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THE POSSIBILITY OF BLOCKING

THE PROCESS OF DNA BASE PAIRS
OPENING BY HYDROGEN PEROXIDE

One of the most progressive methods of cancer treatment is the ion beam therapy. Simulations
of the water radiolysis show that the most long-living species in the cell medium are hydrogen
perozxide (H202) molecules. But up to the present time, the role of H2Oa molecules in the
deactivation of cancer cells has not been determined yet. To understand the possible role of
Hy O3 in the ion beam therapy, the competitive interaction of Ha O and H202 molecules with
nucleic bases in a pair on the different stages of genetic information transfer is studied in the
present work. The method of atom-atomic potential functions is used in the calculations. It is
shown that some configurations of A- T, and G- C complementary pairs are stabilized much
better by an Ho O2 molecule as compared to a water molecule. The formation of such interaction
complexes can terminate the processes of DNA unzipping by enzymes and consequently block
the genetic information transfer processes in cancer cells during the ion beam treatment. An
experimental method of verification of the interaction of hydrogen peroxide with nucleic base

pairs is proposed.

Keywords: DNA base pairs, hydrogen peroxide, ion therapy.

1. Introduction

The ion beam therapy is one of the most progressive
methods of cancer treatment. Nowadays, the corre-
sponding ion facilities, where patients undergo the
treatment on special accelerators, are built through-
out the Europe. The ion therapy is based on the so-
called Bragg effect [1], which means that the maxi-
mum amount of energy is transferred by heavy ions
to the medium at the end of their track in a certain
localized area of space. This effect makes the ion ther-
apy especially effective for the treatment of tumors
that are deep enough in the body.

In radiotherapy, it is considered that, to destroy the
cancer cells, it is necessary in some way to deactivate
their DNA [2]. However, the definite mechanisms of
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action of high-energy ions on DNA of cancer cells have
not been determined yet [3].

It is known that a DNA macromolecule is situated
in a cell in the water-ionic solution. This solution sta-
bilizes the double helix, determines its shape, and, ac-
cordingly, affects its functioning in a living cell. Due
to the water radiolysis, which takes place during the
ion beam therapy, this environment changes signifi-
cantly. A large number of species appear in the solu-
tion: free radicals, secondary electrons, ions, as well
as molecular products such as HoO5 and Hs. Till re-
cently, the most attention in the literature [2, 4] was
paid to the DNA strand breaks, which occur due
to the action of secondary electrons and free radi-
cals. However, it is known that there are DNA repa-
ration mechanisms, which can eliminate DNA strand
breaks [5].
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Experimental studies, as well as the Monte Carlo
simulation of water radiolysis [6-8], showed that, on
the biological time scales, one of the most long-living
species are hydrogen peroxide molecules. But their
role in the ion beam therapy has not been discussed
in the previous works properly.

In our paper [9], the new hypothesis was proposed.
According to this hypothesis, a hydrogen peroxide
molecule can form stable complexes with active DNA
sites, thus blocking the processes of genetic infor-
mation transfer in living cells. To prove the hypoth-
esis, the interaction of HoO5 molecules with non-
specific DNA recognition sites — phosphate groups
(POy) [9, 10], as well as with specific DNA recogni-
tion sites — nucleic bases [11] was investigated in our
works. The method of atom-atom potential functions
and the density functional theory were used in cal-
culations. The results within both methods revealed
that the hydrogen peroxide molecule can form a com-
plex with DNA phosphate groups that is no less stable
than the same complex with water molecule. In addi-
tion, the definite sites of Adenine (A), Thymine (T),
Guanine (G), and Cytosine (C) nucleic bases, where
the HoO5 molecule can interact much stronger than
the water molecule, are determined. These interac-
tions can block the processes of DNA recognition by
the enzyme.

It should be noted that, in the DNA double helix,
the nucleic bases form complementary pairs — A-T
and G-C. During the genetic information transfer,
the complementary base pairs become to be open for
the interaction with the surrounding molecules, i.e.,
expose their atomic groups to the solvent. The base
pair opening can be blocked by HoO5 molecules dur-
ing the ion beam treatment and can serve as an ev-
idence of our proposed mechanism of DNA deacti-
vation. It is sufficient that the opening of base pairs
can be investigated now experimentally with the help
of the single-molecule manipulation technique [12—
14]. Therefore, it can be used for the direct observa-
tion of the interaction of HoOo molecules with DNA.

In Sec. 2, the methodology of our calculations is
described. In Sec. 3, the stability of the complexes
consisting of “preopened” and “stretched” A-T and
G - C base pairs together with hydrogen peroxide or
a water molecule is studied. The possibility of block-
ing the process of opening of the nucleic base pairs
by Hy0Os molecules is considered. In Sec. 4, the ex-
perimental observation method of the interaction of
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hydrogen peroxide molecules with DNA nucleic bases
is discussed.

2. Calculation Methods

In the present work, we will perform our calcula-
tions with the help of the atom-atomic potential func-
tion method. This method is now widely used in such
force fields as CHARMM and AMBER [15-17| for
studying the structure of molecular complexes. Cal-
culations are made using the GNU Octave software
package [18]. In the framework of this method, the
energy of intermolecular interaction consists of those
of the van der Waals interactions, hydrogen bonds,
and Coulomb interactions:

E(r) =) _(Bvaw (rij) + Bus (rij) + Ecou(ri;)). (1)

4,3

In the framework of the present method, we con-
sider all the covalent bonds and angles as rigid.

Van der Waals’s interaction is described by the
Lennard-Jones “6-12” potential:

Evaw (rij) = — ] + 15’ (2)
ij i

where the parameters AZ(-jl-O), BZ-(;O), A;j, and B;; are
taken from works [19, 20].

The energy of a hydrogen bond between atoms ¢
and j is modeled by the modified Lennard-Jones “6—
12” potential:

A(lo) (10)
Eng (rij) = |- —3— + 9 3
uB (i) = 10t 1z | cose, 3)
Tij ij

where r;; — the distance between the atoms 7 and 7,
and ¢ — the angle of the hydrogen bond. For example,
when the hydrogen bond is O-H...N, then ¢ is an
angle between the lines of the covalent bond (O-H)
and the hydrogen bond (H...N).

The Coulomb interaction is described by the elec-
trostatic potential:

1 4i4;
- 4
471'505 (Tij) rij ’ ( )

Ecou (rij) =

where ¢; and ¢; are the charges of the atoms 7 and
j located at a distance r;;, €¢ is the vacuum permit-
tivity, and e(r) is the dielectric permittivity of the
medium.
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Fig. 1. Degrees of freedom of nucleic bases in a complemen-
tary pair, which were taken into account in the calculations of
molecular complexes
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Fig. 2. Watson—Crick configurations of the A- T (a) and G-C
(b) complementary pairs. The numbers indicate the distance
(in A) between the heavy atoms in the corresponding hydrogen

bonds. R denotes the distance between the C{ atoms

The charges g;, gq; for nucleic bases were taken
from works [19, 20]. The charges of HoO and Hy09
molecules were calculated from the condition that the
dipole moment of a water molecule should be equal
to dp,0 = 1.86 D [21], and that of a hydrogen per-
oxide molecule dy,0, = 2.10 D [22]. Hence, for an
H50 molecule, we obtain the charges qg = 0.33e,
qo = —0.66e, and, accordingly, for HoOs gy = 0.41e,
qgo = —0.41e. The values of charges on the atoms
of an HyO5 molecule are in good agreement with
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charges obtained by quantum-chemical calculations
in work [23]. The same charge values are used in the
recently developed force field for a hydrogen peroxide
molecule [24].

Since DNA in a living cell is situated in the water-
ion solution, the interacting atoms are screened by
water molecules. This leads to a weakening of the
Coulomb interaction. Thus, the more effective ac-
counting of Coulomb interactions can be achieved us-
ing the dependence of the dielectric permittivity on
the distance (¢(r)) developed by Hingerty et al. [25]
in the explicit form:

e(r) =78 — 77 (ry)? —

-, 5
e (5)

where r, =r/2.5.

3. Calculation Results

It is known that the nucleic bases in the complemen-
tary pair have many degrees of freedom, which are
defined by the standard nomenclature [26]. Since the
base pairs are situated in a double helix, their struc-
ture is stabilized by the stacking interaction between
adjacent pairs. This essentially limits the degrees of
freedom that remove the bases beyond the plane of
the pair. Consequently, in this paper, only the de-
grees of freedom of the bases in the plane of the pair
(“stretch”, “opening”, “shear”) are considered. In addi-
tion, the degree of freedom called a “propeller twist”
was considered (Fig. 1) due to the spatial structure
of H>O5 molecules.

First, in order to verify the correctness of the
parameters chosen for our calculations, the stable
Watson—Crick configuration of the complementary
pairs of A-T and G - C were calculated (Fig. 2). As is
seen from Tabl. 1, the spatial structures of these con-
figurations are close to those obtained from the X-ray
structural analysis and the NMR experiments. The
main differences occur in the parameter “propeller
twist” due to the fact that the experiment measures
pairs which are not isolated, but constitute a struc-
ture of a double helix. These parameters are calcu-
lated using the 3DNA software package [27]. The vi-
sualization is made by VMD [28]. Table 1 shows that
the spatial structures of the pairs do not differ sig-
nificantly from one another, depending on whether
the formula (5) is used in the calculations. At the
same time, the difference in the interaction energy for
G - C pair is significant, which is due to the anoma-
lous contribution of the Coulomb interaction. More
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Table 1. Structural parameters of Watson—Crick A -T and G - C base pairs
according to the standard nomenclature (Fig. 1). The parameters “shear”, “stretch”

are given in Aj; “propeller twist”, “opening” in degrees

AT G-C
Parameter Our calculations Our calculations
X-ray ! NMR 2 X-ray ! NMR,2
vacuum | using (5) vacuum | using (5)
“stretch” —0.16 £ 0.02 —0.154+0.04 —0.02 —0.01 —0.24 £0.02 —0.3+0.03 —-0.14 —-0.14
“shear” 0.12 +0.03 0.00 + 0.04 0.16 0.18 —0.08 £0.05 0+ 0.07 0.16 0.23
“opening” 2.62 + 0.67 —0.54 £ 0.6 —4.79 —5.01 —2.13+£04 0.66 £ 0.41 —1.70 —1.70
“propeller twist” | —16.95 £0.34 | —14.45 + 2.41 —2.46 3.58 —8.15£1.49 | —10.41 £1.53 —0.53 —0.44

ICalculated from the spatial structures of a Dickerson-Drew dodecamer (files 1bna.pdb, 7bna.pdb, 9bna.pdb, 436d.pdb) obtai-
ned by X-ray analysis. The values are averaged separately by the A-T and the G-C base pairs, and the standard errors are

calculated.

2Calculated from the spatial structures of a Dickerson-Drew dodecamer (files 1duf.pdb, lgip.pdb, 1naj.pdb, 2dau.pdb) obtai-
ned by the method of nuclear magnetic resonance. The values are averaged separately by the A -T and the G- C base pairs, and

the standard errors are calculated.

details concerning the necessity to use formula (5) are
discussed in [29]. It was shown in [11] that the calcu-
lation results of the water-water and peroxide-water
complexes with the use of dependence (5) are much
closer to the results of quantum-chemical calculations
than without this dependence. Therefore, all further
calculations will be carried out taking into account
formula (5).

The interaction of nucleic bases with water mole-
cules was considered in a series of works [30-32]. In
work [33], the hydration shells of A-T and G- C base
pairs were calculated; i.e., the simultaneous interac-
tion with a large number of water molecules was con-
sidered. However, in the literature, no essential atten-
tion was paid to the interaction of nucleic bases with
hydrogen peroxide molecules (which, as described in
Sec. 1, appears in the cell as a result of the ion beam
treatment). We can mention only work [34], where
the interaction of hydrogen peroxide molecules with
the Adenine base was considered.

In the present paper, the calculations of the interac-
tion energy of complexes consisting of A-T and G- C
nucleic base pairs with hydrogen peroxide and water
molecules are carried out. In work [35], it was shown
that the structures stabilized by water molecules oc-
cur on the pathway of the opening of base pairs
during the DNA unzipping. For the purposes of the
present work, it is important to analyze the pos-
sibility of forming the simplest “non-Watson—Crick”
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configurations of A-T and G-C base pairs stabi-
lized by hydrogen peroxide and water molecules and
to establish whether the formation of these com-
plexes can block the genetic information transfer pro-
cesses. Consequently, the complexes that include only
one hydrogen peroxide or water molecule are taken
into account.

We now consider three configurations of nucleic
base pairs with hydrogen peroxide molecules and wa-
ter molecules. We denote the complexes consisting of
complementary A - T and G - C base pairs and the hy-
drogen peroxide or water molecule that interacts with
the base from the side of the major groove as “closed”
pairs (Fig. 3, a). The configuration of the pair, where
the “opening” pathway dominates, is denote as “pre-
opened” (Fig. 3, b), and those, in which the “stretch”
pathway dominates, will be denoted as “stretched”
pairs (Fig. 3, ¢).

First, let us calculate “closed” configurations. It can
be seen that the interaction with these molecules al-
most does not change the geometry of the Watson—
Crick pairs (Tabl. 2, Fig. 4).

In Fig. 5, the stable configurations of the “pre-
opened” A-T and G-C base pairs with water and
hydrogen peroxide molecules are shown. For the con-
venience of the analysis, in Tabl. 2, only structural
parameters AR = R — Rwc (difference in C{Cy dis-
tances (Fig. 2, a) in the corresponding and Watson—
Crick pair), “opening” and “propeller”, as well as the
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Fig. 3. Complexes of nucleic base pairs with hydrogen perox-
ide molecules considered in the present work (and should occur
on the pathway of the opening of base pairs during the DNA
unzipping): “closed” configuration (a); “preopened” configura-
tion (b); “stretched” configuration (c)

Table 2. Values of the distances

AR = R — Rwc (R — distance (in A) between C}
atoms in the corresponding pair (Fig. 2), Rwc —
the same distance in a WC pair); parameters
“opening” and “propeller twist” (in degrees),

as well as the interaction energies E

(in kcal/mol) for “closed”, “preopened”,

“opened” and “stretched” configurations of base
pairs with H20O2 and H2O molecules™

State Pairs|Molecules| AR |“Opening” ProPeller E
twist”

“closed” A-T| H20 0.1] —5.6 —2.6 —14.7

H202 0.1f —5.6 —-2.7 |-16.0

G-C| H20 0.0 —-1.7 -0.5 —21.2

H202 0.0, -1.7 0.0 —22.1

“preopened”’|A-T| H2O |—-1.7| 36.0 3.7 —15.8

H202 |—1.6] 35.0 12.9 —16.6

G-C| H20 [|-0.3] 233 —-0.8 —-16.9

H209 |—0.5 17.2 42.9 —18.6

“opened” G-C| H202 |-0.1 47.0 7.3 —19.0

“stretched” |A-T| H20 3.4 —35.9 1.8 —-10.9

H209 3.1 —11.7 —69.1 —17.6

G-C| H20 3.1 —-31.5 0.0 —-13.0

H202 29/ -7.0 —72.4 —20.9

*All the values are rounded to the first decimal due to the ac-
curacy of the parameters that are used for the calculations of
the corresponding structures.
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Fig. 4. Complexes of complementary pairs of A-T and G-C
with water and hydrogen peroxide molecules, bound from the
major groove (“closed” pair): A-T with HoO molecule (a);
A - T with HyO9 (b)7 G- C with H2O (C) G - C with H3Oo (d)

interaction energies are shown. From Tabl. 2, it can
be seen that the configurations of “preopened” A-T
pairs with water and hydrogen peroxide molecules
have almost identical parameters. The “opening” pa-
rameter has the maximum value, the rest of the
parameters are not changed significantly. It should

ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 6
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Fig. 5. Stable configurations of the “preopened” base pairs cal-
culated in the present work: A -T with water (@) and hydrogen
peroxide (b) molecules; G - C with water (c) and hydrogen per-
oxide (d) molecules. The numbers indicate the distance (in A)
between heavy atoms in the corresponding hydrogen bonds

be noted that the “propeller twist” parameter al-
most does not take the bases out of the plane of
the pair. Moreover, the configurations of “preopened”
G- C pairs with HoO5 and HoO molecules are sig-
nificantly different, since the spatial structure of hy-
drogen peroxide increases the parameter “propeller
twist”, taking the bases out of the plane of the pair.

ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 6

.
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Fig. 6. “Opened” configuration of G-C pair with an HoO2
molecule calculated in the present work. The numbers indicate
the distance (in A) between heavy atoms in the corresponding
hydrogen bonds

Fig. 7. Stable configurations of “stretched” base pairs calcu-
lated in the present work: A -T with water (a) and hydrogen
peroxide (b) molecules; G - C with water (¢) and hydrogen per-
oxide (d) molecules. The numbers indicate the distance (in A)
between heavy atoms in the corresponding hydrogen bonds
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Fig. 8. Diagram of the interaction energy for complexes con-
sisting of hydrogen peroxide and water molecules with “closed”,
“preopened” and “stretched” configurations of A-T and G-C
base pairs

It should be noted that, in the case of G- C pair,
there is still a configuration with the HoO5 molecule
(Fig. 6), which, on the one hand, is similar to the “pre-
opened” state, because the parameter R is almost un-
changed, and the “opening” parameter is significantly
larger than in the Watson—Crick ones, but since the
hydrogen peroxide molecule is “embedded” to the in-
ternal (N3 ... N7) hydrogen bond in this case, we call
this state “opened”. Note that, due to the geometry
of the molecules, the “opened” state occurs only for
G - C pair and only with HoOs molecules.

Configurations of “stretched” pairs with water and
hydrogen peroxide differ significantly by their param-
eters (Fig. 7). It should be noted that, for both the
A -T and the G- C base pairs, the interaction energy
of the “stretched” pair for the complex with a water
molecule is lower than the corresponding value for the
“preopened” configuration. For complexes with a hy-
drogen peroxide molecule, on the contrary, it is sub-
stantially higher (Tabl. 2).

4. About the Possibility

of an Experimental Observation
of the Formation of Complexes
of Hydrogen Peroxide Molecules
with the DN A Base Pairs

During the last decades, the technique that allows
one to study features of single molecules was im-
proved significantly. With the help of single-molecule
micromanipulation methods, important properties of
a DNA macromolecule such as the stretching, bend-
ing, twisting [12], and the consequent opening of nu-
cleic base pairs under the action of an external force
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(unzipping) [13, 14] can be investigated. The experi-
ment is carried out at a constant opening velocity, and
the dependence of the opening force on the displace-
ment is measured. At the beginning, the force is not
enough to open a double helix, so it sharply increases
and then reaches the plateau, which corresponds to
the beginning of the opening of base pairs.

In work [29], it has been shown that, during the
unzipping of a double helix, depending on the opening
velocity, base pairs can be opened along the “stretch”
pathway, as well as along the “opening” pathway. In
work [35], it was shown that, during the unzipping,
the configurations of base pairs that are stabilized
by water bridges occur. In this regard, if a certain
concentration of hydrogen peroxide is added to the
solution, “preopened”, and “stretched” pairs stabilized
by H2O5 molecules can appear under the conditions
of this experiment. As follows from our calculations,
the binding energy of these complexes is significantly
higher than the energy of the same complexes with
the water molecule. Therefore, the opening force of
a double helix in the experiment carried out in the
presence of a certain concentration of HoO5 molecules
should be higher, as a result of the interaction of the
base pairs with HoO5 molecules. The observation of
an increase in this force in the unzipping experiment
can serve as the proof of our hypothesis about the
blocking of the DNA base pairs by hydrogen peroxide
molecules.

The complexes of hydrogen peroxide with DNA
base pairs can be observed by the methods of Raman
spectroscopy. It is known that all DNA atomic groups
have their own vibrational frequencies. As is known,
the vibration frequencies of atomic groups of DNA
nucleic bases are in the range of ~1500 cm~! [36]. The
interaction of base pairs with water molecules can
slightly lower the frequency and amplitude of vibra-
tions [37]. Therefore, the interaction of hydrogen per-
oxide molecules with DNA base pairs must mani-
fest itself as a shift of the absorption peak to the
low-frequency range and as a decrease in its height
with comparison to the same complexes with water
molecules.

5. Discussion and Conclusions

In the present paper, the spatial configurations of
complexes consisting of nucleic base pairs with hy-
drogen peroxide and water molecules are investiga-
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ted. The comparison of the interaction energies is
schematically shown in Fig. 8. As can be seen from
the results, there are configurations of A-T and G- C
base pairs (“preopened” and “stretched”), which are
stabilized by hydrogen peroxide molecules much bet-
ter than by water molecules.

The interaction of hydrogen peroxide molecules
with DNA base pairs can manifest itself in living cells,
namely, in the process of DNA replication, when two
DNA macromolecules are formed from one double he-
lix. At the initial stage of this process, an enzyme
passes along a double helix [38] and consequently
opens its base pairs one after another. DNA bases
interact with water molecules all the time. But, as
was mentioned above, a significant amount of HoOq
molecules are introduced to the medium during the
ion beam therapy. If the interaction energy of nucleic
bases of the pair with a hydrogen peroxide molecule
is large enough compared to the same interaction en-
ergy with a water molecule, the DNA unzipping by
the enzyme can be terminated.

As can be seen from the obtained results, the most
significant difference in the interaction energies is for
“stretched” configurations of the pairs. Therefore, the
possibility of blocking the “stretched” pairs by hydro-
gen peroxide molecules is significantly more proba-
ble. In this case, the difference between the opening
energies is ~7 — 8 kcal/mol (Tabl. 2). This is due to
the fact that a hydrogen peroxide molecule, because
of its spatial structure, forms four hydrogen bonds
with nucleic bases (Fig. 7, b, d). At the same time, a
water molecule forms three hydrogen bonds, and two
of them are substantially curved, that is, their energy
is weakened (Fig. 7, a, c). It should be noted that
the “propeller twist” parameter is significant. There-
fore, the formation of such configurations is possible
only in the unzipping fork, where there is no stacking
interaction from one side of the pair.

We note that the energy values obtained in the
present work are only the enthalpy values, the entropy
is not taken into account. However, due to the similar
structures of HoOy and HoO molecules, the entropy
contributions to the interaction of these molecules
with nucleic bases should also be similar. Therefore,
our approach allows us to obtain a qualitative picture
of the formation of complexes of hydrogen peroxide
molecules with base pairs and to see a essential en-
ergy advantage compared to the same complexes with
a water molecule.

ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 6

The formation of complexes of HyOs molecules
with DNA can completely block the DNA transcrip-
tion in cancer cells and can be a key factor of the ac-
tion of high-energy ions on cancerous tumors in the
process of ion beam therapy.
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Program of Fundamental Research of the Division of
Physics and Astronomy of the National Academy of
Sciences of Ukraine (project No. 0116U003192).
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MOXKJIUBICTB BJIOKYBAHH{ ITPOLECY
POBKPUTTA ITAP OCHOB MAKPOMOJIEKYJI
JHK MOJIEKYJ/JIAMU ITEPOKCUIY BOJHIO

Peszowme

IIpomeneBa Tepallisi BaXXKUMHU 10OHAMH € OJHUM 3 HaNOiIbII
[IPOrPECUBHUX METO/IB JIIKYBaHHS PAKOBHUX 3aXBOPIOBaHb. Pe-
3yJIBTATH MOJIEJTIOBAHHSA IIPOLECY PAJIOJIi3y BOIM ITOKA3AJIH, 1[0
B CEPEJIOBHUINI YKUBOI KJIITUHU HAWOLIBINUN Yac *KUTTS MalOTh
Moutekyu epokcuay sozauio (HoO2). ITpore, Ha choromuimHiii
JIeHb He BCTAHOBJIEHO, SIKy ydYacTb 0epyThb mosekynu HoOg y
JeaKkTUBAIlll paKOBUX KJITHUH. [Ijist TOro, 11ob BCTAHOBUTH POJIb
MOJIEKYJI TIEPOKCHJLY BOJIHIO B 10HHI# Tepamil, B Janiit poboTi j10-
CIIIIPKEHO KOHKYPEHTHY B3aemozio mouekysr HoO ta H2O2 3
rmapaMy HYKJIEITHOBUX OCHOB Ha PI3HUX CTa/lisIX IIPOIECY IIepe-
nadi remerwyaHol iHdopmamnil. s po3paxyHKIB BUKOPHCTAHO
MEeTOJ, aTOM-aTOMHUX IOTeHIjajsbHuX dyHkIii. [lokazaHo, 1o
icaytors KoHdirypanil map A - T ta G - C, sxki crabisizoBani Mo-
nexynoo HoO2 cyrreBo Kparlne, Hi2k MOJIEKyYJI0I0 BOogu. Y TBO-
PEHHSI TaKMX KOMILJIEKCIB MOKe€ 3YIHHUTH IIPOIEC PO3KPUTTSH
map ocuos Mmakpomosekyiau JJHK depmentom, i, Binmosigmo,
3abJI0KyBaTU IIPOILEC Iepeadi reHeTu4dHol iHdopMarliii B pako-
BUX KJITHHAX IiJ] 9ac 10HHOI Teparil. 3alpONOHOBAHO METO/I
E€KCIEPUMEHTAJIbHOIO IiATBEPAKEHHsT B3a€MOJIil MOJIEKYJI IIie-
POKCHy BOIHIO 3 HyKJielTHOBuME ocHoBamu JIHK.
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