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DNA functioning requires both compaction for packaging into chromatin or virus particles
and accessibility for looping to control gene expression. The persistence length (P), closely
related to the bending rigidity of double-stranded DNA, is highly relevant to these processes.
In spite of numerous experimental and theoretical studies, a general agreement on the depen-
dence of DNA persistence length on salt concentration has not been established and clear
understanding about the fundamental forces responsible for DNA stiffness is still lacking. Here
we describe a dependence of P vs Na' concentration based on several studies and discuss the
impact of different factors, including DNA G- and A-tracts, on DNA persistence length.
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Nucleic acids are highly charged polyanionic
molecules. The polyelectrolyte nature affects
their stability, structure, reactivity and bind-
ing behavior [1]. Due to electrostatic repul-
sion between phosphate groups on the back-
bone, the excluded volume of DNA double
helix significantly increases at low salt con-
centration. The persistence length (P) and the
effective diameter (d,,) are important charac-
teristics of the excluded volume. The d,,is the
diameter of an uncharged impenetrable poly-
mer chain that mimics the conformational
properties of actual electrically charged DNA
[2]. The d,; corresponds to the distance of the
closest approach between the helical axes of
two nonadjacent DNA segments [3]. The de-

pendence of the d,,on salt concentration has
been experimentally determined from mea-
surements of the osmotic pressure of DNA
[4, 5], low-angle light scattering [6] and prob-
ability of DNA knotting [3, 7]. These studies
have shown that the DNA effective diameter
can be several times greater than the geomet-
ric diameter. These findings are especially
marked for supercoiled DNAs, where there
are close contacts between portions of DNA
chain [7].

The persistence length is a reflection of the
chain contour length, over which the segment
directions are correlated. P of a virtual polymer
chain comprising a string of n segment vectors
is the sum of the average projections of each

© 2017 M. 1. Zarudnaya et al.; Published by the Institute of Molecular Biology and Genetics, NAS of Ukraine on behalf of Bio-
polymers and Cell. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited

81


mailto:m.i.zarudna@imbg.org.ua

M. 1. Zarudnaya, A. L. Potyahaylo, D. M. Hovorun

of the segment vectors on the first segment
vector in the limit n — oo [8]. The DNA per-
sistence length, which is considered to be one
half of the Kuhn statistical segment length, can
be extracted from the mean-squared end-to-end
distance, <R?>, of DNA fragments on the ba-
sis of the worm-like chain model [8, 9].

The DNA stiffness is highly relevant to the
biological processes such as the DNA wrap-
ping around histone protein to form nucleo-
somes, the packaging inside virus particles, the
physical rearrangements of genomic DNA
induced by transcription factors and others, i.e.
DNA function requires both compression for
packaging into chromatin or virus particle and
accessibility for looping to control gene ex-
pression [9]. While there is a satisfactory
agreement between different experimental de-
pendences of DNA effective diameter on con-
centration of monovalent cations [2], depen-
dences of DNA persistence length on Na*
concentration vary widely and have been un-
satisfactory described by the theoretical de-
pendences [10]. In this brief review we discuss
impact of different factors on dependence of
DNA persistence length on Na* concentration.
In particular, we discuss structural features of
DNA G- and A-tracts.

Dependence of DNA persistence length
on Na' concentration

Dependences of DNA persistence length on
Na* concentration reported by different ex-
perimental groups are presented in Fig. 1A.
Compared to the similar combined data pre-
sented by Savelyev [10] we have changed
somewhat a set of the literary sources. We
added experimental data of Porschke [14] and
have not used data of Cairney & Harrington [20]
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and Maret & Weill [21]. Cairney & Harring-
ton [20] obtained absolute values of DNA
persistence length from the flow birefringence
measurements based on assumed (constant)
values of nucleotide optical anisotropy factors
Aa,, which were chosen to facilitate compari-
son with the results of Kam ez a/. [11], Manning
[16] and Rizzo & Schellman [12]. The authors
observed the most satisfactory agreement be-
tween their results and those of Rizzo &
Schellman [12] (L] in Fig. 1A). In case of
other studies [11, 16] an agreement was close
at intermediate salts (10—-100 mM Na*) but the
authors’ curves showed notably less depen-
dences at both higher and lower salt concentra-
tions. We have not included Cairney & Harrin-
gton data [20] into combined graph (Fig. 1A)
because the authors themselves consider the
flow birefringence approach as a secondary
method due to uncertainty in the Aa..

Maret & Weill data [21] were not included
into the graph due to the uncertainties in the
optical and diamagnetical anisotropy factors
that resulted in a large error (about £30 %) in
intrinsic persistence length. Besides, at low
salt concentrations the experiments were car-
ried out at 4 °C but DNA persistence length
strongly depends on temperature [22]. In par-
ticular, when the temperature changes from
5°Cto 42 °C, P changes from 53 nm to 44 nm.
Experimental data presented in Fig. 1A were
obtained at room temperature.

Despite the large scattering of the points in
Fig. 1A a definite trend in P variation with in-
creasing salt concentration is observed. This
trend is approximately illustrated by a solid
curve, which is similar in shape to that pre-
sented by Savelyev [10], who has studied de-
pendence of DNA persistence length on salt
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Fig. 1. A — dependences of DNA per-
sistence length on Na" concentra-
tion. Data are based on laser light
scattering of Col E1 DNA [11] (<),
flow dichroism of T7 DNA [12] (L),
Rayleigh light scattering of T7 DNA
(M) [13], electrooptical measure-
ments of DNA fragments [14] (O),
using of force-measuring laser twee-
zers to determine the elastic proper-
ties of A DNA [15] (@), and molecu-
lar dynamic simulations of a 150
base-pair DNA segment [10] (k).
Additionally, theoretical corrections
[16] (A) and [17] (V) to Borochov
et al. data [18] on laser light scatter-
ing of Col E1 DNA are shown. B —
dependences of DNA effective di-
ameter on Na' concentration. Data
are based on the equilibrium distri-
bution of DNA fragments in the ul-
tracentrifuge [4] (), measurements
of Col E1 DNA osmotic pressure [5]
(»), probability of knotting of DNA
chains during a random cyclization
[7,3] (<], I>), and light scattering of
DNA fragments (calculated by Volo-
godskii & Cozzarelli [2] from Nico-
lai & Mandel data [6] («d)). The
dashed line corresponds to the theo-
retical calculations [19]. Adapted
from Vologodskii & Cozzarelli [2].
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concentration by means of molecular dynamics
simulations with utilization of a chemically ac-
curate coarse-grained model for double-strand-
ed DNA with explicit mobile ions [23]. Since
DNA persistence lengths generated by this
method were systematically larger than the re-
spective experimental values, the authors uni-
formly rescale MD simulation results by a fac-
tor of ~0.7, that led to nearly exact agreement
with the experimental data taken from
Hagerman’s study [24] and other works [12,
15]. Hagerman [24] investigated the depen-
dence of pBR322 DNA persistence length on
salt concentration by a transient electric bire-
fringence method at very low NaCl concentra-
tion (0.1-4.0 mM). In particular, he obtained the
values of ~180, 60 and 50 nm for P in 0.1, 2.0
and 4.0 mM Na", respectively. Thus, the P
value increases more than 3 times with a de-
crease in Na‘concentration in this concentration
interval.

It seems that a curve with a plateau-like
region in the middle part, presented by
Savelyev (>k, [10]), describes satisfactory the
experimental data over a wide range of Na*
concentrations. The dependences obtained by
Rizzo & Schellman ([, [12]), Porschke
(O, [14]), Kam et al. (<>, [11]) and Baumann
etal (@, [15]), are close, more or less, to this
curve (the data in [14] and [15] are obtained
at low and moderate salt concentrations,
Na*<0.6 M). Only the dependences presented
by Sobel & Harpst (l, [13]) and Manning (A,
[16]) and Post (V, [17]) corrections to
Borochov et al. data [18] (but not Kam et al.
corrections, <>, [11]) greatly differ in shape
from Savelyev’s dependence [10].

Savelyev [10] demonstrated that the ex-
perimental data on the dependence of DNA
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persistence length on salt concentration are not
in satisfactory agreement with the predictions
from Odijk [25], Skolnick & Fixman [26]
(OSF) and Manning [27] theories over a wide
range of salt concentrations. According to the
OSF theory [25, 26], P roughly does not de-
pend on monovalent cations concentration
after ~0.05 M. This theory is in agreement with
the experimental data only in a very narrow
range of Na* concentrations (about 100 mM).
The Manning theory is in a good agreement
with the experimental data only at salt concen-
tration above 100 mM Na*. Later Fixman [28]
and Le Bret [29] independently calculated the
electrostatic contribution to the DNA persis-
tence length on the basis of Poisson-Boltzmann
equation and obtained similar results. These
results are still not in good agreement with the
experimental data [29], however, the depen-
dence of the persistence length on salt concen-
tration calculated by these authors resembles
(at least qualitatively) the results of the mo-
lecular dynamic simulations [10] presented in
Fig. 1. The controversy among both theoretical
and experimental predictions centered on the
role of electrostatic and non-electrostatic in-
teractions in regulation of DNA stiffness [9,
10]. By means of molecular dynamic simula-
tions, Savelyev et al. [30] found that electro-
static and non-electrostatic effects play a com-
parable role in maintaining the DNA rigidity.
To understand the relationship among base
stacking, electrostatic effects, functional group
occupancy of the DNA grooves, and DNA
mechanical properties, Peters et al. [31, 32]
have created double-helical DNA variants re-
placing normal bases with various cationic,
anionic or neutral analogs and applied different
techniques to measure the bending flexibility
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of these polymers. The P values of these DNA
variants were within the range of values re-
ported for sequence-dependent variation of the
natural DNA bases. The authors demonstrated
that the main effect of the base modifications
was their ability to drive transitions to helical
conformations different from the canonical
B-form DNA. They noted that the feature(s)
of structurally polymorphic forms, which are
responsible for their distinct mechanical pro-
perties, remain unclear. Thus experimental and
computational studies show that the fundamen-
tal origins of the remarkable stiffness of dou-
ble-stranded DNA are still not understood well
and a conceptually new understanding needs
to be developed [10, 32, 33].

The inadequacy of theoretical description
of dependence of the DNA persistence length
on salt concentration over a wide range of
cation concentrations may be due in part to the
absence of the accurate and predictive models
of the ion atmosphere around nucleic acids and
their electrostatics [34]. To screen a high ne-
gative charge, the bare nucleic acids induce a
condensation of cations from the bulk solu-
tion [35] forming the major part of the ion
atmosphere surrounding them. This condensed
layer effectively neutralizes ~70 % of DNA
backbone charge. The ion atmosphere, which
is an integral part of nucleic acid is highly
mobile, involves many ions that can occupy
different positions with respect to the nucleic
acid and each other, and varies with ionic
conditions [34]. Concentration of cations in
the ion atmosphere is higher, and that of anions
is lower than in the bulk solution. The ion
atmosphere extends until the ion concentra-
tions become equal to the bulk ion concentra-
tion (tens of angstroms depending on condi-

tions). The total combined charge of the ion
atmosphere is equal and opposite to that of the
nucleic acid.

Lipfert et al. [34] noted that the commonly
used theoretical descriptions of the ion atmo-
sphere (counterion condensation theory of
Manning, Poisson-Boltzman theory, molecular
dynamic (MD) approach and others) have
limitations and do not quantitatively account
for all aspects of the nucleic acid-ion interac-
tion. In particular, Savelyev & MacKerell
[36-38] have demonstrated the importance of
the inclusion of explicit polarization effects
in the force fields. Only utilizing a polarizable
force field in their MD simulations, the au-
thors revealed a differential impact of the
monovalent ions Li*, Na*, K*, and Rb* on the
DNA conformational properties. According to
Savelyev & MacKerell [38], the primary mi-
croscopic mechanism explaining the phenom-
enon is the formation of the water-mediated
hydrogen bonds (H-bonds) between solvated
cations located inside the minor groove and
simultaneously to two DNA strands. Intensity
of this process depends on both the type of
ion and the DNA sequence. Such H-bond
formation appreciably shifts BI/BII backbone
conformational equilibrium towards the BII
population.

Unlike DNA persistence length, dependen-
ces of DNA effective diameter on salt concen-
tration (Fig. 1B) are in remarkably good agree-
ment with theoretical predictions based on
polyelectrolyte theory [2]. According to
Rubenkov et al. [7] such agreement shows that
polyelectrolyte theory describes well long-
distance interactions between the DNA seg-
ments, which are the chief contributions to the
value of DNA effective diameter [19]. The
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comparison of dependences of DNA persis-
tence length and effective diameter on salt
concentration (Figures 1A and 1B) shows that
they have a different character. The d,, de-
creases in a smooth manner with increasing
salt concentration, whereas there is, possibly,
plateau-like region in the middle part of the P
dependence. In particular, under increasing
Na* concentration from 10 mM to 100 mM,
the value of d s decreases 2.7-3.2 times, where-
as P decreases only 1.1-1.4 times (Fig. 1). This
means that the impact of ionic conditions on
the DNA conformational properties in the ca-
tion range of approximately 10-200 mM, is
characterized mainly by the d,,dependence on
salt concentration.

Impact of different factors on DNA
persistence length

The large scattering of the experimental points
in Fig. 1A may be caused by different theo-
retical interpretation of the experimental data
and other reasons. In particular, the symbols
<, A and V in Fig. 1 A refer to the Borochov
et al. data [18] on light scattering of Col E1
DNA, corrected on the basis of excluded-
volume theory according to Kam et al [11],
Manning [16] and Post [17], respectively. At
low salt concentrations, the data (<) of Kam
et al. [11] diverge from those of Manning [16]
(A) and Post [17] (V). The symbols M and
L] refer to the same DNA (T7 bacteriophage
DNA) studied by the methods of Rayleigh
light scattering [13] and flow dichroism [12],
respectively. In this case the dependencies are
also most distinguishable at low salt concentra-
tions. Besides, they have different characters;
the second curve seems to reach a plateau at
Na" concentration above 0.01 M.
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The remarkably large scattering of the
points at low salt concentrations may be ex-
plained by the contribution of buffer solutions.
Since NaCl was used for varying salt concen-
tration in all studies presented in Fig. 1A, Na*
and Cl- were predominant ions at modest or
high ionic strengths. However in the experi-
mental studies, DNA samples were dissolved
in buffer solutions, which contained Na,EDTA
(0.1-2 mM) and either sodium phosphate buf-
fer (total Na*2—5 mM) [11-13] or 1 mM so-
dium cacodylate buffer [14, 15]. Thus, the
contribution of buffers anions (including diva-
lent anions EDTA-? and HPO,?) to DNA solu-
tions was comparable with that of Cl-in a low
salt concentration range.

Gebala et al. [39, 40] first studied in details
how anion exclusion contributes to the overall
ion atmosphere formation around DNA. They
revealed by ion counting technique that the
extent of monovalent anion exclusion and
monovalent cation inclusion significantly de-
pends on both the identity of the anion and that
of accompanying cation. The differences were
prominent only at high salt concentrations and
arose from non-ideal behavior of simple elec-
trolytes. Nevertheless, we suppose that in the
experiments presented in Fig. 1A, anions could
impact on the DNA ionic atmosphere and per-
sistence length at low salt concentrations since
the solutions contained cation of single iden-
tity (Na") and (in comparable concentrations)
combinations of anions of different identity
and valency.

The large scattering of the points at low salt
concentrations may be also due to small
contaminations of multivalent cations in
monovalent salt solutions. As mentioned
above, EDTA (0.1-2.0 mM) was used to trap
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such contaminations in all experimental stud-
ies presented in Fig. 1A, but its level could be
not sufficiently high in some studies.
Monovalent and multivalent counterions have
quite different effects on DNA stiffness. In
particular Baumann et al. [15] determined,
with the use of a force-measuring laser twee-
zers apparatus, that the persistence length of
A-bacteriophage DNA is 86—96 nm in mon-
ovalent salt solutions at ~1.86 mM Na*.
Addition of 100 uM Mg2* or 25 uM Co(NHj;)>*
leads to P values as low as 41-51 nm and
18-30 nm, respectively.

The sequence dependence of DNA persis-
tence length also may contribute to the scat-
tering of the points in Fig 1A. Geggier and
Vologodskii [41] showed that, with a good
accuracy, the sequence dependence of DNA
bending rigidity is specified by the properties
of the dinucleotide steps. The authors deter-
mined that the values of persistence length
span from 41.7 nm for CC/GG step to 55.3 nm
for the combination of AC/GT, CG and GA/
TC steps. According to their data, the persis-
tence length of the “average” DNA molecule
with equal fraction of each nucleotide is
48.5 nm, which is in good agreement with
many other studies. However the authors note
that the dinucleotide approximation does not
work well for the DNA molecules containing
fragments with special structural properties, in
particular, GGGCCC motifs and/or A-tracts.

G-tracts favor the A-DNA helix conforma-
tion [42—47]. While GGGCCC in DNA duplex
CATGGGCCCATG crystallizes in an interme-
diate A/B  conformation, duplex
AGGGGCCCCT, which contains a longer
G-tract, crystallizes in a global conformation
resembling that of a canonical A-form

DNA [42, 43]. In solution, the structure of the
first duplex is a slightly modified B-DNA [44].
Study of several DNA duplexes with G-tracts
(including the second duplex) in solution by
Fourier transform IR and CD spectrosco-
py [45] showed that all of them are in a dom-
inating B-DNA conformation, however certain
spectral variations suggest a predisposition for
the A-type conformation depending of the
length of the G-tract and the sequence context.
Study of the aqueous duplex GGGGCCCC and
its sequence isomer CCCCGGGG by CD and
NMR spectroscopy [46, 47] showed A-like
guanine-guanine stacking in both duplexes,
whereas the cytosine bases stack in a B-like
fashion in the duplex GGGGCCCC but in an
A-like fashion in the duplex CCCCGGGG.
The propensity of G-tracts for the A <> B he-
lical transition provides a possible mode for
regulating protein-DNA interactions [42].

A-tracts (runs of four or more AT base
pairs) cooperatively form a double helix in the
B-DNA family of secondary structures [48].
The base pairs in these tracts are propeller
twisted permitting the formation of bifurcated
(three-centered) H-bonds between an adenine
base and an adjacent thymine base on the op-
posite strand of a helix that can improve base-
stacking interaction. It has been supposed that
the cross-strand interaction in this helix is
adenine C2H-O2 thymine [49-51] rather than
adenine N6-O4 thymine, as it was reported in
earlier works [48]. The minor groove of
A-tracts 1s narrow. The propeller-twisted con-
formation is stabilized by the spine of hydra-
tion in the minor groove of A-tracts.

A-tracts exhibit a temperature-dependent
premelting behavior below the temperature,
at which the dissociation into single strands
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occurs (in the range 10 °C <t° <70 °C in a
physiological salt solution). This premelting
transition is well modeled as a transition be-
tween at least two helical states [48, 52]. The
midpoint of the transition is 30—40 °C. It is
accompanied by a disruption of bound water
and breaking the bifurcated H-bonds.
Currently the source of the high stability and
rigidity of A-tracts is not completely eluci-
dated, since the spine of hydration is not a
stabilizing factor unique for A-tracts and con-
tribution of bifurcated H-bonds to their stabil-
ity is under discussion [48]. Recently Zubatiuk
et al. [53] studied the role of microhydration
in a structure of (dA:dT)5; mini-helix by quan-
tum-chemical modeling. The authors sug-
gested that formation of a specific water pat-
tern not only in a minor but also in a major
grove is the factor responsible for the stabi-
lization of A-tracts.

A-tracts can cause global helix bending
when repeated tandemly with the helical re-
peat. The curvature of DNA with A-tracts de-
pends, in particular, on temperature, ionic
strength of the solution, A-tract length, and the
relative number of AeT base pairs in the
A-tracts flanking sequences [54, 55]. A-tracts
are involved in a variety of functions in vivo,
for example in transcription regulation, DNA
replications and recombination [48]. However,
the biological importance of A-tracts may of-
ten be determined by their unique structure
rather than the global curvature that they in-
duce [48].

Conclusion

Thus, the large scattering of the points in the
dependence of the DNA persistence length on
Na* concentration (Fig. 1A) may be due to the
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presence of sequence blocks in DNA with
conformations distinct from the canonical
B-form, different theoretical interpretation of
the experimental data, buffer components (at
low ionic strength) and the presence of con-
taminations of multivalent cations in DNA
solutions.

Further experimental and theoretical studies
on DNA persistence length are required for
identifying fundamental forces responsible for
DNA stiffness to better understand the mecha-
nisms of DNA packaging, replication, recom-
bination and other biological processes. It is
also important for the engineering of nano-
structures built from double-stranded DNA and
creating vectors for the drugs delivery.
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Dependence of DNA persistence length on ionic conditions

3agexHicTh nepcucrenTHOI 1oBxkNHN [THK
BiJ iOHHUX yMOB

M. 1. 3apynna, A. JI. Tlotsaraiino, . M. l'oBopyH

Oyukmionysanusa JJHK Bkiodae sik 3HauHE CTHCHEHHS
IpU YTBOPEHHI XPOMaTHHY a0o MaKyBaHHI y BipyCHi
YAaCTHHKH, TaK 1 yTBOPEHH: IIETENb IIPH KOHTPOJIi TeHHOT
excrpecii. [lepcuctenTaa nqopxuHa (P), 0 XapakTepH-
3y€ )KOPCTKiCTh ABonaHirorosoi JJHK Ha BuruHaHHs, Mae
Oe3mnocepeniHe BIAHONICHHS 10 uX npouecis. Hes3sa-
JKaIOuM Ha YHUCJIICHHI eKCTICpUMEHTANIbHI Ta TEOPETUIHI
JIOCITIJDKEHHSI TIEPCUCTEHTHOT JIOBKUHH, 3arajibHa JlyMKa
PO XapakTep ii 3aIeKHOCTI BiJ KOHIIEHTPAIIii COJIi HUHI
TaK 1 He BU3piIa — HEMA€ YiTKOTO PO3YMiHHS MPHUPOIH
(dyHAaMEHTaIBLHUX CHJI, SIKI OOYMOBIIIOIOTh KOPCTKICTh
JHK. B nanoMy KOpOTKOMY OIJISIZIi MM HaBOAMMO Ha
OCHOBI JITepaTypHHUX JaHUX y3aralbHEHY 3aJIeXKHICTHh
nepcucteHTHOI norkuuu JIHK Bin koHIeHTparii comi i
00roBOprOEMO BIUIHB Ha Hel pi3HUX (akTopiB. 30Kpema,
MH OOTOBOPIOEMO CTPYKTypHiI ocobmmBocTi G- Ta
A-tpaxri JJHK.

KamwuoBi caosa: JJHK, mepcucrentna moexuHa,
edexTuBHUH iameTp, G-TpakTH, A-TpaKkTH

3aBucumMocTh nepcucteHTHoi AuHbl JTHK
OT HOHHBIX YCJI0BHUIl

M. U. 3apynnas, A. JI. [Torsaraiino, 1. H. ToBopyH

®ynkiuonuposanue JIHK BkirodaeT Kak 3HaUUTENILHOE
CXKaTrue 1nmpu 06pa3013aH1/11/1 XpomMarruHa WM YIIaKOBKE B
BUPYCHBIE YaCTHIIBL, TAaK U 00pa30BaHKE ITETEIIb ITPH KOH-
TpoJjie TeHHOH skcnpeccun. [lepcructenthas mmmHa (P),
XapaKTepu3yIoIas KeCTKOCTh JByx1ienoueunoi JJHK na
n3ru0, IMeeT HEMOCPEICTBEHHOE OTHOIIEHHE K 3THM IIPO-
neccam. HecMOTpst Ha MHOTOYHCIICHHBIE SKCTIEPUMEHTATb-
HBIC 1 TCOPECTUYCCKUC HCCIICIOBAHUS HepCHCTeHTHOﬁ
JUIMHEI, 00Illee MHEHHE O XapakTepe ee 3aBUCHMOCTH OT
KOHIICHTPAITIH COJTM B HACTOSIIIICE BPEMsI HE YCTAHOBJICHO
Y HET SICHOTO TOHMMAaHUS MPHUPOJIb (PyHIaMEHTAIbHBIX
cmt, o0yciapimBaromux kectkocts JJHK. B manHOM KO-
pOoTKOM 0030pe MBI IPHBOIMM Ha OCHOBAaHHH JINTEPATyp-
HbIX JaHHBIX 0606HICHHyIO 3aBUCUMOCTb HepCHCTeHTHOﬁ
quHb JIHK oT KoHIeHTpanmm conm 1 00Cysk1aeM BITUSTHHAE
Ha Hee pasHbIX (akTopoB. B wacTHOCTH, MBI 00CYX)/TaeM
cTpyKTypHBIe 0cobeHHocTH G- 1 A-TpaktoB JIHK.

KuawueBsie caosa: JIHK, nepcucrentHas yvHa,
a¢dexTrBHbIN tuameTp, G-TpakThl, A-TPaKThI
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