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A B S T R A C T

We extended a generic Geant4 application for mechanistic DNA damage simulations to an Escherichia coli cell
geometry, finding electron damage yields and proton damage yields largely in line with experimental results.
Depending on the simulation of radical scavenging, electrons double strand breaks (DSBs) yields range from
0.004 to 0.010 DSB Gy−1 Mbp−1, while protons have yields ranging from 0.004 DSB Gy−1 Mbp−1 at low LETs
and with strict assumptions concerning scavenging, up to 0.020 DSB Gy−1 Mbp−1 at high LETs and when
scavenging is weakest. Mechanistic DNA damage simulations can provide important limits on the extent to
which physical processes can impact biology in low background experiments. We demonstrate the utility of these
studies for low dose radiation biology calculating that in E. coli, the median rate at which the radiation back-
ground induces double strand breaks is 2.8×10−8 DSB day−1, significantly less than the mutation rate per
generation measured in E. coli, which is on the order of 10−3.

1. Introduction

When modelling DNA damage mechanistically, simplistic geome-
tries can be used to explore damage models [1], but realistic cellular
geometries need to be built when considering cellular damage, as large
scale geometrical order can impact the yield of single and double strand
breaks (SSBs and DSBs). Recent work has focused on the implementa-
tion of such geometries for human cells, notably in the KURBUC [2,3]
and PARTRAC [4,5] platforms, as well as a recent simulation chain
based around combining several simulations in Geant4 10.1 [6–8],
hereafter referred to as M16. By modelling physical track structures,
radiation chemistry, and both direct and indirect DNA damage in a
realistic geometry, these simulation platforms allow early biological
damage from ionising radiation to be better understood [9]. Having
already quantified how frequently background radiation interacts with
cells [10] from measurements of the cosmic and terrestrial background
spectrum, including gamma radiation, electrons, muons and neutrons
[11], in this work, we investigate SSB and DSB yields in a realistic
bacterial genome, corresponding to Escherichia coli as part of a larger
project that is trying to estimate the mutational impact of background
radiation.

Mechanistic DNA damage simulations have often been used to

better understand clinical contexts as a natural extension of micro- and
nano-dosimetrically accurate track structure codes [12–14]. They can
produce DSB yields in line with those observed experimentally, and can
be coupled to DNA repair models that allow cellular damage from ra-
diation to be understood from the ‘bottom-up’, and thus serve an im-
portant role in bridging the gap between physical processes and more
‘top-down’ models of radiation damage such as the Local Effect Model
[15,16] and the Microdosimetric Kinetic Model [17]. Our interest in
mechanistic DNA damage simulations comes from how they can be
used to place limits on responses to radiation at background and below
background doses [18]. Biological experiments in underground la-
boratories and radiation affected environments have revealed biolo-
gical behaviours that run contradictory to many expectations of ra-
diation response. These include reduced growth rates when cells are
grown below the radiation background [19,20] and changes in anti-
oxidant levels when birds live in highly radioactive areas [21]. How-
ever modelling based on the physics of radiation suggests that radiation
interactions alone cannot explain all the changes observed in these
studies [22,23]. In this sense, physical modelling of low radiation
backgrounds can place limits on what biological responses physics
alone can be responsible for. This enables us to implicate other biolo-
gical processes in the radiation response of cells at low doses, including
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intercellular communication, regulatory changes, and possibly epige-
netics. For this reason, we have chosen to model a bacterial cell as an
example case for our method, as it complements our existing studies.
The application used here though is generic, and could be one day
configured to simulate other cell types.

In this work, we model the impact of electrons and protons on
bacterial DNA, and draw comparisons to a variety of existing data.
Based on our simulations of the impact of electron damage, we estimate
the rate of double strand breaks in E. coli coming from the radiation
background. We present first our method, explaining separately the
physical, chemical and geometrical aspects of our simulation, before
presenting our results. We explore the implications of our electron and
proton damage measurements first, before tying our results into a
prediction about the impact of the radiation background on DNA.

2. Method

Our method is built around a single Geant4 (v10.3) application that
can simulate physical and chemical radiation damage in arbitrary DNA
geometries, using Geant4-DNA physics and chemistry models [24–26].
A full description of the application is already available [27] and be-
yond the scope of this work, though to summarise, the application
builds DNA geometries out of simply generated DNA definition files,
which define a series of repeating DNA units, such as turned and
straight DNA sequences, that can be used to build a continuous chain.
These are defined as placement volumes internally in Geant4. A sepa-
rate file is required to specify where these placement volumes are to be
placed inside the Geant4 simulation. The application includes a com-
mand driven interface for defining regions of interest as well as com-
mands for varying most simulation parameters.

The DNA chain itself is modelled as a sequence of spherical deox-
yribose (sugar) and phosphate molecules, with the guanine, adenine,
cytosine and thymine bases being modelled as ellipses. The spheres and
ellipses were cut along one axis, to avoid overlaps in the geometry. Each
placement volume is associated with an octree, so that from any given
position, nearby molecules can be located, a requirement for both
chemical simulations, and our model for attributing physical damage.

2.1. Physics

Physics was simulated using the Geant4-DNA Option 4 physics list.
The models in this list are built around the Emfietzoglou dielectric
model for water [28] used in the default list for electrons above 10 keV,
and a refinement of the dielectric approach below 10 keV which re-
distributes the imaginary part of the dielectric function, ensuring more
physically motivated behavior close to the binding energies of water
[29]. When an energy deposition occurred within 6 Å of any DNA
molecule, the energy deposited was assigned to the closest molecule
sugar, phosphate or base molecule. Following previous work, an SSB
was considered to occur if 17.5 eV of energy was assigned to a sugar-
phosphate moiety [30]. This same work considers a sensitive volume
around the sugar-phosphate moiety of 0.573 nm3, closely matched by
the 6 Å limit we choose when considering energy depositions (which
implies a sensitive volume of 0.596 nm3). Physically, a 6 Å limit cor-
responds to an implicit assumption that ionisation and excitation within
any of the three hydration shells of B-DNA can contribute to physical
damage, noting that the third hydration shell, ending near 6.5 Å from
the DNA chain is important in maintaining the structure of B-DNA
through hydrogen bonds [31]. The DNA molecules were considered to
be liquid water for the purposes of physics modelling. The cross sections
of the four bases and the sugar phosphate backbone are significantly
different to water [32,33], however this level of modelling is outside
the scope of this work.

2.2. Chemistry

Chemistry was simulated using a re-implementation of Geant4-
DNA’s chemistry module, built around the Independent Reaction Times
(IRT) model, rather than the step-by-step approach currently available
in the public release [34,35]. Both the IRT model and the dynamical
step-by-step approach are event-based simulations, however they differ
in the choice of events to consider. In the IRT approach [36], an event is
a reaction between a pair of reactants. In the dynamical SBS approach,
an event is defined by a species leaving its protective sphere, defined
both in time and in space. While the second approach is slightly more
accurate, the IRT method is significantly faster as it completes in fewer
time steps. Chemistry was further accelerated by only considering
molecules within rkill = 4 nm of the DNA chain for simulation, where
rkill is the distance from DNA at which radical tracks were killed. Given
scavenger densities in nuclei, radicals further than this from DNA are
likely to be scavenged before they can react with DNA. For selected
energies, we re-ran our simulations only simulating radicals created
within rkill = 1 nm of DNA, replicating hypothesised cellular conditions
where only non-scavengeable radicals created in the hydration shells
can cause indirect cellular damage [37,38].

Initial radicals were seeded in a physicochemical stage, which
transports electrons having less then 8 eV (where physical tracking
stops) down to thermalisation, as well as determining the dissociation
channels followed by excited and ionised water molecules. The default
Geant4-DNA dissociation channels have been kept for this simulation.
After the physico-chemical stage, chemical reactions were simulated
using the IRT model and the default Geant4 reaction and diffusion
rates. The chemical stage was stopped after 1 ns, as after this time,>
95% of radicals within the regions simulated had reacted.

Reactions were simulated between the %OH, H%, and eaq radicals and
the sugar-phosphate group (deoxyribose 5-phosphate) of DNA, and the
bases guanine, adenine, cytosine and thymine, using previously re-
ported reaction rates (Table 1). The overwhelming majority of reactions
occur between the sugar-phosphate group and %OH, and between the
bases and %OH or eaq. The efficiency with which the reaction between
%OH and the sugar-phosphate moiety induced a SSB was set to 40%,
causing around 13% of all reactions between DNA and %OH to induce a
double strand break, in agreement with previous experimental studies
and simulations [39,40]. Reaction rates and diffusion constants for the
remaining radicals were unchanged from the Geant4-DNA default rates.

2.3. Geometry

We modelled the full genome of an E. coli cell in Geant4, effectively
simulating the bacterial nucleolus as an ellipsoid with a long semi-
major axis of 950 μm and two short semi-major axes of 400 μm. A
general particle source with the same dimensions was placed around
this region. DNA was placed in the cell following a space-filling Hilbert
curve, that was broken up into curved and straight placement volumes
(Fig. 1). Each placement volume contained four straight or turned DNA
segments (Fig. 2), modelled upon the structure of B-DNA. Each base
pair of the DNA chain was modelled as six independent molecules, ei-
ther sugar, phosphate or a nucleobase, with their position coming from
the radially weighted mean position of their constituent molecules [41]

Table 1
Reaction rates used between radicals and DNA components (×109 Lmol−1 s−1), from
Buxton et al. [58].

%OH H% eaq

C6H5O6P 1.8 0.029 0.01
Adenine 6.1 0.10 9.0
Thymine 6.4 0.57 18.0
Guanine 9.2 – 14.0
Cytosine 6.1 0.092 13.0
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and their radii representing the radius required to give an equivalent
volume as that derived from the summed van der Waal’s radii of each
constituent atom (subtracting overlaps), as indicated in Table 2. All
structures were modelled physically as containing water.

A Hilbert curve was used to determine the placements of each sub-
volume, as DNA follows a fractal curve structure at large scales, en-
suring that linearly close genes on the DNA strand are also spatially
close [42,43]. Our Hilbert curve was iterated 4 times, and three Hilbert
curves were placed end to end to fill the entire cellular ellipsoid. Sec-
tions of the curve that would have fallen outside of the defined nu-
cleolus region were not placed, leaving a geometry with 4.63Mbp,
matching E. coli (Fig. 3). Removing placement volumes that fall outside
of the elliptical region we consider does break the continuity of the

DNA strands we model, however the impact of this on measured SSB
and DSB yields is minimal, as the model remains ‘mostly connected’.

2.4. Damage classification

We have classified the damage induced in DNA segments by both
complexity and source, following the classification scheme of Nikjoo
et al. [39]. Fig. 4 summarises this scheme, and is based on two para-
meters, dDSB (typically set to ten), which is the maximum separation
between two break events, on opposite sides of the DNA chain, for their
correlated damage to be considered a DSB, and dS, the length of un-
damaged base pairs required for two damaged segments to be con-
sidered independently (we consider that ds= 100 bp). Once a segment
has a DSB occur on it, it will be classified into one of the categories of
DSBs, regardless of the number of SSBs also present. The classification
DSB+ requires that in addition to a DSB, a base pair span have at least
two breaks on one strand within the same dDSB. The DSB++ classifi-
cation requires that a damaged segment have at least two DSBs. The
classification by source when DSBs are present differentiates the mul-
tiple roles indirect damage can have on causing a DSB. When the DSBs
on the strand are only due to direct effects, a DSBd occurs, and a DSBi

occurs when only indirect effects are present. When mixed damage is
present, the segment is classified as DSBm, except in the DSBhyb case,
which occurs when the break would be an SSB were indirect damage
not included.

In this work, we also consider total yields of SSBs or DSBs that
occur. Total yields are calculated by considering the sum of the total
number of SSBs that occur, amongst the SSB classifications (as the
classifications SSB+ and 2SSB can correspond to two or more SSBs).
The total yield of DSBs is calculated as the sum of the number of DSB
and DSB+ classifications, added to double the number of segments
classified as DSB++.

2.5. Summary of simulation parameters

The parameters used in our simulations are summarized in Table 3.
These parameters were derived and justified in Part 1 of this study [1].
The cellular geometry was irradiated with electrons having energies
between 1 and 990 keV and with protons having energies ranging from
500 keV to 30MeV. To achieve good statistical convergence, the
number of events was chosen so that both a minimum total energy of at
least 10MeV was deposited in each cell, and at least 100 DSBs were
recorded. Each simulation was repeated a second time, using
rkill = 1 nm. As this decreased the likelihood of a DSB occurring, we
often doubled the number of events so that over 100 DSBs occurred.

Primary particles were created from the surface of the same
950 μm×400 μm×400 μm ellipse that enclosed the DNA geometry.
They were seeded with a cosine angular distribution, which simulates
an isotropic radiation environment. As some of our results show LET
rather than the electron or proton energy as the dependent variable, we

Fig. 1. The overall geometry of the DNA chain is defined by a 1-D space filling curve. This
fractal curve is broken into turned and straight regions, which correspond to turned and
straight sections of DNA.

Fig. 2. An example turned segment of DNA. Each placement of DNA contains 4 strands.

Table 2
Semi-Major x, y and z axes (a, b and c respectively) of molecules modelled in the ap-
plication.

Molecule a (Å) b (Å) c (Å) Volume (Å3)

Phosphate 2.28 2.28 2.28 49.8
Deoxyribose 2.63 2.63 2.63 76.4
Guanine 3.63 3.80 1.89 109.1
Cytosine 3.60 3.07 1.78 82.2
Thymine 4.21 3.04 2.00 107.3
Adenine 3.43 3.74 1.93 103.9

Fig. 3. We consider DNA in our E. coli geometry to be packed into an ellipsoid. As the
fractal geometry we generate is square, it is cut where it exceeds the boundaries of the
ellipse, leaving some loose ends.
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calculated the LET based on the ratio of the average energy deposited in
the cell by the incident particle to the average chord length of this el-
lipsoidal region. LET was only considered for protons and electrons
having an initial energy greater than or equal to 40 keV, as otherwise
the LET varied too greatly as the particle traversed the cell.

3. Results

In order to benchmark our code against previous works, we consider
the number of strand breaks induced in both the PARTRAC code [44],
and in the code developed in M16, a previous DNA damage simulation
made using Geant4-DNA [7]. Both these codes consider the irradiation
of a human fibroblast cell by protons. Under irradiation from 10MeV
protons, we find that our code produces slightly more indirect breaks
than PARTRAC, and noticeably fewer breaks than M16’s work (Fig. 5).
Our direct break yields are slightly higher than those found in M16,
which uses the same 17.5 eV threshold for determining physical da-
mage induction, and noticeably less than those found by PARTRAC. The
threshold for direct damage in PARTRAC is a linearly varying prob-
ability ranging from 5 eV to 37.5 eV. When considering this threshold in
simulation, the yield of SSBs increases by about 0.03 SSB Gy−1 Mbp−1,
significantly improving the agreement between the direct and total DSB
yields with PARTRAC. Considering a range of LETs, we observe a
globally good agreement in the total number of SSBs found in this work

compared to PARTRAC (Fig. 6), though physical damage is lower than
PARTRAC would suggest due to our differing consideration of physical
damage induction. At very high LETs, indirect damage drops off sig-
nificantly in the PARTRAC models, a behaviour that is not echoed as
strongly using Geant4-DNA, while under electron irradiation, we find
more indirect damage than PARTRAC does.

Measurements of DSB yields in E. coli following X-irradiation find
yields between 0.002 and 0.010 DSB Gy−1 Mbp−1 [45–47]. These are
largely in agreement with the range of DSB yields we simulate for
electron irradiation (Fig. 7). Simulating only radicals within 1 nm of
DNA, whilst a departure from previous simulation methodologies, si-
mulates well the lower end of the experimentally determined DSB

Fig. 4. DNA damage is classified according to the scheme originally proposed by Nikjoo et al., 1997 (discussed in text).

Table 3
Simulation parameters that best match Nikjoo et al., 1997 [39].

Parameter Description Value

Elow Lower limit for physical damage 17.5 eV
Ehigh Upper limit for physical damage 17.5 eV
rphys Radius for direct damage Å
dDSB Distance between SSBs for DSB 10 bp
rkill Distance from DNA to kill radicals 4 nm
pSSB Pr(%OH+C6H5O6P→ SSB) 0.4
– Simulation End Time 1 ns
– Max. IRT time step 500 ps

Fig. 5. The total number of breaks induced by 10MeV protons compares well to data
from the PARTRAC (F03, follows 5–37.5 eV model [44]) and a past Geant4-DNA based
work (M16, follows 17.5 eV model [7]) simulation platforms, with the differing energy
threshold for induced breaks causing the majority of the difference between the direct
break yields.

N. Lampe et al. Physica Medica 48 (2018) 146–155

149



yields, while simulating radicals out to 4 nm simulates well the upper
end of experimental yields measured. No experimental yields of SSBs in
E. coli exist, due to measurement difficulties, however measurements of
SSB and DSB yields in plasmids, and break yields from other simulation
platforms, can serve as a useful point of comparison (whilst bearing in
mind that there are geometrical differences between the simulations).
Simulations of DNA damage from electron irradiation broadly show a
better agreement with the 4 nm data, as do measurements of SSB and
DSB yields in plasmids. DSB measurements in plasmids are typically
noisy, with an experimental error on the order of
0.003 DSB Gy–1 Mbp−1 [48].

The ratio of SSBs to DSBs is a robust measure that should be largely
independent of the differences between experimental and simulation
geometries. For electron energies below 10 keV, we find excellent
agreement between experimental and simulated SSB/DSB values [49],

whilst finding a value lower than other simulations across the entire
range of measurements made (Fig. 8). X-ray data at 4 keV μm−1 (near
the LET of 10 keV electrons) replicates well the SSB/DSB ratio of 10 keV
electrons in a high scavenging regime, while a lower scavenging con-
centration more representative of radical scavenging in the absence of
folding proteins suggests we significantly underestimate the SSB/DSB
ratio. At higher energies, we find that the ratio of SSBs to DSBs con-
verges to 17 based on our parameter set, or to 15 when only radicals
close to DNA are simulated.

When proton damage is considered (Fig. 9), we better reproduce the
results of other simulations when radicals are simulated out to 4 nm. As
seen for electrons, simulating only non-scavengeable radicals created
very close to DNA greatly decreases the SSB and DSB yields, however it

Fig. 6. Total yields for direct (stars), indirect (circles) and all (diamonds) SSBs in Geant4-
DNA. We tend to slightly underestimate the damage yields seen in PARTRAC (horizontal
lines, [44]), in part due to an underestimation of direct damage. A vertical line separates
proton and electron data.

Fig. 7. SSB and DSB yields from electrons, considering both a 1 nm and 4 nm radius from DNA for radical interactions. Both figures share the same legend. N97 [39] and F03 [44] refer to
simulation data (F03 consider 30MeV electrons, indicated by arrows), while F93 [49] and S13 [59] come from plasmid data. Cellular (CS: 3× 108 s–1) and higher (HS: 1× 1010 s–1)
scavenger densities are plotted for the S13 data, where damage is induced by 4 keV μm–1 X-rays (similar LET to 10 keV electrons). The grey parallel lines in the right-hand panel show
measured DSB yields in E. coli following X-irradiation.

Fig. 8. The ratio of SSBs to DSBs is plotted for different values of rkill across the range of
electron energies studied. The comparison data, from both simulation and experiments in
plasmids, is the same as in Fig. 7.

N. Lampe et al. Physica Medica 48 (2018) 146–155

150



only minimally affects the ratio of SSBs to DSBs (Fig. 10). By changing
the simulation of scavenging however, the yields of strand breaks can
double, illustrating the sensitivity of our simulation on how this process
is modelled. A priori, we can see no difference why the two cell ex-
perimental measurements considered in Fig. 9 should show a depen-
dence upon scavenging efficiency, yet changing this parameter allows
the range of experimental results we consider to be modelled. While at
high LETs, we reproduce the SSB/DSB ratio measured in other simu-
lations, the lower quantity of SSBs we measure compared to the PAR-
TRAC and KURBUC simulation platforms leads to a corresponding un-
derestimation of this ratio. More noticeable though is the large
underestimation by all simulation platforms of the SSB/DSB ratio ob-
served in experimental measurements in plasmids using proton sources.
This difference is less apparent when considering electron damage.

As LET increases, we expect the complexity of breaks to increase.
Fig.11 shows the ratio of complex SSBs (ie. SSB+ and 2SSB) and
complex DSBs (ie. DSB+ and DSB++) to total SSBs and DSBs as LET
increases, indicating a clear increase in the proportion of complex
breaks as LET increases (electrons with energies less than 40 keV are
not shown in Fig. 11, as the LET changes is highly variant within the
cell). This is in line with observations of protein recruitment seen in
microbeam-irradiated cells, though the fractions of complex breaks we
report are lower than those seen in other simulation studies [50]. For
both electrons and protons, increasing the LET increases the fraction of
complex breaks (Fig. 12), as expected.

This work falls within the scope of a larger study that seeks to
classify the mutational impact of background radiation on E. coli [10].
In this past work, we showed that the median energy deposited in a cell
by most sources of background radiation is around 140 eV (≈10mGy in
the geometry used), and that E. coli cells are struck by background
radiation with a probability of 6×10−5 day−1. Most electrons coming
from the background that interact with bacterial cells have energies of
10 keV and above, and according to our results here will induce ap-
proximately 0.01 DSB Gy−1 Mbp−1. Combining these estimates, a
median estimate for the number of ionising radiation induced strand
breaks caused per day in an E. coli is 2.8× 10-8 DSB day−1. This
strengthens the conclusions of the previous works we have conducted in
this domain that suggest that while ionising radiation from the natural
background does cause DNA damage, its effects are negligible com-
pared to mutations that come from sources endogenous to the cell.

4. Discussion

This work represents the first effort to develop a single Geant4 ap-
plication that can model direct and indirect DNA damage in a con-
tinuous geometry. Here, we consider the geometry of an E. coli cell,
following from a previous work that sought to quantify the mutational
role of background radiation. Despite considering a bacterial DNA
geometry, where DNA does not pack into chromatin as is seen in human
cells, we have compared our data to works that simulate human cells,
and to damage measurements from plasmids, animal and bacterial cells.
We begin therefore by addressing the questions these comparisons raise
regarding simulation geometries. Next, we discuss our results in rela-
tion to other simulations and experimental results. A brief perspective is
offered regarding the role of works such as this one in relation to low

Fig. 9. SSB and DSB yields from proton damage measured using Geant4-DNA, compared to results from the PARTRAC (F03) simulation platform [44], and the KURBUC (N01) code [50].
Experimental DSB yields are indicated by F99 for human fibroblast cells [60], and B00 for V79 Chinese Hamster cells [61].

Fig. 10. The SSB/DSB ratio is shown for the simulation data sets presented in Fig. 10,
alongside SSB/DSB ratios measured in plasmids, indicated by, L05 [62], L15 [63] and S17
[64]. The fractional uncertainty for each plasmid measurement is often as large as 30%.
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dose radiation studies, before we highlight some of the further ways
mechanistic DNA damage simulations can be expanded.

Previous simulation studies have focused on cellular geometries
with varying levels of realism, from random straight chords [39,50] to
disjoint chromosomal segments [51,52] to full cells [2,4,7]. Recent
work has been conducted to generate tools that can procedurally gen-
erate different cell types for simulation [6], suggesting that the cell type
could have a large bearing on mechanistic damage simulations, how-
ever the similarity of results between multiple geometries suggests that
these differences are negligible, especially when viewed in relation to
the differences in damage yields that come from slightly changing the
damage model. By and large, cell geometry dependent differences in
strand break yield should be negligible because strand break yields are
normalised by the radiation dose and the number of base pairs con-
sidered, which is equivalently a normalisation by the density of base
pairs and the energy deposited in a cellular region. As, at the scale of a

strand break, most continuous DNA strands are similar, damage yields
should not show a strong dependence on geometry, meaning our bac-
terial model ought to be comparable to chromatin-based data. We note
though that randomly placing short segments of DNA can increase
damage yields due to a lack of spatial correlation in the DNA. This is
observed in Part 1 [1] which examined a random packing of 216 bp
long DNA segments, finding DSB yields two to three times higher than
what has been observed here. As plasmids are randomly packed to some
extent, we only emphasise our comparisons to plasmid data when
considering SSB/DSB, as the raw yields of SSBs and DSBs may be in-
fluenced by the random orientations of discrete plasmids. Further
geometrical studies examining the role to which spatial correlations can
influence DNA damage could be of interest, however we expect only
minor differences would be observed when passing from individual
DNA strands to chromatin, as at the scale of a DSB (10 bp), the geo-
metries are quite similar.

The total number of direct and indirect breaks provides a simple
way to compare simulation platforms independent of what constitutes a
DSB. Similar SSB yields are seen from both direct and indirect sources
as that observed in PARTRAC and M16. By changing the energy
threshold for bond breakages, we produce direct SSB yields concordant
with each of the two platforms. Results obtained however by H.
Nikjoo’s group [39,50] often tend to show that direct damage dom-
inates indirect damage, in contrast to the observations made here, de-
spite using a 17.5 eV threshold for physical damage (the same as this
work). The similarities between our work and the PARTRAC and M16
works likely comes from a shared model for the implementation of
chemistry, as the chemistry module in Geant4-DNA was influenced in
its early stages by PARTRAC [53]. That indirect effects dominate SSB
formation is consistent with experimental results, especially at low LET
[54], though consideration of only non-scavengeable radicals can re-
duce this fraction to produce direct and indirect SSB yields more in line
with the work of Nikjoo. More broadly, across the LETs considered in
this work, we reproduce the trends observed by PARTRAC with some
small variation (Fig. 6). Relative to PARTRAC, we underestimate direct
damage, due to our use of a fixed 17.5 eV damage threshold, while at
high LET, simulations conducted in PARTRAC exhibit a steeper drop in
indirect damage than we observe. Only a slight drop in indirect damage
yields is seen in M16, suggesting that this difference between Geant4-

Fig. 11. As the LET of incident radiation increases, the complexity of stand breaks also
increases.

Fig. 12. Breaks by complexity and source, showing that high LET radiation causes in general more chemical damage, and more complex breaks. A horizontal line occurs where we have
broken the y-axis for clarity.
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DNA based simulations of indirect damage and PARTRAC is not linked
to approximations in how the chemistry is calculated (as M16 uses
discrete time-steps with a Brownian bridge in the chemical phase of the
simulation, while we use the IRT method). Our ratios of SSB to DSB
damage correspond well to recent simulations by Nikitaki et al. [55]
who also consider electrons with energies below that considered here,
recovering a peak in DSBs near incident electron energies of 300 eV,
echoing what we observed in Part 1 of this study [1].

A range of experimental data exists for DSB yields in E. coli induced
by X-rays. As X-rays mainly damage DNA through the low energy
electrons they create via Compton scattering and photoelectric ab-
sorption, this data is very roughly comparable to the DSB yields we
measure from electron damage in DNA. For electrons with energies
above 10 keV, the DSB yields we measure are comparable to those
measured in E. coli, however the experimental data is dispersed across a
large range (0.002–0.010 DSB Gy–1 Mbp–1), which covers a similar
magnitude to the errors likely induced by approximations in our
models. The modelling of scavenging remains one such poorly resolved
model parameter. A value of rkill = 4 nm provides a reasonable agree-
ment with simulated SSB and DSB yields, however simulation of radi-
cals within the hydration shells of DNA (rkill = 1 nm) better matches the
range of experimental measurements observed, as well as better re-
producing SSB/DSB ratios from plasmids when high scavenger con-
centrations are present (Fig. 8). Better incorporation of the SSB/DSB
ratio when comparing mechanistic simulations to experiments allows
the assumptions in our models to be better tested, however this is dif-
ficult as SSB yields cannot be calculated in plasmids. Our suggestion
that rkill should be 1 nm may even be an overestimate, as the third
hydration shell of DNA, within which unscavengeable radicals are
created, ends 6.5 Å from the DNA [31].

When considering proton damage, SSB and DSB yields are again
similar to past simulation works when rkill = 4 nm, though we observe a
better agreement with some experimental yields when rkill = 1 nm
(Fig.9). The reduced SSB yield when rkill = 1 nm could be a good way of
discriminating between the best ways to simulate scavenging. When the
SSB/DSB ratio is considered however, experimental comparisons leave
us with very few clues as all plasmid data indicates SSB to DSB ratios
significantly higher than those predicted by simulation when proton
damage is considered (Fig. 10). It is possible that under proton irra-
diation, the plasmids are more susceptible to chemical damage from
distant radicals, due to the lack of folding proteins. Attacks from dif-
fusing radical species may lead to a significantly higher yield of che-
mically induced SSBs. This would be consistent with all simulations
under-estimating the SSB/DSB ratio compared to experiments across all
LET’s considered.

As LET measures the density of energy depositions, it is expected
that at high LETs, DNA damage becomes more complex. A rise in
complex damage can be seen beyond LET’s of 3–5 keV μm–1 (Fig. 11),
which corresponds to energy deposits of around 10–20 eV in a 3.4 nm
(10 bp long) linear region. The link between LET and break complexity
is also seen in our strand break classifications (Fig. 12), where LET can
be seen to be a more significant factor in determining break complexity
than the source of radiation. Interestingly though, low LET radiation
favours the formation of many indirect SSBs, both a consequence of
high LETs often leading to more complex damage, and the decreased
likelihood of direct SSBs in low LET irradiation leaving radical attack to
be a more dominant vector for DNA damage to occur.

From these results, we can begin to assemble a picture of how the
radiation background damages DNA. The frequency distribution of
energy depositions from the background in cells tends to follow a
Landau distribution. This means that very large amounts of energy can
be deposited by background radiation in cells (often more than 1 keV),
however these depositions are rare compared to the median energy
deposition (100–200 eV). Such small total energy deposits, which cor-
respond to around ≈10mGy already have only a very small chance of
causing a DSB or SSB in E. coli, given its relative short genome and the

yields we have simulated here. In a previous work, we suggested that
the low rate at which charged particles caused by the natural radiation
background enter cells (6× 10−5 day−1 in a surface laboratory) makes
it difficult to draw a link between the radiation background and mu-
tations [10], as the mutation rate from endogenous causes is orders of
magnitude higher (10−3 division−1) than the rate at which the back-
ground interacts with cells. Nevertheless, it may have been possible for
radiation to have rare, catastrophic results that induce mutations. By
showing in this work that the DSB rate from the background in a cell is
again very small, we challenge this hypothesis. Rather responses ob-
served in cellular systems subjected to reductions in the radiation
background likely originate from cell communication [19,56] or reg-
ulatory changes induced in the cell linked to radiation [18,57].

5. Conclusion

We have presented, using the same generic application framework
as Part 1 of this study, mechanistic DNA damage measurements from
electrons and protons in E. coli. A reasonable agreement with experi-
ment was observed for DSB yields from protons and electrons, however
a key question to be confronted in future works is the simulation of
scavenging. We have shown that only simulating non-scavangeable
radicals, that is radicals created near DNA’s hydration shells can
sometimes reproduce experimental results better than current practices
for the simulation of scavenging, however targeted experiments and
simulations are needed to better address this.

When comparing our results to previous simulations, we found that
the different cellular geometries considered by authors do not seem to
greatly affect the yields of SSBs and DSBs. This is consistent with ob-
servations of a near-constant DSB yield rate in across many cell types
[37]. Further work, simulating DNA damage yields in different cell
geometries with the same simulation platform would strengthen this
finding.

We used our simulations to predict the impact of the radiation
background on the DSB rate, finding that for a given cell, the natural
radiation background near the surface is responsible for
2.8× 10−8 DSB day−1. While we cannot directly convert the DSB rate
to the radiation induced mutation rate, this does indicate that the ra-
diation background likely has only a very small mutational effect on
systems, and that the mutation rate in biological systems is dominated
by those that come from endogenous sources, such as transcription
errors. This is an important conclusion for biological studies at low
backgrounds, as it effectively suggests that the radiation background
has a negligible impact on the supply rate of mutations.
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