe and then by internal conversion (IC) to 
125Te (14, 18, 19). The number of electrons in the cascade 
and their energies vary considerably depending on the 
initial inner shell vacancy and decay path. The starting 
point of these calculations is the simulation of electrons 
cascades released in the decay of iodine in IUdR incorpo- 
rated in DNA molecule. The iodine spectrum used in this 
calculation is based on lo4 individual decays. 

The conceptual framework of the calculation is shown in 
Fig. 3. The method takes into account the interaction of 
the electron track in the DNA molecule from energy 
deposition events such as ionization and excitations due to 
direct effects (’short-range action’) and contributions to 
the damage by hydroxyl radicals attacking the DNA 
(‘long-term action’). 

The code CPAlOO (20) follows the full slowing-down 
process of the electron to subexcitation and thermalization 

energies and the generation of radical species and molecu- 
lar products (such as ‘H, ‘OH, e&, ‘H+, ‘OH-, H,, H202,  
HO,). In this physico-chemical stage (IO-”s - IO-”s) the 
excited and ionized water molecules undergo several reac- 
tions leading to the formation of free radicals. Subexcita- 
tion electrons, i.e. electrons with kinetic energies less than 
7.4 eV may recombine according to Onsager-Debye theory 
or lose energy by successive scattering until thermalization 
and formation of hydrated electrons. The diffusion and 
reaction rate constants and interaction distances for all 

Nucleotide no. 1 21 31 
I I I 

x .  ......... I... ....... 3‘ 
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5 ,-sap _--_--__- 
............................... ............................... 

I I 
ssb pos. no. 11 0 

Fig. 5. A simplified representation of the oligonucleotide used in 
the experiment by Kandaiya et al. (this volume). The diagram 
shows the position of the iodine atom in nucieotide 21 and the end 
label of 3zP in the plasmid sequence. Only those fragments to the 
left of the iodine are detected in the upper strand. 
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radicals are those used in our previous calculations ( 1  I .  
16). 

Only those radicals generated in the cylindrical water 
shell surrounding the DNA were diffused and reacted from 
lo-" s to  s using Smoluchowski's rule. In this calcu- 
lation it is assumed that the DNA strand breakage is 
entirely due to  damage in the sugar-phosphate skeleton 
and that base modifications do not lead to strand break 
(21). The radius of the cylindrical water shell around the 
DNA is reduced to  mimic the high scavenging condition or 
increased to lower the scavengeable concentration of the 
medium surrounding the DNA as shown in Fig. 3. In 
addition the scavengeable conditions is controlled by the 
diffusion time and the activation probability of the 'OH 
radicals. 
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'OHBreak = I  
Direct Break = D 

Model of D N A  and D N A  dmiage 

Fig. 2 shows the two models of canonical B-DNA 
decamers we have used in previous and present calcula- 
tions. The volume model is the one originally used by 
Charlton (8) while the atomistic model includes the hydra- 
tion shell which enables us to follow the ensuing chemistry 
in more detail (17). A preliminary test was first made to 
ascertain to what extent the two models differ in the 
present calculations. From our test we concluded that 
without consideration of the entire mechanics of strand 
break induction (22-24) the two models of the DNA 
produce similar results. and thus shows that the simpler 
volume model used up to date is applicable. 

The model of damage. Fig. 4. considers induction of 
strand breaks and clusters of them by direct energy deposi- 
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Fig. 6. Two sets of individual examples of each iodine decay in the DNA. In all cases the radius of the hydration shell was set at 4 nm 
and radicals were diffused from the initial time of l o - ' ?  s to IO-'s. a) Examples of breaks induced by electrons and radicals in a very 
high scavenging medium -'OH activation probability was set at 0,001, thereby mimicking the case of direct effect when all radicals 
have scavenged away before reaching DNA. b) In this case examples of the same decay as in a )  are shown with 'OH activation 
probability of 0.20. The total energy E deposited in the DNA is shown above each DNA segment. The energy is the energy of 
events-ionizations and excitations deposited in the nucleotide for 'direct breaks'. Position of the iodine at nucleotide 21 is indicated by 
an arrow. 'D' and 'I' indicate induction of a ssb by direct energy deposition or by 'OH radicals respectively. A ' I '  represents energy 
deposition less than 17.5eV and a ' - '  less than IOeV. We assume 80% of 'OH radicals react with the basis and 20% with 
sugar-phosphate ( 1  1). 
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Fig. 7. Distribution of the farthest distances to the single strand 
break from the site of the iodine. In this calculation it was 
assumed that ionizations, rather than the energy deposition, was 
the event leading to a strand break. 

tion in the sugar-phosphate skeleton and by diffusing 
hydroxyl radicals. Fig. 4 shows possible clustering forms of 
single-strand breaks on one or both strands; ‘no break’ 
signifies that the energy deposition events and radical attack 
in the sugar phosphate did not lead to strand breakage, ‘SSB’ 
indicates a single-strand break from a direct energy deposi- 
tion event (ssb,) or from an activating ‘OH radical (ssb,). 
Combination of 2 single-strand breaks on opposite strands 
can lead to a ‘2SSB’ or a double-strand break ‘DSB’, 
depending on the separation distance ‘a’ between the two 
breaks. Fig. 4(vi-vii) shows higher orders of clustering of 
‘ssb’s forming complex double strand breaks and deletions. 
Again, each strand break could be a ‘ssb,’ or a ‘ssb,’ giving 
a ‘dsb,,,’-when a single-strand break converted into a 
double-strand break by an ’OH radical. Each ‘D’ or ‘I’ 
represent a strand break or a base damage induced by direct 
energy deposition by a single event including ionizations and 
excitations or by an ‘OH radical. 

The lower threshold for strand breakage due to direct 
energy deposition was set at 17.5 eV and mimicking the 
experimental condition an activation probability p was 
assigned to ‘OH radicals inducing damage leading to strand 
break. 
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Fig. 8. The frequency of the distances of the farthest strand breaks produced in the chain containing the iodine. The data has been 
compared with experiments of Kandaiya et al. (this volume). Top-left panel shows data for experiments with 2M DMSO and 
no-scavenger added. The top-right panel presents corresponding calculated data. The two lower panels show the comparison between the 
experiments and the calculated data for the experiments with 2M DMSO added and no-scavenger added. Top-left panel show the 
experimental data. The unscavenged data is shown by solid squares, upper curve (lighter line), and the lower curve for 2M DMSO, solid 
circles (heavy line). The top-right panel shows the corresponding curve for the calculations and the two lower panels show the comparison 
with the experiments. Only 1000 decays were scored for this calculation. 
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Results and Discussion 

Fig. 5 gives a pictorial description of the Kandaiya et al. 
experiment. A short fragment of a 3 1 -mer double-stranded 
oligodeoxynucleotide containing '''1 at the position 2 1 was 
end-labelled with 32P in the strand containing the iodine- 
labelled base. The position of the farthest single-strand 
breakage produced from a decay of '"1 is marked with 'X' 
at nucleotide number 11 giving a fragment length of 9 
nucleotides in length. We have calculated the fragment 
lengths of the DNA in the same manner as in the experi- 
ment using a canonical B-DNA sequence. 

The experiment measured the length of fragments pro- 
duced by single-strand breaks. In the calculation we need 
to  assume pathways leading to induction of a single-strand 
break. A single-strand break could be a consequence of 
energy deposition event leading to ionization of the target 
molecule or attack by 'OH radicals. We have included 
three of the above mechanisms that could induce single- 
strand breaks in the DNA: Fig. 6 shows examples of 
strand breaks produced in DNA by iodine decay in two 
different environments. The arrows show the position of 
the incorporated iodine. 

Fig. 7 shows an alternative way of estimating a relation- 
ship between the physical event and a biological endpoint 
by using ionizations in the sugar phosphate volume of Fig. 
3a. The calculated data have been compared with the 
experimental data for the short-range damage (direct ef- 
fect). The data show the frequency of producing a frag- 
ment due to a single-strand break due to one, two or three 
ionizations, in the sugar-phosphate. The solid curve, two 
ionizations, gives a reasonable agreement with the experi- 
ment. Fig. 8, in 4 panels, shows the results of different 
experimental conditions, including comparison of DNA 
breaks obtained with and without the radical scavenger 
dimethyl sulphoxide (DMSO). 

We have thus re-examined the relationship between en- 
ergy deposition due to  the decay of I2'I and the appear- 
ances of strand breaks on the basis of a new experimental 
data and a more sophisticated method of calculation. 
taking into account the damage induced by direct energy 
deposition and the radical species generated in vicinity of 
the target atoms. The original relationship between the 
energy deposition 17.5 eV and induction of a single-strand 
break was confirmed. In these calculations we assumed the 
transport of charged particles in DNA to be similar to  that 
of  liquid water. To what extent the phase effect and 
boundary conditions in DNA affects the results of strand 
breaks and how realistic is the pathway adopted for induc- 
tion of strand breaks and what is the possible role of bases 
in mediating damage in DNA? To answer such questions 
and others, we need to consider the dynamics of the DNA 
molecule and its environment in relation to the transport 
of charged particles which necessitates a more clear under- 
standing of the molecular nature of the DNA damage. 
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