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The oxidized bases in the composition of DNA as well as DNA precursors (desoxy-
nucleotide triphosphates, dNTPs) appearing in living cell as a result of oxidative stress are
the one of major sources of genomic instability. Among oxidized forms of nitrogenous
bases, the 8-oxo-7,8-dihydro-2-deoxyguanine (80dG, 8-oxo-dG) is the most ubiquitous.
This compound has a high mutagenic potential due to its ability to preferably interact with
adenine instead of cytosine. In particular, the 80odG in the composition of the incoming
nucleotide triphosphate (8-oxo-GTP) is able to immediately incorporate into the growing
DNA chain and, thus, to cause the invert replacement dA — dC because it is possible to
pair with the incoming dCTP as well as dATP in the next round of DNA replication.

The efficiency of 8oxo-dG incorporation in growing DNA clearly depends on the
nature of appropriate DNA polymerases. One of the most sensitive to 8-oxo-dGTP is the
eukaryotic DNA polymerase {3 (pol B). The binding of 8-oxo-dGTP in the active center of
pol B can result in two different molecular events. First of them is the incorporation of
8oxoguanine into a growing DNA chain, the other is a discrimination of 8-oxo-dGTP from
the active center. While effects of incorporation of this modified guanine in DNA are well
studied, the immediate consequences of 8-oxo-dGTP discrimination are still unclear.

The behavior of 8-oxo-dGTP molecule in the area of the active site of human DNA
polymerase 3 was investigated using molecular dynamics (MD) calculation. The princi-
ple phenomenon revealed as investigation results is existence of two cardinally different
models of behavior inherent to 8-oxo-dGTP molecule. In two cases the ligand molecules
loses the connections with template dA and starts to migrate inside of enzyme space
(migrate trajectories). In the other two cases 8-oxo-dGTP stably stays in DNA poly-
merase active site, “keeps in touch” with template nucleotide and maintains the hydro-
gen bonds with it (stable trajectories).

The spatial structure of 8-oxo-dGTP in stable trajectories appears to be sufficiently
rigid despite the presence of number of bonds around which the free rotation is possi-
ble, and its conformational energy is characterized by high stability over the time of
studied MD. Average values of energy (-10229.7 and -10227.1 kd/mol) are practically
the same for both cases. Amino acid microenvironment of 8-oxo-dGTP also practically
doesn’t change over the studied MD interval. Thus, stable variants of 8-oxo-dGTP be-
havior evidently correspond to case of the further incorporation modified 8-oxo-dG into
growing DNA strand.
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The behavior of 8-oxo-dGTP molecule in migrate trajectories is significantly more
complicated. The 8-0xo-dGTP loses the H-bonds with template dA6 (at 11 and 6.5 ns of
MD in first and second case respectively) and starts to migrate in DNA polymerase space.
The 8-oxo-dGTP spatial structure regularly exhibits much more flexibility in comparison to
itself behavior in stable trajectories that reflects in corresponded values of individual
atomic fluctuations. However, contrary to the expectations the general levels of conforma-
tional energy of 8-oxo-dGTP as well as energy fluctuation patterns in both migratory tra-
jectories are completely time stable. The average values of conformational energy are
-9938.6 and -10018.6 kJ/mol for trajectories 1 and 2 respectively that is slightly more than
corresponded values for stable trajectories. The 8-oxo-dGTP movement pathways of
don’t coincide each other that is confirmed by differences of their conformational spaces
and amino acid microenvironment. It seems to be the most important that 8-oxo-dGTP
not only doesn'’t leave the enzyme space but directly prevent transition of DNA poly-
merase from closed to open conformation as well as the further binding of incoming
dNTP. This observation lets a possibility to consider it as natural inhibitor of DNA pol £
activity and possible intracellular regulator which mediates the direct transition of the cell
from normal state to programmed cell death omitting the malignancy stage.

Keywords: 8-oxo-7,8-dihydro-2'-dGTP, 8-oxo-dGTP, DNA polymerase (3, mole-
cular dynamics, structural analysis, delayed dissociation.

INTRODUCTION

Oxidized forms/modifications of natural nitrogenous bases appear in a living cell as a
result of interaction with reactive oxygen species (ROS) [8,22]. The bases in the composi-
tion of DNA, as well as DNA precursors (desoxynucleotide triphosphates, dNTPs) that
underwent oxidative processes, are one of the major sources of genomic instability — the
additional acceptor of a hydrogen bond rearranges the normal pattern of recognition be-
tween complementary bases, which results in a missing incorporation of nucleotide in the
growing DNA strand [9, 33].

Among oxidized forms of nitrogenous bases, the 8-oxo-7,8-dihydro-2-deoxygua-
nine (synonyms: 8odG, 8-oxo-dG, 8-oxo—deoxyguanine, 7,8-dihydro-8-oxo-2-deoxy-
guanine) is the most ubiquitous [31]. This compound has a high mutagenic potential due
to its ability to preferably interact with adenine instead of cytosine [16]. The presence of
80dG in the template DNA strand can lead to binding of dATP opposite to it in the active
center of DNA polymerase with the subsequent replacement dC — dA in the growing
chain (strand) [2, 16, 41] (one should mention that binding of dCTP opposite to the tem-
plate 80dG is possible too). The 8odG in the composition of the incoming nucleotide
triphosphate (8oxoGTP, fig. 1) is able to immediately incorporate into the growing DNA
chain and, thus, to cause the invert replacement dA — dC because it is possible to pair
with the incoming dCTP as well as dATP in the next round of DNA replication [3]. The
choice of dA or dC as preferable template for binding of the incoming 8oxoGTP strong-
ly depends on the nature/family of DNA polymerase (DNA pols) supplying the appropri-
ate process [24]. So, reparative DNA polymerases from X and Y families clearly prefer
to bind 8-oxo-GTP opposite to the template dA (human pol 1 as well as Dhb and Dpo4
form the pair 8-oxo-GTP: dA exceptionally [37, 38]). At the same time, replicative poly-
merases from family B include oxidized GTP mainly opposed to the template dC [15],
which is another proof of the high fidelity of this pol family [4, 26].
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One should remark that generally the incorporation of 8oxodG in DNA is a much
rare event than the incorporation of natural dG. The relative rate of 8-oxo-dG incorpora-
tion also depends on the nature of appropriate DNA polymerases. The representatives
of high-fidelity A and B families are sufficiently resistant to the incorporation of 8-oxo-
dGTP [24], whereas X and Y family pols involved in repair and/or translesion synthesis
incorporate oxidized guanine in a relatively efficient manner.

The most sensitive to 8-oxo-dGTP is the eukaryotic pol $ (X family) [6, 32] and pol n
(Y family) [25, 37, 38]. So, human pol B incorporates 8-oxo-dGTP with the efficiency 20 %
of that of a normal dNTP inclusion [32], while the effectiveness of 8-oxo-dGTP integration
by human pol n is about 60 %. Both pols prefer dA as a template base for 8-oxo-dGTP
incorporation.

Obviously, the above-described variability of possible options of 8-oxo-dGTP inter-
action with complex “DNA polymerase: template DNA” is to a considerable extent
caused by spatial structure features of relevant enzymes at individual and/or family
level. However, one should mention that the information about spatial organization of
complexes DNA polymerases with 8-oxo-dGTP is extremely limited. The human DNA
polymerase f with 8-oxo-dGTP bound at the active site is just one complex with ex-
perimentally found tertiary structure (appropriate structure data is deposited in the Pro-
teinDataBank [5], access code 3MBY ) [1]. Nevertheless, this complex has high-quality
spatial geometry in accordance with the MolProbity validation metrics [10, 13] and can
be successfully applied as a starting point for further structural investigations.

Evidently, that binding of 8-oxo-dGTP in the active center of DNA polymerase 3 can
result in two different molecular events. First of them is the above-mentioned incorpora-
tion of 8oxoguanine into a growing DNA chain, the other is a discrimination of 8-oxo-dGTP
from the active center. While effects of incorporation of this modified guanine in DNA are
well studied and described in the literature (see [3] for a review), the (immediate) conse-
quences of discrimination are still unclear. Based on 8-oxo-dGTP structure peculiarities, it
might be supposed that behavior of 80GTP after discrimination is essentially more com-
plicated than a simple removing from active site. Thus, the objective of the present inves-
tigation is the structural analysis of the behavior of 8-oxo-dGTP molecule in (the area of)
the active site of human DNA polymerase (3 using molecular dynamics (MD) calculation.
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MATERIALS AND METHODS

The studied systems were prepared on the basis of the X-ray derived structure of
ternary complex “human DNA polymerase 3: DNA: 8-oxo-dGTP” at 2.0 A resolution
deposited in RCSB Protein Data Bank (access code is 3MBY). Molecule of 8-oxo-dGTP
in pol B active site is paired with adenine of the template strand [1]. Absent N-terminal
fragment Met1-Glu9 was recovered by fitting of the N-terminal domain of human pol
resolved by NMR (PDB access code is 1BNP) into enzyme structure with the subse-
quent removing of duplicate structure part. The fitting was performed with SwissPDB
Viewer software v. 4.01 [18, 23]. Missing atoms in residues Val303 were reconstructed
using correct Val303 residue from another PDB entry containing data about human pol
B structure (PDB access code is 4F5Q). The obtained system was used as the initial
structure for the further molecular dynamics (MD) computations.

All MD computations were performed with GROMACS software version 4.6.5 [20,
35] using combined CHARMM force field (CHARMM27 with implemented CMAP [27,
28]). This version of CHARMM force field is specially developed for computational inves-
tigation of heterogeneous molecular systems including proteins, nucleic acids and lipids.

The topology of 8-oxo-dGTP for application in MD simulations was performed via
web-based tool SwissParam [43]. The input file for SwissParam in mol2 format was
constructed from 8-oxo-dGTP atom coordinates with OpenBabel chemical converting
software [34]. Electronic properties of 8-oxo-dGTP, including partial atomic charge va-
lues, were calculated via M062x density functional method [42] using a 6-31+G (d, p)
basic set. The calculated values of the partial charges were used for modifying the
8-0x0-dGTP topology. Topologies of the rest components of the studied system were
built via standard topology maker pdb2gmx of GROMACS software.

To simulate intracellular (realistic) conditions all further calculations were carried
out in water solution containing 0.15M NaCl. Prepared complex was placed in a rectan-
gular periodic box using editconf module of GROMACS software. Thereafter, the box
was filled by water molecules (using genbox module), and Na* and CI- ions were added
into system (using genion module). The properties of water molecules were calculatied
using standard TIP3 model [30]. The complete system contained 82308 atoms.

Geometry optimization for the investigated system was performed by minimizing the
potential energy via the L-BFGS algorithm [12 ] with mdrun — the main module of GRO-
MACS software [20]. The maximum number of optimization steps was 1000. Conver-
gence criteria were adopted by setting the maximum force on the atoms emtol = 10 kJ
mol'xnm ' and the maximum step size of 0.01 nm.

For the optimized system, we performed the calculation of the position restrained
molecular dynamics within 100 ps interval (to achieve the equilibrate state) and unre-
strained (productive) MD within 100 ns time interval at 300 K. The initial velocities were
generated according to the Maxwell-Boltzmann distribution at 300 K. The classical
leap-frog algorithm was applied for the integration of the motion equations [19]; electro-
static interactions were calculated using the particle mesh Ewald method [11]; Van der
Waals interactions were accounted using cut-off radius method. The temperature and
pressure of the system were controlled by V-rescale thermostat [7] and Parinello-Rah-
man barostat, respectively. The messages about error or unacceptable steric parame-
ters in the systems during the calculation procedures were absent.
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For the further quantification of the binding energy, the molecular dynamics of
8-0x0-dGTP in the solvated state was calculated. The procedure for the MD calculation
of solvated 8-oxo-dGTP was the same as for the calculation of the “DNA pol B: 8-oxo-
dGTP : DNA” complexes, except for the periodic box size.

Fluctuations of 8-oxo-dGTP structure in free and bound states were evaluated using
the rho method [29] with g _rms, g msd and g_rmsf modules of the GROMACS software.
All energy parameters of the investigated system and its components were calculated
with g_energy module. The conformational energy of 8-oxo-dGTP were evaluated as the
sum of intra-ligand (between atoms in 8-oxo-dGTP composition) and extra-ligand (be-
tween atoms of 8-oxo-dGTP and molecular environment) unbound contributions to the
potential energy. The dynamics of hydrogen bonds was calculated using the g _hbond
module. Entropic parameters were computed using quasiharmonic (QH) approximation
[36, 40] with modules g covar (co-variation analysis tool) and g _anaeig (eigenvectors
analysis tool).

Visualization of the structural data and analysis of geometrical parameters were
performed using the Accelrys DS Vizualiser software (versions 2.0 and 3.5) (www.ac-
celrys.com).

RESULTS AND DISCUSSION

The principle phenomenon revealed during molecular dynamics investigation is
existence of two cardinally different model of behavior enzyme space, inherent to 8-oxo-
dGTP molecule. In two cases the ligand molecule loses the connections with template
dA and starts to migrate inside of enzyme space (trajectories 1 and 2, migrate trajecto-
ries). In the other two cases ligands (8-oxo-dGTP) stably stays in DNA polymerase ac-
tive site, “keeps in touch” with template nucleotide and maintains the hydrogen bonds
with it (trajectories 3 and 4, stable trajectories).

The general view of DNA pol B:8-0xo-dGTP:DNA complex is shown on Fig. 2.
Microenvironment of the 8-oxo-dGTP bound into human pol 8 active site molecule con-
sists of amino acid residues Gly179, Ser180, Arg183, Ser188, Gly189, Asp190, Asp192,
Tyr271, Phe272, Gly274, Ser275, Asp276, Asn279 and nucleotide residues dA6 in tem-
plate strand and dC10 in growing strand (Fig. 3). Ligand forms a number of hydrogen
bonds, in particular with side chains of amino acid residues Gly179, Arg183, Gly189,
Asn279, and with template nucleotide residue dAG.

Analysis of space structure evolution of 8-oxo-dGTP over the time (Fig. 4) and its
intrinsic atom fluctuation (Fig. 5) testifies that spatial structure of 8-oxo-dGTP in stable
trajectories appears to be sufficiently rigid despite the presence of number of bonds
around which the free rotation is possible. Accordantly to obtained data, only O6 oxygen
atom exhibits some measureable fluctuations (0.6 A). Ligand is fixed in active site
whereas the polymerase is still in closed conformation. The average value of RMSD is
0.8 A and 1.2 A for trajectories 3 and 4 respectively, sharp increases/decreases of
RMSD value aren’t observed.

Obviously, that composition of ligand microenvironment practically doesn’t change
over the studied molecular dynamics interval in two stable trajectories. In addition to
above mentioned residues of pol B active site the 8-oxo-dGTP can interact with amino
acids Arg149 and Lys280. In both cases the 8-oxo-dGTP forms time-stable network of
hydrogen bonds including on the average 7 H-bonds with protein and 2 H-bonds with
template DNA (Fig. 6).
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Fig. 2. General stereo view of DNA pol B:8-oxo-dGTP:DNA complex. Protein and DNA are shown using
standard ribbon diagrams. Bases in DNA are rendered by rings. 8-oxo-dGTP is shown using ball-stick

(skeleton) representation (in center of view). Hydrogen bonds’ network of 8-oxo-dGTP is shown by
dashed lines

Puc. 2. CtepeosobpaxeHHs 3aranbHoro Burnsgy komnnekcy AHK nonimepasa f:8-okco-al TO:AHK. Binok
i AHK npeacraeneHi ctangapTHUMuK cTpivkoBumK gdiarpamamu. OcHosu B [IHK 306paxeHi KinbLusmu.
8-okco-Al TP nokasaHUi KyrnbKO-CTPUXKHEBOIO (CKENETHO) fAiarpamMoto (B LEHTPI 300paxeHHs ).
Mepesxa BogHeBUXx 3B's3kiB 8-okco-al T® npeacTaBneHa NyHKTUPHUMU MiHIAMA
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Fig. 3. Detailed organization of pol 8 active site with incoming 8-oxo-dGTP molecule. Aliphatic hydrogens are
not present

Puc. 3. [letanbHa opraHisauis aktmeHoro canta OHK nonimepasu B, wo MictuTe Monekyny 8-okco-al Td.
AnidaTnyHi BOOHI He NpeacTaBneHi
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Fig. 4. Evolution of structural properties of 8-oxo-dGTP over the time of 40 ns molecular dynamics in different

trajectories
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Fig. 5. Fluctuations of individual atoms in 8-oxo-dGTP composition as result of 40 ns molecular dynamics
Puc. 5. dnykTyauii inguBigyanbHux atomiB y cknagi 8-okco-al T® yHacnigok 40 HC MONeKynspHOi AMHaMIKM
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Fig 6. Alteration in hydrogen bond number over the time of 40 ns molecular dynamics: A — number of H-
bonds between 8-oxo-dGTP and DNA; B — number of H-bonds between 8-oxo-dGTP and protein

Puc. 6. 3miHa KinbKoCTi BOAHEBUX 3B’A3KiB yNpoaosx 40 HC MOMEKyNApHOT ANHAMIKK: A — KinNbKiCTb BOOHEBUX
3B’A3KiB Mix 8-okco-al T i [AHK; B — kinbkicTb BOAHEBMX 3B’A3KiB Mi 8-0kco-al T i 6inkom

The conformational energy of ligand in both “fixed” trajectories is also characterized
by high stability over the time of studied molecular dynamics. Average values of energy
(-10229.7 and -10227.1 kd/mol) are practically the same for both cases. Appropriate
value of conformational energy in water solution is -6700.7 kd/mol. No tendencies to rise
or decrease of general conformational energy level are observed for investigated MD
interval.
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Thus, revealed stable variants of 8-oxo-dGTP behavior evidently correspond to case
of the further incorporation modified 8-oxo-dG into growing DNA strand. Obtained results
about structure and energy fluctuations in stable trajectories testify that system achieves
equilibrium state and can be in this state for an indefinite time (in reality — up to chemical
reactions leading to addition of nucleotide to newly synthesized DNA [4, 21]).
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Fig. 7. Fluctuations of 8-oxo-dGTP conformational energy during 40 ns molecular dynamics in different tra-
jectories. Corresponding trend lines are also present

Puc. 7. dnykTyauii koHdopmauinHoi eHeprii 8-okco-Al TP y pisHMX TpaekTopisix ynpoaosx 40 HC Monekynsp-
HOI AMHaMikn. Takox HaBefeHi BiANOBigHI NiHii TpeHay

The behavior of 8-oxo-dGTP molecule in the rest of cases is significantly more com-
plicated. In the first case the 8-oxo-dGTP loses the H-bonds with template dA6 residue
near at 11 ns of molecular dynamics (Fig. 6A) and starts to migrate in space on DNA
polymerase. This event is reflected in essential rise of appropriate RMSD values during
11-15 ns of molecular dynamics (Fig. 4). Hydrogen bonds between ligand and DNA epi-
sodically appear at 30, 31, 34, 36 and 37 ns of investigated molecular dynamics (Fig. 6A).

In the second case the interaction between 8-oxo-dGTP and template adenine
breaks even more early — appropriate H-bonds completely disappear at 6.5 ns of mo-
lecular dynamics and don’t arise again (Fig. 6A). The disruption of 8-oxo-dGTP:dA6
hydrogen bonds accompanies by rising of ligand RMSD in interval of 6.5—-10 MD ns that
testifies about start of intra-protein migration of 8-oxo-dGTP molecule (Fig. 4). The li-
gand movements in the both “migratory” cases have the relatively stable periods from
15 to 30 ns in the first case and from 9 ns 25 ns in the second case. Average values of
RMSD are 6.3 and 8.3 A for the first and second trajectory respectively that is essen-
tially more than corresponded values for stable trajectories.

The 8-o0xo-dGTP in movable trajectories regularly exhibits much more flexibility in
comparison to itself behavior in stable trajectories that reflects in corresponded values
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of individual atomic fluctuations (Fig. 5). The minimal values of RMSF are proper for
nitrogen N9 atom in the base and oxygen O4’ atom in sugar composition.

One should mention that any changes in 8-oxo-dGTP spatial structure and H-bond
number don’t influence on level and fluctuation of conformational energy (Fig. 7). Con-
trary to the expectations the general levels of conformational energy of 8-oxo-dGTP as
well as energy fluctuation patterns in both migratory trajectories are completely time
stable! The average values of conformational energy are -9938.6 and -10018.6 kJ/mol
for trajectories 1 and 2 respectively that is slightly more than corresponded values sta-
ble for trajectories and essentially less than average conformational energy in water
solution. Thus, 8-oxo-dGTP outcome from enzyme space is energetically unfavorable in
all the considered cases. This phenomenon seems to be very significant since confirms
our assumption that consequences of 8-oxo-dGTP discrimination from pol § active site
are essentially more complicated than simple removing of ligand from enzyme.

Hydrogen bond dynamics character for 8-oxo-dGTP in migratory trajectories are dif-
ferent from stable trajectory ones. The number of H-bonds between ligand and protein is
floating from 1 to 7 with average value 4 over the complete trajectory (Fig. 6B) that is well
agree with complicated pattern of intra-protein movement of 8-oxo-dGTP molecule.

Accordantly to data of trajectory visual analysis, the 8-oxo-dGTP doesn’t reveal
tendency to leave the DNA polymerase space. Conformational space occupied by
8-0xo-dGTP is more compact in trajectory 1 than in trajectory (Fig. 7). The 8-oxo-dGTP
movement pathway of don’t coincide each other that is confirmed by differences of
amino acid microenvironment of ligand in the same time points (Table).

Amino acid compositions of 8-oxo-dGTP microenvironmemt at several points
of molecular dynamics
AMiHOKMCNOTHI kOoMno3uuii 3 MiKkpooToYeHHs 8-okco-ArTd
Y AEKiNbKOX TOYKax MONEKYNAPHOI AUHAMIKMN

Time point, ns Trajectory 1 Trajectory 2
Arg149, Gly179, Ser180, Arg183,
10 Tyr271, Phe272, Thi273, Gly274, 1010, LeuTl, Alad7, Lys48, Tyra9,

Ser275. Asn279 Pro50, Arg149, Glu186, Ser187

Arg149, Cys178, Gly179, Ser180,
20 Arg183, Asp192,Tyr271, Phe272,
Thr273, Gly274, Ser275, Asp276

Arg40, Arg149, Arg183,
30 Asp192,Tyr271, Phe272, Gly274,

Thr10, Ala47, Lys48, Pro50, Arg149,
Ser187, Ser334, Glu335

Thr10, Ala47, Lys48, Tyr49, Arg149,

Ser275, Asp276 Ser334
40 Lys27, Arg40, Arg149, Asp276, Thr10, Leu11, lle46, Ala47, Lys48,
lle277, Lys280 Tyr49, Pro50, Arg149

It seems to be the most important that 8-oxo-dGTP not only does not leave the
enzyme space but directly prevent transition of DNA polymerase from closed to open
conformation as well as the further binding of incoming dNTP. This observation lets a
possibility to consider it as natural inhibitor of DNA pol 3 activity.
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Fig. 8. Some key poses of 8-ox-dGTP in DNA pol  space during molecular dynamics (A — trajectory 1; B —
trajectory 2). Poses at 0, 10, 20, 30 and 40 ns colored by blue, green, yellow, orange and red respec-
tively. DNA molecules aren’t present

Puc. 8. [eski knoyvoBi reometpii 8-okco-al T® y npoctopi OHK nonimepasn B BNpOAOBX MOMEKynsipHOT
AvHamiku (A — TpaekTopis 1; B— TpaekTopisi 2). Feometpii Ha 0, 10, 20, 30 i 40 HaHOCeKyHAi 3abapBneHi
BiQMOBIOHO CUHIM, 3€MeHVM, XXOBTUM, XXOBTOrapsiuMMm i YepBoHUM konbopamu. Monekynu OHK He
npeacTaBneHi

SUMMARY

Two different ways of 8-oxo-dGTP behavior discovered during present investiga-
tions well agree with our conceptions about two possible events that are results of its
binding in active site of DNA polymerase B. The firstly described by us migratory way of
behavior of modified nucleotide triphosphate in enzyme space appears to be function-
ally significant.

In context of accumulative data, the 8-oxo-dGTP seems to be not only genome in-
stability factor but natural inhibitor of DNA pols B with rather unusual way of interaction
with target enzyme. The ability of 8-oxo-dGTP molecule to remain in DNA pol B space
over essential time intervals (without dissociation) and, thus, inhibit its catalytic activity
can turn out a very important to maintain homeostasis at cellular and tissue level. It's
known that malignantly transformed cells are exceptionally abundant in reactive oxygen
species and thus, a priori maintain a high level of oxidized base in both DNA and DNA
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precursors [14, 17]. Moreover, rapid increase of ROS concentration in cell can be one
of the first sign of its starting (incipient) neoplastic transformation [14, 17].

Taking into account the especial role of ROS in carcinogenesis, the 8-oxo-dGTP
might be supposed as (one of) possible natural regulator which mediates the direct
transition of the cell from normal state to programmed cell death omitting the malig-
nancy stage. We can assume the next outline of intracellular events. The oxidative
stress causes a rapid increase of intracellular concentration of oxidized nucleotides,
including 8-oxo-dGTP. High concentration of 8-oxo-dGTP inhibits the activity of main
reparative DNA polymerase 3 and results in numerous DNA damages incompatible with
life. Proposed regulative mechanism seems to be sufficiently logical, but demand the
further experimental verification.

The discovered phenomenon of delayed dissociation of heterogenic protein:ligand:
DNA complexes potentially can extend our conceptions about structural mechanisms of
specific recognition and interaction between different types of biomolecules.
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OCOBJIMBOCTI NOBEAIHKW 8-OKCO-7,8-ANUIAPO-2'-a' T® B AKTUBHOMY
CAWUTI OHK-NMONIMEPA3U  NIOOUHU: CTPYKTYPHI JOCNIIXEHHSA IN SILICO

O. KO. Hunopko

Kuiscbkuli HayioHanbHUU yHieepcumem iMeHi Tapaca LllegyeHka
8yn. Bornodumupceka, 64/13, Kuie 01601, YkpaiHa

e-mail: dfnalex@gmail.com, anyporko@univ.net.ua

OkucneHi ocHoBm y cknagi OHK i AHK nonepeaHukiB (oe3okcuMHykneoTng Tpudoc-
datis, gHTD), WO BMHUKAOTE Y XUBIW KMiTWUHI B pe3ynbkTaTi OKUCIOBANbHOIO CTPECy,
€ OOHVM i3 OCHOBHUX [pxepen HecTabinbHocTi reHoMy. Cepe okncneHmx hopm asotumc-
TMX OCHOB HambinbLL NOWMPEHUM € 8-okco-7,8-anrinpo-2-gesokcuryaHin (8oal,, 8-okco-
0. Lia cnonyka Mae BUCOKUI MyTareHHUM NoTeHujian yHacnigok 34aTtHOCTi nepeBaxHo
B3aEMOZIATN 3 afeHIHOM 3aMicTb UMTO3MHY. 3okpema, 8oal” y cknagi BXigHOro Hykneo-
Tmay (8-okco-gl T®) s3gaTHM 6eanocepeaHbo BktovaTucs B naHutor AHK, wo Hapoluy-
€TbCH, i, TAKUM YUHOM, CIPUYMHATK 3amiHy OA — AL, ocKinbku BiH 3gaTHWMA cnaptoBa-
TUCb $K i3 BXigHUM aLUT®, Tak i 3 gAT® y HacTynHoMy umkni pennikauii AHK.

EdektusHicTb BkntodeHHs 8-okco-al” y 3poctatody [AHK uiTko 3anexutb Big npu-
poan BignosigHmx OHK-nonimepas. OpHieto 3 Hambinbw yytnuemx go 8-okco-gl TP
€ eykapiotndyHa [OHK-nonimepasa B (pol B). 3B’a3yBaHHsA 8-okco-al T® B akTUBHOMY
LeHTpi pol B Moxe npMBOOUTU OO ABOX Pi3HMX MOMNEKYNAPHMX nogin. MNepLiot 3 HUX
€ BKITHOYEHHS 8-okcoryaHiHy B naHutor [IHK, wo cnHTesyeTbes, Apyroro — ANCKpUMIHaL,is
8-okco-al T® 3 akTUBHOrO LeHTpY. B Ton yac, gk Hacnigky BKNIOYEHHS LibOro MOAMAiKo-
BaHoro ryariHy B [JHK € nobpe pgocnigxeHumn, 6e3nocepenHi peaynsrati gUCKpuMiHa-
uii 8-okco-al T® Bce Le 3annLIalTbCA HEACHUMMU.

MosepgiHky monekynu 8-okco-al T® y ainsHui aktneHoro canty OHK-nonimepasu 3
NOAMHU ByNo OOCTIMKEHO LUMSIXOM PO3paxyHKiB MonekynspHoi guHamiki (MI). OcHo-
BOMOSIOXHUM (heHOMEHOM, BUSIBIIEHUM Y pe3ynbraTi AOCHiMKEHb, € iICHyBaHHA 4BOX Kap-
OVHarnbHO BIAMIHHUX Mofenen NoBeaiHKK, BNacTnBux monekyni 8-okco-al T®. Y aBox Bu-
nagkax Morekyna niraHga BTpavae 3B’a3kM 3 MaTpu4HUM JA i noYMHae MirpyBaTu Bcepe-
AVHY npocTopy dhepMeHTy (MirpauinHi TpaekTopii). Y ABOX iHWKWX BUnagkax 8-okco-al TP
CTabinbHO 3anMwaeTbes B akTMBHOMY LieHTpi JHK—nonimepasn, “sanunwaetbcs Ha 3B’A3-
Ky” 3 MaTpPUYHUM HYKIIEOTUOOM i NIATPUMYE BOOHEBI 3B’s13KM 3 HUM (CTabinbHi TpaekTopii).

[MpocTopoBa cTpykTypa 8-okco-al T® y cTabinbHUX TPaeKTopisaX BUABNSAETbCS A0
CUTb XOPCTKO, He3BaXKatoun Ha Linun pag 3B’sA3KiB, HABKOMO SIKUX MOXIMBE BiflbHe
06epTaHHs, a Moro KoHdOpMaLiiiHa eHepris XapakTepu3yeTbCs BUCOKOI CTabINbHICTHO
npotsirom vacy gocnigxysaHol M. CepefHi 3HaveHHs eHeprii (-10229,7 i-10227,1 k[Ox/
MOJf1b) NPaKTUYHO TOTOXHI Anst 060x BMNaaKiB. AMIHOKMCIOTHE MIKPOOTOYEHHS 8-OKCO-
Al TO TakoX NPakTUYHO He 3MIHIETLCA MPOTAroM AOChigKyBaHoro nepiogy M. Takum
YnHOM, cTabinbHi BapiaHTK noBefiHkn 8-okco-al TP, BoueBuapb, BigNoBiAaTb BUNAAKY
noganbLUoro BkNoYeHHs moaundikoBaHoro 8-okco-al” y naHutor JHK, wo cuHTesyeTbes.
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MoBegiHka Mmornekynu 8-okco-al T® y MirpauinHUX TPaAEKTOPISX € CYTTEBO CKNagHi-
woto. 8-okco-al TP BTpayae BOAHEBI 3B’'A3kM 3 MaTpuyHMM A6 (Ha 11 i 6,5 Hc M
B MepLlomMy i ApyroMy BUNaaKy BiANOBIAHO) i nounHae mirpysatun y npoctopi AHK-noni-
mepasun. [NMpoctopoBa cTpykTypa 8-okco-al T® 3akOHOMIPHO MposiBAsiE Binbluy rHy4-
KICTb NMOPIBHSIHO 3 MOBEAIHKOI Y CTINKMX TPaeKTopisX, WO BiAOMBaETbLCA Y BIANOBIAHNX
3Ha4YeHHAX prykTyauin iHgueigyanbHMx aTomiB. [NpoTe, BCyneped ouvikyBaHHAM, 3a-
rarnbHi piBHi KOHOpMaLiiHOT eHeprii 8-okco-al TP, a Takox NaTepHu donyKTyauih eHep-
ril B 060X MirpauiiHMx TpaekTopisix € MOBHICTO cTabinbHMMK B Yaci. CepeaHi 3Ha4YeHHs
KoHdbopMaLinHoi eHeprii ctaHoBNATb -9938,6 i -10018,6 k[x/Monb ons TpaekTopin 1
i 2 BiANOBIQHO, L0 NuLIe TPiWKK Binblle BiANOBIAHMX 3HAYeHb AN cTabiNbHUX Tpaek-
Topin. Wnaxu pyxy 8-okco-al TP He 36iratoTbCH OQUH 3 OOHMM, O MiATBEPLKYETHCA
BIOMIHHOCTSIMM iX KOH(POpPMAaUiHUX MNPOCTOPIB i aMiHOKMCIIOTHOIO MiKPOOTOYEHHS.
MpencraBnsaeTbCca HAMBINbLL BaXXNMBUM, WO 8-0kco-al TP He Tinbku He 3anuiiae npo-
cTip depMeHTy, ane n Ge3nocepenHbO Nepelukomkae nepexody OHK-nonimepasm i3
3aKpuUTOi KOHbopMaLii y BiAKpUTY | nogansbLUoMy 3B’ss3yBaHHI0 BxigHoro ogHT®. Lle cro-
CTEPEXEHHSA Aae MOXMMBICTb PO3rnsiAaT Moro sik npupogHui iHriditop OHK nonimepa-
31 3 | MOXIMBWIA BHYTPILLHBbOKTITUHHWIA PErynaTop, k1A onocepeakoBye NPsiMUN nepe-
Xif, KNiTUHW Big4 HOPMarnbHOrO CTaHy [0 3anporpamoBaHOI KNiTUHHOI CMepTi, MUHaKun
CTafito 3nosiKiICHOrO NePepPOAXKEHHS.

Knroyoei cnoea: 8-okco-7,8-gurigpo-2'-al T®, 8-okco-al T®, OHK-nonimepasa f,
MOIeKynsapHa guHamika, CTPYKTYPHWUIA aHani3, 3aaTpumka aAnco-
Liawii.

OCOBEHHOCTU NOBEAEHWA 8-OKCO-7,8-AUrNAPO-2'-al T®
B AKTUBHOM CAUTE OHK-NOJIMMEPA3bI  YEITOBEKA:
CTPYKTYPHbIE UCCIIEOOBAHUA IN SILICO

A. 0. Hunopko

Kueesckuli HayuoHanbHbIU yHUsepcumem umeHu Tapaca LllegyeHko
yn. Bnadumupckas, 64/13, Kues, 01601, YkpauHa

e-mail: dfnalex@gmail.com, anyporko@univ.net.ua

OxkucnenHble ocHoBaHus B coctaBe [JHK 1 OHK npeawectBeHHNKOB (0E30KCUHYK-
neotung tpudocdator, AHTD), BO3HMKAIOLIME B KUBOW KMETKE B pe3ynbrate OKUCIMU-
TENnbHOro cTpecca, ABNATCS OOHUM U3 OCHOBHBLIX MCTOYHMKOB HECTAbUIIBHOCTU reHOMa.
Cpenm okucneHHbIx hopM a30TUCTbIX OCHOBaHWI Hanbonee pacnpoCcTpaHEHHbIM ABIIS-
etca 8-okco-7,8-gurngpo-2-gesokeuryanunH (8ogl, 8-okco-al). Oto coeguHeHve nmeer
BbICOKWU MyTareHHbIN NoTeHuman BcreacTeBmMe CnocobHOCTU NpeanoYTUTENbHO B3auMO-
JencTeoBaThb C aAeHNUHOM BMeCTO LUuTo3nHa. B yacTtHocTu, 8oal B cocTaBe BXOASLLENO
HykneoTtuaa (8-okco-al T®) cnocobeH HeMOCpPeaCTBEHHO BKIKOYATLCS B PACTYLLYHO Lienb
OHK n, Takum obpasom, Bbi3BaTb 3ameHy AA — aLl, nockonbKy oH cnocobeH cnapmeaTb-
cs1 Kak ¢ Bxogawmm gUT®, tak n ¢ gATO B cnegyowem uukne pennukauumn JHK.

ObdekTnBHOCTL BKItodeHust 8-okco-al B pactywyto AHK yetko 3aBmucut ot npupo-
bl cootBetcTBytowmx JHK-nonnvepas. OgHon 3 Hambonee YyBCTBUTESNBHBIX K 8-OKCO-
Al T® aengercsa aykapuotudeckas JHK-nonumepasa (pol ). CessbiBaHne 8-okco-al TO B
aKTMBHOM LiEHTPE pol 3 MOXET NMPMBOAUTL K ABYM Pa3nMYHbIM MOMEKYNSIPHBIM COBbITUSIM.
MepBbIM 13 HNX ABMSIETCH BKMOYeHWe 8-OKkcoryaHunHa B pacTyLiyto uenb OHK, apyrum —
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nckntoyeHne 8-okco-al TP 13 akTMBHOrO LiEHTpa. B To Bpemsi, kak criegcTBms BKITHOYEHNS
3TOro MogMdUUMpPoOBaHHOrO ryaHnHa B AHK nccnemosaHbl XOpoLLO, HENOCPeaCTBEHHbIE
pe3ynbraTbl AMCKPUMUHALMK 8-0kco-al TP BCE eLLé ocTatTCs HESCHBIMMU.

MoBeneHne monekynbl 8-okco-al T® B obnactu aktMeBHbIM canTom OHK-nonvme-
pasbl 3 yernoBeka b6bIno nccregoBaHo NyTEM pacyeToB MonekynspHon agnHamukm (ML).
OcHoBononarawwum eHOMEHOM, BbISIBIIEHHbIM B pe3yrnbrate UCCNegoBaHun, sBns-
€TCS CyLLeCTBOBaHWEe ABYX KapOuHanbHO OTIIMYHBIX MOAENEN NOBEOEHWS, CBONCTBEH-
HbIX Monekyne 8-okco-al Td. B aByx cnyyasax Morekyrna nuraHga TepsieT CBsi3u ¢ Ma-
TPUYHBIM JA M Ha4YvMHaeT MUIPUPOBAaTb BHYTPb MPOCTPaHCTBa hepMeHTa (MUrpaLMOH-
Hble TpaekTopun). B aByx apyrmx cny4dasx 8-okco-gl T® ctabunbHO OCTaeTcs B aKTUBHOM
ueHtTpe OHK-nonumepasbl, “oCTaéTcs Ha CBA3M” C MATPWYHBbIM HYKNeoTUAOM U MNoAa-
OEPXMBAET BOAOPOAHbIE CBA3N C HUM (CTabunbHbIE TpaekTopun).

[MpocTpaHcTBEHHas cTpykTypa 8-0kco-al T® B cTabMbHbIX TPAEKTOPUSX OKa3biBa-
€TCS JOCTaTOYHO XXECTKOW, HECMOTPS Ha Lenblt psg CBA3EN, BOKPYT KOTOPbIX BO3MOXHO
cBobogHOe BpalleHne, a ero KOHpopMaLUNOHHAsa SHEPINsST XapakTepu3yeTCs BbICOKOM
CTabunbHOCTBLIO B TeveHne BpemeHu mnccregyemont M. CpegHue 3HaYeHUs aHeprum
(-10229,7 n -10227,1 x[x/MOrnb) NpakTUYECKM TOXOECTBEHHbI Ana obomx crny4qaes.
AMWHOKMCINOTHOE MUKPOOKpYKeHue 8-okco-al TP Takke NpakTUYEeCcKn He MeHsieTcs
B TeveHune nccnegyemoro nepuoga M. Taknm obpasom, cTabunbHble BapMaHTbl MOBe-
aeHnst 8-okco-al TO, o4eBMAHO, COOTBETCTBYHOT CIlyyald MOCeayHLero BKIHOYEHUS
MoanuumpoBaHHoro 8-okco-al” B pactywyto uenb JHK.

[MoBeaeHne monekynbl 8-okco-al TP B MUrpaumMoOHHbIX TPAEKTOPUSIX ABMNSETCA 3Ha-
unTenbHoO Gonee cnoXxHbIM. 8-okco-al T TepsieT BoAopoaHble CBSA3U C MaTpUYHbIM AAG
(Ha 11 1 6,5 Hc M[] B nepBOM 1 BTOPOM Crly4ae COOTBETCTBEHHO) Y HAYMHAET MUTPUPO-
BaTb B npoctpaHctBe [HK-nonnmepasbl. MNpocTpaHcTBeHHast cTpykTypa 8-okco-al TP
3aKOHOMEPHO MPOSBASET BOMbLUYK MTMOKOCTE MO CPABHEHUIO C NMOBEAEHNEM B YCTOMYU-
BbIX TPAEKTOPUSIX, YTO OTPaXKaeTCsl B COOTBETCTBYIOLLMX 3HAYEHUSIX hryKTyauun nHam-
BMAYalbHbIX aTOMOB. TeM He MeHee, BOMpeKn OXuaaHusam, obLme ypoBHU KOHGopMa-
LIMOHHOM 3Heprumn 8-okco-al T, a Takke natTepHbl OryKTyauun sHeprum B 06emx Mur-
PaLMOHHbIX TPAEKTOPUSAX MOMHOCTBIO CTabunbHbI BO BpeMeHn. CpegHne 3Ha4eHnst KOH-
dopmaLmoHHon sHeprun cocTaenstoT -9938,6 1 -10018,6 k[x/Monb ansa TpaekTopun 1
N 2 COOTBETCTBEHHO, YTO NMULLb Crerka bomnbLue COOTBETCTBYIOLLMX 3HAYEHUIN ANs CcTa-
OVnbHbIX TpaekTopuit. MNMyTn aBmwkeHns 8-okco-gl TP He coBnagaroT APYr C APYrOM, YTO
NoATBEPXKAAETCS Pa3NMYMAMMN NX KOHPOPMALIMOHHBIX MPOCTPAHCTB U aMUHOKUCITOTHOIO
MUKPOOKPYXeHusi. MNMpencTtaBnsieTcs Hanbonee BaXHbIM, YTO 8-okco-al TO He TonbKo He
noKnaaeT MpPOCTPaHCTBO dpepMeHTa, HO U Hanpsmyk npenatcTeyeT nepexogy LHK-
nonumepasbl U3 3akpbITOM KOHOPMaLWM B OTKPLITYHO Y MOCMNEAYOLEMY CBA3bIBAHUIO
Bxoaswero AHT®. 31o HabnogeHne OaéT BO3MOXHOCTb paccMaTpuBaTh €ro kak ectecT-
BEHHbIN MHrMouTop OHK nonmmepasbl 3 1 BO3MOXHbIV BHYTPUKIIETOYHbIV PErynsaTop, Ko-
TOPbIN OnocpeayeT NPsMoV Nepexon KIeTKM OT HOPMarbHOMO COCTOSIHMSA K 3anporpam-
MUWUPOBAHHOW KNETOYHOW CMEPTU, MUHYS CTAOUI0 31TIOKa4YE€CTBEHHOTO NEPEPOXOEHUS.

Knroyeesie cnoea: 8-okco-7,8-gurnagpo-2'-gl T®, 8-okco-al T®, AHK-nonnmepa-
3a B, MOnekynsipHas OuHamuka, CTPYKTYPHbIA aHanus, 3a-
AepXka auccoumnaumm.
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