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Ion beam therapy is one of the most effective methods in treatment of cancer diseases. But up to nowadays, the
mechanism of action of heavy ions on cancer cells has not been determined yet. Study of water fragmentation pro-
cesses during ion beam therapy shows that, among different oxygen species, the significant amount of hydrogen
peroxide molecules (H,0,) occurs in the cell medium. In the present work, the competitive interaction of H,0, and
H,0 molecules with specific DNA recognition sites is studied. Interaction energies of complexes consisting of nucleic
bases (adenine, thymine, guanine, and cytosine) together with hydrogen peroxide and water molecules are calcu-
lated, using the method of atom-atom potential functions and density functional theory. The atomic groups of nucleic
bases that are more energetically favorable to be bound by hydrogen peroxide rather than by water molecule are
Jfound. Formation of such complexes can block the process of DNA replication on dif ferent stages and can be one of
the mechanisms of ion beam action on cancer cells.
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1. Introduction. One of the most important problems of humanity nowadays is the treatment of
cancer diseases. Current statistics shows that, over recent decades, the number of new drugs to
fight cancer has grown rapidly, while the mortality from oncological diseases is almost unchanged.
That is why the different alternatives to pharmacological approaches in the cancer treatment are
widely used. One of the most effective methods is radiation therapy. In this approach, the living
tissue of the patient is exposed to a certain type of ionizing radiation (X-rays, gamma rays, pho-
tons), but the effectiveness of these approaches remains still insufficient. During the recent time,
the more and more attention is paid to ion beam therapy. In contrast to other types of ionizing
radiation, heavy ions almost do not interact with the molecules of the medium and transfer the
most amount of their energy at the end of their track, where the tumor is localized. This effect has
been known in nuclear physics for many years (Bragg’s peak [1]), but began to be used in medi-
cine only in the last decades. The main advantage of heavy-ions therapy over other types of radia-
tion is the accurate and targeted tumor treatment without significant damage to the rest of the
patient’s body.
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When ionizing radiation passes through the living tissue, different chemical reactions take place.
As a result, a variety of species occurs in the water medium. Among them are free radicals, secondary
electrons, ions, as well as molecular products (H, and H,0,). According to the multiscale ap-
proach of ion beam therapy [2], the main factor that deactivates cancer cells is the damages to the
structure of their DNA called DNA strand breaks. However, due to the DNA reparation mecha-
nisms, the living cell can effectively treat the lesions of its double helix. So, the question about the
biological mechanism of deactivation of cancer cells in ion beam therapy still remains open [3].

Simulations of the water radiolysis process [4] shows that, on the scale of biological lifetimes
(~1 psec), the largest concentration among all the products is revealed by hydrogen peroxide
molecules (H,0,), but their role in the ion therapy of cells remains unexplained yet. In our pa-
per [5], it was proposed a hypothesis that hydrogen peroxide can create stable complexes with
DNA active sites and block, in this way, the DNA replication processes. Under physiological
conditions, these sites are surrounded by water molecules. But, due to an increase of the con-
centration of H,O,, these molecules should compete with water molecules for the binding with
DNA sites. Therefore, it is important to understand whether hydrogen peroxide molecules can
interact with active DNA recognition sites stronger than water molecules, thus blocking the pro-
cesses of genetic information transfer.

In work [5], the interaction of hydrogen peroxide molecules with centers of non-specific pro-
tein-nucleic recognition, DNA phosphate groups (PO,), was studied. It was shown that H,O,
molecule can form sufficiently stable complexes with DNA PO, groups and counterions, and
block the protein-nucleic recognition process. In the present paper, we consider the interaction
of H,0, and H,O molecules with specific DNA recognition sites — atomic groups of adenine,
thymine, guanine, and cytosine (A, T, G, and C) nucleic bases — to determine if they can form
stable complexes.

The next section will describe our calculation methods. In Sec. 3, a comparative analysis of
the stability of the complexes consisting of H,0, and H,O molecules with nucleic base (adenine,
thymine, guanine, or cytosine) will be performed. In Sec. 4, it will be discussed how our results
can lead to the understanding of the mechanism of blocking of the genetic information transfer
processes.

2. Materials and methods. For the analysis of the interaction energy and structure of the
investigated molecular complexes, two computational approaches are used — the method of clas-
sical atom-atom potential functions (AAPF) and the method of quantum-chemical calculations
based on density functional theory with BSLYP functional. In this section, we will briefly de-
scribe these two approaches.

2.1. Atom-atom potential function method. The atom-atom potential function method is de-
scribed in details in work [6]. In addition, when considering the hydrogen bond interaction be-
tween atoms i and j situated on a distance T between each other,

4(10)  p(10)
Eyp(ry) =[-——+—5"]cos o, (1)
7 7,1]10 7,1]12

we take angle ¢ into account — the angle of the hydrogen bond. For example, when the hydro-
gen bond is O—H ... N, then ¢ is an angle between the lines of covalent bond (O—H) and the
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hydrogen bond (H ... N). In (1), cosp means that the more the hydrogen bond is bent, the less
the interaction energy is.
The Coulomb interaction is described by the electrostatic potential:

1 4qi4;
, (2)
4mene(r;) 1

Ecoul (rij )=

where g; and q; are the charges of the atoms i and j located at a distance T € is the vacuum per-
mittivity, and &(7) is the dielectric permittivity of the medium.

The charges q, q; for nucleic bases were taken from works [7, 8]. The charges of H,O and
H,0, molecules were calculated from the condition that the dipole moment of a water molecule
should be equal to dH o = 1.86 D, and that of a hydrogen peroxide molecule dH 0, =2.10 D [5].
Hence, for an H,O molecule we obtain the charges g, = 0.33e, g, = —0.66e, and accordmgly, for
H,0,, g¢;; = 0. 41e do = —0.41e. The values of charges on the atoms of an H,O, molecule are in
good agreement with charges obtained in work [9]. Since DNA in a living cell is situated in a
water-ion solution, the interacting atoms are screened by water molecules. This leads to a weak-
ening of the Coulomb interaction. Thus, the more effective accounting of the Coulomb inter-
action can be achieved using the dependence of the dielectric permittivity upon the distance
(e()), developed by Hingerty et al. [10] in the explicit form:

) P
£(r)=78-77(r, )} ——, (3)
(e ~1)°

where r,=1/2.5. Below, AAPF with the use of expression (3) will be called AAPFh.

2.2. Quantum chemistry approach. In the quantum-chemical calculations, the B3LYP/6-
311+G(d,p) method with a supermolecular approach is used. Calculations are made within the
Gaussian software [11]. The interaction energy is considered as a difference between the energy
of the molecular complex XY and the energies of its components X and Y:

AEyy = Exy (XY)—Ex(X)—Ey(Y). (4)

The basis sets of the molecular complex XY (dimer-centered basis set) and of the isolated
molecules X and Y (monomer-centered basis sets) are shown in parentheses. The counterpoise
correction (CP) is made to avoid the basis set superposition error, as following:

AESy = Exy (XY) - Ex(XY) - Ey(XY). (5)

In the framework of this approach, the deformation energies for hydrogen peroxide and water
molecules are calculated. It is assumed that nucleic bases are the rigid structures. The deformation
energy is calculated to involve the possible differences between the isolated states of the mole-
cules and of those within complexes:

E def= E -E isolated (6)

complex
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d

a

Fig. 1. The scheme of the sites of adenine (), thymine (b), guanine (¢) and cytosine (d), where the solvent mo-
lecule (H,O or H,0,) can form a complex with a corresponding nucleic base with two hydrogen bonds. Roman
numerals denote the number of the site

Thus, the complete interaction energy in a complex is presented by the formula

E = AEP + Ey . (7)

complete —

In addition, in the framework of the present method, to get an electrostatically neutral struc-
ture, the atoms C,’ that form glycosidic bonds of the nucleic base with the DNA backbone are
changed to H atoms for adenine and thymine and to CH, group for guanine and cytosine.

3. Calculation results. The interaction of nucleic bases with water molecules has been con-
sidered in the set of works [12, 13], but the interaction with hydrogen peroxide molecules has not
been studied sufficiently yet. Up to now, only the work [14] is known. In the present work, the
stable complexes of hydrogen peroxide molecules with nucleic bases A, T, G, and C are found
and compared to the same complexes with the water molecule.

It is clear that hydrogen peroxide, as well as water, can form hydrogen bonds with nucleic
bases. As known [15], for the recognition of specific DNA sites by an enzyme, it is necessary to
interact through at least two hydrogen bonds. Moreover, due to the structures of a hydrogen per-
oxide molecule and a nucleic base, it is much more favorable for peroxide to form two hydrogen
bonds with base atomic groups, where two different oxygen atoms of the H,O, molecule are in-
volved in the formation of hydrogen bonds. Unlike a complex with one hydrogen bond, in a com-
plex with two hydrogen bonds, the peroxide molecule should be more stable. It has no possibility
to rotate around hydrogen bonds. Therefore, in accordance with all the mentioned facts, we con-
sider only the complexes with two hydrogen bonds, not taking complexes with one hydrogen
bond into account. It also should be mentioned that the tautomeric forms of nucleic bases have
not been considered in the present work.

For each nucleic base, a few binding sites for the interaction with hydrogen peroxide exist.
These binding sites are schematically shown in Fig. 1. For each site, the length of the hydrogen
bond and the energy minima are calculated. Binding sites from the backbone side are not consid-
ered.

The results of our calculations are presented in Fig. 2 and Table. One can see that, for the
adenine base at sites A-I and A-II, a hydrogen peroxide molecule interacts with this nucleic base
stronger than water molecule (see Table). For sites A-I and A-II, interaction energies are close to
the values obtained in work [14]. The AAPFh method shows that, at site A-III, there is a weak
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Fig. 2. Complexes of nucleic bases with hydrogen peroxide molecules:
a — adenine; b — thymine; ¢ — guanine; d — cytosine. Numbers are given for
the corresponding hydrogen bond distances between heavy atoms. Upper
number corresponds to the value obtained in AAPFh method, and bottom

Interaction energies of complexes of adenine, thymine, guanine, and cytosine with solvent
molecules (H,0 or H,0,), as well as the differences between these energies (AE = |Ey , |-|E; o)
calculated by AAPFh and B3LYP methods. Energies are given in kcal/mol. “—” mean§ 2
that there is no minimum with two hydrogen bonds in this site

number is obtained from B3LYP approach. Distances are given in A

Nucleic H,0, H,0
bases AAPFh (B3LYP) AAPFh (B3LYP) AAPFh (B3LYP)
Adenine I 10.71 (~10.81) ~7.95 (~9.65) 276 (1.16)
1 9.22 (~11.19) 5.65 (-9.00) 357 (2.19)
111 6.76 () - () - ()
Thymine I -9.26 (~10.39) 5.54 (-8.64) 3.72 (1.75)
1 -8.63 (~11.17) ~5.26 (~9.29) 3.37 (1.88)
Guanine I ~9.67 (~10.98) ~9.06 (~8.45) 0.61 (2.53)
1 -9.56 (~13.43) 5.9 (-11.62) 357 (1.81)
111 ~10.36 () ~6.35 (-) 401 ()
v -9.02 (-9.83) - (-7.83) - (2.00)
Cytosine I ~11.22 | (~12.92) ~6.82 (-11.11) 4.40 (1.81)
1 - (~10.39) ~7.40 () - ()
11 ~7.62 (-) — (-) ~ (-)
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binding of the H,0, molecule with bent hydrogen bonds. At the same time, B3LYP method
shows no binding at this site. It should also be mentioned that, in the case of B3LYP method,
water and hydrogen peroxide molecules change their shape insignificantly — deformation ener-
gies do not exceed 0.5 kcal /mol.

Our calculations show that, in the case of thymine, there are two binding sites T-I and T-11
(see Fig. 1, b). The corresponding complexes with a hydrogen peroxide molecule are shown in
Fig. 2, b. For water molecules and hydrogen peroxide, the binding takes place at the same sites of
thymine, but with a significant difference in the interaction energy (see Table). Both our ap-
proaches (AAPFh and B3LYP) give dominance in the interaction energy to a complex with pe-
roxide as compared with the same complex with a water molecule. In the case of B3LYP method, the
deformation energy of peroxide and water molecules plays an insignificant role (< 0.3 kcal /mol).

Complexes with the binding of hydrogen peroxide molecules to guanine (G-I, G-1I, G-III,
G-1V) are also shown in Fig. 1, c¢. Differences in the interaction energies are given in Table. Stu-
dying these complexes by B3LYP method shows that, in position I, a hydrogen peroxide molecu-
le is significantly deformed (2.5 kcal /mol), what is the reason for the differences between hydro-
gen bond distances in AAPFh and B3LYP methods (see Fig. 2, ¢).

Cytosine has two binding sites (see Fig. 2, d). At site C-I, there is the binding of both of
the water and hydrogen peroxide molecules. In addition, hydrogen peroxide is more energeti-
cally favorable to bind (see Table). At site C-III, there is the binding only of hydrogen peroxide.
For site C-II, there is no binding of hydrogen peroxide in the framework of AAPFh method due
to the geometric features of an H,O, molecule, which is rigid. As it can be seen from the structure
of the complex, for B3LYP method in position II, hydrogen peroxide dramatically changes its di-
hedral angle (deformation energy is 4.2 kcal/mol) to form two hydrogen bonds with cytosine.
This allows an H,O, molecule to make a stable complex with cytosine at this cite.

Summarizing the results of our calculations by both methods used in the present work, it
can be seen that, for adenine, thymine, guanine, and cytosine nucleic bases, there are places
which are more favorable for the binding by a hydrogen peroxide molecule rather than by a
water molecule.

4. Conclusions. In the present work, we have obtained the stable configurations of hydrogen
peroxide with DNA specific recognition sites by two methods: the method of atom-atom poten-
tial functions and density functional theory. Both methods show similar results. It can be seen
(see Fig. 2) that it is most probable for hydrogen peroxide to bind to thymine from the side of
atomic groups responsible for the formation of complementary hydrogen bonds. To adenine and
guanine — from the side of major and minor grooves, as well as complementary hydrogen bonds.
To cytosine — from the side of the major groove and the complementary hydrogen bonds.

It should be noted that the protein recognition of a DNA macromolecule can take place as
from the major and minor grooves, depending on the type of an enzyme and on the form of a
double helix. Therefore, the formation of a complex of a nucleic acid with a hydrogen peroxide
molecule, which binds to the bases from the major (see Fig. 1, A-I, C-11I, G-I) or minor groove
(see Fig. 1, A-III, G-1V), can prevent the recognition of this base by the enzyme and to block
the DNA replication. On the final stage of the DNA replication, when the double-stranded DNA
is already unzipped up to two single strands, the formation of the complexes of H,0O, molecules
with nucleic bases from the side of complementary hydrogen bonds (TI, T-11, A-1I, CI, C-II, G-II,
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G-III) can take place. It should lead to the mistakes in the copying of the genetic information dur-
ing the synthesis of complementary strands.

To sum up, there are definite sites of nucleic bases, where the binding by hydrogen peroxide is
much more advantageous than that by a water molecule. As can be seen from our calculations (see
Table), the energy of the blocking of nucleic bases by a hydrogen peroxide molecule at these sites
is comparable to the energy of the formation of complementary pairs [6]. Consequently, the for-
mation of such complexes is sufficiently probable in cells during the ion beam treatment. In this
way, the processes of genetic information transfer should be blocked in cancer cells.

The present work was partially supported by the National Academy of Sciences of Ukraine
[projects 0118U000662 and 0116U003192].
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[TPO MOXKJIUBICTD BJIOKYBAHHY ITEHTPIB CHEIIM®IYHOTO BIII3HABAHHI
ITHK MOJIEKYJIAMU ITEPOKCUTY BOJHIO I11JI YAC IOHHOT TEPAIIIT

lonHa Teparis € oqHUM 3 HalleeKTUBHIINX METO/IiB JIiKyBaHHS PAaKOBHX 3aXBOPIOBAaHb. AJle /10 I[bOTO Yacy Me-
XaHi3M i1 Ba)KKUX 10HIB HA PAKOBi KJITWHU He BU3HaueHW. BuBueHHS mpoiieciB (pparmeHTarlii Boju 1ij yac
iOHHOI Tepallii TTOKa3ye, 10 cepell BEIUKOI KiJIbKOCTI Pi3HUX (DparMeHTiB y CEPENOBUII KJIITHHU YTBOPIOETHCS
3HaYHa KOHIlEHTpallist MojieKyJ1 nmepokeuy Bojmio (H,0,). Y pobori HaBeseHO pe3yisTaTil JOCIiKeHHs KOHKY -
penTHOI B3aemofii monekyn H,O, ta H,O i3 nenrpamu cnemudivnoro posmisnasanusa JHK. Eneprii Bzaemoznii
KOMILJIEKCIB, MO CKJIAAAIOTHCS 3 HYKJIETHOBUX OCHOB (3JIeHiH, TUMIH, T'YaHiH 1 IUTO3UH) Pa30M 3 MOJIEKYJIaMU
MePOKCULY BOAHIO 1 BOAH, 0GUKCIIEH] 13 3aCTOCYBAaHHIM METO/IY aTOM-aTOMHMX HOTEHI[albHUX QYHKIIHN 1 Teopil
dyHKIioHANA IycTUHM. 3HANUIEHO ATOMHI IPYIIU HYKJIETHOBUX OCHOB, SIKi € GiJIbIll €HePreTHYHO BUTIIHUMU [IJIS1
3B’sI3yBaHHS 3 MOJIEKYJIaMU TIEPOKCHUIY BOJHIO, Hi’K 3 MOJIEKYJIaMH BOJIU. YTBOPEHHS TaKWX KOMILIEKCIB MOXKe
6uoxysaru npotec pervtikaiii JJHK na pisuux eramnax i Moske GyTH OJHUM 3 MEXaHI3MIB [[ii BACOKOEHEPIeTUYHUX
i0HIB Ha PAKOBI KJIITUHHU.

Knrouosi crosa: nyraeinosi ocnosu /[HK, nepoxcud 6oomnio, paxosa mepanis.
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WHctutyT Teoperndeckoii pusukn um. H.H. Boroso6osa HAH Ykpauts, Kues
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O BOSMOXHOCTU BJIOKMPOBAHNVA HEHTPOB CIIEHIMOUYECKOI'O Y3HABAHUA
JITHK MOJIEKYJIAMU ITEPOKCH/IA BOJIOPO/IA B XOJIE MOHHOW TEPAIIIN

VoHHast Tepamus SIBJASETCA OAHUM U3 Hanboee a(pPeKTUBHBIX METOIOB JIeYeHnsT PaKoBbIX 3aboneBanuii. Ho 10
HACTOSIIIETO BPEMEHHN MEXaHU3M JIeHICTBUS TSIXKEJIbIX HOHOB Ha PAKOBBIE KJIETKH He yCTaHOBJIEH. VI3ydyeHue mpo-
I1eCCOB (l)paFMeHTaLH/II/I BO/IbI TIpU MOHHON Tepalrun MOKa3bIBa€T, UYTO Cpean 6OJII)H_IOFO KOJIMYECTBA PA3JIMYHbBIX
(bparMeHTOB B KJIETOUYHOI cpefie 06pasyeTcst 3HAYMTENbHAST KOHIEHTPAIMsT MOJIEKYJI TEPOKCHAA BOAOPOA
(H,0,). B paboTe nipuBe/ieHbl pe3y/IbTaThl N3y4eHNs] KOHKYPeHTHOro B3anMoieiicTeus monekyn H,0, u H,O ¢
neHTpamu crenuduaeckoro ysnasanust [JHK. Oueprum B3anMomeiicTBsl KOMILIIEKCOB, COCTOSIIIIUX M3 HYKJIEH-
HOBBIX OCHOBaHUI (a/leHUH, THMUH, TYaHWH U IUTO3WH) BMECTE C MOJIEKYJaMW TTEPOKCHUIA BOAOPOA U BOJBI,
paccynTaHbl C UCIIOJH30BAHMEM METO/A ATOM-ATOMHBIX IOTEHIIMATBHBIX (DYHKIWI U TeopuH (PYHKIMOHATA
mwroTHOCTU. Halizienbl aToMHbBIe TPYIITBI HYKJIENHOBBIX OCHOBAHUH, C KOTOPBIMU MOJIEKYJIA TEPOKCHU/IA BOIOPOIA
CBSI3BIBAETCS 3HAUNTEIbHO 9HEPTETHYECKU BBITOIHEE, YeM MoJieKyia Bojibl. O6pa3zoBaHKe TAKUX KOMILIEKCOB MO-
et 6soKkupoBath 1pouece perukanuu JHK Ha pasHbIX cTagusx U MOKeT ObITb OJIHUM U3 MEXaHU3MOB BO3-
NEHICTBYS BBICOKOAHEPTeTHUECKUX NOHOB HA PAKOBbIE KJIECTKU.

Kntouesvie cnoea: nyxieunosvie ocnosanus JIHK, nepoxcuo eodopoda, mepanus paxa.
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