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The biophysical simulation tool PARTRAC contains modules for DNA damage response representing non-homologous end
joining of DNA double-strand breaks (DSB) and the formation of chromosomal aberrations. Individual DNA ends from
the induced DSB are followed regarding both their enzymatic processing and spatial mobility, as is needed for chromosome
aberrations to arise via ligating broken ends from different chromosomes. In particular, by tracking the genomic locations
of the ligated fragments and the positions of centromeres, the induction of dicentrics can be modelled. In recent
experiments, the impact of spatial clustering of DNA damage on dicentric yields has been assessed in A;, human-hamster
hybrid cells: Defined numbers of 20 MeV protons (linear energy transfer, LET 2.6 keV/um), 45 MeV Li ions (60 keV/um)
and 55 MeV C ions (310 keV/um) focused to sub-pm spot sizes were applied with the ion microbeam SNAKE in diverse
grid modes, keeping the absorbed dose constant. The impact of the pm-scaled spatial distribution of DSB (focusing effect)
has thus been separated from nm-scaled DSB complexity (LET effect). The data provide a unique benchmark for the model
calculations. Model and parameter refinements are described that enabled the simulations to largely reproduce both the
LET-dependence and the focusing effect as well as the usual biphasic rejoining kinetics. The predictive power of the refined
model has been benchmarked against dicentric yields for photon irradiation.

INTRODUCTION pronounced for higher numbers of protons on larger
grids, and focusing Li ions in spots of 5, 10 and 20 ions
with enlarged grids to keep the applied dose constant
showed similar enhancements™.

The experiments with focused ion bunches provide
unprecedented data for testing the underlying
assumptions and improving the predictive power of
mechanistic simulations. PARTRAC is a state-of-the-art
tool for Monte Carlo simulations of radiation track
structures, damage induction in cellular DNA, DSB
repair via non-homologous end joining® and induction
of chromosomal aberrations (CA), in particular
dicentrics®. Nanoscale DNA damage and its microscale
distribution are explicitly considered. However,
simulations with model assumptions and parameters
used so far® failed to properly match the focusing effect

The enhanced biological effectiveness of high-LET
compared to low-LET radiation has been related to the
clustering of DNA lesions(). As experimental studies
resolving DNA damage patterns on nanometer scales are
not yet feasible, this finding is mainly based on track
structure simulations that show increased lesion
complexity in terms of DNA double-strand breaks
(DSB), strand breaks, and damaged bases in close
vicinity®. In the dose regime of medical applications
there is another difference on a larger, (sub-)um spatial
scale: While DNA lesions from low-LET radiation are
distributed randomly, high-LET radiation produces
lesions highly non-homogeneously, along a few straight
lines. Recently, the impact of this (sub-)um-scaled
difference on diverse biological endpoints has been

addressed by innovative experiments with focused
beams of protons mimicking single traversals of high-
LET ions®: Compared with broad-beam proton
irradiation, focusing 117 protons of 20 MeV energy
(LET: 2.6 keV/um) to sub-pm sized bunches increased
the formation of micronuclei and dicentrics by factors of
1.2 and 1.6, respectively; however, these ratios were far
below those (2 and 3.9) for single 55 MeV C ions (LET:
310 keV/um) on the same quadratic grid of 5.4 um x
5.4 um. The enhancing effect on dicentrics was more
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for protons and Li ions as well as the dependence on ion
type (or LET) in single-ion irradiation modes™?.

In this work, parameter studies with the PARTRAC
CA model on existing®*® and new data for C ions are
reported. The simulations were aimed at reproducing the
dependence of dicentric yields on ion type and focusing,
maintaining consistence with biphasic repair kinetics as
observed in experiments with unfocused ion beams®).
To test its predictive power, the resulting model has been
benchmarked against dose-dependent dicentrics after
photon irradiation for AL cells and human lymphocytes.
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METHODS

Experimental data

Ar hybrid cells, which contain the standard set of
Chinese hamster ovary chromosomes plus a single copy
of human chromosome 11 yielding a modal number of
21 chromosomes!?), were irradiated at SNAKE by
single ions or ion bunches in various regular grids with
almost the same dose of ~1.7 Gy®. The bunch profile
was approximately Gaussian with an elliptical shape
with full width at half maximum of about 0.5 % 1.0 pm?.
Particle types, initial energies, grid sizes and numbers of
ions per spot are listed in Table 1 together with measured
yields of dicentrics per cell. New results for 1,2 and 4 C
ions on correspondingly increased grid sizes are
presented together with earlier measurements®*),

Table 1: Setup of experiments, measured dicentric yields
and results of initial damage calculations with PARTRAC.

lon Grid lons  Measured Calc. Calc. Calc.
type & size per  dicentrics dose DSB dirty
energy (um) spot per cell (Gy) per ends
(MeV) (£SE) cell (%)
H 20" 0.5 1 0.047£0.009 1.72 54 385
H 20* 54 117 0.083+0.011 1.73 55 387
H20* 76 232 0.114+0.016 174 55 39.0
H20" 106 451 0.137+0.018 1.76 56 385
Li45* 23 1 0.097+0.011 187 101 605
Li45* 54 5 0.120+0.013 170 92 603
Li45* 76 10 0.145+0.014 1.72 93 60.3
Li45* 106 20 0.200+0.016 179 99 59.9
C55 5.4 1 0.197+0.012
C55 54 1 0.306+0.020 181 130 842
C55 7.6 2 0.191+0.020 1.83 134 84.2
C55 106 4 0.073+0.015 1.88 135 84.2

*earlier experiments™; “earlier experiments®

Simulation calculations with PARTRAC

The biophysical Monte Carlo tool PARTRAC® has
been used to calculate initial DNA damage after
gridwise ion irradiation of spherical model nuclei with
10 um diameter; details on methods and parameters of
the simulation of ion-induced DNA damage have been
reported elsewhere(!D. All material traversed before
reaching the cell® and its biological matter were
approximated by liquid water. AL cell chromosomes
were approximated by two copies of chromosomes 1-11
in a model of a human lymphocyte, yielding 4.22 Gbp
total genomic length. Initial DNA damage patterns have
been simulated in 1000 cells for 11 grid irradiation
schemes corresponding to the experiments.
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Figure 1. Scheme of DNA repair and CA model in PARTRAC.
Different plausible mechanisms for misrejoining of broken
DNA ends formed by DSB are indicated by boxes.

The DNA repair and CA model (Fig. 1) starts from
the spatial distribution of individual ‘clean’ and ‘dirty’
DNA ends formed by DSB; dirty ends arise from nearby
single-strand breaks and/or base lesions, while clean
ends lack such additional damage. The model considers
a mobilization step of DNA ends, e.g. by chromatin
remodeling. Most immobile DNA ends create a synaptic
complex with the previously linked end quickly after
DNA-PK attachment; this leads to correct rejoining.
Mobile ends and immobile ends with delayed DNA-PK
attachment may diffuse away from their original partner
before the synaptic complex is formed; this may lead to
misrejoining events. Misrejoining also results from
multiple DSB in close vicinity since very short DNA
fragments (<25 bp) are assumed to be unrejoinable.
Misrejoining of DNA ends from different chromosomes
is mandatory for dicentrics formation.

Since earlier modelling attempts failed to reproduce
both the impact of ion type and focusing on dicentrics
yields after proton and Li ion irradiation®, in this work
the hypotheses linked to misrejoining have been
critically reviewed in numerous simulations aimed at
matching the data in Table 1. First of all, model
parameters have been varied that govern the
classification of clean and dirty DNA ends into mobile
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and immobile ones, which is crucial for the misrejoining
mechanism described above, i.e. early loss of proximity
between the partner DNA ends. Alternatively, plausible
mechanisms have been considered that may act later
during repair, namely break-up or mutual interaction of
synaptic complexes (Fig. 1). Moreover, DNA end
motion confined to the vicinity of nuclear attachment
sites has been varied; it determines the balance between
intra- and inter-chromosomal misrejoining during later
repair phases. The influence of the assumed size of
centromeres was tested too. Parameters on late repair
kinetics have been adjusted to maintain the biphasic
decrease of unrejoined DSB fractions, requiring that
unrejoined DSB after 24 h depend on ion type stronger
than on focusing. To help obtain such results, a grid of
repair centers has been introduced that slightly attract
free DNA ends. Time constants of the presynaptic phase,
synapsis parameters, diffusion coefficients and further
parameters were adopted as in earlier simulations*©),
For fragments up to a few kbp, joining of their ends has
been suppressed; otherwise about 75% of total ring
formation arise from such short fragments©®,

Due to the stochastic nature, complexity and the
related computational expensiveness of the simulations,
standard optimization and sensitivity analyses could not
have been performed. Instead, parameters in about 200
setups have been varied manually. Ranked by the sum
of weighted squared deviations from the data, the best
simulations matched in particular the focusing effect for
protons.

To test its predictive capability, the model setup
resulting from this optimization has been adopted for
simulating dose-dependent dicentric yields for the same
AL cell line and human lymphocytes after X-ray and
%0Co y-ray irradiations(1>-19),

RESULTS

The calculated yields of DSB and the fractions of dirty
DNA ends listed in Table 1 are for a given dose fully
determined by ion type and energy; they do not depend
on focusing (grid size and number of ions per spot).

In many simulations on dicentrics, the focusing effect
for protons and the LET effect between single Li ions
and protons were overestimated as reported earlier™;
this trend was rather robust against many variations.
Both discrepancies were substantially reduced when the
restrictions on DNA end mobility around the assumed
nuclear attachment sites were relaxed to ~0.8 um,
independent of the genomic length to the free DNA end.
The agreement with data has not been improved by
considering break-up or interaction of synaptic
complexes as major misrejoining mechanisms. Yet, a
weak break-up contribution was needed to ensure that
the fractions of unrejoined DSB 1 day post irradiation
depend on LET stronger than on the focusing.
Modifying the isotropic diffusive motion of DNA ends
by a slight attractive force towards a grid of ‘repair

centres’ also acted in this direction. The best simulations
with and without repair centres are compared to
experimental data in Fig. 2.
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Figure 2. Yields of dicentrics in Ap cells after microbeam
irradiation with focused ion beams. Symbols: experiments,
black lines: calculation with repair centres, grey lines:
calculation without repair centres.

Finally, dose-dependent yields of dicentrics after
photon irradiation have been simulated and compared to
measured data for AL cells!? and lymphocytes(31¥
(Fig. 3). These tests demonstrate that the reported model
modifications have improved its predictive capability,
since earlier calculations®”) overestimated measured
data by factors of 2 — 5.
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Figure 3. Measured dicentric yields in Ay cells!'? after 70 kV
X-ray and ®Co y-irradiation, and in human Iymphocytes!*!¥
after °Co y-irradiation, compared to PARTRAC calculations.

DISCUSSION AND CONCLUSION

The induction of dicentrics by focused ion beams has
been utilized to improve the DNA repair and CA model
of PARTRAC. Both the observed focusing and LET
effects are reproduced far better than previously.
Consideration of repair centres did not improve this
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agreement but did help towards obtaining the (expected)
LET-dependent kinetics. However, the increasing
dicentric yields with increasing number of Li ions per
spot could not be reproduced; virtually all performed
simulations predict already for Li the inversed effect
that, however, is observed for C ions only.

Simulations on dose-dependent induction of
dicentrics in A cells after °°Co y-ray irradiation with the
updated model show improved predictive capability,
although around 1 Gy the measurements are exceeded
by a factor of 2; at higher doses the deviation is reduced.
Experiments with X-ray irradiation are well reproduced
between 0.5 and 4 Gy by the simulations. However, the
observed difference between 70 kV X-rays and ®Co -
rays is not reflected by the simulations. Simulations for
human lymphocytes largely agree with experiments up
to 3 Gy of %°Co y-rays. Dose-dependent yields for AL
cells and human lymphocytes run parallel in both the
experimental data and simulations; however, the
calculations underestimate the measured difference
between the cell lines.

Approximating AL chromosomes by two copies of
human lymphocyte chromosomes 1-11 underestimates
their genome size of about 90% of the genomic DNA in
human cells!"®. Furthermore, three AL chromosomes are
rather large('?, dissimilar to human cells. These
differences might have influenced the simulated results,
in particular regarding the cell-type dependences.

Taken together, the experiments with sub-um focused
beams continue to represent a challenge and a valuable
benchmark to mechanistic modelling. The DNA repair
and CA model in PARTRAC has been adjusted to better
represent these experiments. The adjusted model shows
improved predictive capabilities: It did not deviate from
experiments by more than a factor of 2, including
simulations for human lymphocytes after “°Co y-
irradiation; tests for human cells after ion irradiation are
ongoing. Additional work is needed to verify the model
assumptions on the mobility of DNA ends and their
processing. Comparison with data on repair foci or
planned experiments on the temporal dimension of DNA
lesion processing after sub-pm focused irradiation may
help address this issue.
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