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We studied the DNA fragmentation induced in human fi-
broblasts by iron-ion beams of two different energies: 115
MeV/nucleon and 414 MeV/nucleon. Experimental data were
obtained in the fragment size range 1-5700 kbp; Monte Carlo
simulations were performed with the PARTRAC code; data
analysis was also performed through the Generalized Broken
Stick (GBS) model. The comparison between experimental
and simulated data for the number of fragments produced in
two different size ranges, 1-23 kbp and 23-5700 kbp, gives a
satisfactory agreement for both radiation qualities. The Mon-
te Carlo simulations also allow the counting of fragments out-
side the experimental range: The number of fragments small-
er than 1 kbp is large for both beams, although with a strong
difference between the two cases. As a consequence, we can
compute different RBEs depending on the size range consid-
ered for the fragment counting. The PARTRAC evaluation
takes into account fragments of all sizes, while the evaluation
from the experimental data considers only the fragments in
the range of 1-5700 kbp. When the PARTRAC evaluation is
restricted to this range, the agreement between experimental
and computed RBE values is again good. When fragments
smaller than 1 kbp are also considered, the RBE increases
considerably, since y rays produce a small number of such
fragments. The analysis performed with the GBS model
proved to be quite sensitive to showing, with a phenomeno-
logical single parameter, variations in double-strand break

(DSB) correlation. © 2009 by Radiation Research Society
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INTRODUCTION

In experiments studying the response of cells to irradia-
tion with high-LET charged particles, one can consider end
points such as cell death, gene mutations and chromosome
aberrations as well as the level of initial DNA damage. It
is commonly accepted that late end points are a direct con-
sequence of the initial damage processing, and in particular
of DNA double-strand breaks (DSBs) (/-3). However, it
has been found that the RBE for initially induced damage
and the RBE for the late end points cited above are very
different, the former being generally between 1 and 2 (4),
much smaller than the latter, which have been found to
reach values up to about 10 (5-8). To explain this, the hy-
pothesis has been put forward that not only the number of
DSBs but also their distribution along the genome strongly
affects the cell fate; in particular, the reparability of a DSB
could be affected by the nearness, both spatial and genomic,
of other DSBs (3). Their distribution after irradiation with
a densely ionizing radiation is expected to be different from
that resulting by a random insertion of DSBs, since the
DSBs caused by a given track will be spatially correlated.
The correlation will also be determined by the chromatin
conformation, and since this conformation is quite com-
plex, forming several structures at different size scales,
from the nucleosome to the chromatin fiber loops, the sta-
tistical properties of the DSB distribution are not simple.
Indeed, while for low-LET radiation we expect to find DSB
correlation at the nucleosome size scale (9-117) and perhaps
up to a few kbp (/2), the DSB distributions after exposure
to high-LET radiation can also deviate from randomness at
large (more than 10 kbp) size scales (/3-17). It must be
emphasized that, even if these statistical properties could
be determined exactly, one would still face the problem of
establishing which of them have more influence on the pro-
cesses related to the repair of damage and therefore on the
cellular end points; in other words, one should find evi-
dence regarding which correlation size scale has more in-
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fluence on decreasing the efficiency of the repair machin-
ery.

In spite of this constraint, it is clear that a refined deter-
mination of the DSB distribution is an important step in
the study of the cellular response to high-LET radiation, an
issue that is very important in the framework of radiation
protection (particularly in space, in the case of long-term
manned missions) and of radiation therapy. In this context,
we studied the DNA fragmentation spectra produced in hu-
man fibroblasts by two different iron-ion beams, one of
energy 414 MeV/nucleon, and the other of energy 115
MeV/nucleon (with dose-averaged LETs in water equal to
202 keV/pm and 442 keV/pm, respectively). The study
was performed by analyzing the experimental spectra and
by comparing them with those computed using the Monte
Carlo PARTRAC simulation code (/8), which was recently
upgraded to simulate ions heavier than « particles (/9).
Using this code, we also determined the spectra outside the
experimentally observable DNA fragment size range (we
note that the fragment spectra are a direct consequence of
the DSB distribution). The purpose of the first part of our
work, i.e., of the comparison between experimental and
computed fragmentation spectra, is mainly the pursuit of a
validation of the recent extension of the PARTRAC code
to heavy ions; the motivation of the second part, i.e., of the
evaluation of the spectra outside the experimental range, is
the determination, as complete as possible, of the statistical
properties of the distribution of the DNA damage. Obvi-
ously, to be sufficiently confident in the data produced by
the code outside the experimental part, the comparison in
the observable range must give a satisfactory agreement.
We will show that this is the case. The experimental data
concern several doses up to 200 Gy, and the range of frag-
ment sizes is 1-5700 kbp. The analysis of the simulation
data outside this range is important basically for the frag-
ments smaller than 1 kbp, since for the doses under ex-
amination the number of fragments larger than 5700 kbp is
negligible. It will be shown that, including the fragments
smaller than 1 kbp, the RBE for DSB production increases
considerably, especially for the beam with the highest LET.
To compute these RBE values, we used the experimental
data (in the same size range 1-5700 kbp) and the PAR-
TRAC data for the fragment spectra after -y irradiation. The
marked increase of the RBE for DSB production when the
very small fragments (<1 kbp) are included in the evalu-
ation makes its value closer to the RBE values observed
for the late cellular effects cited previously, although the
difference is still pronounced, probably due to DSBs at dis-
tances below a few tens of bp, often described as “complex
lesions™ (20), or DSB++ (21). As we argue in the Dis-
cussion, this fact must be taken into consideration when
trying to make a correlation between the level of a given
late cellular effect and the number of such complex lesions.

In addition to the comparison with the Monte Carlo sim-
ulations, our analysis of the experimental data includes the
computation of phenomenological parameters that are re-

lated to the spatial correlation of the radiation-induced
DSBs. This calculation is based on the generalized broken
stick (GBS) model (22). The information provided in this
way is then put in correspondence with that obtained with
the simulations.

The agreement between the experimental data and the
PARTRAC simulation data was satisfactory for both iron-
ion beams, in particular if we consider that no adjustable
parameter is fitted a posteriori in the Monte Carlo code,
after they have been fixed for photon irradiation. Outside
the experimentally observable range, the most interesting
result is the large value and large LET variation of the
number of fragments smaller than 1 kbp.

MATERIALS AND METHODS
Cell Culture

AG1522 diploid primary human fibroblasts (Coriell Institute for Med-
ical Research) were grown as monolayers in a-MEM supplemented with
1 mM glutamine, 20% fetal calf serum, 2% Hepes buffer solution (1 M),
and 50 U/dm? of penicillin and streptomycin. Cells used for detection of
fragments in the size range 23-5700 kbp were cultured for at least five
generations in the presence of 1.85 X 10° Bg/cm? ['“C]thymidine (Nunc)
to reach and maintain confluence. Cells used for detection of fragments
in the size range 1-23 kbp were seeded at higher density and cultured
for three generations in the presence of 1.85 X 10* Bg/cm? [*H]thymidine.
The labeled medium was replaced with unlabeled medium 24 h before
irradiation. Cells were then detached and suspended at a final concentra-
tion of about 1.3 X 10°¢ cells/cm® in 0.8% (w/v) low-gelling agarose
(Sigma Type VII, Sigma Aldrich) made up in PBSS/EDTA buffer. A
volume of 85 pl of this suspension was pipetted into 7 X 5 X 2-mm
moulds (Bio-Rad) and allowed to form plugs at 4°C.

Irradiation

Cells embedded in agarose plugs were irradiated at 4°C with one of
the two iron-ion beams at the Heavy Ion Medical Accelerator (HIMAC)
of the National Institute of Radiological Sciences (NIRS), Chiba, Japan.
The maintenance of samples at low temperature to prevent DNA DSB
repair during irradiation was accomplished by the use of plug holders
that were especially designed to fit the slot of the T-25 flask holder at
HIMAC. Such plug holders have a pocket on the back where ice is put
to refrigerate the plugs. The iron-ion energies at the cell entrance were
414 MeV/nucleon and 115 MeV/nucleon, corresponding to dose-averaged
LETs in water of 202 keV/pum and 442 keV/um, respectively; doses up
to 200 Gy were delivered at a dose rate of about 10 Gy min~'; ®°Co vy
rays were used as the reference radiation at the Istituto Superiore di Sanita
(Roma, Italy); in this case, cells were embedded in agarose plugs and
irradiated at 4°C, and the dose rate was about 3.5 Gy min~'.

DNA Fragmentation Spectra

DNA fragmentation spectra were measured by gel electrophoresis us-
ing four different electrophoresis conditions, each optimized for the de-
tection of fragments in a particular size range. Three different conditions
of calibrated pulsed-field gel electrophoresis (PFGE) were used to detect
DNA fragments in the size ranges 9-23 kbp, 23-1000 kbp, and 1000—
5700 kbp, respectively; constant-field gel electrophoresis (CFGE) was
used for the detection of the smallest fragments (size range 1-9 kbp).

After irradiation, both '“C- and *H-labeled cells embedded in agarose
plugs were incubated in lysis solution (0.5 mol dm~3 EDTA, pH 8.0, 1%
sarkosyl, 0.5-1.0 mg ml~' proteinase K) for 1 h at 4°C followed by
overnight incubation at 50°C. After lysis, the plugs were washed with TE
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buffer and then stored in 0.5 mol dm— EDTA solutions, pH 8.0, with
the exception of the plugs used to detect 1-9-kbp fragments, which were
not washed but were instead kept in lysis solution to avoid the loss of
very small fragments.

DNA damage was evaluated by calibrated PFGE or CFGE using a
CHEF DRIII system (Bio-Rad). To separate large DNA fragments (1000—
5700 kbp), PFGE was performed in 0.75X TAE buffer (40 mM Tris-
acetate, 2.0 mM EDTA, pH 8.0) at 14°C for 44 h at 2 V/cm (switch time
1200 to 2400 s, angle 106°) followed by 4 h at 6 V cm~! (switch time 7
to 114 s, angle 120°). To separate intermediate and small DNA fragments
(23-1000 kbp, 9-23 kbp), PFGE was performed in 0.5X TBE buffer
(44.5 mM Tris, 44.5 mM boric acid, 1.0 mM EDTA, pH 8.0). In the
former case the run was carried out at 14°C for 18 h, 6 V cm~! (switch
time 50 to 90 s, angle 120°) and in the latter case at 14°C for 13 h, 7 V
cm~! (switch time 0.5-0.9 s, angle 120°). CFGE was used to separate
very small fragments (1-9 kbp). Plugs and their lysis solutions were
loaded in separate wells on the same 1% agarose gel in 1X TAE buffer
at 3.5 V.cm™! for 2 h at room temperature.

For both PFGE and CFGE, suitable size markers were used for gel
calibration, Low Range PFG Marker (BioLabs) and 1 kbp DNA Ladder
Marker (Gibco, Invitrogen) for PFGE, 100 bp DNA Ladder Marker (Gib-
co, Invitrogen) and DNA Size Standard 848 kb (Bio-Rad) for CFGE.

After electrophoresis, each gel lane was cut in accordance with the
specific molecular weight markers chosen to have conveniently spaced
zones; in turn, each zone was divided in several slices. Each slice was
incubated in scintillation vials with 0.5 cm?® of 1 M HCI and kept over-
night at 70°C to allow the gel to melt. Then 7 ml scintillation cocktail
(Ultima Gold XR) was added to each sample, and the '“C or *H activity
was measured using a liquid scintillation B-particle counter.

The fraction of DNA mass in each slice was derived by the normalized
activity in that slice, and the corresponding number of fragments was
evaluated by dividing the fraction of DNA mass by the mean molecular
weight of that slice. Then the total number of fragments (almost equal to
the total number of DSBs) induced in each size range was obtained by
summing up the contributions of the different slices considering both
electrophoresis conditions. More details on the experimental procedure
and DSB calculation can be found in ref. (/7).

Monte Carlo Simulations and Analysis of Data

The experimental data were analyzed in two ways. The first was
through the comparison of the fragment spectra with the results obtained
in Monte Carlo simulations with the PARTRAC code (/8); the second
was by the derivation, from the experimental spectra, of parameters re-
lated to the DSB correlation employing the GBS model (22). Both the-
oretical approaches have been described elsewhere; we summarize here
a few relevant details and refer the interested reader to refs. (/8) and (22)
for more information.

The biophysical simulation code PARTRAC combines an event-by-
event description of the radiation track structure in liquid water at the
nanometer level with an atom-by-atom representation of the biological
target (/8). The current version (/9) simulates the transport and interac-
tions of photons, electrons, protons, helium ions and heavier ions. In the
simulations, the DNA target represents the whole genome (about 6 Gbp)
of a diploid human fibroblast in its interphase, using six levels of DNA
organization (deoxynucleotide pair, double helix, nucleosome, chromatin
fiber, chromatin fiber loops and chromosome territories). This model nu-
cleus, embedded in a water environment, was irradiated with a parallel
beam, and the dose was calculated from the sum of the energies released
in all deposition events, assuming a nucleus density of 1.06 g/cm?®. The
radiation-induced DNA strand breaks were determined by the superpo-
sition of the track structure pattern of inelastic events with the DNA target
model. A strand break can be produced by a direct (and “‘quasi-direct’)
effect or by an indirect effect. It was assumed that a single-strand break
(SSB) may be produced by an inelastic energy deposition larger than 5
eV in the volume occupied by the sugar-phosphate backbone (direct ef-
fect) or in the water shell surrounding the double helix (quasi-direct ef-

fect); the probability of producing an SSB is 1 if the released energy is
larger than 40 eV, and it increases linearly from O to 1 for energies
between 5 eV and 40 eV. An SSB is produced by an indirect effect, with
a probability of 65%, by the interaction with the sugar-phosphate back-
bone of an ‘OH resulting from ionized or excited water molecules. A
DSB was assumed to occur when two SSBs were found on opposite
strands within 10 bp. At the end of each simulation, the length of frag-
ments was determined from the genomic distances between two adjacent
DSBs (that could have been produced by the same ion track or by two
different ion tracks) or between a DSB and a chromosome end; the num-
ber of fragments for each size range was then obtained.

The starting consideration in the GBS model was as follows: Not all
the DSBs revealed through electrophoresis are induced by the radiation.
In the genome, there are always endogenous breaks. Other breaks are
caused by the procedures related to the electrophoresis itself. This is
modeled by randomly inserting the radiation-induced DSBs on an ensem-
ble of DNA molecules whose size distribution is equal to the fragment
size distribution measured in the control sample (suitable extended to
sizes above the experimental size range). The plausible motivations and
the limitations of this method have been discussed elsewhere (22). A
similar treatment for the background fragmentation is found in ref. (23);
a procedure for systematic subtraction of the background DSBs is given
in ref. (24). The relevant point here is how the model is used to extract
parameters related to the DSB correlation from the experimental data. In
a random insertion of the DSBs, the governing quantity is the yield, i.e.,
the number of radiation-induced DSBs per unit dose and unit DNA
length. The following three size ranges were chosen: 1-9 kbp for small
fragments, 145-750 kbp for intermediate fragments, and 750-2700 kbp
for large fragments. These ranges were chosen because we wanted to
have three ranges associated, respectively, with small, intermediate and
large fragments without the need to cover the full experimental range;
the somewhat larger experimental uncertainties in the size range 9-23
kbp and for sizes larger than 2700 kbp suggested our choice. The number
of fragments in each of the three ranges and for each experimental dose
was computed with the GBS model, leaving the yield as a free parameter.
Therefore, for each size range and for each dose, the model gave the
corresponding number of fragments as a function of the yield. Optimizing
the value of the yield by fitting the computed number of fragments to
the measured number (for each size range and for each dose), three dose-
dependent yields were computed, denoted by y,, y, and y; and corre-
sponding to the three ranges 1-9 kbp, 145-750 kbp and 750-2700 kbp,
respectively. These yields, as shown below, are the basis of the data
analysis.

RESULTS

For the two iron-ion beams, we obtained experimental
data in the range 40-200 Gy for the two size ranges 23—
1000 kbp and 1000-5700 kbp, while for the two size ranges
1-9 kbp and 9-23 kbp, the data were obtained in the range
100-200 Gy. By plotting the number of fragments in the
size ranges 1-23 kbp and 23-5700 kbp as a function of
dose, the data can be fitted very well with a linear function,
so that it is possible to define separate radiation-induced
DNA DSB yields in these two ranges; the yields are given
by the slopes of the fitting lines. These measured values for
the DNA DSB yields are reported in the first and third rows
of data in Table 1 (for the 115 and 414 MeV/nucleon
beams, respectively). The plots themselves are shown in
Fig. 2 below and will be discussed later, together with the
PARTRAC simulations. The column ‘all sizes” in Table
1, which for the experimental data concerns fragments in
the range 1-5700 kbp, gives the total experimental yield,
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TABLE 1
DNA DSB Yields, in Units of (Gy Gbp)~!, Evaluated in Various Size Ranges, Obtained from Experimental
Data and from Simulation Data

Radiation type <1 kbp 1-23 kbp 23-5700 kbp >5700 kbp All sizes RBE
Iron ions, 115 MeV/nucleon Experimental 2.50 = 0.74 5.76 = 041 8.26 £ 0.85 1.34 = 0.17 (1-5700 kbp)
(1-5700 kbp) 1.09 = 0.12 (23-5700 kbp)
Iron ions, 115 MeV/nucleon PARTRAC 8.99 2.10 5.29 0.35 16.73 2.39 (All sizes)
1.15 (1-5700 kbp)
0.87 (23-5700 kbp)
Iron ions, 414 MeV/nucleon Experimental 2.27 = 0.49 7.14 = 0.58 941 = 0.76 1.52 £ 0.16 (1-5700 kbp)
(1-5700 kbp) 1.36 = 0.15 (23-5700 kbp)
Iron ions, 414 MeV/nucleon PARTRAC 2.90 2.13 8.26 0.11 13.40 1.91 (All sizes)
1.62 (1-5700 kbp)
1.35 (23-5700 kbp)
Gamma rays Experimental 0.90 = 0.18 527 = 041 6.17 = 0.45
(1-5700 kbp)
Gamma rays PARTRAC 0.30 0.31 6.10 0.30 7.01

Notes. The data on <y rays, only partially plotted in this work in Fig. 3, are from refs. (4, 22). The last column gives the RBE values in the different

size ranges.

i.e., the sum of the two partial yields. From these values it
is possible to evaluate the fraction of small fragments in
the range 1-23 kbp with respect to the total number of
fragments in the range 1-5700 kbp. It turns out that for the
115 MeV/nucleon iron ions the small fragments (1-23 kbp)
represent about 30% of the total, while for 414 MeV/nu-
cleon iron ions they represent about 24% of the total. The
fifth row of data in Table 1 shows the corresponding values
for vy rays, and one can see that in this case the small frag-
ments decrease to about 15% of the total. Table 1 contains
also the RBE values for DSB induction, i.e., the ratio be-
tween the DSB yield for iron ions and that for y rays, and
the data obtained from the PARTRAC simulations. We dis-
cuss these further data together below.

Analysis of Data

The basic idea in the use of the parameters y,, y, and y;,
introduced previously in the Materials and Methods, was
that they should all be equal and independent of dose if

115 MeV/nucleon 414 MeV/nucleon
¢ LI
& 10 10 {
£ t
o ¢
Q Q ) B [}
L —— i AR
0 50 100 150 200 250 0 50 100 150 200 250
D (Gy) D (Gy)

FIG. 1. Parameters R,, (open circles) and R, (full circles) plotted on a
semilog scale as a function of dose. Error bars are obtained by error
propagation from experimental data. These parameters are defined by R,
= y,/y, and R, = y,/y,, where y,, y, and y, are the yields of fragments
in the size ranges 1-9 kbp, 145-750 kbp and 750-2700 kbp, respectively.
These yields are computed by a fitting procedure in the framework of the
GBS model, as explained in the text. Error bars are SE.

radiation produced a random distribution of DSBs. One ex-
pects that the more the ratio between DSB yields evaluated
in two size ranges is different from 1, the more DSBs are
induced nonrandomly by radiation. As a rule of thumb, it
is possible to say that if y, is greater than y, then the DSB
correlation at the length scale corresponding to the ith size
range is larger than at the length scale corresponding to the
Jjth size range. We therefore defined the two ratios R, = y,/y,
and R, = y,/y, and studied them as a function of dose for
all radiation qualities. The subscripts s and m recall that R,
and R, give information on “small” and “medium” frag-
ments, respectively.

In Fig. 1, the values of R, and of R, are given for 414
and 115 MeV/nucleon iron ions. We first discuss the results
for R,,. Taking into account the size of the propagated ex-
perimental errors, we can say that for both energies the
parameter R, is significantly larger than 1. For 414 MeV/
nucleon iron ions, R,, shows a marked decrease with dose,
while the decrease for 115 MeV/nucleon iron ions is much
less pronounced. We can therefore conclude the following.
The DSBs induced by both iron-ion beams are more cor-
related in the range 145-750 kbp than in the range 750-
2700 kbp; for doses higher than 100 Gy, it appears that this
difference in correlation tends to decrease for 414 MeV/
nucleon iron ions, while it remains almost the same for 115
MeV/nucleon iron ions (at least for the doses considered in
our experiments). The data for y rays (not plotted) show
that, considering the experimental uncertainty on R,,, no
difference between the two size ranges can definitely be
inferred.

The results for R, for to the size range 1-9 kbp are very
interesting. In this case the difference between the two iron-
ion beams is considerable. The R, values for 115 MeV/
nucleon iron ions are between 10 and 15, while those for
414 MeV/nucleon iron ions are between 5 and 10; this
points to a DSB correlation at the scale 1-9 kbp that is
significantly higher at each dose for 115 MeV/nucleon iron
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FIG. 2. Number of fragments per Mbp as a function of dose for 115
and 414 MeV/nucleon iron-ion beams in the two size ranges indicated.
Full circles: experimental data with error bars. Open circles: PARTRAC

data; these data are linked by lines as a guide to the eye. Error bars are
SE.

ions than for 414 MeV/nucleon iron ions. Comparing the
R, values and R, values for each dose, we see that the
former are much larger than the latter, indicating that iron
ions induce DSBs more strongly correlated at the scale 1-9
kbp than at the scale 145-750 kbp. The data for y rays (not
plotted), indicate some DSB correlation at the scale 1-9
kbp only for the highest dose; such an effect, due to the
proximity of two DSBs in a short piece of a chromatin fiber,
has been calculated in ref. (/2).

We expect that both R, and R, will decrease to 1 (i.e.,
toward the value characterizing a random insertion of
DSBs) at sufficiently high doses for both radiation qualities,
when many independent tracks contribute to DSB produc-
tion; besides, it is not surprising that this decreasing trend,
in the dose range studied here, is more evident for the ra-
diation with lower LET. However, we cannot produce a
quantitative argument to predict the dose range where, for
a given radiation quality, the two parameters will be prac-
tically equal to 1.

PARTRAC Simulations

Plots of the number of fragments (normalized per Mbp)
as a function of dose, as obtained from the experimental
data and as computed in the PARTRAC simulations, are
shown in Fig. 2. In this and the following figures, no error
bars are shown for the Monte Carlo data, since the com-
puted statistical errors are contained within the symbol size.
The calculated data are within the experimental uncertainty
for the size range 1-23 kbp for both energies; for the size
range 23-5700 kbp we note that PARTRAC data underes-

0.06 35
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FIG. 3. Left panel: PARTRAC data for the number of fragments per
Mbp larger than 5700 kbp for 115 MeV/nucleon iron ions (full circles)
and 414 MeV/nucleon iron ions (open squares). Right panel: PARTRAC
data for the number of fragments per Mbp of size less than 1 kbp and of
all sizes. Open circles and open squares: total numbers of fragments of
all sizes for 115 and 414 MeV/nucleon iron ions, respectively. Full circles
and full squares: numbers of fragments smaller than 1 kbp for 115 and
414 MeV/nucleon iron ions, respectively (lines are a guide to the eye).
The upper and lower dashed lines represent the total numbers of frag-
ments of all sizes and numbers of fragments smaller than 1 kbp for v
rays, respectively.

timate experimental data for 115 MeV/nucleon iron ions
slightly, while there is a small overestimation for 414 MeV/
nucleon iron ions. However, emphasizing again that no a
posteriori adjustment in the code parameters was done, af-
ter their fixing in the case of photon irradiation, we con-
clude that the agreement can be considered satisfactory for
both energies.

As pointed out earlier, this good result led us to study
the PARTRAC data outside the experimental size range.
The number of fragments larger than 5700 kbp is plotted
in the left panel of Fig. 3; we see that this number (small
for all our doses) decreases with increasing dose. This de-
crease of the larger fragments with dose is to be expected,
since the increasing number of DSBs with dose will de-
crease the probability that a large DNA fragment will re-
main free of DSBs. In the right panel of the figure, we show
the number of fragments smaller than 1 kbp and the total
number of fragments. Three things should be emphasized
for fragments smaller than 1 kbp. The first is their large
number for both iron-ion energies; the second is that, within
this large contribution in both cases, the relative weight
with respect to the total number of fragments is very dif-
ferent: about 50% for 115 MeV/nucleon iron ions and
somewhat more than 20% for 414 MeV/nucleon iron ions.
We argue that this large difference reflects the difference in
the track structure. In fact, the more energetic (on average)
secondary electrons created by the more energetic beam
should travel further (on average) from the track core, and
this could decrease, with respect to the less energetic beam,
the number of very small fragments. Finally, the total num-
ber of fragments caused by vy rays is roughly half of that
caused by iron ions at the corresponding dose, and the num-
ber of fragments smaller than 1 kbp is small, as seen in
Fig. 3.

The PARTRAC results and their comparison with the
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FIG. 4. Number of fragments per Mbp for experimental data with error
bars in the whole observable range 1-5700 kbp (open squares) and PAR-
TRAC data in the range 1-5700 kbp (full squares); PARTRAC data in

the entire range (full circles). PARTRAC data are linked by lines as a
guide to the eye. Error bars are SE.

experimental data are summarized in Table 1. In contrast
with what was done in the case of the experimental data,
we computed the PARTRAC yields in the different ranges
by simply dividing the results for the number of fragments
per Mbp obtained for 100 Gy by 100; this does not intro-
duce appreciable effects on the comparison with the exper-
imental yields, since, as for the latter data, the PARTRAC
results in the ranges 1-23 kbp and 23-5700 kbp are very
well represented by a linear function. This also happens, as
seen in the right panel of Fig. 3, for the PARTRAC data
for fragments smaller than 1 kbp; the corresponding yields
are given in the first column of data in Table 1. Obviously
this is not true for fragments larger than 5700 kbp (left
panel of Fig. 3), and, as a consequence, the yield defined
as above is not reliable (or better, no yield should be de-
fined) for this size range. However, the very small number
of such large fragments makes this incorrect definition
quantitatively irrelevant for our purposes. It should be clear
that experimental RBEs shown in Table 1 were obtained
using the experimental yields for both the iron-ion beams
and vy rays, while the PARTRAC RBEs were obtained using
PARTRAC yields for both the iron-ion beams and +y rays.
The following should be noted. For both iron-ion beams,
the PARTRAC values are within the corresponding exper-
imental values when error bars are considered (apart from
a deviation for 23-5700 kbp for 115 MeV/nucleon iron
ions). However, taking into account all sizes in the simu-
lations (which essentially means taking into account frag-
ments smaller than 1 kbp), the RBE increases considerably;
in fact, not counting fragments smaller than 1 kbp strongly
underestimates the yield, since the number of such small
fragments is small in the case of y rays. Consistent with
the difference in the yield of these small fragments for the
two iron-ion beams, the difference between the PARTRAC
yield for all sizes and the experimental yield is larger for
115 MeV/nucleon iron ions.

To complete the comparison, in Fig. 4, we show the total
experimental numbers of fragments and the PARTRAC val-
ues in the experimental range 1-5700 kbp and for frag-
ments of all sizes. We note that the slight PARTRAC un-

derestimation and overestimation in the size range 23-5700
kbp for 115 and 414 MeV/nucleon iron ions, respectively,
is decreased when we consider the total experimental range
1-5700 kbp.

DISCUSSION

This work is a part of our research program in which we
plan to study the DNA fragment spectra produced by dif-
ferent radiation qualities, with an integrated approach that
includes the analysis of the experimental spectra with the
GBS model and their comparison with the PARTRAC-sim-
ulated spectra. We have already considered low-energy pro-
ton and a-particle beams (25), and we have recently begun
to study iron ions (26), taking advantage of the extension
of the PARTRAC code (19).

As we explained in the Introduction, our purpose is two-
fold: to validate the simulation code and to characterize the
spectra, both with the phenomenological description of the
GBS model and with the computation of the numbers of
small fragments smaller than 1 kbp.

In addition to the validation obtained for light ions, this
further validation for heavy ions like iron is important,
since the PARTRAC code, even if it is considered to be an
ab initio Monte Carlo code, without a posteriori parameter
adjustments (after the original values for photon radiation),
relies on quantities that have not yet been firmly estab-
lished, such as the probability of formation of an SSB by
a direct energy deposition or by an "OH attack or the ge-
nomic distance of two SSBs on opposite strands forming a
DSB. On the other hand, the experimental data also suffer
from the presence of uncertainty sources. The most relevant
are the presence of a background fragmentation and the
probable induction of extra DSBs during the measurement
procedures (27). The first factor prevents the comparison
of detailed experimental spectra (i.e., with narrow size
ranges) with PARTRAC simulations, where radiation inter-
acts with an intact genome. However, in larger size ranges
such as those presented in Fig. 2 (with the extension of a
size range measured relative to its average size) the radia-
tion-induced DSBs can be computed experimentally by
subtraction, and the comparison with the simulations can
be performed. The second factor, e.g., the presence of heat-
labile sites, while it could lead to an overestimation of the
DSB yield in the measured size range (27, 28), should af-
fect the RBE values, given by a ratio of yields, much less
(although it is not clear whether heat-labile sites are pro-
duced at different rates by vy rays and heavy ions).

The phenomenological analysis provided by the GBS
model takes into account the background fragmentation
when extracting the parameters characterizing nonrandom
DSB induction from the experimental data, which indicate
the length scales at which DSBs are more correlated. In
this sense, this approach can be considered to be comple-
mentary to the PARTRAC simulations. It is useful to make
a comparison with a recent study (29) in which DNA frag-
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mentation spectra after irradiation with nitrogen-ion beams
of several different of LETs were analyzed using the RLC
model (30). This model assumes that the DSB pattern is
the result of the distribution of DSB clusters along the ge-
nome; while the clusters are randomly located, the distri-
bution of fragment lengths caused by the DSBs in a cluster
follows a certain probability function. The difference be-
tween radiation qualities should be described by the differ-
ences in the features of this probability function and in the
mean number of DSBs per cluster. Although the radiation
qualities studied in ref. (29) are different from those con-
sidered here, some relevant results are similar; in particular,
the nonrandom nature of DSB induction by the nitrogen
ions is represented by the fitted mean number of DSBs per
cluster (29), which is definitely larger than 1 (1 DSB per
cluster is equivalent to the broken stick model, i.e., to ran-
domly located DSBs). Also, a decrease with dose in the
number of large fragments is also seen; in the RLC model,
this is explained mechanistically by the interlacing of clus-
ters.

The statistical properties of the radiation-induced DSBs,
and thus the fragment spectra, do not depend only on LET.
In fact, for a given spatial organization of the target DNA,
the DSB spectrum will depend on the track structure, which
in turn is not uniquely determined by the LET of the ra-
diation (/9). In particular, radiations with similar (high)
LET can have very different track structures, if, e.g., they
are made of ions of quite different charges. This indicates
that each radiation quality should in principle be studied
separately. More practically, one should consider as many
different cases as possible. As mentioned above, we have
begun this effort with the study of low-energy light ions,
and we have recently turned our attention to higher-energy
heavier ions.

The two high-LET iron-ion beams considered in this
work show interesting differences that can be observed in
Table 1 and Fig. 1. The intricate relationship between the
target pattern and track structure, mentioned above, does
not allow us to make reliable predictions based on the DSB
yield in a partial size range of the DSB yield in another
partial size range. We have a manifestation of this in the
PARTRAC data for the two lower size ranges. We see in
Table 1 that, while the yield of fragments in the size range
1-23 kbp is similar for the two iron-ion beams, as also
found experimentally, the yield of fragments smaller than
1 kbp is considerably larger for the higher-LET beam, being
about half of the total yield. One can argue that the higher
energy of the lower-LET beam causes a larger radius of the
tracks, and this in turn causes a smaller interaction with the
lowest levels of the DNA spatial organization. However,
when we look at the DSB correlation using the parameter
R, of the GBS model instead of at the DSB yield, we also
find a large difference between 115 MeV/nucleon iron ions
and 414 MeV/nucleon iron ions in the experimental size
range 1-9 kbp. This is a further confirmation that the in-
formation provided by the two computational approaches

is complementary; in particular, the GBS model appears to
be quite sensitive to variations in DSB correlation.

The PARTRAC simulation data show that, both for 115
and 414 MeV/nucleon iron ions, the RBE for DSB induc-
tion is greatly underestimated in the experimental deter-
mination, which does not count fragments smaller than 1
kbp. The higher PARTRAC values are still far from the
RBE values for the late cellular end points referred to at
the beginning, i.e., aberrations, mutations and cell death.
The strong dependence on radiation quality of these late
effects, much higher than that of DSB induction, could be
explained by the damage processing after irradiation and
by the dependence of this processing on the initial damage
pattern, taking into account the dependence of the yield of
complex DNA lesions on radiation quality. In particular, the
repair efficiency of a DSB, as mentioned in the Introduc-
tion, may depend on the proximity of other DSBs. There-
fore, the results of the PARTRAC simulations presented
here could be interpreted as follows. The considerably high-
er RBEs for DSB induction when fragments smaller than
1 kbp are counted should probably be taken into account
among the possible reasons for the higher biological effec-
tiveness (for cellular end points) of high-LET radiations.
However, at the same time, the still large difference with
respect to the RBEs of these late effects is a probable in-
dication that repair of DSBs is hindered when they are in
proximity.
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