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The number of small radiation-induced DNA fragments
can be heavily underestimated when determined from
measurements of DNA mass fractions by gel electrophore-
sis, leading to a consequent underestimation of the initial
DNA damage induction. In this study we reanalyzed the
experimental results for DNA fragmentation and DNA
double-strand break (DSB) yields in human fibroblasts
irradiated with y rays and nitrogen ion beams with linear
energy transfer (LET) equal to 80, 125, 175 and 225 keV/
um, originally measured by Hoglund ef al. (Radiat Res 155,
818-825, 2001 and Int J Radiat Biol 76, 539-547, 2000). In
that study the authors converted the measured distributions
of fragment masses into DNA fragment distributions using
mid-range values of the measured fragment length inter-
vals, in particular they assumed fragments with lengths in
the interval of 0-48 kbp had the mid-range value of 24 kbp.
However, our recent detailed simulations with the Monte
Carlo code PARTRAC, while reasonably in agreement with
the mass distributions, indicate significantly increased
yields of very short fragments by high-LET radiation, so
that the actual average fragment lengths, in the interval 0-
48 kbp, 2.4 kbp for 225 keV/um nitrogen ions were much
shorter than the assumed mid-range value of 24 kbp. When
the measured distributions of fragment masses are con-
verted into fragment distributions using the average
fragment lengths calculated by PARTRAC, significantly
higher yields of DSB related to short fragments were
obtained and resulted in a constant relative biological
effectiveness (RBE) for DSB induction yield of 2.3 for
nitrogen ions at 125-225 keV/pm LET. The previously
reported downward trend of the RBE values over this LET
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range for DSB induction appears to be an artifact of an
inadequate average fragment length in the smallest
interval. © 2013 by Radiation Research Society

INTRODUCTION

The cellular effects induced by different radiation
qualities have been studied intensively [e.g., refs. (/-8)]
and numerous studies, both experimental and theoretical,
have investigated the different patterns of DNA damage, in
particular radiation induced DNA double-strand breaks
(DSBs), caused by different ionizing radiations (9-24). In
the past, the experimental determination of DNA frag-
mentation spectra was mainly performed by gel electro-
phoresis (/3, 21, 22). These measurements found only a
mild dependence of the DNA DSB induction on the quality
of the incoming radiation, thus leading to a reported
relative biological effectiveness (RBE) values for DSB
induction usually not much higher than one (//, 13, 18,
20, 22, 25). However, DSB yields and RBE values for ion
irradiation are higher, compared to fraction of activity
released (FAR) assays, when DNA fragmentation in a
number of fragment size intervals is taken into account in
the analysis (//, 13, 14, 18), indicating a non-random
induction of DSB.

Monte Carlo simulations performed with the PARTRAC
(PARticle TRACks) code have demonstrated that the
production of DSB by radiations of different qualities can
be further investigated (26-30). In previous work (3/-36)
we have performed simulations with different radiation
qualities and showed that in some high-LET cases, the
number of fragments smaller than 1 kbp account for about
half of the total number. Our results also have shown that
the total DSB yield is considerably higher for high-LET
than for low-LET radiations (and higher than usually
measured), and that quantitatively most of the radiation
quality dependence of the fragmentation spectrum comes
from the production of (very) small fragments.
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In this study we have used the PARTRAC code to again
show that the underestimation of the number of small
fragments, in PFGE experiments, is due to an incorrect
analysis of the data. In these experiments the different gel
segments, after the electrophoresis, contain DNA fragments
of length belonging to different length bins (since the
shorter the fragment, the larger the migration distance in the
gel); the measured quantity is the DNA mass in each gel
segment, from which the number of corresponding DNA
fragments is estimated. This analysis is generally done by
using the mid-value of that length bin, i.e., the arithmetic
mean of the lower limit and the upper limit of the bin and
the DNA mass divided by this mid-length gives the number
of fragments in the bin. Thus, from the measured DNA mass
distribution one can compute the DNA fragment number
distribution. However, if the distribution of fragment
lengths inside a bin is not symmetrical around the mid-
length, this procedure leads to an incorrect evaluation of the
number of fragments, as explained in the Materials and
Methods section. This is particularly problematic in the
estimation of the number of small fragments. In PARTRAC
simulations the number of fragments in each length bin is
simply counted, and it is not obtained by averaging within
fragment length bins. Therefore, the simulation of the DNA
fragmentation, after irradiation with a given ion beam,
allows a more accurate comparison and evaluation of the
number of fragments obtained in PFGE experiments.

In these studies, we have simulated the irradiation of
human cells with four different nitrogen-ion beams,
differing in the specific energy and therefore in the LET
with the four LET values of 80, 125, 175 and 225 keV/um,
respectively. The LET values were chose to allow direct
comparison with the experimental fragmentation spectra
obtained by Hoglund and Stenerlow (37) and the corre-
sponding DSB yield determination (/8). To complete the
comparison with that study, we also simulated irradiation
with y rays. We found that the agreement between the
PARTRAC and the experimental DNA mass distributions is
excellent in all cases. In particular, we found agreement for
the mass fractions, for all LET values, in the lowest size
interval, 0—48 kbp. However, comparison of DNA fragment
distributions as LET increased revealed that the number of
fragments in the simulations were much larger than the one
computed from the experimental data. We show here that
this inadequate experimental data analysis leads to a
considerable underestimation of the RBE for DSB produc-
tion and an incorrect decreasing trend with increasing LET
in ref. (18).

MATERIALS AND METHODS
The Biophysical Monte Carlo Code PARTRAC

The biophysical simulation code PARTRAC is based on an “‘event
by event’” description of radiation track structure in liquid water at the
nanometer level, combined with an atom-by-atom simulation of the
biological target. The current version of the code, structured in

modules, can simulate the transport and interaction of electrons,
photons, protons, He ions and heavier ions. Further details on the
physical models embedded in PARTRAC can be found elsewhere (28,
29). The DNA target model was designed to represent, on an atomic
basis, the whole genome (about 6 Gbp) of a diploid human fibroblast
in interphase. The simulated target presents six levels of DNA
organization (deoxynucleotide pair, double helix, nucleosome,
chromatin fiber, chromatin fiber loops and chromosome territories).
In the present study, a model cell of a human fibroblast cell was
irradiated with a parallel beam of nitrogen ions and with a parallel
beam of y rays. In particular the simulations with nitrogen ions have
been performed with a source positioned near the cell and generating
parallel beams with LET values 80, 125, 175 or 225 keV/um. The
LET values and the doses (150 Gy with v rays and 64, 100, 140 and
200 Gy, respectively, for nitrogen beams) are those reported in ref.
(37). Particle starting points, energy and directions of secondary
electrons were used as input data of the secondary electron module.
The simulated yields of radiation induced DNA strand breaks were
determined by superimposition of the track structure pattern of
inelastic events on the DNA target model. Concerning indirect effects,
ionized water molecules were assumed to dissociate under different
schemes as reported in ref. (28). Diffusion and reaction processes of
the different chemical species were simulated by the chemical module
embedded in the PARTRAC code. The production of DNA single-
strand breaks, accounting for both direct (i.e., direct energy
deposition) and indirect (radical-mediated) effects, has been described
in detail previously (28). Here it suffices to say that a DSB is assumed
to occur when two strand breaks are found on opposite strands within
10 base pairs.

The fragmentation analysis started with the output data set of the
PARTRAC effect module, containing the genomic positions of DSBs
due to irradiation with different doses. A fragment is the portion of
double-stranded DNA between two adjacent DSBs or between a DSB
and a chromosome end. The genomic distance between the two
adjacent DSBs or between the DSB and the chromosome end defines
the fragment length. It is clear from this assumption that each DSB
increases the number of DNA fragments by 1. Further and
comprehensive details on the physics and DNA target models
embedded in the code can be found in a review by Friedland et al.
(30). After irradiation simulations, the code outputs containing the
different DNA damage data were analyzed in terms of fragments
spectra for different fragment size intervals. We emphasize that we are
considering only the initial DNA damage, since the rejoining process
is inhibited; therefore, our PARTRAC simulations do not consider
repair. Each point in the figures below, was obtained by running the
code 10 times for each dose for nitrogen ions and vy rays; we found that
this number of runs was sufficient, since more simulations did not
change the results significantly. Errors for each point of the simulation
data are standard deviations of the results obtained in the performed
runs.

Data Analysis

The PARTRAC DNA damage module contains the genomic
positions of DSB. From these data one can obtains the number of
DNA fragments, and the length of each of them, by calculating the
distance between adjacent breaks or between a break and a
chromosome end. The fragment number spectrum is then determined,
assigning each fragment accordingly to the proper size interval. The
mass distribution is derived by multiplying each fragment by its length
(obviously proportional to its molecular weight), summing all these
products and dividing the result by the width of the interval. The size
intervals that we have chosen are the same as used by Hoglund and
Stenerlow (37), to compare the distributions; the intervals are given by
the following values, in kbp: 048, 48-97, 97-145, 145-225, 225
375, 375-680, 680-930, 930-1110, 1110-3500, 3500-5750.
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We note here that the evaluation of the experimental distributions
follow reversed paths in the simulations and in the experimental
procedures. We summarize the two kinds of analyses here. In a
PARTRAC simulation the number V,,, of DNA fragments in the ith
size interval is obtained directly. If m; is the mass of the jth fragment
belonging to that interval, then the total DNA mass in the ith size
interval is given by

Ni.in
T
My = > m. (1)
=1
We note that the average mass of the fragments in the ith interval,
given by
Nian
1 il o Ml?:fh
Nim % Nim'’

M4 = (2)

=1

is in general different from the mid-range value M;; as specified
before, this value is the arithmetic mean of the interval limits, i.e., M,=
(1/2)M,;, + M), where M, and M, are the lower and upper limit,
respectively. In contrast, with gel electrophoresis one measures the
amount of DNA in each gel segment, and therefore the mass
distribution is directly determined. Therefore, if M,-Tm_p is the measured
DNA mass in the ith gel segment, the corresponding number of

fragments N,,, is determined by
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where M,, again, is the mid-range value in the ith interval. It should
be clear that in principle this is only an approximation. To illustrate the
difference let us suppose that the experimental and the theoretical
masses in the ith segment, M, and M/, , are identical. Then, if the
exact number of fragments is N, then the ratio of the approximated
value of the experimental number of fragments, N,.,, to the actual

one, is given by
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where use has been made of Egs. (2) and (3).
In ref. (37) the plots refer to the mass fraction distributions: the
plotted value corresponding to the ith gel segment is

Mr
8iexp = M L R (5)
gAlut

where M, is the total mass of the genome, and AM, is the width of
the segment, i.e., (M, — M,;). Then, the distributions of the mass
fraction are actually plotted, but we can call them mass distributions
without risk of confusion. Combining Eqgs. (3) and (5), the
experimental number of fragments N,,, is obtained by the reported
value g;.., by

i,ex] M AM[
Ny = L ©)
RESULTS

We present here the PARTRAC results for the DNA
fragment number spectra and the DNA mass distributions
for the four nitrogen ion beams specified in the previous
section, equal to those studied experimentally in ref. (37). In
that work, together with the plots of the DNA mass
distributions for the nitrogen beams, the analogous

distributions obtained after irradiation with “°Co 7 rays are
shown. Before proceeding with the description of the
results, we explain how the data are presented. Since the
plots in ref. (37) give the mass distributions through the
values g;., as explained in Eq. (5), we have conformed to
this description also for the PARTRAC data. The
experimental g;.,, redrawn in our graphs, have been
obtained from the plots of ref. (37). To make the
comparison between experimental and PARTRAC fragment
spectra, we obtained the experimental values N,,, through
Eq. (6). We emphasize that this procedure is explicitly
stated in ref. [(37; see Eq. (2)], although plots of fragment
spectra are not provided in that paper.
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FIG. 1. Initial DNA mass distribution (upper panel) and initial
DNA fragment spectrum (lower panel) plotted as a function of
fragment size after irradiation with 150 Gy of “°Co v rays: comparison
between experimental and PARTRAC data. In this figure and in Figs.
2-5 we have adopted the following common notations: in the x-axis
each size is positioned at the size corresponding to the mid-range
value of the corresponding size interval; errors for the experimental
data are taken from ref. (37), while errors for the PARTRAC data are
standard deviations of the results obtained in the performed runs
(however, in all cases these standard deviations are contained within
the symbol size).



RBE FOR DSB INDUCTION AFTER N ION IRRADIATION 693

We begin by first making the comparisons with the y rays
reference case; in Fig. 1 we plot the DNA mass distributions
and the DNA fragment spectra after irradiation with
photons, comparing the PARTRAC simulations and the
experimental determinations. There is clear agreement
between simulation and experimental data on both graphs.
Similar comparisons are made in Figs. 2-5 for the nitrogen
beams: 80 keV/um (64 Gy), 125 keV/um (100 Gy), 175
keV/um (140 Gy) and 225 keV/um (200 Gy), respectively.

The comparison between experimental and PARTRAC
data shows that for all mass distributions the agreement
appears reasonable. In addition, for the fragment spectra, the
agreement is also good for all size intervals except the
smallest one, 048 kbp. In this size interval [i = 1 in Egs.
(1-6)] the PARTRAC number of fragments N, , is much
larger than the experimental number N, .,,. Furthermore, Eq.
(4) suggests that the average mass M, ,, is much smaller than
the mid-range mass M, = 24 kbp (please note, that the
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FIG. 2. Initial DNA mass distribution (upper panel) and initial
DNA fragment spectrum (lower panel) plotted as a function of
fragment size after irradiation with 64 Gy of nitrogen ions with LET
equal to 80 keV/um: comparison between experimental and
PARTRAC data.
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FIG. 3. Initial DNA mass distribution (upper panel) and initial
DNA fragment spectrum (lower panel) plotted as a function of
fragment size after irradiation with 100 Gy of nitrogen ions with LET
equal to 125 keV/um: comparison between experimental and
PARTRAC data.

fragment masses can be indicated by their length). In Table
1 we give the value of the average fragment size in the
smallest size interval for the four nitrogen beams as
computed by PARTRAC using Eq. (2).

In Fig. 6 we plot the PARTRAC fragment number
spectrum for the nitrogen beam of 125 keV/um (in this case
the data are plotted in the form of a distribution, i.e., with
each number divided by the width of the corresponding bin)
in the first size interval, 0—48 kbp, with a much finer
binning within that interval. The two arrows in the plot
denote the mid-range value, 24 kbp, and the average mass,
which is about 6 kbp. We do not show analogous plots for
the other nitrogen beams, but we refer to Table 1 for the
average fragment lengths.

The large difference in the number of fragments in the
first size interval between the experimental evaluation and
the PARTRAC computation results in a considerable
difference in the total number of fragments, and therefore
in the DSB yield. Figure 7 shows the experimental yields
(squares surrounded by circles) and the PARTRAC yields
(triangles) as a function of LET, for the three LET values of
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FIG. 4. Initial DNA mass distribution (upper panel) and initial
DNA fragment spectrum (lower panel) plotted as a function of
fragment size after irradiation with 140 Gy of nitrogen ions with LET

equal to 175 keV/um: comparison between experimental and
PARTRAC data.

the nitrogen beams for which the experimental total number
of fragments is available (based on the mass distribution as
explained above). The y-rays case is plotted at the LET
value equal to 0.2 keV/um (the LET value usually
associated to 7y rays, corresponding to an average LET
value of the secondary electrons). While the experimental
and simulated data for 7y rays are essentially equal,
differences for the three nitrogen ion beams are clearly
evident. In Fig. 7 a third set of values (crosses) shows the re-
evaluated experimental yields, obtained by computing the
experimental number of fragments in the first size interval,
with Eq. (6), with the mid-range value M, = 24 kbp
substituted by the average mass value evaluated by
PARTRAC, and given in Table 1. As expected, these
corrected experimental yields are practically equivalent to
the PARTRAC yields, since the agreement between the
experimental and theoretical mass distributions is quite
good. The residual difference for the highest LET value can
be ascribed to the difference in the first point of the mass
distributions (Fig. 5, upper panel); a difference that is not
present for the other two nitrogen LET values (Figs. 3 and
4, upper panels) considered in Fig. 7. The PARTRAC RBE
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FIG. 5. Initial DNA mass distribution (upper panel) and initial
DNA fragment spectrum (lower panel) plotted as a function of
fragment size after irradiation with 200 Gy of nitrogen ions with LET

equal to 225 keV/um: comparison between experimental and
PARTRAC data.

values for DSB production for the three nitrogen beams of
Fig. 7 are 2.30, 2.35 and 2.68 for the nitrogen beam with
LET equal to 125, 175 and 225 keV/um, respectively, and
thus show a slight upward trend with increasing LET.

DISCUSSION AND CONCLUSIONS

The results of the PARTRAC simulations presented in
this article were compared with the experimental measure-
ments previously published (/8, 37). We found good
agreement for the DNA mass distributions, however
fragment spectra analysis revealed that for the nitrogen
beams especially for the points corresponding to the

TABLE 1
Average Fragment Size in the Fragment Size Range 0-48 kbp
for the Four Nitrogen Ion Beams as Computed by PARTRAC

LET (keV/pm)

Average size in the size range 0—48 kbp

80 16.6 kbp
125 6.0 kbp
175 4.8 kbp
225 2.4 kbp
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FIG. 6. Initial DNA fragmentation distribution, in the size interval
0-48 kbp, after irradiation with 100 Gy of nitrogen ions with LET
equal to 125 keV/um, as obtained with the PARTRAC code. The
distribution is obtained from the spectrum dividing by the width of the
corresponding bin, and using a quite fine binning within the interval.
Vertical arrows indicate the mid-range fragment length that has been
used in experimental data calculations (24 kbp) and the average
fragment length obtained from the PARTRAC data (6 kbp).

smallest size interval, 0—48 kbp data was widely divergent.
This disagreement with the experimental evaluation was due
to an assumption of the mid-range length, 24 kbp, instead of
the average length. With re-evaluation of the experimental
results, using a computed average length in the 0—48 kbp
size interval, results in an RBE for DSB production of about
2.3 for the nitrogen beams with LET values 125, 175 and
225 keV/um.

Clearly, procedure of using mid-range values instead of
average lengths was incorrect and has strong influence at
low-molecular weights while at high-molecular weights the
width of the interval is small with respect to its mid-range,
so that, even if the fragment distribution is not symmetrical
around the mid-range, the error introduced is small. In the
case of the y-rays fragment spectrum, the disagreement for
the smallest size interval was not present, due both to the
smaller number of small fragments produced and to a more
symmetrical distribution inside the smallest size interval, 0—
48 kbp.

The data strongly suggest that in this size interval the
nitrogen beams produce a nonflat fragment distribution as a
result of the complex structure of the fragment distribution
at small scale induced by high-LET irradiation. This
structure is completely lost if the distribution is substituted
by one symmetrically centered on the mid-range value, 24
kbp, as was assumed in the evaluation of the number of
fragments from the mass fraction by Hoéglund and
Stenerlow (37).

The repair efficiency is assumed to be affected mainly by
the DSB clusters (9), clustered DSB being likely a frequent
source of unrejoined DSB. Therefore, an underestimation of
the number of small fragments could result in an even more
marked underestimation of the number of residual DSB.
This in turn will lead to an underestimation of the RBE for
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FIG. 7. Comparison between curves of DSB/Gy/cell, i.e., the yield,
as a function of LET: experimental data (continuous line) (37) and
PARTRAC data (dashed line with A symbols). The dotted line with X
symbols is the experimental curve corrected using the average
fragment length obtained for the smallest fragment size interval, for
each LET value, with the PARTRAC code.

residual DSB for radiation of different qualities. As a
consequence, the inclusion of DSB associated with small
DNA fragments is of crucial importance in the construction
of a mechanistic model for the relationship between initial
damage, damage processing and late cellular effects. We
note that recently the ‘‘Local Effect Model” of Scholz and
collaborators has been updated with a version that gives
special consideration to the importance of clustered DSB
(38). In that model clustered DSB are those that occur, in
number of two or more in the same ‘‘giant loop™” (39) of the
chromatin organization. Therefore, in that model the cell
response at a given dose depends on the relative numbers of
loops with clustered and isolated DSB and takes into
account the role of DSB clusters in cell survival.

Another potentially important issue in modeling DNA
damage is that of heat labile sites. Investigators have found
that with a cold lysis protocol (40) the number of DSB
induced by low-LET radiation is about 30% less. In our
study we compare experiments done with standard (hot
lysis) protocols, and the initial damage in the simulations
includes conversion of heat labile sites to DSB. The
probability of DSB induction in our PARTRAC simulations
therefore reflects the experimental setup of hot lysis, and the
DSB yields therefore correspond to this condition. We note
that heat labile sites are found to be more related to indirect
effects (41); thus, the large production of small fragments
by high-LET ions, mostly due to direct effects, is largely
independent from them. Obviously, an explicit consider-
ation of heat labile sites would be necessary for compar-
isons with experiments done in cold lysis protocols, and it
may be of importance for the dynamics of DNA damage
response (42). Our present study does not deal with these
cases.

A detailed knowledge of the DSB distribution, and of its
dependence on track structure and on chromatin conforma-
tion, is only the first step in understanding the mechanisms
that lead to cellular end points such as cell death. Building a
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realistic model able to explain the paths responsible for
different cell fates would require, in addition, a quantitative
description of the processes playing a role in the repair
machinery. Since these processes depend on the character-
istics of the initial radiation induced damage, a proper
knowledge of these properties is a prerequisite for the
determination of cellular response to radiation damage.
Recent advances in the PARTRAC code has been extended,
with the non-homologous end-joining in DSB repair (42—
44), also modeled in ref. (45) other studies are now
considering radiation induced signal release [theoretically
and experimentally investigated in ref. (46—48)], that are
possibly responsible for the bystander effects (49, 50). The
validation process of these important model upgrades
requires that a satisfactory agreement be found with the
data on rejoining kinetics and on the cellular end points.
This process is still in its infancy (42—44, 50) and its
successful accomplishment could give the PARTRAC code
a powerful predictive power for radiation effects. Towards
this end, we believe that an exact determination of the initial
damage, and the help that current Monte Carlo code can
offer can help overcome current experimental limitations
and be a very useful tool to investigators.
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