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DNA polymerases 3 are enzymes that perform repair of damaged DNA. In the cells of malignant tumors, there
is a change in the production and properties of these enzymes, which is accompanied by altered viability of tumor cells.
Analysis of the publications available in Russian and international databases (Pubmed, Elsevier) on the structure and
properties of DNA polymerases 3 and their role in cell growth and proliferation, published over the past 20 years,
has shown overexpression of genes encoding f3-like DNA polymerases in many types of malignant tumors cells. This
explains the maintenance of their viability and proliferative activity. Targeted inhibition of B-like DNA polymerases
is accompanied by antiproliferative and antitumor effects. Stable paramagnetic isotopes of magnesium (*Mg?") or other
divalent metals (“Ca* and “Zn*") with uncompensated nuclear spin isotopes, as well as short single-stranded
polydeoxyribonucleotides, can be used as promising antitumor pharmacophores.
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INTRODUCTION

DNA polymerase (EC 2.7.7.7) catalyzes the reaction
of the DNA chain growth; it is involved in the processes
of DNA replication, repair and recombination. Eukaryotic
cells synthesize at least 16 types of DNA polymerases
that are involved in DNA synthesis and its repair [1].

The structure  of DNA  polymerases
of different species is very conservative. According
to phylogenetic analysis and molecular structure data,
all DNA polymerases can be subdivided into several
families: A, B, C, D, X, Y, and RT [2].

1. DNA POLYMERASES f: STRUCTURE,
PROPERTIES, AND IMPORTANCE
FOR DNA REPAIR

DNA polymerases B (polp) belong to the X family.
It consists of a group of enzymes involved
in the synthesis of single-stranded fragments
of DNA polynucleotide chains [3]. PolB catalyze
the synthesis of short single-stranded DNA strands
at a low rate but high copying accuracy [3]. This feature
becomes especially important for the cell as it provides
damaged DNA repair [4].

The enzyme is encoded by the POLB gene, whose
expression is controlled by the CREBI transcription
factor associated with the adenylate cyclase
signaling system [5].

Polp are metalloenzymes consisting of a single
polypeptide chain and having the smallest mass among
other DNA polymerases [1]. Their molecular mass

ranges from 33 kDa to 55 kDa, and the polypeptide chain
consists of 335 amino acid residues [6, 7]. The isoelectric
point of polf is in the pH zone between 8.3-8.7.
The active site contains magnesium cations [6].

Polf are resistant to N-ethylmelamide and
aphidicolin, the inhibitors of other types
of DNA polymerases; this is a characteristic feature
of these enzymes. In contrast to other types
of DNA polymerases, polf do not catalyze
the hydrolysis of the terminal 3',5'-phosphodiester
bond [3]. Under optimal conditions, the enzyme
catalyzes at a low rate the synthesis of relatively small
single-stranded polydeoxyribonucleotides consisting
of 200-300 nucleotide residues [8].

Polp has two functionally important regions,
polymerase and lyase (Fig. 1) [6, 7]. The lyase activity
of the enzyme is associated with the N-terminal domain.
The polymerase domain consists of three functional
subdomains: C — catalytic, D — DNA-binding,
and N — binding site of the inserted nucleotide.

The catalytic domain binds two [6] and even

three [9] Mg* cations. Mg cations are necessary
to maintain the “closed” active complex of the enzyme

Iyase domain polymerase domain

Neef _c¢< M _D° H XN I-c
subdomains
Figure 1. Scheme of the domain organization

of the polf molecule.
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and provide the accuracy of nucleotide insertion
during the repair of the altered polynucleotide chain [4].
This reaction also involves the monovalent sodium
cation (Na*), which plays a special role in lowering
its energy barrier [9].

Pol phosphorylation at the Ser-44 residue
in the reaction catalyzed by protein kinase C
leads to a change in its conformation: the transition
of the enzyme molecule from the “closed” (active)
state to the “open” (inactive) state. This results
in a decrease of the polymerase activity without
inhibition of DNA binding [4, 7]. The coordinating
effect of Mg* cations in the active center
of the enzyme plays an important role in the appearance
of the described conformational changes associated
with phosphorylation of the polypeptide chain [4, 10].

Intracellular cleavage of pol is associated
with preliminary ubiquitination of the enzyme
molecule and its subsequent proteolytic degradation
in proteasomes [11].

The enzyme provides a special DNA repair
mechanism, known as base excision repair (BER).
This mechanism consists in the replacement
of the nucleotide in the polynucleotide chain containing
an altered or absent nitrogenous base by polf
(Fig. 2). Such changes in the primary structure
of the polynucleotide chain appear under the influence
of ionizing radiation and due to the effect of various
mutagens — chemical carcinogens [12].

2. B-LIKE DNA POLYMERASES OF TUMOR
CELLS: STRUCTURAL FEATURES, PROPERTIES
AND IMPORTANCE FOR THE DEVELOPMENT
OF MALIGNANT NEOPLASMS

In view of the fact that polf provide repair
of damaged DNA, which is dangerous in terms
of the formation of a mutagenic effect and tumor

"correct" dNTP

transformation of the cell, this enzyme acts
as a suppressor of tumor development [6, 12-14].
Therefore, the appearance of various polf} variants with
altered structure and properties, which are associated
with altered accuracy of copying the polynucleotide
chain and the catalytic activity of the enzyme, leads
to malignant transformation of cells [6, 15].

The expression level of the gene encoding this
enzyme is usually increased in malignant tumor cells,
and the severity of its overexpression correlates
with a negative prognosis of the course of the disease
in patients [16-23]. It appears that such shift
is a particular manifestation of increased expression
of genes of various families of DNA polymerases
(POLE, POLDI, etc.) as a result of their mutation
in cancer patients (patients with colorectal cancer,
uterine cancer, ovarian cancer, etc.). Currently,
the detection of such mutations is used in the clinical
practice for a preliminary assessment of the effectiveness
of tumor immunotherapy and disease prognosis [24, 25].

Approximately 30-40% of human tumors express
various polB variants, which can differ significantly
in their primary structure [11, 19, 26]. Such enzyme
variants usually have reduced catalytic activity and
lower efficiency in DNA repair. This is one of the factors
of genome instability and, as a consequence,
the occurrence of tumors or their development [26].
It has been found that mutations even in the promoter
region of the polf gene can accompany
the development of malignant neoplasms [27].

Some enzymes have characteristic features
of classical polB; however, they differ from
them structurally and catalytically. Sometimes
they have a large molecular mass (up to 260 kDa)
in comparison with the classical polf} variants.
These enzymes are referred to by a special term, B-like
DNA polymerases [3, 16, 28]. Convincing evidence
exists in the literature about presence of these enzymes
in transplanted cultures of tumor cells [16, 29, 30].
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Figure 2. Involvement of polf in the process of base excision repair (short patch). 1

2 — AP-endoglycosidase; 3 — polf; 4 — DNA ligase.
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For example, two cell Ilines of human
retinoblastoma, WERI-RB-1 and Y-79, contain
B-like DNA polymerases, which share similarity
in the structure and properties; both enzymes have
a molecular mass of 23.5 kDa and isoelectric
point (IEP) values of 8.5 and 8.2, respectively [16].
Like classical polP, they are non-oligomeric proteins.
The enzyme molecule contains two active sites,
each of which is coordinated by the Mg** cation [30].

The B-like DNA polymerase molecule from
human acute myeloid leukemia HL-60 cells has
an [EP value characteristic of chromatin proteins (8.45).
The polypeptide chain of the enzyme contains a large
number of arginine and lysine residues. The molecular
mass of this enzyme is 66.5 kDa. The molecule
has a globular shape in which there are many alpha
helical domains. The pH optimum of the enzyme is 8.0,
the K, value for dTTP is 0.016 mM, and
the K, value is 0.622 uM dTTP/min. The replacement
of the Mg** cation in the active site with the nonmagnetic
“Ca* cation has a very insignificant inhibitory effect
on the enzyme. However, in this case, only one of the two
Mg* cations has been replaced by Ca* [3, 31].

Like other DNA polymerases B, these enzymes
are resistant to the action of DNA polymerase
inhibitors such as N-ethylmelamide and aphidicolin.
At the same time, enzymes are subject to pronounced
activation by high concentrations of potassium
chloride and inhibition by ddTTP (dideoxythymidine
triphosphate) [9, 11, 18]. Like other polB, they
do not have exonuclease activity; results of the study
of kinetic parameters suggest that they have a relatively
low processivity [31]. Thus, they catalyze the synthesis
of short single-stranded polynucleotide chains in cells,
which consist of 40-70, 120-200, or 200-300
nucleotide residues [32].

At the same time, despite their similar molecular
mass (23-24 kDa) B-like DNA polymerases in various
tumor cell lines have some features, which reflect
the existence of differences in the primary structure
of their polypeptide chains. This can be confirmed
by the differences between B-like DNA polymerases
from WERI-RB-1 and Y-79 cells characterized
by different IEP values (8.2 and 8.5) [16].

Differences in the structure of f-like
DNA polymerases from two retinoblastoma cell lines
are accompanied by the appearance of features
in the kinetics of the reaction they catalyze and
the regulation of catalytic properties. This is reflected
in the difference in K, values with respect to dTTP:
the enzyme from WERI-RB-1 cells has somewhat higher
affinity for this substrate (K, 0.010 mM) as compared
to Y-79 (K, 0.013 mM). Moreover, the enzymes
demonstrated some differences in their response
to the modulating effects of ddTTP and KCI [16].

The catalytic activity of B-like DNA polymerases
depends on the concentration of reduced iron (Fe*)
in the incubation medium. Using the enzyme isolated

from HL-60 cells as an example, it was shown that with
an increase in the level of this cation in the incubation
medium to 15 mM, its activity decreased threefold.
Similar effects are revealed in relation to the enzyme
from different lines of retinoblastoma. At the same
time, iron cations (Fe*") replace Mg* in the active site
of the enzyme [30].

Based on the results of studies performed using
gel filtration, it was found that under the influence
of Fe* cations, the enzyme oligomerized with
the formation of dimeric, trimeric, and tetrameric forms
of molecules, respectively [29].

The efficiency of Mg substitution for Fe*
in the active site depends on the source of the enzyme.
For example, it manifests to a greater extent
in B-like DNA polymerases from HL-60 cells than
in the analogous enzyme from retinoblastoma
WERI-RB-1 and Y-79 cells. At the same time,
corresponding changes in the activity of the enzyme
in different tumor cells have been reported [29].

An interesting feature of B-like DNA polymerases
consists in their ability to catalyze the non-template
synthesis of short (up to 300 n) polydeoxyribonucleotides
under conditions of an excess content (oversaturation)
of nucleoside triphosphates (50 mM or more)
in the incubation medium [20, 33, 34]. Although
the mechanism of this phenomenon still remains unclear,
such reactions share some similarity with 3’-terminal
polyadenylation of mRNAs and their precursors [35].
Taking into consideration that the magnetic isotope
effect of *Mg* cations in the cytoplasm of tumor
cells (HL-60, WERI-1A, Y-79) can be manifested
in hyperactivation of ATP synthesis due to a direct
effect on the functioning of certain kinases
(creatine kinase, pyruvate kinase, etc.) [36-39], this
effect can create conditions for supersaturation
of the intranuclear pool of 2'-deoxyribonucleotide
triphosphates (dNTPs) and, accordingly, for initiation
of their non-template polymerization. This, in turn,
can make a certain contribution to the formation
of a cytostatic effect due to a decrease in the efficiency
of DNA repair (Fig. 3).

3. INHIBITION OF B-LIKE DNA POLYMERASES
AS A POSSIBLE APPROACH
TO TUMOR CHEMOTHERAPY

As noted above, the expression of genes encoding
B-like DNA polymerases increases in malignant
tumor cells. This is accompanied by increased
intensity of the biosynthesis of these enzymes
increasing protection of DNA of tumor cells
against damage (mutations) and, therefore, their
viability and proliferative potential. Targeted
limitation of the efficiency of DNA repair processes
due to the limitation of the BER mechanism
implemented through the polf effect predetermines
the formation of genome instability [40]. It is assumed
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Figure 3. Synergy of cytoplasmic and intranuclear events converting the magnetic isotope effect of *Mg*
into a cytostatic effect on the cell (PMC16 — porphyrin-fullerene cation exchanger; CK — creatine kinase;

PK — pyruvate kinase).

that this type of DNA polymerase can be used
as a target for the action of anticancer drugs [30, 39—44].
In this regard, the search for effective inhibitors of these
enzymes or suppressors of their synthesis seems to be
a promising, pharmacologically substantiated direction.

For example, antimetabolites, various derivatives
(analogues) of ANTP [37] and a number of other
effective inhibitors of this enzyme, including
irreversible ones that inhibit DNA repair [40, 43—45],
can be used as polf inhibitors. However, the high
cytotoxicity of such inhibitors limits the possibility
of their clinical application. At the same time,
paramagnetic cations of divalent metals are promising
inhibitors of B-like DNA polymerases [32, 46, 47].

3.1. The Use of Paramagnetic Divalent Metal Cations
as Inhibitors of B-Like DNA Polymerases

The modulating action of these ions is based
on the magnetic isotope effect (MIE). The replacement
of the “non-magnetic” magnesium isotope in the active
site of the enzyme with *Mg”** causes a pronounced
decrease in its catalytic activity. In vivo this results
in a decreased rate of the synthesis of single-stranded
polynucleotide chains and a decrease in their length.
This limits the participation of B-like DNA polymerases
in the DNA repair in tumor cells, as well as in reducing
their proliferative activity and viability. All this
has been convincingly shown in human acute
myeloid leukemia HL-60 cells and retinoblastoma
cells [32, 37, 48-50].
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The inhibitory effect of paramagnetic isotopes
of *Mg*, ¥Ca*, and “Zn*" on B-like DNA polymerases
was demonstrated on the cells of these tumors.
A decrease in the activity of these enzymes naturally
leads to a decrease in the efficiency of their functioning.
One of the consequences of the increased proportion
of the paramagnetic cation in the incubation
medium is a change in the length of the synthesized
single-stranded DNA fragment [32, 50, 51].
The inhibitory effect of paramagnetic divalent cations
on P-like DNA polymerases decreases threefold
with an increase in the Fe* content in the incubation
medium. This results in the limitation of their action
on tissues rich with endogenous iron. For example,
in the mammalian liver and spleen cells this effect
does not appear at all [52].

Modern concepts about the mechanism
of the effect of the paramagnetic *Mg** cation
on P-like DNA  polymerases are based

on its participation in MIE. The enzymatic process
of addition of a 2'-deoxyribonucleotide residue
to a polynucleotide chain can occur not only through
the classical reaction of nucleophilic substitution;
it may be also associated with the formation of a radical
ion intermediate product, which can be formed with
participation of the magnesium cation (Fig. 4) [46].
An electron from 3’0~ included in the 2'-deoxyribose
residue is transferred to the magnesium cation (Mg?>).
This process is a key step in DNA synthesis, resulting
in the formation of a radical ion pair, [3'O° and Mg"].
The resultant oxy radical is further attached
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Figure 4. Occurrence of a radical ion product with the participation of Mg** during the DNA polymerase reaction.

to the 2’-deoxyribunucleotide triphosphate double
bond Pa=0. In this case, a pyrophosphoric acid
molecule is released. The participation of the magnesium
cation in the reaction catalyzed by polp, coupled with
the radical ion mechanism, determines the possibility
of MIE formation and, thus, the “spin-sensitive” nature
of this process [37, 53].

Moreover, the reaction catalyzed by B-like
DNA polymerases can be modulated by an external
magnetic field. Studies performed using HL-60 cells
have shown that the increase in the inductance
of the external magnetic field to 1000-1500 G decreased
the synthesis of single-stranded polynucleotide
molecules by B-like DNA polymerases. At the same
time, the inhibitory effect of the paramagnetic
magnesium cation (*Mg*) added to the enzyme
incubation medium was 2.5 times higher [53].

A mechanism explaining such phenomenon
has been proposed. According to [16, 53], the interaction
between the “magnetic” nuclei of divalent metals,
acting as an electron acceptor with the formation
of a radical ion pair with oxygen of the phosphoric acid
residue (electron donor), occurs due to the ultrafine
Coulomb effect on the paramagnetic domain. In this
case, the “magnetic” cation induces a singlet-triplet
transition of the radical ion pair. The radical ion
intermediate that appears during the reaction can then
easily recombine to form the initial reactants or undergo
ST-conversion, with an increase in the rate of which,
the rate of the reaction catalyzed by the enzyme
increases. This stage is a “spin-sensitive”. There are
three possible variants of bond cleavage after
the addition of a nucleotide to the growing DNA strand,
but only one of them leads to primer extension.
In the case of a radical ion pair, this pathway
is suppressed and this leads to a decrease in the activity
of DNA polymerase (Fig. 5). Therefore, when
nonmagnetic *Mg* is replaced by the paramagnetic
»Mg* cation and (or) under the influence

of an external magnetic field of a certain inductance,
the rate of polynucleotide chain synthesis by p-like
DNA polymerases decreases [53].

The inhibitory effect of paramagnetic cations
on P-like DNA polymerases has a significant
impact on the single-stranded polynucleotides
synthesized by these enzymes: they become
much shorter than normal and consist of only
40-100 2'-deoxyribonucleotide residues [32].
This is not sufficient for the process of DNA repair
in tumor cells [46]. Moreover, the synthesized
short polynucleotide chains exhibit the properties
of inhibitors of these enzymes, thus potentiating
the inhibitory effect of paramagnetic cations.

Thus, inhibiting the activity of p-like
DNA polymerases, *Mg** contributes to the formation
of an antitumor effect. The results of these studies
[3,11,16,19,29-32,37,47, 48, 50-55] we summarized
in the form of a diagram shown in Figure 3.

The pharmacological potential of paramagnetic
isotopes of divalent metal cations (*Mg*, *Ca?”,
and “Zn*), considered in the context of the participation
of B-like DNA polymerases of tumor cells as targets
for paramagnetic cytostatics, can be realized using
the following data existing in the literature:

A. Targeting of paramagnetic ions in the direction
of tumor cells and, accordingly, the selectivity of their
accumulation in the “malignant focus” [36, 37, 56, 57].
This can be achieved both through the use
of porphyrin-fullerene cation-exchange nanoparticles
of the PMCI16 family [36, 37], exhibiting
a high affinity for porphyrin-signaling proteins
of the outer mitochondrial membranes of lymphoblasts,
promyelocytes, and acute myeloblastic leukemia
cells [57, 58], and through the “non-Markovian
discrimination”. The latter means the preferential
accumulation of amphiphilic nanoparticles (PMC16)
in the intensively growing tumor tissue (“expanding
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Figure 5. Radical ion mechanism of DNA synthesis:

in the presence of *Mg*".

reservoir”’), as compared with the neighboring
area of normal tissue, which is not characterized
by the invasive growth [56, 59].

B. Chromatin mobility. It represents a separate
problem, which also limits the availability of targets
from its protein components, such as [-like
DNA polymerases. This, in turn, serves as a factor
contributing to the selectivity of the interaction
in the cation-protein pair, which occurs during
a short interphase, which is characteristic of most
tumor cells [60, 61].

Results of experimental studies indicate, that
amphiphilic nanocationites based on porphyrin adducts
of fullerene-Cy, [38, 59, 62] and carboxymethyl
hydroxyapatite [38, 58] can serve as promising
pharmacophores that meet the criteria for targeted
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inhibition of the reaction catalyzed by polf

delivery of *Mg*, “Ca*, and “Zn* cations in vivo
into the cells of human tumors transplanted into
animals, such as B16 melanoma, P388 leukemia, and
LLC 27 (Lewis lung carcinoma).

Taking into consideration the above mentioned facts,
nanocationite exchangers based on porphyrin-fullerenes
(PMCI16, Fig. 6) were used for targeted delivery
of *Mg™ as an inhibitor of B-like DNA polymerases
into tumor cells [37]. Each such particle is capable
of simultaneous transporting up to four divalent
cations and porphyrin-binding signaling proteins
of the outer mitochondrial membranes of myeloblasts,
promyelocytes other cells can serve as their
receptors [63]. At the same time, the release
of the transported cation from the nanocontainer occurs
only under conditions of metabolic acidosis, which
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Figure 6. Structure of PMC16 cation-exchange nanoparticles with *Mg*" included in its composition.

is typical for tumor tissue. Such method of delivery
may have particular prospects in the treatment
of malignant tumor metastases [37].

Taking into consideration account the prospects
of using the paramagnetic isotope of the magnesium
cation as an inhibitor of B-like DNA polymerases
in malignant neoplasms, the possibility of its uncontrolled
negative effect on numerous metalloenzymes, existing
in healthy cells, should be assessed. Estimating this
probability, it should be noted that most of the studied
eukaryotic metalloenzymes involved in the processes
of intermolecular phosphate transfer have structural
features that do not allow them to realize the magnetic
isotope effect; therefore they may be excluded
from a chaotic non-selective response to the presence
of *Mg*, *Ca*, and “Zn* [36-38, 60, 61].
One of the plausible explanations for conclusion
consists in the structural features of the catalytic sites
of these enzymes. Their nanotopology is such that
the distance between the electron donor (oxygen atom
of the transferred phosphate group) and its acceptor
(metal cation) exceeds the critical value of 7-10 nm,
which was established as the limiting value
for the Coulomb hyperfine induction of singlet-triplet
conversion of radical ion pairs [38, 61, 62].
In contrast to p-like DNA polymerases such
enzymes, cannot serve as targets for paramagnetic
cations — cytostatics. The list of similar enzymes
incapable of participating in spin-selective catalysis
is very long and includes mammalian prothrombin
kinases, DNA polymerases o and & of human cell
chromatin, and many others [37, 59, 62].

The above viewpoint can be also supported
by the results of a number of pharmacotoxicological
studies in vivo; the authors of these studies used
complexes of stable paramagnetic divalent metal
cations with amphiphilic nanocarriers [58, 62].

Thus, the small number and relative homogeneity
of the group of enzymes susceptible to magnetic
isotope effects (such as B-like DNA polymerases from
leukemia cells and retinoblastomas) is one of the factors
determining the selectivity of the effects of paramagnetic
isotopes of divalent metals with uncompensated spin,
as cytostatics.

3.2. The Use of Short 2"-Deoxypolyribonucleotides
as Inhibitors of B-Like DNA Polymerases

The appearance of short single-stranded
DNA fragments of 100-300 nucleotides was found

in the blood of patients with cancer and
described in [64, 65]. The blood of patients
with retinoblastoma contained ultrashort

single-stranded polydeoxyribonucleotides consisting
of 50-150 nucleotide residues, which were not detected
in healthy donors [54]. The appearance of such
ultrashort 2’-deoxyribonucleotide chains in the blood
may be associated with the release into the blood
of a part of single-stranded DNA formed in tumor cells
during the repair of their genome.

Polynucleotide chains consisting of 40—100 residues
of 2'-deoxyribonucleotides exhibit the properties
of inhibitors of B-like DNA polymerases from malignant
tumor cells HL-60, WERI-RB-1, and Y-79 [19, 46].
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Their inhibitory effect appeared at the concentrations
in the medium corresponding of 6-60 pg/ml.
The inhibitory potency positively correlated with
the enzyme affinity for the ligand. The polynucleotide
length rather than nucleotide composition was crucial
for the manifestation of the strength of the inhibitory
effect. The maximum inhibitory effect was observed
for polynucleotides consisting of 40-60 nucleotide
residues [19, 30].

The inhibitory effect of short polynucleotides
is explained by their reversible interaction
with the active site of the enzyme by binding
via van der Waals interactions. This process
is nonspecific and inhibitor binding directly depends
on the length of the polynucleotide chain [30, 55].
Thus, the inhibitor competitively blocks the active site
of B-like DNA polymerases.

The inhibitory effect of short polynucleotides
on enzymatic activity is manifested only in relation
to the pool of reparative DNA polymerases, particularly,
for polf and is not characteristic of replicative
DNA polymerases [19].

Taking into consideration the existence of an
inhibitory effect of short and ultrashort polynucleotide
chains consisting of about 40 2’'-deoxyribonucleotide
residues on B-like DNA polymerases and the possibility
of their penetration into intracellular compartments
(nuclei and mitochondria), we can assume the possibility
of their use in tumor chemotherapy [19, 29, 30, 46].
The possibility of internalization of short single-stranded
polynucleotides was shown in HL-60 cells [54].

The antitumor effect of 2'-deoxypolyribonucleotides
was found both in tumor cell cultures and in experiments
on animals with various tumors (B16 melanoma,
lung carcinoma, P388 lymphoid leukemia) [19].

However, the practical use of short polynucleotides
in oncology is associated with the difficulty
of their administration into tumor tissues. At the same
time, special nanocarriers have been proposed
for targeted delivery of such constructs to tumor
tissues [19, 37, 66-69].

The use of L-polydeoxyribonucleotides
is a particularly interesting approach to protect
inhibitory polynucleotides from attack by nucleases.
In this case, the problem with their destruction
by nucleases disappears, since the only substrates
for these enzymes are polydeoxyribonucleotides,
which consist of monomers of the D-stereochemical
series.  Moreover, polynucleotides  consisting
of L-2'-deoxyribonucleotides exhibit a more pronounced
inhibitory effect on B-like DNA polymerases in human
acute myeloid leukemia cells [20, 30, 55].

CONCLUSIONS

e Malignant tumor cells are characterized
by overexpression of genes encoding [-like
DNA polymerases.
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o Targeted inhibition of these enzymes results
in antiproliferative and antitumor effects. Many inhibitors
of B-like DNA polymerases differed in structure and
mechanisms of action have been recognized.

o Stable paramagnetic isotopes of magnesium
(¥*Mg*) or other divalent metals (*Ca’ and “Zn*") with
uncompensated nuclear spin isotopes, as well as short
single-stranded polydeoxyribonucleotides, can be used
as promising antitumor pharmacophores.
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B-IIOJOBHBIE JAHK-IIOJIMMEPA3bBI U IEPCIHHEKTHBbBI X HCIIOJIb30BAHMSI
B KAUECTBE MUIIEHEHN B XUMHNOTEPAIINHU OITYXOJIEU

B.B. /lagviooe*, A.A. Byxeocmos, /I.A. Ky3neyoe

Poccuiickuil HanMoHANBHBIN HccenoBaTeNbCKU MeauMHCKU yHIBepcuTeT uM. H.W. IMuporosa,
117997, Mockaa, yin. OcTpoBuUTSHOBa, 1; *a11. mouTa: vadim.davydovS5@inbox.ru

JHK-mommmepass § obecrieunBatoT penaparmio moBpexnéanoit JJHK. B kireTkax 370kauecTBEHHBIX OITyXOJei
MPOUCXOAUT HM3MEHEHHE TPOAYKIUM U CBOHCTB 3THX (PEPMEHTOB, YTO CONPOBOXKAAETCA HAPYUICHHEM
’KHM3HECIIOCOOHOCTH OITyXOJIEBBIX KIIETOK. AHAJIM3 PE3y/bTaToOB UCCIEeOBaHNH, OMyOIMKOBaHHBIX 3a nocienHue 20 et
B POCCHICKMX M MEXIyHapoaHbIX Oa3zax nanHbix (Pubmed, Elsevier), kacarommuxcsi CTPYKTyphl U CBOMCTB
JHK-nonumepas B 1 UX pou B pocTe M NMpoiudepanuy KIETOK, MoKa3all, YTO B KJIETKaxX psja 3J0Ka4eCTBEHHBIX
olyXoied HMMeeT MecTo Tumepakcnpeccusi reHoB P-momnobueix JHK-mommmepas. DTo B 3HaUNMTENbHOH Mepe
obecreunBaeT TOAJEp)KAaHHME HX JKH3HECIOCOOHOCTM W mponudeparnBHON axkTHBHOCTH. HampasieHHOe
uHruOnpoBanne B-mogoOueix JIHK-mommmepas compoBokgaeTcsi BOSHMKHOBEHHEM AaHTHIPOIU(PEPATHUBHOTO H
MPOTUBOOITYX0JeBOro 3¢ddexToB. B KauecTBe MEpCHEKTHBHBIX MPOTHBOOIYXOJIEBBIX (hapMakoopoB MOTryT OBITH
WCIIONIb30BaHbl COEAMHEHUs] CTa0WJIBHOTO ITapaMarHUTHOTO n3oToma MarHus (*Mg?) wim npyrux, oOnagarommx
HEKOMIICHCHPOBAHHBIM SIIEPHBIM CIIMHOM H30TOIIOB, IUBAJCHTHBIX MeTamwioB (YCa* m “Zn*'), a Takke KOpOTKHE
OIIHOLIETIOUEYHBIE MTOIHIE30KCHPHOOHYKICOTH IBL.

Tonuwiii mexcm cmamuvu HA PyCcKOM A3biKe docmynel Ha cavime xcypuana (hitp://pbmce.ibmc.msk.ru).

KawueBble caoBa: [IHK-nmonumepasza [; MarHuTHbli u3oTonHbld 3ddexr; *Mg*; onHouenoueqHble
MO AE30KCHPUOOHYKIICOTHIBI; XUMHOTEPAIIHS OITyXOJIer

®unaHcupoBaHue. Pabora BeoiHeHa 03 CIIOHCOPCKOH TTOICPKKH.
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