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peunaraeMblﬁ BHHUMAaHUIO YUTATECIIA BBIITYCK

JKypHaJIa TIOCBSIIIIEH DAY aKTyalbHBIX Ha-

NpaBJIeHUH OMOMH(OPMATHKH, CHCTEMHON
OHOJIOTHH, OMOMEIUIIMHBI, SKOJIOTHYSCKON U TO-
MYJSIMOHHON TeHETHKHN, TEXHOIOT U TeHETHKU U
KJICTOYHON OMOJIOTHH.

Paznen «CtpykTypa 1 B3aUMOAEHCTBHE MaKpO-
MOJIEKYJD» COCTOUT U3 ABYX cTareid. B nepBoii u3
HUX OIMCAaHbI aJTOPUTMBI MOJCITMPOBAHUS Tpa-
extopun mosekynbl JIHK ¢ ucnonbzoBanuem
KBATEPHUOHOB — CHCTEMBI THIIEPKOMIIIEKCHBIX
4ucel, yIoOHOH Uit MPEACTaBICHUS ONepannii
BpallleHHs U CMeIeHus 00beKToB B 3D mpocTtpan-
cTBe. B cpaBHEeHHM ¢ MaTpUIIaMU OHU 00Iaar0T
OonbIIeH BBIYUCIUTEIBHON YCTOWYHBOCTBIO U
3¢ pekTUBHOCTHIO. BO BTOpOii cTaThe paccMoTpe-
Ho B3aumoeiicteue 6enok—IHK Ha ocHOBe cTa-
THUCTUYECKOTO aHAJIN3a MEKaTOMHBIX KOHTaKTOB B
Ooubioii u masnoit 6opozakax JJHK.

00630p HHPOPMAIOHHBIX PECYPCOB IO TEHHBIM
CETSIM YEJIOBEKa M JKUBOTHBIX, KOTOPBIC BaXKHBI JIJIS
PEKOHCTPYKIMH MOJIEJIEl T€HHBIX CETel, OTKPbI-
BaeT pyopuky «CucremMHas OMONOTHS YeIOBEKa
1 JKUBOTHBIX». B crenyromieii cratbe mpeacTas-
JICHBI PE3YJIbTAaTbl OPUT'MHAJIBHOTO UCCIICAOBAHUA
TKaHECTICTIM(PUIHOCTH TUPKATHBIX (Pa30BBIX Xa-
PaKTEPUCTHK OMOJIOTMUYECKHUX IPOIECCOB, MOIYy-
YEeHHbIE Ha OCHOBE CPAaBHUTEIHHOTO aHAJIN3a 3KC-
MEPUMEHTANbHBIX JaHHBIX 10 CyTOYHON JUHA-
MHUKE YpPOBHS TPAHCISLIHHM T€HOB MblIH. Jliis
JABCHAALaTU BPEMEHHBIX TOYEK CYTOK B Ka)KI[OfI
TKaHH (MI€YEHb, TIOUYKH) BBI/IEJICHBI TPYIIILI TEHOB,
Haxozsmuecs: B (a3e C IMOBBIIICHHBIM YPOBHEM
TPAHCIISILMY, JIJIsl KOTOPBIX [TPOBEJICH aHali3 000-
ramenust TepmuaamMu GO. Braromapst 3ToMy BBI-
SIBIICHBI LIUPKaJIHBIC MAaTTEPHBI OMOIOTMUYECKUX
MIPOIIECCOB U MPOBEIEHO CPaBHEHUE BPEMEHHOM
AKTUBHOCTHU OMOJIOTHYECKHX MPOIIECCOB B TEUCHHE
CYTOK B Pa3IM4HBIX opraHax. [Tocnemusst crarbs
pasiena nocBsIleHa B3aUMOCBSI3H HEHPOHAIBHOTO
arornTo3a U arpeCCUBHOIO MOBEACHUS Kpbic. Kom-
TUICKCHBIH aHAJIM3 SKCIIPECCHOHHBIX M TeHOMHBIX
JIAaHHBIX Y CEPBIX KPBIC C arpECCUBHBIM U JIpYiKe-
JHOOHBIM TIOBEJCHUEM, @ TAKXKE ACCOIMATHBHBIX
TCHHBIX CETEeH MO3BOJIMJI BBIIBUTH HAOOp T'CHOB,

OT PEOAKTOPA / FROM THE EDITOR

MOTCHIMAJIBHO YYAaCTBYIOIUX B PEryJIAIUN HeﬁpOHaJ’leOFO
arornTo3a MOCPEJCTBOM MOJIEKYJISIPHO-TEHETHYECKUX B3au-
MOICHCTBUI ¢ TeHaMu/OeTkaMH, HAaPsIMYIO BOBJICUCHHBIMH
B HEHPOHAJIbHBII aIlOINTO3.

Cepus cTareii TI0 BBIABICHUIO NEPCHIEKTUBHBIX SNP-Map-
KEpOB KaHIepOTreHe3a, aHATN3Y HKCITPECCHOHHBIX PO I
GONBHBIX 37I0KAYECTBEHHOW MEIaHOMOW B 3aBHCHMOCTH OT
JICICHUSI, NCCIIEJOBAHNIO BINSHNS NHTHONPOBAHUS TEKCOKH-
Ha3bl 2 Ha (ochoprmpoBaHue TIIIOKO3bI, BIMSIHUIO CTpecca
Ha paHHe# crajuun OepeMeHHOCTH y Kpbic JinHUA OXY'S Ha
UX TIOTOMCTBO TIpe/CcTaBiieHa B pasaene «CucreMHas O6no-
Jorust ¥ OMoMeMIrHa». JTH paboTHI CBA3AHBI C PA3BUTHEM
KOHLCTIIUH HepCOHaﬂH3HpOBaHHOﬁ MEIUIIUHBI, KOTOpas BO
MHOTOM ONHPAETCS HAa COBPEMEHHBIE METO/bl CHCTEMHOM
OMOJIOrNHU 1 MOJICKYIISIPHON TCHETHKH.

Pasnen «3Oxomornueckast ¥ MOMYNSIIMOHHAS T€HETHKA»
OTKpBIBAET CTaThsl, B KOTOPOI CyMMHPOBAHbI PE3YJILTAThI HC-
CJICIOBAaHUH PACIPOCTPAHEHHOCTH MAPa3UTOB B PA3IIMIHBIX
MONYJISAUMAX MYel U mmeneil. [[pyroe nurepecHoe muccieno-
BaHME, TOCBSIICHHOE aHAIN3Y TCHETHYECKUX U OMOXIMUYe-
CKHX XapaKTEPHUCTHK CTA(MIOKOKKOB, PacIPOCTPAHEHHBIX
B HoBocubupcke, uMeeT He TOJNILKO TEOPETUYECKOE, HO U
MPUKIIQAHOE 3HAYCHUE JUIS IPUHATHS PEIICHUN B JICUCHUH
CTa(hUITOKOKKOBBIX HH(EKINI. ABTOPBI ClIeYIOIIEH paOboThI
M3y4yaroT pa3HooOpa3ue NMPUPOJHBIX MENTHa3 HAa OCHOBE
(hUITOTEHETHYECKOTO aHaliM3a MUKPOOHOTO COOOIIEeCTRa,
JKUBYIIETO B SKCTPEMaJbHBIX TEMIEPATYPHBIX YCIOBHSIX,
YTO MOXKET MOJYYUTh MIPUMEHNUE B COBPEMEHHBIX 6I/IOTGXHO-
jJorusx. B nmocnenneil cratbe pasnena npencTaBlICHbl UC-
CJIeIOBaHMS MOIUMOP(HU3MOB B MOMYJIANHUIX KOPEHHOTO
Hacesenust Cubupu.

W HakoHel1, 3aBepIIIaeT BBITYCK KypHaia pyOpuka, ocBs-
IICHHAs] AKTYaJIbHBIM TEXHOJIOTHSAM T'€HETHKN W KJICTOYHOM
ouosioruu. B nByX 0030pHBIX CTaThsIX PACCMOTPEH BOIIPOC
MIPUMEHEHUS 1 IEPCTIEKTHB JaTbHEHIIET0 Pa3BUTHS METO/IOB
TEHOMHOTO PEIAaKTUPOBAHUS APOACKEH, a TaKKe ONMMCAHBI
METO/Ibl TE€HETUYECKON MHKCHEPUU PACTEHUH, B YACTHOCTU
UCTIOJIb30BaHUE PACTUTENBHBIX CHCTEM JKCIIPECCHM B Ka-
YeCcTBE MPOAYIIEHTOB PEKOMOMHAHTHBIX (hapMarieBTHUCCKU
LHCHHBIX 6em<013. Opl/IFI/IHaHI)H])Ie HUCCICAOBAaHUs 3HAKOMAT C
TEXHOJIOTHEN CO3/1aHMs CTaOMIBHOTO IITaMMa-MPOIyIIEeHTa
MOJTHOPA3MEPHOTO aHTHUTEJIA YEJIOBEKa Ha PUMEpe aHTHTe-
Jla IPOTUB BUpYyCa 3KTPOMEIUHU U C TEXHOJOTHEW CO37aHus
KaH/IUIaTHON BaKIMHBI IPOTHB KIEIIEBOTO dHIEe(annuTa Ha
ocHoBe THOpuHOTO pekoMOnHanTHOro flagG-protE-Genka.

Hayunvle peoaxmopbi:

axaoemux H.A. Konuanos,

sasedyrowuti L{KTI «buoungopmamuxay H.JI. [Tooxkonoonulii,
s3amecmumens oupekmopa no nayurou pabome C.E. [lenomex
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Quaternion modeling of the helical path for analysis
of the shape of the DNA molecule

A.F. Muterko

Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia

The three-dimensional shape of a DNA molecule is a key pro-
perty influencing its functional specificity and the nature of its
molecular interactions. The characteristic shape into which a
DNA molecule folds under certain conditions is a manifesta-
tion of its micromechanical and structural features, which

are sequence-dependent. DNA shape-related properties can
therefore be determined in a predictable manner. A number
of models have been designed to describe intrinsic DNA
curvature, incorporating a set of helical parameters which can
be applied to operative three-dimensional reconstruction of
the DNA structures. Alternatively, desired base pair parameters
can be computed based on publicly available information
about atomic DNA structures. Further, taking the base pairs as
rigid bodies, their relative location in space can be estimated
based on these parameters. Matrices are a common method
to implement any rigid body transformations and are widely
used in the modeling of DNA structures. Quaternions are the
more straightforward and robust alternative for matrices. Unit
quaternions can represent only a rotation, whereas dual qua-
ternions combine rotation and translation into a single state.
In the present guide, the algebra of unit and dual quaternions
is applied for the first time to modeling of the DNA helical
path, based on conformational parameters of the base pair
steps. Although dual quaternions are preferable for modeling
of DNA structure in detail, the use of unit quaternions is suffi-
cient to predict the DNA trajectory and all calculations of DNA
shape features. In order to analyze DNA shape and chain sta-
tistics, and predict the micromechanical properties of DNA
molecules based on coordinates of the helical path, the wide-
ly used as well as original algorithms for computing DNA
curvature, radius of gyration, persistence length and phasing
of DNA bends are described. Taken together, these algorithms
will be useful both in the in silico analysis of relatively short
DNA fragments as well as in topological mapping of whole
genomes.

Key words: quaternion modeling; DNA structure; curvature;
radius of gyration; persistence length; Fourier transform;
phasing; bending.
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KBaTepHMOHHOE MOJeIMMpOBaHue
TPAaeKTOPUM CIIpaIn O aHaams3a
¢opmbl Mmosiekyibl JTHK

A.D. MyTepxo

QepepanbHbIN UCCnefoBaTeNbCKUIA LEHTP MIHCTUTYT unuTonorum
1 reHeTnkn Cbmpckoro otaeneHrs Poccninckon akagemmm Hayk,
HoBocnbupck, Poccusa

MpocTpaHcTBEHHAA opraHu3auus, opma monekynol AHK
ABNATCA KIIOYEBOW XapaKTepCTUKON, onpeaensioLen ee
bYHKLMOHaNbHY0 cneundUYHOCTb 1 MPUPOAY MEXMOSEKY-
NAPHbIX B3aumogenctamin. Cneuynduyeckas Gopma, KOTopyio
monekyna IHK npuHumaeT npu onpeaeneHHbIX yCIoBUsAX,
o6ycnoBieHa ee MUKPOMEXaHNYECKUMU U CTPYKTYPHbIMU
0COBGEHHOCTAMM, 3aBUCALLUMM OT NOCIEef0BaTENbHOCTMN HYK-
neotmpoB. CrieloBaTeNlbHO, OTAENbHbIE XapaKTePUCTUKN pop-
Mbl IHK MoryT 6bITb NporHo3upoBsaHbl. [peanoxeH pag moae-
new gna onncaHuA BHyTpeHHen KpnsusHbl JHK, Bkntovatowmin
Habop reomeTprYeckrx NapameTpPoB ABONHOW Civpanu, npu-
MeHAEMbIX NMPY KOMMbIOTEPHOWN PEKOHCTPYKLMMN NPOCTPaH-
CTBEHHbIX CTPYKTYp. C ApYyroi CTOPOHbI, HeobXoAVMble Napa-
METPbI Nap OCHOBaHMIA MOXHO PaccymTaTb UCXOAA 13 obLle-
LoCTynHoW nHGopmaLuy atomHon cTpykTypbl AHK. MprHumas
napbl OCHOBaHWI KaK TBepAble Tena, UX OTHOCUTeNIbHOe pac-
Nosno)KeHne B NPOCTPAHCTBE MOXXHO OL€HUTb MO MOJTyYEHHbIM
napameTpam. Matpuubl ABAIOTCA Hanboee pacnpocTpaHeH-
HbIM CNOCObOM peanusauuy npeobpasoBaHM TBEPAOrO TeNna
1 LIMPOKO UCMOoSb3ytoTca B moaenupoBaHuy dopmbl JHK. bo-
nee NPOCTan 1 HafieXHanA anbTepHaTUBa MaTpuLam — KBaTep-
HWOHbI. EAMHNYHbIE KBaT@PHMOHbBI MPeACTaBAAIT TONbKO No-
BOPOT, TOrfa Kak ABOHble KBAaTEPHMNOHbI 06BbeVHAIT B cebe
1 NMOBOPOT, 1 CMelleHue. B HacToALlem pyKkoBoacTBe anrebpa
e[VIHNYHbIX 1 [BOMHbIX KBaTEPHNOHOB BNepBble NPUMeHeHa
AnAa MoaenvmpoBaHuA TpaekTopun monekynbl IHK ncxoasa us
KOHbOPMaLMOHHBIX MapamMeTPOB ANHYKNEOTULHbIX LIAroB.
XoTa ncnonb3oBaHyie ABOVHbIX KBaTEPHNOHOB ONTUMasbHO
ONA feTanbHOro MOAENNPOBAHNA CTPYKTYPbI, eANHNYHbIE
KBaTEPHVOHbI JOCTaTOYHbI A1 MPOrHO3MPOBaHMA TPpaeKTopumn
[BOVIHOM CNMPanu 1 NocsiefyoWwmx pacyeToB ee NpoCcTpaH-
CTBEHHbIX XapakTepuctrk. O6Cy>KAaloTCA LNPOKO NCMOMb3Y-
emble, a TakXKe OPUrMHaNbHble aNnrOPUTMbI BbIYNCIEHUA KPU-
BUW3HbI, paanyca rmpaumm, NepcucTeHTHOM ANnHbI 1 Gasnpo-
BaHUA CTaTUYECKUX U3rMOOB Ans aHanm3a GOopMbl MOSIEKYSIbI,
BbIYMCNEHNA CTaTUCTUKN NOJIMMEPHON Lieny 1 NPOrHo3npo-
BaHMA MIKPOMEXaHMNYECKNX CBOMCTB Ha OCHOBE KoopAanHaT
TpaekTopun AHK-cnupanu. MpuBeaeHHble anroputmbl 6yayT
nosnesHbl Kak B xofe in silico aHann3a oTHOCUTENBbHO KOPOTKNX
¢dparmeHToB [IHK, Tak 1 B TONONOrMYeCKOM KapTMpOBaHMM
NOJIHbIX FEHOMOB.

KntouyeBble cnoBa: KBaTePHUOHHOE MOAENNPOBaHUE; CTPYKTY-
pa OHK; KpuBM3Ha; paguyc rupaumm; nepcucTeHTHas ANnHa;
npeobpaszosaHue Oypbe; pasmpoBaHmne; N3rmbaemocTb.



y the intrinsic curvature and flexibility of the molecule,
which is driven by external forces. DNA bending and
curving play a crucial role in many important biological pro-
cesses, including recombination, replication and the excision
of damaged nucleotides. They are also important for tran-
scriptional regulation of numerous prokaryotic and eukaryotic
genes, as well as DNA-protein recognition and interactions. By
now it is definitively known that intrinsic DNA curvature is a
major determinant of nucleosome organization and position-
ing, facilitating chromosome folding and DNA packaging in
the nucleoid, promoting the appropriate mode of supercoiling
and protecting the prokaryotic genome from phage integration
(see References in the Supplementary material)!.

Predictions of sequence-dependent mechanical properties
of DNA are important for understanding many biological
processes associated with the various DNA-protein interac-
tions, including the phenomenon of “indirect readout”. The
micromechanical characteristics of the DNA molecule can be
described by a variety of models, including the remarkably
effective worm-like chain (WLC) model for semiflexible
polymers (Kratky, Porod, 1949). In this model, the bending
stiffness of a molecule is described by its persistence length.
However, the WLC model is valid only for isotropic, intrinsi-
cally straight, homogeneous polymers and cannot be applied
in its original form to DNA molecules, which contain non-
Gaussian deformations, such as the intrinsic bends (Schellman,
Harvey, 1995; Rivetti et al., 1998).

The intrinsic curvature of DNA is mainly determined by
the length and localization of adenine tracts (A-tract, A T, ,
n+m > 4). The helical phasing of A-tracts and other bent
DNA-related sequences for a long time formed the basis of
the central concept of intrinsic DNA curvature. More than
30 years ago it was demonstrated how localization of local
bends affects the global curvature of a DNA molecule (Wu,
Crothers, 1984; Hagerman, 1985; Koo et al., 1986). In par-
ticular, it has been shown that macroscopic DNA curvature is
strongly affected by the phasing of local bends. Since the bends
produced by A-tracts have directional preference, their system-
atic alternation in phase with the helix screw add coherently
and significantly increases the macroscopic DNA curvature,
whilst for “straighter” DNA molecules the systematic bends
are nearly exactly out of phase (Koo et al., 1986). The Discrete
Fourier Transform (DFT) is used to detect the periodicity of
any property along a sequence, through calculation of the
Fourier transform power spectrum. However, this method is
valid only for planar systematic bends, which are oriented in
the same direction or, often, the bends, which are determined
by repeats of a sequence motif. It is important therefore to
predict the macroscopic DNA curvature based on the phase
of local bends, regardless of their origin.

Since DNA conformation has been shown to be sequence
dependent, this has led to the development of series of models
for in silico prediction of DNA shape based on sequence-
dependent parameters of base pair steps in di-, three- and tetra-
nucleotide contexts. These base pair steps (or often wedge)
parameters were chosen through many different methods,
such as circularization, gel-mobility, DNAse I digestion and

_|_he shape of DNA is sequence-dependent and determined
b

T Supplementary materials are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2017-21/appx11.pdf
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nucleosome positioning data, X-ray crystallography, nuclear
magnetic resonance (NMR) spectroscopy, conformational
energy minimization and computer simulation (see References
in Supplementary material). Nonetheless, there is no complete
consensus on sequence-dependent parameters that are optimal
for accurate prediction of DNA shape.

Base pair orientation in the DNA helical structures is de-
scribed by a set of intra and inters parameters, each including
of three rotational and three translational parameters. Internal
parameters determine the conformation of bases in the local
coordinate frame of a base pair, hence, they do not affect the
trajectory of the DNA helical path. The set of inter base pair
geometrical parameters consists of the three rotations by
tilt (1), roll (p) and twist (Q2), and three translations shift (Dx),
slide (Dy) and rise (Dz) about X, Y and Z axes, respectively
(Fig. 1), in the standard coordinate frame approved by the
Cambridge convention (Dickerson, 1989). In this manner, the
inter base pair parameters are used to construct low resolution
(coarse-grained) three-dimensional DNA structures. Such
translational parameters as shift and slide define the local
displacement between adjacent base pairs (Vslide? + shift?).
The magnitude of twist characterizes the degree of torsional
twisting of the double helix. Only the parameters of roll and tilt
make the main contribution to bending of the DNA molecule,
herewith the total local bend of each dinucleotide step can be
represented as Vtilt? + roll?. Thus, the DNA trajectory, model-
ed in this way is a spatial curve, the shape of which is mainly
determined by the accumulation of local bends (of specific
magnitude and direction), local displacements, translation by
rise and rotation by twist. In a recent study, the genome-scale
computational analysis of DNA curvature based on three-
dimensional trajectories of DNA molecules calculated from
a set of inter base pair conformational parameters was carried
out for Arabidopsis and rice (Masoudi-Nejad et al., 2011).

The rigid transform includes six degrees of freedom, con-
sisting of three translational and three rotational components.
The most popular method of storing and combining these
transforms are matrices. Use of the matrix transformation
technique is a standard method for calculation of the DNA
path (De Santis et al., 1990; Bolshoy et al., 1991; Babcock et
al., 1994; Liu, Beveridge, 2001). Quaternions are the more
straightforward and robust alternative for matrices. They are
more compact, reduce the volume of algebra and minimize
computation. However, the unit quaternion can represent only
a rotation without translation. Dual quaternions allow us to
unify the translation and rotation into a single state.

In the present guide to DNA shape analysis the use of unit
and dual quaternions to coarse-grained modeling of three-
dimensional DNA structures is described in detail. Proven
algorithms for efficient prediction and analysis of the shape
of DNA molecules are described as follows. The discussed
methods are fast and robust making them appropriate for
operative prediction of curvature- and bendability-dependent
DNA shape at any scale.

1. Obtaining base pair step parameters

The calculation of the DNA helix trajectory is performed based
on the average values of local helical parameters. These para-
meters can be obtained from various sources, such as scientific
papers, the base pair parameters database (DiProDB, http://
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Quaternion modeling of the helical path for
analysis of the shape of the DNA molecule
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Fig. 1. Base pair orientation parameters, following the Cambridge con-
vention. Three rotations (twist, roll, tilt) and three translations (rize, slide,
shift) of a base pair about the Z, Y and X axes are indicated.

diprodb.leibniz-fli.de) or alternatively, they can be deduced
from three-dimensional DNA structures. This last method
is optimal, since it allows us to choose the most suitable or
desirable to resolve specific problems the DNA structures
(with specific nucleotide content or conformation, obtained
in different conditions etc.) to deduce base pairs parameters.
This significantly increases the flexibility of DNA molecular
modeling and expands the possibilities for further investiga-
tions. In particular, specific sets of base pair parameters can
be used for modeling and analysis of unusual DNA structures
that are different from canonical B-DNA.

As the Protein Data Bank (PDB) is the largest current source
of information about the three-dimensional structures of bio-
logical molecules (Berman et al., 2003), including nucleic
acids, its will be enough to obtain primary data for further
estimation of DNA base pair geometry. Currently, more than
1700 DNA structures are publicly available in the PDB data-
base. They are represented in different conformations obtained
using a range of methods, such as X-ray crystallography (of
various resolutions), solution NMR spectroscopy, neutron
diffraction and others. However, many DNA molecules are
chemically modified or represented in complex with ligands.
It seems quite clear that DNA conformation is substantially af-
fected by crystal packing, bases modification and interactions
of the DNA with the other molecules or ions. Thus, the most
suitable base pair conformational parameters for modeling of
the DNA structures are provided by NMR in water only solu-
tions. Previously it was shown, that distinct from the X-ray
crystallographic analysis, helical parameters derived from
NMR structures can correctly predict the curvature of DNA
molecules (Gabrielian, Pongor, 1996). However, it should
be noted that until the late 1990s the accuracy of the NMR
method was not sufficient to evaluate small intrinsic bends
of the DNA axis (Vermeulen et al., 2000). A full set of helical
parameters from the selected DNA structures can be deduced
using the Curves+ (Lavery et al., 2009) or 3DNA (Lu, Olson,
2003) programs.

As arule, each DNA structure from PDB is represented by
5-10 conformers possessing the lowest energy. For this rea-
son, base pair parameters deduced from individual structures
should be averaged over all conformers, and the standard
deviation for each parameter should be evaluated (further, the
standard deviations can be used for estimation of the dynamic
persistence length). To eliminate errors associated with “end
880
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effects”, only the central base pairs should be used in computa-
tion. Since structural properties of dinucleotides in the DNA
molecule depend upon the flanking base pairs, the parameters
of base pair steps should wherever possible be applied in
tetra-nucleotide context. (The base pair step parameters used
here for reconstruction of the DNA trajectories are provided
in the Supplementary material.)

2. DNA path modeling

According to quaternion algebra, the vector function of the
DNA sequence describing the position of the n-th base pair
in the DNA path in the Cartesian coordinate system can be
represented as:

n i — i -1
P(ﬂ) _, Zz{k B [QQAPI(TI(] V(";*Dx,’}’ﬁDy,’Zi*Dzi) ° {kg[QQmTJ} ]’ M

i
here [ ] is the consistent quaternion multiplication
w kI:Tz QQkpktk qu ultip

of the quaternion Oy, , . realizing rotation about the Z, ¥ and

Xaxes consistently by angles, defined by the twist (Q), roll (p)
and #ilt (t) parameters of the neighboring base pairs (k— 1, k):

—COS%COS%COST + s1n% sm% s1n7
cos%cos%smT - sm% sm%cosT

QQkPka B cos% sm% 0057 + s1n% cos% smT ’ @
- cos%sm% SmT + sm% cos%cosT_

Vector V contains the coordinates of the

(x;+Dx,,y;+Dy,,z;+Dz,)

i-th element (atom molecule, point or any structure) in the in-
trinsic coordinate frame of the dinucleotide step (for example,
the coordinates of the idealized phosphate of the first strand are

contained in the vector V( Dx,8.914Dy,2.08+ Dz))" The quaternion

of rotation and translational vector together calculate the rigid-
body transformation between two successive base pair steps.

The initial displacement on shift (Dx), slide (Dy) and
rise (Dz) for each transformation can be simplistically repre-
sented using dual quaternions:

_ LU A A%
P (n)_lEZ[QTRi ° Qe, -0 TR,]
A 1
QTR[: Qr‘. + EEQri ° Qd[

Q"i - kEIz[QQkPkT/J ' (3)
Qd,» =[0,Dx,,Dy,,Dz,]

0r=0,-[s20,-0,]

The dual quaternion Q contains the coordinate of any ele-
ment, which is associated with the i-th base pair (for example,
the coordmakes of the base pair center are contained in the dual
quaternion Q . =[1,0,0,0][0,0,0 0] coordinates of the idealized
phosphate of the first strand in Q =[1,0,0,0][0,0,8.91,2.08]).

The use of dual quaternions is a fast, simple and robust
way of molecular modeling. For example, to model base pair
conformation, determined by such local (inter base pair) pa-
rameters as shear (Sx), stretch (Sy), stagger (Sz), buckle («),
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propeller (n) and opening (o) the dual quaternion Q for each
base in the i-th pair can be represented as:

Q .: QG-T[-K + SlQG K, QS[
: “)
QS [0,8x,,Sy,,5z,]

Similar to dinucleotide step parameters, the local geomet-
ric parameters of base pairs can be obtained from articles or
deduced from published three-dimensional DNA structures
using Curves+ or 3DNA programs. The atomic coordinates
for each base and sugar phosphate backbone can be obtained
from relevant publications (Clowney et al., 1996; Gelbin et al.,
1996; Parkinson et al., 1996; Olson et al., 2001) or structure
databases.

Although displacements by slide and shift do not contribute
to DNA bending, they make the main contribution to noise in
further measurements. For this reason, these parameters can be
ignored in subsequent in silico estimations of the DNA curva-
ture. If for subsequent measurements only the DNA trajectory,
excluding displacement by shift and slide is required, the use
of dual quaternions is redundant and the equations above for
unit quaternions can be simplified to:

P(n) lé:Z[ XppYis ]
=1 Z"(2Q3Q1+2Q2Qo)
Yi— I "(2Q3Q2 2Q Qo) . (5)

oo [0 [0+ (0T

Qi:kljz[QQkPk’k]

Calculation of the three-dimensional DNA structures was
carried out in the local Cartesian coordinate system in ac-
cordance with the transformations defined by the Cambridge
convention on the definitions and nomenclature of nucleic
acid structure components (Dickerson, 1989). The center of
the first base pair is located at the origin of the coordinate
frame, at point 0.

3. Features of DNA molecule estimation
from helical patch

Curvature
Overall, the curvature vector of a spatial line is defined as the
derivative of the tangent unit vector along this line. Its modulus
is the inverse of the curvature radius and its direction is the
direction of the main normal to the curve (Landau, Lifshitz,
1970). In terms of a DNA molecule this means the angular
deviation between the local helical axes of the successive base
pairs. The curvature forms the basis for further estimations of
the shape of the DNA molecule. For this reason, there are many
ways in which it can be measured. As a rule, the curvature is
estimated in DNA curvature units, where one curvature unit
is defined as the average curvature of DNA in the nucleosome
core particle, 1/42.8 A (Trifonov, Ulanovsky, 1987).

The DNA curvature of a segment can be calculated from
the inverse of the radius of a circumscribed circle of a triangle
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with vertices on helix axis coordinates at the center and both
ends of this segment. If the sliding window has a length of
2hw bp, the DNA curvature C in the i-th position is given by:

{C =4~/(P(P—a)(P—b)(P— c))/abc
P=(a+b+c)/2 ©)

where a, b and c are the distances between the points (i—Aw, i),
(i, i+hw) and (i—hw, i-+hw), respectively.

Curvature estimation during the least square circle (LSC) fit
is based on the fitting of a circle to the coordinates of the DNA
molecule curved in a plane. The radius of this circle is taken
as a measure of the curvature of the DNA fragment (Kanhere,
Bansal, 2003). In order to evaluate the planarity of the bend
and further projection, the best fit (least squares) plane (LSP) is
calculated to a set of base pair centers of the analyzed segment.
The possibility of applying this method should be grounded
by low values of the root-mean-square deviation (RSMD),
estimated for LSC and LSP (RMSD values of distances from
the reference and fitted feature (circle or plane)).

The original interpretation of DNA curvature was proposed
by De Santis (De Santis et al., 1988). Since DNA curva-
ture C(n) is a local property of the DNA axis and represents
its directional change along the sequence, the distortions of
the B-DNA axis along the chain gives the value of curvature
per turn in modulus and phase, calculated for recurrent turns
along the sequence (De Santis et al., 1988):

2mis

C(n) = v(n,— nl)IZ [P;”J -, (7)

where C(n) is the average curvature vector, characterizing the
orientation deviation of the helical axis between #,, and n,
sequence numbers, per turn of DNA with helical periodicity v
(v =10.4), assigned to the position of the average sequence
number of the tract (n = (n,+n,)/2), the local deviation of the
s-th base pair plane from the canonical B-DNA represented
as a complex vector in terms of the o/l and tilt angles. This
is the most popular method for estimation of DNA curvature
from the nucleotide sequence directly, without modeling of
the helical path in advance.

The local bend angle characterizes the deflection of the
helix axis and is calculated as the angle between the tangent
vectors in the direction along the contour of the DNA molecule
(or as arccosine of a scalar product if these tangents are unit
vectors). The tangent vectors can be represented as the unit
vectors, indicating orientation of the base pair centers, or as
the vectors, connecting n and n+s bp (s <[3, 15]), or alterna-
tively, as the unit vectors (normals) averaged over 11-15 bp
(centroids of helical turns). Some authors distinguish the bend
angles estimated using of tangent vectors obtained in the lat-
ter two ways as successive and cumulative (Kanhere, Bansal,
2003). The cumulative bending angle between the averaged
normal vectors >15 bp apart is often used in the estimation
of DNA curvature (Goodsell, Dickerson, 1994; Gabrielian,
Pongor, 1996).

DNA curving can be estimated based on radius of gyration
(see Supplementary materials for detail). When comparing
DNA molecules of identical sizes the radius of gyration will
be smaller for curved and larger for extended molecules
(Dlakic, Harrington, 1998). Furthermore, information about
the different shape properties such as symmetry, anisotropy,
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asphericity, acylindricity and more can be extracted from
the various combinations of the orthogonal components of
the radius of gyration tensor (Jernigan et al., 1987; Olson et
al., 1993; Dlakic, Harrington, 1998; Kanhere, Bansal, 2003;
Rawat, Biswas, 2009).

The d-max (Tung, Burks, 1987) is the maximum orthogonal
distance from the base pair center to the straight line con-
necting the ends of the analyzed segment, evaluated over all
base pair centers of this segment. This value is estimated as
the maximal perpendicular distance (p-dist) over all base pair
centers. In its turn, the perpendicular distance is the minimal
distance from the i-th base pair to the straight line connecting
the ends of the segment.

Lastly, the curvature of the DNA molecule can be simply
characterized by the ratio of the curvilinear distance (contour
length) to the linear distance between the ends of the segment
(SD value) (Eckdahl, Anderson, 1987; Tan, Harvey, 1987) and
vice versa (Qc, (Dlakic, Harrington, 1998; Kanhere, Bansal,
2003; Matyasek et al., 2013)). Large values of C, d-max and
SD indicate a more curved DNA fragment.

The sliding window technique is a common way for ana-
lyzing this distribution. Reducing the size of the sliding win-
dow increases the resolution and magnitude of the curvature
measurements, but also increases the noise that is determined
by local bends (by roll and tilf) and displacements (by shift
and slide) of adjacent base pairs. In order to reduce the noise,
the size of the sliding window as a multiple of a helical turn
(10 or 10.4 bp), from 20 bp is recommended. Furthermore,
since local bends during a helical turn, as a rule, are mutually
compensated, when the curvature is estimated for a position
in the center of sliding window, the size of a half window
should be a multiple of 10 (for example, see the analysis of
the “Hagerman paradox”, below).

Persistence length
Persistence length is a key parameter for quantitative inter-
pretation of the conformational properties of DNA. Theoreti-
cally, the persistence length can be formulated in terms of the
magnitude of the projection vector and the tangent-tangent
correlation function. In previous studies, both methods were
successfully applied to estimation of the persistence length
of DNA molecules from the reconstructed 3D trajectories of
helical paths (Shpigelman et al., 1993; Bednar et al., 1995;
Schellman, Harvey, 1995; Vologodskaia, Vologodskii, 2002).
In terms of projection vector, the persistence length (P)
can be defined as the average projection of the end-to-end
vector (/) onto the unit vector of the first segment (/,) in the
limit of infinite chain length (Flory, 1969). It is likely that for
a long heterogeneous chain with average link angle the more
statistically significant is the average projection of end-to-end
vector on the direction (unit vector) of each segment along the
chain. Thus the persistence length is averaged over position
and direction is given by:

a1/ I_N'Tj>
Potmyl s o/ ®
Persistence length, measured in this way characterizes
the chain length through which the memory of the initial
orientation persists. So that its will be strongly dependent on
the direction, length, homogeneity and shape of molecule.
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Nevertheless, for the cases when L>>P this method can be
effectively used for the operative estimation of the DNA
persistence length.

According to the tangent-tangent correlation function
(Landau, Lifshitz, 1958):

SR _Siisy

<cos(6)> - <1(s,.) -1(s,,+1)> e P, ©)
where (cos(0)) is the average cosine calculated from the com-
plete set of local bend angles (8) measured between the unit
vectors (/) tangent to the chain at the points s; and s, ., (spaced
of contour length 7 (s;,,—s,)) collected over the entire chain.
Tangent vectors can be calculated in the various ways de-
scribed above keeping in mind that the method employed will
dramatically affect the deflection angle and, hence, persistence
length estimation. In particular the persistence length strongly
depends on the scale of measurements, i. e. when unit segments
of'the DNA chain are bonds between base pairs, or when they
are centroids of helical turns (see Supplementary materials).

The average cosine 0 is a multiplicative function of segment
length /, assuming that the average directional correlation
between two segments decays exponentially along the chain.
The distribution of —In{cos(0)) is evaluated for the segments
of different length /, where / is the average curvilinear distance
between base pair centers, separated by the n bp window,
moving along the sequence with a step of >1 bp. Since cor-
relation in the orientation of segments decays exponentially
to their distance, the —In{cos(0)) will be linear. The persistent
length can be calculated from the inverse of the regression
slope of the —In{cos(0)) distribution plot. Application of this
method should be justified by a good linear fit of the —In(cos(6))
distribution (coefficient of determination, R? > 0.9).

The equations above are suitable only for intrinsically
straight, homogeneous polymers. However, in most cases the
analyzed DNA is not straight, but contains numerous planar
and coplanar static bends as well as segments with different
flexibilities, located at any position along the chain. For such
heterogeneous polymers, the persistence length strongly de-
pends on the starting position, the direction, and the length
of the fragment. One of possible solutions is the division of
the DNA path into a set of large fragments between the bends
and a set of small fragments overlapping these bends, then
estimation of P can be conducted for each of these fragments
separately (Supplementary material contains examples for dif-
ferent cases). Following that, the average persistence length
of a chain can be derived from summation of P over all frag-
ments (N) with length / (Rivetti et al., 1998):

L Y1
7= EIE. (10)

Thus, the resultant persistence length (averaged over all
fragments of molecule) will be mainly determined by the
minimal P among all fragments. Furthermore, it seems that the
contribution of intrinsic bends to persistence length calculated
in this way will be decreased.

The apparent persistence length (P,) of the DNA molecule
includes contributions from both static (P,) and dynamic (P,)
persistence lengths, which are related as follows (Trifonov et
al., 1988; Schellman, Harvey, 1995):
11,1
P, P P

a s

(11)
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Static persistence length is determined by the intrinsic DNA
curvature (shape) at the minimum energy conformation, with-
out accounting for thermal fluctuations. The equations above,
applied to the predicted DNA trajectories, estimate the static
persistence length. Conversely, the dynamic persistence length
characterizes the rigidity of the DNA molecule in thermal
fluctuations of the angles between adjacent base pairs. As-
suming crystal packing, interactions with proteins and thermal
fluctuations as external perturbing force fields, eliminating
correlations in the bend directions, the dynamic persistence
length can be estimated from the DNA sequence using a set
of dispersions of roll (p) and #ilt (t) angles (which can be ob-
tained from the same sources as for the base pair parameters
or during averaging of base pair parameters, see Section 1)
for all dinucleotide steps (Vologodskaia, Vologodskii, 2002):

(12)

where p; is the probability of dinucleotide i, the length of
segment / << P is an average rise (~3.38 A) and 9 is the vari-
ance of the local bend angle (in radians) of i-th d1nucle0t1de
(6 = Apl + Ar , p and 1 in radians, 0, << 7/2).

However it should be noted that whereas flexibility of base
pair steps in overall correlates well with local bends, as deter-
mined by roll and tilt (Olson et al., 1998; Packer et al., 2000;
McConnell, Beveridge, 2001), the bends produced by A-tracts
are highly stable with a midpoint of structural transition near
30 °C (Chan et al., 1993) and a melting temperature above
37 °C (Chan et al., 1990; Jerkovic, Bolton, 2000). Thus, al-
though the static persistence length of A-tracts-produced bends
is very small, the dynamic persistence length of these bends
will be very large. Since P, is always less than either P or P,
the correlation between apparent pers1stence length, calculated
from the summation of P;' and P,', and the stiffness of DNA
containing A-tract induced bends will be lost. The extremely
low static (P) and exceptionally high dynamic (P,) persistence
lengths at relatively large apparent persistence length (P, ) were
noted in a recent study of DNA molecules containing A-tract
related large intrinsic bends (Mitchell et al., 2017).

Helical phasing. DFT analysis

Discrete Fourier transform is extremely useful for macroscopic
DNA curvature analysis. This is due to its ability to reveal
periodicity in analyzed DNA properties, such as local curva-
ture in sliding window, as well as the relative strength of any
periodic components. Subsequent DFT frequency spectrum
analysis allows us to detect and quality evaluate the regular
alternation of DNA bends along the molecule. The discrete
Fourier transform is defined as:

N-1 »

Fk:jgoxjesz N ke[0,N-1], (13)
where x; is a property value in the j-th position, represented as
a complex number with a zero-valued imaginary part, and & is
the frequency domain (for positive frequencies & € [0, N/2—1]).

In the case of DNA analysis, the sampling frequency (fs,
sampling rate) is the ratio of the data set size (V) to the step of
the sliding window. The minimal frequency (frequency resolu-
tion) is given by Af = fs/N and maximal frequency (Nyquist
frequency) is f5/2. Since this DFT spectrum is N-periodic, each
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frequency domain characterizes the distribution of values of
the analyzed features with frequencies of f per N bp and a
maximum 1/2 bp~! (f=Afx =x, x € [0, N/2]).

The magnitude of the frequency domain for the real input
data is calculated as:

2 2

e2mifkI(N12)

NI i it S
— T T
| onzje D) +e onzjﬂ

. (14

The phasing of systematic bends can be evaluated from
the data of distribution of the local curvature in the course of
frequency analysis of the DFT power spectrum. The frequency
of helix turns (/%) in the DFT spectrum is N/10 (where 10 is
the floor of average twist, 10.4 bp) and the initial phase is 0°.
The local bends repeated with a frequency multiple of /4 or
with variations around this are phased with the helix screw:
they have the same direction and progressively increase the
macroscopic curvature of the DNA molecule. The fractional
part of the ratio of f% to the frequency of local bends repeated
in antiphase is near to 0.5: these bends are oriented oppositely
(phase shift is 180°, 2z-0.5) and mutually compensate each
other.

In order to demonstrate how phasing of DNA bends affects
the shape of molecules, the trajectories of the (A;N;), (curved
DNA, local bends in phase) and (AsN,,), (straight DNA,
local bends out of phase) sequences were modeled and the
DFT power spectrum of curvature distribution was analyzed
(Fig. 2). If sampling is 128, the f/ =13 (128/10). The (AsN,,),
DNA fragment contains systematic bends, repeated with a
frequency between 8 and 9 that corresponds to {f%/8.5} =0.5.
Hence, the phases of neighboring bends will be opposite and
the molecule is almost straight (see Fig. 2). The systematic
bends of the (A;N;), DNA fragment repeated with a frequency
of 13 corresponds to fh, hence, the local bends alternate in
phase with the helix periodicity, and the resulting global cur-
vature of DNA molecule will be large (see Fig. 2).

For operative estimation of the phasing of DNA bends, the
DFT power spectrum can be evaluated only for frequencies
near to the frequency of the helix screw (w, average twist
angle, 34.6°) (Gabrielian, Pongor, 1996). In this case, the
period is 2w (360°, one helical turn), hence frequency (k/N)
is 34.6°/360° and the average twist corresponds to angular
frequency © = 2134.6°n/2n180° (in radians). The discrete
Hartley transform (DHT) is an alternative for the real DFT.
DHT for angular frequency o is given by:

| N1
Z x;cas(jo), (15)
where cas(jo) = cos(jo) + sin(jo).

The magnitude of this frequency bin in terms of DHT can
be expressed as:

2 2

1 N-1 . )
+ Njgoxjsm(ﬂo) . (16)

175 .
)=y 2 costio)

The DFT power spectrum should be calculated for frequen-
cies in range of minimal and maximal values of twist angle
(as a rule from 27° to 42° for B-DNA). The supplementary
material contains some recommendations on the use of DFT
analysis in studying of the DNA curvature distribution.
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Fig. 2. Reconstructed DNA paths of the experimental molecules, containing repeated A-tract in phase ((A;Ns),,) and out of phase
((A5N4),)) with the helix screw. DFT power spectral for both molecules were calculated using values of DNA curvature as input
data, estimated in a sliding window of 40 bp and step of 1 bp, using equation (6). The dominant frequencies for each spectrum

are indicated.

Phasing of coplanar and non-periodic bends

It seems obvious that non-periodically bends in phase as well
as bends in opposite directions in antiphase will increase the
macroscopic DNA curvature. Furthermore, the orientation
of bends is not distinguished by the DFT method, so that
coplanar bends will be taken as planar, leading to distortion
of the results. For this reason, the definition of phase relative
to the direction of the DNA trajectory will be useful. In order
to define the relative phase (¢, ,) of the vector position of the
center of bend (“bend vector”, for example this can be the
center of an analyzed segment: vb, . =v . —v ) the “direc-
tional vector” vd, = v, ., —v, was aligned with the X axis and
then the coordinate frame was rotated around the Y axis by
90° to align vd with the Z axis (the direction of this rotation is
determined by the sign of x coordinate of vd). The quaternion
for realizing these rotations is given by Q¢:

= [0.7,0,70.7 Y ,O}Q“‘
|xwl‘
0| 4R [0Fo 4Ry ERy 0R R . 1)
2 @RV 2 @RV 2 @R\ 2
qR = [Oax‘;dsoao] ° Vd
Vdl
where IBLRO equivalent to the cos(acos(qR,)/2), % is

the sin(acos(qR,)/2), and {gR|, qR,, qR;}/qR are the direction
cosines at X, Y and Z axes respectively.
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To align the unit vector with the X axis we can simplify the
calculation of ¢R to:

X X
qR :|:|x ’d|7oaz)d “vd a_y od Vd:|) (18)
! ‘ |xvd| k ‘xvd|
X, .. . .
where the ‘x”d‘ ratio is necessary to get a sign. The phase is
vd|

estimated by all four quadrants as the cosine of the angle
between the projection of curvature vector on XY plane and
the direction of the X axis (1, 0, 0):

vb = Q"Povb ° (Q(P)*l

b (19)
(O [13050] |Vb‘

For example, Hagerman has shown that DNA sequences
containing repeating runs of A, T, in phase were significantly
bent, whereas those with T,A, (A-tract in opposite polarity)
were almost straight (Hagerman, 1986). Thus, there is a fun-
damental difference in the structure of A\ T, and T, A, DNA
segments, despite their identical nucleotide composition and
phased bends. In fact, the distribution of curvature in these
DNA molecules have the same DFT frequency spectrum with
a peak of magnitude for 10.04 bp period, which is multiplied
to the period of helix axis ({10.4/10.04} = 0.036 << 5) that is
also consistent with experimental data (Price, Tullius, 1993).
Thus, at first glance in both cases the phased bends should
increase the macroscopic curvature of DNA molecules sig-
nificantly. However analysis of the phase spectrum makes it
clear (Fig. 3) why in the first case ((CA,T,G),) DNA fragments
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Fig. 3. The “Hagerman paradox”analysis using discrete Fourier transform and the phase spectrum calculated by equation (17). Curved ((CA,T,G),) and
“straight” ((CT4A4G),,) DNA molecules have similar frequency spectral, but differ in the phase spectrum of curvature, calculated relative to direction of
the DNA path. The macroscopic bends of the “straight” fragment orient in opposite directions and compensate each other. Curvature was analyzed in

a sliding window of 30 bp and 1 bp step.

are exclusively curved, but in the other case ((CT,A,G),)
the fragments are almost straight (“zig-zag” structure). In
particular its shows that the bends produced by (CT,A,G),
are oriented in opposite directions and mutually compensate
each other (see Fig. 3).

However, it should be noted that magnitudes of DFT power
spectrum of the (CT,A,G),, straight fragment will be relative
high only if the size of the sliding window wherein DNA cur-
vature is estimated is in multiples of an odd number of turns.
If the size of the half window is a multiple of 10 (one helical
turn) the amplitude of curvature of the (CT,A,G), fragment
is near to 0. This is consistent with the fact that oppositely
oriented bends, in this motif, are mutually compensated in
one turn (Stefl et al., 2004). The present example shows how
a change in the size of the sliding window can be adopted for
specific research tasks.

Conclusion

More than 30 years ago it was shown that computer modeling
of DNA sequences is a viable approach to the study of the
biological implications of DNA structure. A lot of research has
been devoted to this problem. The estimation of the intrinsic
curvature of relatively short DNA fragments (<10 kb) can be
useful in investigating various features, such as analysis of
promoter and regulatory regions of specific genes, or the parts
of the genome associated with recombination suppression and
heterochromatin packing, nucleosome positioning, design of
shape-related DNA markers and many others. Furthermore, the
actual aim is the monitoring of DNA curvature and bendabil-
ity over hundreds and thousands base pairs. Similar studies,
previously performed for many prokaryotic and eukaryotic
genomes, provided important information about their spatial
organization and its influence on various biological processes.
The algorithms discussed in the present guide formed the
basis for such investigations and will be useful in analysis

CTpyKTypa 1 B3aMOAeNCTBIE MaKpOMONEKy

of relatively short DNA fragments as well as for topological
mapping of whole genomes.
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B3aumogerictBus 6enok-IHK:
CTaTUCTUYECKN aHalIN3 MeXaTOMHBIX KOHTAaKTOB
B OOJIBIIION 11 MaJIOi 60PO3aKaxX
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B3aumoperictena mexgy 6enkom 1 JHK no cyulecty nexkaT B OCHOBe
BCEX NPOLeCCoB, NPOVCXOAALLMX B KNBOW KneTke. [o3HaHVe NpuHLm-
noB cneyndryeckoro pacrosHaBaHua cantos [JHK no3sonut noHATb,
KaK ynpaBsJiAaloTCA 3TV NPOLIeCChl, U AACT BO3MOXXHOCTb CO3HATENbHO
BMeLUMBATbCA B ynpasnieHne umu. B paboTe nsyuyeHol metogom Bopo-
Horo—[lenoHe KOHTaKTbl 6enok-[HK Ha aTOMHOM ypOBHe B CTPYKTypax
3518 komnnekcos 13 PDB (Bce nmetowmneca Ha man 2017 1.), copep<a-
Wmx Kak benkosble uenu, Tak 1 HK. MeToa He cofepUT napameTpoB
1 NO3BONAET OAHO3HAYHO BbIABAATb HENOCPEACTBEHHBIE KOHTaKTbI
MeXAy aTOMaMM 1 XapaKTepr30BaTb KaXKAbli KOHTaKT, TOMUMO pac-
CTOAHNA MeXIy aToMaMu, NIIoWafblo KOHTaKTa, onpeaenseMoi cooT-
BETCTBYIOLLEN rpaHblo nonmagpa BopoHoro. MokasaHo, uto 6onbluas
YacTb KOHTAKTOB 06pa3yeTca MeXay aToMamm 6enka 1 aToMamu caxa-
podochaTtHoro octoa [AHK (72.9 %). Ha KOHTaKTbl C aTOMaMu HyKneu-
HOBbIX OCHOBaHWA, BbIxoaAwux B 6opo3akm AHK, npuxoantca ans
6onbLor 6opo3akn 17.0 % n ana manon 6opo3akn 10.1 % oT Bcex
aTOMHbIX KOHTaKTOB. CyMMapHO Ha B3aIMOAENCTBUA MeXay aToMamu
6enka 11 aToMaMm HYKJIeVHOBbIX OCHOBaHUI npuxoanTca 27.1 % Bcex
AaTOMHbIX KOHTAKTOB. AHanM3 NoLlaan AOCTYMHOW NOBEPXHOCTIN aTo-
MOB 60MbLLION 1 Manol 60pO30K NoKasar, YTo OHa Koppennpyet

C YNACSIOM KOHTaKTOB (KO3 duumeHTbl nnHenHon Koppenauun 0.94

1 0.93 COOTBETCTBEHHO), OAHAKO aTOMbl HYKJIEMHOBbIX OCHOBaHWIA,
o6pasytoLne BOLOPOAHDIE CBA3M, KOHTAKTUPYIOT Yalle, YemM 3TOro
MOXXHO OblIfI0 OXKMAATb M3 CTAaTUCTUYECKNX COObpaxeHuii. Mokasa-

HO, YTO KOHbOPMaLMOHHO-CTabUbHbIE NeNTHAbI LOCTaTOYHO YacTo
BCTpeyatoTcs B obnactax cBasbiBaHUA ¢ JHK. AHanu3 octaTkos B
npeponpeaeneHHon koHpopmauum B 3518 komnnekcax 6enok-AHK
BbIABM 159 aMVHOKMCIOTHBIX OCTaTKOB B MpeAonpeAesieHHON KOH-
dopmauun B-usrnba Tina l, 15 octatkoB B KOHPOpMaLum 3-13rnba
T1na l’, 6 octaTkoB B KOHopmMaLuun B-n3rnba Tvna Il. OCTaTKOB B KOH-
dopmauun B-n3rnba Tina Il HalgeHo He 6b110. AHaNM3 KOHTAKTOB
nokKasaJi, UTo Takme OCTaTKM MPaKTUYeCKn He 0O6pasytoT KOHTAKTOB C
[HK. KoHTaKTbl C aTOMaMy HyKJIEMHOBbIX OCHOBAHMI HalAeHbl TONIbKO
B IBYX FOMOJIOTMYHbIX CTPYKTYpax 3gea 1 3qe9, rae aToMbl TPEOHNHA
06pasytoT KOHTaKTbl C aTOMaMy HYKNEeNHOBbIX OCHOBaHWI AT-napbl.

KntoueBble cnoBa: komnnekcbl 6enok-AHK; pa3brerre BopoHoro-
[enoHe; B3aumopeiictena 6enok-AHK; cneundunyHocTb y3HaBaHuA.
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The interactions between protein and DNA in essence
underlie all processes in a living cell. Understanding
the principles of specific recognition of DNA sites will
open the way to understand how these processes are
controlled and to interfere in their operation. In the
paper we studied contacts between the protein and
DNA at the atomic level in the structures of all the
3518 protein-DNA complexes available in PDB by the
Voronoi-Delaunay tessellation method. The method
unambiguously defines contacts between atoms with-
out any parameters, and characterizes each contact

by the distance between atoms and the contact area,
which is determined by the corresponding face of the
Voronoi polyhedron. It was shown that most contacts
are formed between the protein atoms and the sugar-
phosphate backbone of the DNA (72.9 %). The contact
with the atoms of the nucleic bases emerging into the
grooves of DNA is 17.0 % for a major groove and 10.1 %
for all atomic contacts for a minor groove. Totally, the
interaction between protein atoms and nucleic base
atoms accounts for 27.1 % of all contacts. Analysis of
the accessible surface area of atoms in the major and
the minor grooves showed a correlation with the num-
ber of contacts (coefficient of linear correlation 0.94
and 0.93, respectively), however, nucleic acid atoms
forming hydrogen bonds make contacts more often
than may be expected from statistical considerations.
It was shown that conformationally stable peptides oc-
cur sometimes in the binding regions with DNA. Ana-
lysis of the residues in a predefined conformation in
3518 protein-DNA complexes revealed 159 amino acid
residues in a predefined 3-bend type | conformation,
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15 residues in the conformation of 3-bend type I, and
6 residues in the conformation of B-bend type Il. No
residues in the conformation of B-bend type II'were

@ e-mail: nastya@eimb.ru
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found. Analysis of contacts showed that such residues
virtually do not form contacts with DNA. Contacts with
nucleic base atoms are found only in the two homolo-
gous structures 3gea and 3ge9, where threonine atoms
form contacts with atoms of nucleotide bases of the
AT-pair.

Key words: protein-DNA complexes; Voronoi-Delaunay
tessellation; protein-DNA interaction; specificity of
recognition.
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nenupuyecKre B3auMOICHCTBUS MEXIYy OenKaMu 1

cootrBercTBytommMu caiitamu JIHK nexar B ocHoBe

(dyHIaMEHTaATBHBIX OMOJIOTHYECKHX ITPOLIECCOB, IPO-
UCXOAAIINX B KHUBOH KJeTKe. V3MeHeHue CcrernupuaHOCTH
CBSI3BIBAHUSI MOXCT TPUBECTU K CEPHE3HBIM HAPYIICHUSM
Ouosioruueckoi (hYHKIIUH U, KaK CIICACTBUE, K 3a00JICBAHUM
opranm3Ma. Tak, H3MEHEHHE CIEeNN()UIHOCTH CBSI3BIBAHUS
MYTHPOBaHHBIX TPAHCKPHUITIHOHHBIX (akropoB ¢ JJHK Ha-
OnromaeTcs npu pasubix tunax paka (Filippova et al., 2002).
B oTnmdme ot mporeccoB ¢ y4acTHeM MOJEKYIBI-aanTepa,
Kak B CJTy4ac TeHETHYCCKOTO KO/Ia, B3AMMOOTHOIIICHHS MEKTY
MOHOMCPHBIMU €ITUHULTAMU (aMI/lHOKI/lCﬂOTaMI/I, HYKJI€OTUAa-
MH) B nHTep(eiicax Oenok-/HK He MoryT OBITH IPOM3BOIH-
HBIMH, 8 TOAYUHSIOTCS OMPEACICHHBIM (PU3UKO-XHMUIECKAM
OrpaHUyYeHUsIM. ['unore3a o TOM, 4YTO 3TH B3aUMOJECUCTBUS
MOTYT OBITH ONMCAHBI HEKUM TICEBIOKOAOM, IYCTh TOpasao
MEHEE OMpPEACTICHHBIM, YeM TeHETUICCKUHA KO, 10 CUX TI0p
He TmoaTBeprkaeHa U He omposeprayta (Choo, Klug, 1997;
Pabo, Nekludova, 2000; Benos et al., 2002), HO 17151 OTACTb-
HBIX KJIACCOB OCITKOB 0Ka3aJI0Ch BOSMOYKHBIM BBISIBUTH HEKHI
mabsou B3aumoseiicTeuit 6enkos u JJHK u Brickazats co00-
pakeHHsI 0 IPUYMHAX CHENU(OUIHOCTH U BIUSIHUS MyTaIHi
Ha crrerudraHocTs (Wolfe et al., 2000).

PaccMoTpuM KpaTko UCTOPHUIO aHAJIM3a OCIKOBO-HYKJICH-
HOBBIX B3aUMOJACUCTBHUH. B Hadase B CBS3M ¢ MaJIBIMU 00Be-
Mamu HH(opManuu 1o komruiekcam oernok-JIHK Bce qanHbIC
CYMMHPOBAJIKCH, TAK KaK TOJIBKO TAKUM 00pa30M MO>KHO OBLIO
c(hopMHPOBATH TOCTATOYHO OOBEMHBIH IS CTATUCTUIECKOTO
aHanm3a Marepuai. CBoeoOpa3HBIl HTOT 3TOTO dTara IMOoA-
Bena padora ToputoH (Luscombe et al., 2001), B kotopoii
n3yganuck 129 xomriekcos 6erok-/{HK. Beuti paccmoTpeHst
B3aUMOJICHCTBHS Pa3HBIX THITOB: BAHACPBAAILCOBBI KOHTAKTEI,
HNOHHBIE MOCTHUKH, BOJOPOJIHLIC CBA3U. Vixe TOTZla aBTOPbI
pa3nuyany Hecrnenupuaeckne, «yHHBEPCATHHBIE» B3aHMO-
JIeHCTBUS, OTBETCTBEHHBIE 3a cBsi3biBaHue ¢ JIHK B nenom, u
B3aMMOJICHCTBUS, «3aBUCSIIUE OT KOHTEKCTa», OTBEUAIOIIIHE
3a pacro3HaBaHWE TOCIEIOBATEIFHOCTH HYKIEHHOBBIX OC-
Hosanuil JIHK. B panpHeHmux mcciaeqoBaHUSAX CTPYKTypa
koMmIuiekcoB Oenok-/IHK ananmu3upoBaachk 1jis onpeaeicH-
HBIX THUIIOB OenkoB, cBs3biBatormuxcs ¢ JIHK. Bo-niepBrix, yxe
OBLTH HAKOTUICHBI IOCTATOYHBIC 00BEMBI TAHHBIX IO OEIKO-
BbIM cemeiicTBaM. Bo-BTOpbIX, HCCIIEI0BATENIN UCXOAUIH U3
TOTO, YTO B3aMMOJCHCTBHE SBISCTCS CIEIUPIUECKAM IS
JTAaHHOTO KJ1acca ces3biBarommuxcs ¢ JJHK 6enkoB (Hampumep,
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UHKOBHIX majbsies (Wolfe et al., 2000)). Mexy Tem Boripoc
00 00ImmX 3aKOHOMEPHOCTAX B3amMozeiicTBuii Oemok-/JHK
0CTaBaJICSI OTKPBITHIM.

B mamreit pabote MBI OCTaBWIIM 3a7ady aHAIN3a MpPO-
CTPaHCTBCHHBIX KOHTaKTOB MEXIy aTOMaMH B CTPYKTypax
komruiekcoB Oenok-JIHK u moucka CTPyKTYpHBIX JeTep-
MHUHAHT CHeUPUIHOCTH. [ Hadasa HEOOXOAMMO OBLIO
PEIINTh, KAKHE TaHHBIC CYMMHPYIOTCS (YTO TaCT OUCBUIHBIC
MPEUMYIECTBA B CMBICIIE CTATUCTUKH), & KaK1e, HAllPOTHUB,
JTOJDKHBI OBITH PACCMOTPEHBI Pa3/IebHO B CHITY UX CIICITU(H-
YEeCKOM MpUpo kL. HeKOTOpEIE aBTOPHI ITOJIATAk0T, YTO CIICAYET
paszienbHO paccMaTpuBarh koMiuiekesl 0enok-/IHK ¢ pasHoit
cnennraHOCTRIO. Tak, BBIIENAIOT BEICOKO-, MYIBTH- U He-
cnenuduyeckne komruiekes (Corona, Guo, 2016). ITpu atom
0] BBICOKOCIICIIU(UUCCKUMU MOHUMAIOT OCJIKU, KOTOPhIC
pacno3HaroT exuHcTBeHHbIH caidt Ha JIHK. Mynstucnenu-
(hugaeckue OCITKU PacIO3HAIOT HECKOIBKO CXOMHBIX CalTOB.
Hecnenuduueckue oenku ceszbiBator JJHK HezaBucumo ot
mocnenoBarebHOCTH. COOTBETCTBEHHO, KOMIUIEKCHI pasfie-
JICHBI Ha TPYMIIBI 110 THITy pacrio3Hatomero oenka (Corona,
Guo, 2016). MbI nofiaraem, 4TO Takoe JIeJIEHUE SBIISIETCS
JIOCTaTOYHO yCIOBHBIM. Eciu ske 0HO MMeeT 1most co0oit peasib-
HbIe (PU3UKO-XUMHUYCCKHAE OCHOBHI, TO aHAIHN3 HHTEP(EHCOB
JIOJOKEH OOBEKTUBHBIM 00pa30M BBISIBUTH TaKOE€ pasjielie-
Hue. Bo m30exanne nmepenpecTaBIeHHOCTH TeX WIH HHBIX
B3aUMOJICHCTBUI, HEKOTOPHIC aBTOPHI COCTABISIOT TaKKe
perpe3eHTaTUBHYIO BBIOOPKY, UCKJIIOYas U3 PACCMOTPEHUS
KOMIUTEKCHI C TOMOJIOTHYHBIME OCITKOBBIMHU IeTsiMU. Panee
B pabote (Anashkina et al., 2007) MbI moka3anu, 4TO MUHH-
MaJbHBIN A W3ydeHUs Habop NOJKEH Colep’KaTh OKOJIO
460 mHTEpdEHCOB A OLEHKH aMHHOKHCIOTHOTO COCTaBa
nuHTepdeiicoB ¢ ToUHOCTHIO 2 % pu nocTOBEpHOCTH 95 %0.
[TosTOMy MBI HIOJIAaraeM, IPUHUMAsE BO BHUMaHHE 00bEeM Cy-
IIECTBYIOMNX TaHHBIX 110 Oenmok-/{HK kommexcam, aTo Hamo
paccMaTpUBaTh BCE HMCIOIIUECS B PACTIOPSKCHIH UCCIIEIO-
BareJsieil SKCIepUMEHTaIbHbIE CTPYKTYPbl KOMILUIEKCOB. DTO
HEOOXOANMO JTS TOBBIIIIEHHSI TOCTOBEPHOCTH HCCIICTOBAHMS.
Taknm o0OpazoMm, Mbl oTOMpany Komriekcs! u3 PDB no na-
JIMYMIO B CTPYKTYPax KOMILJIEKCOB Kak OEJIKOBBIX LIETeH, TaK
n JIHK. OmHako nprHINTIHATEHEIM MOMEHTOM SIBIISIETCS TO,
YTO TH JJAHHBIC IOJDKHBI OBITh TTO3UIIMOHUPOBAHBI OTHOCH-
TEJIBHO OOJIBIION M Mayioil 60po3noK U caxapodocaruoro
octoBa /IHK, mockonpky Gompnas u Manas O0pO3IKH pas-
JICTICHBI B TPOCTPAHCTBE aTOMaMU caxapo(ocgaTHOro ocToBa,
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B3saumopgeincteua 6enok-AHK: ctaTuctuuecknin aHanus
ME>KaTOMHbIX KOHTAaKTOB B 60/bLUION 1 Manoi 60po3aKax

1 CMCHIMBATDH JAaHHBIC, TOJYYCHHBIC JJId Pa3HbIX 60p03)10K,
HCJIOTUYHO.

MaTtepwuanbl n metogbl

3amernM, uro JJTHK mmeer compBaTHYI0 000J70YKY, Kpome
Toro, B 6opoznkax JIHK HaxomnTcst «CTpyKTypHpOBaHHAs»
Bona (ITpuBanios, 1958) u nonsl. [laneko He BO BCEX KOM-
IUIEKCAaX MOJIOKEHHUSI aTOMOB KHCJIOPOJa BOJBI M HOHOB JIO-
kanm3oBaHbl. [1o 3TO# MprunHe ornocpeJ0BaHHBIC KOHTAKThI
(HanpuMep, MOCTHK 4epe3 BOAY) HE PacCMaTpHBAIIUCh.

Pa3ouenue Boponoro—/lesone. Kontakrsr mexmy Oenka-
mu 1 JIHK Obutn onpeiesieHs! Ha OCHOBE aHAIM3a KOOPIUHAT
aTOMOB MPOCTPAHCTBEHHON CTPYKTYphl 3518 KoMIUIEeKcOB
6enok-IHK meTtonom pazouenns Boponoro—/lenone (Med-
vedev, 1986; Anamkunaa u np., 2008; Anashkina et al.,
2013), aHAJIOTUYHO TOMY, KaK 3TO ObLIO paHee CACIAHO IS
Oemok-0emKoBBIX B3aumojeicTBuit (Anashkina et al., 2007).
CoOTBETCTBEHHO, TEPMHHOM KKOHTAKT» MBI Oy/ZIeM Ha3bIBATH
Janee oOuIyro rpaHb nojaudapa BopoHoro, nonyueHHOTO B
pesynsrare pazouenus Boponoro—/lenone. Kaxmprii KOHTaKT
XapaKTepU3yeTCsl TUIIOM TTaphbl aTOMOB, PACCTOSTHIEM MEKTy
STHMHU aTOMaMH U IUIONIA/bi0 o0IIel Tpanu nonudapa Bo-
POHOTO.

Pe3ynbTaToM poBeIeHHOTO PA30NEHUS SIBISIFOTCS TaOIHIIbI
KOHTAKTOB MEXKY aTOMaMU aMUHOKUCJIOT U HYKJICOTUIOB, a
TaKXKe MEXIy Ooree KPyMHBIMU ITPOCTPAHCTBEHHBIMU CIIH-
HHUIIAMH — @MHHOKHCIIOTHBIMH OCTaTKaMH U HYKJICOTH/IAMH.
CIUCOK MCIIOIb30BaHHBIX B HCCIIEJOBAaHUU KOMILIEKCOB Oe-
nok-JIHK ¥ momHeie TabauIbl KOHTAKTOB MEKIY aTOMaMU
Oenka u JTHK npusenenst B punoxkenun'. Tlporpamma
JUIs TIOCTPOEHUS pa3OueHus HamucaHa Ha s3bike CH++, ee
MCXOJHBIN KO JOCTYTIEH I10 3alIpOCy aBTOpaM CTAThH Yepe3
IEKTPOHHYIO TIOUTY.

KondopmaunonHo-cradujibHble MENTUABI — KOPOTKHE
AMHWHOKHCIIOTHBIE TTOCIIEZI0BATEIbHOCTH, KOTOPbIE BKITIOUEHbI
B pa3In4HbIe OEIIKOBBIE ITOOYIIBI TPEUMYIIIECTBEHHO B OTHOM
KOH()OPMAIHOHHOM COCTOSTHHUH. METO/I0JIOTHS BBISIBICHUS
TaKWX MMOCIIEIOBATEIFHOCTEH N3IOkeHa B paborax (barsHos-
ckuit, Bmacos, 2008; batstHoBCcKuit 1 1p., 2009) 1 cBOomUTCS K
CpaBHEHHUIO KOH()OPMAIIMOHHBIX COCTOSIHUI 110 COBOKYITHO-
CTSIM JIBYI'PaHHBIX yIJIOB. [Ipy HANM4NHU MpenMyIIeCTBEHHOH
(6omnee 60 % Bcex ciaydaeB) TPyNITbl OIM3KUX KOHPOpMALUii
YTBEPXKJIAETCs HATNYKE KOH()OPMAIIMOHHON CTa0MIIBHOCTH Y
JIAaHHOM KOPOTKOH MOCIIEN0BATEIbHOCTH.

Ipenonpenenennsie koupopmanun. Kondopmannon-
HO-TIpeJjonpeiesieHHbIe KOH()OPMaIMK — 3TO JIOKAIbHbIE 00-
JIaCTH MONUIENTHIHOM 1enn Oernka, KoH(pOopMaIus KOTOPBIX
OIIPEAEISAETCSI KOHTEKCTOM, T. €. Y4aCTKaMH HOJUTICTITHTHOH
LIETH CIIPaBa U clieBa OT 3ol obnactu (Yporuuies u ap., 2015;
Topmma u ap., 2016). TUNHYHEIM TPUMEPOM TaKOTO poja
KOH(pOpManuii sBISIOTCS B-U3THObI MOIUIEIITHAHON IIETIH.
®dukcanysi 0CTaTKOB B-IINMUIBKHU, IPUMBIKAIOIINX K H3THOY,
PE3KO OTrpaHUYMBACT YUCIO KOH()OPMAIIMOHHBIX BAPHAHTOB
BCJIC/ICTBHE O0pa30BaHMUs IICEBIONMKIA. MeXaHU3M «HaBs-
3bIBAHUS) M3Fl/l6y, COCMHAIOMIEMY JIBa aHTHUIIApaJUICIbHBIX
B-Tsoxa, onpenenenHoN KoH(pOpMaK 00BSICHIET 00pa3oBa-
uue B-nzru6os I, I’ u I Tumos, a Taxxke f-uzruda I Tuma c
HAaIpsHKEHHBIM B CTEPEOXHMHUYECKOM CMBICIIE 3JIEMEHTOM.

T Cm. MpunoxeHue no appecy:
http://www.bionet.nsc.ru/vogis/download/pict-2017-21/appx12.pdf
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Pe3ynbratbl

B HacTosmei paboTte MBI TOCTaBHIIH LIENTb MOAPOOHO IpOaHa-
JIM3UPOBATh BECh UMEIOLIMNCS SKCIIEPUMEHTAJIbHbII MaTepy-
an o 6emnox-JIHK xommiekcam B moncKax 3aKOHOMEPHOCTEH
CBsI3BIBaHMS OCJIKOB JJIsl KaXI0M M3 OOPO3JOK pasIelibHO,
BBIJIENIASA O0IINE U YHUKAJIBHBIC YepThl B 000X cioydasx. Ha
MOMEHT TIPOBEACHUS UCCIenoBaHus B OaHke maHHEIX PDB
obL10 HaizeHo 3518 kommiekcoB Oemok-JIHK. Ha kaxmoi
cTaauu aHaJiu3a 6I)IJ'II/I BBISIBJIICHBI MEKATOMHBIC BBaHMOHCﬁ-
CTBUSI, OTBETCTBCHHBIC 32 CIENU(DUICCKOE PACIIO3HABAHHE
(pacrmo3HaBaHHE MOCIICIOBATCILHOCTH HYKICOTHIOB), U CJIC-
JIAHO 3aKJIFOYEHUE B TIOJIB3Y WIIH MPOTHUB CYIIECTBOBAHMSI TO-
JOOMS KO/la y3HABAHUS HA YPOBHE B3aMMOJICHCTBHS aTOMOB
WA MOHOMEPOB HYKJICHHOBBIX KHCJIOT U OCJIKOB.

Ha puc. 1 mokazano pasjeneHue aToMOB HYKJIEMHOBBIX OC-
Hosauuit JIHK Ha Oombryro u Mamyto 60po3nku. B 6ombmryio
60opo3aky BerxoasaT aroMbl N9, C8, N7, C5, C6, N6 ajieHuHa,
N1, C6, C5, C8, C4, O4 tumuna, N9, C8, N7, C5, C6, 06
ryanuHa, N1, C6, C5, C4, N4 muro3una. B maryro 60po3axy
BbIxOAT atoMbl N9, C4, N3, C2, N1 anenuna, N1, C2, 02, N3
tumuHa, N9, C4, N3, C2, N2 ryanuna u N1, C2, O2 niuro3una.
3amerum, 9to atoMbl N9 ageHnHa W ryaHHHA M aToMbl N1
TUMHWHA U IIUTO3UHA MOTYT BBIXOJUTH KaK B MAITy0, TaKk U B
GompIIyI0 60pO3IKY (CM. puc. 1), OHAKO TPEXMEPHOE CTPO-
enue mosekyisl JJHK TakoBo, 4To 3T aroMbl HE HOCTYIIHbI
JUTS KOHTAKTa CO CTOPOHBI MaJiolt 0opo3aku. Takum 00pazom,
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Fig. 1. DNA atoms of the major and minor grooves: a, AT pair; b, GC pair.

Arrows indicate atoms that are donors and acceptors of possible hydrogen
bonds.
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total protein composition.

Table 1. Contacts of sidechain and backbone atoms of proteins with major and minor groove atoms, deoxyribose,

and phosphate groups of DNA*

Protein atoms DNA atoms

* Based on 3518 protein—-DNA complexes.
** parenthesized are the percentages of the total number of contacts.

deoxyribose phosphate
145773 (11.2) 108173 (8.6)
444666 (33.6) 246468 (19.5)

Table 2. The number of contacts of arginine atoms with minor groove DNA atoms

calculated on a sample of 3518 protein-DNA complexes

Protein DNA base atoms Total
atoms DA 4 DAN3 DAC2 DANI DTN3 DT.O2 DT.C2 DG.C4 DGN3 DGC2 DG N2 DC_O2 DCC2
ARG_C11419 ............. 8 ............. 3 ............. 24 ............ o .............. 2 .............. 6 .............. 0 ............. 1 927 .............. 0123 ......
BT S P e P PR S S 0 wo T pri
ARGCB .......... S 205172 ........... 32 ........... 45 ........... 246 .......... 52 ............ S 427”0151 ............ T 1135 ......

ARGCD .......... 65 ........... 463 ....... 278 ........... 61 ........... 64 ........... 424 .......... 45 ............ 44157 ............ 81 .......... 266 .......... 26579 .......... 2292 ......

ARG_CG .......... 28 ........... 245173 ........... 36 ........... 54 ........... 268 .......... 44 ............ 65 ............ 97 ............ 52133141 ............ 30 .......... 1366 ......

ARG_CZ .......... 36 ........... s 62 ........... 87 ........... 310 .......... PEa 64157 ............ 35 .......... 300193 ............ 28 .......... 1819 ......

ARG_N .............. 71631401210127 ............ 5 .............. S 26 ............ 25 ............ 64 ............ 6712 ............ 665 ......

ARG_NE .......... 79 ........... 353 ....... 241 ........... 75 ........... 94 ........... 353 .......... 85101 .......... 209 ............ 77 .......... 290 .......... 272 ............ 99 .......... 2328 ......

ARG_NH1 ...... 253 ......... 1263 ....... 949120167 ......... 1137184190 .......... 605134 .......... 799 .......... 731133 .......... 5715 ......

ARG_NHz ..... 207 ......... ”32 ....... 872 ........... 97 ......... 231 ......... 1415161188 .......... 645125 .......... 988 .......... 958183 .......... 7202 ......

ARG_o ............ 25 ............. 75 ......... 70 ........... 29 ........... 28104 .......... S 39 ............ s 57”0 .............. 5 ............ 651 ......

Gray filling indicates contacts of guanidine nitrogen atoms.

KOHTAKTBI 3THX aTOMOB MOT'YT OBITh OTHECEHBI TOJIBKO K O0JIb-
11101 60po31Ke. ATOMBI 1€30KCHPU003bI U POCHATHON IPYIIIIBI
ToJlaraeM OJMHAKOBBIMH JUIS BCEX HYKJICOTH/IOB.

Jnst Hauana ciaeayeT yHoMsiHy Th, YTO 00JIaCTH CBSI3bIBAHNUS
6enok-/IHK oborarieHbl MojgoKUTENTHHO 3apsyKEHHBIME apTU-
HHUHOM, JIN3HHOM U THCTHAWHOM ¥ 00pa3yIOLIMMH BOAOPO/I-
HBIE CBSI3M aclaparnHOM, CEpUHOM, THPO3UHOM, B TO BPEMs
KakK coziepKaHKue OTPHULIATEIbHO 3apsKEHHBIX U THAPO(GOOHBIX
AMHHOKHUCIIOT OHMKEHO (puc. 2). Takyke MOYKHO BUIETH, 9TO
HaOJIIOIAfOTCS Pa3IniMsl B aMUHOKHCIIOTHOM COCTaBe o0Ia-
CTeii B3aUMOJICUCTBHsI OCITKa C OOJIBIIION U MAJIOH OOPO3IKOMA.
Hamubomnee sipxo 3T0 paznmuue HAOMIONASTCS IJIsI CEpUHOB U
TPEOHNHOB, KOTOPBIX MHOTO B OOJIBIION OOpO3/KE M cylie-

890 VavilovJournal of Genetics and Breeding - 2017 - 21+ 8

CTBEHHO MEHBbIIIEC B MaJIoOW. THPO3MH M aprUHUH, HAIIPOTHUB,
Yare BCTPEYatoTCs B Majioi 60po3/ke, 4eM B OOJIbIION.
MBI pa3fenuian BeCb MacCCUB KOHTAKTOB MEXIY aTOMaMu
6enkoB n JIHK Ha Tpm Kareropmu: KOHTAKTHI C aTOMaMH
HYKJICHHOBBIX OCHOBaHHH 110 OOJIBIIION OOpO3/Ke, 10 MaJIoit
0G0po3IKe M KOHTAKTHI ¢ aTOMaMH caxapodocdaTHoro octoBa
JIHK. CornmacHo 1oy4eHHbIM JaHHBIM, OOJIbIIIAst YaCTh KOH-
takToB (53.1 %) oOpasyercst MeXay aroMamMH OOKOBBIX pa-
JTUKAJIOB aMHHOKHCITOT Oemka 1 caxapodochaTHEIM 0CTOBOM
JIHK. KoHTakThl O0KOBBIX paJiKaIoB aMHHOKHCIIOT Oelka ¢
aroMaMU HYKJICMHOBBIX OCHOBaHHﬁ, BBIXOAAIINX B 60p03HKI/I
JHK, cocrasnsitor 14.4 % B Oombmioit 6opo3ake u 8.3 % B
Masoil (OT BCEX aTOMHBIX KOHTAKTOB). ATOMBI OCHOBHOM

Structure and interaction of macromolecules
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Table 3. The most frequent contacts of protein atoms with atoms of the major and minor grooves and of the sugar-phosphate backbone

Major groove Minor groove Sugar-phosphate backbone
Protein Number Protein Number Protein Number
atom type of contacts with DNA atom type of contacts with DNA atom type of contacts with DNA

For each type of atoms, contacts totaling over 50 % of the contacts of the type are shown.

LIeMH TaKkKe 00pa3yroT koHTakTel ¢ JIHK, ogHako B MeHbIIEM
konmuiectBe (Tadm. 1).

YacTtoTa KOHTaKTOB aTOMOB B 60/bLLON, Manol 60po3aKax
1 ¢ caxapodocpaTHbIM OCTOBOM

MeI monaraeM, 9To BCE KOHTAKTHI MOKHO pa3leiiTh Ha JIBa
KJ1acca: Creu(uIecKue KOHTAKThl, 00CCIICUNBAIOIINE KITFOUYE-
BbIC B3aUMOJICHCTBHS, M HECTICITU(pHUECKIE, 00pa3yIoIuecs
BCJICZICTBHC IPOCTPAHCTBEHHOTO COIMKEHUS aTOMOB, PACIIO-
JIO)KEHHBIX BOJIM3M OT aTOMOB, YYaCTBYIOLIHX B Crienuduie-
CKUX KOHTakTax. Hampumep, mpeactaBum cedbe BOTOPOIHYIO
(WM MOHHYIO) CBSI3b MEXy atoMoM Oernka 1 aromoM JIHK
B caiite B3aumojeiictBus. Pazouenue Boponoro—/Jlenone
«YBUAWT» B TaKOW CHUTYaIlMH KOHTAKT MEXIY dTHUMHU IBYMS
aromamu. B To xe Bpems pa3ouenune Boponoro—Jlenone BbI-
SABUT MHOI'O APYTHUX KOHTAaKTOB, O6p330BaHHI>IX COCCAHUMMU 110
cTpykType atromamu 6enka u JJHK BciencTBre nx cOmmkeHns
B ipocTpaHcTBe. [IycTh 3Ta BomopomHas (MOHHAs) CBS3b Oy-
JIET B3aMMOJCUCTBHEM «CHEeUU(UUECKUMY, YIaCTBYIOIINUM
MMEHHO B pacrio3HaBanuu caita JIHK, Torna pasouenmnem
Boponoro—/IenoHe MBI IoTy4aeM CMeCh «CIEIU(PUICCKUX» U
«HecneuupHUIecKuX» KOHTAKTOB. B ciydae npruMeHeHus Me-
TOZIa OTIPE/ICTCHNUS KOHTAKTOB MEXKAY aTOMaMH 110 KPUTEPHUIO
PaCCTOSTHUS CUTYAIU eIIIe CHIIbHEE YXYAIIACTCs, TOCKOIBKY

CprKTypa 1 B3aumogencTeune MaKpomoneKkyn

JIOTIOJTHUTEIBHO BO3HHKAET HEONPEIeNEeHHOCTh, BbI3BaHHAS
HETOYHOCTBIO U CMIIBHOM 3aBUCUMOCTBIO PE3YIBTAaTOB OT BbI-
60pa BeITMYMHBI KPUTHYECKOTO PACCTOSHUSI.

PaccMoOTprM KOHTAKTBI aTOMOB AMUHOKHCIIOTHI apTMHIHA,
4 UIMEHHO KOHTAKTBI 3TOM aMUHOKHUCIIOTBI C aTOMaMH HYKIIEH-
HOBBIX OCHOBAaHHH, BBIXO/SIIMX B MAITYIO O0OpO3/IKY (Tabdu. 2).
W3 tabin. 2 BUaHO, 4TO OOJIbIIAs YaCcTh KOHTAKTOB (65.6 %)
o0pasyeTcs ¢ ydacTHeM aTOMOB a30Ta T'yaHUAMHOBOM IPYTIITBL.

Takum 00pazoM, MOXXHO CUNTAaTh KOHTaKThl aTOMOB a30Ta
NH1 1 NH2 ryanuiuHoBOi#1 rpymibl HanOosee 3HaYNMbIMH,
a KOHTAKTbI IPYTHX aTOMOB aprMHUHA BTOPUYHBIMH, 00pa-
3YIOIIUMHCS BCIECICTBHE MTPOCTPAHCTBEHHOTO COJVKCHHS
aromoB a3ota NH1 u NH2 ryanuinHoBo# rpymnIiel cO CBOUMU
aTOMaMHU-MHUIIECHSIMU.

PaccmarpuBast KOHTAKTBI Kaxk10i aMUHOKHUCIIOTBL, MOXKHO
BBIJICIIUTH JJIsl Hee HanboJsiee BaKHbIE aTOMbI, 00pa3yolue
MHOTO KOHTAaKTOB. TakuMm ke oOpa3oM, BBIIEIAS Hanboiee
4acTO KOHTAaKTHPYIOIIUE aTOMBI, MOKHO pacCMaTpUBAThH
arombl JJHK. Pesynbrar Takoro qBoiiHOro oT00pa MpUBEACH
B [Ipmioxxenunu.

Kpome Toro, Mel oToOpanm Hanbosiee 4acTo KOHTaKTUPY-
IOIIME aToMbl Oellka B KaKIOH M3 TPEeX paccMarpuBacMbIX
KaTeropuii KOHTakToB (Tabm. 3). [y Bcex KaTeropuii moiry-
YHJIOCh, YTO HanOoJee 4acTO KOHTAKTHUPYIOT aTOMBI a30Ta
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Fig. 3. The total number of contacts and the accessible surface area of the (a) major and (b) minor groove atoms.

The solid line shows the area of the accessible surface, and the dotted line shows the number of contacts formed by the atoms. The DNA bases facing the major

groove are arranged in accordance with their order in the spatial structure.

I'YaHWIMHOBOMW TPYNIIbI apTMHUHA ¥ aMUHOTPYIIIIBI JIM3HHA,
TaKoKe CIISYeT OTMETHTh AaTOMBI aMHJHOU TPYIIIIBI acIiaparu-
Ha ¥ yTamMyHa. B 0osp11oit 60po3zake 4acTo KOHTAKTHPYIOT
THJIPOKCUIIBHBIE TPYIIBI CEpUHA, TPEOHHHA, TUPO3UHA U
aTOMBI KapOOKCHIIBHOM I'PYIITBI [Ty TAMHHOBOI KHUCIIOTBL.

B marnoii 00po3ake 9acTo KOHTAKTHPYET THAPOKCHIIbHAS
rpyIia THPO3UHA, HAOII0AAaeTCs TakxKe OOJIBILIOE YHCIIO KOH-
TaKTOB ¢ THAPO(oOHBIMU aTOMaMH (heHHUIIaTaHWHA, JISHITNHA,
BaJIMHA, M30JICHIINHA, alaHnHa, miuHa. C caxopodocdar-
HBIM OCTOBOM 4aCTO KOHTAaKTUPYIOT aTOMbI apTMHUHA, JIN3UHA,
CepHHa, TPEOHHHA, NIUINHA, TTTyTAMHHA, IPHYEM KaK aTOMBI
MOJISIPHBIX TPYII, Tak U TUApoQoOHbIe (CM. Tabm. 3).

CpaBHeHMe YacToTbl KOHTaKTOB

C nyiowWwaabio AOCTYNHON MOBEPXHOCTU

ans atomoB [1HK 6onbLuon n manoi 60po3gok

M5!I IpoaHaIH3MUPOBAIIH, HACKOJIIEKO COOTBETCTBYET YacTOTa
koHTakTOB ¢ atomamu JIHK, BeIxomsmmu B 0ONBIIyIO U
MaJtyto OOpO3/KY, TOCTYITHOCTH 3THX aTOMOB PACTBOPUTEITIO
(puc. 3).

CpaBHEHHE TOKA3aJI0, YTO, HECMOTPSI Ha OYCHb XOPOIIIee
COOTBETCTBHUEC KOJIMYECTBA KOHTAKTOB U IIJIOIIa AN IlOCTyHHOﬁ
nmoBepxHOCTH (K03 urnentsr koppemsuuu 0.94 u 0.93 s
aTOMOB OOJIBIIION ¥ MaJIOW OOPO3TOK COOTBETCTBEHHO), HE-
KOTOPBIC aTOMbI 00pa3yroT 0OJIbIlle KOHTAKTOB, Y€M MOYKHO
OBLTO OBI OKUAATH W3 TUIOIIA M JOCTYITHOM TOBEPXHOCTH. DTO
arombl kuciopona u azora DA N7, DT _04,DG_N7,DG_06,
BBIXOJISIIIIKE B 00JIbIITYI0 00p03iKy, M atombl DA N3, DT 02,
DG N3,DC 02, Berxoadiize B MaIyro 60po3aky. s Takux
aTOMOB TIPEBBIIIICHUE MOXKET OBITh OOJIee YeM JIBYKPATHBIM

892 VavilovJournal of Genetics and Breeding - 2017 - 21+ 8

(cm. puc. 3). Aromel caxapodochaTHOro 0CTOBa U yIIICPOIbI
KpaeB OCHOBAHHA, BBIXOMSIINX B GOPO3IKH, HE TIPOSIBIISIOT
moj00HON TeHaeHIMHU. ECTEeCTBEHHO MPEANOI0KHUTh, YTO
HaOJromaemMast KapTHHA CBSA3aHA C BOSMOYKHOCTHEO MITH HEBO3-
MOKHOCTBIO 00pa3oBaHMsT BOMOPOIHOM CBSI3H.

KoHdopmauoHHO-cTabubHble NenTugbl

B KoMmnnekcax 6enok-AHK

AHanu3 pacronokeHust KOH()OPMaIMOHHO-CTa0MITFHBIX ITeTI-
tuoB B cTpykrype JJHK-cBs3piBatomunx OenkoB mokasal,
YTO TaKWe TENTHIBl BCTPEUAIOTCs B PAa3HBIX MecTax Oenka,
a TaKKe B YYaCTKaX B3aMMOJCUCTBHUS MEXKIY OCIKOBBIMHU
CyOBbCIMHUIIAMH B COCTaBE OEJIKOBOTO KOMILJICKCA M B 00J1aCTH
B3anmopeiictus ¢ JIHK. Ha puc. 4 nmpusenen npumep pas-
METKH KOH(POPMAIMOHHO-CTaOMITFHBIX MIETITHIOB B CTPYKTYPE
komiuiekca oenok-JIHK (1a02).

Bormpoc pacnonoxerust KOH()OPMAITMOHHO-CTa0MITHHBIX
MenTUI0B B oOnactu B3ammoneiicteus ¢ JJHK u ux ponu B
pacnio3naBanuu JIHK tpeOyeT Oosee moapoOHOTO naibHEi-
IIIeTO aHaJIH3a.

B3anmopencTBus octaTtkos

B NpeponpeaeneHHon KoHpopmauun ¢ JHK

B uzyuennsix xommiekcax 6enox-JJ{HK Oputo BeIsiBIEHO
159 aMHHOKHCIOTHBIX OCTaTKOB B MPEAONPEAETICHHON KOH-
tdopmanmu B-nzruda tuma I, 15 ocratkoB B KoH(opManuu
B-n3rnba tuma I', 6 ocraTkoB B KoH(popMmanuu -nsruda
tuna II. OcrarkoB B koH(popManuu B-u3ruda tuna 1’ HalineHo
He Obu10. Beero 6b11 00HApY)eH 91 MeKaTOMHBIN KOHTAKT
MEXy aMHHOKHCIIOTAaMH B TIPEONPEICIICHHON KOH(opMa-

Structure and interaction of macromolecules



B3saumopgeincteua 6enok-AHK: ctaTuctuuecknin aHanus
ME>KaTOMHbIX KOHTAaKTOB B 60/bLUION 1 Manoi 60po3aKax

2017
218

A.A. AHalwKuHa, E.H. Ky3Heuos, A.B. bataHoBCKMi
J1.A. Ypouwnes, B.I. TymaHsaH, H.I. Ecunosa

Fig. 4. Structure of the complex of DNA-binding domains of proteins
NFAT (blue), FOS (pink) and JUN (red) with DNA (green and dark-green)
(Protein Data Bank accession 1a02). Conformationally stable peptides are
shown in yellow.

uuu ¥ aromamu JJHK: 72 tuma I u 19 tuma I1. TToutn Bce
9TH KOHTaKThl 00pa3oBaHbI ¢ aToMaMu caxapogocharHoro
ocrosa JIHK. KoHTakThI c aTOMaMM HYKJIEMHOBBIX OCHOBaHMH
HalJIeHbI TOJIBKO B IByX TOMOJIOTHMYHBIX CTPYKTypax 3qea u
3qe9 (34 koHTakTa). B 3THX CTpyKTypax 0cTaTok TPEOHNWHA B
npeonpeeaeHHoi koHdopmarmu [ Thna B3auMoencTByeT ¢
aToMaM¥ HyKJIenHOBBIX ocHOBaHMU AT mapsr (puc. 5).

Takum 00pa3oM, aMUHOKHCIIOTHBIE OCTAaTKH B IPeIoNpeie-
JIeHHOW KOH(OpPMal¥ OCHOBHOM IIETIM MOTYT IPHUHUMATH
yuactue Bo B3aumozeiicrsuu ¢ J{HK, onnako yactora Takux
COOBITHH TOCTAaTOYHO Maja.

O6¢cyxpeHue

MO’KHO HaJIeSITBCS, YTO BBISICHEHHE IPUHIINTIOB CIIenudude-
ckoro pacrnio3HaBanus caiitoB JIHK B nepcrniektuBe oTkpoer
MyTh K YNPaBICHUIO BAXHEHIINMHU MPOIECCAMH B JKHUBBIX
cucremax. O4eBUHBIM METOIUYECKUM TTOIXOA0M JUIS UCCIIE-
JIOBAHUH B paMKaX TO# MPOOJIEMBI SIBJISICTCS aHAJIN3 YKCIICPH-
MEHTAJILHO ONPE/IETICHHBIX CTPYKTYP OSJIKOBO-HYKJICHHOBBIX
KOMIUTIEKCOB. Panee Hamu Obuta co3jaHa mporpamma Juis
MOCTPOEHHUS [TPOCTPAHCTBEHHOTO pa3zduenust Boponoro—/le-
JIOHE Ha CHCTEME TOUEK, COOTBETCTBYIOIIIX PACIIOIOKEHUIO
aromoB B Komrutekcax Oenok-J{HK (Anashkina et al., 2007).
B pamMkax 3TOro 0THO3HaYHOIO MaTEMAaTHYECKOTO IIOCTPOCHHUS
KOHTAKTHPYIOIINE aTOMBI OIPENIEIISIOTCS KaK COCEAHUE Bep-
MIMHBI pa3oueHus /lenoHe Wik Kak aToMbI, UMEIoIIHe 001Iue
IrpaHy NONIKU3IPOB BopoHoro HeHysneBo miomanyu. Bo Bcex
paboTax ApyTrux UcCIeoBaTeNel ONpeaeIeHne KOHTAKTUPY-
IOLIUX aTOMOB ITPOBOJUTCS HA OCHOBE KPUTEPHUS PACCTOSHHUS.
OpHako, Kak MOKa3aHO HAMU paHee, 3TO BEAET K CUCTeMaTH-
YECKHMM OIMOKaM: HEIOOTIPEICTICHUIO YNCIia KOHTAKTOB TIPH
BBIOOPE HEJJOCTATOYHO OOJBIIOTO KPUTHIECKOTO PACCTOSIHUS
U TIEPEOTIPEISNICHUIO YK CiIa KOHTAKTOB ITPU BBIOOPE CIIUIIIKOM
00IIBIIOTO KPUTHYECKOTO paccTossHUA. B mocneanem ciryuae
(hakTH9IECKN MEXK/Ty BBIJICIICHHBIMI KOHTAKTHPYOLIMMH aTo-
MaM{ MOXKET HaXOAUTHCS OJJMH aToM miu 6osiee. OCOOEHHO
TPYAHO KOHTPOJIMPOBATH BXOXKICHUE MOJIEKYITBI BOJIBI B TAKOH
UCKYCCTBEHHO YBEJIIMYEHHBIN KOHTAKT.

CprKTypa 1 B3aumogencTeune MaKpomoneKkyn

Fig. 5. The T120 residue in a predefined conformation of the type |
{3 turn forms contacts with the nucleotide bases of the AT pair in the 3qea
structure.

B nocnennee BpeMst 0OCHOBHOE BHUMAHUE UCCIIEI0BATEIEH
o0pareHo Ha U3y4YeHHE OTACIBHBIX CEMEHCTB PACTIO3HAIOIINX
JIHK 6enkor. Hareit 3aaueii ObL10 BKJIFOYHUTH B PACCMOTPE-
HHE BCIO COBOKYITHOCTb UMEIOIINXCS IAHHBIX C IIEJBIO MOy~
YEeHUS XapaKTEPHCTHK, OOIMINX JUIS Pa3sHbIX PACIO3HAIOUIINX
CXeM, IPUYEM CyMMHPOBaHHKE JJAHHBIX COITPOBOXKIAJIOCH (-
(hepenmmanueit mo 6oposzakam. AHamorndHas padora Obuia
npozesana B cBoe Bpems TopHTOH ¢ coaBropamu (Luscombe
et al., 2001), HO cTaTUCTHKA B3aUMOJICHCTBHI OTIEIBHO IO
60opo3aKaM UMH HE paccMaTpuBajiack. B mutupyemoii pabore
6110 nccnenoBano 129 kommiekcos 6eok-/IHK, B To Bpems
Kak B Hailei pabote — 3 518 komrutekcoB. [jis usyuenust Obuiu
otoOpans! Bce nMeroruecs B PDB Ha BecHy 2017 1. KoMITIek-
col Oenok-JIHK. Mbl mpoananu3upoBaiy KOHTAKThl MEXKITy
aromamu Oeika u JIHK B crpykrypax 6emok-/IHK xomriekcos
MeTonoM Boponoro—/lenoHe, 4TO MO3BONMIO UCKIIOYUTH
HeTpsIMbIE B3aNMOJICHCTBUSI, KOTOPbIE OOBIYHO MOMA/IAloT B
I10JI€ 3p€HUS ITPHU UCTIOJIB30BAHUU KPUTCPUA PACCTOAHMS, TEM
CaMbIM «3alTyMJIsh» KapTuHy. B peanonoxkenu, 4ro cyte-
CTBYIOT cHIELIM(pUUECKIE KOHTAKTBI, YIIPABJIAIOIINE PACTIO3HA-
BaHHEM, U Hecrnenupuueckre, o0pa3yroIIruecs: BCICACTBUC
COMMKEHNST aTOMOB B TIPOCTPAHCTBE, MBI BBIACIMIIN HanOoIIee
4yacTo KOHTakTHpyomue aromsl Oenka u JIHK. Tak, nanpu-
MEP, KOHTAKTbI BCETO JIMIIb TPEX aTOMOB a30Ta FyaHH)IHHOBOﬁ
TPYTITBI apTUHIHA 00Pa3yroT ¢ caxapodochaTHBIM 0CTOBOM
10.9 %, ¢ manoii 6oposakoit 15.1 % u ¢ 6ombIoit 60pO3IKOI
16.2 % KOHTaKTOB OT OOIIEro 4YHcia KOHTAKTOB B KaXKIOH
KaTeTOPUH COOTBETCTBEHHO (CM. Tabm. 3).

Hamm BeIUMCIIEHHS TIOKA3aIH, YTO TPHU JECSATKA THIIOB
aToMoB 13 13 aMUHOKHUCIIOT 00pa3yroT 6osee S0 % KOHTAKTOB
BO BCEX TPEX KaTeropusaxX KOHTAKTOB: TT0 OONBIIOH OOPO3AKe,
1o MaJiol 60po3nke u ¢ caxapodocdaTrHbIM OCTOBOM (CM.
Ta0:1. 3). MBI IPUIILIA K BBIBOILY, YTO YUCIIO KOHTAKTOB aTOMOB
HYKJIEOTH/IOB C aTOMaMH O€JIKa XOpOII0 KOPPETUPYET C IIII0-
IabI0 JOCTYITHOW MOBEPXHOCTH (KOI(DPHUIIMCHT TNHEHHOM
KOppeJsinuu 1o ooskioii 6oposake 0.94, no manoit — 0.93).
Opnako s atomMoB Kuciopona u azota DA N7, DT 04,
DG N7, DG_0O6, BeIxoAsmux B 00NbIIyI0 OOPO3IKY, U
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atomoB DA N3, DT 02, DG_N3, DC_ 02, BbIXoIsumx B
Malyto 00pO3Ky, T0Ka3aHO, YTO OHM KOHTAKTHUPYIOT Yalle,
YeM MOYKHO OXKHMIATh UCXO/1s M3 TUTOLIAIN TOCTYITHOM ITOBEPX-
HocTH. JIJIsl TAKMX aTOMOB MPEBBIIIEHHE MOXKET OBITH OoJiee
4YeM JIBYKpPaTHBIM (CM. pHC. 3). DTO aTOMBI KHCIIOpO/Ia 1 a30Ta
HYKJICHHOBBIX OCHOBAHHH, BBIXOAAIINE B MATYIO M OOJIBIIYIO
00po3Ky 1 criocoOHbIE K (POPMUPOBAHHIO BOJIOPOIHBIX CBS-
3eif, Oymydn TOHOpaMH /WM aKIENTOPaMH TaKUX CBS3EH.

Uro kacaeTcs poiau KOH(POPMaMOHHO-CTAOMIIBHBIX TTIeH-
0B B crpykrype JJHK-cBsi3piBatommx OeskoB, TO 1Mo Ha-
M HaOJTIOIEHHSAM TaKHe NENTHABI JOCTaTOYHO YacTO BCTpe-
YaroTCsI B pa3HbIX MecTax Oelka, a TAK)KE B yJacTKaxX B3aHMO-
JIeHiCTBUS MeX/y O€JIKOBBIMU CYyOBEJIMHHUIIAMH B COCTaBE
OCJIKOBOTO KOMILIEKca U B o01acTu B3anmozeiicteus ¢ JIHK,
470 TpeldyeT Ooee moapoOHOTO aHAIH3A.

AHann3 aMUHOKHUCIIOTHBIX OCTaTKOB B IIPEOTPEIETICHHON
KOH(OPMAITK OCHOBHOH IIEIH ITOKA3aJI, YTO 3TH OCTaTKH MO-
ryT IPUHUMATh yuacTue Bo B3aumozaenctsuu ¢ JIHK, onnako
4acToTa TaKuX COOBITHI HocTatouHo Mana. [lonyueHHbie B
paboTe JaHHBIC MOTYT OKa3aThCsl MOJIE3HBIMHU, B YACTHOCTH,
JUISl TIPOEKTHPOBAHUSI PEKOMONHAHTHBIX OCIIKOB, PacIio3Ha-
fomux nocienoareinbHocTh JTHK.
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CuncremHas 6ronorna Yenoseka u *KMBOTHbIX ﬂ
OB30P/REVIEW

BaBunoBcKui xxypHan reHeTukn n cenekummn. 2017;21(8):895-902
DOI 10.18699/VJ17.310

MHTepHeT-IOCTYIIHbIe MH(POpMAalMMIOHHbIE PEeCYPChI
I10 TeHHbBIM CEeTSIM, BKJIIOUaloIlyie JaHHbIe
I10 YeJIOBEKY U >KIIBOTHBIM

E.B. UrnatbeBal 2@, A.A. Apounnkosl’ 2, H.A. Koayanos! 2

T depepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTATYT LIMTONOTUM 1 reHeTuKi CUBUPCKOro oTAeneHus Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccusa
2 HoBocnbrpcKmii HaLoHanbHbI NCCe[oBaTeNbCKUIA FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCM6MpCK, Poccnsa

[eHHble CeTn — 3TO MOJIeKYNAPHO-TeHeTNYeCcKne cMcTeMbl, obecneum-
BatoLme GopmMmpoBaHrie GEHOTUMMNYECKUX XapaKTePUCTUK OpraHm3-
MOB (MOMEKYNAPHbIX, BUOXMMUYECKIMX, CTPYKTYPHbIX, MOpdonormye-
CKUX, MOBELEHYECKUX U T. 1) HA OCHOBE MHOPMALIMK, 3aKOANPOBaH-
HOI B UX reHOMaXx. PeKOHCTPYKLIMA reHHbIX ceTeln obecneunBaeTt MeTo-
[MYECKylo OCHOBY COBPEMEHHOI CUCTeMHOI 6ronorun. bonbuiyio
LieHHOCTb NpeacTaBnseT uHbopmaLusa o CTPyKTypHO-YHKLMOHANb-
HOI OpraH13aLy reHHbIX CeTel, HaKOMeHHas B COBPeMeHHbIX 6a3ax
[aHHbIX. B HacToALleM 0630pe NpefcTaB/ieHa XapakTeprcTmka MHTep-
HeT-AOCTYMHbIX MHGOPMALIMOHHbIX PECYPCOB, OPUEHTNPOBAHHDBIX Ha
yenoBeKa 1 >KMBOTHbIX 1 COAepKaLLyX AaHHbIE MO reHHbIM CETAM U

1x GyHKLVOHaNbHbIM MOAYNAM. He npeTeHays Ha MOMHOTY OoXBaTa
abCoMOTHO BCeX MHGOPMALIMOHHBIX PECYPCOB, COAEPXKaLLVX AAHHbIE,
OTHOCALLMECA K YEeSIOBEKY 1 XKUBOTHBIM MO 3TON TemMaTrKe, Npeasio-
YKEHHbI 0630p CO3[aH AnA TOro, UTo6bl OLIEHUTb COBPEMEHHOE COCTO-
AHVE Npobnembl, a TakKe NPeACTaBUTb KPUTEPUM, COFIACHO KOTOPbIM
LieniecoobpasHo OLEeHNBaTb NONE3HOCTb MHGOPMALIMOHHbIX PECypCcoB
LA KOHKPETHbIX UCCNIefoBaTeNbCKMX 3aaad. Micxoas 3 sToro Hamu,
BO-MepPBbIX, Oblla chOpMMpPOBaHa 1 OXapaKTepr3oBaHa noabopka 6a3
[aHHbIX, COfepKalLnX CBeAeHNA O METaboNMUYECKUX N CUTHANbHBIX
nyTAX, a TaKkXKe 0 NyTAX perynaummy 61onormieckux NpoLeccoB Ha Ke-
TOYHOM U OpraHM3MeHHOM YpPOBHsX. Bo-BTOpbIX, B KauecTBe npumepa
OnKCaHbl HECKOMbKO U3BECTHbIX 6a3 JaHHbIX MO MEXMOSEKYNSAPHBIM
B3aMMOZENCTBUAM Pa3fiMyHbIX TUMOB. B 0630pe paccmaTpuBatoTcs
cnefyolme xapakTepucTuky 6as faHHbIx: 1) TUMbl HAKOMIEHHON UH-
dopmauuu; 2) cnocobbl NpefcTaBneHns MHGopmaumy; 3) cnocobbl Ha-
NnonHeHna 6a3 AaHHbIX; 4) OCHOBHbIE NCTOUYHMKIM MHPOpMaLuu; 5) npo-
rpaMMHble CPeACTBa, MO3BONALME OCYLLECTBATb NOVCK 1 aHanwm3
JaHHbIx. ConocTaBneHne nepeUncyieHHbIX XapakTeprcTuK nokasarno,
UTO PACcCMOTPEHHbIE 6a3bl JaHHbIX OUYEHb reTepOreHHbI Mo TeMaThKe,
NCTOYHMKaM, TUMaM 1 Crocoby npefcTaBneHns MHGopmaLmm, a Takxe
MO BO3MOXXHOCTAM GOPMMPOBATL 3aMpOoChl 1 aHaNIM3MPOBAaTb AaHHbIE.
[lenaeTcs BbIBOA O TOM, UTO 0 Hayasna PEKOHCTPYKLMM FTEHHOMN CeTu
onpeAeneHHOro 6MoNOrMYecKoro NPoLIeCcca OYeHb BaXKHO NMETb
npeacTaBieHne 0 MakCMMarnbHO MOJTHOM Habope MHPOPMALIMOHHbIX
VNCTOUHVIKOB, 3 KOTOPbIX MOXeET B6biTb B3ATa HopmMauus. Nprisene-
Hbl NPYMepbl Be6-NOPTaNoB, aKKyMyMpYOLUX cBeAeHUs o 6a3ax
[aHHbIX 1 MHGOPMALIMOHHBIX pecypcax, KOTopble MOryT ObiTb Moses-
Hbl 1151 PEKOHCTPYKLMY 1 @aHaNM3a FeHHbIX CeTel.

KntoueBble cnoBa: cuctemHasn 6uonorus; 6a3bl JaHHbIX; FTeHHble CeTu;
WHTepHerT.
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Online resources on gene
networks containing human
and animal data
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T Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

Gene networks are molecular genetic systems that en-
sure the formation of phenotypic characteristics of or-
ganisms (molecular, biochemical, structural, morpho-
logical, behavioral, etc.) based on information encoded
in their genomes. Reconstruction of gene networks
provides a methodological basis for modern systems
biology. In this regard, the information on the struc-
tural and functional organization of gene networks
accumulated in modern databases is extremely valu-
able. This review characterizes a number of Internet-
accessible information resources oriented to humans
and animals and containing data on gene networks
and their functional modules. Without pretending to
fully cover all information resources containing data
related to humans and animals on the subject, the
current review was created to report the current status
of the problem and to present the criteria according
to which we propose to evaluate the utility of web-
resources for specific research tasks. On this basis, we
compiled and characterized a collection of databases
containing information on metabolic and signaling
pathways, as well as pathways of regulation of biologi-
cal processes at the cellular and organismal levels. In
addition, we observed the characteristics of several
well-known databases containing data on interactions
between biomolecules of various types. The following
characteristics of databases were considered: (1) the
types of information accumulated in the databases;
(2) methods of data presentation; (3) methods of data
collection; (4) data sources; (5) special search tools and
options for data analysis. A comparison of the above
characteristics showed that the databases are very
heterogeneous according to their scopes, sources and
types of data, interfaces, as well as according to their
search options and data analysis tools. It was conclud-
ed that at the first step of the gene network recon-
struction it is important to form a full set of informa-
tion resources from which the data can be obtained.
The web portals accumulating information about the
databases that may be useful for the reconstruction
and analysis of gene networks are specified.

Key words: systems biology; databases; gene networks;
Internet.



Py U3YYCHHUU T'€CHECTUYCCKUX MCXAaHU3MOB PETYIALINU

MOJIEKYISIPHO-OMOIOTHYECKHUX MPOILECCOB B COBpE-

MEHHOH OMOJIOTHUECKOH HayKe ITMPOKO HCIIONIB3YeTCs
MOHSTHE «TCHHBIC CETH (B aHIVIOSI3BIYHOM JIUTEpAType — gene
regulatory networks). CoBpemMeHHOE OIpe/esieHie TOHATHS
«TEHHBIE CeTM» 0a3mpyeTcs Ha MPEJCTABICHHUIX O MOJICKY-
JISIPHO-TEHETUYECKHX cuctemax ynpasienus (MI'CY), cdhop-
MyIHpOBaHHBIX mpodeccopom B.A. Paraepom. Tepmun
MI'CY npumessiicst 11t ”HGOPMaMOHHO-KHOSPHETHIECKOTO
OIMMCaHus U MOACTIMPOBAHNSA COBOKYITHOCTHU YHUBCPCAJIbHBIX
(permuKaryst, TPAaHCKPUIIKS, TPAHCISIINS, pernapanus, pe-
KOMOMHAIWSI, Cerperanysi) 1 HEyHHBEpCAIbHBIX MOJICKYJISp-
HO-OMOJIOTMYECKUX HPOLIECCOB U PEAKIUH, MPOTEKAIOIINX
B KJETKaX >KWBBIX opranm3moB (Patmep, 1966). Ilo3nnee
C. KayhmanoM ObUT MPEATIOKEH CXOAHBIA TEPMHH «TCHHBIE
cern» (IepBOHAYAIBHO 3BYyYaBIIMH Kak genetic control
networks), KOTOpBI U 3aKpenuiics B MUPOBOW JIMTEPaType
(Kauftman, 1969).

B nanpHelIeM o reHHbIMU CETSIME MbI OyJIeM 1o1pasy-
MEBaTh MOJEKYJISPHO-TCHETHUECKHE CUCTEMBbI, 0OecIedn-
Batomue (GopmMupoBaHue (HEHOTUIMHYECKUX XapaKTEPHCTHK
OpraHu3MoB (MOJICKYJISIPHBIX, OMOXMMHUYECKUX, CTPYKTYyp-
HBIX, MOP(OJIOTNIECKUX, TTOBEJCHIECKHX U T./I.) HA OCHOBE
nH(pOpMaINH, 3aKOJUPOBAaHHON B NX TeHOMaxX. | eHHbIE ceTH
BKJIFOYAIOT TPYIIITBI KOOPIUHUPOBAHHO (DYHKIIMOHUPYIOLIUX
TEHOB, KOTOPbIEC B3aMMOACHCTBYIOT APYT C APYTOM Kak depe3
cBou niepsuuHbIe mpoaykTsl (PHK 1 Oenkn), Tak u yepes pas-
HOOOpa3Hble METa0OIMUTHI U JIPyrUe BTOPUYHBIC HPOAYKTHI
(hyakunonnpoBaHus TeHHBIX cerell (Komganos u ap., 2000,
2013).

Konnenuust TeHHBIX ceTel MOCTOSIHHO pa3BUBaeTCs, 00e-
CTIEUMBasi TEM CAMBIM METOANYECKYIO OCHOBY IS PELICHUS
BCe OoJiee MMPOKOTo KpyTa 33/1a4. BEICOKOIPON3BOUTEIbHBIE
SKCTICPUMCHTAJIbHBIC METO/IbI, IPUMEHIACMbBIC B COBPEMCHHBIX
HCCIIEZIOBAHNUSX, MTO3BOJISIOT MOMYYaTh M aHATU3UPOBATH BCE
B3aMMOJICHCTBHSI MEX/Y ONPEACICHHBIMU THIIAMH MOJIe-
KYJIAPHO-TECHETUYCCKUX 06"beKTOB, I/I}ICHTI/I(I)I/ILII/IPOBaHHI)IX
B KOHKpPETHOM THuIle KieTok (Hanpumep, JJHK-6enxoBsie n
0es1oK-0eTKoBbIe B3aUMO/ICHCTBHSA). MaccoBoe HaKOIICHUE
HO}106HbIX JaHHBIX CTaJIO Hpe[lHOCI)IHKOI‘/II JUIA BBIJICJIICHUS B
paMKax TeOpHUHU TeHHBIX CeTel TaKNX CYITHOCTEH, Kak: 1) cetn
TPAHCKPHITIIMOHHON perymsiiun (transcriptional regulatory
networks) (Reece-Hoyes et al., 2005; Neph et al., 2012);
2) cetn B3anmozeicTeuii Mexxay MEPHK 1 cooTBeTcTBYTOIITH-
mu renamMu-munensmu (miRNA regulatory networks) (Plaisi-
er et al., 2012; Obermayer, Levine, 2014); a Taxxke 3) cetu
0eIToK-0eTKOBBIX B3aNMOACHCTBHI (protein-protein interaction
(PPI) networks) (Lei et al., 2013; Ignatieva et al., 2016).

PaccmoTpuM B KauecTBe IpUMeEpa CETH TPAHCKPUIILIH-
ouno#t perymsinun (CTP). Otu cetn oToOpaXkaroT peryis-
TOPHBIC B3aWMOJICHCTBUS THIA «TPAHCKPUITIIMOHHBIN (ak-
TOp — perynupyemblii TeH-MuleHb». Kaxaas BepumnHa
CTP mpencrasisieT cpasy ABe CYIIHOCTH: T€H U KOJIHPYEMBIi
uM Oenok. JlaHHBIE O PEryJsSTOPHBIX B3aWMOJCHCTBUSX B
CTP moryT OBITh MOJIy4€Hbl Ha OCHOBE PA3JIMYHBIX JKC-
MEPUMEHTAIBHO-TEOPETUUECKUX MOAXO0J0B, HAIPUMED:
1) KOMIIBIOTEPHOTO aHAJIN3a PETYISATOPHBIX 00JIaCTEH TEHOB,
BoeisiBIIeHHBIX MeToaukoi JIHKaza I pyrnpuntunra (Neph et
al., 2012); 2) conmocTaBieHHs SKCIPECCUOHHBIX TaHHBIX U
JITAaHHBIX, TTOJIyYCHHBIX METOJUKON MMMYHONPEIHITUTAINN
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XpoMaTrHa ¢ nocieayromuM cekpenuposanueM (ChIP-seq)
(McMullen et al., 2014); 3) nccenoBanuns 3pPEKTOB BHIKITIO-
YCHHS TCHOB, KOMUPYIOMIUX TPAHCKPUTIIIHOHHEIC (PaKTOPHL, C
nomonisio SiIRNA (Tomaru et al., 2014; Li et al., 2016). Kax
1 BCE BBICOKOIPOM3BOAMUTEIBHBIC METOABI aHAJH3a, HMMY-
Honperumuranyst xpomaruua u J{IHKaza I ¢yrnpuntunr He
MO3BOJISIFOT MOJTyYarh JAaHHbBIE CO CTONPOLEHTHBIM YPOBHEM
ToyHOCTH. KpoMe TOro, KOMIBIOTEpHBIE METOABI aHAIN3A,
KOTOPBIC, KaK IPABIIIO, IPUMCHSIOT B TAKUX HCCIICIOBAHUSAX,
XapaKTepU3yTCs ONPEAEIIEHHOM 01 JT0KHOIOI0KHUTEIb-
HBIX 1 JIOKHOOTPHIIATEIBHBIX pe3yasraToB (Kolchanov etal.,
2007; Levitsky et al., 2007). Takium 006pa3oM, peryinsiTopHbIe
BSaMMOﬂeﬁCTBHﬂ, BBIAABJICHHBIC C IIOMOIIBIO OIIMCAHHbIX BBIIIC
METOIOB (@ TaKkKe psijia APYTHX BBHICOKOMPOM3BOAUTEIBHBIX
METOJIOB aHAJIH34), TOJDKHBI OBITH UCTIONIE30BAHBI IIPH PEKOH-
CTPYKLIMH T'€HHBIX CETEH C ONpEeaeIeHHOH 0CTOPOKHOCTBIO.

B macTosmmee Bpemsi aKTHBHO HCCICAYIOTCS TaKXkKe ac-
COIIMATHBHBIC TEHHBIC CCTH, COICPIKAIINC PACIIUPCHHBIN
HAOOp THUITOB BEPIIHH (BKJIF0OYAst OMOIIOTHYECKHUE TPOIIECCHI,
3a00meBaHns, PCHOTUITHIECKHE XapaKTEPUCTHKH, MyTaIllH,
TEpaneBTHYCCKUE BO3ICHCTBUs). Takol TOAXOM MO3BOJISIET
06’I)elll/IHﬂT]: Pa3pO3HCHHBIC JIOKAJIbHBIC T'CHHBIC CETU, HE TIEPC-
CEeKaIOIINeCs MEXTy COOOH IO MOJIEKYIISPHO-TEHETHYECKUM
00BEKTaM, U BBISBIATE TOOABOYHBIC O0BEKTHI ((heHOTHITHYC-
CKHI1 IPU3HAK, 3200JIEBAHUE U T. ]1.), CBA3BIBAIOIINE JIOKAJIb-
Hele reHHbie ceTH (Glotov et al., 2015; Ivanisenko et al., 2015).

PekoHCTpYKIHSI TEHHBIX CETeH — HEOThEMIIEMBIN 3Tall UC-
CJIC/IOBAHMSI CIIOXKHBIX MOJICKYJISIPHO-TEHETHUECKHX CUCTEM
u mporieccos. IIpy 3TOM cHauana KOHKPETU3UPYETCS OOBEKT
uccienoBanus (peHornnuueckuii nmpu3HaK MO0 IaToio-
rMYEeCKUil mpouecc) U GOPMUPYIOTCST CHUCKH 3JeMEHTap-
HBIX OMOJIOTHYECKUX MPOIECCOB, a TAK)Ke 0OBEKTOB (TEHOB,
6enkoB, MUPHK, mMeTabonuToB), BOBICUCHHBIX B TCHHYIO
ceTb. JlaHHbIe 00 00BEKTAX '€HHOM CETH JOCTYIHBI B 0a3ax
naaaeix EntrezGene, Ensembl, UniProtKB, miRBase, KEGG
COMPOUND wu ap. (cM. pucyHok). [lanee HE0OX0MNMO
coOpath MH(GOPMAIMIO O B3aMMOICHCTBUAX MEKIY OOBEK-
TaMu. J[J7151 3TOTO MOKHO 0OpamaThCs Kak K pa3po3HEHHBIM
myonukarpsiv w3 PubMed, Tak u K crienuaiH3upOBaHHBIM
MH(POPMAIMOHHBIM pECypcaM, COJEpKallUM JaHHbBIE M0
Pa3TUYHBIM THUIIAM MEXMOJICKYISIPHBIX B3aUMOJCHCTBUN
(BioGRID, GeneMANIA, miRBase, TRRUST, Pathway Com-
mons U T. 11.). Kpome Toro, 1aHHbIE O B3aUMOACUCTBHSIX MEXKTY
o0BekTamMHu (pEryasSTOpHBIE, 00pa30BaHNE KOMIIICKCOB M T. 1T.)
MOTYT OBITh IPEZICKa3aHbl HA OCHOBE KOMITBIOTEPHOTO aHAIN3a
JaHHBIX, MOJYYCHHBIX C MMOMOIIBIO OMUKCHBIX TEXHOJIOTUH
(TpaHCKPUTITOMHBIX, TIPOTEOMHBIX, METAOOIOMHBIX H T.II.).
[Tpu peKOHCTPYKIMH TEHHBIX CETCH OYCHB TIOJIE3HO HCIIOh-
30BaTh TAKXKEC CBCICHUS O (byHK]_II/lOHaJ'Il)HI)IX MOAYJISIX TEHHBIX
cereii (Metabonmmueckux myTsax (MII), myTax mepemadn cur-
nanos (IITIC) u ap.), a Takke 0 MyTAX PETYISIUNA CIOKHBIX
OMOJIOrMYECKUX MPOLIECCOB Ha KJIETOYHOM M OPraHU3MEHHOM
ypoBue (ITPBII), koTophie mpencTaBIeHb B COBPEMEHHBIX
0a3ax maHHBIX. Hamboiee kpynmHBIMH 0a3amMu MOZOOHOTO
pona sBisitorcst KEGG PATHWAY, Reactome, MetaCyc,
WikiPathways. O6beM, a Taxoke pa3sHO0Opa3re THIIOB TaHHBIX,
JIOCTYITHBIX B HHTEPHET-PECypcax, Ype3BbIYAHO BEIUKH, B
CBSI3M C YeM [UIAaHUPOBaHKE padOT 110 PEKOHCTPYKIIUH F'€HHBIX
ceTeif 00s3aTeNbHO TOJKHO BKITIOUATh 3Tall TOUCKA U CHCTe-
MaTH3alluH CBEACHUH 00 NCTOYHUKAX JTaHHBIX.

Human and animal systems biology
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Genes Proteins miRNAs Metabolites
[EntrezGene | [ UniProtKB | [ miRBase | ChEBI| [HMDB
[ Ensembl | [ pDB | [ miRDB | [KEGG COMPOUND|
\ GeneCards \ |NCBI Protein\ [ miRTarBase | KEGG DRUG
E List of genes,
Intermolecular interactions ! metabolic processes,
' signal transduction
TF — gene miRNA — gene Protein—protein | routes, etc.
TRRUST | [ TRRD BioGRID ;
GTRD GeneMANIA E .
Pathway Commons | |STRING| ________________________ >
PubMed publications — Eoooooooooooooooooooo_._. >
Data obtained by omics technologies =~ c-eemooioo >
roTTmTommmomes >
Gene networks and regulatory pathways of complicated biologic processes E
Functional units of the gene network ANDSystem E .
. . K
Metabolic KEGG PATHWAY Signal
h transduction route
pathways | 'bANTHER Pathway S g:::
[BioCarta| [Reactome] [Netpath|  [WikiPathways| network
[sMPDB| [ NDEx | [SPIKE| [SIGNOR
\ ConsensusPathDB\/ [Innate DB

Employment of sources of information in gene network reconstruction.

Databases are indicated in bars. Shaded bars indicate databases reviewed in this paper. The solid arrow denotes manual annotation
of scientific publications, and dashed arrows, automated annotation or extraction from databases.

Caeznenust 00 MHTEPHET-AOCTYIHBIX WH(POPMAMOHHBIX
pecypcax Mo TeMaTHKe «I'€HHbBIE CETH» MOXKHO IOYEPITHYTh
13 COBpeMeHHBIX BeO-mopranoB. Hampumep, PathGuide
(http://www.pathguide.org/) orobpaxaer cricox u3 690 6a3,
packiaccuUUUPOBAHHBIX MO HECKOJIBKUM KaTEropusiM,
BKuTIOUast: 1) 6eI0K-0eIKOBbIE B3aUMONIEHCTBUS; 2) MeTa0o0-
JMYECKHE MyTH; 3) CUTHAJIbHBIC Ty TH; 4) CETH TPAHCKPHIIIH-
OHHBIX B3aUMOJEUCTBUH. [IpyruM O4eHb II0JIE3HBIM PECYPCOM
SIBIISIETCS BEO-KOJUTEKITHS 0a3 JaHHBIX ITO0 MOJIEKYIISPHON O10-
JIOTWH, pa3MelleHHas Ha caiite xypHana Nucleic Acids Re-
search (NAR Molecular Biology Database Collection, http://
www.oxfordjournals.org/nar/database/c/). CormacHo sTOMY
pecypcey, B 2017 1. o0mmmii cricok 0a3 TaHHBIX 110 BCEM BUIAM
OpraHu3mMoB, UMCIOIINX OTHOHICHUE K TEMATHUKEC «T'CHHBIC
ceTm», BKIodan 143 nanmeHnoBaHus (36 U3 KaTETOPHH «Me-
TaboNMueckne myTH», 93 U3 KaTteropun «OeroK-O0eIKOBbIE
B3aUMOJeHCTBUSA» U 19 U3 KaTeropun «CUTHAJIBHBIE ITyTH)
(Galperin et al., 2017).

B Hamem 0630pe oxapakTepr30BaHbl 0a3bl JAHHBIX U3 BbI-
IICNEPEYHUCIICHHBIX TEMATHUECKHUX Pa3/IesIOB BeO-KOJICKLIUH
KypHana NAR, opreHTHpOBaHHBIE (B UHCIIE TIPOYHNX BHIOB)
Ha YEeJIOBEKA M KMBOTHBIX M HAXOJSIINECS B OTKPHITOM JI0-
cryne B cetu Mureprer B 2017 r. Hamu copmupoBana u
oxapakTepH30BaHa MoA0OpKa 0a3 JaHHBIX, CONEPIKAIINX
CBEJICHHUS O META0OIMUECKUX U CUTHAIBHBIX ITyTSX, & TAKKe

CuctemHan 6monorvsa YenoBeka v >KNMBOTHbIX

0 TYTSAX PETyISAUH OHOJIOTHYECKUX MPOLECCOB Ha KIIETOU-
HOM M OpPTaHU3MEHHOM ypoBHsiX (Ta6. 1 u [Ipunoxkenue 21).
YToObI TO3HAKOMHTE YATATENS C IPEAMETHOHN 00J1aCTHIO, MBI
MIPE/ICTaBIIIN XapaKTEPUCTHKH psijia Hanbosee N3BECTHBIX U
3HAUUMBIX 0a3 JJAaHHBIX 10 MEKMOJICKYJISIPHBIM B3aUMOJIeH-
ctBUsAM. TakuM 00pa3om, He TIPETEH ysl Ha MTOJTHOTY OXBaTa
a0COIOTHO BCeX 0a3 JaHHBIX, BKIIOYAIONIMX CBEACHUS I10
TeHHBIM CETSAM YeJOBEeKa U >KUBOTHBIX, IPEICTaBICHHBIN
0030p 3HAKOMHUT YUTATEIISI C COBPEMEHHBIM COCTOSTHIEM TIPO-
0J1eMBI, a TaKKe PacCMaTPUBAET KPUTEPHH, COTIIACHO KOTOPBIM
11e71eco00pa3HO OLIEHUBATH I0JIE3HOCTh MH(OPMALOHHBIX
pecypcoB T KOHKPETHBIX NCCIIEJOBATEILCKUX 3a/1ad.

Tunbl HGopMaLMK 1 cnocobbl ee NpeacTaBeHUs
B 6a3ax AaHHbIX

Conepxamasicst B 6a3ax JTaHHBIX HH()OpPMAIH MOXKET OBITh
OTHECEHa K CIEIYIOLIUM HepapXUueCcKUM YpoBHAM: 1) myTu
PETYISIIINN CIIOKHBIX OMOIOTHUECKUX TPOIIECCOB (BKITIOUAs
3a00JICBaHUSI ¥ TIATOJIOTHH ), IPOTECKAIOIINX HA YPOBHE KIICTKH,
TKaHHU, OpraHa, a TaKKe IEJIOr0 OpraHu3Ma; 2) (yHKIHO-
HaJbHBIE MOIYJIH T€HHBIX CeTell — MeTabOoIMYecKrue HIu
CUTHAJIBHBIC ITyTH; 3) MEKMOJICKYIIIPHBIC B3aUMOICHCTBHS.
Wudopmarusi, COOTBETCTBYIOIIAS IEPBBIM JIBYM HepapXuye-

1 Mpunoxexuna 1-4 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2017-21/appx13.pdf
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Online resources on gene networks E.V. Ignatieva, D.A. Afonnikov
containing human and animal data N.A. Kolchanov

Table 1. Online databases on gene networks, metabolic and signaling pathways, pathways regulating other biologic processes,
and molecular interactions in the alphabetical order

Base name Filling method Data type Reference
or data source

ANDSystem DB, T™M PPI, RI, coexpression, involvement of proteins http://www-bionet.sscc.ru/andvisio/
in biologic processes according to UniProt-
GOA, use of the substance in disease treatment,
gene-disease associations

BiGG Models M MP http://bigg.ucsd.edu/
BoCata | Mmoo MPSTR BPRP diseases | https://cgap.ncinihgov/Pathways/
BioCarta_Pathways
B ,ocyc ............................. M DB . CP ....................... M P ................................................................................. h ttpS//b ,ocyc org/ ..........................................
B |OGR |D ........................... M .................................... P p| G| ............................................................................ h ttps//theb, ognd o rg/ ...................................
ConsensusPathDB ~ M,DB | MPSTR BPRRPPLRLGI | http//cpdbmolgenmpg.de/
‘GeneMANIA  TM,DB,CP | PPI,Gl, coexpression, relationships | http//genemaniaorg/

between genes and proteins predicted by
computerized methods

GeneNet M Structure-functional organization of gene http://wwwmgs.bionet.nsc.ru/mgs/gnw/
networks, STR, MP genenet/
GTRD ............................... C AD ................................ D NA_ pmtemmteractl o ns ........................................... h ttp//gtrdb|oum|org .....................................
| n natEDB ......................... M DB .............................. 5 TR ................................................................................ h ttp//wwwmnate d bca/ ................................
Thelnteractome  CAD  Tissue-specficTRN | http://www.regulatorynetworks.org/
KEGGPATHWAY M MP,STR, BPRP, diseases, medicines | http//wwwgenomeadjp/kegg
m ,RBase .......................... C AD CP . M ..................... R S h ttp//wwwm,rb aseorg/ ................................
M Etacyc .......................... M .................................... M P ................................................................................. h ttp//mEta c ycor g/ .........................................
NDEX ................................ D B M .............................. M P STR . B PRP P p| R| .................................................... h ttp//wwwnde)(blo Org/#/ ............................
NEtP a th ........................... M .................................... H u manSTR ................................................................... h ttp//wwwnetp a thorg/ ................................
PANTHERPath Way .......... M DB .............................. M P STR .......................................................................... h ttp//pantherdborg/ .....................................
‘PathwayCommons DB | LR https//www.pathwaycommons.org/
‘Reactome | Mmoo MP,STR, routes of molecule transport | http//wwwreactomeorg/
in the cell and DNA replication
sanon W S7h and requistory mteracionsbetween  heipuisgnorumromazts
their components, BPRP, diseases
SMPDB ............................. M .................................... M P STR . B PRP dlseases ............................................... h ttp//smpdb c a/ .............................................
SP | KE ................................ M DB .............................. H u manSTR ................................................................... h ttp//wwwc Stau ac,|/N5p,ke/ ......................
STRNG MTMDBCP | PPI, coexpression, computer-predicted swingdborg/

relationships between genes
and proteins

TRED M, DB, CP TRN, RI http://rulai.cshl.edu/TRED

TRRD M RI, DNA-protein interactions http://wwwmgs.bionet.nsc.ru/mgs/gnw/
trrd/

TRRUST ™, M TRN, RI http://www.grnpedia.org/trrust

WikiPathways M MP, STR, BPRP, diseases https://www.wikipathways.org/index.
php/WikiPathways

Filling methods: M, manual annotation of scientific publications; TM, text mining; DB, import from other databases; CP, computerized predictions; CAD,
computerized analysis of data obtained by high-throughput experimental methods. Data types: PPI, protein—protein interactions; Gl, genetic interactions; MP,
metabolic pathways; STR, signal transduction routes; BPRP, biologic process regulation pathways at the cellular and organismal levels; RI, regulatory interactions
(transcription factor-regulated gene or miRNA-regulated gene); TRN, transcription regulation networks. Appendix 2 provides more comprehensive database
descriptions with references to recent papers.
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CKHM yPOBHSIM, KaK IIPaBHJIO, IPEACTaBICHA B 0a3aX JaHHBIX
B BHUJIe quarpamMm. J[aHHBIC, COOTBETCTBYIOIIUEC TPEThEMY
HepapXUIeCKOMY YPOBHIO (MEKMOJIEKYISIPHBIE B3aMMOCH-
CTBHS), 0TOOPAKAIOTCSI B BUIE CETEH B3aUMOJICHCTBHII MEKITY
00BEeKTaMHu.

Jduarpammel. B takux 6azax, kak KEGG PATHWAY,
MetaCyc, WikiPathways, Reactome, SIGNOR, GeneNet
U JIp., OCHOBHBIMH CJIMHUIIAMH UH(MOPMAIIUH SBIISTFOTCS THa-
TPaMMBbI — CTaTHYECKHE H300pakeHus, coneprkaniue Gpuxcu-
POBaHHEIN HaOOp OOBEKTOB (TEHOB, OCIKOB, METAOOIUTOB
U T. JI.) ¥ OTOOpaKaroIine METabOINUCCKUE THOO CUTHAIBHBIC
MyTH, a TAK)KE CXEMBI PETYIISINHU CIOKHBIX OMOIOTHIECKIX
nporieccoB. OOBEKTHI TUArpaMM, a TakKe Y37l peakIiui 1
PETYIATOPHBIX MPOIECCOB, KaK MPABUIO, HHTCPAKTUBHEI,
obecrieunBas mepexoa K UX TEKCTOBBIM OMHCAHUSM.

B xaxxoit 6a3e TaHHBIX HCTIOTB3YeTCS CIIEIHAIBHO pa3pa-
OOTaHHBIN TPAPUUCCKUI SI3BIK IPEACTABICHHS HH(OPMAITUH.
B kauecTBe nmpumepa onrcad rpaduueckuii s3pik 0a3st KEGG
PATHWAY (IIpunoxenue 1).

W3BecTHBI 6a3bl JAHHBIX, TUATPAMMBI KOTOPBIX OTOOpaKa-
10T ToabKO curHanbHbie myTH (SIGNOR, SPIKE, InnateDB)
(cm. ab6pesmarypy IIIIC B Tabmn. 1). dpyrue 6a3er (KEGG
PATHWAY, WikiPathways, GeneNet, BioCarta, PANTHER
Pathway) mpenctaBisitoT Ha quarpamMmax Kak MeTadoiaude-
CKHe, TaK M CUTHAJBbHBIC MTyTH, a TAKKE IMyTH PETYIAIHN
npyrux nponeccos (MII, IIIIC, ITPBIT B Tadn. 1). bass
KEGG PATHWAY, BioCarta, WikiPathways comepskar Taxke
JUarpaMMBbI, 0TOOpaKaIOIINe MEXaHI3MBI Pa3BUTHUS ITaTOIIO-
THYCCKUX MPOICCCOB.

[TomuMoO TOTO, YTO AUATPAMMBI SIBISIOTCS €INHUIIAMHU UH-
(hopmarin B 6a3ax TaHHBIX, OHH BEITIONHSIOT CIIIe OIHY OYCHB
BaXXHYI0 (QyHKIHIO. J[MarpaMMbl CO3/1al0TCS] aHHOTATOPAMH-
O6monoraMmu M OTPaXKalOT UX MPEACTABICHUS O PETryNIALUuN
OHMOIIOTHYECKHX TIPOILIECCOB. DTH MPENCTaBICHUS (HOPMUPO-
BAJIACH B XOJIC MHOTOJICTHUX HCCIIeOBaHuil. Takum 00pazom,
Hapsily ¢ pyHKIMOHAIIBHOIM aHHOTAlMeH TeHOB TEPMUHAMHU
u3 croBaps Gene Ontology, nrarpaMMbpl OHOJIOTHYECKHUX
MPOIIECCOB CIYXKAT CIIe OMHUM KYyPHUPYEMbIM HCTOYHHKOM
JTAaHHBIX O ()YHKIMOHAIHHOM POJIH TeHa.

Cetu B3aumoneiicTBuii. J[aHHBIC O MAapHBIX OO MHO-
JKCCTBCHHBIX MEKMOJICKYIISIPHBIX B3aHMMOJICHCTBHUAX (pery-
JIITOPHBIX, OEIOK-O0ETKOBBIX, (POPMHUPOBAHUH KOMILIEKCOB,
OMOXUMHYCCKUX PEAKIIUAX U T.I.) OYCHBb BaXKHBI JIJISI PECKOH-
CTPYKIIMH TCHHBIX ceTeil. M3BecTeH 1emnblil psi 0a3 JaHHBIX
(STRING, GeneMANIA, Pathway Commons, The Interac-
tome, TRRUST wu zp.), HAKanIMBAIOMINX CBEICHUSI O MEXK-
MOJICKYJISIPHBIX B3auMojeicTBUAX (Tadn. 2). baswl aroii
KaTeTOPUH HE COJIEPIKAT TOTOBBIX CTAaTHUECKUX JHATPAMM.
Ceru B3auMOIEHCTBHN MEKIY 3aJaHHBIM HA0OpOM 0OBEKTOB
(reHOB WK OCITKOB) TCHEPUPYIOTCS B 3THX 0a3axX Ha OCHOBA-
HHUH 3ampoca (CIUCKa TeHOB/0CIKOB, 3aJaHHOTO I0JIb30Ba-
TeneM). Pesymerar 3ampoca oToOpakaeTcs B TpadudecKoM
BUJIC, B BUJIC HHTCPAKTUBHON CETH, BKIIFOYAIONICH 0OBCKTHI
(TeHbl, OENKK W T.7.) ¥ CBSI3U Pa3IMYHBIX THUIIOB — aCCOIIH-
arn. B kaxmoM ciydae mmeeTcss BO3MOXKHOCTD MTOTYYIHTh
JTAaHHBIC 00 accoIMaIMsiX B TEKCTOBOM Buje. B kauecTBe 3a-
poca MOKET ObITh 3a71aH crHucok reHoB/0enkoB (STRING,
GeneMANIA, Interactome, ConsensusPathDB wu T.7.) nimu
tonbko omuH ren/oenok (BioGRID, TRRUST). OcHoBHbIe
TUIIBI MEXMOJIEKYJISIPHBIX B3aMMOJICHCTBHUI/acconnaIu
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MEXy 00hEKTaMU T'CHHBIX CETCH, HAKOIUICHHBIC B COOTBET-
CTBYIOIINX WH(POPMAIMOHHBIX pecypcax, MPeACTaBICHBI B
Tabm. 2. BoMBIIMHCTBO W3 PAaCCMOTPEHHBIX PECYPCOB COMIEP-
JKaT JaHHbIC 00 aCCOLMAIMAX PA3IMYHBIX TUIIOB. OTICIBHYIO
rpymy coctaBisiioT 6a3sl The Interactome, TRRUST, TRRD,
TRED u GTRD, conepkaliye ToJIbKO OJUH TUII aCCOLIUALUMN —
PEryJsTOpHBIE B3aUMOACHCTBHS THUTIA «TPAHCKPUITIIMOHHBIN
(hakTOp — PETYIUPYEMBIH TeH.

Cnoco6bl HanonHeHnA 6a3 AaHHbIX

N NCTOYHUKWN OaHHbIX

JlaHHBIC MOTYT OBITh BHECCHBI B 0a3y IyTeM Py4YHOU aHHO-
TalMM HAYYHBIX ITyOJIMKAIMi, aBTOMATHYECKOW aHHOTAIMU
Pa3IMYHBIX UCTOYHHKOB JAHHBIX (TEKCTOB CTaTeH, pe3ylib-
TaTOB KOMITBIOTEPHOTO aHaJK3a, JaHHBIX SKCIEPHMCHTOB
U T. J1.), @ TAKXKE IKCTPAKIMU IAHHBIX U3 IPYTUX PECYPCOB
UX MHTETPALMH B €JHHOM (opmare.

Py4Has aHHOTaLUs HAYYHBIX TyOIHKALUI HCIIOIb30BANIACH
npu coznanuu 0a3 ganaeix KEGG PATHWAY, MetaCyec,
WikiPathways, Reactome, SIGNOR, GeneNet, TRRD, a Tak-
JKE€ HEKOTOPBIX JIPYTUX (cM. Tabm. 1, 6a3sl ¢ momeTkoit «P»).
Pyunas aHHOTanus — TPyLOEMKHUH IIPOLECC, OJHAKO OH
obecrieunBaeT Ooyee BHICOKOE KadeCTBO MH(POPMAIMH TIO
CPaBHCHUIO C JaHHBIMHU, BHECCHHBIMHU C IIOMOIIIBIO aBTOMA-
THUYECKOM aHHOTAIMU. IMEHHO 1T0ATOMY Takue 0a3bl JaHHBIX
O4eHb BOCTpeOoBaHbI. VcTouyHMKamMKu MH(OpPMAMH MOTYT
OBITh KaK Hay4YHBIC ITyOJIHKAIINH, ONTHCHIBAIOLINE PE3YIBTATHI
IKCIIEPUMEHTOB C OTAEIBbHBIMU T'€HaMHU U OeiKkaMu (OCHOB-
Has Macca maHHBIX B 6azax KEGG PATHWAY, MetaCyec,
WikiPathways, SIGNOR), Tak u myOGnukauu, npeicTaBis-
IOIIME PE3YJIETaThl COBPEMEHHBIX BBICOKOIIPOM3BOUTEIBHBIX
HKCIIEPUMEHTOB (IIOZOOHBIE CBEICHUS HAKAIlJIMBAIOTCS B
BioGRID n ConsensusPathDB) n ux ananusa (HakoruieHbI
B BiGG Models). Komanael aHHOTaTOpOB MHOTHX 0a3 10-
CTaTOYHO MHOTOYHCIICHHBI, HAIIPHUMEP, B HAIIOJHEHUH 0a3bl
WikiPathways yugactBoBaio 6omnee 400 3KcrIepTOB U3 Pa3HBIX
crpan (Kutmon et al., 2016).

ABTOMaTHUECKas aHHOTAITU ObliIa FICTIONIh30BaHa (HapSALy
C IpyTUMHI METO/IaMHM) TIPH CO3AAHUH TaKUX HH(POPMaINOH-
HbIX pecypcoB, kak STRING, GeneMANIA, The Interactome,
TRED u nmp. DT0T crocob mo3BOJSET MONydaTh JaHHBIE O
MAPHBIX B3aUMOJICHCTBUAX (aCCOLMAIINSIX ) MEXITY OOBEKTAMH
(renamu, 6esKaMu U T. 11.). VICTOYHHKaMK JaHHBIX TIPH TAKOM
crioco0e HAITOJTHEHHS MOTYT OBITh: 1) CBeZICHNS, N3BIICUCHHBIC
U3 pedepaToB U TEKCTOB HAYYHBIX ITyONHKALMH METOIaMH
TekcT-MaiiHuHra (cM. Tabn. 1, 6a3er AAT); 2) acconmanuu,
BBISIBIICHHBIC (IIPE/ICKa3aHHBIC) Ha OCHOBE KOMITBIOTEPHOIO
aHaJIM3a TeHOMOB M IpoTeoMoB (cM. Tadm. 1, 6a3er KII);
3) pe3yabTarbl KOMIIBIOTEPHOIO aHajn3a JaHHBIX HIMPOKO-
MAacCIITaOHBIX TEHOMHBIX, IPOTEOMHBIX M TPAHCKPUIITOMHBIX
uccnenoBannii (cM. Tadm. 1, 6a3sr KAO).

WHuterpauus nHboOpMauyu U3 UHTEPHET-AOCTYITHBIX
MH(OPMAMOHHBIX NCTOYHHKOB SIBILIETCS €IEe OJHUM BO3-
MO>KHBIM CITOCOOOM OpPTraHU3aLH HOBBIX HH()OPMAIIHOHHBIX
pecypcoB. Takum myTtem co3nana 0aza Pathway Commons
(cm. Tabi. 1, o6o3nauenue «bIIy).

Kpowme Toro, npu co3nanun HHOOPMALMOHHBIX PECYPCOB
IIMPOKO PUMEHSIETCSl KOMOMHALMS TPEX BhILIETICPEYHCIICH-
HbIX oaxo70B (PANTHER Pathway, STRING, GeneMANIA,
ConsensusPathDB, TRED, TRRUST, ANDSystem).
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NHTepHeT-goCTymnHble MHGOPMALIMOHHbBIE PECYPCbl MO FEHHbIM
ceTsAM, BK/oYaloLue JaHHbIE MO YENOBEKY U XKUBOTHbIM

MporpammHble MHCTPYMEHTbI 6a3 AaHHbIX
IIporpammusie cpencTBa 60a3 JaHHBIX 00ECTICYMBAIOT TTOUCK
JIAHHBIX, MX aHAJIHN3, @ TAKOKe SKCIIOPT B Pa3IMYHbBIX (JopMarax.

IIpakTuuecku Bce 0a3bl CHAOXKEHBI CIEIMATBHBIMU TO-
WCKOBBIMH CHCTEMaMH, TTO3BOJISIONINMH MTPOBOIUTH TTOMCK
0 Ha3BaHHIO 00beKTa (TeHa, Oenka, MeTadoIuTa U Ip.).
B 6a3ax KEGG PATHWAY, Reactome, WikiPathways u mp.
PE3yIBTaTOM MTOWCKA SBIISIOTCS JHArPaMMBbl OMOJIOTHYECKUX
npotieccoB. B 6a3zax 1o Me:KMONeKyISIPHBIM B3aUMO/ICHCTBH-
sm (STRING, GeneMANIA, BioGRID, The Interactome,
ANDSystem) Ha OCHOBE TaKOTO 3arpoca (Kak y>ke OTMEUeHO
BBILIIE) BBITTOJIHSIETCSI PEKOHCTPYKIIHS CETH B3aUMOJICHCTBHH,
BKJIIOYAIONIasl 3aaHHbIH 00BEKT (MJIM OOBEKTHI, €CIIU UX
OBLITO HECKOJIBKO B 3arpoce). B nHpopMamoHHBIX cHcTeMax
STRING, GeneMANIA u ANDSystem ecTb BO3MOXHOCTb
BKITIOUUTH B CE€Th T00ABOYHBIC OOBEKTHI (T€HBI/OCIIKH), UME-
OIIEe MaKCUMaJbHOE KOIWYECTBO CBS3CH ¢ 0OBEKTaMHU U3
ceru. Takum 00pa3oM, MOXKHO BBISIBUTH Hanbosee KOpOTKUI
MyTh, CBSI3BIBAIOLIMI J1Ba 00BEKTA, CCIIM W3HAYAIBHBIA pe-
3yIBTAT 3aIpoca He COMSpPIKall MPSIMOI CBSI3H MEKIY HUMH.
B cucreme ConsensusPathDB nmMeercst crienraibHast OIMIus
«HAUTH CaMblil KOPOTKUH ITyThb».

OKCIOPT JAaHHBIX U3 0a3 MOXKHO OCYIIECTBUTH: 1) B BUE
rpaduueckux Qaiiyio, copepKammnx H300paKeHNs TuarpaMm
1100 ceTel B3auMoJIeHCTBHH MeXy oObexTaMu (popmars
png, pdf u mp.); 2) B BuAEC TEKCTOBEIX (ailyioB (Tadbmui),
COZIEpIKAIMX CITUCKH OOBEKTOB MJIM OMHAPHBIX B3aMMOICH-
CTBHH MEXK1y HUMHU; 3) B crienuaibHbIX popmarax (BioPAX,
PSI-MITAB, SBML, SBGN, gpml, owl, pwf u T.11.), ipea-
CTaBJISIIOLIMX OITMCAHUE OOBEKTOB M CBSI3€H Ha JHarpamme.
bonee nospoOHO BO3MOXHOCTH 3KCIOPTA JIAHHBIX OIHMCAHBI
B [Ipunoxennu 2. Y mexoropeix 6a3 (KEGG PATHWAY,
Reactome, ConsensusPathDB, PANTHER Pathway, NDEXx,
BiGG Models) nmerorcst mporpammubie uaTepdeiicsl APIs
(application programming interfaces), mo3Bossrorie popmu-
POBaTh U BHINOJIHATH 3aIIPOCHI KO BCeH MH(OpMaIuu, coziep-
Kamencs B 6azax.

Hamubornee pacnpocTpaHeHHBIH 1 BOCTPeOOBAaHHBII Bapu-
aHT aHaJIM3a JIAHHBIX, IPEIOCTABIISIEMbI BeO-caliTaMu MH-
(hOpMaLIMOHHBIX PECYpCOB, — 3TO aHAJIM3, MPOBOJUMBIH C
1enbio (DYHKIIMOHAIFHOH aHHOTAINH CITFICKa TeHOB. B aHTITO0-
SI3bIYHOM JINTEpaType OH UMeHyeTcs Kak «pathway enrichment
analysisy, a Taroke «over-representation analysis, OR Ay (Khat-
rietal., 2012). BXogHBIMU JAaHHBIMU SBISIETCS CITUCOK TEHOB.
B pesynbrare ananmsa 1osip30BaTellb NOMy4YaeT CBEICHHS O
JarpaMmax 0asbl, B KOTOPBIX IIPUCYTCTBYIOT TEHBI U3 UCXOJ1-
HOTO CIIHCKA, a TAKKE CTATUCTHYESCKYIO OLIEHKY MOBBIIIICHHON
(MOHM)KEHHOM) NPEACTaBICHHOCTH T€HOB U3 HMCXOJHOTO
Habopa B uarpammax. DTOT BUJ aHAIHM3a IHPOKO UCTIONb-
3yeTcs A HHTepIpeTanuy GyHKIUH rpynmn auddepeHIm-
AJIBHO SKCHPECCHPYIONINXCS TEHOB, MOJyYEHHBIX HA OCHOBE
MUKPOYHUIIOBBIX TeXHOHOFHﬁ, a TaKKE IJId MHTCPIIPECTALIUN
JAHHBIX TPAHCKPUIITOMHBIX M MMPOTEOMHBIX MCCIIECTIOBAHMUI.
[IporpammHbIe cpeacTBa Uil (yHKIMOHAIBHON aHHOTAUU
HabopoB reHoB uMerotrcst y 6a3 PANTHER Pathway, Con-
sensusPathDB, Reactome, SPIKE, InnateDB u HeKoTOpBIX
JPYTHX.

W3BecTHBI U Apyrue NporpaMMHbIE HHCTPYMEHTBI, IIPEA0-
CTaBIIsieMbIe OTACTHHBIME Oazamu. Hampumep, B 6a3ze KEGG
PATHWAY ecTh BO3MOXXHOCTB BBIJICITUTH HA THArpaMme 00b-
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€KThI U3 CIIMCKa, BBEICHHOIO oJb30BareaeM. B 6azax Wiki-
Pathways, SPIKE, NDExX nmerotcs nporpaMMHBIE CPE/ICTBa,
MO3BOJISIFOLIME CO3/1aBaTh AMArpaMMbl. AHaIM3 HHPOPMALIUH
n3 6a3 ConsensusPathDB, GeneMANIA, NDEx, InnateDB
(¥ psiia ApYrux) MOXKHO OCYIIECTBIIATh Yepe3 ClelnallbHbIe
npuitoxeHust (maruner) cucremsl Cytoscape.

3aknioyeHune

PexoHCTpYKIHS TeHHBIX ceTel 00ecednBacT METOINUECKY IO
OCHOBY JIJIsl HCCIIEZIOBaHUSI 3aKOHOMEPHOCTEH OpraHn3aluy 1
MEXaHU3MOB T'€HETHYECKOTO KOHTPOJIS (DYHKIIMOHUPOBAHUS
*uBbIX cucteM (Neph et al., 2012; Stergachis et al., 2014),
ux sBoou (Mustafin et al., 2017), posi reHOB B pa3BUTHH
naronorumii (Ivanisenko et al., 2015; Ignatieva et al., 2016;
Saik et al., 2016), a Taxxe st pa3pabOTKH MaTeMaTH4eCKUX
Mojieneit buonornueckux npoueccos (Ilonkonoausiii u ap.,
2016; Podkolodnaya et al., 2017).

B nHacrosmem 0030pe npeIcTaBIeHbl OCHOBHBIE CBEJICHNUS
0 psizie “HGOPMALIMOHHBIX PECYPCOB, COACPIKAIINX JTaHHBIC
10 TEHHBIM CETSIM U UX (DYHKIIMOHAIBHBIM MOJLYJISIM, KOTOPBIE
HaXOAATCA B OTKpPBITOM Aoctyne B cetd UnTtepHer B 2017 1.
N OpUCHTHUPOBAHbI HA YCJIOBCKA U JKMBOTHBIX. W3BecTHBI 1
KOMMep4Yeckre 0a3bl TaHHBIX 110 ATOH TeMaTnke (cM. [Ipuo-
skeHHe 4), KOTOpPBIE MOTYT OBITB IOJIE3HBI JUISI PEKOHCTPYKIINT
MOJIEKYJISIPHO-TEHETHUECKUX ceTeil. OIHaKO OHH JIOCTYITHBI
yepe3 MlHTEepHET Ha IUTaTHOM OCHOBE (Yepe3 JOTHH U ITapoiib).
CaezieHHst 00 3TUX KOMMEPUECKHX CHCTEMAX MpPEI0CTaBIIs-
10TCs (hPMpMaMH-pa3padOTUUKaAMHU.

CormocraBiieHHe OCHOBHBIX XapaKTEPUCTHK HHTEPHET-pe-
cypcoB (cM. Tabn. 1 u 2, a taxke [Ipunoxkenus 2 u 3) BbI-
SIBUJIO OOJIBILIOE Pa3HOOOpa3He MpeIaraeMbiX UIMH BO3ZMOX-
HocTel. KpoMe Toro, oueBnHO, 4TO KaXKAbli pecype coaep-
JKUT YHUKJIBHBIH HA0OP JaHHBIX U HCIIOJIB3YET OPUTHHAIb-
HBIC MMOJXObl K MPEICTABICHUIO WHpOpManuu. B cBs3u ¢
STHM Ha 3Tale IUIAHUPOBAHUS PAOOTHI 1O PEKOHCTPYKIUHU
TEeHHOH CETH OIPEJIeJICHHOTO OMOJIOTHYECKOTo Ipoliecca
OYCHb BaXKHO UMCTh IMTPEACTABIICHUE O MAKCUMAJIbHO ITOJIHOM
Ha0ope NHPOPMAMOHHBIX HCTOYHUKOB, U3 KOTOPBIX MOXKET
ObITh B3aTa MH(pOopManusi. CTpeMHUTENbHBIH pOCT 00beMa
HOBBIX 3KCHIEPUMCHTAJIbHBIX IaHHBIX IO MOJICKYJIAPHO-TC-
HETUYECKUM B3aUMO/ICHCTBUAM ITOOYKIAET NCCIIeJOBaTENEH
K CO3/1aHHIO HOBBIX HH(OPMALMOHHBIX PECYPCOB U BBIITYCKY
0oJiee COBpEeMEHHBIX BEPCU (PEIH30B) YKE H3BECTHBIX 0a3.
TTosTomy 15t TosTydeHns HanboJTee CBEXKUX CBEICHNMI 0 6a3ax
10 TEMaTHKE «TCHHBIE CETH» IeJIeCO00pa3HO 00paIarsest K
©XKEeroJHbIM BbIlyckam xypHana Nucleic Acids Research,
TIOCBATICHHBIM 0a3aM TaHHBIX (TIEPBBI HOMEP KaXKI0TO ro/a)
(Galperin et al., 2017), k gpyruM BeO-mopTanaM, a TakKe
0030pHBIM ITYOIMKAIIUSM 110 3TOM TEMATHKE U3 CIICIIHATBHBIX
Hay4HBIX KypHanoB (Database: The Journal of Biological
Databases and Curation, BMC Bioinformatics u T.11.).
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B ctaTbe npepcTaBneHbl pe3ynbraTbl MCCIef0BaHMA TKaHecnewu -
GUYHOCTM LMpPKafHbIX Ga30oBbIX XapakTepUCTUK BMONOrnMyecKmx
NPOLIeCCcoB B NeYeHu 1 noykax Mbiwn. OCHOBbIBAACb Ha aKCMepu-
MEHTaNbHbIX AaHHbIX MO CYyTOYHOW AVHAMUKe YPOBHA TPaHCAALUN
reHoB MbllK 13 6a3bl AaHHbIX GEO (GSE67305 1 GSE81283), nony-
YEHHbIX METOZJOM NPOGUINPOBAHNA PUOOCOM B MEYEHU 1 MOYKAX,
Mbl MPOBENN CPAaBHUTENbHbIN aHaNN3 TPAHCIATOMOB B 3TUX ABYX
opraHax. bbinu BbiABNEHbI reHbl, AeMOHCTPUPYIOLLNE BblPaXKeHHYI0
CYTOUHYIO ANHAMUKY TpaHcnAuny (3358 reHoB B neyeHn n 2938

B Moykax). [lanee ana oBeHaaLaTh BpeMeHHbIX Touek (ZT0-ZT22)

B KaX[OW TKaH (MeyeHb, MoYKy) 6b1nu BblAeneHbl rpynrbl FeHOoB,
HaxopAwwmeca B ¢pa3e C NOBbILEHHbIM YPOBHEM TpaHcnAumMK. B pa-
60Te 6bINI0 NPUHATO, UTO FeH HaxoauTCA B dase C MOBbILLEHHbIM
YPOBHEM TpaHCAALNNY, eCIN B AAHHOW BPEMEHHOW TOYKe ero noka-
3aTenb NpodunrpoBaHna prbocom Ana obemx penink npesbiwan
CpefHeCcyTOUHOe 3HaueHve NoKasaTens Ans 3Toro reHa. Hambonb-
Lee KOnmMyecTBO PUTMUYHbIX FEHOB B NeYeHN MMeeT NOBbILWEHHbIN
YPOBEHb TPAHCALMN B Hayane TeMHON ¢pasbl CyTOK, COOTBETCTBY-
IOLLe NOBbILEHHOW aKTUBHOCTM XMBOTHbIX. B noukax pasnnuna B
pacnpepeneHny No BpemeHn CyTOK YNC/1a FeHOB, HaXOAALUMXCA B
baze NoBbILLEHHOIO YPOBHSA TPAHCALUN, OblfI MEHEE BbIPaXKeHbl,
a MaKCMasibHOe YMCII0 TaKnX reHOB HabioAaNoCh C cepeuHbl
cBeTnol dasbl CyTOK 4O cepeauHbl TeMHoW. bbin npoBeaeH aHann3
oborauleHna TepmrHammn GO kateropun Biological Process atux
[BeHaJLaTy rpynmn reHoB B neyeHn 1 noykax. Cpeamn npoLeccos,
PUTMUYHOCTb KOTOPbIX XapaKTepHa Kak AJf1A neyeHu, Tak 1 gna
noyek, BbIABNEHbI MPOLLeCChl, LUpKagHble dpa3oBble xapakTepu-
CTVIKM KOTOPbIX B 3TVX TKaHAX COBMaAAIOT, U NPOLLeCChl, UMeloLime
CyLLeCTBEHHO Pa3fiMyHble BpeMeHHble pa3oBble NaTTepHbl. Takxke
BbIAABNEHbI MPOLIECChbl CO CTPOro TKaHecneLnGUUHOCTbIO PUTMK-
yeckoi TpaHcnAumm. Moaxoa, MCNoNb30BaHHbIN B Halle paboTe,
Nno3BoNAeT NPOBOANTbL aHaM3 OpraHo/TKaHecnecneunduYHoOCTH
ba3oBbIX XapaKTePUCTUK BMONOrMYECKMX NMPOLECCOB, a MOJyYeH-
Hble pe3ysbTaTbl NOAYEPKMBAOT HEOOXOANMOCTb YUnTbIBaTb Pa3o-
Bble LMpKaAHble XapakTePUCTUKM NPU CPaBHEHUN OCOBEHHOCTEN
npoTeKaHnA 6GONOrMYeCcKnx NPOLIECCOB B Pa3IMYHbIX OpraHax.

KntoueBble CnoBa: UMPKaAHbIN PUTM; TPAHCALKMSA; aHanm3
oborauleHun TepmrHammn GO; TKaHecneunpuyHoOCTb;
6uonornyeckme npoueccol; Ga3oBble XapakTePUCTUKN.
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Analysis of the circadian rhythm
of biological processes in mouse
liver and kidney
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The paper presents the results of a study of the tissue-spe-
cificity of the circadian phase characteristics of biological
processes in the mouse liver and kidneys. We performed

a comparative analysis of the translatomes in these two
organs based on experimental data on the daily dynamics
of the level of translation of mouse genes from the GEO
database (GSE67305 and GSE81283) obtained by ribo-
some profiling. Genes with a pronounced daily dynamics
of translation were revealed (3358 genes in the liver and
2938 in the kidneys). Further, for each of the 12 time points
(ZT0-ZT22), for each tissue (liver, kidneys), groups of genes
that were in a phase with an increased level of translation
were identified. It was assumed that the gene is in a phase
with an increased level of translation if at a given time
point its ribosome profiling rate for both replicas exceeded
the daily average value for this gene. The greatest number
of rhythmic genes in the liver has an increased level of
translation at the beginning of the dark phase of the day
corresponding to increased animal activity. In the kidneys,
the differences in the distribution of the number of genes
in the phase of an elevated translation level by the time

of day were less pronounced, and the maximum number
of such genes was observed from the middle of the light
phase of the day to the middle of the dark one. A statistical
analysis of enrichment of Gene Ontology terms in these
twelve gene groups in the liver and kidneys was performed.
Analyzing the processes, the rhythmicity of which is typical
of both liver and kidneys, we have identified the processes,
the circadian phase characteristics of which in these tissues
coincide and the processes having essentially different
temporal phase patterns for these tissues. Processes with
strict tissue-specific rhythmic translation have also been
identified. The approach used in our work allows us to ana-
lyze the organo/tissue-specificity of the phase characteris-
tics of biological processes, and the results emphasize the
need to take into account the phase circadian characteris-
tics when comparing the features of the course of biologi-
cal processes in various organs.

Key words: circadian rhythm; translation; GO enrichment
analysis; tissue specificity; biological processes; phase
characteristics.



UPKAJIHBIC YaChl SIBJISIOTCS OMHUM M3 (DyHIaMEHTAIb-

HBIX IBOJIIOIIMOHHO KOHCEPBATHBHBIX MEXaHU3MOB,

KOTOPBIH KOOPIUHHUPYET OONBIITYI0 YaCTh MPOIECCOB,
MPOTCKAOIIMX B )KUBBIX OpraHu3Max. B OCHOBE WX JICKHUT
PUTMUYHAS HKCIIPECCHS TEHOB, (HOPMHPOBAHIE KOTOPOH OCy-
MIECTBIICTCS KaK Ha TPAHCKPUTIIIMOHHOM, TaK ¥ Ha TOCTTPaH-
CKPHIIIIMOHHOM ypPOBHE. ABTOHOMHBIC KIICTOUHBIC ITUPKA-
HBIE OCIMJUIATOPHI 00ECIIeYNBAIOT PUTMHYHOCTE ONOJIOTHYe-
CKHX TIPOIICCCOB B KX 10 KiieTke. CHHXPOHHU3AIHS PUTMH-
YEeCKHUX MPOLIECCOB HAa YPOBHE OpPraHU3Ma OCYIIECTBISIETCS
IJIABHBIM BOAWTENEM LUPKATHOTO PUTMA, JIOKATM30BaHHBIM
B cympaxuasMarnieckux supax (CX ) runoranamyca. [Ipen-
1ojaraeTcsi, YT0 aBTOHOMHBIA KJIETOYHBIH MEXaHHU3M LIUp-
KaJHBIX 9acOB, OCHOBAHHBII Ha TPaHCKPUIIIHOHHO-TPAHC-
JISIIUOHHBIX B3aUMOCBSI3aHHBIX METISAX OOPATHBIX CBS3CH,
CHHXPOHU3UPYET pUTMHUUecKyto dkcpeccuio MPHK mmpoxo-
ro criektpa reroB B kiietke (Takahashi, 2017). Oto Haxoaut
OTPaXCHUC B PUTMUYCCKUX U3MECHCHHUSX TPAHCIISIIAN OCITKOB,
UX YPOBHEH aKTUBHOCTH U, B KOHCUHOM CUETE, CHHXPOHH3H-
PYeT pUTMHKY Pa3HOOOPa3HBIX KIICTOYHBIX (DyHKITHIA 11 OHOITO0-
THYECKHUX MPOoIeccoB. HapyIeHne HOpMaTbHBIX IIHPKATHBIX
PUTMOB MOKET ITPUBECTH K PA3BUTHIO CEPbE3HBIX MTATOJIOTHA,
BKITFOYAsT PaK, CEpAeIHO-COCYINUCTHIC, HEeHpOIereHepaTHB-
HBIC, BOCTIaHUTENbHEIC 3a00neBanus u Ap. (Oishi et al., 2005;
Cao et al., 2009; McCarthy, Welsh, 2012; Kettner et al., 2014;
Fangetal., 2015; Labrecque, Cermakian, 2015; Sundar et al.,
2015).

M3BecTHO, 4TO CyMMapHO HE MEHee COPOKa MPOLEHTOB OT
BCeX OeITOK-KOANPYIOITIX TeHOB OPTaHN3Ma MIICKOTTH TAFOIITIX
MIPOSIBIISTFOT IUPKATHBIC OCIIIIUIAIINY 10 MCHBIIIEH Mepe B Of1-
HoM opraHe Ha ypoBHe MPHK (Zhang et al., 2014). Otmeuator
TaK)ke HAJIWYHE OPraHO/TKaHECHEIM(PUIHOCTH HPKATHON
PUTMUKH 3KCTpeccnu TeHoB (Zhang et al., 2014; Laing et
al., 2015). B To e BpeMms 10Ka3aHO KOOpAUHHpOBaHUE (a3
PUTMOB KCTIPECCHU TC€HOB, YJaCTBYIONINX B OJHOM OHO-
JIOTHYECKOM IIYTH B pa3IMYHBIX opraHax. [IpuMepom MoryT
CITY’)KUTh T€HBI, SKCIPECCUPYIONIUECS B MICUCHH U MBIIIIIAX,
MIPOAYKTHI KOTOPBIX YUACTBYIOT B PETYIISIIN YPOBHSI IJTFOKO3BI
B KpoBH. Da3bl IKCIIPECCUU ITUX TCHOB KOOPAUHUPYFOTCS Ta-
KHUM 00pa3oM, YTOObI OOJICTYUTh PETYIISLIUI0 YPOBHSI [JIFOKO3bI
B kpoBH (Harfmann et al., 2015).

HupxamHas cCHHXpOHU3ANHS (PYHKIIMOHUPOBAHUS ITCHETH-
YECKUX 1 MeTa0OIMUECKUX CeTeH, My Tel nepeaayn CUTHAJIOB
U T. . MOXKET OCYIIECTBIIATHCS HE TOIHKO HAa YPOBHE TPAHC-
KPUIIIHU, HO U HA YPOBHE TPAHCIIAINH, TTOCTTPAHCKPHUTIIIH-
OHHOH W mocTTpaHcsuoHHON Momudukaimu (Kojima et
al., 2012; Menet et al., 2012; Morf et al., 2012; Beckwith,
Yanovsky, 2014; Liick et al., 2014; Nolte, Staiger, 2015). Oxa-
3aJI0Ch, YTO TOJIBKO Y OTHOCUTENBHO HEOOIBIIION YaCTH TEHOB
PUTMUYECKUH XapaKTep SKCIPECCHH HaOmonaeTcs Ha ypoBHE
TPAHCKPHITIIAA U HE BCET/Ia MY COOTBETCTBYET PUTMHYCCKHN
XapakTep SKCIpeccuu koxupyembix nMu oenkoB (Koike et al.,
2012; Menet et al., 2012), u Hao6opoT. Hapumep, B rieueHw,
10 pa3HbIM oreHkaMm, oT 20 10 50 % GenKoB, TEMOHCTPHUPY-
IOIIUX CYTOYHBIN pUTM, KOJUPYIOTCs HepuTMuuHbIMU MPHK
(Reddy et al., 2006; Mauvoisin et al., 2014; Robles et al.,
2014). TlosiBneHWE METOMOB HCCICIOBAHUS TPaHCISITOMA
(Bceit coBokynHocTH pparmenToB MPHK, Tpanciupyembix B
OTIpe/IeNICHHBI MOMEHT) TIO3BOJISIET HE TOJIBKO JTyHUIIle TIOHSTh
OB TPAHCIAMUOHHOW ¥ IOCTTPAHCIISAIIUOHHON PEeryIISIHH
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B (DYHKIIMOHUPOBAaHUM IIMPKAJHBIX YacOB OpraHM3Ma, HO U
BBIIBUTH UX CBSI3b C CYyTOYHOW TMHAMHMKON OMOJIOTHYECKHX
MIPOLIECCOB, (PU3UOJIOTHYECKHUX XaPAKTEPUCTHK U TOBE/ICHNSI.
[TockonbKy Koppessiis AaHHBIX MPOTEOMa U TPAaHCIIATOMA
BBIIIIE, YEM IPOTEOMA U TPAHCKPHUIITOMA, MOXKHO paccMarpu-
BaTh TPAHCILITOM KaK OoJiee TOUHYIO OIIEHKY YPOBHS 3KCIIpec-
cuu reroB (Smircich et al., 2015). D10 kaxercs Tem Oosee
BEPHBIM, YTO UMEHHO OCJIKH SIBISIFOTCS (DYHKIIMOHATBHBIMHU
€IMHUIIAMH B KJIeTKe, B oTiure oT MPHK, kotopbie B naHHOM
cllyyae MOYKHO PacCMaTpHBaTh KaK IPOMEKYTOUHbBIE 3BEHbs
(Robles, Mann, 2013).

B Hacrosmei paboTe MBI IPOBEIH CPAaBHUTEIIBHBIN aHAIN3
TPAHCIATOMOB IIEUCHU M MOYCK MbIIIHU, MTPEACTABICHHLIX B
nccnenoBaansax (Janich et al., 2015; Castelo-Szekely et al.,
2017), BBISBUIM T'€HBI, MIMCIONINE BHIPAXKCHHYIO CyTOYHYIO
JUHAMHUKY TPaHCIIALUH, ONPENEIHIIA IIEPUOIBI BPEMEHHU,
KOI7Ia OHA JIOCTUTaeT MAaKCHMAJIbHOTO YPOBHSI. DTO ITO3BOJIMIIO
MIPOBECTH HCCIIe0OBaHNE TKaHecnenu(puaHoCcTH (Ha30BBIX
XapaKTepUCTUK OMOJIOTHYECKUX MTPOLIECCOB B TEUEHUE CYTOK
Ha ocHOBe (yHKIMOHAThHOTO aHamm3a GO.

MaTtepwuanbl n metogbl

B nccnenoBaHum MBI HCIONB30BAIH JIJaHHBIC, TTOMYYCHHBIC
METOZIOM NMPOQHUINPOBAHUS PUOOCOM TP M3yUSHUH TPaHC-
JISITOMA MEYCHH U ITOYEK MBIILH, TIPEICTaBICHHbIE B pad0Tax
rpynmsl David Gatfield (Janich et al., 2015; Castelo-Szekely
etal., 2017) (GSE67305 u GSE81283 B 6a3e nanubix GEO).
B HacTosiiee Bpemst METO PO HIHPOBAHUS pPUOOCOM HAXO-
JIIT Bce OoJ1ee MMPOKOE TPUMEHEHHUE IS PELIEHHS ITHPOKOTO
KpyTa 33/1a4, CBI3aHHBIX C U3YUYCHUEM MEXaHU3MOB PETYIISINH
TPAaHCISINUMU B JKUBOM KileTKe. B 4acTHOCTH, 3TOT MOAXO[
obecneunBaeT nHpopMarmio o Tparcaupyemsrx MPHK n rx
TPAHCISIIMOHHOM aKTHBHOCTH B OTIPEACIICHHBI MOMEHT Bpe-
MmenH in vivo (Ingolia, 2014). Mpimu (camupt tuauu CS7BL/6
BO3pacTa 12 Hexenb) COmEpKANNCh B TCUCHNE BYX HEIeNb
B YCJIOBHSIX CBETO-TEMHOBOTO pexxnMa (12 1 cBer/12 4 Tem-
HOTa). 3aTeM MbIlIeH 3a0MBaIIN Yepe3 KaKable 2 4 B TEYCHHUE
24-gacoBoro cyTouHoro nukia (12 BpemeHHbIX Touek (ZT0-
ZT22), tne ZTO — pruroueHue ceeta, ZT12 — BRIKITIOUCHHE
cgera). [ panpHEHINMX nCCleJOBaHNH Y )KMBOTHBIX 3a0U-
pasy MeYeHb W MOYKH C HEIbI0 TPOBEACHUS SKCTIEPUMEHTOB
1o MPOGUINPOBAHNIO pUOOCOM B KakJ0H TKaHu (Janich et
al., 2015; Castelo-Szekely et al., 2017). Takum oOpazom, yist
Ka)kJJOH BPEMEHHON TOYKH B JBYX HE3aBUCHMBIX PEIUTHKAX
9KCTIEpUMEHTa OBUTH MOJTyYeHbI 3HAYCHHS ITOKa3aTels Ipo-
(unmpoBaHust puOOCOM aHATM3UPYEMBIX T€HOB, KOTOPBIE MBI
UCTIONIb30BAJIN B HAIIIEM HCCIJICIOBAHHH.

Wnentudukanus reHoB, JEMOHCTPUPYIONIUX ITHUPKaI-
HYIO PUTMUKY TPaHCIISIIIMM, OblJIa OCYIIECTBIEHA METOJIOM,
OCHOBAaHHBIM Ha KOMOWHAIIMM KPUTEPHs, UCIIOIb3YEMOTO B
nporpamme eJTK CYCLE (empP < 0.05) (Hughes et al.,
2010; Hutchison et al., 2015), ¢ mocienyromumM aHaIA30M
pa3bpoca n3MepeHuit B KayK10i BpEeMEHHOW TOYKE CYTOYHOTO
pHUTMa TSI BBISIBICHUS YCTOWYHMBBIX MATTEPHOB HKCIIPECCHH,
BOCITPOM3BOIMMBIX B Ka)K/IOM CYTOUHOM IMKJIE HAOIIOICHUSI
JUIS HECKOJIBKUX PEIUINK (B HAIIEM ClIydac BE PETUIHKH).
[Tokazarens empP B nmporpamme eJTK CYCLE cootset-
CTBYET SMIIMPUYECKOM OILIEHKE YPOBHS 3HAYMMOCTH (p-value)
C Y4ETOM MHOKECTBEHHOCTH BBIOOpA, TIOJIyUYCHHON ITyTeM
uMHUTannoHHOTO Mozaenuposanus (Hutchison et al., 2015).

Human and animal systems biology



AHanus LUMpKagHoro pntma 61ONOrNYeCcKNx
npoueccoB B NMeYeH U NoYKax MblLn

PUTMHMYHBIA TeH JOIDKEH TakkKe yHIOBIETBOPATH JOMOJI-
HUTEJBHBIM YCIOBHM: 1) aMIuiuTyga KojaeOaHuH ypoBHS
ToKa3aress MpoQHINPOBaHNs pHOOCOM I'eHa JJOJDKHA OBITH
He MeHee 20 % oT ero CpeAHero 3Ha4eHus 3a CyTKH; 2) XOTs
OBI AT OMHOM BPEeMEHHOHM TOYKHM TOKa3aTelb TMPOQHINpO-
BaHMS pUOOCOM B 00EHX PEIUIMKAX JIOJDKEH MPEBBIIIATh €ro
Cpe/lHeCyTOYHOE 3Ha4YeHHe. B HaleM ncciejoBaHny IIPUHU-
MAeTcsl, YTO TeH HaXOAUTCS B (ha3e C MOBBIIIEHHBIM YPOBHEM
TPAHCIISIIIMN, €CITU B JJAHHOW BPEMEHHOH TOUKE MOKa3arellb
npoduIMpoBaHusl puOOCOM STOTO r'eHa JUIsl 00eHX PEruIHK
MPEBBIIIAN €70 CPETHECYTOUHOE 3HAYEHHE /TSI 3TOTO T'eHa.

Amnanus oboramenust tepMuHamMu GO rpynmn reHos Ipo-
BEJICH C MCIOJIb30BaHUEM OMOMH(OPMAILIMOHHOIO pecypca
DAVID (Huang et al., 2009). [lns oneHKH TOCTOBEPHOCTH
MCIIOJIb30BaI KpUTepHuil beHmkaMuun ¢ monpaBkoW Ha
MHOXECTBEHHOCTH BbIOOpa (p < 0.05).

Pesynbratbl n 06cyxaeHune

BbigeneHvie rpynn pUTMUYHbIX FEHOB

AHanm3 SKCIIepUMEHTAIILHBIX JaHHBIX 110 KCIIPECCHH TEHOB
(YpoBeHb TpaHCISIHMK), MOJYYEHHBIX METOIOM MPOQHIHU-
poBaHUS pHOOCOM, IMOKAa3al, YTO U3 OOIIEro Ymcia TeHOB,
9KCIIPECCUPYIONINXCS B MOUKax U nedenu, 10573 okazanuck
o0mmMHy Ui IBYX opraHoB, 407 yHUKaNbHBI IJIs TICYCHH,
2049 — nng mouex (puc. 1).

Ha nepBom sTare paboThl MbI BEISIBUIIM ['€HBI, IEMOHCTPH-
pyIoIHe UPKAJHBIA PUTM TPAHCIISLUH, OLECHUBACMBIN TI0
BEJIMYMHE [T0Ka3aTes st NPOGUITUPOBAHKS PUOOCOM, B IIEUCHH
U rovkax. B nampHelimem OyiemM Ha3bIBaTh TAaKUE T€HBI PUT-
MHUYHBIMH. KOJIMYECTBO BBISIBJICHHBIX T'€HOB C PUTMHYHBIM
XapakTepoM TpaHcsamuu coctaBmseT: 3358 uz 10980, sxc-
MIPECCUPYIOIINXCS B IIeYeHH, U 2938 u3 12622 B moukax (cM.
puc. 1, a). Tak xe, kak u B uccienoBanu (Castelo-Szekely et
al., 2017), B me4eH KOTMYECTBO PUTMHIHBIX TCHOB 0Ka3aJloCh
BBIIIIE, YEM B TTIOYKaX.

CoriacHo HaIllUM Pe3yNbTaTaM, NPOLEHTHOE COJCPIKaHNE
PUTMUYHBIX TeHOB coctaBisio 30 % B neuenn u 23 % B
MOYKaX M OKa3aJocCh BBIIIE, YeM B HccienoBaHusx (Janich
et al., 2015; Castelo-Szekely et al., 2017) — 17 u 8 % coor-
BETCTBEHHO. DTO MOKHO OOBSICHUTh PA3JIUNUUEM TTOJIXO/I0B U
KPUTEPHEB, MCIOIb30BAHHBIX [UISl BBISBICHUS PUTMUYHBIX
TEHOB, YTO OIPEACISETCS OCOOCHHOCTSIMU 3aJ1a4, MOCTaB-
JICHHBIX B HAIIMX HCClenoBaHusx. OTMETUM, KpOME TOTO,
YTO B JINTEPATYpE YIOMUHAIOTCS CYIIECTBEHHBIC Pa3IHUUs
YHCIa PUTMUYHBIX TCHOB, BBISIBICHHBIX Pa3HBIMH dKCIIEPH-
MEHTaJbHBIMU U MaTeMaTH4YeCKUMH MeTojamu. Hampumep,
C MCIIOJIb30BaHUEM MUKPOUYHIIOB OJJHIMH HCCIIEIOBATEISIMHU
BbIsSIBJICHO 335 puTMuuHbIX reHoB B nedenu (Panda et al.,
2002), a npyrumu — 2 828 (Eckel-Mahan et al., 2012). Meto-
noM RNA-seq B aTom sxe oprane BoisiBieHo 1160 (Vollmers
et al., 2009) u 4544 (Atger et al., 2015) pUTMUUHBIX TeHA.

HcxonHoM MOCBUIKOM 1S HAILIETO UCCIIEAOBAHUS SIBIISIETCS
TO, YTO PUTMHYHBIE TeHBI C BHICOKOW BApHAOEIILHOCTBIO YPOB-
HsI 9KCTIPECCHU B ONPE/ICIICHHO TKaHU B TCUCHUE CYTOK MOX-
HO pacCMaTPUBATh JJIsI 3TOM TKAHH KaK BPeMsI-ClIelIU(UIECKIe
TEHBI, IKCIIPECCHSI KOTOPBIX B ONPE/ICJICHHBIE IEPHO/IBI CyTOK
YBEJIMYMBACTCS JUIs BBHIIIOJHEHUSI CHEIUPUUECKUX (PYHK-
LU B KOHKPETHBIX OMOJIOTMYECKUX MPOIIECCax U JNHAMUKA
AKTHBHOCTH KOTOPBIX MOXKET MUMETh IIMPKAIHBIA XapakTep.

CuctemHan 6monorvsa YenoBeka v >KNMBOTHbIX
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Fig. 1. (a) A Venn diagram illustrating overlaps of the sets of cyclic and
noncyclicgenes expressed in the liver (LiverCand LiverN, respectively) and
in kidneys (KidneyC and KidneyN). (b) A circle diagram of the distribution
of genes in the elevated translation state at certain timepoints of the
circadian cycle in the liver, kidneys, and both.

Jnst Hammx nened BaKHO BBIAEIHUTH TPYIITYy T€HOB, KO-
TOpBIC BOCTIPOM3BOAT LHUKJINYHOCTD SKCIPECCHH (TpaHc-
asiuuu) ¢ nepronom 24 4. Ilpu orGope pUTMHYHBIX T€HOB
MBI UCTIONIB30BAJIM HE TOJIIBKO KPUTEPHH LUPKATHOCTH, HO U
JIOTIOTHUTENBHBIC KPUTEPHH 0TOOPA, KOTOPHIE U MTO3BOJIMITH
BBISIBUTH TCHBI C BBHICOKOI OTHOCHTENBbHON aMILTUTYI0H ypOB-
HS TPAHCIAUH (CM. pa3aesn Marepuaibl 1 METOIBI).

Ha nmnarpamme Benna (cMm. puc. 1, a) npeacraBieHs! 1e-
pecedeHusi MHOKECTB BbIACICHHBIX HAMH PUTMHYHBIX U He-
PUTMHYHBIX TEHOB B ME€UCHM M Toukax. OOmmee 4ncio aHa-
m3upyeMsix renoB B nedenu (LiverC U LiverN) — 10980, B
noukax (KidneyC U KidneyN) — 12622. 13 HuX B 1e4eHH
purmugHE! 3358 renos (LiverC), HeputMudHBI — 7622 reHa
(LiverN); B moukax putmudHbI 2938 renoB (KidneyC), He-
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purmuuHbl — 9684 rena (KidneyN); 1113 reHoB pUTMHUYHBI
B 00omx opranax (LiverC N KidneyN).

Jl11 KOHKPETHBIX PUTMHYHBIX T€HOB OBUIN BBISBICHBI
BpPEMEHHbIC HHTEPBAJIbI, COOTBETCTBYIOIIME UX (pazam MOBbI-
IIIEHHOH 3KCIPECCHH (TPAHCIAINH). DTO MTO3BOIMIO chopmu-
poBaTh IPyMNIbl TEHOB, HAXOIAIIUXCS B (ha3e MOBBIIICHHOMN
9KCIPECCHH, JUI KaXKA0H U3 12 nccneqoBaHHbIX BPEMEHHBIX
TOYEK CyTOYHOTO IHKJIA.

Ha ciienytorem stamne paboThl MbI 331aJIMCh BOIIPOCOM, KaK
pacrpesiesieHo 1o BPEMEHHU CYTOK YUCIIO TeHOB, BXOASIINX B
9TH TPYIIIBI B IEYEHHU U 1T0YKax. Da30Bble THCTOTPAMMBI, OTH-
CBIBAIOIIIHE 3TO pacIpe/iesieHHe, NPeICTaBIeHb! Ha pHC. |, 6.
B neuenn mMakcuManbHOE KOJIMYECTBO T€HOB HAXOIUTCS B
(hase MOBBIMIEHHON 3KCTIpeccH (TPaHCIANNH) B TIEPHON,
cootBeTcTByomui ZT14—ZT20, MUHMMaIbHOE — B IIEPUOJT
Bpemenu ZT8-ZT10.

B meroM 3TOT pe3yasrar He IPOTHBOPEYUT TaHHBIM (Janich
et al., 2015), mokazaBmM mpu Gosee KECTKUX YCIOBHAX
0T0Opa PUTMHYHBIX I'€HOB, YTO akpodasa (MakcuMaabHOE
3Ha4CHHE) PUTMA TPAHCIALUU B MEUCHHU NPUXOJUTCS Ha
ZT15-ZT16. Takum o6pa3om, HanOoJbIIIEE KOJINIECTBO PUT-
MHYHBIX T€HOB B (Da3e MOBBILIEHHOH SKCITPECCHU HAOII0IaeT-
Cs1 B TICUCHH B HadaJsie TEeMHOH (ha3bl CyTOK, COOTBETCTBYIOMICH
MOBBIIICHHON aKTMBHOCTH XHMBOTHBIX, @ MUHUMAJILHOE — B
KOHILIE CBETJION, B MEPUOJ MOKOs, IPEAIIECTBYOIINM 1epe-
XOJy K aKTHBHOM (haze. B mouxax paznmuus Ha NPOTSHKEHUT
CYTOK OBUIM MEHEE BBIPAKEHBI, @ MAKCHMYM YHCJIa TCHOB B
(haze MOBBINICHHOW TPAHCISLUKN HAOIIOAJCS C CePEIHHBI
cBeTIIoH (hazbl CYyTOK 10 cepeauHbl TeMHon (ZT6—ZT16), ato
COOTBETCTBYeT pesynbraram padotsl (Castelo-Szekely et al.,
2017), B KOTOPOI1 HCCIIeOBAIUCH LIUPKaIHbIE pUTMBI A dek-
TUBHOCTH TPAHCIIALIUH.

MakcumasbHbIE Ynciia TeHOB B (ha3e ¢ TOBBIIICHHOM JKC-
npeccuer (TpaHCsnuei) OJHOBPEMEHHO M B MOYKaX, U B
nedeHn Habmonarotces B mepuon ZT14-ZT 16, uto coBmamaer
C TIepeceueHneM BPEMEHHBIX EPHOIOB C MAKCHUMAIIbHBIM KO-
JIMYECTBOM TAKMX T€HOB JUIsl [IEYEHH 1 TI04YeK. Takum o0paszom,
B ATOT TIEPHO] B TIEUCHU U MOYKAX 3aJICHCTBOBAHO OOMIBIIOE
YHCIIO OHUX M TEX K€ I'CHOB, KOTOPBIE, MO-BHIUMOMY, yda-
CTBYIOT B PErYJISILIUK CXOIHBIX OMOJIOTHYECKHX MTPOLIECCOB B
9THX TKaHSX.

@OyHKLUMOHaNbHbINM aHaNN3 reHoB
C PUTMUYHBIM TUMIOM TPAHCAALMUN
Amnamu3 oboramenns Tepmuaamu GO kareropun Biological
Process (BP_DIRECT) 6bu1 npoBezieH B rpyIiax reHOB C
PUTMUYHON TpaHCIALMEH B IedyeHu U nodkax. Kaxnas us
TPYI JIEMOHCTPUPYET oOoramieHne Kak cenupuIecKuMu
tepmuHamu GO, Tak U TEPMUHAMH, XapaKTEPHBIMU JUIs1 00EHX
rpyn. Cpeay 001X MOKHO OTMETUTD 0KNAAEMbIE TEPMHUHBI
rhythmic process, circadian regulation of gene expression,
circadian rhythm, 4T0 MOXET CIIy>)KUTb TOATBEPIKICHUEM
MPaBUIBHOCTH (DOPMUPOBAHMUS TPYII PUTMHYHBIX TEHOB (CM.
Tabnuiy). OcTanbHbIe TEPMHUHBI U3 3TOTO CIMCKA TAKXKe HE
MMEIOT OPraHHOW CrelU(UYHOCTH M KacaroTCsl IPOLECCOB
TpaHCcHopTa, TpaHcKpunuuy, npoueccunra MPHK, orsera Ha
CTpecC 3HO0IUIA3MATHYECKOTO PETHUKYIIyMa U JIp.
[IpoBeneHHbIIT aHaTN3 TO3BOJIMII BBISIBUTH OOIINE TEPMH-
eI GO, KOTOPBIMU 0OOTAIIEHBI TPYIIIBl PUTMUYHBIX TEHOB
nedeHu ¥ 1modek. OHAKO OCTaeTCsl HESICHBIM, HACKOJIBKO
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Takoe (PYHKIIMOHAILHOE CXOJICTBO OOBSICHSICTCS COBIAICHUEM
MHOKECTB T€HOB B MIEUCHU U TTOUYKAX, JAIOMINX BKIa] B 000-
ramienue TepMuaom GO.

OynkunonansHbiii GO ananu3 oboramieHus TepMUHAMU
kateropun Biological Process moka3ai, 9To TepMHUHEI, SBIS-
OIINECS «OOIIMMI ISl PUTMUYHBIX TEHOB ITEUCHH U TIOUCK,
TaK)K€ B 3HAYUTEJILHOM CTEIICHU U C BBICOKOH JI0CTOBEPHO-
CTHIO IPEACTABIECHBI B TPYIIIE TEHOB, COOTBETCTBYIOIINX
MepecedeHUI0 MHOXECTB PUTMHIHBIX T€HOB IIEYEHH 1 TTOYEK
(cm. Tabmuity). JlaHHOe HAOMFOICHNE MOXKET CBUICTEIHCTBO-
BaTh O BEICOKOM BKJIA/IE€ B YPOBEHB O0OTAICHNS YKAa3aHHBIMHU
tepmMuHamMu GO TPyIIBI T€HOB, UMEIOLINX MOBBIIICHHYIO
TPAHCIAINIO KaK B IIEYCHHU, TaK U B ITOYKaX.

Takum 006pa3oM, MOXHO OTMETHTb, YTO OMOIOTHYECKHE
MPOLIECCHI U3 PACCMOTPEHHOT'O BBIIIE CITMCKA HE SBISIOTCS
TKaHeCHeIJ,l/I(bI/I'-IHbIMI/I HHU JJ1d ICYCHU, HU JJIA IIOYCK U, BC-
POSITHO, pUTMHUYHEI B 0001X opraHax. B To sxe Bpems oprano/
TKaHECTICCTICIIN(UIHOCTH NX (ha30BBIX XapaKTEPUCTHK TPeOy-
eT JanbpHelei nposepku. Ha 310 ke yKa3bIBarOT pe3yibraTbl
pabotsr (Castelo-Szekely et al., 2017), cBuaerenscTByIONIHE
0 CYIIECTBEHHOM PA3IHIHN (a30BbIX XapaKTepucThK adpdex-
TUBHOCTHU TPAHCIAINU B IEYCHU U IMOYKaX.

(daszoBble xapakTepucTnky oborawieHuns

TepmuHamn GO KaTteropuu Biological Process

B rpynnax pUTMUYHbIX reHOB NeYeHm 1 noyekK

Ha cnenyromiem starie paboTsl MBI 33/1aJTHCh BOTIPOCOM O CXOJI-
CTBE WJIM Pa3In4yuu (a30BbIX XapPaKTEPUCTUK O0OOTaIICHHS
TepMuUHaMU Kareropun Biological Process rpymmn puTMIdHBIX
TCHOB, BBISIBICHHBIX B TICUCHH U ITOYKAX.

Just xaxoid n3 12 BpemenHbIX Touek (ZT0-ZT22) obun
BBISIBIICHBI TPYIITIBI T€HOB, HAXOASIINXCS B (pase, XapakTepusy-
IOIIEHCS TOBBIIIIEHHBIM YPOBHEM SKCIIPECCHH (TPAHCIIALINHN).
dopmupoBaHKe TPYIIT TEHOB ObIIO OCYIIECTBICHO TaK, YTO
JUISl KaJKAOTO Te€Ha, BXOAAIIETO B KOHKPETHYIO BPEMEHHYIO
TpyMILy, €ro nokasareiab NpoUINpPOBaHNS PUOOCOM IS
00eHx pEeIuIMK B yKa3aHHOW BPEMEHHOH TOUKE IPEBBIIIAT
cpenaecyTouHoe 3HadeHne. GO amanmm3 oOoTamIeHUs dTHX
12 rpynmn renoB TepmuHamu kKareropun Biological Process
OBLI IIPOBEJICH ISl KaXKJI0W TKaHH (TTeUeHb U ITOYKH).

CHauana MBI COCPEIOTOYMINCH Ha OMOIOTHYECKHUX TIPO-
Ieccax, KOTOpbIe OKa3aIiCh «OOIIMMI» IS TIEUSHH U TTI0YEK
(cm. Tabnuity). [Ipu 3TOM MBI TIpEATIOIATay, YTO HAIAYIHE
IIUPKaTHOM ANHAMUKH 000TaIleHNs] TEPMUHAMH OTIPEICIICH-
HBIX OMOJOTHYECKUX TPOIECCOB MOKHO PACCMaTpHUBATh Kak
CBUJIETEJIBCTBO PUTMUYHOCTH ATUX HPOLIECCOB.

Oxkazanock, 9To (a3sl 00OTAIEHNS HEKOTOPBIMH Tep-
MHUHAaMH 3TOH KaTeropuy COBINAJAIOT MM YacCTHYHO Iepe-
KPBIBAIOTCSI JUIsl TEHOB TNIEYeHU M mouek. [Ipumepom Takux
COBMAJCHUNA MOTYT CIyKUTb TEPMUHBI rhythmic process,
response to unfolded protein, lipid metabolic process (puc. 2).
dazoBble XapaKTEPUCTHKH JPYTHX MOTYT CyIIECTBEHHO pa3-
JMYATHCS, KaK B CIydae TepMuHa fatty acid metabolic process.
Takke MOXXHO OTMETHTh TEPMUHBI, 000TAICHHE KOTOPBIMHU
B IpyIIax I'€HOB OJHOTO OpraHa IpOSBISET HUPKaIHYIO
JUHAMUKY, a JIPYroro — HeT. [IpuMepom Takux TEpMHHOB
seisiercs cell-cell adhesion, cellular response to insulin sti-
mulus (cM. puc. 2).

JanpHedmmii aHamu3 Kacajcs TePMUHOB Kareropuu Bio-
logical Process, oboramienne KOTOPBIMH HE SIBIISIETCST «00-
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GO terms of the Biological Process category overrepresented in groups of cyclic genes in the liver and kidneys

Liver, p-value

Kidneys, p-value

p-value calculated with the Benjamini correction for multiple choice.

* GO terms found to be overrepresented in the group of cyclic genes shared by both organs.

IAMY JUIsE PUTMUYHBIX TEHOB TIEYEHH M TIOYCK, a TaKKe He
BBISIBJICHO B IPYIIIax FeHOB [IEYEHH H [TOYEK 10 OT/IEIIbHOCTH,
HO OOHAPYXEHO TPW aHAIN3€ IHUPKAJTHON TWHAMHUKH 000-
TaleHuUs B OJJHOM MM HECKOJIBKMX BPEMEHHBIX TOuKax. Tax,
W3BECTHO, YTO OJIMH U3 ITPOLIECCOB — METa00IM3M (hPYKTO3bI,
OCYIIIECTBIISIETCS IPEUMYILIECTBEHHO B IIedeHn. Oforaienue
TEPMUHOM fiructose metabolic process He HaOmoONACTCS B
IpyIIle PUTMHYHBIX T€HOB IIOYEK W TPyIIe OOLIMX IeHOB,
HO BBISBJICHO B TPYIIIe PUTMHYHBIX TeHOB IIEYCHU B IEPHOJ
ZT14-ZT16 npu aHanm3e LUPKaIHON THHAMHUKH 00OT AIICHNS
9THUM TEPMHUHOM (CM. pHc. 2). J{ist TepMuHOB cholesterol meta-
bolic process u cholesterol biosynthetic process oboraiieHne
BBISIBJICHO TOJIBKO B I'PYIIAaX PUTMUYHBIX TCHOB IEUYCHH B
nepuon ZT20-ZT22 (cm. puc. 2).

MOKHO IIpeATIoNararh, 4T0 CXOICTBO (ha30BBIX XapaKTepH-
CTHK OMOJIOTMYECKUX TPOIIECCOB B BYX OpraHax sIBISIETCS
OTpa)KEHHEM CYILECTBOBAHHSI HEKOTOPOTO €ANHOT0 KOOP/IHU-
HHUPYIOIIETO BO3/eHCTBHA. Panee ObLIO OTMEUEHO, UTO A
OOJIPIIMHCTBA TEHOB MMEHHO PUTMUYECKAs! TPAHCKPHITIIHS
MPEUMYIIECTBEHHO YNPAaBIsieT PUTMUYECKHM HAKOIUICHH-
eM MPHK u ux tpaHcisduuei, BO BCIKOM cilydyae B IIEUEHU
(Atger et al., 2015), Torna kak 3PEeKTHBHOCTH TPAHCISIIUH
CKOpee MOIYIUPYET IKCIPECCUIO B HAIIPABICHUH OOJIbIIEr0
ee MEeKOPTaHHOTO CXOJCTBAa HAa ypOBHE OMOCHWHTE3a Oenka
(Castelo-Szekely et al., 2017).

C 9T0ii TOUKH 3peHHUsI B KaUECTBE HCTOYHNKA KOOPIHUHUPY-
JOILIETO BO3IEHCTBHS MOXKHO PACCMaTPUBATh CHHXPOHU3HPY-
IOIINE CUT'HAJIBI IEHTPAIBHBIX IUPKAJIHBIX YaCOB OPraHu3Ma

CuctemHan 6monorvsa YenoBeka v >KNMBOTHbIX

(cynpaxuaszmaruueckux sizep runoraitamyca (CX51)), kotopslie
4yepe3 pazIMYHOro pojia NOCPEAHUKOB NEpeIatoTCs K Mepu-
(depuyeckum opranam. [okasaHo Taxke KOOPAUHUPYIOIIEE
BO3/JICHCTBHE IMPKAIHBIX YaCOB Ha ITPOIIECCHl TPAHCIISIIINNI B
TMICYCHHU 32 CUCT X BIIMSHUS Ha [IPOLIECChI OMOTreHe3a pudocoMm,
MaKCHMYM KOTOPOTO NPHUXOAUTCS Ha HAa4auo TEMHOH (a3bl
cytok (Jouffe et al., 2013).

B 0 e Bpemst paznnune ¢a3 OMoI0ruuecKHx MpoieccoB B
Pa3INYHBIX OpraHaX MOXKET ONPEACIIATHCS TN PHICCKIMH
JUISL TAaHHOW TKaHH WIJIM OpraHa CHHXPOHU3HPYIOLIMMH CUTHA-
JIaMH, BOKHBIMH JUTS BBITIOJIHEHUS] OCHOBHBIX (DYHKIMH JIaH-
HOTO OpraHa, HCXOSIIMMH U3 IPYTUX HCTOYHUKOB. BinstHue
TAKUX CUTHAJIOB MOXKET MPOSIBISTHCS Ha PA3INYHBIX YPOBHAX
PEryJIsiMY SKCOPECCHU TeHa. DTO HAXOAUT MOATBEPIKICHNE
B uiccneqoBanum (Atger et al., 2015), moka3aBmieMm, 49To pe-
JKUM TTMTaHUS SABISIETCS CHHXPOHMU3HMPYIOUIMM CHTHAJIOM,
OIPEACIISAIOIINM PUTM TPAHCIISILIUK I'EHOB B [IEYEHU, YPOBEHb
MPHK KoTOphIX HE IeMOHCTpHUpPYET HpKagHOTO puTMa. OT-
MEYEHO TaKXe, UTO, XOTS MEXaHU3Mbl aBTOHOMHBIX KJIETOU-
HBIX IIMPKA/IHBIX OCLMJUISITOPOB B PA3JIMUHBIX OpPraHax HMEIOT
NPaKTHYECKH OJMHAKOBBII MOJIEKYIISIPHBII COCTaB, HAINYHE
OpraHoCHenUPUIHBIX 0COOCHHOCTEH perymsiun 3 HeKTruB-
HOCTH TPAHCIISILIUK UX KOMIIOHEHTOB MOYKET MTO3BOJIUTH OCY-
IIECTBIIATh HACTPOHKY CIICNU(HIHBIX JUI JTAHHOTO OpraHa
MIPOLIECCOB B COOTBETCTBUH C €TO OCHOBHBIMH (DYHKIHSIMH
(Castelo-Szekely et al., 2017).

B nacrosmiee BpeMs TOMIMO IUpKagHbBIX 9acoB CX A, 3a-
JIaTYNKOM BpeMeHu (Zeitgeber) miisi KOTOPBIX CITY’KHT CBET,
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Fig. 2. Circadian variation of the enrichment of the Biological Process category with GO terms in groups of cyclic genes in the liver and kidneys.

OTIMCAHbl M JPYTHE, XOTS MX W3Y4YECHHUE 3aTPyAHUTEIBHO U
HaXoqUTCAd B CaMOM HavaJiC MMyTH. K HUM, HAlIpUMEP, OTHO-
CATCS OCIIIIAINH, 00yciioBneHHbIe Thiei (food entrainable
oscillator — FEO), pn3nueckoii akTHBHOCTBIO ¥ IPYTHMH CHUT -
HallaMu-cuHXpoHn3atopamu (Blum et al., 2012; Pendergast,
Yamazaki, 2014; Flores et al., 2016). DTn HeKaHOHUYECKHE
OCLIJUTSITOPBI MOTYT Y4YaCTBOBAaTh B PETYIISILIMH LUPKAIHBIX
PUTMOB, KOHKYPUPYS B OIIPEIEICHHBIX CUTyallUsX 3a BIIUSIHUE
Ha CHHXPOHH3ALHIO OIPEIEIEHHBIX IPOLIECCOB ¢ LCHTPAIIb-
HBIM IUPKAJAHBIM ociuiuisiTopom CX .
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W3ydeHne TkaHecneUH()UUHBIX 0COOCHHOCTEH IIMPKaJIHBIX
PUTMOB SKCIIPECCUH I'€HOB — OfIHA M3 BaXKHBIX IPOOJIEM CO-
BpPEMEHHOW XpOoHOOMos0rHH. Takoro posia 3HaHUsI TO3BOJIsI-
0T T1I0-HOBOMY B3IVISIHYTh Ha HEKOTOpBIE 3aJa4d B 00JlacTH
(m3nonorun, MEIUIMHBI, XPOHOTEpANU, XpoHodapMako-
jgoruu U T. 1. Vcnonb3oBaHue JaHHBIX MPOPUINPOBAHUS
pHOOCOM NPEIOCTABISACT TOMOIHUTEIBHBIE BOSMOKHOCTH B
MCCIIEI0BAaHIN IUPKAJHOW PETY/ISIIUK TPAHCIIIIUK 1 €€ POJTH
B ()OPMHUPOBAHNH TKaHECTICIN(PUICCKOM [IMPKATHOI PUTMUKH
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OMOJIOTHYECKHX MpoIieccoB. B HacTosiiel padbore MbI TIpo-
BEJIM CPAaBHUTEJIBHBIH aHAIN3 LUPKaJHBIX TPAHCIATOMOB
MEYCHH M TIOYEK MBIILH, PEACTABICHHBIX B HCCICIOBAHHSX
(Janich et al., 2015; Castelo-Szekely et al., 2017), BbisiBHIH
TPyl TEHOB, UMEIONINX BBIPAXKCHHYIO CyTOUHYIO TUHAMHKY
TPAHCIISILUHM, OTIPEISIIAII IEPHOBI BPEMEHH, KOT/Ia 3TH '¢HEBI
HaxXoAsTcs B (pa3ze C MOBBIILIEHHBIM YPOBHEM JKCIPECCUH
(TpaHCHAIMH) B K&KIOM U3 OPTaHOB.

B pesysbrare ObUTH IOTYy4YeHBI pacipe/IeIeH s PUTMAYHO
TPAHCIIUPYEMbIX T'€HOB [0 BPEMEHH WX IOBBIIIEHHOW JKC-
MIpeccHu B TeUeHHE 24-4acoBOTO IMKIA. B meueHn MakcH-
MaJIbHOE YHCIIO TCHOB TPAHCIMPYETCsl Ha BBICOKOM YPOBHE
B Hauajie TEMHOW (a3bl CyTOoK. B moukax 3TH pasznudus
BBIPQ)XCHBI MEHBIIIE, 1 MAKCUMYM HPHXOIANUTCS Ha MIEPHO C
CepeHbI CBETIION 10 CepeAnHBI TEMHOM (ha3bl CyTOK.

Amnainn3 (a30BbIX XapaKTEPUCTHK 000TallleHNs] TEPMUHAMHI
GO xateropru Biological Process B rpymmax pUTMHYHBIX
TCHOB IIEUCHM U TIOYEK MOKa3aJl, 9YTO HEKOTOPHIE MPOIIECCHI,
Hanpumep response to unfolded protein u lipid metabolic pro-
cess, HE TOJBKO PUTMUYHBI B 00OMX OpraHax, HO U UMEIOT
Onu3kue (ha3oBbie XapaKTePUCTHKHU. B TO BpeMst Kak psijt Apy-
rUX OMOJIOrMYECKUX IpoleccoB (Takue Kak cell-cell adhesion
u cellular response to insulin stimulus) TPOSIBISET CTPOTYIO
TKaHECTELM(YUIHOCTh PUTMHUYHOCTH, T.€. MPOLECCHI, IPO-
SIBIISIIOIINE PUTMUYHOCTH B OJHOM OpraHe, OKa3bIBAIOTCS
HEPUTMUYHBIMU B APYTOM.

Takum 00pa3oM, pUTMHUYHBIE I'€HBI C BRICOKOH aMIUTUTYJI0H
HKCHPECCUH MOJKHO pacCMaTpHUBATh JUIsl ONPe/IeTIeHHOM TKaHH
Kak BpeMsicrien(uaeckue reHsl, KOTOPbIe NMEIOT IOBBIIICH-
HYFO 3KCIIPECCHUIO B ONPEICTICHHBIC IIEPHOJIBI CYTOK JUISI BBITION-
HeHus crienuduuecknx QyHKIMA B KOHKPETHBIX OMOJI0THYe-
CKHX ITpoLeccax. DTOT MOIXOJ ITO3BOJISET IIPOBOJUTH aHAJIH3
OpraHo/TKaHeCcIeCnenu(pUIHOCTH (a30BBIX XapaKTCPHUCTHK
OMOJIOrMYECKHUX MTPOLIECCOB, a IOJTy4YEHHBIE PE3yJIbTaThI 0/1-
YEepPKHUBAIOT HEOOXOAMMOCTb YYHUTHIBATh (ha30BbIE LUPKaJ-
HbIC XapaKTePUCTUKH MPU CPaBHEHUH OCOOCHHOCTEH Mpo-
TeKaHUs1 OMOJIOTHUECKHX MPOLECCOB B PA3IMYHbBIX OpraHax.
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PoJ/ib TeHOB aIriornTo3a B KOHTPpOJIEe arpeCCMBHOI'O
ITOBEAEeHIIs, BbISIBJIEHHAS C IIOMOIIBIO
KOM6I/IHI/II)OB3HHOI‘O dHaJ/I3a aCCOLVMAaTNBHDBIX
I'€eHHbIX CETeﬁ, IKCIIPpECCMOHHBIX I T€EHOMHDBIX JadHHbIX
IIO CE€EPBIM KpPbICaM C arpeCCMBHBIM IIOBeOEHIIEM

A.O. Bparun! @, O.B. Caiix!, V1.B. Yapaesal> 2, I1.C. Aemenkos!, A.A. Mapxeab! 2, J0.A. Opaosl 2, E.JL. Poraesl 345,
VL.H. Aaspux! ®, B.A. VMBauncenko!

T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LMTONOTUM 1 reHeTrKi CUBUPCKOro oTAeNeHus Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccusa

2 HoBocnbrpcKmii HaLoHanbHbI NCCe[oBaTeNbCKUIA FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCM6MpCK, Poccnsa

3 MeguuuHckasn wkona MaccauyceTckoro yHuBepcuTeTa B BycTtepe, Byctep, Maccauycerc, CLUA

4 WNHCTUTYT 0bLwein reHeTukn Poccuinckon Akapemunn Hayk, MockBa, Poccus

5 LIeHTp reHeTNKM 1 reHeTUYECKUX TEXHOMOT A, GIONOTYecKuit dakynbTeT, pakynbteT 6MONHKEHepUn 1 6LUoHopMaTHKIM, MOCKOBCKMIA FOCYAaPCTBEHHDI
yHuBepcuteT nm. M.B. JlTomoHocoBa, MockBa, Poccus

6 Margebyprckuii yHnsepcutet nmeHn OTTo doH lyepurike, Margebypr, lfepmaHus

ArpeccuBHOe NoBeAeHVe XBOTHbIX UFPAET BaXKHYIO POfb Npw 3aluuTe
TeppuTOPUN, MOTOMCTBA, YCTAaHOBJIEHWI COLMANbHO-NEePaPXNYECKINX
OTHowWeHu 1 T. 4. Npwn page 3a6oneBaHni (Wn3odpeHna, MaHMaKab-
HO-[lenpPeCcCcMBHbI NCNX03, HellpofereHepaTMBHble 3a60neBaHNA) Ha-
6niofaeTca NoBblWEHHasA arpeccus. B HelporeHese 6onblioe 3Haue-
HVe B NOAAePKaHNM KNIeTOYHOIO roMmeocTasa MMeeT HeNPOHasbHbIN
anonTos. HapylueHnA HelipOHanbHOro anonTo3a oTMeYaloTca Npu
CTapEHUN 1 PA3NINYHBIX HeponaTonorusx (anvunencus, 6onesHb Anbl-
refimepa, HeMpoTPaBMbl), CONPOBOXKAAIOLLMXCA M3MEHEHNAMYU NCUXO-
SMOLMOHANBbHOIO COCTOAHMA. I3BECTHO, UTO B MO3re BbICOKOArpeccuB-
HbIX KPbIC 3HAUNTENbHO N3MEHAETCA YPOBEHb SKCMPECCUM KIoUEBbIX
reHoB HelpoHanbHoro anonTto3a (Casp3, Bax v Bcl-xl). B cBA3u € 3TUM
aKTyanbHbIM ABNIAETCA N3yUYeHne CBA3el HENPOHabHOMO anonTo3a u
arpeccvBHoro noseaeHus. Lienbto gaHHom paboTtbl 6bin aHanm3 acco-
LMaTBHbIX CeTel, ONMCbIBAIOLLNX MOSIEKYNAPHO-TEHETUYEeCKMe B3au-
MOZENCTBMA MEXAY reHaMun/6enkamu, BOBNeYeHHbIMU B HENPOHasb-
HbI anonTos, AnddepeHLnanbHO SKCNPECCUPOBAHHBIMU FreHaMu 1
reHamu, MeoLMMM NONMOPPU3MbI, Y CEPbIX KPbIC C arpecCUBHbIM
noeefieHnem. BoiasneHo 819 anddepeHLmanbHO SKCNPeCcpyoLLnXCca
reHoB B rMnoTanamyce, BEHTPasibHON TerMeHTabHOM 0bnacT 1 B ce-
pOM BellecTBe NepuaksegyKTyma y KpbIC C arpeccMBHbIM 1 APYXKenio6-
HbIM NoBeAeHVeM. AHanM3 accouraTBHom cetn auddepeHuranbHO
SKCMPECCHPYIOLNXCA FEHOB NMO3BOJINI BbIABUTb TPU BEPLUMHBI C MaKCU-
MaJIbHOW LIeHTPanibHOCTbIO, KOTOPble COOTBETCTBOBANM reHam Stx1a,
Mbp v Th. Mpwn aHanu3e reHoma 6b110 06HapyeHo 137 NonMMOpPGHbIX
reHoB, Tpu 13 KoTopbix (Lig4, Parp1 v Pigt) BOBNeuYeHbl B HEMPOHasb-
HbI anonTo3. [Noka3aHo, YUTo cpeau reHoB, B3aMMOAENCTBYIOLNX B
aCCoLMaTMBHOMN CETU C FeHaMW, BOBJIEYEHHbIMY B HEPOHASbHBbI
anonTos, CTaTUCTUYECKM 3HAUYVMMO NPeACcTaBfieHbl NONNMOpPdHbIe 1
anddepeHLmanbHO sKCNpeccupoBaHHble reHbl (p-value < 0.01). Pekor-
CTPYMPOBaHbl TPW MONEKYNIAPHO-TEHETNYECKIME LIeNoYKY, ONncbiBa-
IoLLMe CBA3U MeXAY NONMMOPPHBIMY FeHaMK 1 FeHaMun/6enikamm Heli-
pOHaNbHOro anonTo3a, onocpefoBaHHble yepes anddepeHLmanbHO
SKCMPEeCCUpPOBaHHbIe reHbl. Lienouku BKnoyany NonuMopdHble reHbl
Tsc1, Adamts4 v Lgals3, puddepeHuranbHO SKCNPeccrpoBaHHbIE FeHbl
Ezr, Acan, Th n 19 reHoB HelpOHanbHOro anonTo3a. bbino nokasaHo,
YTO NPOLLECC HEMPOHaNbHOIO anonTo3a TECHO CBA3aH C arpecCUBHbIM
noBefileHNEM Y KNBOTHbIX.

KnioueBble cnoBa: HeMpPOHanbHbIM anonTo3; arpecCUBHOE NOBeAeHE;
ANDSystem; accoumaTrBHble reHHble ceTu; anddepeHuranbHO
3KCMPECCUPYIOLLMECA FeHbl; MOAMMOPGU3MBI.

Role of apoptosis genes

in aggression revealed

using combined analysis of
ANDSystem gene networks,
expression and genomic data
in grey rats with aggressive
behavior

A.O. Bragin1 ®, O.V. Saikl, LV. Chadaeval- 2,
PS. Demenkovl, A.L. Markell’ 2, Yu.L. Orlov! 2,
E.L Rogaevl' 34,5 1N. Lavrik ¢, V.A. Ivanisenko!
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2 Novosibirsk State University, Novosibirsk, Russia
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Aggressive behavior in animals plays an important
role in protecting the territory, offspring, establishing
social hierarchical relations, etc. Increased aggression
is observed in a number of diseases (schizophrenia,
bipolar disorder, brain degenerative disorders). Neuro-
nal apoptosis is crucial in the maintenance of develop-
mental processes during neurogenesis. Alterations in
neuronal apoptosis are observed in aging and neuro-
pathologies accompanied by changes in psycho-emo-
tional state (epilepsy, Alzheimer’s disease, neurotrau-
ma). The expression of key neuronal apoptosis genes
(Casp3, Bax and Bcl-x) in the brain of highly aggressive
rats is significantly altered. The aim of this work was

to analyze associative networks that describe genetic
interactions between genes/proteins involved in neuro-
nal apoptosis, differentially expressed genes and genes
with polymorphisms in grey rats with aggressive be-
havior. Analysis revealed 819 differentially expressed
genes in the hypothalamus, ventral tegmental region

and periaqueductus Sylvii grey matter in grey rats
with aggressive and tame behavior. The Stx7a, Mbp
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KAK UUTUPOBATbD 3TY CTATbIO:

and Th genes have the highest index of betweenness
centrality in the associative network of differentially
expressed genes. Genome analysis revealed 137 poly-
morphic genes. Three of them (Lig4, Parp1 and Pigt)
were involved in neuronal apoptosis. It was shown
that polymorphic and differentially expressed genes
were statistically significantly overrepresented among
genes interacting with neuronal apoptosis genes
(p-value < 0.01). Three molecular-genetic chains des-
cribing connections between polymorphic and neuro-
nal apoptosis genes mediated by differentially exp-
ressed genes were reconstructed. Chains included the
polymorphic genes Tsc1, Adamts4 and Lgals3, differen-
tially expressed genes Ezr, Acan, Th and 19 neuronal
apoptosis genes. It was shown that neuronal apoptosis
is closely related to aggressive behavior in animals.

Key words: neuronal apoptosis; aggressive behavior;
ANDSystem; associative gene networks; differentially
expressed genes; polymorphisms.
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TPECCUBHOE IMTOBEICHHE KUBOTHBIX, KaK OTIPEICITIII €0
OJTH U3 OCHOBOIIOJIOKHUKOB TOJIOTUH (HAyKH O TTOBE-
nennn) aBerpuiickuii 30070t K. Jlopent (Lorenz, 2002),

WIA WHCTHHKT arpecCHUy, HAIPaBICHHOW MTPOTHB COOpPAThEB

10 BHU]TY, YV )KUBOTHBIX U3y4aeTCs YK€ IaBHO U 3aHUMAET Be-

JTyIIiee MECTO B HayYHBIX UCCIIEIOBAHNUAX OCHOB TIOBE/ICHUS.

B Hacrosimiee Bpemst arpeccrio ONpeIesTiOT Kak BPOKICHHYIO

(hopMy TIOBEJICHUSI U CUUTAIOT €€ YacCThI0 arOHUCTHYECKOTO

moBeneHUs (OT Tped. agonistikos — crocoOHEIN kK Ooprbe,

BOMHCTBEHHBIN) (Xaitun, 1975). BeisBieHne reHeTHIecKux

JIETePMHUHAHT arpecCUBHOTO MOBEJCHUS BeCbMa aKTyallbHO,

MTOCKOJIBKY B YEJIOBEYECKOM OOIIECTBE MOBBIIICHHAS arpec-

CHUBHOCTH — OJIHA U3 OCHOBHBIX IMPOOJIEM COIMAIBHBIX OT-

HOLICHHH, 3[paBOOXPaHEHHs U IPYTHX chep AesTeIbHOCTH.

BonbIIMHCTBO HccaeoBaTeael FeHETUKU arpeCcCUBHOIO T0-

BEJICHUS CXOIATCSI HA TOM, YTO STOT THI ITOBEJCHHUS UMEECT

nojurennyro nerepmunanuio (Craig, Halton, 2009). 1 kxpome

TEHOB, HETIOCPEACTBEHHO yYACTBYIOIINX B TOBEICHYECKUX

PEaKIHsIX, €CTh TCHETHUCCKUE aHCAMOIH, KOTOPBIC ICTCPMHU-

HUPYIOT arpecCUBHOCTb OMOCPEIOBAHHO, Yepe3 Pa3IuuHbIe

MeTabomuecKkne KacKa bl OMOXUMHYECKUX PEaKIiid B HE-

ponax (Benus et al., 1991).

MuorogaxropHas cucrema GopMHpOBaHUS arpeCCUBHOTO
MTOBEJICHHUS TIPE/TIONAraeT MOUCK M UCTIONB30BAHNE YIOOHBIX
Y HAJIC)KHBIX TCHETHYCCKUX MOJICTICH, HAIIPUMEP MOJICTBHBIX
JKMBOTHBIX C TIOBBIILIEHHOH U IOHUKEHHOM arpeCcCUBHOCTBIO,
Y KOTOPBIX BIMSHHUE BHEMIHUX (DAKTOPOB CBEIEHO K MUHH-
MyMy. JIOTHYHO MPEIIOTOKUTE, YTO Pa3HUIIA B YPOBHE IKC-
MIPECCUM T€HOB Y YKMBOTHBIX C TTOBBIIIEHHON arpeCCUBHOCTHIO
IO CPAaBHEHHUIO C HEarpeCCHUBHBIMHE (00€ TPYIITHI MOTyYeHBI
IIyTeM FeHETUYECKON CEIEKIIUH U3 OJJHON U TOM K€ UCXOAHOM
MOMYJISIIIUN CEePBIX KPBIC-MIACIOKOB — Rattus norvegicus) mo-
3BOJIUT OMPEAETUTh, KAKHE TeHBI YIaCTBYIOT B PeaTU3aIiH
arpeccWBHBIX peaknuid. Takas Mojmens OblIa BEIBEICHA B
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Wncturyte unronorun u renetuku CO PAH nyTtem cenexuuu
CEepBIX KPBIC-ITACIOKOB B JIByX IPOTHBOIOJIOXKHBIX HaIpaB-
JICHUSIX — Ha TIOBBIIIEHNE arpeCCUBHOCTH U HA TOJICPAaHTHOE
MIOBE/ICHHE MO OTHOMIEHHIO K yenoseky (Plyusnina, Oskina,
1997). OT60p MPOBOIUIICS MPH OJMHAKOBBIX YCIOBHSX COZIEP-
KaHWS ¥ eIMHO0OPAa3HON METOIMKE OLEHKH ITOBEICHUECKON
peaknuy B OTHOIICHUH YeJIOBEKa Ha ITPOTSHKEHUN Ooliee ueM
80 nmokosieHui kpbic. C MOMOIIBIO COBPEMEHHBIX TEXHOIOT U
BBICOKOITPOU3BOAUTENBHOTO cekBeHupoBanus [IHK arpec-
CHBHOE ITTOBEJICHUE B 3TOW MOJEIN N3Y4aeTCsl HE TOIBKO Ha
(heHOTHIIMYECKOM YPOBHE, KOTOPBII BKIIIOUAeT HAOIIOCHUE
1 aHAJTN3 KOHKPETHBIX MOBECHUYECKIX 1 HEHPOIHIOKPUHHBIX
peakumii (Koxxemsiknna n 1p., 2016), HO 1 Ha TEHOMHOM YPOB-
He, IIyTeM HCCIIeJOBaHNSI KOHKPETHBIX FC€HOB, BIHMSIOUINX Ha
MOBBIIICHHYIO MM MOHMKEHHYIO arpeCCHBHOCTh ocoou. B
COYETAHNH C KOMIBIOTEPHBIMH TEXHOJOTHSIMU PEKOHCTPYK-
MM TeHHBIX CeTel, MonckoM nHQopmaruu B 6a3ax JTaHHBIX
10 HKCTIPECCUH TEHOB B OTAETAX MO3Ta PE3ylbTaThl TAKHX
KOMIUICKCHBIX HCCIICIOBAHUI CTAHOBSATCS MOJHOICHHBIMHU
1 JIOCTOBEPHBIMH JUIsl TOHUMaHHs (PeHOMEHa arpecCHBHOIO
TIOBE/ICHMS.

HeitipoHabHbIH allonTo3 BBIIOIHSIET BaKHEHITYTO prU3n0-
JIOTUYECKYIO POJIb B HEPBHOM CUCTEME IIpU HEMPOreHese.
[Ipu 5TOM MPOUCXOANT AMONTOTHUYECKasi THOETHh OOIBIIOTO
KOJIMYECTBA M30BITOUHBIX HEHPOHOB 1, TAKMM 00pa3oM, oI
JiepKUBaeTcs OajlaHCc KIETOK B Pa3BUBAIOUIEHCS HEPBHOM
cucreme (Franklin, 2011). B pa6ote (Ilchibaeva et al., 2016)
MIOKA3aHO, YTO y KPBIC C BBICOKOH CTENEHbIO arpeccuu 00-
Hapy>KUBAeTCs 3HAYUTEIbHOE YBEINUEHUE SKCIIPECCUH I'eHa
Kacrmasbl 3 B TUIIOTAJIAMYCE, CHIDKEHHE YPOBHSI SKCIIPECCUHT
MIPOAMIONTOTHYECKOTO r'eHa Bax B THIITIOKaMIIE ¥ yBEIIMUCHUE
yporust MPHK antnanontotuyeckoro rena Bel-xI B obnactu
s7ep IIBa CPEIHETO MO3Ta. DTH JaHHBIC TOBOPAT B MOIB3Y
TOTO, YTO TEHETUYECKH OOYCIIOBJICHHASI arpeccHsi Y KPbIC
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CBSI3aHA CO 3HAYUTENBHBIMU M3MEHEHHUSMHU PETYNIILuU Heil-
POHAJIBHOTO aroNnTo3a.

[enpto paboThl OBUT aHATHM3 ACCOLMATHBHBIX CETEH, OTH-
CBIBAIOIUX MOJIEKYISIPHO-TEHETHUECKHE B3aUMOIEHCTBUS
MeKy OeJIKaMM 1 TeHaMH, BOBJICUCHHBIMH B HEHPOHAIIbHBIH
aronTo3, 1udQepeHraIbHO 3KCIPECCHPOBAHHBIMYI TCHAMH
U reHaMH, HECYIIUMH MOJUMOP(U3MBI Y CEPBIX KPBIC C
arpeCcCUBHBIM ITOBEICHUEM. BBIABIEHHE T€HOB, BOBIECYEH-
HBIX B TaKHWE€ B3aUMOJICHCTBUS, MOXET OBITH OCHOBOHM IS
pa3pabOTKH JIeKapCTBEHHBIX TIPETapaToB, KOPPEKTUPYIOLIHX
arpecCHBHOE IOBEJIEHHE.

MaTtepwuanbl n metogbl
st mocTpoeHus criucka quddepeHInaIbHO IKCIPECCH-
pytomuxcst (JI3) 1 monuMop(HBIX TEHOB Y CEPBIX KPBIC C
arpecCUBHBIM MOBEJCHHEM OBIIM MCIIOJIb30BaHbl JJAHHbIC
PHK-cexBeHupoBaHUs TpeX OTAEIOB MO3ra (THIIOTAJIaMyc,
BEHTpaJIbHAsl TETMEHTAIbHAs 00JacTh CPEAHEr0 Mo3ra M
MEPUAKBEIYKTYM). BUOIHMOTEKN YTCHUN TPAHCKPUIITOB OT
aHAJIN3UPYEMbIX KPBIC TIOTyHIEHBI B PE3YIIbTaTe CEKBEHNPOBa-
Hust Ha ruatdopme Illumina cormacao mporoxoiy NEBNext
mRNA Library PrepReagent Set for Illumina (NEB, CIIA)
n poctynHsl Ha caiite The European Nucleotide Archive
(http://www.ebi.ac.uk/ena) mox manexcom ERP011250. Bee-
ro MpOoaHaIU3UPOBaHO 12 OUOIHOTEK, U3 HUX IO JBC ObUIU
MOTyYEeHBI 7SI Ka’KI0TO U3 TPEX PaCCMaTPUBAEMBIX OT/IEJIOB
MO3ra KpbIC ¢ arpeCCUBHBIM IOBEJICHHUEM, T10 JIBE — JIJISI KaK-
JIOTO M3y4aeMOro OT/IeNIa MO3ra KpPbIC C JAPY)KEIIOOHBIM I10-
BenenueM. KaptupoBanne uteHnit Ha peepeHCHBIH TeHOM
KpbICHI Rattus norvegicus (Rnor 6.0) ocymecTsisim B po-
rpamme STAR (Dobin et al., 2013), BxogHble apamMeTpbl
WCITOJIB30BAIH 3aJaHHBIE M0 yMONTYaHWIo. PedepeHcHsrit
reHoM Rattus norvegicus Obl1 B3ST ¢ caiita Ensembl (Yates
et al., 2015). JJuddepeHunanbHO 3KCIPECCUPYIOMUAECS
TeHbl MEXIY KPBICAMH C arpecCHBHBIM M JIPYKEIIOOHBIM
MOBE/ICHUEM BBISBIISUIH TIpH oMoty nakera DEseq2 (Love
et al., 2014), peanr30BaHHOTO Ha SI3bIKE MPOrPAMMHPOBa-
HUS R, ¢ yueToM monpaBky Ha MHOXKECTBEHHOE CpaBHEHHUE
(p-value < 0.05). Ananu3z cBepxnpezacrasieHHocTn Gene
Ontology (GO) GrosIOrHYecKuX NpOLECCOB MPOBOIMIHN BeO-
cepsucom DAVID 6.8 (Huang et al., 2009; https://david-d.
ncifcrf.gov), Bce HAaCTPONKHM OBUTH B3SITHI IO YMOJIYAHHIO.
[Tounck nmonumMophr3MOB B TeHaX y CEPbIX KPBIC C arpeCcCHB-
HBIM TIOBEICHHEM MTPOBOAMIH B makete Samtools (Li, 2011).
B kauecTBe pehepeHCHOT0 UCII0Ib30BaIN TEHOM KPBICH Rat-
tus norvegicus Bepcust Rnor 6.0 u3 6a3sl ganHbIXx Ensembl
(Yates et al., 2015). ITporpammoii VCFtools (Danecek et al.,
2011) 6putn oTOOpaHBI MOIMMOP(U3MBI, KOTOPBIE BCTpEYa-
I0TCSI BO BCEX IIECTH 00pa3lax TKaHei Mo3ra arpeCcCHBHBIX
KPBIC, HO OTCYTCTBYIOT Y IpYKeMO0HBIX 0cobeit. Cpeu BbI-
SIBJICHHBIX MONMMMOP(U3MOB ¢ TIOMOIIbI0 porpaMMel VEP
(McLaren et al., 2016) OblIM HaliZIGHBl MUCCEHC-MYTAIHH.
PeKOHCTPYKIMIO aCCOIMATUBHBIX TeHHBIX CETEH, OITMCHIBA-
IOIINX MOJIEKYIISIPHO-TEHETHUECKHIE B3aUMO/ICHCTBHS MEKTY
reHaMH U OeJIKaMM, OCYILECTBIISUIA C HOMOUIBIO CHCTEMBI
ANDSystem (Demenkov et al., 2012; Ivanisenko et al., 2015).
Cucrema ANDSystem nipeiHa3HaueHa Jisi aBTOMAaTHYECKOTO
aHaJIM3a TeKCTOB HAYYHBIX ITyOJIMKAIMH C LIEJIbI0 U3BJICYCHUSI
nHGOpPMANK O B3aMMOJAEHCTBUSIX MEXKIY MOJICKYISPHO-
TEHETUYCCKIUMHU 00BeKTaMu (TCHBI, OCITKH, METAOOIUTHI,
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Mukpo-PHK), a Takke nx accolMaTUBHBIX U PEryISTOPHBIX
CBsI35IX ¢ 3a00JI€BaHUAMH, OMOIOTHYECKUMH TIPOIIECCaMH U
(heHOTHNMUYECKNMHU TTPU3HAKAMH PA3IMYHBIX OPTaHU3MOB.
Bcero paccmarpuBaiu 24 Tuma B3auMOJEHCTBHM, BKIIIOYas
(uzngeckue B3anMoseiicTus (Oemok—o6enok, 6emox—JHK,
0eJOK—JMraHy), KaTAINTHYECKUE PEaKLUH, PEryIsTOpHbIC
CBA3M (perynsauus aKTUBHOCTH, SKCIPECCUM, TPAHCIOPTa,
JIeTpalaliin), KOOKCIIPECCHIO, aCCOIMAINI0 (MHTETpaTbHBINA
THII CBSI3€H, XapaKTepH3y IO HaJIMIue Jr000ro THIa B3a-
nmMojieicTBui). Crnenyer OTMETUTD, YTO THIT CBA3HM «aCCOLIU-
arsy B ANDSystem ncmonb3yeTcst ISl ONMUCaHUs CBA3EH
MEXJy IapamMHu 00beKTOB Jtoboro tuma. LleHTpanbHOCTH
BepiuuH (betweenness centrality) B reHHO# CETH OLIEHHBaNIACh
¢ momompio QyHKIMK nX.betweenness centrality makera
Networkx, peann3oBaHHOTO Ha SI3bIKE MPOTPAMMUPOBAHUS
Python (Hagberg et al., 2008). Criucok reHoB, BOBJICYCHHBIX
B HelpoHampHBIN anonTo3 (G0:0051402), ObT MOTYYEH C
moMonrsio 6a3el maHHBEIX AmiGO 2 (Ashburner et al., 2000).
CTaTI/lCTI/l‘leCKyIO 3HAYUMOCTDb CBEPXIIPECACTABICHHOCTH Ha-
O6opa TeHOB B aHAJIM3UPYEMOH BBHIOOPKE BBIYHUCISUIN C TIO-
mompto nporpammbel GeneProf (https://www.geneprof.org),
UCIIOJIb3YIOILEH THIIEPreOMETPUIECKOE paciipeieieHue.

TTouck 1emnoyex B r1o0aIbHOM aCCOIMATUBHOM TEHHON CETH
ANDSystem 1o 3aJjaHHOMY HIa0JOHY ITPOBOIMIICS HHCTPY-
meHtoM Pathway Wizard cucremsr ANDSystem. [1la6i10H
JUISl TIOMCKA IIETIOYEK, CBSI3BIBAIONINX ITOIMMOP(HbIEC I'eHBI,
J1O reHbl 1 HePOHANIBHBIN AlIONTO3, BKIIIOUAN TPH BEPIIUHBI
1 33J1aBaJICs CIICAYIONIMM 00pa3oM: 1) IepBbIi yUaCTHHK Iie-
TTOYKH — MTOTUMOPQHEIHA TeH; 2) BTOpol ydacTHHUK — J[D reH;
3) TpeTuil y4yacTHHK — I'eH/OeJIOK, BOBICUCHHBIH B HEHpO-
HaJbHBIN arnonTo3; 4) TUI CBsI3ei MEX/y NEPBbIM U BTOPHIM
YYaCTHHKOM, & TAKXKE MEK/Ly BTOPBIM M TPETHUM YIaCTHHKOM
LETTOYKH MOKET OBITh JI000H M3 YMCiia MPE/ICTABICHHBIX B
cucteme ANDSystem.

Pe3yn bTaTbl N OﬁCY)KIJ,EH ne

AHanus auddepeHunanbHON SKCNpeccnn

1 NoNMMOpP¢$13MOB FreHOB CepbIX KPbIC

C arpeccuBHbIM NOBEAEHNEM

Bruto BeisiBieHO 819 TeHOB, AuddepeHInanbHO SKCIPECCH-
PYIOLIUXCSA y CEePBIX KPBIC C arpeCCUBHBIM MOBEEHUEM IO
CPaBHEHHIO C SKCIPECCHEH TeHOB Yy CEphIX KPBIC C JpyKe-
JIFOOHBIM TTOBeAeHreM. B Tom umcie BeisiBiieHO 45, 675 n
153 JID rena B runoranamyce, BEHTPaJIbHOM TErMEHTAJIbHON
obmacTu U mepuakBeIykTymMe cooTBeTrcTBeHHO (ITpumoxe-
nue 1) Dxenipeccns 8, 242 1 90 reHOB y KPBIC C arpeCCUBHBIM
MOBe/IeHUEM Oblila [TOBBIIIEHA B THIIOTAJIaMycCe, BEeHTPaIbHOMN
TErMEeHTaJIbHON 00JIaCTH U EPHAKBETyKTYME COOTBETCTBCH-
HO T10 CPAaBHEHHUIO C TAKOBOU y JIPYXKEITIOOHBIX KpPbIC, @ 3KC-
npeccust 37, 433 u 63 — nonwkena. Tpu rena (/fi27, Mcm7
AY172581.17) 6pimm qudepeHInanbHO SKCIPECCHPOBAHBI
B TPEX aHAIM3MPYEMBbIX OT/EJIaX MO3Ta Y CephIX KPBIC C ar-
peccuBHBIM noBeAeHUeM. OJHOBPEMEHHO B BEHTPaIbHOU
TErMEHTAJIBHOW 00JaCTH M MEepHUaKBeIyKTyMe ObLIH Aud-
(hepeHIMAIBHO SKCIIPECCUPOBaHbl 32 TeHa, B THIIOTAIaMyCe
W BEHTPAJBHON TErMEHTaJIbHOU oOnacTu — 17 TeHOB, a B
THIIOTAJIAMyCe U TIEpHAKBEIyKTyMe — 8§ TCHOB.

1 Mpunoxexuna 1-4 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2017-21/appx14.pdf
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Role of apoptosis in aggression of grey rats revealed
by analysis of gene networks and RNA-seq data
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Fig. 1. Associative gene network of DE genes found to be directly interconnected according to ANDSystem.

Largeicons denote DE genes/proteins with upregulated expression in laboratory rats with aggressive behavior; small icons, DE genes/proteins with downregulated
expression. Genes/proteins involved in neuronal apoptosis are highlighted in blue. The polymorphic Trio gene is enclosed in a bar. Genes are shown as DNA helices
and proteins, as balls. Gray links indicate associations and protein—protein interactions; green links, catalytic interactions; and pink links, expression regulation.

Just psipa JID reHoB B iUTeparype MpUCYTCTBYET HH(OP-
Manus 10 X CBSI3M C arpecCHBHBIM NoBeeHneM. Harpumep,
JUIsl TeHa THPO3UHTHIpoKcuassl (7h), skcnpeccust KOTOpOro
MOBBILIIEHA B BEHTPAILHON TErMEHTaIbHOW 00JIaCTH KPBIC C
arpecCcUBHEBIM IMMOBeaAeHNEM, B pabore (Bondar et al., 2009)
TMIOKa3aHo, YTO y CaMIIOB MBIIIEH, ITPOSIBIISIONINX arpeCCHBHOE
MOBE/ICHHE, YPOBEHb HKCIIPECCHH ITOTO I'eHA IOBBIILIACTCSI.
Okcmpeccus reHa Kirrel3 OBBIIEHa B IEPHAKBEIYKTYME Y
CEepBIX KPBIC C arpecCUBHBIM MoBeeHueM. [eneuns Kirrel3
MIPUBOJUT K CHUKEHHIO MEKCAMIIOBOW arpecCuu y MbIIeH
(Prince et al., 2013). Dkcripeccusi reHa Ba30aKTHBHOTO KHIIEY-
Horo rientuaa (Vip) Oblna NOHIKeHA B BEHTPAJIbHON TETMEH-
TAJILHOM 00JIACTH Y CEPBIX KPBIC C arPECCHBHBIM ITOBE/ICHUEM.
YV neBumx nTul BBeneHue nentuaa VIP HenocpeacTBeHHO B
OOKOBYIO TIEPEroposIKy BIMSCT Ha arpeCCHBHOE TTOBEJCHHUE
(Maney et al., 2005). Dxcnpeccust rena HeiiporeHsuHa (NVts)
ObLI1a MOBBIIICHA B BEHTPAIbHON TETMEHTAIbHON 00IacTH y
CepBIX KPbIC C arpecCHBHBIM roBesieHneM. B pabore (Gammie
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et al., 2009) moka3aHo, 4TO y CAMOK MbIIIICH, KOTOPBIC TIPO-
SBJISUIN BBICOKHE YPOBHU MaTEpPHHCKON arpeccuu, ypoBeHb
Nts ObUT CHMKEH, @ MHTPAIepeOPOBEHTPHUKYIISIPHOE BBEJC-
Hue Nts 3HAUUTEJIbHO CHIIKAIO MAaTEPUHCKYIO arpeccuio.
DKcIpeccus TeHa CHHTa3bl okcnaa azora | (Nos!) Obina mo-
BBIIICHA B IEPHAKBEIYKTYME Y CEPBIX KPBIC C arpeCCHBHBIM
IIOBCICHHUEM. Nwmerorcs JaHHBIC O TOM, 4YTO I/IHFI/I6I/IpOBaHI/Ie
reHa HelpoHanbHOH NO-cuHTa3sl (nNOS) NpUBOIUT K TIO-
BBILIIEHUIO arpeccuBHOCTH camnoB Mblnei (Hotchkiss et al.,
2005), B To BpeMst Kak B uccienoBanuu (Demas et al., 1999)
[MOKa3aHo, 4TO JAeIeIHs TeHa dHa0TeTnaabHO NO-CHHTa35I
(eNOS) y caMI10B MbIIIeH CHUKAET arpecCHIo.

Okxasasnocsk, uto 819 auddepeHnnanbHO IKCIPECCUPYIO-
IIMXCS TCHOB BOBJICUCHHI B 14 cBepxmpencraBieHHbIX Gene
Ontology 6noornYeckrx MpoueccoB, B TOM YHCIIE B PETYIIs-
LU0 TpaHCMeMOpaHHOoTro TpancnopTa noHoB (G0:0034765),
pasButue HepBHOHU cucteMbl (GO:0007399), pasButue
mo3ra (G0:0007420), peryasnuio cexperuu aodamuHa
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(GO:0014059), TOAOKHUTENBHYIO PETYISIIUIO PA3BUTHS ITPO-
exuuu HeiipoHoB (GO:0010976) u ap. (ITpunoxenue 2).

C momomipto makera Samtools (Li, 2011) BeIsBICHBI
1136 momumopdu3MoB B 464 reHax, KOTOpPbIC ObLTH OOHAPY-
JKEHBI BO BCEX IIECTH 00pasliax TKaHEeH MO3ra arpecCHBHBIX
kpbic. Ananu3 nporpammoir VEP (McLaren et al., 2016)
mokasail, 4yTo cpenu 3tux 1136 momumopdu3MoB MHUCCEHC-
MyTausaMu aBisgorcs 156 momumopdusmon B 141 rene.
AHaJIOTHYHO JUTS CEPBIX KPBIC C IPYKETIOOHBIM ITOBEICHHEM
BBISIBIIEHO 795 nonmumopdu3MoB B 338 reHax, cpei KOTOPbIX
6su10 106 Muccenc-myTaruii B 97 renax (IIpunoxenue 3).
Jlis naneHe#mero aHanusa OputH 0TOOpaHk! 137 TeHOB, He-
CYIINX MHCCEHC-MYTallMH, KOTOPbIE BCTPEYAIOTCS BO BCEX
mecTH o0pa3lax TKaHeil Mo3ra arpecCHBHBIX KpPBIC, HO OT-
CYTCTBYIOT y JPYKEITIO0HBIX 0c00el (MonmuMopdHbIE TeHBI).
Cpenu 3TuX MoJMMOpP(QHBIX MEHOB JBEHA/ALATh OKAa3aJIUCh
JD renamu (Frrsil, Gpri37b, Hmgclll, Hps4, Mcm7, Nkd2,
Npas2, Pdpn, Plod1, Sp110, Tnks1bpl, Trio).

Just ananusa B3anmoyeiicteuii 19 1 nonumMopHBIX TeHOB
ObUIa MTOCTPOEHA ACCOIMATUBHAS T'€HHAsl CETh C ITOMOIIBIO
cucrembl ANDSystem. PaccMaTprBaiy TONBKO IPSIMBIE CBA3U
MEX/1y aHAIN3UPYEMbIMH I'eHaMH, 0e3 yueTa MOCPEAHUKOB.
AccoratuBHas TeHHAS CETh COCTOSIIA U3 KitacTepa 34 reHoB
(puc. 1), uMeromux cBA3M XOTS OBbI C OTHUM M3 PAaCCMOTPEH-
HBIX TeHOB, 1 910 HU ¢ KeM He CBsI3aHHBIX I'eHOB. B accouu-
ATWBHOW T€HHOM ceTH mpucyTcTBOBaNM |19 B3aumoneiicTuit
CJIC/TYIOLIUX THIIOB: aCCOLMAINH, KaTaIUTHYECKHE B3anMO-
JIEUCTBHS, PErYJISILIUS IKCIIPECCHU U OEJIOK-0EIIKOBBIE B3aH-
MozercTBus (cM. puc. 1). Oxazanocs, 9to ¢ /1D renamu nmeet
CBSI3H TOJIBKO OJJMH TTosMopdHBIi reH (77i0), 3kcnpeccHs Ko-
TOPOTO OblJIa MOHMKEHA Y KPBIC C arPECCUBHBIM IIOBEICHUEM.

Ananm3 neHTpamsHOoCTH BepmuH (betweenness central-
ity) mokasaJi, 9To HanOoJiee IEHTPAIILHBIMH B TEHHOH CETH,
NPEe/ICTaBICHHOM Ha puc. 1, sBistorcst BepiunHbl Stx/a, Mbp
u Th. Iloxazarenu ux neHtpansHoctr coctapmwm 0.22, 0.18
n 0.17 coorBercTBeHHO. CuHTaKcHH 1A (Stx/a), sxcnpeccus
KOTOPOTO Obljla MOHM)XEHA B BEHTPAJIbHOM TErMEHTAIBLHOM
00acTu y KpbIC C arpeCCUBHBIM ITOBEIEHUEM, KOIUPYET
0€JI0K, y4acTBYIOIINI B PETYJISIIIUN CEPOTOHNHEPTHUECKUX U
I'’AMK-eprugeckux cucteM. M3BeCTHO, YTO €r0 3KCIpeccus
M3MEHSETCS TIPH ayTU3ME, a Psii MyTallli acCOLMUPOBAH C
cuagpomom Acreprepa (Durdiakova et al., 2014). O6e st
MaTOJIOTHH XapaKTePU3YIOTCsl AIMOLIMOHAIBHBIMH Hapylle-
HUSIMH, TPYJHOCTSAMHU B COIMAJIBHOM B3aWMOJCHCTBUH U
CTEPEOTUITHBIM, OT'PaHWYECHHBIM, TOBTOPSIOMINMCS PETIePTY-
apoM MHTEPECOB U JIEHCTBUI. DKCIPECCUsi reHa OCHOBHOTO
6enka muenuHa (Mbp) Obla TOHMKEHA B IIEPHAKBEIYKTyME
y KpBIC ¢ arpeccuBHbIM noBeseHueM. [1o mannsiv (Wang et
al., 2004), 3HauKMTEIbHOE CHIKEHUE YpOBHS Mbp Habr0Ma-
€TCsl y TAaIeHTOoB ¢ 00JIe3HBI0 ANbIreliMepa 1 HapyIIIeHHEM
KOTHUTHBHBIX (DyHKIMH. DKCIIPECCHsi TeHa THPO3WHTHPOKCH-
na3bl (T7), CBSI3aHHOTO C arPECCUBHBIM ITOBEJCHUEM Y CAMIIOB
memreit (Bondar et al., 2009), 6b11a moBbIIIeHa B BEHTPATBHON
TErMEHTAJILHOI 00JIaCTH CEePhIX KPBIC C arpeCCHBHBIM ITOBE-
JeHHeM. YYacTHUKHM T€HHOM CeTH, 00JaJaroline BBICOKUM
MIOKAa3aTeNIeM IIEHTPAJIbHOCTH, MOTYT OBITh KIIOYEBBIMHU pe-
rynsitopamu /1D TEHOB U SABISIOTCS MEPCIIEKTUBHBIMU IS
JIAJIbHEHIIIero M3Y4eHHsl NPH MOUCKE IMOTEHIMAIbHBIX MH-
meHeH i (hapMIIpenaparoB, HalIPaBICHHbBIX HA CHIDKEHUE
arpecCUBHOTO ITOBEJCHUS.
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AHanuns reHOB HeMPOHaNbHOro anonTo3a
CornacHo 6aze nanubix AmiGO 2 B Gene Ontology (GO), B
OmonornvecKkuii mporecc HelpoHampHOTOo aronTo3a (Neuron
Apoptotic Process, GO:0051402) y kpbIc BOBICUYCHEI 276 Te-
HOB. Cpenu 819 JID reHoB B HEHPOHAIBHOM aroNTo3€ y4a-
ctByI0T 23 Tena (Adarbl, Cdk5rl, Cit, Corola, Crifl, Dix1,
Egin3, Egrl, Enl, Epha7, Gabra5, Gele, Kenbl, Mef2c, Ngfr,
Nrbp2, Nsmf, Pcp4, Prkcg, Ptk2b, Syngapl, Unc5b, Vegfb).
Hanpuwmep, Ha puc. 1 BumHO, uTo 3Kcpeccus rera Unc5b
noerieHa. CormacHo (Tang et al., 2008), Unc5b obmamaer
IMpOoanonTOTHYCCKUM HeﬁCTBHCM, M B OTCYTCTBUC CHUT'HAJIb-
HOW MOJIEKYJBl HETPHUH-1 CIOCOOCH aKTHBHPOBATH HEHPO-
HaNBHBINA anonTto3. s rena Egln3, sKCIpeccust KOTOPOTo
MOBBILICHA B BEHTPAIbHON TErMEHTAJIBHOM 00JIACTH Y CEPhIX
KPBIC C arpeCCUBHBIM TTOBEICHUEM, TTOKA3aHO, YTO yBEJINYe-
HHE ero aKTHBHOCTH NPUBOJIUT K HEHPOHAIBLHOMY aIlONTO3Yy
(Schlisio, 2009). Dxcnpeccust reHa £grl Oblia MOBBIIICHA B
MEPUAKBEAYKTYME y CEPBIX KPBIC C arPECCUBHBIM TIOBEICHNU-
eM. 13BecTHO, 4TO MOBBIIIEHHE YPOBHSI KCIIPECCHH TeHa Egr ]
CIIOCOOHO aKTUBMPOBATh HEMPOHaJIbHBIN aronTo3 (Xie et al.,
2011). Oxcripeccus reHa Mef2c Obla CHIKEHA B BEHTPaJIbHON
TErMEHTAJILHOI 00J1aCTH M MOBBINICHA B IEPUAKBEIYKTYME Y
CephIX KPBIC C arpecCUBHBIM moBeneHueM. B pabore (Oka-
moto et al., 2002) moka3aHo, 4to akTuBarnus Mef2c BbI3bIBaeT
CHIDKEHHE HelipoHaspHOTO anonTo3a. B craree (Mao et al.,
1999) roBopuTcs 0 TOM, 4TO, XOTS BO BpEMS pa3BUTHS HEPB-
HOW CHCTEMBI aKTHBAIHA reHa Mef2c IPUBOTUT K CHIKCHUIO
aronTo3a, B 3pelbIX HEHPOHAaX IPU CTPEccax aKTUBALHS ITOTO
reHa CrocoOCTBYET MOBBIIICHHIO YPOBHSI aIll0TO3a.

Cpemu monmumopHBIX TeHOB TpH (Lig4, Parpl, Pigt) y4a-
CTBYIOT B HEHpOHalIbHOM anonto3e. Mi3BecTHO, 4TO NepunT
Lig4 nprBOJMT K MOBBIILICHUIO YPOBHS HEHPOHAIILHOTO arlorl-
to3a (Sekiguchi et al., 2001). Pacmenrenne Parp1 kacmazoit 9
BBI3BIBACT aIlONTO3, B TO BPEMSI KaK TMIIEPAKTHBAIMS 3TOTO
reHa MPUBOAUT K HeKpo3y (Sairanen et al., 2009).

WuTepecHoit 3amadeii ObLT TOUCK MPSIMBIX MEKMOICKYIISP-
HBIX B3auMozaeicTBuil 1D 1 MoMMMOp(HBIX TeHOB C TEHAMH,
BOBJICUCHHBIMU B HEMpPOHAIBHBIN anmonTo3. C MOMOIIBIO
cucreMsl ANDSystem 0pU10 pekoHCTpyHpoBaHO 478 B3au-
MozaeHcTBUH Mexay /1D reHamu u renamu/Oenkamu, yda-
CTBYIOIIUMHU B HelipoHanbHOM anonto3e ([Tpunoxenue 4).
PaccmarpuBanuce Takue TUIBI B3aUMOACHCTBHM, KaK pery-
JSIIUSI aKTUBHOCTH, KATAJIATHUECKHIE B3aUMOJICHCTBHSI, peTy-
JISIIASL ACTPAIAIIH, PETY/ISINS SKCIIPECCUH, OCTI0K-0CTKOBbIC
B3aMMOJICHCTBHS, PETYISIMS TPAHCTIOPTA U ACCOLMAINH.
Hawnbonblree ynciio B3anMoeHCTBII HaOII0IaI0Ch 11t acCo-
nManuii v 0es10k-0eNKoBeIX B3aumoaeiicteuii: 401 u 34 cBs3u
COOTBETCTBEHHO. Tak, HOKayT TeHa Sox.2, IKCTIPeCcCHs KOTO-
poro ObliIa CHH)KEHA B BEHTPAIbHON TErMEHTAJILHOM 00acTu
Y KPBIC C arpeCCUBHBIM IIOBEICHUEM, IIPUBOAUT K CHUIKEHUIO
ypoBHs 3kctipeccnu reHa ErbB3 (Koike et al., 2015). B coro
o4epe/ib, MOBBIICHHBIN HEHPOHATBHBIH aItoNTO3 HAOIIOIAIICS
y MblIIei ¢ HokayTtoMm rena ErbB3 (Narkis et al., 2007). Creny-
€T OTMETHTh, YTO KOJINYECTBO T€HOB/OEIKOB HEHPOHAIEHOTO
arornTo3a, y9acTBYIOIIMX BO B3aUMOJEHCTBHSX ¢ /D reHamuy,
cocTaBmIo 55 13 276, 4TO CyIIECTBEHHO MPEBBIIIAIO YUCIIO,
OKHMIAEMOE TI0 CITYYaiHBIM mprauHaM ( p-value < 1078).

st nonmmmophHbIX reHoB ¢ momonipio ANDSystem Obi1o
HaiiieHo 14 accolmaTuBHBIX CBs3eH U 3 OENIOK-OEIKOBBIX
B3aUMOJICHCTBHS C TeHaMK/OeTIKaMH, BOBJICICHHBIMH B HEH-
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Fig. 2. Associative gene network describing the potential interactions of polymorphic genes, DE genes, and genes/proteins
involved in neuronal apoptosis through molecular pathways reconstructed with the Pathway Wizard function of ANDSystem.

(a) The molecular pathway comprising the polymorphic Tsc7 gene, the DE gene Ezr, and the ErbB3 gene, involved in neuronal apoptosis.
(b) The molecular pathway comprising the polymorphic gene Adamts4, the DE gene Acan, and three genes (Vegf, Bcl-2, Tnf) involved
in neuronal apoptosis. (c) The molecular pathway comprising the polymorphic gene Lgals3, the DE gene Th, and 15 genes involved in
neuronal apoptosis. Genes are shown as DNA helices, and proteins, as balls. Gray links indicate associative interactions.

poHanbHbIH anonto3 (cM. [Ipunoxenue 4). Hanpumep, un-
rudupoBanue moauMopduoro rera Parp ] MOXXeT IPUBOIUTH
K CHIDKCHHMIO akThBaruu rena GSK-3 (Songin et al., 2007).
WurepecHo ormetuts, uto reH GSK-3 obnaiaer kak npo-,
TaK ¥ aHTHAIIONTOTUIECKUM JICHCTBHEM, TaK KaK [10-pa3HOMY
pEryIupyeT Ba OCHOBHBIX ITyTH aIrlolT03a — BHYTPEHHUH U
BHemHu. GSK-3 akTuBUpYyeT BHYTPEHHUI MUTOXOHIPHATIb-
HBIH Iy Th alloNTO3a, HO MHIMOUPYET BHEITHUHN ITyTh aronTo-
3a, OITOCPEIOBAHHBINA Yepe3 penenTopsl KICTOYHOH CMEpTH
(Beurel, Jope, 2006). s nonuMophHBIX TEHOB, TaK K€ Kak
u B ciaydae 1D TeHOB, 0Ka3ajaoCh, YTO KOJMYECTBO TEHOB/
0eJIKOB HEHPOHAIFHOTO aroNTo3a, YYacTBYIOIINX BO B3au-
MOﬂeﬁCTBHHX C HUMH, NPEBLIIATIO YUCIO, OKUAACMOC I10
CIIy9aifHBIM TPHYHMHAM, U cocTaBmuio § u3 276. CormacHo
TUIIEPreOMETPHUECKOMY PaCIpPEICIICHHIO, TIePEIpPEeaCTaB-
JICHHOCTh YYaCTHUKOB B3aUMOJICHCTBUI C MOIMMOP(PHBIMU
TeHaMH CPEIH TeHOB/0ETIKOB HEHPOHAIEHOTO arloNTO3a UMea
CTaTHCTHUYECKYIO 3HAUUMOCTD (p-value < 0.01).

Y4YacTHUKU TE€HHBIX CeTeH MOTYT OKa3bIBaTb BJIMAHHEC
Ha (QYHKIMIO APYTHX YYaCTHHUKOB TOCPEICTBOM IPSIMBIX
B3aUMOJICHCTBHI, a TaKXkKe MyTeM Iepesiady CUrHaa 1o Ie-
MOYKaM BEPILUH CETH, UMEIOLIMX MEXAy COOOH COOTBET-
CTBYIOIINE CBSA3HM. B HacTosmeil paboTe mpoBeeH MOMCK
BCEX BO3MOXKHBIX IICTIOYEK U3 TPEX BEPIIHH, OTMCHIBAIOIINX
CBSI3U MEXJly NMOJMMOP(GHBIMH I'€HAMH U TeHaMu/OenKaMu
HEHPOHAIBEHOTO arloNTo3a, OTI0CPEI0BaHHBIE Yepe3 J1D reHsl,
nHcTpymenToM Pathway Wizard, xoTopslii peanu3oBan B
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cucreme ANDSystem. Takum 00pa3om ObLIM BBISBICHBI TPU
ILIETIOYKH, CBS3BIBAIOIINE, COTIIACHO 3aJlaHHBIM TPEOOBaHU-
M, TpH nonuMopHbIX TeHa (Adamts4, Lgals3, Tscl), Tpu
12 rena (Acan, Ezr, Th) u 19 reHoB/OeJIKOB, BOBJICYCHHBIX B
HeHpOHAIBHBIN anonTo3 (puc. 2).

Ha puc. 2, a npencraBiena nenoyvka, BKIFOYAOIIAs TOJIH-
MopbHbIii reH 15cl, JID ren Ezr v ren ErbB3, BOBICYCHHBIN B
HeWpoHamBHEIH anonTo3. [IponykT rena 7sc/ — raMapTHH, B3a-
MUMOJICHCTBYET ¢ OCJIKOM — IPOAYKTOM IeHa Ezr, SKCTIpeccust
KOTOPOTO CHM)KEHA B BEHTPAJIbHOM TErMEHTaJILHOM 00/1acTi
Y KpBIC ¢ arpeccuBHBIM moBenieHneM (Narayanan, 2003). Otu
OeJIKM yJacTBYIOT B OpraHHU3aIMH I1a3MaTHIECKOH MEMOpaHbI
1 aKTUHOBOI'O IIUTOCKENETa, a TAKXKEe aJre3ul U MUTPaLUH
KIIETOK. DKcrpeccus reHa Ezr perymupyetcst 6emxom ErbB3.
V wmeImeit ¢ HokaytoMm TeHa ErbB3 HaOromaics OBBIIICH-
HbI HeipoHasbHbii amonto3 (Narkis et al., 2007). Kpome
TOTO, OBUIO TTOKA3aHO CHIDKEHUE YPOBHS JKCIIPECCHH I'eHa
ErbB3 nipu HOKayTe reHa Sox2, SKCrpeccust KOToporo Oblia
CHIDKEHA B BEHTPAJIbHOW TETMEHTAJIBHON 00JIaCTH y KPBIC C
arpeccuBHBIM noBeneHneM (Koike et al., 2015).

Lenouka, Brutouaronast nonumop eIl ren Adamts4, 15
reH Acan v tpu rena (Vegf, Bcl-2, Tnf"), BOBIICUCHHBIX B HEH-
POHANBHEIN armonTo3, NpeAcTaBlIeHa Ha puc. 2, 6. DepmeHT
arrpekanasa Adamts4 pacmieruisieT arrpekaH, MpoxyKT reHa
Acan, sKcripeccus KOTOPOTo ObLIa MOBBIIICHA B BEHTPAJIBLHON
TErMEHTAJILHOI 00J1aCTH Y KPBIC C arpECCUBHBIM ITOBE/ICHH-
em (Kim et al., 2009). N3BectHO, uto Vegf, Tnf u anTHCECHC
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Bcl-2 criocoOHBI CHUKATh YPOBEHb 3KCHpeccuu rena Acan
(Klooster, Bernier, 2004), a mOBBIIIEHIE YPOBHS IKCIIPECCHA
reHa Bcl-2 mpuBOANT K YBEIWYEHHIO SKCIIPECCHH TeHa Acan
(Feng et al., 1999). benku Vegf u Bcl-2 ciocoOHbI CHIKATH
ypoBeHb HefipoHanpHOTO anomnTo3a (Rong etal., 2012), a Tnf—
aKTHBUPOBATh HeHpOHaIbHEIN arornTo3 (Ryan et al., 2004).
Tpetbst nenouka (cM. puc. 2, g) BKIIOYAET NOIUMOPQHBIT
reH Lgals3, 1D ren Th u 15 reHOB, BOBIEUEHHBIX B HEIpO-
HANBHBIA artonto3 (Bdnf, Jun, Angt, Cdk5, Ngf, Snca, Ptx3,
Nr4A2, Trka, Cntf, P53, ILI1B, Gdnf, Egrl, Irp). T'en Lgals3
KOIHMPYET [-raJaKTO3HUI-CBI3BIBAIONINNA OETOK TaJeKTHH-3,
KOTOPBIN UMEET KOJUTareHOOI00HbIH TOMEH, 00ecIIeYrBaro-
LA B3aUMOJEHCTBHE JAHHOIO O€jIKa ¢ BHEKIECTOUYHBIM Ma-
TpukcoM. ['anekTHH-3 y4acTByeT BO MHOTUX OMOJIOTHYECKUX
MpoLeccax, BKI0Yast BPOXKACHHBIH UIMMYHHUTET, KJICTOYHYTO
aare3uro, peryisuio QyHkimu T-kiaerok u mukporuu (Chip
et al., 2017). [Toka3aHo, 9TO TaJXEKTUH-3 PETYIHUPyeT OCIOK
CREB, koTopblii siBIIsIeTCS] haKTOPOM TPAHCKPHITIMY TeHa 17,
W TIOBBIIICHHAS dKcIpeccus reHa Lgals3 mpUBOIUT K yBe-
JTYeHuIo 3kcnpeccuu reHa 7/ (Wu et al., 2010). M3BecTHo,
gto Jun, Angt, Cdk5, Ngf, Ptx3, Nr4A2, Trka, Cntf, P53,
IL1B, Egrl MOryT MonoXuTeNbHO PETyIUMPOBATH IKCIIPECCHIO
rera Th wim akTUBHOCTH ero npoxaykra (Kansy et al., 2004;
Dorofeeva et al., 2013). Gdnf npuBOgHT K CHHKEHHIO YPOBHS
skcrpeccun rera Th (Georgievska et al., 2004). B pabdore
(Fukuchi et al., 2010) mokaszano, uto Bdnf MmoxxeT akTuBu-
poBarh dKcrpeccuro rena 7/, Torna kak B crarbe (Berhow et
al., 1995) roBoputcst o Tom, uto Bdnf chHikaer yposens Th B
BEHTPAJILHOI TerMeHTaIbHOM oOmactu. I'enst Snca, Irp MoryT
KodKcpeccupoBarkes ¢ Th (Wang et al., 2013).

3aknioyeHune

AHanm3 TeHOMHBIX M TPAHCKPUIITOMHBIX JaHHBIX 1O J1a0o-
paTOpHBIM KpbICaM C arpeCCHBHBIM H JIPYKETIOOHBIM ITOBE-
JICHUEM C HCTIOIb30BaHUEM PEKOHCTPYKIINH aCCOLUATHBHBIX
TEHHBIX CETEH ITO3BOJIIII BHISIBUTH HAOOP T€HOB, TOTEHIHAb-
HO Y4YacCTBYIOIIUX B PEryisiliMM HEMPOHAJIBHOIO aIoITo3a,
MOCPEACTBOM MOJIEKYIAPHO-TEHETHUECKIX B3aMMOACHCTBUH
C TeHaMK/0OeIKaMu, HarpsIMY10 BOBJIEYEHHBIMHU B HEHPOHAITb-
HbII anonTo3. Y1ceso Takux FeHOB 3HaYMMO IIPEBBIIIAIIO O3KU-
JlaeMoe I10 CIyJaHeIM npuanHaMm (p-value < 0.01). Ananus
MOJIEKYISIPHO-TEHETUYECKHX ITyTe! B aCCOLIMAaTUBHOM FeHHON
CEeTH, OIHUCHIBAIOUINX CBS3H MOMMMOPGHBIX U J[D reHoB c
TeHaMH HEHPOHAIBHOTO arloNTo3a, IT0Ka3all, YTO TEHbI, IIPe-
CTaBJICHHBIE B JAHHBIX ITyTSX, MOTYT UTPATh CYIIECTBEHHYIO
poiib B (YHKIIMOHUPOBAHHH aCCOIMATHBHON T'CHHON CETH.
B wactHOCTH, yYaCTHHK OZHOTO M3 ITHX IyTed — reH Th,
KOTOPBIH, COMIACHO JINTEepaTypHbIM JaHHBIM (Bondar et al.,
2009), accolMMpOBaH C arpecCHBHBIM ITOBEICHHEM, 001a1aeT
BBICOKOH IIeHTpaJIbHOCTHIO (betweenness centrality).

Takum 00pazoM, MoydeHHbIE Pe3yABTaThl MOTYT CITYKHTh
JONOJTHUTCIIbHBIM CBUJACTECIBCTBOM TOI'O, UTO IMMPOLECC HEH-
POHAIILHOTO aroNTo3a UI'PAET BAKHYIO POJIb B arPECCUBHOM
MOBEJICHNUH Y )KUBOTHBIX.
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IlepcriekTrBHBIEe MapKepsl CIMP+ omnryxosien
TOJICTOV KUIIIKI, BBISIBJIEHHbBIE HA OCHOBE
aHa/IM3a JaHHbBIX pecypca TCGA

I.C. KpacHos, A.A. Benamunos, P.A. Trruko, I.A. TTyzanos, P.O. Hosakosckuit, A.B. Kyapssuesa, A.A. Avurpues @
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CIMP+ (CpG-Island Methylator Phenotype) onyxonu xapakTtepu3ytoTca
NAOTHLIM METUSIMPOBaHMEM NPOMOTOPHbIX CpG-0CTPOBKOB OAHOBpPE-
MEHHO MHOTMX reHOB ¥ MPEeACTaBAIOT OTAENbHYIO FPYNMy 3/10KavecT-
BEHHbIX HOBOOGPa30BaHU TONCTOMN KULWKK. HecMoTpA Ha To UTo gumar-
HocTuka CIMP+ onyxonei numeeT 3HaunTeNIbHYI0 MPOrHOCTUYECKYIo
LIEHHOCTb, O CMX NOP He pa3paboTaHo 3¢ eKTMBHOrO Habopa Mapke-
poB ana ux BoiaBneHuUs. Ana onpepeneHna CpG-caiToB, ypoBeHb Me-
TUNNPOBAHUA KOTOPbIX MOXET ObITb MCNONb30BaH ANA naeHTndMKa-
uun CIMP+ onyxoneri, C NTOMOLLbIO CO34aHHOTO paHee NPUNoXKeHNA
CrossHub Hamun npoBefeH aHanu3 npodunen skcnpeccun 1 MeTUN-
poBaHuA 297 06pa3sL0B NepPBUYHBIX ONyxXosiel U 38 NapHbIX K HUM
«YCNOBHbIX HOPM» TOJICTON KULLKK, NpeAcTaBneHHbIX B 6a3e npoeKkTa
TCGA (The Cancer Genome Atlas). Pa3paboTaH CKOPVIHT, yuUUTbIBAOLLUIA
ypoBeHb MeTunMpoBaHua CpG-caiToB, UX PacMoNOXKeHMe, a TakxKe
YPOBEHb 3KCMPeCccum COOTBETCTBYIOLLMX reHoB. OnpeaeneHo, YTo cTaTyc
meTunupoBaHna CpG-caiToB, oTHocALWMXCA K reHam AMOTL1, ZNF43,

ZNF134 n CHFR, aBnAeTca nepcnekTnBHbIM Mapkepom CIMP+ onyxoneii.

Bonee Toro, ngeHTMGULMPOBaHbI KOHKPETHbIE PaioHbI MPOMOTOPHbIX
obnacTeln 3TX reHOB, YPOBEHb METUIMPOBAHNA KOTOPbIX aCCOLMUPO-
BaH C nccnegyembim deHoTvnom. insa Banvaaumm nonyyYeHHbIX AaHHbIX
Ha He3aBVCMON BbIOOPKE, CHavyana oLeHWIN OTHOCUTENbHBIN Ypo-
BeHb MPHK reHos AMOTL1, ZNF43, ZNF134 n CHFR B 30 napHbix (ony-
XOnb/«yCNOBHasA HOpPMa») 06pasLiax TONCTOW KUK METOLLOM KOnnYe-
ctBeHHow MNLP. ina Bcex reHoB BbiABNeHO YacToe (50-60 % cnyyaes)
1 3HauuTenbHoe (2-30 pa3) CHMXKeHMe SKCnpeccrm. 3aTeM METOAOM
6ucynbduTHOM KoHBepcnmn JHK ¢ nocneayowmm KNoHpoBaHnem 1
CeKBEHMPOBaHVeM nccnefoBanm cTatyc metunmposarma CpG-cait-
TOB, OTOO6PaAHHbIX B pe3ysbTate bMonHPOpPMaTUYECKOro aHanusa, 1
06HAPYKUNK BbICOKMNI ypOBeHb MeTunnpoBaHus (3-value = 0.3-0.9)

B 06pa3Lax C OAHOBPEMEHHO CHIIKEHHbBIM YPOBHEM SKCMPeccun Bcex
YeTblpex reHOB 1 HU3KUI ypoBeHb MeTunpoBaHus (3-value = 0.0-0.2)
B 06pa3Lax C HEM3MEHHbIM YPOBHEM SKCMPeccu YeTbipex reHoB

1 B <YCNOBHbIX HOpMax». TaknM 06pa3om, CTaTyC MeTUINPOBaHUA
CpG-caiToB NPOMOTOpPHbIX obnacteit reHoB AMOTL1, ZNF43, ZNF134

1 CHFR ABnAeTCcA NepCneKTUBHbIM NoTeHunanbHbiM Mapkepom CIMP+
onyxonem TONCTON KULIKWN.

KntoueBble cnoBa: pak Toncton Kuwku; CIMP+; snureHeTrKa;
metunuposarne [JHK; TCGA; konnuectBeHHas MLIP; monekynapHbie
MapKepbl.
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Promising markers of CIMP+
colon tumors identified on the
basis of TCGA data analysis

G.S. Krasnov, A.D. Beniaminov, R.A. Tychko,
G.A. Puzanov, R.O. Novakovskiy, A.V. Kudryavtseva,
A.A. Dmitriev®

Engelhardt Institute of Molecular Biology RAS, Moscow, Russia

CIMP+ (CpG-Island Methylator Phenotype) tumors are
characterized by dense methylation of promoter CpG
islands of many genes at once and represent a separate
group of malignant neoplasms of the colon. Despite
the fact that the diagnostics of CIMP+ tumors has a
significant prognostic value, an effective set of markers
has not been developed yet. For the identification of
CpG sites, the methylation level of which could be used
to detect CIMP+ tumors, an analysis of expression and
methylation profiles of 297 primary colon tumors and
38 histologically normal tissues paired to them, which
are presented in the TCGA (The Cancer Genome Atlas)
project database, was performed by us using the Cross-
Hub tool created previously. We developed the scoring,
which takes into account the methylation level of CpG
sites, their location, and the expression level of the cor-
responding genes. It was revealed that the methylation
status of CpG sites of the AMOTL1, ZNF43, ZNF134, and
CHFR genes is a promising marker of CIMP+ tumors.
Moreover, specific regions of promoters of these genes,
the methylation level of which was associated with the
examined phenotype, were identified. To verify the
obtained data in independent sampling, first, the quan-
titative PCR was used to assess the relative mRNA level
of the AMOTL1, ZNF43, ZNF134, and CHFR genes in

30 paired (tumor/histologically normal tissue) colon
samples. For all the genes, a frequent (50-60 % of cases)
and significant (2-30-fold) expression decrease was
revealed. Then, the bisulfite conversion of DNA followed
by cloning and sequencing was applied to examine the
methylation status of CpG sites that were selected as
the result of bioinformatics analysis. We observed a high
methylation level (3-value = 0.3-0.9) of the CpG sites in
the samples with simultaneous downregulation of all

4 genes and a low methylation level (3-value = 0.0-0.2)
in the samples with the unchanged expression level of
4 genes and in histologically normal tissues. Thus, the
methylation status of the CpG sites of promoter regions
of the AMOTL1, ZNF43, ZNF134,and CHFR genes is a pro-
mising potential marker of CIMP+ colon tumors.

Key words: colon cancer; CIMP+; epigenetics; DNA me-
thylation; TCGA; quantitative PCR; molecular markers.



enotun CIMP+ (CpG island methylator phenotype)

OTpa)kaeT 0COOBIH THI OHKOTEHE3a, KOTOPBIHA MPOSBIS-

€TCsl B INTOTHOM TUTIEPMETHIINPOBAHNH OJJHOBPEMEHHO
MHOKecTBa CpG-OCTPOBKOB B PEryISTOPHBIX (Ualle BCEro
MIPOMOTOPHEIX ) obmacTsx reHoma (Rhee et al., 2017). MeTu-
JMPOBaHNE U MOCIEAYIONIAst CYIPECCHs PacpOCTPaAHSIOTCS
Ha Takue rensl, kak CDKN2A4 (p16), MLHI u np., KOTOpbIE
B HOPMAJIBHBIX TKaHSAX METHIMPOBAHUIO HE MOJBEPTAIOTCS
(Barzily-Rokni et al., 2011). Bnepssie penorun CIMP+ Ob11
oOHapyxeH rpu pake Tosctoi kumiku (Toyota et al., 1999), Ho
B TIOCJIEZIHHUE TO/IbI JAHHBII TEPMUH BCE YaIllE HCTIOIb3YIOT IS
OITMCAaHMS MHTEHCUBHOTO THUITEPMETHIIMPOBAHUS TIPOMOTOPOB
T'€HOB U B JIPYTUX BUJIaX paKa, BKJI0Yasl paK JIETKOro, MOJIOu-
HOH KeJIe3bl, MOUEBOTO ITy3bIPs, MAaTKH, JKEJIyAKa, SIMIHNKA,
TIO/KEITYI0YHOH JKeJIe3bl, MOYEK M MPE/ICTaTeIbHOM Kene3bl
(Suzuki et al., 2014). [IpoBeneHHbIC HAME PaHEE UCCIICIOBA-
HUS HAapYIICHNUH TaTTEPHOB METHIIMPOBAHUS TEHOB XPOMOCO-
MBI 3 ¢ npuMeHeHreM Notl-MUKpOYHIIOB ITO3BOJIMIIN TaKKe
MPEAIIONIOKHTE cyliecTBoBanue omyxoseit CIMP+ (20-30 %
OITyXOJIEH) IPH PaKe JIETKOTO, SNYHHKA, IEHKN MaTK1 1 TOYKH
(Dmitriev etal., 2012, 2014; Kashuba et al., 2012; Senchenko
et al., 2013). MosekyispHble U KIUHHKO-ITATOJIOIHYECKUC
0COOEHHOCTH 3TOTO TUIIA OITyXOJICH TO3BOJISIIOT CUNTATH, UTO
BO3HHKHOBeHHE paznnyHbix CIMP+ ormyxoneii o0yciosieHo
€/IMHBIM MOJIEKYJIIpHBIM Mexanu3zmoM (Suzuki et al., 2014).
OnHaKo IPUYUHBL, OTBETCTBEHHBIE 32 00pa30BaHNE JAHHOTO
(heHOTHTIA, TTOKA HE YCTAHOBIICHBI.

Pannss nuarnoctuka CIMP+ onyxoneii umeeTt 3HaUNTeNb-
HyI0 mporHocTHyecKyto ieHHocts (Hughes et al., 2013). Kpo-
M€ TOTO, JJI1 HEKOTOPBIX BUJIOB paka rnokazano, uro CIMP+
OITYXOJI MPOSIBIISIIOT YyBCTBUTEIBHOCTD K JIEMETHIINPYIOIUM
npemaparaMm u uarHONTOpamM EZH2 (Suzuki et al., 2014).
Heob6xoanmMo nepcoHann3upoBaHHOE Ha3HAYCHUE Mperapa-
TOB Ha OCHOBE JIEMETHJIMPYIOIMX areHTOB, TaK KaK UX Helle-
JIEBOE UCTIONBb30BaHNE KpaifHe OTIACHO U MOXKET CTUMYITHPO-
BaTh rporpeccuto 3abonesanns (Mani, Herceg, 2010). OcHos-
HOM LIeJIbIO OOJIBIIMHCTBA UCCIIEI0BAHMIA SIBJISIETCS MOTBITKA
ycranoBuTh Hammaue CIMP+ ormyxonei B KOHKPETHBIX BHIAX
paxa. [Ipu 3ToM HaGOPBI MapPKEPHBIX TEHOB JJISI OTIPEICTICHUS
JIAaHHOTO (hPeHOTHIIA PA3JINYAIOTCS B PA3HBIX pa0OTax, 4To MPH-
BOJMT K CEPbE3HBIM 3aTPyAHEHUSM IIPU aHATIN3E PE3yIIbTaTOB
(Suzuki et al., 2014).

Lenpro Hamiero uccieaoBaHus ObLIO OINpEAEIeHUE mep-
CIEKTHBHBIX MapKepoB i auarHocTiuku CIMP+ omyxomneit
TOJICTOM KHIIIKK Ha OCHOBE KOMITJIEKCHOTO ITOAXO0/1a, BKIIFOYa-
IOIIIET0 aHAJIU3 COBPEMEHHBIX TPAHCKPUIITOMHBIX U METHUIIOM-
HbIX 0a3 ganHabIX (Takux kak TCGA — The Cancer Genome
Atlas) ¥ mocienyIonyo SKCIePUMEHTAIBHYIO BaIHIALNI0
Ha BBIOOPKE TIEPBUYHBIX OITyXOJICH.

MaTtepwuanbl n metogbl

Buonndpopmarnueckuii anaaus. C nomoupio pazpaboraH-
Horo panee mpunokerns CrossHub (Krasnov et al., 2016)
Ob11 ipoBesieH ananu3 MarepuanoB npoekta TCGA (https:/
cancergenome.nih.gov/) st 297 06pa3oB EPBUYHBIX OIy-
xonei n 38 mapHBIX K HUM THCTOJOTMYECKH HOPMAaTbHBIX
TKaHeH («yCIIOBHBIX HOpM») TosicToi KumkH (Cancer Genome
Atlas, 2012). Micriosib30BaJiu JaHHBIE O CTATYCE METHIIUPOBA-
uus JIHK, nomydenHble ¢ MOMOMIBI0 MUKpOYHIoB Infinium
HumanMethylation450 (Illumina, CIIIA), n nanssIe 00 ypoB-

CucremHas 6uonorus n 6romeguumnHa

HE 9KCIPECCUH TEHOB, MOJyYSHHBIE C TIOMOIIBIO BHICOKOIIPO-
M3BOIUTENHHBIX cekBeHaTOpoB cepun HiSeq (Illumina). s
ycraHoBieHus: accouuanun CpG-caliToB ¢ MPOMOTOPHBIMHU
00J1acTsIMHM T€HOB BOCIIOJIB30BAIMCH MaTepUaiaMy IIPOEKTa
ENCODE st mecTs KJIS€TOYHBIX JTHHAH.

Oopa3upl TkaHel. OnepaoHHbIe 00pa3Ibl OITyXoJIe-
BBIX TKAQHEH TOJICTOM KULIKU U TKAHEH «yCJIIOBHOW HOPMbD»
cOOpaHbl M 0XapaKTEpU30BaHbI B MOCKOBCKOM Hay4HO-HC-
CJIE/IOBATENILCKOM OHKoJorn4YecknM uHcrutyte (MHION)
um. [LA. I'epriena. lenu u ocymiecTBiIeHHE JaHHOM PaOOTHI
ono0pens! stTndeckuM komuterom MHUMOMU mm. T1.A. Tep-
riera. OIyXoJieBble KJIETKH B KaXK/10M 00pasiie paka ToJICTOMH
KHIIKY cocTapisui He MeHee 70 %. OOpasiipl TKaHel 3aMopa-
JKUBAJIH B KHIKOM a30Te M XpaHWIH rpu Temmeparype —70 °C.

Boigesenue PHK, THK, noayuenune kIHK. 3amopo-
JKCHHBIE B )KHJIKOM a30T€ 00pa3libl OIyXOJEBBIX U MAPHBIX
K HUM HOPMAJIBHBIX TKaHEW TOJCTON KHIIKM TTOJBEPTaJINCh
MEXaHHYECKOM roMOoreHn3anun Ha aucmemoOparope Mikro-
Dismembrator S (Sartorius, ['epmanus). s BbieneHus
PHK u JIHK ucnons3oBamu Habopsr RNeasy Mini Kit u
QIAamp DNA Mini Kit (pupma Qiagen, I'epmanns). Ouenka
koimuectBa PHK mpoBomunace Ha ¢uyopumerpe Qubit 2.0
(Invitrogen, CIIIA), omenka kadecTBa — Ha OHOaHAIN3aTOPE
Agilent 2100 Bioanalyzer (Agilent Technologies, CIIIA).
[Mapametp RIN (RNA integrity number — moka3areip Kade-
ctBa PHK) nms 06pasnoB, BKIFOYEHHBIX B MCCICIOBAHMUA,
coctaBisul He MeHee 7. Konuenrtpauuto JHK onpenensnu
Ha cnekrpodoromerpe NanoDrop 1000 (Nanodrop, CHIA).
Kauectso Beigenennoit JJHK mposepsinn anekrpodopezom B
2 % arapo3HOM reiie B IIPUCYTCTBUU OPOMHCTOTO STHIMS, a
TaKKe 10 3Ha4YCHHIO oTHOIIeHHs 260/280 HM, KOTOPOE COCTaB-
nsuno 1.8-2.0. Beizenennyro PHK ob6pa6arssanu JJHKaz0ii [
(Thermo Fisher Scientific, CIIA). [y npoBeicHAS peaKIIHN
00paTHOM TPaHCKPUITLIUH TPUMEHSUTH 00PaTHYIO TPaHCKPHII-
tazy M-MuLV (Thermo Fisher Scientific) n Habop ciywaitHbIX
TEKCAHYKJICOTH/IOB.

KoauuecrBennas IHP (xIILP). [lns koaudecTBEHHON
oneHku ypoBHs MPHK 11es1€BbIX M KOHTPOJIBHBIX T€HOB HC-
MOJTB30BaM HaOopbI mpaitmep-30H1 TagMan Gene Expres-
sion Assays (Thermo Fisher Scientific, CIIIA). B xadectBe
KOHTPOJBHBIX BBIOpaHsl reHbsl RPNI u PUMI (Krasnov
et al., 2011). C yuetom Omonorumueckoil BapnadeIbHOCTH
ypoBHst MPHK KOHTpOJIBHBIX T€HOB, TPU OIIEHKE IKCIIPECCUU
LIENICBBIX T€HOB 3HAYMMBIMHU CUMTAIN M3MEHEHHS B 2 pasa
n 6osee. Kommuecrsennyto I[P npoBogumu Ha npubope
Applied Biosystems 7500 Real-Time PCR System (Thermo
Fisher Scientific) B Tpex TeXHHYECKHX MOBTOPHOCTSIX TIO
MIPOTOKOITY, OIMCaHHOMY HamH panee (Dmitriev et al., 2016).
Jannsie kIT1IP 00pabaThiBaiu Mpu MOMOIIX OPUTHHATBHOTO
nporpammuoro npuinoxenus ATT (Melnikova et al., 2016).
OrtnocurtenbHbli ypoBenb MPHK onienuBain MeTojoM OTHO-
curenbHbIX u3Meperuit (AACt-meton) ¢ yuetom 3 dexTus-
HOCTEH peakmuii, kak omucano panee (Dmitriev et al., 2016).

AHaJIN3 MeTHJIMPOBAaHNs TIPOMOTOPHBIX o0acTeii ere-
BBIX T€HOB IPOBOJMIIM METOJIOM OUCYIb(MUTHOI KOHBEPCUH
JHK ¢ nocienyromum KIOHUPOBAHUEM U CEKBEHHPOBAHUEM
o Canrepy. JIHK o6pabarbiBanm 6ucyib(hUTOM IpH MOMOIIH
Habopa EZ DNA Methylation Kit (Zymo Research, CIIA).
[MTpomyxTs! amMIuTH(UKaLIK BeIpe3asn 13 2 % arapo3Horo reist
1 ounniay ¢ momorsio Habopa DNA Clean & Concentrator-5
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(Zymo Research) corntacHo nporokoity pousBoaureds. Kio-
HupoBaHue u cekBenuposanue IILP-nponykToB npoBoauau
B xomranuu OO0 «Eporen Jlab» (Poccus). [l kaxmoro
obpasia cekBeHHpOoBaHO 10 KIOHOB U JJIsl BCEX CEKBEHUPO-
BaHHBIX CpG-caiiToB paccunTansl 3HAYeHUS -value — OTHO-
IIEHHE YHCIIa KJIOHOB C METHIIMPOBAHHBIM CATOM K 00IIeMy
YHCITy KJIOHOB.

Pe3yanaTb| n OﬁCY)K,D,eH ne

PaspaboTka ckopuHra
TCGA sBnsieTcst KpyIHEHIINM pecypcoM B 00JacTH Mo-
JIEKYISPHOW OHKOJIOTHU, BOOpaBIIUM B ceOsi TEHOMHBIE,
TPAHCKPUIITOMHBIE 1 METWJIOMHBIC JAHHBIE AJISI HECKOIBKHUX
JIECSITKOB COLIMAJIHO 3HAYMMBIX BHIOB paka. VHdpopmarus
00 ypoBusix metmuposanust [IHK, npencrasnennas B TCGA,
MoTydeHa OOoJbIIeH YacThIO C MTOMOIIBI0 MUKpOUHUIOB Infi-
nium HumanMethylation450, mo3BoNSIOIUX ONPEACIATH
craryc MmetuiupoBanust (B-value) onHoBpeMeHHO 485 ThICSY
CpG-caiiToB, accorunpoBaHHbIX ¢ 96 % Bcex CpG-0CTPOBKOB
reHoMa. [{ns BeraBneHuss CpG-caliToB — MEePCHEKTUBHBIX
MapkepoB CIMP+ onyxoneii, pa3paboTaH CKOPHHT, yYUTHIBA-
formit Ko uImeHT Koppersauun Mexay B-value CpG-caiita
u cpenuuM B-value mexay 80, 85,90 u 95 mpoeHTHIISIMH JIs
Bcex mpoMoTopHbiXx CpG-caiiToB B oOpasiie, aOCOTIOTHYIO
pa3HUIY MEKAY 3HaYCHUAMH [-value B 0Opaslie omyXonu 1
MapHO# K HeMY «yCJIOBHOI HOpMBI» (AB-value), abcomoTHoe
3HaueHue P-value B 00pasuax «ycIoBHBIX HOPM», KO duim-
SHT Koppersinuy Mex 1y AB-value n OTHOCHTENBEHBIM YPOBHEM
MPHK rena (log,FFC = log,(CPM B omyxonesoM obpasue/
CPM B ob6pasiie «yCIIOBHOM HOPMBI»), Tie CPM — counts per
million), abcomoTHoe 3Hadenue log,FFC. To ects mis Toro,
94TOOBI CaiT HaOpaj BBICOKUI CKOp, HEOOXOJMMO, YTOOBI
OH ObUT METHJIMPOBAH B OIMyXOJEBBIX 00pa3iiaXx ¢ BBICOKOH
IUIOTHOCTBIO METHIINPOBAHNS POMOTOPHBIX Cp(G-0CTPOBKOB
(CIMP+) 1 He METHIIMPOBAH B OITyXOJIEBBIX 00paslax ¢ HU3-
KOW TUIOTHOCTBHIO METHIIMPOBAHHS U 00pasiiax «yCIOBHBIX
HOpM». ['HIIepMeTHIInpoBaHue TOTO caiTa TaKXKe JOJKHO
OBITH ACCOIIMUPOBAHO CO 3HAYNUTEIHHBIM CHHKEHHEM YPOBHS
MPHK reHna, B mpoMOTOpHO# 00J1aCTH KOTOPOTO OH HAXOANUTCH.
DKcIpeccHio TeHOB OlleHUBaJH Mo JaHHEIM RNA-Seq pe-
cypca TCGA. Acconmanuio caifta c (poMOTOPHON 00JIaCThIO
TeHa OTIpeJIeNIsIN Ha ocHOBE Marepuaios nnpoekta ENCODE
JUIS IECTH KJICTOYHBIX JIMHNH: CaliT OTHOCHIIN K IIPOMOTOP-
HOM 00J1aCTH, €CJIN OH OBLT OITPE/IEIIeH KaK TAKOBOW IS IBYX
u Gonee nuHMA. IHTEpecHO OTMETUTH, 4TO cpeau Tor-100
npomotopHbIX CpG-caiiToB ¢ BBICOKHM ckopom Oomee 30
OTHOCHJIOCH K Pa3IMYHBIM I'eHaM, KOAMPYIOIIUM IIMHKOBBIE
nanplpl. [[HHKOBBIE MaJbIbI — CAMOE KPYITHOE CEeMEHCTBO
TPAHCKPHIIIMOHHBIX (JaKTOPOB, OHU HTPAIOT KIIIOUEBBIE POJIU
B OOJIBIIIMHCTBE KJICTOYHBIX mporeccoB (Jen, Wang, 2016).
B nanpHelmmii ananus BKIFOUUIU TE€HBI, Cpa3y JJIs1 HECKOJIb-
knx CpG-caliTOB KOTOPBIX OBUIH MOTY4EHBI BEICOKHE 3HAYE-
HUsI ckopa. B pesynbrare BeIOpaHo uetkipe rena (AMOTLI,
ZNF43,ZNF134u CHFR) m onpesieneHbl y49acTKU UX TPOMO-
TOPHBIX 00J1acTe|, THIEPMETHIIMPOBAHNE KOTOPBIX SIBISIETCS
(yHKIIMOHANBHBIM 1 accoruupoBano ¢ CIMP+ omyxomsimu
toncroit kumku: AMOTLI — xp. 11: 94501368-94501719
(hgl9), ZNF43 — xp. 19: 22018747-22018959, ZNF'134 —
xp. 19: 58125532-58125868, CHFR — xp. 12: 133463886
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133464328, 133464690-133464858. 'en AMOTL I xonupyet
nepupepudeckuii MeMOpaHHBIH OCIOK, YIaCTBYIOIIHHA B
KOHTpOJIE MapanesuIioNsIpHON MPOHUIIAEMOCTH M TTOJAEp-
JKaHUK KJIeTOuHOU mojsipHoctu (Zheng et al., 2009). Ectp
MH(OPMAILHS O BOBICYEHHOCTH TOT0 I'eHA B KaHLICPOTeHE3, B
YaCTHOCTH IPOTPECCHIO paka MosiouHoH skene3bl (Couderc et
al., 2016). 'en CHFR xopupyeT yOUKBUTHHITUTa3y, HEOOXOH-
MYIO [UISl IO PIKAHNS KOHTPOJIBHOM TOUKH, PETYIHPYOIICH
BXOXIeHue KiieTkn B MuTo3 (http://www.genecards.org/). 3to
M3BECTHBIN TeH-CYNpeccop oImyxoiieBoro pocta (Sanbhnani,
Yeong, 2012), "HAKTUBAIAS KOTOPOTO CITYKHUT MEPCICKTHB-
HBIM ITporHocTHYeckuM MapkepoM (Derks et al., 2014).
Crenyer oTMeTHTh, 4To 17151 CpG-caiiTOB HEKOTOPBIX TEHOB,
BXOJSIINX B IPEIUIOKEHHBIC paHee HaOOpbl MapKepoOB IS
omnpexnenenust CIMP+ omyxomneit (Hughes et al., 2013), Taxoke
TMOJTy4eHbI BRICOKHE 3HAYEHUE CKOPa, OJTHAKO B OOJILIINHCTBE
CIIy4aeB TOJBKO Ul OTJEIBHBIX CAHTOB, a HE HECKOJIBKUX
cpasy, ¥ caMu 3HadeHus Hixke, yeM a1t CpG-caiiToB reHoB
AMOTLI, ZNF43, ZNF134 w CHFR. Bo3MOXxHO, 3T0 00y-
CJIOBJICHO OT'PAHHMYEHHBIM ITOKPHITHEM F€éHOMa MUKPOYHIIAMH
Infinium HumanMethylation450 — mis kaxmoro reHa Ha
MUKpouune npeacrasieHo B cpegHeM 10-20 CpG-caiiTos.

OTHOCUTeNbHbIN ypoBeHb MPHK BbiGpaHHbIX reHOB

21.]1)1 BaJIuAalluH MOJYUYCHHBIX JaHHBIX CHadYaJia OICHUIIN OT-
HocHuTeNnbHEI ypoBeHs MPHK ueTpipex uaeHTHQHUIIPOBAH-
HBIX T€HOB Ha BBIOOpKE M3 30 mapHBIX (OMyX0JIb/«yCIOBHAs
HOpMa») 00pa3IoB TOJICTON KHUIKK OT nmanueHToB MHMOU
nM. IL.A. T'epuena. Meronom konuuectBenHo [P s rena
AMOTL]I BoisiBneno cHuxenue yposas MPHK B 2-20 pa3 B
60 % ommyxomeBbIX 00pa3IoB MO CPABHEHUIO C 0Opa3IaMu rnap-
HBIX «yCJIOBHBIX HOPM» M COXPaHEHHUE WIIN HE3HAUUTEIHLHOE
noBeIeHue (B 2 pasa) B octanbHbIX 40 % ciaydaes (cM. pu-
cyHOK). [{nst rena ZNF'43 nmoka3aHo CHUKEHHE DKCTIIPECCUU B
2-30 pa3 B 60 % oOpazuos, ot rena ZNF134 — B 2—15 pa3
B 53 % oOpasmoB u aust reHa CHFR — B 2—12 pa3 B 47 %.
B ocranbHbIX cityyasx 00Hapy»KeHO COXpaHEHHE IKCIIPECCHH.

Cratyc metunuposaHusa CpG-cantos

NPOMOTOPHbIX 06nacTen BbIGpaHHbIX FeHOB

Jlnst manmpHEHTIero aHamm3a OTOOpaHO HIeCTh 00pa3IoB ¢
OJHOBPEMEHHBIM CHUKEHUEM 3Kcrpeccun reHoB AMOTLI,
ZNF43,ZNF134u CHFR (Homepa 1-6 Ha pucynke). imeHHO
3TH 00pas3ikl, ckopee Beero, mpeactaBisitor CIMP+ omyxomm.
Kpome Toro, B aHanm3 ObIIIM BKIIIOUYEHBI YETHIpEe 00pasIa c
coxpanenueM ypoBHsi MPHK Bcex 4eThipex TeHOB WM He-
3HAYUTENEHBIM (B 2 pa3a) CHIDKCHHEM/TTOBHIIIEHIEM OTHOTO
n3 HUX (Homepa 27—-30 Ha pucyHKe). DTH 00pasiibl, BEPOSTHO,
He otHocsTes K CIMP+ onyxossiM. Beinonsena oucynbgur-
Has kouBepcus [JHK u3 BEIOpaHHBIX 00pa3IoB Omyxonei u
MTAPHBIX K HUM «YCJIOBHBIX HOPM» C ITOCIIETYIOIINM KJIOHHPO-
BaHHUEM U CEKBEHHPOBAaHHEM 001aCTel, THIIePMETHIINPOBAHNE
KOTOPBIX TI0 pe3yiIbTaTaM MPOBEACHHOTO OMOWH(OpMAaTH-
yeckoro aHanusa fgaHHbeIX pecypca TCGA accounupoBaHO
¢ CIMP+ omyxomnsiMu TOJICTOM KHUIIKH. Bo Bcex necstu 06-
pasnax «ycIOBHBIX HOPM» M 00pa3Iax OIyXoJei 1moa Home-
pamu 27-30 3nauenust B-value CpG-caiiToB He TpEeBbIMIATT
0.2, a B OOJNBUIMHCTBE CIy4yaeB METHIMPOBAHMUS BOOOIIE HE
OBLITO BBISIBICHO (CM. TabmuLy ). i1t 00pa3IioB OmyxoJei mox
HOMepamu 1—6 oTBepskaeHa BRICOKAs 4acTOTa TUIIEPMETH-
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Relative levels of AMOTL1, ZNF43, ZNF134, and CHFR mRNAs in 30 colon cancer samples.

Quantitative PCR data are presented in the logarithmic scale. Dashed lines indicate the range of twofold mRNA level changes, and values within the range are

considered the preservation of expression.

Methylation level of the selected CpG sites of the AMOTL1, ZNF43, ZNF134,

and CHFR promoter regions in colon cancer samples

Gene Number Methylation level of CpG sites (3-value)
PGSEs  Tumormplestis Tumonsampiesz730 Comentionainom,
samples 1-6, 27-30
AMOTL ] ..................... 3 ......................................... 0 3_ 09 ........................................ 0 0 _02 ........................................ 0 0_02 .............................................
ZNF434 ........................................ 0 3_09 ........................................ 0 0_02 ........................................ o 0_02 .............................................
ZNF’ 34 ...................... 7 ......................................... o 3_ 09 ........................................ 0 o _02 ........................................ 0 0_02 .............................................
CHFR .......................... 6 ........................................ o 3_09 ........................................ 0 0 _02 ........................................ o 0_02 .............................................

JMPOBAHMUS CATOB, CTATyC METHIMPOBAHUS KOTOPBIX MOXKET
OBITH MCTIONB30BaH B KauecTBe Mapkepa CIMP+ omyxoseit
toscroit kumku (B-value = 0.3-0.9).

Huarnoctuka CIMP+ omyxomnel TOICTON KUIIKA HE0OXO0-
JIIMa B CHITY €€ BBICOKOH IporHocTHyeckoi 3HaunmoctH (Lee
et al., 2017), ogHako 10 CUX TMOpP HET YHUDHUIIUPOBAHHOTO
HaJIS)KHOTO Ha0Opa MapKepOB, UTO BHI3BIBACT CYIIECTBEHHbIC
CJIOHOCTH NPU HHTEPIPETALUH PE3YIIBTATOB M3 PA3INIHBIX
uccnenosanuii (Berg et al., 2014). B npencrasineHHoit padore
MIPOBEACH KOMIUIEKCHBIN aHanmn3 AaHHBIX pecypca TCGA,
no3BonmBIIMK uaeHTH(GuIMpoBats CpG-caldThl, THIIEpPME-
THUIIUPOBaHKE KOTOPBIX (DYHKIIMOHAJIBHO M aCCOLIMMPOBAHO C
CIMP+ ¢penoTrmom orryxoneit TosacToi Kuku. [lomydeHHbIit
pe3yabTar BaJllIMpOBaH HA HE3aBUCHMON BBIOOPKE MEPBUY-
HBIX OITyXOJICH TOJICTOM KUILIKU U MapHBIX K HUM «YCJIOBHBIX
HOpM». TakuM 006pa3oM, TOKa3aHO, YTO YPOBEHb METHIIMPO-
BaHus1 CpG-caiiToB IPOMOTOPHBIX obnacteit renoB AMOTLI,
ZNF43, ZNF134 u CHFR sBnsercsi NepCleKTUBHbIM Map-
kepom CIMP+ omyxomeit Toncroit xumkn. s ompemene-
HUSI KIIMHUYECKOH 3HAYMMOCTH TIPEUIOKEHHBIX MapKepOB

CucremHas 6uonorus n 6romeguumnHa

HeO6XOI[I/IMBI HaHBHCﬁmHC MaciiTaOHbIe HUCCIICOAOBAHHUS Ha
MNEPBUYHBIX OIIYXOJIAX.
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OfHUM 13 BaXKHENLLNX HanpaBieHNI COBPEMEHHON MOJIEKYIAPHON
reHeTUKN 1 BUOMEAULIMHBI ABAETCA NMOUCK NPEAUKTUBHBIX MapKepoB,
nomoratwLmx Bblopatb Hanbosnee 3¢pPpeKTBHBIN CNOCO6 NneyeHnsa n
npenapart, a Takxke NHAVBMAYanbHO NofobpaTb ero 4o3npoBKy. Oco-
6eHHO NepcrneKTVBHbIMY CYATAIOTCA Te MapKepbl, KOTopble MoryT obe-
CneynTb BO3MOXHOCTb MPUMEHEHNA HeMHBA3UBHOW, TaK Ha3blBaemMow
XKMAKOCTHOW BMONCUW. DTOT METOA NMO3BONAET OLEHNUTb COCTOAHME
ONyXOMU NO aHaNM3y eCTeCTBEHHbIX XUAKOCTEN OpraHn3mMa, Taknx Kak
KPOBb, MOYa Unu cioHa. MofgobHble nccnefoBaHna Havbonee yao6HbI
B C/lyvasnx, Korga Heo6XxoarMo NPOBOAUTb MOHUTOPUHT 3GdeKTUB-
HOCTV Tepanuu, 4Tobbl BOBpeMA 3adpnKCMPOBaTb MOMEHT BO3HUKHO-
BEHWA Pe3UCTEHTHOCTI OMNYXONeBbIX KNETOK, Hauano peuuarea u
nepenTu Ha cneayoLyo NMHWIO Tepanuu. Npu neyeHun arpeccuBHbIX
1 6bICTPO MeTacTas3npyoLMNX 3710KayeCTBEHHbIX HOBOOOPa3oBaHMA,
TaKMX Kak MenaHoMa, Hannume AOCTOBEPHbIX MapKepoB, NO3BOSIA-
IOLLUX BBICTPO 1 TOYHO OMPEAENUTD TaKTUKY NIeYeHs, 0CODEHHO BaXKHO.
B nocnepHee Bpema noasnsaetca Bce 60sbLue NCCe[OBaHMIA, NOCBA-
LLIEeHHbIX MNOWCKY NPeANKTUBHbIX MapKepoB 3PGEKTUBHOCTU UMMYHO-
Tepanuu. MenaHomMa xapakTepu3yeTcs BbICOKON MMMYHOT€HHOCTbIO,

B CBA3U C YeM OHa CTasa MOAesIbHbIM 0ObEeKTOM /1A UCCNIEA0BAHMSA 1
BHePeHVA HOBbIX MOAXOA0B MMMyHOTepanuu. B HacToAwwen paboTte
NpoBefEHO CPAaBHEHME ABYX FPYNn 60bHbIX MeTacTaTNYeCKon Mmena-
HOMOW KOXM C pa3fivyHbIM OTBETOM Ha UMMYHOTepanuio 61o0Kkatopamm
VUMMYHHbIX KOHTPOJIbHbIX TOUEK C LieNblo AEHTUGNLMPOBATbL HOBbIE
npeanKTMBHbIE SKCMPEeCCMOHHbIe BUoOMapKepbl Cpefn MAUKPO- 1 MaT-
pruHbiX PHK, a TakXe onpegenuTb reHbl, OTBETCTBEHHbIE 33 BO3SHUKHO-
BeHNe 06BEKTUBHOIO OTBETa Ha Tepanuio y naumeHToB. B uccnegosa-
HWW BbIABMIEHO HECKOTbKO MUKPOPHK €O 3HaunTenbHbiM U3MeHeHem
cofep)kaHnaA B OMyxoneBON TKaHWU NaLMeHTOB, NO-pPa3HOMY OTBeYa-
IOLLMX Ha UMMYHOTepanuto. O6Hapy»KeHbl TakXKe pa3nnuna Ha ypoBHe
3KCMPEeCcrmn NX reHoB-MULLEHe, KoTopble NO3BONAT 6onee feTanbHO
npoaHann3npoBaTb MOJIEKYNAPHbIE MeXaHU3MbIl, onpeaensoLne
YYBCTBUTENbHOCTb UM PE3UCTEHTHOCTb KNETOK 3/10KauecTBEHHOM
MenaHoMbl K AeCTBMIO UMMYHOTepanuu. Ha ocHoBe NonyyYeHHbIX
pe3ynbTaToB NPeANnoXeHbl SKCNPeCCUOoHHbIe MapKepbl (MPHK n
MUKpoPHK), koTopble nocne fanbHelilwen anpobaumm MoryT 6biTb
MCMONb30BaHbl Kak MPeANKTOPbl OTBETA ONyXO0Jiel 3510KauyeCTBEHHOW
MenaHOMbl K UMMYyHOTepanuu.

KnioueBble cioBa: MenaHoMa; UMMyHOTepanus; NpefuKTUBHbIE
MapKepbl; NpodunmposaHre MKpoPHK; BbicokonpounssogutensHoe
CeKBeHMPOBaHWE; TPAHCKPUMTOMHBIN aHann3; Perynauusa skcnpeccum
reHoB.
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One of the most important branch of modern mole-
cular genetics and biomedicine is the search for pre-
dictive markers that help choose the most effective
way of treatment, drug and also determine its indi-
vidual dosage. Among the markers, those that can pro-
vide the possibility of using a non-invasive, so-called
“liquid biopsy” are considered particularly promising.
This method allows the condition of the tumor to be
assessed by analyzing the body’s natural fluids, such as
blood, urine or saliva. Such studies are most conve-
nient in those cases when it is necessary to monitor
the effectiveness of therapy in order to record the time
of the onset of resistance of tumor cells, the onset of
relapse and to move on to the next line of therapy.

In the treatment of aggressive and rapidly became
metastatic malignant tumors, such as melanoma, the
presence of reliable markers that allow quick and ac-
curate determination of treatment tactics is especially
important. Nowadays, there is an increasing number
of studies devoted to the search for predictive markers
of the effectiveness of immunotherapy. Melanoma is
one of the most immunogenic tumors and, as a result,
has become a model object for research into and
introduction of new approaches to immunotherapy. In
this study, we compared two groups of patients with
metastatic skin melanoma, with different responses

to immunotherapy with blockers of immune control
points, to identify new predictive expression biomark-
ers among microRNAs and mRNAs, and to identify the
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genes responsible for the occurrence of an objective
response to therapy. As a result, the study detected
several microRNAs with a significant change in expres-
sion level within the tumor tissue of patients respond-
ing differently to immunotherapy. Differences in the
level of expression of their target genes have also been
found, that will allow a more detailed analysis of the
molecular mechanisms that determine the sensitiv-

ity or resistance of malignant melanoma cells to the
immunotherapy. Based on the obtained data, we have
proposed expression markers (MRNAs and microRNAs)
that can be used as predictors of malignant melanoma
tumors to immunotherapy.

Key words: melanoma; immunotherapy; predictive
biomarkers; NGS; miRNA profiling; transcriptomic
analysis; regulation of gene expression.
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€CMOTpsI Ha 3HAYUTEIbHBIC JOCTHKCHHS B OOJIACTH

paciinppoBKH MEXaHH3MOB KaHI[EpOTreHe3a, pa3pa-

0OTKM METO/I0B IMATHOCTHKU U HOBBIX JIEKAPCTBEHHBIX
CpeJICTB, 3200J1€BaEMOCTb 3JI0KaYeCTBEHHEIMI HOBOOOpa30Ba-
HUSIMU M CMEPTHOCTH B Poccuut 1 BO BceM MUpe HEYKIIOHHO
pactyt (ITerpoBa u ap., 2014).

CrpeMuTenbHOE TeUCHNE OHKOJIIOTHYECKUX 3a00J1eBaHui, a
TAKK€ BbICOKAsl TOKCUYHOCTD JICKAPCTBEHHOM U JIy4eBOU Te-
panuu 00yCIOBINBAIOT HEOOXOIUMOCTH IEPBOHAYAIHHO Ipa-
BWJIHOTO OTIpEJICNICHNST TAKTUKH JiedeHus1. [loatomy ogHuM
13 BaKHEUIINX HAIPAaBICHUM COBPEMEHHOU MOJIEKYISIPHON
TEHETHKN U OMOMEIUIINHBI SBIIAETCS MOUCK MPEANKTHBHBIX
MapKepoB, IIOMOTAIOIINX BEIOpaTh Hanbosee 3(h(HeKTHBHBII
Croco0 JIeYeHus ¥ TIpernapar, a TakKe HHAUBU1YaJIbHO 11010~
Opatp o3y (Szczepaniak Sloane et al., 2017). [IpemukTuB-
HBIMH MapKepaMH MOTYT OBITh OJJHOHYKJICOTH/IHBIE 3aMEHbI
1 HeOobIue nHcepuuu u nenenuu (Martin-Liberal, Larkin,
2015; Krawczyk et al., 2017), ammum¢pukanmm (Bouchalova
etal., 2009), xpomocomusie nepectpoiiku (Sokolenko, Imya-
nitov, 2017), ciiurbie TpanckpunTsl (Rix et al., 2013), a raxke
sKcrpeccus reHoB (Ha yposae MPHK un 6emnka) n Hexomupyro-
mux PHK (Shindo et al., 2017). Cpenn MapkepoB 0COOCHHO
MEePCIIEKTUBHBIMHU CUUTAIOTCS TE, KOTOPHIE MOTYT 00€CIIEYHTh
BO3MOKHOCTh PUMEHEHHsSI TaK Ha3bIBAEMOW KMJIKOCTHOMN
Ouoricuy. DTOT METOJ] MO3BOJISIET OLIEHUTH COCTOSIHHE OITy-
XOJIM He 110 (hparMeHTy TKaHU OHoITara, a 1o aHaJINu3y ecTe-
CTBEHHBIX XHIKOCTEH OpraHm3mMa (KpoBb, Mo4a, CITfoHa). Takwe
HCCIIEI0BaHMUs 0COOCHHO Y/IOOHBI M BasKHBI, KOT/Ia HEOOX0I1-
MO [POBOANUTH MOHUTOPHHT 3(P(HEKTUBHOCTHU TEPAIIHUH, YTOOBI
BOBpeMsI 3a()MKCHPOBATH MOMEHT BO3HUKHOBEHUSI PE3UCTEHT-
HOCTH OITyXOJIEBBIX KJICTOK, HA4aJI0 PELUINBA U IEPEHTH Ha
CJIeIYIONIYI0 TUHUIO Teparnuu. Oco00ro BHUMAaHUs 3aCITyKU-
BatoT MuKpoPHK, Tak kak B KpoBM OHH IJIaBHBEIM 00pa3oM
HaxXOATCS B COCTaBE 3K30COM HIIM CBSI3aHBI C OEITKOBBIMU KOM-
IUIeKCaMu U mo3tomy oosee ctabuibabl (Huang, Hoon, 2016).

Heobxonnmoe ycrioBre pa3BUTHS HOBBIX CIIOCOOOB Jieue-
HUSI OHKOJIOTMYECKUX 3a00JICBaHUH — IeTaIbHOE TIOHNMaHHue
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MOJICKYJISIPHBIX MEXaHH3MOB, JIS)KAIINX B OCHOBE OTBETA 3710~
KaueCTBEHHBIX KJIETOK Ha IMpernaparbl. DTO I103BOJISET Ipa-
BUJILHO BBIOMPATH LIENIEBYIO IPYIITY MAIIMEHTOB, KOHTPOJIHPO-
BaTh JICUCHNE M KOPPEKTUPOBATH TAKTUKY TEpPAITUK HA OCHOBE
MOHUMAaHMsI MEXaHM3MOB BO3HUKHOBEHHSI PE3MCTEHTHOCTH
(Milik et al., 2017).

[TonoGHbIe TaHHBIE TPHOOPETAIOT 0CO0YI0 3HAYUMOCTh ITPH
TEpaniy arpecCUBHBIX M OBICTPO METACTAa3MPYIOIIUX 3J10-
KaueCTBEHHBIX HOBOOOPA30BaHMil, TAKUX KaK MeJIaHOMa.
Y1oBIEeTBOPUTEIBHBIC PE3YIIBTATHI JICUCHNSI METIAHOMBI, KaKk
MPaBHJIO, MOT'YT OBITh [OJTyYEHBI TOJILKO B CIIy4ae JHUarHOCTH-
K1 3a00J1€BaHNS Ha CaMbIX PaHHUX CTAIMAX U IIPH CBOEBpe-
MEHHOM XHpyprudeckom BMeniarenscTse (Leong etal., 2012).
Menanoma — ofHa U3 HanboJIee UMMYHOTCHHBIX OIYXOJIEH,
B CBSI3U C YEM OHA CTaJla MOJEIBHBIM OOBEKTOM IS HcCIle-
JIOBAaHWS M BHEIPEHUS] HOBBIX IOJXO0B MMMYHOTEPAIIHH.
Bbicokasi 4yBCTBUTEIBHOCTh K OHKOMMMYHOIIpEnaparam BO
MHOTOM OOBSCHSETCS BRICOKOW MYTAI[IOHHOM HAarpy3Koi pH
MeJlaHOMe, 00y CIIOBIIMBAIOMIEH MPOJTYKIIUIO OOJIBIIOTO Ynciia
HEOAHTUI'CHOB, YTO, B CBOIO OUEPE/Ib, YCHIMBAET HIMMYHHbIH
otBet (Alexandrov et al., 2013).

B nacrosiiee Bpemst Hanbonee 3pPpeKTUBHBIN cr1ocod
MMMYHOTEpauyi — UHI'MOUPOBaHNE TaK HAa3bIBAEMBIX M-
MYHHBIX KOHTPOJIBHBIX TOYEK JUTS MOCIEAYIOIIEl aKTHBAUT
T-KJIeTOYHOTO OTBETA M OIIOCPEOBAaHHOW MM CMEPTH OIy-
XOJIEBBIX KJI€TOK. K OCHOBHBIM MHUIIICHSIM OJIOKa, bl KOHTPOJIb-
HBIX Touek oTHOCATCSI CTLA4 1 PD-1, 1Ba KITFO9EBEIX perien-
TOpa UMMYHHOH TOJIEPaHTHOCTH.

J1o cux nop HeT OOIIENPHHATOTO MMOAX0/1a K 0TO0pY Maru-
€HTOB, JUII KOTOPHIX OyzneT 3¢(hekTHBHA Tepanust HHTHOUTO-
paMu MIMMYHHBIX KOHTPOJIBHBIX TOYEK, M K ONTHMAJIbLHOMY
KOMOWHHMPOBAHMIO PA3JIMYHBIX B3aWMOJIONOIHSIIONMX IO/
XOJIOB K IMMYHOTEPAIIHH JIPYT C JPYTOM U C TPaJUIHOHHBIMU
MeTonamu JieueHus paka (Hodi et al., 2010; Roh et al., 2017).
OCHOBHBIM METOJIOM OLIEHKH 3P (PEKTHBHOCTH HUMMYHOTEpAa-
UM CYUTAETCA MMMYHOTHCTOXMMHUYECKOE OKpAIINBaHUE,
Hanpumep antutenamu k PD-1. OpgHako npeauKkTuBHas TOY-
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DKCNPECCHOHHDIV MPOodUIb 60IbHBIX 3T0KAYECTBEHHOW
MeflaHOMOW B 3aBUCMOCTY OT OTBETA Ha IMMYHOTEPanuio

HOCTbh OCTaeTCs OTHOCHTEJBLHO HHM3KOHW, Oosiee Toro, cylie-
CTBYIOT 3HAUUTEJbHBIE CIOKHOCTH C YHU(HUKALUEH HHTEp-
MpeTaluy JaHHbIX.

[MosiBisieTcst Bce OOblIe MCCIEOBAaHHUM, TOCBSIIEHHbBIX
MOUCKY NPEIUKTUBHBIX MapKepoB 3(h(HEKTUBHOCTH HMMYHO-
Teparuu. [TokazaHo, 4TO HaIMYKME AHEYTUIOMIUH B OITyXOIH
KOppEeNIUpyeT C MapKepaMu UMMYHHOTO «yCKOJb3aHHUA» U C
MTOHIKEHHBIM OTBETOM Ha mMmyHotepamnuio (Davoli et al.,
2017). IloBbimennast MyranuonHasi Harpyska (MH) moxer
CBUACTCILCTBOBATE O YYBCTBUTCIBHOCTH, B TO BpEMA KakK
HaKOIIJICHUE JEJIEIHH TeHOB — O PE3UCTECHTHOCTH K TIpera-
param-0iiokaropaM MMMYHHBIX KOHTPOJBHBIX To4dek (Roh
et al., 2017). B nacrosiiee Bpemst Beicokast MH — Haubosee
TOYHBIA reHeTndeckuid mapkep. [Ipu menanome 3TOT moKa-
3aTejb B IIEJIOM BBINIE, YEM TIPH JPYTHX 370KAYECTBCHHBIX
HOBOOOpasoBanusx (Alexandrov etal., 2013). OgHaxo TecTH-
poBanre MH nMeeT cylecTBEHHbIN HEN0CTATOK — BEICOKYIO
CTOMMOCTB HCCJIE/IOBaHMS, YTO, HECOMHEHHO, OTPAHUYNBACT
BO3MOXXHOCTU NPUMEHECHHA 3TOT'0 IMOAX0Ja B pyTHHHOﬁ Ja-
60opaToOpHOIl TMarHOCTHKE.

Beicokas MH, kak npaBuito, CBsi3aHa ¢ HapyIIeHHEM QyHK-
LIMOHUPOBAHUA CHCTEMBI penapanuu. [Ipm memanome oHa
BBI3BaHA JICHCTBHEM YIBTPA(UOIETOBOTO M3IY4YEHHS U CO-
MIPOBOYK/IACTCS CIIEIN(PUUSCKON «MYTallMOHHOHN MOAITHCHIO
(Alexandrov et al., 2013). Ha onyxouisix TOJICTOH KHIIKH
MIOKa3aHO, YTO MAIMEHTHl C MyTalUsIMH B T€HAX CHCTEMBI
penapanuy HECHapeHHBIX OCHOBAaHMM, Takux kak MLHI,
MSH2, MSH6 n npyTux, XapakTepu3yoTcs noBbieHHoi MH
¥ HanboJee TyBCTBUTEIbHBI K NMMYHOTEPAINN. BBIsSBICHBI
TaKXKe SMUTCHETHYECKHE MPEIUKTOPEL. AMIUTMGHUKAINN U
AKTUBHUPYIOIME COMaTHUYECKUE MyTaluu B rene EZH?2 xop-
penupytot ¢ yposaeM metunuposanus JJHK, obecnieunBas
SMHUTCHETHYECKYI0 MHAKTUBALMIO PSI/Ia TEHOB, BOBJICUCHHBIX B
OILYXOJIEBYIO CYIIPECCUI0, U UMMYHHBIM OTBET IIPU MEJIaHOME
(Tiffen et al., 2016).

B pabote npoBeseHO cpaBHEHHE ABYX I'PYMIT OOJBHBIX
METacTaTUYECKOU MEIAHOMON KOXKH C Pa3IU4YHBIM OTBETOM

Table 1. Clinicopathological characterization of samples

Patient

Response to treatment Sex Age
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Ha MMMYHOTEpanuoo OJ0KaTopaMu KOHTPOJIbHBIX TOYEK,
JUISL TOTO YTOOBI MICHTH(UIIMPOBATH HOBBIE MPEINKTHBHBIE
9KCTIPECCHOHHbBIC OMOMAapKEPBbI, & TAK)KE BBISIBUTH T€HBI, OT-
BCTCTBCHHBIC 34 BOSHHUKHOBCHHC 06’I)GKTI/IBHOFO OTBCTA Ha
Tepanuio y NauueHToB. B nanpHeiemM 3To No3BOIUT paspa-
60TaTh CII0OCOOBI ONITUMAIBHOTO BBIOOpPA TEparuK B paMKax
MEPCOHAIM3UPOBAHHOTO TOX0/1a K JIEUEHHIO, & TAKIKE MOJY-
JMPOBATh UMMYHHBIH OTBET B LIEJISIX YITyUIICHUS PE3YIbTaTOB
JIeYeHUs] ”HTHOUTOpaMH KOHTPOJIBHBIX TOYEK.

MaTeleaﬂbI n metogbl

B mccnenoBaHuy MCIIONB30BAHBI PE3YIIBTAThl BBICOKOIIPO-
M3BOAMTEIHLHOIO CeKBeHUpoBaHMs Ha ruiardopme [llumina,
JIETTOHUPOBaHHBIE B 0a3y maHHBIX mpoekta «The Cancer
Genome Atlas» (TCGA-project). O6miast BBIOOpKa OOIBHBIX
METacTaTUYECKON MeJIaHOMOW KOXKH cocTaBuia 13 manumen-
TOB, TIOJIy4YaBIIHX ITOCJIE XUPYPTHUECKOTO JICUCHHS Mpera-
parsl nnuaMMyMa0 1 HuBoTyMad. B anHoTanmm o6pasinos
MPUCYTCTBOBANIN CBeZieHUs 00 3(pdeKTHBHOCTH Tepanuu:
yactnuHblid otBeT (PR), momusnii otBet (CR) 1 mporpeccus
3aboneBanust (PD). Beibopka Oblita paszienena Ha B TpyIIIIbL:
1) manueHThl, IMEBIINE YaCTHYHbIM WM MOJHBIA OTBET Ha
Tepanuio (Mpy YaCTUYHOM YMEHBIIEHUH Pa3MEPOB OITyXOIH
WJIN €€ TIOJTHOM BHIMMOM HCUE3HOBEHHH); 2) TMALUCHTHI, y
KOTOPBIX HAONIOAAach OBICTpast Iporpeccus 3a00JICBaHMs.
D¢ dexTuBHOCTH OTBETa HA TEPAINUIO OLIEHMBAJIACh B COOT-
BerctBur ¢ kputepusimu RECIST (Response Evaluation Cri-
teria in Solid Tumors), Ipy 3TOM yUUTHIBAJIACh BO3MOXKHOCTh
BPEMEHHOTO YBEITMUYCHHSI 00bEMa OITyXOJTH BCJIE/ICTBUE MOBBI-
IICHUS COIEPKaHMUS KIIETOK MMMYHHOH cucteMbl. OCHOBHBIE
XapaKTePUCTUKH MAEHTOB, BKJIIOYEHHBIX B UCCIIEAYEMYIO
BEIOOPKY, TIpe/ICTaBICHBI B Ta0I. 1.

Anamu3 nuddepennmanpHoi skenpeccnn MukpoPHK n
MPHK mnpoBenen B craructuueckoit cpeae R ¢ ucnons3ona-
uueMm nakera DESeq2. [Tomyuenst cnickn quddhepeHnuansHo
skcnpeccupyembix MukpoPHK u MPHK, ynosnerBopsto-
IUX CJIEIYIOUUM YCIOBUSIM: 1) ypOBEHb JIOCTOBEPHOCTH

Treatment

Clinical stage

Response
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(p-3HavueHue) ¢ KOPPEKIUe cpeTHer TOMU JTOKHBIX OTKIO-
uHenmnii (FDR-corrected p-value) menee 0.05; 2) mapametp
nopora ntuddepennmansaoi sxcnpeccnu (log2FoldChange)
mo Moyito 6ostee 1.0.

Hanee mns xaxaoit mukpoPHK u3 nonyuenHoro cnucka
uneatuunuposan MPHK-mumenn. C 3Toi 1ENBI0 IPOBE-
JieH aHanu3 6a3 nanHbix: miRDB (http://mirdb.org/download.
html) m microRNA.org (http://www.microrna.org/microrna/
getDownloads.do). [Tomyaennstii cimcok MPHK-norenimans-
HBIX MHIIICHEH COMOCTABUIIM CO CIIUCKOM AU HepeHIIHaTbHO
skcrpeccupyembsix MPHK B cpaBHMBaeMBIX rpymmax 00ib-
HbIX. bputn BeIOpanst Tonsko Te MPHK, koTOpBIE TprcyTCTBO-
BaJIM B 000OMX CIMCKaX M U3MEHEHHE JKCIPECCUH KOTOPBIX
UMEJIO Pa3HOHAIPABICHHBINH XapaKTep IO OTHOIIEHUIO K
cootBercTByIole MukpoPHK. Mcnonb3oBanublii moaxon
MO3BOJIMJI BBIOPATh [UIsl AJIbHEHIIEro aHaji3a Cpean BCeX
npeackazaHabix MPHK-MumeHeit Hanbonee J0CTOBEpHO CBsI-
3aHHBIC C MOJICKYJIIPHBIMH MEXaHHU3MaMH, OTBETCTBCHHBIMHU
32 UyBCTBUTEJILHOCTb MJIM PE3UCTEHTHOCTD KIIETOK MEJIAaHOMBI
K UMMyHoOTepanuu. ClIeayeT OTMETUTb, YTO TP HEOOIIBIIIOM
pa3Mepe BBIOOPKH HEOOXOIMMO paccMaTpuBarh TOJIBKO H3-
MEHEHHUS, IEMOHCTPUPYIONINE BbICOYAWIINE 3HAYCHHUS JI0-
cToBepHOCTH. [IpoaHanu3upoBaHb! (YHKIIMH BBISBICHHBIX
TEHOB JIJIs OLICHKH MX POJIM B MEXaHN3MaX, 00€CIEIHBAIONIIX
Y4yBCTBUTEIBHOCTb MJIM YCTOMYMBOCTh K MMMYHOTEPAIUH.

Pe3ynbratbl

[IpoBeneH OMOMH(pOPMATHICCKUI aHAIN3, HATIPABJICHHBIH Ha
MTOWCK B 00pasnax 3JI0Ka9eCTBEHHON MeTaHOMBI TudQepeH-
[IUATIBHO 3KcnpeccupyeMblx MUKpoPHK u mx reHoB-mumre-
Hel, KOTOpbIE OTJINYAOT MAIMEHTOB, IEMOHCTPUPYIOIIUX 00b-
eKTHBHBIN JIeueOHBIH 2(phekT IMMyHOTepanmy, OT TallHeHTOB
6e3 3HaunMoro oreeta. Mnentudunuposan psg MmukpoPHK,
YAOBIIETBOPSIIOIINX YCJIOBUSIM OTOOpA, ¥ BBISBICHBI ITOTEH-
nuaiasasie MPHK-Mummenwn (Tabm. 2).

BbuonnpopmaTniyecknii MOUCK TeHOB-MHILIEHEH, pery-
JMPYEMBIX BBISBICHHBIMU HaMu MapkepHbIMH MUKpOPHK,
IIPOBEICHHBIH C HCIIOIb30BAHUEM JIBYX Pa3HbIX 0a3 JaHHBIX,
miRDB u microRNA.org, mo3Bosmi uaeHTHGUIHPOBATH
JIEBSITh TeHOB (TabI1. 3).

[epeunciennsle B Ta0. 3 TeHBI BOBJICUCHBI B Pa3INYHbIE
KJIETOYHBIE Tporiecchl. DYHKINU HEKOTOPBIX U3 9THX TCHOB
JIO CHX TOp JIETAIBHO HE U3BECTHBI.

I'en GPR22 (G Genok-cuerieHHbIH pernentop 22) pac-
MOJOKEH Ha JJIMHHOM ILJIEYe XPOMOCOMBI 7 B peruone 22.3
(7922.3), ero OeJIKOBBII MPOAYKT MPUHAJICIKUT K CEMEHUCTBY
penentopoB | u cBsa3aH ¢ G-0eTKOM-penenTopoM; (pyHKITHH
GPR22 ne nzsectnsl (O’Dowd et al., 1997).

docdonunaza C, komupyemasi reHom PLCXD3, nokaiu-
30BaHHBIM Ha KOPOTKOM TIJIede XpOMOCOMBI 5 B obmactu 13.1
(5p13.1), oTHOCHTCS K cyniepceMeicTBy (hochOnHO3UTH ICTIC-
muduyeckux ¢pocdonunaz C, perynupyeMbix perenTopom
thochommacTepaszsl. Pochonumazsl C IPUHAMAIOT ydacTre
B PETYJSIIIMN YPOBHSI IIUTO30IHOTO KaJIBIUSA U AKTHBHOCTH
nporeunkunas (Gellatly et al., 2012). JleranbHo QyHKIMU
rera PLCXD3 He n3y4eHsl, OTHAKO KOTUPYEMBIH UM (pepMEHT,
MIPE/IIOIOXKUTEIBEHO, BIMSACT HA AKTHBHOCTh MHOTHX OEJIKOB
knetku (Katan, 2005).

T'er MYT]L (MuennHOBBIA TPAHCKPUIIIMOHHBIN (hakTop 1)
PAacIoJIOKEeH Ha KOPOTKOM IIede XpPOMOCOMEI 2 B 06acTu 25.3
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(2p25.3), xonupyer Oelok, coepiKalluii MOTHB IIMHKOBOTO
majbia. DTOT OeloK (YHKIIMOHHPYET B pa3BUBAIOIICHCS
[IEHTPaJIbHON HEPBHOW CHCTEME MIICKOTIUTAIONIHX. B skcrie-
PUMEHTAJIBHBIX YCIOBUAX 3kcnpeccust MYT1L B codeTaHUU ¢
OCHOBHBIM (DaKTOpaMH TPAHCKPHIIIIIH THIIA CIIUPAITb-TIETIIs-
CTIHPAJIb MOXKET MPe0Opa3oBhIBATh yenoBeueckue Ghudpoodia-
CTBI B MHAYIIMPOBAHHbBIE HEHPOHBI, KOTOPBIE CIOCOOHBI reHe-
pupoBats nmorennuains Aevicteus (Pang etal., 2011; Yoo et al.,
2011). Hanuble o BoBeueHHOCTH M YT L B UMMYHHBIE peak-
ILIH WJIH B TIPOLIECC KaHLIEPOTeHe3a B INTEpaType OTCYTCTBYIOT.

Bermox A4 cemeiicTBa EpEeHOCYHUKOB PACTBOPEHHBIX Be-
mecTB 24 kogupyercsi reHoM SLC24A44, nokaan30BaHHbIM Ha
JUTMHHOM T11eue XpoMocoMbl 14 B peruone 32 (14q32). On
MPUHAUIEKHUT K CEMEHCTBY MEPEHOCUNKOB PACTBOPEHHBIX
BemlecTB. B uactHocTH, SLC24A4 cB3aH ¢ TpaHCIOPTOM
IJTFOKO3Bl U IPYTHUX CaxapoB, OPTraHUYECKUX KUCIOT, MIOHOB
METaJuIoB ¥ aMuHOB. [lokazaHo, 4To Tpu momuMopusMa B
rene SLC24A44, a nmenno: rs28777, rs35391 u rs16891982,
ACCOIMMPOBAHBI C MMOBBIIIEHHBIM PHCKOM Pa3BUTHS 3JI0Kade-
ctBerHoi MenanoMmel (Duffy et al., 2010).

B obnacTi IMIIPUHTHPOBAHHBIX TEHOB Ha KOPOTKOM ITJIede
xpomocomsl 11 B peruone 15.4 (11p15.4) pacnionaraercs ren
PHLDA?2 (TSSC3). DTOT pernoH COIEpKUT KIacTep TeHOB-
CYIIPECCOPOB OITyXOJIEBOTO POCTA, U3MEHEHHS B KOTOPOM
MOT'YT OBITh CBSI3aHBI CO MHOTUMH BUIAMH PaKa, TAKUMH KaKk
KapIMHOMA Ha/IMOYEYHHKA, PAK JIETKUX, SMYHUKOB U MOJIOU-
Hoi xene3sl (Schwienbacher et al., 1998; Miiller et al., 2000).

T'en LIN28A nokanu3yercs Ha KOPOTKOM ILJIeYe XPOMOCO-
Mel | (1p36.11), komupyet cyosemuanity PHK-cBsa3pBaromero
6enka LIN28A/LIN28B, perynupytomero, B 4aCTHOCTH,
ouorenes mukpoPHK cemeiictsa let-7, 00pasyronux peryis-
TOpHYIO neTo. [Ipu 3mokauecTBEHHBIX HOBOOOPA30BaHMAX
4acTo HAOONACTCs MOBBIIICHHAs dKcnipeccus LIN28A, dato
MOXXET OBITh aCCOLIMMPOBAHO C JIOTIOJHUTENBHOI aKTHBAIUEH
onkoreHoB RAS, MYC n HMGA?2, a Taxoke ¢ U3SMEHEHUSIMU B
KJICTOYHOM MeTabonu3Mme, ponudepannei, aHrnoreHe3om,
MPOIeCCaMU MPOrPaMMHPYEMON KIICTOUHOM THOEIIH, TCHOM-
HOH HEeCTaOMIBHOCTHIO, BOCIIAJICHUEM B 30HE OITyXOJIH, METa-
CTa3MpOBaHUEM. B COBOKYNTHOCTH 3TH M3MEHEHUS IPHBO-
JIIT K IMMOPTAJIM3aI|H 3JI0KaY€CTBEHHBIX KJIETOK U «yCKOJIb-
3aHMIO» OT MIMMYHHOM cucTeMbl. IIoka3aHo Takxke, 4TO I0O-
BBIIIIEHHast 9KcTipeccust LIN28A koppenupyet ¢ Henaromnpu-
SITHBIM [IPOTHO30M IIPH PSIJI€ OHKOJIOTHUECKUX 3a001eBaHUI
(Wang et al., 2015).

MenaHocOMabHBIH TpaHCMEMOpaHHBIA OEOK, KOIUpy-
emblii reHoM OCA2, pacnonararoiyuMcs Ha JUIMHHOM Iuiede
xpomocomsl 15 (15q12-q13.1), ssBisieTcst BBICOKO MOTUMOpd-
HBIM 1 (DYHKIIMOHAIBEHO CBSI3aH C ITPOIIeCCaMt ITUTMEHTAIHH.
Psin monumopdHbIX BapuanToB rena OCA2 y 4enoBeka urpaet
POJIb B OIIPEAEIEHIH HOPMAJIbHBIX (PEHOTUIIMYECKUX BapHa-
I [BeTa IIasa, a HEKOTOPBIE M3 HUX ACCOIMHUPOBAHBI C
puckoM Bo3HUKHOBeHHUs1 menaHombl (Hawkes et al., 2013).
[Toxazano, uTo cHmKeHHas dKcpeccust reHa OCA2 xoppe-
nmpyer ¢ nporpeccueii Mmenanomsl (Ryu et al., 2007).

WnentudunupopanHbie B JaHHOU padote reHbl BANKI u
RYR?2 BOBJIEUEHBI B MPOIIECCHl BHYTPHKICTOYHON Tepenadn
kanpiust. [omnepixanue Gananca Ca?" BHYTPHKIECTOYHOTO
cBoOoaHoro kapuus (Ca2"), B ToM yncie paboTa KalbLHeBbIX
KaHaJIOB, UTPAET OOJBIIIYIO POJIb B PEAT3aLNH MHOTHX JKU3-
HEHHO BaKHBIX (DYHKIMH KIETKH U HEOOXOANMO JUTS TIPOITH-

Systems biology and biomedicine


http://mirdb.org/download.html
http://mirdb.org/download.html
http://microrna.org/
http://www.microrna.org/microrna/getDownloads.do
http://www.microrna.org/microrna/getDownloads.do
http://microrna.org/

DKCNPECCHOHHDIV MPOodUIb 60IbHBIX 3T0KAYECTBEHHOW
MeflaHOMOW B 3aBUCMOCTY OT OTBETA Ha IMMYHOTEPanuio

2017
218

E.H. NlykbaHoBa, M.C. ®epoposa, E.A. lMypoBa ...
A.B.JlnunatoBa, A.C. 3acenatenes, A.B. Kyapasuesa

Table 2. miRNAs differentially expressing in skin melanoma tissues and their target genes

log2FoldChange

FDR-corrected p-value

Target genes

(eparmu u Murpauun. HapyuieHue 3TuX mporeccoB CBsI3aHO
C psizioM 3a00JI€BaHNH, B TIEPBYIO OYEPEb OHKOJIOTHUECKHX.

I'en BANK! (B-kneTo4HBIH KapKacHBIH OCJIOK ¢ aHKHPH-
HOBBIMH ITOBTOPHOCTSIMH 1) TOKAaJTM30BaH Ha JUTMHHOM IIeue
xpomocoMmsl 4 (4q24). Kogupyemsrit uM OeIKOBBIH MPOTYKT
(DYHKIIMOHMPYET B Ka4eCTBE BXKHOH a/IalTepPHOI MOJIEKYJIbI,
CBA3BIBAETCA C B-KIETOYHBIM PELenTopoMm, Mocie 4ero B
B-kieTkax 00pa3yroTcst BHyTPUKIIETOYHBIE BTOPUYHBIE MEC-
CCHJDKEPBI, 4TO MPUBOANUT K MOOMITM3AIINY KaJIbIINs U3 BHYT-
puKIeToYHbIX Xpanuiuil (Aiba et al., 2006). Ycranosiena
accoranys reaa BANK | ¢ maToreHe30M ayTOMMMYHHBIX 3a-
OorneBaHMii, TaKMX KaK CHCTEMHast KpacHast Boyrdanka (Kozyrev
etal., 2008) u ayroummynHbIit Tupeouut (Muhali et al., 2013).

Kommpyrommii petienirop puanonuna 2 reH RYR2 noxanusy-
eTcs Ha JUIMHHOM TiIede XpoMocoMsl | B oOmactu 43 (1g43).
benkoBblii MPOAYKT JAHHOTO IreéHa — OJIMH U3 KOMIIOHEHTOB
kajprueBoro kanana (Benkusky et al., 2004).

O6cyxpeHue

Haunbonee >¢p¢pexTuBHBIM crIOCOOOM MOWCKA MPETUKTOPOB
OTBETa HA JICKAPCTBEHHYIO TEPAINTUIO CUUTACTCS COMOCTaBIIE-
HHE Py NAlMeHTOB, Pa3IMYaroIXcs 110 3Q(HEeKTHBHOCTH
nedenus. Jlaxe B ciTyyae IPUMEHEHNS TAPTeTHBIX PETIapaToB
C 3aBE/I0MO U3BECTHOM MOJIEKYIISIPHOI MUIIICHBIO MOTYT OBITH
BBIABJICHBI JOITOJTHUTEIIbHBIC TPEAUKTOPBI OTBETA. Haan/IMep,
npu pa3paboTke npenapara Kpu3oTHHHO, nHrnomTopa MET,
0Ka3aJI0Ch, YTO TIPETUKTOPOM OTBETA HA TAPTETHYIO TEPAITHIO
ANCHOKAPIUHOMBI JICTKOT'O SABJIACTCA HAJIUYNEC TPAaHCIOKAIIUN
rena ALK.

[Ipu cpaBHEeHMHU OBYX TpymIl OOJBHBIX 370Ka4eCTBEHHON
MeﬂaHOMOﬁ, paszanvaromuxcs 1mo 4yBCTBUTCIBHOCTH K UM-
MYyHOTEpanuu, HaMH omnpeaeneHsl auddepeHnnanbHo IKe-
npeccupyemsle MUKpoPHK, a nanbHemmii aHatn3 No3BoIUII
l/I[leHTI/Iq)I/II_II/IPOBaT]) X TI'CHBI-MUIICHU, TAKKC XapakKTe-
pusytomuecs auddepeHnnansHoi akcnpeccueit: GPR22,
PLCXD3, MYTIL, BANKI, SLC24A4, PHLDA2, LIN28A,
OCA2 v RYR2.

o nuTepaTypHBIM JaHHBIM, HICHTH()UIIMPOBAHHAS HAMU
rpymma renoB (GPR22, PLCXD3 w MYT1L) u3yuena kpaiine
c11a00. J171st HEKOTOPBIX U3 TIEPEUNCIICHHBIX TEHOB OTCYTCTBY-
0T CBEJICHUS O (PYHKIMAX OEIKOBOTO NMPOITYKTA UM yPOBHE
9KCTIPECCUH TPH PA3IMYHBIX ITaTOJIOTMYECKUX COCTOSHUSX.
OrpannyeHHas WHPOPMAIHMI MOXKET OOBSCHSITHCS, HAIPHU-
Mep, KpaiiHeW TKaHeCTeIN(UIHOCTHIO IKCIPECCHU T'eHa
100 TeM, UTO OH AKCIPECCUPYETCS Ha O4eHb KOPOTKOM 3Ta-
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Table 3. Change of the expression of genes regulated by miRNAs
under study in the group of patients responding to immune
therapy

Target gene Log2FoldChange FDR-corrected p-value

BANK1 2.673397565 8.97E-06
RYR2 .......................... 4 229018476699E_05 ............................
GPR22 ........................ 5116691 04 . 735E_06 ............................
PLCXD3 ...................... 6 48759 3 377 ................ 1 3 9 E_05 ............................
LIN28A ....................... 8 508599155 . 477E_07 ............................
MYT,L ........................ 9 44799087227”5_09 ............................

TIe OHTOTEHE3a M Ha HU3KOM YPOBHE. BO3MOXXHO Tarke, 4To
TEeH IPOU30LIET B pe3yJbTare TyTUIMKalnH, y HETO €CTh P
POACTBCHHLBIX T'€HOB, CIIPABJIAIOIINUXCA C HeO6XO[lI/lM])IMI/I
OPTaHU3MY M MCXOIHO BO3JIOKCHHBIMHU Ha HETO (DYHKIHAMHU.
DTO MO3BOJISIET TEHY TTOCTENIEHHO JIMBEPTUPOBATh U MPHOO-
pECTH JIOTIOJIHUTENbHBIE CBOWCTBA, 00ECIIEUHBAIOIIIE CBSI3b
C IMMYHHOW CHCTEMOI M ONOCPENYIOLINE CTEIEHb OTBETA
KJIETKH Ha HIMMYHOTEPAITHIO.

WnentnunyposanHble B pesyasrare OnonHdopmarude-
ckoro a"anusa reusl SLC24A4, PHLDA2, LIN28A w OCA2
MIPOZIEMOHCTPHPOBAIIN BOBJIEYEHHOCTD B ITPOIIECCHI OHKOTe-
HEC3a, HO JUIsd MHOT'MX M3 HUX HCT AOCTATOYHOT'O KOJIMYCCTBA
JUTEPATYPHBIX TAHHBIX IS MIPOBEIEHUS IMOJHOIEHHOTO
aHanmm3a. Tem He MeHee Jake Mo UMEIoIIeHCst nHpOopMauu
BU/IHA (PYHKIMOHAIbHAS CBSI3b HICHTH(OUIIMPOBAHHBIX TCHOB
C KaHIIeporeHe30M Ipu Menanome. Hampumep, rern LIN28A
y4YacTBYeT U B OHKOTEHE3E, 1 B IIPOIIECCaX MMMYHHOTO OTBETA,
B TO BPEMs KaK OIPCACIICHHbIC HACJICACTBECHHBIC BaApUAHThI
reHa OCA2 cBs3aHBI C MOBBIIIEHHBIM PHCKOM BO3HHKHOBE-
HUSI MeJTaHOMBL. B pa0ore, MOCBSIIIEHHOW MMMYHOTEpanuu
OHKoJIornueckux 3adonesanuii (Yang et al., 2013), npoBeneHo
CPaBHEHHE Pa3IMYHBIX KOMOWHAIMI IUTOKHHOB C IIEIBIO
nonay4eHus: renHo-uHxkeHepHeix CD8+T-knerok. HMccneno-
BaTeJIM MONBITATIMCH CO3/aTh MeHee quddepeHnpoBaHHbIe
nporuBoormtyxonesbie CD8+T-kieTku ex vivo, 3akiabiBast
OCHOBY JUUISl TAUIbHEHIIET0 Pa3BUTHS OHKOMMMYHOTEPAITHH.
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OOHapyXeHO, 4TO TOJ[ BO3JAEHCTBUEM CMECH IUTOKHMHOB
aKTUBHPOBAJIACh dKcTpeccrs reHa LIN28A.

V3meHeHus B 3KcIpeccuu OEIKOB, yUacTBYIOMINX B MPO-
1ecce NPOABMIKEHHS KaJIbIHs Yepe3 II1a3MaTHUECKYI0 MeM-
OpaHy ¥ KJICTOYHBIE OpPTaHEIUIBI, UICHTU(PHUIUPOBAHBI TIPH
Pa3IMYHBIX 37I0Ka4eCTBEHHBIX HOBOOOpa3oBauusx (Monteith
et al., 2012). B HEKOTOPBIX CiIy4asxX KaJbI[HCBbIC KaHAJIbI
paccMaTpHBaIOTCS B KA9€CTBE MOTEHIMAIBHBIX TEPAEBTHYC-
CKUX MHIICHEH JUISl ONPE/ICICHHBIX HO30JIOTHUECKUX (OpM,
a YPOBEHb UX IKCIPECCUU YaCTO KOPPEIUPYET C MPOTHO30M
3aboneBanust. HakonneHHbIE JaHHbBIE CBUIETENBCTBYIOT O TOM,
YTO KaJIbLIMEBas CHTHAIM3ALUSI UTPAET BXKHYIO POJIIb BO MHO-
I'MX KJIETOYHBIX MPOIeccax, B TOM YHCJIE 3JI0KaueCTBEHHOI
Tpanchopmanuu u noxnepxkannu nmMmyHutera (Hanahan,
Weinberg, 2011). [Tomy4yeHnHubie HaMH pe3yJIbTaThl AEMOHCTPH-
PYIOT 3HAUUTENBHBIE PA3JINYHMs B YPOBHSIX SKCIPECCHU TEHOB
BANKI v RYR2, B 3aBUCHMOCTH OT CTENIEHH OTBETA OOJILHBIX
MEeIaHOMO Ha IMMYHOTEPAITHIo. DTOT (haKT OTKPHIBACT BO3-
MOXXHOCTb MX HCIIOJIb30BaHMS B Ka4€CTBE MPEIUKTHBHBIX
MapKepoB, a TaKkKe MOITBEPKIACT POJIb KAJIBIIMEBOT0 OalaHca
IIPY HOPMAJIBHBIX M ITATOJIOTHYECKUX COCTOSTHUSIX OPTaHU3Ma.

YcraHOBIICHBI Pa3nyusl Ha YPOBHE 3KCIIPECCHUU TE€HOB,
KOTOpBIE MO3BOJISIT OONee AeTalbHO IMPOAHATM3HPOBATH MO-
JIEKYJISIPHBIC MEXaHU3MBI, ONPEIEISIOIINE YyBCTBUTEIILHOCTh
WJIN PE3UCTEHTHOCTD KJIETOK 3/I0KaueCTBEHHOH MEJIaHOMBI K
JEUCTBHIO NUMMYHOTepanuu. [IpeioxKeHs! SKCIIPeCCHOHHBIE
Mapkepsl Ha ocHoBe MPHK u muxpoPHK, xotopsie nocne
JlasibHelIed anpobauu MOTyT ObITh MCHOJIb30BaHbI KaK
MIPENKTOPBI OTBETA OIYXOJIEH 37I0Ka4eCTBEHHON MEJIaHOMBI
Ha UMMYHOTEPAIHI0 HHITMOUTOPAMHU KOHTPOJIBHBIX TOUCK.

Cpenu mapkepoB MPHK Bb1/1eI€HO ATH TEHOB, SKCIIPECCHS
KOTOPBIX yBEIMUYMBAETCs OoJiee ueM B ueThIpe pasa. [Ipume-
HEHHE B KAYE€CTBE MAapKepa IMOBBIIICHNS YPOBHS SKCIIPECCUHI
(a HE MOHMKEHUS) TPAIUIIMOHHO CUUTACTCs 00Jiee YIOOHBIM
B 1a0OpaTOPHON MpakTHKE. DTO MO3BOJSET MCIOIH30BATH
JUISl aHAJIM3a MEHbIIIee KOJIMYECTBO UCXOAHOTO MaTepHaia u
TOYHEE MHTEPIIPETUPOBATH MOJTyUYEHHBIE PE3yJIbTaThl TECTOB.

BrisiBnenne Heckonbkux MUKpOPHK co 3HaunTenbHbIM
N3MECHEHHEM COJICP)KaHHs B OITyXOJICBOH TKaHH IAIMCHTOB,
M0-pa3HOMY OTBEYAIOUIMX HA UMMYHOTEPAIIUIO, TO3BOJISET
HaJIesIThes B Oy/IyIeM Ha BO3MOXKHOCTD IEpexo/ia Ha HEWH-
Ba3UBHYIO JHarHOCTHKY.

Acknowledgments
This work was supported by the Russian Science Foundation,
project 14-35-00107.

The authors are grateful to the staff of the Genome Shared
Access Center, Institute of Molecular Biology, Russian
Academy of Sciences (http://www.eimb.ru/rus/ckp/ccu_
genome_c.php) and Initium Pharm Company for granting
access to computational facilities.

Conflict of interest
The authors declare no conflict of interest.

References

Aiba Y., Yamazaki T., Okada T., Gotoh K., Sanjo H., Ogata M., Kuro-
saki T. BANK negatively regulates Akt activation and subsequent
B cell responses. Immunity. 2006;24(3):259-268. DOI 10.1016/j.
immuni.2006.01.002.

930 VavilovJournal of Genetics and Breeding - 2017 - 21+ 8

E.N. Lukyanova, M.S. Fedorova, E.A. Pudova ...
A.V. Lipatova, A.S. Zasedatelev, A.V. Kudryavtseva

Alexandrov L.B., Nik-Zainal S., Wedge D.C., Aparicio S.A., Behjati S.,
Biankin A.V,, Bignell G.R., Bolli N., Borg A., Berresen-Dale A.L.,
Boyault S., Burkhardt B., Butler A.P., Caldas C., Davies H.R., Des-
medt C., Eils R., Eyfjord J.E., Foekens J.A., Greaves M., Hosoda F.,
Hutter B., Ilicic T., Imbeaud S., Imielinski M., Jdger N., Jones D.T.,
Jones D., Knappskog S., Kool M., Lakhani S.R., Lopez-Otin C.,
Martin S., Munshi N.C., Nakamura H., Northcott P.A., Pajic M., Pa-
paemmanuil E., Paradiso A., Pearson J.V., Puente X.S., Raine K.,
Ramakrishna M., Richardson A.L., Richter J., Rosenstiel P., Schle-
sner M., Schumacher T.N., Span P.N., Teague J.W., Totoki Y.,
Tutt A.N., Valdés-Mas R., van Buuren M.M., van ‘t Veer L., Vin-
cent-Salomon A., Waddell N., Yates L.R. Australian Pancreatic
Cancer Genome Initiative; ICGC Breast Cancer Consortium; ICGC
MMML-Seq Consortium; ICGC PedBrain, Zucman-Rossi J., Fut-
real P.A., McDermott U., Lichter P., Meyerson M., Grimmond S.M.,
Siebert R., Campo E., Shibata T., Pfister S.M., Campbell P.J., Strat-
ton M.R. Signatures of mutational processes in human cancer. Na-
ture. 2013;22;500(7463):415-421. DOI 10.1038/nature12477.

Benkusky N.A., Farrell E.F., Valdivia H.H. Ryanodine receptor chan-
nelopathies. Biochem. Biophys. Res. Commun. 2004;322(4):1280-
1285. DOI 10.1016/j.bbrc.2004.08.033.

Bouchalova K., Cizkova M., Cwiertka K., Trojanec R., Hajduch M.
Triple negative breast cancer — current status and prospective tar-
geted treatment based on HER1 (EGFR), TOP2A and C-MYC gene
assessment. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc Czech.
Repub. 2009;153(1):13-17.

Davoli T., Uno H., Wooten E.C., Elledge S.J. Tumor aneuploidy cor-
relates with markers of immune evasion and with reduced response
to immunotherapy. Science. 2017;355(6322). DOI 10.1126/science.
aaf8399.

Duffy D.L., Zhao Z.Z., Sturm R.A., Hayward N.K., Martin N.G., Mont-
gomery G.W. Multiple pigmentation gene polymorphisms account
for a substantial proportion of risk of cutaneous malignant melano-
ma. J. Invest. Dermatol. 2010;130(2):520-528. Epub 2009; Aug 27.
DOI 10.1038/jid.2009.258.

Gellatly S.A., Kalujnaia S., Cramb G. Cloning, tissue distribution and
sub-cellular localisation of phospholipase C X-domain containing
protein (PLCXD) isoforms. Biochem. Biophys. Res. Commun. 2012;
424(4):651-656. Epub 2012; Jun 22. DOI 10.1016/j.bbrc.012.06.079.

Hanahan D., Weinberg R.A. Hallmarks of cancer: the next generation.
Cell. 2011;144(5):646-674. DOI 10.1016/j.cell.2011.02.013.

Hawkes J.E., Cassidy P.B., Manga P., Boissy R.E., Goldgar D., Cannon-
Albright L., Florell S.R., Leachman S.A. Report of a novel OCA2
gene mutation and an investigation of OCA2 variants on melanoma
risk in a familial melanoma pedigree. J. Dermatol. Sci. 2013;69(1):30-
7. Epub 2012; Oct 13. DOI 10.1016/j.jdermsci.2012. 09.016.

Hodi F.S., O’Day S.J., McDermott D.F., Weber R.W., Sosman J.A.,
Haanen J.B., Gonzalez R., Robert C., Schadendorf D., Hassel J.C.,
Akerley W., vanden Eertwegh A.J., Lutzky J., Lorigan P., Vaubel J. M.,
Linette G.P,, Hogg D., Ottensmeier C.H., Lebbé C., Peschel C.,
Quirt 1., Clark J.I., Wolchok J.D., Weber J.S., Tian J., Yellin M.J.,
Nichol G.M., Hoos A., Urba W.J. Improved survival with ipilim-
umab in patients with metastatic melanoma. N. Engl. J. Med. 2010;
363(8):711-723. Epub 2010; Jun 5. DOI 10.1056/NEJMoal003466.

Huang S.K., Hoon D.S. Liquid biopsy utility for the surveillance of cu-
taneous malignant melanoma patients. Mol. Oncol. 2016;10(3):450-
463. Epub 2015; Dec 17. DOI 10.1016/j.molonc.2015.12.008.

Katan M. New insights into the families of PLC enzymes: looking back
and going forward. Biochem. J. 2005;391(3):e7-9. DOI 10.1042/
BJ20051506.

Kozyrev S.V., Abelson A.K., Wojcik J., Zaghlool A., Linga Red-
dy M.V,, Sanchez E., Gunnarsson I., Svenungsson E., Sturfelt G.,
Jonsen A., Truedsson L., Pons-Estel B.A., Witte T., D’Alfonso S.,
Barizzone N., Danieli M.G., Gutierrez C., Suarez A., Junker P.,
Laustrup H., Gonzalez-Escribano M.F., Martin J., Abderrahim H.,
Alarcon-Riquelme M.E. Functional variants in the B-cell gene
BANKI1 are associated with systemic lupus erythematosus. Nat.
Genet. 2008;40(2):211-216. DOI 10.1038/ng.79.

Systems biology and biomedicine



DKCNPECCHOHHDIV MPOodUIb 60IbHBIX 3T0KAYECTBEHHOW
MeflaHOMOW B 3aBUCMOCTY OT OTBETA Ha IMMYHOTEPanuio

Krawczyk P., Kowalski D.M., Ramlau R., Kalinka-Warzocha E.,
Winiarczyk K., Stencel K., Powrdzek T., Reszka K., Wojas-Kraw-
czyk K., Bryl M., Wojcik-Superczynska M., Glogowski M., Bar-
inow-Wojewodzki A., Milanowski J., Krzakowski M. Comparison
of the effectiveness of erlotinib, gefitinib, and afatinib for treatment
of non-small cell lung cancer in patients with common and rare
<i>EGFR</i> gene mutations. Oncol. Lett. 2017;(6):4433-4444.
Epub 2017; Apr 3. DOI 10.3892/01.2017.5980.

Leong S.P., Mihm M.C. Jr., Murphy G.F., Hoon D.S., Kashani-Sa-
bet M., Agarwala S.S., Zager J.S., Hauschild A., Sondak V.K.,
Guild V., Kirkwood J.M. Progression of cutaneous melanoma: im-
plications for treatment. Clin. Exp. Metastasis. 2012;29(7):775-796.
DOI 10.1007/s10585-012-9521-1.

Martin-Liberal J., Larkin J. Vemurafenib for the treatment of BRAF
mutant metastatic melanoma. Future Oncol. 2015;11(4):579-589.
DOI 10.2217/fon.14.252.

Milik S.N., Lasheen D.S., Serya R.A.T., Abouzid K.A.M. How to
train your inhibitor: Design strategies to overcome resistance to
Epidermal Growth Factor Receptor inhibitors. Eur. J. Med. Chem.
2017;142:131-151. DOI 10.1016/j.ejmech.2017.07.023.

Monteith G.R., Davis F.M., Roberts-Thomson S.J. Calcium channels
and pumps in cancer: changes and consequences. J. Biol. Chem.
2012;287(38):31666-31673. Epub 2012; Jul 20. DOI 10.1074/jbc.
R112.343061.

Muhali F.S., Song R.H., Wang X., Shi X.H., Jiang W.J., Xiao L.,
LiD.F.,, He S.T., Xu J., Zhang J.A. Genetic variants of BANKI1 gene
in autoimmune thyroid diseases: a case-control association study.
Exp. Clin. Endocrinol. Diabetes. 2013;121(9):556-560. Epub 2013;
Oct 14. DOI 10.1055/s-0033-1348220.

Miiller S., van den Boom D., Zirkel D., Koster H., Berthold F.,
Schwab M., Westphal M., Zumkeller W. Retention of imprinting of
the human apoptosis-related gene TSSC3 in human brain tumors.
Hum. Mol. Genet. 2000;22;9(5):757-763. PMID: 10749982.

O’Dowd B.F., Nguyen T., Jung B.P., Marchese A., Cheng R.,
Heng H.H., Kolakowski L.F. Jr., Lynch K.R., George S.R. Cloning
and chromosomal mapping of four putative novel human G-protein-
coupled receptor genes. Gene. 1997;187(1):75-81.

Pang Z.P.,, Yang N., Vierbuchen T., Ostermeier A., Fuentes D.R.,
Yang T.Q., Citri A., Sebastiano V., Marro S., Stidhof T.C., Wernig M.
Induction of human neuronal cells by defined transcription factors.
Nature. 2011;26;476(7359):220-223. DOI 10.1038/nature10202.

Petrova G.V,, Kaprin A.D., Starinskij V.V., Gretsova O.P. The incidence
of malignant neoplasms in the Russian population. Onkologiya.
Zhurnal imeni P.A. Gertsena = P.A. Herzen Journal of Oncology.
2014;2(5):5-10. (in Russian)

Rix U., Colinge J., Blatt K., Gridling M., Remsing Rix L.L., Parapa-
tics K., Cerny-Reiterer S., Burkard T.R., Jiger U., Melo J.V., Ben-
nett K.L., Valent P., Superti-Furga G. A target-disease network model
of second-generation BCR-ABL inhibitor action in Ph+ ALL. PLoS
One. 2013;8(10):¢77155. DOI 10.1371/journal.pone.0077155.

Roh W., Chen P.L., Reuben A., Spencer C.N., Prieto P.A., Mill-
er J.P., Gopalakrishnan V., Wang F., Cooper Z.A., Reddy S.M.,
Gumbs C., Little L., Chang Q., Chen W.S., Wani K., De Mace-

CucremHas 6uonorus n 6romeguumnHa

2017
218

E.H. NlykbaHoBa, M.C. ®epoposa, E.A. lMypoBa ...
A.B.JlnunatoBa, A.C. 3acenatenes, A.B. Kyapasuesa

do M.P., Chen E., Austin-Breneman J.L., Jiang H., Roszik J., Tet-
zlaff M.T., Davies M.A., Gershenwald J.E., Tawbi H., Lazar A.J.,
Hwu P., Hwu W.J., Diab A., Glitza 1.C., Patel S.P., Woodman S.E.,
Amaria R.N., Prieto V.G., Hu J., Sharma P., Allison J.P., Chin L.,
Zhang J., Wargo J.A., Futreal P.A. Integrated molecular analysis of
tumor biopsies on sequential CTLA-4 and PD-1 blockade reveals
markers of response and resistance. Sci. Transl. Med. 2017;9(379).
DOI 10.1126/scitranslmed.aah3560. Erratum: Sci. Transl. Med.
2017. Apr 12;9(385).

Ryu B., Kim D.S., Deluca A.M., Alani R.M. Comprehensive expres-
sion profiling of tumor cell lines identifies molecular signatures of
melanoma progression. PLoS One. 2007;2(7):e594. DOI 10.1371/
journal.pone.0000594.

Schwienbacher C., Sabbioni S., Campi M., Veronese A., Bernardi G.,
Menegatti A., Hatada 1., Mukai T., Ohashi H., Barbanti-Brodano G.,
Croce C.M., Negrini M. Transcriptional map of 170-kb region at
chromosome 11p15.5: identification and mutational analysis of the
BWRIA gene reveals the presence of mutations in tumor samples.
Proc. Natl. Acad. Sci USA. 1998;95(7):3873-3878.

Shindo Y., Hazama S., Nakamura Y., Inoue Y., Kanekiyo S., Suzuki N.,
Takenouchi H., Tsunedomi R., Nakajima M., Ueno T., Takeda S.,
Yoshino S., Okuno K., Fujita Y., Hamamoto Y., Kawakami Y.,
Oka M., Nagano H. miR-196b, miR-378a and miR-486 are predic-
tive biomarkers for the efficacy of vaccine treatment in colorectal
cancer. Oncol. Lett. 2017;14(2):1355-1362. Epub 2017; Jun 2.
DOI 10.3892/01.2017.6303.

Sokolenko A.P., Imyanitov E.N. Molecular tests for the choice of can-
cer therapy. Curr. Pharm. Des. 2017; DOI 10.2174/1381612823666
170719110125.

Szczepaniak Sloane R.A., Gopalakrishnan V., Reddy S.M., Zhang X.,
Reuben A., Wargo J.A. Interaction of molecular alterations with im-
mune response in melanoma. Cancer. 2017;123(S11):2130-2142.
DOI 10.1002/cncr.30681. 28543700.

Tiffen J., Wilson S., Gallagher S.J., Hersey P., Filipp F.V. Somatic copy
number amplification and hyperactivating somatic mutations of
EZH2 correlate with DNA methylation and drive epigenetic silenc-
ing of genes involved in tumor suppression and immune responses
in melanoma. Neoplasia. 2016;18(2):121-132. DOI 10.1016/j.neo.
2016.01.003.

Wang T., Wang G., Hao D., Liu X., Wang D., Ning N., Li X. Aberrant
regulation of the LIN28A/LIN28B and let-7 loop in human malig-
nant tumors and its effects on the hallmarks of cancer. Mol. Cancer.
2015;14:125. DOI 10.1186/s12943-015-0402-5.

Yang S., Ji Y., Gattinoni L., Zhang L., Yu Z., Restifo N.P., Rosen-
berg S.A., Morgan R.A. Modulating the differentiation status of ex
vivo-cultured anti-tumor T cells using cytokine cocktails. Cancer
Immunol. Immunother. 2013;62(4):727-736. Epub 2012; Dec 4.
DOI 10.1007/s00262-012-1378-2.

Yoo A.S., Sun A.X., Li L., Shcheglovitov A., Portmann T., Li Y., Lee-
Messer C., Dolmetsch R.E., Tsien R.W., Crabtree G.R. MicroRNA-
mediated conversion of human fibroblasts to neurons. Nature. 2011;
476(7359):228-231. DOI 10.1038/nature10323.

BaBuNOBCKMI XKypHan reHeTUKN n cenekuyumn « 2017 <21+ 8

931



ﬂ CuctemHas 6uonorusa n 6uomeanunHa BaBunoBcKuii )kypHan reHeTnky 1 cenekuymn. 2017;21(8):932-936
- OPUTUHAJNTIBHOE NCCNEJOBAHWME / ORIGINAL ARTICLE DOI 10.18699/VJ17.315

MHrnémpoBaHIe reKCOKMHAa3bl 2 IIPUBOOUT
K CHIIDKEeHIIO SKCIIpeccum (pepMeHTOB IJIMKOJI13a
PFKP, BPGM u GPI B kiieTouHo1 1MHUN RKO

M.C. ®epoposal, VLIO. Kapriosal, A.B. Aumarosal, E.A. TTyposal, 3.T. Tysatosal, A.B. Kouetxos!, A.B. Yaitxa?, B.J. Anexcees?,

M.B. Kuceaesa?, A.A. Kanpun?, A.B. Kyapsisuesal” 2@, A.B. Cuexxunal

! HcTuTyT MonekynapHoii 6ronoruv um. B.A. SHrenbrapaTa Poccuiickol akagemum Hayk, Mocksa, Poccist
2 HauuoHanbHbIN MegULMHCKIN NCCNefoBaTENbCKUI LEHTP pagunonorun MuHncTepcTea 3gpaBooxpaHeHus Poccuinckon ®epepaumm, Mocksa, Poccus

KonopekTanbHbliii pak (KPP) — ogHO 13 Hanboree pacnpoCTpaHEHHbIX
3/10KayeCcTBEHHbIX HOBOOOPa3oBaHUI B MM pPeE, XapaKkTepusytoLeeca
BbICOK/M YPOBHEM CMEPTHOCTU. M3yueHre KnioyeBbix acnekTos op-
MupoBaHua n nporpeccun KPP Heobxoanmo Ana pa3paboTKy HOBbIX
NOAXOMOB K €ro Tepanuu, a Tak»Ke Noncka HOBbIX ANarHOCTUYECKMX,
NPOrHOCTNYECKMX U NPefNKTUBHbBIX 6MoMapKepoB. 118 MHOrX BUAOB
ONyXosiell BaXKHbIM M3MeHeHeM MeTabonm3mMa ABNAETCA aKTBaL s
rNMKON3a, aCCOLMNPOBAHHAA C HapyLUeHNEeM SKCNPeCccum OCHOBHbIX
bepMeHTOB, NPUHMMAIOLLMX yYacTUe B STOM NpoLecce, v PerynsaTop-
HbIX MOJieKy/1. Yalle Bcero B onyxoneBbix KneTkax HabnogaeTcsa nosbl-
LeHMe 3KCNpeccun rekcoknHasbl 2 (HK2), uto genaet ee mHoroobela-
IOLLeN MULLEHDBIO ANs TapreTHoN Tepanuun. B mognouumpoBaHHON Hamu
KknetoyHon nuHum RKO, NOCTOAHHO 3KCNpeccrpytoLLen KopoTKme
wnuneyHble PHK gna nHrmbrpoBaHmna reKCoKnHasbl 2, NpoBefeH Ko-
NMYeCTBEHHbIN aHanu3 akcnpeccun 15 reHos (GAPDH, ADPGK, ALDOA,
ENO3, PFKL, PGK1, PGAM1, PKM2, ENO1, PDK1, PDK3, PFKP, ENO2, GPI v
BPGM), kKopupytoLimx Kntouesble GepMeHTbI IMMKOMN3a, a TakKe reHa
HIF1A. BbiABNeHO 3HaunTeNIbHOE CHIKeHMe 3Kcnpeccum reHoB PFKP,
BPGM v GPI na yposHe MPHK (B 5, 86 1 93 pa3a cOOTBETCTBEHHO) U
6enka (B 2.5, 3.5 1 19 pa3 cOOTBETCTBEHHO). BEpOATHO, CHMXKEHME SKC-
npeccun GPI n PFKP cBA3aHO C yMeHbLUeHMEM KONMYecTBa nx cybcTpa-
TOB, FNOK030-6-dpocdata n GppyKTo30-6-pocdara, Npu nogasneHnmn
rekCokuHasbl 2. O HaKo BOMPOC O NPUYMHaX CHUXKeHNA ypoBHA MPHK
3TMX Tpex GpepMeHTOB NPU OJ/HOBPEMEHHOM COXPaHEeHNN YPOBHA
3KCMPEeCcn APYrrX yYacTHUKOB FNKOMM3a TpebyeT AanbHenLero
N3yyeHus.

KntoueBble cnoBa: KonopekTanbHbll pak; ShRNA; kIMLP; BectepH-6noT;
rnukonus; 3¢ dekT Bapbypra; HK2.
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Knockdown of hexokinase 2
results in a decreased expression
level of the glycolytic enzymes
PFKP, BPGM, and GPI

in RKO cell line

M.S. Fedoroval, LY. Karpoval, AV. Lipatoval,
E.A. Pudoval, Z.G. Guvatoval, D.V. Kochetkov?!,
AV. Chaika?, B.Y. Alekseev?, MLV. Kiseleva?,
A.D. Kaprinz, AV. Kudryavtseval’ 2®,

A.V. Snezhkina!

1 Engelhardt Institute of Molecular Biology RAS,

Moscow, Russia

2 National Medical Research Radiological Center, Ministry
of Health of the Russian Federation, Moscow, Russia

Colorectal cancer (CRC) is one of the most common
malignant neoplasms in the world, and is character-
ized by a high mortality rate. The study of the key
aspects of colorectal cancer formation and progression
is necessary to develop new approaches to its therapy,
as well as to search for new diagnostic, prognostic and
predictive biomarkers of CRC. In many types of tumors,
one of the key changes in metabolism is the activation
of glycolysis, which is associated with alterations in
the expression of the main glycolytic enzymes and
regulatory molecules. There is often an increase in
hexokinase 2 (HK2) exogenous expression in tumor
cells, which makes it a promising target for anticancer
therapy. Quantitative expression analysis of 15 genes
(GAPDH, ADPGK, ALDOA, ENO3, PFKL, PGK1, PGAM1,
PKM2, ENO1, PDK1, PDK3, PFKP, ENO2, GPI, and BPGM),
encoding the key glycolysis enzymes, as well as HIF1A
gene was carried out in a modified RKO cell line, which
constantly expresses the short hairpin RNA (shRNA) for
the inhibition of hexokinase 2. A significant decrease
in the expression of PFKP, BPGM, and GPI genes both
at the mRNA (5-, 86-, and 93-fold, respectively) and
protein (2.5-, 3.5-, and 19-fold, respectively) levels was
revealed. Probably, the downregulation of GPl and
PFKP is associated with a decrease in the amount of
their substrates, glucose-6-phosphate and fructose-
6-phosphate, under the inhibition of hexokinase 2.
Nevertheless, the cause of a decreased mRNA level

of these three enzymes, while the expression level

of other glycolytic participants is constant, requires
further investigation.

Key words: colorectal cancer; shRNA; gPCR; Western
blot; glycolysis; Warburg effect; HK2.



onopekranpHbiii pak (KPP) — naubomnee pacmnpoctpa-

HEHHOE HOBOOOPA30BAHUE M BTOPAs BeAyIlas MPUINHA

CMEpTHOCTH OT paka Bo BceM mupe (Siegel et al., 2017).
D10 3200JIEBAHUE MOXKET JI0JITO€ BPEMsI ITPOTEKATh OECCHMII-
TOMHO — Ha MOMEHT ITIOCTAaHOBKH JHarHos3a okoyio 25 %
OOJIBHBIX MMEIOT OTJaJICHHbIe MeTacTasbl. [Ipu sToM msTu-
JICTHSISI BBDKMBAEMOCTB MAIIMEHTOB ¢ MeTactarnyeckum KPP
cocrasiser meHee 10 %. HeoOxomnmo pa3BUTHE HOBBIX Me-
TOJIOB TEPAIMHU JAHHOTO 3a00JICBAHUS, a TAK)KE ITOMCK HOBBIX
OGroMapKepoB AJIS PaHHEH AMAarHOCTUKH, TPOrHO3UPOBAHUS
TedeHus 3a00JeBaHMsI ¥ TIEPCOHATM3NPOBAHHOTO Moabopa
JIEKapCTBEHHBIX CPEJICTB.

s KPP xapakTepHbl MHOKECTBEHHBIE T€HETHUECKUE U
SMUTEeHETUYECKHE HapyIIEHHUs, BOSHUKAIOMINE B X01e 00-
pasoBanusi u passutus omyxonn (Haraldson et al., 2012;
Kudryavtseva et al., 2016¢). OnHUM U3 KITFOUEBBIX COOBITHI
npu pa3sutun KPP sBisiercs nepectpoiika 3HepreTH4eCcKoro
oOMeHa kieTok (Snezhkina et al., 2016; Graziano et al., 2017).
AxrtuBHas nponudepanns U ObICTPBIA POCT OIYXOJEBBIX
KJIETOK, HAXOSAIINXCS B YCIIOBUSIX THIIOKCHH, TPEOYIOT O0ITh-
IIOTO 3amaca SHEPTUH U CTPOHUTEIIBHBIX PECYypPCOB, KOTOPHIE
o0pa3yroTcs Ha pa3MuHBIX dTanax mmkonusa. [Ipu sTom
YCHUIINBAETCS TPAHCIIOPT TITFOKO3bI B KIIETKH U YBEITMUMBACTCS
CKOpOCTh 00pa3oBaHus 1akTara. OHAKO TaKe IIPH MOCTey-
IOIIeH BaCKYJISIpU3alliy OITyXOJIM U MOSBICHUU KUCIOPOAA B
JIOCTATOYHOM KOJIMUECTBE KIJIETKH MPOAOIIKAIOT HCTIOIb30BaTh
IVIMKOJIN3 B KAYECTBE OCHOBHOTO HCTOUHHKA SHEPTHH (3 deKT
BapOypra) (Warburg, 1956; Krasnov et al., 2013b; Kudryav-
tseva et al., 2016b).

AKTHBAIWsI TIIMKOJIM3a MPOMCXOANT B 3J0KAaYECTBEHHBIX
KJIETKaX HACTOJBKO YacCTO, YTO MHOTHE MCCIIEI0BaTeIH pac-
CMaTpHBarOT EPMEHTHI, IPUHUMAIOIINE YIACTHE B ITOM IIPO-
1ecce, Kak MHOT0O0CIIAIOIMe MUILICHH JJIs TAPTeTHOI Tepa-
rd. OJIHaKo IpH BBIOOPE TaKOW MUIICHHU U IIPE/IBAPUTEILHOI
OLIEHKE BO3MOXXHOCTHU €€ HCIIOIb30BaHHUs HEOOXOIUMO BBI-
SIBUTh BCE M3MEHEHUS B KIIETKE, KOTOPbIE MOTYT OBITH BBI-
3BaHBbI Bo3/elicTBIEM Ha Hee. [Ipexxze Becero, crnexyeT onpese-
JIMTH HAPYIIECHHS SKCIIPECCHHU TEHOB IIPY 3KCTIEPUMEHTATBHOM
MOJAaBJICHUM HAa MOJICISX in Vitro.

B nanHol pabote npoBeieH KOJIMYEeCTBEHHBIN aHAJIN3 IKC-
npeccun 15 renoB (GAPDH, ADPGK, ALDOA, ENO3, PFKL,
PGKI1,PGAMI1, PKM2,ENOI,PDKI, PDK3, PFKP, ENO2,
GPI v BPGM), IpoayKThl KOTOPBIX SBJISIFOTCS KITIOYEBBIMU
(hepMeHTaMU TIIMKONH3a, ¥ TeHa HIF ] A, KOmupyTOIero NHTy-
IUpYeMbIii rurnokcueii pakrop 1A, B ycinoBusix ”HruOuposa-
HUS dKcnpeccuu reHa HK2 B KJI€TOYHON JTUHUU KapLIUHOMBI
tosnctoi kumrku RKO. /I reHOB ¢ I3MEHEHHEM YKCTIPECCHA
Ha ypoBHe MPHK npoBezieHa Taxxe orieHKa ypoBHS SKcIIpec-
cuu Oenka metozoM BectepH-0710T.

MaTtepwuanbl n metogbl

Kierounble TUHUM W yCJIOBHS KYJIbTHBUpPOBaHMs. Hc-
MOJIb30BaHA KJIETOUHAS JIMHUS KAPIMHOMBI TOJICTOW KHIIIKH
RKO, nonmy4ennast n3 naboparopun posudepariy KIeToK
WuctuTyTa MonekyisipHoit ononorun PAH non pykoBozcTBoM
I1.M. YymaxkoBa. Knerounyto muamo RKO kynasTrBHpOBaN
B pocroBoii cpene DMEM (ITan3ko, Poccust) ¢ mobaBieHu-
em 10 % deranbHoii Obrubeli ceiBopotk (FBS) (HyClone,
CIIIA), 100 en/mn nernmmnirnaa (ITanDko) u 100 MKr/ ™M
crpentomunrHa ([Tandxo) npu BnaskHoctu 95 %, Temmepa-
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Type 37 °C, a TakkKe B YCIOBUAX COAEPKaHUS YIJIEKHCIIOTO
ra3a Ha ypoBHE 5 %.

Co3nanne JICHTHBHPYCHBIX KOHCTPYKIMIi 1 OJTyueHHe
CTa0MIIBLHOI JIMHUM KJIETOK. [[jisi monydeHus crabuibHOM
kierounoi mHIA RKO ¢ momaBteHHOM SKcTipeccneli rena HK2
CO3JJaHbI KOHCTPYKIUH JEHTUBUPYCHOTO BekTopa pLSLP, skc-
npeccupyomue koporkue mmnuieunsie PHK (shRNA) (Kud-
ryavtseva et al., 2016a). TpaHCIYKIIHIO TIPOBOIIITH B UETHIPEX
nosropax. [locie NEeHTUBUPYCHON TPaHCIYKINU (PaKIUH
KJIETOK C HHTETPUPOBAHHOM KOHCTPYKIHEH BBIICISIIH ITyTEM
ceNeKuu Ha cpene ¢ mypomuimHoM (2 Mir/mi) (Thermo
Fisher Scientific) B reuenue msitu qaed. CTENCHb MOJABICHUS
HK?2 onipeniernsiiy ¢ TOMOIIBIO METO0B KosnuecTBeHHOH [T1[P
(xITLIP) m BecrepHu-0imora.

Boigesienue PHK u 6esnka. Boeinenenne Toransaoit PHK u
6emnka u3 knerounoit muauu RKO npoBonunu ¢ ucnons3osa-
HueMm Habopa AllPrep DNA/RNA/Protein Mini Kit (Qiagen,
I'epmannst) cormacHO MHCTPYKIMHU TpousBoanTens. Komnu-
yecTBO BbleneHHbIX PHK 1 Genka oneHuBamy ¢ moMouipro
tryopumerpa Qubit 2.0 (Invitrogen, CIIA). OunmienHsie
npenaparsl PHK xpanunu npu temneparype —80 °C, mpe-
napatbl Oesika — npu Temieparype —20 °C.

Moayuyenne kIHK. Beinenennyio PHK (1 mkr) obpada-
teiBam JIHKa3oi1 [ (Thermo Fisher Scientific) cormacHo mpo-
TOKOJIy MPOM3BOJMTEIS. Peakiio oOpaTHON TPaHCKPHITLIMU
TIPOBOJIMIIN C HCTIOTBb30BaHNEM peBepTazbl M-MuLV (Thermo
Fisher Scientific) n Habopa ciry4aliHBIX TeKCaHyKJICOTH/IOB.

Meton konuuecTBeHHoi I[P (kITIP). /{ns konmnyect-
BeHHOU onieHkH ypoBHsl MPHK 1ieneBbix renos metonom KITLIP
HCIIONIb30BaHbl KOMMEpUYECKHe HaOOpbl MpaiMepoB U Poo
TagMan Gene Expression Assay (HK2: Hs00606086 m1l;
HIFI1A4: Hs00153153 ml; ADPGK: Hs00229849 ml;
PFKP: Hs00242993 ml; GAPDH: Hs02758991 gl;
PDK1I: Hs01561850 ml; PDK3: Hs00178440 ml; ENOI:
Hs00361415 ml; GPI:Hs00976711 _ml; ENO3:Hs01093275
ml; PKM2: Hs00762869 sl; PFKL: Hs00160027 ml;
PGAMI: Hs01652468 gl; BPGM: Hs00156139 ml;
PGK1: Hs00943178 gl; ENO2: Hs00157360 ml; ALDOA:
Hs00605108 gl) (Thermo Fisher Scientific). B kauecte
9HJIOTCHHOIO KOHTpouis BeIOpausl reusl RPNI n GUSB.
Panee Hamu 1oka3zaHa BO3MOXKHOCTb UX HCTIOIb30BAHUS IS
TPAHCKPHUIITOMHBIX HCCIIECAOBAaHUN KOJIOPEKTAJIbHOTO paka
(Krasnov et al., 2015). Kaxxnyto peakuuto TP nposoiiu B
Tpex moBTopax Ha npudope Applied Biosystems 7500 Real-
Time PCR System (Thermo Fisher Scientific) mo npoToxoiy,
onucanHoMy B padore (Snezhkina et al., 2016).

Hannsie kI[P o6pabaTsiBaiy pH IMOMOIIN OpUTHHAEHO-
ro nnporpammHoro npunoxernst ATT (Melnikova et al., 2016).
OtHocutensHbIN ypoBeHs MPHK onieHuBanm MeToioM oTHO-
cutenbHBIX mMepeHnit (AACt-metor) ¢ yaeToM 3 heKTHB-
HOCTH peakiyii, kKak ornucano panee (Dmitriev et al., 2016).

Pa3nesnenue 0eIkOB B MOJMAKPHJIAMHUIHOM reJje
(ITAAT') u BectepH-0.10T. DriekTpodope3 GeTKoB 0CyIeCT-
s B [TAAT B geHaTypupyIOIIKX YCIOBHUSX MO METOAY
JIommun. JInst OTMBIBKM Telisi OT Jaypuicylibdara HaTpus
(SDS) ucmonp3oBanu TPUC-TIINIIMHOBBIA Oydep, comepxa-
muit 10 % MeTanomna. 3aTeM relib NepeHOCHIIN Ha MEMOpaHy
n3 nonuBuHmwinneHpropuna (PVDF) (Millipore, CILA).
Membpany mpomsiBamn OydepusiM pactBopoMm (TBS), co-
nepxamm 0.1 % Teur 20, n 6mokupoBanu B 3 % ObYbETO
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Knockdown of hexokinase 2 results in a decreased
expression level of PFKP, BPGM, and GPI in the RKO cell line

05

Relative HK2 protein level

NC RKO +Vec

Fig. 1. Expression of HK2 in RKO cells after the application of the lentiviral
vector carrying shRNA.

NC, negative control, Vec, lentiviral vector pLSLP carrying shRNA; p < 0.05.
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Fig. 2. Expression of PFKP, GPI, and BPGM in RKO cells with repressed HK2
expression.

Designations follow fig. 1.

ceiBopoTouHoro ansbymuna (BSA) B TBS, comepkamem
0.1 % Tsun 20 B TeueHune | yaca mpu KOMHATHOM TeMIIEpaType.
Jlanee MmemMOpaHy HHKYOHPOBaJIX C IEPBUYHBIMU aHTHTEIIAMHI
B Teuerre 10-16 4 mpu 4 °C, 3aTeM ee TpH pa3a OTMbIBAIU B
TBS, conepxarmem 0.1 % Teun-20. ITocne oTMbIBKM MeMOpa-
HY UHKyOHpOBAJIM B paCTBOPE BTOPUUIHBIX AHTUTET B TCUCHHUE
1 yaca mpu KOMHATHOH TeMIepaType U 3aTeM OTMBIBAJIU
[T pa3, Kak OIHCaHO paHee. HopManu3auuio mpoBOIMIH
10 3-aKTHHY.

B pabote ncnonb3oBanu NnepBUYHbIE aHTUTENA, CIEIH-
¢uunsle k HK2 (MAS5-14849), B-actin (PA1-183), PFKP
(PA5-28673), ENO2 (PA5-27452), GPI (PA5-29665), BPGM
(PA5-21821), u BTOpHYHbIE aHTHTENA, KOHBIOTHPOBAHHBIE C
¢dmyopoxpomom Alexa Fluor 488 (A-11008) (Thermo Fisher
Scientific). JeTexkuuto ¢ayopecueHIUN IPOBOAUIN C HC-
nonb3zoBanueM Typhoon FLA 9500 (General Electric, CILIA).

CrarucTuyeckuii aHaau3. B kagecTBe KpUTEpHst JOCTO-
BEPHOCTH MCHONB30BaH /-kputepuii CrproneHTta. Pasmuuus
CUMTAIIM CTATUCTUYECKHU 3HAUMMBIMHU TIpH p < 0.05.

Pe3ynbratbl

Ionasaenue 3xcnpeccuu rena HK2 B K1eTOYHON JUHUM
RKO. C momompio shRNA, BCcTpoeHHOH B JIEHTHBHPYC-
HBII BEKTOp, MoJTydeHa crabuibHas uHus kietok RKO co
CHIDKEHHOH 3kcrpeccueii HK2. Mertogom kIILIP moka3zaHo
camwkenne skcrpeccun MPHK rena HK2 B muann RKO B
YeThIpe paza. YpPOBEHb 3KCHPECCHU OCITKOBOTO MPOAYKTa —
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reKCOKMHA3bl 2, onpe/elieHHblli MeTosoM Bectepn-0iior,
TTOHU3WJICA B TpH paza (puc. ).

CHuzkenue sxcnpeccnu renos PFKP, GPI n BPGM B
kiaeTouHoi JuHun RKO B ycjioBHSIX MOaBJIeHHS KC-
npeccun HK2. C momorpio metona kI I[P mpoBenen ananms
JKCTIpeccuy 15 reHoB, KOAMPYIONUINX KITFOYEeBbIC ()epMEHTHI
rmukonusa (GAPDH, ADPGK, ALDOA, ENO3, PFKL, PGK1,
PGAMI, PKM2, ENOI, PDKI, PDK3, PFKP, ENO2, GPI
u BPGM), a takxe reHa HIF 1A B knetounoi maun RKO
CO CHIKEHHOH 3Kkcnpeccuer HK2. BrIABIeHO, UTO yPOBEHb
MPHK 6omnpumacTBa HccnenyeMbix reHoB (GAPDH, ADPGK,
ALDOA, ENO3, PFKL, PGK1, PGAM1, PKM2, ENOI,
PDK1, PDK3 n HIF1A) e n3mensuics. Yposenb MPHK rena
PFKP camxancs B iaTh pas (p < 0.05), rena ENO2 — B Tpu
paza (p <0.05) B xierounoit muaII RKO co CHUKEHHON KC-
npeccuedt HK2. Eme nist 1Byx renoB, BPGM u GPI, 6bu10
XapaKTepHO 3HAYUTEIBHOE MOJABICHHUE dKCIIpeccud B 86 1
93 pa3za (p < 0.05) coorBeTcTBeHHO. MeTonom BectepH-6moT
MOATBEPIKICHO CHIDKEeHUE dKcrpeccun oenxoB PFKP, BPGM
u GPI ot 2.5 no 19 pa3 (puc. 2). Dxempeccus 6enka ENO2
HE M3MEHSIACh.

O6¢cyxpeHue

[TepBast pepmenTaTnBHast peaknus rmukonusa — ATD-3aBu-
cumoe (ochopuiinpoBaHe MIIOKO3bI 10 [ITH0K030-6-(oc-
(hata — karanmzupyercs hepMeHTaMu rekcoknHazamu (Opa-
rina et al., 2013). B TkaHSIX JKUBOTHBIX OIHUCAHO YETHIPE
n30(hepMeHTa reK30K1Ha3, KOIUPYEMbIX COOTBETCTBYFOILIUMHU
renamu — HK1, HK2, HK3 u HK4 (GCK) (Wilson, 2003).
I'ekcoknHaza 2 UrpaeT BaXKHYIO pOJIb Ha HAYalIbHbIX ATaax
Pa3BUTHSI OITYXOJIN M XapaKTePHU3yeTCsl TOBBIICHHOH IKCIIpec-
cHel BO MHOTHX BHAX Paka, YTO CBSI3aHO IIIABHBIM 00pa3oM
C YBEJIMYEHHEM TPAHCIIOPTa INTIOKO3bI B KieTKy (Mathupala
etal., 2001). 310 cr1OCOOCTBYET MOBBIIICHUIO CKOPOCTH [JIH-
KOJIN3a, aalTHPYET SHEPTeTUIEeCKNi MeTabonn3M JyIst oI
Jiep>KaHHsl OECKOHTPOJIBHOTO POCTa M JIEJICHUS OITYXOJIEBBIX
KJIETOK, KOTOPbIE JIaKe B IMIPUCYTCTBUHU KUCIOPOJA MPOIOJI-
JKArOT MCTOJIb30BaTh IIMKOJIN3 B Ka4eCTBE OCHOBHOTO HC-
TouHUKa ajeHo3uHTpudochara (ATD) (adpdexr BapOypra).
[Tpoucxonut ObicTpoe MpeodpazoBaHKe TIIIOKO3bI B JIAKTAT,
YTO COMPOBOXKIACTCS 3aKHCICHUEM BHEKJIETOUHOHN Cperbl U
criocoOcTByeT MeTactasupoBanuto (Hsu, Sabatini, 2008; Wang
et al., 2017). Ilpu onko-accoruupoBanHoi aktuBanuu HK2
CBSI3BIBACTCS C MOTEHINAI-3aBUCHMBIM aHUOHHBIM KaHAJIOM
(VDAC) na HapyxHOI MeMOpaHe MUTOXOHJpPHUH, NPEIsT-
CTBYs IepMeadMIIN3aMi MUTOXOH/IPHAIbHOW MEMOpaHBI U,
Kak CJIe/ICTBHE, THOENTN OIMyX0JIeBhIX KieTok (Pastorino etal.,
2002; Krasnov et al., 2013a). Csi3piBaHHE MEXKTy KOMIUICK-
com VDAC u HK2 no3BosisieT Takxke U30exkarh HHIHOUPO-
BaHMSI TeKCOKUHA3HI 2 TITI0K030-6-(pocdaTom n obecneunBaeT
npsaMoit foctyn k AT®, reHepupyeMoMy CyHNEPKOMILIEKCOM
AT®-cuHTacOMOI B MUTOXOHJAPUSX, TOAJEPKUBAsI, TAKUM
00pa3oM, BBICOKYIO CKOPOCTh METabONIM3Ma B OITyXOJIEBBIX
kaerkax (Kim, Dang, 2005).

B psine uccienoBanuii mokasana BosieueHHOCTr HK2 B
passutre KPP, mpu koTopom HaOmomaeTcst Kak MOBBIIICHHE
akcnipeccun reHa HK2 (Izuishi et al., 2012), Tak u ee cHH-
sxenne (Krasnov et al., 2015). C moMoIp0 UMMYHOTHCTO-
XMMHYECKOTO aHAJIN3a BBIABJICHA CBSI3b MEXK/Ly SKCIpeccueit
HK?2 u pasmepom oryxomu, cTaanei 3a0051eBaHus, CTEIEHBIO
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NHrnbumpoBaHmne rekCoKNHa3bl 2 NPUBOANUT K CHUXKEHNIO
skcnpeccum PFKP, BPGM 1 GPI B kneTtouHoi nuHmnm RKO

MHBa3UH, a TAKKE HAIMYMEM OTJaJIeHHbIX MeTacTa3oB. [1o-
nasinerane HK2 B kierounsix muansx KPP (HCT8 n HT29)
MPUBOJIUT KaK K CHIDKEHHIO 00pa30BaHusI JIAKTaTa, Tak 1 K MO-
HIDKEHHOH NposinQepaTiBHON U MUTPALIMOHHOM aKTHBHOCTH
omyxoieBbIx kinetok (Katagiri et al., 2017). OqHOBpeMeHHOE
nonasinenne HK1 u HK2, xak nokazano Hamu paHee, Takxke
ACCOLIMUPOBAHO CO CHUIKEHHEM JKU3HECIIOCOOHOCTH KIIETOK
muauit KPP HT-29, SW480, HCT-15, RKO u HCT116 (Kud-
ryavtseva et al., 2016a).

Ha monenu knerounoii muann RKO Hamu nipoBejieH aHa-
JIM3 9KCTIPECCUH T€HOB, KOANPYIOIINX KIIOUEBbIE (DEPMEHTHI
IIMKONN3a, a Takoke reHa HIF 1A B ycIoBUSIX HHTHOMPOBaHUS
skcrpeccun HK2. YpoBeHb IKCIIPECCHUU OONBIITMHCTBA TCHOB
He m3MeHsuICA, 171l reHa ENO2 o0HapyKeHO CHIDKEHHE IKC-
npeccuu Tonbko Ha yposHe MPHK, s renos PFKP, BPGM
u GPI — na yposae MPHK u 6enka.

I'er GPI xoqupyeT epMeHT IITI0K030-6-(ocdar n3omepasy,
KOTOpast KaTaJIM3UpyeT BTOPOH 3Tar riikonn3a. Hexasaue wc-
ciesioBaHus okasanu ydactue oesinka GPI B perymsiimu pocra
OITyXOJIEBBIX KIIETOK M Ipoliecca MeracTasuposanus. OOHa-
pyxeno (Funasaka et al., 2005), 9T0 B YCIIOBHSIX TUIIOKCHU
HaOJIFO/IaeTCs OBBIILIEHUE KCTpeccy reHa GPJ B KIIETOUHBIX
JUHAAX paka MoJIogHOH skene3sl (BT-549), a uarnbupoBanme
€10 3KCTIPECCHH MTPUBOJIUT K CHIKEHHIO TIOJIBHKHOCTH OITYXO-
neBbIX KieToK. [1pu ctumynannu rmukonnza D-(+)-rroko30i
B ki1eTouHbIX TUHUAX KPP (SW480 1 SW620) otmeueHo mo-
BBIIIIEHHE dKcTipeccuu rena GPI i, HaobopoT, mpu 00padoTke
KJIETOK MHTHOMTOPOM IIIMKOJIM3a 2-1e30KcH-D-Timoko30it
(2-DG) sxcnpeccust GPI camxanach (Yeh et al., 2008). Hamu
BBISIBJICHO 3HAYNTEIBHOE TO/IaBlIeHNE IKcTipeccun rena GPI
B yCJI0BUsIX MHrHOMpoBanust HK?2. Tlo-BuanMomy, CHIKEHUE
skcupeccnn GPI cBA3aHO ¢ YMEHBIIEHHEM IPOU3BO/ICTBA
ero cybcrpara — II0K030-6-pocdara, KOTOPbIHA SBIsSETCS
MIPOAYKTOM MEPBOM peaKIy TIINKOIN3a, KaTalu3upyeMon
TEKCOKHMHA30H 2.

[Tpn narnduposannn HK2 0OHapyKEHO TAKIKE CHIKCHHE
skcrpeccuu rena PFKP, konupytorero GpochoppyKkrokuHasy.
OTOT PepMeHT KaTamu3upyeT hochoprmnpoBanne GpyKTO30-
6-¢ocara B mporecce mmkonuza. Cieayer OTMETUTb, YTO
skcrpeccusi reHa PFKP cHUKanach B MEHbILIEH CTETIEHU, YEM
skcrpeccust GPL DT0T (akT MOXKET OOBICHATHCS TEM, UTO B
YCIIOBHSIX MHTMOMPOBaHMs SKcTipeccun K2 1, COOTBETCTBEH-
HO, CHWJKEHUS COIEP:KaHUsS NPOAYKTa KaTalu3UpyeMoOH e
peaxmm, GpyKyT030-6-hocdara, MPOUCXOIUT ITOCTETICHHOE
YMEHbBIIICHUE KOJMYECTBa cyOcTpaTa ISl MOCIeTyIOMNX
peakuuii mmkonusa. M3BectHo, yto PFKP vacro BoBneuex
B KaHIEPOTEHE3 U UTPAET Ba)XXHYIO POJIb B HapyUICHUHU
9HEPreTH4ecKoro oOMeHa OImyXoieBbIX kietok (Wang et al.,
2016). [TokazaHo, YTO B KJIETOUHBIX JIMHUSIX CBETIIOKIETOYHON
MOYEYHO-KIeTOYHOH KapunHoMbl (786-0, 769-P u Caki-1)
noziaBiIeHue dKcnpeccuu GochodpyKTOKHMHAZEI MPUBOAUT K
MHIHOMPOBAHMIO POCTA KJIIETOK, & TAKXKE BHI3BIBAET OCTAHOBKY
KJIETOYHOTO IMKJIA 1 HHAynupyeT anonto3 (Wang etal., 2016).
CornacHo NoIy4YeHHBIM HAMU IAHHBIM, THTHOMPOBaHNE 3KC-
npeccun HK2 npuBoaut k cHmxeHuto yposHs MPHK u Genka
PFKP, uTo0, B CBOIO OYepeh, MOKET HHAYIIUPOBATH THOEIH
OITyXOJICBBIX KJIETOK, OCOOCHHO B YCIIOBHSX in vivo. Takum
o0Opa3om, narnouposanue rena PFKP B nononHenue k HK2
MOKET OBITh PACCMOTPEHO KaK BapUaHT yCUIICHUS TPOTUBO-
oryxoseBoro 3 pexra.
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B HOopM™me ren BPGM sxcnipeccupyercs B pa3lnuyHbIX TKa-
HSX OpraHu3Ma, npeobiagast B KOCTHOM MO3Te, IUIAICHTE,
CepAle W HJIOTEINAIBHBIX KIETKAX, U KOJUPYET (epMEHT
ouchochormuiiepoMyTasy, KaTaaH3UpPYONYI0 00pa3oBaHKe
2,3-6ucdocdormumepara. Ita peakuns Ha3bIBACTCS ITYHTOM
Panonopra—JIro6epunra (Cho et al., 2008). M3BecTHO, 4TO B
METa0OIMUECKUX MYTSIX MPH MPOKCUMATbHBIX HapyIICHHIX
(B crygae mrynta Pamomopra—JItoGepunra 370, HampuMmep,
HE/I0CTAaTOYHOCTh T€KCOKMHAa3bl, (ochormokonzomepassl
WIN anpJosia3bl A) ypoBHH (epMeHTa, KaTaau3HPYIOIIEro
OIIpeIeNIeHHbIN 3TaIl, ¥ €T0 IPOAYKTa OYyT CHHKEHBI, TAK KaK
YMEHBIIAETCS] HHTEHCUBHOCTH CHHTE3a MPE/IICCTBEHHUKOB.
Ecin ke HapyIIeHHe pacroioykeHOo AUCTAIBHO, TO, HA000POT,
KOHIIEHTpanus yBenuuusaercs. [lo-Buanmomy, sKcrpeccust
reHa BPGM 3HauNTENBEHO MOAABIISETCS TP HHIMOMPOBAHUT
HK?2 vvenHo Ha (oHe 00lIero CoOKpalieHus KOJU4ecTBa
MIPOMEKYTOUHBIX MPOIYKTOB IIMKOJIN3a HA TPEALIECTBY-
IOMIKX JTarax. BeposTHO, HE BO BCeX CiydasX KOJMYECTBO
MMPOAYKTOB IIMKOJIM3a HANPAMYIO CBA3AHO C U3MCHCHUSIMU
SKCIpecCcHH (PepMEHTOB, KaTATH3UPYIOMINAX HX 00pa30BaHNE,
HaMU BBISIBIICHO TTOABICHHUE TOJIBKO TPEX U3 HUX.

Takum oOpa3oM, Moy4eHsbl JaHHbIE 00 M3MEHEHUH JKC-
MIPECCHUN T€HOB MPH 3KCHEPHUMEHTAIBHOM IO/IaBICHUN Hau-
0osiee 4acTO aKTHBHPYIOUIETOCS B OMYXOJISAX PA3JIUIHBIX
JoKamu3anui (pepMeHTa TIUKOJIM3a — TeKCOKMHA3bI 2 — Ha
MOZIENN KapIMHOMBI TOJICTOH KUIIKHU. [lomydeHHbIe JaHHbIE
B)KHBI Ul TOHUMAHUS PE3yJIbTaToB M MOCIEICTBHH BO3-
JIECTBUS HA Ty WM MHYIO MOJIEKYJY, pacCMaTpUBaeMyro
B KaueCTBE MHIICHU MPU pa3paboTKe CIocoOOB TapreTHOH
TEparyy OHKOJIOTUYECKUX 3a00IeBaHHH.
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OTcpoueHHbIe 3P (PEKThI XUPYPruueCcKoro
BO3IEVICTBYSI, [IepeHEeCeHHOI'0 MaTepbhlio B II€PUOI
paHHeli 6epeMeHHOCTH, Ha apTepuajibHOe [JaBjieHle
U TIOBeIeHVe TIOTOMKOB VY KPbIC IMHUU OXYS

VLH. Poxxosal, T.H. Uronunal, A.C. Paraesal, O.M. ITetposal 2, E.IO. Bpycenues!, B.A. Hanpumepos! 3, C.5. AmcTtucaapcxmit! @

T DepepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTUTYT LMTONOTUM 1 reHeTuKi CUBUPCKOro oTAeneHus Poccuiickoi akaaemum Hayk, HoBocu6npck, Poccua
2 HoBocnbrpcKmii HaLoHanbHbI NCCe[oBaTeNbCKUI FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCM6MpCK, Poccnsa
3 Hosocn6uUpcKuin roCyAapCTBEHHbIV arpapHblii yHuBepcuTeT, HoBocnbmpck, Poccua

MNpuMeHeHne HEKOTOPbIX BCMOMOTaTeNIbHbIX PENPOAYKTUBHbBIX TEXHO-
NOTWIA, B YaCTHOCTM TPaHCMIaHTaLUy SMOPMOHOB, MOXKET Bbi3blBaTb
pasnuyHble pr3nonormyeckre n NoBegeHYeckrie U3MeHeH s y NoToM-
cTBa. Llenblo Hawero nccnenoBaHma ABnAnach NpoBepKa BANAHNA XU-
pypruyeckoro BMeLaTebCTaa, MCMoib3yeMOoro Npw TpaHcnaaHTauum
3MOPUOHOB, Ha BeC, apTepuranbHOe faBrieHne 1 NoBeAeHne B TecTax
«oTKpbITOe none» (TOM) 1 «MPUNOAHATBLI KPeCTOOOPa3HbIA NABUPUHT
(MKJ) y B3pocnbix NOTOMKOB. B paboTe nccnefoBaHbl OTCPOYEHHbIE
3¢bPeKTbl XUPYPrmueckoro BO3AENCTBUA Ha YETBEPTbIE CYTKM Oepe-
MEHHOCTM Ha NOTOMKOB KpbIC nnHUM OXYS. Camok nuHumn OXYS cnapu-
Banv ¢ GePTUIIbHBIMY CaMLIaMK TO e IMHKK, Yepes 96 4 nocne obHa-
py>KeHrA cnepmaTo301AoB BO BflarajvLHbIX Ma3kax MM NpoBoauan
XMPYPruyeckyto onepauyio, UMUTUPYIOLLYIO TPaHCMIaHTaLmio SM6puo-
HOB. Y MOTOMKOB CaMOK, NOABEPraBLUNXCA XMPYPrYeCcKoMy Bo3aeli-
CTBUIO BO Bpems 6epemeHHocTH (rpynna OXYS-PS), B Bo3pacTe 3 mec.
n3mepanu Bec tena, cucronnuyeckoe (CA) n gnactonnyeckoe (OAL)
apTepuanbHOe AaBfIeHNE, a TaKXKe UCCefjoBanv NoBeAeHne B TecTax
TOMM un MNKJ1. KoHTponem caynnm noTOMKM MHTAKTHbIX Kpbic OXYS.
CpepHuii Bec y Kpbic nHUM OXYS He 0TnrnYancsa oT TakoBOTro Y KpbIC
OXYS-PS. Kpbicbl nuHmin OXYS n OXYS-PS nmenu Boicokoe CALL, npe-
BblLLAOLLee rnepTeH3nBHbIN nopor (150 Mm pT.CT.), 1 Bbicokoe AL
Mpw 3Tom AaHHbIe NOKa3aTenn 4OCTOBEPHO Bbile y Kpbic OXYS-PS,
YyeMm y XKMBOTHbIX KOHTPOsIbHOW NUHMK. Y Kpbic OXYS-PS B Tecte TOTM
6bINIO CHUXKEHO BPeMs, NPOBEAEHHOE B LIEHTPe apeHbl, MEHbLLE UC-
cnefjoBaHHasA 061acTb, @ TaKXKe CHUXXEHO YMCIIO CTOEK U UX MPOLOS-
KUTENbHOCTb NO CpaBHeHMIo ¢ Kpbicamy OXYS. Kak nokasaHo B TecTe
MKJ1, yncno BbIrnAgbIBaHWI N3 3aKPbITbIX PYKABOB 1 UX ANIMTENIbHOCTb
MeHbLue y Kpblc OXYS-PS, yem B KoHTpose. Takum 06pa3om, Xupypri-
yeckoe BO3eNCTBME, NCNblTaHHOe camKkol OXYS Ha paHHUX CTagmnax
6epeMeHHOCTU, NPUBOAUT K creaytowm SdpdeKkTam y MOTOMKOB: No-
BbileHve CAL n OALl, CHUXeHVe nccrnenoBaTe/ibCKOM akTUBHOCTY U
MOBbILLEHNE TPEBOXHOCTU.

KntoueBble cnosa: Kpbicbl OXYS; 6epeMeHHOCTb; X1pypruyeckoe
BO3eNCTBUE; OTCPOYEHHble SPdeKTbI.

Long-term effects of maternal
exposure to surgical stress

at the earliest stage of pregnancy
on blood pressure and behavior
in offspring of OXYS rats

LN. Rozhkoval, T.N. Igoninal, D.S. Ragaeval,
O.M. Petroval’ 2, E.Yu. Brusentsev?,
V.A. Naprimerov! 3, S.Ya. Amstislavsky! @

TInstitute of Cytology and Genetics SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
3 Novosibirsk State Agrarian University, Novosibirsk, Russia

The use of some assisted reproductive technologies,
in particular, embryo transfer, may cause various
physiological and behavioral changes in the offspring.
The purpose of our study was to study the effects of
surgery (which is used for embryo transfer) done with
pregnant dams on the weight, blood pressure and
behavior in the open field and elevated plus-maze
tests in adult offspring. Thus, long-term effects on the
offspring after maternal exposure to surgical stress
given to dams at the 4" day of pregnancy were stud-
ied in OXYS rats. OXYS females were mated in estrus
with fertile males of the same strain. 96 hours after
spermatozoa were found in vaginal smears the surgery
(sham operation, imitating embryo transfer) was per-
formed. Body weight (BW), systolic (SAP) and diastolic
(DAP) arterial pressure as well as behavior in open
field (OF) and elevated plus maze (EPM) tests were
studied in the offspring of females exposed to surgical
treatment during pregnancy (OXYS-PS) at the age of

3 mo. Untreated offspring of OXYS rats were used as
controls. BW in naturally born OXYS rats did not differ
from those of the OXYS-PS group. OXYS and OXYS-PS
rats exhibited higher SAP (more than 150 mm Hg) and
DAP; it is noteworthy that both SAP and DAP were
higher in the OXYS-PS group than in the control group.
The time spent in the center of arena, the area studied,
the time and number of rearing were decreased in
OXYS-PS rats in the OF test as compared to the OXYS
controls. Moreover, OXYS-PS rats were characterized
by the absence of grooming in the OF test. As was
demonstrated by the EPM test, the duration and num-
bers of peeking out from closed arms were decreased
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KAK UUTUPOBATbD 3TY CTATbIO:

in the OXYS-PS rats as compared to the OXYS controls.
Thus, OXYS dams’ exposure to surgical stress at their
early pregnancy led to such effects in the offspring as
elevated SAP and DAP, decreased overall activity and
increased anxiety.

Key words: OXYS rats; pregnancy; surgical treatment;
long-term effects.
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3auMoJIeiicTBIE HMOPHOHA C MATEPUHCKUM OPraHu3MOM

BO BpeMsI OEpEeMEHHOCTH UTPAET BAXKHYIO POIIb B (hOpMH-

POBaHMU 370pOBbs Oyay1ero pedenka. B coorsercTBun
¢ runorezoit DOHaD (Developmental Origin of Health and
Disease) cTpecc u qpyrue HeraTuBHBIC BO3CHCTBUS HAa MaTh
BO BpeMst OEpEMEHHOCTH BBI3BIBAIOT JIOJTOCPOYHBIC TTOCIIE -
CTBUSI, TAKHE KaK 3a/iep>KKa POCTa, TUIEPTOHUS U NHCYIUH-
He3aBUCHMBIN auabeT B mocTHaTtanbHBIM mepuoy (Barker,
2000). MiccnenoBanne BO3/IEHCTBHS IPEHATAIBHOTO CTpecca
Ha [OoBEeIeHHE OyTyIIMX IIOTOMKOB, B YaCTHOCTH ITOBBIIIICHUE
Yy HUX YPOBHS TPEBOXKHOCTH, ITOKa3aHo B padboTax (Wilson et
al., 2013; Said et al., 2015; Badache et al., 2017).

OKCnepuMEeHTaNbHO MOATBEPKAeHO, uTo runore3a DOHaD
MIPUMEHUMA U K MPEUMIUIAHTAIIMOHHON CTaJUH IIPEeHaTalb-
Horo onrorene3a (Kwong et al., 2000; bpycenues u np.,
2014; Uronuna u ap., 2016). Xupyprudeckoe Bo3eHCTBHE
SABIISIETCSI OJHUM W3 BHUIOB CTpECCa, KOTOPBI BO3HUKAET
IIPpH TpaHCILIAaHTaIUK dMOpHOHOB. OH MOXET OKa3bIBaTh
BIUSHUE HA Pa3BUBAIOIIMICSA OPraHU3M B IPEHATaJIbHBIN
MIEPHOJ] 1 UMETh OTCPOUCHHBIE ITOCIIECTBUSL, UTO TpeOyeT u3-
yueHus1. Panee ObLI0 MOKa3aHo, YTO MPUMEHEHNE HEKOTOPBIX
BCIIOMOTATENbHBIX PENpONyKTUBHBIX TexHonoruil (BPT), B
YaCTHOCTH TPAHCIIIAHTALUK SMOPHOHOB, MOXKET IIPHBECTH K
MN3MEHEHHSIM apTepHaAIbHOTO JIaBICHUS Y MTOTOMCTBA JIMHUH
kpbic ¢ runeprorueii (Di Nicolantonio et al., 2006; Lee, Azar,
2010; Paraesa u nip., 2014).

Bnusinue TpaHcmiiaHTanuu 3MOPHOHOB HA M3MEHEHHE
AJl y KpbIC TMIIEPTEH3UBHBIX JINHUI TIOAPOOHO OMHMCAHO
B 0030pe (Paraesa m np., 2014). B padorax (Dene, Rapp,
1985; Gray, 1991) uccnemoBaTenu He HAOMIONATA HAKAKIX
3(PEKTOB M0 BIUSHUIO TPAHCIUIAHTALUH SMOPHOHOB KpbICaM
peLunIeHTaM-HOPMOTOHNKaM Ha A Jl KpBIC THITEPTEH3UBHBIX
JIMHUH, OJTHAKO B O0JIee MTO3THNX UCCIICIOBAHUSIX O0OHAPYKEHO
CMSITYEHHE W/WITH 3aJIepKKa Pa3BUTHS THIIEPTEH3UU Y KPbIC
muauit SHR (Di Nicolantonio et al., 2006; Lee, Azar, 2010)
n Dahl (Kubisch, Gomez-Sanchez, 1999). B sxcniepumenTax
Ha kpbicax uHnn HUCAT nanHble ObLIM POTHBOPEUYHBEI:
IIPU TPAHCIUIAHTAIIMM SMOPHUOHOB KPbICAM-PELUITUEHTAM
HOPMOTEH3HMBHBIX JIMHUH HAOII0OAI0Ch HE CMSTYCHUE, a, Ha-
MIPOTHUB, YCUJICHHE MTPOsIBJICHUs ruriepTen3un (Amstislavsky
et al., 1996; Paraesa u np., 2015), mpu TpaHCIUTAaHTAIIAH Ke
B MaTKy KpbIC TOTO e T'MIEepPTEH3UBHOIO TeHOTHIIA OOHApY-
JKeHO cMsirueHue runepren3un (Amstislavsky et al., 1996).
[TockonbKy TpaHCIUTAHTAIMs y KPBIC IPOU3BOIUTCS XUPYP-
THYECKH, TIPH 00BSCHEHUH PE3YJIbTAaTOB CICAYET YIUTHIBATh
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BO3MO)KHBIE MTOCJIEICTBUS ATOTO CTPECCUPYIOIIETo BO3/CH-
ctBus. HeoOX0MMMO OTMETHTB, UTO BIUSIHUE XUPYPTrHUECKOTO
BO3JICHCTBHS, HCTIBITEIBAEMOTO MAaTEPhI0 Ha CAMBIX PAHHHUX
cTausIx OepeMEHHOCTH, Ha OBECHUE IOTOMKOB IIpaKTHye-
CKH HE U3y4asock.

Jlunus xpeic OXY'S, coznannas B IHCTUTYTE LUTOJIOTUU
u resetuku CO PAH, sBisercs yHUKaIbHON FeHETHYECKOH
MOJIENBIO MTPEXIEBPEMEHHOTO CTaPEHHS 1 CBA3aHHBIX C HUM
3aboneBanuii. B HacTosee BpeMst TMHUS HACUUTHIBACT YiKe
cBbiie 100 moKoseHn ceNneKInu, XOpoIlo U3yueHa U Xapak-
TepU3yeTCsl KOMIUIEKCOM pa3MnIHBIX HapyreHui (Kolosova et
al., 2014), B Tom uncne aprepuanbpHol runeprensueii (Shtek-
lina et al., 2005). Bnusinue TpaHciuiaHTanuu SMOPUOHOB Ha
Al X0poI1Io n3BeCTHO, HO KaKOH MMEHHO (haKTOp BIHUACT HA
n3MeHeHne rnokasareneit A/l: MaTepuHCKasi BHyTPHYTpOOHast
cpela, KyJIbTHBHPOBAHUE SMOPHOHOB in Vitro WU K€ caMa
MpoLeypa TPAHCIUIAHTALIUH, HE YCTaHOBJICHO.

Iens Hamero mccieqoBaHUs — BhISICHEHHE YPPEKTOB
OJIHOTO U3 BBIILIENIEPEUNCIICHHBIX (PAKTOPOB, & UMEHHO IIPO-
ey pbl TPAHCIIIAHTALNH, T. €. XUPYyPTrHIECKOT0 BO3AEHCTBHS,
OKa3bIBa€MOT'0 HAa MATEPUHCKHUII OpraHu3M Ha Hamboiee
paHHUX CTaIUsX OEPEeMEHHOCTH; Maccy Tejla POXKIACHHOTO
MIOTOMCTBA, apTepPHAIbHOE AABICHUE U MOBEICHNE 3TUX TO-
TOMKOB BO B3POCJIOM COCTOSIHUH B TECTaX «OTKPBITOE ITOJIE»
(TOII) n «npunoaHsATHINA KpectooOpazubii nadupunaT» (ITKJIT)
y xpbic muHIn OXY'S.

MaTtepwuanbl n metogbl

IKcnepuMeHTaJlbHbIE KHBOTHBIe. Vcronb30Banu Kpeic
muaun OXYS B Bo3pacte Tpex Mecses. JKUBOTHBIX coep-
»kanu B SPF-BuBapun MHcTuTyTa utonoruu u reaetuku CO
PAH B nHamBHIyaTbHO BEHTHINPYEMBIX KieTkax (OptiRAT,
Animal Care, CHIA) npu temnieparype 22—24 °C u BinaxxHo-
ct 40-50 %; B KaueCTBE MOACTUIKH UCIIOIb30BaJIN OIMUIIKH.
CyTOYHBIN IIAKIT COCTOSIT M3 12 4 Hs 1 12 4 HOYH, C BOCXOIOM
B4 4 yTpa 1 3akaToM B 16 4 Beuepa. JKuBOTHBIE UIMENTH TOCTO-
SIHHBIH JIOCTYII K aBTOKJIABUPYEMOMY CTaHIapTH3UPOBAHHOMY
xopmy (V1534-300, Sniff, Soest, I'epmanust) U ounImeHHOH
BOJI€, 000TaIIEHHONH MUHEPAIBbHBIMH J00aBKaMH (DKOIIPOEKT,
Poccus). B3pocnsix camiio kpsic B Bo3pacte 12—14 Hex co-
JIep>Kaly B TPYIIIAx Mo ABE-TPH 0COOU.

Bce skcnepumeHTanbHbIE MTPOLeaypsl 0100peHsl Komuc-
cueil o Oouostuke MucTuTyTa NMTONOrMU U reneruku CO
PAH (mmpotokon Ne 12 ot 6 nexabpst 2012 1) 1 coracyrores
¢ EBponeiickoil KOHBEHIMENW O 3alUTe MO3BOHOYHBIX KH-
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BOTHBIX, HCTIONIB3YEMBbIX JIJIS SKCIICPUMEHTAIBHBIX H APYTHX
Hay4HbIX nesneil. MccnenoBanus nposeneHs! B LieHTpe rene-
THYECKHX PECypCcoB JIAOOPATOPHBIX KUBOTHBIX WHCTHTYyTa
nutoiorun u reHetukn CO PAH (RFMEFI61914X0005,
RFMEFI62114X0010).

Camnpl kpeic muann OXYS ObLTM pa3zesieHbl Ha B
rpymmel: OXYS — wHTaKTHBIC KUBOTHBIC (1 = 13), Tpymmy
dhopmupoamu u3 yetsipex momeroB U OXYS-PS — noromku
CaMOK, MTOABEPTABIINXCS XHPYPTUIECKOMY BO3ICHCTBHUIO BO
Bpems OepemeHHOCTH (72 = 10), — U3 maTu momeToB. Mcce-
nosaHo noBeseHue kpoic B Tectax TOII u TTKJI, n3mepenst
Macca Tella ¥ apTepraIbHOe JTaBICHHE.

Xupypruueckoe Bozjaeiicreue. Y camok auHun OXYS
(n = 9) ompenensnu CTaJUIO dCTpyca MO BIArajauIIHbIM
MaszkaM. Ilo gocTmkeHun NaHHOW CTaAuu UX CCaKUBAIU
¢ (hepTUIIEHBIMU CAMITAMH ATOH K€ JTMHAN Ha HOUb. Hanmame
BarvHaJBHBIX MPOOOK CBHJETEIHCTBOBAJIO O (EPTHIHLHOM
crapuBaHHUU. VIMEHHO TakMX CamMOK Opayii B SKCIEPUMEHT.
UYepe3s 96 1 ocIte criapuBaHus C PepTUIFHBIMA CAaMIIAMH CaM-
kam jimHur OXY 'S sxcniepumenTanbHoi rpymmsl (OXYS-PS,
n=15) IPOBOJWIIN TTOJIOCTHYIO OIIEPALINIO, AHATOTUIHYIO TOMH,
KOTOPYIO TIPOBOJIAT TIPH TPAHCIUIAHTAIINK SMOPHOHOB. J{1ist
aQHEeCTe3UH caMKe-pelunuenTy Beoamwmu Meautus (0.02 mi
Ha KpPBICY) BHYTPHUMBIIIEYHO, yepe3 10 MUH — KeTaMHUH
(0.2 M1 Ha KPBICY) BHYTPHOPIOITMHHO. 3aTEM TIOIKOKHO BBO-
Ju 0.02 MIT aMOKCHITMIITMHA (TPUTHAPAT aMOKCUIIMIUTMHA,
150 mr/mu1). Bostochl B 0051aCTH OTIEPAIIHOHHOTO OJIS (TIpaBast
CTOpOHA CIHHEL, | CM OT HI)KHETO pedpa B BEHTPATHHOM Ha-
NpaBJICHUH ) BEIOPUBAJIH, a KoKy oOpabdarsiBanu 70 % criup-
oM. Koxy m niexxariuii moxx Hel MBIIIEUHBIH CI0H B 00IacTu
MaTKHU pa3pe3alid JOPCOBEHTPANbHO. BUCIEpambHBINA KUP
BMECTE C SIMYHUKOM, SIMIIEBOIOM M BEPXHEH 4acThlO MATKH
3aXBaTHIBAJIM MUHIIETOM M JOCTaBalM HapyxXy. B mpaBwiid
POT MaTKH C TIOMOIIBIO CTEKISTHHOTO KaIJUIIpa BBOIMIIH
5 mxku cpenpt FertiCult Flushing medium (FertiPro, Benbrus).
Camvku OXY S uHTaKTHOH Tpynmsl (7 = 4) HE TOABEPTATHNCH
XUPYPTAYCCKON OTEepariil BO BpeMsi OEPEMEHHOCTH H CITy-
JKHITH KOHTPOJIEM.

H3mepeHue apTepuajbHOro 1aBJjeHus u Beca Teqa. Cu-
cromueckoe (CA/T) n muacronmaeckoe (A /) aprepuansHoe
JIaBJIEHUE U3MEPSUIM C NMOMOIIBIO JIByXKaHAJIbHOW HEUHBa-
3UBHOI CHCTEMBI U3MEPEHHsI KPOBSHOTO JTABJICHHUS C BBICO-
Ko# mponyckHoit criocobHocThio (CODA™) (Kent Scientific,
Torrington, CIIIA). HenocpeacTBeHHO Iepesi n3MepeHneM
apTepUaNTbHOTO JaBICHHS HEAHECTE3UPOBAHHBIX JKUBOTHBIX
OCTOPOYKHO TIOMEIIATH B PECTPUKTOP W B3BEUIMBAIH C IT0-
Moo BecoB (ScoutPro SPS2001 F, Ohaus Corporation,
CIIIA). JInst mpuBbIKaHUS K SKCIIEPUMEHTAITBLHBIM YCIIOBHSIM
KpbIcaM OBLIO JaHO MHHUMYM 5 MUH. Bo Bpems m3MepeHuit
KPBIC BbIICpKUBaIK Ha Harpetoi miardopme (35 °C). dis
Ka)XJI0TO )KHBOTHOTO BBITIOJTHEHO HE MEHEE IIECTH TOBTOPOB
W3MEPCHMUIA; TIPU CTATHCTUYCCKOM aHAIHM3e MCIOIH30BAHO
yCpeHEHHOE 3Ha4YCHUE.

IloBenenueckue TecThbl. [loBeeHNE B3pOCITBIX KPBIC H3Y-
ganu ¢ momotnsio TectoB TOIT u ITKJI. TIporiemypa raburya-
ILIMY K pyKaM OIeparopa BBIOJIHEHA 32 24 4 710 TECTUPOBAHHSI.
Kaxmoe KHBOTHOE MOMEIIATH B YHCTYIO MHAWBHIYaJIbHO
BEHTHIJIUPYEMYIO KJIETKY U TPAHCIIOPTHPOBAIN B 3aTCMHCH-
HYIO0 KOMHATY JiJIsl HaOIIoAEeHUH ¢ KpacHbIM cBetoM (20 Br)
3a 30-60 MuH 10 TecTUpoBaHUs. Bce TeCThl MPOBOAUIH B
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TEeMHBII CBETOBO nepuos, HaunHast ¢ 16 4. [Tocie kaxoro
TECTa JKUBOTHOE BO3BPAIIAIH B CBOIO KIETKy. Cremyromuit
TECT HOBTOPSIIN uepe3 24 u. Bee ycTpoiicTBa, UCTIONb3yeMBbIe
JUIsl TIOBEJICHYECKUX TECTOB, OUHILAIIN [TOCIE KUBOTHOIO C
nomonipio 0.5 % Combidez. IToBenenne KpbIc B Kax/I0M TECTE
perucTpupoBaiy aardukoM nzobpaxenus Kinect 3-D, pac-
IMMOJIOKCHHBIM HaJ arraparoM, 1 OpuruHaJbHBIM ITpOorpaMm-
HbIM obecnieuennem EthoStudio software (Kulikov et al.,
2008).

Tect TOII TpaAuIIMOHHO UCIIOIB3YETCS ISl OLICHKH TTOBe-
JeHuecKkux npoduieit y rpezyHos (Belzung, Griebel, 2001).
OH BBITNIOJTHEH B MOJAM(HKALINH, KOTOPAsi B HACTOSIIIEE BPEMsI
Hamu ucnionb3yetcs (Amstislavsky et al., 2001; Kulikov et al.,
2008). YeTpoiicTBO I TECTHPOBAHHS IPEACTABISIIO COO0H
KPYIUIyI0 apeHy C OTBEPCTHSIMU B 10Ty (d =2 cM), HU3TOTOBIICH-
HY0 13 0eJ10ro nojMBUHIWIXI0pUa (d =97 cM), pa3aeacHHYIO
Ha cextopsl (S = 13 cm?) (OpenScience, Poccus). Apena Gbina
orpanudeHa 60pToM BEICOTOH 42 ¢M U OCBEIIEHA JIaMIIOH Ha-
KaJIMBaHUs KPACHOT'O CBETA, PACIIONIOKEHHOM Ha PaCCTOSIHUM
130 cm Hag MOBEpXHOCTHIO. [IpOIOMKUTENEHOCTE TECTA CO-
craBisia 5 MuH. GuKcHpoBaIy OOIETIPHHSTHIC TAPAMETPEI
TOII: Bpemsi, MPOBEAEHHOE B IIEHTPE apeHbl; MPOIIEHHOE
paccTosTHNE; HCCIIEI0BAHHAS 00IACTh; YUCIIO U JITUTEIIbHOCTh
TPYMHHTOB; JIATCHTHBIN MEPUO MEPBOTO TPYMHUHTA; YHCIO
1 JJIMTCJIIBHOCTD BEPTUKAJIBHBIX CTOCK; JIaTeHTHBIA nepuosag
TepBOi cTolkN. Bee mapameTpsl ObUTH 3amMCaHbl Ha BHIIEO,
a 3aTeM NpPOoaHaJN3MPOBAHBI C IIOMOMLIBIO POTPAMMHOTO
obecrieuenust EthoStudio.

Tect ITKJI rcrionp3yeTcst Ui OLEHKH TPEBOKHOCTH M 00-
el akTHBHOCTH, 9acTo B coueTanuu ¢ TOII (Carobrez, Ber-
toglio, 2005). YcTpoiicTBO, UCIIOJIB3YEMOE B TAHHOM HCCJIC-
JIOBaHHUH, COCTOSUIO M3 JBYX OTKPHITHIX (50%x 14X 1 cm) n
JBYX 3aKpBITHIX (50 % 14 x 30 cM) pyKaBOB, H3TOTOBJICHHBIX U3
TMOJMBUHUIIXJIOpHUJA U MPUIIOAHATHIX Ha 55 cm HaJl IOBCPX-
HOCTBIO TTor1a. JIaOMpHHT OBUT OCBEIIIEH JIAMIIOH HaKaINBaHUS
(40 BrT), pactionoxxenHoi csepxy Ha BbicoTe 130 cm. IIpo-
JIOJKUTENIbHOCTB TECTA COCTaBIslIa S MUH. Peructpuposaiu
CTaHAAPTHBIE TAPAMETPBI: BPEMsl, TPOBEICHHOE B OTKPBITHIX
M 3aKPBITHIX PyKaBaX, KOJIMYECTBO 3aX0/I0B B OTKPBITHIC U
3aKpBITHIE pyKaBa, odiiee KomuecTBo nepexonos (Rodgers,
Cole, 1994). OuennBanu TakkKe HEKOTOPBIE IOMOTHHUTENb-
HBIC TIOBEJICHYECKHE MTapaMeTpPhl: MPOIICHHOE PacCTOsHHUE,
4acTOoTy, JIJATCHTHOCTb U NPOAOIKUTCIIBHOCTD CBEIIMBAHUMN
BHH3 TOJIOBO U3 OTKPBITHIX PyKaBOB 1 YACTOTY, JIATEHTHOCTh
1 TIPOJIOJKHUTEIBHOCTD BBIIVIABIBAHHUHN 13 3aKPBITHIX PYKaBOB
(Cruz et al., 1994; Carobrez, Bertoglio, 2005). Munekc Tpe-
BOKHOCTH paccuntad 1o (Lee et al., 2016).

Crarucrnyeckuii ananu3. Pasnuuus B Bece U ypoBHE
aApTEepHUAIBHOIO AaBJICHUA W MOBCACHYCCKHUE NAHHLIC Yy I1O-
TOMKOB, POXKJCHHBIX MHTAKTHBIMH MaTepsMU U CaMKaMH,
MOJIBEPTaBIIMMHUCS XHUPYPrHUECKOMY BO3JEHCTBHIO, MPO-
AQHAIM3UPOBAHBI C MOMOIIbIO f-KpuTepus CTbroeHTa NpU
UCTIONIb30BaHNH CTAHJAPTHOTO MAKeTa POrpaMMHOTO obec-
neuennss STATISTICA V 8.0 (StatSoft, Inc). /lanusie B
tabn. 1-3 npencrasneHsl kak cpeanee+SEM, 3HaueHus npu
p <0.05 cunTanuce CTaTHCTUYECKH 3HAUNMBIMH.

Pesynbratbl
ITomyuero moToMcTBO OT AeBATH caMok kpeic OXYS, yua-
CTBYIOIIHX B 9KCIIEPUMEHTE, ITPH 3TOM IIJIOOBUTOCTH CAMOK
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Long-term effects of surgical stress on blood
pressure and behavior in offspring of OXYS rats

I.N. Rozhkova, T.N. Igonina, D.S. Ragaeva ...
E.Yu. Brusentsev, V.A. Naprimeroy, S.Ya. Amstislavsky

Table 1. Arterial blood pressure and body weight in the OXYS and OXYS-PS rat groups

SBP (mmHg)

DBP (mmHg) Body weight (g)

*p <0.05; %% p < 0.01 as compared to OXYS.

Table 2. Behavioral parameters of OXYS rats in the OF test

Parameters Group (number of rats per group)

Time in the center (% of the test time) 19.5+4.0 47+1.21%%
Exp|oredarea (% e a) ................................................................ L 5 94 i495** ...................................
B (m) ....................................................................................... S S
Groommgboms(n)o7i0360 .......................................................
Groommgdurat,on(s)0610340 .......................................................
Groommg|atency(s) ........................................................................................ S Lo
B ng 5( . .) ............................................................................... T 1 211155* .....................................
Rear,ngdurat,on(s) .......................................................................................... o 145i231* .....................................
- rmg| atency (5) ............................................................................................. L T

*p <0.05; %% p < 0.01 as compared to control.

Table 3. Behavioral parameters of OXYS rats in the EPM test

Parameters Group (number of rats per group)

oxys(n:13) ............................... o xygps(n:m) .......................
Timeinopenarms (% of the testtime) 2n79:767 1739£495
Timein closed arms (% of the test time) 060+767 72708676
Dlstance”ave”ed (m) .................................................................................................. 3 50 1042 ................................... 3 95 i044 ................................
Headd,ps(n)55oi142 ................................... 500i144 ................................
Headd,pdurat,on(s)7021186 ................................... 5254_,166 ................................
Headd,p|atency(s) .................................................................................................... 15341725 .................................. 2 013i771 ................................
p ee kmg OUt from dose d . arms (n) ............................................................................... 6 00 i179 ................................... 2401060 ................................
Durat,onofpeekmg(s) ............................................................................................... 3 215i1039 ................................. 609i151* ..............................
Latencyofpeekmg(s)4966127” ................................ 3 00912389 ..............................
Anxmtymdex ............................................................................................................... 0661007 ................................... 070i004 ................................

* p < 0.05 as compared to control.

KpBbIC, IEPEHECIINX CTPECC Ha paHHE! CTaInKi OEPEMEHHOCTH,
HE OTIINYaiach OT TAKOBOM Y MHTaKTHBIX KpbIc (10.8 +£0.95 B
cpaBHeHUH € 9.2 + 0.8 COOTBETCTBEHHO).

CpaBHEHHE apTepHalIbHOTO JaBJICHUS U Beca Teja KphIC
muann OXYS u rpynmer OXYS-PS npuBeneno B Tabm. 1.
B Bo3pacte Tpex MecsLEeB CpeAHUI BEC Y B3pPOCIBIX KPBIC JIU-
Huu OXYS He oTnuaercs ot cpenHero Beca kppic OXY S-PS.
B stom xe Bo3pacte kpsich! muHAR OXY'S 1 OXY S-PS nme-
10T Beicokoe CAJl, mpeBpllIatoniee runepTeH3uBHbIN IOpor
150 mm pr. cT. JlaHHBII IOKa3aTelb ObLT JOCTOBEPHO BBILIE Y
kpbic OXYS-PS, vem y kpeic OXYS (p <0.05). Ananorndassie
pesynbTarsl nony4densl o JAJl ans kpeic tuauil OXYS u
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OXYS-PS. V kpsic OXYS-PS stor nokazarens Takxke J10-
cToBepHO BhImIE, 9eM y Kpsic OXYS (p <0.01) (cm. Tabm. 1).

Jannble no noseaeHuto kppic OXY'S ONMBITHOM U KOHTPOJIb-
Hoii rpynn B TOII npeacrasiensr B Ta0a. 2. CaMiibl KpbIC
u3 rpymnsl OXYS-PS nmpoBonwu B 1ieHTpe apeHBI MEHBIIIE
BpeMenH, yeM camiibl tnHIn OXY'S (p <0.01). Takxe uccie-
JoBaHHast 00sacTh Obuta MeHbIne (p < 0.01) y kpbic OXY S-PS
10 CPAaBHEHHIO C KOHTpoJsieM. IIpofomKnTeIbHOCTD U YHCIIO
croek 0110 MensbIe (p < 0.05) y xkpeic OXYS-PS no cpas-
HEHHIO C KOHTPOJIEM.

B Tabn. 3 mpuBeneHs! MOKa3aTeNN MO MOBEISHUIO KPBIC
OXYS onbitHON 1 koHTponbsHOU rpynn B IIKJI. J{nurens-
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HOCTh BBINVISIBIBAHHI U3 3aKPBITHIX PYKABOB ObLIA MEHbIIIE
(p <0.05) y xppic OXYS-PS no cpaBHEeHHIO C KOHTPOJIEM.

O6cyxpeHue

B nHacrosiieli paboTe nokasaHo, 4To Bec IOTOMCTBA HE 3aBH-
CHUT OT XUPYPTHIECKOTO BO3ACHCTBHS HA TPEUMILIAHTAIINOH-
HOW cTanuu 6epeMeHHOCTH. VIMEIOTCS TaHHBIE O CHIDKCHUH
Beca TeJla HOBOPOXKACHHBIX JICTEH, TOTyYeHHBIE B pe3y/bTare
npumeHenus BPT y yenoBeka, paxe B TeX Cilydasx, Koraa
TPaHCIUTAHTHPOBAIN TOJBKO OfWH 3MOpHoH (Schieve et al.,
2002), X0Tsi B HEKOTOPBIX paboTax pasiiMuuil Mo Becy Tela
HOBOPOXCHHBIX, [IOJy4YEHHBIX IIociie npuMmeHeHus BPT Ha
yenoBeke (Scherrer et al., 2012) u xpreicax (Uronuna u ap.,
2016; Di Nicolantonio et al., 2006), He ooHapyxeHo. B uc-
CIIeZIOBaHMH, IPOBEACHHOM Ha MbImax (Sjoblom et al., 2005),
MOKa3aHo, 9YTO N3MEHECHHUE Beca Tella TOTOMCTBA BEI3BAaHO HE
camumH ripoueaypamu BPT, a HeonTHMallbHBIMU yCITOBHSIMH
WX KyIbTUBUPOBAHHSA in vitro. Ha THIIEpTEH3UBHBIX KPbhICax
mmann SHR nponemonctpuposano (Lee, Azar, 2010), uro Ha
BEC TeJla KPBICST B IOMETE BIHMSCT JIMHUSI BCKAPMIIMBAIOIICH
uXx caMmku, a He npuMeHenue BPT. B npyrom skcniepumenTe
Ha 3TOH e JTUHUHM OBUIO TIOKa3aHO, YTO TPAHCIUIAHTAINS
9MOproHOB Ha Bec moromctBa He BiuseT (Di Nicolantonio
et al., 2006). DTu AaHHBIE XOPOIIO COTIACYIOTCS C HAITUMHU
BEIBOZAMH 00 OTCYTCTBUH 3(PQeKTa MO BeCy Tela y KPbIC
muaun OXY'S, poXKACHHBIX MOCIE XUPYPIHUECKOTO BO3-
JIEHCTBUS HAa IPEUMITIAHTAIHOHHON CTaaiy OEpEeMEHHOCTH.
COBOKYITHOCTB BCEX PE3yJABTAaTOB IMOKA3BIBACT, YTO Y KPBIC
Takas (PU3N0JIOTHYECKasl XapaKTepPHUCTHKA, KaK BEC Teja, J10-
CTaTOYHO CTaOMIIbHA U HE 3aBHCHUT OT CTPECCa, BEI3BAHHOTO
XUPYPTUYECKIM BO3ICHCTBHEM Ha MPEUMIDIAHTAIIHOHHON
cTaguu OEPEeMEHHOCTH.

B Hamem nccienoBaHuu KPBICH SKCTIEPUMEHTAIBHOM IPyTI-
el OXY S-PS nmenu 6omee Bricokoe CAJ] i 1A J1, 4eM KpBICHT
KOHTPOJILHOM I'PYIIIBL, 4TO, I10 BCEH BUANMOCTH, MOXKET OBITH
CBSI3aHO C XHPYPTHUYECKHM BO3ACHCTBHUEM, CXOXKUM C TEM,
YTO WCHBITHIBACT CaMKa-pPEHUMTUCHT TPU TPAHCIDIAHTAIINN
9MOproHOB. [IpOoTHBOPEUYMBEI XapaKTep UMEIOT IaHHBIE TI0
n3MeHeHnio A/l y TOTOMKOB, TOJTy4eHHBIX B Pe3yIbTaTe UC-
CIIeZIOBaHMI HA Pa3HBIX THIICPTCH3MBHBIX JTMHUAX KphIC. Tak,
paHee coo0IaT0Ch 00 OTCYTCTBUH BIMSIHUS TPAHCIUIAHTALIT
»MOpnoHOB Ha A/l Y HOBOPOXXIEHHBIX B MOCTHATAJIHLHOM
onrorenese (Dene, Rapp, 1985; Gray, 1991). Ograko 6onee
MO3/THUE MCCIIEIOBAHMSI TIOKa3alld, YTO, €CII YMOPHUOHBI TH-
MIEPTEH3UBHBIX KPHIC PA3BUBAIOTCS B MATKE HOPMOTEH3UBHOMN
CaMKHU-PEIHINIEHTA, TO Y MTOTYYCHHOTO IIOTOMCTBA TIPOHCXO-
JIIT JINOO0 CMSITYeHHE THIIEPTEH3MH, JTHOO0 33/IepKKa ee HacTy-
wienust (Di Nicolantonio et al., 2006; Lee, Azar, 2010). Xotst
B psAJIC UCCIICIOBAaHNUN HEe 00Hapy)eHOo n3MeHeHn#t A/l y mo-
TOMKOB HOPMOTEH3UBHBIX KPBIC, IEPECAKEHHBIX Ha CTAANU
»MOpHOHA THIIEPTEH3UBHBIM CaMKaM-pennnuenTam (Paraesa
u 1p., 2014), B HeKOTOPBIX paboTax, HAIIPOTUB, TIOKA3aHO, YTO
AJl noBhIMIaeTCs y TOTOMKOB KPBIC 0€3 PEAPACIIOIOKCHHO-
CTH K THIIEPTOHNH, €CIIM OHHU POKJAIOTCS TTOCIIE TPAHCTIIIAHTa-
UM SMOPHUOHOB OT CaMKHU-pEIUIAeHTa ¢ TunepTonuei (Lee,
Azar,2010). DTo HECOOTBETCTBHUE B pe3yJIbTaTax UCCIE0BA-
HUH MOXXET OBITh OOBSCHEHO PA3IUYUSIMU B BRIOOpE JTMHUHU
JIOHOPA W PEIUINCHTA, a TAKKE HMCIOIB3yeMbIX METOJOB.

Pesynbrarel Hamiero ucciegoBanus Ha kpeicax OXY'S, kak
1 gaHHbIe Oosiee panHuX padot (Wilson et al., 2013; Badache
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et al., 2017), cBUAETENBCTBYIOT O TOM, YTO KMBOTHBIE, POXK-
JICHHBIE TTOCJIE CTpEcca MaTepH BO BpeMs OCpEeMEHHOCTH,
HUMEIOT CHI)KEHHYIO HCCIIEOBATEIbCKYI0 aKTUBHOCTB I10
CpaBHEHHIO ¢ UHTakTHbIMU. [leficTBuTensHo, TecT TOII BbI-
SIBHJI, YTO KPBICHI DKCIIEPUMEHTAIBHOMN IPYTIIBI JOCTOBEPHO
MEHBIIIE BpEMEHH ITPOBOIMIIN B IIEHTpE MIaTtGopmsbl. B nan-
HOM TeCTe y HUX ObUIM MEHbIIE MCCIIeI0BaHHAsl 00IacTh U
MEHBIIIEE YUCIIO BEPTUKAIBHBIX CTOEK, a TAKXKe BpeMs, IIpo-
BEICHHOE B CTOMKaXx.

Kpowme Toro, B Hatiei paboTe OKa3aHo, YTO KPBIChI, POXK-
JIEHHBIE TI0CJI€ XUPYPTUYECKOTO BO3ACHCTBUS, OTINYAIHNChH
MOBBIIIEHHON TPEBOKHOCTBIO 10 CPABHEHUIO C KOHTPOJIBHON
TPYIION, O YeM CBUAETENbCTBYET CHHKEHHUE JUTUTEIbHOCTH
BBIIVIS/IBIBAHUH U3 3aKpBITHIX pykaBoB B Tecte [IKJI. JlanHubie
paHee NPOBEACHHBIX UCCIEI0BAaHUM HAXOAATCS B MOJHOM
COOTBETCTBHH C HAIIUMHU pe3ynbTaraMmu. [loTomku ctpec-
CHPOBAHHBIX BO BpeMsl OEpPEMEHHOCTH MaTepeil MpOosBIISUTH
noBeIeHHyo TpeBoxkHOCTh B TOIT n/mmu TIKJI (Said et al.,
2015; Badache et al., 2017).

BeposiTHO, Xupypruyeckoe BO3ACHCTBUE HA NMPEUMILIAH-
TAIMOHHOW cTaauyu OEpEeMEHHOCTH HETAaTHBHO BIMSET Ha
pa3BUBArOIIUICS 3MOPUOH U, cortacHo rumorese /1. Bapkepa
(Barker, 2000), Mo>keT MpUBOAUTH K M3MEHEHHIO HEKOTOPBIX
(PU3MOIOTHYECKHX U TTOBEICHYECKUX XapaKTEPUCTHK Yy TO-
TOMCTBA B IOCTHATAJIbHOM OHTOT€He3e. XUPYypPruueCcKoe BO3-
JelicTBHE, MPOU3BEAECHHOE Ha CaMbIX PAHHMX 3Tamax oepe-
MEHHOCTH, IMEET ITPOJIOHTNPOBAHHBIH 3(D(EKT, Tak Kak BOC-
CTaHOBJIEHHUE TOCTIE ONEepaIy 3aHUMaeT He MeHee HelemH.
Takum 06pa3oM, MOCIEACTBUS ITOTO CTPECCA MPOSBISIOTCS
HE TOJIBKO Ha MPEHMIUIaHTAIIMOHHON CTanH, HO M Ha Ooiee
MO3IHUX 3Tanax OepeMeHHOCTH. VIMECHHO ¢ 3THMHU BO3/CH-
CTBHUSIMH B PaHHEM IIPEHATAIbHOM OHTOTEHE3€ CBSI3aHBI 00-
Hapy>KCHHbIC HAaMHU 3(PQPEKTH y MOTOMKOB — ITOBBIIICHHE
CAJl u TAJI, cHI)KEHHE UCCIIeI0BaTEIbCKOM aKTUBHOCTH U
MOBBIIIEHHE TPEBOKHOCTH.
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The populations of honeybees and bumblebees have been
decreasing around the world in the recent decades. A va-
riety of pathogens and parasites, including bacteria, fungi,
protozoa, nematodes, mites and insects play significant
role in honeybee and bumblebee colonies loss. Parasites of
the genus Nosema (Microsporidia: Nosematidae) and the
genera Crithidia and Lotmaria (Kinetoplastida: Trypanoso-
matidae) have a significant negative impact on honeybee
and bumblebee colonies. Recent studies of nuclear DNA
markers of these parasites allowed to describe new species
and genetic variants. The aim of this study was to investi-
gate the Microsporidia (Nosema spp.) and Trypanosoma-
tidae (Crithidia spp. and Lotmaria passim) prevalence and
genetic diversity in honeybee and bumblebee populations
of Indian territories that haven't been studied before. In
total 119 specimens of 4 honeybee and 5 bumblebee
species were analyzed in this study. The prevalence of
parasites in honeybee and bumblebee populations of the
two Indian states (Jammu and Kashmir, Karnataka) were
identified using PCR with primers specific for the riboso-
mal RNA genes cluster of Nosema, Crithidia and Lotmaria
species. Co-infection by microsporidian and trypanoso-
matid parasites was detected in several honeybee and
bumblebee specimens from Jammu and Kashmir state.
Comparative analysis of ribosomal RNA genes sequences
showed that honeybee samples from India studied were
infected by N. bombi, N. ceranae and L. passim. Bumblebee
populations were infected by Nosema D, Crithidia bombi
and Crithidia expoeki. No honeybee’s specimen with trypa-
nosomatid infection was found in Karnataka state. For the
first time N. bombi infection was detected in the honeybee
population. The studies of distribution of microsporidia
and trypanosomatid parasites among the honeybee and
bumblebee populations all over the World were summa-
rized and supplemented.

Key words: honeybees; bumblebees; infection; ribosomal
RNA genes; Nosema spp.; Crithidia spp.; Lotmaria passim.
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ITapasuTudecKkye opraH3Mbl
ponoB Nosema, Crithidia u Lotmaria
B MOMV/ISIMSX ITUYeI U IIMeJeii:
uccaemoBaHue B UHOUN

B.IO. BaBuaosal ®, N.A. KOHO]‘IaL[KaHl’ 2 C.A. AySHHMH3,
M. BoﬁueXOBCKMIZ4, A.T. Baunosl >

T DepepanbHbIl NcCnefoBaTeNbCKUI LIEHTP VIHCTUTYT LIMTONOTUM 1 TeHeTUKN
Cunbupckoro otaeneHns Poccuiickon akagemmm Hayk, HoBocmbupck, Poccus
2 HOBOCMBNPCKMIN HALIMOHANbHBIN NCCIe0BaTENbCKMIA FOCY/1apCTBEHHbIN
yHuBepcuteT, HoBocmbupck, Poccua
3 VIHCTUTYT B1ONOIAN, SKONOMAN U MPUPOAHBIX PECYPCOB, KeMepoBCKuii
rocyaapcTBeHHbI yHuBepcutet, Kemeposo, Poccua

WHCTUTYT HayK 06 oKpy»KatoLeii cpeae, ArennoHCKnii yHUBePCHTET,
Kpakos, MNonbuwa
5 VIHCTUTYT CCTEMATIKIA U 3KONOMAV NBOTHBIX CBUPCKOTO OTAeNneHua
Poccuiickoin akapemmn Hayk, HoBocnbupck, Poccus

B nocnepHvie fecatuneta HabnoJaeTcs pe3Koe CHUKEHME Ync-
NEHHOCTN NONYNALNIA MEAOHOCHDBIX MYeN 1 LUMeNel Ha TeppUTo-
pun 6ONbLUNHCTBA CTPaH MUpa. BKag B CHKEHUE YNCTIEHHOCTN
[aHHbIX OMbIAUTENEN BHOCAT pa3/ivyHble NapasnTmyeckmne opra-
HU3MbI (baKTepuK, rpubbl, NPOCTELLNE, HEMATOADI, KNeLwu 1 Ha-
cekomble). MapasnTbl poga Nosema (Microsporidia: Nosematidae)
n popos Crithidia v Lotmaria (Kinetoplastida: Trypanosomatidae)
0Ka3blBaloT 3HaUNTENbHOE HeraTVBHOE BANAHME Ha YACIIEHHOCTb
Me[OHOCHbIX Nyen v Wwmenen. B HelaBHMX nccnefoBaHKAX, NPO-
Be[leHHbIX C MCrosib3oBaHmeM aaepHbix JHK-mapkepos, Obinv
OnucaHbl HOBble BUJbl Y FeHeTMYeCKre BapyaHTbl JaHHbIX Napa3u-
ToB. Llenblo HacToALwen paboTbl ABAANOCH YCTAaHOBMIEHME YPOBHA
3apaXXeHHOCTU MEAOHOCHbBIX NYen 1 LWMenen MUKPOCNopuanamm
(Nosema spp.) n TpunaHocomatugamu (Crithidia spp. v Lotmaria
passim), a Tak>Ke n3yyeHne reHeTNYeCKon BapnabenbHOCTU 3TUX
napasunToB Ha paHee He nccnefoBaHHoOW Tepputopun NHann.

B pabote npoaHanmsnpoBaHo 119 06pa3sL0B U3 YeTbipex BULOB
MEAOHOCHbIX MYesl U NATU BUAOB LMeNel. YPOBHUN 3apaXXeHHOCTN
nonynAuMUA NYen 1 LWmenen napasnTnyecknmy opraHmsmamu

Ha TeppuTOopUK ABYX WTaToB ([>kammy n Kawmunp, KapHaTtaka)
ObINK onpeaeneHbl C MOMOLLbIO NMOAVMEPA3HON LIeMHOW peakumm
C npaiMepamu, cneundrUHbIMK K Knactepy reHoB prboCoMHoM
PHK Nosema, Crithidia v Lotmaria. CoBMmeCTHOe 3apakeHue no-
NynAUMIA MEAOHOCHbIX MYen 1 LUMeNnen MUKPOCMOPUANAMU 1
TpunaHocomaTaaMm 6bi10 3adpUKCMPOBAHO Ha TEPPUTOPIN
wrata Ixammy 1 Kawmup. B pesynbrate cpaBHUTENbHOrO aHanu3a
HYKNeoTUAHbIX NOC/IeAoBaTeNIbHOCTEN KnacTepa reHoB pubocom-
How PHK ycTaHOBneHo, 4To B MoNynauMax MeJOHOCHbIX Myen Ha
Tepputopun Haun 6einv npepctaenerbl N. bombi, N. ceranae n
L. passim. Monynaumm lwmenen 6binm Nopa<eHbl MUKpOCNopuan-
e Nosema D v TpunaHocomatugamu Crithidia bombi v Crithidia
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expoeki. B obpasLax Me[JOHOCHbIX Nues, CObpaHHbIX Ha TeppPUTO-
pun wtaTa KapHaTtaka, napasutbl pogos Crithidia v Lotmaria He
BbIAB/EHbI. B MOMynALMy MefOHOCHbIX NMYes BNepBble BbiABMEHa
mukpocnopuauna N. bombi. JlaHHble 0 pacnpocTpaHeHU MUKPO-
Cropuani 1 TpUNaHOCOMaTUA B NOMYNALMAX MEAOHOCHbIX NYen 1
LMenei no Bcemy Mypy 6bi1 0606LLeHbl 1 AOMOSTHEHDI.

KnioueBble C/I0Ba: MEAOHOCHbBIE NUENbl; LUMENW; 3apaXkeHe; reHbl
pubocomHom PHK; Nosema spp.; Crithidia spp.; Lotmaria passim.
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Nosematidae) and trypanosomatid parasites of the

genera Crithidia and Lotmaria (Kinetoplastida: Try-
panosomatidae) have a negative impact on the honeybees and
bumblebees colonies fitness (Schmid-Hempel, 2001; Brown
etal.,2003; Higes et al., 2008; Hornitzky, 2008; Yourth et al.,
2008; Ravoet et al., 2013).

Nosema and Tubulinosema species represent the obligate
intracellular spore forming organisms that are related to the
Fungi (Han, Weiss, 2017). Two microsporidium species, No-
sema ceranae (Fries et al., 1996) and Nosema apis (Zander,
1909), are known to infect honeybees. Nosema bombi is
another parasite belonging to the phylum Microsporidia
which is widespread in the bumblebee populations (Fantham,
Porter, 1914). Analysis of standard nuclear DNA markers of
N. bombi in bumblebee colonies from USA, Russia, China and
several European countries revealed new genetic variants of
the parasite (Fries et al., 2001; Tay et al., 2005; Szentgyorgyi
et al., 2011; Cordes et al., 2012; Li et al., 2012; Vavilova et
al., 2015). Three new Nosema variants (A, B, and C) isolated
from bumblebees in China were suggested to be genetic vari-
ants of N. ceranae (Li et al., 2012; Vavilova et al., 2015). All
detected genetic variants of Nosema species did not receive
the status of separate species.

Another microsporidium species Tubulinosema pampeana
(Microsporidia: Tubulinosematidae) was described for the first
time in Bombus araratus individuals from Argentine (Plischuk
et al., 2015). Currently, there are no cases of 7. pampeana
infections in other regions.

Crithidia and Lotmaria species are the protozoan flagellated
trypanosomatid parasites of honeybees and bumblebees. For
a long time Crithidia mellificae (Langridge, McGhee, 1967)
was the only Trypanosomatidae species described for the Apis
mellifera and it was poorly investigated. Resent identification
of several DNA markers of the American honeybees parasites
revealed their high genetic diversity (Cox-Foster et al., 2007;
vanEngelsdorp et al., 2009; Runckel et al., 2011; Cornman et
al., 2012). After detailed analysis of trypanosome stains the
C. mellificae SF was redesignated as Lotmaria passim. There-
fore at the moment two stains of C. mellificae (designated as
ATCC 30254 and ATCC 30862) and two stains of Lotmaria
passim (designated as BRL and SF) for honeybee populations
are described (Schwarz et al., 2015). Trypanosomatid Cri-
thidia bombi (Lipa, Triggiani, 1988) infecting bumblebees is
highly researched (Schmid-Hempel, Reber Funk, 2004; Meeus
et al., 2010; Schmid-Hempel, Tognazzo, 2010). Microsatel-
lite data showed that several C. bombi genotypes circulates
in bumblebee populations from Switzerland, Argentina and
Chile (Schmid-Hempel, Reber Funk, 2004; Schmid-Hempel

I\/\ icrosporidia of the genus Nosema (Microsporidia:
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etal., 2011, 2014). Recently two new Crithidia species, Cri-
thidia expoeki and Crithidia mexicana, have been identified
in bumblebees from North America and Mexica, respectively
(Schmid-Hempel, Tognazzo, 2010; Gallot-Lavallée et al.,
2016).

Microsporidian and trypanosomatid parasites described
above have a negative impact on the honeybees and bumble-
bees fitness. The parasites cause the rapid honeybees and
bumblebees loss at both individual and colony levels (Schmid-
Hempel, 2001; Brown et al., 2003; Higes et al., 2008; Hornit-
zky, 2008; Yourth et al., 2008; Ravoet et al., 2013).

Thus, investigation of these parasites in host populations
from new geographical regions allows to characterize new
genetic variants and describe it’s specific distribution. Despite
the high importance of honeybees and bumblebees for the
economy of India no studies of their parasites have been per-
formed so far. In this study the diversity of Nosema, Crithidia,
and Lotmaria parasites from honeybees and bumblebees in an
unexplored regions of India, states Jammu and Kashmir and
Karnataka were analyzed.

Materials and methods

Sample collection, DNA extraction, PCR amplification,
and sequencing. 80 samples of honeybee species (4. cerana,
A. dorsata, A. florea and A. mellifera) were collected in two In-
dian states (Jammu and Kashmir, Karnataka) in May and June,
2007, respectively (Fig. 1, Table). 39 bumblebee specimens of
B. asiaticus, B. lucorum, B. rufofasciatus, B. simillimus and
B. trifasciatus species were collected in Jammu and Kashmir
state in May, 2007 (see Fig. 1, Table).

All samples were obtained by entomological sweep nets,
identified to the species level in the field and preserved in
70 % ethanol. Total DNA were extracted from abdomens of
the specimens fixed in ethanol using DNeasy Blood and Tis-
sue Kit (QIAGEN) according to the manufacturer’s protocol.

The standard sets of primers and PCR conditions were
used for PCR amplification of small subunit ribosomal RNA
(SSU rRNA), internal transcribed spacer (ITS) and large
subunit ribosomal RNA (LSU rRNA) genes of Nosema spp.
and Tubulinosema spp. (Tay et al., 2005; Szentgyodrgyi et al.,
2011) and 18S rRNA genes of Crithidia spp. and L. passim
(Meeus etal., 2010; Arismendi et al., 2016). Polymerase chain
reactions (PCR) were performed in 20 pl volume containing
0.1 pg of genomic DNA, 10 mM Tris-HCI (pH 8.9), 1 mM
(NH,),SO,, 1.5 mM MgCl,, 200 uM of each of four dNTPs,
0.5 pM primers, and 2.5 units of Taq DNA polymerase. The
PCR products were analyzed in 1.2 % agarose gel electropho-
resis and extracted from gel with a QIAquick Gel Extraction
Kit (QIAGEN). From 40 ng to 200 ng of each PCR product
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Karnataka

Jammu and Kashmir

Fig. 1. Map of Indian states with collection sites designation. Collection sites are correlated with the Table.

Collection sites and list of honeybee and bumblebee species used in this study. The site areas are designated according to the Fig. 1

Indian state  Site Coordinates  Species of genus Specimen  Number of infected specimens (positive results of PCR)
of sites Apis and Bombus number Nosema spp./ Crithidia spp./
Tubulinosema spp. Lotmaria passim
Jammu 1 34°08'50.2"N, Apis cerana Fabricius, 1793 4 2/0 0/2
and Kashmir 74530128 )i mellifera Linnaeus, 1758 13 7/0 0/5
2 34°01'57.2"N, A.cerana 2 0/0 0/0
74°21'50.5"E
3 33°32'09.2"N, A.cerana 1 0/0 0/0
75°14578°E g mellifera 5 0/0 0/1
4 33°07'38.1"N, A. mellifera 9 3/0 0/1
75°22'19.2"E
6 32°59'38.0"N,
75°42'10.9"E
7 32°43'07.4"N,
74°51'59.1"E

Karnataka 9 13°01'09.0"N,
77°34'07.0"E

10 12°53'05.8"N,

77°28'21.5"E
11 12°01'07.4"N, A.dorsata 2 1/0 0/0
76°06'06.6" E
Jammuand 1 34°08'50.2"N, Bombus simillimus Smith, 1852 8 0/0 2/0
Kashmir 74°53'01.2"E
2 34°01'57.2"N, Bombus asiaticus Morawitz, 1875 2 0/0 1/0
74°21'50.5"E Bombus lucorum Linnaeus, 1761 1 0/0 0/0
Bombus rufofasciatus Smith, 1852 1 0/0 0/0
4 33°07'38.4"N, Bombus trifasciatus Smith, 1852 3 2/0 0/0
75°22'19.5"E
5 33°05'09.9”N, B. trifasciatus 5 2/0 2/0
75°19'49.2"E
8 32°57'11.1"N, B.asiaticus 16 0/0 7/0
75°43'31.5"E B. trifasciatus 3 0/0 0/0
Total specimen number 39 4/0 12/0
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Fig. 2. Prevalence of Nosema spp. (a), Crithidia
spp. or L. passim (b) infection and co-infection
of all parasites (c) in honeybee and bumblebee
populations from Jammu and Kashmir and Kar-
nataka states.

Bars represent confidence intervals defined by chi-
square test (p = 0.95) in STATISTICA. The studied
parasites were characterized by low host-spec-
ificity; thus, their prevalence was calculated as
percentage of the infected specimens to the total
number of honeybee or bumblebee specimens in
each sampling location.
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was used in a 10-pl cycle sequencing reaction with the BigDye® Terminator Kit
(Applied Biosystems) and analyzed on an ABI 3130XL Genetic Analyser (Applied
Biosystems) at the SB RAS Genomics Core Facility (Novosibirsk, Russia, http://
sequest.niboch.nsc.ru). The partial SSU rRNA sequences of N. bombi and N. ceranae
were deposited in the European Nucleotide Archive (ENA) under accession numbers
HG321408-HG321411 and LT548980-LT548999. The obtained SSU rRNA, ITS2,
and LSU rRNA gene sequences of Nosema spp. were deposited to GenBank under
accession numbers KF188752— KF188755. The partial sequences of 18S rRNA
gene from Crithidia spp. and L. passim were placed in GenBank under accession
numbers KX151671-KX151702.

Parasite prevalence. The prevalence of microsporidia and trypanosomatid para-
sites was calculated as percentage of the infected specimens to the total number of
honeybee or bumblebee specimens in each sampling sites. Confidence intervals for
parasite prevalence were defined using STATISTICA by chi-square test.

Comparative and phylogenetic analyses. Logical search was performed to
identify rRNA genes sequences from insects parasites of the phylum Microsporidia
and family Trypanosomatidae available from the United States National Center
for Biotechnology Information. Nucleotide sequences alignments were performed
by ClustalW (Larkin et al., 2007) and improved by MUSCLE algorithm (Edgar,
2004) in Unipro UGENE software (Okonechnikov et al., 2012) (http://ugene.
unipro.ru) for each parasite group. Phylogenetic analyses were performed using
the Neighbor-Joining (NJ) method in MEGA 6.0 and Maximum Likelihood (ML)
method in PhyML 3.0 (Guindon, Gascuel, 2003; Tamura et al., 2013). Statistical
support for the NJ and ML trees was evaluated by bootstrapping, 100 replications
for the ML method and 1,000 replications for the NJ method (Felsenstein, 1985).

Results and discussion

Prevalence of parasite infection in honeybee and bumblebee populations

We studied 80 honeybee and 39 bumblebee specimens collected in two Indian states.
Nosema spp. were detected by PCR amplification with primers specific to SSU
rRNA sequence. Nosema spp. were discovered in 20 honeybee specimens from all
investigated honeybee species and 4 bumblebee specimens of B. trifasciatus. The
prevalence of Nosema spp. in honeybee populations was 25 and 24 % in Jammu
and Kashmir, and Karnataka states, respectively (Fig. 2, a). In Jammu and Kashmir
state the prevalence of Nosema spp. in bumblebee population was 10 %.

The trypanosomatid parasites were identified by PCR amplification with prim-
ers specific to 18S rRNA sequence in 10 honeybee and 12 bumblebee specimens.
A. cerana, A. dorsata, A. mellifera, B. asiaticus, B. simillimus and B. trifasciatus
species were infected. In Jammu and Kashmir state the prevalence of trypanosomatid
parasites was 16 and 31 % in honeybee and bumblebee populations, respectively
(Fig. 2, b). No infected honeybee specimens were found in Karnataka state.

Co-infection by Nosema spp. and one of the trypanosomatid parasites (Crithidia
spp. or L. passim) was detected in 6 honeybee (4. cerana and A. mellifera) and
2 bumblebee (B. trifasciatus) specimens in Jammu and Kashmir state (Fig. 2, ¢).

Genetic diversity of Nosema spp. in honeybee and bumblebee populations
Comparative analyses of the SSU rRNA sequences of Nosema spp. Totally, we
obtained 24 nucleotide sequences of Nosema spp. SSU rRNA gene from honeybees
and bumblebees (see Table). The results of the comparative analysis showed that
13 out of 20 sequences from honeybee specimens were identical to N. bombi SSU
rRNA sequences (KF002566, HG321391, KF188769, JN872234, and JN872233).
N. bombi was described for bumblebees only. The remaining 7 sequences were
identical to SSU rRNA of N. ceranae (KF640602, 1X205150).

Previously Nosema species were considered to be the host specific parasites.
N. apis infected only the European honeybee A. mellifera, while N. ceranae was
a specific parasite for the Asian honeybee 4. cerana (Smith, 2012). In the recent
years N. ceranae was identified in 4. mellifera and some bumblebee species in the
different parts of the world. Moreover, some stains of N. ceranae are predicted
to replace N. apis in populations of A. mellifera honeybees (Chen, Huang, 2010;
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Fig. 3. Neighbor-joining (NJ) phylogenetic tree was based on SSU rRNA, ITS2, and the partial LSU rRNA nucleotide sequences of
several N. bombi genetic variants, Nosema spp. and Vairimorpha spp. from various insects and annelids available from GenBank.

Tubulinosema spp. were used as outgroup.

Statistical support was evaluated by bootstrapping (1000 replications). The nodes with bootstrap values over 50 % are indicated.

Martin-Hernandez et al., 2012). In this study a bumblebee
parasite N. bombi was identified in honeybees from Jammu
and Kashmir and Karnataka states, thus additionally refuting
the assumption of the host specificity of Nosema species.

All Nosema spp. SSU rRNA sequences from infected
bumblebee specimens were almost identical to Nosema D se-
quences (JN872219-JN872229) (Lietal., 2012). A distinguish
is only a single nucleotide substitution. No other Nosema as
well as Tubulinosema species were found in bumblebees in
this study (see Table).

Comparative and phylogenetic analyses of SSU rRNA,
ITS2 and partial LSU rRNA sequences from Nosema
spp- To expand information about Nosema D we obtained
SSU rRNA, ITS2, and partial LSU rRNA sequences for four
B. trifasciatus specimens. Sequences of Vairimorpha spp.,
N. bombi, N. ceranae, N. apis, and Nosema sp. from Pieris
rapae from GenBank, as well as the obtained sequences were
used for phylogenetic analysis. Sequences of several Tubu-
linosema species were taken as an outgroup. Phylogenetic tree
built by the NJ method is presented in Fig. 3.

The phylogenetic tree was divided on outgroup and three
clusters (see Fig. 3). The outgroup was presented by sequences
of T. pampeana, which were described as parasite of B. arara-
tus from South America and two parasites of Drosophila spp.
(T. ratisbonensis and T. kingi). The first cluster (I) consists
of sequences of N. bombi WS2 and N. bombi WS3 that were

JKonorunyeckasa n nonynAuMoHHasA reHeTKa

previously described in populations of bumblebee from West
Siberia (Vavilova et al., 2015). The second cluster (II) includes
two clades. The sequences of N. bombi previously identified
from the Europe, USA and West Siberia formed the first clade
(Tay et al., 2005; Sokolova et al., 2010; Szentgydrgyi et al.,
2011). The second clade consists of the newly identified
Nosema D sequences. The third cluster (III) is also split into
two clades. Sequence of N. apis, obtained from A. mellifera
apiary specimens in New Zealand (Gatehouse, Malone, 1998),
is in the first clade of the third cluster. The second clade of
this cluster consists of sequences of several Vairimorpha spp.
from Bombyx mori and Manayunkia speciosa (Liu et al.,
2012; Malakauskas et al., 2015); sequences of N. ceranae
from Taiwan honeybees (Huang at al., 2007); and sequence
of unspecified Nosema from Pieris rapae (Chen et al., 2012).
Thus, the analysis of complete SSU rRNA, ITS2 and partial
LSU rRNA gene sequences confirmed that Nosema D is a
genetic variant of N. hombi and distributed in the bumblebee
populations at least in China and India.

Genetic diversity of Crithidia spp. and Lotmaria passim

in honeybee and bumblebee populations

Comparative analyses of the 18S rRNA sequences of
Crithidia spp. and Lotmaria passim. We obtained 10 and
12 nucleotide sequences of 18S rRNA gene of trypanoso-
matid parasites in honeybees and bumblebees, respectively

BaBuNOBCKMI XKypHan reHeTUKN n cenekuyumn « 2017 <21+ 8
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partial 18S rRNA

1750 1753 1756 1766 1768

1786 1789 1791 1809 1812 1814 1935 1938 1940

C.bombi A A A A A AAA A
C.expoeki A A A AAA
C. mellificae/L. passim A A A A. A

Fig. 4. Alignment of partial 18S rRNA gene sequences of C. bombi, C. expoeki and C. mellificae/L. passim specified from honeybee and

bumblebee specimens in this study.

Nucleotide positions are indicated according to Crithidia fasciculata sequence (Y00055) of full-length rRNA gene cluster.

Microsporidian infection:
O N. apis

‘ N. ceranae

‘ N. bombi

‘ T. pampeana

O Other Nosema spp.
Trypanosomatid infection:
@ c meliificae

‘ L. passim

‘ C. bombi

‘ C. expoeki

‘ C. mexicana

Fig. 5. World map of microsporidian and trypanosomatid distributions across the honeybee and bumblebee populations.

* Nosema D, which was determined in bumblebee populations from China (Li et al., 2012) and from India (the present study).

(see Table). The results of comparative analysis showed that
nine of infected bumblebee specimens refer to C. expoeki
(KM980187) and three others refer to C. bombi (FN546181,
KM980184, KM980185). The distinguish between C. bombi
and C. expoeki sequences amounted five nucleotide substitu-
tions (Fig. 4).
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All ten 18S rRNA gene sequences were identical and they
could belong to either C. mellificae or L. passim parasites. Se-
quences of C. mellificae/L. passim differ in 4 and 3 nucleotide
substitutions from C. bombi and C. expoeki, respectively (see
Fig. 4). Using the primers for 18S rRNA specific to L. pas-
sim and to C. mellificae (Arismendi et al., 2016) on the next
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step, we proved that all the obtained sequences belonged to
L. passim (KJ713378, KM980188, KT252553, KX953206).

Summarizing the data about microsporidian and trypanoso-
matid parasites in honeybee and bumblebee population from
India, we identified that two A. cerana and one 4. mellifera
specimens were co-infected by N. ceranae and L. passim; three
specimens of A. mellifera were infected by both N. bombi
and L. passim. Co-infection by Nosema D and C. expoeki in
bumblebee populations was established in two B. trifasciatus
specimens. No cases of Nosema D and C. bombi co-infection
were found in this study.

Co-infection by N. ceranae and L. passim was also previ-
ously established in honeybee samples from Switzerland
(Tritschler et al., 2017). Infection of both N. ceranae and
C. mellificae parasites was described for honeybees from Bel-
gian apiaries (Ravoet et al., 2013) (see Fig. 4). Nevertheless,
sequences of C. mellificae 18S rRNA, identified by Ravoet et
al. (2013), were identical for C. mellificae and L. passim. Thus,
these data should be clarified. Gallot-Lavallée et al. (2016)
investigated co-infection by Nosema spp. and Crithidia spp. in
the bumblebee populations from Mexico and established the
cases of shared parasite infection (Fig. 5). However, species
of Nosema and Crithidia genera found in infected bumble-
bee samples were not specified. Our data about co-infection
of honeybee and bumblebee specimens by microsporidia
and trypanosomatid parasites coincide with previously de-
scribed studies. For the first time N. bombi/L. passim and
N. bombi/C. expoeki co-infection were detected.

Geographic distribution of Nosema spp., Crithidia spp.

and L. passim in honeybee and bumblebee populations
The results of this study supplement the knowledge of the
distribution of microsporidia parasites among the honeybee
and bumblebee populations all over the world (see Fig. 5).

Apian parasites of genus Nosema (N. apis and N. ceranae)
are wildly distributed in honeybee populations. Joint presence
of these parasites was described in numerous studies (Table S1
in the Supplementary material)'. Nevertheless, there are cases
in the several countries such as Indonesia, Israel, Kenya
and Zimbabwe of honeybee infections by N. apis only (see
Table S1). Presence of N. ceranae only was established in
the honeybee’s population from countries of Latin America
(except Brazil), several European countries, Iran, Mongo-
lia, Saudi Arabia and Vietnam (see Table S1). In this study,
we discovered that honeybee populations were infected by
N. ceranae. There were no cases of V. apis presence. Presence
of N. bombi parasite in honeybee specimens was detected for
the first time (see Fig. 5).

N. bombi is widespread in the natural and commercial
bumblebee populations of North and South America, Eurasia
and New Zealand (Gallot-Lavallée et al., 2016; Brown, 2017).
Several N. bombi genetic variants (WS1, WS2 and WS3) were
described in Siberian bumblebee populations (Vavilova et
al., 2015). Four new Nosema variants (A, B, C and D) were
isolated from bumblebees in China (Li et al., 2012). The micro-
sporidian parasite, 7. pampeana, was described in bumblebee
populations from Argentina (Plischuk et al., 2015). In the
recent decades the cases of bumblebees infection by apian

T Supplementary materials are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2017-21/appx15.pdf
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parasites N. ceranae (Argentina, China, Colombia, Mexico,
UK and Uruguay), N. apis (Mexico and UK) and other No-
sema species (Chile, China and Mexico) have been described
(Gallot-Lavallée et al., 2016; Brown, 2017). We established
the presence of Nosema D in bumblebee population from
Jammu and Kashmir state (India). Nosema D was previously
described by (Li et al., 2012) (see Fig. 5).

Presence of two trypanosomatid parasites, C. mellificae and
L. passim, was indicated in honeybee populations globally.
C. mellificae was found in honeybee specimens from Austra-
lia, Belgium, USA and Spain (Table S2). L. passim infections
were described for honeybees from Belgium, Japan, Serbia
and Switzerland (see Table S2). In this study distribution of
L. passim in Indian honeybee populations were established
(see Fig. 5). There were no cases of honeybee infection by
C. mellificae.

The cases of trypanosomatid infections were determined
in commercial and native populations of bumblebees on the
territories of North and South America and Eurasia. C. hombi
is the most common trypanosomatid parasite that infects
bumblebees from Argentina, Belgium, Chile, Germany, Italy,
Russia, Switzerland and UK (Table S3). The second species
C. expoeki is presented in Mexican and Swiss bumblebee
populations (Schmid-Hempel, Tognazzo, 2010; Gallot-La-
vallée et al., 2016). Bumblebee infection by C. mexicana
was indicated in Mexico (Gallot-Lavallée et al., 2016). Both
C. bombi and C. expoeki are distributed among bumblebee
populations from India (see Fig. 5).

Thus, in this study the prevalence of Nosema, Crithidia and
Lotmaria parasites in honeybee and bumblebee populations of
Jammu and Kashmir and Karnataka states were identified. In
addition, co-infection by Microsporidia and Trypanosomatidae
parasites was identified in several honeybee and bumblebee
specimens from Jammu and Kashmir state. Honeybee and
bumblebee specimens from India studied were infected by
several microsporidian parasites (N. bombi, N. ceranae and
Nosema D). Trypanosomatid parasites of C. bombi, C. ex-
poeki and L. passim species were detected in honeybee and
bumblebee populations. Moreover, for the first time N. bombi
infection was detected in the honeybee population. Thus,
further investigations are required to determine distribution
of microsporidia and trypanosomatid parasites among the
honeybee and bumblebee populations all over the World.
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T'eHeTHUecKas 1 6MoxXuMumuecKkast XxapakTepusamus
cTadMIIOKOKKOB, BcTpeuarouinxcsi B HoBocubmpcke
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T UHCTUTYT XuMmuecKoit 6ronorum 1 dbyHAaMeHTanbHOI MeanLMHbI CBUPCKOro oTaeneHua Poccuiickoil akaaemin Hayk, HoBocu6npck, Poccusa

270 BekTop-bect, HoBocnbupck, Poccus

3 HerocypapcTeeHHoe yupexaeHue 3npaBooxpaHeHna [JopoxHasa KnvHnyeckas 6onbHuLa Ha cT. HoBocnbupck-MasHbiii OAO «Poccuiickue xenesHble
noporu», HoBocnbrpck, Poccns

4 HoBocrbrpcKmii HayuyHO-MCCIeA0BaTENbCKI MHCTUTYT TpaBmaTosiorum n optonegum um. AJ1. LinBbaHa MuHncTepcTBa 3apaBooxpaHeHus Poccuiickoin
®epepaunm, HoBocnbrpck, Poccus

> HOBOCUBUPCKII MEAVLIMHCKII yHIMBepcUTeT MUHICTEPCTBa 3paBooXpaHeHns Poccuiickon Oeaepatinm, HosocnGupck, Poccua

6 HayuHO-MCCe0BATENBCKNIN MHCTUTYT KIVHAYECKOW 1 SKCNIEpUMEHTaNbHOM uMbonorin — dunnan GeepanbHOro NcciesoBaTenbckoro LeHTpa
WHCTUTYT yutonorum n reHetmkn Cnbmpckoro otaeneHns Poccuinckon akagemmm Hayk, HoBocnbnpck, Poccus

CradnnoKoKKIM CNOCO6HbI MOpaxaTb NMPAKTUYECKN Ntobble OpraHbl 1
TKaHV opraHn3ma YesioBeKa, Bbl3blBas MOBEPXHOCTHbIE 1 INy6oKMe
rHOVHble MHOEKLUN, MOPaXKeHNA AbIXaTesbHbIX 1 MOUYEBbIBOAALLMX MY-
Tel, a Takxke NMPOBOLMPOBaThb NULLEBbIE OTPABJIEHUA N MHTOKCUKALIMN.
B nocnepHuve rogbl yyacTuanch ciydan 3abonesaHuii, Bo3byamtenamm
KOTOPbIX OKa3blBalOTCA KoarynasoHeraTviBHble CTadUNOKOKKM. Takne
BUAbI, Kak Staphylococcus epidermidis, Staphylococcus haemolyticusb n
Staphylococcus hominis 3HauMTeNbHO Yalle BbIABNAIOTCA NPU BHYTPU-
601bHNYHBIX MHeKLUAX. Ocobas ONMacHOCTb TUX NAaTOreHOB 3aKIIto-
YaeTcA B NMOBbILEHHON BUPYNEHTHOCTW 1 NAaTOreHHOCTM LITaMMOB, a
TaK>Ke B X YaCTOWN YCTOMYMBOCTU K Pa3fiMyHbIM aHTUbMoTrKam. Oco-
6eHHO TPyHO NOAAAIOTCA IeYeHUIo 3a60IeBaHNA, Bbl3BaHHbIe METU-
UWNSINH-PE3NCTEHTHBIMU CcTadrnoKoKKamu. MpaBunbHasa naeHTnduKa-
umA cTaPpUIIOKOKKOB 1 X YYBCTBUTENIbHOCTY K aHTUOMOTMKaAM BaXkHa
[NA NOCTaHOBKYM KNMHMYECKOTO ANarHo3a 1 Ha3HauyeHWs ageKkBaTHoOM
nekapcTBEHHOM Tepanun. B cBA3M ¢ 3TuM BocTpeboBaHbl MeToAbl Obl-
CTPOro ¥ TOYHOrO onpefeneHna BULoB CTadUNOKOKKOB AN OLeHKM
MX NaTOreHHbIX CBOWCTB N HAaNNUnNA METULMIIIVH-PE3UCTEHTHOCTN.
Llenb paHHOro nccnepoBaHus — xapakteprsauma cTaduiokoKKoB, B
TOM YUCIIe 1 MO YCTOMYMBOCTM K aHTUOMOTVIKAM, N30IMPOBAHHbBIX B

r. HoBocnbupcke 13 06pasLoB, NOAYUYEHHbBIX OT JIOAEN, KUBOTHbIX 1
13 oKpyatoLelt cpeabl. [poaHannsnpoBaHa konnekuma n3 100 wram-
MOB CTadMNOKOKKOB. Braosas naeHTnoumkaums ctadnnokokKos npo-
BefleHa No pe3ynbTaTam cekBeHVpoBaHuA reHa 16S pPHK. BoiasneHo
11 BraoB cTadpnnokokkos. Cpeau LTaMMOB, MOMTyYEHHbIX OT 6OSIbHbIX
13 CTalUMOHapoB, AoOMUHUpoBanu Staphylococcus aureus (79.1 %), Sta-
phylococcus epidermidis coctaBunm okono 12.5 %. Cpegu BHe6ObHNY-
HbIX LUTAMMOB S. aureus 1 S. epidermidis BblgeneHbl NPYMEPHO B paB-
HbIX COOTHOLLEeHUAX. OBHapyXeHMe Koaryna3ononoXnTenbHbIX BUAOB
NPOBOAWAN CTaHAAPTHLIM BMOXMMUYECKM METOLOM Y BbiAiBNIEHNEM
reHa coa metogom MNMLP B peanbHOM BpemeHu. [1na wWtammMoB S. aureus
nokasaHo 100 % coBnajieHne pe3ynbTaToB MeXay Hanmunem reHa coa
1 NPUCYTCTBMEM KOAryna3HoW akTUBHOCTU, YTO CBUAETENbCTBYET O
TOM, UYTO BbIAIBIEHME FeHa COa MOXET CJTY>KUTb TOYHbIM METOAOM UEH-
TduKaumm S. aureus. MonyyeH BbICOKUIA ypoBeHb coBnafeHns (99 %)
MeXAy Hanmumem B KneTkax cTadunoKoKKoB reHa mecA 1 peHoTmnu-
YeCKOW YyCTONUMBOCTbIO K OKcaumnanHy. MiccnegosaHve ctadunokok-
KOB Ha NMPUCYTCTBME reHa mecA MOXKeT paccMaTpUBaTbCA Kak anbTep-
HaTnBa peHOTUMNNYECKOMY MeToy OOHAPYKEHUA METULIMINH-PE3NC-
TEHTHbIX LUTaMMOB CTadUNTOKOKKOB.

KnioueBble cnoBa: Staphylococcus; koarynasoHeraTusHble
CTadUNOKOKKI; METULMANNH-PE3UCTEHTHbIE CTadunokokkm (MRS);
mecA; coa; AnarHocTrKa cTaduIOKOKKOBOM UHGEKLNN.
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Staphylococci are capable of penetrating many hu-
man tissues and organs, causing superficial and deep
purulent infections, respiratory and urinary tract in-
fections, food poisoning and intoxication. Last years,
coagulase-negative staphylococci were the cause of
infection in many cases. Infectious agents, namely
Staphylococcus epidermidis, Staphylococcus haemolyti-
cus, and Staphylococcus hominis, were detected more
often as nosocomial infections. A particular danger of
these infections is a high virulence and pathogenicity
of bacterial strains and their resistance to various anti-
biotics. Methicillin-resistant staphylococci are espe-
cially difficult to treat. The correct identification of
staphylococci and their sensitivity to antibiotics are
important for clinical diagnosis and appointment of
adequate drug therapy. Rapid and accurate identifica-
tion of Staphylococcus species and detection of their
sensitivity to antibiotics is quite important. The aim of
this study was to study staphylococci isolated in Novo-
sibirsk from human, animal and environmental sam-
ples. A collection of 100 staphylococcus strains was
analyzed. Staphylococcus species were identified by
sequencing the 16S rRNA gene. Eleven staphylococcus
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species were identified. Among the strains obtained
from hospitalized patients, Staphylococcus aureus do-
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KAK UUTUPOBATb 3TY CTATbIO:

minated (79.1 %), Staphylococcus epidermidis amounted
to about 12.5 %. However, S. aureus and S. epidermidis
strains were isolated in an approximately equal propor-
tion from community-associated samples. Identification
of coagulase positive strains was performed using a
standard biochemical method and by real-time PCR of
the coa gene. 100 % coincidence between the presence
of the gene and coagulase activity for S. aureus strains
was recorded, which suggests that detection of the

coa gene can be used as a correct method for S. aureus
identification. A high coincidence rate (99 %) was re-
vealed between the phenotypic resistance to oxacillin
and the presence of the staphylococcal mecA gene. The
study of staphylococci for the presence of the mecA
gene can be considered as an alternative to the pheno-
typical method for identification of methicillin-resistant
strains of staphylococci.

Key words: Staphylococcus; coagulase-negative
staphylococci; methicillin-resistant staphylococcus
strains (MRS); mecA; coa; diagnostics of staphylococcal
infection.
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TaHIOKOKKH — IPAMIIOJIOKUTEIbHBIE (haKyIbTaTHBHO-

aHadpOoOHbIC MaJOMOABIDKHBIE OaKkTepHuu, HE 00pa3sy-

tomme criop. K HacTosimieMy BpeMeHH onrcaHo Ooiee
40 BunoB, Bxomsauwmx B pox Staphylococcus (Ghebremedhin
etal., 2008). bompmmHCTBO GaKTEpHii U3 ITOTO Poaa B HOPME
OOHUTAIOT HAa KOXKE M CIM3UCTBIX YEJIIOBEKA M JKUBOTHBIX, a
TAKKE SBJISIOTCS YACThIO IOYBEHHBIX MUKPOOHBIX COOOIIECTB
(Madigan, Martinko, 2005). B 3aBucuMocT# 0T CiocoOHOCTH
K ITPOTyKIINH KOaryla3bl, OTBEUAIOIeH 3a peBparieHue ¢u-
OpuHoreHa B ()MOPHH U BBI3BIBAIOLICH CBEPThIBAHHE KPOBH,
CTa(hMITOKOKKH TTOPA3AEIAIOTCS Ha KOaryna3olo3UTHBHbIC
1 Koaryna3zoHeraruBHble. K mepBbIM OTHOCSTCS MATh BUJIOB
CTa(hUIIOKOKKOB, U3 KOTOPBIX TOJIBKO Staphylococcus aureus
UTpaeT BaXKHYIO POJIb B MATOIOTHH deoBeka. Koarymasono-
3UTHBHBIC CTAQUIIOKOKKH — Staphylococcus pseudintermedius
u Staphylococcus intermedius — BO30yaUTEIH CaMbIX pac-
MIPOCTPAHEHHBIX M OMACHBIX CTA(HIOKOKKOBBIX HH(EKITHI B
BETEPUHAPHH, IPH TECHOM KOHTAKTE C YKUBOTHBIMH CTTIOCOOHBI
TaKxke nepenasarbes yenoneky (Bond, Loeffler, 2012). boib-
IIIMHCTBO TIpeNCTaBUTENeH pona Staphylococcus SBIAIOTCS
KOaryJia30HeTraTUBHBIMU U CYMTAIOTCSI MEHEE BUPYJICHTHBIMH
(Gotz et al., 2000).

CTadmI0KOKKH CTIOCOOHBI ITOPakaTh MMPAKTUIECKH JTFO0BIe
Oprafbel M TKaHW OpraHW3Ma 4YeJOBEKa, BBI3bIBAas MOBEPX-
HOCTHBIE U IIIyOOKHE IHOMHBIE a0C1ecchl, MHPEKINH JIbIXa-
TEJILHBIX U MOUCBBIBOASIINX ITyTEH, THOHHO-HEKPOTHIECKHE
MIPOLIECCHI B TOCIICONIEPALMOHHBIX PaHax, a TaKKe MPOBOH-
pOBarh MUIEBbIE OTPABICHUS U MHTOKCHKau. Cunraercs,
4To Gostee 85 % Beex CTahMIOKOKKOBBIX HH(EKITHI yenoBeka
BbI3BaHbI S. aureus (Kapmos, Kauanko, 2006; Sievert et al.,
2013). B nocnenHue rojpl y4aCTUINCh CITydad THOWHO-CETI-
THYECKUX MHPEKINH y ozieil, BO3OyANTEISIMU KOTOPBIX B-
JISTIOTCS KOaryia3oHeraTuBHbIe crauiiokokku Staphylococcus

JKonorunyeckasa n nonynAuMoHHasA reHeTKa

epidermidis, Staphylococcus saprophyticus, Staphylococcus
haemolyticus n Staphylococcus hominis. OHI 3HaUNTEITHFHO
yarie CTaJIN PErHCTPUPOBATHCS MPU HO30KOMHUAIBHBIX MH-
(exusx, 0cOOEHHO y OOJIBHBIX B OT/ICICHHUSIX HHTCHCUBHOM
Tepanuyu ¥ XUPYPrudecKux oTheneHusx. Kakoe-to Bpems
9TH MH(EKIUN MOTYT MPOTEKaTh B BHJIE OCCCHUMIITOMHOMN
OakTepueMum, He Mepexo/isl B KJIACCHYECKUe MaHU(ECTHbIE
(hopmBI THOITHOI HH(EKINH, B TO K€ BPeMs Pe3KO UCTOIIast
KOMIIEHCATOPHbIE MEXaHM3MbI OOJBHOTO M MOBBIIIAsT PUCK
HeOnaronpusaTHeIX ucxonoB (Yepnwuii u ap., 2010). Ocobast
OTIACHOCTh BHYTPHOOJBHUYHBIX CTAa()HIOKOKKOBBIX HH-
(ekumii 3aKIr0O4aeTCsl B TOBBIIICHHOW BUPYJICHTHOCTH U
[IaTOr€HHOCTY TaKMUX LITAMMOB, & TAK)KE B UX YaCTON yCTOM-
YUBOCTH K Pa3TUYHBIM aHTHOMOTHKaM. OcoOEHHO TPYTHO
TIOJIAIOTCS JICYEHHIO 3a00IIeBaHS, BEI3BAHHBIEC METHIHIUTHH-
pesucteHTHBIMU cTaduiokokkamu (MRS), obnanaronmmu
YCTOWYMBOCTBIO K O€Ta-JlakTaMaM — TPyTIIe aHTHOMOTHKOB,
BKJTIOUAIOMIEH METHIMIIINH, OKCAlMIUINH, nedaaocnopuH
u nip. [IpaBuibHast uneHTHGUKAIUS CTa(QUIOKOKKOB BaKHA
JUISL TIOCTAHOBKM KJIMHUYECKOTO AMarHo3a M Ha3HauYeHUs
aJIeKBaTHOM JIEKapCTBEHHOW Tepanuu, OJHAKO NMPHHSITHIE
MPOLEYPHI JTA0OPATOPHOTO TECTUPOBAHMS KIIMHUYECKHUX N30~
JITOB (WCCIIeIOBAaHKE CITIOCOOHOCTH K (pepMEHTAIIH MAHHHTA,
KOaryJia3HON ¥ TEMOJINTHYECKON aKTUBHOCTEH M JIp.) B psfe
CJIy4aeB CONMPOBOK/AIOTCS OIIMOKaMK M HY)K/IAI0TCsI B IIepe-
MPOBEpPKE APyTUMHU MEeTOlaMH. B ¢Bsi3u ¢ 3TM BocTpedoBaHa
ObIcTpast M TOYHAs MACHTH(UKAINS BHIOB CTA()MIOKOKKOB
JUIsl OIICHKU WX TTaTOT€HHBIX CBOMCTB M HAJMYHS METHIINII-
JIMH-PE3UCTEHTHOCTH.

Lens TaHHOTO MCCIIEIOBAHMS — XapaKTepHu3aIys cTaduiio-
KOKKOB, B TOM YHCJIE ¥ TI0 YCTOHYMBOCTH K aHTHUOMOTHKaM,
M30IMPOBAHHBIX B I. HoBoCcHOMpPCKe M3 00pa3ioB, MOTydeH-
HBIX OT JIFOZICH, )KUBOTHBIX U U3 OKPYKAIOIIEH CPe/Ibl.
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Table 1. Synthetic oligonucleotides for analysis of the mecA and coa genes

Gene Oligonucleotide Sequence

meCA .......................... F mec ................................. 5 AGGGACTCGAAAAACTTTACGAT3 ....................................................................................................
R mec ................................ 5 ATTAATGTATGTGCGATTGTATTGC3 ...................................................................................................
Zmec ! 5-(HEX)-GCTCCAACATGAAGATGGCTATCGTGTCACAATCGT-BHQT)-3

Coa ............................. F C o ..................................... 5 AcTCAAGGAGAATCAAGTGATATTGA3 ..............................................................................................
R c .c.) .................................... 5 GAATCTTGGTCTCGCTTCATATc3 e
20 5-(HEX)-TCGTTGTATTCACGGATACCTGTACCAGCATCTC(T-BHQT)-3

MaTepmanbl n Mmetogbl

Bakrepnansubie mrammel. Vccnenosanu 100 mrammos
Oakrepuii pona Staphylococcus, BBIIEICHHBIX U3 00pa3IoB,
B3ATHIX OT JIFOIEH, )KMBOTHBIX M U3 OKPY>KaroIIel cpeipl. 3a00p
Marepuaia MpOU3BOIMIN CTEPWIILHBIM BaTHBIM TaMIIOHOM.
bakrepuasnbHble KJIETKH CMBIBAJIHM C TAMIIOHA CTEPUIIbHBIM
0.9 % pactBopom NaCl, 3arem 10-kparHble pa3BeieHNs Oy~
YEHHOW KIIETOYHON CyCIICH3WH BBICEBAJIM HAa MAHHHUT-COJICBOM
arap u arap CLED (Laboratorios Conda S.A., Wcnanusi).
YucTele KynbTypbl OaKTEpHiA MOTyYaIn IyTEM TPEXKPATHOTO
repeceBsa; MPUHAUICKHOCTh K pony Staphylococcus omnpe-
JICJISUTA 110 KYJIBTYPaibHO-MOP(OIOTHYECKUM MPU3HAKAM.
YucTele KynbTypbl CTa(MIOKOKKOB OBUTH JIETIOHUPOBAHBI B
KOJUICKIIMH SKCTPEMO(MIEHBIX MUKPOOPTaHU3MOB U TUITOBBIX
kyneTyp (KOMTK) UHCTHTYTA XUMHYECKOH OHOJOTHH U
¢dynmamenranpaOi MenuinHbl CO PAH (MXBOM CO PAH).

Omnpenenenne Buaa 6akrepuil. Bunosyro mpuHaamex-
HOCTb CTA(HUIOKOKKOB OIPEACIISIIIN MTyTEeM CEKBEHUPOBAHUSI
nmocnenoBarenpHOCTEl reHa 16S pPHK. B kauecTBe MaTpuiist
s amrutugukanuu reHa 16S pPHK ucnonszoBamu 6akre-
puanbublie mu3arsl. [P npoBoauim ¢ yHuBepcaabHbIX 0JIU-
roHykiIeoTuoB 16s-8-f-b 5'-AGRGTTTGATCCTGGCTCA-
3" n 16s-1350-r-B 5'-ACGGGCGGTGTGTACAAG-3’,
onmcanHbiX panee (Wang, Qian, 2009). B pesynsrare I[P
nmonyyanu (pparmentsl JHK mmuHON 1342 H.11. CexBeHH-
poBanue nomyueHHbIX [1I[P-pparmenToB ocymecTsisuin B
000UX HaNpaBICHUSAX C MPUMEHEHHEM TEX JKe MpaiiMepoB
u Habopa BigDye™ Terminator v.3.1 (Applied Biosystems,
CIIIA) o mpoToKosaM Mpou3BoANTEsl. KanmimisipHblii anext-
podope3 mpoayKTOB peakuuu MPOBOJMIN Ha aHAIU3aTOpe
ABI 3500 Genetic Analyzer (Applied Biosystems, CILA).
Hyxiieotuanele mocneoBaTelIbHOCTH BEpU(DUIIUPOBAIIH C
MOMOIIIBFO porpamMmmbl Sequencher v.4.0.5. u aHaIM3UpOBAIN
¢ ucrnosb3oBanueM 0a3wl naHHbIX GenBank Database. Jlms
OTIpEIEICHUSI BU/1a COTIOCTABIISIIIM TIOJTyYSHHYIO TT0CIIe/I0Ba-
TEJIBHOCTH C Hambojee OMM3KUMH TOCIeT0BATEIBHOCTIMU
pona Staphylococcus, TPUCYTCTBYIONUME B 0a3e JaHHBIX
GenBank Database (py ypoBHE CXO/CTBa IOCIIEIOBATEIb-
Hoctel He MeHee 99 %). BuaoByro uaeHTH(DUKAIMIO B PsiIe
CllydaeB MOATBEPKAAIN Ha OMOXMMHYECKOM aHAIN3aTope
Gene III OmniLog System (BioLog, CILIA).

AHaJin3 GMOXMMHUYECKHX CBOHCTB. buoxumuueckue
CBOMCTBA BBIACICHHBIX OAaKTEpHi MPOBEPSIN CTaHIAPTHBI-
MU METOJIaMH: &) BBISIBICHUEM I'€éMOJIMTHYECKOW aKTHBHOCTH
Ha arapu3oBaHHOU cpexe ¢ mobasienueM 10 10 % kpoBu
KponuKa; 0) BBIABICHHEM HATUYHA KOaryiaa3bl MpoOHUpod-
HBIM METOJIOM C IuTa3moii kponuka (Jlebenesa, 1973). Uys-
CTBUTEILHOCTh K aHTUOMOTHKAM (OCSH3MIITIEHUIIMILINH, OKCa-
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LUJUTUH, TEHTAMUIMH, 3PUTPOMHIIMH, HUIPO(IOKCALIMH,
JeBO(IOKCALNH, KIIMHAAMHUIINH, BAHKOMHUIIVNH ) BBI/ICIICHHBIX
mramMMoB Staphylococcus spp. onpenernsiy qucko-auddysn-
OHHBIM MeTozioM, corntacHo MYK 4.2.1890-04 «Onpenenenue
YYBCTBUTEIBHOCTH K @HTHOAKTEPHAIBHBIM IIperiaparam», ¢
ucnons3zoBanueM arapa Mromiepa—Xunrona. [llltammer MRS
UACHTU(UIUPOBAIN HA OCHOBAHUHM YYyBCTBUTEIBHOCTU K
OKCAIWJUTHHY.

I'enernyecknii anaaus. Hanuuue reHoB coa u mecA B re-
HOMaX MCCJIE/lyeMbIX IITaMMOB CTa()MIIOKOKKOB ITOATBEPIK1a-
s metozoMm [P B peamsrom Bpemenu (I1L[P-pB). st aToro
u3 100 mxut 6akrepuanpHOH cycniensun Beinessn JJHK c uc-
nosb30oBaHKeM Habopa pearenToB «Peanbect JIHK-3xcmpeccy
(AO «Bextop-bect», Poccus). B kauecTBe moI0KUTEIEHOTO
koHTpoist [ILP ncnonszoBanu JJHK BHYyTpeHHETO KOHTPOJIB-
HOro 00pa3ia, BXOJSILEro B cocTaB Habopa s BbIJICICHUSI.
[TIP-pB npoBOAMIN C UCIIOJB30BAHUEM COOTBETCTBYIOIINX
IpaiiMepoB 1 30H/I0B, IIPEACTaBICHHBIX B Ta0I. 1, Ha aMIUIH-
(huxarope c rerexiueii B pexxume peanbHoro BpemMenn CFX96
Touch™ (Bio-Rad, CIIIA). Komnuectsennyto onenky JHK
OCYIIECTBIISIIN 10 KaJTMOPOBOYHBIM KPUBBIM, OCTPOCHHBIM
[0 pe3ylbTaTaM aHalIHW3a CEePUH Pa3BEACHUH CTaHAAPTHOTO
obpasia. CranmapTHEIM 00pa3moM sBisiiack ountieHHas JJHK
S. aureus, mramm KOMTK 707, koHLIEHTpa1yst KOTOPOI onpe-
JiefieHa crekrpodoromeTpuyecku. B kadyecTBe KOHTPOIBHBIX
IITaMMOB /715 JEHOTHITNYECKUX TECTOB ¥ TCHOTUITMPOBAHUS
OBLIM B3STHI YYBCTBUTEIbHBIC K METHIHMIUIMHY MITAMMEI
S. aureus ATCC 25923 u S. aureus ATCC 29213 u pesu-
creaTHeI mTamMM S. aureus ATCC 43300. B psne cinydaes
noryueHnsle [TI{P-¢parMeHTs CEeKBEHNPOBAIM C TPUMEHE-
HHUEM TeX ke rnpaiimepoB (cM. Tadi. 1). CekBeHHpOBaHUE U
aHAJIM3 TI0CJIEI0BATEIPHOCTEH OCYIIECTBIISIN aHAJIOTHIHO
OIMCAHHOMY BBIILIC.

Pe3ynbTaTbl n 06CyxaeHMe

AHAIU3 BHI0BOI0 Pa3H000pa3us HcCyeAyeMbIX IITAMMOB
cradpmiaokokkoB. B 2010-2014 rr. u3 pa3auuHbIX 00pasIoB,
B3STBIX OT JIIOAEH, KUBOTHBIX M M3 OKPY)KAIOLIEH CpPEb
BoIeneHbl 100 mTaMMoB cTaUIUIOKOKKOB, KOTOPBIE OBLTH
nenonupoBanbl B KOMTK MXBDM CO PAH. 13 100 mram-
MOB 85 M30IUPOBAHBI OT 3I0OPOBBIX M OONBHBIX JHOneH, 48
IITAMMOB — OT NTAIINEHTOB, HAXOANBIINXCS HA CTAIIHOHAPHOM
JICYEHUH C TOPIUIHBIMU TPOPUIESCKIMHU SI3BAMU, [TapanpoTe3-
HOW MH(EKIHel 1 nHPEKITNeH MATKIX TKaHEeH, B TOM YuCIie
Ha (pone caxapHoro auabdera (00pa3ubl U3 CTAMOHAPOB TO-
sy4yeHbl U3 JIopoKHON KIMHUYECKON OOJBHUIIBI HA CTAHIHU
Hosocubupck-I'masasiit OAO «PXK/1»; HoBocubupckoro
Hay4YHO-HMCCIIEI0BATENLCKOTO HHCTUTYTA TPABMATOIOTUH |
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Table 2. Identification of Staphylococcus strains

Number of strains

No Species

from indoor
patients

from the
community
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from animals and
the environment

from healthy persons
and outpatients

S. epidermidis

4 S.equorum 1

opronenuu uM. f.J1. [{luBbsasna Munsnpasa Poccun; Hayuno-
HCCIIE/IOBATEIbCKOTO MHCTUTYTa KIIMHUYIECKOH U SKCTIepHMEH-
tanbHOU smmdonorun; [ocynapcrBenHoit HoBocubupcekoit
o0macTHOW KIMHNYECKOi 6ompHUIIEI MuH3apaBa P®), 37 — ot
YCIIOBHO 3/I0POBBIX JIMII U aMOYJIaTOPHBIX O0IbHBIX. OT XKH-
BOTHBIX U U3 OKpPY’KaroIleil cpeJibl H30JUPOBaHo 15 mramMmmoB
(Tabm. 2).

ITo pe3synbratam cexBenuposanus reHa 16S pPHK ompe-
JleJieHa BUJIOBasi PUHA/UIC)KHOCTh BBIACICHHBIX HITAMMOB
CTapMIOKOKKOB (CM. Tabn. 2). bonee momoBHHBI mITaMMOB
COCTaBWJIM IITAaMMEI S. aureus, okono 1/3 — S. epidermidis
(cMm. Tabn. 2). BunoBoe pa3HooOpa3ue BHEOOIbHUIHBIX
MITaMMOB OTJIMYAJIOCh OT TAaKOBOTO Y IITAaMMOB, BBIICICH-
HBIX W3 CTalOHApoB (cM. Tabim. 2). Tak, cpenu mramMMmos,
MOJIyYSHHBIX OT OOJIbHBIX M3 CTAL[HOHAPOB, JOMUHHPOBAIH
S. aureus (79.1 %), S. epidermidis coctasmmu oxoino 12.5 %,
a S. haemolyticus, S. simulans, S. hominis n S. warneri
BCTPETUIIUCH B €IIMHUYHBIX Citydasx. Cpean BHEOOIbHUYHBIX
TaMMOB S. aureus u S. epidermidis BEIIETICHBI B TIPUMEPHO
PaBHBIX COOTHOIICHHSX, KPOME TOTO, Y YCIOBHO 3/I0POBBIX
1 aMOyJ1aTOpHBIX OOJILHBIX CIIEKTP BBISIBIICHHBIX BHIIOB CTa-
(PMITOKOKKOB MINPE, ¥, TOMHUMO BBIIIEEPEIHNCICHHBIX BUIOB,
oOHapyskeHsl S. capitis u S. equorum (cM. Tadmn. 2). S. lentus,
S. intermedius n S. pseudintermedius ObLIN N30TMPOBAHBI
TOJIBKO M3 00pas3IOB OT )KUBOTHHIX (CM. Tabm. 2).

HUnentndukanns cTtaMIOKOKKOB ¢ HCIOJb30BAHUEM
OMoXMMHUYEeCKHX MapKepoB. Hamuune y cra)uioKoKKOB
psia GMOXMMHUYECKHX CBOICTB, B YaCTHOCTH FEMOJIUTHUECKOM
W KOAryJa3HOW aKTUBHOCTH, BO MHOTOM OOYCIIOBIIMBAET MX
MaTOr€HHOCTh M KJIMHUYECKYIO 3HaYMMOCTb. Mccnenyemble
MTaMMBbl CTA(IIOKOKKOB MPOTECTUPOBAHBI HA HAJINYIUE
HEKOTOPHIX OMOXMMHYECKHX CBOWCTB METOJaMH KJlacchuye-
CKOIl MUKpPOOMOJIOTMU. AHAJIN3 BBISBJICHHBIX LITAMMOB Ha
HaJIMYue TEeMOJUTUYCCKON aKTMBHOCTH ToKasall, 4to 72 %
MIPOAHAM3UPOBAHHBIX IITAMMOB CTa(QHUIOKOKKOB 00JIa1au
9TON aKTUBHOCTBIO, IPUYEM I'€MOJIUTUYECKUE CBONCTBA IIPU-
CYTCTBOBAJIM KaK y IITAMMOB S. aureus, Tak 1y IPYTUX BU/IOB
craduokokkos (Tadm. 3).

JKonorunyeckasa n nonynAuMoHHasA reHeTKa

CunTaercsi, 4TO OflHA U3 OCHOBHBIX OMOXMMHUYECKHX Xa-
PaKTEepUCTHK S. aureus — CIIOCOOHOCTH pasjiaraTb MaHHUT
JI0 KUCJIOTHI B MaHHHUT-COJIEBOM arape, ModToOMy TEeCT Ha
(hepMEHTANIO MAHHUTA UCTIONB3YETCS ISl HACHTH(DUKALINT
mrammMoB S. aureus (Herpycos u 1p., 2005). B xone nccneno-
BaHMSI BBISIBJICHO, YTO PACILEIUISTh MAHHUT MOT'YT HE TOJIBKO
S. aureus, HO M OaKTEPHH IPYTHX BUIOB CTA()UIOKOKKOB:
S. haemolyticus, S. warneri, S capitis, S. lentus, S. equorum,
S. hominis u S. intermedius (cm. ta6n. 3). I[lonydeHHbIC
Pe3yNbTaThl MOATBEPIMIIH, YTO TECT Ha CITOCOOHOCTH K (hep-
MEHTAIMN MaHHUTA HE TI03BOJISIET TOYHO BBISBIATS S. aureus
1 TpeOyeTCsl JONOIHUTENbHAS WICHTU(UKALHSL.

TecTbl Ha HanWYKME KOATyIa3bl TAKKE HCIONB3YIOTCS A
MEXBHJIOBOM TMarHOCTUKH CTA(UIOKOKKOB W BBISBICHUS
S. aureus (Hetpycos u np., 2005). CpaBHeHHE pe3ybTaTOB
BBISIBIIEHHS] 3TOTO Mapkepa y cTa(hUIOKOKKOB (heHOTHIH-
YECKMM M T€HETHYECKUM METOJaMH MPOJEMOHCTPHUPOBAIIO
100 % coBnazieHuE TOJBKO JUISI IITAMMOB S. aureus, BKIOYas
TECT-IITaMMBI (CM. Ta0II. 3). Y Ipyrux Koaryna3omno3uTHBHBIX
cTautokokkoB (S. intermedius n S. pseudintermedius) cooT-
BerctBytomuit [1IP-dhparment He o6HapyxeH (cM. Tadi. 3).
Taxum 0Opa3om, pazpaboTaHHAs CHCTEMA JETEKIINHU TeHa cod
SBIISIETCS BBICOKOCIIEHM(UIHON B OTHOUICHUH IITAMMOB
S. aureus ¥ MOXeT OBITh MCIIOJIb30BaHa JUIS MICHTH()UKAIINN
GaxTepwii TOTO BUIA.

Jereknns pe3MCTEHTHBIX K AHTHOMOTHKAM cTaHJI0-
KOKKOB, BKiIIo4ast MRS. VccnenoBanue 4yyBCTBUTEIBHOCTH
IITaMMOB CTa(MIOKOKKOB K aHTHOMOTHKAM IOKA3aJo, YTO
OOJIPIIMHCTBO UCCIIEAOBAHHBIX ITAMMOB YCTOWYHBO K 3pH-
TpomuruHy (6osiee 75 % mTaMMOB) U OCH3UIITICHUITHIUTUHY
(86 % pe3ucTeHTHBIX ITaMMOB cpenu S. aureus, 96 % — cpe-
mu S. epidermidis). Bmecte ¢ TeM Bce IPOTECTHPOBaHHBIC
[ITaMMbI YyBCTBUTEJIbHBI K BAHKOMHUIIMHY U Oosiee 65 % — Kk
OKCAIWJUTHHY ¥ TeHTaMHUIUHY (Ta0i. 4).

MapkepoM 4yBCTBUTEIBHOCTH CTA()MIIOKOKKOB K [-11aK-
TaMHBIM aHTHOMOTHKAM CYHMTAETCsl OKcaluinH. Eciu cra-
(bMITOKOKK 00J1a/1aeT PE3UCTEHTHOCTHIO K OKCAIMILIHHY, TO
Jpyrue B-laKTaMHble aHTHONOTHKY (METHIIWIUINH, IEHUIINII-
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Table 3. Analysis of Staphylococcus strain features by biochemical and genetic methods

Species Overall number Number of strains with activities Detection
of strains e e L of the coa gene?
hemolytic mannitol- coagulase
metabolizing

'The hemolytic activity was assayed after 20 h incubation of strains on agar medium with up to 10 % rabbit blood; 2 The coagulase activity and the coa gene were
also found in control S. aureus test strains ATCC 25923, ATCC 29213 and ATCC 43300.

Table 4. Antibiotic sensitivity in Staphylococcus strains

Antibiotic Number of strains, % of the overall number of strains
Class Concentration S. aureus S. epidermidis Other species
Suscep- Inter- Resis- Suscep- Inter- Resis- Suscep- Inter- Resis-
tible mediate  tant tible mediate  tant tible mediate tant
Penicillins Benzylpenicillin, 10U 8 (14) 0 48 (86) 1(4) 0 23 (96) 10 (50) 0 10 (50)
Semisynthetic Oxacillin, 1 ug 45 (81) 0 11(19) 17 (71) 1(4) 6 (25) 19 (95) 0 1(5)
penicillins
Generation |l Gentamicin, 10 pg 37 (67) 7(12) 12(21) 19(79) 1(4) 4(17) 18(90) O 2(10)
aminoglycoside
Macrolide Erythromycin, 15 ug 8 (14) 35(63) 13(23) 5(21) 9(38) 10 (42) 3(15) 10 (50) 7 (35)
Generation | Ciprofloxacin, 5 ug 13(22) 21 (39) 22 (39) 14(58) 2(8) 8 (34) 16 (80) 1(5) 3(15)
fluoroquinolone
Generation llI Levofloxacin, 5 ug 39(70) 7(12) 10(18) 14 (58) 7 (29) 3(13) 14 (70) 2(10) 4(20)
fluoroquinolone
Semisynthetic Clindamycin, 2 ug 28 (49) 12(23) 16 (28) 13(54) 2(8) 9(38) 14(70)  4(20) 2(10)
lincosamide
Glycopeptide Vancomycin, 30 ug 56 (100) 0 0 24(100) O 0 18 (90) 0 0

Note. Resistant to two or more antibiotic classes: S. aureus, 33 strains; S. epidermidis, 13 strains; and other Staphylococcus species, 6 strains.

JIMHBI, I/IHFI/I6I/ITOp—3aHII/IIlIeHHI>Ie AMHUHOIICHULIUJIJIMHBI, ue(ba—
JIOCTIOPHUHBI BCEX TIOKOJICHUH, KapOareHeMbI) Oyy T Hedddek-
tuBHBI (Cupopenko, Tumkos, 2004; Kapros, Kaganko, 2006;
Yepnuii u ap., 2010). UyBcTBUTEIBHOCTH CTA(QHIOKOKKOB K
B-maxTaMHBIM aHTHOMOTHKAM OOYCIIOBIIEHA CITIOCOOHOCTHIO
[B-makTaMOB HEOOPATUMO CBSA3BIBATHCS C CEPUH-COACPIKAIIIAM
AKTUBHBIM HEHTPOM TaK Ha3bIBACMbIX IICHUIUJIJIMH-CBA3bIBA-
tformx 6emkoB (I1CH), HeoOXOMMMBIX IS TOCTPOCHUS KIICTOU-
HOM CTCHKH CTa(hMITOKOKKA, YTO IIPUBOIUT K THOCITH OaKTEPHUH.

956 VavilovJournal of Genetics and Breeding - 2017 - 21+ 8

Pa3znuuarot, no kpaitHeit mepe, matTh pasnuusbix [ICB, u3
kotopsix [1CB2a, konupyemsrii reHoM mecA, obragaer mouTu
B 1000 pa3 menbumM aduauTeToM K B-makramam. [Toatomy
cTaQUIIOKOKK, HOCUTENb T'eHa mecA, CrloCOOEH BBLIEPKATH
BO3JEHCTBHE PTHX aHTHOMOTHKOB (CHIOpeHKO, THIIKOB,
2004). I'en mecA pacnionaraercsi B KpyITHOM MOOHIIBHOM Te-
HeTtnueckoM anemenTe SCCmec. MeTUIMIUTHH-PE3UCTEHTHBIE
mrrammel S. aureus (MRSA) gacto 0051a1a10T yCTOWIHBOCTHIO
M KO MHOTHM JPYT'MM aHTHOMOTHKAM, MOCKOIbKY SCCmec
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Table 5. Test of MRS strains for antibiotic resistance

No  Strain Detection Resistance detected Strain origin
of the mecA by the disk-diffusion test
gene by qPCR to oxacillin®  to other antibiotics?
S. aureus
1 KEMTK 675 + R PEN, GEN, ERY, CLI, CIP, Discharge from a postoperative fistula
LEV
2 KEMTK 707 + PEN, ERY, CLI, CIP, LEV Biopsy sample from the tissue necrosis area after surgery
3 KEMTK 1639 PEN, GEN, ERY, CLI, CIP, Discharge from a septic wound in diabetic foot infections
LEV
4 KEMTK 1695 PEN, GEN, CIP, LEV »
KEMTK 1732 PEN, GEN, CIP »
6 KEMTK 1733 R PEN, CIP, LEV Discharge from a postoperative fistula
7 KEMTK 1850 R PEN, GEN, ERY, CLI, CIP, Discharge from a septic wound in diabetic foot infections
LEV
8 KEMTK 2077 + R PEN, GEN, ERY, CLI, CIP, »
LEV

Designations: 1 R, resistant; S, susceptible; I, intermediate. 2 PEN, benzylpenicillin; GEN, gentamicin; ERY, erythromycin; CLI, clindamycin; CIP, ciprofloxacin; LEV,
levofloxacin. All strains except for KEMTK 2034 were obtained from indoor patients.

MOKET COZIEPKATh MHOKECTBEHHBIE JIOKYChI YCTOHYNBOCTH
(Cunopenxko, Tumkos, 2004), 4To CyIIECTBEHHO OCIOXKHSICT
nedenue. B cBs3u ¢ 1M HeoOXoauma uneHTuukams MRSA
u npyrux MRS.

@deHOoTHITHYECKOe TECTHPOBAHUE ITAMMOB CTA(QIIOKOK-
koB 13 HoBocuOMpcka Ha yCTOHYHMBOCTH K OKCAIlMJUIMHY
BeIsiBIUIO 18 mrammoB MRS, 11 u3 xotopsix — S. aureus,
6—S. epidermidis, 1 —S. haemolyticus (Tabx. 5). lons MRSA
cocraBmwia 19.6 % (11 u3 56), MCTULMILIMH-PE3UCTCHTHBIX
S. epidermidis (MRSE) —25.0 % (6 u3 24), a monst MRS cpenn
OCTaNBHBIX CTaPIITIOKOKKOB — 5.0 % (1 u3 20).

[rammbr MRS cocraBumnu 38 % (18 u3 48) u3 Bcex mram-
MOB CcTa(MIOKOKKOB, BBIJICICHHBIX B YCIOBHUSIX CTallMOHApA,
IIPY ATOM NostoBHHA ITaMMoB MRS Obl1a ycTOHUYMBA K ITATH
u Oosiee antuOMOTHKaM (cM. Tabi. 5). B To ke Bpemsi cpeau
52 BHEOOILHUYHBIX IITAMMOB BBISBJICH JIMIIb OJWH MITaMM
S. epidermidis, KIMTK 2034, o6namaromntiii mpoMeKy TOYHON

JKonorunyeckasa n nonynAuMoHHasA reHeTKa

YCTOMYMBOCTHIO K METHILMIIIMHY W3 00pasiia OT MalneHTa,
HAXOJSIIETOCS Ha aMOyIaTOPHOM JICUCHHUU.

OmuuM u3 MeTooB BhlsiBiaeHUss MRS, Bxitouass MRSA,
MOJKEeT OBITh TeHETHUECKHI aHadN3 Ha MPHCYTCTBHE TeHa
mecA. Bee mraMMbl cTaMITOKOKKOB OBLITH IIPOTECTHPOBAHBI
Ha npucyTcTBue rena mecA meronpom IILIP-pB. [lanHble mO
BCTpEYaeMOCTH TeHa mecA y (PeHOTUIMHIECKH BBISBICHHBIX
mrraMmmoB MRS nipencrasnens! B Tabn. 5. O6a Buma aHamms3a
MOKAa3aJii BBICOKYIO CTerneHb cooTBeTcTBUsA (99 %). Tonbko
omuH u3 mTaMMoB S. epidermidis KOMTK 2034 obmaman
MPOMEXKYTOYHON YCTOMUMBOCTBIO K OKCALUIUIUHY, TPU HTOM
BBISIBJICHHE T€HA MecA MOATBEPIUIIO €T0 MPUHAIEKHOCTD K
MRSE. Cpeau mraMMoB, (peHOTHIIIYECKN TyBCTBUTEIHHBIX
K OKCAllMJUTUHY, T€H mecA He BbISIBICH.

Takum obpasom, nerekiust reHa mecA meromom I[P B
pearbHOM BPEMEHH SBIISETCS CIEM(DPUIHBIM METOIOM, TIpe-
BOCXOIUT (DEHOTHITMICCKUIA METO 110 YYBCTBUTCIBHOCTH U
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ObicTpoTe aHanu3a. BeusiBienue rena mecA y ctaduioKoKKOB
MOXKET PaCCMaTPHUBATHCS KAK aTbTEPHATHBA (DEHOTUITHIECKO-
My BbISIBIIEHHIO ITaMMOB MRS.

Pacnpoctpanenne mrammoB MRS B Poccuiickoii ®ene-
panuy CyIIeCTBEHHO pa3lnyaeTcs B 3aBUCHMOCTH OT TOAa,
porIIs YUPEKACHHUS U PETHOHA, TIPH 3TOM JITaHHBIE co0pa-
HBI IPEUMYIIIECTBEHHO B €BpoIeiickoii yactu crpansl (Cuo-
peHKo u ap., 1998; Mypamrkus u ap., 2012; bo u ap., 2014).
OnyOnuKoBaHbl Pe3yNIbTaThl AByX MHOTOLICHTPOBBIX HCCIIE-
JIOBAaHUII IO AMHUAEMHOJIOTHH HO30KOMHAJIBHBIX IIITAMMOB S.
aureus B Poccuiickoil denepaiyy, BKIIOYMBILNX B TOM YHCIIE
W IITaMMBI, BBIICJICHHBIE B cTanuoHapax HoBocuOnpcka
u apyrux ropono Cubupu (dexuuu u ap., 2002, 2008).
Pesynprarer uccnenosanus 2002 . mOKa3aiy, 9TO IITAMMBI
MRSA coctaBuu 33.5 % ot o01ero konuuecTna S. aureus,
BBISIBIICHHBIX B cTaroHapax Poccun. ITpu atom nonst MRSA
BapbUpOBANIa B PA3INYHBIX OTACICHUSIX CTAIMOHApOB OT 0
10 89.5 % u B OCHOBHOM 3aBHCENa OT MPOQWIS OTACICHHS
(Mexuuy u ap., 2002). B padore ([exuny u ap., 2008) uccie-
JIOBaHA aHTHOMOTHUKOPE3UCTEHTHOCTh IITAMMOB S. aureus B
OTJIETICHUSAX PEAaHNMAIIMH 1 HTHTEHCUBHOMN TEPAITHH: B CPETHEM
o Poccun Bcrpeuaemocts MRSA cocrasuia 49.9 %, B Ho-
Bocubupcke — 72.1 %. B Hamewm uccnenoBanuu 1ot MRSA
coctaBmia 29 % OT 00IIero KoIM4ecTBa IITaMMOB . aureus,
BBIJIEJIEHHBIX OT TOCIHUTAIIM3UPOBAHHBIX MTALIUEHTOB, YTO IIPH-
OIM3UTEIILHO COOTBETCTBYET PaHEE MOIYyIEHHBIM IaHHBIM IS
cranmonapoB Poccun (dexaud u np., 2002).

3aknioyeHune

Ornpenenena BuaoBas npuHaaiexHocts 100 mraMMoB cra-
(hnIIOKOKKOB, BbIIeNIeHHBIX B HoBoCHOMpPCKe OT OOJBHBIX U
3[IOPOBBIX JOJICH, OT )KUBOTHBIX U U3 OKPY’KAIOMIEH CPebl, 1
MTOKA3aHO, YTO CPEAH IITAMMOB, ITOTYYCHHBIX OT OOJBHBIX U3
crairoHapoB, fomunauposanu S. aureus (79.1 %), S. epider-
midis cocTaBUIIN OK0JO0 12.5 %, CTa(hMIOKOKKH IPYyTUX BUIOB
00HapyKEHBI B ¢IMHIYHBIX Cirydasx. Cpean BHCOOTbHUIHBIX
IITAMMOB CIICKTP BHUJIOB IIUpE, a S. aureus u S. epidermidis
BCTPEYAIOTCS IPUMEPHO B PABHBIX COOTHOIICHUSIX. AHAIN3
HAJIAYHS T€HA cOd B OTIMYHE OT OMOXUMHUYCCKOTO TeCTa Ha
KOAaryJia3Hyl aKTHBHOCTH [1O3BOJIMJI TOYHO MAEHTH(UIH-
poBath S. aureus. BBIIBIEH BBICOKHI YPOBEHBb COBIIACHUS
MEXy HAIHYHEM B KICTKAaX CTa(MIOKOKKOB reHa mecA u
(heHOTUITNYECKON YCTOMYMBOCTBIO K OKcaluuuHy. Vccie-
JTIOBaHUE CTA(PUIOKOKKOB Ha IIPUCYTCTBHE T'eHa mecA MOKHO
UCTIONB30BaTh KaK aTbTCPHATUBY (PEHOTHITIYECKOMY METOLY
WICHTU(HUKAMY METULIMIIMH-PE3UCTEHTHBIX IITAMMOB CTa-
(PMITOKOKKOB.
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duaoreHeTMYECKN aHaJIN3 MIUKPOOHOT'O MaTa
B ropsiueM mctouHuke I'apra (baiKasibCKasi
pudTOBas 30HA) 1 pa3HOOOpasue
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T UHCTUTYT 061Leit 1 SKCneprMeHTanbHOI Gronornn CBMPCKOro oTaeneHs Poccuiickoi akageMuu Hayk, Ynan-Yas, Poccua

2 BypATCKMI1 FOCYAapCTBEHHBI YHUBEPCUTET, YnaH-Yaa, Poccus

3 Baiikanbckuit MNHCTUTYT Nprpoaonosb3oBaHna Cnbrpckoro otaeneHnsa Poccuinckor akafgeMunmn HayK, Ynan-Yaa, Poccus
4 feonornueckmin NHCTUTYT CBMpPCKOro oTAeneHnsa Poccninckoin akagemun Hayk, Ynan-Yas, Poccna
5 VIHCTUTYT XUMIUUECKOi1 611ONOrvm 1 GyHIaMeHTanbHOI MeanLMHBI CBUPCKOro oTaeneHns Poccuitckoil akaaemin Hayk, HoBocu6upck, Poccusa

B HacToAwwee BpemMA B MVIKpO6HOI7I SKONOrnmn akTMBHO nNpnme-
HAKTCA MeTOAbl METAareHOMHOIO aHaJlI3a, KOTOPble NO3BONAIT
OXapaKTepmnsoBaTb TaKCOHOMMYECKMI COCTaB n pa3H006pa3V|e

Mn Kp06HbIX COO6LL|eCTB. rl/lp,pOJ'II/ITI/NeCKI/Ie 6aKTep|/||/|, B YaCTHOCTU

NMPOTEOJSINTUKN, B TOPAYNX NCTOYHUKAX 3aHUMAtOT HULLY NepBnY-

HbIX AeCTPYKTOPOB, bnaroaapsa cCnoco6HOCTM CeKpeTMpoBaThb dep-

MEHTbI, aKTUBHbIE B LUMPOKNX AMaMna3oHax 3HauyeHun pH nremne-

patyp. Llenbto faHHOI paboTbl 6b110 OnNpefeneHne TakKCOHOMUYe-

CKOrO COCTaBa, CTPYKTYpbl 6aKkTepranbHOro MMKPOOGHOro MaTa 1

BblABJIEHNE NenTnaas B TepMOd)I/I)'IbHOM MI/IKp06HOM COO6IJ.|,eCTBe

lapra. [MapoxyMmyecknii aHanus Bobl MoKa3san BbICOKOe cofiep-
xaHue cynbdatos — 390 Mr/gm>. B MUKPO3ieMEHTHOM CoCTaBe
BOAbl OTMEeYeHbl NMOBbILLEHHble KOHLeHTpaumu B, Rb, Li, Ba u Sr.

MpoBefeH aHann3 TaKCOHOMUYECKOTO Pa3HO06Pa3nA MUKPOOHO-
ro mMaTa B ropAaYem UctouHuke lapra, B TemnepartypHou 3oHe 54 °C.

CTpyKTypa MUKPOGHOro MaTa npefcTaBfieHa pasHoO6pasHbIMM
dunoreHeTNYECKMI FPyNNaMn Me3opubHbBIX 1 TEPMOPUITBHBIX
6aKTepuin C pa3nMuHbIMU METABOIMYECKMMM U SKONTOMMYECKMI
dyHKUmAMK. HanbonbLuyto fonio B cooblyectse coctaBun Gunym

Firmicutes (64 %). AHann3 cobpaHHbIX MeTareHOMHbIX NOCiefoBa-

TenbHOCTen MVIKpO6HOFO MaTa Nno3BoJsIn Brepsble CUCTEMATUSU-

poBaTb 1 AaTb XapaKTePUCTUKY BbIABNEHHbIX NenTnaas B MVIKp06-

HOM MaTe ropavyero NCTo4YHMKa I'apra. CpaBHeHVIe MeTareHOMHbIX
I'IOCJ'Ie,ElOBaTeJ'IbHOCTef;I penpe3eHTaTBHbIX AaHHbIX BbIABUJIO 4O~
MWUHNPOBaHNEe d)epMeHTOB KJlacCa CepUHOBbIX NenTnaas. I'Ipm-
poAaHble nenTnaasbl B ncciiegyeMmom MI/IKp06HOM COO6LL|eCTBe
obecneynBatoT rmgponns 6VIOFIOJ'WIMepOB Ha NMepBbIX 3Tanax
OeCcTPpyKUunn opraHn4yeckoro sewecTsa n MOryT npeacTaBiATb
6MOTEXHONOTNYECKII NHTEpPEC.

KnioueBble crioBa: GpuIoreHeTUYECKIMiA aHan3; MUKPobHoe
Co06LLeCcTBO; MeTareHOMHbI aHanu3; nenTuaasbl; bakanbckas
pudToBas 30Ha.
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Phylogenetic analysis

of the microbial mat in the hot
spring Garga (Baikal rift zone) and
the diversity of natural peptidases

E.V. Lavrentyeval 2@, A.A. Radnagurueval,

T.G. Banzaraktsaeval, S.M. Bazarov!, D.D. Barkhutoval,
L.D. Ulzetueva3, M.K. Chernyavsky%, M.R. Kabilov®,
V.V. Khakhinov?

Tnstitute of General and Experimental Biology SB RAS, Ulan-Ude,
Russia

2 Buryat State University, Ulan-Ude, Russia

3 Baikal Institute of Nature Management SB RAS, Ulan-Ude, Russia
4 Geological Institute SB RAS, Ulan-Ude, Russia

5 Institute of Chemical Biology and Fundamental Medicine SB RAS,
Novosibirsk, Russia

Hydrolytic bacteria (in particular, proteolytics) are the
primary destructors in hot springs. The proteolytic bacteria
are able to secrete enzymes that are active in wide ranges
of pH and temperature. The aim of this work was to study
the taxonomic composition, the structure of the bacterial
microbial mat, and to study the distribution of peptidases
in the thermophilic microbial Garga community. For the
study, we sampled the microbial mat at a water tempera-
ture of 54.2 °C and a pH of 8.3. Hydrochemical analysis

of water showed a high content of sulfates, 390 mg/dm?.
The microelement composition of water showed that the
Garga water had increased concentrations of B, Rb, Li, Ba,
Sr. We analyzed the taxonomic diversity of the microbial
community in the hot spring Garga at a temperature zone
of 54 °C. The structure of the microbial mat is represented
by various phylogenetic groups of mesophilic and ther-
mophilic bacteria, with various metabolic and ecological
functions. The dominant group in this community was the
phylum Firmicutes (64 %). The analysis of the collected
metagenomic sequences of the microbial community al-
lowed the detected peptidases in the microbial communi-
ty in the hot spring Garga to be for the first time system-
atized and characterized. Comparisons of metagenomic
sequences of representative data showed a dominance of
serine peptidase class enzymes. Natural peptidases in the
investigated microbial community ensure the hydrolysis
of biopolymers at the first stages of the destruction of
organic matter and may have biotechnological relevance.

Key words: phylogenetic analysis; microbial community;
metagenomic analysis; peptidases; Baikal rift zone.



epMOQUIIbHBIE ¥ aKATO(QUIbHBIE THIPOIINTHYECKUE

OGaxTepuH MPEACTaBISIOT OJHY U3 Harbosee OOITMPHBIX

1 aKTUBHO M3yYaeMBIX IPYII MUKPOOPTaHU3MOB H SB-
JIAKOTCA UCTOYHUKOM HOBBIX (bepMeHTOB )41 MeTa60ﬂI/ITOB JJIs1
MPOMBIIUIEHHOCTH M MEANIMHBL. MHOXXECTBO TEPMO-/aJIKao-
(PMITBHBIX MHUKPOOPTaHU3MOB OCYIIECTBIISICT THIPOIH3 MOJIH-
MepHBIX cyocTparoB —3to amuonutuky (Krishnan, Chandra,
1983; Gupta et al., 2003), memutrono3omutrku (Bergquist et al.,
1999; Uhl, Daniel, 1999; Andrade et al., 2001; Kozina et al.,
2010; u 1p.) u npoteonutuku. OCHOBHAS YaCTh POTEOIUTH-
KOB B Ka4€CTBE NCTOYHMKA YIIIEPOa U SHEPTUU HCIONb3YeT
MeTTH B! OJ1aroiapst HAIMYMIO BHEKJICTOUHBIX METTH/IA3, aK-
THUBHBIX B IIMPOKUX JMana3oHax 3HadeHuil pH u remneparyp
(Ward et al., 2002). B 1ieoM B IpUpOJHBIX MECTOOOUTAHISIX
THPOJIMTHKY 3aHUMAIOT HUIIY MEPBUYHBIX AECTPYKTOPOB,
Omaromapsi criocOOHOCTH IeTepOTPOGHO PACTH HA OUOIIOTUME-
pax pasmraHoi npupons! (Kyomanos, [Tonocoxopcexkast, 2011).

Vcnonb3oBaHne COBPEMEHHBIX METO/IOB MOJIEKYJISIPHOM
OMOJIOTUH TI03BOJIMJIO 3HAYUTEIBHO PACHIMPUTH 3HAHUS O
Pa3HO00pa3NK KyJIETUBHPYEMBIX U HEKYJIBTHBUPYEMBIX IIPE-
CTaBHUTEINICH pa3IMYHBIX MECTOOOMTAHUI, B TOM YHCIE TO-
pSYMX MCTOYHHMKOB. BBICOKONIPOM3BOANTENILHOE MUPOCEK-
BEHMPOBAHUE JIa€T BO3MOXKHOCTb OXapAKTEPU30BaTh COCTAB
1 pa3HooOpa3ue MUKPOOHBIX COOOIIECTB M BBISIBISICT KaK
JOMHUHUPYIOIHUEC MUKPOOPTAaHU3MBI, TAK 1 MUHOPHBIEC KOM-
noreHTsl (boru-Ocmonosekast, 2011).

B Hacrosimieit pabote npoBeieHa OleHKa COCTaBa U CTPYK-
TYpbl MUKPOOHOTO Mara C HCIOJIb30BaHHEM KOMILIEKCHOTO
MOAX0Ja M U3YYEHO PAacIpOCTPaHEHHE IMENTHAA3 B TEPMO-
¢$rIpHOM MUKpOOHOM coobmiectse ["apra.

MaTepmanbl n metogbl

BeicokoremmieparypHblii nCTOYHMK ["apra HaxomuTcs B J0-

nune p. ['apru, B orporax Mkarckoro xpe0ra, okaimiis-

IOIIETO KOTJIOBHHY C BOCTOUHOU CTOPOHHI (54°19203" ¢. 1.

110°59'646" B. 1., BBICOTa HaJl ypOBHEM MOPst 674 M). Y4acTok

BBIX0/1a CJIOKEH BOJHOJICIHUKOBBIMU BEPXHEUETBEPTHYHBIMH

OTJIOKEHHUSIMU, KOTOPBIE MEPEKPHIBAIOT MalC030HCKUE Ipa-

HUTHI ¥ TIPUYPOUCHBI K ['apruHCKOMY pasioMy, pOTATHBa-

IOIEMYCsI B CEBEpO-BOCTOYHOM HarmpasieHuu Ha 30—40 km.
MuKposeMEHTHBIN COCTaB BOJBI OlIpesesieH B I'eonoru-

yeckoM nHcruryte CO PAH (1. Vnan-Yin) Ha Macc-criekTpo-

METpE C MHAYKTUBHON CBSI3aHHOM IIa3MOM BBICOKOIO pas-

pemenus ICP-MS Element XR (Thermo Scientific Fisher,

Tepmanus).

Wzyuenue GpuioreHeTHYECKOro pazHooOpas3usi U IMOUCK
MenTHAa3 B MUKPOOHOM coobmecTBe mpoBeneHsl B OO0
«buocnapk» (r. Mocksa). [Tonck nmentuaas B MHKpOOHOM
COO00IIIECTBE OCYIIECTBIISUIN B HECKOIILKO ITAIIOB.

— Brigenenne roransroi JIHK m3 MukpoOHOTO CO0bMIIECTBA.
Henocpencrenno camo Boinenenue JHK Boimonusian B
TPH 3Tama: pa3pyleHue KJIEeTOK, IPOMBIBKA 1 OCAXKACHUE.

— IlonroroBka Ha ocHOBe noJiydeHHbIX IpenaparoB JHK
OuOIMOTEKM JUT CeKBeHnpoBaHus Ha mardopme [llumina
MiSeq npoBouiIach ¢ UCIOJIB30BAHHEM KOMMEPUYECKOTO
Habopa peaktnBoB New England Biolabs NEBNext®
Ultra™ DNA Library Prep Kit for [llumina® B crporom
COOTBETCTBUH € peKoMeHnauusiMu nponssoautess (https://
www.neb.com/products/e7370-nebnext-ultra-dna-library-
prep-kit-for-illumina).
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— CekBeHHpOBaHHE OJIyYeHHOM OMOIMOTEKH Ha r1aTdopme
[llumina MiSeq.

— buonndopmarnyeckuii aHaIU3 MOJYYCHHBIX JaHHBIX C
LEJIbIO BBISIBJICHUS] BCErO Pa3sHOOOpa3us MenTuia3 B MUK-
pobrOM coobmrecTse ['apra. J{is cOOpkr KOHTHUTOB UCTIONB-
30BaJIH MAKeT porpammuoro odecnedenust SPAdes v3.9.1
(http://bioinf.spbau.ru/spades). Ha ocHoBaHu1 00paboTaH-
HOW aHHOTAIMH MTOTy4eH IepEUEeHb BCEX BBISBICHHBIX TH-
TI0B TETITH/Ia3.

Pesynbtathl 1 06CyKaeHne

DH3NKO-XMMHYEeCKHE YCJI0BHS ropsidero ucrounnka l‘apra.
TepmainbHas Cynb(arHO-HaTpHUeBast BoJa M3JIHMBAETCS C Jie-
6mToM 5 11/c B HEOONBIIION TPOT, PACTIONIOKEHHBIH Ha TIPAaBOM
Oepery p. 'apra, na BeicoTe okoso 100 M OT ype3a BOABI
(674 M Hag ypoBHeM Mopsi). TeMmmnepaTypa BoJbl Ha BBIXOZIE
nmocturaer 74 °C. B ra3oBoM cocTtaBe mpeoOiagaeT a3orT.
[To TemmeparypHOMy peXUMY BOJBI MCTOUYHHUKA THIIEPTEp-
MajbHble, ¢ Temneparypoit Beie 41 °C. Boga ucrounuka,
o xaccuduxanuu 1.C. Jlomonocosa (1974), otHOCHTCS K
TOPSIYMHCKOMY THITY CYJb()aTHO-HATPUEBBIX KPEMHHCTBIX
TepM. OTIMYUTeNIbHAasE 0COOGHHOCTh BOJ ATOTO THIA — a0-
COJIIOTHOE TIpeobrananue cynb(aToB HaTpUA W HeOOIbIIAS
MUuHepam3anus, m3MeHstomascs ot 0.5 mo 1.0 r/a1. Bona,
CTeKasl 10 Py4bio, 00pa3yeT TpaBepTUH JIMHOHN 10 50 M U
IMIUPUHON 710 25 M, KOTOPBIH CYMTAETCS OIHUM U3 CaMBIX
KpyIHBIX B balikaabCKOM peruoHe.

Bericora ycrynoB Teppac konebiercs ot 0.3 1o 1.5 M, ux
o0Opa3oBaHMe 3aBUCHUT OT BOIOOOMIBHOCTH HMcTouHUKa. Co-
CTaB TPaBEPTHHOB NMPAKTUYECKH MTOJHOCTHIO KapOOHATHO-
KaJIbIUEBbIH, C BEICOKUM cozepxkanueM SiO,.

[Ipo6s1 MEUKpOOHOTO MaTa OTOOpPAHBI NMPU TEMIIEPATy-
pe Boasl 54.2 °C u pH 8.3. Munepanusanus cocTtaBuia
0.74 r/mv3. XuMuueckuii cocTaB BOJIBI IPEICTABIICH B Ta0L. 1.

JloMUHUPYIOLIMI KAaTHOH B BOJE — HATPUI; CPeIU aHUOHOB
00HapyKeHO MaKCHMaJIbHOE KOJIMYECTBO HOHOB Cyibdara u
rujpokapOooHara. XapakTepHOH YepTon JuIsl BOJ UCTOYHUKA
lapra sBnsieTcs BEICOKOE cozepKaHnue pazoHa, 10 43 smaH.

AHanmu3 pe3ysIbTaToB MHKPO3JIEMEHTHOTO COCTaBa BOJBI
I10Kasaj, 41O B FapFl/IHCKI/IX BOJaX OTMCUYCHaA IIOBBIIIICHHAA
koHIeHTparms B, Rb, Li, Ba u Sr (Tabx. 2). [Ipeobnananme
JIAaHHBIX 3JIEMEHTOB B IIEJIOM XapaKTEpHO JUTsl TEPMaJIbHBIX HC-
TOYHHUKOB, pa3rpyKaroluxcs B npenenax Mkarckoro xpeora.
Hammawe Sr, Li, Ba 1 HEKOTOPBIX IpyTHX JIEMEHTOB B BOJIC
TOPSTYEro NCTOYHHKA CBA3aHO C MX BHICOKHM COJCPIKAaHUEM B
IPaHUTOUJHBIX IIOPOAAX bapry3nHckoro koMIuiekca.

YCTaHOBIICHO, YTO COAEPKAHNE DIIEMEHTOB M X COEINHE-
HUH KOJIeOJIeTCs 110 pa3pesy TPaBEPTHHOB, YTO MOXKET CBUIC-
TCJIbCTBOBATH O HEMMOCTOSAHCTBE T’MAPOXUMUYCCKOI'0 peKUMa
B meprof ocaaxkoobpa3oBanus (3amana u ap., 2011).

duioreHeTHYECKHI aHATN3 MUKPOOHOro mara. CTpyk-
Typa MHKpPOOHOrO Mara ropsiiero ucrouyHnuka [apra npen-
CTaBlIeHA PA3JIMYHBIMHU (UIOTEHETUIECKUMH TPyIIaMu
Me30(MIBHBIX 1 TEPMO(UIIBHBIX OaKTEpUii C pa3IHIHBIMU Me-
TabOJIMUYECKIMH U IKOJIOTHYECKUMU (QYHKIMAMU (PHCYHOK).

B MukxpoO6HOM Mare HauOONBIIYIO OO0 B COOOIIECTBE
cocrasua Guiaym Firmicutes (30925 mykineoTHIHBIX HOCITE-
nmoBatrenbHOCTel, 64 %). [lomaBistoiiee OONBIIMHCTBO I10-
CIIeZI0BaTEeIHHOCTEH OTHECEHO K mopsiaky Bacillales n sBist-
eTcs npeacTaButesiMu pona Paenibacillus (57 %). B mpo-
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Na*

lon
concentration

K+ Ca2t Mgz+

2— -
COZ  HCO;

NO;

SO;”  H,SiOs

Table 2. Concentrations of microelements in the Garga hot spring

Element ug/L Element pg/L Element ug/L Element ug/L Element pg/L
Be .................... o 6 023 ............ Hf 0 0 0 ” ............. |_a .................... o 0 217 ............ Mn ................... 1 330 .............. Gd ................... < D|_ ..............

B ....................... 2 6082 ............ T| S 0 1 9 46 ............ Ce .................... o 0 277 ............ Fe .................... 1 657 .............. Tb .................... 0 0005 ...........

Rb .................... ”859 ............ 3.00071 ............. pr ..................... o 0026 ............ N. ..................... 0 4905 ............ Dy ................... < D|_ ..............

Y ...................... 0 0151 ............. Th 00038 ............ Nd ................... o 0095 ............ pb .................... 0 4948 ............ Ho ................... 0 0005 ...........

Zr ..................... 0 0525 ............ U B o 0 0 56 ............ sm ................... 0 o 0 09 ............ A| ..................... 3 370 .............. Er ..................... 0 oo 13 ...........

Nb .................... 0 0 017 ............ |_| ..................... 1 735 ............... p ...................... 9 240 .............. Ge .................... 1 061 ............... Tm ................... < D|_ ..............

Mo ................... 1 435 .............. Co .................... < DL* .............. Sc .................... 0 0 0 15 ............ AS .................... 0 0877 ............ Yb .................... < DL ..............

Ag .................... 0 0080 ............ Zn5144 .............. T. ..................... 0 8597 ............ se .................... < D|_ ................ |_u .................... < DL ..............

s n ..................... 0 1 240 ............ Ga .................... 3 8 6 1 ............... v ...................... 0 o 405 ............ Sr ..................... 3 794 ............... Ta ..................... 0 0025 ...........

s b .................... 0 0641 ............. Cd 0 0 2 37 ............ Cr .................... 0 20 82 ............ Eu .................... 0 0010 ............ Cu .................... 1306 .............

c54285 .............. 334625 ............... W ..................... 8 082 ............

* DL, detection limit.

BCACHHBLIX pAaHCC HUCCICIOBAHUAX HaM YJIaJIOCh BbIACIUTH
aJKaJ0-TepMODHUIBHYIO MPOTEONUTHYECKYI0 OAKTepHIO B
BUJIC YMCTOW KyabTypbl ['a-35, koTopas Obuta OTHECEHa K
Paenibacillus dendritiformis. OnpenencHue MeNTUIA3HOMN
aKTUBHOCTH ITOKa3ayio, 4TO ITaMM [a-35 o0iamaeT BBICO-
KOW aKTHBHOCTHIO (3.7 en/Mr Oenka) Ha CCHU(MUIHOM IS
CcyOTHIM3MH-TIONO0HBIX nentuaa3 cyocrpare GlpAALpNa
(Pammarypyesa u 1p., 2016). V3BecTHO, 9TO MpEACTaBUTENN
pona Paenibacillus SBIAIOTCS aKTHBHBIMH MPOJYLECHTAMHU
TUAPOJIUTHYCCKUX q)epMeHTOB, B YaCTHOCTH IICNITHAA3, U
Han0oJee MepCIeKTHBHBIMU 00BEKTaMH JUIS HCIIOJIb30BAHUS
B TIpOMBIIUIeHHOH OnorexHonornn (Grady et al., 2016).

Outym Proteobacteria peacTaBiieH 4eThIPbMsI OCHOBHBIMU
kmaccamu: Alpha (6 %), Beta (2 %), Gamma (3 %) u Delta
(0.6 %). st aToro hrmyma xapakTepHbI OONIBIIOE Pa3HO00-
pasue U BBICOKasi CKOPOCTh a3pOOHBIX U aHadPOOHBIX MeTa-
6ommueckux myteit (Madigan, 2000). AKTHBHOCTB TPOTE00AK-
TEpUIl CIOCOOCTBYET JeTpaialiii 1 OBICTPOMY TIOBTOPHOMY
UCIIOJIB30BAHHIO OPraHMYECKUX BEIIECTB BHY TP MUKPOOHOTO
Mmata (Thibault et al., 2010).

B MukpoOHOM Mare ropstuero ucrouHuka ['apra npencra-
Buteian Gammaproteobacteria Bkiitoyarot nopsiiok Xantho-
monadales (2 %), kK KOTOpOMY OTHOCHTCSI CEMEWCTBO Xan-
thomonadaceae. XapakrepHo, 4TO MHOTHE OAKTEpHH HTOTO
ceMeicTBa ClIOCOOHBI OCYIIECTRIIATh Pa3JIoKEHHE OpraHuye-
ckoro BemecTBa. B kimacce Alphaproteobacteria momuHUpyeT
nopsimok Rhodospirillales. Bonbimast monst mocnemoBareb-
Hocrel B puiryme Proteobacteria (18.0 %) npunaiexxur He-
KITacCH()UIUPOBAHHBIM B HACTOSIIEE BpEMsI BUIIAM OaKTepHil.

®unym Bacteroidetes (8 %) npencrasien B cooduiecTse
MUKpOoOHOTO Mara kitaccom Cytophagia. Cieyer OTMETHTD,
YTO BCE MTOCIIEA0BATEIILHOCTH 3TOTO (hHITyMa OTHECEHBI K He-
KyJIbTUBHpYeMbIM OakTeprsiM. Primym Bacteroidetes Bkiroua-

JKonorunyeckasa n nonynAuMoHHasA reHeTKa

Species composition in the microbial mat of the Garga hot spring.
OTU, operational taxonomic unit, < 1 % in the community.

€T pa3HooOpa3HbIe reTepoTpodHbIC OaKTEPHH C UPE3BBIYAIHO
pa3Ho00pa3HbIMU MeTadoIMuecKuMU GyHKIHUIMU. B pabore
(Portillo et al., 2009) mokazano, uro pumym Bacteroidetes co-
CTaBJISICT BXKHYIO IPYHITY IPOKAPHOT B TOPSIYMX MCTOUHHKAX
Taunanna. OHY OTEHIIMATIBHO BaXKHBIE IOTPEOUTEIN OpraHHt-
YECKOTO BEIIECTBA, MPOU3BOIMMOTO ITHaHOOAKTEPHAMH U JIpy-
MU aBTOTpoHBIMU opranu3mamu (Mackenzie et al., 2013).
Honst punyma Chloroflexi B MUKPOOHOM COOOIIIECTBE CO-
crasisieT 5 %. Tepmodunbabie 6akrepuu Chloroflexus siis-
I0TCSI JIOMUHUPYIOLIEH I'PYIION B CaMOM MHOTOYHCICHHOM
BaBuNOBCKMI XKypHan reHeTUKN n cenekuyumn « 2017 <21+ 8
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kiacce Chlorofiexia (4 %). Merabosnndeckasi THOKOCTh pas-
TYHEIX npeacTaBuTenei prryma Chloroflexi onpenenser stu
OakTepuu KaKk MatooOpa3yoIInii KOMIOHEHT BO MHOTHX HC-
CJIE/IOBAHHBIX TOPSIYMX HCTOYHUKAX U CIIOCOOCTBYET B 60ph0e
3a IINTaTEeJIbHBIC BEIECTBA H/WUIH (PH3NYECKOE TPOCTPAHCTRO.

Oxoro 4 % MUKpOOpTraHU3MOB orpeieneHbl Kak Acidobac-
teria. [TomyueHHbIe mocienoBarenbHOCTH rtyma Acidobac-
teria OTHECEHB! K HEKJIACCH(PHUIMPOBAHHBIM OaKTEepPHsIM Ha
YPOBHE KJlacca.

Britag Cyanobacteria B CTPYKTypy MHKPOOHOTO MaTa Co-
crasun 2 % u mpeacrasieH pogamu Leptolyngbya, Chloro-
gloeopsis u Synechococcus.

MHUHOPHBIMU KOMIIOHEHTaMK co00111ecTBa ObLIN OaKTepUu
¢umymoB Armatimonadetes u Deinococcus-Thermus (0.9 %).

B mpoBeneHHBIX paHee HUCCIeNOBaHUSIX B TOpSYEM HC-
TouHuKe ['apra 1mokasaHo, 4TO OCHOBa MUKPOOHOTro Mara B
temneparypHoi 30He (5257 °C) — nnanobaxrepun. Kymsry-
PaJbHBIMHA U MUKPOCKOIMYECKHMMH METOIaMH yCTaHOBIICHO
JIOMUHHPOBaHUE IIHaHo0akTepuit ponos Phormidium, Oscil-
latoria n Synechococcus (bapxyrosa u ap., 2011; Hamcapaes
u ap., 2011). XapakTepHo, 4TO Pycio pydubsi B MCTOYHHUKE
MEPUOAUYCCKU MCHACTCA, U, BEPOITHO, B CBA3U C 3THUM IIPO-
M301IIAa CMEHA JOMUHHPYIOIINX BUIOB B MUKPOOHOM MaTe B
MEPHOJ HAIIUX MCCIICAOBaHMI.

OOHapy»XeHO, YTO B COCTaBe MHUKPOOHOTO Mara 0oJblIoe
KOJIMYECTBO IOCIIEIOBATEIBHOCTE HMEeT HU3KUH YPOBEHb
TOMOJIOTHH C M3BECTHBIMH KYJIBTUBHPYEMBIMH IPEACTABUTE-
JSIMU B MUPOBOH 0a3e TaHHbBIX. DTO, BO3BMOXKHO, YKa3bIBaeT HA
MOTEHILAIEHO HOBBIC BUBI OaKTEpHil, He ONIMCaHHbIE PaHee.

MeTareHOMHbIH aHAJIU3 NeNTHAA3 B MUKPOOHOM MaTe
I'apra. Oco0eHHOCTHIO MUKPOOHBIX COOOIIECTB TEPMaIbHbIX
UCTOYHUKOB baiikanbckoil pudTOBOI 30HBI ABISIOTCS €TO
TEPMODUIHS U ATKATUTOJICPAHTHOCT, YTO MPEIIoyiaract
TepMo- U pH cTaOMIBHOCTH COOTBETCTBYIONIUX (DEPMCHTOB.

®depmeHTHI, QYHKIMOHHUPYIOMINE B SKCTPEMaIIbHBIX YCIIO-
BUSIX, ONPEICIISIIOT METa0OINYECKHE MIPOLIECCHI U criedu-
yeckue Ononorndeckue QyHKIUHU dTHX MUKPOOPTraHH3MOB
B MecTax oouTanus. Cpey CeKpeTHPYEMBIX BHEKIETOYHBIX
(bepMeHTOB BakHAs POJIb NPHHAUICKHUT TENTUIA3aM, MPH-
HUMAOMUM aKTUBHOC Yy4YaCTHC B HUCIIOJIB30BaAHUU MUKPO-
OpraHu3MaMHi OPTaHUYECKHX CyOCTpaToB.

Pe3ynbTarThl METareHOMHOTO aHAJIM3a ITOKA3ak pa3Hoo0pa-
3Me NeNTH/a3 B IPUPOIHOM 00pasiie MUKpOOHOIo Mara ropsi-
yero ucTogHnka [ 'apra. OCHOBHBIE JaHHBIE OMOWH(pOpMAaTHIe-
CKOTO aHaIHM3a [Tsl H3y4EHHOT0 00pa3iia PEeICTaBIICHbI HUXE.

Kon-Bo koHTHTOB 467457
CoBoKyIHas JUINHA, II. H. 398557590
MenuanHnas ajvMHa, 1. H. 320
Cpenusist JyInHa, 11. H. 853
MaxkcumanapHast IJIMHa, 11. H. 994249
N50 2330
N90 274

Ko1-Bo aHHOTHPOBaHHBIX T€HOB 332830
Komupyrommue 327004
TPHK 3974
T™PHK 55
TToBTOpHI 1797
IIpoune -

C Ha3BaHHEM 121875
C xoznom ¢pepmenra EC 82125
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Amnanu3s MOJIYUYCHHBIX PE3YJIbTATOB MO3BOJIMJI BIECPBbLIC
CHCTEMaTU3MPOBATh U JaTh XapAKTEPHCTHKY YCTaHOBJICHHBIX
MeNTH/Ia3 B MUKPOOHOM Mare ropsiaero ucrounuka I'apra.

CpaBHEHHE METareHOMHBIX TIOCIIE0BaTeIbHOCTEH pernpe-
3EHTATUBHBIX JAHHBIX I0KA3aJI0 JIOMHHUPOBaHNE (DEPMEHTOB
KJlacca CEpMHOBBIX IenTuaas. M3 mureparypHbIX JaHHBIX
HU3BCCTHO, YTO CCPHUHOBBLIC NMENTHUAA3BI O6I)I‘-IHO AKTUBHBI
MIPYU HEUTPANbHBIX W IMIETOYHBIX 3HaueHWAX pH n nmeror
ontumyM pH mexxny 7 m 11 (Rao et al., 1998). Ha ocHoBanumu
aMUHOKHCJIOTHOM TIOCJICAO0BATCIbHOCTU IICNITUAA3BI ACJIAT HA
CeMelCTBa, B HACTOAIIIee BpeMsI BhIesieHo bomnee 20 cemeiicTB
(Rao et al., 1998).

MerareHOMHBIN aHAJIU3 BBIIBUI PACIPOCTPAHEHUE M-
TH/a3 KJlacca METAJUIONENTHIa3 B MUKpOOHOM Mare 'apra.
O6HapyxeHo 12 mocienoBaTeIbHOCTEH METaJUIONEITHIA3
pasnuuHOi HOMeHKIatypsl (Germination protease precur-
sor, ATP-dependent zinc metalloprotease u ap.). B xmacce
METaJUIONENTH/Ia3bl BBIJICISIOT 25 CEMENCTB, OTHOCSIINXCS
K PasHbIM CUCTEMATUYECKUM IpynnaM. Meraionenruja-
3bl, KaK MPAaBUJIO, CHHTE3UPYIOTCS B HEAKTHBHOW (hopme U
KaTaJM3UPYyIOTCS B IPUCYTCTBUU HOHOB METAJUIOB (MarHus,
Maprasia, kobanpra, 1uHka). OnrtumanbHble 3HaYeHust pH
JUIS METAJUTOTIENTHIA3 TAKKe HAXOAATCA B Iuana3oHe 7-9.
M3BecTHBI MeTauIONenTHAa3bl, 00JIa1alone CBOHCTBAMHU
tepmoctabmibHoctH (Oliveira et al., 2003).

Hamu BBISIBIICHBI JIMIIb €JMHUYHBIC TOCIEA0BATEILHOCTH
TEHOB KJ1acca IUCTEHHOBBIX IENTH/1a3 B MUKPOOHOM co001IIe-
ctBe ["apra. Bo3aM0okHO, 3TO CBSI3aHO € T€M, YTO LINCTEUHOBbIE
nenTtuassl 3GHeKTUBHBI IPH HEHTPaTbHBIX 3HaYeHUAX pH;
pe’Ke 30Ha ONTUMYMa JICXKUT B clIa0OKHCIION min cradore-
nouHoit cpene (pH 4-9) B 3aBHCHUMOCTH OT IPUPOJIBI THAPO-
mm3yemoro 6enka (Oliveira et al., 2003). Y u3ydeHHOT0 HAMH
MHUKpPOOHOTO COOOIIECTBa ANAITA30H PAa3BUTHSI HAXOIUTCS B
BBICOKOTEMIIEPATYPHOIi 30He U 11esiouHol obacT pH.

3aknioyeHune
Takum 00pa3zoM, BIEPBbIE METOIOM MUPOCEKBEHUPOBAHUS
yIaJI0Ch MOAPOOHO OMUCAaTh TAKCOHOMHYECKHN COCTaB U
KOJMYECTBEHHOE COOTHOLICHHE OCHOBHBIX I'PYII MHKpO-
OpPraHu3MOB B MUKPOOHOM Marte ropsiiero ucrounuka ['apra
B TemneparypHoi 30He 54 °C. XapakTepHO, 9TO H3y4eHHOE
MUKpPOOHOE COOONIECTBO MPEACTABICHO BECOMOM Tomei
OakTepuii, y4acTBYIOIMX Ha Pa3HBIX dTarax NPOAYKIHU H
JIECTPYKI[MH OPTaHMYECKOTO BEIIECTBA B MUKPOOHBIX MaTax.
Bonpioe xonmmuecTBO (hMIIOTEHETHYECKH Pa3HOOOPA3HBIX,
MeTabOoIMYEeCKN Pa3HOHAIIPABICHHBIX IPYIIIT CBH/IETEIILCTBY-
eT 0 cOaTaHCHPOBAHHOM CIIO)KHOM COOOIIIECTBE, T Kaxas
TpyTIIa 3aHUMAET CBOIO AKOJIOTHUECKYTO HUIY. JloMHHIpOBa-
Hue Oakrepuil prryma Firmicutes mo3BosisieT npeIoaoKuTh,
YTO B COOOIIECTBE M3YYCHHOTO MHKPOOHOTO MaTa aKTHBHO
MPOTEKAIOT MPOIIECCHI IECTPYKIIMH OPTraHMYECKOTO BEIIECTBA.
HMcnonp3oBaHWe METareHOMHOTO METO/a ITO3BOJIUIIO BbI-
SIBUTh PACHPOCTPAHEHHUE MENTH A3 B HU3yUYSHHOM MHUKPOOHOM
mare. [Tokazano noMuHHpOBaHNE (HPEPMEHTOB KJilacca CepH-
HOBBIX II€IITHAA3. I/ISyquMe nenruaas MUKpOOpraHnusmMoB,
(DYHKIMOHHUPYIOIIMX B dKCTPEMAJIbHBIX MeCcTaX OOWTaHuS,
MPEIOCTABISACT YHUKAIBHYIO BO3MOKHOCTH HCCIIEOBATh
CTpaTeruu OTJEIbHBIX PEryJISTOPHBIX IPOLIECCOB MUKPOOHOI
KJIETKU M TPaHUIIbl QYHKIIHOHUPOBAHUSI MUKPOOPTaHU3MOB,
TaK KaK M3BECTHO, YTO YCUIICHHBII CHHTE3 THIPOIUTHUECKUX
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[Tonumop@du3m reHda tperaiasbl (TREH)
Y KOpeHHOTro0 HacesieHust Cubupn

B.A. Maaspuyx @, M.B. Aepenko

NHCTUTYT 6ronornyecknx npobnem Cesepa [lanbHeBOCTOUHOroO oTaeneHus Poccrinckoii akagemun Hayk, MarapaH, Poccun

[edpnymnT HeKOTOpPbIX YrNEBOAOB B TPAANLMOHHOW AneTe KOPEHHOro
HaceneHun KpaiHero CeBepa cnoco6CcTBOBa BbICOKOW pacnpocTpa-
HEHHOCTM B NONYNALMAX HEaKTUBHbIX BAPUAHTOB FreHOB, KOAVPYIOLMX,
Hanpumep, amunasy (reH AMY2A) n caxapa3sy-nsomanbrasy (reH S).
OaHMM 13 ManoycBarBaeMbIX KOpeHHbIMU xuTenammn KpanHero Cese-
pa AncaxapuaoB ABNAETCA TPeranosa, KoTopasa CoAep»KUTCA B BOLO-
pocnaAx, BbICLUNX rprbax, NMLWaNHNKax 1 HEKOTOPbIX BbICLIKX pacTe-
HUAX. B HacToAwen paboTe nccnegosaH nonumopdusm reHa TREH

B nonynAumax Cnbrpu. IToT reH KogupyeT Tperanasy — GepmeHT,
paciennaowuii Tperanosy. AHann3 3Kk30MHoro nonvmopdrsmMa no-
Kasas Hanmumne B Nonynauuax cemu rannotunos reHa TREH. Tpu n3
HUX onpeaenaAnTCA BapuaHToM rs2276064-A, KOTOpbI accoLmnnpyeT-
CA C CaMOW HM3KOW aKTMBHOCTbIO Tperanasbl. MakcMmanbHasa yactoTa
rannaoT!noB 3ToW FPynnbl HabnoAaeTcA B BbIGOPKax KOPEHHOro Hace-
neHna Cesepo-BoctouHoin A3um (okono 60 %), B nonynauuax apyrux
pervioHoB Cbupwm ee yactoTa coctaBnaet 30-40 %. Takum ob6pazom,
BbICOKanA YacToTa BapuaHTa rs2276064-A, accoummpytoLeroca ¢ Mano-
AKTUBHOW Tperanasom, 06bACHAET, NOYEMY KOPEHHbIE CEBEPAIHE U3-
6eraloT UL, cofepallein Tperano3y. lpeanonaraeTca, Uto ysenu-
YeHMIo YacTOTbl 3TOro BapraHTa B nonynaumax Ceepo-Boctoka Asnn
Mor cnocobcTBoBaTh Aperid reHoB, AeCTBYIOWMIA B NOMYNALMAX
Manon 3pdeKTUBHOM YncneHHOCTU. OQHAKO He UCKIIOYEHO, YTO KC-
KYCCTBEHHO BbI3BaHHbIV fednLUT Tperanosbl B NiLLe KOPEHHbIX Ha-
ponos. KpainHero CeBepa (Bcneactsume Tpaauummv oTKasa oT rpnbos)
TaKXe MOr CTaTb NMPUUYNHON YBENIMYEHWUS YAaCTOTbl MasIOAKTMBHOM
Tperanasbl Npy yCNoBUK, YTO 3Ta TPAAULMA CYLLeCTBYET y Xutenen
KpariHero CeBepa Ha MPOTAXEHUN MHOTVX MOKONEHUN.

KntoueBble cnoBa: reH TREH; 3K30M; OHOHYKNEOTUAHbIE
nonumopdrambl; nonynALMmn yenoseka; Cnbrpb; aganTrBHas
3BOMIOLMA.
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Magadan, Russia

Deficiency of some carbohydrates in the traditional
diet of native populations of the Far North contributed
to a high population prevalence of inactive variants of
genes encoding, for example, amylase (AMY2A gene)
and sucrase-isomaltase (S/ gene). Trehalose, which is
found in algae, higher fungi, lichens and some higher
plants, is another of the disaccharides, poorly digested
by native people of the Far North. Here, in native popu-
lations of Siberia, we studied the polymorphism of the
TREH gene, which encodes trehalase, an enzyme that
cleaves trehalose. The analysis of exome polymorphism
showed the presence of seven haplotypes of the TREH
gene in the population. Three of them are determined
by the variant rs2276064-A, which is associated with the
lowest activity of trehalase. The maximum frequency

of this group of haplotypes is observed in the samples
of native populations of Northeast Asia (about 60 %),

in the remaining samples of the Siberian populations,
its frequency is 30-40 %. Thus, the high frequency of
variant rs2276064-A, associated with a low-activity tre-
halase, explains why Northern aboriginal peoples avoid
food containing trehalose. It is assumed that the in-
crease in the frequency of this variant in the popula-
tions of Northeast Asia can have been facilitated by
gene drift acting in populations of a small effective size.
However, it is possible that artificially induced trehalose
deficiency in the traditional diet of the indigenous
peoples of the Far North (due to the tradition of reject-
ing fungi) could also cause an increase in the frequency
of low-activity trehalase, provided that this tradition has
been existing among Northern aboriginal peoples for
many generations.

Key words: gene TREH; exome; single nucleotide
polymorphisms; human populations; Siberia; adaptive
evolution.



31peBIIe IMeTa urpaiia OoJIbIIYIO POJIb B KU3HH JIIONEH 1

HAaIpaBJysiIa BOJIOINI0 METa00NINIECKUX Iy Tei. YcBo-

€HHE TIPOCTHIX U CIOKHBIX MOINCAXapHI0B HEBO3MOXK-
HO 0e3 11e10# cucTeMbl ()EPMEHTOB M TPAHCIIOPTHBIX OEIIKOB,
1 J11000€ N3MEHEHHE B JINETE HAXOAUT CBOE OTPAKEHNE B ITOH
cucreme (Karasov et al., 2011). OnuH n3 Hanboee U3BECTHBIX
TOMY IIPUMEPOB — PACIIPOCTPAHEHHE B MOIYIIALUAX YEIOBEKA
TEHETHYECKNX BAPUAHTOB JIAKTa3bl, METAOOIN3UPYIONIHX JIAK-
TO3Y Y B3POCIBIX, B CBS3H C PAaCIPOCTPAHEHHEM MOJIOYHOTO
JKUBOTHOBOJICTBA B mocieneonuTrueckoe Bpems (Tishkoff
et al., 2007). M3BecTHa TakKe CBSI3b KOMMMHOCTH TeHA aMH-
na3el cioHel AMY] ¢ ypoBHeM moTpeOiieHus] Kpaxmala:
KONTUIHOCTh TeHa AMY 1 Tem BbIlie, YeM OoJIbIlie Kpaxmalia
coxepxxutcs B auere (Perry et al., 2007). Ognako Hanboiee
SPKHE TPUMEPbI B3aUMOCBSI3M N3MEHEHHUH JUETHI U 4acTOT
ajiesield TeHOB MPETIOAHOCAT UCCIISJOBaHNSI KOPEHHOTO Ha-
cenenns Kpaiinero Cesepa. Tak, y 3CKHMOCOB, YyKded u
KOPSIKOB OOHapy»KeHa MakcuMaibHas 9acToTa (52 %) nenenuu
reHa maHkpeaTuyeckoil amunassl AMY2A, HeoOxonumon 1uis
pacIuerIeHust Kpaxmala, a Takke MUHUMAaIbHAS KOMIHOCTh
9TOTO T'eHa B COYETaHNH C MOHMKCHHON KOMMMIHHOCTHIO T'eHa
amuiiassl cioHsl AMY 1. TlpumepHo y 30 % npencraBuresnei
koperHoro Hacenenusi CeBepo-Boctoka Asmm BooOIIE OT-
CYTCTBYET I'eH naHkpearndeckoit ammiassl AMY2A (Inchley
etal., 2016).

Jedummrom onurocaxapuaoB MOXKHO OOBSICHATE U BBICO-
KYIO PacIipOCTPaHEeHHOCTb CPEAN KOPEHHOTO HACEIICHNS Kpai-
Hero ceBepa A3un 1 AMepHKH aenennu quaykineoruna AG B
nokyce 15781470490 rena caxapassl-n3omainsrassl (S7). Taxk,
y KaHa/ICKUX 3CKUMOCOB YacTOTa 3TOH JICJICIIUU COCTABIISCT
17 % (Marcadier et al., 2015), y ackumocoB ['pennanauu —
39 % (Pedersen et al., 2017). Ilo HammM JaHHBIM, YacTOTa
npenemun AG B nokyce 15781470490 y uykdeli cocTaBuser
14.3 %, y xopsixoB — 7.3 % U y OXOTCKHX 3BeHOB — 3.5 %
(Manspayk u ap., 2017). Henemms B noxyce rs781470490
reHa S/ PUBOIUT K MPEXKICBPEMEHHON TEPMHUHAIIMH CHH-
Te3a caxapasbl-M30MajbTa3bl U, Kak CIEJCTBUE, K ITOJTHOMY
OTCYTCTBHIO 3TOTO ()epMEHTA.

Bbicokast pactipocTpaHEeHHOCTh YKa3aHHBIX BBIIIE BapHaH-
ToB niosiumoppusma resoB AMY2A4 n SI na Cesepo-Bocroke
A3un MOXET OOBSICHATHCSA NEPHUIINTOM Kpaxmaya U Juca-
XapuJ0B B pallOHE MUTAaHHUs KOPEHHOTO HACEIEHHS B IPO-
oM. Tpaanmonnsle quets abopureHoB Kpaiinero Cesepa
BKJIFOYAIOT OUYEHb MaJIble KOJMUYECTBA MPHUPOAHBIX MOHO- U
OJINTOCAXapH/IOB, MTOTy4aeMbIX B OCHOBHOM IIPH MOTPEOICHUN
sirof] v touek pactenuid (bopunckas u ap., 2009).

E1e onHMM U3 MajoycBauBaeMbIX KOPEHHBIM HACEIEHHEM
ADPKTHKH JMCaxapuoB sBisieTcst Tperanosa. 1o maHHBIM
(Kozlov et al., 2005), 10.5 % kopeHHOTO HaceICHHS APKTUKA
HE yCBaMBAIOT TPETAJIO3Y, B TO BPEMSI KaK CPEIH EBPOICHIIEB
HEYCBaWBaeMOCTh ATOro aAucaxapuaa cocrasiser 0.25-2 %.
Tperanoza cogepXuTcs B BOJOPOCIISX, BEICHIMX I'PHOaXx, Jn-
IMIaifHUKaX 1 HEKOTOPBIX BBICHINX pacTeHUsIX. VI3BeCTHO, UTO
KopeHHble Hapoasl CeBepa TPajUIMOHHO HE eIsT IrpuOoB,
OOBSICHSISL 3TO TEM, YTO IPUOBI — MHUIIA CEBEPHOTO OJICHS, a
He venoseka (bopuuackas u np., 2009). OqHako OCHOBHOMN
MPUYNHON OTKa3a OT rpruOOB, IO BCEi BUANMOCTH, SIBIISIETCS
nehunut pepMeHTa Tperaasbl, paCUICIUISIONICH TPEraiosy,
y MHOTHX abopureHoB CeBepa; n3-3a 3TOr0 y HIUX BO3HUKAET
60I1b B ’KMBOTE IOCIIE YOTpeOiIeHus TpruOoB B Uity (Arola
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et al., 1999; bopunckas u ap., 2009). Tpaguuus orkasza ot
rpudOB MOIVIa TIPUBECTH K TOBBIIIEHUIO YaCTOThI HU3KOAK-
TUBHOH (popMBI Tperanassl y KOpeHHBIX kuTenei Kpalinero
Cesepa. Onnako neuiut GepMeHTOB, METa0OIH3UPYFOLIIX
Jicaxapuabl, CTAHOBUTCS MPOOIEMO TSI 310POBbsI KOPEH-
HOTO HaceJIeHHs JINIIb B HAllle BPeMsl, 110 MEpe paclInpeHust
paumoHa nuranus abopurenoB Cesepa 3a CHeT NMPOJIYKTOB,
COZIEpKAIINX TPErajao3sy, caxaposy, JaKTo3y U T. .

O reHeTHYECKHUX NMPHYMHAX Ae(UINTA Tperajgasbl CTaJIo
M3BECTHO OTHOCHUTENIBHO HelaBHO. B 2013 1. omyOnukoBaHbI
pe3yibTaTsl HCCeNoBaHus moaumMopdusma reHa TREH,
KOZIMPYIOIIETo Tperajasy, B BHIOOpKax WHASHIEB nMa, pas-
JIMYarmUXCsa 1Mo aKTUBHOCTU Tperajadbl B IJIa3ME€ KPOBU
(Muller et al., 2013). Oxa3anoch, 9T0 U3 MPOAHATUINPO-
BAaHHBIX aBTOPAMM BapHaHTOB NMOJMMOp(H3Ma JOKYCOB
rs2276064, rs117619140, rs558907 u rs10790256 ToabKo
amens 152276064-A 1OCTOBEpHO accOUMUpPYeTCs ¢ caMon
HU3KOH aKTHBHOCTBIO TPErajasbl: TOMO3UroTaM AA COOTBET-
CTBOBaJIa aKTUBHOCTH 10.8 enuuuil hepmeHTa, reTepo3uroram
AG — 20.5, romosuroram GG — 29.3 eauHUIBI aKTUBHOCTH
(Muller et al., 2013). [TockonbKy MOIMYJISIIMKA KOPEHHOTO Ha-
cenenust CuOupu paHee He ObUTH OXBAaUYCHbBI UCCIICIOBAHISIMU
nomuMopu3ma reaa TREH, TO OCHOBHOH IIETTBIO HACTOSTICH
pabOoTHI ABISIETCS N3yHYEHUE ATON ITPOOIEMBI.

MaTeleaﬂbl n metogbl

CekBeHMPOBaHNE 3K30MOB M MPHJICTAIONINX HETPAHCIHPY-
€MbIX Y4YaCTKOB I'€HOB IMPOBOJAUJIM C MOMOIIBIO CUCTEMBI
Agilent SureSelectXT Human All Exon V5+UTRs (Agilent
Technologies) na maardgopme HiSeq 1500 (Illumina, CIIIA)
st mectu obpasuoB JJHK ot npencraButeneit kopeHHOTO
Hacenenus Cubupn (3 xopsika, 2 3BeHa 1 1 3BeHK). B kauecTse
pedepeHTHOH 1oce10BaTeIbHOCTH HCTIOIb30BAI TEHOMHYIO
coopky GRCh37.p13. AHHOTaIHMIO BapUAHTOB NOJIUMOP(HU3-
Ma ITPOM3BOIVIIN C TOMOIIBIO cepBepa SeattleSeq Annotation.
B pabore aHam3npoBaIM y4acToK XpoMocoMbl 11 (Mexy mo-
sunusamu 118528026—118550399) ¢ renom TREH, 3'-06macthb
KOTOPOTO TTePEKPBIBAETCS ¢ TakoBO s rena PHLDB].

B cpaBHHTEIBHOM aHAM3€ MCIIONB30BAHbI TAKXKE TAHHBIC
0 IOJIHOPK30MHOM HOJIUMOp(HU3ME y TPEICTaBUTENEH KO-
pernoro Hacenenns CeBepo-Bocrounoit A3un (4 ackumMoca,
5 uykueit u 16 xopsixos) (Clemente et al., 2014). ITpoana-
JIM3UPOBAHBI TAKIKE TIOJHBIE DK30MbI KOPEHHOT'O HACENICHUS
npyrux pernoHoB Cubupu: LearpansHoit Cubnpu (8 3BeHOB,
13 »BenkoB, 8 sxyToB), FOxuoit Cubupu (3 TyBHHIIA, 2 HIOp-
11a, 6 anraiies, 17 Oypsar, 6 MoHronoB) u 3amaaHoi Cudupu
(3 xera, 3 xanTa, 3 MaHcH, 3 CeNBbKyTa, 6 HEHIIEB, 2 HTaHACAHA)
(Pagani et al., 2016).

Yacrory ajieneil 4 COOTBETCTBUE PACIIPEACICHUS TEHOTU-
OB paBHOBeCHIO Xapan—BaifHOepra paccauThIBaIM C TOMO-
mblo nakera mporpamm Arlequin 3.01 (Excoffier et al., 2007).
HJ’IH BBISIBJICHHS TaIUIOTUIIOB U3 I€HOTHUIIOB ¢ HEU3BECTHOM
rametHOH (azoit mpumensun anroput™m ELB (Excoffier et
al., 2003) makera nporpamm Arlequin 3.01. IIpu nomyuennun
MeJIMaHHBIX CeTel raruioTUIoB reHa 7REH ucronb30oBaiu
nporpammy Network 4.6 (www.fluxus-engineering.com).

Pe3ynbraTbl n 06cyxaeHue
3amena G— A B nokyce 152276064 rena TREH, xoTopas, co-
racHo padote (Muller et al., 2013), acconnupyercs ¢ camoit

BaBuNOBCKMI XKypHan reHeTUKN n cenekuyumn « 2017 <21+ 8

965


http://www.fluxus-engineering.com

Polymorphism of the trehalase gene (TREH)
in native populations of Siberia

B.A. Malyarchuk
M.V. Derenko

Table 1. Prevalence of allele rs2276064-A of the TREH gene in human populations
rs2276064-A frequency

Population

n, sample size.

Table 2. Polymorphic variants of the TREH and PHLDB1 genes in the indigenous population of Siberia

Nucleotide position on chromosome 11; Polymorphism ID (0, newly found) Gene Site location; type of amino

nucleotide substitution acid substitution
118528424c_;|' .................................................. r 517743PHLDB7 .............................. 3 UTR ............................................
1185284661__)6 .................................................. ,— 57389PHLDB1TREH .................... 3 UTR ............................................
1 1 8 529 127 G_)A .................................................. r 57928371 ............................................. T REH .................................. G |y541G |y ......................................
118529388c_;|' .................................................. 0 ............................................................ 7' REH .................................. |/| HTpOH ..........................................
1 1 8 529703 G_>A .................................................. r 52276064 ............................................. T REH .................................. A rg 436Trp ......................................
1185306”1__( .................................................. ,— 52276065 ............................................. 7' REHThr339A|a ......................................
1 1 8 531335 T_,c .................................................. r 51405871 40 ........................................ TREH .................................. | |e 339Va| ........................................
1 1 8 532376 A_>G .................................................. ,— 51474735 6 6 ........................................ T REH .................................. M eﬂ 9 6Thr .....................................
1 1 8 534082 c_, T .................................................. r 51079025 6 ........................................... TREH .................................. |_ y552|_y5 .........................................

HHU3KOH aKTHBHOCTBIO TPErajasbl, IPUBOIUT K aMHHOKHCIIOT-
Ho 3ameHe Arg486Trp. PesynbraTsl aHamm3a ¢ MOMOILBIO
nporpammbl PolyPhen-2 (Adzhubei et al., 2013) noka3zainmu,
YTO 3Ta 3aMEHA CONPOBOXKAAETCS CYIIECTBEHHBIMH H3MeE-
HEHUSIMH (PU3UKO-XUMHUYECKNX CBOMCTB (hepMeHTa (MHJIEKC
PolyPhen = 0.998). CienoBaTenbHO, MOXKHO MTPEIOIOKHUTD,
gT0 3aMeHa Arg486Trp apnsercs nmatomorndeckoid. OnHaKo B
HEKOTOPBIX MOMYISLHUSIX MUPA PACHPOCTPAHECHHOCTD AJIJIEIIS
1s2276064-A noBosibHO Bbicoka (Tadm. 1). Tak, no JaHHBIM
6a3sr EXAC (http://exac.broadinstitute.org), gactora 3TOTO
BapuaHTa cCHHxkaetcs oT 42 % B Bocrounoit Asuu 1o 1.9 % B
Eporne 1 0.6 % B Adpuke. [ToiyueHHbIe HAME PE3yIIBTaTHI 9K-
30MHOTO TeHOTHIIMPOBAHNS IOMYIISIINHA KOPEHHOTO HACEJICHUS
CulupH 1okazaJi, 4To B CHOMPCKUX IOIMYJISIIASAX YacTOTa Ba-
puanTa rs2276064-A cocrasiser 30—40 %, onHako Ha ceBepo-
BocToke CrOMpy HaOMI0AAETCs TOBBIIIEHHE YaCTOThI OYTH
110 60 % (cm. Tabm. 1). Takum 0Opa3zom, HU3KOaKTHBHAsI (hopMa
Tperajasbl ¢ MAaKCUMaJIbHOM YacTOTOH pacipocTpaHeHa B Io-
MyIAnUsAX KopeHHoro HaceneHus CeBepo-BocTtounoit Asmm.

lenoTHNMpPOBaHNE SK30HOB 1 IPHIICTAIOIINX YJaCTKOB TeHA
TREH, Bxitouasi 3'-06macts rena PHLDBI, y KOpEeHHOTO Ha-
cenernst CHOMPH TIO3BOJTUIIO BBISIBUTH JIEBATH OMUMOP(HBIX
CaiiToB, OOHAPYXECHHBIX y MCCIIECJOBAaHHBIX WHIWBHUYYMOB
Oonee onHOrO pasza (Tabi. 2). AHAIU3 TEHOTHUIIOB, CHOPMHU-
POBaHHBIX MONMUMOP(HBIMI BapHAHTaAMHU B 3THX calTax, Mo-
Ka3aJl HAJTMYMe CeMHU rarutoTHioB (Tad. 3). 13 Hux msTh rar-
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JIOTUTIOB PACIPOCTPAHEHBI B PA3NUYHBIX MOMymsusx Cu-
Oupu moBONBHO paBHOMepHO (rarurotumbl SQ1-SQS5), nBa
PEIKUX TaIioTHIIa OOHApYXKeHb! ToNIbKO B FOxkHol Cubupun
(SQ6) u Cerepo-Bocrounoit Cubupu (SQ7).

AHanu3 MeIuaHHbBIX ceTeH rarmioTnnoB rena TREH B mo-
nynsuusax CHOUpPHU BBISIBIJI, YTO I[CHTPAJIbHBIM TaIIOTHIIOM
B cetH sBisgercss SQ1 (pucyHok). OT HETO OTXOIUT BETBb,
copmupoBannas ramnorunamu SQ2, SQ3, SQ4 u SQ7.
EnuncrBennoe ommuune rarotuna SQ2 or SQI1 — 3ameHa B
mokyce 137389, KOTOpBIH pacoNOKeH B HETPAHCIUPYEMOH
obmactu Mmexxy reHamu PHLDB1 v TREH. Tlpenmonaraercs,
YTO 3Ta MyTallus IOBPEXKAAET CaT cBsi3bIBaHus ¢ MUKPOPHK,
WHTAOHMPYS TeM CaMbIM TPAHCISIHUIO OETKOBBIX MPOAYKTOB
pacronoxkeHHbIX psitom reHoB (White et al., 2015). MoxxHo
MIPE/IIONIOKHTE, YTO YK€ Ha JIAHHOM JTalle HaYMHAETCs IIPO-
IIeCC CHIKEHUS aKTUBHOCTH Tperajnas3sl. Kpome Toro, panee
OpUTa OOHApY)KCHA aCCOIUANNS MEKIY MOTMMOP(U3MOM B
JIoKyce 1s7389 1 HHrHOMPOBaHUEM AKTHBAIMH [TA3MUHOTCHA
THMa 1, 9T0 MOYKET MOBBIIIATH PUCK COCYAUCTBIX OCIOKHEHUN
1 pazIM4HBIX TpoMOo3aMmbonmii (White et al., 2015). Cneny-
folasi MyTaius nosipisiercst B rarwiotune SQ3. Dto 3aMeHa
G — A B ymoMsiHYyTOM yke JIoKyce 152276064, koTopasi mpH-
BOJUT K CHIDKCHHIO aKTUBHOCTH TpeTajasbl.

lanmorun SQ4 xapakrepusyeTcst IPUCYTCTBHEM BapHaHTa
rs140687140-C, a rarumotun SQ7, BBISBICHHBIH TOJIBKO Y
KOPSIKOB, OTIPENEISICTCS HOBBIM BapHAHTOM MOTUMOpdr3Ma
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Monumopdusm reHa Tperanasbol (TREH) B.A. Manapuyk 2017
y KOpeHHoro HaceneHus Cnbupu M.B. lepeHko 21.8
Table 3. Prevalence of TREH haplotypes in Siberian populations, %
No. Haplotype Northeastern Siberia Central Siberia Southern Siberia West Siberia
(n=28) (n=32) (n=34) (n=20)
501 ......... C TGCGTTAC ................................ 2 58 ..................................... 2 34 ..................................... 3 09350 ...................................

5Q2 ......... C GGCGTTAC ............................... 5 4 ........................................ 109 ..................................... 132 ..................................... 150 ...................................

503 ......... c GGCATTAc446 ..................................... 2 19 ..................................... 2 94350 ...................................

SQ4 ......... c GGCATCAC ............................... 107 ..................................... 109 ..................................... 4 450 .....................................

SQ5TTACGCTAT ................................ 125 ...................................... 3 23 ..................................... 176 ..................................... 100 ...................................

SQ6 ......... c TGCGTTGC ............................... 0 ........................................... o .......................................... 4 40 .......................................

SQ7 ......... c GGTATCAC ................................ 3 6 ........................................ o .......................................... 0 0 .......................................
.................. D |Ver5|tyh0251016033i0190261016021013
.................. N umberofgemtypes”um”
Note. The order of loci in haplotypes follows Table 2.
SQ6
rs147473566
5Q1 17389 sQ2 G 152276064  5Q3 rs140687140 504 G 0 5Q7.

rs10790256

rs2276065

Haplotypes of:

B Northeastern Siberia
O Southern Siberia

H Central Siberia

[l West Siberia

Median network of haplotypes for the TREH gene in Siberian populations.

rs7928371

rs17748

Haplotype designations follow Table 3. Polymorphic loci are characterized in Table 2.

B untpone rena TREH (cm. ta6m. 3). B [punoxenusx 1-3!
MIPUBOISITCSA CBEACHUSI O PACIPOCTPAHEHHOCTH BapHaHTOB
nonmMopdu3Ma B JoKycax rs7389, rs2276064 n rs140687140.
Tax, Bapuant rs7389-G 10BOJILHO NIMPOKO PACTIPOCTPAHEH B
Pa3IUYHBIX PETHOHAX MUPA, HO MAaKCUMyM 4acToThl (66 %)
HabmomaeTcs B CeBepo-Bocrounoit Cubupu (cMm. [pwmio-
skerue 1). Bapuant rs2276064-A 0THOCHTCS TakXKe K YHCITY
JIOBOJIBHO YaCTHIX B PA3JIMYHBIX PETHOHAX MHPA, HO CAMBbIE
BBICOKHE €r0 4acCTOThI OTMEUAIOTCsl B OMyJsusix Bocrou-
HoW A3uu, ¢ MakcumyMoM Ha CeBepo-BocTtoke Cubupu (cMm.
tabmn. 1; [Ipunoxenue 2). Bapuant rs140687140-C B perno-
HaJIbHBIX TPYTIIIaX MUpa HAMHOTO OoJIee PeIoK: Jalle BCero OH
oOHapy»xkuBaercs B Boctounoit Azuu (1.6 %), a B ocTanbHBIX
pernonax ero gactota Hmke 0.1 % (mannsie 6a3sr ExXAC).
B Cubupu naunbonee Beicokne 4actoTsl 15s140687140-C
XapaKkTepHbI A5 KOPEHHOTO HACEJICHUS CEBEPO-BOCTOUHON
gactu peruoHa (16.1 %) (cm. Ipumnoxenne 3).

Crnemyer OTMETUTB, UTO TOIBKO AJs oKyca rs140687140
B FOOKHOCHUOHMPCKOI BEIOOPKE HAOIIOAAI0CH TOCTOBEPHOE OT-

1 Mpunoxexuna 1-3 cm. no agpecy:
http://www.bionet.nsc.ru/vogis/download/pict-2017-21/appx16.pdf

JKonorunyeckasa n nonynAuMoHHasA reHeTKa

KJIOHCHHE OT paBHOBecHs Xapan—Baitnbepra (p = 0.045) (cm.
[Ipunoxenwne 3). B a3Tom ciiy4yae ypoBeHb HAOIIOMa€MOM reTe-
PO3UTOTHOCTH OKa3aJiCsl JOCTOBEPHO HUXKE YPOBHS OXKHJae-
Moii. Takoii pe3ynbTaT MOXKET ObITh CBSI3aH C TCHETUYECKOM re-
TEPOTEHHOCTHIO FOXKHOCHOMPCKON BRIOOPKH, TIPEICTABICHHON
KOpEHHBIM HacelleHueM Kak baiikanbckoro, Tak u Anrae-Ca-
STHCKOTO PETMOHOB. TeM He MeHee /1Tl TOATBEPKICHUS OTKIIO-
HEHHS OT PABHOBECHOTO PACIIPEICIICHUS JaCTOT TEHOTHIIOB
HE0OX0IMMO pacIIMpeHne BBHIOOPOK M3 ITUX TMOMYJSIUH.
Kpome (opMupyromux ey BeTBb rariotunoB SQ2,
SQ3, SQ4 u SQ7, y xopernoro Hacenenuss CuOUpH MpuUcyT-
cTByeT ramoTun SQS, BBISIBIEHHBIN B pa3TMYHBIX CHOUPCKUX
nomynsanusx ¢ yactoroit ot 10 1o 32.8 % (cm. Tabm. 3). DtoT
TaIIOTHII HHTEPECEH TEM, YTO OH OTIIMYAETCS OT IEHTPaJh-
Horo ramotuna SQ1 3amMeHaMu cpa3y B YETBIpEX HYKJIEO-
TuaHbIxX no3unusx. [lo manubiM «IIpoekra 1000 reHOMOBY
(http://www.ensembl.org), rarmorunt SQS5 TpUCYTCTBYET B
PAa3THYHBIX PETHOHAIBHBIX TPYIIax MUpa. MaKkcHMaIbHEIC
yacTtoThl HaOmonatorcs B FOro-Boctounoit Asuu (37 %),
MHUHHMaIbHBIE — B Adpuke (3 %), a B Amepuke, EBpone u
Boctounoit Asuu ero yacrora coctapisieT npumepHo 20 %.
BaBuNOBCKMI XKypHan reHeTUKN n cenekuyumn « 2017 <21+ 8
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Polymorphism of the trehalase gene (TREH)
in native populations of Siberia

Pesynbprarel npoBeIEHHOTO HCCIEOBAHUS [TOKA3bIBAIOT,
YTO cpean KopeHHoro HaceneHus CeBepo-BocTounoit Aznn
HAOTIOMAIOTCST HauOoJee BBHICOKHE JacTOThI (0Komo 60 %)
BapuanTars2276064-A rena TREH, acCOLMUPYIOIIETOCs C ca-
MOI HU3KOH aKTHBHOCTBIO TPETana3bl. DTO TO3BOJISIET OHSITH,
Mo4YeMy KOpPEHHBIEC CeBepsiHe N30eraloT MU, CoJlepiKarieit
Tperajosy, OJIHAKO He 0ObsICHSIET PHUUYMH BBICOKOH pacipo-
CTPAHEHHOCTH B TOMYNIALHMSAX MaJIOAKTHBHOHN Tperayasbl.
[oBblmeHHast yacToTa BapuanTa rs2276064-A xapakTepHa B
1esIoM st HacesieHust Bocrounoii Azuu (cm. Tabi. 1), u no-
3TOMY BO3MOXHO, YTO B MOMYJISIUAX KOPEHHOTO HACETICHUS
Cesepo-Bocrounoit Cnbupu mpon301io eme oosbIee yBe-
JIMYEHUE YaCTOTHI 3TOT0 BApHAHTA B CHITY CITy4alHBIX IPUYHH,
CBSI3aHHBIX C JICWCTBUEM Jpeiiha TEHOB B MOMYIISAIHMAX MaJION
3¢ dexTnBHON YnciIeHHOCTH. Tpaanumus oTka3a oT rpudoB
MOTIJIa JOTIOJIHUTENIBHO CHU3UTH JaBJICHUE HBOIIOLMOHHBIX
(haKTOPOB Ha 3TOT JOKYC ¥ IPUBECTHU K YBEINIECHHIO YACTOTHI
MaJIOAKTHBHOM (OPMBI Tperanasbl, 0COOCHHO €CIIM TaKas
TpaauIMs CYIIEeCTBYeT Ha MPOTSHYKEHUH MHOTUX MOKOJICHUH.
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[ poxKn ABNATCA MOAENbHbBIM 3YKapUOTUYECKMM OPraHU3MOM, Ha
KOTOPOM OTpabaTblBaloTCs MHOTME NPeANoIOXeHWs 0 paboTe reHoMa,
a TakXKe MeTofbl ero pefakTnpoBaHua. Hanbonee yacto B uccnefo-
BaTENbCKMX paboTax ncnonb3ytoT Saccharomyces cerevisiae, KoTopble
OYeHb XOPOLLO NPUCMOCO6NEHbI PU3NONOTMYECKN K KYNTbTUBNPOBAHUIO
B YC/I0BUAX GopeakTopa 1 Npr3HaHbl abconoTHO 6e3onacHbIMK. B no-
cnefiHee fecATUNETE METOAbI FEHETUYECKOWN NHXEHEPUN JPOXKeN
npeTepreny 3HaunTesbHbIE N3MeHEHUS. [0ABUANCH HOBbIE NHCTPY-
MEHTbI, KOTOPbIE MPULLAN N3 CMEXHbIX HanpaBaeHW 1 NO3BOUIIN
3HAUYNUTENbHO YCKOPUTb MPOLLECC NOMyYeHNA HOBbIX LUTaMMOB. [pexae
BCero 310 6efikn AnA HanpaBNeHHOro BHECEHWA U3MEHEHNI B Nocsie-
posatenbHocTb [IHK. InutenbHoe BpemA MeToAbl peAakTUpOBaHNA
reHoMa ApoXxel 6a3mpoBanuncb Ha NCMOb30BaHNM NX COOCTBEHHONM
CUCTeMbl FOMOJIOTMYHON pekomMbuHaumn. OHa ygobHa 1 ynosneTso-
pAna noTpebHOCTN NccnefoBaTenell Ha NPOTAXKEHNN HECKOSbKIX Ae-
CATWUNETUNA, O TOFO BPEMEHU, KOTAa Ha MepBbI MaH CTanu BbIXOAUTb
BbICOKOMPON3BOANTENbHbIE MeToAbl. Bo BTopom fecatunetunn XXI Beka
npou3oLLIo 6ypHoe pa3BrTME BbICOKOMPOV3BOAUTENbHBIX NMOAXOAOB,
B MepBYyI0 oyepesib METOAOB aHanv3a B 61MoNorMn: reHOMUKK, TPaHC-
KPUMTOMUKM, MPOTEOMUKHM, METAOOTIOMMKIN, UHTEPAKTOMUKN U .
ChopmupoBanacb 6ronHpopmaLMoHHan 6a3a, KoTopas No3Bosua
6bICTPO 06pabaTbiBaTh PACTYLUMI NOTOK MHGOPMALUN 1 MOLENNPO-
BaTb K/IETOYHble NpoLecchl. B pesynbrate cKopocTb aHanm3sa v npea-
CKasaHWs MULLEHEN AN pefakTMpOoBaHMA FeHOMa CTana NnpeBbllwaTh
CKOPOCTb VX NONYYEHUA, YTO, €CTECTBEHHO, 0OYCIOBMIIO MNOWNCK HOBbIX
METOLOB reHETNYECKOW NHXKeHepun. OCO6EHHO CUMbHO STOT NpoLecc
3aTPOHy”N paboTbl MO MoandUKaLmMm CBONCTB MUKPoopraHu3moB. Co-
BPEMEHHbIe 3aAaun CTanu TpeboBaTb He eANHUNYHBIX MOANbUKALMIA,

a [leCATKOB 1 COTEH, a MHOTAA ThicAY MoaudurKauuii. B pesynbrate nc-
cnefoBaTesny, 3aHMaloLWMeCs APOXKKaMI, CTasIn BOBMIEKaTb B paboTy
HOBble NUHCTPYMEHTbI FEeHOMHOTO pPefakTVPOBaHNKA, KOTopble paHee
pa3BrBannCh AA N3yyeHus 6onee CIOXKHbIX 06 BEKTOB, TaKUX Kak »KU-
BOTHbIe, pacTeHd, KNeTouHble nHuM 1 gp. CoBpemMeHHble MeToAbl
reHOMHOW MHXeHEepPUN APOXKKEN NO3BOSIAIT BHOCUTL HECKONBbKO MO-
AndrKauunin B reHoM 3a oauH war. B gaHHom o630pe paccmaTpmBaeTca
BOMPOC NPVYIMEHEHNA 1 MEPCNEKTUB AaNbHENLIEro pa3BuTA METOAOB
HanpaBneHHOro PefakTMPOBaHNA FeHOMa B MHXEHEPUN APOXKEN.

KntoueBble cnoBa: 4pox»Ku; Saccharomyces cerevisiae; reHeTnyeckas
nHxeHepus; ZFN; umHkosble nanbupl; TALENS; CRISPR/Cas; AproHaBT.

KAK ULUTUPOBATb 3TY CTATbIO:

PozaHos A.C,, LUnaxTtyH B.H., TekyTtbeBa J1.A., Con O.M., Cnzosa C.B., Menbrek C.E.
MeTonbl reHOMHOTO pefakTUPOBAHWSA APOXKEN: UCTOPUSA U COBPEMEHHOe
COCTOAHMeE. BaBMMOBCKMI XXypHan reHeTukm n cenekuymn. 2017;21(8):969-978.
DOI 10.18699/VJ17.321

HOW TO CITE THIS ARTICLE:

Rozanov A.S., Shlyahtun V.N., Tekutieva L.A., Son O.M,, Sizova S.V., Peltek S.E.
Methods of yeast genome editing. Vavilovskii Zhurnal Genetiki i Selektsii =
Vavilov Journal of Genetics and Breeding. 2017;21(8):969-978. DOI 10.18699/
VJ17.321 (in Russian)

Received 26.07.2017
Accepted for publication 11.10.2017
© AUTHORS, 2017

@ e-mail: sibiryak.n@gmail.com

Methods of yeast genome
editing

A.S. Rozanovl®, V.N. Shlyahtunl, L.A. Tekutieva? 3,
O.M. Son? 3, S.V. Sizova® >, S.E. Peltek!

T Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia
2 Far Eastern Federal University, Vladivostok, Russia

3 Arnika, Ltd., Vladivostok, Russia

4 Closed Joint Stock Company “Center for New Technologies
and Business’, Moscow, Russia

> shemyakin-Ovchinnikov Institute of Bioorganic Chemistry
RAS, Moscow, Russia

Yeasts are a convenient model eukaryote used for
genome studies and genome editing. Saccharomyces
cerevisiae is the species most widely employed in bio-
technology, since it is easily cultivated in bioreactors
and is absolutely safe. The last decade saw a significant
development of methods of yeast genetic engineer-
ing and the creation of novel instruments adapted
from other fields, which allowed one to significantly
accelerate the construction of new strains. The most
prominent examples are the proteins used for directed
DNA editing. For a long time, yeast genome engineer-
ing was based on the yeasts’ system of homologous
recombination. It was sufficient for several decades
before the development of high-throughput methods.
Many high-throughput methods were developed

in the second decade of the XXI century, including
those used in genomics, transcriptomics, proteomics,
metabolomics, interactomics, etc. Modern bioinfor-
matic databases now allow one to rapidly process the
increasing flow of information and model cellular pro-
cesses. As a result, the rate of analysis and prediction
of targets for genome editing is currently higher than
the rate of genome editing, which led to the develop-
ment of new methods of genetic engineering. This
process was particularly pronounced for microorgan-
isms. Modern tasks require tens, hundreds, sometimes
even thousands of genome modifications, which made
researchers to look for new techniques. As a result, the
instruments used for more complex objects, such as
animals, plants, and cell lines, were adapted for yeasts.
Modern methods for yeast genome editing allow
introducing several modifications into the genome in
a single step. In this study, we review the methods of
directed genome editing and their applications and
perspectives for yeasts.

Key words: yeast; Saccharomyces cerevisiae; genetic
engineering; ZFN; zinc fingers; TALENS; CRISPR/Cas;
Argonaut; NgAgo.



POXOKU — MOZICIIbHBINA 3yKapUOTUUECKUI OpPraHu3M, Ha

KOTOPOM OTpabaThIBAIOTCSI MHOTHE TIPEAIIONOKEHHUS O

paboTe reHoMa, a TaK)Ke METOMBI €T0 PEIaKTHPOBAHUS.
Yariie Bcero B MCCIIEN0BATEIbCKUX paO0TaX UCIIONB3YIOT Sac-
charomyces cerevisiae, KOTOpbIe (PU3NOTOTHIECKH OYCHB XO-
POIIIO IPUCTIOCOOTICHBI K KYJIFTUBUPOBAHUIO B YCIIOBHSIX OHO-
peakTopa 1 pu3HaHbl a0COIIOTHO Oe30macHbIMU. McTopHs nx
TIPUMEHEHHSI HACUMTHIBAET He OHO ThIcsueneTne. C pa3BUTH-
€M TIPOMBIIIICHHON OMOTEXHOJIOTHU APOHOIKU TAKKE HAIILTH
ceoro Humny (Botstein et al., 1997; Jensen, Keasling, 2015).
Vcnonb3oBanne Apoxckeil B COBPEMEHHON OMOTEXHOIOTUH
BeCchbMa pacrpocTpaneHo (puc. 1), M eciu paHbpIIe 3TO OBLTH
MPUPOJIHBIE IITAMMBI, TO TEIIEPh YPOBEHb UX MOAU(DUKALIUH
OBIBAaCT OYCHH BHICOKUM.

VYcroitunBoe M3MEHEHHE CBOWCTB OpraHM3Ma BO3MOXKHO
TOJIBKO 3a cHeT MonuduKanuu ero renoma. Ha nepBbIx 3Ta-
TaxX MCCIIEIOBATENN 3aHIMAJINCh U3yICHNEM CBOICTB TeHOMa
MOCPEICTBOM HOKayTa OTICIHHBIX TCHOB WM U3MCHCHUS
JKCIIPECCUEH KaKOro-To ofHOro rexa. Ilo mepe HakomeHus
OTIBITA W 3HAHWH TpeOOBaHMWS K METOJaM HaIpaBICHHOTO
peHaKTUPOBAaHUS TeHOMa BCe Ooliee YCIOKHSIOTCS, OMO-
Moau(UKaAIMA CTAaHOBUTCS OOJIbIIE M PacTyT TPeOOBaHHS
K HaJIGKHOCTH ¥ TOYHOCTH. B HacTosmee BpeMs: Hanbomnee
MIPOIIECCUBHBIC METOIBI PSAAKTHPOBAHHUS TCHOMA HCIIONB3YIOT
Juis Oaxktepuid. bojee ClI0)XHO OpraHW30BaHHBIE OOBEKTHI,
Takhe Kak JKHUBOTHBIC M PACTCHHSA, CO BPEMEHEM TOXE IT0-
TpeOyroT OombIeii mporeccuBHOCTH. OCOOECHHO OCTPO BO-
poc 3PPEKTUBHOCTH METOIOB IPEOOPA30BaHMS TCHOMA TSI
MHKPOOPTaHU3MOB BCTaJI, KOTJ]a METOIBI OMOMH()OPMATHKH
W aHAJTUTHYCCKUE TOJXOBI MO3BOIIIIN MPEICKA3BIBATh U
aHaJIM3MPOBATh CIIOXKHBIE MOJICTIbHBIE SKCIIEPUMEHTHI, TpeOy-
ToITIe MOAN(UKAIIIH ¥ TOHKON PETyIISIHUN OOJIBIIIOTO YHCIIa
reHoB u MeTabommueckux myteit (Lechner et al., 2016). Yixe
ceifvac [uist OT/ICIbHBIX 3a/1a4 B OMOJIOTUH HEOOXOAUMBI COT-
HU | TBICSYX MOIU(UKAIA. V3 urcia pemeHHbIX OTHON 13
CaMbIX 00BEMHBIX 32124 MOKHO CYHTATh MTOTYICHHUE IITaAMMa
Escherichia coli ¢ yMeHbIIIEHHBIM YHCIIOM KOJIOHOB. B Xoz1e
JTIOCTHKEHUS ITOH IeNN OBUT TIOTyYeH TeHOM, COICpIKaIITHiA
6oee 62000 monudukanuii (Ostrov et al., 2016). Dta pabora
NPE/ICTaBISIET BApUAHT CUHTE3a FEHOMA de 10Vo, HO XOPOLIO
JIEMOHCTPHUPYET, Kakue 00beMBI MOTU(HKAIINI B HACTOAIIICE
BpeMsI 33]ICHCTBOBAHEI B TICPEIOBBIX HCCIICAOBAHMSIX.

Hawubornee n3BectHOM pabOTOH, BBITOIHEHHON HA JPOXIKAX,
SIBIISICTCS BOCCO3/IaHME METabOIMIeCKOro MyTH OMOCHHTE3a
apTeMU3UHHHA B S. cerevisiae. I3Ha4abHO 3TOT METa0OIHT
ObLT OOHAPYKEH B MOJIBIHU Artemisia annua. APpTeMU3UHUH
oKazaJics 04eHb () (HEeKTUBEH IPH MaTIIPUN, HO U3 OMOMACCHI
TIOJIBIHN HEBO3MO)KHO HM3BIICKATh €r0 B KOJMYECTBAX, JOCTA-
TOYHBIX Ui 0OecreueHus MUPOKOTO Kpyra 3a00JeBLIHX.
Torma rpynma y4uensIx moa pykooactsoMm J. Keasling moiry-
YHUIIa peKOMOWHAHTHBINA IITAMM JPOXIKEH, CIIOCOOHBIN TIPO-
HN3BOAUTH apTCMU3UHUHOBYIO KUCJIOTY, U3 KOTOpOﬁ XUMHYC-
CKH TIOJTyJaJIi apTeMU3UHHH B KoJImdecTse 25 /1. barogaps
3TOMY CIIOCO0Y HOBOE JICKAPCTBO CTAIIO JOCTYITHBIM JTAXKE JUIS
JKUTeNell OelHeHIINX CTpaH, IJie pacupoCTpaHeHa MaIspus
(Paddon et al., 2013). /Iyt TOTO B TEHOM ITEKapCKUX APOXIKEH
OBLTH BHECEHBI 12 TEHOB U OTPETYNHPOBaHA UX COBMECTHAS
pabora.

Kpowme Toro, B HacTosmIee BpeMs BHITIOTHEHBI HITH BBITTOJI-
HSFOTCSI HECKOJIBKO MPOCKTOB, CBS3aHHBIX C MEPECTPOHKON
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MeTaboIu3Ma JAPOAIKEH, MoTydeHUEeM MPOJAYLEHTOB OHO-
TOTUIMBA ¥ KOMITOHEHTOB XuMudeckoro cuaTe3a (Nielsen et
al., 2013), cunte3om tepnenonnoB (Wriessnegger, Pichler,
2013) u np. [MogoOubIe 3ama4un TPeOYOT COTEH MOTU(HUKA-
14, KOTOpPbIC IOJIKHBI BBIMOIHITHCS OBICTPO M HAJACKHO,
U COOTBETCTBYIOIINX WHCTPYMEHTHI, Pa3BUTHEM KOTOPBIX
3aHUMaETCs MHOXKECTBO JIADOpaTopuii.

CoBpeMeHHble NHCTPYMEHTbI A1 HanpaBIEHHOro

penakTNpPOBaHUA FeHOMA APOXKKeN

MeTozb! HallpaBJIEHHOTO PEJAKTUPOBAHUS TEHOMA IPOXIKEN
Pa3BUBAINCH MAPAICIBFHO ¢ OOMMMH METOAaMHU MOJICKY-
JsipHO# 6nosnoruu. C TOUKM 3pEHUS] PEAAKTHPOBAHHUS T€HO-
Ma, JIPOX¥OKH OKa3aJIHNCh OYEHb XOpOoIMM o0bekToM. braro-
JIapst BBICOKOMY YPOBHIO TOMOJIOTHYHOW PEKOMOWHANNH,
Ha HadaJIbHBIX JTalax HeoOXOAMMOCTh Pa3BUTHS METO/IOB
HAIpaBJIEHHOTO PEJaKTUPOBAHHs TEHOMA APOXKEH He BOII-
HOBaJIa UCCJE0BaTeleH, BIUIOTh 10 BTOPOTO JECATHICTHUS
XXI Bexa. Ilepsrie unctpymentsl, ZFN u TALENS, oxasa-
JIMCh CIIUIIKOM TPYJ03aTPaTHBIMU, YTOOBI BBITECHUTD KJlac-
CHYECKIE METOJMKH. [IpOXKIKI TIPH 3TOM HCHOJIB30BAITICH KaK
BCIIOMOTATENIbHBIA MaTepHai Uil PeAaKTUPOBAHHS I'eHOMa
6onee cnoxubIx 00bekTOB (Kuijpers et al., 2013). Onnako
TpeOOBaHMS K KOJIMYECTBY BBOAMMBIX B TEHOM M3MEHEHHH,
X TOYHOCTH M CKOPOCTH BBEJICHUS TOCTOSHHO PaCTyT,
JUIsS COBPEMEHHOTO Tpoliecca MOIyIeHHs MO (DUIIMPOBaH-
HBIX IITaMMOB HEOOXOIUMBI OOJIBIINE BO3ZMOXKHOCTH, YEM
B Cllyyae MPUMEHEHHs] €CTECTBEHHBIX MEXaHU3MOB KIICTKH
nmpoxoxeit. B 2012 . qnis pegakTrpoBaHusS TeHOMA DYKapHOT
Havyasnu ucnonb3oBats cucremy CRISPR/Cas, koropas mo
cBoel APPEKTUBHOCTH KOHKYpUPOBAJa C KIACCHUYECKUMHU
MeTOIaMH peIaKTHPOBAHUS TeHOMa Apoxokeil. B 2016 1. Obut
OTKPBIT €IIe OANH OCJIOK, MEepPCIIEKTHBHBIN JJIsI TeHOMHOTO
penaxktupoBanusi, — ApronanT. K coxkaneHuro, B HACTOSIIUN
MOMEHT JOCTOBEPHO ITOKa3aHa paboTOCTIOCOOHOCTH TOIBKO
ero TepMo(IIbHBIX BapraHTOB. HecMoTpst Ha 3TO, TOA00HBII
0eJ10K Mor Obl 3HAYMTENILHO 000raTUTh BOBMOXKHOCTH T'eHE-
THYECKOM WH)KEHEPUH CBOOOIHOKMBYIINX OZHOKIJIETOYHBIX
OpPTaHU3MOB.

LinHkoBble nanbLibl

OHUM U3 IEPBBIX COBPEMEHHBIX HHCTPYMEHTOB JJIsI HAITpaB-
JICHHOTO PEJaKTUPOBAaHMsI '€HOMa CTalll TaK Ha3bIBaeMble
IUHKOBBIC Manblbl (ZFNS) — Hykieassl, ClIocoOHBIE y3HA-
BaTh onpeneneHusii caidt JIHK 3a cuer rpynnsr JIHK-cBs-
3bIBAOIIUX GCHKOBLIX JOMCHOB, UMCHOIIUX aHAJIOTHYHOC
Ha3Banwe. OHM conepiKaT XapaKTepHBIH y4acTOK, KOTOPBIH
BKJIFOYAET J[BA IMCTEHHOBBIX M J[BA I'MCTHIMHOBBIX OCTaTKa.
OTH aMUHOKHUCIIOTHI 00pa3yIoT XeJIaTHbIH KOMILJIEKC C HOHOM
IIMHKA, & PACIOJO0KECHHAs MEKIY HUMHU TOJHICITUIHAS
IIeTT0YKa BBIZCISIETCS B BUAE Manibla. Kaxaplii [IUHKOBBIHA
Tasiel] MOKeT Y3HaBaTh ONPEEeTICHHYIO TOCIEA0BaTeIbHOCTh
JIHK 3 Tpex HYKJICOTHIOB ¥ CIEIH(PUIHO CBSI3BIBATHCS C
Hell. [{uHK 371ech UTpaeT CTPYKTYPHYIO POJIb, CIIOCOOCTBYS
crabmibHocTH omeHa (Kim et al., 1996). [{luHKoBBIC TATTBITHI
BXOISIT B COCTaB OEJIKOB, B OCHOBHOM TPaHCKPHITIIHOHHBIX
(hakTOpOB, KOTOPBIE UTPAIOT Ba)KHYIO POJIb B PA3IHYHBIX
KJIETOYHBIX MPOLIECCax, TAKMX KaK PEIUIMKAlUs, pernapanusi,
TPAHCKPUIINS, TPAHCISIINSA, METa00IN3M, Iepeiada CUrHa-
JI0B, mporudepartyst KJIETOK, aronTo3 U Jp.
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Fig. 1. Use of yeast in the conversion of renewable sources of energy and matter.

Wnest KOMOMHUPOBaHNS HECKOIBKUX LIMHKOBBIX ITajbLIEB
JUISL TIOJT9EHUSI IOMEHa, CITIOCOOHOT0 K Y3HaBAHHIO LENIEBOI
MOCJIEA0BATEIbHOCTH, MOSBIIIACH B KOHIIE XX Beka. CoracHo
3TOM nzee, JOMEH IIMHKOBOTO MaJIbIla MOXKET OBITH CLIPOEKTH-
POBaH Tak, 4TOOBI y3HABATh JKEJIACMYIO MTOCIEA0BATEIBHOCTh
JIHK u cBsi3biBaThes ¢ Hell. Eciin k 3TOMY JIOMEHY 100aBHUThH
HYKJICa3HBIH JIOMEH, TO MOXKHO ITTOJyIUTh WHCTPYMEHT ISt
HarpasiieHHoro paszpe3anus nenu JJHK. Takue O6enkn Ob1utr
npeayioxkensl B 1996 1. (Kim et al., 1996). Jlns reneparuu
IBYHUTEBBIX pa3psiBoB JIHK mcmons3oBanm OMHApHYIO KOH-
crpykuuio (Bitinaite et al., 1998). [TockonbKy HarrpaBiIeHHOE
pelakTUpOBaHKHE FTeHOMAa OYEHb IIEPCIIEKTHBHO, K paboTe HaJy
pa3BUTHEM HOBOTO HHCTPYMEHTA MapajIeIbHO MPUCTYHIN
HECKOJIBKO TPYII, KOTOPBIE MPUMEHSIIN MHOXKECTBO pa3Iny-
HBIX MOJIEKYJISIPHO-OMOJIOTMYECKUX TEXHHUK ISl TOBBILLICHUSI
togrocTH # dppextuBHOCcTH ZFNs (Kim et al., 1996; Durai
et al., 2005; Guo et al., 2010).

Ha nepBbIx mopax BHUMaHue ObUIO C(POKYCHPOBAHO Ha
MOJTyYEHHUH CTICI(UUECKHUX OEITKOB, COAEPKAIINX IITHKOBBIE
nasbie! (ZFPs), uepes OakrepuanbHbIH ABYTHOPHUIHBIN METO
C HOC/IeNYIOIUM coearHeHneM ZFPs ¢ JoMeHOM HyKJieasbl
Fokl (Kim etal., 1996; Durai et al., 2005). Ho B 60;1bIITUHCTBE
cilydaeB B yCIOBUSX in vivo ZFNs oka3zannuch He CIOCOOHBI
paspesarts caitTel-muieHu. Torna yuensie u3 Kuras nposenu
WCCIIEJOBaHNs, HANPABJICHHbIE HAa Pa3pabOTKy COBMECTHO-
IO CKPUHHUHTA M TPOBEPKU ISl MOITydeHHUs 3(PPEKTUBHBIX
ZFP nykinea3 B apoxokax. st 3Toro ObUTM MCIOJIB30BaHbBI
ITaMMBI S. cerevisiae, KOTOPBIE HECYT PETIOPTEPHBIE CHUCTE-
MBI, MTO3BOJISIOIINE JIETEKTHPOBATh HEOOXOAMMYIO AKTHB-
HoCcTh. ITpomexyTouHas penoprepHas I1a3MUia UMEeT J1Ba
romonorngHbIX twieda B 30 m.H. Gal4 u cait-mumens ZFN.
JBoiinas nens JJHK pazpesanach no 1eneBoi nocienoBareib-
HOCTH € IoMO1b0 ZFNS 1 BOCCTaHaBIMBAJIACh MEXAHU3MOM
ofHOIeTIoueyHoro oTXKura (single strand annealing — SSA).
B ciydae ynaqHoro BoccTaHOBICHHUS HAYMHAIach HapaOoTKa
TpaHCKpunuuoHHoro dakropa Gal4, HeOOXOUMOTO JIJIs 3a-
MycKa AByX aykcoTpodHBIX MapkepoB (Wang et al., 2013).

OnHako y MeTo/la «IIMHKOBBIX ITAJIBIEB» OOHAPYXHIHCh
Cepbe3HbIe HEIOCTATKU: BO-IIEPBBIX, 3TO HE BIIOJIHE CTPOroe
pacrio3sHaBaHUE TPHUHYKJICOTHUAHBIX TOBTOPOB, YTO MPUBO-
JUT K 3aMETHOMY 4HCIly HeueneBblx pacuierienuit JJHK.
Bo-BTOpBIX, METO/ OKa3aJICs BECbMa TPYA03aTPaTHBIM U J10-
POTOCTOSIIINM, TIOCKOJIBKY JUTS KXKI0H ITOCIe0BATEIBHOCTH
JIHK HeoO0XxommMo co3aaTh CBOIO ONTHMU3UPOBAHHYIO OeI-

AKTyaanble TEXHONOrNY reHeTUKN N KNneTouHo 6uonorumn

KOBYIO CTPYKTypy zinc-finger nyxieassl. [losTomy cucrema
«IIMHKOBBIE TAJIBLBD) ITUPOKOTO PACTIPOCTPAHEHUSI HE MOy~
gyuia, 1 B 2010 . HayuHBIN HHTEpEC K 3TOMY OOBEKTYy Hayall
pe3ko cHMXKaThCs. M3-3a cioxXHOCTH Hcnonb30BaHus ZFNs He
HAIIUTH HIMPOKOTO MPUMEHEHHS B TeHETHYECKON HHKEHEPUH
)1p0)1<)1<el71, TaK KaK OHU HEC UMEJIM OYCBUIHBIX MPEUMYIIIECTB
B CPaBHEHHUH C TPOCTOH pekomOnHarmeit. Ho, HecMoTps Ha
3T0, cucTeMa OblIa OIpoOOBaHa Ha JIPOXOKAX, KOTOPBIE BbI-
CTyNaJH B POJIM MOJEIBHBIX 0OBEKTOB.

TALENSs
bonee nepcriekTuBHbIM, 4eM ZFNs, cpeicTBOM n30upareiib-
Horo Bosxeiicteus Ha JHK oxa3zanuch KOHCTpyKIMH Ha
OCHOBE XMMEpPHBIX HyKea3, Ha3BanHble TALENS (transcrip-
tion activator-like effector nucleases) (Sanjana et al., 2012).
TALE nykinea3sl — 370 nonHoueHHbIH 0emok TALE wmu ero
YYacTOK, 00BETMHEHHBIN ¢ ToMeHOM, pacierurtronmM JJHK
Fokl-nykneasoit. OHu ObUTH pa3pabOTaHbl KaK BBICOKOI(}-
(heKTHBHBII MHCTPYMEHT HAIPaBIECHHON MOAM(HUKALINY Te-
Homa. [ToBropstonnecs qomensl TALE 00bI9HO cocTOST M3
34 aMHUHOKHCIIOT, IB€ U3 KOTOPBIX, PACIOJIOKEHHBIE B IO-
sunusax 12 u 13, Beicoko BapnabenbHEIe (repeat variable di-
residue —RVD), 1 *MEHHO OHM OTBEYAIOT 33 y3HABaHHUE OTIPE-
JICIEHHOTO HYKJIeOTH 1a. VIIeHTUYHOCTh ATHUX AByX OCTATKOB
ompenenser cnenupuIHOCTh CBA3bIBaHMSA Kaxmaoro TALE-
noBTopa. [IpocToii mmdp ykassiBaer neneByro 06a3y Kax0ro
RVD (NI =A, HD = C, NG =T, NN = G unu A). Takxke B
npupone 6putn Halinersl TALENS, umeromue nmepeMeHHoe
YHUCII0O MOHOMEPOB, OT 1.5 o 33.5. Takum 0Opa3oM, KaxIbIid
MOHOMEp MperHa3HaYeH JUIsl OHOTO HYKJICOTH/A, U JINHEH-
Hasl nociiefoBaresibHOCTs MOHOMepPOB B TALE omnpexnenser
nocnenoBarensbHocTs JJHK-mumenn B Hanpasnenun 53’
(Sanjana et al., 2012).

[puponasim nporotuniom TALENSs cramm 6enxu (TAL-
effectors) HexoTopbIx OakTepuit pona Xanthomonas, napa-
3UTHPYIOIINX B KJIETKAX CEJbCKOXO35HCTBEHHBIX PAaCTEHUI.
[Tomazas B siIpo pacTUTENBHON KIIETKH, 3TH OaKTepHaIbHbIE
0eJIKM IMUTHPYIOT TPAHCKPHIIIMOHHBIC (DAKTOPBI M CBSI3BI-
BaloTCs ¢ onpeneneHHeiMu yyactkamu JIHK, aktusupys Ta-
KM 00pa30M I'eHbl, HEOOXOANMBIE JUIsl BBKUBAHNUS TTapa3nuTa
(Sanjana et al., 2012).

C nomonsio nckyccTBeHHbIX Hykiea3 TALENSs crano Bo3-
MOKHBIM BHECTHU JIByHHUTEBBIE Pa3pBIBBI B JTIO00H y4acTOK
reioma. B 2011 1. Ha cTpaHMIIaX aBTOPUTETHOIO >KypHania
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Nature Methods MeTozibl TEHOMHO MHXXEHEPHUH, B MIEPBYIO
ouepenp ncnonb3oBanne TALENS, 66Ut Ha3BaHBI METOJIOM
roza, 6marosapsi KOJI0cCalbHOMY CIIEKTPY BO3MOXHBIX TIPH-
MEHEHHI B CaMbIX pa3HbIX oOnacTsix (yHAaMEeHTAIbHON M
MPUKITQAHON HayKH: OT (DYHKIIMOHAIBHON T€HOMUKH U OHO-
JIOTHH Pa3BUTHS J0 CEINbCKOX035HCTBEHHONH OMOTEXHOIOTUHI
(Joung, Sander, 2013).

C 2010 mo 2013 r. Benmuch pabOTHI IO MOAM(PHUKALIAN H-
JIOTEHHBIX TEHOB JPOXKXKEH, IJIOZI0BOM MYIIKH, aCKapHJIbI,
JSITYLIEK, KPbIC, CBUHEH W MHOTHX JIPYTUX OPraHU3MOB MPU
nomomy TALENS ¢ ncronas30BaHrEeM TEXHOIOTHN U METOJIUK,
panee paspaborannsix aius ZFNs (Joung, Sander, 2013).
Kak u ZFNs, TALENS He HallIM IUPOKOro MPUMEHEHUS B
TEHETUYECKON MHKEHEPUH APOXKKEHN U3-3a TPYAOEMKOCTH X
ucrosb30Banust. OJJHAKO U3-3a MPOCTOTHI pabOTHI C IPOrKIKa-
MU MX IIPUMEHSUTH JUIsl Pa3BUTHS U TecTupoBaHus Metona (Li
etal., 2011).

I'pynna uccnenosareneit u3 ®@pannun nzyyana TALENs ¢
UCIIONIb30BaHUEM S. cerevisiae B KaueCTBE MOJIEIILHOTO 00b-
ekta (Richard et al., 2014). Dxcrancus TPUHYKICOTHIHBIX
MIOBTOPOB SIBJISICTCSI MPUUYMHOM Oosee 20 TsDKENBIX HEBPO-
JIOTUYECKUX PACCTPOUCTB y Jtofei. bolblioe KonmuecTBo
UCCIIEIOBAHUI OBIIO MOCBSIICHO MU3YYCHUIO MEXaHHU3MOB,
BIMSIONNX Ha dKcrancuro MHorouucieHHbelx CAG/CTG
noBTopoB. B ynomsinyToit pabore TALEN npumensuics s
pacnioznaBanus u Beipe3anns CAG/CTG TpHHYKICOTHIHBIX
noBTOPOB. B pesynsrare nokaszano, urto npumenenne TALENs
sujonykieas umeer 100 % 3¢dpdhexTuBHOCTL B COKpaleHUH
YHCIIa IOBTOPOB, HE BBI3bIBAsI KAKOH-TMO0 APYroi MyTannuu
B reHoMe sposokeit (Richard et al., 2014).

B paoote (Lietal., 2011) onrcasbl MOIY/IbHBIC TEXHOJIOTHA
cOopku 3aka3HpIX dTALENS 1 XapaKTepHuCTHKH IECATH TAaKHX
dTALENSs mis HampaBieHHOH MomuUKauyd TeHoB. B me-
TOJIE UCIIOIb30BAaHbl YETHIPE OCHOBHBIX ITOBTOPA COBMECTHO
¢ RVDs: NI, NG, NN u HD. MeTon no3BosisieT TeHepupOBaTh
48 TOTOBBIX K HCITOJIb30BaHHIO MOJTYJICH, KOTOPBIE MOTYT OBITh
MCIIOJIB30BaHbI Il COOPKHU 710 23 MOBTOPSIONIMXCS CHHULL
B 11000M 3amaHHOM mopsagke. K mpenmymectsam meroma
MOYJIBHON COOPKH OTHOCSITCS TPOCTOTA, CKOPOCTH M SKOHO-
MHUYHOCTb, OJIarojiapst 4emy 3TOT METOJ] MOXKET ObITh OCBOCH
B OOJIBIIMHCTBE aKaJeMUYECKUX WM MPOMBIIITICHHBIX J1a00-
paropuii Mostekynsipaoil 6uonorun. Bee necsitb dTALENs
[IPOJIEMOHCTPUPOBAIN IPPEKTUBHOCTL HOKAyTa W/WIIN 3a-
MEHBI T€Ha B TECTAX C TPEMsI Pa3INYHBIMU XPOMOCOMHBIMHU
reHamu S. cerevisiae. JJaHHBIN aHAIN3 ABISETCS HATECKHBIM U
nerkuM uaankaropom aktuBHocT TALEN u moaTBepxkaaer,
gro ¢pyHkrroHansHbIe dTALENS MOTYyT HCTTONB30BaThCS IS
HIMPOKOTO CIIEKTpa reHOMHBIX JIokycoB (Li et al., 2011).

Texuonorus o6nanaer 3HaAYUTEIbHBIM MMOTEHIUAIOM B
00Js1acTh HKCIIEPUMEHTANBHONW OMOJIOTHH M MEIULIUHBI U B
IIMPOKOM JIMaIla30He OTpaciieil HayK O XM3HM. B TedeHue
nByx jieT TALENSs Obutn cambiM BOCTPEOOBaHHBIM METOJIOM
reHeTndeckoi nmkeHepun. Ho ¢ 2012 . momymapHOCTS cTana
HaOuparh npyras cucrema penakruposanus renoB — CRISPR/
Cas, xotopast B 2015 1. okonvarenpHo 3amenuna TALENS kak
METOJ] FEHETHYECKOI MOAN(UKALINH.

CRISPR/Cas
Cuctema CRISPR (clustered regularly interspaced short palin-
dromic repeats — KOpOTKHE MaJMHIPOMHBIE TTOBTOPHI, pac-
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MIOJIOKEHHBIE TPYIIIAMH, PABHOMEPHO YIaJIeHHbIE APYT OT
JIpyTra) — 3TO €CTECTBEHHAs CUCTEMa aJaNTUBHOTO UMMYHH-
TeTa 6akTepuii M apXei, 3alUIIA0Iast UX OT IPOHUKHOBEHHUS
gyxeponHoi JTHK.

Criermudrraeckre HyKICOTHIHBIE TOBTOPHI OBLIA 0OHApY-
skeHbl B 1987 I cirywaiiHO B MOCIIENOBATENBHOCTSX, (IaH-
KUpyOIHUX 3'-KoHLbI iap-reHoB E. coli (Ishino et al., 1987).
B 2002 r. R. Jansen ¢ komjeramMu MPEeAIOKUIA aKPOHUM
CRISPR. Vmu ObI710 0XapakTepu30BaHO HOBOE CEMEHCTBO
nopTopstomuxcs nocienosarensHocreil JJHK, npucyrcry-
folee y TOMEHOB OakTepuil M apxeil, HO OTCyTCTBYIOIIEe
y 3YKapuoT M BUPYCOB. BBIABICHBI accOIMMPOBaHHBIC C
noBropamu renbl cas (CRISPR-associated), kotopsie pac-
MoJIaraaruch HEM3MEHHO psitoM ¢ tokycoMm CRISPR, a Taxoke
MoKaszaHa MX B3auMocBs3b (Jansen et al., 2002). Crpykrypa
CRISPR-kacceTsl mipencTaBisieT co0oif HabOp y4acTKOB
yaukansHO# JIHK (3axBauenusix nmocienosarensHoctei JJTHK
BUPYCOB U IJTa3MH/T) TPUMEPHO OJJMHAKOBOH JUTHHBI (OOBIYHO
32-38 m.H.), Ha3BaHHBIX crelicepamu. Crielicepbl OT/ICIEHBI
npyr ot apyra CRISPR-moBTOpamu, mannHApOMHOE CTPOCHHE
KOTOPBIX CIOCOOCTBYET (POPMHUPOBAHHIO BTOPUYHBIX CTPYKTYP
B BuJe «mmuiex». Pasmep CRISPR-noBTopa MokeT Bapbu-
posath ot 21 1o 37 m. H. (Jansen et al., 2002). Kax npaswuio,
CRISPR nHaxonsres B 6akTepruasbHON XpOMOCOME, HO MOTYT
ObITh naeHTnunuponans! U B miazmMuanon JJHK (Godde,
Bickerton, 2006), nX 4rcII0 MOXKET TOCTUTATh 375, HO 00BIU-
Ho mensbIre 50 (Horvath, Barrangou, 2010). B 2005 r. 6su10
MOKa3aHO, YTO OEJIKOBBIE MPOIYKThI PACIIOIOKEHHBIX PSJIOM
cas-reHOB 00J1aJal0T XEJIMKA3HOH 1 HyKJIea3HOH aKTHBHOCTBIO
(Haft et al., 2005). [lanpHeiinme uccneaoBaHus STOH CUCTE-
MBI [TO3BOJIMJIN YCTAHOBHUTH €€ POJIb B 00E€CIICYCHUH 3aIUThI
MHKPOOPTaHU3MOB OT BTopxkeHus ayxkepoaaoit JJHK (Bolo-
tin et al., 2005; Barrangou et al., 2007; Mojica et al., 2009).
B 2012 r. 1Be rpynmbl HccneaoBaTeneil CMOIIM HAlIPaBUTh
HyKJIea3HyI0 aKTUBHOCTH Cas9 crenmupuIHbIM 110 TTOCIIe10-
BareJIbHOCTH 00pa3oM in vitro (Gasiunas et al., 2012; Jinek et
al.,2012). Cpazy mociie atoro B 2013 r. Ob11H OITyOJIMKOBaHBI
pabotsr mo mpumeHennto CRISPR/Cas mis nikeHepun reHo-
Ma KJIeTok kuBOTHBIX (Cong et al., 2013; Mali et al., 2013).
C tex mop MeToj ObLI ONTHMU3UPOBAH M aJIAIITUPOBAH JIJIsI
pEeIaKTUPOBAHHS TEHOMOB Pa3HBIX OPTAaHU3MOB: KHBOTHBIX,
pacTeHunii, HaCeKOMBIX, I'PHOOB, IPOOKEH, OaKTepH.

Dddexrunocts CRISPR/Cas npeB3oiiia BO3MOXKHOCTH
€CTECTBEHHOH peKOMOMHAIINH APOXKKEH, ITO CITOCOOCTBOBAIIO
€e aKTUBHOMY BOBJICUCHHUIO B pa3pabOOTKy METOIOB X Te-
HOMHOTO pefakTupoBanus. [Ipumenenue Cas9 st BHeCEHUS
Pa3pbBIBOB B TEHOM S. cerevisiae yBennauio 3pQpeKTHBHOCTD
TOMOJIOTHYHOW PEKOMOWHAINHU MATHKPATHO B NMPHUCYTCTBUHU
OJIHOLICTIOUEYHBIX OJIMTOHYKIICOTH/IOB B KaY€CTBE MaTPHUIIb,
a B TPUCYTCTBHUM JBYICTIOYECYHBIX OJUTOHYKICOTHIOB —
130-kparno (DiCarlo et al., 2013). Briocnenctsun mMeron
CRISPR/Cas 6bu1 BCHONb30BaH Juisi MOAU(UKAIIMN JPYTHX
BUJIOB APOXCKEH (CM. TabiHILy).

B npuponnoii cucteme CRISPR/Cas 6enok Cas9 nanpasiist-
ercs K ueneBomy yuyactky JJHK ruGpumom u3 aByx Moseky:
PHK — CRISPR RNA (crRNA) u tractRNA, TpancakTHBUpY-
tomeii crRNA. Bmecre ot 18e Mosexynsl PHK dopmupyior
BTOPHYHYIO CTPYKTYPY, KOTOpast cBsizbiBaeTcst ¢ 6enkom Cas9.
crRNA HanpapisieT CUCTEMY K LIEIEBOMY YYaCTKy T€HOMa U3
npuMepHo 20 Tap OCHOBaHMH, KOMIUIEMEHTApHBIX (hparmMenTy
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MeTopabl FreHOMHOrO pefakTUPOBaAHNA APOXKKEN:
NCTOPUSA U COBPEMEHHOE COCTOAHME

Yeast species for which CRISPR/Cas systems for targeted genome editing have been developed
Species Reference(s)

DiCarlo et al., 2013; Gao, Zhao, 2014; Ryan et al.,, 2014; Zhang et al., 2014;

Bao et al., 2015; Horwitz et al., 2015; Jakocitnas et al., 2015; Mans et al., 2015;
Stovicek et al., 2015; Generoso et al., 2016; Jensen et al., 2017; Liu et al., 2017;
Ng, Dean, 2017; Reider Apel et al., 2017; et al.

Introduction of the Cas9 gene

or
_ Cas9
S—

-

Cas9
;){:F :
gRNAT gRNA2  gRNA3
gRNA1 or
gRNA2
gRNA3

Inserts

\ Introduction of guidRNA
and fragments for recombinations

““““""""l|||||||||||||||||||“l|l|l|||l|||||||||“|l|l||||||“l|l|“““““"“““||

Fig. 2. Genetic engineering of yeast with the CRISPR/Cas system.

Ha crRNA. 3a nieneBoii mocae0BaTeIbHOCTBIO TOJDKEH Clie-
nmoBath MoTHB 5'-NGG-3', Ha3Bauuslii PAM (protospacer ad-
jacent motif). /IHK pa3spesaercs 3a Tpu Hykineotnaa 1o PAM
nocnenosarensHoctu (Gasiunas et al., 2012). Jlst 6ospliiiero
ynoOcTBa B reHeTmueckoit mmkeHepun crRNA n tractRNA
6butn oOowvemHens! B oy guiding RNA (rugPHK) wepes
munkep (Jinek et al., 2012).

YroObl OCYNIECTBUTh M3MEHEHUSI B TEHOME C MOMOIIIBIO
cucteMsl CRISPR, B KkileTKke OHOBPEMEHHO IOJKHBI MPH-
cyrcrBoBarh Oesok Cas9, nanpasisitomas PHK (runPHK), a
Takxke, ecim Heobxoanmo, JIHK-marpuria 11t romomoruasHon
pexomOuHanmu. Hanbosee yacTo mcrosnb3yeMblid Oelok B
reHeTHuIecKoi unxenepuu S. cerevisiae — Cas9 u3 Streptococ-
cus pyogenes. IlocnenoBarenbHOCTh FeHa 0eka MOXKET ObITh
npuponaHoii (Ryan et al., 2014; Bao et al., 2015), ontummsu-
poBaHHOM IS OKcHpeccuu B KieTkax denoseka (DiCarlo et
al., 2013; Gao, Zhao, 2014; Zhang et al., 2014; Jakocitinas et
al.,2015; Mans et al., 2015; Stovicek et al., 2015) u mpoxoxeit
(Horwitz et al., 2015; Generoso et al., 2016). ['en Oenka Cas9
IKCTIPECCUPOBAIIHN TTO]] KOHTPOJIEM KOHCTHTYTHBHBIX IPOMO-
TOPOB pa3Ho# cuibl. Hanbosee 4acTo MCHonb3yeMblid Ipo-

AKTyaanble TEXHONOrNY reHeTUKN N KNneTouHo 6uonorumn

mortop — TEF1 (DiCarlo et al., 2013; Zhang et al., 2014; Bao
et al., 2015; Jakocitinas et al., 2015; Mans et al., 2015; Shi
et al., 2016; Jensen et al., 2017; Liu et al., 2017; Ng, Dean,
2017), BTOpO}#i 10 4acToTe UCTOIb30BaHuA mpomMotop —ADH1
(Gao, Zhao, 2014; Jacobs et al., 2014; Fernandez, Berro, 2016;
Reider Apel et al., 2017), nanee ciemxyror RNR2 (Ryan et al.,
2014), FBA1 (Horwitz et al., 2015), TDH3 (Laughery et al.,
2015), PGK1 (Lee et al., 2015) u mp.

UYame Bcero reH Cas9 BBOAWIIH B KIIETKY C UCITOJIh30BAaHUEM
IUTa3MHUIHBIX BEKTOPOB, HU3KOKOITMIHBIX CAMOPCIUIAIIUPYFO-
mmxcs eaTpomMepHsIx BektopoB (DiCarlo et al., 2013; Zhang
et al., 2014; Jakocitunas et al., 2015; Stovicek et al., 2015)
WJIM MHOTOKOTIMMHBIX BEKTOPOB Ha OCHOBE 2L BekTopa (Gao,
Zhao, 2014; Ryan etal.,2014; Bao et al., 2015; Horwitz et al.,
2015; Laughery et al., 2015; Generoso et al., 2016). B pa6o-
te (Mans et al., 2015) ObuIM OIUCAaHBI CKOHCTPYHPOBAHHBIE
IITaMMBI S. cerevisiae, B KOTOPbIX TeH Cas9 ObIT KITOHHPOBaH
B T€HOM, YTO MIO3BOJISICT HCTIOJIE30BATh MEHBIIIE CEICKTHBHBIX
MapKEpOB, & TAKIKE COKPATUTh YUCIIO HEOOXOIUMBIX CTAIIHIA.
Cxema KCTIepUMEHTA M0 TEHETHYECKO HHYKEHEPUH IPOIKEH
MIpHUBE/ICHA HA PHUC. 2.
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I'uaPHK — 310 Bropoi BaxHbIit 311eMeHT Metoga CRISPR/
Cas penakTHpOBaHUs TeHOMa. BBeneHue u mMpaBHIIbHAS
tpanckpuniys runPHK uMeror Hanbosnpiiee 3Ha4eHUE BO
BCEM Ipoliecce KIOHUPOBAHUS C UCTIONb30BaHUEM CHCTEMBI
CRISPR/Cas. Benenue B S. cerevisiae daiiie BCETO IPOBOASAT
B cocTase 2| BekTopa. O6srano Cas9 n runPHK pacmionarator
B Pa3HbIX KOHCTPYKIMSX, HO B psijie pabdoT UX pacrojaraiu
B onmHoi mrazmuzae (Ryan, Cate, 2014), XOTs BBUAY OYEHB
Gospioro pasmepa rea Cas9 Takoif BApHAHT JIOCTATOYHO
TpyaeH B ucnonHenun. K tomy sxe sxcnpeccust Cas9 nomxHa
mpeamecTBoBarh Tpancekin reaoB TuaPHK (Walter et al.,
2016). Vcnonpzosanue [T1{P-pparmenToB 11 KOHCTPYHPO-
Banua ruAPHK kacceT Takxke He MoIy4YusIo pacpoCTpaHeHUs
n3-3a Oonpmrei 3pPEeKTHBHOCTH HUCIIOMB30BAHUS TUTA3MHU/T
(DiCarlo et al., 2013). ®yakunonansabie runPHK momygaror
C TIOMOII[BIO Pa3HbIX KOHCTPYKLHI, BKITIOYAIOIUX IIPOMOTOP,
TEPMHUHATOP U (YHKIIMOHAIBHBIC SIIEMEHTBI JUI CO3PEBAHUS
PHK: 1) mpomorop asst monumepasst 111, Tpanckpubupyrommit
PHK ¢ nunepHoii mocnenoBaTenbHOCThIO, KOTOPasi OTpe3aeTcst
B mporiecce co3peBanus (DiCarlo et al., 2013; Farzadfard et
al., 2013); 2) npomotopsr a1t monumepassl 111, coneprkamme
CIS-peryJIsITOPHBIC AIEMEHTBI, TPAHCKPUOUPYIOIIUE ITOCIICIO0-
BarenpHOCTH THAPHK ¢ pnbo3nmom, orpesatormmm 5'-KoHeI
(Ryan et al., 2014); 3) npomotop juts nonumepasst 11, Tpan-
ckpubupyroumii ruilPHK ¢ nBymst ppbo3nmamu, oTiieruisio-
VMU JOIOJHUTENBHBIE TTocienoBarensaoctr PHK ¢ 060mx
koH1oB (Gao, Zhao, 2014).

DddexruBHast paboTa CUCTEMbI TOMOJIOTHYHOW PEKOMOH-
HalUH APOOKEH MO3BOMISIET apauIeIbHO BHOCUTD HECKOJIb-
KO M3MEHEHUH B TeHOM ¢ uctonb3oBanueM CRISPR/Cas. Pe-
IIAIOIIAM ATAIIOM TIPH 3TOM SIBIISIETCS OTHOBPEMEHHasl dKC-
npeccust Heckonbkux rUaPHK, mist noctukenus yero uc-
TIOJTB3YIOT HECKOJIBKO ITyTeH: HECKOIBKO BEKTOPOB C pa3iind-
HBIMH Mapkepamu ycroiunBoctu (Mans et al., 2015); onun
BekTop (Ryan et al., 2014; Jakociiinas et al., 2015; Lee et al.,
2015); TpancdeKnunst HECKOJIBKUX JTMHEAPHU30BaHHBIX KaCCET
(Horwitz et al., 2015).

Mpumepsbl ncnonbsosaHua CRISPR/Cas

B paboTe ¢ gpoxKamu

[Tomy4eHne CIIOKHBIX BEIIECTB IIPU MOMOLIM MHUKPOOHAIIb-
HOT'O CHHTE3a — 3a]1a4a, KOTopasi TpeOyeT 00IbIIoro oobemMa
M3MEHEHHH B reHOMeE. 3a [OCIIEIHHE TOJIbI CJIETIaHO HECKOIIBKO
MoA00HBIX paboT ¢ ncnonb3oBanuneM meroma CRISPR/Cas.
OueHb WHTEPECHOE UCCIICAOBAHUE BBIMOIHEHO MO PYKO-
BozctBoM J.D. Keasling u A. Mukhopadhyay (Reider Apel
et al., 2017). mu paspaboran HaOOp MHCTPYMEHTOB IS
U3y4eHHUs] MeTabONINYECKHUX MyTell B KieTkax S. cerevisiae,
BKJTFOUYasi HAOOP ITPOMOTOPOB, BbISBICHA 3aBUCUMOCTh HHTCH-
CHBHOCTH DKCIIPECCHH OT MO3HIMU Ha XPOMOCOMAX, CO3/1aH
HPOrPaMMHBII MPOIYKT JJIsl pa3padoTKU IUIa3MH] H MOCIIe-
Z[OBaTeJ'II)HOCTeI‘/’I JJI BBIIIOJTHCHUS KOHKPETHBIX 3a/iav, Ha-
NpaBJIeHHBIX HAa ONTHMH3AINIO MeTabonmdeckux myTei. Tak
KaK JUisi KCIPEecCHU OeNKOB B pabodyeM COCTOSHUHM BakKHA
JIOKaNu3anys, ObUT NOJMyYeH HAaOOp JIMAEPHBIX OCIENI0Ba-
TEeITBHOCTEH JUIS JIOKAIU3aLMK OeJIKa B pa3HBIX YaCTIX KICTKH.
DT10T HAaOOP MHCTPYMEHTOB OBLT MPUMEHEH JUTS Pa3paboTKH
[IPOMBILUIEHHOIO INTAMMa-IIPOAYLIEHTa TakcagueHa. B urore
HOJIy4eH INTaMM, CHOCOOHBII IPOM3BOANTH TaKCAIHEH, a B
pe3ynbrare ONTHMH3ALMU META0OINYSCKHX MyTeil yaanoch
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Fig. 3. (a) Pathways of taxadiene biosynthesis and further metabolism in
the recombinant S. cerevisiae strain. (b) Taxadiene production by strain
obtained in the study according to (Reider Apel et al., 2017).

YBEJIMUYUTH €r0 KOHIIEHTPAIMIO B KyIbType B 25 pa3 (puc. 3)
(Reider Apel etal., 2017). B npyroii paboTe aBTOPHI MOTYIHIN
IITaMM-TIPOJYLICHT HAPHMHT€HUHA, KOTOPBIH BIOCIIEACTBUH
OBUI ONITUMU3UPOBAH JUISI CHIKEHUSI KOHLEHTPALMK 000U~
Horo npoxaykra (phloretic acid) (Vanegas et al., 2017).

[Monyuenne GyHKIIMOHANBHBIX OCIIKOB — €11 O/1HA 3a/1a4a,
KOTOpasi MOXKET ObITh 3 (EKTUBHO PEIICHA C UCIIOIb30BAHHEM
TIposkoKel M TpeOyeT 3HAaYNTeNFHOT0 00BeMa padoT 10 TeHe-
THUYECKOH mikeHepuu. B myOnukanuu (Sheng et al., 2017)
npoBezeHa onTuMu3aus Beixona Hepatitis B Small Antigen
MU TIOMOIIY HAIPABJIEHHOTO T€HOMHOTO PENaKTUPOBAHUS
S. cerevisiae. C 0tHOI cTOPOHEI, pab0OTa HE COAEPKUT OPHUTH-
HaJIbHBIX PEIICHNI, OCHOBAaHHBIX HA MOJEIMPOBAHUY U [y~
6OKOM ITOHNMAHHH IPOLIECCOB, € APYTOil — OHA AEMOHCTPHUPY-
€T BO3MOXKHOCTH Hcnonb3oBanust TexHonorun CRISPR/Cas
JUIsl BBICOKOA(h(DEKTHBHOTO pelakTHpOBaHus reHoma. B xoze
HCCIIEZIOBAHNUS aBTOPBI MAPAJUIEIFHO TIPOBOANIN HOKAyT He-
CKOJIKMX TE€HOB B pPa3HbIX BapHAHTaX JJIsl POBEpKH 3hdhexk-
TUBHOCTH HapaOOTKu neneBoro Oenka. B pesynbrare yna-
JIOCH IMTOBBICUTH KOHEUHYTO KOHIIeHTpanuio Hepatitis B Small
Antigen (HBsAg) B 2.7 pa3a (Sheng et al., 2017).

Jlpyroe Ba)xHOE HalpaBJIeHUE COBPEMEHHON OMOTEXHOJIO-
MU — 3TO MOTy4eHHEe KOMIIOHEHTOB /IS KPYITHOTOHHA)KHOTO
XMUMHYECKOTO CHHTe3a. Tak, mpy moMoIy pa3paboTaHHOTO
HaOopa MHCTPYMEHTOB JUIsl BBIIMOJHEHUS META00INYECKOM
WHKeHepun Schizosaccharomyces pombe ¢ ncnonbp30BaHIEM
CRISPR/Cas ObuT BBIIEICH MITaMM-IIPOAYIICHT MOJIOYHOU
kuciotsl (Ozaki et al., 2017). lnst aToro B reHomMe ObLIH HO-
KayTHPOBAHBI IIECTh IT€HOB, BCTPOCHBI TPH I'€Ha U IPOBEICHA
ONTHUMU3AIMS UX IKCTpeccHr. ITOroBbIi mTaMM O3BOIHI
MOJIyYUTh MOJIOYHYIO KHCJIOTY B KOHIEHTpAMU 25 I/J1 C BbI-
xomom 0.71 r/r. [lanpHeHIIas ONTUMHU3AINS MOKET YBEITHIUTD
BBIXO/] KOHEYHOTO ITPOJTYKTA /10 3HAUYCHHMS, TOCTATOYHOTO ISt
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Fig. 4. Changes in the Schizosaccharomyces pombe strain introduced for the development of a lactic acid producer according

to (Ozaki et al.,, 2017).

Genes cloned into the genome are shown in red, and knocked-out genes, in blue.

opraHu3alnu TeXHoJormdeckoro mpomecca (Ozaki et al.,
2017). I3menenust, KOTOpbIe OBITH BHECEHBI B XOJI€ BBITION-
HeHus1 paloThl, Mpe/IcTaBlIeHbl Ha puc. 4. B uccnenoBanuu
(Shi et al., 2016) 6pu1 oydeH mrTamM-ripoaymeHT (R,R)-
2,3-0yrannuona, criocoOHbIN K KOEpPMEHTALNH TTIOKO3BI 1
KCHJIO3bI,  TAK)KE POBEAEHO MHOTOKOIIMHHOE KJIOHUPOBAHHUE
24 x0 pparmMeHTa, HECYIIETO HEOOXOIUMBIE TTOCIIEA0BATEIb-
HOCTH.

AproHasTt

Vxe Ha nporshkeHnu mectr JieT cucreMa CRISPR/Cas no-
MHUHHUPYET B Ka4eCTBE MHCTPYMEHTA JIJIsl FEHOMHOTO Pe/IaKTH-
POBaHUS 9yKapHOT, €€ UCTIONIF30BaHNE BeChbMa d(PPEKTHBHO U
JIOCTATOYHO IpocTo. HecMoTps Ha 3TO, B MUPE MPOJIOIDKACTCS
MOUCK JIPYTUX HHCTPYMEHTOB, KOTOPbIE ObLTH ObI O0J1ee y100-
HBI WM TIPOCTHI B MCTIONb30BaHuH. B 2016 1. ommyOmmkoBaHO
coobmmenne 06 obHapyxxennu 6enka Apronast (Gao et al.,
2016), KOTOPBIIT MOXKET CYIIECTBEHHO IOMOJHUTH BO3MOXK-
HOCTH METOJIOB I'€HOMHOTO penakTupoBaHuUs. [1omoOHBIH
Oerok Mor OBl OKa3aTrbcst 0COOCHHO P(PPEKTUBHBIM MPH
paboTe ¢ OHOKJIETOUHBIMHA OPraHU3MaMH MM B KIIETOYHBIX
KynbTypax. K cokanennio, akTHBHOCTh OeJka He TIO/ITBEPIK-
JIeHA He3aBUCHMBIMH NCCIICIOBAaHUSIMH APYTUX JTab0paTopuit
(Burgess et al., 2016; Javidi-Parsijani et al., 2017; Khin et al.,
2017).

Benox ApronaBT BepBbIe yIIOMHUHAETCS B paboTe, OmNH-
ceIBarolel Mmytanuto Arabidopsis thaliana. CBoe Ha3BaHKE
TeH M COOTBETCTBYIOIIMH OEJIOK MOTyYMIIN 110 JTaTHHCKOMY
Ha3BaHUIO OCbMHHOTA Argonauta argo — MNCThsS MyTaHTHOTO
pacTeHus CBEpHYIIUCh, KaK Iymaibla y Kaipmapa (Bohmert
et al., 1998). IlozgHee BBIACHUIHN, YTO AProHABT — 3TO Oe-
JIOK, UTPAIOIIUI KIIOYEBYIO poiib B dykapuorndeckoit PHK-
unrepdeperun. [Ipu unTepdepeHm Aproast HCIOIb3YET
kopotkue 5'-¢pochopunmposanasie PHK s HanenuBanus Ha
MPHK. benku ApronasT oTHOCATCS K cynepceMeiicTBy PIWI
(Swarts et al., 2014).

BorbI1oe KomIecTBO FeHOMOB ITPOKAPHOT TAKIKE COZIEprKaT
reHsl Oeka Apronast (Cerutti et al., 2000; Shabalina, Koonin,
2008; Makarova et al., 2009). B padote (Vogel, 2014) noka3a-
HO, YTO POJIb ATUX OEJIKOB B KJIIETKAX TPOKAPHOT 3aKJIFOUAETCSI
B 3amute oT uyxepoanoi JJHK, momanaromieil B KIeTKy.

AKTyaanble TEXHONOrNY reHeTUKN N KNneTouHo 6uonorumn

Benxu AproraBT 00amaroT Pa3TUYHON CIEIH(PUIHOCTHIO!
4yacTh OENKOB 00pa3yeT KOMIUIEKCH ¢ 5'-pochopunrpoBan-
HeiMu ouro-PHK, npyras — ¢ 5'-¢ocdopunupoBaHHbiMu
onmuro-J{HK. IlepBriMu ommcaHHBIME OeTKaMHu ApProHaBT
MPOKAPHOT OBUTN OENKH TePMO(DHIBHBIX MUKPOOPTaHU3MOB,
JUIsl KOTOPBIX [TOKa3aHa ClI0COOHOCTh K BHECEHHIO Pa3pbIBOB
B JIHK in vitro. 1o 6bun Genku w3 Thermus thermophiles
(Swarts et al., 2015b) u Pyrococcus furiosus (Swarts et al.,
2015a). benxu oCymECTBISANIN 3aLIUTY KJIETKH OT IMPOHUK-
HoBeHHA uykeponuoi JJHK u mposeisnm cocoGHOCTE K
HaIpaBJICHHOMY pa3pyLICHUIO TIa3MHUTHBIX BEKTOPOB CTPOTO
B MECTaX, KOMIJICMCHTAPHBIX HANPABISIOUIIM 5'-pocdo-
punupoBanHbM JJHK-onuronykneorngam. B gactHocTH,
IIMPOKO MCTOIB3YyEMbI B MOJICKYJISIPHON OMONOTHH IS
M3y4eHHsl TeHOMa TepMOBHIIBbHBIX OakTepuid ramm 7hermus
thermophilus HB27, nerko monBepraromuics TpaHCPEeKITHH,
HeceT MOBPEX/ICHHBIH TeH Oenka Apronast (Swarts et al.,
2015b). N3yueHre CBOWCTB HAlACHHBIX OCIIKOB BBISBUJIO MX
CIOCOOHOCTH K CBSA3BIBAHUIO ¢ 5'-hochopummpoBaHHBIMU
OJINTOHYKJICOTHIaMH1 ¥ HAIIPABIICHHOMY BHECEHHIO Pa3pbIBOB
B HYKJICOTHJIHYIO ITOCJIE/IOBATEILHOCTD.

Crioco6HOCTH 0eTKOB APTOHABT K BHECEHHIO Pa3phIBOB B
MOJINHYKJICOTH THBIE TIOCJICIOBATEIBHOCTH 10 CTPOTO OTpeie-
JICHHBIM CaiiTaM, KOMILIEMEHTapHbIM HalpaBJIsitomM 5'-(oc-
thopunmupoBanasM JIHK-omuronykneornaam (runIHK), 3a-
MHTEpEecoBasa uccieaoBaresel Kak HoBasi BO3MOXKHOCTB JUISt
CO3/IaHUsI CUCTEM HAIPaBJICHHOTO PElaKTHUPOBAHUS TEHOMA.
OpHako Oe’Ku TepMOQIIFHBIX OPTaHN3MOB OKa3aJIHCh He-
MIPUTOTHBI JUTsl BHECEHHSI U3MEHEHHH B KIIETKH ME30(HIIBHBIX
OpPraHM3MOB, TaK KakK JUisi UX paboThl TpeboBaIack Temrepa-
Typa 6omee 65 °C, 9T0 HEIPHUEMIIEMO — KIETKH KHBOTHBIX,
pacTeHuit 1 OONIBIINHCTBA MUKPOOPTaHN3MOB HE BEDKHBAIOT
B TaKHUX yCJIOBUSIX.

B cpaBuenun ¢ CRISPR/Cas, cucrema Ha ocHOBe Oenka
ApProHaBT MOXeT 00JaaTh PSAAOM MPEUMYILECTB, 0COOCH-
HO JUIsl OJHOKIICTOYHBIX OPTaHM3MOB, TAKUX KaK JPOXKIKH.
KitroueBbMn 715t cucTeMbl MOAM(UKAIIMN SIBISIOTCS. BCETO
JIBa 3JIEMEHTA: caM OeJoK M Harpasisommi 5'-pocdopu-
JIMPOBaHHBIN onuroHykiaeoTua. Hampasnstomas rug/{HK
JUIA OeTTKOB ApPrOHABT 3HAYMTEIHHO MPOIIE B CPABHEHUH C
runPHK mst Cas9. Pa3mep n3BecTHBIX OeIKOB APrOHABT CO-
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craBisieT 2/3 ot pasmepoB Oenka Cas9, 94To Ba)KHO B CBSI3H C
TeM, uto y Cas9 o4ueHb OOJIBINON pa3Mep U ero T'eH HeyI00CH
B paborte.

OpHAaKO B HACTOSAIIECE BPEMs BOIIPOC O BOSMOXKHOCTH HC-
TMIOJIb30BaHUs Oeika AProHaBT ISl pelaKTHPOBAHUS TeHOMA
9YKapHOT BHOBB OKa3aJcs OTKPHITEIM. Onricanne gpepmMenTa
ApTroHaBT, cTOCOOHOTO paboTaTh B PU3NOTOTHIHBIX IS KH-
BOTHBIX TEMIIEPATypax, ECTECTBEHHO, 3aNHTEPECOBAJIO HayY-
HOE co0011ecTBO. Cpasy HECKOJIBKO rPyII HaYaJIi pa3padarhl-
BaTh METO/BI TEHOMHOTO PETAKTHPOBAHMS C ICTIONH30BAaHIEM
HOBOTO (hepmeHTa. HeoyknIaHHOCTBIO CTalIO TO, YTO HU OTHOM
TpYyIIIe UCCIeA0BaTeNel He YAaI0Ch ITOKa3aTh €r0 aKTHBHOCTh
(Burgess et al., 2016; Javidi-Parsijani et al., 2017; Khin et
al., 2017).

3aknioueHue
WmxeHepus reHoMa APOXKIKSH MMEET IJIMHHYFO U YCIICITHYIO
HCTOPUIO OJlarofaps HAIMUHI0 COOCTBEHHBIX MEXaHH3MOB
TOMOJIOTHIHOH pexoMOnHanuu. C OMHOW CTOPOHBI, POXKIKH
S. cerevisiae nonroe BpeMsi ObUIM OCHOBHBIM MOJICJIEHBIM
00BEKTOM MIPU U3YUCHHUHN DYKAPHOT, YTO OOBSICHIIOCH OTHO-
CHUTETFHOHN MPOCTOTOH YCTPOICTBAa U METONOB KyJIBTHBUPO-
Bauus. C pyroil CTOPOHBI, 3TO 3aMevaresibHas miaThopma
JUTS TIOTYYEHHUS IITaMMOB Ui OMOTEXHOJOTHYECKOTO MPH-
MeHEHUS. [IPOXOKA CITYKIITH MOJICITBIO M BCTIOMOTaTeIIEHBIM
HHCTPYMEHTOM TIPU Pa3pabOTKe TEXHHUUYCCKU CIIOKHBIX ME-
TOJOB JJIs1 MOAM(DHUKAINN T€HOMA KUBOTHBIX U PACTEHHH,
a Taroke OpUTH Tenbio padoT. B HacTosiee Bpemst HanboIee
MPOIECCUBHBIC WHCTPYMEHTBI JIIsl HAIIPABICHHOTO TCHOM-
HOTO PEAAKTHPOBAHMS Pa3paOOTaHbI IMEHHO IS IPOXIKEH.
B mepByto ouepens 3To mapaniebHOE BBEICHAES MY TAITHHA TIPH
oMot CRISPR/Cas, koTopoe peanr30BaHO yKE CETOHS.
B 0030pe nmpuBeneHs MpUMEpH! YCIEITHOTO HCIIOIB30BAHMUS
9TOTO METO/IA ¥ OIICAHBI CYIICCTBYIOIINEC HHCTPYMEHTEHI.
ITockosbKy METOIBI TCHETUYECKOM HHKCHEPHH OJTHOKIIC-
TOYHBIX OPTAHU3MOB HECKOJIBKO OTJIMYAIOTCS OT MIPUHIIUIIOB
paboTHI ¢ MHOTOKJICTOYHBIMH, BO3MOKHO TIOSIBIICHIE HOBBIX
WHCTPYMCHTOB, CIICIIMATH3UPYIOLIIXCS UMCHHO Ha paboTe ¢
HUMH. OJTHAM U3 TAaKUX BAPUAHTOB MOT ObI CTaTh OEJIOK Apro-
HaBT. K coxxaneHnro, B HacTosIIee BPpeMs JOCTOBEPHO ITOKa-
3aHa aKTUBHOCTB TOJIBKO BEICOKOTEMITCPATYPHBIX BAPHAHTOB
3TOTO OETKa.
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PacTuTebHbIE CUICTEMbI SKCIIPECCUN
B KauecCcTBe IMPOAVIIEHTOB peKOMOMHAaHTHBIX
dapMaleBTUUYECKN IIeHHbBIX O€JIKOB

E.B. Aeitnexo ®), A.A. 3aropckas

DepiepanbHblii NCCNeRoBaTENbCKUI LeHTP UHCTUTYT yutonorum n reHeTnkn Cnbrpckoro otaeneHns Poccuitckol akaemmnmn Hayk, HoBocnbupck, Poccus

PbiHOK dpapmaLieBTMYEeCKM LieHHbIX 6eNKoB — Hanbonee 6bICTPO pa3Bu-
BalOLLYMIACA CErMeHT SKOHOMUKM. bonbluas yacTb 6rodapmaLleBTUKOB
roJsiyyeHa B KJeTKax MIeKONMTaIoLWMX N MAKPOOPFraHN3MOB, OfHAKO
obe cuctembl 06M1afa0T PALOM HEAOCTATKOB. PacTUTenbHble KNETKM
coyeTaloT B cebe JOCTOMHCTBA 3YKapUOTUYECKOW CUCTEMbI HapaboTKM
6enKa 1 NPoOCTOTY 1 AeleBn3Hy bakTepuanbHoii. icnonb3osaHue pac-
TEHUIA ANA NONyYeHUs PEKOMOVIHAHTHBIX 6EJTKOB — SKOHOMUYECKH 3Ha-
yMmoe 1 NepcrnekTMBHOE HanpasneHve. MperMyLLecTBOM pacTuTeb-
HbIX CUCTEM ABNAETCA 6onee Hr3Kaa CTOMMOCTb KyNbTYBMPOBAHNA
KneTok. OHY CBOGOAHbI OT HEXeNlaTeSIbHbIX KOMMOHEHTOB, TaKMX Kak
SHAOTOKCUHbI GaKTePUiA, FTMNepriMKo3nIMPOBaHHbIe 6enKu, NpoayLy-
pyemble pOXKKamui, MaTOreHbl XXUBOTHbIX 11 Ye/IOBEKA B KNETOUHbIX
KyNbTypaXx TPaHCreHHBIX KMBOTHBIX. PacTeHWA OTHOCATCA K BbICLLINM
3yKapuroTam, No3TOMY B KX KNIETKaX NMPOUCXOANT NOSHOLEHHbIN on-
OVHT 1 06pa3oBaHme CIOXKHbIX MySIbTMEPHbIX 6EJTKOBbIX KOMIeK-
COB, a TaKXe 3HaunTesNIbHasA YacCTb NOCTTPAHCNIALMOHHbBIX MoANdUKa-
LI aHaNorMyHO TakoBbIM B KNeTKax MieKonuTatowmx. Pa3smBaemble
HbIHEe pacTUTENIbHble CUCTEMbI SKCMPECCUMU PEKOMOVHAHTHBIX 6eNKoB
ype3BblYaliHO Pa3HOO6pa3Hbl 1 HacuMTbIBatoT 6osiee 100 pasNnUHbIX
TEXHOJIOTUIA, OCHOBAHHbIX Ha Pa3HbIX BUAAX PacTeHWiA, cnocobax ne-
peHoca reHOB, SKCMPECCUOHHDBIX CTPATErnsax, MeTofax nocenytoLero
n3BnieyeHus Lenesoro 6enka u np. K HUM OTHOCATCA agepHas v nna-
cTMgHanA TpaHchopmaLms, TPaH3VEHTHAsA 1 CTabunbHasA SKCNpeccns
npv TpaHchopMaLmm C MOMOLLbIO arpobakTeprasibHOro NepeHoca,
60M6apANPOBKN MW SN1EKTPONOPALIK, KyNbTUBUPOBaHE LieSbIX
Ha3eMHbIX SN BOAHBIX PACTEHUIA, PAaCTUTENbHbIX TKAHEN U CycreH-
3VIOHHBIX KNETOYHBIX KYJIbTYP B KauecTBe KCMPECCMOHHBIX CUCTEM.

B 0630pe aHanu3upyeTtca coBpeMeHHOe COCTOSIHVE NCCNIeA0BaHNI

B 06/1aCTUN NCMOJIb30BaHNA PACTUTENBHbBIX CUCTEM SKCNPECCUN AN1f
HapabOoTKN PEKOMOMHAHTHBIX dapMaLeBTUYecKmx 6enkos. CaenaH
aKLeHT Ha NMpenMyLLecTBax KysibTyp pacTUTENbHbIX KIIETOK MO CpaB-
HEHUIO C ApYrMMmn CcTeMamiu aKkcnpeccumr. OnmcaHbl pacTuTeNbHble
CUCTEMBI A1l HAPabOTKN PEKOMOMHAHTHBIX 6eSIKOB, TaKMe Kak TpaHC-
NJ1acTOMHble PACTEHNS, KYNIbTYPbl MXOB 1 BOAHbIX PACTEHNI, a TakKe
CyCneH3VOHHble KynbTypbl KJIETOK BbICLUMX pacTeHNI. PaccmoTpeHo
COBpPEMEHHOE COCTOAIHME PbIHKA PEKOMOUHAHTHBIX 6EKOB, NOMTyyeH-
HbIX C MPUMEHEHMEM PaCTUTENbHBIX CMCTeM SKcnpeccumn. O6cyxaatoT-
CA NEePCMNEKTUBDI PAaCTUTENbHbIX («Cbed0oOHbIX») BaKLMH, CO34aHHbIX Ha
OCHOBeE reHeTUYeCKN MOANPULIMPOBAHHBIX PaCTEHUIA.

KntoueBble CNI0Ba: CUCTEMbI SKCMPECCUN; TPAHCTEHHbIEe PacTeHWS;
6ronpoayLEeHTbI; PeKOMOMHAHTHbBIE GeNKM; PacTUTENbHBIE BaKLMHBbI.
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Plant expression systems

for production of recombinant
pharmaceutically important
proteins

E.V. Deineko®, A .A. Zagorskaya

Institute of Cytology and Genetics SB RAS, Novosibirsk, Russia

The market of pharmaceutically valuable proteins is
the fastest growing segment of the economy. Most
biopharmaceuticals have been obtained in mammalian
and microorganism cells, but both systems have a num-
ber of disadvantages. Plant cells combine the advan-
tages of the eukaryotic system of protein production
and the simplicity and cheapness of the bacterial, and
the use of plants for the production of recombinant
proteins is an economically important and promising
direction. The advantage of plant systems is the lower
cost of cell cultivation. They are free from unwanted
components, such as bacterial endotoxins, hyperglyco-
sylated proteins produced by yeast, animal and human
pathogens in cell cultures of transgenic animals. In ad-
dition, plants are higher eukaryotes, and therefore full-
value folding and the formation of multimeric protein
complexes occur in their cells, as well as a significant
portion of post-translational modifications similar to
those in mammalian cells. The currently developed
plant expression systems for recombinant proteins are
extremely diverse and number more than 100 different
technologies based on different plant species, gene
transfer methods, expression strategies, methods for
the subsequent extraction of the target protein, etc.
This is nuclear and plastid transformation, transient and
stable expression during transformation using agro-
bacterial transport, bombardment or electroporation,
cultivation of whole terrestrial or aquatic plants, plant
tissues or suspension cell cultures as expression sys-
tems. The review examines the current state of research
in the use of plant expression systems for the produc-
tion of recombinant proteins for pharmaceuticals. The
emphasis was placed on the advantages of plant cell
cultures in comparison with other expression systems.
Specific examples discuss promising plant systems for
the production of recombinant proteins, such as trans-
plastomic plants, moss and aquatic plant cultures, as
well as suspension cultures of cells of higher plants. The
current state of the market for recombinant proteins
obtained using plant expression systems is considered.
The prospects of creating plant (“edible”) vaccines
based on genetically modified plants are discussed.

Key words: expression systems; transgenic plants; bio-
producers; recombinant proteins; plant vaccines.



HaCTOsIIIee BpeMsi 0OJIbIIIOE YUCIIO OEIKOB METUIIMHCKO-

0 Ha3HAYEHHUS TT0JTy4aloT He M3 IPHPOAHBIX HCTOYHHKOB,

a TIpY CHHTE3¢ NX PeKOMOWHAHTHBIX aHaJIOToB. JJIst 9THX
LeJIeld UCTIONB3YIOTCSI pa3iIMuHbIe CUCTEMBI IKCIIPECCHN: OaK-
tepuanbusie (Escherichia coli), nposxokessie (Saccharomyces
cerevesiae, Pichia pastoris u Hansenula polymorpha), knetku
JKUBOTHBIX (KJIETKH SIMYHUKOB KUTAMCKOTO XOMSYKA) U Jp.
D70 MO3BOJISIET HapabaTHIBATh B MTPOMBINIUIEHHBIX MacIITadax
0eJKH, KOTOpbIe OBIIIO0 OBl HEBO3MOXKHO B JIOCTATOYHOM KO-
JIMYECTBEC MOJYUYUTh TPAAUITUOHHBIMU METOJAMHU SKCTPAKIINU
(HarpuMep, MHCYIMH WIIF TOPMOH pocTa yenoBeka). [Tomyue-
HHE PEKOMOMHAHTHBIX OCJIKOB OCHOBAHO Ha TEXHOJIOTUH pe-
komOuHanTHBIX JIHK, BKITFOYarOIIIel KIIOHUPOBAHHKE [IEJICBOTO
TeHa, KOIUPYIomero (GpapMaleBTHIeCKH IIeHHBIN (11eIeBOil)
0CJIOK, U ero MepeHoc B FeHOM KIIETOK, B KOTOPBIX JAHHBIH
1esieBoit 0esIoK OyJeT CHHTE3UPOBaH.

Jnst GakTepratbHBIX CHCTEM DKCIPECCHU XapaKTepHBI OT-
HOCHTEIbHAsI IPOCTOTA FCHHO-UHKECHEPHBIX MaHUIYIISIINH,
BBICOKasl CKOPOCTbH JICJICHUS! KJIETOK U, COOTBETCTBEHHO,
3HAYUTEIIBHBII BBIX0O OOMACCHI, BRICOKHI YPOBEHB dKCIIpeC-
CHM PEeKOMOMHAHTHBIX OEIIKOB M BO3MOXXHOCTh MacIITaOHOTO
MPOU3BO/ICTBA Oelika B Oropeakropax. OQHAKO IPOKAPUOTH-
Yeckast KJIeTKa He B COCTOSIHHH OCYIIECTBIATh MHOTHE TIOCT-
TPaHCIAHOHHBIC MOTU(DUKALMN CHHTE3UPYEMOTO PEKOMOH-
HAHTHOTO OeJiKa, BKJIF0Yasl MIPEX/IE BCEro ero NIMKO3HIHPO-
BaHNE W KOPPEKTHOE 00pa30BaHHE TUCYIb(PHUIHBIX CBSI3CH.
CrienyeT OTMETHTbh, YTO HEKOPPEKTHBIC MOCTTPAHCIISAIINOH-
HBbIC MOJII/I(bI/lKa]_Il/II/I WA UX OTCYTCTBHUEC MOT'YT CHUJIBHO I10-
BJIMSATH Ha CBOICTBAa PEKOMOMHAHTHOTO OEJKa, B TOM YHCIIe
Ha ero OHOJIOTMYECKYI0 aKTHBHOCTb M (hapMaKOKHHETHKY.
Takum 00pa3oM, NPOKAPUOTHUECKHE CUCTEMbI SKCIIPECCUH
UCIIOJIB3YIOTCS Ul CHHTE3a OTHOCHTEIBHO IPOCTHIX TeE-
paneBTHYECKUX OCNKOB, TAKUX KaK MHCYJIWH, HHTEPHEPOH
WJIM TOPMOH POCTa 4esoBeka. HeMalloBa)KHBIM SIBIISIETCS
9TaIl BBIACICHUS PEKOMOMHAHTHOTO OejKa, CHHTE3HPYeMO-
TO B MPOKAPHOTHYECKOW CHCTEME SKCIPECCHH, TOCKOIBKY
MMEHHO JTOT 3Tall CBS3aH C OYMCTKOW IEJIEBOTO MPOAYKTa
OT ITHPOTCHHBIX YHIOTOKCHHOB H JAPYTHX HPOXYKTOB MeTa-
Oonu3ma OakTepHalbHBIX KICTOK B KynbType. B cpemnem
BBIXOJ] PEKOMOMHAHTHOTO Oejika B OaKTepHaJIbHOM cucTeMe
skcrpeccun coctaBisieT oT 20 1o 400 Mr/a KyasTypaibHON
cpenbl.

Hawubonee npuOIMKEHHO K Y€IIOBEYECKOMY THILY MOCT-
TPaHCIAUOHHBIE MOIU(UKAIINN PEKOMOMHAHTHOTO Oenka
OCYLICCTBJIAIOTCS B CHCTEMax SKCIPECCHH, OCHOBAHHBIX Ha
KyJbTypax kierok miexkonuratomux (Casteleijn, Richard-
son, 2014), HO U 2TH CUCTEMBI HE JIUIICHBI HEIOCTATKOB.
K HUM OTHOCSATCSI BBICOKAsi CTOUMOCTbD KYyJTBTHBHPOBAHUS,
TPYAHOCTH C MaclITaOMPOBAHUEM IPOLIECCa U MOTEHIHAb-
Has 3apa)kaeMOCThb KJIETOYHOI KyJIBTYphI TATOTEHAMH YeJI0-
BEKa M KMBOTHBIX. Mcrionp3oBanne aposokei it Hapador-
KU PEKOMOMHAHTHBIX OCJIKOB YaCTO COMPOBOXKIAACTCSI HEKOP-
PEKTHBIMH MTOCTTPAHCIISIIMOHHBIMU MOIAU(HUKALMAMH, CBS-
3aHHBIMH C 00pa30BaHUEM THIIEPIIIMKO3WINPOBAHHBIX pe-
KOMOHMHAHTHBIX OCJIKOB.

B nocnenane 10—15 et nHTEHCHBHO BO3pacTaeT HHTEPEC
K aJbTepPHATHBHBIM CHCTEMaM JKCIIPECCHHU, B YaCTHOCTH K
pacTUTENbHBIM KJIETKaM, KyJbTHBUPYEMbIM B OHOpPEaKTO-
pax. PacturenbHbIe CyCHEH3MOHHBIC KJIETOUHBIE KYJIBTYpBI
JIMIICHBI BBILICTICPEYNCICHHBIX HEOCTATKOB U YPE3BBIYAHHO

980 VavilovJournal of Genetics and Breeding - 2017 - 21+ 8

MePCIIEKTUBHBI JUIS 3TUX LieJIei, codeTasi JOCTOMHCTBA dyKa-
PHOTHYECKUX CHCTEM 3KCIIPECCUH U MIPOCTOTY U JICIIEBU3HY
OaKkTepHaTbHbIX.

PBIHOK (papmalieBTHYeCKH LIEHHBIX OEJIKOB PacTeT ObIcTpee,
4eM (apMarieBTHUECKUH PBIHOK B IIEJIOM, U 110 MIPOTHO3aM
CHEIHAINCTOB OyeT mocturath K 2020-my romy 278.2 Mipn
nomn. CIIA (Casteleijn, Richardson, 2014). Kpynueiimme
OMOTEXHOJIOTHUECKHE U (papMaIleBTHIECKHE KOMITAHUH TIPO-
SBIISIIOT OOJIBINYIO 3aMHTEPECOBAHHOCTh U MHBECTUPYIOT
3HAUUTEJIbHBIC CPE/ICTBA B Pa3BUTHE HAyYHBIX MCCIIEIOBa-
HUH 10 pa3paboTKe HOBBIX IIAT(GOPM IJIS MPOU3BOJACTBA
PEKOMOVMHAHTHBIX OCJIKOB M BHEIPEHUSI X B TIPONU3BOICTBO.
Becbma npuBniekarebHbIMU JIIsL CCIIej0Barelieil u dpapma-
LEBTHUECKUX KOMITAHHUH CTAHOBSITCS PACTUTEIBHBIC CHCTEMBbI
sKcrpeccud. [IpenMyiecTBO 3THX CHCTEM — OTHOCHUTEIIBHO
HEBBICOKAsi CTOMMOCTb MX KyJbTHBHPOBaHUs. OHM CBOOOTHBI
OT HEXKENaTeNIbHBIX KOMIIOHEHTOB, TAKUX KaK 3HIOTOKCHHBI
OakTepuil WM THIEPIIIMKO3UINPOBaHHBIC IIEJIeBbIC OCIKH,
MPOJyLIUPYEMbIE JIPOXKKAMHU, U B OTIIMYHME OT KIETOUHBIX
KyJIBTYpP XKHBOTHOTO HMPOHUCXOXKJECHUS — OT MATOTCHOB K-
BOTHBIX U YEJIOBEKA. B KileTkax pacTeHuil MpoNCXOANUT KOp-
PEKTHBII (OIUHT 1 00pa30BaHKE CIIOKHBIX MYJIBTUMEPHBIX
OEJIKOBBIX KOMIIJIEKCOB, & TAKKE OOITbIIIAs 4aCTh TOCTTPAHCIIA-
IIMOHHBIX MOTU(HUKAIINI IEJICBBIX OSITKOB, HEOOXOMMBIX IS
ux 6uonoruueckoi akrusHoctd (Twyman et al., 2003; Nagels
etal.,2012). B pacTuTenpHBIX KJIETKaX MOTYT CHHTE3UPOBATH-
Cs1 TAKHE CIIOKHBIE OCITKM MIICKOTIMTAIOIINX, KaK KOJITareHbl,
reMorioOuH, MMMYHOIIOOYIMHBL. B Omkaiiniem Oynyiiem
MOTy4eHHE PEKOMOWHAHTHBIX OEIIKOB B KYJIbTypax KIETOK
BBICIINX PACTEHHH, BEPOSTHEE BCETO, CTAHET HAnOoJIee YacTo
UCIIOJIb3YEeMOM M3 BCEX HbIHE MPUMEHSEMbIX PACTUTEIbHBIX
CHCTEM HKCITPECCHH.

PexoMOMHaHTHBIE OENKN B PACTUTENBHBIX CHCTEMaX MOTYT
CHHTE3MPOBATHCSI IIPH UCTIONB30BAHUH PA3JINYHBIX IL1aT()OPM,
OCHOBaHHBIX Ha Pa3HBIX BHUIAX pAcTeHHi, crocobax mepe-
HOCa T'€HOB, KCIIPECCHOHHBIX CTPATETHAX, METOax IMocIe-
JIYIOIIET0 W3BJICUEHHMS 11eIeBOro Oelika U 1p. DTo siepHast U
wtactuaHas Tpanchopmarms, TpansuentHas (Gleba et al.,
2007; Huang, McDonald, 2009) u crabuibHast SKCIIpeccust
Py TpaHc(hopMaInK € IOMOIIBIO arpo0aKkTepHaIbLHOTO Tepe-
Hoca (Gelvin, 2003), 6oMOapIUPOBKH HITH NEKTPONOPAIINT
(Rosales-Mendoza, Tello-Olea, 2015), KynsTHBHpOBaHUE 11e-
JIBIX HA3EMHBIX WM BOJIHBIX PACTEHHH, PACTUTENBHBIX TKAaHEH
WIN CYCIIEH3MOHHBIX KJIETOYHBIX KYJIBTYp B KadeCTBE 3KC-
MIPECCHOHHBIX CHCTEM.

CHHTE3UPOBAHHBIC PEKOMOMHAHTHBIC OCJIKH MOTYT OBITh
HaIlpaBJICHbl B Pa3JIMYHBIE KOMIAPTMEHTHI PAaCTHTEIbHOMN
KJIETKH (BaKyoJIM WJIM JIIOMEHBI SHIOIUIA3MaTHYECKOTO pe-
TUKYJIyMa), a TAKKe B alloIUIacT U Pa3JIMYHbIE OpraHbl pac-
TeHus (ceMeHa, KIIyOHH, TUTOIBI | T.1.). braromaps stomy
PEKOMOMHAHTHBIE OCJKN B PACTUTEIBHBIX TKAHSAX MOTYT OBITh
JUIITENIEHOE BPEMsI COXpPaHEeHBI 0€3 KaKUX-JTM00 U3MEHEHUI 1
cHIXeHHs onosiornueckoit aktuBHOCTH (Daniell et al., 2005;
Gleba et al., 2005).

HemarnoBaxeH u TOT (akTt, 4To pa3paboTaHHbIC K HACTOSI-
IIEMY BPEMEHH METO/IbI arpOOHOIOrNIE€CKOTO BO3IEITIBIBAHUS
XO3SIICTBEHHO BAXKHBIX BHJIOB PACTEHHH, & TAK)KE CHCTEMBbI
CEMEHOBOJCTBA JUIsl TOW WIM UHOU KyJIBTYPBI J€JIat0T pacTe-
HUSI IPUBJICKATENIHBIMU JJIS1 HCTIOJIB30BAHHS UX B Ka4ECTBE
O6moabpuK OCITKOB MEAUIIMHCKOTO HA3HAYCHUS.
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PactuTenbHble cuctembl SKCnpeccnmn B KayecTse NpoayLEeHTOB
peKOM6I/IHaHTHbIX ¢apma|_|e3TV|qea<|/| LleHHbIX 6enkoB

nepCI'IEKTI/IBHbIe pacTuTenbHble CNCTEMDI
aKcnpeccun gnsa HapaboTKn

peKkoMbUHaHTHbIX 6enkoB

K macrosmemy BpemMeHH pa3paboTaHBI TEXHOJIOTHH ITOITY-
YEHUS] TCHETHYCCKH MOAU(PUIIMPOBAHHBIX (TPAHCTCHHBIX )
pacTeHui, B reHOM KOTOPBIX IIEPEHECEHBI FEHbI, KOLUPYIOLINE
pa3nuyHbIe OSNKH TSI MEIUIIMHCKUX [IeTel, B TOM YHCIIe H
Oenku yenoBeka. bonee 200 6mohapMaIieBTHKOB YK TIPE-
CTaBJICHBI HA PBIHKE, U CIIE OoJIbIIIEE X KOJTHYECTBO IIpOXOaAUT
JOKITMHIYECKUE UCTbITaHus. KpymnHeimme 61noTeXHOIOTH-
YyecKue U (papMaIeBTHICCKIEe KOMITAHUH, Takue Kak Epicyte,
Ventria, Medicago, Greenovation, LSBC u Pfizer, nposisisitor
OTPOMHYIO 3aHHTEPECOBAHHOCTh I HHBECTHPYIOT B Pa3BUTHE
HAyYHBIX UCCIICIOBAHUII ITO pa3paboTKe HOBBIX IUIAT(HOPM IS
MOJy4YeHUs (papMareBTUUCCKH [ICHHBIX OCJIKOB U BHEAPCHUS
WX B IPOU3BOACTBO. JJaHHBIC TEXHOIOTUH OCHOBAHBI Ha TPsi-
MOM HJIM BEKTOPHOM TIEPEHOCE IIEJIEBBIX T'EHOB B SIJICPHBIH re-
HOM paCTCHUA. Honyqem)l JACCATKH BUAOB TPAHCI'CHHBIX pac-
TEHU, B TCHOM KOTOPBIX MEPEHECEHBI ITOCIIEI0BATEIIEHOCTH
AHTUTCHOB PA3JIMYHBIX BO30yaHUTENCH MH(ECKIIMOHHBIX 3a-
OomneBaHM, pa3HOOOPA3HBIX TEPANIEBTHUECKUX OEIKOB, MO-
HokoHaTBbHBIX anTuTen (Howard, 2005; Tekoah et al., 2015).
OnHaKo WCIIOIb30BaHUE PACTUTEIBHBIX CHCTEM JUIS TIPOU3-
BOJCTBaA peKOM6I/IHaHTHBIX O€JIKOB Ppas3IMYHOro Ha3HAYCHUA
CIOEPKUBACTCA YaCTHYHO H3-32 HEAOCTATOYHO BBICOKOTO
YPOBHSI UX HAKOIUICHUSI, KOTOPBIM COCTABIISICT, KaK MPaBHIIO,
He Oosee 1 % obrrero pactBopumoro 6enka (OPB) (TTepmsi-
KoBa M 1Ip., 2015).

B kauecTBe anbTepHATHBHBIX CHCTEM SKCITPECCHH paccMar-
PHUBAIOTCS BHESACPHBIE TCHOMBI (IUTACTOMBI) XJIOPOILIACTOB
pactenuit. TexHomorus TpanchOpMIPOBAHUS XJIOPOILIACTOB
pa3pabarbiBaiach Kak MHOrOOOCIIAIONIHIA TTOIXO]] B TTOITyde-
HHUM peKOMOMHAHTHBIX OenkoB. [Ipu Tparchopmarmy mmacTun
He HaOJroIaeTcs mpooeM, XapaKTePHBIX IS SIIePHON TPpaHC-
(hopmarnuu, TaKUX KaK 3aMOJIKAHHE TCHOB, SITUTCHETUICCKHE
3¢ deKThl WK BapruabeIbHOCTh IKCIPECCHU TPAHCTCHOB.
Bricokuil ypoBeHb SKCIIPECCUN TEHOB, IEPEHECEHHBIX B XJIO0-
POIUTACTHBIM T€HOM, TOCTUTAETCSI BBICOKOW KOIMHHOCTBIO
wractunHoi IHK, a sxonmoruyeckast 6e30macHOCTh o0ecte-
YUBAETCS OTCYTCTBHEM UY>KEPOTHBIX TCHOB B IbUIbLE. OHA-
KO HEOOXOIMMO MOAYEPKHYTh, YTO 3TH MPEUMYIECTBA HHU-
BEJIUPYIOTCA METOAUYCCKUMU CIIOKHOCTAMHU, CBA3AHHBIMU C
MIEPEHOCOM TeHOB B TNIACTOMEBI PACTEHUH, a TaKkke TeM (pak-
TOM, YTO TPAHCIUIACTOMHBIC CUCTEMbI TICPCIICKTUBHBI JIUIIIb
B Clly4ae, Korja 11eJIeBOi OeIoK He MOABEpraeTcsi CI0KHBIM
MOCTTPAHCIISIIIMOHHBIM MOIM(DHUKAIIUSIM.

MOIIHBIM TOJTYKOM K Pa3BHTHIO TEXHOJIOTHH IOIYUYCHHUS
PEKOMOMHAHTHBIX OEJIKOB HAa OCHOBE XJIOPOIIIIACTHOTO TeHOMa
TTOCITYKHJIO COOOIIEHHE O CO3aHNH TPAHCIUIACTOMHBIX pac-
TeHU Tabaka ¢ BBIXOIOM 1eneBoro oenka (Cry2Aa2-6emok
u3 Bacillus thuringiensis) na yposae 46.1 % OPBb (DeCosa
et al., 2001). B mocrmenHee BpeMsi HHTCHCUBHO Pa3BUBAIOTCS
TEXHOJIOTHH CO3/[aHUS TPAHCILIACTOMHBIX PACTCHUN MHOTHX
BuaoB: cou (Dufourmantel et al., 2004), xnomnka (Daniell,
2007), camara (Lelivelt et al., 2005) u mp. [Tomyaeno Goxee
20 BUJIOB TPAHCILUIACTOMHBIX PACTCHHH, YPOBCHB HAKOILIICHUS
reTepPOJIOTUYHBIX OSJIKOB Y KOTOPBIX COCTaBHJI (B pacueTe OT
OPB) ot 6 % nnst uaTepdepona-ramma u 19 % nist uaTep-
(dhepona-anbda uenoBeka 10 33 % ISl MHCYIHH-TIOT00HOTO
(haxtopa pocra (IGF-1) genosexa.
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Cpenu apyrux anbTepHATUBHBIX CHCTEM 3KCIPECCUH pe-
KOMOMHAHTHBIX O€JTKOB /7151 (hapMaKoIOTHH CIEIyeT Ha3BaTh
KYJIBTYPbI BOIHBIX PACTEHHUIT: BOIOPOCIIH, MUKPOBOIOPOCIH H
psicka, o0JiaJarolKe BBICOKMMH TEMIIAMU POCTA Ha MPOCTHIX
TI0 COCTaBY U JICIIEBHIX IUTATENBHBIX CPeJaX MM MPOCTO Ha
BOJIC, OJIHAKO TPEOYIOLINE OCBEICHHUS.

Pscka (Lemna gibba, psicka ropOarast u L. minor, psicka
Masasi) — MHOTOJIETHEEe PacTeHHe, OTHOCSIeeCs K OIXHO-
JIOJTbHBIM ITOKPBITOCEMEHHBIM PACTCHUSIM, KOTOPBIE OOUTAIOT
Ha MOBEPXHOCTU CTOAYUX MNPECHBIX BOI. Pscka IIPpUBJICKACT
BHHMaHNE HCCIIeIoBaTeel KaK MMOTeHIHAIbHAs BBICOKOI (-
(heKTHUBHASI CHCTEMa JKCIPECCHU TeTEPOJOIHYHBIX OEIKOB
Onarozaps cBoeil crocoOHOCTH K OBICTPOMY HAKOIUICHHIO
O6romacchl. 3aBepmIeHBI Pa0OTHI IO CEKBEHUPOBAHUIO XJIOPO-
IUIACTHOTO FEHOMa PSICKH; JUTS [IEPEHOCa B €€ FTEHOM LeJIeBBIX
T'eHOB pa3paboTaHbl METO/IbI ArPOOAKTEPHATILHOMN TPpaHCPOP-
Manun u onobamauctuky. [1okasano, 9T0 MOHOKJIOHAIBHBIE
AHTHTENIA YEIOBEKa, CHHTE3UPOBAHHBIC B TKAHSX PACKH, IIPO-
SBIISIIOT 0OJiee BBICOKYIO aKTUBHOCTH IIPU CBS3BIBAHUU C
COOTBETCTBYIOLIMMH PELENTOPaMHU 10 CPABHEHHIO C X TO-
MOJIOTaMH, MOJTy4eHHbIMH B KieTkax CHO-mMHUM KIeTOK
SIMYHUKOB KuTaiickux xomsikoB (Cox et al., 2006). IIpu Ha-
JUYUH B TEHETHYECKOH KOHCTPYKLUH COOTBETCTBYIOIINX
CHTHAJIbHBIX MIOCIIEI0BATEIbHOCTEH PeKOMOMHAHTHBIH OEJI0K
MOXKET OBITh CEKPETHPOBaH B KyJIBTypasibHY0 cpeny (Rosales-
Mendoza, 2016).

OnHokJIeTOUHBIC 3eJeHble Bopopocnu Chlamydomonas
reinhardtii, Phaeodactylum tricornutum, Tetraselmis suecica
u Odontella aurita paccMaTpUBAIOTCS KaK aJbTePHATHBHBIC
CHCTEMBI JKCIIPECCHH PeKOMOMHAHTHBIX OenkoB (Taunt et
al., 2017). Haubosnee mepcnekTUBHA CPEAH 3TUX BOIOPOC-
neit C. reinhardtii, momydeHne peKOMOWHAHTHBIX OEIKOB
B KOTOPOW OCHOBaHO Ha TpaHC(HOPMAIMH XJIOPOILIACTOB
(Almaraz-Delgado et al., 2014). Okosno 40 % oObema KiIeTKu
9TOH BOIOPOCIIH 3aHUMAET OJIMH XJIOPOIUIACT OOJIBIIOro pa3-
Mmepa. [lepBbie reHeTHYeCKH MO (DUIUPOBAHHBIC BOIOPOCIH
Ha ocHoBe C. reinhardtii nony4ensi B 1988 1. (Boynton et al.,
1988). UnTterpamus ¢pparmenToB 3x30reHHsx JJHK B reHom
9TOH BOZOPOCIIH IIPOTEKALT 10 MEXaHU3MY TOMOJIOTHYHO# pe-
koMOuHaIwu. KiteTouHbIe MOmysiiuu BOIOPOCIIeii TOMOTeH-
HBI 110 pa3Mepy KIIETOK, KJIICTOYHAst Macca yABauBaeTCs 4yepes
kaxnple 4-8 u kynsruBuposanus (Franklin, Mayfield, 2004).
Just kynsruBupoBanust C. reinhardtii BO3MOXHO UCTIONb30Ba-
HHUe OnopeakTopoB 6ombmmx 06semMoB (110 500 TrIc. 11). boree
TOTO, CHOCOOHOCTD CEKPETHPOBATh OCIIKH B KYJIBTYPaIbHYO
Cpe/ly MOXET CYIIECTBEHHO CHHU3UTh CTOUMOCTb PEKOMOU-
HaHTHOTO Oenka (Almaraz-Delgado et al., 2014).

3enenslit Mox Physcomitrella patens — eAMHCTBEHHBIN
MPE/ICTaBUTEb MOXOOOPa3HBIX, TEHOM KOTOPOTO HOJIHOCTHIO
cexBernpoBad (Reinsing et al., 2008). Pazpaborana metoanka
Tpanchopmanuu P. patens. IlepBbIM yCIICITHBIM TIPHMEPOM
UCIIOJIB30BAaHUs 3TOI0O BHJAa MXa B KAaU€CTBE CUCTEMbI DKC-
MIPeCcCHU PEKOMOMHAHTHBIX OEIIKOB CTAJIO TIOTyYEHHE PEKOM-
OMHaAHTHOTO 3pHUTpONO3THHA YenoBeka (Weise et al., 2007).
®Oupma Grenovation (I'epmanust) pa3padarbIBaeT TEXHOJIOTHIO
HapabOTKH OMoapMarieBTHIeCKNX OeIKOB Ha OCHOBE P. pa-
tens B KJICTOYHOW CYCIICH3HOHHOM KyJIBType ¢ IPUMCHEHHEM
OouopeakropoB. [IpuBiiekareIbHOCTh 3TOrO BHJA MXOB B
Ka4eCTBE CUCTEMBI SKCIIPECCHH PEKOMOWHAHTHBIX OEJIKOB CO-
CTOHUT B TOM, 4TO (pparmMeHThl 3k30reHHbIX JJTHK MoryT OBITH
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Plant expression systems for production
of recombinant pharmaceutically important proteins

MHTErPUPOBAHBI B €r0 TEHOM 10 MEXaHM3MY TOMOJIOTHYHOI
PEKOMOMHAIINH, YTO MCKIIOUAET BO3MOXKHOE MHAKTHBHPO-
BaHUE B JAJbHEHIIEM 3KCIPECCHH TEPEHECECHHBIX TEHOB
(TpaHcreHoB). P. patens paccMaTpuBaeTCs Kak MEepCIEKTUB-
HBII KaHJMJaT Ha «MOJIEKYISIpHOE (DepMEPCTBO», TOCKOIBKY
B 9TOW CHCTEME HKCIIPECCHN OCNKH 3YKapHOTHYECKOTO TIPO-
MCXOMK/ICHHSI TIPETEPIIEBAIOT OCTPAHCISIIIMOHHYI0 MO (u-
Kanuio (TIIMKO3UIMPOBAaHME, 00pa3oBaHHUE AUCYITb(PHUIHBIX
cBsi3el U T. 1.). Eciii mpoBouTh cpaBHEHME OEIKOBOTO IPO-
JIyKTa, CHHTE3HUPYEMOTO B KJIETKaX JXMBOTHBIX M B KJIETKAX
P, patens, To ocieHNE UMEIOT OYEBUIHOE IPEUMYIIIECTBO,
MIOCKOJIbKY OTCYTCTBYET PHUCK 3apaKEHNS KyJIbTYPbI [1aTOreHa-
MU )KUBOTHOTO MpoucxokieHus. K romy xe knetku P. patens
MOKHO TOJLIEPKHBATh B BUJE CYCIIEH3MOHHOM KYJIBTYpHI B
koHTposmpyeMblx ycioBusix (Reski et al., 2015). Onnako
OoJplIasi 4YacTh YXKe CYIIECTBYIOLUIUX TEParneBTHUYECKUX
0ETTKOB TOTyYeHA C TIOMOIIBIO CTAOMIFHON SASPHOI TpaHC-
(hopManyy ¢ TOCIIETYIONIMM BBIICIICHUEM U X OYUCTKON M3
TPaHCTeHHBIX pacTeHuii-perenepantoB (Desai et al., 2010).
B kauecTBe BeKTOpa, Kak IPaBUII0, NCIIONIB3YyeTCs Agrobacte-
rium tumefaciens, criocoOHast TpaHC(OPMHUPOBATH IIUPOKUI
CIEKTD JIBY/IOJBHBIX U OJIHOAOIBHBIX pacTeHuil. B pacTeHusx
KyKypYy3bl, pHiCa 1 TUMEHSI CHHTE3UPYIOTCSI HEKOTOPBIE TEXHU-
yeckue peareHTHl 1t quaraoctuku (Howard, 2005; Fischer
et al., 2012), a takxe psg papManeBTHYECKUX MPOIYKTOB,
HaXOJSIIIUXCS Ha 3Tare KIMHUIECKUX UCcIbITaHui. Hecmotpst
Ha OYEBH/THbIC IPEUMYIECTBA UCTIOJIB30BAHUS PACTUTEIBHBIX
CUCTEM, BHEJPEHHE HOBBIX METOJIUYECKUX pa3paboTOK B
MIPOU3BO/JCTBO MPOUCXOAUT JOBOJIBHO MEIUIEHHO, U TOJBKO
HEMHOT'HE PEKOMOWHAHTHBIE OCIIKH, ITOTyYEHHbIC U3 LEJIBIX
TPAHCTEHHBIX PACTEHUH, JOCTUIIIN pbIHKA. OJIHA U3 TPUYNH
3TOTO — HEraTHBHOE OOIIECTBEHHOE MHEHHE, CIIOKUBIICECS
BOKPYT T€HHO-MOM(DUIIMPOBAHHBIX PACTEHHUH, a TAK)KE HECO-
BEPIICHCTBO 3aKOHO/IaTeJIbHOI 0a3bl, HA OCHOBAHUHU KOTOPOi
TaKUe MPOAYKTHI MOTYT ITOTIACTh K MOTPEOUTEITIO.

CyCﬂeH3I/IOHHbIe KNeTo4YHble KyJibTypPbl

[TepcrieKTUBHBIM HAPaBIEHUEM, TO3BOJIAIOINM ITPEOI0IETh
CYIIECTBEHHbBIC HEJTOCTATKN HCIIOIB30BAHUS TPAHCTEHHBIX
pacteHuii B kauectBe O6MO(aOPHK, IIPEICTABISETCS KYJIBTH-
BUPOBAHHE PACTUTENIBHBIX KJIETOK B (hepMeHTepax. Bozmox-
HOCTb TIOJyYCHUS] PEKOMOMHAHTHBIX OCIIKOB B CYCIICH3HSIX
pacTUTENBHBIX KJIETOK IT0Ka3aHa 0ojee 25 jieT Hazaj, OHAKO
JIONTOE BPEMs MCCIIEIOBAHHS ObLTH COCPEIOTOUECHBI HA MC-
TIOJTB30BAHUM JUTS CHHTE3a LENbIX pacTeHui. OTHOIIEHHE K
UCIIONIb30BAHHIO CYCIIEH3UIl pAaCTUTEIBbHBIX KIIETOK Hadajo
MEHATHCS MOCIIE BCIUIECKA KOMMEPUECKOro MHTEpeca K
MOJTYYEHHUIO PEKOMOMHAHTHBIX OEJIKOB, CTOJIKHYBIIETOCS C
OTCYTCTBHEM PETYJIUPYIOIINX 32aKOHOB 1 HACTOPO)KEHHOCTHIO
mo otHomernio k I'MO, ocobernno B EBporme. Texromorus
KyJIbTUBUPOBAHMS PACTUTEIBHBIX KJICTOK OOCCIIeUMBacT
TOYHOE COOJIIOZEHUE YCJIOBUI BBIpAIMBaHKs KIETOK B OT-
JIUYne OT TOJIEBBIX YCIIOBHM, I/le CYLIECTBYET IOTOJHAs,
KIIMMAaTHYEeCKasi, TOYBEHHAS COCTABIISIONINE, & TAK)KE BIMSHUC
BpE/IUTEIEH, TPABOSITHBIX )KUBOTHBIX U PA3JIMYHBIX MUKPOOP-
raan3moB (Rybicki, 2010; Fischer et al., 2012). Beipamisanue
CYCIEH3MOHHBIX KYJBTYp KJIETOK B CTEPHIIBHBIX PEaKTOpPax
HE TOJIBKO DIIMMUHHUPYET PUCK 3apasKeHUS! KyJIbTYPbI KIIETOK
MukoTokcrHamu 1 tectrnmaamu (Hellwig et al., 2004; Fischer
etal., 2012), Ho TakXkKe CHIXKAET 10 MUHIMYMa BO3MO>KHOCTb
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MepeHoca reHeTHIECKU MO (DUIIMPOBAHHBIX KJIETOK B OKPY-
AKAIOMIYIO CPEy.

HeocnopumbIM TpenMyIiecTBOM CHCTEMBI KYJITHBHPOBA-
HUSI CYCIIEH3MOHHBIX KYJIBTYP KJIETOK MO CPaBHEHHIO C BbI-
palBaHUEM IIETBIX PACTEHHUH SBIACTCS UX OBICTPBII POCT.
B skcnoHeHIManbpHOM (asze pocTa JuIs yIBOCHHS KIETOK He-
00X0AUMO 2—3 CYTOK, OJTUH IIMKJI KyJIbTUBHPOBAHUS KIETOK
BY-2 Tabaxka, Harpumep, cocTaBisieT 1—2 Heenu, B TO BpeMst
Kak Ha IOJYYCHHE PACTCHHH yXOAUT HECKOJIBKO MECSICB
(Kaldis et al., 2013).

CymiecTBEHHOE JTOCTOMHCTBO KYyJIBbTYPBl PACTUTEIBHBIX
KJIETOK KaK 3KCIIPECCHOHHOH CHCTEMBI — UX CHOCOOHOCTh
MPOJYLIMPOBATh U CEKPETHPOBATH OMOJIOTUUECKH aKTHBHbIE
Oenku yepe3 MeMOpaHy M KJIETOUHYIO CTCHKY B MEKKIIETOU-
HOE TPOCTPAHCTBO. DTOT MPOIecC METaOOINIECKH 3aBHCUM
1 MOXeET o0ecrieunBaThCsi Crenu(pUIecKUMH JIUACPHBIMU
MOCIIEA0BATENLHOCTSMHE TIENITH0B KaK PACTUTEIBHOTO, TaK
n KUBOTHOTO Tpoucxoxaenus (Magnuson et al., 1998).
braronapsi HaKOIIEHNIO PEKOMOMHAHTHBIX OEJKOB B Ccpelie
MIPY KyJIbTUBUPOBAaHUM CYCIIEH3MH PACTUTEIBHBIX KJIETOK
YOPOINAETCs MPOLEcC WX U3BIeUeHUs n ouucTku. Ilepe-
pabOTKa paCTUTENILHBIX TKAHEH M LIENBIX PACTCHUI CBsI3aHa
C TPYLOEMKOM U 3aTpaTHOM NPOLENYPOH SKCTPAKIMH, & BbI-
JIeTICHNE U3 CPEJbl 00JIEryaeTcsi B CBSI3H C BO3MOXKHOCTBIO
OBICTPOTO OTJIEJICHHS KIIETOK, B KOTOPBIX COIEPIKUTCS O0JIb-
I1ee KOJIMUYECTBO COMyTCTBYIONMX OenkoB. LleneBbie Oenkmy,
CEKPETHPYEMBIC B KYJIBTYypaIIbHYIO CPEy, XapaKTepHU3yIOTCs
TAK)Ke BBICOKOH CTENEHBIO IIEJIOCTHOCTH U OTHOPOJHOCTHIO,
TaK KaK X TPAHCIIOPT U3 KJIETKHU IIPOUCXOANT TTOCIIE TTOTHOTO
MPOIIECCHPOBAHMS, T. €. TTOCJIE TIOJTHOTO Y/IAJICHUSI CHTHAIBHBIX
MENTUI0B ¥ NPUCOSTUHEHUS IIIMKAHOBBIX CTPYKTYp, €CIIH
KOHEUHBIH IPOYKT SIBISIETCS NIMKOIPOTeHHOM. B ToM cityuae,
€CITM PEKOMOMHAHTHBIE OSITKH HAKATIMBAIOTCSI B OOJIBIIMX KO-
JIMYECTBaX BHYTPHU KJIETOK, X [OJy4EHHE CBS3aHO C OUMCTKON
OT HETPOLIECCUPOBAHHBIX, HE3PEIBIX U CHTHAJIBHBIX OCITKOB U
TEeTepPOJIOTHYHBIX INTNKaHOB. [10 HEeOomyOIMKOBAaHHBIM TAHHBIM
(umT. no: Schillberg et al., 2013), anTuTena, U3BICUECHHBIC U3
KyJIbTYPaJIbHOM Cpebl MPH BHIPAIIMBAHUN KJIETOK Tabaka
BY-2, npencrapisor co00i rOMOTeHHBINH KOMIUIEKC U3 TPEX
IMKO(OpM ¢ TOMHUHUPYIOLICH (OpMOii, MpeacTaBIeHHON
87 %, TOr/a KaK 3TH K€ aHTHUTEJIa CHHTE3UPYIOTCS B IEIIBIX
pacTeHusIX B BUJC MIECTH PA3IMYHBIX ITTMKAHOBBIX (DOPM.

[lepcrieKTHBHOCTh CYCIIEH3UOHHBIX KYJIBTYP PaCTHTENb-
HBIX KJIETOK B Ka4eCTBE IIaT(OPMBbI JUIsl TIOTyYEHHUS] PEKOM-
OMHAHTHBIX OEJKOB CTaja OYEBHIHON IOCIIE COOOIICHUS
KpynHeiiei ¢papmanesriuueckoii komnaunueit CLIA (Pfiser)
0 BBIIYCKE Ha PBHIHOK O-TaJINDIONEe(epasbl, CHHTE3NPOBAH-
HOW KJIETKaMH MOPKOBH B Omopeakropax. MIMeHHO mocie
BHEJIPEHUS TPOU3BOJICTBA (-TANUDIIOLE(depa3bl B KIETKAX
MOPKOBH OBIIT OTKPBIT ITyTh K MOJTHOMY IPHHSATHIO 3TON TeX-
HOJIOTUH ¥ TIEPECMOTpPY TNIABCHCTBYIOIICH IMOHAYATY H/ICH
UCIIONIb30BaHMUsl LIENbIX pacTeHuil. K HacrosiieMy BpeMeHH
CO3/IaHBI M YCIEIIHO UCTIONB3YIOTCS [UIsl TPOM3BOICTBA OHO-
(hapmareBTHKOB KiIeTOYHBbIC JTUHUK Tabaka BY-2 (Bright
Yellow-2) (Nagels et al., 2012), puca (Schiermeyer, Schill-
berg, 2012), monepusr (Huang, McDonald, 2009), mopxo-
BH (Rosales-Mendoza, Tello-Olea, 2015) 1 1p. D111 Ki1eTOYHBIE
KYJIBTYPbI OTJIMYAIOTCS BBICOKUMH TEMIIAMU POCTa M BOC-
MPUAMYHUBOCTBIO K TPaHC(HOPMAITUH C TIOMOIIBIO A. tume-
faciens.
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PactuTenbHble cuctembl SKCnpeccnmn B KayecTse NpoayLEeHTOB
peKOM6I/IHaHTHbIX ¢apmaueaquecm LleHHbIX 6enkoB

HecMmoTpst Ha yCHEIIHOCTh UCIIOJIb30BAHUS CYCIICH3MOH-
HBIX KJIIETOUYHBIX KYJIBTYP PACTEHHIA 17151 KOMMEPUYECKOTO TIOJTy-
yeHHs (apMaleBTHYCCKUX OCIIKOB, CYMIECTBYET €IIe MHOTO
HEPEIICHHBIX PO0JIeM, HanOOoJIee BAYKHOM 13 KOTOPBIX SBJIsI-
€TCsl HeIOCTATOYHO BBICOKHI BHIXOJ] PEKOMOMHAHTHOTO OEJIKa.
MMeHHO Ha 3THX MPOOIEMax COCPEAOTOUCHO BHUMAHUE UC-
CJICZIOBATEIBCKHX IPYII U OMOTEXHOIOTMYSCKUX KOMITAHHIA.

CoBpeMeHHOoe COCTOsIHME PbIHKA
PEKOMOUNHAHTHBIX 6e/IKOB MeANLIMHCKOro
Ha3Ha4veHUA, NoNy4YeHHbIX Ha OCHOBEe

reHeTuYeCKu moandrLNpPOBaHHbIX PpacTeHUIN

B nocnennue roapl oxono 15 3apyOexHbix GupMm cBsi3bIBa-
IOT CBOIO JIESATETBHOCTh C HapabOTKOW (hapMaIieBTHIECKHIX
0CJIKOB MEMIIMHCKOTO Ha3HAYCHHUS B TCHETHYECKU MO (H-
poBanHbIX pactenusix (Tiwari et al., 2009; Martinez et al.,
2012). Cpenu Hux crnemyet otMeTuTh Planet Biotechnology,
Dow AgroSciences, Protalix Biotherapeutics, Medicago, Bio-
lex, Novoplant u ap. JlesrenbHOCTh 3TUX (pUpPM OCHOBaHa
Ha UCIIOJNB30BAaHWHM TAaKMX PACTCHHUH, Kak Tabak, JIOLepHa,
pHC, MOACOITHEYHHUK, STYMEHb, TOPOX, KyKypy3a u Arabidop-
sis thaliana. Heo0X0quM0O OTMETHTh, YTO B OOJBIICH YacTH
pabdoT 1O MONMYyYEeHUIO PEKOMOMHAHTHBIX OEITKOB HCIIONB3Y-
I0TCSl TCHETUYECKH MOJH(UIMPOBAHHBIC PACTEHUS C siep-
HOU TpaHc(hopMaluei, T. e. JOCTaBKOI YyKEepOIHOIO reHa B
saaepHblid reHoM pactenns. @upmsl Chlorogen u Bayer s
MOJIyYCHUsS] PeKOMOWHAHTHBIX OCIIKOB HMCIOJIB3YIOT TPaHC-
TUIACTOMHBIE PACTEHUSI, @ TAK)KE METOJ| arpOMH(UIBTpaIINH,
Gasmpyronuiics Ha TPAaH3UEHTHOH (BPEMEHHOI ) SKCIIPEeCCun
Yy>KepPOIHBIX TCHOB B PACTHTENIBHBIX KJIeTKax. YacTo ms o1
HUX U TEX e LEHHBIX (hapMaleBTUUECKUX OCIIKOB (hpMaMH
pa3padaThIBAlOTCSl PAa3JINYHbIE OPUTHHAIBHBIE METOIUKH
HONy4YeHHs. SIPKIM IPUMEPOM MOYKET CITYKUTh TPOU3BOACTBO
arpoOTUHNHA — IMOJMBAJICHTHOTO I/IHFI/I6I/ITOpa npoTCHuHa3, OT-
HOCSIIErocs K aHTU(EPMEHTHBIM TIperaparaM. JDTOT OeJIoK
NPUMEHSETCSl B Ka4eCTBE Mpernapara, OKa3bIBarOLIEr0 aHTH-
MPOTEOJIUTUYECKOE, aHTU(HUOPUHOIUTUIECKOE U T'eMOCTa-
THYECKOe JeHCTBYE U HCIONIB3YeTCsI B MEIMLIIHE yiKe Ooee
40 niet. IcTOYHMKOM anipOTHHUHA SIBIISFOTCS OpTaHbl (JIETKUe
U JIp.) KPYIIHOTO poraroro ckota. Paspadoran crioco0 mnoiy-
YEeHUs] peKOMOWHAHTHOTO alPpOTHHHHA C HCIIOJIb30BaHUEM
S. cerevisiae (Apeler et al., 2004). ITytemM cpaBHUTEIBHOTO
aHaJM3a CUCTEM KCIIPECCUH Ha OCHOBE PACTUTEIIBHBIX KIIETOK
U TKaHeW JuIsd HapaOOTKH allpOTHHHHA yCTaHOBIICHO, YTO B
TKaHsIX Tabaka IpH sACPHOU TpaHC(HOpMAIIMK HAKATUTHBAIOCh
0.03 % storo 6enka ot OBP, B Tkansx sironiepusl — 0.1, B ceme-
HaX KyKypy3bl — 8.9, B TKaHsX psicku — 3.7, a B TKaHAX Tabaka
npu arpouHpuisrpanuu — 4.2 % (Sourrouille et al., 2009).
PeKOM6PIHaHTHbII7[ AlPOTUHHH HE OTIINYAJICA 1O KaY€CTBY OT
COOTBETCTBYIOIIETO OeJIKa, BBIJEIICHHOTO U3 TKAHeH KPYITHOTO
poratoro ckota (Sourrouille et al., 2009). Takue pupmsl, Kax
ProdiGene, Medicago u Large Scale Biology Corporation
UCIIOJB3YIOT KYKYpy3Y, JIOLEpHY U Tabak Ul ITOJIy4YeHHs
PEKOMOMHAHTHOTO APOTHHUHA [Tl KOMMEPUECKHX LIeIeil.

nepCI'IEKTI/IBbI CO34aHUNA PAaCTUTEJIbHbIX
(«cbepg06HbIX») BaKLIMH Ha OCHOBE

reHeTNYeCKN MmoanpULNPOBaHHbIX pacTeHUN

Wnes ucions30BaHMs KIETOK pACTEHUH I HapaOOTKH pe-
KOMOMHAHTHBIX aHTHT'€HOB BIIEPBBIC YCIICITHO pPeali30BaHa B
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1992 r. rpynmoii uccienoBatesnei o pykoBoactsoM U. ApHT-
3eHa (Mason et al., 1992). B ux paboTe ycTaHOBIEHO, UTO IT0-
BepxHocTHbIM HBSAg-anTuren Bupyca renaruta B He Tonbko
HaKaIUIMBAETCsl B TKAHSX TPAHCTEHHBIX pacTeHu Tabaka, HO
1 crIoco0eH K caMoCcOOpKe B BUPYCOTIOJOOHBIE YACTHIIHI Pa3-
MepoM OKoJo 22 HM. Takue 4acTHIb! ObLIN HACHTUYHBI PEKOM-
OMHAHTHBIM BHpycOnonoOHbIM yactuiiam HBsAg-anTurena,
BBIZICTIEHHBIM M3 IPOMBIIIIIEHHOH PEKOMOMHAHTHON BAKIIMHEI
Ha OCHOBE JIPOY}CKEH, a TaKKe BUPYCOIOI00HBIM YaCTHIIAM M3
TU1a3Mbl KPOBH OOJIBHBIX BUpycoM renatuta B. Ha ocHoBanuu
MOTyYEHHBIX JAHHBIX CTAJI0 OYEBUAHBIM, UTO UYXKEPOJHBIE
0eJIKH CIIOCOOHBI CHHTE3MPOBATHCS B KIIETKaX TPAHCTCHHBIX
pacTeHUl B UX NPUPOJHONM MMMYHOJIOTHUYECKU AKTUBHOU
(hopme. DTO OTKPBIBATIO HOBBIE BO3MOKHOCTH HCIIONIB30BA-
HUSI PACTEHUH Kak OoJiee JIETEeBBIX CHCTEM AKCIIPECCHH IS
CO3/IaHUsI PEKOMOMHAHTHBIX BaKI[HH.

CrenyromuM MPUHIUIIAAIBHBIM IIaroM B pa3paboTke
KOHIIETIIINN «CheOOHBIX» BAKI[MH Ha OCHOBE T'€HETHUECKH
MOAN(HUINPOBAHHBIX PACTEHHI OBIIIM PaOOTHI [0 CO3AAHUIO
TPAHCTEHHBIX PAaCTEHHH KapToderns, MpoLyHPYIOIUX Tep-
MOJaOMIBHBINA 3HTepoTOKCHH U3 E. coli (Haq et al., 1995;
Mason et al., 1998) n B-cyObenuHuily XojuepHOro TOKCHHA
(Arakawa et al., 1998).

TepMmonabnbHBII SHTEPOTOKCHH E. coli COCTONT N3 ABYX
yacteil: LT-A (¢pepment) n LT-B (nenramep u3 peuenrop-
cBs3BIBAONINX monumnentuaoB). LT-B B3anMoneiicTByeT ¢
penentopamMy TraHIIMO3M/I0B Ha TOBEPXHOCTH MEMOpaHbI
SMUTEIHONUTOB TOHKOTO KHIIEYHUKA MIICKOIUTAIOMINX U
TpaHcnoprupyeT LT-A B kneTku kuuieyHuka. B snurenuonn-
tax LT-A BbI3bIBaCT M3MEHEHHE KJICTOYHOTO MeTadoIM3Ma 1
o0e3BokMBaHue KieTok. Ecin 00e yacTy TepMos1aduiibHOTO
SHTEPOTOKCHHA OTJENIUTH IPYT OT APYra, TO MPE3EHTAIUS
LT-B GenkxoBoro KoMIuieKca Ha oBEPXHOCTH SIUTEIHOINTOB
OyZeT CTUMYIHUPOBATh CUIIbHBIA MUMMYHHBIM OTBET CIIM3UCTOM
000JI0UKH KUIICYHUKA 0e3 MPOSBICHUS KAKUX-THOO MpH-
3HAKOB 3a0oseBaHus. VIMEHHO 3Ta 0COOEHHOCTD IOJIOXKEHA
B OCHOBY MccienoBanuii rpynmsl Y. Apuriena (Haq et al.,
1995) mo co3manmio «CheAOOHBIX» BakIWH. B mx pabore
ycTaHoBieHo, 4To LT-B, cuHTe3upyeMslil B TpaHCTEHHBIX
pactenusix Tabaka u kaproders, a rakxke LT-B, BoiieeHHbIN
u3 E. coli, BBI3bIBAIOT OJHOTUIIHBIE HMMYHHBIE PEAKIHH y
MBIILEH.

B nanbueitmem LT-B-nocnenoBarenbHOCTh ObLIa ONTHMHE-
3UpOBaHAa ISl SKCTIPECCUH B PACTUTENBHBIX KJIETKAX U TIepe-
HeceHa B reHoM pacteHuid kaprogens (Mason et al., 1998).
B kiyOHsix kapToders 0es10k KOpPEeKTHO COOUPAJICS B OJIUTO-
MEpBI U HAKAIJIMBAJICS B IOCTATOYHO OOJIBIINX KOJTUIECTBAX.
Ha ocHOBaHNMM KIMHUYECKUX MCHBITAHUN PEKOMOWHAHTHOMN
LT-B-BakiuHbl MOKa3aHo, YTO MOEIaHUE JOOPOBOJIbLIAMU
CBIPBIX KiTyOHEH kaprodens, conepxamux 0.3—10 mr LT-B,
MIPUBOJIMIIO K 00pa30BaHUIO MYKO3HBIX U CHCTEMHBIX aHTHUTET
¢ Beicokumu tutpamu (Tacket et al., 2000).

Omnupasich Ha MPOBEACHHBIE UCCIIEI0BAHNS, MOXKHO 3aKITI0-
YHUTh, YTO «CHETOOHBIC» BaKIIMHBI HA OCHOBE TPAHCTECHHBIX
pacTeHuit CrlocOOHBI BBI3bIBATH 3aIUTHBIA HIMMYHHUTET U OT-
KPBIBAIOT HOBbIE BO3MOKHOCTH HA ITyTH CO3/1aHHsI HEOPOTHX
1 TIPOCTHIX B 00PAIICHNH BAKIMH IIPOTHUB MH(PEKIMOHHBIX 00-
JIe3Hel )KMBOTHBIX 1 yenoBeka. [To qanubiv (Yusibov, Rabin-
dran, 2008; Yusibov et al., 2011), 0KoJIO ECTH AHTUTEHOB U
AHTHUTEN (U151 TACCHBHON MMMYHH3AII1H ), CHHTE3UPOBAHHBIX
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B TCHETHYCCKUA MOAM(DUIIMPOBAHHBIX PACTCHUAXK, TOCTUTIIN
MEPBOi U BTOPO# (ha3 KIMHUYCCKUX UCTIBITAHUH.

MexaHu3M HUMMYyHH3AUH «ChEIO0OHBIMIWY» BaKIMHAMHU
OCHOBaH Ha aHTUTCHIIPE/ICTABIIIONICH CTIOCOOHOCTH TIePH-
TOHEAJbHBIX MaKpo]aroB TOHKOTO KHIIEYHUKA MIIEKOIH-
TaIMUX. B KAeuHnKe 9yKepOAHBIN OJIOK, 00JIaaaroIInii
AHTUTCHHBIMU CBOWCTBAMH, PACTIO3HACTCS CICIHATbHBIMU
M-KJeTKaMH, KOTOpBIE ITUPOKO MPEICTABIICHBI B TOJIIE CIIU-
3HCTOTO AMUTENHSL. M-KIETKH TPAHCIOPTHPYIOT 3aXBaYCHHBINA
AHTHTCH K IEPUTOHEAFHBIM Makpodaram u B-mumdponnram,
HaXOISIIUMCS B JTMM(POUAHBIX 00pa30BaHUSIX TOHKOTO KH-
mevHuKa (meiepoBbIxX Onsikax). B pesynbrare mpeseHTanun
AHTUTCHA Ha TOBEPXHOCTH AHTUTCH-TIPEACTABIILFOIIIX KIIETOK
MIPOUCXOUT aKTUBanus T-TuM(OLNTOB-XENNEepoB, KOTOPHIE
B COYETAHHHM C AHTUT'CHOM AKTUBHPYIOT B-TMMQOUHUTEHI.
JuddepernnpoBanabie B-KIeTKH BBIXOIAT U3 JTUM(OUI-
HBIX (DOJUTHKYJIOB CIIU3UCTON 0OOJIOUKH U MOCTYTAIOT Yepes3
00IIyI0 HUPKYJIALMUI0 B ME3CHTPAIbHBIE TUM(paTHIECKUE
Y3IIBI, T TIPOUCXOIUT UX CO3PEBaHWE U IMPEBpAIICHUC B
TUIa3MaTHYeCKUEe KIETKH, CHHTE3UpyIolre crieruduieckue
anTHTena. [ImasmMaTimyeckue KICTKH CIIOCOOHBI CHOBAa MUTPH-
POBaTh K CIM3UCTHIM 000JI0YKAM JIBIXaTeIEHBIX Iy TEH, JKEITy-
JIOYHO-KHUIIIEYHOTO ¥ MOYEIOJIOBOTO TPaKTOB. CeKpeTopHbIe
UMMYHOTTIOOYTHHEI [gA TpaHCTIOPTUPYIOTCS Ha TIOBEPXHOCTH
CIIM3HUCTHIX 000JIOUEK, TII¢ OHU CBSI3BIBAIOTCS C UYXKEPOITHBI-
MU aHTHT'€HaMU ¥ MPEISTCTBYIOT UX IPOHUKHOBEHHUIO B Op-
raan3M. CieryeT OTMETHTb, YTO MyKO3HAasI BAKIIMHALIUS CTH-
MYJIHAPYET Kak IMMYHHBII OTBET CIIM3UCTHIX 000I0UCK — ITep-
BOTO 3alIMTHOTO 0apbepa Ha ITyTH MaTOr€HHBIX areHTOB, TaK
1 o0mMii UMMYHHBIM OTBeT opranm3ma. Ommcana pabora
0 M3YYCHUIO IMMYHOTEHHOCTH «CheTOOHO» BaKIIMHBI Ha
OCHOBE TPAHCTEHHBIX PACTEHHI TOMATOB, IKCITPECCHPYFOLIHX
HBsAg-anTturen Bupyca renarura B (Schelkunov et al., 2006).
[ToxazaHo, 9TO IpH IEpPOPATTEHOM BBEJICHUH MBIIIIAM TOMOTE-
Hara IJI0/I0B TPAHCT€HHBIX PACTEHUI TOMAaTOB YPOBEHb aHTH-
TeJI B CBIBOPOTKE KPOBH BO3PACTAJ ITOCIIE BTOPOTO KOPMIICHHUS
M 0CTaBaJCs BRICOKAM J0 KOHIIa SKCIIepUMEHTa. MyKO3HBIH
UMMYHHBIH OTBET ()OPMHPOBAJICS TTOCIIE IEPBOTO KOPMIICHUS
1 OCTABaJICS BBICOKHM B TEUCHHE BCETO HKCIIEPUMEHTA.

K Hacrosmemy BpeMeHU CO3aHbI TPAHCTECHHBIC PACTCHHUS
Ha OCHOBE MHOTHX BHJIOB, TAKHX KaK TabakK, TOMaThl, casar-
nartyk, A. thaliana v TypHeIC, B KOTOpbIE IEPEHECEHBI TeHEI,
KOHTPOIIUPYIOIINE CHHTE3 PA3TMIHBIX aHTUTCHOB M aHTHTEI.
B HEKOTOpBIX CiIy4asx aHTUTEHBI «CIIUBAIOT» C JPYTHMHU
Gemkamu I YIPOILICHUS MPOIEAYPHI AETEKIIUHN MMPOAYKTOB
IIEJICBOTO TeHA, HATIPUMEP C TCHOM [-TITFOKYPOHHUIA3HI (UidA).
[To akTuBHOCTH (hepMeHTa B-IIFOKYPOHHUAa3bI MOYKHO JIETKO
OTIPENIeNUTh YPOBEHb HAKOIUICHHUS [IEJIEBOTO aHTUTCHA B TKA-
HSX TEHETHYECKH MOIU(HUITIPOBAHHOTO PACTCHUS.

3aKkno4yeHne

PacteHus HCIONB3YIOTCS Y€IOBEUCSCTBOM ISl METUIIMHCKHUX
1esel y'xe MHOTHE ThICsuM JieT. OHAKO TOJBKO B Havyalie
21-ro Beka ¢ MOMONIbIO METOIOB TeHETUYECKOW HHKEHEPUHU
CTaJI0 BO3MOXKHBIM CO3/[aBaTh HOBBIC THITbI PACTEHHH, B TKa-
HSIX KOTOPBIX MOT'YT CHHTE3UPOBATHCS M HAKATLTUBATHCS OCITKU
U3 Pa3IHYHBIX TeTEPOIOTHYHBIX cucTeM. Co3maHbl TPaHC-
TCHHBIC PACTEHHUS, B SIACPHBIN M XJIOPOIIACTHBIN TEHOMBI
KOTOPBIX MEPEHECCHBI ICHBI, KOHTPOJIUPYIOIINE CHHTE3 OeJI-
KOB, B)KHBIX B TEPAIMH PA3JIMYHBIX 3a00J1eBaHuit. Biraromaps
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Pa3BUTHIO METOIOB TEHETUYCCKOM HHKEHEPUH 32 TIOCIICTHIE
20 J1eT OTKPBUTUCH TIEPCIIEKTUBEI B 00JIaCTH CO3MaHUS BAKIINH
HOBOTO ITOKOJICHHsI. BO3MOXHOCTD M30JIMPOBATh TEHBI MATO-
T'eHHBIX BUPYCOB U OaKTEPHii, a TAK)KE MAHHITYJINPOBATH UMH
M TIEPEHOCHUTh B T€HOMBI JIPyTUX OPraHU3MOB (HAIpUMep, B
TCHOMBI PaCTCHUIT) TPUBENIa K CO3MaHUI0 TEHETHICCKH MO-
J(GUIPOBAHHBIX OPraHU3MOB, Y KOTOPBIX HaKaIlIMBaeMbId
B TKaHSX OCJIOK-aHTHIECH CIIYXKHT JIUIIb «OTO3HABATEILHBIM
3HAaKOM» MTATOTCHA U He CIIOCOOCH BHI3BIBaTh 00JIe3Hb. B Ha-
cTosilee BpeMsi Oosiee JiecsiTKa 3apyO0eHbIX (PUPM HCIOJb-
3yIOT PACTHTENIbHBIE CUCTEMBI YKCIIPECCHH ISl HApaOOTKH
PEKOMOMHAHTHBIX OCJIKOB, B TOM YHCIIC M OCITKOB-aHTUTCHOB
pa3In4YHbIX BO30yauTeneii nH(MEKIIMOHHBIX 3a00ICBaHUH.
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Co3maHune KaHAUOATHON BAaKIVIHBI IIPOTVIB
KJIellleBOro SHIledanTa Ha OCHOBE rMOpaHOrO
peKoMOmHaHTHOrO flagG-protE-6esKka

IL.A. Beaasun! @, A.A. Kynpix!, E.B. TTporononosa?, B.B. Aoxres! 2, E.B. Aeitnexo!

1 DepepanbHbIit NcCnefoBaTeNbCKIIN LEHTP UHCTUTYT LMTONOTUM 1 reHeTnKN CUBMPCKOro OTAeneHns POCChitckol akaaeminn Hayk, HoBocubupck, Poccus
2 [oCyAapCTBEHHbI HayUHbIil LIEHTP BUPYCONOrUM 1 GrotexHonorn «Bektop» PocnoTpebHagsopa, p. . KonbLoso, HoBocubupckas obnacts, Poccus

B HacToALen paboTe onvcaHbl KOHCTPYVPOBaHME reHa, KOAUPYHoLLEero
rmbpugHbiii 6enok flagG-protE, cvHTe3 1 0uMCTKa NOTyYEHHOTO PEKOM-
6UHaHTHOro 6enKa, a Tak»Ke MCCefjoBaHVe ero aHTUreHHbIX XapaKkTe-
PUCTUK Ha NaHeNM MOHOKIIOHaNbHbIX aHTuTen (MKA). PekoMOVHaHT-
Hblin 6enok flagG-protE sBnseTca nepcnekTBHOM MONEKyon Ans
CO3AaHVA KaHAVAATHON PEKOMOUHAHTHOW BaKLMHbI MPOTUB KieLleBo-
ro sHuedanuTa bnaropaps cnocobHoOCTU K cBA3bIBaHUIO ¢ MKA npoTums
npupogHoro 6enka E Bupyca knewesoro sHuedanuta. lMpoBeaeHo nc-
cnefjoBaHNe aHTUreHHbIX AeTEPMUHAHT ABYX PEKOMOVHaAHTHbIX 6en-
koB protE n flagG-protE ¢ nomowbto naHenu n3s socbmn MKA. Pekom-
6VHaHTHBbIV 6enokK protE npefctaBneH 6enkom 060104KM BUpYCa Kie-
LeBOro HuedannTa, B pekombuHaHTHOM 6enke flagG-protE k Hemy
nobaeneH fomet flagG, kogupytowmin pnarennviH G Salmonella typhi.
YcTtaHoBfEeHO, YTO n3yyaemble MKA cBA3bIBaNUCh C anUTonamm pe-
KOMOUWHaHTHOro 6enka protE. 3To cBUAETENLCTBYET O TOM, UTO MCCre-
Lyemblii PeKOMOVHAHTHbIN 6eNOK MMEET aHTUFEHHYIO CTPYKTYPY, CXO-
XKYI0 C aHTUTreHHOW CTPYKTYpOIi HaTuBHOTO 6enka E Bupyca KnewieBoro
sHuedanuTa. Mpwn nccnegoBaHnn pekoMbrHaHTHOro 6enka flagG-protE
Nno CnocoOHOCTY K CBA3bIBAHUIO C MaHeNbio 13 BocbMu MKA TonbKo
NATb 13 HYX ObIIN CMOCO6HbBI CBA3bIBATLCA C SMUTOMAMMN paccmaTpu-
Baemoro 6enka. MKA 4F6, 7F10 1 6B9 He y3HaBanu COOTBETCTBYIOLLNIA
anuTon pekombuHaHTHoro 6enka flagG-protE, Toraa Kak B pekoméu-
HaHTHOM 6ernKke protE 3T1 3NUTONbI BEIABAANNCH YCrnewwHo. MonyyeH-
Hble JaHHble CBUAETENbCTBYIOT O TOM, YTO aHTUIeHHasA CTPYKTypa pe-
KOMOWHAHTHOrO protE-6enka MoXeT OblTb U3MeHEHa Nof BIVSHUEM
dnarennMHOBOro JOMEHa, UTO, B CBOKO OYEpeb, MOXKET NPUBECTU K
HeJOCTYNMHOCTN HEKOTOPbIX aHTUMEHHbIX feTEPMUHAHT. DTO 06CTOA-
TeNIbCTBO HEOOXOAMMO YUNTbIBATb MPY KOHCTPYMPOBaHNM PEKOMOU-
HaHTHbIX aHTUreHOB. TemM He MeHee NMPUHLMNMANbHO BaXHble PanoHbl
B 06nacTu nenTraa cnuAHKA 1 gomeHa lll okaszanucb AOCTYMHbI AnA
aHTUTeN. OTO JOJIKHO obecneunTb POPMUPOBAHNE HENTPANTNIYIOLLNX
aHTUTES, @ HaNnYKe NOMHON aMVHOKMCIOTHOW NOCNef0BaTeNbHOCTM
6enka E B coctaBe pekoMbrHaHTHOrO 6enka byaeT nHAyLnpoBaThb
dopmmpoBaHne T-KNeTOYHOro MMMYHHOTO oTBeTa. MoABeHVe HOBO-
ro NOKONeHNA BakLMH NPOTKB KieLeBoro sHuedanmta ¢ 6onee Bbl-
COKVM YpOBHeM 6€30MacHOCTA 1 IMMYHOFEHHOCTY MO3BONT YCO-
BEPLUEHCTBOBATb BaKLMHONPOOUNAKTMKY HaceNeHNsA OT KieLeBoro
sHUedanuTa.

Kntouesble cnosa: dpnarennuH G; 6enok 060n1ouKky; aabloBaHT; BKD;
MMMYHOTE€HHOCTb; BaKLMHa.
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flagG-protE-protein
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The present work describes the construction of the
gene encoding the recombinant protein flagG-protE,
its synthesis, purification and study. The recombinant
flagG-protE protein is a promising molecule for deve-
loping a candidate recombinant vaccine against tick-
borne encephalitis by the ability to bind to mono-
clonal antibodies (MCA) against native protein E of
tick-borne encephalitis virus. The antigenic determi-
nants of two recombinant proteins were studied:
protE and flagG-protE using a panel of 8 MCA. The
recombinant protein protE comprises the tick-borne
encephalitis virus envelope protein and the flagG-
protE recombinant protein has an additional flagG
domain encoding flagellin G of Salmonella typhi. It
was found that the MCA tested revealed epitopes on
the recombinant protein protE. This indicates that the
investigated recombinant protein has an antigenic
structure similar to the antigenic structure of the
native tick-borne encephalitis virus protein E. In the
study of the recombinant protein flagG-protE by the
ability to bind a panel of 8 MCA, only five of them
react with epitopes of the tested protein. MCA 4F6,
7F10, and 6B9 did not recognize the corresponding
epitope in the recombinant flagG-protE protein, while
in the recombinant protein protE, these epitopes were
detected successfully. Our data indicate that the anti-
genic structure of recombinant protE-protein can be
changed under the influence of the flagellin domain,
which in turn can lead to the unavailability of some
antigenic determinants. This fact must be taken into
account when constructing recombinant molecules
with antigenic properties. Nevertheless, the funda-
mentally important regions in the region of the fusion
peptide and Il domain are antigenically present on the
surface of the recombinant protein. This should ensure
the formation of neutralizing antibodies, and the pres-
ence of a complete amino acid sequence of protein E
in the recombinant protein induces the formation of
aT-cell immune response. The emergence of a new
generation of vaccines against tick-borne encephalitis
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with a higher level of safety and immunogenicity will
improve the vaccine prevention of the population
from tick-borne encephalitis.

Key words: flagellin G; envelope protein; adjuvant; TBE;
immunogenicity; vaccine.
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JIABUBHPYCHI CIIOCOOHBI MHPUIIMPOBATH IIMPOKUI KPYT
OPTraHU3MOB, KOTOpPbIC BKIIIOYAIOT B CeOs pa3iInyHbIe
BUJIbl MJICKONUTAIONMX (B TOM YHCIIE YeJloBeKa), a
TaK)ke€ HAaCEKOMBIX, NTHI, penTwinii. COTHH MIIIHOHOB
cilyyaeB 3a00JIeBaHHsI YEJIOBEKA, BHI3BIBACMBIC PA3INIHBIMHU
(iraBUBHpYyCaMHU, PErUCTPUPYIOTCS B pas3HbIX reorpaduye-
ckux pernonax mupa (Grard et al., 2007; Jloxres, 2011). s
Poccun HanbosbIIee METUIMHCKOE 3HAYECHHE MMEET BHPYC
kierieBoro sHiedanura (Korenberg, Kovalevskii, 1999),
KOTOPBIH ObLT OTKPHIT B 1937 1. Ha [lanmsnem Bocrtoxke. dak-
TUYECKH OJHOBPEMEHHO OBIIM CO3JaHbl MEPBbIE MHAKTU-
BUPOBAaHHBIC BAaKIUHBI MPOTHB 3ToW MH(pekuun (3ubdep,
1939). Bupyc knemesoro suiedannra (BKD) BeI3pBaeT
y Jozielt 3aboneBaHe NEHTPAIbHOW HEPBHON CHCTEMBI C
ypOBHEM cMepTHOCTH 1-2 % /17151 eBPONECKOro U CHOMPCKOTO
reHotumnoB u 10 30 % ansa mampHeBocTouHOTO (Gritsun et
al., 2003). Bupyc mmpoko pacnpocrpaHeH Ha ceBepe EBpo-
A3narckoro KOHTHHEHTA, [JIe €XKEroHO PErHCTPUPYETCs 10
14 TBIC. cmy4aeB 3a0oneBaHUs. 3a001€BaEMOCTh KIICTIIEBBIM
SHIE(ATUTOM PETUCTPHUPYeETCs OoJiee 4eM B 25 eBpOIEeHCKUX
u cemu asuarckux crpanax (Charrel et al., 2004; Amicizia et
al.,2013). HemaBHO 0omy0:1MKOBaHBI TaHHBIE O ITHPOKOM pac-
npoctpaneHnu u 3aboneBaemoctr KO B Kutae (Yoshii et al.,
2017). Ha repputopun Poccun exxeroqHo perucTpupyercs ot
1.5 mo 10 TrIC. citydaeB 3aboneBanus (3106uH, 2010). B mo-
CJICJTHHE TO/IbI HAOMIOIaeTCst O4EHb CYIIECTBEHHBIH pocT — 60-
nee yeM B 50 pa3, 3a0011€BaeMOCTH KIICIIEBBIM DHIE(DATUTOM
B CEBEPHBIX PETHOHAX €BPOMNEHCKOM acTh cTpansl ([ mymmkoBa
u ap., 2011; Tokarevich et al., 2011; MukprokoBa u ap., 2014).
Jlns BakiHamy npotuB KD MIMPOKo HCTIONB3YIOT YeThIpe
THUITa THAKTUBIPOBAHHBIX BaKIIMH, IPOU3BOANMBIX B Poccnn
(mrrammbl 205 u Codoun), Asctpun (Neudorfl) u I'epmanun
(K23) (Leonova et al., 2007; Morozova et al., 2014). Ha tep-
putopun Kuras ¢ 1953 . mpuMeHSIOT OpUTrHHAIBHYTO HHAKTH-
BHUPOBaHHYI0 BakMHY IpotuB BKD Ha ocHOBe mTamMma Zen-
Zhang (Yoshii et al., 2017). ®axkruuecku ToJIbK0 B ABCTpUH
yIAaIoCh YCTAaHOBUTH KOHTPOJB Hax 3aboieBaeMocThio KO
npu omony BaknuHaww (Heinz et al., 2013). B Poccun, B
CBepyI0BCKO# 001aCTH IMMYHHU3UPOBaHO 86.1 % HaceneHus,
YTO TTO3BOJIMIIO TAKXKE PE3KO CHU3UTH 3a0oeBaeMocTh KD B
aToM pernone (I'ocynapcTBeHHbIH ToKnal. .., 2017).
OCHOBHBIM MMMYHOT€HOM, MHAYLHPYIOIIUM IOSIBJICHUE
BUPYCHEUTPATU3YIOIINX aHTHUTEJI, SIBISIETCS ITTMKONIPOTenH E
BUpyca KiemeBoro >Hiedanura (Heinz, Stiasny, 2012). bak-
TepUAIIbHBIA (JIareJUIMH — MePCHeKTUBHBIN 1 2P HeKTHBHBIN
NPUPOIHBIN abIOBAHT, YCUINBAKOIIUNA UMMYHHBIH OTBET
npotus uraBuBupycoB (McDonald et al., 2007). 'ubpuanas

AKTyaanble TEXHONOrNY reHeTUKN N KNneTouHo 6uonorumn

MOJIeKyJa, HeCyIiasi OCHOBHBIE TOMEHBI BUPYCHOTO Oemnka E
u (pmarennaa G, MOXKET CTaTh OCHOBOIL ISl KOHCTPYHPOBa-
HUS KaHIUJaTHONW PEeKOMOMHAHTHOMN BakKIUHbBI IpoTuB BKD
C YCWIEHHOH MMMYHOI'€HHOCTBIO. MOKHO IPEAIOI0KUTh,
YTO NPUMEHEHNE PEKOMOMHAHTHON BAaKUWHBI MPUBEACT K
YIPOLICHUIO CXeMbl UMMYHHU3alMH, o0ecriedut (HopMHUpO-
BaHHUE JUTUTEIFHOTO WMMYHUTETA, TIOBBICUT 0OE301TaCHOCTH
BaKIMHBI 1 ITO3BOJIUT CO3/1aTh HOBBIE OMOTEXHOJIOTHYECKHUE
CXEMbI JIs Hapa60T1<1/1 KaHJIHZ[aTHOﬁ BaKIIMHbI, B TOM YHUCJIC
C FICTIONIb30BAHNEM KIIETOK PACTCHHH.

B mnacrosmeit pabore onncaHo cosnaHue reHa Oeika
flagG-protE, ero skcnipeccusi, ounctka oenka flagG-protE kak
OCHOBHOTO CTICITU(IUECKOTO KOMITOHEHTa PEKOMOMHAHTHON
BakIMHbI TpoTHB KD, MccinenoBanne ¢ MOMOIIBIO MaHETH
MOHOKJIOHAJIBHBIX aHTHUTEN K miukonpoTtenHy E BKD coxpan-
HOCTH OCHOBHBIX QHTUTEHHBIX JIETEPMHHAHT PEKOMOMHAHT-
HOW MoJexynbl. OOcyKaaercsi NepCeKTHBHOCT THOPH/I-
Horo Oeinka flagG-protE i BO3MOXXHOTO HCITOSIB30BaHUS B
KauecTBe KaHAMIATHOW BakIMHEI poTuB BKD ¢ ycmienHo#i
UMMYHOTEHHOCTBIO.

MaTeleaﬂbl n metogbl
KionupoBanue uesieBbix renos. JJHK Boiaensuim ¢ momo-
IIBI0 KOMMEPUECKOT0 «HabO0pa /IjIsl BBIJCICHUS TUIa3MHTHOM
JHK» (OO0 «lutoxun», . Cankt-IleTepOypr) cormacHo
MIPOTOKOITY (PUPMBI-H3TOTOBUTEIIS.

Juis nmonyuenunst pparmento JJHK renos TBEVgpl n
rera fliG npumensim [1LP ¢ mpaiimepamu, conep KamiMu
JIMHKEPHBIE TOCIIeJOBATEIBHOCTH JJIs SHIOHYKJIEa3 PECTPHK-
uu: Bse3DI, Bglll w Hindlll (tabmn. 1). B xadyecTBe MaTpuIIbI
ucnonb3oBanmu pHis6-protE u pHis6-flagG. KommerentHsie
KJIETKH ITOJTy4aJIH 110 cTanaapTHoi Metoauke (Imosep, 1988).
Knerxu xpanunu npu —70 °C.

Hapa6oTka u ounctka 6eaxa. Knerku Escherichia coli
BL21(DE3), Hecymine cOOTBETCTBYOLIYIO IIIa3MH/TY, 3aCeBa-
71 B HOYb B 5 Mut LB, conepxareit amnuinina (50 mMr/min).
Ha cnenyrommii 1eHs MHOKYIMPOBAIKU 1 Mil HOUHOM KyJBbTYPbI
B 100 ma LB ¢ amnummnmaOM (50 Mxr/mit). MaKyOupoBamu
Ha Kadasike B tedenue 2 4 npu 37 °C u 180 06/muH. Un-
TYKIAI0 OMOCHHTE3a PeKOMOWHAHTHOTO OellKa MPOBOIMIN
nob6asnenneM | mia pactsopa 100 MM MIITTI. ITponomxkanu
KyJIETUBUPOBAaTh Ha MPOTSHKEHMU 5 4. buomaccy cobupainu
neaTrpudyruposanuem: 4000 o6/muH, 10 muH (IeHTpHdYTa
Avanti, porop JLA-16-250, CIIIA).

[Tonyuennyro 6romaccy pecycreHauponanu B 4 mi doc-
(hatHO-coneBoro Oydepa, cogepkamiero 10 MM nmumaszona
u 2 M moueBuny (pH 8.0), u o6pabareiBany yabsTpa3ByKkoM
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Candidate vaccine construction against tick-born
encephalitis based on recombinant flagG-protE-protein

Table 1. PCR-primers for cloning fliG-TBEVgp1 gene

Nucleotide sequence

P.A. Belavin, D.A. Kunyk, E.V. Protopopova
V.B. Loktev, E.V. Deineko

Amplicon lengths: the flagellin gene, 1518 bp; the glycoprotein E gene, 1257 bp; the hybrid gene (at cloning restriction sites), 2770 bp. The recognition sites for
restriction endonucleases are shown in boldface; hydrolysis sites for Bse3Dl, in gray; and complementarity regions are underlined.

Ha YJIbTPa3ByKOBOH ycTaHOBKe Jist in3uca kietok Cole-Par-
mer. Pesxxum paboTsl: MortHOCTE 35 BT, 5 nmmynscoB o 30 ¢
C IMPOMEXYTOYHBIM OXJIQXKJICHHEM BO Jibay | mmH. JIlnzar
uentpudyruposanu npu 10000 o6/mun B TeueHue 10 MuH,
cynepHaTaHT ypansuu (nearpugyra Eppendorf miniSpin plus,
potop f-45-12-11). Ocanok (Tenbla BKIIOYCHHS) CyCICH M-
poBaiu B 4 Mt pocharHo-cosieBoro Oydepa, coaepxraiiero
10 MM mmmazomna u 8 M moueBuny (pH 8.0), obpadaTsiBanu
YABTPA3BYKOM U LEHTPU(DYTHPOBAIHN B TEUCHHE 5 MUH TIPH
10000 06/muH. CynepHaTaHT HAHOCHITH Ha YPaBHOBEILICHHYIO
kooHKY ¢ Ni-NTA-cmomoit (1 mur). ITocne mpoMBIBKH CBsI-
3aBIIUHCS OENIOK AITFONpoBaH (ochaTHO-CONEBBIM Oydepom,
conepkanmm 8 M moueBuny u 250 MM umuaasona. Konien-
Tpanuio Oenka B pacTBOpe m3Mepsin MetonoMm bpendopma
(Bradford, 1976). benkoBelii a1eKTpodopes MpOBOIMIHN 110
MeTonuKe, onucanHoi B padore (Laemmli, 1970).

MKA u nMmMyHogepMeHTHBIN aHAJIM3. MOHOKIIOHAJIb-
uele antutena (MKA) nporus BK3 nonyuanu ¢ ncromns3o-
BaHMEM TruOpuIoB, onucaHHbIX panee (["aiinamoBuu u 1p.,
1990; IIporomomoBa u ap., 1996; Pomanosa u ap., 2006).
Nmmynodepmentasiit ananmms (MPA) nposoauiu o olrmie-
MIPUHSITHIM METOJIMKAM C IPUMEHEHHEM HHAKTUBHPOBAHHBIX
BUPYCHBIX U PEKOMOMHAHTHBIX aHTHreHOB (Pasymos u np.,
1991). C 370i1 11€71B10 B JIyHKH MTOJIMCTHPOJIOBHIX IUIAHIICTOB
BHOCWIH 110 100 MKJT OUMIIIEHHOTO AHTUTE€HA B KOHIIEHTPALIUU
5—-10 mxr/™mi1 1 copbupoBainu ipu 4 °C B Tederne Houn. Mecrta
HecrenupuIecKoro csa3biBanms Hackimamm 0.5 % pacTBopom
kazenHa B Oy(epe TCh-Tsun (0.145 M xsopucroro Harpusi,
20 MM tpuc-HCI, 5 MM PMSF (Sigma, CIIIA), cogeprxariem
0.1 % Tsun 20 (Serva, I'epmanus), pH 7.4, 1 1 npu 37 °C.
3arem nHKyoupoBainu ¢ MKA 1 4 npu 37 °C. Crnenuduue-
CKOE€ CBSA3BIBAHHME BBISBISUIN AaHTHBHIOBBIMH MEUCHHBIMH
HNEepoKCHIa30i XpeHa anTurenamu npotus IgG. B kauectse
XpOMOI'€Ha UCIOb30BaIK pacTBop O-(peHuieHuaMmmuta
(1 mr/mn opro-pennnennnamuna, 0.03 % nepekucu Bono-
pona) B murparHo-pocdaraom Oydepe (0.2 M nmumMoHHOH
kucnorel, 0.5 M Na,HPO,, pH 5.0). Beinepxupanu 20 Mun
B TEMHOTE, OCTaHABIMBAIN peakiuio qooasnerHneM 100 Mk
1 N HCI nHa 1yHKY ¥ U3MEpsUTH ONTHYECKYIO ITIOTHOCTh Ha
cnekrpodoromerpe Uniscan (DUHIIHIHNS ) CO CBETOPHIETPOM
€ MakCHMyMOM Tiporryckauus 450 HM.

Pesynbratbl

KoncTpymnpoBaHnue reHa, KOTUPYIOIIEro THOPUAHEIN OeToK
flagG-protE, 6bu10 BBIIONIHEHO TTpH TToMo1 MeTozia Golden
Gate Cloning (Engler et al., 2008). MeTon ocHOBaH Ha HUC-
MOJIB30BAHUH SHJIOHYKIIea3 pecTpukiuy 1I1S-tuna st moy-
YeHUs: HParMeHTOB C YHUKAJIbHBIMHU JIMTKAMUA KOHLAMU H
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bla
- Vspl
pHis6-protE
4056 bp
Hindlll
T7
L/
Vspl
\\/ Vspl
. EcoRl
TBEVgp1 his6

Fig. 1. Map of plasmid pHis6-protE.

Designations: Hindlll, EcoRl, and Vspl are restriction sites with corresponding
endonucleases; bla, gene for ampicillin resistance; T7, phage T7 promoter;
hisé, a tag of 6 histidines; TBEVgp1, gene encoding protE. Arrows indicate the
direction of transcription.

P JINTUPOBAHNUH TIO3BOJISIET OIIEPHPOBATH O0JIEE UEM JIBYMSI
(hparmenTamu oHoBpeMeHHO. PparmenT rena flaG momydeH ¢
nomMolpto 1P ¢ ucnonp3oBaHueM paiiMepoB ¢ BBEAECHHBIMU
caiftamu y3uaBauus st pectpukra3 Bg/ll u Bse3DI. Bropoit
¢parment rena TBEVgp I pazmepom 1257 11. 0., kopupyromuit
Oestok protE, cuHTE3MpOBaH ¢ UCIOJIL30BaHUEM NpaiiMepoB
C BBEICHHBIMH CaliTaMM y3HaBaHUS A pecTpukTas Bse3DI
n Hindlll n amnmudunuposan ¢ miasmMuasl pHis6-protE
(puc. 1).

®parments! JJHK nocne rugponnsa cOOTBETCTBYOLIMMU
pecTpHUKTa3aMH M OYMCTKH B 1 % arapo3HOM reje HpH Io-
Moty «Hadopa aist ounctku JJHK» («llutokuny, Cankr-Ile-
TepOypr) TUTHPOBAIH C BEKTOPOM, ITOTy4eHHBIM U3 pHis6-
protE nocnie obpaborku Hindlll n Bglll. JlurazHnyio cMmech
MCIONB30BANIN sl TpaHchopmanuu Kietok E. coli. Tlo pe-
3yJbTaTaM PECTPUKIIMOHHOTO aHANIN3a C yYaCTHEM YHJOHYK-
nea3 pecrpukumu Vspl, EcoRl n HindlIll cpenn 24 ne3aBu-
CHMO TOJIyYE€HHBIX KJIIOHOB OaKTepuii, yCTOHUMBBIX K aMITU-
[IWIIAHY, BEICTICHO 8 KIIOHOB ¢ Ok aaeMoit st reHa pHis6-
flagG-protE kapTuno#i pectpukunu (puc. 2).

CpaBHUBasi pacueTHBIE IaHHBIE U IAHHBIE AJIEKTpodope3a,
MOJKHO CIEJIaTh BBIBOX, YTO Bce caiTel pectpukuuun JJHK
TUTA3MH/] PACIIONIATA0TCsl IPABMIIBHO U OTOOpPaHHBIC KIIOHBI
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Co3pgaHuve KaHANAATHOWM BaKLWHbI MPOTUB KNeLWweBoro
SHUedanmTa Ha ocHoBe pekombuHaHTHoro flagG-protE-6enka

1 2 3 4
— & et
[—
5000bp —> E bl e «—4322bp
3000 bp —>'
-
- <«—1235bp
1000bp —> we
b 1 2 3 4 5 6 8 9 10

b
-IV

A\

e y
5580 bp
e - —
._
-

Fig. 2. Electrophoretic analysis of pHis6-flagG-protE clones: (a) Analysis of
clones using the restriction enzyme Vspl (lanes 2-4). Lane 1: 1-kb molecular
weight ladder, SibEnzyme, Russia (16 fragments, bp: 10,000, 8000, 6000, 5000,
4000, 30002, 2500, 2000, 1500, 1000 2, 750, 500 2, 250). (b) Analysis of
clones using restriction enzymes EcoRl (lanes 1-3) and Hindlll (lanes 4-6),
double hydrolysis with these endonucleases (lanes 8-10), SibEnzyme
molecular weight ladder (lane 7). Expected fragment sizes, bp: with Vspl, 4322
and 1235 bp; with EcoRl, 5580 bp; with Hindlll, 5580 bp; with EcoRl + Hindlll,
2821 and 2759 bp.

comepikat 1eneByto mrazmMuny pHis6-flagG-protE, xotopas
BKJIFOYACT I'eH, KOANPYIOMIMH peKOMOMHAHTHBIN THOPUITHBII
oenok flagG-protE (puc. 3). CekBeHUpOBaHUE IJIA3MUIBI
pHis6-flagG-protE moaTBepauio oTcyTcTBHE MyTaIHii ¥ Ipa-
BHWJIBHOCTH COOPKH KOHCTPYKIIHH.

O06e xouctpykiuu (a umenno his6 TBEVgpl u fliG
TBEVgpl) nenonmposansr B GenBank: MG458224 — ren
his6. TBEVgpl, xopupyromuii protE; MG458225 — ren
fliG TBEVgpl, kopupyroumii flagG-protE.

AHanm3 mpernapaToB peKOMOWHAHTHBIX OSITKOB MPOBOANIH
B 12 % monmakpuIaMUIHOM JCHATYpPHUPYIOLIEM OEIKOBOM
anekrpodopese. Pacuernsie monekymsipubie Maccol flagG-
protE (101275.08 [1a) u protE (47832.62 [la) xoporo Koppe-
JMPYIOT € MOIyYSHHBIMH B 3KcnieprMenTe. Ha snexrpodope-
rpamme (puc. 4) BUHO, uTo Ha gopoxke FE Genkosast nosnoca
nMeeT moABIKHOCTE okoito 100 k/a, a Ha mopokke E — oxomo
50 x1a. Kpome Toro, GesrkoBbI€ OJIOCHI HE MMEIOT BUMMBIX
anMecei&, YTO CBUACTCIBCTBYET O YHUCTOTC IMOJTYYCHHBIX
npenaparoB flagG-protE u protE.

Ountennsie pekoMOruHanTHbIE 6enkn protE u flagG-protE
OBLIN KCIIOJIB30BaHbl B MMMYHO(EPMEHTHOM aHAJM3e C Iia-
HEJIBIO 3 BOCBMU MOHOKJIOHAJIBHBIX aHTUTE, MOITYyUCHHBIX
K BHPYCHOMY DIMKONpoTenHy E. AHTHTEHBI copOmpoBain

AKTyaanble TEXHONOMNN reHEeTUKN N KNeTOYHOoI 6ronorumn

MN.A. benasuH, [1.A. KyHbIk, E.B. lMpoTtononosa 2017
B.b. Jloktes, E.B. [leineko 21.8
bla Vspl
Hindll pHis6-flagG-protE
5580 bp Vpl
Vspl

TBEVgp1

fliG

link

Fig. 3. Map of plasmid pHis6-flagG-protE.

Designations: Hindlll, EcoRl, and Vspl are sites of the corresponding restriction
endonucleases; bla, gene for ampicillin resistance; T7, phage T7 promoter;
his6, a tag of 6 histidines; link, sequence encoding 3 amino acids Gly-Ala-Gly;
flagG-E, fliG and TBEVgp1 are genes encoding the flagG and protE domains,
respectively. Arrows indicate the direction of transcription.
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Fig. 4. Electrophoretic analysis of recombinant proteins flagG-protE and
protE.

Designations: M, molecular weight ladder; FE, protein flagG-protE; E, protein
protE.

Ha TTOJIMCTHPOIBHBIE TUTAHIIETHI, IOABEPTATH CTaHIAPTHBIM
IpoLelypaM MPOMBIBKH, COPOLIMH C aHTHTEJIAMH, KOHBIOTa-
TOM M C MOCJIEIYIONINM H3MEPEHHEM ONTHYECKOH IIOTHO-
ctH Ha cekrpodoromerpe. Pesynbrarer MDA npuBeneHs! B
Tabm. 2.

[To pesynpraram aHajM3a YCTaHOBIEHO, YTO MaHEIb M3
BOCHMH MOHOKJIOHQJIBHBIX aHTUTEN BBISBISIA COOTBETCTBY-
IOIINE 3IUTOIBI peKoMOuHaHTHOTO Oenka protE. Oto cBu-
JIETEIBCTBYET 00 AHTUTCHHOU CTPYKTYpPE HUCCIIEIyEeMOTro pe-
KOMOWHAHTHOTO THOPHUIHOTO OeNka, CXOXKeH ¢ aHTUTEeHHOH
CTPYKTYpOii HAaTHBHOTO BHpycHOTO Oenka E BKD. ['mOpuaHbiii
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Candidate vaccine construction against tick-born
encephalitis based on recombinant flagG-protE-protein

P.A. Belavin, D.A. Kunyk, E.V. Protopopova
V.B. Loktev, E.V. Deineko

Table 2. Interaction of monoclonal antibodies with recombinant proteins protE and flagG-protE
and with viral antigens from prototype strains of three major TBEV genotypes

MCA MCA-binding
epitope on

protein E (a. 0.)

Recombinant proteins

flagG-protE protE

TBEV genotype
european .............. 5 Ibe”anfarEast ..............................................
Strams ...........................................................................................................
Absettarov ........... C ”13 .................. 2 054072 ...................
KJ000002 MF043953 JX498939 KF951037

The antigen was immobilized on a plate, 200 ng/well. MCA against TBEV protein E were diluted at 1 : 300. Optical densities: +, 0.3-0.8; ++, 0.8-1.5;
+++, > 1.5; n.d.,, not determined. GenBank accession numbers are indicated for TBEV strains. The antigen was obtained by lysing a purified TBEV strain
(Leonova et al., 2007) from the collection of virus strains at the Vector Center after genome-wide sequencing.

oenok flagG-protE nposiBiisier CBOM aHTHICHHBIC CBOICTBa
AQHAJIOTMYHO peKoMOnHaHTHOMY protE 1 HatuBHOMY Oenky E
BUpYycCa KJICIIEBOTO 3HIE(ATNTa, OHAKO TOJIBKO ISTh BU/IOB
MKA B3aumoneiictBoBasu ¢ rudpuiHbM 6esikom flagG-protE.
MKA 4F6, 7F10 n 6B9 He y3HaBagu SMUTON B THOPHIHOM
Oeske MpH ero HanM4YuK B cocrae Oeinka protE. Mnentny-
HOCTh AaMHHOKHCIJIOTHOHM TOCJIE0BATEIbHOCTH (hparMeHTa
6enxa E B 1ByX peKOMOMHAHTHBIX MOJIHUIIENTHAAX TIO3BOIACT
MPEIoNoXKUTh, uTo snuTtonsl anss MKA 4F6, 7F10 u 6B9
COXPAHSIIOTCS B THOPUIHOM OEJIKE U, [0 BCECH BEPOSITHOCTH,
MPUKPBITH TOJUTIENTHIHON HETbI0 (IaresuInHa.
IIpuniunuansHo BaxkHo oTMeTuTh, uTo MKA 13F6, EB1,
E6B u 10H10 B3aumoneicTBOBaIM ¢ THOPUAHON PEKOMOU-
HaHTHOHW Monekynoi flagG-protE 6enxa. MKA 13F6, EBI,
E6B omo3naBamu smuronsl gomena 111 6enka E, pacmomo-
JKeHHOTo Mexay 273-429 a.o. Jlomen Il ¢uaBuBupycos
o0ecrieunBaeT MHIYKIHIO BUPYCHEHTPATH3YIOINX aHTUTET
n peuenropHoe B3aumosneicteue (Ershova et al., 2016).
MKA 10H10 pacno3HaroT Tak Ha3bIBa€MbIi MENTH/T CIIASHUS,
pactionoxeHHbI! B paitore 98—113 a.o., KOTOPHI ABIsETCA
BBICOKOKOHCEPBATHUBHBIM JUIsI OOJIBIIMHCTBA ()IaBUBHUPYCOB
(Mopo3soBa u ap., 2009). 1ot paiion obecrniednBaeT peren-
TOPHOE B3aNMOJICHCTBUE BUPYCHOM YaCTHIIBI C TAMUHUHCBS-
3BIBAIOIINM OEITKOM, yJacTBYET B IIPOLIECCE B3aNMOICHCTBUS
KJIETOYHBIX ¥ BUPYCHBIX MeMOpaH U (hOpMUPYET NPOTEKTHB-
HBI IMMYHHBIH OTBeT B opranm3Me (Ershova et al., 2016).
CoxpaHHOCTb KOH(pOpMaIn 3nuToroB qomeHa 11 u nenrruna
ciusinusl (pIIaBUBUPYCOB B COCTaBe I'MOpUIHOrO Oelika 1o-
3BOJISIET MPENMOTIOKNTE, 9TO THOpHUIHBIH Oenok flagG-protE
OyzieT crocoOeH MHAYIMPOBaTh 00pa30BaHUE BUPYCHEHWTpa-
JIM3YIOIIMX U @aHTUPELIENTOPHBIX aHTUTEN M TEM CaMbIM (Op-
MHUPOBATh MOJHOLEHHBIH MPOTHBOBUPYCHBIH NMMYHUTET,
3aIIMIIAIOIINH OPraHu3M OT Pa3BUTHSI MH(PEKIIMOHHOTO IIPO-
uecca. [Ipu aTom ¢riaresiH B cocraBe THOPHIHON MOJIEKYJIbI
OyzieT IOTIOTHNUTENBHO 001aJaTh CUIIbHBIMH a/{bIOBAHTHBIMHU
CBOMCTBAaMH, 4TO COPMHUPYET BHIPAKCHHBIN W MPOIOIIKHU-
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TEJILHBII TPOTUBOBUPYCHBII IMMYHHTET. DTH CBOWCTBA T'HO-
punHoro 6enxa flagG-protE marotr ocHOBaHME paccMaTpuBaTh
€ro KaK BeCbMa NePCIEKTUBHBIN [T CO3AaHUS KaHAUAATHON
BaKIMHBI TIPOTHB KJICHIEBOTO dHIIE(DANINTA.

O6cyxpeHue
HepCHeKTI/IBHI)IM HalpaBJICHUEM [JIs1 CO3MaHHs HOBBIX pE-
KOMOHMHAHTHBIX BaKIMH SBJISETCS KOHCTPYUPOBAaHUE HOBBIX
THOPUIHBIX HMMYHOTEHOB, HECYIIMX B CBOEM cOcCTaBe (-
(hexTHBHBIC TIPUPOJHBIC AJBIOBAHTHL. B cocTaBe pekomOu-
HAHTHBIX BaKIMH B KadyeCTBE MMMYHOICHOB 4Yalle BCETO
UCTIONB3YIOT OENKM 000JI0YeK BUPYCOB, TPAHCMEMOpaHHbIE
6CHKI/I Ppa3InYHbIX HH(beKL[MOHHbIX AréHTOB, HECYUINE DIIU-
TONBI, y3HABaeMble aHTHTENIaMH. B kadecTBe al(bIOBAHTOB B
MocJeJHee BpeMsl UCTIONB3YIOT PA3IMYHbIC MOJUIICHTHIB,
TaKKe KaK 9H10TOKcHHbI (B cyObeuHma XoJIepHoro TOKCHHA
(CTB), TepMonaObUIBHBINA YHIOTOKCHH caabMOHEIUTH (LTB)),
unrepdeponsl n ¢naresunabl. Harpumep, B padote (Taylor
etal., 2011) onncano cozganue HOBOI AP eKTHBHON peKOM-
OMHAHTHOM BaKUMHBI MPOTHB rpumma. [Ipu ucnons3oBaHuH
(hnareJuTiHA B KAYECTBE a/IbIOBAHTA YPOBEHb AHTHTEI B KPOBH
MaIreHToB Beipoc Oosiee yem B 10 pa3. Kpome toro, naxe
B J103¢ 5 MKT BakI[FHA IOKa3aua cBOIO d(P(PEKTHBHOCTH IS
MOKMJIBIX JTI07IeH (OTBITHAS TPYTINA CO CPEAHUM BO3PAcTOM
71 ron). Jlo npumeneHus QuareiiHa NOKUIIbIE JTIO/U cl1abo
pearupoBay Ha BaKIMHALWIO 1 3a00JeBay rpumiioM. Takum
00pazoM, MPOIIEMOHCTPUPOBAHO, UTO (IIareJuimH obnagaeT
TMOTCHIMAJIOM JJI1 CTUMYJIMPOBAHUSA BPOXKICHHOI'O U le/I06-
PETEeHHOTO HMMYHUTETa, IpHYeM (HOPMHUPYET I'yMOPaJIbHBIH
U KJICTOYHBI UIMMYHHBIA OTBETHI NP BakuuHaUuu (Mizel,
Bates, 2010; Skountzou et al., 2010; Girard et al., 2011).
Omnaremumn G (flagG) uz Salmonella typhi, ncons3yeMsrii
HaMH KaK aJJbIOBAaHT IIPH CO3IaHHU KAHIHIATHON BaKIIMHEI
[IPOTHUB KJICLIEBOTO AHIIE(ATUTA, BXOAUT B COCTAB KTy THKOB
OakTepuil, I1e BBIIOIHACT CTPYKTYpHYIO (yHKImIo. [Tpn no-
TaJIaHNH B OPTaHU3M TETIIOKPOBHBIX (IaresuIiH B3auMO/IeH-
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Co3pgaHuve KaHANAATHOWM BaKLWHbI MPOTUB KNeLWweBoro
SHUedanmTa Ha ocHoBe pekombuHaHTHoro flagG-protE-6enka

crByer c toll-like-penenropom (TLRS) kieTok BposkaeHHO
UMMYHHOH CHCTEMBI, YTO IPUBOANT K PA3BUTUIO BOCTIATICHUS
KaK 3aIllUTHON PEaKIMM OpraHu3Ma CO CTOPOHBI BPOXKICH-
HOTO MIMMYHHTETA U JlajibHeHeMy (POpMUPOBAHUIO CIIEIIU-
(hngeckoro (aHanTHBHOTO) HMMYHHTETA. brarogaps stomy
CBOMCTBY (pJIareJUTMH pacCMaTpHBACTCs KaK aJbIOBAHT, T.eC.
YCHJINTENIb NMMYHHBIX OTBETOB OpraHM3Ma Ha BBE/ICHHE Uy-
skepoaHoro Oenka. [IpeoxeHHbII HaMH TOX0/ K CO3aHUI0
HOBBIX CyOBETMHUYHBIX BAaKI[MH ITPOTUB KJICIIEBOTO SHIIE(Da-
JIMTA TIpe/oaraetT 00beIMHEHHE HECKOIBKUX KOMIIOHEHTOB
B OJHOM TOJUTIENTHIHOM pekoMOmHaHTHOM Oernke: flagG,
COCIMHEHHBIN «MOCTUKOM» U3 TPEX aMUHOKHUCIIOT ¢ protE, a
TaK)Ke BKJIIOYEHHE MOJIUTUCTUAMHOBOTO TpakTa Ha N-KOHILE
Jutsl ymydmeHus 3(h(eKTUBHOCTH BBIJECICHUS U OYUCTKH pe-
KOMOMHAHTHOTO OeJka. Takoro poja BaKIMHBI TOTEHIIMAIBHO
JIOJDKHBI MUHMHU3HPOBATh HETaTUBHBIE A3Q(EKThI, CBI3aHHBIE
C TIOBBIIICHNEM TEMIIEPATYPhI [TOCIIE BAKIIMHALUY U PA3BUTHU-
eM Heclenn(pUIECKUX BOCTIATUTEIBHBIX IPOIIECCOB B MECTE
BBEJICHMS, @ TAKOKE YCUINBATh IMMYHHBIH OTBET OpraHu3Ma
yeJIoBeKa MPU MEHbIIEH /03¢ Mpernapara.

I'muxonporenn E BXomuT B cocTaB BUpHMOHa BUpYyca Kie-
eBOro 3HIe]aIuTa 1 SBISIETCS SAMHCTBEHHBIM JKCIIOHU-
pyemMBIM Ha ero moBepxHocTH OenxoM (Mandl et al., 1988).
B cBoeM cocrase mkonpoTernH E MMeeT Tpr 0CHOBHBIX ToMe-
Ha, npuyeM jomeH 11 obecrieunBaeT HHIYKINIO BUPYCHEHT-
pamusyronmx aatuten (Heinz, Stiasny, 2012). UmmyH#m3anms
JlaXke OJTHAM 3THM JIOMEHOM 00€CIIeUMBAET 3aIUTY JKUBOTHBIX
ot neranbpHoi nHpekmu (Ershova et al., 2016). [Tony4en-
HbIC HAMU JaHHbBIC CBUAETEIBCTBYIOT O TOM, YTO AHTUTCHHAS
CTPYKTYpa peKOMOWHAHTHOTO protE-Oemka MoxxeT ObITh U3-
MEHEHa I101 BIUsHIEM (I1areJUIMHOBOTO IOMEHA, YTO B CBOIO
0depeb MOKET IMIPUBECTU K HEOCTYITHOCTH HEKOTOPBIX aH-
TUTCHHBIX ICTEPMHUHAHT. TeM He MeHee MPUHINITHAIBHO BaX-
HbIe paiOHbI B 00J1aCTH NeNTH A causiHuA 1 fomeHa I11 mpex-
CTaBJICHBI Ha TIOBEPXHOCTH THOPHIHOTO Oenka. DTO JOHKHO
obecrieunTh (GOPMHUPOBAHNE HEHTPATU3YIOMINX AaHTHUTEI, a
HaJIMYKe MOJIHOW aMHUHOKHCIOTHON IMOCIIEI0BaTEIbHOCTH
6enka E B cocraBe rnbpuaHoTro Oenka TakKe MHIYIIUPYET
(hopmupoBanue T-keTouHOr0 MUMMYHHOTO oTBeTa. [Tomyyen-
HBIE PE3yJIbTaThl T0Ka3bIBAIOT, 4TO r'MOpuHbIH Oenok flagG-
protE nmeer xoporine NepcneKTUBBI Ul UCIIOJIb30BaHUS B
KauecTBE KaH/MIaTHON BaKIIMHBI IPOTHB BHPYCa KIICIIEBOTO
sHLEeaATUTA.

Taxkum 00pa3oM, CKOHCTPYHPOBAaH PEKOMOMHAHTHEINA TeH,
koxupyrommii ¢naresun G S. £yphi, CIUTHIA ¢ TEHOM TIIHKO-
npoteuna E (protE) BKD. Mexy reHamu 3a/10KeH «IapHAp»
U3 TPEX aMHHOKHCIIOTHBIX OCTATKOB U TOJUTHCTHINHOBBIH
TpakT st adduaHON ourcTky Ha KosoHke Ni-NTA. C mo-
Moo naHenn MKA moka3aHa COXpaHHOCTb OCHOBHBIX
AQHTUT'CHHBIX JAETEPMUHAHT B COCTaBe TMOPHIHOTO OeiKa.
MO’KHO O’KH/IaTh YCHIICHUSI UMMYHOTCHHBIX XapaKTEPHCTHK
pekombunanTHoro Oenika flagG-protE 3a cuer BBencHuUs
anbioBaHTa. Kpome Toro, Mbl mpeamonaraem, 4to OEIKH C
OOJIBIION MOJIEKYJISIPHOM Maccoii 00a/latoT MOBBIIIEHHOMN
MMMYHHOCTBIO, YTO JIOJKHO ITOBBICUTH d(PEKTUBHOCTH 10~
TeHIManbHON BakuuHel mpotuB BKD. [losBnenne HOBOTO
MOKOJIEHHs BakIMH npoTuB KO ¢ Goee BEICOKMM ypOBHEM
0€30MacHOCTH U UMMYHOT€HHOCTH O3BOJIMT yCOBEPIICH-
CTBOBATh BAKIMHOTPO(DUIIAKTUKY HACEJICHNUS OT KJICIIEBOTO
SHIIe(arunTa.
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Co3JaHue cTabMJIbHOrO HITaMMa-IpoayIleHTa
IIOJTHOpa3MepHOTO aHTHTe/Ia YyejloBeKa
Ha MpUIMepe aHTUTela MIPOTUB BUpPyca SKTPOMEINN

A.A. Martsees!, .A. Xaycesuu!, VL.K. Baiikos!, 1.B. Babxkun! 2, E.IT. Tonuaposal, B.B. Mopososal’ 2, H.B. Tuxyuosal 2@

" UHcTuTyT XMMuecKkoii 6uonorn 1 dyHAaMEHTaNbHO MeuUMHBI CUBUPCKOTO oTaeNeHNA Poccuiickoii akageMun Hayk, HoBocn6upck, Poccus
2 HoBocnbrpcKmii HaLoHanbHbI NCCe[oBaTeNbCKUIA FOCYAAPCTBEHHbIN YHUBepcuTeT, HoBOCMGMpCK, Poccnsa

MNMonHopasmepHble aHTUTENa YesloBeka 061afatoT 60bLUMM Tepanes-
TUYECKMM NOTEHLNANIOM, OAHAKO pa3paboTka CTabubHbIX LUTAMMOB,
obecneyrBaloLLMX BbICOKMI YPOBEHb MPOAYKLMUY MOSTHOPAa3MePHbIX
aHTWTeN, ABNAETCA HENPOCTON 3afayeit, MOCKOMbKY MONIEKY bl aHTUTeN
cofiepat ABa TMna NonmnenTuaHbIX uenew. MNpu nonyyeHnmn Wwtamma-
npoayLeHTa Yalle BCero UCnonb3yloT NoAX0, OCHOBAHHbIN Ha Cyyal-
HOW UHTErpaLumn B reHOM Nyia3muzbl, COAePKaLLen reH, KOTopblin Ko-
ounpyeT LeneBoll 6enok. Llenb faHHOro nccnenosaHns — paspaboTka
OPUIMHaNbHON 3KCNPECCUOHHOWN CUCTEMbI HA OCHOBE HanpaBieHHOM
peKkoMOUHaLMK (FEHHbI TAPreTUHT) AN MHTErpaummn reHa, Kogupy-
IoLLero NosIHopa3MepHoOe aHTUTENO YesloBeKa, B TPAHCKPUMLUOHHO
AKTVBHY0 06/1aCTb FEHOMA 3YKapUOTUUYECKMX CYCMEH3MOHHbIX KIIETOK
CHO-S. inAa co3aaHmnsA BbICOKONPOAYKTUBHOIO CTabWbHOTO WTaMma
Ha nepBOM 3Tane Oblfla CKOHCTPYMPOBaHa KacceTHas BEKTOpHasdA nnas-
muga pCDNAS/FRT-DHFR-CH-CL, cogep»kaliasa canT roMmonormyHom
PEKOMOUHALNN 11 FEHbI, KOAMPYIOLLME TAXENYIO U IETKYIO LIEMU MOSHO-
pa3mMepHoro aHTUTena Yenoseka knacca lgG1/kappa. AHK nnasmuab
PCDNAS5/FRT-DHFR-CH-CL opraHm3oBanu Takum obpasom, Yto nepeq
nocnefoBaTenbHOCTAMU, KOAUPYIOLUMMU KOHCTAHTHbIE JOMEHbI TAXe-
NbIX M NerKux Lenen aHTUTeNa YenoBeKa, Haxoaunncb canTbl y3HaBa-
HWA SHAOHYKIea3 pecTpuKLMM ANnA YRO6HOro BCTpanBaHua GparmeH-
ToB [1HK, KogupytoLiyx COOTBETCTBYOLLME BapuabenbHble JOMEHbI
TAXKENbIX 1 Nerkrx Lenei. Ha BTOpOM 3Tane B KaCCeTHYI0 Mnasmuay
PCDNAS5/FRT-DHFR-CH-CL 6b1n1 BcTpoeHbl JHK-bparmeHTbI, Kogu-
pytowme BapuabenbHblie JOMEHbI TAXKENbIX U IErKMX Lienei aHTuTena
yenoseka NPOTVB OPTOMOKCBUPYCHOTO 6enka p35. 3aTemM NonyyYeHHOM
nnasmugon TpaHcomnympoBanu sykaprotuyeckue knetku CHO-S/FRT,
copepalyme FRT-caiiT roMONOrMyHon pekoMonHaLUmm 1 SKCNpeccu-
pytowwme 6enok GFP. Mpur BCTpoliKe LieneBbIX FeHOB, KOAVPYIOLNX TA-
Xenble 1 nerkue uenuv aHtuTena B FRT-canT, npogykuua GFP gonxHa
6blna NpekpaTUTbCA. Mpr NCNONb30BaHUN TaKOM cUCTEMbl OTOOPa
6blN1 NoNyYeH CTabUbHBIN KNOH, NPOAYLMPYIOLLNIA LIeNeBOe aHTUTENO
fh8E c ypoBHem npopaykummn okono 100 mkr/mn. AGPUHHOCTb CBA3bI-
BaHWA ounweHHoro aHTuTena fh8E ¢ TapreTHbiM 6enKoMm, n3mepeH-
HasA METOOM MOBEPXHOCTHOIO MJIa3MOHHOIO Pe30HaHCa, COCTaBMa
12 HM. AHnTnTeno fh8E npoaemMoHCTprpoBano BUpyCHeNTpanmsyoLme
CBOWCTBa B peakummn MHrmbmposaHna 6nawkoobpas3oBaHna Bupyca
OCMOBaKLMHbI B SKCMEpUMEHTaXx in vitro.

KnioueBble C/10Ba: MOIHOPa3MepHOe aHTUTENO HYeslI0BEKa; WTaMM-
npognyueHT; kKnetkr CHO; nna3mmaa; reHomHas amnanduKaums; BUpyC
SKTpOMENUN.
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Development of a stable
eukaryotic strain producing fully
human monoclonal antibody

on the basis of the human
antibody against ectromelia virus
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LV. Babkin! 2, E.P. Goncharoval, V.V. Morozoval’ 2,
N.V. Tikunoval 2@

T Institute of Chemical Biology and Fundamental Medicine
SB RAS, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

Fully-human antibodies have a great therapeutic im-
portance; however, the development of stable strains
providing a high level of production of full-size anti-
bodies is a challenging task, as antibody molecules
contain two types of polypeptide chains. To develop
the producing strain, random integration of the plas-
mid containing the gene encoding the target protein
into the genome of the host cells is commonly used.
The aim of this study was the development of an ori-
ginal expression system, using gene targeting to in-
tegrate the gene encoding the fully-human antibody
into the transcriptionally active region of the genome
of eukaryotic suspension cells CHO-S. To develop a
stable strain, the cassette vector plasmid pCDNA5/FRT-
DHFR-CH-CL containing the site of homologous re-
combination and the genes encoding heavy and light
chains of the fully human antibody of the IgG1/kappa
class was constructed at the first step. Notably, DNA of
the plasmid pCDNA5/FRT-DHFR-CH-CL was organized
in such a way that the restriction sites for rapid cloning
of DNA fragments encoding the variable domains of
heavy and light chains were inserted upstream of the
sequences encoding constant domains of the heavy
and light chains of the antibody. Secondly, DNA frag-
ments encoding the variable domains of the heavy
and light chains of antibody against orthopoxvirus
protein p35 were inserted into the pCONA5/FRT-DHFR-
CH-CL cassette plasmid. Then, CHO-S/FRT cells, which
contain the FRT-site for homologous recombination
and are able to produce green fluorescence protein
GFP, were transfected with the constructed plasmid.
After the insertion of the target genes into the FRT-site,
GFP production was supposed to stop. Using this se-
lection system, a stable clone producing target anti-
body fh8E was selected with the level of production

of about 100 pg/ml. The binding affinity of purified
antibody fh8E with the targeted protein, measured



KAK LUTUPOBATDb 3TY CTATbIO:

by surface plasmon resonance, was 12 nM. In addition,
antibody fh8E demonstrated anti-vaccinia virus activity
in the plaque reduction neutralization test in vitro.

Key words: fully human antibody; producing strain; CHO
cells; plasmid; genomic amplification; ectromelia virus.
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MTOCIIETHIUE TO/TBI Bce OOIbIIiee MecTo Ha (papMarieBTuIe-

CKOM PBIHKE 3aHUMAIOT ITpenaparsl Ha OCHOBE Tepares-

TUYECKHX aHTHUTEN. DTO CBA3AaHO C UCKJIIOUUTEIBHBIMU
CBOICTBaAMH ITHX MOJIEKYN — BBICOKOH CHEIHM(UIHOCTHIO
B3aMMOJICHCTBUS C aHTUTEHOM, CIIOCOOHOCTBIO BOBJICKATH
pasiinuHbIe 3B€HbsI UIMMYHHOW CUCTEMBI, a TAK)KE IPOHUKATh
B TKaHU U BBIBOAWTHCS M3 OpPTaHU3Ma C MOMOIIBIO ecTe-
CTBEHHBIX MeXaHN3MOB. IlepBeiMu ObUIH pazpaboTaHbI Te-
pareBTHYecKue 1 MpoQHUIaKTUUECKHUE ITperaparbl Ha OCHOBE
CBIBOPOTOK MMMYHHU3UPOBAHHBIX JIFOZICH MM KUBOTHBIX. Taxk,
B Poccuiickoit denepannu yCcnemHo NPUMEHSIIOT HMMYHO-
100yJIMH YeIoBeKa POTHB renaruta B, mpoTuBokieneBoit
U TIPOTUBOCTOJIOHYHBIN MMMYHOTJIOOYITHHBI, TTOTyYeHHbIE HA
OCHOBE JOHOpCKOit kpoBH (http://www.microgen.ru/products);
B CIIIA 115 teueHust 0CI0KHEHHUH MOCIe BaKIMHALIUY BUPY-
COM OCTIOBAKIIMHBI HCTIOIb3YIOT CHIBOPOTOUHBIN BaKIIMHHBII
nmmyHoroOymuH (VIG) (Hopkins, Lane, 2004). Bumecre ¢
TEM B HACTOsILIEE BpeMsl HAOIIOAAeTCsI TeHACHIIMS OTKa3a OT
CBIBOPOTOYHBIX MPEMapaToOB MU3-3a BOSMOXKHOTO OMoOIOTHYe-
CKOTO PHCKa, CBSI3aHHOTO C MX NPUMEHEHNEM, U B KIIMHUYC-
CKOl IIPaKTHKE B OCHOBHOM HCIIOJIb3YIOT PEKOMOMHAHTHbIE
MIOJTHOPA3MEPHBIE aHTHUTENA, KOTOPBIE HAPAOATHIBAIOT B dyKa-
puotnueckux kierodHbx nuHUAX (Reichert, 2016, 2017).
OnHako U3 OoJjiee YeM COpOKa TeparieBTHYECKUX aHTUTEI,
MIPE/ICTABICHHBIX HA MUPOBOM (apMaIieBTHUECKOM DPBIHKE,
OOJIBIIMHCTBO — 3TO MPOTHBOIUTOKWHOBBIE M ITPOTHBOPA-
KOBBIE QHTHUTENA, U UMEETCS JIHIIb OJHO IPOTHBOBUPYCHOE
TEpaIeBTUIECKOE aHTUTENO (IIPOTUB PECIIMPATOPHOTO CHH-
THIMAIEHOTO BUPYCA).

KitroueBbIM 3Tarom B mpouecce pa3paboTKH TepareBTH-
YECKUX aHTHUTEN SIBISIETCS] CO3/[aHNE CTAOMIIBHOTO BBICOKO-
MIPOyKTHBHOTO HITAaMMa-IIpOIyIeHTa, 00ecIeunBaloIIero
KOMMEPYECKYIO MPHUBIIEKATEIbHOCTh POU3BOACTBA HEOO-
XOIUMOTO JUIl MEAMIMHBI aHTuTena. [lpn 3ToM moaydnTth
KJICTOYHBIC JINHUHU, CTAOMIIBHO HKCITPECCUPYIOIIHE PEKOMON-
HaAHTHBIE aHTHUTEIIA C BHICOKMM YPOBHEM ITPOYKLIUH, ObIBACT
TPYZAHO M3-3a TOTO, YTO TAKME KJIOHBI BCTPEYAIOTCS C YACTOTOM
1/10000, 1 Bo BpeMsI KyJIbTHBUPOBAHUSI KIIETOK Yy>KEPOJIHBIE
reHsl Jerko snumuHupytores (Lucas et al., 1996). ITpoayk-
TUBHOCTh PEKOMOWHAHTHBIX KJIETOUHBIX JIMHUI HAIPSAMYIO
3aBUCHT OT MECTa MHTErPalliy 1IEJIEBBIX TCHOB B TE€HOM, HO
BEPOSITHOCTD IMOJYYECHHUSI CTAOMIIBHBIX KJIETOK, Y KOTOPBIX
IIEJIEBO '€H MHTETPHPOBAH B aKTUBHBIH yJacTOK T€éHOMa, 710~
BOJIbHO HM3Ka. M3BecTHO, uTo Toabko 0.1 % renomuoii JTHK
COJIEPKUT TPAHCKPHUIIIMOHHO AKTHUBHBIE MOCIEI0BATENb-
HOCTH, ITO3TOMY Ha YPOBEHb HPOAYKIMN BIHUSIOT TCHOMHAs
cpesia, Tak Ha3bIBaeMBbIH S((EKT IMOJOKEHNS U YUCIIO KOTINH
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neneBoro rera B reaome (Little et al., 1993). Oxrako romo-
JIOTWYHAsT PEeKOMOMHAIMS MEXKJly TEHOMOM KJIETKH XO3sIMHA
u wiasmuanoi JIHK, ucnonb3yemoit st TpaHCEeKIIH, Ipo-
MCXOIMUT ¢ HU3KoH vactoroi (Hirata et al., 2002).

OnHUM U3 CIOCOOOB TIOBBIIICHHS BEPOSITHOCTH Halpas-
JICHHOM HUHTErpalunu ABJIACTCA IPUMEHCHUC Cl'[e]_II/I(I)I/I'-leCKI/IX
thepmeHToB, Takux Kak Flp-pexomOnHa3bl gpoxkeil. ITH
(hepMEHTHI KaTaIM3UPYIOT TOMOJOTHYHYIO HallpaBICHHYIO
PEKOMOHMHALIMIO C BBICOKOW YacTOTOW, €CIU B JIOHOPHOM
nnazmuanoi JJHK u peuunuentHoit renomuoin JJHK ects
KOHKpPETHBIE CaTh 115 pekomOuHanmu (Wilson et al., 2001).
Flp-pexoMOuHa3bl ObUIM IIUPOKO MCIHOJIB30BAHBI JJISI Ha-
MIPaBJICHHOW PEKOMOMHAIINH IIETIEBBIX TEHOB B TEHOM KIIETOK
»kuBOTHBIX (Wirth et al., 2007). Caiir-cienndudanbie CHCTEMBI
pexombOuHanmu Cre-LoxP u FLP-FRT Obutu Xoporiio n3y4eHsl
M 9aCTO MPUMEHSIOTCS IS CalT-CTIeIu(pUIecKol peKoMOH-
Harwu Kietok xuBoTHEIX (Kito et al., 2002; Coroadinha et
al., 2006; Huang et al., 2007; Kameyama et al., 2010). Tem
HE MEHEE MHTETPalys B 9yXPOMATHH HE SIBIISIETCS TapaHTHE
o0ecrieueHust JOITOCPOYHON IKCIIPECCHH PEKOMOMHAHTHOTO
reHa. Bo MHOTHUX cilydasX pelMNHEHTHbIE Ie€Hbl OBICTPO
WHAKTUBUPYIOTCS (3aMOJIKAIOT), YTO MOXKET OBITH aCCOIUUPO-
BAHO C TUITOAIUTHINPOBAHUEM TUCTOHOB, METHIIMPOBAHUEM
n3uHa-9 ructona H3 u yBenuuennem CpG-MeTHIINPOBaHUS B
nmpomoTopHoi odnactu TpancreHa (Richards, 2002; Mutskov,
Felsenfeld, 2004).

Pa3paboTaHo HECKOJIBKO CTpaTeruii IUisi yMEHBIICHHS He-
TaTHBHOTO BIMSHUSA 3(h(eKTa TOIOKEHUS ITPU CITyIaitHON UH-
terparmu (Zahn-Zabal et al., 2001; Fernandez et al., 2002;
Kwaks et al., 2003). OnHa 13 BO3MOXHBIX CTpaTEerHil mpe-
oforeHus Y PeKTa MOI0KEHHS — 3TO MCIIOIH30BAHNE HATIPAB-
JICHHO} peKOMOMHAINY (T€HHBIN TAPTeTHHT) U HHTETPAN
reHa, KOJMPYIOIEro LejeBoil 0enok, no crernuduyeckum
caifTaM B TPAaHCKPHITIOHHO aKTHBHYIO 0071aCTh TE€HOMA.

Kaxk npaBwuiio, pa3paboTkoii mpenaparoB Ha OCHOBE MOJIHO-
PasMEPHBIX aHTUTEJ 3aHUMAIOTCA YaCTHBIC (bapMa]_IeBTI/I‘le—
CKHE KOMITaHUH, TIO3TOMY MHOTHE JIETAJIN, CBSI3aHHBIE C TTOITY-
YEHHEM IITaMMOB-TIPOYLICHTOB, OCTAIOTCSI HEM3BECTHBIMH.
IIpu nony4eHnu mraMma-npoayLeHTa Jalle BCero IpUMeHs-
10T TPAJULMOHHBIN TOJX0/, OCHOBAHHBIN Ha CIIy4aliHON HH-
Terpauuu B reHoM nocnenosarensHoctu JAHK, koaupyromeit
nesneBoit 6enok. Kitletounble muHUK 17151 TpaHC(EKINH ¢ T0-
MOIIIBIO HANIPaBJIECHHOH PEKOMONHAINH, CO3/IaHHBIE HA OCHOBE
CYCITICH3HOHHBIX KJIETOK, HE Oonrcanbl. OTHaKo MMEHHO TaKOH
IOAXOI ABJIACTCA, HA HALl B3TTIA/, Haﬂ6onee MECPCIEKTUBHBIM
JUIS TIOJYYIEHUS! MPOMBIIIICHHBIX ITaMMOB-TIPOAYIIEHTOB.
Llens naHHOTO MICCIEAOBAHUS — Pa3pabOTKa OPUTHHAIBHON
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CTabunbHbI WTaMM-MPOAYLIEHT MOTHOPAa3MEPHOTO
aHTUTesNa YenoBeKa NPOTUB BUPYCa SKTPOMENN

JKCIIPECCUOHHOM CUCTEMBI ISl CO3aHUsI Ha €€ OCHOBE BbI-
COKOTIPOJIYKTUBHBIX CTaOMIIBHBIX HITAMMOB-IIPO/YIICHTOB
MOJIHOPA3MEPHBIX AHTHUTEI YEJIOBEKa HA PUMEPe aHTHUTEa
pOoTUB Oenka P35 OPTOMOKCBUPYCOB.

MaTtepwuanbl n metogbl

Knerku Escherichia coli XL1-blue, ncrnonp3oBaBiunecs npu
koHcTpynposanus mazmuaHoi JIHK, cycniensnonssle syka-
puotmueckue kietku CHO-S/FRT, comepxamme FRT-caiir
TOMOJIOTHYHOW PEKOMOWHALIUY H TTPOLY IUPYIOIINE 3EIICHbIH
thryopecuentasiii 6emox GFP (green fluorescence protein), u
JyKapruoTHueckue Kietku Vero E6 Obutn nomydens! u3 Kon-
JIEKIMU SKCTPEMO(DUIBHBIX MUKPOOPIaHU3MOB U THUIOBBIX
KynbTyp MHCTHTYTa XUMHUYECKOH OMonornu u QpyHIaMeH-
tanpHOl MemuuuHbl (MXB®M) CO PAH. Illtamm Bupyca
OCIIOBAaKIMHBI, HECYIIIET0 B cocTaBe reHoma re gfp (BOB-
LIVP-GFP), 6511 coznan panee (Iletpos u ap., 2013).

KoHcTpynpoBanue KacCeTHOH BEKTOPHOM IIa3MHUIBI
pCDNAS/FRT-DHFR-CH-CL, conepxarieid caiit romoso-
THYHOH PEeKOMOMHAIMH U TEHBI, KOAUPYIOMINE TAKEIYIO U
JIETKYIO LeTH MOJIHOPAa3MEPHOTO aHTHTENA YeIOoBeKa, Mpo-
BOJIWJIM B HECKOJIbKO 3TamnoB (puc. 1). Ha mepBom 3tame B
mrazmugy pCDNAS/FRT (Life Technologies), cogepsxartyio
FRT-caiit my1st TOMOJIOTHYHOH peKOMOWHAIINY, OBLIIa BCTPOCHA
MOCJIE/IOBATEIbHOCTD IPOMOTOPA I'eHa, KOIUPYIOLIEro (hakTop
sanonranuu pEfla. ms storo JIHK-pparment, cogepsxammuit
B cBoeM cocTase npomotop Pr/Efla, nomyuennsiii B ITLP
¢ ucnoiabs3oBanuem npaiimepos Efla U17 u Efla 122
(cMm. tabmumy) u mnasmuasl pbudCE4.1 (Life Technolo-
gies), oOpabareiBan SHIOHYKIIea3aMu pecTpukiun Kpnl n
BamHI n o6benuHsuIM B peakuuy JUTHPOBAHUS C TUIA3MH-
noii pCDNAS/FRT, 06paboTaHHO TEMH JKe peCTPUKTa3aMH.
Ha Bropom srarne B nonyuennyto miazmuay pCDNAS/FRT-
pEfla nmocnenoBarenbHO BCTpauBasid T€HBI, KOAUPYIOIINE
KOHCTaHTHBIE JJOMEHBI TSKEIIOW M JIETKOM IeTel aHTHUTelNa
YeJI0BeKa, ¢ caliTaMy MOJIMAACHIIIMPOBAHISI ObIYET0 TOpMOHa
pocta (BST) u Bupyca SV40 coorBeTcTBeHHO. COOTBETCTBY-
tomue Gparmentsl JJHK (CH+polyA g u CL+polyAgy.,,)
6butn nostyuens! B [P ¢ ucrionp3oBannem masmug pCH u
pCL, ckoncTpyupoBanHsbIx panee (baiixos u ap., 2013), u map
npaitmepoB CH U22 u BGH_ polyA L18,aTake CL U2l n
SV40 polyA L30 (cm. Tabnuiy). B pesynsrare Opu1a co3nana
npomexyTtouHas miamuga pPCDNAS/FRT-CH-CL, opranun3o-
BaHHAs TAKMM 00pa30M, UTO MEpe]l OCIe0BATEIbHOCTIMH,
KOAMPYIOIIUMH KOHCTaHTHBIC JOMEHBI TSDKEJIBIX M JIETKHX
LeTnel aHTUTeNa Yel0BeKa, HaXOAUINCh CalThl PECTPUKIIUU
EcoRV u Nofl, a taxxe Nhel u AfI11 cOOTBEeTCTBEHHO ISt
ObicTporo BerpanBanus ¢pparmentos JJHK, komupyronmx stu
BapuadeIbHbIe ()parMeHTHI.

Ha cnenmyromenm stane B mrasmuzae pOptiVec-TOPO (Life
Technologies), conepskarieii reH, KOAUPYIOLHN IeTHIPOdO-
nar peaykrasy (dhfr), obu1 3ameren IRES-anemenT Bupyca
SHIE(PATOMIOKAPINTA Ha CIA0BIH SYKaPHUOTHIECKHUH TpO-
MoTop dochormmueparkunassl — Pr/pgk. Jlns aToro ¢ momo-
mipro paimepoB pGK U20 u pGK L17 (cM. Tabiuiry) Obu1
nonydeH [II[P-¢pparment, conepxkammii Pr/pgk, mpuaem Ha
5'- u 3'-xonnax I1[P-pparmenTa Haxoqumucs caitol Hpal n
Bglll coorBeTcTBEeHHO. B KauecTBe MaTpUIIbI IS OTYUYSHHUS
atoro ITIP-nipomyxra ncrons3osanmm mmazmuny pExT (Tasic et
al., 2012). 3arem rurazmuanas JJHK pOptiVec-TOPO u noy-
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Fig. 1. (a) Schematic presentation of the construction of the cassette vec-
tor plasmid pCDNA5/FRT-DHFR-CH-CL. (b) Map of pCDNA5/FRT-DHFR-
CH-CL plasmid.

yenHbIi [T1[P-pparmeHT ObL1r 00pabOTaHbI FHIOHYKIICA3aMU
Hpal u Bgl/1l n o0beanHEHBI B peakIiy JINTHPOBaHus. B pe-
3ynbTare ObUla CKOHCTPYHPOBaHA POMEKYTOUHAsS TUTA3MHIa
pOptiVec-DHFR.

Ha mocnennem sramne B miasmuny pCDNAS/FRT-CH-CL
6611 BcTpoeH reH dhfr. s atoro nomyuanu [TIP-dparment,
cozepkauii mpomoTop Pr/pgk, ren dhfr u caiit nonuae-
HUJIMPOBaHUS TeHa TUMuUAWHKUHA3bL. B III{P-pparmenT c
MOMOIIBIO IPaliMepPOB BBENIU Ha 5'- U 3'-KOHIBI caliTsl Apal
u Ksp221 cooTBeTCTBEHHO. B KauecTBe MaTpHUIIbl U1 CHHTE3a
aroro [IIP-mpoaykTa nenoas30Bany MpOMEXYTOUHYIO I1J1a3-
muy pOptiVec-DHFR u naper npaiimepos pGK_APA U20
n DHFR L21. B pesynbrare peakuuu JIMTHpOBaHUs Oblia
CKOHCTpyHpoBaHa KacceTHas miuasmuga pCDNAS/FRT-
DHFR-CH-CL, conepxaiasi yHukaiabHble caliTel EcoRV u
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Eucariotic stable strain producing fully human
monoclonal antibody against ectromelia virus

Primers used in the study

Nucleotide sequence

A.L. Matveey, Ya.A. Khlusevich, |.K. Baykov
E.P. Goncharova, V.V. Morozova, N.V. Tikunova

Notl, a taxoxe Nhel n AfI11 cOOTBETCTBEHHO, [T KIIOHUPOBA-
HUSI TeHOB, KOJTUPYIOMINX BapruaOesIbHbIe IOMEHBI TSKEIBIX U
JIETKUX LieNled aHTUTENa YEJI0BEeKa.

Jiss HapaOOTKM MOJTHOPAa3MEPHOTO AHTHUTENA YEIOBEKa
fh8E (fully human 8E) B ckoHCTpyHpOBaHHYIO IUIA3MHUILY
pCDNAS/FRT-DHFR-CH-CL Bctpounu ¢parmentsr JTHK,
koaupyromue Vy; 1V, n1oMensl paroporo antutena 8E. Otn
¢parmentsr JJHK 6butn cuntezuposans! B [T1[P ¢ momonisro
tdarmuanoii IHK pHEN-8E, nonyuennoii panee (Khlusevich
et al., 201406), u mpaiimepoB VH8E U24 u VHSE 145, co-
Jiep KaInX Ha 5'-KOHIAX CaiThl SH/IOHYKIIEa3 PECTPUKINU
EcoRV wn Notl COOTBETCTBEHHO /JIsl BCTpaMBaHUs V-T€Ha,
a taxoke npaitmepoB VLSE 146 u VLSE U45, conepsxammix
Ha 5'-KOHIIaX CalThl SHIOHYyKIea3 pectpukunu Nhel u AfI11
COOTBETCTBEHHO (CM. TabImuIy) Ay BCTpauBaHUs V| -T€Ha.
B pesynsrare Oputa momydena mrasmuga pCDNAS/FRT-
DHFR-full 8E, xoaupyromast TsShKeIble U JIETKHE e o
HopasmepHoro anturena fh8E. ITnasmunnyro JIHK napa-
OareiBanM B KIIeTKax E. coli, ounmmanyi ¢ moMomIpio Habopa
PureYield Plasmid Midiprep (Promega) n ncnons3oBanu
JUIsl OCIIEAYIONIEeH TpaHC(EKINH 9yKapHOTHUECKUX KIIETOK.

Jist monmydeHus mTaMMa, IPOAYLHUPYIONIETO aHTUTe-
1o th8E, cycniensnonnsre kinetku tuann CHO-S/FRT oxno-
BPEMEHHO TPAHC(UIUPOBAIN ABYMS TIIA3MUAAMH: BCIIOMO-
rarenpHOM ta3muaoit pOG44 (Life Technologies) ¢ rerom,
KOAMPYIOMMM (DIMIna3y, U CKOHCTPYMPOBAHHOHN IUIa3MHU-
nmoit pPCDNAS/FRT-DHFR-full 8E, xomupyrorieii menesoe
antuteno th8E. TpaHcekuio TpOBOAMIN C ITOMOIIBIO
tpancgexranra Lipofectamine 2000 (Life Technologies) co-
[IACHO PEKOMEHAAIMsIM Mpou3BoauTeNs. JD(HHEeKTHBHOCTD
TOMOJIOTHYHOI peKOMOHMHAINH OIICHUBAJIH Yepe3 72 4 mociie
TpaHC(HEKIIMH METOIOM MPOTOYHOH NUTO(GIYOPHUMETPHHU C
ucnonb3oBanueM rurodayopumerpa NovoCyte (ACEA).

TToydYeHHbIE YIB! KITETOK B KoHIeHTpamyu 0.5 % 100 kr./mot
3aceBaiy B cenektuBHYT0 cpexy CD OptiCHO, conepaxantyto
80 MKr/MiI CeJIeKTUBHOTO aHTHOMOTHKA ['mrpomunuua B u
BCE HEOOXOIMMBIE POCTOBBIEC JOOABKU. B BEIKMBIINX KIIET-
Kax MPOBOAWIN aMITTH(UKANIHMIO 1ieneBoro resa. Jlist atoro
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K aJMKBOTaM KJIETOK noOaBisum metorpukcar (TEVA, U3-
panip) B koHueHTpanusix 200, 400, 800 u 1600 M. ITocne
9TOrO OT/AEJbHBIC KJIOHBI MOJIyYaJId METOAOM IMPEAEIbHBIX
pa3BeneHuil.

Junst ouncrku antutena th8E kynsrypansHyto cpeny, co-
JIepIKallylo 9TO aHTUTEN0, eHTpUdyruposanu 10 MuUH npu
12000 g. XpomarorpapuiecKyio MOJUTPOMIICHOBYIO KO-
noHKy (QIAgen), conepxkaryro 6enok A-cedapozy CL-4B
(GE Healthcare), npeaBapuTenbHO ypaBHOBEIIUBAIN (oc-
(hatHO-coneBrIM OydepubsM pacTBopoM (PCEP) B cocrase:
100 MM NaCl, 50 MM Na,HPO, npu pH 7.4. CynepHarant
HAHOCHJIM Ha KOJIOHKY CO CKOPOCThIO 0.5 MII/MHH TIpH TemIIe-
parype 4 °C. Kononky mpomsiBaii Tpemsi oobemamu @CHP
n smonpoBanu antuteno th8E uereippms oobemamu 0.1 M
utparHoro Oydepa, pH 3.0. K amoary nobasisu 1 M Oydep
tpuc-HCl, pH 8.8, B coorHomennu 1:10 mast m3menenns pH
110 pusnonornyeckux 3HadeHuit. Pactsop antntena th8E kon-
LEHTPUPOBaJH ¢ noMouibio GuisrpoB Amicon Ultra-4 30K
(Millipore) u 3amensmu 6ydep na ®CEP ¢ nobaBnennem
0.05 % a3muna narpus. Konnenrpamuio Oenka B mpemnapare
OIIPEACIISUIH CIIEKTPO()OTOMETPHYECKH, ITPOBOJISI U3MEPEHUE
npu amuHe BOTHB! 280 HM.

Jlnist BBISIBIICHHSI MMMYHOTJIOOYJIMHOB YE€JIOBEKA B KYJIBTY-
paIbHOM JKUIKOCTH 3YKaPHOTUYECKUX KIIETOK, IPOIYLUPY-
formx aaTuteno th8E, B 96-1yHOUHBIE IMMYHOIOTHYECKHE
utanmeTs! («Mennomamepy, Poccnst) copouposanu o 100 Hr
MOJIMKIJIOHANILHBIX aHTUTeN Ko3bl («bruoCany», Poccust) mpo-
tuB Fab-pparmenrta IgG ugenoseka B 0.1 M kapboHaTHOM
Oydepe, pH 9.4. ITocne 610KMPOBKH MECT HeCHIEI(DUUECKOTO
CBsI3BbIBaHUS 3 % pacTBOPOM OBIYBETO CHIBOPOTOYHOTO AJTbOY-
muHa (BCA) B ©CBP, pH 7.5, B myHKH 700aBIsIN S-KpaTHBIE
Ppa3BeICHUs CyIIepHATAaHTOB KIIETOK, IPOAYIIUPYIOIINX aHTH-
tesio th8E, u uHkyOupoBany ux B redenue 1 4. CpszaBuimecs
AQHTUTETA BBIABIISUIN MOJIUKIOHAIBHBIMU AHTUTENAMH KO3bI
(«bnoCan», Poccust) mporus Fe-dparmenta IgG genoseka,
KOHBIOTMPOBAHHBIMH C IIEIOUHON (ocdarazoit (Sigma Ald-
rich). B kagecTBe XpoMoreHa NCIOIb30BAIN TTapa-HUTPOde-
nungocdar (Sigma, CIIA).
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s ananmusa crenuduunocty anturena th8E B 96-iy-
HOYHBIE UMMYHOJIOTHYECKHE IUIAHIIETH («Menmonumepy,
Poccust) copouposamu o 100 ar BOB-LIVP-GFP 8 ®CEP,
pH 7.5. ITocie OJIOKUPOBKU MECT HECIICIIM(PUICSCKOTO CBSA3bI-
BaHus 3 % pactBopom BCA B @CBP B nMMyHONIOTHYECKHE
TUTAHIIETH JOOABISUIM JIByKpaTHBIC pa3BelCHUs] aHTUTE-
na fth8E (ucxonnas konuentpanus 20 mxr/min) B @CBP, conep-
xarmeM 0.1 % Teun 20. AHTHTENA, CBA3aBIIMECS C BUPYCHBIMU
AQHTHUT'€HAMH, BBISIBIISUIN ITOJTMKJIOHATIBHBIMA aHTUTEIAMHI KO3bI
(«buoCan», Poccus) nporus Fc-dparmenra IgG uenoseka,
KOHBIOTHPOBAHHBIMHU €O IeaodHO# (ocdarazoii (Sigma
Aldrich). B xagecTBe XpoMOreHa MCHOIB30BAIH Mapa-HUT-
podenmidocdar (Sigma, CIIIA). Koutponem Hecnerudu-
YECKOTO CBS3BIBAHMUS CITY)KHJIO XUMEpHOe aHTuTeno ch14D5
poTUB ImKonporenHa E Bupyca kiemeBoro sHiedanura,
cojiepiKaliee KOHCTaHTHbIE JOMeHbl, aHamornyubie fh8E
(Baykov et al., 2014).

Jist mpoBenieHust BECTEpH-0I0T aHanu3a Jimzatsl BOB-
LIVP-GFP unu E. coli pa3nensum 3aeKTpopOpeTHUECKH B
12 % nonuaxpunamugaaom rene ¢ 0.1 % gopennncynsdarom
HaTpHs W MEpeHOCHIM Ha HUTPOLEIUIIONO3HYI0 MeMOpaHy
(Sigma, CIIA). Mecra Hecnenu(puIecKOT0 CBSI3bIBAHUS
Ha MeMOpaHe HachImanu 5 % pacTBOPOM CyXOTO MOJIOKA B
DOCBP, 3arem memOpany nakyouposanu 1 unpu 37 °C ¢ 1 MKr
anTtutena B 0.1 % Teun 20 B ®CBP. Cs3aBiuiecs anTuTena
MPOSIBIISUT MOJTMKJIOHATBHBIMU QHTUTEJIAMH KO3bI NTPOTHB
anTuTen yenoseka (Sigma Aldrich, CIIIA), koHbIOTHPOBaHHBI-
MH CO 1IeJI0YHOH (ocdarasoit, B pazseaenun 1:120008 0.1 %
pactBope Teun 20 B ®CBP. Busyanuzaiiio HMMYHHBIX KOM-
TUIEKCOB TIPpOBOAMIH, 100aBisas 0.5 Mr 5-0pomo-3-1HI0TIIT
docdara (Sigma, CIIIA) u 1.0 Mr HUTPO-TETPA30JIUEBOTO
cunero (Roche).

Koncranty cesizsiBanmst anturena th8E c 6emxom p35deltal2
(XutyceBud u 1ip., 2014a) onpezesisiyii Ha ONTHYECKOM OHOCEH-
cope ProteOn XPR 36 (Bio-Rad). U3mepenus e B ©CHP
¢ nobasnennem 0.005 % Tsun 20. benox A Staphylococcus
aureus KOBAJICHTHO HMMOOWIIN30BaJIN HA IOBEPXHOCTh YHIIA
GLC no yposus okomno 2000 en. orknmka. Artuteno th8E
MMMOOHMIIM30BAJIN Ha TIOBEPXHOCTh BEPTHKAIBHBIX KaHAJIOB
L1 u L2 no ypoas oxono 1500 en. orknuka (RU). Iocne-
JIOBaTeNbHBIC ABYKpaTHBIC pa3BeneHus Oemka p35deltal2
(Xmycesud u ap., 2014a), naunnast ¢ koHneHTpaunu 500 MM,
MPOITyCKaJIN Yepe3 OMOCEHCOp B TOPU30HTAILHON OpHUEHTa-
ITUH CO CKOPOCTHIO IOTOKA 25 MKJI/MIH. CBSA3bIBaHHE JUTHIIOCH
10 MuH, tuccounanus KomruiekcoB — 30 muH. [[s Beruncie-
HUSI KOHCTaHThI apUHHOCTH MPOBOANIIN IT00AJILHBIN aHAITH3
JaHHBIX B mporpamme ProteOnManager v.3.1.0 (Bio-Rad) ¢
WCIIOJIb30BAaHUEM MOJIEIN OTHOCAHTOBOTO CBSI3bIBAHUSL.

st uccnenoBaHusl BUPYCHEUTPAIU3yOIIEH aKTUBHOCTH
antutena th8E in vitro cycniersuto BOB pa3zBoanm 1o ypoBHS
320 BOE/mi1 u cMeImmBaim ¢ paBHBIM 00bEMOM COOTBETCTBY-
tomiero passenenus th8E. Cmecu anturena ¢ BUpycoM HHKY-
6mposanu B Tedenue | 1 mpu 37 °C, HaHOCHIM HA MOHOCIION
kieTok nmuHuM Vero E6 B 24-mynounsle mnanmetsl (Orange
Scientific, benbrus) u uakyouposanu 1 1 npu 37 °C. [Tocie
3TOr0 CMECH YAAJSIM U B JIyHKH BHOcuiu cpexy DMEM,
cozepxaiiyio 2 % SMOpPHOHANBHYIO CHIBOPOTKY TEJICHKA M
0.24 % arap. Uepes 3—4 qHst MOHOCIION KJIETOK OKpaIlliBaiu
0.1 % pactBOpoM KpucTammueckoro ¢uonerosoro ¢ 10 %
(hopmanuHOM, BU3yanu3upys Ok, TuTp HelTpanu3annu
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cuurtamu o popmyne N = (V= V,)/V,*x 100 %, rne Vyu V, —
KOJTMYECTBO OMIAMIEK B KOHTPOIBHBIX U TECTUPYEMBIX JTyHKaX
COOTBETCTBEHHO.

Pe3yanaTb| n O6CY)K,D,EHI/IE

[TonHopa3mepHbIe aHTHTENA YeJI0BeKa 003 Jaf0T OOIBIINM
TEpareBTHYECKUM ITOTEHIINAJIOM, TOATOMY B HACTOSILIEE BPe-
Ms CBIBOPOTOYHBIE MPEMapaThl IOBCEMECTHO 3aMEHSIOT Ha
Ipenaparsl Ha OCHOBE PEKOMOWHAHTHBIX aHTHTEN. B gact-
HoCTH, U151 3aMeHbl VIG pa3pabarbiBatoT IpOTHBOOPTOIIOKC-
BUPYCHBIC MTOJTHOPA3MEPHBIE UEIOBEUECKHE MM XUMEPHbIE
antutena (McCausland et al., 2010; Crickard et al., 2012;
Tikunova et al., 2012; Matho et al., 2015). Kak npasuio,
JUISL UCCIIEZIOBAHUS TIPOTUBOBUPYCHBIX CBOWCTB IOITy4EH-
HBIX aHTHUTEJ HCIIONB3YIOT AKCIIEPUMEHTAIBHYIO HapaOOTKy
AQHTUTEN B CHCTEME TPAH3MEHTHOM JKCIPECCUU IIPH OHO-
BPEMEHHON TPaHC(HEKINU SYKAPUOTHUECKUX KIETOK JBYMS
TUTA3MHJIAMH, KaXK/1asi U3 KOTOPBIX HECET I'eH, KOAUPYIOMni
TSDKEITYI0 MJIM JIETKYIO LIeTH LiesieBoro anturena. [1pu stom
3P PEKTUBHOCTH MOITYICHUS TPAHC(HEKTaHTOB, HECYITHX 00e
TUTa3MU/IBI, JIOBOJIEHO HU3KA, U IIPOYKTHBHOCTB MOy 4aeMbIX
LIEJICBBIX KJIETOK BapbupyeT ot 0.1 10 5 mr/m.

Jnst co3manns ctaOMIIBHOTO IITaMMa, IPOAYIHPYIOLIETO
MIOJTHOPA3MEPHOE YEJIOBEYECKOE aHTHTEIIO MIPOTHB OPTOTIOKC-
BHPYCOB, Ha OCHOBE KOMMEPHYECKH JOCTYITHBIX IJIa3MHUJ
pCDNAS/FRT u pbudCE4.1, a Taxke CKOHCTPYHPOBAaHHBIX
nHamu panee mia3mua pCH u pCL (baiikos u nip., 2013) 6b11a
co3znana kaccerHas miasmuga pCDNAS/FRT-DHFR-CH-
CL, conepxxamiasi caiiT romonoruaHoi pekomonHarmu FRT
U TEHBI, KOJNPYIOIINE KOHCTAHTHBIC IOMEHBI TSIKEIOW M
JIETKOH 11eriell MoJTHOpa3MepHOro aHTHTENIa YesIoBeKa Kiiacca
IgGl/kappa (cm. puc. 1). IHK mmasmuasr pCDNAS/FRT-
DHFR-CH-CL ckoHCTpyHpOBanu TakuM 00pa3oM, 4TOObI
THepe/1 [OCIIeI0BaTeNIbHOCTIMH, KOIUPYIOIIMMHU KOHCTAHTHBIC
JIOMEHBI TSDKEIIBIX U JIETKUX IIeNel aHTHTeNa 4eloBeKa, Ha-
XOJMITMCH CAlThl PECTPUKIMU ISl YIOOHOTO BCTPAaWUBAHUS
¢parmentoB JIHK, xoaupyoomux coOTBETCTBYIOLIHE Ba-
prabenbHbIE JOMEHBI TSKENbIX M JETKUX Lenei. 3aremM B
miazmMuy pCDNAS/FRT-DHFR-CH-CL Oblin BCTpOCHBI
nocnenoBarenbHocTi JJHK, konupyrome BapuadenbHble
JIOMEHBI TSKEJION 1 JIErKOM LETIEH aHTUTENa YeJI0BeKa ITPOTUB
OPTOIOKCBUPYCHOTO Oenka p35. DTH MOCIeI0BaTeIbHOCTH
JIHK Obu1u 0TOOpaHBI paHee B pe3yibTrare (paroBoro JucIuies
KOMOMHATOPHONH MMMYHHOH OMOIMOTEKH OJHOIEIOYeH-
HBIX aHTHUTE] 4YelIOBEKa, CKOHCTPYHMPOBAHHON HaMHU paHee
Ha ocHoBe PHK nepudeprueckux aumM@pouuToB JOHOPOB,
BaKIIMHUPOBAaHHBIX BUpycoMm ocmoBaknuubl (Tikunova et
al., 2012). B pe3ynprare OnomsHHUHTA 3TOW OMOINOTEKH U
MOCIIEAYIOIIEH celeKIny (aroBbIX aHTUTEIN, CHIEHUPUUECKH
CBSI3BIBAIONINX BUPYC IKTPOMENNH, ObIN OTOOpAHBI He-
CKOJIBKO OflHOLIenIoueuHbIX aHTuTen (scFv) (Xmycesuu u 1p.,
20140), npencTapisioIuX co00i BapradeIbHbIC TOMEHBI Tsi-
JKEJION | JIETKOH 1eneid, 00beINHEHHBIX THOKUM ITENTHIHBIM
JIMHKEPOM B €JIMHYIO MOIUTICTITHIHYIO IT0CIIE/JOBATEILHOCTb.
OnHo u3 otoOpanHbIX anturend, scFv-8E, mocmyxuino nc-
TOYHUKOM BapHaOEIbHBIX JOMEHOB JIETKON M TSDKEJION IIETTH
KOHCTPYHUPYEMOTO aHTHTeNa. B pe3ynbrare BcTpanBaHUS
ICHOB, KOJUPYIOMIUX BapuadenbHbie qoMeHbl scCFv-8E, B
kaccetHyto miazmuny pCDNAS/FRT-DHFR-CH-CL Obiia
ckoHcTpynpoBana miazmMuia pPCDNAS/FRT-DHFR-full 8E,

BaBuNOBCKMI XKypHan reHeTUKN n cenekuyumn « 2017 <21+ 8

997



Eucariotic stable strain producing fully human
monoclonal antibody against ectromelia virus

A.L. Matveey, Ya.A. Khlusevich, |.K. Baykov
E.P. Goncharova, V.V. Morozova, N.V. Tikunova

a
380 108
100 F
320 F
80
240 |
£ 2 60
> =}
o o
) M2-1 M2-2 )
160 o 236%, 97.64 %,
r T 1 40
80 | ol
0 0
10'3 102 103 10% 10% 100 1072 10'3
GFP-H

2-1 M2-2
59.32 %, 4044 %
I LI 1
102 103 10% 10° 108 1072
GFP-H

Fig. 2. Changes in GFP-fluorescence in CHO-S/FRT cells recorded by flow-cytometry:
(a) the population of ancestral nontransfected CHO-S/FRT cells; (b) CHO-S/FRT cells 48 h after transfection with pOG44 and pCDNA5\FRT-

DHFR-full_8E plasmids used in the ratio 14 : 1.
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Fig. 3. Analysis of the purity and specificity of recombinant antibody fh8E:

(a) Electrophoretic image of the purified antibody fh8E under nonreducing
and reducing conditions. (b) Western blot analysis of purified antibody fh8E
revealed by polyclonal goat antibodies against the Fc fragment of human
1gG conjugated with alkaline phosphatase and against the whole human IgG
molecule (H+L) conjugated with alkaline phosphatase. (c) VACV-LIVP-GFP
proteins fractionated by PAGE. (d) Western blot analysis of VACV-LIVP-GFP
proteins fractionated by PAGE and visualized with full-size human antibody
fh8E. M, molecular weight ladder #26614 (Fermentas, Lithuania).

HecyIlast TeHbI TSDKEJION ¥ JIETKOI 1enel MoJHOPa3MepHOro
anrutena th8E.

Jnst co3nanust cTaGMIIBHOTO IITaMMa-IIPOAYLEHTA TIOJIHO-
pasMepHoro anturena genoseka th8E cycnensnonnyto kie-
tounyto iuHro CHO-S/FRT onHOBpeMEHHO TpaHCPUITHPOBa-
71 KoMMepaeckoit mazmunon pOG44 1 CKOHCTPYHPOBAHHON
rtazmuoil pPCDNAS/FRT-DHFR-full_8E. ITpu aTom Tpanc-

998 VavilovJournal of Genetics and Breeding - 2017 - 21+ 8

(heKIMIO KIIETOK MMPOBOIMIIN B UETHIPEX BAPHAHTAX C UCIIOJIb-
30BaHUEM PA3JIMYHBIX MACCOBBIX COOTHOIICHHH IIa3MHJ
pOG44 u pCDNAS/FRT-DHFR-full 8E: 19:1,14:1,9:1 n4:1.

[Tockomeky FRT-caiit B renome kirerounoit muanu CHO-S/
FRT pacnonoxeHn Mex 1y cTapToBbIM Ko1oHOM ATG 1 CITUTBIM
oenkom GFP-Zeo, BcTpanBaHKe B TEHOM IUIa3MUJIbI, COIEP-
xameit FRT-caiit, mHaktuBUpyeT cnuThiii 6enok GFP-Zeo.
Taknm 00pa3zom, CTaOUIIbHBIC KJICTOYHBIE IMHUH, B KOTOPBIX
npousonuia romojoruyHas pexomObunanust no FRT-caiiry,
MOT'YT OBITH OTOOPAHBI 110 YyBCTBUTEIBHOCTH K 3€OILMHY U
o orcyrcrBuio nponykuun 6enka GFP. CnenoBarensHo, y
TpaHC(HOPMHUPOBAHHBIX KJIETOK CO BCTpoiikoii B FRT-caiit
JIOJKHO HAOJIOAAThCsl yMEHbIIEHUE (DITyOpeCICHINH B 3eTe-
HOIt o0nmacTy criekTpa. B ¢Bs3u ¢ 3THM (uryopecieHIHIO TTyIIoB
TpaHCUIMPOBAHHBIX KJIETOK aHAJIM3UPOBAIN Ha TPOTOYHOM
IUTOQITyOpUMETpE M0 CPAaBHEHHIO ¢ (pIyopecIieHIneil c-
XOJHBIX HETPaHC(UIMPOBAHHBIX KJIETOK (pHC. 2). YpOBEHb
yYMCEHbIICHUS (IIyOPECICHIIMU BapbupoBai oT 6 % (cooT-
nomenwne miazmug pOG44 u pCDNAS/FRT-DHFR-full 8E
6bu10 4:1) 10 70 % (cooTHOMmIEHNE 14:1).

[lynbl, comepkamue HaMMEHBIIEE YHCIO KIETOK, dKC-
npeccupytommx GFP, ucrons3oBany s gampHeHIe ce-
nexknuu. {71t 5TOro KIIETKH BHICEBAIIN HA CEJICKTUBHYIO CPELy
C TUIPOMHUIIMHOM B U OBTOPHO aHAIM3UPOBAIIH 110 CHUXKE-
HUIO YPOBHS (DIIyOpecIieHIINN B 3€JICHONM YacTH CIIEKTpa C
MIOMOIIIBIO TIPOTOYHOTO IUTO(GIyOpuMETpa. AJMKBOTHI, CO-
JieprKalue KJIeTKH OTOOpaHHBIX KJIOHOB, 3aMOPaKUBaJIH,
a OCTAaBIIMECS YacTH KyJIbTHBUPOBAIM B TeueHue 21 aHS B
cpeae CD OptiCHO co 100 MKr/mi1 celeKTUBHOTO aHTHOHO-
THKA 3€0LIMH AJIS TIOATBEPKACHUS TOUHOCTH TOMOJIOTHYHON
pexombuHaruu. [Ipu oOHapyKEeHUH KIIOHOB, 1yBCTBUTEIILHBIX
K 3COLMHY, KJICTKH U3 COOTBETCTBYIOIINX NPOOUPOK pazMo-
paKMBaJIM M MOJBEPray NPOLELype aMILTH(UKALIUT T€HOB.

Jia amMmuin@uKanuyu reHoB KIETKH, MPOLyIHPYIOIne
antuteno th8E, BeiceBanu B KoHueHTpamyu 5 % 10° ki1./mi B
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Fig. 4. Measurement of the affinity constant of the binding of fh8E with recombinant protein p35deltal2.

Antibody fh8E was immobilized on the surface of a GLC chip; p35deltal2 was used as the analyte at concentrations 31.2 nM, 62.5 nM,
125 nM, 250 nM, and 500 nM. The predicted curves are dotted.

CEJIEKTHBHYIO CPe/ly C THTPOMHIIMHOM B B 4eTBIpEX MOBTOPAX.
B xaxprii moTop no6asisumu 200, 400, 800 u 1600 HM meTo-
tpekcara (MTX) (TEVA, Uspauis). [Tocne KynTsTUBHpOBaHUS
YpOBEHB aMIUTH(UKAIINH OI[CHUBAIH 10 TIPOTYKTUBHOCTH I10-
JYYEHHBIX yJIOB KJIETOK. [[pOMyKTHBHOCTE COCTaBMIIa (MI/J):

Hcxonubii 200 amM 400 am 800 HM 1600 M
ITyJ1 KJIIETOK MTX MTX MTX MTX
6.2 5.3 9.6 15.2 11.3

3areM METO/IOM Ipe/IeNIbHBIX pa3BeICHUH ObUTH IOy YEHbI
U MIPOAHATM3UPOBAHBI IO 96 OTIETBHBIX KIOHOB JUIS MyJIOB
«800 aMm MTX» 1 «1600 EM MTX». Hanbompimas npoayk-
THUBHOCTH OTOOpaHHBIX KIIOHOB coctaBmia 110.2 mr/m.

[TonyueHHBIH KIIOH 0XapaKTepH30BaIH 110 CTA0OMIBHOCTH
SKCIPECCHUH, IJIS UeTr0 €ro pacTWiIN B TEUCHHE 35 maccaxeii,
OLIeHUBas NPOAyKTUBHOCTS. [Tocne 35 maccaxel NpogyKTHB-
HOCTb OJJHOTO M3 KJIOHOB cocTaBmia 102.1 mr/m.

Cremyer OTMETHTh, YTO TPH CO3AAHUM LITAMMa-MPOLIY-
LIEHTa BA)XHO, YTOOBI 11eIeBOH OeJIoK 00J1a1al mpaBUIIbHON
KoH]opMarueit, odecrednBarolel COXpaHeHHE er0 IMMYHO-
XMMHYECKUX CBOHCTB. B ciryuae mpoTHBOBUPYCHBIX aHTHTEN
CYIIECTBEHHBIMH XapaKTEPUCTHKAMH SIBIISIOTCS ap(PUHHOCTD
Y HAJIMY¥E IPOTHBOBUPYCHBIX CBOMCTB. J|J1st OlIEHKH MMMYHO-
xuMHYecKux cBoicTB anTuTeNa th8E npoBoammm adduaHyI0
OYMCTKY aHTHTena (puc. 3, @), MOATBEP KN PUHAIIICHK-
HOCTbh KOHCTAQHTHBIX JOMEHOB K KOHCTAHTHBIM JOMEHaM
yenoBeka (puc. 3, 0), a Takke TECTHPOBAIHN CIIOCOOHOCTH
antutena th8E BEIABIATE opTONOKCBHPYCHBIN Oenok p35 B
BecTepH-0JI0T aHanmu3e (puc. 3, 6, 2).

Koncranty apduarOCTH IOMHOpa3MepHoro anTuTena th8E
U3MEPSIIA METOIOM HOBEPXHOCTHOTI'O IJIa3MOHHOIO PE30HAH-
ca MO CBS3BIBAHHIO C PEKOMOMHAHTHBIM OPTOIIOKCBUPYCHBIM
6emkom p35deltal2, ckoHCTpYHpPOBaHHBIM paHee (XITyceBHY
u ap., 2014a). Panee Ob110 MPOAEMOHCTPUPOBAHO, YTO OCIIOK
p35deltal2 cieruduyuecku BBISIBISCTCS CHIBOPOTKAMH JTJOHO-
POB, BaKIIMHUPOBAaHHBIX BUPYCOM OCIIOBAKIIHBI, C TOMOIIBIO
ELISA u BecTepH-ONOT aHaM3a, a TAKXKEe KOHKYPUPYET C
BHPYCOM OCITOBAKIIMHBI 32 CBSA3BIBAHNE C MOHOKJIOHAIBHBIM
AQHTHUTEJIOM TIPOTHB OPTOMOKCBUPYCOB (XITyceBHd | Ap.,
2014a). M3mepeHne TUHAMHYECKHX KOHCTAHT IOKA3allo,
YTO KOHCTAHTHI aCCOIMAIMK M JUCCOLHAIMN COCTABMIIU:
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Fig. 5. Analysis of the neutralizing activity of serial dilutions of fh8E
against VACV-LIVP-GFP taken at the dilution 320 PFU/mL.

Results of two independent experiments performed in three replications are
shown.

k,,=4.9x10°M-lctuk =5.6x1073 ¢! coorBeTCTBEHHO;
paBHOBecHast koHCcTaHTa addunHocTH anTuTena th8E pas-
Ha 12 M (puc. 4).

[IpornBoBupycHbie cBoiicTBa anturena th8E nporectn-
pOBaJM B peakiiu MojaaBiicHus OysiikoodpazoBanus BOB
in vitro. B sxciepumente antuteno th8E mocnenosarensHO
pazsouun B PCBP (pH 7.2) ¢ marom 1:5, HaunHas ¢ KOHIEH-
tpanuu 312 mkr/mit. Aurureno th8E mpoaemoncTprpoBaio
CIIOCOOHOCTh HEWTpamu30BaTh HHQEKIHoHHOCTE BOB n0-
303aBUCHMBIM 00pasoM (puc. 5). Tutp nelirpamnsanuu ICy,
OIPEIEIISIIN KaK pa3Be/IeHne aHTUTeNa, IPU KOTOPOM HalITto-
nainock 50 % ymeHbleHne KoaudecTsa Onsiiek. B pesynbsrare
ICy, cocTaBu 0K0JI0 25 MKI/MIL.

3aknioyeHune

B pesynbrare mpoBeJeHHBIX 3KCIIEPUMEHTOB Oblla paspa-
0oTaHa OpUTHMHAJIbHASI SKCIIPECCHOHHAsI CUCTEMa Ha OCHOBE
HalpaBJIeHHON pekoMOWHAINM (TeHHBIH TApPTETHHT) IS
MHTETPAIMY TeHA, KOJMPYIOIIETO II0OJTHOPa3MEPHOE aHTUTEIIO
YeJI0BEKa, B TPAHCKPHUITIIMOHHO aKTHBHYIO 00JIaCTh TeHOMa DY-
KaproTHdeckux cycrneH3noHHbX kieTok CHO-S/FRT. C mo-
MOIIIBIO Pa3pabOTaHHON HKCIPECCHOHHON CHCTEMBI ITOTY4eH
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Eucariotic stable strain producing fully human
monoclonal antibody against ectromelia virus

CTaOMIIBHBIN KJIOH, 00ECTICUYNBAIONINN TPOAYKIHIO TTOIHO-
pa3sMepHOro aHTHOPTOMOKCBUPYCHOTO aHTHUTENA YEJIOBEKA C
MPOAYKTUBHOCTHIO 0K0I10 100 Mr/in. OumilieHHOe 1iesIeBOe aH-
THUTEINO 001131710 HAHOMOJIIPHOH a(PUHHOCTHIO U TPOAEMOH-
CTPUPOBAJIO BUPYCHEHTPAIU3YIOULYI0 AKTUBHOCTb in Vitro.

Cremyer OTMETHTh, YTO JIOCTUTHYTBII ypOBEHb MPOIYK-
TUBHOCTH B HACTOSIIEE BPEeMs HE ABISAETCS JAOCTATOUHBIM
JUIsl ONOTEXHOJIOIMYECKOTO POU3BOJICTBA PEKOMONHAHTHOTO
MOJTHOPA3MEPHOTO aHTHUTENA — JJIsi KOMMEPYECKOH ITPHUBIIE-
KaTeJIbHOCTH NMPOAYKTHBHOCTH JOJDKHA TPEBBIIATh 1 T/11.
BwMmecrte ¢ TeM HOCTHTHYTBIH YpOBEHB JKCIIpeccuu obecrie-
YMBAET IOIY4YEHHUE 1IEJIEBOT0 MOJIHOPA3MEPHOTO aHTUTEINA B
KOJIMYECTBAX, JOCTATOUHBIX AJIS BHITTOTHEHUS DKCIIEPUMEHTOB
in vitro vl in vivo U IpOBEJIEHUS] TOKIMHUYECKUX UCTTBITAHUH.
ITpu pa3paboTke MPOTUBOBUPYCHBIX AHTHTEI 3TO MTO3BOMISAET
B KOPOTKHE CPOKHU OLIEHUTh NEPCHEKTUBHOCTD JalbHEHIIEH
pa3paboTKH TepareBTUIECKOro Mpernapara Ha OCHOBE UcCIe-
JlyeMOTO aHTUTENA.
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