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Ramin Abolfath∗
7

Department of Radiation Physics, University of Texas8

MD Anderson Cancer Center, Houston, TX, 75031 USA.9

(Dated: May 23, 2022)10

Abstract11

The radiation-induced damages in bio-molecules are ubiquitous processes in radiotherapy and12

radio-biology, and critical to space projects. In this study, we present a precise quantification of the13

fragmentation mechanisms of deoxyribonucleic acid (DNA) and the molecules surrounding DNA14

such as oxygen and water under non-equilibrium conditions using the first-principle calculations15

based on density functional theory (DFT). Our results reveal the structural stability of DNA bases16

and backbone that withstand up to a combined threshold of charge and hydrogen abstraction17

owing to simultaneously direct and indirect ionization processes. We show the hydrogen contents18

of the molecules significantly control the stability in the presence of radiation. This study provides19

comprehensive information on the impact of the direct and indirect induced bond dissociations20

and DNA damage and introduces a systematic methodology for fine-tuning the input parameters21

necessary for the large-scale Monte Carlo simulations of radio-biological responses and mitigation22

of detrimental effects of ionizing radiation.23
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I. INTRODUCTION24

Deoxyribonucleic acid (DNA), is one of the key components of life which is responsible25

for the storage and transmission of genetic information [1, 2]. It comprises a phosphate26

backbone and four nitrogen-containing bases, which are named adenine (A), cytosine (C),27

guanine (G), and thymine (T). It is found that A base pairs only with the T base, and the G28

base pairs with the C base [1, 2]. DNA is an important part of life, but, it is very sensitive29

to the environment.30

In radiotherapy, the interaction of Mega-voltage ionizing radiation with biological systems31

causes ionization processes in biomolecules such as DNA, proteins, and their surrounding32

environment in cell nuclei. Among all of these ionization processes, DNA damage is critical33

to the clinical outcome of radiotherapy. After initial induction of DNA damage, a dynami-34

cal cascade of stochastic microscopic events and complex biochemical pathways, including,35

enzymatic homologous and non-homologous repair and misrepair end-joining determine the36

lethality of the irradiated cells.37

Empirical studies in radio-biology and radio-chemistry have suggested induction of ap-38

proximately 1000 single-strand breaks (SSBs) and 40 double-strand breaks (DSBs) per one39

gray (1Gy = 1 J/kg ) of low linear energy transfer (LET) of ionizing radiation such as X-40

or γ-rays in typical mammalian cells [3–6].41

Accordingly, the level of DNA molecular base damage has been estimated to be around42

2,500 to 25,000 per gray in a cell, which is about 2.5-25 times the yield of sugar-phosphate-43

induced damage in the DNA backbone.44

The occurrence of initial DNA damage has been classified into direct and indirect pro-45

cesses. In direct mechanism, ionization takes place via direct electrodynamical coupling46

between the source of radiation and DNA molecule. For X- or γ-rays, depends on the en-47

ergy of the incident photon, the coupling varies among photoelectric and Compton effects48

where shell electrons are ejected directly. In addition, high enough energy photons may49

interact with the nuclei of atoms and generate pair of electrons and positrons. Another50

source of uncharged particles such as neutrons may undergo nuclear interaction and make51

nuclear fragmentation and produce secondary charged particles as well as photons. The52

charged particles, either primary or secondary, interact with shell electrons through long-53

range Coulomb interaction. Under enough energy and momentum transfer, these charged54
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particles eject shell electrons. Thus a “direct damage” originates from the direct ioniza-55

tion of a molecule, i.e., an isolated molecule (in vacuum) loses a number of shell electrons56

within atto-second (electromagnetic) time-scales and undergoes structural instability be-57

cause of electrostatic charge imbalance and the repulsive forces among positively charged58

nuclei. The threshold of such instabilities requires a minimum number of ionizations and59

energy on a specific site of DNA.60

In the indirect mechanism of radiation interactions, the radiation dominantly ionizes61

water molecules and creates neutral ➲OH free radicals [3]. The DNA damage process involves62

the generation and diffusion of ➲OH radicals in cell nuclei and/or aqueous environments63

followed by chemical reactions that allow the removal of hydrogen atoms from the DNA.64

This process is energetically favorable for ➲OH radicals as it forms a water molecule and fills65

the electronic shell by neutralizing its magnetic moment.66

On the other fronts, there is a tremendous concern about the risk of radiation in the67

human body while going into outer-space [23]. Outer-space consists of an ionizing radiation68

environment dominated by energetic and penetrating ions and nuclei. Thus, there is a69

risk of DNA damage due to ionizing radiation and a chance of radiation-induced cancer in70

manned space exploration [23, 24]. Like in radiotherapy and radiobiology, there is a need71

for atomic-level understanding of biomolecules in radiation exposed in space. A large-scale72

computational model, relying on quantum dataset, will provide more realistic computational73

tools in assessing the biological risks due to space radiation, in particular for astronauts who74

are planning for the long-term exploration of other planets such as Mars. This is in alignment75

with NASA’s space radiobiology research that aims to mitigate the detrimental effects of the76

space radiation environment on the human body, a project focusing on the human presence77

outside of the relative protective Van Allen belt. Although the spacecraft itself somewhat78

reduces radiation exposure, it does not completely shield astronauts from galactic cosmic79

rays, which are highly energetic heavy ions, or from solar energetic particles, which primarily80

are energetic protons. By one NASA estimate, for each year that astronauts spend in deep81

space, about one-third of their DNA will be hit directly by heavy ions [26, 27] from Galactic82

Cosmic Radiation (GCR).83

We note that because of the aquatic environment in cells, approximately 70 to 80% of84

interactions take place through indirect damage and the rest are associated with the direct85

damage. In recent years, various types of molecular simulations were devoted to studying86
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DNA damage by either free radicals, or direct damage [7–12]. This is in particular important87

to analysis of the recent experiments based on FLASH ultra high dose radiotherapy [12].88

Here we combine these two events to study their mutual effects. Moreover, many current89

computational platforms designed for the large-scale simulations of the DNA-damage at the90

nanoscopic scales [29–35] lack accurate details from the first-principle direct and in-direct91

processes. We aim to cover the gap in the details of the input parameters and allow the92

developers to update the tables used for MC simulation of DNA damage.93

In this study, we focus on the simulation of combined direct and indirect damage to DNA94

molecules including base and backbone. As a representative of DNA-base, and without95

loss of generality, we focus on Guanine. We find as a combined function of ionization and96

hydrogen loss in indirect mechanism, electrostatic repulsion of atomic nuclei dominates the97

electronic chemical bonds and molecular fragmentation takes place. Thus we quantify DNA98

fragmentation as a function of ionization and hydrogen abstraction. We show that at least99

four to five ionization must take place till the molecule undergo mechanical instability and100

fall apart. Because in energy transfer by a high-energy photon or a charged particle adequate101

energy may transfer locally to DNA base or backbone, the such number of ionization can102

be scored.103

The remainder of the paper is organized as follows. Section II introduces the calculation104

methods. The results and discussion of the results are described in Sec. III. Section IV105

provides the conclusion of the research.106

II. COMPUTATIONAL METHODS107

First-principles calculations based on Density Functional Theory (DFT)[15, 16] are per-108

formed to investigate the charged defects in O2, guanine, and DNA. The core and valence109

electrons interactions were described within projector-augmented plane-wave (PAW) po-110

tentials as implemented in the Vienna Ab-initio Simulation Package (VASP)[17–19]. The111

exchange potential with the generalized gradient approximation of Perdew, Burke, and Ernz-112

erhof (PBE) [20]. An energy cutoff of 500 eV is used for the plane-wave basis set in all the113

calculations. Spin polarization was used in all the calculations. In the PAW potentials used114

the 2s2 2p4, 3s2 3p3, 2s2 2p2, 1s1 and 2s2 2p3 electrons were explicitly treated as the valence115

electrons for O, P, C, H, and N, respectively. First, the Oxygen and water molecule in a116
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FIG. 1. Optimized atomic structures of the Oxygen, Guanine (C5H5N5O), and fragment of De-

oxyribonucleic acid (DNA). a) Oxygen b) Guanine and c) fragment of DNA

.

simulation box of size 15Å × 15Å × 15Å was optimized. Electrons are gradually removed117

from the system to observe the oxygen and water bond dissociation. Similarly, we have118

investigated the effect of electron extraction in Guanine and DNA molecules. The charged119

molecules were relaxed until the Hellman-Feynman forces were less than 0.01 eV/Å. There120

have been successful reports of using DFT-based computational approach with plane-wave121

basis set on Guanine and DNA [21, 22].122

III. RESULTS AND DISCUSSION123

Our DNA backbone model is similar to the deoxyribose residue used in other ab-initio124

calculations such as Ref. [14] where the system of interest consists of a DNA nucleobase125

modeled by an amino group attached to the deoxyribose as shown in Figure 1(a, b, and c).126

The deoxyribose sugar ring is an important component of nucleotides and plays a role in127

the stability of DNA double-helix structure. Any damage to the sugar ring causes breakage128

of strands and the formation of single-strand break (SSB). The formation of a pair of SSBs129

in opposite strands, within ten base pairs, leads to a single double-strand break (DSB).130

To study the effect of ionizing radiation on the molecules, we systematically perform the131

DFT calculation of molecules in various charge states. For a representative of DNA-base,132

we consider Guanine in addition to the oxygen and water molecules in our simulations.133
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TABLE I. The effect of electron removal in the bond length (d) of O2 molecule. The charge state (q)

refers to the number of electron removed from the neutral system. Thus, q=1 refers to 1.60217662

×10−19 coulombs per molecule.

Charge (q) Bond Length d (Å) ∆d(Å)

0 1.233 0

+1 1.146 -0.087

+2 1.085 -0.148

+3 1.387 +0.154

+4 7.491 +6.258

+5 7.500 +6.267

A. Effect of electron extraction on oxygen molecules134

It is know that oxygen species play important roles in both tumor and normal cells.135

Typically, tumor cells contain less oxygen with a complex environment known as hypoxic,136

so they are more radio-resistant than normal tissues. Also, there are specific transitions in137

oxygen that make the molecular oxygen toxic, such as singlet oxygen. Thus, it is critical138

to understand how the charge induced radiation environment facilitates the dissociation of139

oxygen molecule.140

First, the oxygen (O2) molecule was optimized and bond distance and equilibrium energy141

were obtained. The O-O bond length was found to be 1.233 Å, which is consistent with142

experimental and previously reported computational values. In O2 molecule, we notice that143

gradual electron extraction shows initially the bond length contracts slightly then expands144

for when a large number of electrons are removed (See Figure 2). The bond length variation145

as a function of the charge state of an oxygen molecule is presented in table I. The removal146

of electrons weakens the bond strength and hence the bond-dissociation energy is reduced.147

In a pure oxygen molecule, the bond-dissociation energy is stronger due to the formation of148

double bonds (119 kcal/mole or 5.15 eV/bond).149

The figure (2) shows the bond length as a function of the charge state (q). The x-axis label150

1 refers to the +1 charge state with removing one electron, resulting in a positive charge151

in the molecule. We observed that with q=+4 (4 electrons are removed) demonstrates152

the dissociation of the bonds. The distance (d=7.5 Å) is due to chosen box size of 15 Å,153
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FIG. 2. The effect of electron removal in oxygen molecule. The dots represents the O-O bond,the

relative bond distance is indicated by O atoms.

indicating that they are isolated from each other.154

It is found that oxygen depletion leads to lower normal-tissue toxicity at FLASH dose155

rates that take place within femto-to nanoseconds of irradiation. The biomolecular damage156

would be reduced in an environment with physoxic oxygen levels [12].157

B. Effect of electron extraction in water molecules158

Water molecules (H2O) which are ubiquitous and are a significant part of life pro-159

cesses, stabilized as a tri-atomic molecule with C2v molecular symmetry and bond angle160

of 104.5➦between the oxygen atom and the two hydrogen atoms. The H-O bond length is161

close to the bond (O–H) length of 0.9572 Åand the bond angle (H–O–H) of 104.5 ➦. Our162

calculated data are in very good agreement with the experimental reports [See Table II.163

We observed that upon extraction of electrons from the water molecule, both the bond164

lengths (H-OH) and the bond angle (H-O-H) change significantly as shown in Fig. 3 and165

4. Moreover, we would like to mention that these calculations are performed in a vacuum.166

For example, the pathway of dissociation of the water molecule, surrounded by other wa-167

ter molecules would be significantly different. It stabilizes OH-radical. In Fig. 3, none of168

these scenarios correspond to the formation of OH-radical, simply because of symmetry and169

periodic boundary condition.170

The dissociation of the HO-H bond in a water molecule needs approximately 118.8171
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TABLE II. The effect of electron removal in the bond length of H2O molecule. The charge state (q)

refers to the number of electron removed from the neutral system. Charge q=1 refers to 1.60217662

×10−19 coulombs per molecule. The H-O-H bond angle is also provided.

Charge (q) Bond Length d (Å) ∆d(Å) Θ ➦ ∆Θ ➦

0 0.972 0 104.502 0

+1 1.017 +0.045 109.004 +4.502

+2 1.232 +0.260 179.862 +75.360

+3 5.200 +4.228 80.416 -24.086

FIG. 3. The effect of electron removal in water molecule.

kcal/mol (497.1 kJ/mol) when there is no charge is involved. The bond energy of the cova-172

lent O-H bonds of the water molecule is approximately 110.3 kcal/mol (461.5 kJ/mol)[25].173

In the case of the ionizing environment, these values will be reduced and hence, this reduc-174

tion causes the fragmentation of the bonds easily as shown in Fig 3). Figure 4 shows how175

the bond length and the angles changes with the application of increasing charge (removal176

of an electron from the water molecule).177

For a highly ionizing environment, the bond angles will deviate from the angular to planar178

before breaking the bonds as shown in the case of charge state (q=2). This indicates that179

the 2 electrons extraction per water molecule (3.20435324×10−19 coulombs per molecule) is180

sufficient to drive the fragmentation into ions.181182

C. Effect of electron extraction in guanine and in a fragment of DNA molecules183

Finally, the impact of the electron extraction in guanine and a fragment of DNA molecule184

is studied. Guanine, as shown in Fig. (5), is one of the four main nucleobases that ex-185

ist in DNA. Guanine (2-Amino-1,9-dihydro-6H-purin-6-one: IUPAC) consists of a fused186

pyrimidine-imidazole ring system with conjugated double bonds and has a planar molecu-187

lar structure. To avoid spurious interaction due to the periodic boundary condition (PBC)188
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FIG. 4. The effect of electron removal in water molecule. The dots represents the H-O-H bond

angles.

FIG. 5. The effect of electron removal in Guanine molecule.

in DFT calculation, a large simulation box was adopted for each molecule. Since, these189

molecules have multiple bonds, instead of monitoring individual bond length, we note the190

sum of the atomic displacements compared to the initial configurations. The gradual frag-191

mentation of the Guanine molecule is observed as shown in Fig. reffig:6. The corresponding192

sum of the displacements of the atoms as a function of charge states is shown in Figure 7.193

We noticed that when the charge state is 4e, the C-C double bond is broken that will drive194

the structural instability.195

Similarly, upon extraction of electrons from a fragment of DNA as shown in figure 7,196

bonds start to change and dissociate when the change is sufficient such as q=4e. Eventu-197

ally, the molecule starts to collapse into smaller fragments in a sufficiently high ionization198

environment. This indicates that these molecules are prone to damage when exposed to an199

ionizing radiation environment. In addition, the temperature and pressure might also play a200
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FIG. 6. The sum of the displacement of the atoms as a function of charge (q) in a Guanine. The

sum of the displacement is in Åand charge is in terms of number of electrons removed.

FIG. 7. The effect of electron removal in a fragment of DNA molecule.

role in altering this behavior to some extent. Thus, any chances of ionizing radiation-induced201

DNA damage should be checked seriously during radiation therapy treatment.202

Ionizing radiation can extract electrons from these molecules resulting in ions that can203

trigger bond dissociation. Our results indicate that radiation directly affects DNA atomic204

structure by causing fragmentation. In addition, there might be secondary effects such as205

the creation of reactive oxygen species that oxidize proteins and lipids, and cause damages206

to DNA, eventually, the overall effect might cause cell death and mitotic catastrophe [28].207

D. Effect of hydrogen Contents in the electron extraction and stability of DNA208

Moreover, hydrogen deficient molecules were also investigated in order to check their209

dependence on the charge-induced dissociation. For illustration, the H atoms were gradually210
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FIG. 8. The effect of hydrogen removal in Guanine molecule. Notation- 1H1 refers to one H

removed the first configuration, 1H5 refers to 1H removed and is the fifth configuration. Similarly,

2H1: 2H atom removed and is the first configuration considered and so on. The energy of the

configuration is with respect to the energetically most stable configuration in each H contents.

FIG. 9. The effect of electron extraction in hydrogen reduced Guanine molecule.

removed from Guanine as shown in Fig. 8. It is observed that even with less electron211

removal can trigger the fragmentation of the molecules. Guanine cyclic ring is stable up to212

charge state of 3e for when up to 3H atoms are removed. However, they will be significantly213

modified when 4 or 5H atoms are removed. In 5H deficient case, the charge state of 3e214

completely dissociates the molecule into the molecular chain.215

In addition, we observed that the fragment of DNA molecule dissociates upon removal of216

H atoms. The combined effect of charge and reduced H environment, as illustrated in Fig.217
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9 will lead to the fragmentation of these molecules. This indicates that the charge-induced218

dissociation of molecules strongly depends on the hydrogen environment.219

We optimize the geometry after the removal of H atoms, this may end up with a slightly220

different initial geometry for the removal of electrons. This optimized geometry would be221

different if we remove the electron first. Therefore, these two operations are not identical.222

We believe that this may happen in the actual scenario of DNA damage as the H-abstraction223

is a much slower process compared to direct damage that is electron removal. This is the224

case of damage induced by a single track of radiation that is responsible for alpha in the225

linear-quadratic cell survival model. The second scenario that is the removal of H and a226

subsequent direct ionization is most likely relevant to DNA damage induced by two tracks227

that is relevant to the beta term in the linear-quadratic cell survival model.228

The current Monte Carlo (MC) codes utilized in studying the impact of radiation on bio-229

logical materials lack the details since they use some empirical values for the excitations and230

DNA damage. This first-principles-based calculation provides important input parameters231

to take into account in those models.232

IV. CONCLUSION233

Using DFT calculations, we systematically investigated the atomic bond dissociation in234

an ionization environment and the fragmentation behavior of the DNA base pair molecule235

along with water and oxygen molecules. Our results demonstrate that the bond fragmenta-236

tion is proportional to the charge of the molecule and there is the limitation of the charge237

density of the molecule that it can withstand before collapsing into its fragments. This238

highlights the importance of using the optimal dose of radiation for safe use. Moreover, the239

bond dissociation behavior strongly depends on the hydrogen contents of the molecule. A240

hydrogen-reduced environment is detrimental to radiation-induced molecule fragmentation.241

This research is very applicable in radiation therapy as well as an environment where the242

human body will be exposed to radiation environments such as nuclear power plants or voy-243

age to outer space. Thus, this study shed light on the atomic-level details of the mechanism244

of bond dissociation in the presence of ionizing radiation.245

Data availability: Derived data supporting the findings of this study are available from246

the corresponding authors upon request.247
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