www.jbpe.org

SmtDNA: A Geant4-DNA User Application
for Evaluating Radiation-induced

Damage in Supercoiled Mitochondrial
DNA

Tavakoli M. B.", Moradi H.>*, Khanahmad H.3, Hosseini M.4,
Rahimmanesh 1.3

ABSTRACT

Background: There is no geometrical nucleotide resolution model which can be
used in numerical simulations of the interaction between radiation and supercoiled
mt-DNA to perform realistic evaluations of DNA-free radical reactions.

Objective: A new geometrical model of mitochondrial DNA (mt-DNA) is de-
veloped in Geant 4-DNA to investigate the radiation-induced damage on mt-DNA.
The presented application can be used to modify both geometrical parameters and
structural elements, and to evaluate the damage induced on the mt-DNA molecule by
ionizing particles.

Methods : Our model covers the organisation of a supercoiled human mitochon-
drial genetic system. The current model includes all 16,659 base pairs of human mi-
tochondrial DNA. This new mtDNA model has been preliminarily tested in this work
by determining SSB and DSB DNA damage yields and site-hit probabilities due to
the impact of proton particles.

Results: Determination of single-strand (SSBs) and double-strand breaks (DSBs)
is designed using the locations of all hit sites. Estimation of single-strand breaks and
double strand breaks yielded similar results with the increment of incident particle
LET. The output results contain the information about the energy transfers in the
backbone region of DNA double helix.

Conclusion: Considerations seem to be consistent with the corresponding
experimental determinations. This application can be used for the investigation of
radiation-induced damage to the mitochondrial genome and in any problems that re-
quire a supercoiled geometrical model. This work is going to be extended to circular
conformation in a parallel project in the near future.
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Introduction
he main target of lesions induced by ionising radiation exposure
is believed to be the genomic DNA in the cell nucleus [1]. Many
studies have been conducted on the effects of radiation on cell
organelles other than the nucleus [1-6]. It has been suggested that these
organelle effects are not caused by the nuclear reaction to radiation but
are due to the direct effect of radiation [1, 7]. Mitochondria may occupy
approximately 30% of the total cell volume [8]. Ionising radiation can
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cause various lesions in circular mitochon-
drial DNA(mt-DNA) such as; strand breaks,
base mismatches and large deletions, which
also occur in nuclear DNA [1]. Therefore, mi-
tochondria may also be a target of radiation,
in addition to the cell nucleus [2]. Although,
mt-DNA comprises approximately 0.25% of
the total cellular DNA, the entire mitochon-
drial DNA includes active genes for protein
synthesis [2, 9, 10]. In contrast, the portion re-
sponsible for protein coding in nuclear DNA
(99.75% of the total cellular DNA) is only ap-
proximately 1% [9]. Consequently, the genet-
ic cause of the direct biological effects seems
to lie in the coding regions of mitochondrial
DNA. In addition, Histone protection fails to
efficiently protect mitochondrial DNA, and an
efficient DNA repair system is inactive [4];
hence, more unrepaired lesions are likely to
accumulate.

Human mt-DNA is a circular molecule
among the smallest known mt-DNAs, and it
contains 16,659 bases. The close proximity of
mt-DNA to sites of reactive oxygen species
(ROS) production renders it particularly sus-
ceptible to damage. Recent evidence has indi-
cated that base excitation repair and mismatch
repair might be induced in the mitochondria
during oxidative insult [2]. Deletion in the
mitochondrial genome is also commonly in-
duced after cellular exposure to ionising radia-
tion [11].

Geant4 is a general-purpose and open-source
simulation toolkit which is well suited for mi-
crodosimetry purposes and radiation interac-
tions in water [12, 13]. Various attempts have
been made to predict early damages to DNA.
Geant4-DNA can be utilized to address this
problem in the following three steps: 1- using
clustering algorithms to estimate the damages,
2- performing geometrical simulations of the
structure and 3- using the first and second ap-
proaches together. Energy deposition patterns
in media can be analysed and tuned to adapt to
the experimental DNA strand break data us-
ing clustering algorithms [14, 15]. A cluster-

ing algorithm was added to the Geant4-DNA
examples in December 2015 (Geant4.10.2).
In geometrical approach, attempts were made
to develop geometrical models of biological
molecules. Using physical, chemical-physical
and chemical-biological processes in combi-
nation with Geant4-DNA, physical modelling
of a DNA geometrical structure in liquid water
was first conducted by Bernal et al. [16]. The
aim of their simulation was to estimate single-
and double-strand breaks in a simplified DNA
structure formed by a series of chromatin cy-
lindrical forms, using some radionuclides,
cobalt gamma rays or soft X-rays as the ra-
diation sources. Attempts to describe 6Gbp in
nuclear DNA started and continued in several
research groups [17-22]. In most studies, au-
thors focused on nuclear genome and tried to
make theoretical and experimental investiga-
tions of radiation-induced damage on nuclear
genome. Up to our knowledge, in theoretical
approach, there is no investigation on super-
coiled conformation of molecules. PDB4DNA
package in Geant4-DNA was developed to
simulate radiation effects on molecules within
their Protein Data Base (PDB) files [23]; in
contrast, there is no way to use it for mt-DNA
because of the lack of PDB files in this case.
This is why a specific-purpose model is being
presented through this application.

In our study, we tried to develop a super-
coiled model for mitochondrial genome to
achieve a nucleotide resolution of the whole
cell genome including mt-DNA. The low-en-
ergy package prepared in Geant4-DNA can be
used to simulate the energy-deposition phys-
ics of ionising radiation at the nano-metric
scale for radiobiological applications [24, 25].
Therefore, the mt-DNA geometries created
in this study are directly exportable in a form
suitable for the use in MC simulations using
Geant4-DNA processes.

In this study, supercoiled mt-DNA model
was developed using the Geant4 Monte Car-
lo simulation tool, considering the sugar and
base-pair level of granularity. The structure of
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the paper is as follows; first, we present the ba-
sic features of simulations of DNA molecule
models with base-pair resolution, which are
common to Geant4-DNA and other examples.
Then, the specific characteristics of this appli-
cation (those that serve to determine the struc-
ture) are discussed including visualisations of
the structure by the Geant4 tools to clarify the
description. Finally, the algorithm for assign-
ing SSBs and DSBs to the mt-DNA geometry
is proposed; this is used to compute an estima-
tion of the mt-DNA damage.

Methods

SmtDNA can simulate energy deposition to
base-pairs in supercoiled mt-DNA molecule
and estimate the SSB and DSB damage. Us-
ers can visualise particle tracks using OGL
tool in Geant4. Figure 1 presents the Unified
Modelling Language (UML) diagram of the
application in the Geant4 toolkit. Green boxes
correspond to SmtDNA. Our model covers
the organisation of a supercoiled human mi-

DetectorConstruction

+Volume generation

tochondrial genetic system. Pairs should be
separated by distances of 0.33 nm. An optimi-
sation process is used to determine the geo-
metrical dimensions of the structure. Bases
and sugars are assumed to be spheres with ra-
dii of 0.17 nm and 0.48 nm, respectively, ac-
cording to other studies [16]. The number of
base pairs per complete rotation in a double
helix is taken to be 10.3, which is the experi-
mental value. Rotation takes place through a
3D rotation matrix with a rotation degree of
360°/10.3[16].

Determination of Supercoiled Geo-
metrical Structure

Figure 2 shows the rotating structure with an
expanded view of the supercoiled DNA sys-
tem.

The geometric design, which includes two
semicircles at the ends, and two spiral paths
between them are divided into two steps:

1. The rotation of the two semicircle and the
two spiral paths is obtained by using 3D rota-
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Figure 1: UML diagram of SmtDNA Geant4 user application: Geant4 virtual classes (white), Ge-
ant4 implemented classes and interface to the ROOT analysis software (green).
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Figure 2: Rotating structure with an expand-
ed view of the supercoiled DNA system.

tion matrixes for each path, which are multi-
plied by the previous rotation matrix in order
to determine the permutation matrix. The en-
tire supercoiled structure is formed by precise-
ly localizing the starting points of the chains.
Figure 3 shows a closer view of our model,

Figure 3: Visualisation of the supercoiled
geometry, created by the OGL visualisation
tool in Geant4.

which was obtained using the OGL tool in Ge-
ant4. A detail can be seen in Figure 4.

2. The mathematical algorithm for the geo-
metric construction is described below, where
NI=Number of elements in the first semicircle
path, N2= Number of elements in the second
semicircle path, N3= Number of elements in
the first spiral path, N4= Number of elements
in the second spiral path:

2-1. First, the two semicircles are built as
follows:

-15Cos(n6,) 0 rsSin(n6,)
rsCos(n6,) 0 -rsSin(n6,)

The rotation matrix for the n™ element is
written as:

Cos(ng,) -Sin(ng,) 0
Matrix | =| Sin(ng,) Cos(ng,) 0|, g, ="
Num
0 0 1
where n=0, 1, 2, ... , number of elements in

each supercoil path.
Thus, the permutation matrix for the n™ ele-
ment is given by:

D, = [SPan XMatriX;1N1]2X3 = [DiNl D712N1:|

The n™ spin, regardless of its permutation
matrix, should have a geometrical coordinate
transformation. Thus the parametric equation
for the spin is:

Figure 4: Closer views of the geometry.
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y =mSin(ng,) ,0sn<N1

x =mCos (ng,)
z =z,
P =
s x =mCos(ng,)

z =z,

and the location of the n™ element is given
by:

D2

nN 13

Sugar Location , ., = [Dl +P

aN13 = nN 13 nN 13

+Pan3:'

2-2. Up to this step, we have obtained the
geometrical position of the two semicircles.
The first spiral should be built using N2 ele-
ments. Thus,

SP

nN 2

| -rsCos((N1+n)6,) 0 rsSin((N1+n)6,)
- rsCos((N1+n)90) 0 —rsSin((N1+n)6, ’

n=0,12,...,(N2-1).

The rotation matrix for the n™ element is
written as:

Cos(ng,) -Sin(ng,) 0
Matrix , , =| Sin(n¢g,) Cos(ng,) 0 ,(p(]:Nz_n
um

0 0 1

,n=0,1,2, ..., (N2-1).

Thus, the permutation matrix for the n™ ele-
ment is

Dy, =[SP,y,xMatrix,,],  =[ Dy, D]

nN 2

The parametric coordinate transformation of
the n™ element in the spiral path is given by:

x =mCos (ndt)
P.,=1y :2(n +1)dt(b —a),dt =
z =nSin(ndt)

2zN N
N2

y =-nSin (n(00)+2(b —a)><272'N _N,N1<n<N1+N3-1

Therefore, the location of the n™ element is

. _ 1 2
Location,, ; = I:Danz +Pyin Doyvi +PnN12]

and for the next spiral path, which has N4
elements, we have

g2 NN
N4

] ~rsCos(N1+N 2+N3+n)6,) 0 rSin(N1+N2+N3+n)6)
") isCos(N14N24N3+n)8,) 0 ~nsSin(N1+N 2+N3+n)d, |

n=0,12,.,(N4-1).

The rotation matrix for the n™ element is
written as:

Cos(ng,) —Sin(ng,) 0
Matrix,y., =| Sin(n)  Cos(ng,) 0| .0=
um

0 0 1

,n=0,1,2, ..., (N4-1).
Thus, the permutation matrix for the n™ ele-
ment is

Dy = [SPnN4 x Matrix, ]2><3 - I:D}‘N“ Dim]

The parametric coordinate transformation of
the n™ element in the spiral path is given by:

x =mCos(m—ndt2)
Py,{y =2(b-a)2zN _N -2(n-1)di2(b -a) .di2=
z =nSin(ndt)

2N N
N4

Thus, the location of the n™ element is

. S 2
LOCﬂthl’lnN4 _[DHN4 +I)nN4 DnN4 +])nN4:|'
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2-3. Now we calculate the locations of the
base pairs in the first and second spiral paths.
The placement of the first spiral path base
pairs is given by:

| ~bCos((N1+n)6,) 0 rbSin((N1+n)6)

b_SP,,= ,
bCos((N1+n)8,) 0 —rbSin(N1+n)6,

e

n=0,1,2,...,(N2-1).

27N N

By assuming g — , the rotation

and transfer matrices the same as for sugars.

Hence, the permutation matrix for the n™ ele-
ment is

. _ 1 2
meV , [bSP a2 X Matrlan 2 ]2X3 = I:bD N 2 bD nN 2 J
The parametric coordinate transformation

for the n™ base pair in the spiral path is also the
same as for sugars (P, , ); thus, the location is

b_ Location,y :|:b_D:iN2 +Py, b_D,y, +PnN2:|

2-4. In the second spiral, we have N4 base
pairs. The base pairs matrix would be

~bCos((N1+N 2+N3+n)6,) 0 Sin((N1+N2+N3+n)6,)
Cos((N1+N2+N3+n)f) 0 —bSin(N1+N 2+N3+n)é,

SI)!!\‘4 -

,n=0,1,2,...,(N4-1).

2N N

By assuming 4¢2 = , the rotation

and transfer matrix of base pairs is the same as
Matrix  , . Hence, the permutation matrix for

the n" element is

bDnN = [bSPnN 4, xMatrix,, , ]2X3 = I:DnlN 4 Dn2N 4 :|

The parametric coordinate transformation
for the n™ base pair in the spiral path is the
same as for sugars (P, , ), thus the location is

given by:
b_Location , , = [b Dy, b _Dnzm]'
Results

Geometry Consistency by Visualisa-
tion

Visualisation of a 0.1 MeV proton in inter-
action with an mt-DNA molecule and its wa-
ter environment was checked as the first step
(Figures 5). Then, the code was run with the
complete number of base pairs in the molecu-
lar structure. The coordinates determined by
the algorithm were consistent with the expect-
ed result, as shown in Figure 6, which are plot-
ted using the ROOT software and show the hit
sites in the exact structure for model. The re-
sults can be compared with those for any other
arbitrary DNA shape, owing to the assumption
of a standard supercoiled structure model in
this study and the probabilistic nature of Mon-
te Carlo calculations.

Algorithm for Evaluating SSBs and
DSBs

A minimum energy deposition of 8.22 eV
delivered to the sugar-phosphate sphere is as-
sumed as SSBs. This minimum energy is the

Figure 5: Visualisation of a 0.1 MeV proton
in interaezdxction with a supercoiled mtDNA
molecule and its water environment.
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Figure 6: 3D analysis of the track position of
the current energy transfer (in nm) for the
supercoiled structure.

same in all Geant4-DNA models. DSBs are as-
sumed when two SSBs occur on opposite sides
of the molecule at a distance of 10 base-pairs

Compute distance of

energy deposit site
to sugar center

Distance o
<threshold
Update Strand1
Update Strand2

Get next Sugar
ID and edep

SSB2

breaks.

Update

or less (Figure 7). This parameter is obtained
from the studies of Nikjoo et al. [26-28]and
is also used in other Geant4 examples [22-23,
29-32].

Output Production

All ionisations produced by the projectile
and the secondary electrons were recorded in
a ROOT file format. The output file was pro-
cessed by analysing the routines.

The output results are stored in an MtDNA.
root file, containing only information about
the energy transfers in the backbone region of
the DNA double helix. The output file can be
analysed by root analysing tools. The param-
eters reported in output root files are: 1-strand
breaks, which are distinguished with different
flags (1 or 2), 2- types of particles for the cur-
rent step, 3- types of the processes for the cur-
rent step, 4- flag of the strand (1 or 2) in the

Update
DSB

Distance <
threshold
of DSB

Compute distance

of Strand1 and
Strand2

Update
SSB2

Figure 7: Activity diagram of the algorithm converting energy depositions into DNA strand
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double helix, 5- track position of the current
energy transfer (in nm) 6- 3D analysis of the
track position of the current energy transfer (in
nm), which is shown in Figure 6, 7- energy de-
posit corresponding to the energy transfer (in
eV), 8-total energy loss along the current step
(in eV) and 9- step length of tracks (in nm).
Using these analysing options helps users to
analyse their studies in advance.

SSBs and DSBs are calculated using our
optimised algorithm, which is described by
a UML diagram in Figure 7, as output to an
MtDNA.out ASCII file.

Setup of Simulations

The simulation was tested for proton parti-
cles. Protons with 10 different energies (100,
200, 300, 400, 500, 600, 700, 800,900, 1* 10,
2%X10% 5%10%, 1%10% 2x10% 5%10* and 1%
10° keV) were emitted as primary particles.
For the energy tracking, 105particles were
simulated independently. A track is formed by
all energy transfer points originating from the
projectile and the secondary particles created
by interactions. The target material was water.

Discussion

The aim of this study was to develop a nu-
cleotide-resolution geometrical model of the
supercoiled mt-DNA structure using the Ge-
ant4-DNA toolkit to predict radiation-induced
damage such as SSBs, DSBs, energy deposi-
tion and some other physical parameters.

The current model includes all 16,659 base
pairs of human mt-DNA. One should note that
the primary purpose of this study was not to
investigate all radiation-induced effects on mt-
DNA, but to introduce two new geometrical
models suitable for this purpose. The bench-
marks of the model were compared with some
other simulation and experimental studies.

Mean mtDNA Hit Number

In order to check the validation of the simu-
lations in comparison with other simulations
in this scope, total hit number probability was

compared with Mylan et al. study in Dna-
fabric project [21]. Figure 8 shows the mean
number of mt-DNA hits proton for different
energies in comparison with Dna-fabric tool.
The results in both studies reveal the number
of DNA hits decreases when the energy of in-
cident proton increases.

LET and Hit Number

Figure 9 shows the relation between the lin-
ear energy transfer (LET) and the energy de-
posited in the mt-DNA. Indeed, DNA damage
increases by increasing the LET. Our results
are comparable with those obtained by Dos
Santos et al., Bernal et al. and Souici et al. [18,
20, 33].

Energy and mt-DNA Hit Probability
Figure 10 demonstrates the relation between
deposited energy and site-hit probability. The
fact that the hit probability increases with in-
creasing deposited energy is in agreement
with the results of the experimental studies
conducted by Zhou [28] and Souici [33, 34].
As shown in Figure 8, there is a decrease
in the mean number of DNA hits with the en-
ergy. This trend was expected as an increase
in energy corresponds to a decrease on LET.

+++4+ DNA-Fabric compacted
+-+4--- DNA-Fabric extended
SmtDNA This study

Mean hit number
IS o
7

w
2

Energy (MeV)

Figure 8: Mean number of hits per track.
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Figure 9: Relation between LET and depos-
ited energy.

The plot of the mean number of DNA hits per
track in Figure 9 also shows a larger mean hit
number for low energies. As shown in Figure
10, the total amount of SSBs (i.e. of deposited
energy) increases with increasing radiation
LET. Indeed, an increase in the radiation LET
increases the energy transfer point density of
the tracks and, consequently, the probability
to obtain an energy deposition on sensitive ar-
eas (backbone region), leading to an increase
in DNA damage. We also observe that the

Hit probability
o o o o
o © B 9 L 9 w 9
o (%2} o (%2} N (2] w o =3
¢
. 4

0 005 01 015 02 025 03 035 04

Relative energy deposit

Figure 10: Relation between relative depos-
ited energy and mt-DNA hit probability.

increase in the number of SSBs is more pro-
nounced for protons between 0.5 and 2 MeV
(41.9-16.9 keV/um). As seen in Figure 11, the
site hit probability increases with increasing
deposited energy, in agreement with the exper-
imental studies conducted by Zhou [28] and
Souici [33, 34]; this reinforces the validation
of the present code and allows a better under-
standing of the method by which fragmenta-
tion occurs when direct and indirect effects are
taken into account.

Now, it is possible to use this code to ob-
tain calculation evidence that suggest mtDNA
fragmentation due to direct and indirect ef-
fects, which mainly occur as a consequence
of proton track overlapping, or in other words,
fragmentation occurs in the intersection areas
of neighbouring proton tracks due to cumula-
tive events. Moreover, a linear behaviour of
the direct effects versus LET was also sug-
gested by Dos Santos et al., who assessed the
influence of chromatin density on the number
of clustered damages created by protons for
nuclear DNA.

The SSB and DSB calculations were per-
formed through an optimised procedure that

100

10 ’

seesfeee DSB supercoiled
1 = I} = 558 Supercoiled

SSB% or DSB% (/Track)
) 3

01 i
1 10 100

LET (keV/pm)

Figure 11: SSBs and DSBs as a function of lin-
ear energy transfer (LET) caused by proton
irradiation in supercoiled structure.
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uses all the output data on the interactions,
which are stored in an MtDNA.root file. Our
approach seems to be better than that of PD-
B4DNA example [23], which performs SSB
and DSB calculations in each event and re-
flects the additive nature of DNA damage.

The mean number of SSBs per track for dif-
ferent energies and for the supercoiled mt-
DNA geometry is shown in Figure 11. The re-
sults reveal that the number of SSBs decreases
with increasing energy (or, equivalently, de-
creasing linear energy transfer (LET)) for all
simulated energies.

Conclusion

This paper introduces the SmtDNA tool, a
Geant4 application which includes a geomet-
rical model to facilitate the study of mt-DNA
radiation-induced damage. The model for
base-pair resolution of human mt-DNA was
developed based on the real data for the super-
coiled mt-DNA structures. This new mt-DNA
model has been preliminarily tested in this
work by the visualisation and estimation of
SSBs and DSBs produced by irradiation with
protons of different energies. This model can
be used in numerical simulations of the inter-
action between radiation and mt-DNA to per-
form realistic evaluations of DN A-free radical
reactions. Attempts to extend this simulation
tool to include other cytoplasm organelles are
in progress.
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