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FORMATION OF COMPLEXES
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OF HYDROGEN PEROXIDE MOLECULES WITH DNA

A possibility for hydrogen peroxide molecules to form stable complexes with atomic groups in
the DNA backbone under the irradiation of the cell medium with high-energy ions has been
studied. The energy of complexes is estimated, by taking the electrostatic and van der Waals
interactions into account in the framework of the atom-atom potential function method. The
interaction with metal counterions, which neutralize the surface charge of a macromolecule
under natural conditions, is also taken into consideration. Stable configurations are determined
for various complezes consisting of the atoms belonging to a DNA phosphate group, H» O2 and
Hy 0O molecules, and a Na¥ metal ion. The complexes of hydrogen peroxide molecules with
DNA phosphate groups and a counterion are shown to be not less stable than their complexes
with water molecules. The attachment of an Hy O2 molecule to a phosphate group of the double
heliz backbone can block the processes of DNA biological functioning and can deactivate the
genetic mechanism of a cell.

Keywords: DNA, hydrogen peroxide, Bragg peak, ionic therapy.

1. Introduction

The invention of effective means to fight against can-
cer is one of the most challenging topics in modern
science. The financial resources allotted for the de-
velopment of more effective oncologic drugs increase
for every year, but the number of oncological diseases
is not reduced [1]. To a great extent, this situation
stimulates the development of new methods of anti-
cancer therapy, which are based on the pharmacolog-
ical mechanisms of drug action.

In particular, the therapy of malignant tumors with
the use of the beams of high-energy ions got a wide
application lately. This method is based on the Bragg
effect [2-5]. Namely, ions (as a rule, these are 12C%*
or HT), after having been accelerated to high energies
of an order of 100 MeV and even more, are used to
irradiate a malignant tumor. In the organism tissue,
ions are slowed down and release almost all of their
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initial energy at the end of their trajectory to form
an energy peak (the Bragg peak). The initial energy
of ions is so selected to provide the coincidence of
the Bragg peak with the tumor position in patient’s
body (tumor can be located at a depth of 10-20 cm
from the surface). A significant piece of energy that is
released in the tissue gives rise to the death of cancer
cells and, as a consequence, to the tumor destruction.
Owing to the local action of the Bragg peak, the
ionic therapy is much more efficient than the X-ray
one. Moreover, in the case of hard-to-reach regions in
the organism, e.g., in the brain, this method becomes
irreplaceable [3-5|. Despite the significant practical
interest, as well as the fact that a large number of
specialized clinics for the ionic therapy of cancer dis-
eases have already been built around the world, the
molecular mechanisms of action by high-energy ions
still remain far from a complete understanding.
Since the early studies [6], the action of ionizing ra-
diation on living organisms is known to be associated,
first of all, with the damage of DNA molecules. This
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damage results in a violation of the mechanisms for
storing and transferring the genetic information and
in the cell death. The destruction of a DNA macro-
molecule is assumed to occur owing to the creation
of a considerable number of secondary electrons and
radicals [7-9]. At the same time, the corresponding
calculations [9] showed that the number of damaged
sections in the DNA molecule induced by secondary
electrons and radicals is not sufficient for the cell
death.

In recent years, the intense search for additional
blocking mechanisms of the genetic activity of DNA
by its irradiation with high-energy ions has been car-
ried out. In particular, in works [10,11], a mechanism
of shock wave formation was proposed, which can ex-
plain the propagation of the ion beam action in the
cellular medium. Simulations using the molecular dy-
namics method demonstrated that the corresponding
shock wave can result in the formation of a certain
number of double strand breaks in the double helix
[12]. However, in view of the presence of the efficient
mechanisms of DNA structure restoration in a cell,
the proposed mechanism turned out not enough for
understanding the processes that run in a vicinity of
the Bragg peak.

At the same time, the DNA molecule can also be
deactivated owing to a change in properties of the
surrounding medium under the action of high-energy
ions. Really, the irradiation of the cell bulk, 80% of
which consists of water, gives rise to the formation
of new molecular products. This fact has to be taken
into account, when considering the possible mecha-
nisms of ionic beam action.

In this work, by analyzing available experimental
data and carrying out theoretical calculations, a ne-
cessity to study the processes of formation of a com-
plex between molecular products of the water de-
cay and the atomic groups in a DNA double helix
is substantiated. The stability of complexes between
hydrogen peroxide molecules and DNA phosphate
groups, which are nonspecific centers of the macro-
molecule recognition by enzymes, is demonstrated. A
new mechanism is proposed to describe the action of
high-energy ionic beams on a cell.

2. Changes in the Medium Under Irradiation

The passage of ions through an aqueous medium in-
vokes the processes of water molecule radiolysis, as
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well as various chemical and nuclear reactions [13—
20]. The results of researches [3-5,9] showed that the
fragmentation of water molecules gives rise to consid-
erable variations in the composition and properties
of the medium. At the radiolysis of water molecules,
there arise secondary electrons (e~ ), radicals (OH®
and HO$), molecules (H;O2 and H20), and other
products (H*, OH~, H3;0™") [16-18].

In a vicinity of the Bragg peak, one should expect
the formation of a considerable number of molecu-
lar products, because the most amount of energy is
released just there. The simulation results obtained
with the use of the Monte Carlo method [19] for the
radiolysis in water under its irradiation with 250-MeV
carbon '2C%* ions showed that the contributions of
secondary electrons and radicals are crucial at the ini-
tial stage of radiolysis (within a time interval of an or-
der of 1072 5). However, after a time period of about
1075 s, owing to the reactions between reaction-active
products (these are radicals and secondary electrons),
the contribution of molecular products becomes dom-
inating over all the others [19]. Hence, the molec-
ular products of radiolysis, namely, HyO2 and Hy
molecules, become the most important for biological
processes, which are much slower than 1076 s.

In this work, using the data of Monte Carlo cal-
culations [19, 20], the distributions for the products
of water radiolysis near the Bragg peak are deter-
mined. The results of this analysis showed that, in a
time period of 1 us after the passage of a high-energy
ion, the number of hydrogen peroxide molecules in
the endocellular medium is the largest among all the
water decay products. The content of Hy molecules
is also high, but they are not highly reactive and, as
a results, are not potentially dangerous for biologi-
cal macromolecules. Radicals, which are also present
in a significant amount, are gradually transformed
into neutral water or hydrogen peroxide molecules.
Therefore, the composition of the cell medium after
the passage of a high-energy ion changes. A consid-
erable amount of new molecular components appears
in the cell; in particular, hydrogen peroxide.

A hydrogen peroxide molecule can interact with the
atomic groups in the double helix of a DNA molecule
that are located at those chains of the DNA back-
bone, which are the most accessible for external con-
tacts. It is known that the phosphate groups in the
double helix backbone have a negative charge under
natural conditions. As a rule, this charge is neutral-
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ized by metal ions, e.g., Na¥™ or KT [21]. Therefore,
the most probable event is the binding of a hydro-
gen peroxide molecule with a phosphate group in
the DNA backbone with the participation of metal
ions. By their structure and atomic charges, hydro-
gen peroxide molecules are comparable with the phos-
phate groups in the DNA backbone and should inter-
act with them first of all.

In this work, the interaction of a hydrogen perox-
ide molecule with a phosphate group in the backbone
of a DNA double helix and sodium cations is studied,
and the structures of the most probable complexes are
determined. In the next section, the method of calcu-
lation of the interaction energy between a hydrogen
peroxide molecule and atoms in the DNA double helix
is described. The results of calculations of the energy
for various complexes are presented in Section 4. In
Section 5, the structures of the most probable com-
plexes between the hydrogen peroxide molecule and
the DNA, as well as possible mechanisms of hydrogen
peroxide biological action, are discussed.

3. Models and Methods of Calculation

In this work, in order to determine the character
of the interaction between the hydrogen peroxide
molecule and the DNA, the energies of various com-
plexes consisting of a DNA phosphate group, a hy-
drogen peroxide molecule, and a Na™ ion are calcula-
ted. The molecules that form the aggregates are con-
sidered to be rigid structures. While calculating the
energy of interaction between the hydrogen peroxide
molecule and the phosphate group POy, only two oxy-
gen atoms in the latter are taken into consideration.
Making allowance for the internal degrees of freedom
in the molecules belonging to the complex and taking
the other atoms of a phosphate group into consid-
eration would be important for obtaining the exact
energy values, but are not essential for the determi-
nation of the relative stability of examined molecular
complexes. The schematic structures and the struc-
tural parameters of molecules that compose the stud-
ied complexes are depicted in Fig. 1.

The energies of complexes are calculated using the
method of atom-atom potential functions [22, 23]. It
is based on the application of the well-known poten-
tials, whose parameters are optimized for the descrip-
tion of the physical properties of molecular systems,
including the DNA. If calculations are performed in
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Fig. 1. Schematic structure diagrams for water and hydro-

gen peroxide molecules and the phosphate group of a DNA
backbone

the framework of this method, they provide a suffi-
cient level of accuracy for the comparative stability
analysis of analyzed molecular structures.

In the framework of the method of atom-atom po-
tential functions, the energy of any complex is the
sum of pair interaction energies between the atoms
belonging to different structural elements. In the gen-
eral form, it can be presented as a sum of two contri-
butions,

U= [Ua(rij) + Uvaw(rij)]; (1)
ij

where U(r;) and Uyaw(ri;j) are the potential ener-
gies of the electrostatic and van der Waals interac-
tions, respectively, between atoms i and j that are
located at the distance 7;; from each other.

The electrostatic interaction between the atoms
was determined, by using the Coulomb law,

qi4; 2)

Ualriy) = dreegrsj’
ij

where ¢; and g; are the charges of atoms ¢ and j, re-
spectively; €¢ is the electric constant, and ¢ the dielec-
tric permittivity of the medium. The atomic charges
in water and hydrogen peroxide molecules are deter-
mined on the basis of the known values of dipole mo-
ments of corresponding molecules: 2.1 D for HyOq
and 1.86 D for H,O [24]. The total charge of oxygen
atoms in the phosphate group was taken to equal —e,
which corresponds to the natural state of the PO,
group in the DNA (Table 1). In order to compare the
relative energies of various complexes, the dielectric
permittivity € = 1 was used in calculations.

The van der Waals interaction energy was deter-
mined, by using the Lennard-Jones potential,
Uvaw (rij) = —Aijri;® + Byri;, ®3)
where A;; and B;; are constants describing the attrac-
tion and repulsion, respectively, between the atoms
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Calculation parameters

Atomic charges Parameters of potential (4) (25, 26] Parameters of potential (3) [22, 23]
H O Nat O-H
H,0 +0.33 (e) -0.66 (e) q (e) +1.00 Aij (A keal/mol) 200 86
H20, +0.41 (e) -0.41 (e) ro (A) 2.35 Bi; (A kcal/mol) 12900 31300
PO, - -0.50 (e) b (A) 0.3
ing of a DNA phosphate group, a hydrogen peroxide
G _H r’& / molecule, a water molecule, and a sodium ion were
y -4 |
\ Ng.L“&T % 2B ‘ / calculated.
@ 0 s © s 09 O
NE—2A L (P -14 keal/mol -1 kcal/mol 4. Calculation Results
[
( 9) { “?) In the framework of the proposed approach, the en-
-122 kcal/mol B ‘ % ergies of two- (HO2-PO4, HyO-PO4, Nat-POy,
N 2T A Qé 29A ) H;05-Na™, and HyO-Na™) and three-component
B e (HyO5-Na™PO, and Hy;O-Nat™-PO,) complexes
' 7) were calculated. For each complex, the most stable
-12 kcal/mol -12 kcal/mol

Fig. 2. Most stable two-component complexes HoO2—POy4,
Hy0-POy4, Nat-POy4, HoO2-Nat, and HoO-Na™t

(Table). The first term in Eq. (3) describes the van
der Waals attraction between the atoms, and the sec-
ond one the repulsion between them at short dis-
tances.

For the atoms that form hydrogen bonds, the at-
traction energy was calculated using a modified po-
tential [23], in which the exponent in the first term
of formula (3) was substituted by —10. This substi-
tution describes a short-range character of hydrogen
bonds.

The interaction of an ion with charged oxygen
atoms is described, by using the Born-Mayer poten-
tial, rather than potentials (2) and (3). It involves
contributions of the electrostatic attraction and re-
pulsion at short distances,

b’l’i 1 o — T4
e () o

where the parameter b characterizes the repulsion be-
tween ions at short distances, and rq is the equilib-
rium distance (Table). This potential is used to de-
scribe the interaction of counterions with phosphate
groups in the double helix backbone [25, 26].

Using formulas (1)—(4) with the parameter values
quoted in the table, the energies of complexes consist-
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did;

Upm(1ij) = Imecors
ij

configuration was determined.

4.1. Two-component complexes

The most stable two-component complex is Na®—
POy in the configuration, where the distance between
the ion and the O—O segment midpoint amounts to
2 A (Fig. 2). This complex corresponds to the real
neutralization of DNA phosphate groups by coun-
terions. The complexes of a sodium ion with a hy-
drogen peroxide or a water molecule have an energy
that is approximately an order of magnitude lower
than that with the phosphate group. In the case of
Nat-H30, complex, the sodium ion is located in the
plane arranged symmetrically with respect to the H
atoms and on the straight line that perpendicularly
intersects the center of the O—O segment. The energy
of the complex has a minimum, when the distance
from the sodium ion to the O-O segment midpoint
equals 2.6 A. In the case of Nat-H,O complex, the
ion and the water molecule lie in the same plane,
and the ion is located on the bisectrix of the H-O-H
angle (2.74 A). Under natural conditions, the water
molecules in the complex with the Na¥ ion compose
a part of the hydration shell of the latter.

In Hs0O5-PO,4 complex, the hydrogen peroxide
molecule is so arranged that the O-O segments in
this molecule and in the phosphate group are parallel
to each other, and the hydrogen atoms are located
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symmetrically with respect to the plane of complex
symmetry (analogously to their arrangement in Na™—
H505 complex) (Fig. 2). This structure has an energy
minimum at a distance of 2.85 A between the middle
points of O-O segments in the molecules. In the case
of H,O-POy4 complex, the most stable configuration
is obtained, when the water molecule and the phos-
phate group lie in the same plane, and the oxygen
atom in the water molecule is located on a straight
line that intersects the O—O segment midpoint (at a
distance of 2.9 A), is perpendicular to it, and is a
bisectrix of the H-O-H angle (Fig. 2).

In the cases of HyOy-PO4 and H,O-PO,4 com-
plexes, the equilibrium configurations depend not
only on the distance between the molecules, but also
on their relative orientation. If the HyO9 molecule is
rotated around the axis that passes through the cen-
ters of O—O segments, the strongest bond is reached
at a rotation angle of about 60° (an energy of
—12.8 kcal/mol), and the weakest one at an angle of
about 144° (an energy of —9.6 kcal/mol) (Fig. 3, a). If
the molecule is rotated around the axis that passes
through the O-O bond, the energy is maximum at an
angle of 0°, whereas, at an angle of 180°, the interac-
tion in the complex is absent (Fig. 3, b). In vicinities
of angles of 70° and 290°, there appear shallow min-
ima owing to the van der Waals repulsion and the
Coulomb attraction (dashed curves in Fig. 3, b). In
the case where the H,O molecule is rotated, the ob-
tained results are qualitatively similar.

The account for hydrogen bonds, which can arise
between the H atoms in water or hydrogen perox-
ide molecules and the O atoms in the phosphate
group, shows that they weakly affect the total energy
values. In the case of the strongest hydrogen bond,
i.e. when the O-H-O atoms are aligned, the calcu-
lated binding energies turned out lower in comparison
with the energies of the most stable complexes. In the
configuration where the HoOs or H,O molecule has
simultaneously two hydrogen bonds with two corre-
sponding oxygen atoms in the PO,4 group, the O-H-O
angle exceeds 30°, which makes such hydrogen bonds
very weak.

4.2. Three-component complexes

For HyO,-Nat-PO,4 and H,O-Nat-PQO, complexes,
the dependences of the energy on the position of a
hydrogen peroxide (or water) molecule were calcu-
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Fig. 3. Dependences of the energy of HoO2-P O4 complex
on the rotation angle for various rotation axes: around the
horizontal axis (a) and around the O—-O bond (b). The axes
and directions of molecule rotation are shown in the insets
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lated. The distance between the ion and the phos-
phate group was taken to be fixed and equal to 2 A
in accordance with the calculation results obtained
for the structure of two-component Nat-PQO, com-
plex (Fig. 2). This position of a sodium ion is the
most beneficial energetically. Therefore, other vari-
ants of ion arrangement were not considered in this
work. The structure and the energies of equilibrium
configurations for three-component complexes are ex-
hibited in Fig. 4.

Let us consider the cases where the hydrogen atoms
in the HoO5 or HyO molecule are turned toward or
away from the phosphate group. The calculation re-
sults showed that, in the former case, the system has
no energy minimum, which is associated with the
electrostatic repulsion between the hydrogen atoms
and the sodium ion. As the molecule moves away,
the energy monotonically decreases to a value cor-
responding to the two-component Nat-PQO, complex
(Fig. 5). On the contrary, when the hydrogen atoms
are turned to the opposite side, there emerges a min-
imum in the energy of the system owing to the elec-
trostatic attraction between the ion and the oxygen
atoms in the molecule. The rotation of the hydro-
gen peroxide or water molecule around the axis that
passes through the center of the O—O segment gives a
very insignificant contribution to the binding energy
variation, because this energy is mainly affected by
the interaction of the ion with the oxygen atoms, so
that it does not change at this rotation.

5. Discussion and Conclusions

The results of calculations of the energy of two-
and three-component complexes demonstrate that
the most stable structures emerge if a sodium ion
is present (Fig. 4). The counterion attaches itself
to the phosphate group in the double helix back-
bone and neutralizes the negative charge of oxygen
atoms, which increases the probability for the hydro-
gen peroxide and water molecules to interact with the
DNA. In this case, the stabilities of three-component
complexes containing a hydrogen peroxide or a water
molecule are almost identical.

Our calculations have shown that the energy of
three-component complexes is the sum of the energies
of corresponding two-component complexes to an ac-
curacy of 5%. Using the additive approach, we have
estimated the energy of a hydrated ion. The estima-
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tions testify that the stability of systems with the
hydrogen peroxide molecule is not lower than that
of systems with the water one. At the same time,
since the mass of HoO5 molecule is larger, the life-
time of the complex with it will be longer than that
with the water molecule. Therefore, we may assume
that the hydrogen peroxide molecule will stay on the
DNA molecule for a considerable time period. By in-
teracting with active groups in the double helix, HoO4
molecules can block the processes of DNA double he-
lix recognition by enzymes and, accordingly, termi-
nate the biological functioning of DNA.

Moreover, during the long action of high-energy
ions in the course of ionic therapy, hydrogen per-
oxide molecules that are located near the phosphate
groups in the DNA backbone can decay into the OH®
and HOS$ radicals. In this case, those radicals are
not formed in the cell bulk, but immediately at the
chains of the sugar-phosphate backbone. Therefore,
the probability of damages in the DNA strands and
the formation of double strand breaks considerably
increases. The both mechanisms, which were pro-
posed to describe the action of a hydrogen peroxide
molecule on the DNA, are rather plausible under nat-
ural conditions.

Hence, we have demonstrated that the stable com-
plexes of hydrogen peroxide molecules with the DNA
can be formed, which can deactivate the functioning
of the genetic mechanism of a cell.
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Translated from Ukrainian by O.I. Voitenko

1. B. IT’smnuyvkut, O.0. 3dopescorudl,
C.M. IIepeneauyn, C.H. Boaxos

YTBOPEHHS{ KOMIIJIEKCIB
MOJIEKVYJI ITEPOKCIAY BOAHIO 3 THK

PeszmowMme

JlocutiIzKeHO MOXKJIMBICTL YTBOPEHHSI CTablIbHUX KOMIIJIEKCIB
docdharunx rpyn JJHK 3 mosiekynamu mepoKcuy BOIHIO i
qac ONPOMIiHEHHSI BHUCOKOEHEPIeTUYHMMU 10HaMH CEPEJIOBUIIA
Giosroriynux KJliTHH. EHEprisi KOMILIEKCIB BU3HA4YAIaCH 3 ypa-
XYBaHHSAM €JIEKTPOCTATHUYHUX 1 BaH-J€P-BaaJIbCIBCBKUX B3ae-
MOJIili 3a METOJOM aTOM-aTOMHHUX IOTEHI[AJbHUX (QYHKIH.
BpaxoByBaJsiacsi B3aeMozisi 3 IpOTHIOHAMY MeTaJly, siKi B IIpH-
POAHUX yMOBax HeHTpai3yoTh 3apsal dpocdaraux rpyn JTHK.
Busnatueno crabinbui xondiryparil pisHHxX KOMILIEKCIB, ski
CKJIaJlaloThcs 3 aTromiB ¢docdaruol rpynu ocrosa JIHK, mo-
sexyn HoOo i HoO, Ta iona merany Nat. ITokasano, mo Kom-
IJIEKCH MOJIEKYJI IIEPOKCULY BOJIHIO 3 dochaTHUMHU IpylamMu
JHK i nmporuioHoM € He MeHII CTablIbHAMM, HiXK BigmOBiIHI
KOMILIEKCH 3 MoJjiekysiamu Bogu. [Ipuennanus mosekysiun HoOo
10 docdarHOol rpynu 0CTOBa MOABIWHOI cIripaJji MoxKe OJIOKyBa-
T mpouecu 6iosnoriunoro dyuknionysanus JTHK i npussonuTu
10 Jle3aKTHUBAIlil T€EHETHYHOIO arapary KJITUHH.
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