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Track-structure simulations of energy deposition patterns to mitochondria 

and damage to their DNA 

Abstract 

Purpose: Mitochondria have been implicated in initiating and/or amplifying the 

biological effects of ionizing radiation not mediated via damage to nuclear DNA. To 

help elucidate the underlying mechanisms, energy deposition patterns to mitochondria 

and radiation damage to their DNA have been modelled. 

Methods: Track-structure simulations have been performed with PARTRAC 

biophysical tool for 
60

Co gamma-rays and 5 MeV alpha-particles. Energy deposition to 

the cell’s mitochondria has been analyzed. A model of mitochondrial DNA reflecting 

experimental information on its structure has been developed and used to assess its 

radiation-induced damage. 

Results: Energy deposition to mitochondria is highly inhomogeneous, especially at low 

doses. Although a dose-dependent fraction of mitochondria sees no energy deposit at 

all, the hit ones receive rather high amounts of energy. Nevertheless, only little damage 

to mitochondrial DNA occurs, even at large doses. 

Conclusion: Mitochondrial DNA does not represent a critical target for radiation 

effects. Likely, the key role of mitochondria in radiation-induced biological effects 

arises from the communication between mitochondria and/or with the nucleus. Through 

this signaling, initial modifications in a few heavily hit mitochondria seem to be 

amplified to a massive long-term effect manifested in the whole cell or even tissue. 
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Introduction 

The vast majority of human cells’ energy is produced in mitochondria, double-membrane 

organelles of spherical or ellipsoidal shape and sizes of 0.5 – 1 µm. In agreement with the 

diverse energy needs, the numbers of mitochondria vary widely among cell types; human 

erythrocytes do not contain any, whereas muscle (including heart) or liver cells may contain 

thousands of these organelles. Mitochondria are highly mobile in terms of their shape as well 

as position but may also stay fixed at intracellular locations where energy is needed, e.g. 

close to the contractile apparatus in cardiac muscle cells (Alberts et al. 2013, Alberts et al. 

2014). Mitochondria also serve as calcium buffers and metabolic signaling centers in general; 

they are also involved in intercellular communication. A central part of the energy conversion 

system in mitochondria is the electron transport chain; through its leakage, mitochondria are 

sources of reactive oxygen species (ROS) that play a role in signaling processes but may also 

damage lipids, proteins, and DNA. Mitochondrial functions are tightly regulated, both within 

a cell and beyond its boundaries. Mitochondrial dysfunctions have been identified in aging as 

well as in a large variety of diseases including metabolic disorders, diabetes, cancer or 

neurodegenerative disorders such as Parkinson’s or Alzheimer’s diseases (Wallace 2005, 

Nunnari and Suomalainen 2012). Mitochondria possess their own DNA (mtDNA), in humans 

inherited maternally, as well as a complete transcriptional and translational system including 

ribosomes that enables them to produce their own proteins (Alberts et al. 2013); mtDNA 

encodes 37 genes for the key proteins of the electron transport chain, the others being 

encoded in nuclear DNA. Mutations in mtDNA are linked to a variety of diseases (Schon et 

al. 2012). 

Mitochondria have also been widely implicated in short- and long-term biological 

effects of ionizing radiation, in vitro and in vivo (Leach et al. 2001, Kim et al. 2006, Nugent 

et al. 2010, Rajendran et al. 2011, Yamamori et al. 2012, Kam and Banati 2013). Converging 



lines of evidence suggest that mitochondria, their network, and interactions with the nucleus 

play a pivotal role in the induction and persistence of oxidative stress post irradiation as well 

as in the resulting epigenetic changes and genomic instability, identified among critical traits 

of cancer (Szumiel 2015). Mitochondria may initiate and/or amplify bystander signaling 

(Chen et al. 2008, Chen et al. 2009, Hanot et al. 2009, Prise and O'Sullivan 2009, Rajendran 

et al. 2011). Mitochondrial proteins represent the protein class showing the strongest response 

to irradiation in mice heart tissue at 24 hours and after weeks or months (Azimzadeh et al. 

2011, Barjaktarovic et al. 2011, Azimzadeh et al. 2013, Barjaktarovic et al. 2013); modified 

gene and protein expressions have been seen already at doses as low as 0.2 Gy. Radiation 

effects to mitochondria in human cardiac muscle cells may be of particular interest in breast 

cancer radiation therapy, which inevitably leads to considerable dose burden to the heart. 

Open questions not elucidated sufficiently so far are to what extent mitochondria 

alone or specifically their DNA represent critical initial targets of those radiation effects that 

are not mediated by hits to nuclear DNA, and what the role of the communication among 

mitochondria and/or with the nucleus is. To address these issues from first principles, energy 

deposition patterns in mitochondria and radiation-induced damage to mtDNA have been 

estimated by simulations with the PARTRAC tools (Friedland et al. 2011a). Earlier 

investigations, aimed at a mechanistic interpretation of bystander effects in medium transfer 

experiments, demonstrated that specific energy, the microscopic analogue of absorbed dose 

(ICRU 1983), deposited to heavily hit mitochondria may exceed the applied mean dose by 

several orders of magnitude (Friedland et al. 2011b, Kundrat and Friedland 2012). In this 

work, conceptually similar simulations have been performed for 
60

Co -rays as an exemplary 

photon and for 5 MeV -particles as an exemplary ion irradiation, for doses ranging from 

2 mGy to 2 Gy. Regarding radiation damage to mtDNA, a detailed model of mtDNA 

structure has been developed, representing the experimental information and making use of 



the tools previously employed for modelling nuclear DNA and chromatin structures. Yields 

of radiation-induced damage to mtDNA and the resulting fragmentation patterns are reported, 

explicitly accounting for direct and indirect (radical-mediated) effects, for 
60

Co -rays and for 

5 MeV -particles. The results suggest that mtDNA does not represent a critical target for 

radiation effects, and support the hypothesis that initial effects (presumably, oxidative stress) 

in a few heavily hit mitochondria are amplified through inter-mitochondrial and/or 

mitochondria-nucleus signaling to long-term effects on cellular and/or tissue-level scales. 

Methods 

Modelling energy deposition patterns in mitochondria 

Simulations of energy deposition patterns have been performed using the biophysical 

modelling tool PARTRAC. The principal application area of PARTRAC includes simulating 

track structures of diverse radiation types, DNA damage induction in cell nuclei, its repair, 

and the formation of chromosome aberrations (Friedland et al. 2011a, Friedland and Kundrat 

2013, Schmid et al. 2015, Friedland et al. 2017). However, PARTRAC can be used for 

micro- and nanodosimetric calculations too. Previously, energy deposition patterns have been 

calculated in subcellular targets such as mitochondria or membranes (Friedland et al. 2011b, 

Kundrat and Friedland 2012), aimed at a mechanistic explanation of the observed threshold 

dose of 2-3 mGy for bystander effects in medium transfer experiments (Liu et al. 2007). It 

was found that in an ensemble of many thousand cells, some sub-cellular volumes of 

mitochondrial size will receive specific energies (‘local doses’) of several Gy, although the 

applied (macroscopic) dose is lower by 3 orders of magnitude. 

In the present study, distributions of specific energies to mitochondria and cell nuclei 

have been determined for 
60

Co -ray and 5 MeV -particle irradiation. Distributions of 

specific energies due to -rays were analyzed for low (2 mGy, 20 mGy) and 



intermediate/higher (0.2 Gy, 2 Gy) doses. For -particles, at low doses the specific energy 

per hit mitochondrion does not change but only the fraction of hit mitochondria increases 

with the dose; hence, the results have been analyzed for single -particles and for 1 Gy dose. 

For both - and -particle irradiations, tracks of the primary particles and their secondary 

electrons have been simulated event-by-event in liquid water, which has been used as a 

surrogate for biologically relevant medium. To limit computational expenses for -irradiation, 

photon and electron tracks were traced inside a ‘world’ cube with 58.6 µm edge length and 

reflected at the surface layers so that for each 
60

Co  its mean energy of 1.255 MeV has been 

completely deposited inside this world cube, corresponding to a dose increment of 1 mGy 

under electronic equilibrium conditions. The total number of photons simulated per run has 

been determined by the dose studied (2 mGy – 2 Gy); totally 100.000 photons will all their 

secondary electrons have been studied. For the analysis of energy deposit in nuclei and 

mitochondria, ionizations and excitations have been recorded inside a cubic target volume of 

12.5 µm side length, concentric to the world cube. This target cube has been virtually filled 

with 8 spheres representing nuclei of 125 µm³ volume or 1728 spheres representing 

mitochondria of 0.5 µm³ volume; i.e. locations of ionizations and excitations have been 

associated to a nucleus or a mitochondrion whenever the distance to its center has been below 

the radius of 3.1 µm or 0.49 µm, respectively. The energy deposits in individual nuclei or 

mitochondria have been estimated from the average energy deposit per ionization and 

excitation event, 14.92 eV, including 2.75 eV from subexcitation electrons; finally, the 

energy deposits have been converted to specific energies (1 Gy in water corresponds to 

6.24 keV/µm³). For -particles, the same setup has been used, but the tracks have not been 

mirrored at the surface layers; i.e. single track segments with a linear energy transfer (LET) 

of about 95 keV/µm have been modelled and analyzed separately, or as corresponding to a 

mean dose of 1 Gy resulting from a fluence of 0.061 particles per µm². 



Modelling radiation-induced damage to mtDNA 

DNA damage to nuclear DNA and chromatin is scored in biophysical simulations by 

overlapping the track structures of photons, electrons, protons or heavier ions with 

sophisticated multi-scale models of the target structures. Direct damage results from energy 

deposition events in the volume of DNA. Events outside DNA are processed via pre-chemical 

and chemical modules of the code, which simulate the formation of radicals from water 

radiolysis, as well as their diffusion and mutual reactions. Attacks of the radicals onto DNA 

are scored as indirect DNA damage. Details on model assumptions and parameters such as 

energy needed to induce a strand break in DNA double-helix or the incorporated radical 

reactions can be found in (Friedland et al. 2011a, Friedland and Kundrát 2014).  

To extend this approach to mtDNA, an mtDNA model for DNA damage simulations 

with PARTRAC has been developed, reflecting its known structure (Hallberg and Larsson 

2011, Kukat et al. 2011, Bogenhagen 2012, Alexeyev et al. 2013, Kukat and Larsson 2013, 

Kukat et al. 2015): An mtDNA molecule consists of a closed loop of 16,569 bp (base pair) 

DNA double-helix. It is almost fully coated by mitochondrial transcription factor A (TFAM) 

proteins which impose frequent 180° U-turns on mtDNA; there are about 1000 TFAM 

molecules per mtDNA, i.e. on average one TFAM molecule per 16.6 bp (Kukat et al. 2011). 

The packaging of mtDNA is not an ordered, repetitive process as in nuclear DNA bound to 

nucleosomes and forming the 30 nm chromatin fiber but follows an almost random pattern, 

with a high degree of TFAM clustering (Kukat et al. 2015). These frequent U-turns and the 

cross-strand binding of TFAM compact the mtDNA into mitochondrial nucleoids; nucleoids 

most frequently contain only single mtDNA molecules (Kukat et al. 2011, Kukat et al. 2015). 

Super-resolution microscopy images have shown that these nucleoids possess ellipsoidal, 

almost spherical shapes with apparent sizes of about 100 nm, corresponding to actual sizes 

(after deducing the size of bound antibodies) of about 70 nm (Kukat et al. 2011, Kukat et al. 



2015). A mitochondrion typically contains several nucleoids; up to a few thousands 

mitochondria may be found in energetically highly active cells such as heart muscle cells. 

Following this experimental information, the PARTRAC model of mtDNA and 

mitochondria has been developed as follows: Five distinct cubic boxes of 15 nm edge length 

have been generated, containing 318-326 bp DNA with U-turns every about 15-20 bp. A 

straight box in which the mtDNA connects the bottom and top walls is illustrated in Figure 

1A; in the other boxes, mtDNA bends to the left, right, front or back, respectively. These 

boxes have been constructed by adapting the standard PARTRAC chromatin boxes of 50 nm 

size as used in chromatin modelling (Friedland et al. 2011a), replacing histone molecules by 

TFAM proteins and adjusting the winding angles, protein numbers, and sizes appropriately. 

By seamlessly stacking 52 such boxes into a compact loop with ~60 nm size (Figure 1B) of a 

slightly prolonged shape, a closed mtDNA loop of 16.7 kbp length has been built. Ten such 

mtDNA copies (10 nucleoids) have been placed in close vicinity within a sphere with 1 µm 

diameter that has served as a model mitochondrion; no internal structures such as double 

membrane or cristae have been considered. Finally, 1000 mitochondria have been positioned 

randomly in the cytoplasm of a model heart cell (sphere with diameter of 20 µm, concentric 

spherical nucleus of 10 µm diameter, Figure 1C). The model cell thus contains in total 

167 Mbp mtDNA (which corresponds about to the mean size of a human chromosome) and 

6.6 Gbp nuclear DNA. Due to the high number of mitochondria per cell and mtDNA 

molecules per mitochondrion included, the given model may be viewed as a semi-realistic 

model of energetically highly active cells such as heart muscle or liver cells, serving at the 

same time as an upper limit on mtDNA-related effects in less active cells. 

To assess radiation-induced mtDNA damage, the given model cell with 1000 

mitochondria per cell and 10 mtDNA molecules per mitochondrion has been overlaid with 

tracks of 
60

Co -rays. To further study the radiation quality-dependence of the assessed 



effects, 5 MeV α-particles have also been simulated.  Direct DNA damage from energy 

depositions within mtDNA have been scored as standardly done in PARTRAC for nuclear 

DNA (Friedland et al. 2011a). Regarding indirect effects mediated by reactive species, 

alternative scenarios have been considered to account for the unknown degree of radical 

scavenging in mitochondria: The mtDNA, originally considered to be naked and vulnerable 

to damage, has been later shown to be coated by proteins and aggregated into nucleoids 

(Kukat et al. 2011). Nuclear DNA is known to be protected by histones and also by general 

scavengers such as glutathione; in PARTRAC, histones are represented explicitly in atomic 

resolution, and lifetimes of hydroxyl radicals of 2.5 ns are taken in the nucleus, based on 

corresponding experimental data, see (Friedland et al. 2011a) and references therein. To the 

knowledge of the authors, no such detailed information is available for mitochondria and 

mtDNA. Therefore, for indirect damage to mtDNA, specific scavenging by TFAM and/or 

other proteins coating mtDNA has not been considered explicitly, but included in the 

effective lifetime of hydroxyl radicals in mitochondria, for which three alternative scenarios 

have been evaluated: Lifetime of 2.5 ns as in nuclear environment; no additional scavenging 

of 
•
OH but only reactions with DNA constituents and products of water radiolysis; and 

complete scavenging with lifetime of 0 ns, i.e. direct effects only with no damage through 

radical attacks. Induction of single- and double-strand breaks (SSB, DSB) or more complex 

lesions and fragmentation patterns in mtDNA have been scored using methods previously 

developed for nuclear DNA (Friedland et al 2011a), modified to account for the closed-loop 

structure of mtDNA. For both radiation types studied, 1000 simulations have been done with 

mtDNA (and 20 simulations with nuclear DNA) until in each run energy deposits in the 

model cell corresponding to the dose of 10 Gy have been obtained. While the damage yields 

are reported per unit dose, the fragmentation patterns refer to a single track.  



Results 

Energy deposition to mitochondria 

The stochastic and quantum nature of ionizing radiation, and in particular the specific spatial 

structure of ion tracks, leads to inhomogeneous specific energy (‘local dose’) distributions on 

cellular or subcellular scales. This inhomogeneity increases with decreasing target size and/or 

decreasing dose. Since mitochondria are considerably smaller then cell nuclei, the 

inhomogeneity may be an issue for these organelles but of no concern for cell nuclei at low or 

moderate mean doses.  

To address this issue in detail, the distribution of specific energies in an ensemble of 

nuclei and mitochondria has been investigated for 
60

Co - and 5 MeV -particle irradiation at 

doses from 2 mGy to 2 Gy. In Figure 2, the cumulative distribution of specific energy 

deposited by 
60

Co -irradiation to mitochondria with 0.5 µm³ volume is shown in comparison 

with the corresponding distribution for cell nuclei of 125 µm³ volume (note that this value is 

close to the volume, about 150 µm
3
, actually filled with DNA fiber boxes in the multi-scale 

model of cell nucleus used in PARTRAC simulations of nuclear DNA damage, although the 

whole nucleus comprises a larger sphere of 524 µm³ volume). Panel A shows the cumulative 

distribution of specific energies to mitochondria (solid lines) or cell nuclei (dotted lines); 

plotted are the fractions of targets receiving specific energy below the abscissa values. A 

single energy deposit (as discussed above, mean energy deposit of 14.92 eV) per 0.5 µm
3
 

mitochondrion means specific energy of about 4.8 mGy; in the semi-logarithmic plot in 

Figure 2A, non-hit mitochondria (which by definition see specific energy of 0 mGy) have 

been depicted by the leftmost histogram segment (segment below 4.8 mGy). At 2 Gy dose, 

virtually all mitochondria are hit; they receive specific energies ranging from ~0.4 up to 

~6 Gy. At 0.2 Gy dose, 7% of the mitochondria are not hit. This non-hit fraction increases to 

75% and 97% at 20 mGy and 2 mGy, respectively. The corresponding distributions for cell 



nuclei (dotted lines) show considerably lower inhomogeneity; again, the inhomogeneity 

increases with decreasing dose. For 2 mGy mean dose, about 22% of the nuclei receive no 

energy deposit (not shown); a single energy deposition event within the cell nucleus 

corresponds to ~0.02 mGy specific energy on average. In panel B, the same results are 

plotted in log-log scale; whereas the accumulation towards larger doses in panel A points out 

the width of the target dose distribution and the fraction of targets without hits, the 

accumulation towards lower doses in panel B emphasizes the fraction of targets receiving 

relatively high specific energies (‘local doses’) in spite of low (‘macroscopic’) doses: For 

instance, one mitochondrion out of 1000 receives specific energy of at least 0.4 Gy, 1.5 Gy, 

2.8 Gy and 6.8 Gy at applied doses of 2 mGy, 20 mGy, 0.2 Gy and 2 Gy, respectively. Thus, 

the specific energies seen within a small group of highly exposed organelles change by about 

a factor of two to four only although the dose varies by a factor of ten.  

For 5 MeV -particles, it is mainly the fraction of hit nuclei and/or mitochondria that 

is changing with varying dose, but not the specific energy seen by the targets. Hence, the 

corresponding results for -particles are presented in Figure 3 for a mean dose of 1 Gy and 

for a single particle traversal; in this latter case only targets that received at least one energy 

deposit have been included in the analysis. At 1 Gy, about 94% of the mitochondria and 

about 10% of the cell nuclei are not hit (Figure 3A). For the mitochondria that have been hit, 

the distribution of specific energy is rather similar to the single particle distribution (Figure 

3B), except at specific energies above 40 Gy which occur in about 1 out of 1000 targets due 

to two (or more) tracks hitting the same target. The specific energy to the nucleus deposited 

by a single track ranges from 0.1 to almost 1 Gy (Figure 3A). Thus, at 1 Gy dose, the nucleus 

is usually hit by multiple tracks; the specific energy to the nucleus does not exceed 4 Gy in 

this case. 



The distributions shown are exemplary results for photon and for ion irradiation. Test 

simulations have shown that for lower photon energies the inhomogeneity becomes larger; 

however, a detailed analysis is outside the scope of the present work. For ion irradiation, the 

linear energy transfer (LET) is a major descriptor of radiation quality and also of the 

inhomogeneity in specific energy. Essential characteristics of the specific energy distribution 

can be roughly estimated under the simplifying assumption that all interactions due to the ion 

with LET L are located on a straight line. Then, the mean dose D due to a single traversal 

through a spherical volume with cross-sectional area A is given by  

D [Gy] = 0.1602 L [keV/µm]/A [µm²];  

the numerical factor follows from unit conversion. For an -particle of 5 MeV energy the 

LET is about 95 keV/µm; this leads to a mean specific energy of 0.5 Gy per nuclear traversal 

and 20 Gy per mitochondrial traversal. As the maximum chord length exceeds its mean value 

by a factor of 1.5 (since the mean chord length of a sphere is 2/3 of its diameter), the 

corresponding maximal values of specific energy are about 0.75 Gy and 30 Gy for nuclear 

and mitochondrial traversals. The fraction f(n) of targets that encounters a number n of 

traversals through its volume, given that the mean number of traversals is a, follows a 

Poisson distribution:  

f(n) = a
n 

exp(-a) / n! 

For the mean dose values per traversal given above the parameter a equals 1 and the fraction 

of no traversal is 36.8%. Since a scales linearly with dose, the fraction of non-hit targets f(0) 

can be easily deduced for further dose values: according to the estimation above about 13.5% 

of the nuclei (a = 2) and 95% of the mitochondria (a = 0.05) are not hit by the -track at 1 Gy 

dose. These values, as well as the mean specific energies per particle traversal, are in overall 



agreement with the results of the detailed analysis. 

Damage to mtDNA 

The yields of single- and double-strand breaks (SSB, DSB) in mtDNA upon 
60

Co - or 

5 MeV -irradiation simulated by PARTRAC are reported in Table 1. Three cases are 

considered here, namely with hydroxyl radical (
•
OH) lifetime of 2.5 ns as in the nucleus 

(Friedland et al. 2011a), without scavenging of 
•
OH in mitochondria despite interactions with 

mtDNA, and without indirect effects due to 
•
OH attack. For comparison, also the data on 

DNA damage in nuclear DNA (nDNA) are listed. DNA damage from energy deposition 

events within the molecule is scored as direct damage, contrary to indirect one which is 

mediated by 
•
OH attacks (whereby indirect DSB include those DSB where at least one of the 

strand breaks is induced by 
•
OH). The yields of direct damage in mtDNA and nDNA are 

almost identical. This result could have been anticipated since the basic molecular structure 

(i.e. the double-helix) is the same and differences due to dissimilar bending of the helix have 

only marginal impact on the effective target volume per base pair.  

The indirectly induced damage increases if the degree of scavenging decreases (i.e. 

•
OH lifetime increases).The simulated indirect (and hence also the total) damage is larger in 

mtDNA than in nDNA for both nucleus-like and low scavenging in mitochondria. The reason 

is that mtDNA lacks the protecting histones, and the TFAM proteins have not been assigned a 

protective role in our model. Due to this simplifying assumption, the results provide an upper 

limit on the possible mtDNA damage; the realistic figures may be significantly smaller due to 

the protective role of mtDNA-coating proteins. Nevertheless, even the reported, limiting total 

damage yields are rather small. Even under low scavenging conditions, much less than 1 % 

mtDNA will experience a DSB at 1 Gy of 
60

Co - or 5 MeV -irradiation (e.g. for -



irradiation assuming low scavenging in mitochondria, 26 DSB Gy
-1

 Gbp
-1

 × 1 Gy × 16.7 kbp 

per mtDNA = 0.042 % DSB induction probability per mtDNA at 1 Gy dose). 

For 
60

Co -irradiation, the DSB are induced fully at random (results not shown), as is 

typical for low-LET radiation. For 5 MeV -particles (LET ~ 95 keV/µm), however, often 

more than a single DSB occurs at a single mtDNA molecule, so that two (or even more) 

fragments are formed from the circular mtDNA. In Figure 4, calculated fragmentation 

patterns are shown for 5 MeV -irradiated mtDNA and nDNA. Characteristic peaks at 

around 75 bp are seen for nDNA, corresponding to the -particle track crossing both helices 

wound around the histone within a nucleosome. No such clear peaks are predicted for the 

present mtDNA model, in agreement with the hypothesis that no regular, repetitive structures 

such as nucleosomes and 30 nm chromatin fiber are formed by the mtDNA. Yet are 

fragments shorter than about 120 bp relatively frequent in mtDNA, which corresponds to the 

frequent U-turns around the TFAM proteins and the overall highly compact structure of 

mtDNA, which is often traversed by the -particle track twice within this short genomic 

interval. 

Discussion and conclusion 

The PARTRAC simulations on damage to mtDNA have revealed rather small radiation 

effects. A novel model representing the structure of mitochondrial DNA has been developed. 

Following experimental information, the model contains a closed 16.7 kbp DNA double-helix 

in atomic resolution, which shows frequent turns imposed by bound TFAM proteins and 

forms a compact 60 nm nucleoid. Each mitochondrion contains several nucleoids (10 in the 

reported simulations). Energetically active cells such as cardiac muscle or liver cells include a 

high number of mitochondria per cell (1000 in this study). This model has been used to assess 

radiation-induced damage to mtDNA. Effects mediated by direct energy deposition are 



almost identical in mitochondrial and nuclear DNA, since atomic-scale structure of the DNA 

helices are very similar. Regarding indirect effects mediated by radical attacks, three 

exemplary degrees of scavenging have been evaluated, since solid information is absent on 

•
OH lifetime in mtDNA nucleoids and the degree of mtDNA protection by TFAM and/or 

other proteins coating this molecule. The PARTRAC predictions on total damage yields in 

mtDNA upon -irradiation, 185 SSB Gy
-1

 Gbp
-1

 under nucleus-like scavenging conditions 

(Table 1), compare favorably with the scarce experimental data available, (134±20) SSB Gy
-1

 

Gbp
-1

 (May and Bohr 2000). Actually, this comparison suggests slightly smaller 
•
OH effects 

(i.e. stronger scavenging) in mitochondria than in nucleus, consistent with the high coverage 

of mtDNA by TFAM (Kukat et al. 2015); nevertheless, the reported 2:1 ratio between 

mitochondrial and nuclear DNA damage (May and Bohr 2000) would imply lower 

scavenging in mitochondria than in nucleus. Further dedicated research would be needed to 

elucidate this issue and define a relevant scenario. Nevertheless, in general the simulations 

complement the experimental data and provide useful estimates on the yields of damage to 

mtDNA in dependence on applied dose or radiation quality. The simulations show that 

5 MeV α-particles are more effective and also less sensitive to the degree of scavenging than 

60
Co γ-irradiation. For both radiation types, the vast majority of mtDNA molecules are not 

affected at all by low or medium doses; at 1 Gy, there is a 1:3000 – 1:6000 chance for a given 

mtDNA copy to experience a DSB. These small radiation effects are further reduced by DNA 

repair, which is present even in mtDNA, though less efficient than in nuclear DNA (May and 

Bohr 2000). On the other hand, when a particular mtDNA molecule is hit, then there are 

typically multiple DSB, fragmenting the molecule. The predicted mtDNA fragmentation 

patterns reflect its compact packaging with frequent, random U-turns, contrary to 

nucleosome-related peaks of 70 – 80 bp in nuclear DNA (Figure 4). However, taken together, 

the performed mechanistic simulations do not provide support for the hypothesis that mtDNA 



were a key target for initial radiation effects. 

On the contrary, it is well established that mitochondria do play an important role in 

initiating and/or amplifying radiation effects, both in vitro and in vivo (Leach et al. 2001, Kim 

et al. 2006, Chen et al. 2008, Chen et al. 2009, Hanot et al. 2009, Prise and O'Sullivan 2009, 

Nugent et al. 2010, Azimzadeh et al. 2011, Barjaktarovic et al. 2011, Rajendran et al. 2011, 

Yamamori et al. 2012, Azimzadeh et al. 2013, Barjaktarovic et al. 2013, Kam and Banati 

2013, Szumiel 2015). In their in vitro experiments, Leach et al. (2001) demonstrated a 

transient increase of ROS production by mitochondria observable at 1 – 5 min post 

irradiation, with a binary, yes/no response of the whole cell; the percentage of non-

responding cells decreased exponentially with dose in agreement with the target theory. The 

mechanism suggested by the authors was that ionizing radiation induced an oxidative effect 

in a mitochondrion that led to the release of Ca
2+

 which was taken up by neighboring 

mitochondria and induced their permeability transition, depolarization, ROS production and 

further Ca
2+

 release, leading to signal propagation and amplification. Brady et al. (2004) and 

Zorov et al. (2006) demonstrated such processes directly; they observed a wave of 

depolarization in a cell’s mitochondria population that was propagating with the speed of 

5 µm/min or cell-wide fluctuations in mitochondria membrane potential with a period of 3 – 

10 min. These results show that mitochondria do not act in an isolated manner but are 

mutually closely interlinked; likewise, communication exists between mitochondria and the 

nucleus, in both directions. 

Exposure to ionizing radiation leads to practically immediate (within µs time scales) 

induction of ROS by radiolysis. This ROS induction is rather limited compared to their 

physiological production rates; e.g. upon 10 mGy irradiation these immediately formed ROS 

may correspond to their physiological production over around 0.2 s only, averaged over a cell 

(Mikkelsen and Wardman 2003). However, as shown in this work, energy deposition on sub-



µm scales is highly inhomogeneous, and while most mitochondria in a cell would not receive 

any energy from such a low-dose irradiation, the few hit ones would see considerably high 

specific energies (‘local doses’). For these simulations, the detailed mtDNA model discussed 

above was not necessary; it was sufficient to score energy deposits in small spheres, 

ellipsoids or cylinders, as generally done in approaches proposed so far to address the role of 

mitochondria in initiating or mediating the biological effects of ionizing radiation (Friedland 

et al. 2011b, Kundrat and Friedland 2012, Kam and Banati 2013, Kirkby and Ghasroddashti 

2015). The results have shown that for instance for 0.5µm
3
 mitochondria (diameter ~1 µm) at 

20 mGy of 
60

Co γ, 1 out of 1000 mitochondria would receive specific energy i.e. ‘see a local 

dose’ of ~1.5 Gy, which is 75-fold higher than the applied dose. In the case of 5 MeV α-

particles, at doses up to a few Gy most mitochondria see no energy deposit but a hit 

mitochondrion receives about 20 Gy specific energy (about 60 keV deposited energy), 

producing about 600 H2O2 molecules. We speculate that these ROS formed immediately 

upon irradiation in such heavily hit mitochondria may be sufficient to shift the organelle to a 

state with high ROS release; bistability of the mitochondrial respiratory chain i.e. its ability to 

operate in two stable states, one with a low and another with a high production of ROS, has 

been reported (Selivanov et al. 2011). The enhanced production of ROS may lead to opening 

the mitochondria permeability transition pore, release of cytochrome c, ROS and/or Ca
2+

 into 

the cytoplasm, which may trigger an avalanche reaction in neighbor mitochondria. For details 

on these and alternative amplification processes, we refer to Mikkelsen and Wardman (2003) 

and references therein.  

Taken together, the reported modelling studies on damage to mitochondrial DNA 

have shown only little radiation-induced effects, indicating that mitochondrial DNA is not 

likely a critical target of ionizing radiation. The simulations on energy deposition patterns 

indicate a large inhomogeneity in specific energy (‘local dose’) deposited to mitochondria, 



especially at low doses or for high-LET radiation. At low doses, most mitochondria are not 

hit at all, but a few heavily hit ones receive specific energies that are orders of magnitude 

higher than the applied dose. Presumably, initial effects in such heavily hit mitochondria are 

then amplified through signaling between mitochondria and/or with the nucleus, so that long-

term effects on cellular or even tissue levels arise. 
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Figure legends 

Figure 1: The model of mitochondrial DNA (mtDNA) and mitochondria in PARTRAC in a 

perspective view by POVRAY™ raytracer software. Panel A: Basic 15nm box used as a 

building brick of the mtDNA model. The DNA double-helix is represented in atomic 

resolution. The TFAM proteins are not modelled explicitly in atomic resolution but as 

bending regions of the mtDNA only. The straight box shown here contains 326 bp of mtDNA 

and eight U-turns around TFAM proteins. Panel B: The model of a single mtDNA molecule 

is obtained by seamlessly stacking 52 basic boxes (20 straight and 32 bent ones). The whole 

16.7 kbp closed loop is compacted into a nucleoid fitting into a cube with 80 nm side length. 

Panel C: 1000 mitochondria (yellow), with 10 mtDNA nucleoids each, are placed randomly 

in the cytoplasm of a model cell around the spherical nucleus (blue, with shadows from 

mitochondria). The nucleus contains a multi-scale model of nuclear DNA that ranges from 

DNA double-helix in atomic resolution over nucleosomes, 30 nm chromatin fiber, and 

chromatin domains to chromosomes, as described in detail previously (Friedland et al. 

2011a). 

Figure 2: Cumulative distribution of specific energies (‘local doses’) deposited to 0.5 µm
3
 

mitochondria (solid lines) or 125 µm
3
 cell nuclei (dotted lines) by 2 mGy (red), 20 mGy 

(green), 0.2 Gy (cyan) or 2 Gy (black) of 
60

Co -ray irradiation. To present the targets 

receiving low (or no at all) as well as those receiving high specific energies, the same results 

are plotted twice: Panel A: Fraction of mitochondria and cell nuclei with specific energies 

below the abscissa values. Since a single hit to a mitochondrion translates into specific energy 

of 4.8 mGy, the leftmost segments of the histograms depict the fraction of non-hit 

mitochondria. Panel B: Fraction of mitochondria and cell nuclei with specific energies above 

the abscissa values. The leftmost segments refer to the fraction of hit mitochondria. 

Figure 3: Cumulative distribution of specific energies in mitochondria and cell nuclei due to 

5 MeV -particle irradiation. Solid lines: results for mitochondria (0.5 µm³ volume), dotted 

lines: results for cell nuclei (125 µm³ volume); red: single particles that have hit the target 

volume, black: 1 Gy dose (fluence: 0.061 µm
-2

). Panel A: Fraction of mitochondria or cell 

nuclei with specific energies below the abscissa values. Panel B: Fraction of mitochondria or 

cell nuclei with specific energies above the abscissa values.  



Figure 4: Calculated small-scale DNA fragmentation patterns in mitochondrial DNA 

(mtDNA, solid lines) compared to nuclear DNA (nDNA, dotted lines) due to single tracks of 

5 MeV α-particles.    
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Table 1: Radiation-induced yields of damage to nuclear and mitochondrial DNA (nDNA and 

mtDNA, respectively) predicted by PARTRAC simulations. Scored have been single- and 

double-strand breaks to DNA (SSB and DSB, respectively). For nDNA, separately listed are 

damage yields from direct energy depositions and the total effect that includes DNA damage 

from radical attacks. For mtDNA, total effect is reported for three scenarios considered: (i) 

full scavenging of 
•
OH in mitochondria, corresponding to direct effects only, (ii) scavenging 

with 
•
OH lifetime of 2.5 ns as in the nucleus, and (iii) low scavenging without scavengers that 

would reduce 
•
OH lifetime, i.e. considering only water radiolysis and reactions with mtDNA. 

 

Damage yields  

(Gy
-1

 Gbp
-1

) 

nDNA mtDNA, 
•
OH scavenging: 

Direct Total Full Nuclear Low 

60
Co γ 

SSB 52 170 50 185 258 

DSB 5.2 8.5 5.8 9.7 12.4 

5 MeV α  

SSB 35 113 36 121 152 

DSB 13 19 15 23 26 

 


