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Molecular dynamics study on DNA damage by tritium disintegration
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Using molecular dynamics (MD) simulation, we simulate the structural change of a telomeric DNA by β-decay
of substituted tritium to helium-3. The configuration of the telomeric DNA is obtained by removing TRF2 protein
from the TRF2-Dbd-DNA complex (Protein Data Bank ID is 3SJM). We assume that hydrogens (H) of guanines
in the telomeric DNA are replaced to helium-3. Since this replacement of the H atoms to the 3He atoms changes
the charge distribution significantly, the charge distribution used in the MD simulation for the modified guanine
is obtained by the density functional theory calculations. We adopt, as the MD simulation, NAnoscale Molecular
Dynamics (NAMD) code with CHARMM36 force field using Langevin thermostat and Nosé-Hoover Langevin pis-
ton to control the temperature and pressure of the system, respectively. Moreover, changing both the number of
replaced guanine N and the temperature of the system T , we calculate the root mean square deviation RMSD
to quantify the dependence of the durability of the telomeric DNA on the β-decays. From the MD simulation, it is
found that as N or T becomes larger, the RMSD of the DNA becomes also larger. Namely, it denotes that as the
intensity of the β-decays becomes larger or as the temperature is increased, the DNA structure becomes more
fragile.

1. Introduction

A future nuclear fusion power plant will use tritium and deuterium as fuels. Tritium disin-

tegrates to helium-3 (3He) with emissions of a low energy (≤ 18.6 keV) β-electron (β-ray)

and an antineutrino at a half-life of 12.323 years.1) It is one of unavoidable problems for the
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realization of a nuclear fusion reactor to elucidate quantitatively biological effects of tritium.

The tritium (T) transfer from foods containing Organic Bound Tritium (OBT) or tritiated

water (HTO) to DNA was measured using oryzias latipes eggs2) and E. coli.3) In the latter

work, it was reported that the T transfer from OBT to DNA is larger than from HTO to DNA.

Thus, tritium just adjacent or in the cell nucleus can damage their DNA.1) The United Na-

tions Scientific Committee on the Effects of Atomic Radiation has conducted an independent

review of the scientific literature relating to the biological effects of tritium.4) However, it is

still difficult to quantify cancer risks of low and/or protracted radiation exposures.5)

Towards better physical understanding of DNA damages by tritium, we have examined

double strand breaks (DSBs) of giant DNA molecules using a single molecule observation

(SMO) technique.6–9) In our previous experimental work,9) the genome DNA of bacteriophage

T4 GT7 was immersed in sterilized tritiated water (5.2 MBq/cm3) and non-sterilized tritiated

water (4.2 MBq/cm3), and then the length of DNA molecules was measured using the SMO

technique. Acceleration of DSBs by tritium was significant solely in the sterilized water, and

it was suggested that the effects of tritium were far weaker than those of microorganisms (e.g.,

bacteria) and impurities in water even at the tritium concentration as high as 5.2 MBq/cm3.

However, detailed mechanisms underlying the cleavage of DNA sugar phosphate backbone by

tritium have not been clear yet. In particular, separation of effects of β-ray irradiation (direct

and indirect actions) from those of bond cleavage by tritium decay to inert 3He is difficult

even if we used SMO method.

From these viewpoints, we have decided10) to adopt molecular dynamics (MD) simu-

lation11,12) to elucidate the mechanism how β-decays of substituted tritium damage DNA.

Based on the above computational strategy,10) we studied structural change of polyethylene by

β-decay of substituted tritium instead of DNA in our previous MD simulation.13) From this

simulation of polyethylene,13) it was found that the more the number of removed hydrogen (H)

atoms is, the higher the potential energy is and the lower the value of the global-orientational-

order-parameter and the average number of consecutive trans bonds become. Thus, we probed

that the MD simulation is powerful to reveal the mechanism of the damage on molecules

by β-decay of substituted tritium. Here, we emphasize that the MD simulation on DNA for

the β−decay is our original attempt though there are a lot of MD simulations for biopoly-

meres.14–19) In this paper, using the MD simulation which was developed in our polyethylene

study,13) we predict the structural changes of tritium-substituted DNA by β-decays of tritium

to 3He.
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Fig. 1. (a) The base sequence of the DNA. (b) A telomere structure of human DNA with 71 000 water
molecules, 121 Na+ and 89 Cl−. The DNA is composed of 1078 atoms. The initial simulation box is 100 Å ×
100 Å × 100 Å. (c) The original configuration of the telomeric DNA.

2. MD simulation model

We employ a telomere structure of the human DNA shown in Fig. 1 to reveal the mechanism of

the damage on biological molecules by tritium. The reason why we choose telomeric DNA as

the simulation model is as follows: The shortening of telomeres replication in human cells has

an important role in cellular senescence.20) Therefore, we consider that the damage of human

cell by tritium depends on the damage of the telomeric DNA. The structure of the telomeric

DNA is obtained by removing TRF2 protein from the TRF2-Dbd-DNA complex, PDB ID

of which is 3SJM.21) The telomeric DNA has 17 base pairs, d(TCTAGGGTTAGGGTTAG)2,

which consists of 1078 atoms as shown in Fig. 1 (a). Here we define the positions of all the

atoms in the telomeric DNA as rPDB
i , where i = 1,2, · · · , 1078. We add 121 sodium ions

(Na+) and 89 chlorine ions (Cl−) into the simulation box to neutralize the electric charge of

the DNA. Moreover, 71 000 water molecules are also added as a solvent. The initial size of

the simulation box is 100 Å × 100 Å × 100 Å. The pressure of the system is set to 1 atm. We

apply the periodic boundary conditions to the x, y, and z-directions and set the temperature

of the system T to 290 K or 310 K. At the same temperatures, we are making the experiment

for DSBs of DNA using SMO technique is under construction in vitro. In the near future, it is

possible to compare the simulation results with the experimental results.
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First, we make the steady state of the telomeric DNA structure in waters at each tempera-

ture T by the following method. We run MD simulation from the “original” telomeric DNA

structure (Fig. 1) just as is provided in PDB until the simulation system composed of the telom-

eric DNA and waters reaches the steady state by NAnoscale Molecular Dynamics (NAMD)

code.22) The NAMD was developed by the Theoretical and Computational Biophysics Group

in the Beckman Institute for Advanced Science and Technology at the University of Illinois at

Urbana-Champaign. The simulation time to stabilize the DNA structure is 2.0 ns or 0.3 ns for

290 K or 310 K, respectively. In the MD simulation, we adopt CHARMM36 force field23) in

NAMD and Langevin thermostat algorithm24) to control the temperature of the system. The

pressure of the system is set to 1 atom by the Nosé-Hoover Langevin piston method.25,26) The

time step of MD simulation is 1 fs.

Next, we express the disintegration effect of β-decay of tritium to 3He with the replacement

of two H atoms in each guanine (G) of the steady telomeric DNA to two 3He atoms as in

Fig. 2. Here we comment the reason why we choose only G to analyze the β−decay effect.

The hydrogen bonds compose the structure of the DNA double helix. Because the binding

energy of hydrogen bond is smaller than that of the covalent bonds in DNA, it is expected that

hydrogen bond is more sensitive for β-decay than covalent bond. Therefore, we pay attention

to the influence only on the hydrogen bond by β-decay. Moreover, because there are three

hydrogen bonds between G and cytosine (C), and two hydrogen bonds between adenine (A)

and thymine (T), G-C pairs is more dominant than A-T pairs to compose the DNA double

helix structure around 310K.

Last, we choose the replacement as Fig.2 in three hydrogen bonds in G-C pair, because it

is easiest to make the initial simulation structure. It means that the replacement of hydrogen

atoms in two other hydrogen bonds to helium changes the initial G structure more than in Fig.2.

Hereafter we call the replaced guanine as Γ. This replacement denotes the following behavior:

Tritiums ingested diffuse in a cell, and the cell, before long, becomes in the equilibrium state

where H atoms in the guanine are replaced with tritium atoms each other stochastically. The

replaced tritium in the guanine is disintegrated to 3He by β-decay accidentally. The covalent

bond interaction between N and H in G [see Fig. 2(a)] disappears as soon as the replacement of

H to 3He. Therefore, we set the force field parameter corresponding to the interaction between

N and H as Fig.2(a) to null in the simulation. The replaced 3He atoms are interacted with the

other atoms by van der Waals force. We also comment that any specific constraint potential is

not imposed at the ends of DNA to keep its structure.

The replacement from H to 3He changes the charge distribution in guanine significantly.
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(a) (b)

Fig. 2. (a) The original guanine (G) structure. The two hydrogen atoms of guanine are replaced by two
helium-3 atoms as shown in (b). The replaced guanine is named as Γ. Though the hydrogen-nitrogen bond in
the original guanine (G) is a covalent bond, the helium-3 and the nitrogen interact with each other not by a
covalent bond anymore, but by a weak interaction, i.e. an intermolecular force.

Table I. Charge distribution in G and Γ. The charge distributions are calculated by DFT for the original
guanine (G) and the damaged guanine (Γ). “Position” corresponds to the indices defined in Fig. 3. In both
cases, the total charges were fixed to zero. We use the electric charge e (e = 1.602176634 × 10−19 C) as a unit
of charge.

Position in G or Γ Atom Charge in G [e] Charge in Γ [e]
1 N -0.605 -0.585
2 C 0.239 0.266
3 H 0.211 0.221
4 N -0.493 -0.483
5 C -0.037 0.024
6 C 0.693 0.713
7 O -0.605 -0.546
8 N -0.685 -0.717
9 H 0.419 0.423
10 H 0.707 0.584
11 N -0.832 -0.258
12 H ⇒ removed. 0.389 (null)
13 H ⇒ removed. 0.407 (null)
14 N -0.632 -0.437
15 C 0.395 0.346
16 C 0.428 0.440

Therefore, the charge distributions of guanine and Γ are obtained by the density functional

theory (DFT) calculations using Gaussian09,27) as in Fig. 3 and Table I. Since the 3He atoms

in Γ cannot make chemical bonds and soon move away from the remaining part of guanine
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Fig. 3. Molecular structure of guanine optimized by DFT calculation. The integers denote the indices of the
atoms. Red, blue, light-gray and dark-gray balls denote oxygen, nitrogen, hydrogen, and carbon, respectively.
Charge distribution is given in Table I.

during the geometry optimization, we calculate the charge distribution of the remaining part

of guanine without 3He atoms. In the MD simulations, we use the force field of Γ, in which

the electronic charges of the 3He atoms are set to zero independently from their positions and

those of the remaining atoms are set to the values calculated by DFT. We comment here on

the charge of 3He atom which is generated by β-decay of T as

T → 3
1He+ + e− + ν̄e, (1)

where e and ν̄e denote electron and electron antineutrino, respectively. In this simulation, we

assume that the positive charge of 3He is neutralized by the surroundings, i.e. negative ions or

electrons in solvents in a sufficiently short time. B3LYP exchange-correlation functional28,29)

and cc-pVDZ30) basis-set are used in the DFT calculations. The charge distributions are

calculated by the natural population analysis with the NBO program31) in Gaussian09.

There are eight guanines in one telomeric DNA molecule as shown in Fig. 1(a). We replace

N guanines in eight Γ bases as Fig. 4. Thus, we set up the initial configuration of the telomeric
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 N=0  N=2  N=4  N=6  N=8 

Fig. 4. N guanines (G) in the original telomeric DNA is replaced with N replaced guanines (Γ). Two
hydrogen atoms in each Γ are replaced with two helium-3 atoms as Fig. 2.

DNA damaged by tritium. Figure 5 shows five initial configurations, i.e. N = 0,2,4,6 and 8,

for the DNA where G bases are replaced by Γ bases.

Finally, we run the MD simulation from the above initial configurations by NAMD with

CHARMM36 potential and Langevin thermostat algorithm for each T and N . The pressure is

set to 1 atm by the Nosé-Hoover Langevin piston method. By finding the N dependence of the

telomeric DNA at two different temperatures, i.e. T = 290 K or 310 K, it is possible to obtain

the durability of the DNA against the tritium β-decay.

3. MD Simulation Results and Discussions

3.1 Structural changes of DNA

We perform the MD simulation using the initial configuration Fig. 5 at the temperature T .

Using the visualization software VMD,32) the motions of all atoms can be visualized. In Fig.

6, we pick up the snapshots of DNA structure at t= 0.3 ns, 0.6 ns and 0.9 ns at T = 310 K in

two cases (N = 0 and 8) chosen from all simulation data. Because the initial configuration

is in the steady state for N = 0 which corresponds to the non-damaged DNA by β-decay of

tritium, the DNA structure hardly changes as shown in Fig. 6(a). In the case that N = 8 which

corresponds to the most damaged DNA by β-decay in our simulations, the spatial gap between

two DNA chains becomes larger when time passes as in Fig. 6(b). This simulation results

are consistent with the intuitive consideration for the tritium effect of DNA. The quantitative

analysis of the DNA durability is shown in the next subsection.
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N=0 N=2 N=4 N=6 N=8

Fig. 5. Initial molecular structures of the telomeric DNA for each N . The N = 0 structure was obtained by
performing the MD simulation using NAMD code with CHARMM36 potential, Langevin thermostat algorithm
and the Nosé-Hoover Langevin piston method until the structure becomes stable. The 2N hydrogen atoms are
replaced to helium-3 atoms (gray balls) . The charge distribution in a guanine of the telomeric DNA is also
caused by loss of hydrogen atoms. The charge distribution in the replaced guanine Γ is given by DFT code as in
Table I. Using these initial structures, we perform the MD simulation and obtain the structure transformation of
DNA. These snapshots corresponds to the case of T = 310 K.

3.2 Root mean square deviation of DNA

The root mean square deviation RMSD is calculated to quantify the time dependence of the

DNA structure. It is defined as

RMSD(t) :=

√√√√
1

n0
D

n0
D∑

i=1

��r i(t) − rPDB
i

��2 , (2)

where n0
D is the number of the atoms composing the DNA without H and He atoms and

n0
D = 691. The position of the i-th atom in the DNA at time t is defined by r i(t). The RMSD

is the deviation from the reference position. In our analysis, we adopt the DNA structure

obtained from the PDB rPDB
i as the reference position.

In Fig. 7, we plot the time dependence of RMSD at T = (a) 290 K and (b) 310 K. At each

T , we also plot the RMSD for N = 0,2,4,6 and 8. The plotted data are obtained by averaging

five simulations for each (T,N). The error bars at the final time correspond to the deviation of

these five simulations. The difference among five simulation-conditions is merely a random

number sequence, which is necessary to generate random forces in Langevin thermostat.
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From all figures, it is found that the RMSD becomes larger as N is increases. It is

interpreted as that the DNA structure becomes fragile as β−decay progresses. Moreover, as

the temperature of the system is increased, the DNA moves more actively.

4. Conclusions

The structure change of tritium-substituted telomeric DNA in water by β-decays of tritium

to helium-3 has been studied using the all-atom MD simulations which was based on our

previous study of polyethylene.13) In the present study, we calculate the root mean square

deviation RMSD of the DNA atoms, while changing the number of replaced helium-3 pairs

N to quantify the dependence of the durability of the telomeric DNA on the β-decays at T =

290K and 310 K. We have found that as more hydrogen atoms are removed, the RMSD of

the DNA becomes larger. Namely, it denotes that as the intensity of the β-decays becomes

stronger, the DNA structure becomes more fragile. This dependence is more evident, as the

temperature is increased. Thus, we have proved that it is possible to quantify the durability of

a biological molecule, i.e. DNA by the MD simulation.
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 t =0.3 ns  t = 0.6 ns  t = 0.9 ns

(a) T=310K, N=0

 t =0.3 ns  t = 0.6 ns  t = 0.9 ns

(b)T=310K, N=8

Fig. 6. Time dependences of the DNA structures. (a) The structure of the non-substituted DNA, i.e. N = 0
case, has barely changed from the steady state t = 0.3 ns. (b) For N = 8, the length between DNA chains
becomes larger as time passes. Wide gaps between chains (the region denoted by circles) are found clearly at
t = 0.9 ns. Some helium-3 atoms have flown away from the inside of DNA. The temperature is fixed to T = 310
K in both N .
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Fig. 7. Root mean square deviation of DNA at 290 K or 310 K. 2N hydrogen atoms are replaced with
helium-3 atoms. The simulation time to stabilize the DNA structure for N = 0 structure is 2.0 ns or 0.3 ns for
T = (a) 290 K or (b) 310 K, respectively. After the stabilization, we replace the N G bases to N Γ bases in the
telomeric DNA. Then we run the MD simulation more for 0.6 ns at all temperatures.

11/13



Jpn. J. Appl. Phys. REGULAR PAPER

References

1) T. Tanabe (ed.), Tritium: Fuel of Fusion Reactors (Springer Japan, Japan, 2017).

2) A. M. Ueno, Radiat. Res. 59, 629 (1974).

3) T. Shibata, K. Noborio, Y. Yamamoto and S. Konishi, Fusion Sci. Technol. 60, 1200

(2011).

4) United Nations Scientific Committee on the Effects of Atomic Radiation, Sources,

Effects and Risks of Ionizing Radiation Annex C Biological Effects of Selected Internal

Emitters-Tritium (United Nations Publication, New York, 2016).

5) L. Mullenders, M. Atkinson, H. Paretzke, L. Sabatier, S. Bouffler, Nat. Rev. Cancer 9,

596 (2009).

6) Y. Yoshikawa, M. Suzuki, N. Yamada, K. Yoshikawa, FEBS Letters 566, 39 (2004).

7) Y. Yoshikawa, T. Mori, N. Magome, K. Hibino, K. Yoshikawa, Chem. Phys. Lett. 456, 80

(2008).

8) Y. Ma, N. Ogawa, Y. Yoshikawa, T. Mori, T. Imanaka, Y. Watanabe, K. Yoshikawa,

Chem. Phys. Lett. 638, 205 (2015).

9) Y. Hatano, Y. Konaka, H. Shimoyachi, T. Kenmotsu, Y. Oya, H. Nakamura, Fusion Eng.

Des. 146, 100 (2019).

10) S. Fujiwara, H. Nakamura, H. Li, H. Miyanishi, T. Mizuguchi, T. Yasunaga, T. Otsuka,

Y. Hatano and S. Saito, J. Adv. Simul. Sci. Eng. 6, 94 (2019).

11) M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids (Oxford University

Press, New York, 1991).

12) D. Frenkel and B. Smit, Understanding Molecular Simulations: From Algorithms to

Applications (Academic Press, San Diego, 2002).

13) H. Li, S. Fujiwara, H. Nakamura, T. Mizuguchi, T. Yasunaga, T. Otsuka, T. Kenmotsu, Y.

Hatano, S. Saito, Plasma Fus. Res. 14, 3401106 (2019).

14) Y. Yonetani, H. Kono, Biophys. Chem. 160, 54 (2012).

15) K. Nagaya, et al., Phys. Rev. X 6, 021035 (2019).

16) P. Wityk, M. Wieczór, S. Makurat, L, Comicz-Mańka, J. Czub and J. Rak, J. Chem.

Theory Comput. 13, 6415 (2017).

17) T. Otsuka, M. Taiji, D.R. Bowlet and T. Miyazaki, Jpn. J. Appl. Phys. 55, 1102B1 (2016).

18) T. Mizuguchi and N. Matubarasi, J. Phys. Chem. B 122, 3219 (2018).

19) T. Mizuguchi, R. Ishizuka and N. Matubarasi, Chem. Phys. Lett. 624, 19 (2015).

20) C. W. Greider, Cell 97, 419 (1999).

12/13



Jpn. J. Appl. Phys. REGULAR PAPER

21) http://dx.doi.org/10.2210/pdb3SJM/pdb, DOI: 10.2210/pdb3SJM/pdb.

22) J. C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, R. D.

Skeel, L. Kate, K. Schulten, J. Comp. Chem. 26, 1781 (2005).

23) K. Hart, N. Foloppe, C. M. Baker, E. J. Denning, L. Nilsson, A. D. MacKerell Jr., J.

Chem. Theory Comput. 8, 348 (2012).

24) T. Schneider and E. Stoll, Phys. Rev. B 17, 1302(1978).

25) G. J. Martyna, D. J. Tobias and M. L. Klein, J. Chem. Phys. 101, 4177 (1994).

26) S. E. Feller, Y. Zhang, R. W. Pastor and B. R. Brooks, J. Chem. Phys. 103, 4613 (1995).

27) M. J. Frisch et al., Gaussian 09, Revision D.01 (Gaussian, Inc., Wallingford CT, 2016).

28) A. D. Becke, J. Chem. Phys. 98, 5648 (1993).

29) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 37, 785 (1988).

30) T. H. Dunning, Jr., J. Chem. Phys. 90, 1007 (1989).

31) E. D. Glendening, A. E. Reed, J. E. Carpenter, and F. Weinhold. NBO, version 3.1,

Theoretical Chemistry Institute and Department of Chemistry, University of Wisconsin,

Madison, WI, USA, 1998.

32) W. Humphrey, A. Dalke, K. Schulten, J. Molec. Graphics 14, 33 (1996).

13/13


