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MNPOAYKIIMOHHBIE XAPAKTEPUCTUKU HAKOMUTEJIbHOM KYJIbTYPBI
PHAEODACTYLUM TRICORNUTUM BOHLIN ITPH ®OTOAJAIITALIUA

Jlenexos A.C.!, Kinoukosa B.C.2, lonnaBckas A.JO.?
'®I'BYH ®UL] «MucTUTyT GrOsTorUH 10%kHBIX Mopeii nmenn A.O. Kosanesckoro PAH»
np. Haxumosa, 2, 2. Cesacmononw, 299011, P®; e-mail: a.lelekov@yandex.ru
2 CeBaCTONOJIBCKAMN FOCYIAPCTBEHHBIA YHUBEPCUTET

va. Yuueepcumemckas, 33, e. Cesacmononw, 299053, P®,; e-mail: viki-iki@mail.ru
[Mocrynuia B penakiuto 02.08.2023. DOI: 10.29039/rusjbpc.2023.0634

Annoranusi. [lpoBeneHo wuccieqOBaHME CBETO3aBUCHMMOIO POCTa  HAKOIMTEIBHOH  KYJIBTYPBI
Phaeodactylum tricornutum. Ha ocHOBe pa3pabOTaHHON MaTeMaTHYECKOW MOJEIM MCTHHHOI'O CICKTpa
MOTJIOIIEHHS MTPEJIOKEH IKCIIPECC-METO I OTPEIeNICHNs] KOHIIEHTPAUH (POTOCHHTETHYECKHUX ITUTMEHTOB
0e3 BMemaTensCTBa B IPOLECC POCTa KYNbTYphl. B sKcroHeHIManbHOW (hase mpu 0O0Iy4E€HHOCTH
120 MxE-m%-¢c”! onpejienenbl MakCHMabHBIE Y/IENbHBIE CKOPOCTH CHHTE3A XJIOPOQUILIOB @ U ¢, KOTOPBIE
Obun B 1,4 pasa BbIlIE Y/IENBHON CKOPOCTH PoOcTa KyJIbTyphl U coctasnsuim 0,3 cyt’!. Ha BocbMble cyTKH
9KCTIIEPUMEHTA HaOII0JalICsT M3JI0M KPUBOH POCTA, KOTOPBIN BBIPayKaJICS B CHIDKEHHH KaK CKOPOCTH POCTa,
TaKk ¥ npoaykuuu xnopogwuia. [Ipu nepexosne B nuHEHHYO (pasy pocTa MakCHMalibHAsl IPOJYKTHBHOCTh
¢peomaxtmryma coctapmia 0,15 r CB-r!-cyT’!, a mpomykuusa xnopoduwios — 3,44 u 2,85 mr-r!-cyrlanc
COOTBETCTBEHHO. [lolydeHa 3aBHCHMOCTb MHTErPaibHOTO KO3 @HIUEHTa IOITOIEHNUs CBETa OT
KOHLICHTPALMK XJopoduiia a, KOTopas ¢ JOCTATOYHOH CTENEHBIO TOYHOCTU OIMCBIBACTCS 3aKOHOM
Byrepa-Jlam6epra-bepa, ynensnbii kodpduiment moriomenus csera coctaBun 0,10 m?1! cyxoro
semectea ¥ 0,008 m?>mr! xnopoduana a. CpaBHEHHE TIOJNYYEHHBIX PE3YJILTATOB C JIMTEPATYPHBIMH
JIaHHBIMH TIOKa3aJ10, 4TO TpH obaydénHoctH 120 MKE-M2-¢! u 602 MxE-m?2-c! ynenbHblE CKOpOCTH
CHHTe3a XJopodmiia a OIUHAKOBbIE, a MakKCHUMalbHas YZAEJIbHas CKOPOCTh pPOCTa KYJBTYpBI
Ph. tricornutum NponopIHMOHATLHO YBEJINUUBAETCS C POCTOM HHTEHCUBHOCTH cBeTa ¢ 0,23 1o 0,91 cyT!.
[Tonmy4eHHble pe3ynbTaThl CBHUAETENLCTBYIOT O TOM, YTO CHHTE3 XJIOpOQHIUIAa @ OIpenelsercss He
JEUCTBYIOIIEHl HMHTCHCHBHOCTBIO CBETa, a KOJIMYECTBOM pE3EpPBHOM OHOMacchl, HAKOIUICHHOW 3a
MpeAbIAYIINIA CBETOBOM EPUOLL.

Knrouegvle cnoga: mooenuposanue, yoeibHas CKOpOCMb pOCmd, HPOOYKMUBHOCHb, O0OIYUEHHOCMD,
xnopoguin a, Koagduyuenm noznoujerus ceema.

BBEJIEHUE

Phaeodactylum tricornutum — MoOpcKas ITMaTOMOBasi BOJOPOCIHb, KOTOpasi IIMPOKO HCIIONIB3YETCSI B KadecTBE
MOJIETIBHOTO OOBEKTa B OOJIACTH DKOJIOTHH, OMOXWMHHU, MOJEKYJSIpHOW Ouosiornu. V3BeCTHO, YTO AaHHBIA BH[
CHHTE3MPYeT IIMPOKO BOCTPEOOBAaHHBIE COEIWHEHMS, Takue Kak (YKOKCAaHTHH, OJHWKO3alleHTacHOBYIO U
JIOKO3areKCaeHOBYI0 KHUCJIOTBI, W CYHTAae€TCS KOMMEPHYECKH I[eJIeCOOOpPa3HbIM IITaMMOM C  IOTEHIHAJIOM
KpynHoMaciitabHoro rnpousBozacTsa [1].

KnroueBbIM (akTopoM, ONpenesnsioniM CKOPOCTh CHHTE3a TOTO WIM MHOTO KJICTOYHOTO KOMIIOHEHTA, SIBIISCTCS
cBet. [Ipu 3amycke HaKOMMTEIBHOM KyJIBTYpbl OOBIMHO KJIETKH MHKPOBOAOPOCIEH MEPEHOCT ¢ HU3KOH Ha BBICOKYIO
OCBEIIEHHOCTh. MI3BECTHO, YTO B TaKMX YCJIOBHSIX MPOUCXOIAT 3HAYMTEIILHBIC M3MEHEHHUS] OMOXMMHYECKOTO COCTaBa
Omomacchl U cofepKaHusl (POTOCHHTETHIECKHNX MUTMEHTOB [2]. [l uccmemyeMoro Buaa MoKa3aHo, 9TO TIPH IepeHoce
KIIETOK Ph. tricornutum ¢ muskoi 17 MkE M2+ ¢! Ha BeICOKy10 602 MKE M ¢! HHTEHCHBHOCTB CBETa CHHTE3 XJIOPO(HILIA
a OTCYTCTBOBAJ B TEYEeHHE 24 4YacoOB MpPH ATOM IPOHMCXOAMIIO yBETHWYEHHE IUIOTHOCTH KynbTypel [3]. Iloxoxkue
Ppe3yJIbTATHI IOJTYYeHbl ¥ B padoTe [4], Tae Ipu nepeHoce KIeTok S. costatum ¢ nuskoit 50 MkE-M2-¢”! Ha BbIcokyro 1200
MKE-M2-c”! 0011y4€HHOCTL POCT KOHIIEHTpalMK XJI0poduiuia a B TedeHre 12 4acoB He oTMeuasics. Ha ceroHsIHui
JICHb HE YCTaHOBIICHA KOJIMYECTBEHHAsI B3aMMOCBSI3b MEX/Y yJIENIbHOI CKOPOCTHIO CHHTE3a XJIOPO(QHIIIa U KOJTUUECTBOM
MIPHUXO/ISIICH Ha OCBEIIAEMYIO MMOBEPXHOCTH (POTOOMOPEAKTOPa CBETOBOW SHEPTUCH.

JlnatoMOBBIE BOJOPOCIM HMEIOT creluduuecknii HaOOp NUIMEHTOB: XJIOPOQWIT a M ¢, (PYKOKCAaHTHUH,
JMaIMHOKCAHTHH, IMaTOKCAHTHH U AUAJUHOXPOM. Ph. tricornutum ocylecTBISIET cOOp CBETa B OCHOBHOM C MOMOIIIBIO
KOMIUIEKCOB (DYKOKCaHTHUH-XJIOPO(QHILT-OEIOK, KOTOPBIE COASPKAT TPU CBETOYJABIHMBAIOIIMX NUTMEHTa, BKIIIOYAs
¢yxokcanTHH, Xnopodwmt a u xmopodmwin ¢ [5]. Kak mpaBmimo, OONBIIMHCTBO METOAOB 3KCTPAKIMKA HHTMEHTOB
MIOAPa3yMeBaIOT MO COO0H pa3pyllIeHne KIETOK, YTO SBJISETCS BMEIIATENECTBOM B IPOLIECCH pocTa KyabTypbl. OqHUM
U3 CII0COOOB BBHIYUCIICHHS KOHIIGHTPAIMN IIMTMEHTOB B HATHBHOM COCTOSIHUM SIBJISICTCS aHAJIM3 CIIEKTPOB MOTJIOICHUS
KYJBTYpPBl MUKPOBOJIOPOCIIEH C IIOMOIIBI0 MAaTEMAaTHIECKOTO MOJICITUPOBAHHSA [6].

Ienp maHHON pabOTHI — HA OCHOBE pPa3pabOTAaHHON MaTeMaTHYECKOW MOJEIM MCTHHHOTO CIIEKTpa IOIJIONICHHUS
HAaKONHTENBHOM KYJIbTYpbl Ph. tricornutum, OnpeieNnTh CKOPOCTH CHHTE3a XJIOPO(QHUIUIOB @ U ¢ MIPU MEPEHOCEe KIETOK
Ph. tricornutum ¢ HU3KOM Ha BBICOKYIO OCBEIIEHHOCTb.
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MATEPHUAJIBI U METO/1bI

Pabora BemonHsack Ha 0aze kadenaper «Pusnkan CeB['Y. OOBEKTOM HCCIIENOBAaHUS SBISUIACH THATOMOBAsS
MHKpoBosopocis Phaeodactylum  tricornutum Bohlin 1898 wu3 komekimn HayuHo-00pa3oBaTenbHOro IEHTpa
koyutektuBHOTOo monb3oBanus UL MuBIOM “Komnekumst runpoOuoHToB MupoBoro okeana”. BeipammBanue
KyNnbTypbl Ph. tricornutum TPOBOJWIM B HAaKONUTEIHHOM PEXHME B KYJIHTHBATOPaxX IUIOCKONAPAIEIBHOTO THIIA
00béMoOM | 11 1 TodmMHON cinost 2 cM [7], ucnonb3ys cpeny Ul MOPCKHX Bojopocier [8]. B kadecTBe mcroyHmka
OCBEIICHUS HCIIONB30BAIM CBETOBYIO peméTky m3 cBeromuonubix jsamn LCD Feron LB-213 mommuocteio 10 Br.
OCBEmENHOCTh MOBEPXHOCTH (POTOOMOPEAKTOPA COCTABNIAIA 5 KIIK, 9To cocTapiieT 24 Bt M2 mm 120 MxE-m2-¢’! ¢
y9ETOM CIEKTpa W3IYYCHHUS JIaMIBl. Temreparypy KyJbTyphl cTaOmiam3upoBanun Ha ypoBHe 22+1 °C. BapOorax
OCYIIECTBISUIM aKBapUyMHBIM Kommpeccopom Hailea ACO-308 Bo3myxoMm uepe3 aKBapUyMHBIH pPacCHBUIMTENb,
MIPEICTABISAIOMHNN cOO0H MITACTUKOBYIO TPYOKY IUTMHON 5 cM, THAMETPOM 5 MM, Y KOTOPOH AHaMETP MOp HE MPEBHIIIACT
0,1 mM. CkopocTb OapOoTaxa — 1 J1 Bo3ayxa Ha JIUTP KyJAbTypbl B MUHYTY. JlOTIOTHUTENTLHOTO BBEJICHUS YTIIEKUCIIOTO
ra3a He TIPOU3BOHIOCE.

OT060p PO IS ONIpEaSICHISI ONITUYECKOM INTIOTHOCTH MPOBOIMIIM C IOMOIIBIO o3aTtopa Biohit 1 — 5 mit ¢ pa3HbIX
TOYeK BHYTpH (hoTOOMOpeaKkTopa: OTOMpAIM 1O 5 MII CYCIEH3WHM KIETOK BOAOPOCIEH, IMoiydas TakuM 0Opa3oM
«cpezHtoro mpody» 00bpéMom 30 mi1. B cpenHeii mpode nociie nepeMeInBanus ONpeaessuin KodQQUIIMEHT POy CKaHuUs.
Onrtuyeckyto MIOTHOCTH ompenesii Ha ¢doromerpe KDOK-2 mpu pnmue Bonubl 750 HM. M3mepenust nmpoBoawin
OTHOCHTENBHO TUCTHIUIMPOBaHHOHM Boabl. KioBeTsl (1 ¢M) pacronarany MakcHMallbHO OJIM3KO K (DOTONPUEMHHUKY, YTO
TTO3BOJISUIO CHU3UTH HOTPELUTHOCTh M3MEPEHHS ONTHYECKOH INIOTHOCTH KYJIBTYPHI, CBSI3aHHYIO C cBeTopaccessHueM. [Ipn
BBIXOJIC TIOKa3aHWH mpubopa 3a rpaHumpl padodero nuanasona (ot 30 mo 70 % mpomyckanusi), IpoOy pa3daBism
TUCTHUTUPOBAHHOW BomoW. Insi ompexpeneHus cyxoro Beca 5 — 10 My cycneH3mH HEHTPU(YTHPOBAIA B TCUCHHE
10 muayT nmpu 3000 06 MuH!, cIMBaIM HAXOCAMOYHYIO JKHIKOCTh, OCAIOK IPOMBIBAIA JUCTUUIMPOBAHHON BOIOM,
MMOBTOPHO LIEHTPU(YTUPOBaIN U CYLIIIHN B TeueHne cyTok npu 55 °C. B pe3ynbrate nojyueHa JUHEHAsS 3aBUCUMOCTh
CyXoro Beca OT ONTHYECKOM IuoTHOCTH  D7sp, a  KOOPQUIMEHT NpONOPUUOHAIBHOCTH  COCTaBHJI
k=0,4rCB-1!-en. onr. mr'.

[TpoOsl anst ompeneneHust coiepkanus xiopoduiuia @ oTOMpanyu Ha paziaM4HbIX (azax pPocTa HAKONUTEIbHOU
KyJIBTYpBI TIOCJIE TIIATEIBHOTO NepeMeInnBanust. KoHIeHTpayo XjIopoguiuia a ONpeaessuli COmIacHO CTaHIapTHON
meronuke [3]. Ilocme orGopa mpod u3 QorobuopeakTopa mpoBoxwin neHTpudyrupoBanue npu 3000 06./muH,
Ha/I0CaJOYHYIO0 )KUAKOCTh cIMBaiId. 3ateM nobasmsum 5 ma 100% anerona. Ilocie skcTpakuuu xJopoduiuia B TEUEHHE
18 4 ipu 8 °C sKCTpakThl HEHTPH(PYTHPOBAIA M IPOBOIMIA H3MEPEHHs Ha criekTpodoTomeTpe Unico B KBapIEBHIX 1 cMm
KIoBeTax B auana3one iH BoiH 400 — 800 aM ¢ marom 0,5 HM. PeructpupoBaiu ONTHYIECKYIO INIOTHOCTH MTOTyYeHHBIX
SKCTPAaKTOB B 00JACTH XapaKTEPUCTHUYECKUX MaKCHMyMOB MoTiIomeHus xjiopodmwmioB a (664 um) u ¢ (630 HM)
Konnenrpanuio xnopodpmmia a onpeaernsuu mo gopmysie (1) ¢ yaérom 06bEMOB 3KCTPAKTOB M MAaCChl HABECOK:

D D
C,  ==te_ e (1
& &

X1 a X1 c

rae Cy  — KOHIeHTpauus xynopodumna a, mr-ar'; Dess, Ds3p — 3HAUEHUS ONITUYECKUX TUIOTHOCTEH B COOTBETCTBYIOLIEH
IUTUHE BOJIHBL, & ¢ — SKCTUHKLMSA XJ10podmmia a 88,15 m'rl-em!; &, . — sxcruakims xnopogumna ¢ 39,2 m-rt-em! [9].

CHexTpbl NOMIOLIEHUS! KYJABTYpbl peructpupoBaiuck B auanazone or 400 mo 800 M ¢ marom 0,5 HM Ha
nByxiydeBoM criekrpodoromerpe Lambda 365 Double Beam UV-Visible (mpoussomurens: Perkin Elmer, Mnans),
KOTOpBIN ocHamEH uaTerpupyroiei chepoit (MC) nuamerpom 60 MM (BHemHee mokpeiTHe — BaSO4). cTHHHBIN crieKTp
TIOTIIONICHUST KyJIBTYPHI, KOMIICHCHPOBAaHHBIN Ha paccesHue, onpenessumm cormacHo meronuke [10, 11]. Tlo uctuHHBIM
CIIEKTpaM pacCYUTHIBANIN K03 PHUIIMEHT moriomeHus cBeta. Tak Kak Ui pa3HBIX [UIMH BOJH BeNM4rHA Kod(hduIieHTa
TIOTJIOLICHUS Oy, U3MEHSIETCSI, TO HaXOIMIIN CyMMY BCEX 3HAUEHHH a5, B 00mactu AP [12]:

800

a=>a, (1A ©)

400
PE3YJIBTATBI 1 OBCYXJEHUSA

B xoze 3kcriepuMeHTa NoTydeHa HaKOIMTENbHAs KPUBAsk pOCTa KyJIbTypsl Ph. tricornutum, IpeCTaBICHHAS Ha
pucynke 1 A. JIns kaxIoi TOUKH pacCYWTaH UCTHHHBIN criekTp mornomenus (puc. 16). buomacca Ph. tricornutum 3a
JBEHAJAaTh THEH SKCIEpUMEHTa YBEIWYMIIach MOYTH B 9 pa3 u pocrurna 1,73 r CB'xr'!, 4ro ¢ Y4ETOM TOJIILUHBI
¢porobuopeakTopa (2 cm) cocrauger 34,67 r CB'M2. Ha 5KCIOHEHIMATLHOM yYacTKE HAKONMTEIBHOW KPHUBOH
OTIpeieIeHO 3HAUYEHIE MAKCHMAIBHON YIeTbHON CKOPOCTH POCTa, Ha TMHEWHOU (pa3e — MaKCHMAIbHOW MPOYKTUBHOCTH
no opmynam (3) [13]:

B:Bo-e“m", B=B +P -(t-1t), 3)
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Pucynok 1. A — HakomurenbHas KpuBast pocta KynbTypsl Ph. tricornutum. IlyHKTHpHas NUHHUS NOKa3bIBa€T TOUKY
HepeKIIIOYEHHS IMMUTUPYIOLIEro ¢akropa. b — HCTHHHBIE CHIEKTPbI HOMJIOLCHUS

rae By — mauaneHas 6momacca, T CB 'y i, = 0,23 cyr! — MakcHManbHas ymenbHas CKOPOCTh POCTa; B; — INIOTHOCTE
KyJITYPBl MOMEHT Hadala JIMHeiHoro pocta #7; P, = 0,15 r CB ! cyr! — MakcuManbHas IpOLyKTHBHOCTb.

OTMeTHM, 4TO Ha BOCBMBIE CYTKH 3KCIIEPHMEHTA HaOJII0AaI0Ch N3MEHEHUE KaK IPOYKTHBHOCTH, TaK U IPOLYKIIHH
mUrMeHToB (puc. 4a). BeposATHO, B 3TOT MOMEHT POCT KYJBTYpPHl OBII JIMMUTHPOBAH IOTOKOM YTJICKHCIIOTO Tas3a,
OIaBAEMOTO TIOCPENCTBOM GapboTaxka, MOTOMY YTO HCIOJIb3yeMas MATATENbHAs cpeaa paccuntana Ha 4 r CB il uro
HCKJIIOYAET BIMSHUE OMOTEHHBIX 3JIEMEHTOB IIPH JOCTUTHYTHIX IUIOTHOCTSX. B 9kcroHeHIManbHOH (haze eANHCTBEHHBIM
OTPaHUYMBAIOIIUM POCT (DAKTOPOM MOXKET SIBJISITHCS TOJILKO MHTEHCHBHOCTH cBeTa [13], mMo3TOMYy NpOAYKIMOHHBIE
XapaKTepUCTUKHU (peolakTHIyMa IIpH (OoToaganTaluy onpeaessuii MMEHHO Ha 3TOM Y4acTKe.

Jis uccrenoBanusi MeXaHU3MOB (DOTOAJANTAIMK KYJIBTYPhl MHUKPOBOAOPOCIEH K HM3MEHSIONIMMCS CBETOBBIM
YCIIOBUSIM HEOOXOAMMO paccMaTpuBaTh JUHAMMKY KOHIIEHTPALWi WK CO/epXaHusl B OnoMacce (POTOCHHTETHYECKHX
murMeHToB. ClielyeT OTMETHTh, YTO OIpe/elieHne KOHIIEHTPALUH MUTMEHTOB C IMMOMOIIBIO AKCTPAKIUH UX U3 KIIETOK
SIBIISIETCSl BMELIATENILCTBOM B IPOLIECCHI POCTa HAKONMUTENBHOW KyJNBTYphl. B cBs3M ¢ 3TMM Hamu paspaboraHa
MaTeMaTH4ecKast MOJIeJIb CIIEKTPa IOTIIOMEHHS KyJIbTYPBI Ph. tricornutum, KOTOpasi IpeICTaBIIeT COO0H CyMMY KPHBBIX
laycca u 6azupyercs Ha MOIXOAE, IPEATIOKESHHOM B [14].

Ha nepBom sTane ynoOHO paccMaTrpuBaTh TOJIBKO KPacHYIO OOJIACTh CHEKTpa, B KOTOPYIO HE BHOCST BKJIAJ
KapOTHHOWABI, YTO CYIIECTBEHHO OOJerdaeT 3ajady 0 ONPEACICHHIO KOHIEHTpauui ximopodumioB a u c¢. Moxens
MIPECTaBIsET OO0 CyMMy IBYX KpUBHIX [ aycca:

(/lifemjz ( /1,475]2

_ _ . -2 36 ) _-In2{ 12,80 4
D(ﬂ') - Dchlc (/1) + Dchla (l) - Cchlc gchlc e + Cchla 8chla > )
rne D(4) — obmas onruueckas IUIOTHOCTb, OTH. €1; Decuc(A) — oONTHYecKas IUIOTHOCTh Xjopodwuia c;

D.nia(%) — onTudeckas mioTHOCTh xiopoduina @; Cepye — KOHIEHTpaus Xjopodumia ¢, T ' g — SKCTHHKIHUS
xipopopmmia ¢ 39,2 nrl-em!; Ceue — KOHIEHTpamuss XIOpoQWmIa a, T ' &g — SKCTHHKIMS XJIopodmmia a
88,15 mrlem.

4 — 30

, MT/JT

Omnrrageckas MIOTHOCTS, OMT.ef
¥
|
Konuentpauus xmopodunia a
10 CTarAapTHOM METOOHKe.
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A b
Pucynok 2. A — mpuMep anmpoKCUMalUU MCTHHHOTO CIEKTpa IoryoumieHus mozpenbio (4). B — KoHIeHTpaius
xyiopouiIa a, onpeAeaéHHas 0 CTaHAAPTHONW METOMKE U IIPH NOMOIIN IpeanaraeMoid MmoaemH (4)
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Jlist ompeneneHnst KOHIEHTpauuil XJI0poHIIoB a U ¢ MPOBOAWIN AMIPOKCUMALIUIO BBIpaKCHUEM (4) MCTHHHBIX
CIEKTpPOB noryommeHus. [Ipumep anmnpokcuMany nokasas Ha pucyHKe 2a. [l BepuduKanuy NoIydeHHBIX PE3ylIbTaToB
OblTa MpOBE/ICHA CepHsl MapauIelIbHBIX M3MEPEHHUH KOHIEHTpAIMU XJIOpopHUia ¢ 1O CTAaHJAPTHOW OMOXMMHUYECKON
METOAMKe M npejyiaraemMoit Mmoaenu (4). CpaBHeHHE HOTyYSHHBIX PE3YJIbTaTOB NPE/ICTAaBICHO HA pUCYHKe 20. 3HaYeHUs
KOHIIEHTpAaLUii X10poduInia a, moJTy4yeHHbIE C TOMOIIBIO CTAHAAPTHOTO METO/1A, & TAKXKE KOHIIEHTPALIUH, OIpe/IeIEHHbIC
METOJIOM DPa3JI0KEHHs] MCTHHHBIX CIIEKTPOB IOTJIONICHUS Ha KpuBbIe ['aycca, KOppenupyroT Mexy co0oil ¢ BHICOKOH
TouHOCTBIO (R? = 0,95).

OZHUM M3 KIIOYEBBIX IapaMeTpOB, OMNPENEISIOMUX O0ECIICUCHHOCTh KIIETOK MHKPOBOJIOPOCIICH CBETOBOU
SHEprueH, SBIAETCS MHTErpalbHBIN (10 BceMy nuanazoHy @AP) koaddunueHT moriomenus ceeta o. M3BecTHo, 4TO O
YBEIMYHMBACTCSA C POCTOM IUIOTHOCTH KyJNBTYpbl. B mpocreiiniem ciryuae 3aBUCUMOCTh K03 uIeHTa morionieHus ot
TUTOTHOCTH KyJIbTYPBI HJTH KOHLICHTPAIMH XJI0podriia @ MoxeT ObITh onrcana 3akoHoM byrepa-JlamGepra-bepa:

—ky-B

a=1-e ,a=1—-e"+", 5)

2

rae kg — k0d3p(HULIKMEHT YAENBHOIO MOIJIOLIEHHs 6romMacchl, M> MI™'; k; — KO03()(HIMEHT yIEeILHOTO MOTNIOIEHHS

xyopoduimia a, M?> Mr'; 7 — KoOHIEHTpalMs XJIOpodHILIA d, MT M2,

Pe3ynbTaThl MPOBEAEHHBIX PAcUETOB (puUC. 3) MOKaswBarOT, urto s Ph. tricornutum kg = 0,10 mM> 1! n
kz= 0,008 m2-mr!. DT0 0O3HAYAET, YTO NPH MOBEPXHOCTHOI KOHIEeHTparmu 1 T 6romaccsl Ha 1 M? KyJbTypa MOromaeT
10 % cBeTa, a IpU MIOBEPXHOCTHOI KOHIEHTpauu xjgopodumia ¢ 1 mMr-m? KynbTypa nornomaer okosio 1 % cBera.
AHanorn4Hele pacd€Thl U LUAHOIIPOKApHaTel Arthrospira platensis Tokazanu, 9TO YyAENbHBIN KO3(GHINEHT
nornomenus xaopogumia a cocrapisger 0,017 m?-mr! [15]. Ilo THTEpaTypHBIM JaHHEIM H3BECTHO, 9TO JAHHEIN ITapaMeTp
OTIPEICTISIETCS CIIEKTPAIbHBIM COCTaBOM CBETA, CEUCHHMEM NOTrJomeHus xnopodwmuia a u Bapsupyer ot 0,005 mo
0,03 M?-Mr™! 11 pasIMYHBIX CHCTEMATHIECKUX TPYII HU3MEX (oToaBTOTpodoB [16].

Ha pucyHke 4a npencrasieHa IMHAMHKa KOHIEHTpaLHi xj0poduinos a u c. Kak u 11 6uomaccs B 1iesiom, 31ech
NPUCYTCTBYIOT SKCIIOHEHIMaNbHAs M JIMHEHHas (a3bl, KOTOPbIE ONMUCHIBAIOTCS AHAJIOTMYHBIMH (3) BBIPQKCHUSIMH.
KonueHTpausi 000MX NMUTMEHTOB YBEJIMYMJIACH IPUMEPHO B 18 pa3, MakCHMalbHbIE Y/ENbHBbIE CKOPOCTH CHHTE3a
xaopopuimno a u c¢ coctapuwmd 0,32 cyr! m 0,31 cyr' coorsercrBenno. Ha NMHEHHOM yd4acTKe paccYMTAHBI
MaKCHMallbHas NpoAyKuMs: xnopopwmia a — 3,44 mr-o'-cyr!, xmopopumna ¢ — 2,85 mr-a'-cyr!. Ormernm, uro
MaKCHMaJlbHas y/ieJIbHas CKOPOCTh CHHTE3a XJIOpoQHIUIoB B 1,4 pa3a Bblllle MaKCUMaJIbHOM yAEIbHONW CKOPOCTH pocTa
KYJIBTYDBI, YTO BBIPA)XKACTCsl B yBEJIMYEHUH OTHOCUTEIIFHOTO COJIEp)KaHMs IIMTMEHTOB B buomacce (puc. 46). M3-3a toro,
YTO IOJTy4EHHBIE 3HAYCHUSI CKOPOCTEH CHHTE3a XJIOPO(QUILIOB ¢ ¥ ¢ IOYTH OJMHAKOBBI, COOTHOIICHHE 3TUX MUTMEHTOB
XOJI€ BCET0 SKCIEPHMEHTa HE M3MEHIIOCH U COCTABISLIO 1,35, 9TO COOTBETCTBYET JIUTEPATypHBIM JAHHBIM ISl TAHHOTO
Buna [17].

Jlnst cpaBHEHHUS MOMYYEHHBIX PE3yIbTaTOB OBLIN PACCUHUTAHBI YIEIbHBIE CKOPOCTH POCTA M CHHTE3a XJI0poduiia a
mo maHHBIM [3]: Ha pucyHKe 4B, 4r NpEOCTaBICHB HAKONWTENIbHAs KpHUBas pocTa (QeomakTHiIyMa W JUHAMHUKA
KOHIEHTPALHMH XJ0po(ULIa IIPU IIEPEHOCE KIETOK ¢ HU3Koi 17 MKE-M2-¢”! Ha BBICOKYI0 602 MKE M2:¢"! OCBEMIEHHOCTS.
OTMeTHM, 4YTO MNpH ajanTalud KyJbTypbl K HHM3KOH OCBEIIEHHOCTH KOHIEHTpalMs XJIOpO(QHIUIa IepBbIe CYTKH
9KCIIEPUMEHTA YMEHbILANIACh, [I03TOMY Pacu€T yJIeNIbHOM CKOPOCTH CHHTE3a XJI0poduiia MPOBOAMIN Ha YYaCTKE POcTa
ero KoHueHTpauuu. [lomyueHHbIe pe3yJbTaThl CBEACHBI B TaOmuie 1, COIacHO KOTOPOM mpu OOIy4EHHOCTSIX
120 MkE-M?2-c!' u 602 MKE-M?-c”! y/iebHBIE CKOPOCTH CHHTE3a XJIOPO(HUIIIA ¢ IPUMEPHO OJMHAKOBBIE M COCTABJISIOT
okono 0,3 cyr!. ITpu 5T0M MakcuMaibHas y/lebHas CKOPOCTh pocTa (PEOAKTHITyMa TIPOTIOPIIMOHAIBHO YBEINYMBAETCS
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Pucynok 3. A — 3aBucuMoCTh KO3 (PHUIICHTA MOTIIOMEHNS cBeTa OT Onomaccel. B — 3aBucumMocTs koaddurmenta
TIOTJIONICHHUS CBETA OT KOHIIEHTpauuH xyopodmnia a. YEpHast TMHAS — anMpOKCUMAIHsI BEIpaKeHHEM (6)
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PucyHok 4. A — 1MHaMHUKa KOHLEHTpALUi XIOpoQUIUIOB @ U ¢ B 3KcriepuMeHTe. [TyHKTHpHAs IMHUS MOKa3bIBaeT
TOYKY MEPEKIIoueHHs JIUMUTHpYtolero ¢akropa. b — nuHamunka copepxanus B Guomacce XJI0poQHIIOB d U ¢ U UX
COOTHOILICHHS. B —IMHaMuKa IIIOTHOCTH KYJIBTYpbI Ph. tricornutum v koHueHTpaiuu xjaopodpuinia a (I') no jaHHBIM
[3]. Anmpokcumanys 3KCIIOHEHIUAIEHOTO pocTa. *3HadeHus KO3 QUIIEHTOB B TEKCTE

C POCTOM HMHTEHCHBHOCTH cBeTa. TakuMm 00pa3oM, yJeibHasi CKOPOCTh CHHTE3a XJIOpoQWUla ¢ HE 3aBHCUT OT
JICWCTBYIOIIEH MHTEHCHBHOCTH CBETA, a ONPEAEIeTCs APYTUM JUMUTHPYIOMUM (akTtopom. CorslacHO COBPEMEHHBIM
MO/IENTBHBIM IIPE/ICTaBICHUSIM, OHOMaccy MUKPOBOIOPOCIIEH HEllb3sl paccMaTpHUBaTh Kak eanHoe nesnoe [18]. Mexons u3
JBYXCTaIMHHOCTH (POTOABTOTPOHOTO0 pOCTa MUKPOBOZOpOCIEH, paHee mpeaioxeHa mMozens [19], mpencrasnsionias
Ouomaccy B BUIIE CYMMEI JABYX MaKpOMOJICKYJISIPHBIX (OpM — CTPYKTYypHOW u pe3epBHOW. [lepBoil cragneit sBisercs
COOCTBEHHO ()OTOCHHTE3, B PE3yJIbTATE KOTOPOTO 3a CYET CBETOBOW SHEPIHU MPOUCXOAUT ACCUMUIISLINS YTIICKHCIOTHI 1
00pa3yroTcsi HpOoCTeHIIMe YIrIeBOABl. OJTH YIJIEBOIBI HE SBIAIOTCS CTPYKTYPHBIMH KOMIIOHEHTAMH KIIETOK, a
MIPEICTABISIOT COOOM SHEPTETHUECKIH M YTIIEPOIHBIN Pe3epB I BCEX MOCIIEIYIOMNX METa0OIMIECKIX PEAKIHiA, B TOM
qucie Ui CUHTe3a Xiopodmnia. Ha Bropol cranuy npoucxoguT GHOCHHTE3 KIETOYHBIX CTPYKTYpP 3a CUET SHEpruu,
BBIJICIISIFOLICHCS TIPH OKHCIEHHH (DOTOCHHTETHYECKUX yriieBoJoB. Komiuieke xmopoduiui-0enok mnpeicraBisier co0oi
CTPYKTYPHBII KOMIIOHEHT XJIOPOILIACTOB. B yCIOBHSX HOPMAaJbHOIO pOCTAa TOMYJSIUU KIETOK COOTHOILIEHUE
xyopopuut a / Oe’dok ocTaércs MOCTOSHHBIM. TO eCTh, 3Has KOHIIGHTpAaIMio Xiopodumia a B KyJIbType
MHKPOBO/IOPOCIIEH BO3MOXHO OIPENENIUTh U KOJIWYECTBO OelIKa WM JII0OOro Jpyroro CTpyKTypHOTO KOMIIOHEHTa. B
MOJTBEPIK/ICHUE TaKMX 3aKJIIOYEHHH Ha PUCYHKE 5 TpelcTaBieHa MpsMO IPONOPLHUOHANIbHAS 3aBUCHMOCTH MEXIY
KOHIICHTpanuel ximopoduiia ¢ u 6enka st HAKOMUTEIBbHON Ky nbTypsl Ph. tricornutum no nanuasmM [20]. Koadduruent
nponopiuoHatbHOCTH coctasmwi 0,026 Mkr xiopoduuia Ha Mkr Genka (R?2 = 0,99). Takke OTMETHM MOCTOSHCTBO
COOTHOIIICHUS XJIOPOPHILIOB a 1 ¢ (puc. 40).

Takum 00pa3oM, CKOPOCTh CHHTE3a XJIOpopmiLIa @ (CTPYKTYPHBIX GOpM OHOMAcCHI) ONpenesseTcss KOIHYeCTBOM
pe3epBHOM OHOMacchl, HAaKOIJICHHOW 3a MpeAbIAyIInid cBeToBoW nepuoj. CorimacHo MaHHBIM [3], pocT KOHIIEHTpAIH
xJIopoHIUIa Ha4ajCs TOJBKO Iociie 23 4acoB SKCIEPHUMEHTa, KOTJa KyJIbTypa HaKOIMIa HeoOXOANMMOe KOJIUYECTBO
pe3epBOB. OTO TO3BOJIIET OOBSCHUTH PABEHCTBO YACTBHBIX CKOPOCTeH cuHTe3a xyopodmmuia a (tabm. 1) mpum
KyJIbTUBUPOBAHUH Ph. tricornutum TpH pa3InIHON HHTEHCUBHOCTH CBETA.
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Tabéauua 1. CpaBHHTENIFHAS XapaKTEPUCTHKA MPOAYKIIMOHHBIX XapaKTEPUCTHK KyIbTYpHI Ph. tricornutum
npu (poToaTaANTAIIH
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Pucynok 5. CootHoieHue X10poduint a / 6enok B Kyabtrype Ph. tricornutum 1o nanasiM padotsr [20]

3AK/JIIOYEHUE

B nureparype mpuBOIsATCS pa3iiMuHble MeXaHW3Mbl (boToajanTanMu MHKpoBojopocieid. Haubonee mmpoxo
NPUHATOW SBIISiETCSl TUIoTe3a 00 00paTMMoM (OTOJAECTPYKTUBHOM OKHCICHHUM IHUTMEHTOB, KOTOpas I03BOJISIET
OOBSCHHUTH PE3KOE CHIDKEHUE OTHOCHTEIILHOTO COJIep KaHHs XJIOPO(HIUIa TP TEPEHOCE KIETOK C HU3KOI Ha BBICOKYIO
OCBeIIEHHOCTh. B nanHoii paboTe GpoToananranus heoqakTHIryMa pacCMOTPEHa C ITO3UINHY H3MEHEHHUS] ONOXHMMHUYECKOTO
cocTaBa OMOMACCHI, OIpEZENeHbl NMPOAYKIMOHHBIE XapPaKTEPUCTUKU POCTa HAKOIUTEIBHOW KyNBTYpbI, YKa3zaHa HX
B3aNMOCBSI3b C IeHCTBYIONIEH 00IyYEHHOCTHIO M CBETOBBIMHU YCIIOBHSIMH, B KOTOPBIX HAXOIMIIHNChH KIETKH paHee. Takon
MIOJIXOJI, HE OTPHLAsl BOZMOXHON (POTOJAECTPYKIMH TUTMEHTOB, ITO3BOJISIET OOBSICHUTh U3MEHEHHE CO/IEPKaHUs OEIIKOB,
YTAE€BOAOB U JMINHJOB IIPA U3MEHEHUH CBETOBBIX yCIOBUH.

Paboma svinonnena 6 pamkax eoczaoanus @PUL] « ncmumym 6uonozuu todxcHuix mopeii umenu A. O. Kosanesckozo
PAH», Ne coc. pecucmpayuu 121030300149-0.
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PRODUCTION CHARACTERISTICS OF BATCH CULTURE PHAEODACTYLUM TRICORNUTUM
BOHLIN DURING PHOTOADAPTATION
Lelekov A.S.!, Klochkova V.S.2, Poplavskaya A.Yu.?
' A.O. Kovalevsky Institute of Biology of the Southern Seas of RAS
Nakhimov Ave. Nakhimova, 2, Sevastopol, 299011, Russia, e-mail: viki-iki@mail.ru
2Sevastopol State University

Universitetskaya str. 33, Sevastopol, 299053, Russia; e-mail: a.lelekov@yandex.ru

Received 02.08.2023. DOI: 10.29039/rusjbpc.2023.0634

Abstract. The study of light-dependent growth of butch culture Phaeodactylum tricornutum has been
carried out. Based on the developed mathematical model of the true absorption spectrum, an express method
for determining the concentration of photosynthetic pigments without interfering with the growth process
of the culture was proposed. In the exponential phase at an irradiance of 120 pE-m?'s”!, the maximum
specific synthesis rates of chlorophylls ¢ and ¢ were determined, which were 1,4 times higher than
the specific growth rate of the culture and amounted to 0,3 day™'. On the eighth day of the experiment, a
kink in the growth curve was observed, which was expressed as a decrease in both growth rate and
chlorophyll production. At the transition to the linear growth phase, the maximum productivity of
Pheodactylum was 0,15 g-1"'-day”!, and chlorophyll production was 3,44 and 2,85 mg-1"!-day”! @ and c,
respectively. The dependence of the integral light absorption coefficient on chlorophyll a concentration was
obtained, which is described by the Bouguer-Lambert-Bera law with a sufficient degree of accuracy;
the specific light absorption coefficient was 0,10 m?-g”! dry matter and 0,008 m?-mg™' chlorophyll a.
Comparison of the results obtained with literature data showed that at irradiances of 120 uE-m?-s’! and
602 pE-m2:s! the specific rates of chlorophyll a synthesis are the same, and the maximum specific growth
rate of Ph. tricornutum culture increases proportionally with increasing light intensity from 0,23 to
0,91 day!. The results obtained indicate that chlorophyll a synthesis is determined not by the effective light
intensity, but by the amount of reserve biomass accumulated during the previous light period.

Key words: modeling, specific growth rate, productivity, irradiation, chlorophyll a, light absorption
coefficient.
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AHAJIN3 ITPUBEEHHOM MOJIEJIM YETHIPEXKOMIIOHEHTHOM CHCTEMBI
C YYETOM TEOPMM MHTEPHENTOPHO-TIPOTEKTOPHOT'O TENCTBUS

TI'onoBuenxko U.B., PatnukoB B./I.
CeBacTONOIBCKUI FOCYJapCTBEHHBIN YHUBEPCUTET

ya. Yuueepcumemckas 33, 2. Cesacmononn, 299053, P®
[Moctymmna B pegaxmwro 02.08.2023. DOI: 10.29039/rusjbpc.2023.0635

AnHoTanusi. B pabore mpmBoaHMTCS C€MOCOO KONWYECTBEHHOTO W KAa4deCTBEHHOIO paszbopa
YETBIPEXKOMIIOHEHTHOM CHCTEMBI C TOMOILBIO MOJEIH, COIJIACYIOIIEHCS C TEeOpued HHTEPLENTOPHO-
IMPOTECKTOPHOI'O HeﬁCTBHH. HpI/IBe)IéHHaH MOJCJIb ABJIACTCA Pa3sBUTHCM YIKE XOPOHIO HCCICAOBAHHBIX
TPEXKOMITIOHEHTBIX CHCTEM M paHee AEMOHCTpPHpOBallach 0e3 CHMBOJBHOTO M IpaMuecKoro pelieHus.
DJIeMEHTBI TEOPHU TNPEICTABIISIOT COOOI MOJNHBIA aHATMTUYECKHH aJrOPUTM, KOTOPBIH MOTEHIUAIBHO
MOXeT ObITh HpuMeHeH K ool cucteme JIHK-cmenuduueckux apomMaTuueckux Ipenaparos;
KOMIIOHEHTOB, INOJABJISIOIUX BPEIOHOCHOE IEHCTBHE UyKEPOJHBIX areHTOB, KOTOPBIE MPEMSITCTBYIOT
OMOJIOTMYECKH  3HAYUMBIM  MOJICKYJISIDHBIM ~ B3aUMOJEHCTBUS, WiH, Hao0OpOT, WHTUOUTOPOB
KaTaINTUYECKUX BEIIECTB. Takue aHAIUTUYECKHE MOJENM BaKHBI B KOHTEKCTE CO3JAaHUS HOBBIX
JIEKaPCTBEHHBIX MPETIApaTOB JUIS PETYINPOBaHUS HX 3()()EKTUBHOCTH M HalleJIEHHOCTH. B paMkax crarbu
4eTBEPTHI KOMIIOHEHT CHCTEMBI CUMTAETCA CIENU(UUECKHM JUIi HHTEpLENTOpa/IpoTeKTopa B
TPEXKOMIIOHEHTHON CHCTEME, BBICTYTIAs! PETYIATOPOM HHTHONTOPHOH aKTUBHOCTH TPETHEr0 KOMITIOHEHTA,
IPU 3TOM KaKOe-THOO B3aMMOAEHCTBHE C ABYMS OPYTHMMH KOMIIOHEHTaMH IOJTHOCTBIO WTHOPHPYETCS.
[NonHomeHHOE TpadudecKoe MpeACTaBICHNE MOJEIHN IIPUBEICHO TOIBKO AJIS CIydaeB, KOT/A CPOJICTBO C
4eTBEPTHIM KOMIIOHEHTOM JIHOO IIOJHOCTBIO OTCYTCTBYeT, JHOO OecCKOHe4HO Benuko. Ilpm sTOM
Ka4eCTBEHHbIH aHaiM3 rpaduka peasbHOW YeTHIPEXKOMIIOHEHTHOW CHUCTEMBI OyJeT MPOBOIUTHCS IO
OTCIIEKHMBAHUIO OJIM30CTH YKCIEPUMEHTAIBHBIX TOYEK K OHOMY U3 paHee YIIOMSHYTHIX I'PadUKOB.
Kniouesvie cnosa: meopus unmepyenmopHo-npoOmMeKmopHo2o Oelicmeus, YemuvlpExKoMnoHeHmHAsA
MOOeNb  MOAEKYIAPHO20 — KOMNIEKCOOOPA308anus, — cemepoaccyuayus, KOHCMAHmMa  pagHo8ecs,
uHeubuposanue.

[IpuMeHeHHe eKapCTBEHHBIX MPENapaToB B HEKOTOPBIX CITydYasX MOXKET MPUBECTH K HETaTUBHBIM TTOCICACTBUAM,
MOATOMY COBPEMEHHas MEJAWIIMHA T[OYTH BCErJa MPOSBISACTCS B KOMOMHAIMOHHOW Tepamuu. BBseneHue
JOTIOTHATEIEHOTO areHTa, KOTOPBI HEMOCPEICTBEHHO HE OKas3blBaeT JieueOHOro 3¢¢ekra, MOXKET BBI3BATH
KaTATUTHICCKH 3()(EKT OCHOBHOW PEaKIiH, a 3TO MPUBEAET K YMEHBIICHHIO KOHLICHTPALUH aKTHBHOTO KOMIIOHEHTA,
YTO IIOCHOCOOCTBYET YMEHBIICHHIO BPEJOHOCHBIX IOCIEICTBHHA OT NpHEMa. ANBTEpHATHBHBIM CLEHapHEM MOXKET
BBICTYNATh CJIy4ald, KOrZa CONPOBOXKIAIOIINE BEIIECTBA BBOAATCSA UL TOrO, YTOOBI IIPOB3aUMOJECHCTBOBATH CO
300pOBEIMH KieTKamy, ydactkamu JJHK U T.I., KOTOpele TOXe SBISIOTCS MHIICHSMH A OCHOBHOI'O KOMIIOHEHTA
JIEKApCTBEHHOro KoMIulekca. Takum 00pa3oM, J00aBKM OKa3blBAlOT MPOTEKTOPHOE JieicTBHE, HCKIoYas (Win
yMeHBHJaH) B3aHMO)1€ﬁCTBPIC CO 3JI0POBBLIC TKaAHAMHA, YTO BHOBb IPUBOJUT K YMCHBIICHHUIO IIUTOTOKCUYHOCTH.

C Touku 3peHusi Ouojormueckoro 3d@dexTa CyHmIeCTBYIOT y JApyrde BapHaHThl pa3BUTHs COOBITHI B
MHOTOKOMIIOHEHTHBIX CHCTEMax. JTO JOKa3bIBaeT HEOOXOAWMOCTH IETATBHOTO Ka4eCTBEHHOTO M KOJIMYECTBEHHOTO
W3Y4YEeHUS TAKUX KOMIUIEKCOB, KOTOPOE TIOPOH SIBJISICTCS BEChbMa HETPUBUAIILHOM 3a1a4el.

OObyHO B (hapMaKoJIOTHUH CBSI3bIBAHUE JIEKAPCTBEHHBIX IIPENapaToB OINMCHIBAETCS IMOTEHIMAIBLHON J/1030H,
3¢ dexTUBHOCTRIO U adpUHHOCTEO [1].

[MoTeHuManbpHast 103a — KOJIMYECTBO MperapaTa, He0OOX0AUMOe [T HoNTydeHus 2 deKTa 3a1aHHONH HHTEHCUBHOCTH.
Pasnmuums B TOTEHUMANBHON J03¢ MpEnapaToB OLICHUBAKOTCS MYTEM CPAaBHEHHsS C KOHLEHTpaLHUeH, KOTOPOi
COOTBETCTBYET ITOJIOBHHHBIH 3()(PEKT OT MAKCHMAJILHO BO3MOXKHOT'O

DG PEeKTHBHOCTE — CHOCOOHOCTH IpernapaTa BHI3BIBATH MAaKCUMAIBHBIH OTKIMK OT BBEICHHA. Pa3znmnuus B
3¢ deKTHBHOCTH IpenapaToB OLCHUBAIOTCS MyTEM CPaBHEHUS Pa3IMuMii B MAKCHMAJIBHOM OTBETE IPU BBICOKHX J103aX
WM KOHIIGHTPALMAX Iperapara.

A HUHHOCTS MOKHO CPaBHUTH C TIPOYHOCTHIO, C KOTOPOH JIEKapCTBO CBA3BIBAETCS € perenTopoM. CTaTHCTHIECKH
ee MO)KHO OIMCaTh KaK BEPOSTHOCTh TOTO, YTO MOJIEKYJIa Iperapara CBSDKETCS C JOCTYIHBIM PELENTOPOM B 000U
MOMEHT BpeMeHH. DP(PEKTUBHOCT - HEOTHEMIIEMOE CBOWCTBO aroHHCTA, OMPENEISIOINIEe ero ClIOCOOHOCTh BBI3BIBAThH
ouonorndeckuii 3ddekr. I[lo ompeneneHuro, 3To CBOMCTBO mpemnapara, a He pelentopa win TkaHu. AdduHHOCTH
CBSI3BIBAET TIpeTapaT ¢ perenTopoM, a 3pPeKTHBHOCTH ONpeNeNseT, YTO MPOMCXOANT MIOCIIE CBA3bIBAHMS ITpenapara.

Mopenu CBsI3bIBaHUS JTUTAHIOB UMEIOT IIMPOKUI CIIEKTP MPUMEHEHHS B KIMHUYECKOH (hapMaKOIOTHH:

- OMHCAaHKUE CHCTEMbI B3aUMOJICUCTBYIOIINX 3JIEMCHTOB HECKOJIBKHUX JIMTAHIOB C HECKONBKHUMH CBS3bIBAOLIMMHUCS
Yy4acTKaMH peLienTopOB;

- TIOJTIB3a B IpoLIECcCe Pa3pabOTKH JIEKAPCTB LIS ONPECICHHs CAiTOB CBA3BIBAHUS PELCITOPOB;

- BBISIBJICHUE U JICMOHCTPALIUSI HECKOJIBKUX CAiTOB CBA3BIBAHHUS U PELENITOPOB OJTHOBPEMEHHO.

- CPaBHEHHMS CPOJCTBA PA3INYHBIX JIMTAHIIOB K OTHOMY U TOMY K€ PELeNTOpYy U T.1I.

ITpn aHanmu3e MHOTOKOMIOHEHTHBIX CHCTEM XOpOIIO ceOs MOKas3bIBaeT TEOPUS MHTEPLENTOPHO-MPOTEKTOPHOIO
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PﬂcyHOK 1. CxemaTtuueckoe I/1306pa)l<eHI/Ie HHTECPUECIITOPHOI'O0 MEXaHU3Ma }:[eflcTBPIH Ipenapara B mHa
KOMHJ’IGKCOO6pa30BaHI/Ie JIurasjia Ac NOJIMMEPOM
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Pucynok 2. Cxemarmdeckoe wu300pakeHHEe IIPOTEKTOPHOTO MeXaHM3Ma JeHCTBUS mpermapata B Ha
KOMIUIEKCOO0pa30BaHue JIMrania A ¢ HoJiMmMepoM

nevicteua. CyTb 3TOW TEOpHM 3aKJIIOYAETCAd B aHAIN3€ 3aBUCHMOCTH OTHOCHTEIBHOTO W3MEHEHMS MOJIBHOM [OIH
MIPOYKTOB OCHOBHOHM peaknuu (TepaneBTHUECKOI MM BPEIOHOCHOH) OT KOHIIEHTPAlMM CTOPOHHHX KOMIIOHEHTOB B
reTepoKOMILIEKCE.

OOBsicHUTH BIUsIHUE TIpuMecei (puc. 1, A; puc. 2, A) MOXXHO Ha PUMEPE CBSA3BIBAHUS apOMATHYECKOI0 JIMTaH/Aa
(puc. 1, 4; puc. 2, A) ¢ HyKJICOTUAHONW MOCIEAOBATEIBHOCTHIO IMyTEM HHTEPKAJAIMK (BCTpaUBaHHE JIUTAHAA MEXIY
rapamMH OCHOBaHHi). Y IPUMECHOTO areHTa €CTh BO3MOXHOCTh CBSI3aThCS C TEPAIIEBTHYECKUM JIMTAHIOM, TEM CaMbIM
YMEHBIINB JOCTYIHYIO KOHIIEHTPAIMIO JieKapcTBa. B aToM ciywae nurana B BEICTYHaeT B KauyecTBE IE€pEeXBAaTUMKA
(unTepuenTopa) nuranaa A (puc. 1) [1-4].

Ecnu nmurann B BMecTo 3TOTO CBSI3BIBAETCSI C TIOJIMMEPOM, OJIOKUPYS CAHTHI IIOCAIKY /IS JISKApCTBEHHOTO JINTAH 1A,
TO TakoH cIoco0 HA3BIBAIOT MPOTEKTOPHBIM (3aIIUTHBIM) (pHC. 2). OOBIYHO BEpOSTHOCTH OJAHOTO M3 STHX INPOLECCOB
peo0II1aiaeT, 9T0 MOXKHO B IIEPBOM NPUOIIKEHUH MPOCIEIUTh 10 PABHOBECHBIM KOHCTAHTaM KOMILIEKCOOOpa30BaHMs
JUTSL KaXXJION PEaKIuy, ¥ B 3TOM CIy4ae BTOPBIM ITPOIIECCOM MOXKHO NMPEHEOPEdb, UTO 3HAYUTEIBHO YIPOIIAET OTyICHHUE
AQHATUTHYECKOTO PEIICHNUS, OIICHIBAIOIIEI0 MHOTOKOMITOHEHTHYIO CHCTEMY [2].

PaccMoTprM  YeTHIpEXKOMIIOHEHTHYIO CHCTeMy, u300pakéHHylo Ha pucynke 3. IlpemcraBum, dYTO
KOMIUTIEKCO0Opa3oBaHre KOMIIOHEHTOB A U N (puc. 3, 3enéHble KPY>KKH) ABISETCS OMONOTHYECKH 3HAYMMOI peakiiuei,
XapakTepusyromeincst KoncTanTor K. Jlurang B (puc. 3, KpacHbIi Kpy»KOK) IPENSATCTBYET NPOTEKAHUIO 3TOM peakiuu
T10 OIIMCaHHBIM paHee MeXxaHu3MaM. B pamkax moaenu siuran C IMeeT CpoJICTBO TONIBKO ¢ iuran oM B. Takum o6pazom
JAHHYIO 3aJlady MOXKHO CBECTH K XOpPOLIO HM3YYEHHOW TPEXKOMIIOHEHTHOH CHCTEME, B KOTOPOW KOHICHTpAIMs
cBOOOIHON (POPMBI JIMTaH 1A IepexBaTIhKa OyAeT ABIATHCS (DYHKIMEH B TOM YMCIIe U OT KOHIeHTparuu ymranyaa C.

®
®

Pucynok 3. [IpuBenénnas cxema peakiy YeTHIPEXKOMIIOHEHTHOH CHCTEMBI

NG

o
&

KBC:
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Pucynok 4. I'paduk 3aBucumoctr Ad dakropa ot koHueHTparmu npumeceid B u C npu 6eckoHEYHO MalloM 3HAYCHUU
paBHOBECHOH KOHCTaHThI KBc

3aKOoH COXpaHeHHsI MaCcChl ISl IAHHOM CHCTeMBbI Oy/IeT UMETh CIICIYIOIINiT BUJI:

A=a+ Kyzab + Kyyan
N =n+ K yan + Kgybn 1
B =b+ K,zab + Kgybn + Kgcbc’
C =c+ Kgchc

IJle MHJEKChl KOHCTAHT Kj; OTBEYAIOT 32 KOMILIEKCOOOpa30BaHWEe COOTBECTBYIOUIMX JUraHaos; 4, B, C, N — HayaJbHbIe
KOHILIEHTPALMH KXJI0T0 KOMIIOHEHTA B PacTBOPE; d, b, ¢, n — KOHIIEHTpalud MOHOMEPHBIX (CBOOOIHBIX) (OPM KaXI0T0
KOMITOHEHTA.

®akrop Ad mNOKas3bIBaCT OTHOCHUTEIBHYIO JOJIO BBITECHEHHOTO JIMTaHAa A OT KOHLEHTPALWM IpHUMeceH.
Bapeupyercs on B npenenax ot 0 (HeT BIMAHUS JPYTHX JUTaHAOB) 10 1 (Bech TepaneBTHIECKUI 3P PEKT Mponagacr).

— foff(an)_fon(an)

Ad fofrlan)

(@)

Kanan
rae f = % — MOJBHasA [0JI KOMILIEKCAa M3 KOMIIOHEHTOB A U N; foff — MOJIbHasA O0JId HPpU «BBIKIIFOYCHHBIX)

HMHTEPLENTOPHOM U MPOTEKTOPHOM MEXaHNU3MaX; fon — MOJIbHAS TOJIS IPH «BKIIFOUSHHBIX).
Beripa3us n3 4eTBEPTOro ypaBHEHHS CHCTEMBI C U MTOJICTABUB €r0 B TPETHE, ITOIYIAEM CIEAYIONIYI0 3aBHCUMOCTb!

B = b + KABab + KBan + KBcb; (3)

1+Kpch’

KOTOpasi OTJINYaeTCsl OT YpaBHEHHUH JUIs TPEXKOMIIOHEHTHON CHCTEMBI MOCIETHUM ciaraeMbIM. JIerko 3aMeHUTh, YTO
eciu Kpc paBHa 0 (TIIepBbIi U3 IPEENbHBIX CIy4aeB, KOTOPBIE MBI PACCMOTPHUM), APYTUMH CIIOBAMH, MEXKY JIUTaHIAMHU
B u C otcyrcTByeT B3anMOAEHCTBHE, TO MOJIbHASL JIOJIS TEpaIleBTHYECKOTO0 KOMILIEKCAa HUKAaK HE OyAeT 3aBHCETh OT
KOHIIEHTPALUU YeTBEPTOrO0 KOMIIOHEHTA.

Pucynok 5. I'papux 3aBucumoctu Ad daxropa oT koHIeHTpauuu npumeceidd B m C mpu O6eckoHEUHO 0ONBIIOM
3HAUCHUH PaBHOBECHOH KOHCTAHTHI Kic.
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ITpu 6eckonedHO MaioM 3HaueHnu K pcrpaduk 3aBucumocty paktopa Ad ot koHueHTpanuu npumeceit B u C Oyner
WMETh BHJ, IPEICTABICHHBIA HA pUCYHKE 4.
Bropoit kpaiinuii ciy4aid, xorna Kpc CTpeMHTCS K OECKOHEUHOCTH. B 3TOM ciydae deTBepTOoe cliaraeMoe

Kgch B npeziesie Oyner paBHo C, a ypaBHEHHE IPUMET BU:

1+Kpcbh
B-C= b + KABab + KBan’ (4)

T.€. KOHIIGHTpaIHs rnepexBaTduka Oynet paBHa B.=(B-C), eciu B > C, u B.= 0, ecu C > B. C yuérom npeobpazoBaHHit
rpadux 3aBucumoctH (aktopa Ad OoT KoHueHTpauuu npumeceit B u C Oyner UMeTh BHJ, NPEACTABICHHBIH Ha
pUCYHKeE 5.

Takum 00pa3oM MOXHO onpeaensiTh 3P(PEKTUBHOCTh W CPOJACTBO Y3KOCHEINATU3UPOBAHHOTO YETBEPTOTO
KOMIIOHCHTa, HC UMEsl TIOJHOIICHHOTO aHAJTMTHYECKOTO PEIICHUs, a JIMIIb aHATU3Upys nojoxenue (akropa Ad mis
KOHKPETHBIX 3HAQYCHUH HavallbHBIX KOHHCHTpaL{I/Iﬁ OTHOCUTCIIBHO JBYX KpaﬁHHX CJIydacB [JI1 KOHCTAHTBI
reTepOacCOIHAIIHH.
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ANALYSIS OF THE FOUR-COMPONENT SYSTEM REDUCED MODEL CONSIDERING THE THEORY
OF INTERCEPTOR-PROTECTOR ACTION
GOLOVCHENKO L.V., RATNIKOV V.D.
Sevastopol State University
Universitetskaya str., 33, Sevastopol, 299053, Russia
Received 02.08.2023. DOI: 10.29039/rusjbpc.2023.0635

Abstract. This paper provides a means of analysing a four-component system using a model consistent
with the theory of interceptor-protector action. The given model is a further development of already well-
studied three-component systems and was previously demonstrated without a symbolic and graphical
solution. Elements of the theory present a complete analytical algorithm that can potentially be applied to
any system of DNA-specific mixtures of aromatic drugs; components that inhibit the deleterious effects of
noxious agents that interfere with biologically relevant molecular interactions, or conversely, inhibitors of
catalytic agents. Such analytical models are important in the context of designing new drugs to regulate
their efficacy and targeting. For the purposes of this article, the fourth component of the system is
considered to be specific to the interceptor/protector in a three-component system, acting as a regulator of
the inhibitory activity of the third component, with any interaction with the other two components being
completely ignored. A full graphical representation of the model is given only for the extreme cases where
the affinity to the fourth component is either completely absent or infinite. The qualitative analysis of the
graph of the real four-component system is carried out by tracking the proximity of the experimental points
to one of the previously mentioned graphs.

Key words: theory of interceptor-protector action, four-component molecular complexation model, hetero-
association, equilibrium constant, inhibition.
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PABMEPHASI CTPYKTYPA HOHYJIHHHFI PORPHYRIDIUM PURPUREUM N
TETRASELMIS VIRIDIS 1IPU PA3SHBIX PEXKUMAX KYJIbTHUBHUPOBAHUA
Kioukosa B.C.!, Illymeiiko JI.M.!, JIeaexos A.C.?

! CeBacTOmonbCKHit rocy1apCTBEHHEIN YHUBEPCUTET
ya. Yuueepcumemckas, 33, e. Cesacmononw, 299053, P®; e-mail: viki-iki@mail.ru
2®I'BYH OULL «MuCcTHTYT GHONOTHH 10XkKHBIX Mopel nvmern A.O. Kopanesckoro PAH»
np. Haxumosa, 2, 2. Cesacmononns, 299011, P®; e-mail: a.lelekov@yandex.ru
[Mocrynuna B pepakiuio 03.08.2023. DOI: 10.29039/rusjbpc.2023.0636

AnHoTanusi. B pabGore mpoBeneHo ucciieioBaHUE pa3MEPHOW CTPYKTYpPBI KYJIBTYP MOPCKHX KpacHOH
Porphyridium purpureum (Bory) Ross u 3enéuoit Tetraselmis viridis Rouch MuxpoBomopocieit mpu
HAKOMHMTEJFHOM M KBa3WHENPEPHIBHOM PEXUMAax KyJIbTHBUPOBAHUHM C Pa3IM4YHON OOIy4EHHOCTBHIO.
C nmomouiplo JlazepHOro aHanu3aropa «Jlacka-TM» 1 MUKpocKoIia ¢ KaMepoil onpeieNieHo pacnpeaesieHue
KJIETOK 1o pa3MepaMm. Ha ocHoBe BbIOOpKM M3 50 cCiTydaifHBIX KJIETOK HAaXOJIWJIM Cpe/Hee 3HaYeHUE
nuamerpa. Iloka3aHo, 4TO B HAKOMMTENBHOM pEXUME KyJIbTUBUPOBAHMS pPa3Mep KIETOK OCTaéTcs
nocTostHHBIM. CpetHui TnaMeTp KJICTOK IophUpUIMyMa COCTaBIsuI oT 8,9 1o 9,3 MKM, a TeTpacenmuca —
or 6,8 mo 7,4 wmkm. IlomyueHHBI pe3yabTaT MNOATBEPXKIAECTCS JIUTEPATYpPHBIMH JAHHBIMH IO
KyJIbTHBUPOBaHUIO  MukpoBogopocian  Chlorella  protothecoides. ~KBa3MHENpepBIBHBIN  PEKUM
OCYIIECTBIISUIN B SKCTIOHEHIINANIBHOI (ha3e pocTa, KOrAa MIOTHOCTh KyJIBTYPhI HEBEINKA U €JHHCTBEHHBIN
JUMUTHPYIOIIUM  (DaKTOPOM  SIBIAETCS WHTEHCHBHOCTH CBETOBOTO IIOTOKA. OKCIIEPUMEHTAIBHO
YCTaHOBJIEHO, YTO C TOBBIMICHUEM OOJIYYEHHOCTH CPEAHMH AMaMETp KIETOK 00OMX MHKPOBOAOPOCIEH
yBennuuBaeTcs. [lokazaHo, 4To 3HAYECHUS CPEIHUX IUAMETPOB, IOJyYEHHBIC Ha JIA3€pPHOM aHAJIM3aToOpE,
3aBBIIICHBI, Y€M pPEe3yJbTaThl, IOJyYEHHBIE C TOMOINBI0 MHKpOcKoma. llosydeHHBbIE AaHHBIE MOTYT
MOCTYXKUTh OCHOBOM MIpH pa3paboTKe Mojeleld pocTa HAKOMHMTENbHOM KyJIbTYPHI MHUKPOBOJOPOCIEH.
ITocTostHCTBO CpenHero pa3Mepa KIETOK MO3BOJISET 0TKa3aThCs OT CIOXKHBIX PAacHpeleN€HHbIX Mofeel
MO JISAIIUH KIETOK.

Knioueswvie cnosa: nopgupuouym, mempacermuc, pasmepuas cmpykmypa, cpeonuii ouamemp Kiemok,
00yYéHHOCTb.

BBEJIEHUE

Poct MHKpOBOIOpOCHEH B KyJNbTYpe HaNpsIMyIO CBS3aH C POCTOM Ka)KIOH OTHENBHON KIETKH, a TaKke C e
KJIETOYHBIM LIUKJIOM, JJIUTEIFHOCTh KOTOPOTO 3aBUCUT OT (PM3HKO-XMMHUECKHX CBOMCTB Cpenbl. IHTEHCUBHOCTH CBETa
SIBIISIETCSI OCHOBHBIM (DaKTOPOM, KOTOPBIM ONpEAENseT CKOPOCTh POCTa MHKPOBOJOPOCIEH M Pa3MEpPHYIO CTPYKTYpY
MOMyJSIIuHU. B nuTeparype mpakTH4ecKd OTCYTCTBYIOT JaHHBIE O MEXaHM3Max BIIMSIHHS CBETA Ha JKU3HCHHBIN ITUKII
KJICTKH MHKPOBOJOPOC/CH B YCIOBHSAX MHTCHCHBHOW KyIbTyphl. KpacHas Mopckas MHKpOBOIOPOCIb Porphyridium
purpureum MOXET pacCMaTPUBAThCS KaK MOJIENIBHBIA OOBEKT MPU MPOBEICHUH MOJOOHBIX HCCIEA0BaHMUil Onaronaps
NpaKkTHYeCKu cepudeckuM KieTkam oT 4 10 9 MKM B JuMamerpe, KOTOpble OKpPYXKEHbl MEMOpaHoW ¢ cyib(aTHOH
mosucaxapuaHoi 00omoukoit [1]. C mpakTHUECKOW TOYKH 3peHUs MOPPUPUANYM MPEICTABISICT MHTEpeC Onaromaps
COJZIP)KAHMIO TaKMX OMOJIOTMYECKH aKTHBHBIX BEIIECTB Kak: (OTOCHHTETHYECKHE NHUIMEHTHl (Xyiopodwun a,
KapoOTHHOUBI, B-(hMK0IpUTPHH), BHEKIIETOYHBIE K300JIMCaXapHIbl, & TAK)KE HEHACBIIIIEHHBIE )KUPHBIE KUCIIOTHI, B TOM
YHCIIe apaxyuI0HOBas (HaKarumBaeTcs 10 36% oT 00I1Iero KoJIMuecTBa JKUPHBIX KUCIOT) M DHKO3aIIeHTaeHOBas KUCIIOTHI
[2]. Knerka 3enénoit Mopckoil MukpoBonopocin Ietraselmis viridis IMeeT CHMMETPUYHYIO, IUIMITHYECKYIO, cI1a00
BBIITYKJIYIO C OTHOW M BOTHYTYIO, C IPYTOii CTOPOHEI, hopMy, e€ jumHa 3-13 MxM, mmpuHa 2-10 MKM 1 TosmmuHa 3,5 MKM
[3,4]. T. viridis comepXuUT OMOJIOTHIECKA aKTUBHBIE BEIIECTBA, HEOOXOAMMEIE IUIS MOTHOICHHOTO PAa3BUTHS U KU3HH
THAPOOMOHTOB, MO3TOMY OH HCIOJB3YEeTCSl B KadeCcTBE KOPMOBOHM no0aBku. [IMrMEHTHBIM cocTaB TeTpacenmmuca
MpencTaBlieH xyuopodmuiamu a u b, kotopele xapakrepHsl Mt Chlorophyta, a Takxke xapoTmHOMmaMu: [-KapoTHH,
3€0KCAaHTHH, JIOTEHH U KCAHTO(UILIBI BHOJIOKCAHTHHOBOT'O psijia (HEOKCAHTHH M BUOJIOKCAHTHH) [3].

Lenp paboThl: MccaeI0BaTh pasMEpHYIO CTPYKTYPY MOPCKHX MHUKpoBojgopocieit P. purpureum wu T. viridis npu
HaKOIHUTEIbHOM M KBa3WHETIPEPHIBHOM PEXHMME KYIbTHBUPOBAHMUS, a TAKXKE BBISIBUTH 3aBUCUMOCTh CPETHETO ANaMETpa
KJIETOK OT 00JIy4EHHOCTH.

MATEPHAJIBI H METO/1bI

OKcrnepuMeHTaNbHbIe PadOThHI BHIOIHSUN Ha 0a3e kadenpsl “®usuxa” Cesl'Y. B pabote mcronp30Baiics MOpCKHe
MHKpPOBOZIOpOCIu: KpacHast Porphyridium purpureum (Bory) Drew et Ross u 3enénas Tetraselmis viridis Rouch. O6e
KyJIBTYPBI BBIPAIMBAIN B HAKOIMTEIFHOM U KBa3WHEIIPEPHIBHOM PEXMMax. B IUIOCKOIIApaJuIeNbHOM (oTOOHOpeakTope
00béMoM 1,2 11, pabouas TomHa KyIsTyphl — 2 cM. HiokHsist Tpans hoToOnopeakTopa pactosioKeHa Mo YIJIOM € ENbI0
YIAy4dILICHHUs TepPEeMENINBaHNs CycrieH3ni. CBepXy KyJIbTHBATOP 3aKPBIBAJICS IIACTHKOBOW KPBIIIKOH, B KOTOPOH OBLIO
BBINTOJTHEHO OTBEPCTHE JUIS MOAAYHM BO3IyXad, a TaKXKe ObUT OCHAIIEH CHCTEMOM OXJIaXKACHUS («BOISHOW pyOamIkoi»),
obecrneynBaroIe moIep:kaHe TemMreparypsl. Vicnonp30Banu cpeay Aisi MOPCKUX BOIOpociei [5].
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Tabéauua 1. 3HaueHns nepeBeIEHHON 00TyYEeHHOCTH ¥ COOTBETCTBYIOIIAS € OCBEIIEHHOCTh
Jlammbr KIIK 1 3 5 7 10
CeeTtonnoHele B/ 5 14 23 32 45
JIroMHUHECIIEHTHEIE 3 10 17 24 34

Temmepatypy crabmnmmsupoBanmu Ha ypoBHe 271 °C. BapOoTaxk KymbTyphl OCYIISCTBIUIH aKBAPUYMHBIM
komrpeccopom Hailea ACO-308 Bo31yxoM depe3 akBapHyMHbBIH PaCIIbUIMTENb, TIPEJCTABISIONINI COOO0M IIACTUKOBYIO
TPYOKy AIMHOHN 5 cM, quaMeTpoM 5 MM, y KoTopoil nuameTp mop He mpesbimaeT 0,1 Mmm. CKOpoCTh mogadu BO3IyXa
cocTaBisuia 1 J1/J1 KyJAbTypsl B MEHYTY. JlOTIOTHUTENBHOTO BBEACHHS YITIEKHCIIOTO Ta3a He IPOU3BOAWIOCH. B kayecTBe
HCTOYHUKOB OCBEIICHHUS HCIOIb30BaId TOPU30HTAIBHYIO CBETOBYIO peméTky u3 cBetoxuomubix LCD Feron LB-213
moutHocThio 10 Bt (st P. purpureum) n momunecueHTHsIX Philips Daylight TL-D 54-765 6G mormnocTbio 18 Bt (st
T. viridis) namn. B Tabnuue 1 npeacrasieHbl 3Ha4eHUs] HHTEHCUBHOCTEH CBETA, UCTIOIb3YEMBIX B OKCIIEPUMEHTE.

OnNTHYecKy0 IUIOTHOCTh KYJABTYPBI paccUMThIBANM 1o (opmyne: D = -Ig(T), tne T — BenMUMHA NPOIYCKaHUS,
omnpezensieMast Ha potomerpe KOK-2 npu jymmne Boaubl 750 HM, MOTPEIIHOCTh M3MEPEHHST BEIMUMHBI POIYCKaHUs HE
npessimana 1 %. KioBeTsl pacrnonaraiim MakCUMaJIbHO ONM3KO K (DOTONPHUEMHHKY, YTO MO3BOJISUIO CHHU3UTH OIINOKY
N3MEpEeHNs] ONTHYECKOW ITUIOTHOCTH KYJIBTYpBI, CBA3aHHYIO CO cBeTopaccestHueM. [IpoObl ¢ onTHYECKOH MIOTHOCTHIO
BBIIIIE €AMHUIBI MPEIBAPUTENBHO Pa30aBisUIM CBEXEH NMUTATeNbHOM cpemoi, mondupas koddduiueHT pasbaBieHus
TakuM o0pazom, uToOrI okazanuss KOK-2 nmomagany B nquana3zon HanMeHsInel norpemxocty (0,2 — 0,6 exnHUI)

Jlitst onpezienieHns cyxoro Beca 5 — 10 Mt cycnensum nenTpudyruposann B redenre 10 muryT mpu 3000 06-muH,
CJIMBAJIM HA/I0CA0YHYIO KXHIKOCTh, OCAIOK IMPOMBIBAIN IUCTHIIMPOBAHHON BOAOW, MOBTOPHO ILEHTPU(YTUPOBAIU U
CYLUIMJIM B TedeHue cyTok npu 55 °C. B pesynsrare nomydeHa JMHEHHas 3aBUCHMOCTBh CYXOTo Beca OT ONTHYECKOM
WIOTHOCTH D759, a K03(PUIHMEHT MPOIOPLUOHAIBLHOCTH COCTaBUIL: Juist P. purpureum k= 0,7 r-CB x'-en. ont. !, a
s T, viridis —k=0,9 r-CB m!-en. ont. mr.

Pa3zmepHyIo CTpyKTYpy ONpeessuli ¢ MOMOIIBIO JIa3epHOro aHanm3aTtopa «Jlacka-TM» n MEKpOCKoIa ¢ KaMepoii.
Ha ocnoBe BrIO0pKH 13 50 cirydaifHBIX KJIETOK HAXOMIM CPEAHEe 3HAUCHHE THaMeTpa.

PE3YJIBTATHI U OBCYKIEHUSA

B xome skcnepuMeHTa OBIIM TONYyYCHBI HAKONMUTENbHBIC KpPHUBBIE KyInbTyp P. purpureum w T. viridis,
NIpezcTaBlIeHHbIE Ha pUCYHKE 1. [IyHKTHpHBIMM JTHHUSAMH YCIIOBHO OBIIM OTMEUEHBI (pa3bl pocTa: 3KCIIOHEHIUATBHOM,
JTUHEHHOH, 3aMeJUIeHIsI, CTAIMOHAPHOH U (pa3a ormupanms. Ha pucynke 2 npeacraBieHa TUHAMUAKA CPEIHETO THaMeTpa
KJIIETOK JUIsl 000X BHAOB BOJOPOCIIEHi, OIyUSHHBIX Ha KaX 10 (ase pocTa.

B TeueHue 3KCIIEpUMEHTOB Ha KaXKA0H (pa3e pocTa HAKOMHUTEIBHBIX KPUBBIX KynbTyp P. purpureum w T. viridis
oIpeJierisiach pa3MepHasi CTpyKTypa KieTok. Ha skcrioHeHIManbHOW, JTMHEHHOW, 3aMeIICHUsI, CTallMOHapHOW U (ase
OTMHpaHusi Uil O00OMX HCCIEAyeMbIX OOBEKTOB CpEJHHHA JMaMeTp KIETOK IPAaKTUUECKH HE W3MEHSUICS: IS
noppupHuIyMa pa3Mepsl KJIETOK BapbUPOBAIHUCH OT 8,9 10 9,3 MKM, 4TO COOTBETCTBYET JIMTEPATYPHBIM JIAaHHBIM IS
sToro Buzaa [6], a mia Terpaceamuca — oT 6,8 10 7,4 MKM. AHaJOrMYHOE JAHHBIE MPUBOMAATCS B JIUTEpaType s
mukposogpopociu Chlorella protothecoides [7]. ABropamn mutHpyeMoil pabOTHI MOKa3aHO, YTO CPEAHWI AWaMeTp
KJIETOK MO IIMPHHE W IO JJMHE 3aMETHO HE M3MEHsJICS C TCUCHHEM BpeMEHH. Pa3Mep KIIETOK NpHOIU3UTENHEHO
COOTBETCTBOBAJ HOPMAJIBHOMY paclpeneneHutro. Bo Bcex cioydasx cpemHuil auaMeTp KIETOK HaXOJWICsS B
mpenenax 3,93—4,12 MM B mimuHy 1 2,95-3,15 MKM B IIMPHUHY, COOTBETCTBEHHO.
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Pucynok 1. HakonurenbHble KpUBBIE PocTa MUKpoBogopocineit P. purpureum (A) npu 23 Br/m? u T. viridis (B) npu

17 Bt/m?
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Pucynok 2. Cpeguuii iuamMeTp KI€TOK HAaKOMUTENbHBIX KyIbTyp P. purpureum u T. viridis

Crenyoyro ceprIo SKCIIEPUMEHTOB ITPOBOAMIN B KBa3HHETIPEPHIBHOM PEXUME KyJIbTHBHpOBaHus. OOMeH cpenoi
BBINOJHSJIM Ha SKCTIOHEHINABHOM (ha3e, Tak Kak Ha HEH ONTHYECKask INIOTHOCTB KYJIbTYPHI HEBEIMKA U MOXXHO N3ydaTh
3aBUCHMOCTh Pa3MEpHOM KyJIbTYpPHI TOJIBKO OT OJHOTO JIMMHUTHpYIOIIEro ¢akropa — oomydénHoctu [8]. Ha pucynke 3
IS IPEMEPA TIPEJICTABIEHBI KBA3UHETIPEPHIBHBIE KPUBBIE POCTA KyIbTYp P. purpureum nipu 23 Br/m?, u T. viridis npu
17 Br/m>.

B tabuune 2 npencraBiieHb! 3HAYSHNUS CPEAHET0 AUaMeTpa KJIETOK Ha SKCIIOHSHIMANbHOH (ase pocTa, IoIydeHHBIX
IVl K@KIOro 3HA4eHUS OOJIydEHHOCTH A 0OOMX BHJIOB Bojopocieil. O4eBHIHO, YTO C POCTOM OOIy4EHHOCTH
YBEIMYUBACTCS CPEJHUI NUaMeTp KIETOK KyJibTyp P. purpureum w T. viridis. JlaHHBIA BBIBOJ TOATBEPIKIAETCS C
JIUTEPaTYPHBIMH JaHHBIMU [9], B KOTOPOH OKa3aHO, YTO pa3Mep KIETOK MOPCKOW MUKpoBopopociu Nannochloropsis
Sp. C POCTOM MHTEHCHBHOCTH CBeTa yBeiauduBaics. Kpome Toro, cienyer oOpaTHTh BHUMaHHE Ha TO, YTO 3HAYCHUS
CPEIHMX JUAMETPOB, NOTYUYECHHBIEC Ha JIA3€PHOM aHAIU3aTOPE, 3aBBIIICHBI, YEM PE3YJbTaThl, HOIYYEHHBIE C IOMOIIBIO
MHKpOCKOTa. BeposiTHO, 5TO 00yCIIOBIEHO TeM, YTO KaIHOPOBKaA JIA3EPHOTO aHAIN3aTOPa OCYIIECTBISIETCS C TOMOIIIBIO
TUTACTHKOBBIX IIAPHUKOB, KOTOPEIE IMEIOT COBCEM JPYTHEe ONTHYECKHE CBOHCTBA, YEM KJIETKH UCCIIEIyeMOTo 0ObEKTa.

3AKIIOYEHUE

Takum 00pa3zoM, B YCIOBHAX OOECIIEYCHHOCTH OMOTEHHBIMH 3JEMEHTAMH Pa3Mephl KIETOK He 3aBUCIT OT (as3bl
poCTa HAaKOMUTENbHBIX KyIbTyp P. purpureum u T. viridis. Iloka3zano, 4To TpHU BBIpAIIUBAHUU KYJIBTYpP B
KBa3WHETIPEPBIBHOM PEXUME, CPEAHUN AUaMeTp KIETOK Oy/leT YBENW4MBaThCsl ¢ POCTOM 00ay4€HHOCTH. [lomyueHHbIe
JaHHbIE MOTYT IOCIYXHTb OCHOBOI IpH pa3paboTke Mojeel pocTa HaKOMHUTEIbHOH KyJIbTYPHI MHUKPOBOJOPOCIEH.
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Pucyunox 3. KsasunenpepblBHbIE KPUBBIE pOCcTa MUKpOBogopocieil P. purpureum (A) npu 23 Br/m? u T. viridis (B)
npu 17 Br/m?
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Tabdanua 2. 3aBUCHMOCTb CPEJHEr0 JHaMeTpa M KOHIEHTPALUH KIETOK KYJIbTYpbl P. purpureum u
T. viridis ot oOmyu€HHOCTH. d., (M) — CpelHMH IMAMETp KJIETOK, W3MEPEHHBIX HAa MHKPOCKOIIE;
dcp (1) — CPEHUI AUaMeTp KJIETOK, M3MEPEHHBIX Ha Jla3epHOM aHaiu3arope «Jlacka-TM»

MUKpPOBOIOPOCIIH E, Br/m? dep (M), MKM | dep (), MKM

P. purpureum 5 8,64 9,51
14 8,92 9,6

23 9,04 10,25

T. viridis 3 4,01 6,16

10 4,21 6,75

17 4,22 7,03

24 4,25 7,14

34 4,30 7,18

ITocTostHCTBO CpenHero pasmepa KIETOK IO3BOJIIET OTKA3aThCsA OT CIOKHBIX PACHPENENEHHBIX MOAEICH MOIYJISALNN
KJIETOK. POCT KyJbTyphl MOXET OBITh ONHMCaH HPOCTEHUIIMMH JIMHEWHBIMH AN (epeHIaTbHBIMU YPaBHEHUSIMHY,
OCHOBHBIM IapaMeTPOM KOTOPBIX SIBJISIETCSl OMoMacca COBOKYITHAsI Macca KIETOK KyJIbTYpBI.

Paboma evinonnena ¢ pamxax eoczadanus @UL « Mucmumym ouonoeuu roicuwvix mopeii umenu A.O. Kosanescrkozo
PAH», Ne 2oc. pecucmpayuu 121030300149-0.
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SIZE STRUCTURE OF PORPHYRIDIUM PURPUREUM AND TETRASELMIS VIRIDIS POPULATIONS
UNDER DIFFERENT CULTIVATION REGIMES
Klochkova V.S.!, Shumeiko D.M.!, Lelekov A.S.?
! Sevastopol State University
Universitetskaya str. 33, Sevastopol, 299053, Russia; e-mail: a.lelekov@yandex.ru
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Nakhimov Ave. Nakhimova, 2, Sevastopol, 299011, Russia, e-mail: viki-iki@mail.ru
Received 03.08.2023. DOI: 10.29039/rusjbpc.2023.0636

Abstract. The study of the size structure of cultures of marine red Purphurium purpurium (Vogu) Ross
and green Tetraselmis viridis Rouch microalgae under batch and quasi-continuous modes of cultivation
with different irradiance was carried out. Cell size distribution was determined using a laser analyzer
"Laska-TM" and a microscope with a camera. Based on a sample of 50 random cells, the mean diameter
value was found. It is shown that in the accumulative mode of cultivation the cell size remains constant.
The average cell diameter of Porphyridium cells ranged from 8.9 to 9.3 um, and that of Tetraselmis from
6.8 to 7.4 pm. The result obtained is supported by literature data on cultivation of the microalga Chlorella
protothecoides. The quasi-continuous regime was carried out in the exponential growth phase, when the
culture density is low and the only limiting factor is the light flux intensity. It was experimentally found
that the average cell diameter of both microalgae increased with increasing irradiance. It is shown that the
values of average diameters obtained on the laser analyzer are overestimated than the results obtained using
a microscope. The obtained data can serve as a basis for the development of growth models of the
accumulative culture of microalgae. The constancy of the average cell size makes it possible to abandon
complex distributed cell population models.

Key words: Porphyridium, Tetraselmis, size structure, average cell diameter, irradiation.
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HCCJIEJOBAHUE Y MOJEJIMPOBAHUE PEAKIIUI JIEHKOIIMTOB B KPOBH HA
v-OBJIYUYEHHUE C HCHIOJIb30BAHUEM DHEPI'ETHYECKHUX IMOKA3ATEJIEA
KJETOK HMMYHHOM CETH
Mopo3sosa I'..!, Mynsoc M.M.!, UBanos A.B.%, Kyaunuu T.M.2, Pomanos C.A.3

'Poccuiickuil yauBepcutet apyxk0bl HAPOIOB
ya. Mukayxo-Maxknas, 6, . Mockea, 117198, P®, e-mail: gimorozova@mail.ru
2®I'BY Poccuiickuii Hay4YHBIH LIEHTP pEHTreHopaarosiorud M3 PO
ya. Ilpoghcorosnas, 86, e. Mockea, 117837, P®
3000 «ONTEGRA»
2-a yn. Dumysuacmos, 5, kopn. 4, 2. Mockea, 111024, P®
[octymuna B pemakiro 01.08.2023. DOI: 10.29039/rusjbpc.2023.0637

AHHoTanus. buodusnyeckuii KOHTPOIb PaTUAlMOHHOTO BO3JCHCTBHS Ha YEOBEKA B 30HAX SIACPHBIX
PEaKTOPOB, B YCIOBHAX KOCMHUYECKOTO MOJIETa, a TAKXKE IPH MPOBEJCHUM JIyUeBOIl TEpanuy Ha CETOIHS
SIBJISIETCSI aKTyaJIbHBIM. B CBsI3H C 3TUM B JaHHOHW paboTe pelainch clieyonume 3a1a4dn: 1) ucciaeoBaHue
peaKuuii JIEHKOIUTOB B KPOBHU IMOCIE OJHOKPATHOTO Bo3zeicTBUs y-u3nydenus °Co Ha KpOBb in Vitro,
2) MaremMaTHuecKoe MOJIEIMPOBaHNe ObICTPHIX HMMMYHHBIX OTBETOB Ha OOJy4YeHHE Ha OCHOBE
SHEPreTUYeCKUX IMoKa3areded KiIeTok B KpoBH. C  IOMOIIBIO JIIOMHHECLEHTHOIO MHKpPOCKOIa
pacrio3HaBaJld M HCCIEIOBAIN JIUM(OIUTH M HEHTpoHIBI B Ma3Kax JOHOPCKOM BEHO3HOW KpPOBH,
BUTAJIbHO OKPAIIEHHON KaTHOHHBIM 30HIOM 4-(N-TUMETHIaMHUHCTHPHN)-1-MeTrnmupuauaueM (JJCM).
OHepreTHdecKy0o akTHBHOCTh KiIeTOK (DA) B KaKAOW TOMYJSIOUM XapaKTEpH30BaJM CYMMOM
TpancMeMOpaHHbIX oteHnuanos (TMII) Ha BHeNTHEH 1 MUTOXOHAPHAIFHON MeMOpaHax, M OLIEHUBAIIHN MO
MHTEHCUBHOCTH U IBeTy (ayopecuenimn ICM B MHUTOXOHAPHAX W Anpax KieTok. Jlo3a-3aBUCHMBIE
3¢¢exTsl y-00NydeHHs OIEHWBAIM HA OCHOBE MHAaHHBIX KOMIIBIOTEPHOTO aHain3a IUPPOBBIX
(iIyopecueHTHBIX H300pakeHHi KIETOK. B JKchmepmMeHTax yCTaHOBIEHO, 49ro w3MeHeHme TMII
JIEHKOITUTOB TOCJIE Y-00IydeHust KpoBU B Jo3ax 1I'p-5I'p 3aBUCHT OT McXoaHOW DA KIIETOK. BhisiBieHa
S-o0Opasnast mo3oBasi 3aBUCHMMOCTh Jisi DA oOmyueHHbBIX JuMdoruToB. Haubomnpmmid  sddexrt
JICOHEpPTU3allii  KJIETOK OOHapykeH mocie obmydenus kpoBu B gno3e 4Ip. Ilpemnoxxena mojuenb
T-3aBUCHMBIX UMMYHHBIX p€akluii B BUJE CUCTEMBl HEIMHEWHBIX TU(QepeHIHanbHbIX YpaBHEHUH 10 U
rocie o0TyueHHs! KpOBH, TI€ KOHIIEHTPALWH ISl TISITH NOMYJISILUH KIIETOK 3aMEHEHbI Ha (hITyOpeCclieHTHBIE
NepeMEHHbIE, KOTOPbIE OTPAKAIOT KOJMYECTBO aKTUBHBIX MUTOXOHJIPHUHA B KaxJIOW momyssiuuu. Takas
MOJIeNIb aJeKBaTHAa JJIsI ONWCAHUs ObICTpoM (a3l MMMYHHOTO OTBETa I[OCJIE OJHOYIAPHOTO
PanoaKTHBHOTO OOJIy4YeHHs OpraHu3Ma.

Knroueevie cnosa: y-obnyuenue «kpoeu, Heumpo@uivl, auMpoyumol, MeMOPAHHBIL NOMEHYUAN,
AKMUBHOCMb  MUMOXOHOpUtl, Gayopecyenmuviii 30u0 [CM, sHepeemuyecKkue nokasamenu, MoOeib
UMMYHUmMema.

BBEJEHUE

B mocnennee Bpems paanoOHOJIOTHYECKUE UCCIIEAOBAHIS MIPHOOPETAIOT BCE OONBIIYIO aKTYaJIbHOCTH B CBSI3H C
HEOOXOAMMOCTBIO KOHTPOJIS 32 PAJMallHIOHHON 0€3011aCHOCTBIO B 30HaX PACIIONIOKEHHSI aTOMHBIX PEaKTOPOB, B YCIOBHUSIX
KOCMHYECKOTO TI0JIeTa, @ TAaKXKe B CBA3H C UCIOJIb30BAaHHUEM PAaJHOAKTHUBHBIX MaTepHaloB B HayKe M B MeaunuHe. Bee
3TO 00YCIIOBUIIO HEOOXOIMMOCTh M3Y4eHHs (P (PEKTOB HU3KOMHTEHCUBHOTO XPOHUYECKOTO 00JyYEeHHS U OJTHOKPATHBIX
paIuanoHHBIX BO3JEHCTBUH Ha OpraHu3M. B pesynbrare 3THX HCCleOBaHMH ObUI BBISBIEH HEJMHEHHBIH XapakTep
3aBUCHMOCTH PaJMOOHONIOrHYecKuX S(PQPEKTOB OT M03bl paguallii, OTKPHITa IOBBLINICHHAs YYBCTBHTEIBHOCTH
MJICKOITUTAIONINX K MajJbIM J03aM paIualyd, YCTAaHOBJICHO, YTO IOBPEXKICHHE BAXKHBIX CHCTEM OpraHH3Ma —
KPOBETBOPHOU (T€MOII033a) W MMMYHHOMH, OIMpPENENSIOT TEUCHHE JIydeBOW OOJIC3HH M BO3HHMKHOBEHHE OTIAJICHHBIX
mocuencTBuil obmydeHus [1,2]. B cBs3M ¢ 3TUM aKTyaJlbHO HWCHOJB30BAHHE OMONOTHYCCKH MOTHBHUPOBAHHBIX
MaTeMaTHIEeCKNX MOJIECIEeH Ha OCHOBE MapaMeTPOB, MO3BOJISIONINX YCTAHOBUTH MPUYNHHO-CIICACTBEHHBIE CBSI3U MEKIY
(hopMupoBaHHEM paaHOONOTOTHUECKUX IPPEKTOB Ha PA3IMIHBIX YPOBHSIX OMOIOTHIECKOI OpraHn3aiiy.

KpoBb siBnsieTcss HHQOPMATHBHBIM U YIOOHBIM TECT-OOBEKTOM ISl HCCIICAOBAHIS W MOJCIHPOBAHUS THHAMHUKH
KOOIICPATUBHBIX MMMYHHBIX peakiiuii Ha ()OHE BO3ACHUCTBHIA, B TOM 4Hcie paauairoHHoro obmyuenus (PO). B psme
SKCIIEPUMEHTOB YCTaHOBIICHO, YTO 3penble (AudQepeHpoBaHHbIE) KICTKH, KaK NPaBHJIO, BECbMa PE3HCTEHTHBI K
OCTPOMY OJIHOYJIapHOMY Y-00JIy4eHHIO, KOTja He MPOUCXOANT UX Mocieaytommas rudels yepes cyTku u 6oiee [1]. B To
e BpeMs B APYTHX HCCIENOBaHUAX in vitro [2] mocie y-o0mydeHus kpoBu yxe npu no3e 1['p oOHapykeHa oOmas
TEHACHIINS K POCTY OTHOCUTEIBHOH IO MOHOHYKIICAPOB C IIOBBIIICHHBIM CHHTE30M BHYTPUKICTOYHOW (DOPMBI
WJI-1, ®HO wm NJI-4, perymupyromunx anomnTos.

C npyroit CTOpOHBI, KIETKA KPOBH KakK IMepu(epruecKoe 3BEHO MMMYHHOH CETH, SBISIOTCS €CTECTBCHHBIMU
JTATYNKAaMH, KOTOPBIE MOTYT CUTHAJIM3UPOBATh O XapaKTepe U CTEIIEHH BHEITHETO BO3EHCTBIUS IO OBICTPHIM H3MEHEHHSIM
B MeMOpaHaX M MHUTOXOHIpHUAX. B Omopm3mdecknx M OMOXHMHYECKHX HCCIECIOBAHMSIX BBIABICHA KIIFOUEBAs POJb
nepekucHoro oxuciaeHus nunuaoB (I1OJI) B geaktuBamum TpaHcmopTHbIX AT®d-a3 B MeMOpaHHBIX KaHalax,
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JE3HPTU3ald MUTOXOHAPHH (CHMKEHHs NMPOTOHHOTO MOTEHNIHMaNa), CHIKEHHE AQ Ha Iula3MaTH4ecKod MeMOpaHe
kietok [3]. Yceranosneno, uro [TOJI siBisieTcst BaKHBIM (PAKTOPOM, 3aITyCKAIOIIUM LIEMb ObICTPBIX U3MEHEHUH HOHHOTO
romMeocrasa B KJIETKax, MPUYEM, 3TH MPOLECCHl MOTYT OBITh TECHO CBSI3aHBI C BIMSHHEM pajHaliyd HA IeMOTJIOOMH
SPUTPOLIUTOB U HA UX CIIOCOOHOCTH EPEHOCUTH KUCIOPos [4]. B pesynbrare B KpoOBH MOXKET MPOUCXOTUTH 3aKHCICHHUE,
KOTOpOE BIIMSIET HA TPAHCIIOPT HOHOB Yepe3 KIETOYHbIE MEMOPaHBI ¥ HA SHEPTeTUKY MUTOXOH/IPHH.

B cBere BblIIe N3I0KEHHOTO 11€7€c000pa3HO NPUMEHEHNE OMOPHU3NIECKUX METOJIOB, TO3BOJISIOIINX HCCIIEI0BATh
W3MEHEHHEe MeMOpPaHHBIX M JHEPreTHUECKHX XapaKTEPHCTHK JICHKOMTOB KpoBH mocie octporo PO. B cepum pabor
[OKa3aHbl yHHBEPCAIBHBIC BO3MOXHOCTH ()IIYOPECUEHTHOTO MOTEHIMAI-IyBCTBUTENbHOrO 30HAa JICM'[4-(n-
TUMETHIAMUHOCTHPII)- | -MeTmmupuanans| [5] kak nBeTHoro (iayopoxpoma il BHU3yalm3allMd MeMOpaH.
MHUTOXOHAPHAJIBHOTO PETHKYJIyMa W SICPHBIX CTPYKTYP B JKHBBIX KJIETOK M KaK MOJICKYJIIPHOTO MHCTPYMEHTA JUIs
OLICHKH CTPYKTYPHO-3HEPTeTHUECKOTO cTaTyca KieTok [5-13]. B cooTBeTcTBHHM € Teopuelt HepHeta nepepacnpenencane
katroHOoB JICM Mexay MHUTOXOHIAPUSIMH, LUTOILIA3MOHM U SIIPOM B KIETKaX OMPEAENSETCS COOTHOIIEHHEM CyMMBI
OTPHIATENFHBIX TpaHcMeMOpaHHbIX moreHnuanoB (TMII) Ha BHemHeH W MHTOXOHAPWIBHOM MeMOpaHax U
nonoxurerapbHoro TMII Ha simepro#t memOpane [7,12,14,15]. C nmomomrsio ICM yCTaHOBIICHO, YTO JUMQOUUTHI U
HEUTPO(MIBI 3aKOHOMEPHBIM 00pa3zoM n3MeHstoT ux TMII 1 MUTOXOHpUANbHYIO aKTHBHOCTh B OTBET Ha pa3lIMuHbIC
(HU3UKO-XUMHYCCKHE BO3ACUCTBUS, B YaCTHOCTH, Ha JIEKTPOMArHuTHbBIC 00aydeHus [8,9].

Ha ocHoBe pa3zpaboTaHHBIX paHee (IIyopeceHTHBIX MeToHK ¢ 30HA0M JJCM mMeeTcst BO3MOXKHOCTD HCCIIEI0BATh
9HEPreTHYeCKUe COCTOSHHUS MMMYHHBIX KJIETOK Pa3HBIX THIIOB M OLeHMBaTh BenuuuHbl ux TMII HemocpeacTBeHHO B
LIeJIbHOW HATUBHOM KPOBU MNP BO3JACHCTBUSIX in Vitro unu in vivo [6,11,16].

C npyroii CTOpOHBI, MaTeMaTHYECKOEe MOJIEITMPOBAHNE MMMYHHBIX peakiuii Ha PO NODKHO MMETh IPaKTHYECKYTO
HalpaBJICHHOCTh, CBA3aHHYIO C BO3MOYKHOCTBIO PETHCTPAllMM IHUHAMHKH CTPYKTypHO-3HEepreTudeckoro OanaHca
Pa3NIMYHBIX KIETOYHBIX 3BEHHEB OJHOBPEMEHHO B OJHOM M TOM K€ 00Opasle KpOoBH. DHEpreTHYecKHe IOKa3aTeln
MMMYHHBIX KJIETOK B HATHUBHOW KPOBH IEPCHEKTUBHBI KaK SKCIIEPUMEHTAIbHAS OCHOBA JUTS MOACINPOBAHUS PA3ITHMIHBIX
(a3 UMMYHHOTO OTBETa IIPM BHEIIHHX BO3ACHCTBHAX. B cBA3M ¢ 3TUM OBUI MpPEATIOKEH YHEPIETUUECKUH TOAXOA K
OITMCAHMIO KIETOYHO-TYMOPAIbHOTO HMMYHHTETA Ha OCHOBE MEPEXOa OT KOHIEHTPALUH KIETOK B MOMYJISIIMAX K MX
SHEPreTUYECKUM  IIOKa3aTessiM, CONPSDKCHHBIM € aKTHMBHOCTBIO MMTOXOHIpUH B  CHCTEME  HEJIMHEHHBIX
muddepeHInaTbHBIX YpaBHEHUI UMMYyHHOHU cetu [16,17].

B cBeTe BBIIEN3/105)KEHHOTO 1B JAHHON paOOThI SBJISETCS UCCIIEA0BAaHNE BIMSHUS Pa3HbIX 103 OAHOKPATHOTO
y-00sydeHust KpoBH in vitro Ha sHepretuky M TMII nmumdounToB 1 HEWTpOoPUIOB B KPOBH, a TaKKe MPUMEHEHHE
SHEPreTUYeCcKOro IMoJxoJa ISl MOCTPOSHHS MOJENU OBICTPhIX (a3 peaklMid WMMYHHBIX KJIETOK Ha OJIHOYAapHOE
y-00IydeHue.

OBBEKTbBI, MATEPHUAJIbI U METO/IbI

B pabore mpoBeneHa cepHst 3KCICPUMEHTOB MO Y-OOMy4eHHIO O0pasloB BEHO3HOH MOHOPCKOW KpOBH
(7 monopoB). 3a060p KpOBH JeJaiy W3 JIOKTEBOW BEHBI JOHOPOB B MPOOHPKY ¢ IUTpaToM. IIpoOsI KpoBH HEpeHOCHIN
MUKpPOITUTIETKaMU B KoHycHBIe mpobupku (Eppendorf o6sémom 1,5 mir) mo 100 mxi. O6mydeHrne mpoOHpPOK ¢ KPOBBIO
HpOUSBOAWIN PaiuoakTHBHBEIM sjieMenToM ®Co ¢ momompl0 ramMma-TepaneBTHYECKOW ycTaHOBKM Pokyc-M
(IeprIeHIUKYIIIPHO K OCH IMPOOUPKH, PacIoioKEeHHOH FOPU30HTAIILHO) NP pa3HbIX 1030BbIX (D) pexumax obiyyeHus
(D =NT =1, 2, 3, 4 Tp), rne momHoctsb N=112 penrren/mun, T-Bpems oOayueHus obpasua. KonTposibHble n
00JTydeHHBIE 00pa3Ibl KPOBH MOCIIEIOBATENLHO BBIIEPKHUBAIN B TepMocTaTe pu 37°C ¢ akcno3unueii 2 qaca KaxIbIi.

Juis uccnenoBaHuii mcmonbp3oBa  QuyopectieHTHRId 30HA JCM [5], cuHTe3mpoBaHHBIA B MHCTHTYTE
opranndeckoro cuHresa AH JlatBun. @iyopoXpoMHpOBaHHE KIETOK KPOBH HPOM3BOIMIN IyTeM I00aBICHUS
¢usmonormueckoro pactsopa ¢ JJCM B mpoOHUPKY ¢ KPOBBIO JI0 €0 KOHEYHBIX KOHIIEHTpanuii 25 MKM ¢ mocienyommum
TepeMenInBaHneM 1 MHKyOanueil B Tepmocrare npu 37° C ¢ sxcriosunuer 30 muH. Bee mHKyOanmu u uccienoBanms
COOTBETCTBYIOIINX KOHTPOJIBHBIX M OTBITHBIX 00Pa3110B KPOBH IPOBOIIIIH ITOCIIEI0BATEIBHO C BPEMEHHBIM HHTEPBAJIOM
15-20 wmumH. Masku BHUTaNBHO OKpAaImIeHHOH KPOBH TPUTOTABIMBAIN CIHOCOOOM  pa3IaBIEHHONW — KaruTh
(Ha cTexie) M 3aTeM MCCIeIOBAId Ha JTIOMHHECHIEHTHOM MuKpockone Jlromam-U2 (JIOMO) B cBete (iyopecreHnInu
JICM. Pexum B03OyxmeHuss u peructparmu (iayopecueniun JICM B KiIeTkax KPOBH aHAJIOTMYCH PEKUMY B
npeabIIynM dKcriepumentam [6,11]. [{ns kaxmoro odpasua uccinenopain Maccubl 1o 100 neiKkouToB (HEHTpOpHIOB
u snumbonutos). [lomyyanun ¢GoTOM300paKEHUSI KJICTOK C IOMOIIBIO IIBETHOW IU(PPOBON BHICOKaMepsl (Sony),
3aKperIeHHOH Ha CIielMaIbHOM TyOyce MUKPOCKOIa. AHaIN3 N300pasKeHNUIH JIEHKOIIMTOB IPOU3BOIHIIH 110 TOKa3aTeIsIM
WHTEHCHBHOCTH M 1BeTa Quyopecuennnn JJCM B MUTOXOHAPHSX, M sSJIpaxX, Kak BH3YyaJbHO (B Ma3Ke KPOBH IOJ
MHKpPOCKOIIOM 10 aHajoruu ¢ [11]), Tak M Ha KOMIIBIOTEpPE C TOMOILIBIO CTaHIAAPTHOTO M MOJU(UIIMPOBAHHOTO
MIPOTPaMMHOT0 00eCIIeYeHHs Ha OCHOBE 00yJaIOIINX BBIOOPOK, TIOJIyYEHHBIX paHee B CEPUU SKCIEPHMEHTOB Ha KIIeTKax
¢ ACM [5-7,10,11,13]. CratucTrueckyro 00paboTKy AaHHBIX MpoBoawin 1o CteroneHTy [18]. [lomydenHsle pe3yabTaTs
MIPEACTABIIUIN B BHJIE ABYX THUIIOB THCTOTPaMM JUIS paciipeAeineHus HeHTpo(miIoB ¥ TMMQOIUTOB IO 3HAYEHHUSIM CyMMBI
TMII (A@i) B 4-X auana3zoHax KaaunOpOBaHHBIX MOTEHIIMAIOB coriacHo [6,7,10,11].

PE3YJIBTATBI 1 OBCYXXJIEHHNE

JKcnepuMeHT. JIFIOMIUHECIIEHTHO-MUKPOCKOTINYECKHUE UCCIIEI0OBaHN MTOKa3aJIl, YTO B KOHTPOJIBHBIX IpenapaTax
KpOBH TIpH BbIOpaHHOH paboueii koHuneHTpanuu JCM (25MkM), B HOpME pacrio3HAIOTCs JTUMQOIMTHI C KENTOH Win
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KEJTO-3eI€HOHN (PIIyopecLeHIIMEeH aKTUBHBIX MUTOXOHAPHH, 00pa3yIoliie KOMITAaKTHBIE WK IIEMOYEYHbIE CTPYKTYPBI, C
OYeHb c1abol (uyopecueHIUel B sapax, a Takke HEHTPO(UIBI ¢ IPKO-OPAHKEBBIMU CETMEHTAMH SJiep U C 3eJIeHO-
KENTON [UTOMIIa3MON C eMHUYHBIMU MUTOXOHIPHUIMU.

Ha pucynke 1 mpencraBiensl ¢pororpaguu HATUBHOM KPOBH, I'Zie BUJAHBI JTUM(OLUTH U HEUTPO(WIBI B CBETE
¢dnyopecueniu 3012 JJCM: a — KOHTPOJIBHBIC KJIETKH, O — KJICTKH B KpOBU 0OyueHHOH mo30i 5 ['p. Kak mMoxHO
BUJIETh, B OOJTyUEHHBIX JIMM(onnTax CHIKeHa (IyopecleHIs B MUTOXOHPHSIX, a BHYTPU 00JlydeHHOTo HeHTpodmia
Pe3KO CHIKEHa (ITyopecleHINs B sipax, aKTHBHBIX MUTOXOHAPHH Majo, HO BUIHBI CKOIUIEHHS KPYIHBIX SPKO->KENTHIX
rpaHyJ — OaKTepuii, COXpaHSIOMNX aKTUBHOCTh M MEMOpaHHBIN MOTeHIMal. 13 anann3a Hammx HaOMIOeHUH cieyer,
YTO AEMOJSIPH3aLis HEUTPO(PHIIOB KOPPEINPYET CO CHIDKEHHEM MX CIIOCOOHOCTH JIM3MPOBAaTh MH(EKINIO, YTO MOXKET
BIIMSITH Ha MPOAYIIUPOBaHNE NMH [a —aHTUTEHHOTO OeKa 1 MHTepIeikuHOoB [1,2,19,20].

CoriacHO XeMOOCMOTHYECKOH TEOPHH SHEPreTHYECKUH cTaTyc a’spoOHBIX KIJIETOK HPSIMO COMPSDKEH C ypOBHEM
MPOTOHHOTO TMOTEHIMaja Ha MeMmOpaHax murtoxoHApuii [21]. Ilpu mesHepruzamum MHTOXOHApPWH (B T.4. B CIydae
NepeKpamnBanus Ki1eTok 30510M JICM) nponcxoaut nepepacnpeieieHie KaTHOHOB 30H/1a MEX/Ty MATOXOHIPUSIMA 1
sapoM, katnoHbl JJICM TIPOHHUKAIOT B SIAPO W CBSI3BIBAIOTCS C OTPULATEIBHBIMU (OCHATHBIMH IPYIIIIAMHU TTOJIMMEPOB
[5,7]. LiBetr ¢uryopecueHIMK 30HAa B MUTOXOHAPHUAX JTUM(OIIMTOB MOXKET M3MEHATHCS OT SPKO-)KENTOro 10 OJIeTHO-
3€JICHOTO B 3aBHCHMOCTH OT HX DJHEPreTHMYECKOI'0 COCTOSIHMS M YPOBHS CyMMBI oTpumnarensHbix TMII [5-7].
Habmronaemast opamxkeBast ¢ayopecuenuust JJCM B simpax KOHTPOJNBHBIX KIETOK BO3HUKAET IPU JOCTHIKEHHU
M30BITOYHON KOHLEHTPAMK 30HIa BHYTPU MHUTOXOHJIPHH (CBBIIIE Tpenesia ero pacTBOPUMOCTH B Bojae 1 MM), uto
XapaKTepHO ISl UCXOIHO THMIIEPaKTHBHBIX KJIETOK C BBICOKMM YPOBHEM INPOTOHHOTO TOTEHIMana Ha MeMOpaHax
mutoxoHapuid [8,9,12]. BakHO OTMETHTb, YTO B HOpPME HEWTpOMIBI KpPOBM HMEIOT Ha BHENIHEH MeMOpaHe
orpunarensHslii TMIT na |60] MB, B cpenneM, Bbiie, yeM y auMdouuros [6]. IloaToMy B COOTBETCTBHM C TEOpHEH
Hepucra npu paboyeii kortenTpanuu JJCM 6omee 10 MkM, onTuManbHOM 17151 THM(OIIUTOB, HEUTPOQIITBI OKA3bIBAFOTCS
MIEPEKPAIICHHBIMH U C SIPKO-OpaHXeBbIMHU siipamu. OJHAKO, TPH 3TOM COXpaHSETCs INpsMas KOPPEsIus MEeXIy
(baronuTapHO aKTUBHOCTBIO M WMHTEHCHBHOCTHIO (uyopectenimn JCM B muromiasMe W B sapax HEHTpoQHIIOB,
COTIPSDKEHHON TpeXIe Bcero ¢ ypoBHeMm BHemrHero TMII, mommep)knBaeMOro TIIMKOIU30M B 3THUX KieTKax [6,17].
B npuHImIe B COOTBETCTBUH C 3IEKTPOIU(PQPY3HOH Teopreil Uis aneKBaTHOTO OKPAIIMBAHUS HEUTPO(IIOB MOXKHO
HCTOJIH30BaTh KOHIIEHTpAIio 30812 B 1 0 pa3 MmeHsbIe (mopsiaka 2MKM), HO TOTAa 4acTh CIa0BIX JINM(OLIUTOB C HU3KUMHU
TMII 3a BeiOpanHOe Bpemst nHKyOarmm ¢ JICM, oka3pIBalOTCS HE OKPAIIEHHBIMHU C OYeHb CJIaboil (yopecreHiuei.
TakuMm 00pa3oM, OCOOCHHOCTH H300paKeHUI JEHKOIUTOB B cBeTe (uyopectieniiud JICM oTpaxkaroT pasHbIe
SHEpPreTU4ecKrue COCTOSHUS KJIETOK M pa3Hble YPOBHHU OTPUIATEIBHBIX I'paAueHTOB ekTpudyeckux noier (TMII) Ha
BHEIIIHEH ¥ MUTOXOHAPHAIBHBIX MeMOpaHax [7].

Ha ocHOBaHUM MOJIyYeHHBIX B MPEABIAYINNX dKcrepuMenTax ¢ 30H10M JICM kanuOpoBOUYHBIX MaHHEIX [6,7,14],
SHEPreTUYECKUi CTaTyC JMMQOIMTOB U HEHTPO(DUIOB B KPOBHM MOXKHO OXapaKTEpPU30BaTh MX paclpeieiIeHHeM II0
4eThIpéM nuana3oHaMm cyMmmbl TMIT Ha mnazmMaTudecko ((pn) 1 METOXOHAPUATBHON (Qyx) MEMOpaHax: AQ = (QOn + Qux),
MIPEICTABICHHBIX B TabmuIe 1.

Ha pucynke 2 mpencraBiieHbl THCTOTPaMMBbl PAcHpeAeNeHHs MOMySIuui JUM(OLUTOB M HEHTpodHIOB B
KOHTpoJbHBIX (K) M OMBITHBIX IpemapaTax KpOBH COOTBETCTBEHHO IO YETHIpEM uana3oHaM A¢ (COOTBETCTBEHHO
tabn. 1). Kak MoxxHO BHOeTh, mocie oOiydeHus KpoBu jgo3amu 1-2 I'p, HabmiomaeTrcss HEKOTOPBIA POCT IyJIOB
JICHKOIIUTOB C BBICOKMMH 3HAUCHHUSIMH IOTCHIIMAIOB B JMana3oHax A@s U AQs, OIHAKO, Y YacTH HEHUTPOQIIOB
IIPOMCXOJIUT UX CHI)KEHHE. MaKCHUMYMBI TUCTOTPaMM ISl TMM(OLIMTOB CABUIAIOTCS BIIPABO B CTOPOHY BhICOKMX TMIL.
Hanpotrus, npu obaydennn nozamu 4—5 I'p MakcHMyMBbI THCTOIPaMM CABHIAIOTCSI B CTOPOHY MEHBIINX MTOTEHIINAIIOB,

KoHTponb . 57p

HAaTUBHAA KPOBL + &

HaTH

a 6
Pucynok 1. Kposs B cBere duyopecuenuuun ICM: a (6e3 o0irydeHus) - TUIIEPAKTUBHBIA HEUTPOGUI U aKTHBHEIE
JTUMQOIMTHI C XKEITBIMH JHEPIU3MPOBAHHBIMU MHUTOXOHAPUSIMHU; O (TI0cie y-00TydeHHs] KpOBH): clabOaKTHBHEIC

IUMQONHUTHI U ISTOSIPU30BAHHBINA HelTpoduIe, B KOTOPOM BHAHBI akTUBHBIE Oaktepun. 06. 90 * MU. MacmuTab <>
SMKM
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Tabéauua 1. Kamnbposounsie quamnazonst TMII (A@) mis nedKkoruToB

AQ= Qut Pux

mv A1 A2 Ags AH
TAMQPOLUTEHI ¢« 60 60 - 150 160 - 230 230 -280
HeHTpOGHIH « 120 120-180 | 190-250 | 260-320

ocobenHo Jutst HelTpodunos. Hanbonbimmii a3 dext cHIKeHUs] SHEPreTUKH KIIETOK XapaKkTepeH s TMM(POLUTOB MOCIIe
oburyuenus no3oii 4 I'p.

Ha pucynke 3 npencraBiieH pe3ybTaT CTATHCTHYECKOT0 0000IIEeH s TOyYeHHBIX JaHHBIX, B TOM YHCJIE Ha OCHOBE
aHanm3a UQPOBBIX N300paKEHNH KIIETOK KpoBH B cBete (uryopecteniun JJCM B kontpoisix (K) u mocne y-o0myuenns
pa3HbIMHU 103aMu. BeIsgBieHa 00111ast 3aKOHOMEPHOCTh B PEaKLUAX KJICTOK Ha 00y4eHHe KPOBH, Hanbosee XapakTepHast
JUTS TIOTYJISIIUN TMMGPOLIUTOB: S-00pa3Has 103a-3aBUCHMOCTh M3MEHEHHS JIOJH KJIETOK C THHEpBBICOKOW (ANT?) m
HU3KOW 3HepreTryeckoil aktuBHOCThIO (AN3). MHTepecHo, uTo Oounbinuii 3QQeKT CHIKEHHS IMysia TUM(OLHUTOB C
BeicokuMu TMII maér obmyuenue no3oit 4 I'p, a me 5 I'p. [lomydueHHbIe pe3ynbTaTHl CBHACTEIHCTBYIO B TOJIB3Y
KOOTIEPATHBHOIO XapaKTepa B3aMMOICHCTBUS MEXAY CYOIOMYJALMAMH JUM(OLMUTOB M HEHTPOHIaMH, HalpHMeEp,
yepe3 UHTEPICHKUHBI C IPOTUBOINOIOKHBIMU aKTHBHOCTSAMM, YTO, NO-BUIUMOMY, UMEET aJallTUBHOE U PETYJIITOPHOE
3HauYeHHUE Ha paHHeH (asze PHEPreTHUecKoi peakiuy JMM(QOIUTOB Ha 00JIydeHHe, KOTAa YUCISHHOCTh KICTOK B KPOBH
emié OM3Ka K crarmoHapHoi [2,19,20].
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Pucynok 2. I'mcrorpammbl pacnpeneneHus JIeHKOIMTOB B KpoBH Mo 3HaueHusM cymmbl TMII (Aei) Ha
IIa3MaTHYeCKOH (AQn) ¥ MUTOXOHAPHANBHOH (AQmx ) MeMOpaHax: Agi= AQn+ AQmx, 10 U NOCIE UX Y-00JIy4eHUs
in vitro no3amu ot 1 10 5 I'p (= 1,2,3,4 cornacuo Tabmuie 1). ITo ocu opaunat - % kierok). [IpencraBiens naHHbIE
IUTSL KPOBH OT TPEX AOHOPOB cO0TBEeTCTBEHHO KOHTPOJsIM Ki, K2, Ks. ITorpemnocTts: + 0, 5%
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Pucynok 3. O6oOmenue 103a-3aBUCHMON SHEPTETHYECKON peakinuu JTUM(POLUTOB B JOHOPCKOH KPOBH IOCIE
y-obmyuenus. Ilo ocu opmunHar — m3MmeHenue pomu auMdonutoB (%) c¢ Beicokod (AN 1) m HE3KOH (ANmD)
SHEPreTHYEeCKOH aKTHBHOCTHIO.

W3 conocraBneHus MNONYyYEHHBIX JOAHHBIX MOXKHO 3aKIIOYMTh, YTO OINpPEICIEHHBIC ITyJbl KICTOK KpPOBHU B
HOMYJIAIMAX JTUM(POLUTOB M HEHTPOGHIOB MOTYT HMETh DPA3HYI0 YyBCTBHTEIBHOCTH K OCTPOMY Y-OOJIy4eHHIO,
COIPSHKEHHYIO C MX UCXOJIHOM SHEPreTHYecKol akTUBHOCTHI0. Hanbosiee 4yBCTBUTENBHBI K OJJTHOYAAPHOMY OOJIyUSHHUIO
HEUTPOQUIIBI ¢ He3aBepIleHHBIM (aroruTo3om. OOHapykeHa akTUBalMs OaKTepuil BHyTPH OclIablIeHHbBIX HEHTPO(HIOB
yepe3 2 4 nociie y-o0JIyueHHs: M BBIXOJ] YacTH MH(EKIUHU B KPOBb. B pe3ynbTaTte MOXKET NPOUCXOJUTh MepeaKTUBAIIMs
YCTOWYMBBIX K OONydeHHI0 HEWTpo(wiIoB ¢ mocienyromeil akrtuBanued T-numdornurtoB. B To ke Bpems Henb3s
UCKJIIOYHTH aKTUBALIMIO, HAIPpUMeEp, ecTecTBeHHBIX KniiepoB (EK), koTopble cnocOOHBI HETIOCPEICTBEHHO YHUYTOXKATh
nH(EKIHIo B KpoBU. TakuM 00pa3oM BBIIBICHHBIN 3P (EKT 0rmocpeoBaHHONH CTUMYJIISIINK YacTH KJIETOK B TOIYJISIIAN
JTUMQOITUTOB MOXKET OBITH 00YCIOBJICH POCTOM aHTUTEHHOTO HH()EKINOHHOTO ()oHA 32 CUET ocNabIeHUs HEUTPODHIIOB,
HanOoJee YyBCTBUTEINBHBIX K Y-00Iy4EeHHIO.

Moaensb. B Tedenne nmocnegHux TpéX AECATUICTUI METOIBI MATEMATHIECKOTO MOAEINPOBAHNS UCTIOIb30BANIN IS
HCCIIENOBAaHNS LIMPOKOTO CHEKTPa MMMYHOJIOTHUECKHX TPOIECCOB U SIBICHHH. BoNbIION BKIam B pa3BUTHE 3TOTO
HanpasieHus BHecan .M. Mapuyk u ero yueHuku [22-24]. B ocHOBe 3THX MOeNel JICKHUT MOMYJIIIHOHHAS MOJEINb
Bonbreppu-Jlotku. Bee 3t Moaenyu MOKHO pa3/ieiuTh Ha ABa OCHOBHBIX IOAKIACCA:

I — MojienH, onKChIBAIOIINE CETEBbIE B3aUMOJICCTBHSI B-KIIeTOK 1 aHTHTEN

II — monenu nmmyHHoO# cetu ¢ yuetoM B -T xoonepauuu.

B o0miem ciydae quHaMHKa UMMYHHBIX KJIETOK Pa3HBIX MOIMYJISIMH B KPOBU Ha OCTpOE OOJIydYeHUE OpraHH3Ma
COIPSDKEHA CO CHIDKEHHMEM YHCTa JEISIIUXCS KIETOK B KOCTHOM MO3Te - MPEALIECTBEHHHKOB OINPEAEIeHHBIX JIMHUN
KJIETOYHOTO MMMYHHTETa, T.e. OOYCIIOBIIEHA MOBPEXIECHHEM CHCTEMBI remomossa. B padorax H.B. CremaHoBoii n
0O.A. CMupHOBO#1 ObLTa TIpeUTO’KeHa MaTeMaTHIecKasi MOAENb THITA | JJIsl omHcaHusi TyMOpallbHOTO MMMYHHOTO OTBETa
Ha T-He3aBUCHMBIH aHTUT€H y HEOOJyYEHHBIX M OOJYYEHHBIX MIICKOITUTAIOIINX, OCHOBAaHHOM Ha KIOHAJILHO-
cenexkuuoHHol Teopun @. bepHera u 3KciepuMEHTaNIbHBIX JaHHbIX [1].

B Hamewm ciydae peakuuu JISHKOIIUTOB B KPOBU A0 M IOCJE OJHOYJApHOTO raMMa-oOIydeHus in vitro, Oynem
paccmaTtpuBaeM B paMKax Mozenu Tuma [l kak KJIeTOYHO-TYMOpajbHBIH OTBET C YYacTHEM B3aHMMOJICHCTBHN
meiitpopunoB (H®) ¢ T-xemnepamu (Tx), mexnay cyomomymsmusamu T-mumpormro (Tm) u B-mumdonnrtor (Bi)
(c 3ama3mpIBaHKeEM) 110 aHayoruu ¢ Moaenbsio Hnmkruaa B.U. ¢ coaBTopamu [24]. [Ipenmaraemas B janHO#M paboTe oOmas
MOJIEIb YYUTHIBACT CIEAYIONINE OCHOBHBIC B3aUMOACHCTBUS:

- H®-o0B 1 ecrectBennsix kumiepoB (EK) ¢ uadexmnuei (Vi),

- Mmexxay T-xenmnepamu, T-cynpeccopamu u B-mumdounrtamu,

- peaxmuio anTureH (C,) -antuteno (Cy).

B ciydae mpostoHTHpOBaHHBIX (MEUICHHBIX) (a3 MMMYHHBIX PEAaKLIUH B YPaBHEHHSX YYHUTHIBAIOTCS BPEMEHa
3ama3/ibIBaHuN (B MpOIIEccax CHHTE3a aHTHTEN WM JMM(OKHHOB, MPOMQEpauy 01 ISHCTBIEM aHTUTEHA, THOSIH B
MIPOIIECCE aronTo3a).

Torma s peakimii B HEOOTyUSHHON KPOBH CHCTEMa YpaBHEHHUH OyZeT UMETh BU:

dt

= kiCyo — O14Fyo(t — t )V (t — t,) — ¥, Cho

dc
o = k1Cho + X10ChoVi — ¥1Cho (1

= k3Crx — X34CrcCrx + X31ChoCrx — V3Crx

dc

B
T k2Cg + Cp(21Co + X23Crx) + @mCpCe(t — t)O(t — tm — X24)Cs(t — ta)Cy(t — ta) — ¥2Cs
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dc,
dt = al'lJIrCIUI(t - tr)Cg(t - tr)g(t - tr) - wgaCan - yaCa
dac,
diK = ksCgx + agCpxV; — VsCrx
T kyCrc + acCre(t —t)Cy(t —tc) — Xa3CrcCrx — Valre
dc,
d_tg =koCy — wgalaly = ¥¢Cy
dVv; Vi
E = kvvi (1 - v ) - fVVi(CH!IJ + CEK) - YVVL'

max

rae Cpy — KOHIIEHTpAIHS TUTa3MAaTHIECKUX KIETOK Yepe3 Bpems t;

Ha ocHOBE HOBOTO METOa IIUTOIHEPTETUIECKOTO aHAN3a KpoBH [6,7,11] MOKHO IOTYYIHUTH JaHHBIE 00 N3MEHEHUH
KOJIMYECTBa M Ka4eCcTBa (PHEPTETHKH) KIETOK, Kak B momysinuid H®, Tak U B 4eTHIpEX CyOMOmyIsuusix TUM(OIUTOB.
[Hostomy merecoobpasHo mpeodpa3oBaTh HAIILY NCXOAHYIO MOJIETH C MOMOIIBIO0 SHEPTETUIECKHUX MOKa3aTelel KIETOK.
Hcxons w3 npuHIHIa OHOJOTHYECKOT0 SITUMOpPH3Ma MEXAY (HYHKIMOHATIBHONH aKTUBHOCTBIO KJIETOK W aKTHBHOCTHIO
MX MUTOXOHJPHH, 3aMEHUM TIEPEMEHHYIO Ul KOHIeHTparmi kiaeTtok Cj(t) B cucteme ypaBHeHHH (1) KOHIEHTpauusiMu
AKTHBHBIX MUTOXOHAPHN JJIsl K01 KieToyHOW cyOmomyssinui. C 3TOH 1eabio BBEJEM HEKOTOpBIC ONpEACICHHs U
COOTBETCTBEHHO Ipeodpa3yeM crcteMy ypaBHeHHi (1).

B kauecTBe mepeMeHHOH CHayajla PacCMOTPHM MHUTOXOHAPHAJBHBIA MOKazaTeldb M; KOTOPBIH XapaKTepHu3yer
M3MCHCHHE CPEIHET0 YHCIa aKTUBHBIX MUTOXOHAPHUI B KXKION MOMYJISIHU KJIETOK HAa Pa3HBIX ()a3aX MMMYHHOIO
otBeTa. [1o onpenenenuto

M; =mC; 2

rIe m; — CpelHee YUCIO0 aKTHBHBIX MUTOXOHIPHH Ha KIETKY B j-0i momyisiuus, C; — KOHIEHTpAys JTHX KIETOK B
KpoBH. B cooTBeTCTBHH ¢ Teopuei B3anmoeiicTBusa kaTuoHoB JICM ¢ mutoxoHapusmu [5-7].

M; (1) = bF;()Ci(1)., ©)

rae b — npubopHast koHcTaHTa, Fi— cpeanss mHTeHCUBHOCTH (uryopecuieHnnd ICM B MUTOXOHAPHSAX OIHOM KIIETKH
j-oit momynsinwst, Cj — KOHUEHTpAUHs KIETOK j-1 IOIyJISIUY B KPOBH.

3amena nepemenHoi C; Ha M; paciupsieT BO3MOXHOCTH MOJIEINPOBaHMSI UMMYHHOTO OTBETA, TaK KaK B 3aBUCUMOCTH
OT BHIOPaHHOTO MHTEPBAJa BPEMEHH MOJKHO I10JTy4aTh YIPOIIEHHbIE BapHaHThl Mojenu. Ecim Bpemst

Tabéauua 2. O603Ha4YeHUS KOHCTAHT B YPaBHEHISIX

Kj KOHCTaHTa CKOPOCTH HOIMOJIHEHUH KIETOYHOMN NOIYJIALMH (13
CTBOJIOBBIX KJETOK MIJIM KJIETOK-IPEALICCTBEHHUKOB) MM
pa3MHOKeHHS HHPEKIUH

KOHCTaHTa CKOPOCTH W3MCHEHMS AaKTUBHOCTH KIJIETOK

X (TTOTeHIMAIOB) TIPH B3aNMOACHCTBHYU JBYX ITOITYJISIIUH
ii
X KOHCTAaHTa  CKOpPOCTH  AU(QPEPEHIUPOBKH  KIETOK B
. TIOMY AN
|18 YA
o KOHCTaHTa CKOPOCTH IIpolecca Mpoiudepannuy KIETOK B
TOMyJANUY (WIH CUTHAIBHOM SHEPTU3aluy) 1oJ JeHCTBHEM
aHTHUIeHA
Yi KOHCTaHTa €CTECTBCHHOW CMEpTH KIETOK (HeoOpaTuMoi
JIedHEpru3alyy) B MOMyJISIUU
c KOHCTAaHTa CKOPOCTH THOenu (WIHM IIOJHOW JPHEepru3amim)
ie KJICTOK B IOIYJIALUY IIyTEM aronTo3a Npy B3auMOAeiCTBUY C
nHpexmei
q KOHCTAaHTa CKOPOCTHM aKTUBALUM KJIETOK B TMOMYNALHUU TOJ

BIIMSTHAEM YHEPrOPECYPCOB CPEIB KPOBU

td BpeMs 3amasziplBaHus B mpouecce  JupPepeHIMpOBKH
KIIETOYHOH MOIYIIAAN
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ncciexyemMoit Gpa3pl IMMYHHBIX PEaKIidA MHOTO MEHBIIIE BPEMEHH KHU3HH KIETOK, TO B IIPABOW YaCTH OCTABIISIEM TOJIBKO
YJICHBI, COMPSKEHHBIE C IEPBUYHBIME OBICTPHIMH SHEPTETUISCKUMHU PEAKIMSIMHU U, HA000pOT, TpenedperaeM addexramu
U3MCHCHHS JSHCPICTUKU KIICTOK Ha IMO3AHUX (1)333)( HMMYHHOI'O OTB€Ta, KOrjaa CYHMECCTBCHHO H3MCHACTCA HUMCHHO
COOTHOUICHHUE KJIETOK B IOMYJISIMAX (CYyTKH U Oosee).

OKcneprUMEHTaNbHbIE Pe3yNbTaThl 3TOW paboThl W MNPEABIIYNIMX WCCIEIOBAaHUN, CBHUICTENBCTBYIOT, YTO
3G QEeKTUBHBIMU (akTopamMH OBbICTpOW (ha3bl aKTUBALMU JIUM(OLUTOB B KPOBH SIBISIETCS HE CTOJIKO aHTHUTEHHAs
CTUMYJISIINS,, CKOJIBKO CTHUMYJISILMSL KJIETOK ONCOHWHAMH, MHTEpJICHKMHAMHM W APYTMMH OWOJOTMYECKH aKTUBHBIMU
¢axropamu [6]. [TokazaHo, 4To ecTh MpsIMast KOPPEISINS MEKAY YBEINIEHHEM YHCIIa SHEPTH3UPOBAHHBIX MUTOXOHIPUH
u mHTeHCHBHOCTH (iayopecuenim JICM B MHUTOXOHApHSIX B TedeHwe 30 MHH TOCHE CTHMYIIIAH JTUMQOIUTOB
3pUTPONOITUHOM [13].

Ucxons u3 atoro, cucremy (1) mpeodbpazyeM clieAyrommuM 00pazom:

- 3aMeHNM niepemeHHbIe Cj(t) Ha MHTEHCUBHOCTD (UTyOpeCLeHINH 30H/1a ISl KJIETOK Kaxkaoi nomymsauuu (Fj)

- HCKITIOYHMM U3 YPaBHEHUI WIECHBI AJIS KIETOK-IIPEAIIECTBEHHUKOB H TIa3MaTHYECKUX KIIETOK.

Torna nepexon K ghiyopecuenmuovim IHEp2eMusecKUM nepemennvim B cucteMsl (1) Ui KaxI0u j-# Moy isiiuu
KJICTOK OYJIeT CIICAYIOIIHIA:

G — Fi() =mi(t)Fi() G “4)

W3 pe3ynbTaToB HAIIMX MCCIEIOBAHUH CIEAyeT, YTO IEepPBHYHAS Peakiys JICHKOIMTOB Ha OCTPOE Y-0OIydeHHe
KpOBH in vitro o0ycloBieHa npexnae Bcero m3MeHeHneM ux TMII m muToxoHApHanbHOW akTHBHOCTH. IIpu 3TOM
MOKa3arTellb dHepreTuueckoro craryca kieTok (Fi) 3aBHCHT OT M3MEHeHMs MX MeTa0oJM3Ma W peakuuid MeMOpaH,
KOTOpPBIC B CBOIO OYepellb 3aBHUCIT OT OMOXUMHYECKOTO COCTOSHHMS Cpebl KpoBU. I103TOMY € LENIBI0 MOJACIHUPOBAHUS
ObICTpOH (ha3bl IMMYHHBIX PEaKIUil KOHIICHTPAINK KJIETOK B cucteMe (1) 3aMeHNM Ha MX HEepPreTHYEeCKHe ITOKa3aTeIn
B BHJE (UIyOpECLEHTHBIX MepeMeHHbIX Fi (t), KOTOpele MOXKHO H3MEpSATh B KpPOBH. BBemem (j, - MOCTOSHHBIN
KOG (QUIIMEHT CKOPOCTH MOJJEPKaHUS DHEPreTHKH KIETOK M HOHHOTO TOMeOoCTasza Ui KaXIOH IOMyJsLuH
9HEPropecypcoM Cpeabl.

Hcnone3yst cooTHoleHue mepexona (4), mpeobpazyem cuctemy ypaBHeHu# (1) B cucteMy ¢ (piayopecteHTHBIMA
NEPEMEHHBIMU, TOC t MHOT'O MEHBIIIE BPEMCHHU KU3HU KIICTOK:

dF,
— = @1Fuo + XwFuoVi — Y1Fuo ®)

dFy

d—tm = q1Fyo — X1wFuoVi — 014Fpo(t — t)Vi(t — to) — Y1Fuo

dF,

thX = q3Frx — X34FrxFrc + axFrx(£)Cy(t) + X23Frx(t) Fyo(t) — Y3Frx
dF,
d_tB = q2Fp + X23FpFrx+agFs(t)Cy(t) — Y2 Fp
dF,
d_:C = qaFrc — XasFrcFrx + acFrc(t)Co(t) + Xa1Fuo () Frc(t) — VaFrc
dFgg

20 = UsFex + XsvFpx (Vi) — 05aFeic () (Vi) — Vs Fex

dac

= koCg = v4Cq

av;

Vi
= Vi (1= 775) = fViCFuo + Fe) =1V

B kaxmoMm wuHTEepBaje BpEeMEHH t 4YJICHBI YpaBHEHHH ¢ KOX(QQUIMEHTaMH «; 3[€Ch OTPa)KaroT IEPBUYHYIO
CUTHAJIbHYIO (pa3y 3a CHET NPSIMOTO B3aHMMOJCHCTBHS aHTHI€HA B Cpeie ¢ MEeMOpaHaMH JIMM(OIMTOB, YTO MPUBOAUT K
OBICTPON CTHUMYJIALIMM MHTOXOHIPHUN M COOTBETCTBEHHO K pocTy F;B kietkax. Cructemy ypaBHEHHi (5) B mpHHIUIIE
MOKHO MCIOJIB30BATh ISl MOJEIHMPOBAaHMS ObICTPOH (ha3bl peakMu MOy JIEHKOLUTOB Mocye Y-00IydeHH s, eclu
YPOBEHb aHTUTEHHOTO (hakTopa 3aaH (Cg= const), a TUTP aHTUTEJI OIPEIEIISTCS CTAaHAAPTHBIM CIIOCOOOM.

Bynewm cumrath, 4To 10 001y4eHHs cBOOOHAS aKTHBHAs HH(EKIMS B KpoBU oTCyTCTBYET: Vi(0) =0, HO HEKOTOPBIi
AQHTUTEHHBIH ()OH COXpaHsAETCs U MOCTOSTHEH, HOBBIE aHTHUTENA HE IPOAYLMPYIOTCs. Eciii KpoBb UCCIIEAYIOT uepe3 BpeMst
MEHee YEeTHIPEX YacoB MOCIIe 00Iy4YeHHs, TO KOHIIEHTPALUH UMMYHHBIX KJIETOK OJIM3KH K CTal[IOHAPHBIM.

BBenem B ypaBHEHHs cHCTEMBI (5) JIMHEHHBIEC WICHBI C TapaMeTpaMH 00ITydeHus], OTPaKaroIie MpsMOe BIUSTHHAE
paauanuy Ha sHepreTuky MuTOXoHApuil 1 TMII B kaxk 0l NOMYySAIMK KIETOK KPOBU.

Torna npu dCj/dt = 0, C;= const. OIy4nM 10CTATOYHO OAHOPOAHYIO CUCTEMY YPaBHEHHUH [UIsl (hIIyOpECEHTHBIX
SHEPreTUYECKUX MEPEMEHHBIX UMMYHHBIX KJIETOK B IIATH IOITYJISIIUAX TPH 33AaHHBIX TTapaMeTpax oO0IydeHus:

Fao _

N
- 41Fne — ¥1Fuo — %FHCD (6)
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: N
% = q3Frx — X13FrxFuo — X34FrxFrc — VaFrc — DTFTX
TX

F N
— = q2Fp + X23FsFrx — V2Fp — 5 Fp
B

Fr¢

N
T qaFrc + X41Fuo(OFrc(t) — XasFrcFrx — VaFre — Fre

D¢
Fep

at qsFex — ¥VsFex — Feg

Dy

N - .
rae D_j‘-’ — YAEIbHBIE CKOPOCTU MEPEeXOoAa KJIETOK j-OH MOMyNIALUU U3 HEMOBPEXKAEHHOIO COCTOSIHHA B YMEPEHHO
HOBPEXJIEHHOE CO CHIDKEHHOM dHEpreTUKON MUTOXOHApHH 1 ypoBHeit TMII.

[MomydeHnas cucremMa ypaBHEHUH MOJEIUPYET OTHOCUTEIBEHO OBICTPYIO (ha3y 3HEpro-conpsHKEHHBIX Peaklui B
TIOIYJISIIUSIX JIEHKOIIUTOB MOCJIE OJHOYIAPHOTO Y-00Jy4eHHs KPOBH in vifro. Pe3ynbTar 3THX B3aMMOJECHCTBHH, KaK
CHCTEMBbl peakiuid c OOpaTHBIMH CBsi3AMH [1,2], MOXET NPUBOAMTH K KOJEOATENbHOMY pEXHMY 3HAYCHUH
¢ryopecuenTHoro mokasarens F; B muMdonmTax pasHeix TunoB. Kpome Toro, mo HammMM JaHHBIM, B IIpOIIEcCe
JETIOJSIPU3aiH YacTH HEUTPOPHIOB MOXKET IMTPOUCXOANTD MPOLIECC AKTHBAIIMY 3aXBAaYEHHBIX MU OaKTEPHi 1 BBIXOA
nH(EKInN B KpoBb. Jlaee BO3MOXKHA HMMYHHAs! akTuBanus JuMQoruToB B kpoBH [2,20]. Takum oOpazoM, MOXET
3aITyCKaThCs Kak Obl HOBBIN KacKaJl UMMYHHBIX peakini, 3 ()eKTHBHOCT KOTOPBIX Aajee 3aBUCHUT OT J03bI OOITyUeHHS,
HCXOJHOTO COCTOSHUSI MMMYHHBIX KJIETOK M MX 9yBCTBUTEIBHOCTH K BO3JEHCTBHIO. TakoH MPOLECC MOXKET ABIATHCA
MIPUYMHOHN AaJIbHEHIIEro BOJIHOOOPA3HOTO XapaKTepa N3MEHEHUsS] aKTUBHOCTH B3aMMOICHCTBYIONINX KIETOK B KPOBH
[2,11, 20].

[Mpennaraemast 31ech MOZIEJb B BUJIE CUCTEMbI HETMHEHHBIX TU(PQEePEHIIMATBHBIX YPABHEHHUI C JHEPIeTHUECKUMU
nepeMeHHbBIMU (6) BIIOJIHE aJIeKBaTHA M JUIS OIIMCaHUsl paHHel ObICTPOil (a3bl OTBEeTa KJIETOK MMMYHHOI CEeTH Tocie
OCTPOTr'0 PaJUalIOHHOTO O0Iy4eHUsI OpraHu3Ma.

3AK/IIOYEHHUE

Pe3ynbTaThl MPOBECHHBIX HCCIICAOBAHNH CBUECTEIBCTBYIOT O PA3IMYHOM BIMSIHUH OJJHOYAAPHOTO Y-00IydeHUS
KpOBH B CHCTEME in Vitro Ha 3HepreTuky MutoxoHapuil u TMII B nelikonuTax B 3aBUCHMOCTH OT HX HCXOJHOIO
9HEPTreTUIECKOTO COCTOSHUS M YKa3bIBAIOT HA KOOTIEPATHBHBINA XapaKTep MMMYHHBIX PEAKIHHA KJICTOYHBIX MOy
B JMAala30HE PaIMOAaKTUBHBIX 103 1-5 I'p, mpm 3TOM BO3MOXKHO BBIIBHTH M aKTHBAIMIO MH(EKIHMOHHOTO (hOHA MpH
ocyabIeHny aKTUBHOCTH HelirpoduiioB. VccnemoBaHue IMHAMHUKHM SHEPreTMYECKHX IIOKa3aTelied KIETOYHOTO
HMMYHHTETa TOCHE Y-00MyueHHsI aKTyaJlbHO B IIaHE BBISICHEHHMS MEXaHM3MOB 3allUTHON aJanTallid OpraHH3Ma K
panualoOHHOMY OOJIY4YEHHIO U sl oucka 3G GEKTUBHBIX PaAHONIPOTEKTOPOB. MoenupoBaHue Kackaaa MeUIEHHbBIX
U OBICTPBIX MMMYHHBIX pEaKlUWil KJIETOYHBIX IOMYJSUUH B KPOBH HAa OCHOBE M3MEPSEMBIX WX JHEPreTHYECKUX
MIEPEMEHHBIX, NEPCIEKTUBHBI C LETbI0 CO3IaHUs AITOPUTMOB CHCTEMHON MUArHOCTHKH M YIPABIECHUS JUHAMUKOH
HMMYHHOTO OTBETa, HallpuMep, B X0JIe JTy4IeBOH Tepanuu.
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Abstract. Biophysical control of radiation exposure to humans in the areas of nuclear reactors, in space
flight conditions, as well as during radiation therapy, is relevant today. In this regard, the following tasks
were solved in this work: 1) study of the leukocytes reactions in the blood after a single exposure to **Co
y-radiation on the blood in vitro; 2) mathematical modeling of the fast immune responses using energy
indicators of cells. By use of the luminescent microscope, lymphocytes and neutrophils were recognized
and examined in donor venous blood smears, vitally stained with a cationic probe 4-(n-
dimethylaminostyril)-1-methylpyridinium (DSM). Cell energy activity (EA) in each population was
characterized by the sum of transmembrane potentials (TMP) on the outer and mitochondrial membranes,
which was assessed by DSM fluorescence intensity and color in cell mitochondria and nuclei. Dose-
dependent y-irradiation effects were evaluated on the basis of digital fluorescent images computer analysis.
It was found in the experiments that the change in the TMP of after blood v - irradiation in doses of 1Gy-
5Gy depends on their initial EA. An S-shaped dose dependence was revealed for the irradiated lymphocytes
energy activity. The greatest effect of cells energy decrease occurs after irradiation with 4 Gy dose. A model
of T-dependent immune responses is proposed in the form a system of nonlinear differential equations
before and after blood irradiation, where the concentrations for five cell populations are replaced by their
fluorescent variables, which reflect the number of active mitochondria in each population. Such a model is
also adequate for describing the rapid phase of the immune response after single-hit radiation exposure of
the body.

Key words: blood y-irradiation, neutrophils, lymphocytes, membrane potential, mitochondria activity,
fluorescent probe DSM, energy parameters, immunity model.

Russian Journal of Biological Physics and Chemistry, 2023, vol. 8, No. 4, pp. 382-391



392 MOAE/IHPOBAHHUE B BUOPH3HUKE H HOUH®OPMATHKA

MATEMATHYECKOE MOJIEJTUPOBAHHUE SKCIIEPUMEHTAJIBHOM 3BOJIIOIIUA
TPAHCT'EHHBIX BAKTEPUM: «HJIA3MI/II[HI)II71 IMAPAJIOKC»
Bpuabkos A.B.!, Bpuibkosa E.B.12, JKaopyn U.B.!, Tanycos B.B.%, Jlorunos 10.10.4,
IllyBaes A.H.!

! Cubupckuii henepanbHbIil yHUBEPCUTET
np. Ceoboonwiii, 79, 2. Kpacnosipck, 660041, PO
2Nucruryt ouodpusuku GULL CO PAH
Axademeopoook, 50 cmp. 50, 2. Kpacnospck, 660036, P®; e-mail: evmorbril@mail.ru
3 Vuusepcuter Tenneccu
Knoxville, TN 37996-1937, USA
4 Cubupckuii rocyIapCTBEHHBINM TeXHIMIECKHI YHABEPCUTET HM. akafl. M. @. PemeTnena
np. um. eas. Kpacnoapckuii pabouui, 31, 2. Kpacrnoapck, 660014, PD
IMoctymmna B pegaxmmro 01.08.2023. DOI: 10.29039/rusjbpc.2023.0638

AnHoTanusi. B Hacrosimeid paboTe MOCTpoeHa MaTeMaTH4ecKash MOJENb PACIpPECIeHUs] KIETOK
TPAaHCTEHHBIX OaKTepHii, MO KOJIUYECTBY COJCPKAILIMXCS B HUX IUIa3MUA. DTO TMO3BOJSET HU3y4aTh
3aKOHOMEPHOCTH BBDKHBAHHMS TPAHCTCHHBIX MHKPOOPTaHM3MOB B OIPEICICHHBIX SKOJOTHYCCKUX
YCIOBHSIX C YYETOM pPa3IMYHBIX XapaKTEPUCTHK TPAaHCTEHHBIX ITAMMOB, HAalpHMEp, CTaOWILHOCTH
IUTa3MHUJ, B HOBBIX KIIETKAaX, «MOMyJSIIHOHHONW CTOMMOCTH» TOAJCPKAHUS KOHBIOTATUBHBIX WU
HEKOHBIOTATHBHBIX IUTa3MHJ], 3(P(PEKTUBHOCTH SKCIPECCHH KIIOHMPOBAHHBIX HA IUIA3MHUNIAX TCHOB H
npyrux. «[ma3MufHBIA TapaloKe» 3aKII0YaeTCs B TOM, YTO XOTS OOBIYHO MPUCYTCTBHE ILIa3MHU]I,
COJIepKaIUX KIIOHUPOBAHHBIC TCHBI, CHIXKACT YACIbHYIO CKOPOCTh POCTA TPAHCTCHHBIX OaKTEpHil, HO MPH
JUTATEIIEHOM POCTe OAaKTEpHil B HECETICKTHBHBIX YCIOBUAX («IKCIIEPUMEHTAIbHAS 3BOMONHY, 20-30 mim
OoJee TeHepaIyii UCXOMHOU (POPMEI 0€3 aHTHOMOTHKOB) «CTOMMOCTH HPUCIIOCOOIICHHOCTHY, CHIKACTCS
Ha TIOPSITOK-TIBA. AHAIN3 SKCICPUMECHTANBHBIX IPUBOIUT K BBIBOIY, YTO ATO CBS3aHO C M3MCHCHUCM
pasHHIBI B CKOPOCTSAX POCTa IUIA3MUJAHBIX M OECIIa3MUAHBIX KIETOK, C M3MEHCHHEM BEPOSITHOCTH
00pa3oBaHus OECIUIa3MHUIHBIX KJIETOK, KOMMWHOCTU IUIA3MHJ U IKCIPECCUU KIOHUPOBAHHBIX T€HOB B
KJIETKaX TPAHCTeHHBIX OAKTEPH B PA3IUNUHBIX YKOJIOTHUECKHUX YCIOBUSIX.

Knrwoueswvie cnosa: Tpanceennvie baxmepuu, IKCREPUMEHMANbHASL I8OIOYUS, «NAAZMUOHBLI NAPAOOKCY,
MamemMamuyeckoe MoOeiuposanue.

BBenenue. J{ns mnporHO3MpOBaHMS COXpPAHEHHS M PaCIpPOCTPAHEHUS TEHETHYECKH MOAN(MHIMPOBAHHBIX
MukpoopranuzmMoB (I'MO) B pa3snuyHBIX MPUPOJHBIX 3KOCHUCTEMax M, B LIEJIOM, AKOJOTMYECKHX ITOCIIEACTBUIL
WHTPOAYKIMY, HEOOXOAMMBIM J3TalloM SIBISIETCS MaTeMaTHYecKoe MOZEIMpOBaHHe. OTO TIO3BOJSIET H3ydaTh
3aKOHOMEPHOCTH BBDKHBAHUS TPAHCTCHHBIX MUKPOOPTaHU3MOB B ONPE/IEICHHBIX IKOJOIMYECKUX YCIOBHSX C yYETOM
pa3NMYHBIX XapaKTEPUCTUK TPAHCICHHBIX IITAMMOB, HalpUMep, CTAOMIBHOCTH IUIa3MHJ B HOBBIX KJIETKax,
«TIOTYJSIIMOHHON CTOMMOCTH» TIOAJEP)KAaHWS KOHBIOTATHBHBIX M HEKOHBIOTATHBHBIX IUIA3MHI, 3(PQEKTUBHOCTH
9KCTPECCUH KJIOHHPOBAHHBIX Ha IIa3MHUJaX T€HOB U IPYTHX.

«[Ina3MuaHBIA TApagoOKC» 3aKIIOYAeTCs B TOM, 4YTO XOTA OOBIYHO TPHCYTCTBHE IUIa3MHUJ, COJEpIKaIINX
KIIOHHMPOBAHHBIE TEHBI, CHWXAET YIENIBHYI0 CKOPOCTh POCTa TPAHCTEHHBIX OaKTEepHil, HO NMPH MJIUTEIFHOM POCTE
OaKTepuii B HECENIEKTUBHBIX YCIOBHAX (T. H. «IKCIIEPUMEHTAIIBbHAS SBOIIOHs, 20-30 nnn 6oree reHepannii HCXOJHOH
(hOpMBI) CTOMMOCTH IIPUCTIOCOOICHHOCTH, CHIDKAETCA Ha MOPSA0K-/1Ba. JTO, HAIIPUMEP, XOPOIIIO IIOKa3aHO Ha TUTa3MUAIaX
PE3UCTCHTHOCTHU K aHTI/I6I/IOTHKaM Y KIUMHUYECKUX M30JIATOB, MNPHUYEM TPAHCICHHBLIC MITaMMBbl COACPIKAJIN Kak
KOHBKOT'aTUBHBIC, TAK U HCKOHBIOT'AaTUBHBIC IJIa3MHbI, C HCO6XO}II/IMBIMI/I pI(SAI (20078207071 0003HaYEHHBIX OIICPOHOB, IIPpU
pa3HBIX TeMIepaTypax, B HOBBIX IITaMMax OakTepHil, MpHU pa3HON KOMUHHOCTH M IKCIPECCHH KIOHHUPOBAHHBIX Ha
a3Muax TeHoB u T.1. [1].

[Tpu4nHBI TAaKOr0 3HAYMTENHFHOTO U3MEHEHMs B CTAOWJILHOCTH IUIa3MHJ [TOKAa HE OBUIM OIpPEAEICHBl B KaXKIOM
cllyyae JIOCTaTOYHO TOYHO. B nmaHHOW paboTe MokKazaHO, YTO «KOMIIEHCATOPHBIE MYTAallW», B TPHHIMIE, CHUKAIOT
CTOMMOCTB TUTA3MHU/I IS TIOITYJISIIMN Ha TOPSIOK-1Ba. VIHTerpanust KIIOHHPOBaHHBIX T€HOB M3 IIa3MHUJI B XPOMOCOMBI,
HOBbIE IITAMMBI OaKTEpPHUH-X035€B TPH TOPHU3OHTAIHHOM IIEPEHOCE KIOHHPOBAaHHBIX TI'€HOB, HOBOE COOOIIECTBO
OpPraHU3MOB, Ky/a BCTPAWBACTCsl TPAHCTEHHBIM MITaMM OaKTepuil, TOXXE UTParoT OOJIBIIYIO POJIb B PACIPOCTPAHEHUN
IUTa3MHUJl TPAHCTEHHBIX OakTepuil. DTO CBS3aHO C HM3MEHEHHEM pa3HHIBl B CKOPOCTSIX pOCTa IUIA3MHUIHBIX H
OecCIUTa3MHUIHBIX KIIETOK (CCIEKTUBHBIA KO3()QUIMEHT), C M3MECHEHHEM BEpPOSTHOCTH O0pa3oBaHUSA OeCIIa3MHUIHBIX
KJIETOK, KOTIMITHOCTH TUIa3MUJ] M SKCIIPECCHU KJIIOHUPOBAHHBIX T€HOB B PA3HBIX HKOJIOTUYECKUX YCIOBUSIX.

MaremaTuueckasi Moaeidb. Maremarnueckas MOJEIb CErPerallMOHHON IOTepH MHOTOKOIHMHWHBIX IIIa3MHUJL
TI03BOJISIET CBSI3aTh (PEHOMEHOJIOTHYECKHE TTapaMeTphl MOITYJISIMOHHON TNHAMUKHI TPAHCTCHHBIX MHUKPOOPIaHH3MOB C
rapamMeTpamMy, ONMCHIBAIONIMMH KHHETHKY DPEIUIMKAlMK IUIa3MHJ B WHIMBHIYaJIbHOH KieTke Oakrepmil. Mopens
OIIMCHIBAET ANHAMUKY IUTa3MHUJI B MOITYJISIINH B TIPEIIIONOKEHUN HEMPEPHIBHOTO NX N3MEHEHHS OT BapHaHTa C YUCIOM

KOMUHA X K BapHWaHTy C KONMHHHOCTBIO X + dx . DTo CBOHCTBO BIIOIHE MOKET BBIMONHSATHCS ST BHICOKOKOITHHHBIX
m1a3MuL (TIa3MEI, Y KOTOPBIX CpeOHsS KOMMHHOCTE gocTturaet 50-100 xomuit Ha KIIETKY), OJHAKO OYEBHITHO SBIISETCS
HENPUMEHUMBIM JUIS TUTa3MHU]] C TPOMEKYTOUYHON MIIM MaJIOH CpeaHed KOMMHHOCTEIO (TTIopsaka 5-30 Komuii Ha KIIETKY).
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st onucanyst NOMy ISIMOHHOM TMHAMUKY MaJIO — M CPEAHEKOIIMNHBIX TUIa3MUJI TPAHCT€HHBIX MUKPOOPTaHU3MOB HaMHU
pa3paboTaHa MaTeMaTHYECKasi MOJENb, TIe IEPEMEHHON SABIAETCS (PaKTHIECKOEe YMCIIO KONHMH TUTa3MUIBI Ha KIETKY i, U
KOTOPasl ONIMCHIBAET U3MEHEHHE PACIPEeNICHHs KJIETOK C Pa3IUIHbIM YHCIOM KOMUH B MOMYJISIIUH MUKPOOPTaHU3MOB.

PaccMoTpyM M3MEHEHHE YHCIEHHOCTH TIOMYJISIMK TPa HCTEHHBIX OaKTepHii, B KOTOPOH Kax/as KJIETKa COACPIKUT

TOYHO i Komuii miasmusl. OGO3HAYNM 3HAYCHHUE IUIOTHOCTH STON IOMYJISIUMH B MOMEHT BPeMCHH  Kak X, (t ) B
CIeyIomuii GeCKOHEUHO GNM3KHE MOMEHT BpeMeHH ! + df TpH OCHOBHEIX COOBITHS MOXKET IIPOU30HTH C KIETKAMH
9TOM momyJsimy. Bo-niepBbIx, 6i1arogapst HEraTHBHOMY KOHTPOITIO KOITMHHOCTH, YHCIIO KOMHUI B KIIETKE MOXKET BO3PACTH

a0 i+1, YTO ONPCACIIACTCA CKOPOCTHIO PCIUIMKAIUUN TIJIa3MHU/] /’i’i , OYCBHUJHO 33BI/ICHH1€ﬁ OT YHCJIa KOIUU mjasMuabl B

momyAuud. Eciau KOMWHAHOCTH i ABNSETCS TOCTaTOYHO OOJIBIION, TO li ~ (0, U COOTBETCTBEHHO, BEPOATHOCTH
VBEIIMYCHUS YUCIa KOMUH OCCKOHEUHO Maiia. BO-BTOpBIX, TaK KaK BCE KICTKH MMEIOT OIPEICIICHHYIO BEPOSITHOCTH

ACJICHUS, OIPEACTIACMYIO CKOPOCTBIO pOCTa /Lli (KOTOpaSI paBHa 1 - eXp(— lUlt)), KJIETKU MOT'YT MOACIIUTECA B MOMCHT

BpeMenn !+ df w, TakuMm 06pa3’oM, CTydaiiHas cerperanys IUIa3MHA MO JOYEPHHM KJIETKAM MOXET TPHMBECTH K

00pa3oBaHUIO OECIUIA3MHUIHON KIETKH C BEPOSTHOCTBIO T, (l) Bonee toro, ciyuaiiHOE pacmpeneseHne miasMuj 1o

JI0YEPHUM KIIETKAM TaKKe IPUBOJHT K CHIKEHUIO (B CpeaHeM) KommitHocTu ot i 10 [ — 1 co ckopoctsio 7,44, X ;.
[MomyssiiMOHHAsT JUHAMHMKA IUIa3MHUJ KJIETOK TPAHCTEHHBIX OakTepuii (CXema) NpHUBEJCHA Ha pHCYyHKE 1.
OGosnauenus: A, — CKOPOCTb PEILIMKALMY ILIa3MUA (C Y4ETOM HEraTHBHOTO KOHTPOJIL KONMIHOCTH), T; — NMapaMerp,
XapaKTEPU3YIOIUN CKOPOCTh “pa30aBicHUs’ TUIA3MUJ MPH JEICHUH (C YUSTOM CAYYaliHO20 PACTIPEICIICHUS TUIA3MUJT
MEKIy TOYEPHHUMH KIETKamu), T (i)—BCpOSITHOCTb o0pa3oBaHus OeCIIa3MUAHONW KIIETKH MPH JAEICHHU KIETKH C I

KOTIHMSMH TUTA3MHUJIBL.

HeobxoaumMo moa4epKHyTh, YTO paccMarpuBaeMasi MOJeNb (CM. pHc. 1) He OIMCHIBAET MOAPOOHO MEXaHH3MBI
Cerperamnyy 1 peruInKalyy Ia3Mul, a CHIDKEHHE (B CpeIHEM) KOMITHOCTH ITa3MH/] TIPH CIIyJaifHOM HX PaclpeielIeHUU
MEXIy KICTKaMH NpH JEICHHH MOXXHO HMHTEPIPETHPOBATh KaK ‘‘pa3baBieHHE” IUIa3MUJA MPONOPLHUOHAIBHO HX
KOJIMYECTBY.

CymMupysl Bce BBIIIECKa3aHHOE, MaTeMaThdecKas MOJeNb, OMMCHIBAIOLIAs TUHAMUKY IIIa3MHJ TPaHCTEHHBIX
MHKPOOPIaHU3MOB, MOKET OBITh 3aIlMCaHa B 00IEM BHUJIE CIECIYIOIIMM 00pa3oM:

dX, S
dto :(,uo(S)_D)Xo"'Tlul(S)Xl +ZTO(Z):UI'(S)X1"
=)
% = (:ui (S)_D)Xi —Tiy, (S)Xi +T(i+1)ﬂi+1 (S)Xi+1 —AX AL X, v
ds Y (S)X,
L _ps, -5 =Y L)
o =D =9 Z.; 7

AmHanu3 3Toit MaTeMaTHuecKoil Mozien OyJeT MPOBeIeH HIKE B HECKOJIBKO ATanoB. CHayasia Mbl pacCCMOTPUM, Kak
Mozenb (1) oTpakaeT 3aBUCHMOCTh CPEIHEr0 4YWCiIa KONHMH IUIa3MHUIBI OT YCJIOBHH KyJBTHBHPOBAHUS, a TaKKe
NpOaHATU3UPYeM JUHAMHKY CPEJHEr0 YMCia KONMHWH IUIa3MHIBI B MOMYJSIHMH TPAHCICHHBIX MHKpOOpraHm3MoB. Ha
OCHOBE IMHAMHUKH CPEIHUX M HEKOTOPBIX JKCIEPUMEHTAIBHBIX HAOJIOJCHHH MBI PACCMOTPHM HOMYJSILUOHHYIO
JMHAMUKY IUIa3MHAACOAEpKAINX OakTepuid B xemocTate. [lociie aToro Oynet paccMOTpeH IpocTol crioco0 BEIYHCIICHUS
CTAIlMOHAPHBIX paclpeleleHHH KIETOK IOMYJISALUH TPAaHCTEHHBIX OaKTepHil IO YHCITy KONMH IUIa3MHI M KaK 3TH
pacmpelesieHHsl 3aBUCAT OT MEXaHHW3Ma KOHTPOJI KONMHHOCTH IumasMmuz. Jlanee OymeT oOIMcaH METOA OLCHKH
NapaMeTpoB MaTeMaTHYeCKON MOJIENH, OCHOBAHHBIM Ha M3BECTHOM BHJE CTAI[IOHAPHOTO DPACIpENeNieHUs] KIETOK C
pa3UYHON KONMUIHOCTHIO B TIOMYJSIMM MHKpOOpraHu3mMoB. Hakonen, OyQyT NpoaHaIM3MPOBAHbI MPHYHHBI
CerperaiMoHHON HeCTaOMIIPHOCTH PEKOMOMHAHTHBIX IJIa3MHU/, a TAKKe MOKaraHo, KaKk Bapualus MPOAOJIKUTEIbHOCTH
KJIETOYHOT'O LIUKJIA KJIIETOK MHKPOOPTaHU3MOB MOXET TIOBIIUSTH Ha CTAOMIBHOCTD MOJIEPYKAHUS IJ1a3MUJL B TIOMYJISLIN
TPaHCTEHHBIX OAKTEpUii.

O6o3nauenus: I[Ipenpaiimepnas RNAII (0-555 m.o.) u unruburopnas RNAI (2-110 n. o.) mpousBoasrcs c

MTOCTOSHHLIMH CKOPOCTAMU k g H k ;- RNAI u RNAII cioco6HbI 00pa30BbIBaTh KOMILIEMEHTAPHbIN KOMIIIEKC, KOTOPBIH
pu ero oOpa3zoBaHuK B okHe nHrHOuposanus (110-360 1. 0.) mpuBOANT K HHrHOMpPOBaHMIO 00pa3oBaHus npaimepa. M
0003HAYaeT YMCIIO IUIa3MHJ B KIIETKE, a Qo — BEpOSATHOCTH (hOPMHPOBaHHUS HOJNHOLEHHOTO mpaiimepa i1 JIHK

MOJIMMEPA3bl, O — BEPOSITHOCTD PEIUTMKANH TUIA3MHIBI, IPU yCcIoBUH, 9To mpaiimep ainst JHK mommMepassl yenenrno
oOpazoBaics.
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RNA 1
Base 2-110 B_as.e'110-1360 Base 555
Gene for RNA I Inhibition window ori
J F q

RNA II priming
is sensitive to
RNA I attack

Primer formation O%
becomes insensitive to O
Initial RNA I:RNA It inhibition (hat RNA
’kissing’ complex formation can still bind) Readthrough
and release
Ky QpM No replication

DNA polymerase I initiates
ko -O.0M replication at a nick in the
wQgP RNA:DNA hybrid at the ori

Readthrough and release Plasmid replication
No replication -

Pucynok 1. O6mias cxema nporecca perutukanmu miazmuiasl ColE1

[Mnasmuga ColE1 sBisteTcst HeOONBIIOHN Ia3MHUI0N, ITUPOKO PACIPOCTPAHEHHON B MPHUPOIHBIX MOMysanuax. EE€
MOJIEKYJISPHBIA Bec cocrabisier 4,2-10° KwIomansToH, W mmHA — 6646 map HykneoTHaHbix ocHoBamui. ColEl me
o0amaeT cnocoOHOCTRIO K KOHBIOTAIIIOHHOMY ITEPEHOCY, XOTS ¥ COAEPIKUT Te€HBI, 00eCIIeYHBAIONIIE €€ MOOMITH3AIIIO
B KJIECTKU—PELMUIUCHTHl CO MHOTMMH KOHBIOTATUBHBIMM IUTIa3MHIaMH, Hampumep ¢ ¢aktopom F. OObryHas
OakTepuanbHas KieTka coepxut 10—50 konuii mia3Muabl, 1 COriacHo, yciaoBHOH knaccudukanuu, ColE1 oTHOCHTCS K
KJIacCy BBICOKOKOTIMIHBIX IIITa3MHU/.

MHoOroKkonuiiHbIe IUIa3MUIbI OOBIYHO HE 00JaJaloT CHCTEMaMH aKTHBHOI'O pAaCIpENeNIeHUs IIa3MUA MEXIY
JIOYEPHUMH KJICTKaMH NPH JEIEHUH MaTePUHCKOH, a, CJIeJ0BATEIbHO, KOIMHU TUIA3MHIBI CETPETHPYIOT HE3aBUCHMO, U,
TakuM 00pa3oM, ciaydaiitno. CirydaiiHoe pacnpeesieHne Ia3Mu IPU IeJICHUN BeJIeT K 3HAUYUTENbHON BapHalliy Ynciia
KONMH TUIa3MHIBl B KJIETKaX MHUKPOOPTaHM3MOB B Hadale KJIETOYHOTO HMKIA. B 3TOM ciydae OCHOBHOH 3amaueit
3¢ PEKTUBHOTO KOHTPOJISI KONMMHHOCTH IIIa3MUA SIBJISICTCS BBHIPAaBHMBAHWE CPEJHErO 4YHCIa KONMH Ha KIETKY B
TIOIYJISINUY (WJIM APYTUMH CIIOBaMH, YMEHBIIICHHE BapHalliy N3HAYaJIbHO BBICOKOIUCIIEPCHOTO pacIpeaeIeH s KICTOK
C pa3IMYHON KOMMMHHOCTHIO) K HA4aly MUTOTUYIECKOTO JIeneHus [2].

Perummkamms  tmasmug  tuma  ColEl  m3ywamack  A0CTaTodyHO TMOAPOOHO (KaKk TEOpPETHYeCKH, Tak |
9KCTIEPUMEHTANIFHO) KaK MOJIENIbHASI CHCTEMA JUTS MCCIIEA0BAHMUS CTAOMIBHOTO MOJICP KaH!S TIIa3MHUHBIX PETIIIMKOHOB
B PACTYIIMX KyJIbTypax MHUKpoopranuzmoB. KonTponp konmiiHocTn tuazmuisl ColEl 3aBHCHT OT WHrHOMpOBaHUs
cis-nerictByromel npenpaiimepnoit PHK (mazBannoit RNAII) trans—neiictByromeit antucencnoir PHK (Ha3BanHOM
RNAI) [2].

Tpanckpumus monexkynsl RNAII maunmupyercs 555 m.o. Beie (upstream) ydacTka Hadanua peIuIKalUH ori
(puc. 1), rorna kak RNAI (06b1an0 mmmHO# ot 108 10 110 1m.0.) cunteiBaercs ¢ nenu JHK, komminMeHTapHO! y4acTky,
konupytomemy RNAIIL, HaunHas ¢ caiiTa, pacrojio)KeHHOTO Bhilie Ha 455 1m.0. oT Havana peruukanun. OOpazoBaHue
npe-npaiiMepa 4yBCTBUTENBHO K aTake Mosekysnoil RNAI, xoraa TpaHCKpUNIus OpOUCXOAUT B TaK HA3bIBAEMOM “‘OKHE
nHruduposanus” (inhibition window), kotopoe mpocrtupaercst npuMepHo oT 100 HykeoTHIHOH Hapsl 10 360 mapsl
ocIIeI0BaTeNbHOCTH, Koaupytomei Monekyiny RNAIL Ecim RNAI u RNAII o6pa3yioT u3Ha4anbHO HECTaOMIIbHBIN
KOMIUTeMeHTapHbIH (“kissing’’) KOMILIEKC, KOTOPBIH BIIOCIEACTBHH MPeoOpa3yeTcs B CTaOMIBHBIN JYIUICKC BO BpeMs
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Tpanckpumuuud RNAII, kondopmanmonnsie wmu3MeHeHHs Mosekynbl RNAII mpuBenyr k  GopMHpOBaHHIO
HETIOJIHOLICHHOT 0 TIpe—TIpaiiMepa, U, CIeI0BaTeNbHO, K HAPYIICHHUIO PEIUTUKALUY TU1a3MHIbI (puc. 1).

HeOonpbmioit, koaupyeMbld reHamu Twasmuipl nonunentun, Rom (RNA One Modulator), crabunmsupyer
B3aumoyieiicteue Mexay RNAI u RNAII, yBenuumBas BeposSTHOCTh 00pa3oBaHMs CTaOMJIBHOTO KOMILIEKCA
RNAI-RNAII mnocie u3HadalbHO HecTaOWIIBHOTO CBsi3biBaHus. Ecnm ke kommuieke mexay RNAI u RNAIL ne
o0pa3yeTcs K OKOHYaHUIO OKHa MHIMOMPOBaHMUs (BpEMEHHasl JUTMTEIBHOCTD 3TOTO Tpoliecca Beero ~5 cekynna), RNAII
(dopmupyer crabmibHbIH rHOpUA ¢ yyacTkoM masmuanoi JJHK, pacnonosxeHHBIM psiioM ¢ ori.

JluHaMMKa cpeHell KONUHHOCTH MIa3MuA. /(g omMcaHWs AMHAMMKM CPEIHEro 4ucia KOMWUH IUIa3MUibl B
KJIETKaX MOMYJISIIUH TPAHCTCHHBIX OAKTepHi yTOYHMM BHJ oOmiell Matematndeckoid moxenu (1). [Ipexne Bcero, mms
NPOCTOTHl aHANKM3a, IOJOXUM M = CONS!. Tarke NPENIONOXUM, YTO IMHAMHMKA KOHLEHTpauuu CyOcTparta,
JUMHATHUPYIOIIETO POCT OaKTepHil, ABISETCS OBICTPOIA, IO CPABHEHHIO C TUHAMUKOH KJIETOK C Pa3IMIHON KOMMMHHOCTHIO
IUTa3MUJL B KJIETKax OakTepwil (3TO JOCTaTOYHO JIETKO ITOKa3aTh B NMPHUOMIDKEHWH Manblx 7 U A). Torma cripaBeaianBo
paBerctBo 4 = D . Cucrema (1) mepenuurercs CIeAyIOLIM 00pa3oM:

dX,
71 =—iDX, +7(i +1)DX,,, —AX, + A X, |, @)
t

A€ HC YUYUTBIBACTCS JUHAMUKA IMOITYJIAIIAN 6GCHJ133MI/IZ[HI)IX KJICTOK, TadK KaK OHU HE Jar0T HUKAKOT'0 BKJIaJla B CPEIHIOIO
KOIIMMHOCTH IIasMug (KaK MHUHUMYM B CCJICKTUBHBIX YCJ'IOBI/ISIX). CpC,HHHSI KOIUHHOCTH IJ1a3MuJl OoNpeaAcCisAeTCsa Kak

o0 o0
X = Z iX, /X = Z ip, ,rne X = Z X, . Jlnst HaX0)XKIeHUs yPaBHEHHs! Vsl OTHOCHTEIIBHOI CPE/IHEH KOMMHHOCTH,
i=1 im1 i

paccMOTpPUM JBE CyMMBI:

Z Aip, :Z A (k + l)pk :Z Ackp, +Z A Dy :Z Aip, +Z AD; 3
i=1 =0 =0 =0 i=0 i=0

zi(i+1)pi+1 :zk(k _l)pk :zkzpk _zkpk :Zizpi —n “
k=1 k=1 k=1 i=0

i=0

C yuetoM BelpakeHn# (3) u (4) MBI HAXOAUM YpaBHEHHUE HA CPETHEE YUCIO KOIHHA TUTa3MHUIbI B MIOMYJISLINH A

X =—1Dx+ Zﬂ,l.pl. (5)

i=0

Takum 00pa3oM, B YIPOIIEHHOM BHIe ypaBHeHHE (5) MpeacKas3blBaeT JUHAMHKY CpelHel KONMUITHOCTH IIa3Mu/l B
KJIETKAX TpaHCreHHBIX GaxTtepuii. Hanpumep, npu A = 0 (pu oTcyTcTBHE KOHTPO/IS KONMIHOCTH, TM6O0 IPH Pe3KOit
CMEHE YCJIOBHIl), cpeiHee YHCI0 KOMUIM Ha KJIETKY CHIDKAeTCs 3KCIIOHEHLMANBHO, KaK U MpPeACKa3bIBacTCs PEIICHUEM
obmeil mozenu. 3amMeTuM, 4YTO B Cilydyae, KOTAa ﬂ,i HEJIMHEIHO 3aBHCUT OT 4HMCIIa KOMWil (Hampumep, Hpu
SKCIIOHEHIINAJIFHOM MeXaHU3Me HWHTrHOMpOBaHUS), cucTeMa (2) W cJlemoBaTeNnbHO, ypaBHeHHE (5) HE WMET
aHaymuTHYeckoro pemenus. Korma ke A = CONSt , pemenue ypasHerus (5) HAXOAUTCS MPOCTHIM HHTETPHPOBAHHEM:

A A
x(t) > + x(O) 0 exp(— rDt) (6)

rie X(O) — HadajJgbHas OTHOCHTENIbHAs KONMMHHOCTh (OOBIYHO OHA MpuHUMaeTcs paBHou 1). Pemenume (6) tarke
MPeCKa3bIBaCT IKCIHOHEHIMAJIBHOE CHIKEHHE (TOYHEee, U3MEHEHHE) CpeIHEH KOMMMHOCTH IUIa3MHUJl CO CKOPOCTBHIO
~ 7D (cpemusis KONMHHOCTH B CTAalMOHAPHOM COCTOSIHUM O0O3HA4YaeTcs Kak M = X ), XOTS U C TOCIETyIOIUM

3aMeIeHHeM (10 CKOPOCTH ~ A ) Ipu IoIX0jie K CTallHOHAPHOMY 3HAYEHHUIO /1/ ™D .

Ipu A =const cpennss KONMAHOCTH TIAa3MH B TIOMYJISIMH TPAHCTEHHBIX MHKPOOPTaHH3MOB OOPATHO
MIPOTIOPIIMOHANBHA YAETBHON CKOPOCTH pa30aBiIeHNs Cpebl B XeMocTaTe D (MiH, B CTAIIMOHAPHOM COCTOSIHUH, CKOPOCTH
pOCTa NOMyJNIALMHK). DTO O3HAYAET, YTO NMPH KyJIHTUBHPOBAHUHU MPH HU3KHX CKOPOCTSIX IPOTOKA CPEJBI B XEMOCTATE UIIN
B CTallMOHApHOH (pa3e pocTa IpH MEPHOJUUECKOM KYIbTHBHPOBAHMH, KIETKH OaKkTepuil TOJDKHBI MPEHMYIIECTBEHHO
o0Jy1aiaTh BBICOKMM YHCJIOM KOMHWH IUIa3MHJ, MO CPAaBHEHUIO C OOJBIIMMHU CKOPOCTSIMH POCTa B XEMOCTAaTe WIIH,
HarpuMmep, B JIorapupMuieckoit ¢aze pocta. ITOT BBIBOJ OATBEPKIACTCSI MHOTOYHCIEHHBIMU DKCIIEPUMEHTaIbHBIMU
JAaHHBIMH.
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Pucynok 2. Jlunamuka cpeiHell KOMUHHOCTH NPY MU3MEHEHUH YCJIOBUH KYJIbTHBHPOBAHHMS IPH SKCIIOHCHIIMATEHOM
(neBblit rpaduk) ¥ runepbonuueckoM (mpaBblii rpaguk) MexXaHH3ME HHTCHOMPOBaHUS PaceThl BBINOJIHEHBI 110
¢dopmyrnam (6,7). HenpepriBHbIC JHHHH — YHCIeHHOE perieHne mozenu (1), mTpuxoBaHHble — Bbipaxkenue (7).

ITapameTpsl, HcrIONB30BaHHEIE B pacdeTax: A (S ) =1/ (001 +S ), 6=10, A=76DK (runepbonnyeckuil MeXaHU3M
HMHTHOMPOBAHUS) U A=1D6 CXp(— x/K ) (axcnoneHnmanbusi), =0.1, D=0.1, Si=10, X(O) =20 (mwmu 5),
X(OO) =5 (nm 20)

OTMCTI/IM, YTO 3THU SKCHIECPUMCHTAJIbHBIC JaHHBIC OTHOCATCA K CJIydaro, Koria KOIMHHOCTD IIJIa3MHU b N3MEPACTCA
MO0 OTHOLICHHWIO K YHCITYy XpOMOCOM Ha KJIETKY, a, CJICAOBATCIIbHO, UCKIIIOYAOT BJIIMAHHUC BCEX OCTAJIBLHBIX Q)aKTOpOB,
KOTOPBIC MOTYT NPUBECTH K CHHUIKCHUIO KOIIMHHOCTHU Ipu MaJIbIX CKOPOCTAX POCTa. B JOMNOJIHCHUC K CKa3aHHOMY,
peuicHue (6) HC Y4YUTBIBACT BapI/Ia6€J'IBHOCTL napaMeTpoB MOJACIN OT YCJ'IOBI/Iﬁ KYJIbTUBHUPOBAHUS, YTO TAKIKE MOKET

NPMBECTH K OPYTHM MpeicKa3aHHsaM (cM. Huwxke). YpaBHenme (5) mepemuchiBaeTcs mpu A = COnst B Buje
X = A — DX, X0oTOpBIii TaKke ONMMCHIBAET CKOPOCTh TIEPEXO0a TLIA3MII MEXKITY KIeTKaMH ¢ OJNM3KOH KOMMHHOCTBIO

(X = X +dx). Takoe coBnajeHne HEYIMBUTENBHO, TAaK KaK IMHAMHKA CPEIHMX ClelyeT u3 Gojee oblIell MOIeTH
TIOIYJISIMMOHHON JMHAMUKYU IUTa3MHJ] TPAHCT€HHBIX MHUKpPOOpraHu3moB (puc. 1). OCHOBBIBAasCh Ha 3TOM, MOXKHO
MIPEATNON0XKNTh, YTO W B HAIICH MOJENM IWHAMHKa CPEAHETr0 4YWciia KOMWH IUIa3MHI B TOIMYJSIIUM TPAHCTEHHBIX

OaKTepuii MOXKET OBITh OTFICaHA YPaBHECHHEM:
%= A(x)—zuu(x, S)x . (7

UrcneHHbIe PelIeHus JeMOHCTPUPYIOT (puc. 2), yTo ypaBHEeHHE (7) TOCTATOYHO XOPOIIO OMHCHIBACT AUHAMUKY
W3MEHEHHsI CpeIHEeH KOMMUHOCTH B MOMYJISHH MUKPOOPTaHW3MOB M MPAKTUYECKH TOYHO MPEJCKA3bIBACT 3HAYCHHE
KBa3UCTAI[MOHAPHOTO YHCIa KOMHMHA IUIa3MUABI Ha KJIETKy. 3aMeTHM, YTO, KaKk M OXXHIAoch B moiHOW Momenu (1),
M3MEHEHHE KOMUITHOCTH MPOUCXOAUT HarboJiee ObICTPO B Clydae 3KCIIOHEHIIUATbHOTO HHTHOUPOBaHHS, TI0 CPABHEHUIO
C THUNEepOOJIMYECKUM, YTO CBSI3HO C YYBCTBHUTEIBHOCTHIO MHOTOKPATHOTO IIpoliecca COSAMHEHUsI-pAcaga MOJICKYJT
RNAII u RNAI (puc. 1, 2).

Pemenne ypaBHeHus (7) MoxeT OBbITh NMPOBEJICHO Kak MPH MOMOIIM YHUCICHHBIX, TaK M C HCIOJIb30BAHUEM
rpaduueckux MeTozoB. ['padudeckuil crmocod Takke MO3BOJIAET OICHUTH, KaK CPEIHES YMCIIO KOIHHA B MOIMYJIIIUA
3aBHCUT OT YCIIOBHI KYJIBTUBUPOBAHHS (yICITBHOM CKOPOCTH POCTa TMOIMYJSIMH, CEICKTUBHOCTH YCIOBUH s
OJIICPIKAHUS TUIA3MUJT ¢ KIIOHUPOBAaHHBIMU TeHam¥u ). OJIUH U3 MPOCTSHIITIX PUMEPOB OBLIT paHee U3ydeH ATIYHTOM C
c0aBT. [3]. DTU aBTOPHI OLICHUBAIIN H3MCHEHUE CPEIHETO YMCIIa KOTIMA TUTa3MHUIbI Ha KJIETKY NP Pa3IHIHON CKOPOCTH
pOCTa TOMYJISAIMA MHUKPOOPTaHM3MOB. BBUIO MOKAa3aHO, YTO MPU YBEJIMYCHUH CKOPOCTH POCTA ILIA3MUICOAEPKAIINX
KIICTOK, CPEMIHsSA KOMMIHHOCTD JOJDKHA CHIDKAThCA (TP BCEX PABHBIX MPOYMX YCIOBUAX). Takum 00pa3oM, ypaBHCHHE
(7) Moxer OBITH WMCHOJB30BAHO ISl MPEACKAa3aHUS KaK CTAllMOHAPHBIX cojepxkanus rwrasmunaaoi JIHK B kimerkax
TPAaHCTEHHBIX MHKPOOPraHW3MOB, TaKk W JJsl aHamu3a ero u3MeHeHws. CTalMOHAapHAsh KOHIEHTpAIMS IUIa3MUJ

BBIYHUCIIsIETCA 10 ypasHenuto (7) mpu X = 0, vy, 4To To Ke camoe, B HETMHEHHOM BBIPAYKEHHH:

/1(x) = w(x, S)x . (®)

XoTa OUHAMUKa CpeJHed KONMMHOCTH IUIa3MHUZ, ONHChIBaeMas peuieHneM ypaBHEHHUS (7), MpaKTHYECKH HE
OTIIMYAETCS OT YHMCICHHOTO pelIeHus cuctemsbl (1), BbipakeHHE (8) MOXET HE OINUCHIBATh CHIDKEHHUE KOMHHHOCTH,
HaOMI0jaeMOe B pealbHBIX JKCIepUMeHTax. lcmonezyeM paspaboTaHHyro [layJcoHOM C COaBT. MaTeMaTH4ecKyIO
MOJIEJIb, KOTOpasi ONKCHIBAET M3MEHEHUE CpEJHEH KONMHHOCTH X M KOHLEHTPALUH WHTUOWTOPHOW MOJIEKYJsl R B
MOy AU MUKPOOPTaHU3MOB, coaepxanux miasmuay ColE1 [2].

ABTOpBI NIPE/IOI0KNIN, OCHOBBIBAsSICh HAa U3BECTHOM MEXaHW3Me KOHTpoJisi konuiiHocTh mina3muabl ColEl, uro
n3Menenne KoHuenrpauid mnasmuaHo JIHK u RNAI (uHruOuropa) mnomuuHsETCsl CIEAyIoIed cucreme
muddepeHnnanbHbIX YpaBHEHUH:

i = pk,xQ(R)- Dx,

. 9
R=(k1—k,,)x—(D+gl)R ©)
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e HapaMeTphl HMEIOT CIIAYIOINI OHOJIOTHYECKHI CMBICI — OIMCaHie (PyHKIMN JOPETUIMKALNH IIa3MHUT /1(1' -] ):
kr — ckopocTh 00pa30BaHUS TONHOIEHHBIX (T.€. CHOCOOHBIX K wmHruOMpoBanmioo) RNAI momekyn, ky — ckopocTh
oOpazoBanmst mosekysnbel RNA Il (koTopas BemeT K pErUTMKAIlMH IUTa3MHIBI), Q(R) — BEPOATHOCTh OOpPa30BAHHUS
noiHoneHHoro npaimMepa RNAII xst JIHK nmonmmmepassr (6e3 cBsizpiBanms ¢ koMiummMenTapHoit RNAI), p —BeposTHOCT
TOTr0, YTO MOJHOUEHHBIN mpaimep a1 JJHK-moaumepassl IpUBENET K PEMIMKALMY IIa3MUbI, £; — BPEMs MOIypacnaia

cBobomHON RNA I 1 D — ckopocTs pocta momysinui. Kak O5U10 yIIOMSHYTO BBIIIE, BEPOSTHOCTS TpaHcKpummuyd RNATI
0e3 cBs3bIBaHUS ¢ HHTHONTOpHOU Moekymoit RNAIT (tipu 110007 KOHEYHOH KOHIIEHTpaIUK R 3TO, OYEBHIHO, BOZMOYKHO)
3aBHCUT OT TOYHOTO MexaHu3Ma B3ammoneicteus RNAI u RNAII (u nocnenoBatensHOe 0O0pa3oBaHue (AMCCOLIUALIHS)
kommuiekca RNAIL::RNAI), a Tounee, or uyucia caiToB B “OKHE WHTHOMPOBAHWA , HEOOXOOMMBIX IUIS ITOIHOTO
“HTHOMpOBaHUs TpaHcKpunimu MoJekyiasl RNAIL /IBe ocHOBHBIE 3aBUCHMOCTH OBLTH MPEII0KEHH B [2]:

1
Q(R)=1+R/k

[Tpuuem, pa3Hble MeXaHM3Mbl WHTHOMPOBAHUS COOTBETCTBYIOT pPAa3JIMYHON UYYBCTBUTEIBLHOCTH CKOPOCTH

, THTIEPOOINICCKUM, U Q(R) = exp(— R/k ), 9KCITOHEHIIMATbHBIM

peIUTMKalK  TIa3MUJ pk”Q(R) K M3MEHEHHUIO KOHIIEHTpalMH R aHTUCEHCHOHl Mojekyidsl. B cmoydae

9KCTMOHEHIMAIBHOTO WHTHOMpPOBaHHUS YHUCIO pPEIUIMKAlMi Ha IUIa3MUAy B TEYEHHWE OJHOTO KIETOYHOTO JIEJICHHMS
HaxOJIMTCsI TOpa3no OJivke K eAMHHIE, YeM NPH THHepOoIMyeckoM WHrMOMpOBaHHUH, YTO, BOPOYEM, KOMIIEHCHPYETCS
BBICOKOI1 CKOPOCTBIO TIPOM3BOJICTBA M paciaja Mosekyisl RNAI rmpu skcnoHeHIMaapbHOM HHIMOMPOBAaHHH.

Psin skcneprMeHTaNbHBIX HAONIOJICHUI JEHCTBUTENBHO IMOATBEPKAAIOT, YTO B IIMPOKOM JMAlla30HE YCIOBHH
KyJIbTUBUPOBAHUS CKOPOCTh TpaHCKpUNuuu Monekynasl RNAI sBisercst oueHb BBICOKOH, a mepuon nomypacnaga RNAI
COCTaBJIsIET HECKONbKO MUHYT [4]. Bomee Toro, kak mokaspiBaeT aHaln3, BBICOKAs CKOPOCTh 000pOTa MHTHOMUTOPHOM
MOJIEKYJIBI HeoOXomuma Juiss cTaOWIbHOM perumkanmuy Iua3Mun. OCHOBBIBAsSCh Ha OITHX pE3yJbTaTax, MOXKHO

TIPEITIOJIOKHUTD, YTO k ;> k g b & >> D . Torna Bropoe ypaBuenue B (9) siBisieTcss OBICTPBIM O CPABHEHHUIO C
NepBbIM, U 3HaueHne KoHueHTpaunu RNAI Toraa BeipaxkaeTcst:

k
R(t) = =L x(z). (10)
&y
Torna cucrema (9) cBogHUTCS K YpaBHEHUIO:
. k,
X = pk,xQ| —x |- Dx (11)
&

1

CpasnuBas (11) ¢ (7), Mbl 3amedaem, 4TO OHM COBHajalOT mpu 7 =1 u mapamerpax y(x,S)zD u

kl

i(X) = pk” XQ —Xx|.B ClIy4ac FI/IHep6OJ'H/I‘IeCKOFO X 3KCIIOHCHIIMAJIBHOI'O MEXaHU3MOB I/IHFI/I6I/Ip0BaHI/IH (l)yHKHI/ISI
&
1

NepepeIuiMKaluu miasMuag ﬂ(x) MPUHUMACT BU:

ﬂ(x) = Py =D 0 x ~ D@ K = const (runep6onuueckuii) (12)
k, x X
1+—+=— 1+—
& k K

Mx)= ph,xexp

X X
—L = | = DO xexp| —— |(3xcnoneHumanbHbIii) (12a)
& K

rIe 9=pk11/D, K=6‘[k/k1 nr=1.
Takum o00pa3oMm, TOKa3aHa CBs3b MEKAY (HEHOMEHOJOTHYECKHUMH ITapaMeTpaMHd MOIYISIIUOHHOW TUHAMUKA

TUTasMUACOACPKAIINX MUKPOOPTaHN3MOB /I(X) 1 T 1 IapaME€TpaMu, OIMMCHIBAIOIIUMHA KUHETUKY PEIUIMKAOWHN TUTa3MUI

B mHAmBHAyanbHOU Kietke K u 0. IIpubmmkenue A = const , UCIOJBb30BaHHOE B LEJIOM psA€ HCCIEIOBAHUM,
otHocutcsi K ColEl-Tuma mmasMuaaM ¢ OPEANONIOKHUTENBHO THIEPOOINYECKUM MEXaHH3MOM HHIMOWPOBAHUS
peIIMKanuy IIa3sMHJ, TOTJa KaK HadalbHOE YBEIMUYEHHE W IOCIEIOBAaTENIbHOE CHIDKEHHE KOMMMHOCTH ILIA3MUJ
OITMCHIBAETCS HKCIIOHEHINAILHBIM MEXaHN3MOM HHTHONPOBAHUSL.

CpaBHeHHe C JKCINEPUMEHTAJIBHBIMH JaHHBIMH pacHpeleeHHUs] KJIETOK ¢ Pa3inYHbIM YHCJIOM KOIHIA
IJa3MU/BI IPH Pa3HBIX MeXaHM3MaxX HHruoupoBaHus. Marematudeckas MoJielnb (1) JOCTaTOYHO TOYHO ONMUCHIBAET
KaK JMHAMHUKY CPEJIHEro Yucia KOMUH I1a3MUAbI B OMYJISAINH, TaK M H3MEHEHNE YUCIEHHOCTH IUIa3MUICOAEpKAIUX U
Oecria3sMHIHBIX KIETOK IpU JUIMTEIBHOM KYJIbTUBHPOBAaHMUM. MOXKHO TIPOBECTH COIOCTAaBIICHWE pAacyeToB II0
MaTeMaTH4eCKOM MOJIENIN M CTAlIMOHAPHBIX pacIipeesieHHi KJIeTOK MOMY/ISIIUN TPaHCTEHHBIX OaKTepHil 0 KOJTMYECTBY
KOIUH M1a3MHJ, KOTOPBIE K HACTOAIIEMY BPEMEHHU 3KCIIEPUMEHTAIIBHO ONPEAEeNICHBI A LIEeN0ro psaa miasMuf [4].
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V3meHeHue cpeJHero Ynciia KOMUH Ia3MHUIbI x(t ) B IIOITYJISIMK TPAHCTEHHBIX MUKPOOPTaHU3MOB ONUCHIBAETCS
ypaBHeHHEM (5) U B CTAIlMOHAPHOM COCTOSIHUHM HAaXOIWUTCS U3 YpaBHEHUS (8), YTO B SIBHOM BHJIE BBIpAYKACTCS KaK:

n=Kn(@), (13)
n=K(@-1), (14)
A dKcroHeHmuanbHoro (13) mmi rumepGommueckoro (14) MexanusmoB uHrubuposamms ¢ 6 = pk I / D.

Ucnone3ys monens (2) 1 METON HaxXOXIEHHSI IMHAMUKU cpeaHux (3)-(4), nmpoJeMOHCTPUPOBAHHBIA HA BBIYMCICHUN
OUHAMUKHA CpEJHEr0 YWClia KOMWH B pacmpeneneHHoW Mojenu (1), HaxoguTcs ypaBHEHHE Ha BTOPOH MOMEHT

.2 o
M= Zl P, pacnpeleseHus Ia3MuI B MUKPOOHO! HOITY JIALIMM:

i
=Z/1ipi(t)+x(t)+2 Ziﬂ’ipi(t)_lu(t) > (15)
rae x(t ) ONHCHIBACT U3MEHECHHE CpeJHer KonuitHOCTH. Torma BapuarmoHHbI ko3¢ dunpeHt CV cTainoHapHOTO

pacnpeaciacHus p[ 5 KOTOprfI ONPEACIIACT OTHOCUTEIIbHYIO IINPUHY PACIIPEACIICHUS, HAXOAUTCS U3 BBIPAKCHU !

\/_ \/ﬂ n’ Zﬂ D 1_1

CTaI_[I/IOHapHOe pacnpeaeneHue KICTOK B IOIYJISIIUXA C Pa3JIMYHBIM YHUCIIOM KOIUH TUTa3MUIbI TIOJTy4aeTCsa U3

(16)

ypaserus (2) ipn X = 0, wn:
A A
i+—\p,=l+1)p,, +—=p 17
TD pl ( ) i+l TD pzl ( )

Benomuum, uto p, = X, / X (cm. mogens (2)). To, uro A, = 7pk HQ(Z'/ K ), o3Hauaet, 4To pyHKums A, / (TD)
3aBHCHT TOJBKO OT JBYX COCTaBHBIX napamerpos O = ,Ok I /D nu K= S,k / k ; (cm. Bepaxkenna (12), (13)).

CrenoBatenbHO, ONpEAeNss CpefHee YHCIO KOMMH /7 M TUCIIEPCHIO YHCIa KOMWI ITa3MHUJBI o’ (BapHaIiOHHBIN
ko3pdumment CV) B SKCIEPUMEHTAIBHOW NOMYJSMH IUIA3MUACOJICPKAINX MHKPOOPTaHM3MOB, MBI MOXEM
OTIpeNIeNMTh JIBa BaKHBIX mMapamerpa: O, xapakTepusyiommii 3b(heKTHBHOCT MPOIECCA PEIUTHKAIMH TUIA3MHIBI IO
CPaBHEHHIO C yJIENIBHON CKOPOCTBHIO POCTA MOMYJIALIUK MHUKPOOPTaHMU3MOB (TOYHEE, YMCIO YCHEUIHBIX TPaHCKPUIIINI
Mouiekyabl RNAIIL ¢ oaHo# miasMuasl 3a KieToudbiii mukin) ¥ K, cBa3aHHbINA ¢ 3((PEKTUBHOCTBIO MHTHOUPOBAHMS
npemnpaiiMepa RNA I uarudurtopnoit monexynoir RNA 1.

%k MPUBCICHHBIX Bblpa)KeHI/Iﬁ BUAHO, YTO AUCICPCUA CTAIMOHAPHOI'O0 pacrupeACJICHUA MPU SKCIIOHCHIHAJIbHOM
UHTUOMPOBAHUH TOPA3JI0 MEHBINE, YeM IMPU THIEPOOIMUISCKOM (4). DTOT pe3ysbTar, TAKUM 00pa3oM, MOATBEPIKIAACT

0 5 18 1

5 an

Fen
R
=]
)

PucyHnok 3. CraunoHapHble pacrpe/ielIeHus KISTOK ¢ Pa3IMYHbIX YUCIOM KOIUH IUIa3MHUbI TIPU Pa3HbIX MEXaHH3MaXx
MHTHOMPOBAHMS PEIUIMKALIUH IIa3MH B COOTBETCTBUH ¢ perreHueM (18) matematmdeckoit mogenu (1). Obo3nadeHus:
1 — BKCTIOHEHIMATBHBII MEXaHI3M HHTHOUPOBaHUS, 2 — TO k€ B TOUHOU Mozenu (3), 3 — runepOoamyecKuii MeXaHU3M
uHruouposanus. ITapamerper: n =15, @ =100, K Haxoaurcs u3 ypasHenuii (13), (14)coBnanaer ¢ TEOpETUYECKU

l

npeackasbiBaeMbIM  pacnpenenenuem Ilyaccona  p, ——exp( ) (cm.  BeIpaxenue (10)) a,
CIeA0BaTENLHO, HE 3aBUCUT OT 0.
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YBEJIMYEHHYIO CTaOMJIBHOCTh IIIa3MHI C SKCIOHEHIMATIbHBIM MEXaHH3MOM HHTHOWMPOBAHHS, KOTOpas B OCHOBHOM
CBsI3aHA C MaJIOW IUCTIEPCHEN cTaloHapHOTO pacupeaeneHus [4]. OTMeTHM, 94TO IPU JOCTATOYHO OOJIBIION CpemHeit
konwuitHOCTH (puc. 3, n = 15) cranmonapHoe pacnpezencuue (3) npu runepOOJTUUCSCKOM MEXaHU3ME WHTHOMPOBAHUS
C npyroii cropoHsl, pacmpeneienue (1) Ha pucyHke 3, BBIUHCIsAEMOE B MaTeMmatudeckodl mojenu (1) mpu
J3KCIIOHCHIIMAJIbBHOM MEXaHHU3ME I/IHFH6I/IpOBaHI/IH PpCIUIMKAIUU TJIa3MU T, HEMHOT'O OTJIMYACTCA OT NPCACKa3aHUs TOYHOH
MOJIENH, H300pakeHHOro Ha puc. 3 (kpupas (2)), kotopoe pu 6 >>1 naercs GUHOMHHATBHEIM pacrpeielieHneM (4).
O4eBHIHO, ITO CBSI3aHO C TEM, YTO TOYHAS MOJICNIb HE YYUTHIBACT CKOPOCTH PEIUIMKAIINY IUIa3MH/] B KICTKE, KOTOpas

BO3PACTAaeT MHOTOKPATHO npH Gombmmx & . Ecimu ckopocTs perumukarmy miasmun semuka (6 >> 1), To B cranmmonapaom
COCTOSIHHM OyJIeT MHOTO KJIETOK C KOITMMHOCTBIO IUIaMUA, OJIM3KOH K CpeJHEH MM ¢ KONTMHHOCTBIO Ooublie (MEHbIIE)
cpezHei, uTo BUAHO Ha puc. 3. Takum oOpa3om, MatemaTHyeckast Mosess (1) onuceBaeT Habaodaemoe pacupeelieHne
KJIETOK C Pa3IMYHBIM YHCJIOM KONWH IUTA3MHI, a, CIEJOBATENbHO, CTAllMOHapHOE pactpexaenenue (18), moxer ObITH
MIPUMEHEHO ISl OLECHKH MapaMeTpOB IUIa3MHACOJICPKAMIMX IITAMMOB MHKPOOPIaHM3MOB i ViVo C TOMOIIBIO
BeIpaxxenuit (13)-(18).

KonndecTBeHHYIO OLIEHKY IOMYJIALMOHHOW CTOMMOCTH KIOHMPOBAaHHBIX T'€HOB TPAHCTEHHBIX OakTepui
MO>KHO ITPOBECTH TAKK€E HA OCHOBE 3aBUCHUMOCTH MPOJOIKHUTEIBHOCTH KJIETOYHOTO IIMKJIa OT BpEMEHH HAKOTICHUS
Oenka, THULIMUPYIOLIETO PEIUINKALNI0 XpoMOcoMbl — DnaA. J[i1s 3T0ro HE00X0AMMO MOCTPOUTH BEPOSITHOCTHYIO
MOJIeJIb CHHTE3a 3TOro Oelka ¢ yueToM KOHKypeHIuH 3a pudbocombl MPHK, konupyromux DnaA, ¢ ocraabHbIMH
MPHK (B Tom umcne u ruia3mMuHbiMu). Bpemsi HakoIuleHHsT MHULIMUPYIOIIEro KoindecTBa DnaA (a, 3Ha4uT, U
BpeMs TeHepalHM) 3aBUCUT OT KoiudecTBa uiasmMuanbsix MPHK, koropoe B cBoio ouepens ompenensieTcs
pa3MepoM W YUCIIOM KONHH IUIa3MHJ, a Takke 3(PPeKTUBHOCTHIO IKCIPECCHUU KIOHMPOBAHHBIX T'€HOB [5]. Otn
Ba)KHEHIIINE XapaKTEPUCTUKHU TPAHCIEHHBIX OaKTEPHid, COAEepKAIINX KIOHUPOBAaHHBIE I'eHbl OMOIIOMUHECIECHIINH,
HEOOXOAMMBI [ HWCIOJIB30BaHWS HMX IPH PacHpOCTPAHEHWH TPaHCTEHHBIX Mukpoopranmsmos (I'MO) B
OKpYy>Karouiei cpene.

TakuMm o00pa3oM, «HOMYJSIMOHHAS CTOMMOCTBY» KIOHHPOBAaHHBIX Ha IIJa3MUIaX T'€HOB TPAaHCTEHHBIX
MUKPOOPTaHU3MOB JIOJIKHA ONPEAENATHCA, IPEXK/IE BCEr0, KOMUHHOCTBIO IIIa3MH, 3P (HEKTHBHOCTHIO IKCIIPECCUHU
KJIOHUPOBAaHHBIX T€HOB, UX TOKCHYHOCTBIO I METa0ONM3Ma KIETOK, 3aTpaTaMHM Ha MOJJCpPKaHHUE aKTHUBHO
(GYHKIMOHUPYIOMUX KIOHUPOBAHHBIX TeHOB [6-9]. JleficTBUTENbHBIE MEXaHU3MBI YKCIIEPUMEHTAIBHON IBOJIIOIIII
B IOCJIeAHEE BpeMs MHTCHCUBHO u3yuatorcs [10-11]. Cpenu HuX HanboJbIlee 3HAYCHUE UMEIOT KOMITEHCATOPHBIC
MYTallMd B XpPOMOCOME HJIM IIa3MUJaxX, MHTEPPEPEeHLH TPAHCKPUIIUMHN KJIOHUPOBAHHBIX TEHOB U PEILUIMKAIINH
JHK.
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Abstract. In the present work, a mathematical model for the distribution of transgenic bacteria cells by the
number of plasmids contained in them is constructed. This makes it possible to study the patterns of survival
of transgenic microorganisms under certain environmental conditions, taking into account various
characteristics of transgenic strains, for example, the stability of plasmids in new cells, the “population
cost” of maintaining conjugative and non-conjugative plasmids, the efficiency of expression of genes
cloned on plasmids, and others. The "plasmid paradox" lies in the fact that although the presence of
plasmids containing cloned genes usually reduces the specific growth rate of transgenic bacteria, but with
prolonged growth of bacteria under non-selective conditions ("experimental evolution", 20-30 or more
generations of the original form without antibiotics) “cost of fitness” is reduced by an order of magnitude
or two. An analysis of the experimental results leads to the conclusion that this is due to a change in the
difference in the growth rates of plasmid and plasmid-free cells, with a change in the probability of
formation of plasmid-free cells, the copy number of plasmids, and the expression of cloned genes in cells
of transgenic bacteria under various environmental conditions.

Key words: transgenic bacteria, experimental evolution, “plasmid paradox”’, mathematic modeling.
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MOJAEJIUPOBAHUE IMHAMUKHU TETEPOI'EHHOM OITYXOJIN. BJIUSITHUE
OBJYUYEHMUSA TIPOTOHAMMU OTAEJBHO U B COYETAHUU C UHT'HBUTOPOM
CHUHTE3A JHK — Apall
JlecoBasi E.H., CaabixoBa O.I'., Jlo6aueBckuii I1.H.

JlabopaTopus paguannoHHOH 6monornu, OObeIMHEHHBI HHCTUTYT SACPHBIX HUCCIEIOBAHUHA

ya. XKonuo-Kiopu, 6, 2. /[yona, Mockosckas 06n., 141980, P®; e-mail: sadykova@jinr.ru
[Mocrynuina B penakuio 01.08.2023. DOI: 10.29039/rusjbpc.2023.0639

AnHoTanusi. VHTeprperanusi pocra 3JI0KaYECTBEHHON OIyXOJM M €€ PeaklUH Ha TepareBTHUYECKOE
BO3/IeHCTBHE TpeOyeT pacCMOTPEHHsI €€ TeTEPOreHHOCTH C YYeTOM NPHUCYTCTBHS B HeEil HeOOJbIIOH
CyOTIOIyJISIIIMY OITyXOJIEBBIX CTBOJIOBBIX KJICTOK Hapsiay ¢ OOBIYHBIMH OITyXOJIEBBIMH KJIeTKaMH. B maHHOM
pabore mpeanokeHa MaTeMaTHYecKas MOAENb, COYETAIOMAs B OCHOBHBIC KOHLEMIINH TEOPUH POCTa
OITyXOJIM - CTOXaCTHYECKHH POCT W HANWYKE CyOHOMyIISAINH OIyXOJIEBBIX CTBOJIOBBIX KJIETKOK. Mozemb
MPENCTaBIseT COo00H cucTeMy OOBIKHOBEHHBIX UG (GEepeHINaTbHBIX YPaBHEHUH, OMHCHIBAIONIYIO
JUHAMHKY CyOTOMyJISIIH OIyXOJIEBBIX KJIETOK C YIETOM Pa3IMYHbIX TUIIOB JICJICHHS M TIEPEXOT0B MEXKIY
HUMH. Ba)XHOH 0COOEHHOCTBIO CHCTEMBI SIBIISICTCS MOIEPKAHNE PAaBHOBECHOHN MPOMOPIMN OITyXOJIEBBIX
CTBOJIOBBIX KIIETOK B HEOOJIy4EeHHOH OIyXOJH C IOMOIIBI0 00paTHOl CBs3u. Mojenb NpuMeHeHa JUis
MHTEPIPETalli IKCIEPUMEHTAIBHBIX JAaHHBIX 110 TOPMOXKEHHIO POCTa OIMYXOJIH IOCIE€ OJHHOYHOTO
o6uyuenus mpotoHaMu B 03¢ 10 I'p 1 KOMOMHUPOBAHHOTO NIEHCTBHS O0NIyUeHUsI 1 MHTUOUTOPA CHHTE3a
JHK Apal] y nabopaTtopHbIX MbIlIel ¢ IpUBUTOW MenaHomoil B16. BiusHue oOiaydeHHs OTIENBHO U
o0my4eHuss COBMECTHO ¢ Apall BKIIOYEHO B CHUCTEMYy C IIOMOINBIO IIapaMeTpa, OIUCHIBAIOIIETO
BEPOSITHOCTh YTpaThl KIETKOH CIIOCOOHOCTH K YCIEIIHOMY JeNieHWI0. PaccumTaHHble B pe3yJibraTe
3aBHCHMOCTH 00beMa OITyXOJHM OT BPEMEHH Ul ciydaeB 0e3 oOiydeHWs, rmociie OOIydeHHs W IOcIie
obirygennst ¢ Apall cmyxar XopommMm TpHOIMKEHHEM 3KCIEPUMEHTAIBHBIX JaHHBIX, YTO ITO3BOJISET
OLICHUTH NTAPAMETPhI CUCTEMBL.

Knrwouegvle cnoea: onyxonesvle cmeonosble KIemKu, paouomepanus, HpomoHsl, nuk bpieea
paouoceHcubuIuzamopsl,  0ObIKHOGeHHble — OudepenyuaibHble  YPAGHEHUs,  MamemMamuyecKoe
MoOenupogarue.

BBEJIEHUE

B Hacrosmiee BpemMsi paaroTepanusi OTHOCUTCS K OJJHOMY U3 CaMbIX PaclpOCTPaHEHHBIX METOJOB JICUCHHUs paka
HapsIy ¢ XUpyprueii u xumuoTepanuent. [[pruOIu3nTeIsHO MOJOBHHA BCEX OHKOJOTHUSCKUX OOIBHBIX MTPOXOIAT JICUCHHE
panuoTrepanuell Kak B KaueCTBE OCHOBHOTO, TaK M BCIIOMOTATENIbHOTO MeEToJa. TpaJullMOHHBIM TMOIXOAOM B
paauoTepanuu  SBISCTCS HCIOJIb30BaHHE (DOTOHHOTO (PEHTTCHOBCKOrO) W3IIydeHUs, 3(QQEKTHBHOCTh KOTOPOTO
CYIIECTBEHHO BO3pOCIIa C HCIOIh30BAHUEM COBPEMEHHBIX METOIOB TOMOrpaduu ormyxoJjeii. B mocienHaee Bpems Takxke
Bce 0oJice MIMPOKOE PACIPOCTPAHCHHWE B PAJMOTEPANUU TOIYYAOT KOPIYCKYJSAPHBIC THUIBI U3MYYCHHUS, TaKHE Kak
MIPOTOHBI M MOHHEI yriiepoaa. [IpernMyIecTBo KOPITyCKYISIPHBIX H3ITyUYCHHUA 3aKIF0YACTCS B TOM, YTO HX (hU3HIECKUC
XapaKTEPUCTUKU MO3BOJIAIOT MAKCUMAJIbHO JIOKAIM30BaTh MOTJIOMIEHHYIO /103y B OMyXOJH NMPU MUHUMAa3alUH J103bl B
OKPY’KaIOMINX HOPMAIBHBIX TKaHAX [1].

OpnHako, HECMOTPSL HA BCE TOCTIDKEHHS PagHOTEepaliy, caM Mo ce0e ATOT METoA He 00JIafaeT CTOMPOIICHTHON
3¢ (EeKTUBHOCTHIO U3JICUEHHS, TIOATOMY aKTYaJIbHBIMU OCTAIOTCS PAJAHOTEPAIIEBTUIECKUE MTOIXOABI C HCIIOIB30BAaHUEM
Pa3IMYHBIX ~ PAJHOCCHCHOWIM3aTOPOB, KOTOPHIE YBEIHYMBAIOT  PaJWOYyBCTBUTEIBHOCTH  IIPEUMYIIECTBEHHO
3JI0KaYeCTBEHHBIX KJIETOK. (OCOOCHHO TNpPUMEHEHHE pPaAMOCEHCHOMIN3aTOPOB MO3BONUT AS(PQPEKTUBHO JIEUUTh
PaIMOpPEe3UCTEHTHBIE OITyXOJH, HampuMep, Takue Kak MemnaHoma. OJHMM U3 TaKuX MOTEHIMAJIBHBIX COSIWHEHHIN
SIBJIICTCSI IIMPOKO M3BECTHBIN aHaor 1uro3una 1-f-D-apadbuodypanosuniurosus (Apall). Paanocencubunusupyroriee
nevicreue Apall mpoaeMOHCTPHUPOBAHO B JIAOOPATOPHBIX YCIOBUSAX HAa PA3IMYHBIX PaIAOOHOJOTHYCCKHX MOJCIIIX
KJICTOK U JKUBOTHBIX. DTO COCJUHEHHUC IOJ] Ha3BaHHEM IMTapaOMH OM00PEHO Ui KIMHUYECKOTO MPUMEHCHHS NpU
JICYCHUM psia 3JTO0KAYCCTBCHHBIX 3a00JICBaHHWW, OJHAKO HE B KA4YeCTBE pPAJHMOCCHCHOWIN3aTOpa, a B KAaueCTBE
MUTOCTATUIECKOTO cpecTBa. Mexanusm neiictBus Apall 3akmrouaercs B OnokupoBanun pervmmkanuu JJHK, xotopas
SIBIIICTCSI HEOTHEMIIEMBIM 3TarloM penaparmu nospexacanii JJHK, B Tom grcne u pagmainoHHO-HHIYIIUPOBAHHBIX.

HeoOxoguMbIM ~ 3IIEMEHTOM  WHTEPIpETAlMHd  PEaklWd OMyXOMW Ha  OONydyeHHe ¥  IpPUMEHCHHE
PaAMOCEHCUOMITN3aTOPOB SIBIIICTCSI TIOHMMAaHNE MEXaHW3MOB BO3HHKHOBEHHS WM IPOTPECCHpOBaHUs omyxoiei. Ha
CETOHSAIIHAN IeHb MOSIBIISIETCS Bce OOJIBIIIE TaHHBIX B TIOJIB3Y TaK HA3bIBAEMON HEpapXHUUECKON TEOPHUHN KaHIIEpOTreHe3a
B IPOTHBOIOJOXHOCTh CTOXaCTUYECKOH TEOPHH BO3HMKHOBEHHS U TIPOTPECCHPOBAHUS OITyXOJeH, KOTopas
MOCTYTUPOBAJIa, YTO JIF00ast KJIeTKa 3JI0KaYeCTBEHHOW OITyXOJM 00JamaeT KJIOHOTEHHBIMH CBOWCTBAMH. B oTiwdme ot
CTOXACTHYECKOM TCOPHH, HEPapXUUCCKas TEOpUS IMPEANOJAraeT, 4YTO pAaKOBbIe KICTKH (DOPMUDPYIOTCS U
MOJICPKUBAIOTCS.  HEOOJIBIION IMOMYJIAMCH KICTOK — KICTOYHBIX MPEIIICCTBEHHUKOB, KOTOpbIC O0JIamaaroT
CITOCOOHOCTHIO HEOTPAHNYEHHOTO CAaMOOOHOBJICHHSI M CTIOCOOHBIC JJaTh HAYAJIO BCEM OCTaIbHBIM OIMYXOJEBBIM KJIETKaM
B momyJisiiuu [2]. DT peakue KiIeTkH (ux 1o nopsaka 1% B omyxoiu [3,4]), Ha3pIBacMbIC OITYXOJIEBBIMH CTBOJIOBBIMU
kierkamu (OCK), urparoT BaXXKHYIO pOJib B UHUITMUPOBAHUHU U TIPOJAOKEHNH PAKOBOTO Mpoluiecca. [IpuHsTo cuutarh, 4To
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OCK sBisitoTcst 60Jiee pe3UCTEHTHBIMU K BO3JICHCTBHIO TEPAIEBTHUECKUX ar€HTOB, B TOM YHUCIIE U PaJnalny, a IOTOMY
HMMEHHO OHH SIBJIIIOTCS OJHOW M3 MPUYNH BO3HUKHOBEHHS PELMINBA OIYXOJIH CIIyCTS HEKOTOPOE BPEMS IIOCIIE JICUEHMS.
[ToaToMy coBpeMEeHHbIE IKCIIEPUMEHTANIBHBIC U TEOPETHUECKUE UCCIICA0BAaHNSI HAllpaBJIeHbl Ha H3yYeHHE 0COOCHHOCTEN
OCK, ux oTiaMume OT APYTrUX OMYXOJEBBIX KJIETOK M KJIIOUEBbIe aCMEKTHl UX B3aUMOJCHCTBUS JAPYT C IPYTroOM, a TaKkKe
MMOUCK METOJIOB JICUCHHMS, HalleIeHHBIX UMeHHO Ha OCK.

Jist n3ydeHnst paguoceHCHOMIM3NpYIoIero noreHnuana Apall ObUTH TpoBeAEHBI SKCIEPUMEHTHI HA MBIIIAX C
HCIOJIb30BAHUEM MO/JIENIN OMYyXOJIH MesaHOMBI B16 ¢ 1enpio ycTaHOBUTH BiusHUE Apall Ha 3amensenne pocrta omyxonu
rocie o0ydeHHs MpoToHamu B ke bparra [4]. B aTom nccenoBannm paanoceHcnonnmsupyommii s¢pdexr Apall obu1
TIOJTBEPIK/IEH, a Takxke 0buto 00HapyxeHo cHkeHune nosm OCK memanomsr B16 B 3,1 pa3a mociie KOMOMHHPOBAaHHOTO
Bo3zeicTBus Apall ¢ mpoToHaMK 1O CpaBHEHHIO ¢ OMHOYHBIM 00sydeHneM. OHaKo B JIpyroM MCCIENOBAaHUU C 3TOU
XKe MoJenbio Obuto oOHapyxeHo ysenmdenue jnoiau OCK mocne obimydeHus omyxoid ()OTOHHBIM HM3IydeHHeM [5].
JlaHHBIE pe3ynbTaThl MOTYEPKUBAIOT HEOOXOAUMOCTE OoJiee AetanbHOro m3ydeHus posm OCK B peakiuy omyxoiu Ha
o0iy4eHue.

Llenpto aHHON pPabOTHI SIBISETCS IOCTPOCHHUE MAaTeMaTHUeCKOH MOJENIM Ul ONHCAaHHWsS M HWHTEepIpeTaliu
SKCIIEPUMEHTALHBIX JAHHBIX, TIOJYYEHHBIX B paboTe [4], 0 3aMeITIEeHUIO0 CKOPOCTH POCTa OMYXOJIH Tocie 00IydeHus
MPOTOHAMHM M TaKOBBIMHU B KoMOmHaruu ¢ Apall. Monens ocHoBana Ha koHuemniun OCK, kak HanbOoee pe3ucTeHTHOTO
MyJia OIYyXOJIEBBIX KJIETOK, CIIOCOOHBIX JaTh Havyajlo BCEM IPYIMM KIETKaM M O0ECHeuUTb POCT OIyXOJH MOcCIe
BO3AeHCTBUA. MoJenp He NMpeTeHAyeT Ha pacCMOTPEHHE BceX JeTalel CI0XKHOM CTPYKTYpHl U B3aUMOACHUCTBUS BCEX
KOMIIOHEHTOB OIyXOJIM, @ YYUTHIBA€T TOJIBKO MUHHMAJIbHO HEOOXOAUMBIN YpOBEHb CIOXKHOCTH AJSI MHTEPIpETaLUuu
BBIIIECYTIOMSIHYTBIX YKCIIEPUMEHTAIIbHBIX JaHHBIX.

MATEMATHYECKAS MOJEJIb

B ocHOBY mOCTpOEHHS MOJENM pPOCTa ONYyXONH W ¢ peakuud Ha OONydeHHE IOJIOKEHBI CIICAYIOIIHNe
TIPEIOTIO0KCHUS:

1.  Omyxonb COIEpXHUT TpU cyOmomymsauun kieTok (puc. 1): a) HeOompmas CyOmOmyNsIus OITyXOJEBBIX
ctBOJI0BBIX KIIeToK (OCK); 6) camast MHOTOYHCIIEHHAs CyONOITyIISIHS COOCTBEHHO KIETOK MPUCYIINX PacCMaTpHUBACMOM
omyxonu (OK); u B) yrpaTHBIIHE CIIOCOOHOCTD K AETICHUIO OITyXOJIeBbIe KIeTKU n3 cyonomymsanuu (a) (YCIK).

2. OCK MoOryT AenuThcs Kak CHMMETPUYHO, faBas Hadano AByM HOBbIM OCK (puc. 1), Tak 1 HECUMMETPHYHO,
nmaBast Hagao OCK u OK. Ilponopuus OCK B onmyxosu MOJAep:KUBaeTCs MPUOIU3UTEIBHO TOCTOSHHON C MOMOIIBIO
OGpaTHOﬁ CBA3H. ,HaHHOG MPEANOJIOXKEHNUE CBA3aHO C OKCICPHUMCHTAJIBHBIMU JaHHBIMU, YKa3bIBAIOIIMMU Ha
He3HauuTenbHble n3MeHenus noau OCK B npouecce pocta omyxounu [4].

3. OCK otBercTBeHHbI 3a BocmnosiHeHue cyOnomymsinuun OK B ciiyuae uX rudenv, 4TO JOCTUTaeTcsl IyTeM
YBEIMUYEHUSI BEpOSITHOCTH HecumMmerpuaHoro nenenns OCK. Drto mpenmnonoxkenne coriacyercs ¢ oOmernpru3HaHHON
posbto OCK B onyxomnu [2].

4. Poct omyxoiu 3aMeIISIeTCs C yBEIMUCHNEM €€ 00beMa. ITO MPEATION0KEHHE CIIETyeT U3 IKCIIEPUMEHTAIBHBIX
HabmoneHuit [4,6], a TakyKe XOPOIIIO OMUCAHO W IPUMEHSIETCS B IPYTUX MAaTEMAaTHIeCKAX MOJIEIX [7].

5. TI'mbens KIETOK MOCIE BO3ACHCTBUS (00 IyIeHUS WK 00ITydeHns B IprcyTcTBUU Apall) BEIpaxkaercs B moTepe
nMu  TponndepaTuBHON cnocoOHOCTH (pemponmykTtuBHas rubensb). Ilpm »TOoM 00pasyroTcss Tak Ha3bIBaeMBIC
YCIK (puc. 1). Bepostaocts mepexoga OK B YCJIIK coxpansiercs y moromkoB OK Ha IpOTSKEHHH HECKOJIBKHX
JIEeNeHNH. DTO TIPEANONIOKEHHE IOJKPEIUICHO HAOMIOACHUSIMH B JKCIEPHUMEHTaX I10 H3YYCHHIO KIIOHOTEHHON
BBDKMBAaEMOCTH KIJIETOK, B KOTOPBIX HAOIIOAAETCSl TeTEPOTEHHOCTh Pa3MEpoB KOJOHHMH BCIEICTBHE OOpa3OBaHHS B
IpoIiecce pocTa HeXHU3HECIIOCOOHBIX KineTok [8-10].

6. YCJIK BHOCAT BKJIaJq B PErHCTPUPYEMBIH OOBEM OIyXOJH, OJHAKO C TCUCHHEM BpPEMEHH YIAJISIOTCS
MMMYHHOH CUCTEMOM.

B Mozpenwm st cyOnomynsiiuii BBEICHBI CIIETyOLIHE 0003HAYCHUS:

X(f) — oObeM, 3anuMaeMblit ormyxoneBbiMH KiieTkamu (OK);

Y(f) — 06bem, 3aHIMaeMBbIi OIyX0JIeBBIMH CTBOJIOBEIMU KileTkamu (OCK);

Z(f) — o0beM, 3aHIMAEMBIH YTPATHBITUMHE CIIOCOOHOCTS K JIeNeHuto omyxoieBbiMu kietkamu (Y CIK).

Cummetpuunoe neienne OCK na ase OCK npoucxoaut ¢ BeposiTHOCThIO — Py, a accumerpuunoe nenenne OCK Ha
OCK u OK, cooTBeTcTBEeHHO, ¢ BeposTHOCTHIO (1 — P,). MBI He paccmarpuBaeM tpetuid BapuaHt aeneaus OCK, npu
KoTopoM obOpasytotcs aBe OK, Tak Kak MOJIeNb ¢ 3THM BapHaHTOM SKBUBAJICHTHA MOJIENH C ABYMS IYTSMH J€JICHUS IIPH
COOTBETCTBYIOIIEM COOTHOLLIEHUH BeposiTHocTel [11,12].

B omimume ot OCK, OK crnocoOHbI genuthcs Tobko Ha aBe OK, ¢ BepostHocThiO — (1 - P:), Tme P. — ecTh
BEPOSTHOCTh PENpOAYKTHBHON ruOenn, To ecth mepexoaa OK B cocrosame YCIK, mpu KOTOpOM JeNeHHS HE
mpoucxonuT. [IpuarHON PenpoayKTUBHON THOETH MOXET OBITh HAIMYHE B KIIETKE HEPElapHpyeMBIX MOBPEXKICHHUN
JHK, oOpa3oBaHHBIX B pe3yibTaTe IACHCTBUS XHMHUYECKOro areHTa wiu pamuaruu. OK BHojHE MOTYT yTpaTUTh
CHOCOOHOCTh K ACTICHUIO M B OTCYTCTBHE ITUTOTOKCHYECKOTO BO3AEHCTBHA. Takum 00pa3oM P. 3aBUCHT OT BHEUIHHX
YCIIOBUH cpefibl, B KOTOPOW HAXOAUTCSA OmyxoJib. 3ameTum, uto st OCK B Hamield MOJeNnn OTCYTCTBYET MEXaHHU3M
yTpaThl CIIOCOOHOCTH K JieseHHt0. TeM camMbIM Mbl YYHThIBacM OoJiee BBICOKYIO, 1o cpaBHeHHI0 ¢ OK, ycroitunBocTh
OCK Kk HeOJIaronpusTHBIM YCIOBHUSIM.

HWrak, Mosiesb PECTaBIsCT CO00M CHCTEMY OOBIKHOBCHHBIX MU (EpeHIMaIbHBIX YPaBHCHUH, BUIA:
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|[1-P.

1

- OK (X);
o - OCK (V);
Onyxonb
o - YCIK (2)

Pucynok 1. IlyTu u BEpOSTHOCTH AEIECHUS OCK (cmeBa) m OK (cmpaBa), paccMOTpeHHBIE B JAHHOW MOMEIH.
Cummerpuunoe nenenne OCK ¢ oOpasoBanmem nsyx OCK mpoucxomuT ¢ BepOSTHOCTBIO Py, HECHMMETPHYHOE
nenernne OCK c obpazoBannem OCK u OK npoucxoaut ¢ BeposTHOCTBIO 1-Py. OK 1enurest ToIbKo CHMMETPHYHO ©
obpasoBanueM 1Byx OK ¢ BepostHOCTBIO 1-PZ, a ¢ BeposiTHOCTBIO P: nepexoxut B YCJIK

dax x+v+z\P

& = (Keo(1 = 2B)X + K, (1 - B,)Y) (1 —( - ) ) (1)

ay X+y+2\P

= = K,BY (1 - (—Vm ) ) )

az X+y+2\P

2 = KyoPX (1 - ( . ) ) —K,Z. 3)
OrpaHnyeHne pocTa OIyXOJIM, 3asBICHHOE B MpeanoyiokeHnH m.4, mobasieHo B ypaBHeHus (1) — (3) B Buze

X+Y+Z

b
MHOXHUTENS 1 — ( ) , B KOTOPOM Vmax TIPEACTABIISET MPEACTHHYIO BEIHYNHY 00beMa OIyXoid, b — cBOOOIHBIH

Vmax
napametp [7].

[Mapametp Kyy ompenenser ckopocTb pocra cyomomynsiun OK uiy BEpOSTHOCTH AENEHHS KIETKH B €IUHHUILY
BpPEMEHHM, KOTOpasl B HAICH MOJAENN SABISIETCS MOCTOSIHHOM BenmmunHOH. Ckopocts pocta cyonomymamuun OCK — K,
YUYUTBHIBAET HMEIOIIMECS] y BCEX CTBOJIOBBIX KIETOK, B TOM ymcie n 'y OCK curHaigbpHble MEXaHH3MBI, KOTOPBIC
PErYJIMPYIOT PaBHOBECHYIO IIPOIIOPLIMIO CTBOJIOBBIX KJIETOK B OIyXOJIM. A MMeHHO, ecii nponopuus OCK npespimaeT
paBHOBecHyIO Fy, To OCK nemsarcs memieHHee, eciy HaoOopoT mo kKakuM-ubo mprunaam gons OCK mamaet, To
CKOPOCTH UX Ipoiudepany Bo3pacraer. Mrak, mapamerp K, UIMeeT BUA:

K= Keo () @
y x0 Fs s

e Fy = Y/(X+ Y + Z) — nponopuus OCK B 001mem o0beMe 0OImyXoiu, ¢ — CBOOOIHEIH napamerp. Takast 3aBUCHMOCTh
ckopoctu pocta OK nukryercs ycinoBueM, 4to npH Fs < Fy, €ANHCTBEHHBIM CIIOCOOOM JIOCTIDKEHHUS OaaHca sIBISIETCS
yBenmuerne ckopoctu pocta OCK, B To Bpems Kak mpu Fi> Fy,, 6amanc MOXXET OBITh JOCTHTHYT KaK yMEHBIICHUEM HX
CKOPOCTH POCTa, TaK ¥ yMEHBIICHNEM BEpOITHOCTH cummeTrpuaHoro aeserns OCK Py,

[Tomaraem, uro P, onpenensercs BeanunHoi nponopimu YCIK B onmyxomu Fy = Z/(X + Y + Z). Ecin ona
BO3pAcTaeT, TO COOTBETCTBEHHO, TpeOyercss BocnoaHuTh nomyisamuio OK, 3Ha4uT JOKHA YBENIWYUTHCS BEPOSITHOCTH
aCUMMETPUYHOTO JeneHus. MTak, 1 Py 3anuineM Cleayrolee BEIpaXeHUe

P, = (1-Fy)?, (&)

rne d — cBOOOAHBIN TapaMeTp, onpenessonyi sgdekTuBHOCTh nepeximoueHus aeiennst OCK Ha HecMMMeTpUYHBIN
myTh npu yBenuuenuu gonu Y CIK.

PE3YJIBTATHI U OBCYXXJIEHUE
Pe3ynpTaThl YMCIEHHOTO pemieHus cucteMbl ypaBHeHu# (1) — (3) u mombopa mapameTpoB Al ONTUMAalIbHOM

MTOTOHKH K SKCIIEPUMEHTANBHBIM JaHHBIM [4] mpencTaBiieHs! Ha pucyHke 2. COOTBETCTBYIOIIHNE BETMINHBI IIAPAMETPOB
MoKa3aHsl B Tabiumax 1 u 2.
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Bpema, cyT
Pucynok 2. Pesynprartel (UTHpOBaHMS OSKCIEPUMEHTAIBHBIX JAHHBIX II0 POCTY OITyXOJHM, IPEICTaBICHHBIX
cuMBOJaMH [4], pacueTHBIMH KPHMBBIMH BEIWYMHBEI 00beMa omyxonu V(f) = X(f) + Y(f) + Z(t), noay4eHHBIMH TIpU
pewernu cucteMsl ypasHeHuit (1) — (3). Hauansnsle ycnosus ma X(0) = 0,99 1(0), Y(0) = 0,01 ¥(0), u Z(0) = 0.
V(0) = 0,395 mx (Kontpois), ¥(0) = 0,383 ma (ITporonsr), V(0) = 0,397 ma (Ilporonsr + Apall)

3navenus ckopoctu pocra OK K., MakcuMaibHOro o0beMa V. M TOKa3arenss CTENeHW b monoOpaHsl Juis
ONTHMAIBHOTO TIPHOJIVMKEHHS PACCUUTAHHOM BPEMEHHOW 3aBHCHMOCTH pPOCTa HEOOIyYeHHOH OIMyXOJNH K
SKCIIepUMEHTaTbHOMY Tpaduky (puc. 2). IIpu stom paBHOBecHas mpomopis OCK Fy npuamManace pasroi 0,01
WCXOISl W3 HMMECIOIINXCSI SKCHEPHUMEHTAIBHBIX IaHHBIX, TA¢ OOHApyXKEHO, Y4TO B CTALMOHAPHOM COCTOSHHM IOJIS
CTBOJIOBBIX KJIETOK B O4are MpUBUTOH omyxoiu peaxo npesbimact 1-3% [4]. Bennunna napamerpa ¢ = 2 B BBIpaKCHUU
(4) mpakTHUECKH HE BIUSAET HA PACUCTHYIO KPUBYIO pocTa HeoOIy4deHHOH onyxomn. OHa moadupanacs TaKiuM 00pa3oM,
yto0sI 1oist OCK F BeIX0oMIIa Ha paBHOBecHYt0 BennunHy 0,01 nmpu HauaneHbIX 3HaYeHusx F(0) B auanazone ot 0,005
1o 0,02. B okoHuaTensHOM Bapuante pacuera Fy(0) npuHumanace pasHou 0,01.

B TO Bpems Kkak pOCT HEOOJy4eHHOH OmyXxoiM OJHM30K K OSKCIOHEHIMalIbHOMY C HACBHIIIEHHEM IO Mepe
TIPUOIIVDKEHUS K Vimax, OOTyUEHHBIE OITyXOJIM PacTyT MEUICHHEE, YeM 110 SKCIOHEHIIMAIBHOMY 3aKOHY (puc. 2). dakTop
TIPUOIIVKEHUS K Vinax U181 3TUX CITyYaeB BHOCHT HE3HAYMTENBHBIH BKJIA/, @ OCHOBHBIMH MEXaHM3MaMH 3aMeJICHUS pocTa
sBisroTcest oopazoBanue YC/IK u ux nocnenyromas snuMuHaIws. Bemmaunsl BepostHoctr niepexona OK B YCIK P, u
TTOKa3aTelsl CTEeTIeHN d B BRIpKeHUH (5) mpuBeeHHI B Tabmwie 2. J{1s HeoOMydeHHOW OMyX0u MPUHUMAIH 3HAYCHHE
P.=0,01, xoTOpOe MpaKTUIEeCKX He BIHSIET Ha PACICTHYIO KPUBYIO, HO OTPAXKAET TOT (PAKT, UYTO B HEOOITyUESHHOH OITyXOITH
TOXE MOTYT 00pa30BbIBATHCS HEKM3HECTIOCOOHBIE KICTKH.

Tabauua 1. ITapamerps! Mmogenn

IMapametp HaumenoBanue Benuunna
CxopocTtb pocta OK, cBOOOIHBIN Mapame
Ko pOCTH P o001 paMerp 0,225
(cytku™)
% MaxkcumanbHBIH 00bEM OITyXOJIH, CBOOOTHBII 11
ma napamertp (M)
PaBHOBeCHas 10J1 CTBOJIOBBIX KJIETOK B
Fyo 0,01
OITyXOJIH
b CB0OOIHBII TapaMeTp MOJIEIH 0,7
c CB0OOHBII TApaMeTP MOJIEIH 2
K Ckopoctb amumunanuu Y C/IK, cBoOoaHbIH 0.18
: napametp (cyTku) ’

JIONONIHUTENBHO K BPEMEHHBIM 3aBUCHMOCTSIM 3JI0Ka4€CTBEHHOT'O POCTa, MHTEPECHO MIOCMOTPETh, KaK BEIyT ce0s
nons OCK Fi(f) u nonst YCIK F«(f) B oTBeT Ha oOnyuenue u obnyueHue B couetanun ¢ Apall. CoorBercTByomiue
rpa¢ukn npuBeaeHsl Ha puc. 3 u 4. Kak BHOHO, B 000MX Cly4asx: TMOciie OONydeHHs MPOTOHAMH M TaKOBHIMH B
couetanuu ¢ Apall, nonst OCK nHemHOro BOo3pactaer OT 3aJJaHHOW paBHOBECHON BenuyuHbI (puc. 3). [Ipuuem B ciiydae
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Tabéauua 2. BenmuunHa P, B 3aBUCUMOCTH OT 00JTydeHHs 1 KOMOMHUPOBAHHOTO BO3ZCHCTBUS OOIYUIECHHUS C

Apall
Ycnosue P d
KouTpoas 0,01
OO6nyuyeHue 0,28 3
O6nyuenue + Apal] 0,35

KoMOMHUpOBaHHOTO ¢ Apall oOmydeHus 3TOT 3¢dexT Ooyiee BBIpakeH. B KOHTEKCTe MOAETH 3TO OOYCIOBICHO
ymenbiieaneM noiaun OK B omyxomm BenenctBue ux mepexona B YCJK u HeCmocOGHOCTH TOCIETHHUX IEUTHCA.
ITono6ubIe pe3ynbTaThl HAOIIOJATHUCE B Psi/IE SKCIIEPUMEHTOB 110 U3MEHEHHIO J0JIM CTBOJIOBBIX KJIETOK ITOCE 00IydeHHs
(oronamu, Haripumep, B [5,13]. [To-Bunumomy, noseimenune gonu OCK npoucxoaut Ha GpoHe CHIDKEHHUS] CKOPOCTH pocTa
o6bemoB cyononysiiuii kak OK, tak u OCK. Tak paccunTtanHblii Hamu poct o0bema cyonomnyssuun OCK cymectBeHHO
3aMeuIseTcs Iocie 00MydYeH!s 1 KoMOMHUpOoBaHHOTO ¢ Apall o0iydeHHs MO0 CpaBHEHHIO C KOHTpoJeM. JTOT addekT
JIEMOHCTPHUPYET cpabaThiBaHHe CUCTEMBI 00paTHOH cBsi3u 1 nepekimoyeHrne OCK Ha ImyTh HECHMMETPUYHOTO JEIEeHHS,
Y100l BoccTaHOBUTH cyOmomyssiiuio OK. Takum o0pazoM, MBI MoJIy4aeM B MOJEIH ONOCPEIOBAHHBIA HEraTHBHBIN
a¢¢dexr Ha OCK uccnenyemMoro nutorokcuaeckoro Bo3aeictus Ha OK.

Kak cnenoBano oxunats, nonst YCJIK BHawane pacueTHOro meproja CyIIECTBEHHO BO3PACTaeT B OTJIMYHE OT
HeobmyueHHbIx YCJ/IK (puc. 4). lanee, BclieACTBHE SIMMUHAINK U HATMYHS B MOJICJIM CHCTEMBI OOpaTHBIX CBsi3eil 1 3a
cueTt nocrenennoro pocra cyonomynsuii OCK u OK npornopunst YCIAK naunHaeT yObIBaTS.

3AKIIOYEHHUE

B pabote nmoctpoena HoBasi MaTeMaTHUECKasi MOJIENb, OIICHIBAIOIIAS JUHAMUKY T'€T€pPOreHHOM OIyX0JId Ha OCHOBE
KOHIIETIIUH 00 OIYXOJIEBBIX CTBOJOBBIX KiIeTKax. Mozens mpeacTaBiseT coOoil cucteMy TpexX OOBIKHOBEHHBIX

0.020 T T T T
0.015¢ 1
o e = T T T
9 PTIT LN EEEL SRS b
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nuddepenunansupix ypasuenunit s OK, OCK u YC/IK. Bkitouenue B Mojenb 3GGekToB 00nyueHns: MpOTOHAMHU U
MPOTOHAMH B coudeTaHuu ¢ Apall 3amaercst myTeM W3MEHEHHS MapaMmeTpa, OTBEYAIOUIETO 3a MEPexod KIETOK M3
npoidepaTHBHOTO COCTOSIHUSI B COCTOSIHUE, B KOTOPOM JalibHEHIIIee JIeieHHe HEBO3MOXKHO. Ba)KHBIM JTOCTOMHCTBOM
NPEe/IJIOKEHHOH CHCTEMBbl YpPaBHEHH SIBISICTCS y4YeT MeXaHM3Ma CaMOperyJisiiid BbIOOpa CHMMETPUYHOTO U
acumMerpuuHoro myteit nenenuit OCK. Kpome toro, B mozmenu 3anokeHa yctoiunBocth OCK k Bo3geHcTBHIO
HeOnaronpusTHeIX ycnouid. [Ipossienue pagnopesucrenTHOCTH OCK BBIpa)KeHO B HE3HAYMTEILHOM MOBBIIICHUH MX
J011 1iociie o0rydeHust 1 oomydenust ¢ Apall, kak mokazaHo B HaIIMX pacyeTrax.

B pesynbraTe umcneHHOrO pacdera MpOJIEMOHCTPHUPOBAHO CYIIECTBEHHOE CHIDKEHHE CKOPOCTH POCTa OITyXOJH
mocne obmydeHus. [Ipwdaem nmomomuuTenpHOE neiictBue Apall ycmmmaer 3ddextr obmyuenus. [lomydeHo xoporiee
corJIache HaIluX TPauKOB IJIsi 0OBEMOB OIyXOJH B 3aBUCUMOCTH OT BPEMEHH C SKCIICPUMEHTAIHHBIMI JaHHBIMA W3
pa6oter [4]. C MOMOIIBIO AaNMMPOKCUMANWU 3KCIIEPUMEHTAIBHBIX TPaGUKOB MOJCIBFHBIMU KPHBBIMH ITOOOPaHEI
ONITUMAITFHBIC 3HAUCHHS MTApaMETPOB MOJICIIH.
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MODELING OF HETEROGENEOUS TUMOR DYNAMICS. THE INFLUENCE OF PROTON
IRRADIATION ONLY AND IN COMBINATION WITH DNA SYNTHESIS INHIBITOR - ARAC
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Abstract. Interpretation of the growth of a malignant tumor and its response to therapeutic treatment
requires consideration of its heterogeneity, taking into account the presence in it of a small subpopulation
of tumor stem cells along with ordinary tumor cells. In present work, a mathematical model is proposed
that combines two basic concepts of the theory of tumor growth - stochastic growth and the presence of a
subpopulation of tumor stem cells. The model is a system of ordinary differential equations that describes
the dynamics of subpopulations of tumor cells, taking into account different types of division and transitions
between them. An important feature of the system is the maintenance of the equilibrium proportion of tumor
stem cells in an unirradiated tumor using feedback. The model was used to interpret experimental data on
inhibition of tumor growth after protons irradiation at a dose of 10 Gy only and the combined treatment of
irradiation and the inhibitor of DNA synthesis AraC in laboratory mice with grafted melanoma B16. The
effect of irradiation only and irradiation in combination with AraC is included in the system using a
parameter describing the probability of loss of the cell's ability to successfully divide. As a result, the
dependence of tumor volume on time calculated for cases without irradiation, after irradiation and after
irradiation with AraC serves as a good approximation of experimental data, which makes it possible to
evaluate the parameters of the system.

Key words: cancer stem cells, radiotherapy, protons, Bragg peak, radiosensitizers, ordinary differential
equations, mathematical modeling.
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AnHotamus. OHA W3 KIIACCHMYCCKUX 3a7ady OMOWH(GOPMATUKH - MOWCK MOBTOPOB M CTATUCTHYCCKHU
HEOJTHOPOJHBIX Yy4acTKOB mocienoBatenbHocTed JIHK W MONHBIX TeHOMOB MHUKPOOPTaHU3MOB.
Teoperndeckre MOIXOABI K UCCICAOBAHUIO CIIOKHOCTH TEKCTa IMOCIEIOBATEIHPHOCTEH MaKpPOMOJCKY -
JHK, PHK u GenkoB — pa3BHBAJIICE 10 TIOSBICHUS MTOTHBIX TEHOMHBIX TIOCIIEIOBATEIIEHOCTEH 1 TIOTY IHIIH
HOBBII HMITYJIBC B CBSI3H C PACIIPOCTPAHCHUEM TEXHOJIOTHI MacCOBOTO MapaUICIbHOTO CEKBEHUPOBAHMUS H
OypHBIM POCTOM J[OCTYIHBIX JaHHBIX. PaccMaTpWBAaIOTCSI COBPEMEHHBIE KOMIBIOTEPHBIE METOABI H
CYIIECTBYIOIINE IMPOTpaMMbl OIEHKH cioxHOocTH Tekcta JIHK u moctpoeHust mpoduis CBOMCTB LIS
aHaM3a CTPYKTYPHI TEHOMOB MHUKPOOPTAaHI3MOB. JaH 0030p TOCTYIHBIX OHJIANH-TIPOTPaMM /IS TOUCKA 1
BU3yaJln3aliy MOBTOPOB TeKkcTa. [IpesicTaBiaena coOCTBEHHA KOMITBIOTEPHAS PealIM3allys METO/1a OLICHKH
JIMHTBUCTUYECKON CJIOKHOCTH TEKCTa M cxartusd 1o Jlemmento-3uBY A BBIABICHUS CTPYKTYpPHBIX
0COOCHHOCTEW M aHOMAJIMiI TEHOMOB MHUKPOOpPraHu3MoB. [IpencTaBieHsl nmpuMepsl Mpoduiel aHammsa
CJIOKHOCTH TEKCTa. PaccMOTpeHO NpHMeHEHHE OLEHOK CJIO0XKHOCTH K aHaJM3y IOCJeJ0BaTEeIbHOCTH
reHoma kKopoHaBupyca SARS-CoV2, mocneaoBaTenbHOCTH BUpycCa SHIEMHUYECKOro mapoTuta Mumps
Orthorubulavirus. BeIsIBIICHBI Y4aCTKU HU3KOM CII0KHOCTH TEKCTA.

KioueBble ciioBa: oOuoungopmamura, Ouoguzuyeckue MoOenu, CIlONICHOCMb MeKCMd, 2eHOMbl
MUKPOOP2AHUZMOB.

BBEJEHUE

OpHoM M3 BakHEHIKMX 33124 OMOMH(OPMATUKH - HCCIIEIOBAHHE CII0KHOCTH CUMBOJIBHBIX MOCJIEOBATEIbHOCTEN
(AHK, 6enxoB ¥ TOJHBIX TE€HOB), OMCK CTATUCTHYECKH HEOJHOPOTHBIX YYAaCTKOB TociemoBaTenbHOCTer [1]. Jloms
M3YYEHUS CIIO)KHOCTH TE€HETWYECKHX TEKCTOB IPUMEHSIOT aJTOPHUTMBI CXKATHs NAHHBIX, aHAJIU3 YacTOTHI ITOBTOPOB
OINPCACIICHHBIX YYAaCTKOB B IOCICA0BATCIIbBHOCTHU, TAKUX KaK TaHACMHBIC ITOBTOPbI, KOTOPLIC MOTYT 6I)ITI) CBS3aHBI C
(YHKIMOHAIBHBIMU dlIeMeHTaMu reHoMa [2-4]. Ouenka sutponuu (9HTponus llleHHOHa) MOXKET OBITH IPUMEHEHA IS
aHaM3a BapruabelbHOCTH YYaCTKOB MoceaoBaTeapbHocTel [5].

Jlist OHWUMaHWS TeHEeTHYecKOM WHGpOpManuu W ee CBSI3M C (EHOTUIIMYECKUMH CBOMCTBAMU OPraHM3MOB
HEoOX0ZMMO IpoBeJieHne aHanu3a nocieposarensHocteil JJHK kak Tekcra, OCHOBaHHBIX Ha BBIYMCIEHHH YHCIIOBBIX
3Ha4YeHUI CBOMCTB JaHHOI MOJIEKYJIbl, TAKUX Kak coaepkaHue GC, aMMHOKHCIOTHOTO COCTaBa, BTOPUUHON CTPYKTYPHI.
OTH 3HAYEHUS MOTYT OBITh HCIOJB30BAaHKEI U co3maHus mpodmis cBoiictB JJHK [6], dTro mo3BonseT cpaBHHBATH
Ppas3yIngHbIC MTOCIIEA0BATEINbHOCTH U BBIABIIATH CBOMCTBA, CIIOCOOHBIE BIMATH HA UX (DYHKIIMOHAIBHOCTH [7-9].

Meroasl npodunuposanus cBoiicts JIHK ¢ ucnosnp3oBaHneM KOMIBIOTEPHBIX ITOIXO/0B BKIIOYAIOT B ceds
pa3IuyHBIE aNTOPUTMBI W TPOTPAMMHBIE MHCTPYMEHTBI, KOTOpPBIE O0pabaTHIBAIOT M aHAIM3UPYIOT OHOJOTHYECKHE
naanabie JJTHK mns n3neuenus mone3nort nadopmarun. [lpumepsr mpuMeHeHns mpoduiieii cBOHCTB BKITIOYAOT:

1. CpasHenne mnocnenoBarenbHocTeit JJHK, B TOM 4umcie BhIpaBHHBaHHE C WCIOJNB30BaHHEM (PHU3HKO-
XUMHYeCcKHX CBOMCTB (kiaccumueckue anroputmsl BLAST [10,11] u nocnenyromue momudukammu). Takue MeTOIs!
MTO3BOJISIOT ONPENENIUTh TOMOJIOTHIO C JPYTUMH U3BECTHBIMHE IOCIIE0BATEIFHOCTAMH, MPEACKa3aTh (PyHKIIHOHAIBHBIC
3JIEMEHTHI (HaIpuMep, TeHbI, PETYIISTOPHBIE PETHOHBI) W POBOJUTH aHAJIN3 MyTalni.

2. llpenckazanne HekaHoHumdeckux ctpykTyp JHHK Ha ocHoBe mocinenoBatenbHOCTH [12]. DTO mo3BOJISET
uaeHTH(UIMPOBaTh 001acTH, o0naaaomye 0cOOBIMI CTPYKTYPHBIMU CBOWCTBaMH, TAKUMU Kak (G-KBaJpYIUIEKCHl WIIN
JIBOWHBIE CIUpaIbHbIE y4acTKu [13].

3. AHainu3 y4acTKOB, MOTHBOB M CAHTOB CBSI3bIBAHUS TPAHCKPHITIHOHHBIX ()aKTOPOB. DTH METO/IbI HIILYT MOTHUBBI
(moBTOpSIIOIIMECST TIATTEPHBI CHUMBOJIOB) B mocnenoBatenbHOcTsIX JIHK, koropple MoryT OBITH CBSI3aHBI C
(YHKIIMOHATHLHBIME AJIEMEHTAMH, TAKUMHU KaK YYaCTKU CBS3BIBAHUS OEIKOB WM PEryJIATOPHBIE MOTHBBI IIPOMOTOPOB
reHoB [ 14]. Panee ObUTH JaHBI CTATUCTUYECKHE OIICHKH PA3IMINSI SHTPOIINH PETYIATOPHBIX ITOCIEA0BATEILHOCTEH TCHOB
(caliToB CBsI3BIBaHUS OCIKOB — TPAHCKPHUIIIMOHHBIX (HaKTOPOB) W (DIAHKHPYIOMIMX IMociemoBarenpHocTel [15].
[omyyaromue Bce Ooiplee pa3BUTHE AITOPUTMBI MAIIMHHOTO OOYYEHHS M HCKYCCTBEHHOTO WHTEJUIEKTa IIMPOKO
HCTOJIB3YIOTCS 171l OOHAPY)KEHHUS U aHAJTN3a TAKHX MOTHBOB.
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4. Ilpencka3aHue Y4YacTKOB OIHICHETHYECKHMX MOIM(UKAIMN TeHOMa, K KOTOPBIM OTHOCSATCS YYacTKU
MermnupoBarng JJHK u Momudukanuy rECTOHOB, TIO CTATHCTHYECKUM CBOWCTBAM IOciemoBaTenbHOCTH [16]. Otn
y4acTKH cBsi3aHbl ¢ mouckoM CpG octpoBos [17,18] (yyacTkoB, oboramieHHbIX HykieotuaamMmu GC, KOTOpbIe MOTYT OBITh
METWJIMPOBAHbI), U TO3UIIMOHUPOBAHUEM HYKJIEOCOM Ha rocienoBaTenbHocTH (Takue ywacTku Ha JIHK cBszanbl ¢
Moau(dUKalMi THCTOHOB B cocTaBe Hykieocombl) [19,20]. KoMIbioTepHbIe METO/BI MOTYT OBITh HCIIOJIB30BaHBI IS
TEOPETHYECKOT0 TpEJICKa3aHusl MECT SIHUICHETHYEeCKHUX MojuduKkanuii Ha ocHoBe mnocienoBarensHocTH JIHK, uto
OIIpEeJIeTIsIETCST B HACTOSIIIEE BPEMsS B OCHOBHOM SKCHEPHMEHTANbHO, C momompio TexHosoruid cepum ChIP-seq
(Chromatin immunoprecipitation and sequencing) [21]. To H03BOJSET MOHATH, KaK AUTEHETHYECKHE MOAN(DUKAIINT
BIUSIOT HA (PYHKIIMOHATEHOCTE TeHOMA [22].

5. MogenupoBanue M cUMyISLUS CTPYKTyphl. C HCIOIB30BaHHEM KOMIIBIOTEPHBIX MOZEIEeH M ajJrOpuTMOB
MOJKHO MOZETHPOBATh PH3MUSCKUE CBOUCTBA U Iporiecchl, cBs3anHble ¢ JIHK [6], Takue kak yrmakoBka, B3auMoieiicTBre
¢ 0eJKaMu WM JIEKapCTBAaMH. DTO MO3BOJISIET MPEACKA3bIBaTh U IMOHMMATh PA3IMYHbIE ACMEKThI (DYHKIIMOHHPOBAHMUS
JHK.

Ienn manHOW pabOTBI — PacCMOTPETh CYIIECTBYIOIIME METOABl M HMHTEPHET-IOCTYIHBIE HMPOTPAMMBI OLIEHKU
CIOXKHOCTH W BU3yaJH3allMd TEHETHYECKUX TEKCTOB W aHajH3a CTPYKTYPHBIX OCOOCHHOCTEH IOJHBIX T'€HOMOB
MHKPOOPTaHU3MOB, M pa3paboTaTs COOCTBEHHYIO MPOrpaMMy OIICHKH JIMHTBUCTHYECKOW CIIOXHOCTH TekcTa. B xome
UCCIIeIOBaHUN pa3paboTaH OpUTHHAIBHBIN IIPOrPaAMMHBII KOJI 11l METOJIOB OLEHKH CJIOHOCTH T€HETHYECKUX TEKCTOB
[23]. [Iporpamma mprMeHEHa AJIs aHAIKU3a CII0KHOCTH TeKCTa KOPOHABUPYCa U MOJIHBIX TEHOMOB MUKPOOPTaHU3MOB.

B 1menoMm, OLEHKH CIOXXKHOCTH T€HETHUECKOro TekcTa [24] nmamu TOIYOK PAa3BUTHUIO METOJOB Ipe/CKa3aHUs
koaupyrouux yuactkoB JJHK, caiiToB no3umuonupoBanus HykiaeocoM [19], nekogupyromux PHK [2]. Mcnons3zoBanue
OLICHOK CJIOXKHOCTU YIy4YIIAeT MpeNCKa3aHUE PEryJsaTOPHBIX 3JIEMEHTOB TreHoB [19,25], xoTa gBisieTca ckopee
JIOTIOJTHUTENbHBIM KOMIIBIOTEPHBIM HHCTPYMEHTOM JJIsl HHTEPIPETalui HalJeHHBIX 3aKOHOMEPHOCTEH.

BersABIICHHE yYacTKOB HU3KOW CIIOKHOCTH B TCHOMHBIX ITOCIIEAOBATEIBHOCTSIX MUKPOOPTaHW3MOB MO3BOJISET
OTIPENENSTh OBICTPO HBOIOLMHOHHUPYIOIINE YacTH T€HOMOB MHPOKApHOT [26], B TOM HYHCIIE B CBS3U C HBOJIOLHUCH
OKpy’Karomieir cpensl [27], WccienoBaTh KOHTEKCTHBIE OCOOCHHOCTH YYacTKOB MYTAalMH TeHOB 3ykapuoT [15,28],
TCeHOMHBIX YYaCTKOB CAalTOB CBSI3BIBAHMS TPAHCKPHUIIMOHHBIX (hakTopoB [29,30]. [IpuMeHUTETHHO K BHPyCaM, OIIEHKU
CJI0KHOCTH TI03BOJIIIOT PACCMOTPETH CBSI3b TAKUX YIACTKOB C M3MEHEHUSAMH maTorenHocty [31,32].

MATEPHUAJIBI © METOJbI

MarepuanamMy HCCIIEIOBaHUS SBJSUTMCH T€HOMHBIE MOCIIEIOBATENILHOCTH M UX (DYHKIMOHAIbHAs pa3MeTKa.
Hcnonp3oBanuck naHHble n3 OTKpBITHIX 0a3 nanHbix NCBI (https://www.ncbi.nlm.nih.gov/) 1 UCSC Genome Browser
(https://genome.ucsc.edu/).

PaccMOTpeHB! CymiecTBYIONIME METOABI OIEHKH CIIOKHOCTH ITOCIIE/IOBATEIHHOCTH CHMBOJIOB M KOMITBIOTEpPHBIC
peammzaruu npumenuTensHo K JJHK [1,2]. O6muii, Hanbonee GpyHIaMEeHTaIbHBIA HOAXO K ONMPEACICHHIO CI0KHOCTH
CHUMBOJIBHBIX TOCIIEA0BATEILHOCTEH (TeKCTOB) ObLT mpeioxkeH akaaemukoMm A.H. Kommoropossmm B 1960-x. Hucino
omepanmuii KOAMPOBAaHUS HA3BIBACTCS AaNTOPUTMHUYECKONW CIOXKHOCTBIO (CiIokHOCTBIO 10 Kommoroposy) [33].
KomOmHaTOpHAas! CI0KHOCTH MO3BOJISIET HAXOANTH YYACTKH MOBBIIICHHON CIIOXKHOCTH M IPOCTBIE yYaCTKH, 3a4acTyIO
COOTBETCTBYIOIINE KOPOTKMM TaHIEMHBIM MOBTOpaM. OMNEpannoOHHON CIOKHOCTBIO HA3bIBAIOT YHCIO OIEPAIHi,
HEOOXOIMMBIX ISl CkaThsg TekcTa anroputMom Jlemmens-3uBa [34]. B ocHOBe JaHHOTO anropuTMa JISKHUT
MOCJIE0BATEIbHOE CKaHUPOBAHUE TEKCTAa U 100aBICHNE KaXKJOH MOCIIE0BATENILHOCTH CHMBOJIOB, KOTOPYIO allTOPUTM
BCTpEYAcT BIEPBbIE, B CIIOBAPb. ECIIM anropuT™ HAXOAUT MOCIEA0BATENBHOCTh CHMBOJIOB, KOTOpast y’Ke €CThb B CIIOBApE,
TO OH 3aMEHSET 3Ty MOCIeI0BaTEeIbHOCTh Ha CChIJIKY B COOTBETCTBYIOIIYIO 3alUCh B ciioBape. [IpumenutensHo k JJHK
MOTYT OBITh UCITOJIb30BaHbI ONEPAIH HHBEPTUPOBaHUS (Y4ET KOMIJIEMEHTapHBIX) Y4aCTKOB, IOMCK ITOBTOPOB TEKCTA.

OCHOBHBIM JOCTYITHBIM WHCTPYMEHTOM SIBJISIETCS IPOTpaMMHBIN KOMIIJIEKC Complexity
(http://wwwmgs.bionet.nsc.ru/mgs/programs/lzcomposer/) [24], pa3paboranubiii B MTHCTUTYTE IIUTONOTUH U TEHETUKH
CO PAH. OH 1no3BoJsieT OIpPEAETIHTh CIOXKHOCTh TeHeTHYeckoro Tekcra mo Jlemmemo-3uBy [2] (omepaunuoHHas
CJI0’KHOCTB) BMECTE C SHTPOIUIHBIMY OLIeHKaMU. MeToinKa MoJIy4yuiia CBOe pa3sBUTHE B CEPUU IPUMEHEHUH 11 aHAIU3a
perymsatopHeix paiioHoB JIHK »sykapmor [35], cpaBHEHHS CIIO)KHOCTH OCIOK-KOTUPYIOIMINX W HEKOTUPYIOIINX
mocienoBarenbHOCTEH [36], haHKUpYOMMX pallOHOB YIAaCTKOB MyTarwii [15,28].

Ontporust  lllenHoHa MokeT OBITh TIPUMEHEHAa Kak sl  aHajdu3a KOPOTKHMX —IIOCJIENOBaTEIbHOCTEH
OJIMTOHYKJIEOTHAOB, TaK M U IPOTSHKEHHBIX MTOCIEA0BATENbHOCTEN. VICTIONB3yeTCs TONBKO YaCTHBIM COCTaB CHMBOJIOB
(m3 andasura A, T, C, G s IHK). Berancnsercs ganHas BeTUYnHA 10 ciIeayromeil Gpopmyne (agantiuposano us3 [2]):

H(x) = =X p(Dlogn (), 1)

rae p(i) = n;/L,n; — 4uUCI0 BCTPETUBLIKXCS CUMBOJIOB TUNA i, L — JUIMHA TOCIIEIOBATEILHOCTH (OKHA, B KOTOPOM
UJICT pacyeT), n — MOIHOCTH ajidasura (s andasurta [JTHK pasHa 4).

Bbicokass SHTpONHMS TEHETHYECKOrO TEKCTa YKa3blBacT HAa HAIUYME Pa3HOOOPA3HBIX MOCIEA0BATCIBHOCTEH
(orcyrctBue moBTOpoB). Kpome Toro, surponust IlleHHOHa MOXKeT OBITH HCIOJIB30BaHA JJISI  OMPEICICHUS
MMOTCHIUAIIFHBIX TPaHUIl ()YHKIIMOHATIBHBIX 00JIACTCH B TEHOME.

OneparioHHOM, WM KOMIIPECCHOHHOM, CIOXHOCTHEO HA3BIBAIOT YUCIIO ONEpaIlvii, HCOOXOMUMBIX JUIS CKATHUS
TekcTa anropurMom Jlemnens-3usa [24]. [ist IpUMEHESHUS TAHHOTO aIrOPUTMA K HyKJICOTH IHBIM MTOCICA0BATEIbHOCTIM
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HEOOXOJMMO YYHTBHIBATh BCE BO3MOXKHBIE BHIbI IMOBTOPOB (IIOMHUMO TMPSIMBIX IOBTOPOB YYHUTHIBAIOTCS TaKXKe
WHBEPTUPOBAHHBIE U KOMILUIEMEHTAPHBIE).

JIMHrBUCTHYECCKON, WM KOMOMHATOPHOHM CIIO)KHOCTBIO TCHETUYCCKHX TEKCTOB HA3bIBAIOT OTHOIICHHE YHCIIA
BCTPETHUBIIUXCS CJIOB K YUCIY BCEX BO3MOXHBIX CJIOB B MOCJIENOBATENILHOCTH 3aiaHHON anuubl [37,38]. dopmymna
pacueTa JTUHIBUCTAYECCKOH cl0xHOCTH C /IS MOCIICA0BATSIBHOCTH CUMBOJIOB JJTHHBI L:

C = (Z‘l’.:n=1 VL)/(Elnzl Vi max), )

rae V; — 4ucio cioB IUIMHBI i, m — MaKCUMaJbHasg AuHa ci1oBa 1<m<L. V; 1,4, — MAKCUMAJIBHO BO3MOYKHOE YHCJIO CJIOB
JUIMHBI i B TIOCJIEIOBATENBHOCTH JMHHBI L. Vimq, PAaBEH HaMMeHbIIEMY M3 JBYX umceld: K, paBHOe 4mciy Bcex
BO3MOXKHBIX CJIOB JIIMHBI i, UJTM YUCITY CJIOB, KOTOPBIE MOKHO Pa3MECTUTh B TIOCIEN0BATENBHOCTH — (N-i+1).

[Tpumeps! pacyera JMHIBUCTHYECKOW CIIOXKHOCTH JJaHbl B paborax [2,36].

Pa3paboTanHas nporpaMMa OCYIIECTBIISIET pacyeT M BU3yaJIM3alMIO JMHTBUCTUYECKON CJIOKHOCTH T'€HETHYECKOTO
TeKcTa, cienys Gpopmyiiam npenctaBieHHbM B [2] u [38]. PaspaboTka Benack B cpene Jupiter Notebook Ha si3pike Python
(https://jupyter.org/). TIporpamMmma paccCUHUTHIBACT JHHTBUCTUYCCKYIO CIOXXKHOCTH IUISL JIFOOOW TIIOCIIEIOBATEIHHOCTH,
cocrosei U3  4YeTHIPeXOYKBEHHOTO angasura. [porpaMmHBIit KOJ  JOCTYIeH IO CCBUIKE
https://github.com/Alinabio/complexity.git.

PE3YJIBTATBI

1. Pa3pagoTka nporpaMmbl. TeXHHYECKUM pe3yJbTaTOM pabOThl ABJISETCS pa3paboTKa KOMIIBIOTEPHOTO KOJa.
[IporpamMmma paccUMTBIBACT JIMHTBUCTHYECKYIO CIOXHOCTh JUJIsl JIOOOH TOCIHIeIOBaTeNIbHOCTH, COCTOSIICH U3
4eThIpeX0yKBEHHOTO andaBuTa.

[Mporpamma mpezacrasisier coOOH MPOCTON M MOHATHBI MHCTPYMEHT IJIsl pacueTa W BU3yalH3alMd CIO0KHOCTH
reHoMoB (B ¢opme npodusist). PaboTa ¢ mporpaMmMoii ocytiecTrisercs yepes python-kom, KOTOpPBIH SIBJISCTCS OIHUM U3
OCHOBHBIX HHCTpyMeHTOB OnonHpopmaruku (https://www.python.org/downloads/). IIporpamma mo3BosisieT 3G GHeKTHBHO
pacCUNTHIBATh 3HAYEHHS JITHTBUCTHUECKOH CIIOKHOCTH TeKcTa [38], B TOM yHcie U ISl JUTMHHBIX 1T0CIe0BaTeNbHOCTEH
(TTIOJTHBIX XpPOMOCOM U T€HOMOB TIPOKapuoT). Tarke mporpamMMa IpeaocTaBiIsieT BO3MOXHOCTh HACTPOWKY ITapaMeTpOB
(UMHBI OKHa, Imara, ajudaBnTa), YTO CIOCOOCTBYET MOJIyYEHHIO PE3yJIbTAaTOB, COOTBETCTBYIOMIMX ITOTPEOHOCTSIM
MIOJTE30BAaTEIS.

Iporpammusnii kox linguistic complexity COCTOMT W3 TpexX CMBICIOBEIX OJIOKOB: pacdeT CIIOKHOCTH Bceil
MTOCTIEIOBATEIBHOCTH (C PYHKIIUSIMH BXOJIa), pacueT CIOXKHOCTH B OKHe (count_ling complexity), BeIgada pe3yIbTaToB
1 BU3yanu3anus (IOCTpOoeHUe MPOoduIIs).

Oynkiug count ling complexity npUHAMaeT Ha BXOJ OCIIEI0BATEILHOCTD, PABHYIO JUIMHE OKHA M PACCUUTHIBACT
3HaYEHHE CJIOXKHOCTH JIJIsl IaHHOM TOCeoBaTeIbHOCTH. J{i1s pacueTa 3HaMeHaTeJ s UCTIONb3YeTCsl LUK for U yCIOBHbIE
KOHCTPYKIIMU. B 3aBUCHMMOCTH OT BEJIMYMHBI 1 K 3HAYCHHUIO 3HaMeHaTes (denominator), KOTOpOE M0 YMOJTYAHHIO PABHO
4 (KOJTMYECTBO BO3MOXKHBIX HYKJICOTHIOB UTHHBI 1) ipubaBisiercs yucio i **alphabet (ecnu i **alphabet MeHbIIIe TITHHBI
oxHa) win uucio len window - (i-1), ecim i**alphabet Gonplue IMHBI OKHA.

Jlanee paccuuThIBaeTCS YUCIUTENb JUIS TTOCIE0BATEIBHOCTH, KOTOPBIH PAaBEH YHCITY PA3IMYHBIX BCTPETHBIIMXCS
CJIOB B IIOCJIEOBAaTEIbHOCTH. Bce BCTpeTHBIIMECS CJIOBa 3alMCHIBAIOTCS BO MHOXKECTBO set numerator, KOTopoe
OCTaBJISCT TOJILKO YHUKAJIbHBIC 3HAYCHU. [IJTiTHA MHOKECTBA paBHA YHCIHUTENO. B mepeMenHoit result paccuuteiBaercs
3HAYCHHUE CIIOKHOCTH Ul KOHKPETHOH MOCIENOBATENLHOCTH, OHO PABHO OTHOLICHHIO YHCIUTENSA Ha 3HaMCHATEIb.
[Tporpamma Bo3BpamniaeT pe3ysbTar IIepeMeHHoH result.

Oynuknus linguistic complexity mprHIMaeT Ha BXOJ yXKe YeThIpe TapaMeTpa: Ha BXOJ nepenaeTcs ¢aiin B popmare
FASTA, nmuna oxkaa — len_window (mo ymomganuro - 50), BenmumHa mara - step (mo ymomuanmto - 100), pazmep
andasura — alphabet (o ymomrganuto - 4). Oynkmus untaer FASTA-(aiin ¢ omHON MOCIe10BaTeNFHOCTHIO U TIEPEBOAUT
e€ B cTpoky. /Jlamee co3maercs cioBapb, KIIOYaMH KOTOPOTO OyIyT SIBIATbCS CEpPEAMHHBIC IO3MIMH OKHA
HOCIIeJOBATEILHOCTH, @ 3HAYCHUAMH — JINHTBUCTHYECKHUE CIIOKHOCTH. Jlaee B IIMKIIE IPOMCXOIUT 3aII0JIHEHHE CIIOBaps,
3HAUEHHs PACCUMTHIBAIOTCS Ha OCHOBaHHMHM pacyera (QyHKiuu count ling complexity. B urore ¢GyHKIMS BBIBOJMUT
CJIOBapbh, TJE KIIOUOM CIYXKUT IO3HMLMUS HYKJIEOTHIa B CEpelMHE OKHA, a 3HAaYEHHUEM - PAaCCUUTaHHOE 3HauYeHHE
CJIO’)KHOCTHU OKHa.

Jist BU3yanu3alyu TOJIyYEHHBIX pe3ysbTaroB Obula HamucaHa QyHkuus visualization. J{nst paGorsl GyHKIMH
HeoOxoanma ycraHoBka OuOmmortekn Matplotlib (https:/matplotlib.org/). [nst nomyuenus rpaduka HeoOXoanm ee
Mmoaynb Pyplot (https://matplotlib.org/stable/api/ as gen/matplotlib.pyplot.plot.html). C momomsio gaHHOrO MomyJist
CTPOMTCS JIMHEHHBIA rpaduK, I MOXKHO YBUJICTH YYaCTKH HU3KOM M BBICOKOH cioxHOCTH. I'paduk Moxer OBITH
KOHBEPTHUPOBaH B TEKCTOBBIN (hOpPMAT JUIS BH3yaln3alud CTOPOHHUMH mporpammamu (Excel).

KoMnbroTepHy0 MOJeIb MopoXkaeHus nocnenoBarensHoctd JJHK ¢ moMoIisio NOBTOPOB TeKcTa (IyIUIMKAUUH 1
uHBepcuil) [24] MOKHO paccMaTpUBATh KaK HH)OPMAIIOHHYIO OMO(MU3NIECKYIO MOAENb. MBI HCCIIeTOBATIN IPUMEHEHHUS
9TOW MOZENW MJId aHajiu3a MOCIEeJOBATeIbHOCTH TI'€HOMa KOPOHABUpYCa M IIOMCKAa acCOLMAaLMid € y4acTKaMH
natorenHoctu [31,32].

2. AHau3 CJI0KHOCTH reHoma kopoHaBupyca. [langemuss COVID-19 npupgana uMmysiabC UCCIEIOBAHHUSIM B
JMaHHON o0sactu [9], B TOM 4ymcie pa3BUTHIO 0a3 MaHHBIX OMOMH()OPMATHKH IJIsi BHPYCOB, MAacHITaOHOMY COOpY
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CTaTHCTHKH O KaXIOW MyTallMM B M3BECTHBIX INTAMMaX, JETAIbHOMY CTaTHCTHYECKOMY AHAJU3Y U TOHMCKY HOBBIX
MOJIENICH CBSI3M MyTaluii B FTeHOME KOPOHABHPYCa U MATOI€HHOCTH.

C wucnonb3oBaHueM pa3pabOTaHHOW MPOTrpaMMbl B I'€HOME KOpPOHaBHpyca ObUIM HaWJEHbl Y4acTKM HU3KOU
CJIOKHOCTH TeKcTa. X pacrosniokeHne COOTBETCTBOBAJIO y4acTKaM IIOBTOPSIOIIUXCSI MOHOHYKJICOTHIOB, HAXOIUBIIHECS
MeXIy OeNoK KOJUPYIOIIMMH IOCieoBaTenbHOCTIMUA. Ha BX0oa mporpaMma npHHUMaia MOCIEA0BaTENbHOCTh BCETO
reaoma SARS-CoV-2, monydyennyro u3 6a3sl qanaeix NCBI (https://www.ncbi.nlm.nih.gov/datasets/taxonomy/694009/).

SARS-CoV-2 otHocurcs k rpymnne oasouenoueuynslx PHK-Bupycos. I'eHoM naHHOrO BHpyca OJUH U3 CaMbIX
KPYITHBIX BUPYCHBIX TeHOMOB M cocrtaBisieT 29,9 K6. CrpykrypHas oprannzanus reroma SARS-CoV-2 npusenena Ha
pucyske 1.

Hawnbonee BaXHBIMU TreHaMH KOPOHABHUPYCa, KOAUPYIOIUMH OCIKH, SBIISIFOTCS:

1. Ten, xogupyromuii S-Oemok. S-Oeyok mpeacTaBisieT cCOOOM TNTMKONPOTEHH OOOJIOYKH, KOTOPBIH HIPaeT
Hanbosee Ba)XXHYIO PONb B IIPUKPETIICHUH BUPYCA, CIUSHAN U MPOHUKHOBEHWHU B KJIETKH-X035€BA U CITyKUT OCHOBHOM
MHILICHBIO TSI Pa3pabOTKH HEUTPAIN3YIONINX aHTHTEN, THTHONTOPOB IPOHUKHOBEHNUS BUPYCA U BaKIIMH.

2. T'en, xomupyromuuit M-0e1oKk. DTOT O€JIOK MIpaeT KIIFOYCBYIO POJIb B (POPMHUPOBAHUH BUPYCHON O0OIOUKH.

3. Ten, kopupyroumii E-0enoxk. JlaHHbIi O€10K y4acTByeT B COOpKE BUPYCHOM YaCTHIIBI.

4. Ten, xopupyrouuii N-6enok. benok npuanmaet ydactue B 3amute Bupycnoit PHK ot Bo3zeiictBust opranuzma
XO35MHA.

5. Ten, komupyroummii Oenku, CBsI3aHHBIE C PEIUIMKAIMeH, MPOLIECCHHIOM HOBBIX BHPYCHBIX YaCTHL. JTOT
MIPOLIECC MPOUCXOANUT BHYTPH HH(PHUIUPOBAHHON KIIETKH, I/le BUPYC UCIIOIB3YET KIETOUHBIE MEXaHU3MBI JIJISI CO3/IaHHMs
KOTIMI CBOETO T€HOMAa M HOBBIX BUPYCHBIX YaCTHII.

6. T'eHsl, Kogupytolye O€NKH, KOTOPbIE BBI3BIBAIOT HIMMYHHBIN OTBET opranusma [39].

I'eHbl B reHOME KOPOHaBUpYCa U y4acTKH HOIUMOP(U3MOB SIBISIOTCS 00BEKTaMU JETAIFHOTO U3YYEHHsI C TOUKU
3peHMsI MATOTeHHOCTH, U (PYHKINOHAIBHOW aHHOTamu [40].

B xoze npeaBapuTeNbHBIX pacueTOB HAMHU MTOKA3aHO, YTO HanOoIIee IPUEMIIEMBIM BApHAHTOM JIJISI OLICHKH SIBJISIETCS
JutnHa okHa 50 HT, Tak KaK JaHHas JUIMHA HanOoJiee COOTBETCTBYET YIAaCTKaM HU3KOH CI0KHOCTH TEKCTA, HAXOISAIIUMCS
Ha CThIKe reHoB. Jlajmee ObLT HOCTPOEH OTHENBHBIM rpaduk pacuera HMpo(UIs CIOKHOCTH MOCIEAOBATEIBHOCTH
KOpOHaBHpyca C JUIMHON OKHa, paBHOU 50 HT (puc. 2).

Haumenspmmas ciiosxHOCTs HaOMOMaeTcsl Ha ydacTke mo3urmu 24625. Ilpu pacdere TMHTBHCTHYECKOH CIIOKHOCTH
ObUTH TOJy4eHbl HauboJiee MHTEPECHbIE pe3YyJbTaThl, TaK KaK YYaCTOK HM3KOH CIIOKHOCTH ObLI HAlJeH B TeHe,
konupytomieM oenok S. TIpenmonaraercs, 4To y4acTKH HU3KOH CII0)KHOCTU HanOoJiee OIBEPIKEHBI MYTAIIUSM, YTO KaKk
pa3 COOTHOCHUTCS C TE€M, YTO S-O€JOK CIYKHT OCHOBHOH MHIICHBIO I Pa3pabOTKH HEUTPATM3YIOMIMX AHTHUTEI,
WHrUOUTOPOB MPOHUKHOBEHHMS BUPYCa U BaKIUH.

3. AHaju3 reHoMa BHpYyca HAEeMHYECKOT0 MApPOTHTA. BbUl NpoBeneH aHaIN3 IOCIE0BATEILHOCTH BHpYyCa
sHIIeMHuYecKoro napotuta Mumps Orthorubulavirus, BBI3BIBaIOIIEro 0JHOMMEHHOE 3a001eBanne. I1apoTuT n3BecTeH Kak
OIIaCHOE BHMPYCHOE 3a00JIeBaHHME IETCKOTO BO3pacTa, KOTOPOE MOXKHO IPEAOTBPATUTh C MOMOIIbIO BakmuHBI [41].
OnHako B MMOCIEAHNE TOABI B PAa3BUTHIX CTpaHaX OBUIO 3apernCTPUPOBAHO HECKOIBKO KPYMHBIX BCIIBIIIEK MH(EKIHH,
BBI3BaHHOH BHpycoM mapotuta [42]. [Ipu snmaeMrnaeckoM mapoTUTE UMEET MECTO He TOJBKO ITOPaKCHUE KEIE3UCTHIX
OpTaHoB (apOTHT, CyOMaHANOYJINT, CYOIHHTBAT, TAHKPEATHT, OPXUT, IPOCTATUT, 00(hopuT — B 5% cirydaeB y AeBYyIIEK
W JEBOYEK, MACTHT, THPEOWAMT, NAKPHOAAEHHUT), HO W JUINTEIbHAs IMPKYIALUS BO30yauTens B KpoBu. [lpm
OCJIOKHEHHOM SHIEMHYECKOM IIapOTUTE BO3MOYKHO Pa3BUTHE CEPO3HOIO MEHHHTUTA U MEHUHTO3HIIe(aIuTa, MUEIUTA U
sHIe(aTOMHUENNTa, IIOpaXKeHHE YepeIHbIX HePBOB. B HMcXoe mapoTHT HepeAKo MPUBOAUT K MOPAKEHUIO LIEHTPAIbHOH
HEpBHOH cuctembl, hopmupyer decruoaue y 50% myxuun [43].

UCSC Genome Browser on SARS-CoV-2 Jan. 2020 (NC_045512.2) (wuhCor1)

move << << < > >> >>> zoomin 15x 3x 10x base zoomout 15x 3x 10x 100x
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Pucynok 1. Ctpykrypnas opranuzanus reaoma SARS-CoV-2. PucyHok mocTpoeH ¢ moMoIsi0 FreHOMHOTo Opaysepa
UCSC (https://genome.ucsc.edu/)
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Pucynok 2. Pacuer munrsuctuyeckoii cnoxuaoctd 11t SARS-CoV-2 npu mare, paBHoM 200, 1 [UIHHE OKHA, paBHOM
50 mykneorunam (HT). [To ocu X — mo3umus B reHOMeE, HT; 10 OCH Y — 3HaU€HHE CJI0KHOCTH y4acTKa TEKCTa, SHAYCHUS
B uaTepBane [0;1]

I'enom Bupyca cocrasiser 15384 HT U COAEPKUT CEMb IeHOB, KOJUPYIOMINX AEBATH 0e1KoB (puc. 3). st naHHOTO
PHK-Bupyca 6611 moctpoeH npouiib JIMHIBUCTHYECKOH CIIOXKHOCTH (puc. 4).

Pacuer muHrBHUCTHYCCKOU CHOXHOCTH Jisi Mumps orthorubulavirus ObIn BEIIONHEH Ipu Iare, paBHoM 200, u
JUTHHE OKHa, paBHOU 50. HaliieH y4acTOK MOHMKEHHOW CIIOKHOCTH B oOnactu 1625 HT. JJaHHAS TIO3UINSA COOTBETCTBYET
reay NP, KOTOpbIil KoqupyeT OeNoK, yJacTBYIOMHUK B 00pa30BaHUH HyKIIeoKarcuaa. ToT ¢akT, 94To y4acTOK HH3KOU
CIIO)KHOCTH OBLT HaiizieH /utst reHa NP, CBUAETENbCTBYET O TOM, UTO JaHHBIN TeH HanOoJee IOIBEPKCH Pa3IMIHOTO poia
MyTalusaM. JTOT Y9aCTOK MOXKET OBITh MHUIIEHBIO JUISA JIEKAPCTBEHHBIX Bo3/eicTBUNA. Pa3paboTaHsl MpOTHBOBHPYCHBIE
TIperaparel, HalpaBJIeHHBIE HAa HapyIIeHne COOPKH HyKJICOKATCH/IA.

3AK/IIOYEHUE

[TpeacraBneHbl KIIOYEBbIE KOMIIOHEHTHI pa3pab0TaHHO NPOrpaMMBbl, €€ BO3MOXHOCTH W OTPaHUUCHUS, & TAKKe
MIPUMEPBI €€ UCIIOJIb30BaHKs IS aHaln3a I10CIeI0BAaTEIbHOCTEH MOJHBIX I'€HOB MHUKPOOPTaHW3MOB, MX 3BOJIIOLMA
[23,26]. PazpaboTka nmporpaMMHBIX KOHBEHEPOB M HHCTPYMEHTOB OHonH(opMaTHKH poBoautcst Ha Lludposoii kadenpe
CedeHOBCKOTO ~ YHHMBEpPCHUTETa W HMMEeT KaK MCCIIeNOBAaTeNbCKMH, Tak M 00pa3oBaTeNbHBIM  XapakTep
(https://dk.sechenov.ru/). B manno# paboTe, 3ammieHHON B kKadyecTBe auruioma Ha L{udposoii kadenpe, paccMoTpeH
Iporecc pa3padOTKH NpPOrpaMMbl BU3YIM3AllMM JIMHIBHCTHYECKOW CIIOXKHOCTH TeHoMma. lIpencraBieHo oOmiee
OIIMCaHue PabOTHI IPOTrPaMMEI, OITHCAHBI €€ OCHOBHbBIE KOMIIOHEHTHI M AJITOPUTMBL.

Ha nmpumepe reroma SARS-CoV-2 u Bupyca SHAEMHUYECKOTO MApOTHTA OBLIO MOKA3aHO, YTO MPOTpaMMa MOXKET
OBITH MCIIOIb30BaHA JUIS aHAIN3a PA3JIMYHBIX HYKICOTHAHBIX MOCIIEI0BATENLHOCTEH 1 MIMPOKOTO Kpyra 3amad. Panee
MIPOBOAMIINCH TIOXOKHE HMCCIEIOBAHUS 110 OLEHKE CI0KHOCTH TEKCTa, KOTOPHIC TO3BOJIMIN BBIIBUTH TOPSYNE TOYKU
MyTallul [UIsI TeHoMa KopoHaBupyca [32], mpeacTaBisiOmKe HWHTEpPEC KaK SBOJIOLHOHUPYIOMAs HYKJICOTHAHAS
MIOCIIE0BATENbHOCTh MUHUMAJIBHOTO pa3Mepa.

UCSC Genome Browser on ViralProj15059 Aug. 2000 Mumps orthorubulavirus (Miyahara 2000) (GCF_000856685.1)
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Pucynok 3. CTpykTypHas opranusanus renoma Mumps orthorubulavirus. PUCYHOK IOCTPOEH C OMOIIbIO TEHOMHOT'O
6paysepa (https://genome.ucsc.edu/)

AxmyanvHbie gonpocwsl duonocuueckol gusuku u xumuu, 2023, mom 8, Ne 4, c. 408-416



MODELLING IN BIOPHYSICS AND BIOINFORMATICS 413

0.99 - N

0.98 4

0.97 4

0.96 A

0.95 - \

0 2000 4000 6000 8000 10000 12000 14000 16000

PucyHnok 4. PacueT TMHTBHCTHYECKOH CIOXXHOCTH Uit TeHOMa Mumps orthorubulavirus nipu mare, pasaom 200, 1
JuIiHE OKHa, paBHOW 50. O003HAYEHUs MIKaJl COOTBETCTBYIOT pUC. 2. OTMEUEH y4acTOK MOHIKECHHOW CIIOKHOCTH B
obmactu 1625 HT

B Ouosormyeckux cucTeMax II0Ka3aHO pas3lIMuhue B YPOBHSX CIIOKHOCTH MEXAY OElIOK-KOIUPYIOIIUMH U
HekoaupyrommMu  niocaenoarensHocTssMu JIHK [36]. Takum oOpa3oM, MOKHO CKa3aTh, YTO JIMHTBHCTHYECKAsS
CIIOKHOCTh OTIHMYaeTcs B pasnuuHblx ydactkax JIHK. Benok-komupyromue mHocienoBaTeIbHOCTH OOBIYHO Oosee
KOHCEPBaTHBHBI U MEHEE M3MEHYMBBI, IIOCKOJIKY OHHM HECYT KJIFOUEBYIO MH()OpMAIHMIO O CHHTE3e OEJIKOB, KOTOPBIH
SIBIISIETCS BAYKHBIM JUTSl BBDKUBAHUA opranu3ma [4]. Hekoanpyromiue mocineaoBaTenbHOCTH, C IPyTroi CTOPOHBI, 00J1a1atoT
OousibIell M3MEHYMBOCTBIO M THOKOCTBIO, MOCKOJBKY OHH BBINOJHSIOT Pa3HOOOpa3Hble (YHKIWH, CBA3aHHBIE C
peryisinuei TeHOB M CTPYKTYpoi reHoma. [loHMMaHMe 3THX pasiIWyuii MOMOTAeT HaM JIydIle OCO3HATh CIIOKHOCTH
TEHOMa W €ro  JBOJIONHWOHHBIE MeXaHu3Mbl. OILEHKa JHHIBHCTHYECKOM  CIOXKHOCTH  HYKJICOTHIHBIX
TIOCIIEA0BATENFHOCTEN CIIy’KUT OCHOBOM CTATWYECKOTO aHAINM3a CTPYKTYPhl TEHOMOB MHUKPOOPTaHM3MOB U IAaTOT€HOB
pacrenuii [44], BaxxHa Uit 3amad OmoTtexHonorud. [Ipomomkenne paboTsl TpeOyeT MHTETpald C CYIIECTBYIOUTIMH
0a3aMi OTEYECTBEHHBIMU IMPOrPaMMHBIMU pecypcamu OuouHpopmaruku, Takumu kak ICGenomics [45], u Oyzer
Ppa3BUBATHCS [UIA aHATTN3a TEHOMHBIX ITOCIIEI0BATEIBHOCTEN ITATOT€HOB PACTCHUH.

Tpoepammusiii k00 docmynen no ccolixe https://github.com/Alinabio/complexity.git.
brazooapuocmu. Paboma nodoepoicana epanmom PH® (23-44-00030). Aemopwi svipadxcarom 61a200apHOCmb
A.FO. ITomanosou, I1.A. Hsanosy-Pocmosyesy u E.A. Casunoii 3a mexnuueckyo nomows 8 pabome.
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COMPUTATIONAL TOOLS FOR THE DNA TEXT COMPLEXITY ESTIMATES FOR MICROBIAL
GENOMES STRUCTURE ANALYSIS
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Abstract. One of the fundamental tasks in bioinformatics involves searching for repeats, which are
statistically heterogeneous segments within DNA sequences and complete genomes of microorganisms.
Theoretical approaches to analyzing the complexity of macromolecule sequences (DNA, RNA, and
proteins) were established prior to the availability of complete genomic sequences. These approaches have
experienced a resurgence due to the proliferation of mass parallel sequencing technologies and the
exponential growth of accessible data. This article explores contemporary computer methods and existing
programs designed to assess DNA text complexity as well as construct profiles of properties for analysing
the genomic structures of microorganisms. The article offers a comprehensive overview of available online
programs designed for detecting and visualising repeats within genetic text. Furthermore, the paper
introduces a novel computer-based implementation of a method to evaluate the linguistic complexity of
text and its compression using Lempel-Ziv. This approach aims to identify structural features and anomalies
within the genomes of microorganisms. The article also provides examples of profiles generated through
the analysis of text complexity. Application of these complexity estimates in the analysis of genome
sequences, such as those of the SARS-CoV-2 coronavirus and the Mumps Orthorubulavirus, is discussed.
Specific areas of low complexity within the genetic text have been successfully identified in this research.
Key words: bioinformatics, biophysical models, text complexity, microbial genomes.
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BEB-CEPBUCHI 1JISAA IPEJCKA3AHUSA MHUIIEHEW MUKPOPHK C NOMOUIbBIO
HEUPOHHBLIX CETEAU
Apucrapxos M.A.!, Jlepruies A.W.>3, Iloranosa A.10.!, Usanos-Pocrosues I1.A.!,
Opuios 10.J1.1:23
'Tlepsoiit MTMY umM. U.M. CeuenoBa Munsapasa Poccun (CedeHOBCKUI Y HUBEPCHUTET)
ya. Tpybeyxas, 8-2, 2. Mockea, 119991, P®; e-mail: max-a2000@mail.ru
2 HucrutyTt nuronoruu u renetuku CO PAH
npocn. ax. Jlaspenmoesa, 10, 2. Hosocubupck, 630090, P®
SHoBocubupcKwmii roCcy1apCTBEHHBIH YHUBEPCUTET
ya. Iupoeosa, 1, 2. Hosocubupck, 630090, PO
[Mocrymmna B penakmmro 10.08.2023. DOI: 10.29039/rusjbpc.2023.0641

Annoranus. [Touck reHoB mumenerd MukpoPHK TpeOyer pa3paboTku HOBBIX MPOTPAMMHEIX CPEJICTB H
BeO-cepucoB. MukpoPHK — kxopotkne nexommpytomue monexyiasl PHK — urparmor BakHyio pois B
perymanuu MeTabonu3Ma, B OTBETE HA CTPECCOBBIC BO3JACHCTBHUS OKpY’KAaroLIeH Cpelbl y PacTEHHH,
perynupyroT sKcupeccuro reHoB. [lonnmanne ¢pynkunit MukpoPHK, nccnenoBanne ux reHOB-MHUIICHEH,
MOXET IIOMOYb B pa3paboTKe HOBBIX JIEKAPCTBEHHBIX MPENapaToB, PEUIEHHH OMOTEXHOIOTUYECKHX 3a/1au.
Hccnenoranue u onpezencHue muireHeir MUkpoPHK B reHoMe CBSI3aHO ¢ TEXHUYECKUMH MPOOIEMaMH.
MukpoPHK cnocobctByer perpanaunu MPHK winu mojapnsier ee TpaHCISILUIO, U 3TOT HPOLIECC MOXKET
MPOUCXOJUTH 0€3 IMOJHOM KOMIUIEMEHTAPHOCTH MHIIEHH. TakuM 00pa3oM OIpe/esieHUEe MHUIICHH I10
NPUHIUIY KOMIUIEMEHTApHOCTH He oJHOo3Ha4HO. Kpome Ttoro, onna moinekyna MukpoPHK moxer
COOTBETCTBOBaTh Cpa3y HECKOJBKUM IeHaM-MUILIEHSM. PerieHueM sBISeTCs MCHOIb30BaHUE OOJBLIMX
00BEMOB JaHHBIX M METOAOB MAlIMHHOTO 00y4eHHs, HeMpOHHBIX ceTeil. Heipocetn B GnonH(popmarike
WCIIONIB3YIOTCSL JUIS Pa3iMYHBIX 33734, TaKMX KakK aHain3 OMOMEIWIMHCKMX JaHHBIX, JAWarHOCTHKA,
IIPOTHO3MPOBAHHUE, KiIacCH(UKAIMi M CErMEHTalMs HYKJICOTHAHBIX IociefoBarenbHocTed. [lonck u
npenckazanue mumeHeit MukpoPHK ¢ momombio MeTogoB MammHAOTO 00yUeHIsI aKTHBHO PAa3BHBACTCS B
HacTosee BpeMs. bbll MpoBeeH CpaBHUTENBHBIN aHAJIN3 COBPEMEHHBIX HEMPOHHBIX CEeTe ISl AAaHHON
3amaun. Pa3paboran BeO-cepBuc s npeackasanns MUKpoPHK ¢ mcnonp3oBanuem HelipoHHO# cetn. C
MOMOIIBIO sI3bIKa MporpamMmupoBanus Python u 6ubnuoreku Flask Obiia pazpaborana cepBepHast 4acTb
cepBuca. VMcrons3zoBanacsk HeipoHHast ceTb Mitar, o0CHOBaHHAs Ha ITyOOKOM 00ydeHHH, KOTOpast CIIoCOOHa
npejackaszpiBaTh MuiieHn st MUKpoPHK ¢ Oosee BbICOKOW TOYHOCTBIO. ByayT mpoloiKeHBI
UCCJIEJIOBAHMSI C LIENBI0 NOBBINICHHUS S(PQEKTUBHOCTH M paclIMpeHus] (QyHKIMOHANIa pa3paboTaHHOI
IIPOrPaMMHOM CHCTEMBI.

Knrouesvie cnosa: ououngopmamura, muxpoPHK, eenvl-muwienu, npedckasanue, HelpOHHble Cemil,
MeOUYUHCKAs UHpopMmamuKi, 6e6-cepauc.

BBEJEHUE

[Mowuck reno-mumieneit MukpoPHK siBisiercs BaxkHOM 3amavet OnonHDOpMaTHKH, TpeOyIOmeH pa3paboTKi HOBBIX
MPOTPaMMHEIX CpeAcTB U Beb-cepBrcoB [1-3]. AKTyanpHOCTh 3agaum cBsizaHa ¢ TeM, uyTo MUKpoPHK perymmpyror
9KCIIPECCHIO TEHOB, HTPAIOT BAXXHYIO POJIHb B META0OIM3ME, KOHTPOIHUPYS MHOTHE KIeTOUHBIe mporecchl. MukpoPHK
SIBISIFOTCS. OOBEKTOM aKTHBHOTO HCCIICIOBAaHMS, B TOM YHCIE B OWOJIOTMH DPACTCHWH, WCCIEIOBAaHMM OTBETa Ha
CTpEecCOBbIE BO3JCHCTBUS OKpyXkaromiei cpeanl [4-7]. M3menenue skcnpeccun MUKpoPHK cBsizano ¢ pazmudHbIMEU
3a00JICBaHUSAMH, BKIIFOYAs CaXapHbIi qua0deT, OKUpeHUe, O0JIe3HN TICUeHH U pak [8].

MukpoPHK mnpencrapnsior u3z cebs koporkue Hekoaupyomue Monekyiasl PHK mmmno#t 18-25 nykneorunos (B
cpemsem 22). MukpoPHK Obuiv OTKpBITEI B KOHIlE 20-TO BEeKa B XOJE HCCIICIAOBaHHI HAa MOJCIHLHOM OpPTraHH3ME
nemarozbl Caenorhabditis elegans [9]. B xone uccnenoBanuii Obl10 00HapykeHO, 4TO TeH lin-14 KoaupyeTr KOpOTKHA
PHK-TpaHCKpUIIT, KOTOPBIN UIpaeT BaXKHYIO POJb B PA3BUTUU OpraHu3Ma. JTO MPUBEIO K OTKPBITHIO HOBOTO Kjacca
PHK, nonyunBmnx nasBanune mMukpoPHK. B panbheiimem Obiio mokazano, uyto MukpoPHK sBisitorcs kimroueBbiMu
peryisTopaMu 3Kcrpeccud reHoB [2]. OHM UrparoT BaXKHYIO POJIb B PEryJsiiy MeTaboiu3Ma, KOHTPOJIUPYSI MHOTHE
MIPOIIECCHI, TakKWe Kak pPEryJsius TIIOKO3HOTO MeTaboiu3Ma, MeTaboiu3Ma JIMMHIO0B, aMUHOKHCIOT M JKeJesa,
BOCCTAHOBJICHUS T10CIIE TTOBPEKACHUN TKaHel u BocniasieHnss. MukpoPHK nrparot BakHyIO poib IPaKTHIECKH BO BCEX
ononornueckux mporeccax [10]. Uccnenopanns nuddepenmuansHoi sxcpeccnn MukpoPHK y opranmsma-xo3suHa Bo
BpeMsi MH(MEKIMN TOATBEPKIAIOT, YTO OHM MOTYT WIpaTh KIIOYEBYIO POJIb B PEAKIHMH XO35MHA HA BTOPTAIOIIHECS
TaToreHsr [7].

B nenom, mukpoPHK sBnsiIoTCSI 06BEKTOM aKTHBHOTO HCCIECIOBAHUS B OMOJIOTHH, OMOTEXHOJOTHHA U MEIUIHE
[8,11]. ITonnmanune nx OnoJOrMUEcKUX (PyHKLIUH MOXKET MOMOYb B pa3paOOTKe HOBBIX JIEKAPCTBEHHBIX MPENapaToB U
METOJIOB JIEUSHHUS Pa3INUHBIX 3a0oeBanuii [12].

B Mupe akTHBHO pa3BHBAIOTCS KOMIbIOTEepHbIC 0a3bl maHHbIX MUKPOPHK (https://mirdb.org/). Heobxomumo
JanpHelIee neranbHoe uccienoBanne MUKpoPHK, pa3paboTka HOBBIX NPOrpaMMHBIX CPEACTB JUIS HMX aHalU3a,
onpeaeneHus ux MumieHeil B reHoMe [13]. CymecTByromuye KOMIBIOTEPHBIE PEIICHUs CBA3aHbI C TEOPETUYECKUMHU U
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TeXHUUYECKUMHU Tpobaemamu. Mosekyna MukpoPHK MoskeT ObITh HE MOTHOCTBIO KOMIIJIEMEHTapHON MOJIEKYJIe-MHUILICHN
MPHK, HO Bce paBHO BBI3BIBacT perymsnuio skcrpeccun reHoB. MukpoPHK cnocobctByer nerpamanmmn MPHK mmn
NOJAABJSIET €€ TPAHCISALUI0, ¥ JTOT MPOLECC MOXKET MPOUCXOIUTH 0€3 MOJHOW KOMIUIEMEHTAPHOCTH MHUIICHH. DTO
3aTpyIHSET OAHO3HAYHOE ONPEIEICHNE MUIIEHH MOJIEKYJIBI, B CBSI3M C HEBO3MO)KHOCTBIO TOUHO OIPEIESTUTh MHUIICHD 10
OpUHIMNY KoMIiuieMeHTapHocTH [14]. Kpome Ttoro, omxa Monekyna MukpoPHK MoxkeT cooTBercTBOBaTh Cpasy
HECKOJbKUM TeHaM-MulieHsam [11].

PemenneM sIBISIETCS MCHOJIB30BAaHUE COBPEMEHHBIX METOAOB OHOMH(OPMATUKM — HEHPOHHBIX CeTeil.
Heiipocetn — 3TO KOMIBIOTEPHBIE CHCTEMBI, KOTOPBIE MOTYT 00pabaThIBaTh W aHAIM3UPOBATH JaHHBIE, WCIIONb3YS
METOAbl MamMHHOTO Oo0ydeHHs [15]. B Menummue HelipoceTH HCTIONB3YIOTCS UIS PA3lWYHBIX 3a4ad, TAKUX Kak
JMarHOCTHKA, IIPOTHO3UPOBAHNE, KIacCH(pUKaAIMsI M CerMEHTalusl.

Jliist Hanero BeO-cepBHca HCIOIb30BasIach HeMpoHHas ceTh Mitar, ocHOBaHHas Ha riTybokoM oOyuennu (DL-based),
KOoTOpast crmocoOHa mpenckaspiBate MumeHu it MUKpoPHK ¢ Gonee Beicokoit TouHOCTBIO. [lomxom oOwbemuHseT
cBeprounsle HerponHsle cet (CNN), KOTOpble NpEyCHeBalOT B W3YyYEHWH TPOCTPAHCTBEHHBIX OOBEKTOB, M
pexyppenTHbie HeliporHbie ceti (RNN), koTopble pacno3HaroT NOCIIeI0BaTeIbHbIE 00BEKTHI.

Pazpaboran BeO-cepBuc i mpenackasanus MukpoPHK ¢ wcmonbs3oBanuem HeliponHoit cetw. IIpoBemen
CpPaBHUTEJIbHBIN aHAJIU3 COBPEMEHHBIX HEWPOHHBIM ceTed I NaHHOW 3a7aud. BBHIMOJHEH aHajiu3 CyIIECTBYIOMICH
JUTEpaTypbl B oOnacth 0a3 maHHbIX B MHTepHere, oOpaias BHUMaHHE Ha OCHOBHBIE MOJEIM IPOTHO3MPOBAHMS
mumeHeii MukpoPHK. Cpenu H3BECTHBIX aHAJOTOB €CTh TOJBKO CEPBHCHI, MCIOJB3YIONUE 3KCIEPUMEHTAIBHO
MOJITBEPXKACHHBIE JaHHbIE, a HCIONb3YIOIINEe HEWPOHHBIE CETH — OTCYTCTBYIOT. lcmonbp3oBaHUE MpeNIoKEHHON
MIPOTPaMMBI TTIOMOKET ynydmuTh 3¢dextnBHOCTs Moncka MUKpoPHK, cokpartnTh 3aTpaThl Ha 3KCIIEpUMEHTAJIbHBIC
HCCIeI0BaHMS U pa3pabOoTKy JIeKapCTBEHHBIX cpeacTs [16,17].

MATEPHUAJIBI I METO/IbI

MarepuanaMy HCCIIEIOBaHUS SBISUTICH TEHOMHBIC MOCIIEIOBATENFHOCTH M WX (YHKIMOHANIbHAs pa3METKa.
Hcnonp3oBanuck naHabie U3 OTKPHITHIX 06a3 manHbIXx NCBI (https:/www.ncbi.nlm.nih.gov/) m UCSC Genome Browser
(https://genome.ucsc.edu/).

Hnsa pazpabotku ucnons3oBaics PyCharm — wmHTerprpoBaHHas cpena pa3paboTku Ha s3pike Python, cozmannas
kommnanuei JetBrains (https:/www jetbrains.com/ru-ru/pycharm/). O sBIs€TCSs HHCTPYMEHTOM Ui pa3pabOTKH C
HCIIOJIb30BaHNEM COBPEMEHHBIX BeO-(peiiMBopKkoB, HarpuMmep, Django, Flask, Google App Engine, Pyramid u web2py
(https://flathub.org/ru/apps/com.jetbrains.PyCharm-Professional). {ist pa3paboTku cepBepHOi YacTH UCIOJIb30BaH BeO-
¢peiimBopk Flask s3bika Python. Flask — ato ympomennas miaardopma Python s BeG-mpuiokeHuid, KoTopas
obecrieunBaeT OCHOBHBIE BO3MOKHOCTH Mapupytu3aunu URL-aapecoB u Busyanuszanuu crpanuil. CepBuc padoTaer Ha
apxutektype REST (REpresentational State Transfer) (https://otus.ru/journal/arhitektura-rest-i-api/). dast pabotsr c
JTAaHHBIM cepBUCOM paspabortanbl Heckosibko HTML crpanui, koTopble OyayT BO3BpallaThcs OTBETOM Ha 3arpoc B
cepBuc. HTML - s13bIk MapKHpPOBKY THIIEPTEKCTOB, KOTOPBII HE 3aBUCHUT OT THUITA KOMIBIOTEPHOH MIaT(OPMBL.

C nmomomsio si361ka IporpamMmmupoBanus Python (v. 3.11.4, https://www.python.org/) u 6ubmmorexu Flask (v. 2.3.2,
https://flask.palletsprojects.com/) Obuia pa3paboraHa cepBepHas 4YacTh cepBruca. OHa BKItodaeTcss B cebs Habop
(yHKOWH, KOTOpBIE NOJDKHBI BRI3BIBaThCA MpH moctymieandn HTTP 3ampoca. 'maBHas cTpaHmIia cepBHca COACPKUT
¢dopmy I BcraBku nocnenoBarensHocTH MukpoPHK. BrimosnHseTcst mpoBepka Ha 3allOJHEHHOCTD IOJA Ul BBOZAA
[I0CJIEIOBATEIBbHOCTH, U, €CIM I10JIE 3aM0IHEHO, co3naeTcst HTTP 3amnpoc, KOTOpbIH OTIPaBIISIETCS HA CEPBEPHYIO YaCTh.
CepBepHas 4acTb, [IOJTy4aeT 3anpockl B popmate Json.

PE3YJIBTATBI

TexHn4eckuM pe3yabpTaToM paboThl SBISIETCSl pa3pabdoTKa KOMIbIOTEpHOro kona. [Iporpamma naer oueHKy
npucytctBus MUKpoPHK my1 HykneoTunHoN nocie10BaTeIbHOCTH.

Paccmorpum Mexanusmel aeiicteust MukpoPHK, nosydeHHbIe B X01€ 0030pa IUTEpaTyphl M IOCTYKHUBIINE OCHOBOU
cOOCTBEHHOW pa3paboTku. Y pacturenbHbIXx MuUKpoPHK mpakTHdeckn MOTHOE COOTBETCTBHE C HMX II€JIEBBIMHU
(vumeneBsiMu) MPHK BbI3BIBaeT monmaBiieHHE T'eHOB 3a CUET pacHICIUIEHHs TPAaHCKPHUNTOB. B oramume oT 3Toro,
MukpoPHK y kuBOTHBIX pacmo3HaroT cBom MmuleHeBbie MPHK, mcmonmb3yst Bcero 6-8 HYKIICOTHHOB (3aTPaBOYHYIO
obmacte) Ha 5'-koH1e MukpoPHK, uro Henocrarouno mist pacmerieans MPHK. Korkpernas mukpoPHK moxer mmerts
Heckonpko MPHK mumenn, n maoxxectBo MukpoPHK MokeT perynmmpoBaTh adbTepHaTHBHYIO MHUIIEHB [11].

OreHKka KOJIMYECTBA YHHKAIBHBIX MHUMIeHeW ansd tunuyHo MukpoPHK Bapeupyer B 3aBuUcHMMOCTH OT
HCTOJIb3yEeMBIX MeTOZ10B. OJTHAKO HECKOIBKO MOAXO0I0B MoKa3any, 4To y MukpoPHK mnekonurarommx ecte MHOKECTBO
YHHUKaIbHBIX MuiieHed. Hampumep, ananmu3z MukpoPHK y BBICOKOKOHCEPBAaTHBHBIX HO3BOHOYHBIX ITOKAa3bIBAET, UTO
KaxJast uMeeT B cpeHeM okoio 400 koHcepBaTUBHBIX MulIeHed. [Toxoxxum 00pa3oM, SKCIIEPUMEHTHI IIOKa3bIBAIOT, YTO
omua BuA MHUKpOPHK MoxeT cHmkaTh cTaOWIBHOCTH COTEH YHHKalIbHBIX wuH(popManuonHeix PHK. pyrue
HKCIIEPUMEHTHI TOKA3bIBAIOT, YTO OJUH BHJ MUKpOPHK MokeT moaaBisiTh MpoayKIKIO COTEH OEIKOB, HO 3Ta Perpeccus
00OBIYHO OBIBAaCT OTHOCUTEIFHO CJIa00H (MeHbIIe, yeM B 2 pasa) [9].

MuxpoPHK-onocpenoBanHas penpeccusl BKIOYAETCS B IPOLIECCHI PETYJILUH TOYTH BCEX KJIETOYHBIX IPOLIECCOB.
[MarrepHs! perynsiun Heckoubkux Ipyrux MUKpoPHK yske ObUIM BBISBICHBI Y MHOTHX BHJIOB JKMBOTHBIX, BKJIIOYAst
YeNoBeKa.
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Cornacno nocnennerr Bepcun miRBase (https://mirbase.org/) (Bepcusi 16.0), reHom uenoBeka copepxkur 1048
aHHOTUpOBaHHBIX MUKpOPHK nocnenoBaTenbHOCTEH, 1 BO3MOXKHBI IONIOJIHUTEIbHBIC aHHOTALMH B OyaymieM. CoracHo
niTepatype, okojo Tperd 3tx MukpoPHK nHaxomurcs B 113 kiacrepax IeHOB M, 3KCIIEpUMEHTAJbHBIC JIaHHBIC
npodunupoBanusi MUKpOPHK B pa3inuyHbIX TKaHSIX M KJIETOYHBIX JIMHUSX, TOKA3bIBAIOT, YTO 3TH KIACTEPbl B OCHOBHOM
9KCIPECCUPYIOTCSI COBMECTHO. DTO HAOJIIOJICHUE BBI3BAJIO BOIMPOCHI O TOM, KaK PEryJIUPYIOTCS TeHbI, HaXOsIINeCsS B
KJIacTepax, ¥ Kak 3To BiusieT Ha skcnpeccuro MUKpoPHK [18]. Cuuraercs, uro ecnu oqna mukpoPHK u3 knacrepa tepsier
CBOIO PETYISTOPHYIO (PYHKIHNIO, TO 3TO MOXKET MOBIUATH Ha apyrie MUKpoPHK u3 Toro ke knacrepa. [TosTomy BaxxHO
HCCIIeI0BaTh, MOYKHO JIM peryinpoBarh onHy MukpoPHK B kiactepe HezaBucHMO OT pyrux, 0cOO€HHO B OTHOIICHHH
tex MukpoPHK, kotopsie urparor pons B maronoruu uenoeka. MukpoPHK HaneneHsl Ha mpuMepHO TPETh T'€HOB,
Koaupyromux oenku, n ogaa MukpoPHK mMoxeTr oqHOBpeMeHHO B3aumozeiicTBoBaTh ¢ npuMepHO 200 TpaHCKpUITaMu
Onarozapst pa3IMYHBIM HaTTepHaM cBs3bIBaHUA [18].

CymiecTByeT TpH OCHOBHBIX MEXaHHU3Ma PETyIIUN TeHOB, onocpenoBanHsIx MUKpoPHK: penpeccus Tpancmsmm,
npsmas aerpagauus MPHK u onocpenoBannsiii MukpoPHK pacnag MPHK. BaxkHo oTMeTHTh, 4TO NOCAEAHUE AAHHbIE
CBUJICTEIBCTBYIOT O TOM, YTO MEXAaHH3M DPEIPECCHH B OCHOBHOM OIIpefeNnseTcs CHIbkeHHeM ycroiumBoctd MPHK-
MHUILEHEN.

Pa3paboran cepBuc mis mpenckasanust MukpoPHK ¢ ucnonb3oBaHuem HelipoHHOW ceTH. bbbl mpoBeeH
CpPaBHUTEIIbHBIN aHaJIN3 COBPEMEHHBIX HEMPOHHBIN CeTe JUIs JaHHOW 3aauH.

C moMoIeIo sI361Ka IporpamMmmupoBanus Python n 6ubmmoreku Flask Obina paspaboTana cepBepHas 4acTh CEpPBHUCA.
OmHa BKJIIOUYaeT B ce0st Habop QyHKIMI, KOTOpPBIE TOJDKHBI BBI3BaThCs npu noctymiennn HTTP 3ampoca.

s pabotel monb3oBaTens ObI0 pazpaboraHo Heckonbko HTML crpanmm u css ¢ailyioB it KOPPEKTHOTO
otoOpaxeHust ”HYOpMALIUH.

I'maBras crpanuna (puc. 1) comepxxut Qopmy anst BcraBku nocienoBarensHoctn MUKpoPHK. TIpu Hakatnm Ha
KHOTIKY BBOZIa BBITIOJHSIETCS NTPOBEpKa HA 3aMOJHEHHOCTH IOJIS IS BBOJA IOCIIENOBATENbHOCTH U coszfgaercss HTTP
3a1poc, KOTOPBIH OTHPABIISETCS] HA CEPBEPHYIO YaCTh.

[MomyuyuB Teno 3ampoca, cepBepHas 4acTb oOpabaThIBaeT ero HeHpoHHOH ceThio Mitar. [TomyduB oTBET OT
HEHpOHHOIT ceTH, cepBepHas 4acTb popmupyet orBeT Ha HTTP 3ampoc. OTBet MokeT conepkath B cede npeickazaHHbIe
[IOCIEA0BATENBHOCTH MUILIEHEH JTM00 COOOIIEHHE 00 OMMOKE, €CIM YTO-TO MOIIIO HE TaK.

CepBepHas 9acTh, HOTy4Yas 3ampoc, pa3OmpaeT ero Ha COCTABISIOMINE, YTOOBI MOIYYUTh TENO 3ampoca. 3ampoc
npuxonut B hopmare Json. J{i1s KoppekTHO# paboThI ¢ cepBHUCOM Jiydilie Bcero ucrnonb3oBats Google Chrome, Mozilla
Firefox, Microsoft Edge nu6o nmro0oii apyroii Opay3ep, noiepKUBarolui HoBble Bepcuu html u css.

[MTonyuuB otBeT, paspaboraHHas nporpamma (oToOpaskaer ero mocie 3aroiioBka “Pesynbrarer” (puc. 3) B Buze
HECKOJIbKUX (B JIaHHBI MOMEHT HAacTPOEHO Ha 3) mociieoBaTenbHoCcTel Mumienei MukpoPHK ¢ ykazanuem TouHOCTH
UX OIpEAeICHHS.

Kpowme Toro, 66110 pealn30BaHO MEHIO JUIsl B3aUMOJICHCTBHS C JPYTHMMHU CTPAaHUIIAMH CEpBHCA.

\‘ = - Blolife TNABHAA O MPOEKTE  TEOPUA CONTACT

MutkpoPHK - 370 kopoTKwMe Hekommpyiowume Monekynsl PHK AnHor 18—25 Hykneotuaos (8 cpeanem 22), kotopsie
PEryNMPYIOT SKEMPECCHIC reHOB. OHM UTPaIOT BAXHYIO POfb B METABOMUIME, KOHTPOMM PySi MHOTUE MPOLIECCI, TAKME KaK:

Peryniauums mioko3HOro MeTaBonmama: MukpoPHK-2] MpensTcTayeT skenpeccum rema miokossi-6-bocdarastl, 4To
MPMBOAMT K YBEMUHEHIO YPOBHA MIOKO36! B KPOBUA

Perynaums Metabonmama nunuaos: MukpoPHK-33a 1 MukpoPHK-122 perynupyioT CUHTES 11 METaBoNMaM MNA0E B
neverm

PerynsLms MeTaBoni3ma aMAHOKACTOT: MikpoPHK-122 1 MUKpoPHK-34a perynipyioT MeTaGonkism aMnHOKUCAOT,
BI04 METUOHUH U FOMOLIACTEUH,

Perynauuma metabonuama swenesa: MukpoPHK-485-5p perynupyeT yposeHs $eppuTiHa, 4TO BIMAET Ha MeTaBoniam
»wenesa

PaccuiTars muwenn

Pesynbrar:

Pucynoxk 1. ['maBHas crpanuia pa3paboTaHHOTO CepBHCa
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v s - B]olife [NIABHAR 0 NPOEKTE TEOPUA CONTACT

MuKPOPHK 611111 OTKPBITH B KOHLE 20-70 BeKa B XOAE UCCNISA0BAHMIA Ha MOAENEHOM OPraHM3Me HeMATORs!
Caenorhabditis elegans. B xoRe MCCNeR0BaHNIA IO OBHAPYAEHO, 4TO rek |in-14 KoaNpYeT KoPOTK PHK-TpaHCKpUT,
KOTOPBIIi UTPAeT BaXHYIO PO/ B PAIBUTUY OPraHN3Ma. 3TO MPUBENO K OTKPHITHIO HOBOTO Knacca PHK - MikpoPHK.

8 PiLiem G510 np MHOMeCTBO ¥, KOTOPBIE MOKA3ANH, YTO MUKPOPHK SBNSIOTCS! KIOYeBHIMM

PeryNIATOPaMIA SKCMPECCHN FeHOB. OHU UTPAIOT BaXHYIO POfb B PEryNALMM METaBONNIMa, KOHTPONMPYS! MHOTWE MPOLIeCCS,
TakME KaK Pery/IFILMS ITIOKOIHOTO METaBoNM3Ma, METAB0NM3MA IMIMMEOE, AMUHOKVICTIOT 1 eNe3a. OHi TakoKe UIpPaloT BakHYI0

pone B perynsimn 3Ma SHepriM, nocne 7 TkaHei 1 Bocrianenus,

MCCNen0BaHMs MOKa3LIBAIOT, HTO U3MEHEHUE BLIPAXEHNUA MUKPOPHK CBSI3aHO € PAsNUHLIMY 3260NICBAHNAMM, BITIIOHas
caxapHiii AUaBeT, xMpeHMe, 6ONEsHM MeseHH 1 pak. 1o MHOUX %8 o6nactin
611OMEAVLIMHB, 1 G TEX MO G5I0 MPOBEASHO MHOKECTBO MGG %, Hanp: Ha poni MKpoPHK 8
PasNMHbIX BUONIOTUMECKINX MPOLIECCaX U PasPaBOTyY HOBBIX METOROB leHeHMS 3a60N1eBaHMi

B LenIOM, MUKPOPHK MIrpaioT BaxHyIo POfh B PErynsiLmn MeTaboama 1 SBNSIOTCH OBLEKTOM aKTHBHOTO CCNINOBaHNS B
©6NACTY 61ONOMM 1t MEAULIHBL TOHIMAHME UX GUONIOTHECKMX dYHKLMI MOXET MOMOHb B Pa3paBoTie HOBbIX
NeKapCTBEHHLIX MPErapaToB 1t METOOB NIeYeHMS Pa3NkHbIX 3a60NeBaHMit.

: _//_'MPHKlinvM 0 Q 9 e o -

MUKpOPHK fin-4 E

5 UCCCUGAGACCUCAAGUGUGA 3
1 g 3 '
npe-MAKpOPHK lin-4
& ¢ecug”eec"enca cucaououat bus™y

3 €,8GAC,, GGG CUCY, GGGT

ac?

BC8 BBILLE CKA3AHHOE NOKA3LIBAET VCenenoBa it MKPI M X MUweHeit. Ho TyT Mbl CTankusaemcsi ¢
napoit npo6nem

Mornekyna MiKPOPHK MOKET He MONHOCTBI0 GbiTb KOMMNEMEHTAPHO! Monekyne-MuLueHn MPHK, Ho BCe PABHO Bbi3bisaeT
DEervisumIo IKCNpeccum reHoB. MnkpoPHK cnocobeTeveT nerpanauu MPHK unu nogaenseT ee TDaHCALUMIO, W 3TOT Npouecc

Pucynok 2. CtpaHuIa ¢ TeOPETUIECKIMH TaHHBIMH
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[Hetaalal e aelsiaibal b f el R L R e e Aol et il e o Tl pr e L P e L T
5 _long|B. 98339374
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Pucynok 3. [Ipumep 3anpoca npeackasaHust ¢ BBIBOJOM pe3yibTaTa
3AKIIOYEHUE

IIpencraBneHs! KiroYeBble KOMIIOHEHTHI pa3pabOTaHHOM IPOrpaMMEL, € BOSMOXKHOCTH U OTPAaHHYEHHS, a TaKxKe
MIPUMEPHI €€ UCTIONIb30BaHMS JJISl aHAIHM3a MTOCTIeI0BATEIHHOCTEH IMOTHBIX TEHOB MUKPOOPTaHU3MOB, HX 3BOJTIOLUH [ 19].
Panee Hamu Ob11 pazpabota HabOP MporpaMM AJIst KOHTEKCTHOTO aHaIM3a HYKJICOTHAHBIX [OCIIEIOBAaTEILBHOCTEH, B TOM
YHUCJIe HAa OCHOBE CTOXaCTHUYECKHX JNepeBbeB [20-22], CIOXKHOCTH TeKcTa [23], IMHTBUCTHUECKON CIOXKHOCTU [24].
KoHTekcTHBIE CHTHAIIBI B HYKJICOTHAHOH NOCIIE0BATEILHOCTH MOTYT OBITh CBS3aHBI HE TOJIBKO C IOBTOPAMHU TEKCTa, HO
u pacnonoxenueM MUKpoPHK, xoTopbie umeroT mmusieynyto cTpykTypy [14,25].

HenaBHue nccnenoBaHus MoKas3aiiy CyIeCTBOBaHUE TIOBTOPSIIOIINXCS HYKJICOTHIHBIX MOCiIeA0BaTesibHoCcTel Short
Interrupted Repeat Cassette (SIRC) B renome apabumorncuca [26]. KoMIbIOTEpHBIN MOUCK TAKMX BBIPOXKICHHBIX
HYKJICOTHIHBIX TIOCJIEI0BATEILHOCTEH TEXHUUECKH TAK)KE MOXKET UCIIOIb30BaTh HEHPOHHbIE ceTH. PaHee ObIIO0 OKa3aHo
pmustane MukpoPHK MIR-203, MIR-129-2, MIR-34A u MIR-34B/C Ha reHsl-mumeHn oHKoreHa TP53 [8,27].
HccnenoBanue peryssiiny SKCIPECCHH T€HOB C y4eToM (aKTOPOB TPAHCKPHIIIMH, aJbTEPHATUBHOTO CIUIAMCHMHTA W
MukpoPHK nmeer Gonpioe 3HaueHne 11t 0MOMH(OPMATHKH, TPeOyeT HHTETPALMH C CYIIECTBYIOMNME 0a3aMy TaHHBIX
[28-31]. [ImarupyeTcs MpOIODKEHIE UCCICIOBaHUN Ha OCHOBE NaHHOW pabOTHI ¢ IENbI0 MOBBICHTH ((EKTHUBHOCTH
paboTel cepBuca W NOOABUTH OONBIIE (PYHKIIMOHAIBHBIX BO3MOXKHOCTEH, CBS3aTh €ro C IPYTMMH OTEYEeCTBCHHBIMH
MIPOTPaMMHBIMH pecypcamu 6nonHpopmaTuky, Takumu kak ICGenomics [32,33], pacmmpuTs 10CTynH K 6a3aM TaHHBIM
ucronb3ys uHeTpyMeHT BioGraph [34].

bnazooapnocmu. Paboma nododepoicana epanmom 6100xcemuvim npoekmos Ulul” CO PAH FWNR-2022-0020
"Cucmemuas 6uono2us u GUOUHPOPMAMUKA: PEKOHCMPYKYUSL, AHATIU3Z U MOOCTUPOBAHIUE CIMPYKMYPHO-(DYHKYUOHATLHOU
Op2aHU3aYUYU U I60TIOYUU 2EHHBIX Cemell YeNl08eKd, HCUBOMHDBIX, PACMEHUL U MUKDOOP2anuzmog". Aemopbl ebipasicaiom
bnacooaprocms B.H. Babenko 3a nomows 6 pabome.
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WEB-SERVICES FOR MICRORNA TARGET PREDICTION USING NEURAL NETWORKS
Aristarkhov MLA.!, Dergilev A.L23, Potapova A.Y.!, Ivanov-Rostovtsev P.A.!, Orlov Y.L."*?
'I.M. Sechenov First Moscow State Medical University of the Ministry of Health of Russia (Sechenov University)
Trubetskaya 8-2, Moscow, 119991, Russia; e-mail: max-a2000@mail.ru
2 Institute of Cytology and Genetics SB RAS
Lavrentieva str., 10, Novosibirsk, 630090, Russia
3 Novosibirsk State University
Pirogova str., 1, Novosibirsk, 630090, Russia
Received 10.08.2023. DOI: 10.29039/rusjbpc.2023.0641

Abstract. The pursuit of microRNA target genes necessitates the creation of novel software and web
services. MicroRNAs, abbreviated as short non-coding RNA molecules, hold a pivotal role in metabolic
regulation, plant responses to environmental stress, and gene expression. Gaining insights into microRNA
functions and investigating their target genes can advance drug development and address biotechnological
challenges. However, the study and identification of microRNA targets within the genome present technical
obstacles. MicroRNA molecules may not exhibit complete complementarity with their mRNA targets.
These molecules either contribute to mRNA degradation or inhibit translation, and this process can transpire
without full target complementarity. Consequently, the delineation of targets solely based on the principle
of complementarity lacks unequivocal clarity. Moreover, a single microRNA molecule can correspond to
multiple target genes simultaneously. The solution entails harnessing substantial datasets, employing
machine learning techniques, and leveraging neural networks. In bioinformatics, neural networks serve a
variety of functions, encompassing the analysis of biomedical data, diagnostics, prediction, classification,
and nucleotide sequence segmentation. The pursuit and anticipation of microRNA targets through machine
learning methods are currently undergoing vigorous development. A comparative assessment of
contemporary neural networks for this task has been executed. A neural network-driven web service for
microRNA prediction has been created. The server aspect of the service was developed using the Python
programming language and the Flask library. The Mitar neural network, founded on deep learning, was
employed. This network demonstrates heightened precision in predicting microRNA targets. We deliberate
on the applications of miRNA prediction in gene expression analysis. Sustained research efforts are
imperative to enhance the efficiency and broaden the capabilities of the developed computer system.

Key words: bioinformatics, microRNA, recognition, neural networks, medical informatics, web-service.
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MOJIEJJUPOBAHUE U KOMITLIOTEPHOE MCCJIEJJOBAHUE XUPAJIBHBIX
CBOWCTB NENTUJIHBIX HAHOTPYBOK HA OCHOBE JWJIENHIIMHA

Boicrpos B.C.!, ®umunmos C.B.!, Jiuxaues U.B.!, Jlenenesa O.P.2, Besiosa E.B.?
! MucTuTyT MateMaTndeckux pobuem 6uosorun PAH — dumman UTIM um. M.B. Kennpima PAH
ya. Ilpogheccopa Bumkesuua, 1, 2. Ilywuno, PO; e-mail: vsbys@mail.ru
2 MoCKOBCKHI roCy1apCcTBEHHBIH yHUBepcHTET M. M.B. JloMoHOCOBa
Jlenunckue I'opwi, 1, 2. Mockea, 119234, P©
[Mocrynuna B penakuuio 11.08.2023. DOI: 10.29039/rusjbpc.2023.0642

AnHoTanus. B paboTe nmpoBesieHO MOJEIMPOBAaHKE, NPECTABICHBl pacyeThl JUITOJIbHBIX, MOJSIPHBIX U
9JIEKTPOHHBIX CBOWCTB CHHMPAJIBbHBIX HAHOCTPYKTYp Ha ocHOBe muieiimaa (LL) pasHo# xupanpHOCTH
(L, D) meromamu AM1, PM3 mporpammsr HyperChem. ITokaszaHo, 9To ¢pu3udecKkre CBOMCTBa HAHOTPYOOK
Ha OCHOBE IWICHIMHA ONHM3KH K CBOWCTBaAM mu(eHmIanaHnHOBBIX HaHOTPyOok (FF PNT). [lns
HaHOCTPYKTYp Ha OCHOBE AMJIEHIIMHA J€BOW XupanbHOCTH L-LL cymecTByromue 3KCIEpUMEHTalIbHbIE
JaHHBIC IO3BOJIIIOT BBIAEIHTh M3 KPUCTALIOTPAQUIECKUX CTPYKTYp MOJCKYIAPHBIE HAHOCTPYKTYPHI
CIHPATBHBIX HAHOTPYOOK, KOTOPBIE UMEIOT NPABYI0 XMPAIbHOCTh D, YTO COOTBETCTBYET 3aKOHY CMEHBI
XUPaJIbHOCTH IIPU TIEPEX0/ie Ha CIIEAYIOUIMH YPOBEHb CaMOOPTaHU3alMK. BbUIN MOCTPOEHBI MOAEIBHBIE
CIHpAIbHBIC CTPYKTYPhl HAHOTPYOOK Ha OCHOBE MWJICHIIMHA MPaBoil xupanbHocTd D-LL, it KOTOpBIX
emeé HeT OSKCIePUMEHTAIbHBIX JIAHHBIX. PacdeTbl XHWPalbHOCTH METOAOM CMEIIaHHOTO BEKTOPHO-
CKaJISIPHOT'O TPOM3BEJICHNS] BEKTOPOB TUIIOJIHBIX MOMEHTOB JIMIIEITHIOB, TIOKA3aJIH, YTO JJIsl MOZEIBHBIX
CIMPAJBHBIX HAaHOTPYOOK Ha ocHoBe D-LL Tarke crpaBeyiMB 3aKOH CMEHBI THIA XUPAILHOCTU. DTH
pe3ysbTaThl MOTYT OBITH OCHOBOW JUISi CHHTE3a SKCIIEPHMEHTAIIBHBIX CTPYKTYP Ha OCHOBE JUICIITH/IOB
MIPaBOW XUPAIBHOCTH.

Knrouegvle cnosa: amunoxuciomvl, Ounenmuobl, OulelyuH, NenmuoHas HAHOMPYOKA, XUPArbHOCMDb,
OUNONILHBITL MOMEHM, MONEKYAPHOE MOOETUPOSAHUE, NOYIMIUPUYECKUE MEMOObL.

HccnenoBanue NENTUAHBIX HAHOCTPYKTYP Ha OCHOBE PAa3INYHBIX AMHHOKHCIIOT SIBJISETCS OAHUM U3 aKTYaJIbHBIX
HaIlpaBleHU COBPeMEHHOW OHMOGHU3MKH M MOJICKYJSIpHON Ouosoruu, (HapMakoiIoOTHH M HAHOOHMOTEXHOJOTHH. JTO
OKa3bIBACTCS BAXKHBIM JUISi MHOTHX NMPAaKTUYECKUX NMPUMEHEHHUN: U pa3pabOTKH HOBBIX THOPUAHBIX I'€TEPOCTPYKTYpP
HAHORJIEKTPOHUKH M CO3/IaHUS CHUCTEM JIOCTaBKU JICKApCTB, Pa3sHOOOPA3HBIX CEHCOPOB M PA3IMUHBIX MOJEKYJISPHBIX
MaiuH. BaxkHO, YTO 3TH NeNnTHIHbIE HAHOCTPYKTYPHI M CIIUpalIbHbIE HAHOTPYOKH Ha OCHOBE IUIIENTHIOB, IPOSBIISIOT
Ha0Op Mbe30-, CETHETO- U (POTONIEKTPHUYECKUX CBOHCTB, KOTOPBIE H JIEXKAT B OCHOBE MX ITPAKTHUECKUX MPUMEHEHHH.

B nacrosiee BpeMsi UMeeTCs YK€ 3HAUUTEIbHOE KOIMYECTBO AKCIEPUMEHTAIBHBIX JAHHBIX MO HCCIEJOBAHUIO
CBOHCTB HaHOCTPYKTYp Ha OCHOBe AuIenTuaoB. Cpeay HMX HawOoiee M3y4YEeHHBIMHU SIBISIOTCS H(eHMIaTaHHHOBBIC
HaHOTpYOKH (FF PNT) [1-3]. Bce aMHHOKHCIIOTEI, UMEIOT TUIIOIBHBIE MOMEHTHI U TIPH CAMOOPTaHHU3AIUN B Pa3INIHbIC
CIIOKHBIC CTPYKTYpPBI, BKJIIOYAsl AWIETTHIIBI, TPOSBIAIOT HOJSPHBIE U CETHETORIEKTPHUYECKHE CBOICTBA C OOJIBIIMMHU
3HAYCHUSMH CIIOHTAaHHOM MOJSIPU3AINH U MHE303JIEKTpHIecKiX KodddumueHToB. Cpenn HUX, 0COOBIN HHTEpeC, BCIen
3a (DeHUITATHHHOM, HMEIOT ¥ aMHHOKHUCIIOTHI C Pa3BEeTBICHHOM 1enbio: neinuH (L, Leu) u nzoneiinuH (1, 1le) [4].

W3BecTHO, TakXke, 4TO B 3aBUCHMOCTH OT CBOEH cTepeo-KoH(popmanuy, 1Be GOpMbI OTHONH MOJIEKYIIBI MOTYT OBITH
Pa3NUYHBI IO MIPOSBICHUIO ONITHYECKOI 1 OMOJIOTHUECKOH aKTUBHOCTH. DTO CBOMCTBO MOJIEKYJI - «XHUPATBHOCTD) - OYEHb
Ba)KHO JUIA UX (YHKLOHUPOBAHHUS, KAK B )KUBBIX, TAK U B TCXHUYECKHUX CUCTEMAX, B MOJIEKYIAPHON  HAHO-3JICKTPOHHKE
[3]. Uzyuenune FF PNT nokasaio, 4To Kak 3HaUY€HHUE TOJISPU3ALNH, TaK U Apyrue pu3ndeckre cBOWCTBA TECHO CBS3aHbBI
C TeM, Ha OCHOBE aMHUHOKHCJIOT (M AMIENTHIOB) KaKOW XMPaJbHOCTH OHH 0Opa3oBaHsbl: JieBoi L-FF wnu npaBoit D-FF
[1-3,5,6]. [TosTOMY KpaiiHe BayKHBIM MPECTABIISETCS N3yYeHUE (PU3NYECKUX CBOWCTB M (pOPMHUPOBAHHSI HAHOCTPYKTYP
pasnuuHOi xupansHOcTH L 1 D Ha OCcHOBe Ipyrux AMIENTHIOB, B T.4. JeiuuHa (L-LL u D-LL) u u3oneitiuuna (L-1I n
D-II). Onnako, emie He BCe 3TH HAHOCTPYKTYPHI JOCTATOYHO XOPOLIO M3Yy4YEHBI SKCIIEPHMEHTAIbHO. B aToM CBsi3H,
3¢ PEKTUBHBIM SIBIISIETCS UX MCCIICTIOBAHUE C TOMOIIHIO METOJI0B KOMITBIOTEPHOTO MOICINPOBAHUSL.

B nanHolt paboTe mpeacTaBiIeHBl Pe3yIbTaThl MOJICIUPOBAHMS U M3YUEHHSI CBOMCTB IENTHAHBIX HAHOTPYOOK Ha
OCHOBE AWJICHIMHA Pa3HOW XHWPAJIBHOCTH, PACYETOB BEIWYMHBI M 3HaKa XWUPAITbHOCTH HAaHOTPYOOK Ha MX OCHOBE.
Pacuerbl XMpPAJIBHOCTH CHHMPaNbHBIX HAHOTPYOOK MPOBEICHBI METOJOM CMEIIAHHOTO BEKTOPHO-CKAJISIPHOTO
MIPOM3BEJCHUS] BEKTOPOB JUIOJIBHBIX MOMEHTOB JUIICHITHIOB, PACIONOKEHHBIX MTOCIEIO0BATENbHO, 110 BUTKY CIIUpPAIN
oOpazytommetics HaHOTpyOKH PNT [5]. DTOT moaxon u anroput™ pacdera, pean3oBaHHbIH 31eck B Buae Tcl/Tk ckpumra
B cnennanbHEIX onmusax Tool Command Language nmporpammuoro naketa HyperChem [7], aHanormdeH mpuMeHEHHOMY
panee st HaHOTPYOOK Ha ocHoBe FF [5]. OTmerum, uTO maHHBIA MoaxoJ okaszaicst dpQeKTUBHBIM M AJsI pacueTa
XHPAIBbHOCTH HaHOTPYOOK Ha ocHOoBe FF, camMocoOpaHHBIX METOAOM MOJEKYIIpHON auHamuku [8]. B ormuuume ot
HaHoTpyOok FF PNT, y koTopbix Ha 1 BUTOK ClTUpalid IpUXoJuiIochk 6 Mmonekyn nqunentuaoB FF, B HanotpyOkax LL PNT
u II PNT nHa 1 BuTOK cnupanu npuxoautcs no 4 monekynsl aunentuna LL umu II. Tem He MeHee, He cMOTps Ha 3Ty
pa3HUIly, AaHHBIA MOJIXOJ pacdeTa XUPaJbHOCTH CIUPATIBHBIX CTPYKTYp MPHUBOAUT K aHAJIOTMYHOMY pe3yJbTaTy: Ha
OCHOBE JMITCNTH/IOB JIeBO# xupanbHocT L-LL u L-II 06pa3yroTcs HAaHOTPYOKH ¢ MPaBoil XMPATBHOCTHIO D, 1 Ha000poT,
Ha ocHoBe D-LL u D-II - ¢popmupyrorcst HaHOTpyOKH JIeBOH XHpadbHOCTH L. DTO COOTBETCTBYET 3aKOHY CMEHBI 3HAKa
XUPAJIBHOCTH NPH NIEPEXOE CTPYKTYp Ha CIETYIOIUI YPOBEHb X HEPAPXUIECKON camoopranusanui [9].
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B nacTosimeii padore 66U10 TPOBEAEHO KOMIIBIOTEPHOE MOAEINPOBAHUE M PACUEThI XUPAIBHOCTH HAHOCTPYKTYP Ha
OCHOBE JUIIETITHAOB JICHIIMHA C UCXOIHO PA3INYHON XUPAIbHOCTBIO,  TAKKE HCCIIEIOBaHbI NX (H3HYECKHE, SIEKTPOHbIE
U CTPYKTypHbIE CBOMCTBA. MCXOAHBIE CTPYKTYphl aMUHOKHMCIIOT, & TAKXX€ MX JHUIENTHAOB (B HEOOXOAMMOMW Ui MX
(YHKIIMOHMPOBAHUS IIBUTTEPUOHHON (hOpPME), CTPOMIIMCH Ha OCHOBE 0a3bl JAaHHBIX aMHHOKHCIIOT, KOTOPAasi BKIIIOYEHA B
nporpammMHubii naket HyperChem [7]. PacueTsl TUMoNBHBIX MOMEHTOB TIPOBOJIUIIUCH MOTYIMIIMPUYECKUMU KBaHTOBO-
xuUMuuecknMu Metonamu AM1, PM3 B npubmikennu orpanndyenHoro Xaprpu-®oxa (RHF) nporpammuoro maxera
HyperChem [7]. Otumu MeToiamu ObIIIH POBEAEHBI pacyeThl U AIeKTpoHHBIX ypoBHel E-HOMO, E-LUMO.

JIIst CTPYKTYpHBIX MCCIIEIOBaHMIA TIepBOHAYAIbHO HAMU OBUIN ITOCTPOEHBI KOJIBIEBBIE MOAEIN HAaHOCTPYKTYp Ha
OCHOBE JMH3OJICHIIMHA W AWICHINHA Pa3IMIHOW XHPAIBFHOCTH, & 3aTeM IOJyYeHBl M WX CIHpalbHble Momend. Jlis
HaHOCTPYKTYp Ha OCHOBE AWJICHIINHA U JUHA30JICHIIMHA N3BECTHBI SKCIIEPUMEHTAIIbHbIE IaHHBIE, ITOJTy4YEHHbIE B paboTax
Topbutna [10-13] u xpanrsmuecs B 6a3ax nanabpx CCDC [14]. OxHako, Bce OHU OBLTH MOJTyYeHBI Ha OCHOBE HCXOIHBIX
aMHHOKHCJIOT TOJBKO JIEBOH XupansHocTh L. B HacTosmee Bpemst, HET IOKa SKCIIEPUMEHTAIBHBIX JAHHBIX IS CTPYKTYP
Ha OCHOBE aMHHOKHCIIOT NpaBoi xupanbpHOCTH D, 3a nckmodeHneM aueHnIaTannHa, Ul KOTOPOro HEJaBHO ObLIN
MTOJTyYeHBI SKCIIEPUMEHTAIBHBIEC TaHHBIE [T0 HAHOCTPYKTypaM Ha ocHoBe FF mpasoit xupansHoctu D-FF [3]. B mHammx
paboTax Mbl HCIOJB3YeM SKCIIEPUMEHTAIIbHbIE PEHTTCHOBCKHE KPHCTAUIOrpaguyecKkue MaHHbIe, Ui HOCTPOSHHUS
COOTBETCTBYIOIIUX MOJICKYJSPHBIX CTPYKTYp HaHOTPyOOK. Tak Obi10 caenano miast FF PNT Ha ocHOBE MX MCXOIHOM
xupanbHocTd L-FF u D-FF. B pe3ynbrare ObUTH BBIZCICHBI HAHOTPYOKH, UMEIOIIUE CITHUPATBHYIO CTPYKTYpY, KOTOpas
OTJIMYajach OT IEPBOHAYAIBHOW KOJBLEBOI Mozaendu. B urore ObUIO MOKa3aHO, YTO DKCIIEPUMEHTAJIBHO JUIETITHIBI
(OpMHUPYIOT CIMpaIbHBIE CTPYKTYPHBI, OTJMYHBIE OT KOJIBLEBBIX MOJIeNei 1Mo (pu3ndeckuM cBoiicTBam [1-3].

B cnywyae ¢ neMnuMHOM M M30JIEHIIMHOM MBI MMEEM HKCIEPUMEHTANIbHBIE PEHTICHOBCKHE NAHHBIE TOJIBKO IS
HAHOCTPYKTYp Ha OCHOBE IUIENTHIOB JIEBOH XHUPAIbHOCTH. I109TOMY MBI MOMKEM TOJIBKO HMX HCIIOJIb30BaTh IS
TIOCTPOEHHS MOJIENIEH TaKUX CIIMPAJIBbHBIX HAHOTPYOOK. J[i1st HAHOTPYOOK Ha OCHOBE IUIIENTHIOB NPABOM XUPAIEHOCTH
MBI 3/1€Ch TIpeIyIaraeM NOCTPOCHUE THITOTETHYECKUX CITUPATbHBIX MoIenel o aHamoruu ¢ naHaeiMu D-FF PNT. Onnaxo,
U B 9TOM ClIydae, He BCE OKa3bIBAETCS TaK MPOCTO. JIeo B TOM, YTO 3KCIIEpUMEHTAIbHBIC JaHHBIC TSI HAHOCTPYKTYp Ha
OCHOBE JIMM30JICHIIITHA UMEIOT HECKOJIBKO PAa3IMUHBIX U JOCTATOUHO «3aITyTAaHHBIX» KPHCTAUIOTPAdHUIECKUX CTPYKTYP
[11,13], U3 KOTOpPBIX MOKa HE yNAeTCAd BBIACIUTH OJHO3HAYHO YETKYIO CTPYKTYpy HaHOTpyOku. IlosTomy, B maHHOI
paboTe MBI CTPOMM MOJIENH TOJIBKO Ha OCHOBE AMJICHIIMHA, UCXOS U3 aHAIOTOB C yXKe H3BECTHBIMH CTpyKTypamu. [Ipn
3TOM, U3 HKCIIEPUMEHTAIBHBIX PEHTTCHOBCKUX KPHCTA/UIOrpadHMueCKUX NaHHBIX Ul AWICHIMHA JICBOH XHUPAIbHOCTH
L-LL [10,13] ynaercst BBIIETUTh YETKYIO CTPYKTYPY CIUPAIBLHONH HAaHOTPYOKH M OINPEACIHUTh €€ XHUPAILHOCTh Kak
mpaByio D. ITpu 3TOM, B OTHOM BHUTKE 3/1€Ch KaK pa3 M yKJIaJbIBaeTCs 110 4 TUIENTHAA.

PaccMoTpuM mosipoGHee JaHHBIE CTPYKTYPhI U PacueThl XHPATbHOCTH HAHOTPYOOK Ha OCHOBe nuieinunaa L-LL,
D-LL. [Ipexnae Bcero TyT cieayeT OTMETHTh, YTO OoJiee TIIATEeIbHBIA U YIIyOJeHHBIH aHaIn3 pe3ysbTaToB CPaBHEHHUS
CIHPAJBHBIX CTPYKTYp JUIi HAHOTPYOOK Ha OCHOBE JAWICHINHA, W3BJICYCHHBIX W3 PEHTI'CHOBCKHX JaHHBIX, U
MIOCTPOEHHBIX HCXOAs W3 0a3bl JaHHBIX aMHUHOKHCIOT (BctpoeHHOH B HyperChem), mokasam, 9To HCXOIHBIC
KoH(opManuy JeHIHA ¢ XUPATbHOCTHIO L 10IoKHBI OBITH HEe TONbKO THMA -helix, Ho left-hand-helix (puc. 1). Tonbko B
9TOM CJIy4ae BO3HHKAE€T HYKHOE COOTBETCTBHE XHMPAIBHOCTH CIHPAIbHOM CTPYKTYpbl U HalpaBlIEHHH BEKTOPOB
JUIIONBHBIX MOMEHTOB KaK OTACIBHBIX JUIENTHIOB, TAK U BCETO BUTKA CIIUPAIBFHON HAHOTPYOKH (Tabdm. 1, 2, puc. 2, 3).
KcraTn, ananorugssrii 23 ¢exT ObUT BBISIBIICH HAMU paHee U B CIy4ae HaHOTPyOok Ha ocHoBe FF meBoit xupamsHOCTH [1].
Bo3moxHO, 3T0 BOOOIIE XapaKTEpPHO AJISl JUIENTHAOB JIEBOH XUPATbHOCTH.

Pucynok 1. Monenu nuneiinuna: a) L-LL B xondopmarun left-hand /-4) - helix; b) D-FF B kondopmarmu - helix

Tabauua 1. Pacyers! ¢pu3nyeckux CBOWCTB ISl UJISHIIUHA pa3HBIX KOH(DOPMALUIA OTyIMIHUPHYECKUMU

METOIaMU
Merton XupaabHOCTh Dy, Dy, D, Dy, Volume, | Polarization,
pacdaeToB | mcxomuoro LL Debye Debye Debye Debye A3 C/m?
L-LL, I-h 10,399 0,049 -4,262 11,238 243,243 0,1541
PM3 RHF D-LL -10,334 -1,397 -0,110 10,429 244,143 0,1425
L-LL, I-h 10,609 0,183 -4,069 11,364 243,243 0,1558
AMI RHF D-LL 10,765 1318 0,0623 10,846 | 244,143 0,1482

Russian Journal of Biological Physics and Chemistry, 2023, vol. 8, No. 4, pp. 424-428



426 MOAE/IHPOBAHHUE B BUOPH3HUKE H HOUH®OPMATHKA

Pucynok 2. MonekynspHele Moaenu muieiininHa: a) u b) Ha ocHoBe L-LL W3 sKcmepUMEHTaNbHBIX JaHHBIX B
npoekiwmsax Z u Y st 1-ro Butka cripaiu PNT; ¢) u d) na ocHoBe D-LL - Mmoaesb 1 BUTKa HCKYCCTBEHHOM CriMpaiii

Pucynok 3. MopenbHble CTPYKTYphl cHHMpanbHbIX HaHOTPYOok PNT puneidinuua LL w3 2-X BUTKOB companu:
a) Ha ocHoBe L-LL 1o sxcrnepuMeHTalIbHBIM JaHHBIM; b) HCKycCTBeHHAs: MoJielb crimpanbHoit PNT Ha ocHoBe D-LL

®dopMupoBaHe U 0COOCHHOCTH HAHOCTPYKTYP BUTKOB HaHOTpYyOOK PNT Ha ocHoBe LL pasHoii xupansHocTu L 1
D, noka3zansl Ha puc. 2 u puc. 3. B Tabnuiie 2 coOpaHbl pe3ysibTaThl paCYeTOB BEIUYHMHBI U 3HAKA XHUPATBHOCTH 000UX
THTIOB HAHOTPYOOK pa3HbMu Metogamu AM1 u PM3. Ha pucynke 2 (puc. 2a, puc. 2¢) KpyroBoi CTpeIKOH MOKa3aHbI
HanpaBlieHUs 00XO0Ja BUTKAa CIHHMPadd MpPU TOCJENOBATEIHHOM BBIYMCICHHH CMEUIAHHOTO BEKTOPHO-CKAJSPHOTO
MIPOM3BE/ICHUS 110 BEKTOPaM JAUIOIBHBIX MOMEHTOB (ITOKa3aHHBIX CTPEJIKAMH TaK)Ke Ha PUC. 2a M 2C) — 3TO ONpeeiseT
MOKa3aTelb XUPAITBHOCTH 10 METOIWKE, ommcaHHOW B [5,8], u BbeimonHsemol mo mporpamme Tcl/Tk ckpunra,
BcTtpoeHHoro Hamu B HyperChem. Pesynbrarel TaOmumbl 2 MOKa3bIBAalOT ITOJIHOE COOTBETCTBHE 3aKOHY CMEHBI
XUPAITBHOCTU NIPU YCIIOXKHEHUU CTPYKTYPHI [9].

Tabnuma 3 mpexacraBiseT pe3yiabTaThl pacdeToB (usmyeckux cBoiictB LL PNT: AWMONBEHBIX MOMEHTOB,
TIOJISIPU3ALINH ¥ JJIEKTPOHHBIX YPOBHEH, a Takke MHUpHHEI 3anpenienHol 30861 Eg = E LUMO — E HOMO. Buano, uto
BEJIMYMHBI AUTIOIBHBIX MOMEHTOB U TOJIIPU3ALMHN ISl CTPYKTYpP Ha OCHOBE AKCIIEpUMEHTalIbHO cobpanHoii PNT L-LL
3aMeTHO OOJbllle MCKYCCTBEHHO co3MaHHON crnupanbHO cTpykTypsl PNT D-FF. Tarke oTinnM4aroTcs BETHYHHBI
JIEKTPOHHBIX YPOBHEH W IINPUHBI 3aIIPEIICHHON 30HbL. TeM He MeHee, TCHACHIINH N3MEHEHNI 1 OPUEHTAIINN BEKTOPOB
JUIOJIBHBIX MOMEHTOB W YPOBHEH DJHEPrHM, COOTBETCTBYIOT AaHAJIOTHMYHBIM TIapaMeTpaM B CTPYKTypax
FF PNT [1-3,5,6,8]. bonmee Toro, caMu 3HA4YeHHS IWUIOJIBHBIX MOMEHTOB, TOJSIPH3AIANA W W3MEHEHHWHA IITUPUHBI
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Tadauua 2. Pe3ynpraTsl pacueTa XHpadbHOCTH HAHOTPYOOK Ha OCHOBE AWJICHIIMHA Pa3sHON HCXOMHOU
xupanbHOCTH (cTpyKTypel BUTKOB PNT L-LL — skcmepumentansHble; mnsi BuTkoB PNT D-FF —
HCKYCCTBEHHAsI MO/IEIIb)

XupanbHOCTh UCXOAHBIX Aunentuaos LL L-LL D-LL
Mogenb CTpYKTypbl Meron pacuera 3Ha4eHHs XUPAIbHOCTH: 3HAK U BEITMYNHA

1 BUTOK cIMpaIbHON HAHOTPYOKH PM3 RH 1,214 -0,279

AM1 RHF 1,209 -0,242

2 BHTKa CHUPaJIbHOW HAHOTPYOKH PM3 RHF 3,968 -0,783

AM1 RHF 3,936 -0,874

3HaK XUPAITBbHOCTH CIMpaibHON HaHOTPYOKH PNT IonoxutensHslil «+» | OTpULIATENBHBIN « - »

CHMBOI XUPaTbHOCTH CHHpANbHON HAaHOTPYyOKk PNT D L

Tabauua 3. Pe3ynbrars! pacueToB (usndeckux cBoicTB HaHOTPYOOK LL PNT pasHeiMu mMeTonamu

MeToasl 1 MOJENN OCHOBHBIE PACCYMTAHHBIE PU3MIECKUE BETUUNHBI
Mertons | Xupansaocts | Mogens | D,, Debye | Dy, Debye | Volume, | P, C/m?* |[E_ HOMO, | E_ LUMO, | Eg, eV
pacuera LL PNT A3 eV eV

I Butok | -38,810 41,110 930,99 | 0,1473 | -7,6812 -1,3861 | 6,2951

A3 L-LL ) purca | -78243 | 89,739 | 185447 | 0,1614 | -60452 | -2.8156 | 32296
RHF Isutox | 3,845 | 4005 | 97047 | 00138 | -8,7981 | -0,5559 | 82422
D-LL ommka | 60685 | 6093 | 1907.86 | 001065 | -87179 | -0.7068 | 7.9211
I sutox | -38,192 | 404985 | 930,99 | 0,1451 | -7,6714 | -1,1661 | 6,5053

L-LL

Al 2 putka | -76.4628 | 87.8063 | 185447 | 0.1579 | -6,0695 | -2.5199 | 3.5496
RHF Iurok | 33475 | 35278 | 97047 | 001213 | -87774 | -0,0905 | 8.6869
D-LL 1 sirka | 76507 | 7.6663 | 1907.86 | 001340  -8.5002 | -0.4326 | 8.0676

3anpemeHHo# 3006 st PNT L-LL ovens 6nm3ku k 3HadeHmsM a7 PNT L-FF [2, 6]. Oto roBoput 06 obmieM xapakrepe
(bu3nuecKuX SBICHUA U BO3MOXHOCTSIX NPUMEHEHHH HAaHOCTPYKTYp Ha ocHoBe LL, Takke, Kak U NPUMEHSEMBIX
HaHOCTPYKTyp Ha ocHoBe FF.

3akirouenue. B 1anHo# paboTe npeacTaBIcHbI HOBBIE Pe3yIbTaThl MOJACITHPOBAHNS U YHCIEHHOTO UCCIIEOBAaHMS
NENTHIHBIX HAHOCTPYKTYP THIIA CIIUPATBbHBIX HAHOTPYOOK, COOpaHHBIX HA OCHOBE JHUIENTHAOB auieiinnHa. M3BecTHo,
YTO B HACTOSILIEE BPeMs IKCIIEPUMEHTANBHO CUHTE3UPOBAHbI M HCCIIEJOBAHbI TaKHe HAHOCTPYKTYPHI TOJIBKO Ha OCHOBE
JuierHa J1eBoi xupainbHocTH L-LL. Mcnonb3ys 9TH sKcliepuMeHTa bHbIE TaHHbIE, B JaHHOH padoTe MOCTPOEHHI U
paccMOTpPEHBI MOJIENTN CIMPaJIbHBIX HAHOTPYOOK Ha ocHOBe nuieiinmHa L-LL jieBoif XMpanbHOCTH, U pacCYMTaHBI UX
(u3nueckre CBOMCTBa, OJM3KHE CO CBOMCTBAMU HaHOTPYOOK Ha ocHoBe nudenwnananuna FF. Jng nndennnanannna
y’Ke XOPOIIIO U3BECTHEI CHHTE3UPOBaHHEIE CTPYKTYPHI Ha OCHOBE 000mX TUoB xupanbHocTH L-FF u D-FF. B Toxe BpeMs
JUId TWIEHIMHA NTPpaBod XxupanbHOCTH D-LL HeT moka 3KCIepHMEHTAIbHO CO3AAHHBIX TAKMX HAHOCTPYKTYp. B nanHOMI
paboTe npeIoKeHbI, TOCTPOEHBI X YMCIEHHO UCCIIEJOBAaHbI aHAOTHYHBIE HAHOCTPYKTYPHI CIMPAJIbHBIX HAHOTPYOOK Ha
ocHoBe muieinaa D-LL mpaBoif XupanbHOCTH. DTH THIIOTETHYECKHE MOJENBHBIE CTPYKTYPhI MOTYT OBITH XOpOIIeit
OCHOBOH JIJIs SKCIIEPUMEHTAIBHOTO ITONCKA U CHHTE3a HAHOCTPYKTYp Ha 0aze LL mpaBoif XHpaTsHOCTH.

BaxHBIM MOMEHTOM pabOTHI SIBISCTCS TAK)KE BBIMOJHEHHBIE PACUETHI OKA3aTEs XUPAITBHOCTH 10 METOJHKE Ha
OCHOBE BEKTOPOB JUIIOJIBHBIX MOMEHTOB JUIIENITHIOB, YTO UMeeT Ooiee rybokuil ¢pusndeckuii cMeicn. [lomyyeHnsre
3]IeCh pPE3YJbTaThl IOJHOCTBIO COOTBETCTBYIOT 3aKOHY CMEHBI 3HaKa XHPAJIBHOCTH INPH IEPEXO/e Ha CIeXyIOUIUH
YPOBEHb OpraHM3allMi OMOMOJIEKYJISIPHBIX CHUCTEM. BBINONHEHHbIE pacueThl (u3udeckux cBoicTB LL HaHOTpYyOOK
MOKa3aJIM XOpoIlIee COorJIacHe C aHaJOTUYHBIMH JaHHbIME Jisi FF HaHOTpyOOK. B wacTHOCTH, 1U1st 9KCHIEpHMEHTANBEHO
U3BECTHBIX JE€BBIX CTPYKTYp L-FF u L-LL 3HaueHus! [uNOabHBIX MOMEHTOB U IOJSAPU3ALMM OKa3bIBAOTCS OJUMHAKOBO
Boicokumu (s L-LL: D, = 89,74 Debye, P = 0,16 C/m?; L-FF: D; ~ 140 Debye, P ~ 0,14 C/m? [1-3]). 1llupuna
3amnpemneHHo 30851 Eg Taxoke Ommsku (st L-LL: Eg = 3,24 eV; mna L-FF: Eg = 3,44 eV [6] mpu pacuerax PM3 RHF).

[MomoOHBIE BEeMMYMHBI UMEIOT M HAHOTPYOKH Ha ocHOBe mpaBoit D-FF. IloctpoeHHBIe Momenn HaHOTPYOOK Ha
ocHoBe D-LL nMeroT moka MeHbIIME 3HAYCHUS AUTIONBHBIX MOMEHTOB U TOJISIpH3alliy, U 6osee mupokyro Eg. Ho sta
paboTa IpoJoIKaeTCs U CIEAYET 0XKUIATh, YTO HOBBIC CHHTE3UPOBAHHBIE HAHOCTPYKTYpHI Ha ocHOBE D-LL OyayT Takxke
HUMETh aHAJIOTWYHBIC 3HAYEHHS MCCIECAOBAHHBIX (U3MUECKUX BeIHUYHMH. M 3T0 OyaeT MMeTh OOnbIIoe MPakTUIecKoe
3HAYCHUE 7S IPUMEHEHHUH B Pa3IMYHBIX 007acTAX OMOMH)KEHEPUH, CO3IaHIH (POTOAECTEKTOPOB M OMOCEHCOPOB H T.II.

Russian Journal of Biological Physics and Chemistry, 2023, vol. 8, No. 4, pp. 424-428



428 MOAE/IHPOBAHHUE B BUOPH3HUKE H HOUH®OPMATHKA

Cnucox niumepamypul / References:

1. Bystrov V.S.; Zelenovskiy P.S., Nuraeva A.S. et al. Chiral Peculiar Properties of Self-Organization of
Diphenylalanine Peptide Nanotubes: Modeling of Structure and Properties. Math. Biol. Bioinform., 2019, vol. 14,
pp. 94-125.

2. Bystrov V.S., Filippov S.V. Molecular modelling and computational studies of peptide diphenylalanine
nanotubes, containing waters: Structural and interactions analysis. J. Mol. Model., 2022, vol. 28, pp. 1-24.

3. Zelenovskiy P.S., Nuraeva A., Kopyl S. et al. Chirality-Dependent Growth of Self-Assembled Diphenylalanine
Microtubes. Cryst. Growth Des., 2019, vol. 19, pp. 6414-6421.

4. Leuchtag H.R. Voltage-Sensitive Ion Channels: Biophysics of Molecular Excitability. Springer, 2008, 529 p.

5. Bystrov V., Sidorova A., Lutsenko A. et al. Modeling of Self-Assembled Peptide Nanotubes and Determination
of Their Chirality Sign Based on Dipole Moment Calculations. Nanomaterials, 2021, vol. 11, p. 2415.

6. Bystrov V., Paramonova E., Zelenovskii P., Kopyl S., Shen H., Lin T., Fridkin V. Photoelectronic Properties of
Chiral Self-Assembled Diphenylalanine Nanotubes: A Computational Study. Symmetry, 2023, vol. 15, no. 2, p. 504.

7. HyperChem 8. Tools for Molecular Modeling. Professional Edition for Windows AC Release 8.0 USB (on CD).
Gainesville, FL 32601 United States: Hypercube. Inc. 2011.

8. Bystrov V., Likhachev 1., Filippov S., Paramonova E. Molecular Dynamics Simulation of Self-Assembly
Processes of Diphenylalanine Peptide Nanotubes and Determination of Their Chirality. Nanomaterials, 2023, vol. 13,
no. 13, p. 1905.

9. Tverdislov V.A. Chirality as a primary switch of hierarchical levels in molecular biological systems. Biophysics,
2013, vol. 58, pp. 128-132.

10. Gorbitz C.H. Nanotube formation by hydrophobic dipeptides. Chem. Eur. J., 2001, vol. 7, pp. 5153-5159.

11. Gorbitz C.H. A crystallographic titration of the dipeptide L-isoleucyl-L-isoleucine. Acta Crystallographica,
2004, vol. 60, pp. 569-577.

12. Gorbitz C.H. The structure of nanotubes formed by diphenylalanine, the core recognition motif of Alzheimer's
B-amyloid polypeptide. Chemical Communications, 2006, vol. 22, no. (22), pp. 2332-2334.

13. Gorbitz C.H. Hydrophobic dipeptides: the final piece in the puzzle. Acta Section B: Structural Science, 2018,
vol. 74, no. 3, pp. 311-318.

14. CCDC Home | CCDC [Electronic resource]. (accessed: 10.06.2023).

SIMULATION AND COMPUTER STUDY OF THE CHIRAL PROPERTIES OF PEPTIDE NANOTUBES
BASED ON DILEUCINE
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Abstract. The paper presents calculations of the dipole, polar, and electronic properties of helical
nanostructures based on dileucine (LL) of different chirality (L, D) using the AM1, PM3 methods from the
HyperChem software package. It has been shown that the physical properties of dileucine-based nanotubes
are close to those of diphenylalanine nanotubes (FF PNT). For nanostructures based on dileucine of left
chirality L-LL, the existing experimental data make it possible to isolate from crystallographic structures
molecular nanostructures of helical nanotubes that have right chirality D, which corresponds to the law of
chirality change upon transition to the next level of self-organization. Model helical structures of nanotubes
based on dileucine of right chirality D-LL were also constructed, for which there are no experimental data.
Calculations of chirality by the method of mixed vector-scalar product of dipole moments of dipeptides
showed that the law of changing the type of chirality is also valid for model helical nanotubes based on the
D-LL. These results can be the basis for the synthesis of new experimental nanostructures based on right-
handed dipeptides.

Key words: amino acids, dipeptides, dileucine, peptide nanotube, chirality, dipole moment, molecular
modeling, semi-empirical methods.
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VIBRONIC SPECTRA OF OXAZINE 750 DYE IN AQUEOUS MEDIA:
A COMPUTATIONAL STUDY
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Abstract. The MN12SX/6-31++G(d,p)/SMD theory level exactly reproduced both positions of the main
maximum and short-wavelength shoulder of OX750 absorption in an aqueous solution. The optimal
functional for calculating the vibronic absorption spectra of different oxazine dyes in an aqueous solution
was discussed based on the author’s present and previous studies. The absorption spectrum shoulder is
caused by the vibronic transition. The vibrations involved in vibronic transitions correspond to large-scale
molecular movements, are low-frequency, and very weak compared to the others. However, excitation
significantly influences the vibrations including the most intensive ones. Photoinduced charge
redistribution is local and there is no charge transfer over the dye molecule as a whole. Aliphatic hydrogen
atoms prevent water molecules from accessing the N24 nitrogen atom. Considering H-bonded "solute-
solvent" interactions by three water molecules led to a redshift of the entire spectrum by ~15 nm.
A strengthening of H-bonds with water molecules upon OX750 excitation was found, which explains this
bathochromic effect. The intensity of low-frequency vibrations (including those involved in vibronic
transitions) increases with the addition of bound water molecules, especially in an excited state. The
vibration of the N-H bond of the imino group is strengthened (especially in an excited state) due to water
molecule binding. Noticeable polarization of one water molecule bounded was revealed upon dye
excitation. The vibronic model was also applied to calculate the emission spectrum of OX750 in the aqueous
media.

Key words: TD-DFT/DFT, vibronic transitions, aqueous solution, oxazine 750, absorption spectrum,
emission spectrum.

INTRODUCTION

Oxazine 750 (OX750, Fig. 1) is a highly fluorescent dye used in lasers [1-4], as well as a fluorescent marker [5,6]
and included in chemical sensors [7].

Using optical methods, it was found that OX750 can effectively bind to DNA [6], surfaces of sol-gel glasses [8],
porous silicate xerogel monoliths [9], nanoporous crystals [10], silicate xerogel [11]. A fairly large number of
experimental works are devoted to the study of the optical properties of the OX750 itself. The Zhou and Han group studied
the fluorescence and relaxation of this dye in various organic solvents [12-14]. The solvatochromism of OX750 in water
[15] and other isotropic solvents [16], hydrophilic gel [17], and also in anisotropic medium (liquid crystals) [18] was
investigated by the group of Ghanadzadeh and Zakerhamidi. Solvent effects were also analyzed by Rauf and Zaman [19].
The two-photon absorption of the dye was studied in Refs. [20,21]. While lasers use alcoholic solutions of OX750, the
application of a dye as a fluorescent marker and chemical sensor requires an aqueous environment. Therefore, a detailed
description and understanding of the photoexcitation of the OX750 in the aquatic environment, which can be achieved
through theoretical analysis, is important. However, the theoretical analysis of the photoexcitation and relaxation of the
0X750 was performed only for a non-aqueous medium. A theoretical study of the fluorescence and vibrational relaxation
of OX750 in acetone was performed using the perturbative density operator method and the transient linear susceptibility
theory [22]. The above-mentioned group of Zhou and Han, using the TD-DFT and CIS methods, analyzed the
intermolecular H-bonds of OX750 in the ground and excited states with two ethanol molecules, as well as the electron
transfer between them [13]. According to their calculations, one of the alcohol molecules is bound with the oxygen atom
of the dye, and the other with the nitrogen atom of the side aminoethyl group. In a later work by the same authors, the
energies of OX750 H-bonds (oxygen and nitrogen atoms of the central ring) with various organic solvents (acetone,
methanol, ethanol, DMF, DMSO, and formamide) and its atomic charges in excited states were calculated [12]. An
important result of Refs. [12,13] is the discovery of the enhancement of the H-bonds of OX750 with the solvent upon
excitation. It should be noted that these authors further elaborated in detail the influence of photoexcitation of a solute on
its H-bonds with a solvent for many different systems (see their review [23]). At once, vertical electronic transitions in

Figure 1. Chemical structure of OX750
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Refs. [12,13] does not reproduce the experimental spectrum of OX750. For this purpose, it needs to consider vibronic
transitions [24-27]. The absorption spectra of dilute OX750 solutions (both in water and in organic solvents) have a short-
wavelength shoulder [12,17,18,20,21]. For an OX750 in aqueous media, the shoulder and the main maximum are situated
at Ashoulder=012 nm and Amax=066 nm, respectively [21]. The authors of Refs. [17,18,21] believe that this shoulder is the
dimer absorption band. However, a spectrophotometrically resolved spectrum of the OX750 monomer (Fig. 4) [21] has a
shoulder also. In Ref. [20] authors state that the shoulder has a vibronic nature. It can also be caused by a separate
electronic transition. The issue of the origin of the short-wavelength shoulder of the absorption spectra of dilute OX750
solutions can be answered by theoretical calculations of the OX750 excited states and vibronic transitions between them.
This work completes a series of theoretical studies of oxazine dyes [28-33].

METHODS

Let us briefly describe the quantum-chemical model of photoexcitation of a dye molecule in solution, which
corresponds to the steady-state absorption spectroscopy experiment, by which the calculation results were verified.

When a photon is absorbed, the solute molecule, which was originally in the ground state (GS), goes into an excited
non-equilibrium state, also called Franck-Condon (FC). This nonequilibrium is since, according to the Franck-Condon
principle [34], the electronic transition first occurs at fixed Rgs positions of the nuclei (Fig. 2). The invariance of the
coordinates corresponds to the vertical transition line Eyer, shown in yellow in Fig. 2.

The nonequilibrium of the excited electron shell and nuclei, whose Rgs coordinates still correspond to the ground
state, leads to the activation of vibrational energy levels of the nuclear core (green wave in Fig. 2), so the transition is not
purely electronic, but electronic-vibrational (vibronic). Since the excitation of the molecule under consideration occurs in
solution, the reaction to it from the solvent (reaction field) will also initially be nonequilibrium. In this work, the
nonequilibrium field of the solvent reaction was set using the state-specific approach [35]. A detailed modern
interpretation of the Franck-Condon principle is given in Ref. [36].

From the excited Franck-Condon state, the solute molecule and the solvent molecules closest to it relax to the excited
equilibrium state (EES) by changing the coordinates of the nuclei (Rgs—Rgks, red arrow in Fig. 2) and polarization,
respectively. This process was described by the equilibrium solvation model [37]. The difference between the respective
energies is designated as the adiabatic energy: E,qia=Fges-Ecs (see Fig. 2).

According to Kasha’s rule [38], the emission originates from EES and is also a vertical transition (purple arrow in
Fig. 2) following the Franck-Condon principle. In other words, the nuclear core remains in the configuration
corresponding to the excited state (Rggs), while the electron shell returns to its ground state. This mutual nonequilibrium
of the nuclear core and the electron shell again leads to the activation of the vibrational energy levels of the nuclear core
(turquoise wave in Fig. 2). Then the nuclear core relaxes to the basic configuration of the electron shell (blue arrow in
Fig. 2), and the system returns to its GS. Unfortunately, the literature does not contain the emission spectrum of OX750
in an aqueous solution, there is only the magnitude of the emission maximum A, =667 nm [16]. Therefore, the verification
of the selected level of theory was carried out using the experimental absorption spectrum of the dye [21]. To avoid
confusion, the calculation of the emission spectrum and its analysis are described separately in Appendix A.

The aqueous medium was modeled in two ways: implicit and combined. In the first part of the work, the
approximation of a polarizable continuum (Integral Equation Formalism of Polarizable Continuum Model, IEFPCM, see
review [39]) was used. Based on the experience of Refs. [29-33,40], IEFPCM calculations with radii and non-electrostatic
terms of the SMD solvation model [41] were applied. Solvent continuum models consider site-specific interactions with
the aqueous environment (i.e., strong hydrogen bonds) only on an average. As mentioned above, the OX750 molecule

Energyi
FC Excited state PES
Eees|  TIEES
Emission
Evert Eadial
Ground state PES
Ecs |

Res Rees  Nuclear coordinates

Figure 2. Energetic diagram of vibronic transitions
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contains four H-bond donor and acceptor centers. To elucidate the effect of this strong hydrogen bonding, in the second
part of the work, an explicit-implicit accounting of the aqueous medium was used: four water molecules strongly bound
to dye molecules were specified explicitly, while the rest of the aqueous environment was implicitly specified.

In this work, the three lowest singlet electronic transitions in the OX750 molecule were analyzed. The PESs of the
ground and excited states were calculated in the harmonic approximation near their minima, Rgs and Rggs, respectively.
According to Ref. [36], anharmonicity effects are negligible for rigid and semirigid molecules (rotation of benzene rings
relative to chromophores will be analyzed below). The PESs of the excited states were built using TD-DFT and the
adiabatic Hessian model. The 6-31++G(d,p) basis set and forty hybrid functionals supported by Gaussian16 [42] were
used in the work, among which one was chosen that gives the best match between the calculated vibronic absorption
spectra and the experimental ones as the positions of the maxima (Eviron=Emax), and in shapes (see Results and
Discussion).

Vibronic absorption spectra of dyes were calculated using the methodology [43] implemented in the Gaussian16
package based on time-independent DFT. The broadening of the vibronic transition bands was performed using Gaussians
with HWHM=400 cm™!, and the peaks of the calculated IR spectra - with HWHM=4 cm’'. The temperature was assumed
to be T=298 K. The spatial structure of the OX750 dye was taken from the PubChem database (CID 194254) and
optimized as the ground state at the selected DFT level. Vibronic and IR spectra, spatial structures, molecular orbitals,
distributions of electron density differences, and electrostatic potentials were built using the Gaussview6.0 package [44].

RESULTS AND DISCUSSION

The energies of electronic states and transitions between them substantially depend on the X fraction of the "exact"
Hartree-Fock exchange in the functional. As a rule, with an increase in the X value, the energy of the electronic (and
vibronic) transition increases [45,46]. Pure functionals with X=0 are not suitable for the analysis of excitation, since they
often give too low (compared with experiment) transition energies and spurious excited states [47]. In the case of
pronounced charge transfer, functionals with long-range correction should be used, in which the X value depends on the
distance [48].

The main absorption peak in the visible spectrum region is caused by the HOMO—LUMO (Sy—S)) transition
[12,13]. Therefore, the selection of a hybrid functional, which reproduces the Eyipron (maximum of the calculated vibronic
spectrum) for this transition coinciding with the main maximum Em.x=1.86 eV (which corresponds to Amax=666 nm [21])
of the resolved monomer spectrum of the dye (Fig. 3), was carried out.

From Fig. 3 it can be seen that the MN12SX functional [49] with long-range correction is in excellent agreement
with the experiment on the position of the main maximum. MN12SX depends on the density, the density gradient, and
the kinetic energy density. It includes an X=25% at short-range distances and X=0% (Hartree-Fock exchange is screened)
at long-range ones. The success of the functional with a long-range correction may mean the presence of photoinduced
charge transfer in the OX750 molecule. This assumption will be tested below by analysis of atomic charges. Note that
both the MN12SX functional and SMD solvent model used in this study were developed by Truhlar's group.

The calculated spectrum coincides with the experimental one in terms of the positions of the main maximum and
short-wavelength shoulder (Ashoulder=612 nm, Fig. 4). The latter has a vibronic nature: it is due to vibronic transition #10
(see Fig. 4 and Table 1).
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Figure 3. Maxima E,iyon (€V) of theoretical vibronic absorption spectra of OX750 in aqueous media. X
percentage is indicated in parentheses. X values for small and large distances are indicated for functionals
with long-range correction (HISS functional - for small, medium, and long distances, respectively). The bold
horizontal line is the Epmax value
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Figure 4. The calculated vibronic absorption spectrum of OX750 in aqueous media (thin line) and resolved
OX750 monomer spectrum in aqueous solution from Ref. [21] (thick line here and in Fig. 9, adapted with
permission from AIP Publishing, order 5097060452897). The vertical lines are the dipole strength of the
vibronic transitions (see Table 1)

However, the shoulder in the calculated spectrum is twice lower than the experimental one. This may be due to both
the dimeric absorption and the contribution of higher electronic transitions to the experimental spectrum. The latter
assumption will be verified below.

Whilst, analysis of the OX750 excitation in an aqueous media will be performed below on the MN12SX/6-
31++G(d,p)/SMD theory level. It should also be noted that the vibrations involved in vibronic transitions correspond to
large-scale molecular movements, are low-frequency, and very weak compared to the others (Fig. 5).

Table 1. Parameters of OX750 vibronic transitions upon excitation in an aqueous media

p
A E v Definitions of excited-state vibrations involved
# | Transition I (atomic
(nm)|(eV)| (cm™) (see Fig. 5)
units)

1| 00—0° |672|1.85] 0 167200 | 13.6 -

Flexural vibration of the chromophore perpendicular to its

2| 00—>2' |670|1.85| 29.2 | 6861 0.557
plane

3| 00—5' |668|1.86| 80.3 | 8383 | 0.678 Flexural vibration of the chromophore in its plane

Compression-stretching of the chromophore along its long

4| 0,—15" | 661 |1.88| 247 | 13760 1.10 .
axis

Compression-stretching of the central (heterocyclic) ring

1
5| O0=347 164911911520 | 11060 | 0.869 across the long axis of the chromophore

Compression-stretching of the central (heterocyclic) along

1
6] 036" 1 6471.92) 567 8151 0.639 the long axis of the chromophore

71 00—38' |645(1.92| 613 6016 | 0.470 Compression-stretching of the side aromatic ring

Compression-stretching of the chromophore across its long

81 00—39' |645(1.92| 627 9107 0.711 .
axis

9| 00—43! | 642 |1.93| 684 | 11310 | 0.880 Shear vibration of the chromophore along its long axis

10| 0p—126' | 604 |2.05| 1670 | 4317 0.316 Compression-stretching of the aromatic rings

A is the wavelength, E is the energy of the vibronic transition, I is the line intensity, v is the vibration frequency,
and p is the dipole strength
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Figure 5. Calculated IR spectra of OX750 in an aqueous media. The vibration frequencies of the excited state involved
in absorption vibronic transitions are indicated by red arrows with appropriate numbers. Vibrations weakened by

excitation are indicated by black numbers, and those enhanced by red. The vibration frequencies of the ground state
involved in emission vibronic transitions are indicated by blue arrows with appropriate numbers

It is interesting to note that, according to our previous studies [28-33], the optimal functional (with the same 6-
31++G(d,p) basis set and the SMD solvent model) for calculating the vibronic absorption spectrum of oxazine dyes in an
aqueous solution depends on the number of chromophore rings. Thus, the chromophores of oxazine 1 [29], brilliant cresyl
blue [30], and oxazine 4 [32] contain three rings, and the X3LYP functional gives the best agreement with the experiment
for them. At the same time, for four- and six-ring chromophores, the optimal functional each time turns out to be different:
MO062X for cresyl violet [30], ®B97XD for oxazine 170 (720) [31], O3LYP for the Nile red [28], and MN12SX for
0OX750 (this work). However, it should be clarified that, unlike the other dyes mentioned, Nile red is electrically neutral,
and the 6-31G(d,p) basis set and the IEFPCM solvent model were used for it.

Comparing the calculated IR spectra of OX750 (see Fig. 5), one can see that excitation significantly influences the
vibrations including the most intensive ones. The most significant photoinduced changes in oscillations are as follows.
The mid-frequency fluctuations (#82, #89, #92, and #117) are noticeably weakened. Other mid-frequency vibrations (#86,
#123, and #124) are greatly enhanced. All of the above modes describe the compression-stretching of the bonds of the
chromophore in its plane in various combinations. Also, upon excitation, the most high-frequency vibration #150
(stretching-compression of the N-H bond of the imino group in the side chain (see Fig. 1) is significantly enhanced. The
photoinduced changes in the vibration frequencies are small (~25 cm™). Visualization of all these vibrations is presented
in Appendix as GIF files under the appropriate numbers. Changes in the vibration frequencies of OX750 due to excitation
can also be visualized by the Duschinsky rotation matrix.

Two other electronic transitions in the visible spectrum region (So—S, and Sp—S3) have a very low oscillator
strength f (Table 2), and thus do not make an essential contribution to the absorption spectrum.

Frontier MOs involved in the Sy—S; electronic transition considered are shown in Fig. 6. Their configurations are
close to those obtained in Ref. [13] at the BP86/TZVP/vacuo theory level. From Fig. 6, it can be seen that the frontier
MOs cover almost the entire molecule, with the least extent of the aliphatic rings and the side chain.
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Table 2. Parameters of electronic states and transitions between them for OX750 in an aqueous media
. E..*
Electronic eq . ok
1 kadia Eadia }\rvert Evert }\rvibron Evibron
state (eV) Elec‘%‘mc f Involved transitions
transition | (ynyy | (eV) |(nm)| (eV) |(am)| (eV)
So (GS) |-31769.92
Si -31767.99 So—S: 642 1.93 [543 | 2.28 | 667 | 1.86 [1.0775 HOMO—LUMO
S, -31767.24 So—S» 463 2.68 | 428 | 290 | 461 | 2.69 |0.0002| HOMO—(LUMO+1)
S; -31767.09 So—S;3 438 2.83 |416| 2.98 | 433 | 2.87 |0.0569| (HOMO-1)-»LUMO

“equilibrium energy (PES minima, see Fig. 2)
**xadia:hC/ Eadia
“*Badgia=Errs-Ecs, see Fig. 2

The OX750 dipole moment increases due to excitation (Ugs<Hrc=eEs, Table 3). It corresponds to the m—n* type
of electronic transition and redshift of absorption maximum with solvent polarity increases [50]. However, the OX750
does not show this dependence. In particular, solvents with donors of H-bonds cause a redshift of the OX750 absorption
bands compared to 1,4-dioxane (Amax=049 nm for dioxane, 665 nm for acetone, 669 nm for methanol, and 665 nm for
water) [18]. Therefore, OX750 solvatochromism significantly influenced by specific solute-solvent H-bonds. In the
present work, when simulating water molecules strongly bound to the dye, two of them were H-bond donors, and one
was acceptor (Fig. 8), and they caused the redshift also (see below). In Ref. [16] based on solvatochromic shifts for polar
solvents, pugs=3.7 D and pges=9.9 D values were obtained. In Ref. [20], from solvatochromic shifts with H-bonding
considering, the value Ap=pgps-pigs=(2.1+£1.1) D was calculated. As you can see, these results significantly differ
quantitatively, both among themselves and with the values obtained in the present work. The transition moment M is
oriented almost along the long chromophore axis (see Scheme inside Table 3, the coordinate axes coincide along the
OX750 principal inertia axes).

To estimate the photoinduced electron density shifts in OX750 cation, its Merz-Kollman [51] charges of non-
hydrogen atoms were analyzed. In the GS, the positive charges are located mainly on the C6, C7, and C10 atoms, and the
negative ones - are on N1, N5, C2, C4, and C9 atoms. Due to excitation, the GS—FC transition leads to a significant
increase in electron density at the N5 atom, and a decrease - at C4, C6, C10, and C12 atoms. Hereafter, the absolute values
of p, My, and p increase (see Table 3). The FC—EES relaxation leads to an electron density decrease in the C12 and C21
atoms and an increase in the C11 atom. This causes a decrease of ik and 1y, modulus and an insignificant p increase. The
electron density displacement during the GS—FC vertical excitation is much stronger than upon the FC—EES relaxation.

Photoinduced charge redistribution can be represented also by building a map of the difference in electron density
(Fig. 7) or the distribution of electrostatic potential over the van der Waals surface of the molecule. As you can see from
these Figs., charge redistribution is very complex (albeit local), and encompasses, to a greater or lesser extent, the entire
dye molecule. Only the ethyl side group remains unused in this process. Thus, there is no charge transfer over the dye
molecule as a whole.

To estimate the contribution of hydration to the OX750 excitation in an aqueous media, we calculated the vibronic
absorption spectrum for the " OX750+3H,0" hydrated complex (Figs. 8 and 9). In Ref. [13], two ethanol molecules bind
only to nitrogen molecules. In this work, it is shown that a water molecule (probably due to its smaller size) is also capable
of binding to the endocyclic oxygen O8 atom (see the caption in Fig. 8). It should be noted that aliphatic hydrogen atoms

Figure 6. HOMO (left) and LUMO (right). Positive lobes are shown in red and negative lobes in blue
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Table 3. Calculated moments (D) of OX750 cation in aqueous media (MN12SX/6-31++G(d,p)/SMD theory level)
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Dipole Ground Excited state (S1) Transition dinole moment
moment state (So) Franck-Condon Equilibrium P
Px -1.45 -2.65 -2.70 Mx -13.7
Ly -5.13 -6.07 -6.12 M, 0.0399
Yz 0.227 0.275 0.569 M, 0.0615
U 5.34 6.63 6.72 M 13.7

prevent water molecules from accessing the N24 nitrogen atom. The ABC ring group of the OX50 molecule (see Fig. 1)
is a julolidyl moiety that is part of 7-amino-substituted coumarins, for which H-bonding of water with a nitrogen atom is
possible (see, for example, case of coumarin 102(480) in Ref. [52]). However, unlike coumarin 102, the OX750 julolidyl
moiety does not have such a strong pucker, and the resulting displacement of aliphatic H-atoms (versus a flat structure)
is insufficient for the guaranteed access of the water molecule to the nitrogen atom. Note that the aforementioned H-bond
of coumarin 102 with a water molecule is weak and breaks upon excitation [52].

All three H-bonds of OX750 with water molecules in the excited equilibrium state are stronger than in the ground
one, which is reflected in its shortening (see Fig. 8). As mentioned above (see Introduction), this feature took place for
the OX750 in ethanol (theoretical study of Zhao and Han [13]). The absorption intensity decreases slightly when adding
three explicit water molecules (cf. Figs. 4 and 9).

However, in this case, a small short-wavelength vibronic peak at 535 nm in the calculated spectrum appears, which
is absent in the experimental spectrum. This artifact peak is caused by a bug in Gaussian software. The main bands of the
vibronic absorption spectrum of the "OX750+3H,0" system have the same shape as for a single OX750 cation, but its
absorption maximum is at Ayibron=681 nm, and the shoulder at Asoulder~630 nm, i.e. the spectrum is redshifted by =15 nm
(Fig. 9). This regularity is easily explained as follows. Since the interactions with the water molecules for OX750 EES
are stronger than in the GS, the PES of the EES drops lower than for a completely implicit consideration of the aqueous
solution. The convergence of the PESs leads to a decrease in Eagi and Eyer (see Fig. 2), and, respectively, to an increase
in xvibrono

Figure 7. The electron density difference between the Franck-Condon point and the ground state. Regions of positive
values are shown in red and negative values in blue
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Figure 8. Calculated structure of the OX750 hydration complex with three water molecules. Strong H-bonds are shown
with a dotted line. Their lengths in A (distances between heavy atoms) are given for the ground and equilibrium excited
(in parentheses) states. The water molecule bounded with the O8 atom (below in the Figure) is in front of the
chromophore plane due to steric hindrances from the chromophore hydrogen atoms. The water molecule bounded with
the N5 atom (above in the Figure) is located behind the plane of the chromophore for the same reason. The third water
molecule is located in the plane of the chromophore

Let us analyze briefly the effect of strong H-bonds with water on the electronic and vibrational states of the dye.
Changes in the vibronic transitions occur (cf. Figs. 4 and 9). Their number reduced from 10 to 8, and the transitions have
varied essentially (cf. Table 1). The intensity of low-frequency vibrations (including those involved in vibronic
transitions) increases with the addition of bound water molecules, especially in an excited state. IR spectra also changed.
In particular, the normal modes of water molecules are added and vibration #150 of the N-H bond of the imino group is
strengthened (especially in an excited state) due to water molecule binding (see Fig. 8). Frontier MOs of the
"OX750+3H,0" complex practically coincide with those for a single OX750 molecule (cf. Fig. 6). It is interesting that
out of three water molecules strongly bound to the OX750 cation, only one polarizes upon excitation (bound to the N5
endocyclic nitrogen atom, Fig. 10). As mentioned above, the electron density on the N5 atom increases the most. This
leads to a significant charge redistribution of the water molecule bounded. It can also be visualized by the electrostatic
potential distribution.

CONCLUSIONS

The best agreement with the experiment on the position of the main maximum (Amax = 666 nm) was given by
MN12SX functional which contains a long-range correction. The MN12SX/6-31++G(d,p)/SMD theory level also exactly
reproduced the position of the short-wavelength shoulder (Ashouider=6012 nm). The optimal functional for calculating the
vibronic absorption spectra of oxazine dyes in an aqueous solution depends on the number of chromophore rings. Thus,
for the oxazines with three rings, the X3LYP functional gives the best agreement with the experiment. For four- and six-
ring chromophores, the optimal functional each time turns out to be different. The vibrations involved in vibronic
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Figure 9. The calculated vibronic absorption spectrum of the "OX750+3H20" system (thin line) and the resolved
monomer spectrum of OX750 aqueous solution from Ref. [21] (thick line)
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Figure 10. The electron density difference between the Franck-Condon point and the ground state for the
"OX750+3H20" hydrated complex

transitions correspond to large-scale molecular movements, are low-frequency, and very weak compared to the others.
Excitation significantly influences the vibrations including the most intensive ones. Aliphatic hydrogen atoms prevent
water molecules from accessing the N24 nitrogen atom. Explicit consideration of strong H-bonds between waters and dye
cation leads to an entire spectrum redshift by =15 nm. Strengthening of these H-bonds due to OX750 excitation was
found, which explains this redshift. The intensity of low-frequency vibrations (including those involved in vibronic
transitions) increases with the addition of bound water molecules, especially in an excited state. The vibration of the
N-H bond of the imino group is strengthened (especially in an excited state) due to water molecule binding. Noticeable
polarization of one out of three waters was revealed upon dye excitation.
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BUBPOHHBIE CIIEKTPBI KPACUTEJISI OKCA3UHA 750 B BOAHOM PACTBOPE:
PACYETHOE UCCJIEJOBAHUE
JleonTheBa C.B.
Uepnomopckoe Briciiee Boenno-mopckoe Opaena Kpacnoii 3Be3nsr Yumnumie umenu I1.C. Haxumosa
Ivibenxo la, 299028, Poccus; e-mail: tezidi@gmail.com
[Moctynuna B penakmio 26.08.2023. DOI: 10.29039/rusjbpc.2023.0643

AnHoranusi. Yposens Teopun MN12SX/6-31++G(d,p)/SMD TOYHO BOCHPOM3BOIAWT KakK ITOJIOKECHHE
OCHOBHOTO MakCHMyMa, TaKk U KOPOTKOBOJIHOBOTo Iuteda nornomenuss OX750 B BogHoM pactBope. Ha
OCHOBE HACTOSIIMX W TPEIbIAYIIHX HCCICJOBaHHN aBTOpPa BHIOPAH ONTUMAJbHBIH (YHKIIMOHAN ISt
pacdera BUOPOHHBIX CIIEKTPOB MOTJIOIICHHS Pa3IMYHBIX OKCa3WHOBBIX KpacUTENeH B BOJHOM PacTBOpE.
[Tnewo crexTpa moryomeHus: 0OycJOBIEHO BUOpPOHHBIM TepexonoM. Koiebanusi, yuyacTByromme B
BHOPOHHBIX ITEPEX0/1aX, COOTBETCTBYIONINE KPYITHOMACIITAOHBIM MOJIEKYJISIPHBIM JIBIDKCHUSIM, SIBIISFOTCSI
HU3KOYACTOTHBIMU M OYECHB CIa0BIMH 110 CPABHEHHUIO ¢ OCTAIbHBIMU. OTHAKO BO30YKIECHHUE CYIIECTBEHHO
BIIMSET HA KOJIEOAaHNs, B TOM YHCIIe HanOoJee NHTeHCHBHBIE. DOTOMHAYIIMPOBaHHOE ITepepacipeiesieHne
3apsga HOCUT JIOKAIBHBIH XapakTep M MEpeHOC 3apsaa MO MOJIEKYJe KPacHTEeNs B LEJIOM OTCYTCTBYET.
Anngarndeckue aToMbl BOJOPO/Ia HE MTO3BOJISIIOT MOJIEKYJIaM BOJIBI ITOJYYUTh JOCTYII K aTOMy a3oTa N24.
Y4eT B3aMMOJEHCTBHI «PacTBOPEHHOE BEIIECTBO-PACTBOPHUTEINE) IO BOJOPOAHBIM CBSI3SIM TPEX MOJIEKYTI
BOJIBI TIPHBET K KPACHOMY CMEIICHHUIO BCETO cHekTpa Ha ~15 HM. OOHapyXe€HO YCHICHHE BOIOPOIHBIX
CBsI3el ¢ MOJIeKyTaMHu BoZb! Ipu Bo30yxaeann OX750, ato 1 00BICHAET TaKOi OATOXPOMHEIN AP QEKT.
NHTEeHCMBHOCTh HU3KOYACTOTHBIX KoJeOaHWi (B TOM YHMCIIE€ YYacTBYIOIIMX B BHOPOHHBIX MEpexoiax)
BO3pacTacT IpUu MPUCOCIWUHCHUN CBA3AHHBIX MOJICKYJI BOJIBI, 0CO6CHHO B B036y)KlleHHOM COCTOSTHHH.
Konebanus cBs3u N-H uMuHOTpyNnsl ycuiauBaroTcs (0COOEHHO B BO30YXKIEHHOM COCTOSIHHM) 33 CYET
CBSI3BIBAHMS MOJIEKYJ BOABL [Ipu Bo30ykKAeHHM KpacHuTelsss OOHapy>KeHa 3aMeTHas HOJSIPH3aLHsl OTHOM
CBSI3aHHOW MOJIEKYJIbI BO/Ibl. BUOpOHHast MoJienb Oblila Takke MPUMEHEHA JUIsl pacdeTa CIIeKTpa U3y YeHHs
0X750 B BoziHOM cpene.

Knrwouesvie cnosa: TD-DFT/DFT, seubpounvie nepexoovl, 60O0Hulli pacmeop, okcazun 750, cnekmp
no2noweHusl, Cnekmp UCHYCKaHUsL.
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I'EHEPAIIUS I'NITEP3BYKOBbBIX BOJIH IIPU OBJIYYEHUHU KPEMHUS CBETOM,
HUX PACITIPOCTPAHEHME 1 BJIMSIHUE HA )KUBBIE OPI'AHU3MBbI:
KOMIITBIOTEPHOE MOJIEJIUNPOBAHUE U DOKCIIEPUMEHT
Crenanos A.B.!, TTonos A.IL!, Kopanenko A.B.!, FOmanos /I.C. !, Jumurpuesa A.H. ',

Cepreesa K.B.!, Jlementnen JI.A. 1, Hukoanckasn A.A.2, Tyaosunkos B.C.%, Tereanoaym JI.A.2
'Yypamckuii rocy1apCTBEHHBINM arpapHbIi YHUBEPCHUTET,
yi. K. Mapxkca, 29, 2. Yeboxcapwl, 428003, PD; e-mail: for.anton_step@mail.ru
2 HuskeropoICKuii rocyjapcTBeHHblil yauepeuteT uM. H.M. Jlo6aueckoro,
np. Fazapuna, 23, . Huocnuti Hoeeopoo, 603022, P®; e-mail: tetelbaum@phys.unn.ru
[Moctynuna B penakmuio 26.08.2023. DOI: 10.29039/rusjbpc.2023.0644

AnHotanusi. B janHOW pabore mpeAcTaBleHO MOJEKYJISIPHO-IMHAMHUYECKOE MOJICIMPOBAHHE
pactpocTpaHeHUs] THIIEP3BYKOBBIX BOJH B CHCTEMax >KHIKOCTb—TBEpPAOE TEJO, TaKMX KaK BOJHBIC
pactBops! NaCl u cTexna (coaeprkainue HOHEI Na); aHaIU3UPYETCs pOJIb BOTHOBOJHBIX CBOMCTB KIIaCTEPOB
Na+—(H20)n—tuna; obcyxknmaercss pons  kinactepoB  Na+—(H2O)n-tmma B pacmpocTpaHeHHH
THIIEP3BYKOBBIX BOJNH. B3amMoneicTBHE MEXAy THUIEP3BYKOM M KIETOYHBIMH OpraHeIUIaMH ObLIO
HCCIIEIOBAHO YHCIIEHHO M COTIOCTABIICHO C OMOIOTHUECKIMH 3KCIICPUMEHTAMH Ha CEMEHAX SIPOBOI MATKOM
TIIIEHAIBI copTa DKana 70, B YaCTHOCTH 110 BIMSHUIO YKa3aHHOTO BO3/ICHCTBYSI HA MX POCT. THIIEP3BYKOBOE
o0yiyyeHHe BIMSET HAa OMOMETPUYECKHE II0KAa3aTeNu SPOBOW MSATKOW IIICHWIbI, HA MAaccy CeMsiH U
ypokaiiHocTh. Ilpu 3TOM OOJBIIOE 3HAYCHHE WMMEET BpEMsl BO3IACUCTBUS JAHHOTO OOJIyYEHHS.
HaumeHnbliasi BeicOTa pacTeHH B BApUaHTE C 00JIydeHHEM CEMEHHOTo MaTtepuania B TedyeHue 30 MUHYT —
71 ¢, a mpoayKTHBHAsI KycTHCTOCTh cocTaBuna 1,8. ITokazaTenu oOmieil KyCTHCTOCTH M CPEIHEro Yuciia
HOPMAaJIHO Pa3BUTHIX CTEOJIEH, TAIONIMX 3€pPHO Ha OJTHO pacTEHHE TaK)Ke ObUIM HAWITyUYIIMMH B BapUaHTE
C BO3JEHCTBHEM OOJy4YEHHUs] CEMEHHOro marepuaia B TedueHun 100 cekyHI, XyIUIIMMH B BapUaHTE B
30 munyT. OTCIOJAa MOXKHO CHeNaTh BBIBOA O TOM, YTO THIIEP3BYKOBOE OOJydeHHE BIHMIET Ha
OnoMeTpHUeCKHe MTOKa3aTeNd SPOBOI MTKOW INIIEHHIBI, HA Maccy CeMsSH M ypoxaiHocTb. [Ipu sTom
OosipIIoe 3HAYEHHE MMEET BpEeMsI BO3JACHCTBHS JaHHOrO oOiydeHus. [lomydeHHbIE B pe3ynbTare
MOJICTIMPOBAHMS JJaHHBIE MTOKA3bIBAIOT, YTO TPAaHMIA pa3jea ABYX Cpell BOJA-CTEKIO ABISIETCS KaHAIOM
nepeiady SHEPTUH OT UCTOYHMKA THIIEP3BYKOBBIX BOJIH JI0 OMOJIOTHYECKOT0 0OBEKTA.

Knroueswie cnosa: s¢pghexm oanvnooeiicmsus, eunep3gyk, buosocuyeckuti 3ghgpexm 0anbHoOecmaust.

B Hacrosiee Bpemst 0003Ha4MIIaCh TEHACHINS TPOU3BOACTBA KOJIOTHYECKN YHCTHIX MTPOTLYKTOB IIUTAHUS, KOTOPast
HOTpe6OBaJ'Ia MPpUMCHCHUA aJIbTCPHATUBHBIX ME€TOJ0B, C MUHUMAJILHO BO3MOKHBIM YPOBHEM TCXHOI'CHHOT'O 3arpsA3HCHUSA
OKpY>Karolen cpebl.

B orinume OoT XMMHYECKMX METONOB 00paboTKH, (H3MYEeCKOe BO3JAEHCTBHE, MOTJIOMIAsACh B 0OpabaThiBaeMoe
pacTeHre, OKa3bIBaeT HENOCPEICTBEHHOE BIIMSIHAE Ha MPOLECCHl JKU3HENESTENbHOCTH pacTeHMs, HO TPH 3TOM HE
MIPOMCXO/IUT BHECEHUS! B PACTHTENBHBI OOBEKT WM B OKPYKAIOUIYIO CPEAy KaKuX-JMOO SKOJIOTHYECKH BPETHBIX
XMUMHYECKHX BEIIECTB.

JlaHHBIC MHOTOYMCIIEHHBIX HCCIENOBAHMN CBHJIETENBCTBYIOT O TOM, YTO Pa3JIMYHbIC BHIBI OOJyUECHHUS! CEMSH
OKAa3bIBAIOT TOJIOKUTEIFHOE BIMSHAEC HA aKTHUBAIMIO )KU3HEHHO Ba)XKHBIX IPOIECCOB Y PACTEHHH NP ONPEIEIICHHBIX
ycnoBusix. [losToMy B Hacrosiiee BpeMsl B CEJIBCKOM XO3SIMCTBE HA MPAKTHKE JAOCTATOYHO MIMPOKO MPUMEHSIOTCS
CTUMYJHpYIOIIUE (HaKTOPHI, CIOCOOCTBYIOINE MOBBIMICHUIO SHEPTUH MPOPACTAHUS U TOJICBOM BCXOXKECTH CEMEHHOTO
MaTepuana.

Nmeetcs MHOKECTBO padOT, IMOCBSIIEHHBIX BO3AEHCTBHIO (PM3NIECKUX (DAKTOPOB (NMEKTPUIECKUX U MATHUTHBIX
noneii, ynpTpadHoIeToBoro, HHPpaKpacHoro, Ja3epHOTo 0OIyYeHNsT) Ha CEMEHHOM MaTepual, KOTOpOe B CBOIO ouepepb
CIIOCOOCTBYET MOBBIIIEHHUIO TIOCEBHBIX KaueCTB, BBKUBAEMOCTH M ypokaifHocTH. OTHaKO ocTaeTcsi HEOOXOAUMOCTb B
OoJiee I€TaNbHOM H3YYEHHM MEXaHM3Ma 3HEPreTHUECKOTro BO3ICHCTBUS HAa BHYTPEHHIOIO CTPYKTYpPY CEMEHH, POCT U
pa3BUTHE pacTeHui, a TakKe BEIOOpa ycTaHOBOK (P (EKTHUBHBIX, MPOCTHIX 10 KOHCTPYKINH, HEBHICOKOW CTOMMOCTBIO U
BBICOKOH HaJIEKHOCTBIO.

MHorouHcIeHHbIE HCCIIeI0BaHMs BO3AEHCTBUSI MUJUTMMETPOBBIX 3JIEKTPOMAarHUTHBIX BOJIH Ha )KUBBIE OPTaHU3MBI
Y TKaHH ¥ MX IPUMEHEHHS B METUIIMHE TI03BOJIMIIM CJIeNIaTh BHIBOA 00 MX BaXKHOM QyHKIMOHAIBHOH poiu [1]. [Ipu aTom
TeHEepalys W PaclpOCTPaHEHHE TaKWX 3JIEKTPOMATHUTHBIX BOJH COIIPOBOXKIAETCS aKyCTHYECKHMH KOJEOaHUSMH U
THIEP3BYKOBBIMHU BOJTHAMH, KOTOPBIE SBIISIOTCS TIIaBHBIMH ICHCTBYIOIIMMHE JINIIAMH BBIICYTTOMSHYTHIX 3¢ dexToB [2,3].
Ocratorcss 6e3 oTBeTa BONPOCH], Kacalollpecs MEXaHW3Ma aHOMAIBHO OOJIBIIOTO pajguyca IEHCTBHS OOITydYEeHUS:
CBETOBOE O0JIydeHHUE TBEPIOTO Tela, HalpHMep, KPEMHHUS, HaXOSIIET0Cs B KOHTAKTe C CHCTEMOM, COeprKaliei BOAHBIN
pactBop NacCl (0,1-7%). Ilpu 3ToM cBoiicTBa Apyroro oopasiia U3MEHSIOTCS JaXKe €CIM OH HaXOAWTCS Ha pacCTOSHHUN
HECKOJIBKUX CAHTUMETPOB H Oosee oT o0irydaemoro obpasma. CornacHo IMpeayioxeHHON Moaenu, 3PPeKT 00yCIoBIeH
TeHepanyeii TUIep3ByKOBEIX BOJIH OO0IydeHHBIM 00pa3iiom [4], a ux pacnpocTpaHeHHEe Ha OOIBIINE PACCTOSHHS CBSI3aHO
C BOJIHOBOJIHBIMH CBOMCTBAMH TPAHMIIBI pa3jieia pacTBOp—TBepoe Teo [5].

HpezmaraeMaﬂ BHHUMAaHUIO, pa60Ta MOCBAIICHA U3YYCHUIO BJIWAHUA T'MIICP3BYKOBLIX BOJIH Ha ITOCCBHBIC Ka4€CTBA
SIPOBOM MATKOM MIeHUITB copTa Dkana 70.
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@ 1

Pucynok 1. DxcniepuMeHTalbHAS CXeMa JIJTsl UCTIBITaHHsI OHOJIOTHYECKOTO S PeKTa anbHOICHCTBHS: 1 — CBETOANO,
2 —9KpaH, 3 — KpeMHHEBas UTacTHHA, 4 — yamku [letpu, 5 — Bona, 6 — OHonormyeckas KIeTKa HiIH OpraHu3M

Ienp HaCTOSIIETO UCCIEIOBAHUS — OLICHKA BJIMSHUS FMIIEP3BYKOBBIX BOJIH HA IIOCEBHBIC KAaYeCTBA SIPOBOM MATKON
MILIEHUIBI C TOMOIIBIO 00JTyYeHHs B yCTAaHOBKE C KPEMHUEBOH TIIACTUHOM M BEIOOPOM Pa3JIMYHBIX BAPHAHTOB 00JIyYESHUS
no Bpemenu (100 cexynn, 20 munyT 1 30 MUHYT) M KOHTPOJIBbHBIM BapHaHT (3aMauMBaHUE CEMSH B BOJE).

B nomonHeHMe K SKCHEpUMEHTAIBHONW MPOBEPKE THIIOTE3bl BIMSHUS TUIEP3BYKa Ha JKUBBIC OPraHU3MBI ObUI
MIPOBEJCH pacyeT MO MPOBEPKE TUIMOTE3bl MEXaHU3Ma PacIpOCTPAaHEHUs THIIEP3BYKa 0 TPaHHUIIE pa3fiesia BOAA-CTEKIIO.

METO/bI U MATEPHAJIbBI

C 1eJIbI0 MONTyYHUTh IPAKTHYECKOE MOATBEPKICHNE ITPEACTABICHHOMY BBIIIE METOAY ObLT IPOBENICH SKCIICPUMEHT.
[IpemmeToMm uCcIenOBaHHA CTANK ceMeHa SApoBON MsTKoW meHums! (Triticum aestivum L.) copta Okama 70, koTopsie
OBUTH MTOJBEPTHYTHI TUIEP3BYKOBOMY OOJyHIEHHUIO C Pa3IMYHBIM BPEMEHEM BO3JCHCTBHUS HAa CEMEHHON MaTepHail s
TOTO, YTOOBI TIPOBEPUTH OJIATOTBOPHOE BIIUSIHUE THUIIEP3BYKOBOM CTUMYIISILIMM HA CEMEHa SPOBOM MSITKOW MIIEHUIbI:
HOBBILIEHHE DHEPIHHU NIPOPACTAHUS, BCXOKECTh, POCT YPOIKAWHOCTH.

I'ITO6I:.I HC HCCICOA0BATh AOIIOJHUTCIBHBIC (l)aKTOpBI, MbI OCTAHOBUJIMCHh Ha HCIIOJIB30BAaHUC IIPICTPIJ'IJ'[PIpOBaHHOﬁ
BO/JIBL

CxeMa KCIepuMeHTa BhITTIIeNa CIeayommM odpasoM (puc. 1).

Cuctema no3Bosuia 06Jay4yaTh HEMOIBIKHYIO MacCy ceMsH, Bapbupys BpeMs Bo3zaeicTaus: 100 cexynn, 20 MUHYT,
30 munyT u KonTpons (3amaunBanue B Boge 0e3 o6myuenus). [1o kaxgoMy BpeMeHH BO3/IeHCTBUS OblIa 5-TH KpaTHas
MOBTOPHOCTH. B kax 10l moBTOpHOCTH (Tipo6e) 66110 10 600 cemsH (Ha 1 M?).

B Hammx mcciaenoBaHMAX MPOPACTAHUE CEMSH XapaKTePU30BAIOCH ABYMsI IOKa3aTeJISIMI: SHEPTUEH ITPOpacTaHHs
[6], xOoTOpYIO MBI ONpeAesUId Ha 4 CYTKH IOCJIE TOoceBa M JabOpaTOPHOM BCXOXKECTBIO, KOTOpas XapaKTepu3yeT
CHOCOOHOCTH CEMSH J1aBaTh MOJHOIEHHBIE TPOPOCTKH, ¥ ONPEAEIsUTA MBI ee Ha 7-8 cyTku (Tabm. 1).

CeMmeHa MpopaiiBajid B TEPMOCTATE B YalllKax Ha QUIBTPOBATIBHOM Oymare (MOBTOPHOCTH 4-X KpaTHas). B kaxmoii
npo6e 66110 mo 100 ceMsH.

PE3YJIBTATHI U OBCYXXJAEHUA

OHeprus MpopacTaHus CEMSH IPOBOM MATKOH MIIIEHUIIBI MEHSUIACh B 3aBUCUMOCTHU OT BPEMEHH BO3/ICHCTBUS HA HEe
THIIEep3BYKOBOTO 00yueHns. HanBpiciiee ee 3HaueHNE OTMEUEHO Py Bo3ieiicTBiM Ha Hee B TeueHue 100 cexynz (72%),
HanMeHblIee B TeueHnn 30 MunyT (59%).

Hawusbiciiee 3HaueHne yabopaTtopHOil BcxoxkecTH coctaBmwio 91% — mpu obmydennn B Teuenue 100 cekyHn,
HanMeHblee 3HaueHne — 56% — npu o6aydeHnn B TeueHue 30 MUHYT.

Tabéauua 1. Bimsaue runep3BykoBOro 00TydeHHS Ha SHEPTHIO IPOpacTaHus (PHC. 2) ¥ BCXOKECTh CEMSH

(puc. 3)
Bcexoxects cemsH, %
BapuanTt DHeprus npopacranus, %
nabopaTtopHast oJieBast
Kontpous 66 82 81,6
100 cexyHn 72 91 85,7
20 MUHYT 59 72 68,3
30 MUHYT 58 56 54,2
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dHeprua npopacraHua, %

72
66
I 59 58

KoHTponb 100 cexkyHA, 20 MmuHYT 30 MUHYT

PucyHnok 2. DHeprus npopacTaHusi CEMsIH SPOBOH MSTKOM MIIEHHIB! copTa Jkazna 70, 06ayYeHHBIX THIEP3BYKOBBIM
U3Iy4EeHUEM

Na6opaTtopHan BCxoXecTb cemaH, %

91
82
72
I |

KoHTponb 100 cekyHA, 20 MUHYT 30 MUHYT

Pucynok 3. JlaGopaTtopHas BCXOXECTh CEMSH SPOBOM MATKOH MIIEHHWIBI copTa Okaaa 70, oOIydeHHBIX
THIEP3BYKOBBIM H3Iy4CHHEM

®dopMupoBaHe BCXOAOB, POCT U pa3BUTUE PACTEHHH M3yHalld B PEXHUME PEabHOTO BpeMeHH. Maccy CHOIOB
(¢ KaXJ0T0 IIOBTOPHOCTH), BEICOTY PACTEHHUIL, JUIMHY CTEOJIS ¢ KOJIOCOM M JUIMHY KOJIOCa ONPEIeIIsUIH, HEIOCPEICTBEHHO
nocie yoopku ypoxxast.

Camble paHHHE BCXOZBI MOSBWIINCH Ha 9-€ CYyTKHM M3 ceMsiH, 00paboTaHHBIX B ycTaHOBKe B TeueHue 100 cekyHI.
CrebneBoii mober nocie BIX0/1a Ha HIOBEPXHOCTH Pa3BUBAJ OT 2 10 5 HACTOAIIUX 3€JICHBIX JIUCTHEB, IOTOM HAa HEKOTOPOE
BpEeMsl POCT TPHOCTAHABIMBAICA. B 3TOT mepmoxa 3axianpBannch U (HOPMUPOBAIHMCH BTOPHYHBIE KOPHU U HOBBIC
cTebsieBble 1oOerH, o0pa3ylonue pa3BeTBICHHE ITaBHOE Iobera. PasBnBanach KopHeBas cucTeMa, HacTynana (asa
kymenns. Kopaesa cucrema pacrenuii, oomydennsix 100 cexyna, Oputa 6osree pa3BuUTa 10 CPAaBHEHHIO C KOHTPOJIEM U
obmydyennem o 20 u 30 MUHYT COOTBETCTBEHHO.

OOryyeHue ceMsH HIIeHHUIBI THIeP3BYKOBBIMH BOJHAMH BIIHSUIO HA OMOMETPUYECKHE TTOKa3aTeIN BBIPOCUINX U3
HUX pacteHui (puc. 4 a, 0).

a 0
Pucynok 4 Pacrenuns spoBoit msirkoit mmenunipl (Triticum aestivum L.) copra Dxaga 70, BBIPOCIIMX W3 CEMSIH,
obmy4ennsix 100 cexyna, 20 MunyT, 30 MUHYT M KOHTPOJIHOTO BapHaHTa
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Tabauna 2. buoMerprueckne moKa3aTeny SpOBON MATKOU MIITIEHUIII.

No Bricota Kyctucrocts Komuaectso
Bapuant . N
n/n pacTeHui Ob6mas [IpoxgykTuBHAas MEXI0Y3JIHMH, 1IT.
1. KoHTpoas 83 2.3 2,0 3,0
2. 100 cexyHn 90 2,5 2,2 33
3. 20 MHHYT 74 2,1 1,9 2,8
4. 30 MuHYT 71 2,0 1,8 2,7

Ha pucynkax 4 a u 6 MOKHO YBUAETH 4TO ceMeHa, o0yuenHbie o 100 cexyna 1 KOHTpobHBI BapUaHT, HE CUIIBHO
OTJIMYAIOTCS IPYT OT JIPYyTra, Kak Te€ CEeMEHa, BpeMsl BO3/ICUCTBUA Ha KOTOpble cocTaBuiio 20 u 30 MUHYT.

Pe3ynbTaThl 0MOMETPUYECKOTO aHaIHu3a (CM. TadJuILy 2) y pacTeHUid ipoBoii Msrkoi mireHuis! (Triticum aestivum
L.) copra Dxana 70 nmokaszanu, 4ro cemeHa, ooydeHHbie Mo 100 cekyHa, HMEIOT OOJBIIYI0 BEICOTY pacTeHHi (puc.S),
00IIyI0 U MPOIYKTUBHYIO KyCTUCTOCTH (pHC. 6), KOTMYECTBO MEXKAOY3IHUH (IIT.), YeM KOHTPOJIb U BpeMsl BO3/ACHCTBUS
20 u 30 MUHYT.

Ha ocHoBaHWM, NIPHUBEIEHHBIX BHIIIE JAHHBIX, MOXKHO CJHENaTh CIEIYIOIIWH BBIBOJ, YTO HaWBHICIIEE 3HAUYCHHE
BBICOTHI PAacTEHHH IMPEUMYIIECTBEHHO B BapHaHTE CO BPEMEHEM BO3IECHCTBHS OONydYeHMs HAa CEMEHHOH Marephai B
teyenue 100 cexyHn - yTo coctaBuiio 90 cM, a NPOAYKTUBHASL KYCTUCTOCTh IPU 3TOM COCTaBJISIET 2,8.

HammenrpImast BeIcOTa pacTeHHil B BapuaHTe ¢ 00lydeHHEeM CeMEHHOTro MaTtepuana B Teuerne 30 muayT — 71 C, a
MPOAYKTUBHASI KYCTHCTOCTh cocTaBmia 1,8.

ITokazatenu oOmeil KyCTUCTOCTH M CPEIHET0 YHCJIa HOPMAlbHO Pa3sBHUTHIX CTeOJIEH, MAIOMMX 3€PHO Ha OIHO
PaCTE€HHUE TaKXKE 6])IJ'II/I HaWJIydloIMMH B BapUaHTE C BO3HeﬁCTBHeM O6J'[y‘-IeHI/I$[ CECMCHHOT'O Martc€puajia B TCYCHUU
100 cexynn, Xyamumu B BapuanTe B 30 MUHYT.

OTcro/]a MOXHO C/IeNaTh BBIBOJ O TOM, YTO THUIIEP3BYKOBOE OOJyueHHE BIMSIET HA OMOMETPUYECKUE MOKa3aTeln
SIPOBOW MSTKOM IIIEHUIIBI, HA MacCy CEMSH U ypoKallHOCTh. [Ipy 3TOM OoJibIlIOe 3HAYEHHE UMEET BPEMsI BO3JCHCTBHS
JTAHHOTO OOJTy4eHHsI.

PacueTrHast Mogeb.

B nmannoii paboTe METOOM MOJEKYJISIPHONH AMHAMUKH TOKa3aHO, YTO PAcIpOCTPAHEHHE THUIIEP3BYKOBOI BOJHBI
BJIOJIb TPAHUIIBI pa3Jielia BOIa-CTEKIIO0, COJiep Kallleil HOHBI HATPUsl, MPOUCXOIUT Aaiblile, YeM B BOJHOU cpefe.

IMockoabKy B NaHHOW paboTe MpoBepsulach BOJHOBOAHAs Mojens kiactepoB Na'-[H,Oln, 6suto mpoBemeHo
MOJIEKYJIIPHO-TMHAMUYECKOE MOJEIUPOBaHNE C HcHoib3oBaHueM koma LAMMPS [7]. I mocTpoeHust Mmomenu
ucnonp3oBasics kox atomsk [8], ovito [9], mocnemHMll NPUMEHSUICS TaKXKe [Uisl BU3yalu3allud pPe3yJbTaToB
MO/IETUPOBAHHS.

Mogenb BOHOBOIHOM 1enoukH KinactepoB Na*-[H,O], co3aHa ¢ HCIoIb30BaHUEM IOTEHIIMAIOB B3aMMO,ICHCTBHS
ReaxFF [10]. I'eomeTpus Momenu mpeicraBisuia coOoi mapamienenwumnes pasmepamu 3.3 HM X 3.3 HM X 132 HM,
COCTOSIIIIMI M3 MOJIEKYJ BOJBI, IOMEIICHHBIX B IEpPUOJMYECKHEe TpaHuuHble ycioBus bopHa-Kapmana mo BceM Tpem
u3MepeHusM. B nepBoM ciyuyae mapasuienenunes1 coaepikail pacnooKeHHbIe ¢ mepuoaoM 3,3 HM noHsl Na*, Bo BTOpoM,
TOJIBKO MOJIEKYJIBI BOAbl. CHucTeMa NMPUBOJMIIACH B HaYaJIbHOE COCTOSIHME M3 TBEPAOW (has3bl Jibla C reKcaroHaJIbHOU
ynakoBko# [11] myrem mnaBmeHus 1o xxuakor ¢assl ¢ Temmeparypoit 300 K. [Tocne moaroToBKu MpOUCXOIMI pacdeT
pacIipocTpaHeHUs] TUIIEP3BYKOBOM aKyCTHYECKOW BOJIHBI TPH ITOMOIIM OTKJIOHEHHS LEHTPAa Macc Cios (TONIIMHON
1,8 HM) MOJIEKYJT BOJIBI OT ITOJIOKEHHSI PABHOBECHS TI0 3aKOHY.

f(®) = 0.01nm-sin(27 /107 Hz -1) (1)

100

80

60

40

20

0
KoHTtponb 100 ceKyHA 20 MUHYT 30 MUHYT

Pucynok 5. Cpennsisi BbICOTa pacTeHH (CM)
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B Kyctuctoctb Obwas

1,5 B Kyctucroctb [MpoayKTneHaa

0,5 -

0
KoHTponb 100 cekyHa 20 muHyT 30 MUHYT

PP[CyHOK 6. BI/IOMeTpI/I‘IeCKI/Ie okKasaTeii 06]].[6171 u HpOﬂyKTHBHOﬁ KYCTUCTOCTU B 3aBUCUMOCTU OT BPEMCHU
BOSﬂeﬁCTBHH 06J'Iy‘I€HI/IH Ha CEMCHHOM Mmarepuall

PesynbTaTtsl pacueros.

PesynbraTel MOJENMpOBaHHUS pACIpPOCTPAHCHHUS THUIEP3BYKOBOM aKyCTHYECKOH BOJHBI HCIIOIB30BAaHBI IS
MOCTpOeHHs rpaduka 3aBUCHMOCTH aMIUIUTYIBl OTKIIOHEHHSI CJIO€B MOJIEKYJ BOJBI TONIIUHON 1,8 HM OT MOJOXKEHUS
paBHoBecusi. Ha rpaduke 3aBUCMMOCTH aMIUIMTY/Ibl OTKJIIOHEHHSI OT PACCTOSHHS O MCTOYHHMKA (pUC. 7) BHIHO, YTO
HauyuHas ¢ 10 HM aMIUIUTYJa BOJTHBI B CUCTEME, CoJieprKalield HOHbI Na+ BEIXOJUT Ha TUIaTO U OKa3bIBAETCs B 5 pa3 BHIIIIE,
4eM B CUCTeMe, He conepikaiieil noHoB Na+. JlaHHBIH pe3yNbTaT CBHIETENBCTBYET O TOM, YTO IIEMOYKa KIACTEPOB,
CO3JJaHHBIX HOHaMHU Na+, CHOCOOCTBYET JIydIlIeMy paclpOCTPAHEHUIO BOJIHBI M MEHBIIEMY 3aTyXaHHIO.

3AK/IIOYEHUE

Ha ocHoBaHWMM, NIPUBEIECHHBIX BHIIIEC JAHHBIX, MOXKHO CJIeNaTh CIEAYIOIIMH BBIBOJ, YTO HaWBHICIIEE 3HAUYCHHE
BBICOTHI PacTEHHH MPEUMYIIECTBEHHO B BapHaHTE CO BPEMEHEM BO3ZICHCTBHS OONydeHHs HA CEMEHHOM Marephai B
teyenne 100 cekyHx - 9To cocTaBmiio 90 cM, a MPOAYKTUBHASI KYCTHCTOCTB TIPH 3TOM COCTaBIISACT 2,8.

Hawmmensbas BeIcOTa pacTeHHII B BapHaHTEe ¢ 00ydeHHEM CEeMEHHOTO MaTepuana B Teuerne 30 muHyT — 71 C, a
MPOAYKTUBHASI KYCTHCTOCTh cocTaBmia 1,8.
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PucyHnok 7. 3aBHCHMOCTH BETMIMHBI CMEIIEHHS KJIaCTEpPa OT PACCTOSHHS 0 TUIEP3BYKOBOTO HCTOYHUKA
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ITokazatenu oOImIeil KyCTUCTOCTH M CPEIHET0 YHCJa HOPMAlIbHO PAa3BHUTBIX CTEOJIEH, HAIOMMX 3€PHO Ha OIHO
pacTeHHe TakXkKe ObUIM HAWIydIIMMH B BapHaHTE C BO3ACHCTBHEM OOJIyYCHHS CEMEHHOTO MaTepHana B TEYECHHU
100 cexynn, Xyamumu B BapuanTe B 30 MUHYT.

OTcro/la MOXHO C/IeNaTh BBIBOJ O TOM, YTO THIIEP3BYKOBOE OOJyueHHE BIHMAET HA OMOMETPUYECKUE MOKa3aTeln
SIPOBOM MSITKOW IMIICHHIIbI, HA MAacCy CeMsIH U ypokaiiHOCTb. [Ipu aTOM OoJbilIoe 3HAUEHHE UMEET BpeMsl BO3JCHCTBHS
JTAHHOTO O0JTy4eHMSI.

ITomyueHHble B pe3ynbTaTe MOAEIUPOBAHUS JaHHBIC MTOKA3bIBAIOT, YTO IPAHUIIA Pa3/ieNna ABYX CpPel BOJa-CTEKIIO
SIBIISIETCS] KAHAJIOM IIepeiadyl DHEPIHU OT NCTOYHHUKA THIIEP3BYKOBBIX BOJIH JI0 OMOJIOTHYECKOT0 0OBEKTa.

Hccnedosanue svinonneno npu nodoepaicke Cynepkomnovromeprozo yewmpa MI'Y [12].
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GENERATION OF HYPERSONIC WAVES UPON IRRADIATION OF SILICON WITH LIGHT, THEIR
PROPAGATION AND INFLUENCE ON LIVING ORGANISMS: COMPUTER SIMULATION AND
EXPERIMENT
Stepanov A.V.!, Popov A.P.!, Kovalenko A.V.!, Yumanov D.S.!, Dimitrieva A.L!, Sergeeva K.V.!,
Dementiev D.A.!, Nikolskaya A.A.%, Tulovchikov V.S.%, Tetelbaum D.I.?
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Abstract. This paper presents a molecular dynamics simulation of hypersonic wave propagation in liquid—
solid systems such as aqueous solutions of NaCl and glass (containing Na ions); the role of waveguide
properties of Nat—(H2O)n—type clusters is analyzed; the role of Nat+—(H2O)n-type clusters in the
propagation of hypersonic waves is discussed. The interaction between hypersound and cellular organelles
was studied numerically and compared with biological experiments on seeds of spring soft wheat variety
Ekada 70, in particular on the effect of this effect on their growth. hypersonic irradiation affects the
biometric parameters of spring soft wheat, seed weight and yield. In this case, the time of exposure to this
irradiation is of great importance. The smallest plant height in the variant with seed irradiation for
30 minutes was 71 s, and the productive bushiness was 1.8. The indices of general bushiness and the average
number of normally developed stems producing grain per plant were also the best in the variant with
exposure to seed material irradiation for 100 seconds, the worst in the variant of 30 minutes. From this we
can conclude that hypersonic irradiation affects the biometric parameters of spring soft wheat, seed weight
and yield. In this case, the time of exposure to this irradiation is of great importance. The data obtained as
a result of modeling show that the water-glass interface is a channel for energy transfer from a source of
hypersonic waves to a biological object.

Key words: long-range effect, hypersound, long-range biological effect.
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GENERALIZATION OF THE THERMOKINETIC OREGONATOR MODEL
Zenteno Mateo B., Morales M.A., Agustin Serrano R., Cervantes Tavera A.M.,
Jose Israel R.M., Hernandez Santiago A.A.

Meritorious Autonomous University of Puebla
Ciudad Universitaria CU, San Claudio S/N. C.P 72570, Puebla, Pue., México
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Abstract. In this research work proposal, a way to generalize the thermokinetic Oregonator model in order
to simulate the dynamics of oscillating chemical reactions. The simulations to be carried out use elementary
numerical methods using the Runge Kutta method, which are a very good approximation of the
mathematical solutions of the models of these complex systems of nonlinear chemistry. The implications
of the results of the simulations lie in the reproduction of the nonlinear dynamics of thermokinetic
oregonator model to temperatures different from room temperature. Additionally, the linear stability
analysis is established to find the oscillation regions in the parameter space of the proposed model.

Key words: oregonator model, oscillating chemical reaction, nonlinear chemistry.

INTRODUCTION

In the 1930's, the kinetics of oscillating chemical reactions was little understood and less studied. The pioneering
work of Alfred Lotka in 1910, discovered and constructed a mathematical model of a chemical reaction whose irreversible
autocatalytic process showed the behavior of color changes from dark to light (oscillations) [1,2]. In the 1920's other
works developed by William C. Bray were published, who, by means of a reaction, whose product is the catalytic
decomposition of hydrogen peroxide under the influence of iodite ions, also presented oscillations in terms of color change
[3]. One more attempt to study the oscillating reactions, and perhaps the most important historically, was made by the
Russian Boris P. Belousov, who was interested in investigating the process of glycolysis, succeeded in experimentally
making an autocatalytic oxidation reaction that was equivalent to that process [4]. However, none of these works nor
those elaborated in the following two decades succeeded in revealing the underlying mechanism of this type of chemical
behavior. Even when Belousov tried to publish his results, he was refused, because his experiment could not exist since
it violated the second law of thermodynamics. This confusion was resolved by Anatoly M. Zhabotinsky 25 years later,
who proposed other chemical reagents such as malonic acid, cerium bromite and cerium bromate to find the mechanism
of chemical oscillations: the existence of an autocatalytic oxidation-reduction reaction process [5]. Because of these
historical events the latter chemical reaction is called the Belotisov-Zhabotinsky reaction, or BZ reaction. Zhabotinsky
himself proposed a variant of the experimental arrangement finding that the chemical oscillation process can be extended
to spatio-temporal behaviors [6], as well as a further variant is the shape of the spatio-temporal patterns formed by the
chemical reaction [7]. These experimental findings are studied with mathematical modeling. Taking as a starting point
other similar oscillating reaction, mathematical models have been developed based on the dynamics of chemical kinetics
such as the thermokinetic Oregonator [9], which can be extended and solved with computational simulation methods to
reproduce the spatiotemporal patterns that present chaos [1].

THE MODEL

New Molarity model. Based on the work of Marco and collaborators [1], we have the following:

Taking as references the equations presented in [1] [(see Egs. (1) and (2)] applying the law of masses we have that
the new nonlinear molarity model will be by:

Taking into consideration that,

_2kalX] rpq _ FalAl o ks[Y] o _ kalAl kR
=T X =50 xy = V=S yir =30t M
Using the fact that:
4 _dtd _ dt_ ki
i atdr o ar ky @
Considering (1), for the law of mass action that,
d[X
= holky [AIIX] — ks [X1[Y] + ko [AI[Y] — 2k, [X]?] 3
Taking into account Eq. (2):
dlxX] _ kalAldrdx _ kl[A]k_éd_x _ kqlA]k§ dx - dx _ 2ksks d[X] 4)
dt 2ky dtdt  2k4 kydt  2kgk, dT dt ~ kq[AlkZ dt
After some algebraic manipulation and substituting the above in (3), we obtain:
ax _ 2k4ky kq[AT\ . k1[A] (kilA] AN kqlA 2
dr °k A]kz{ []( 4)x k5(2k4)(k5) +k7[A]( )y 2k4(2k)x} ®)

Simplifying we get,
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d 2k k7 (k1[A])? 2kak ko k 2kak
= ho G (x —xy + 2Ty — 2%} = hg T x —xy + 24Ty —x?) ©)
Finally, we obtain that,
ax _ 1, _ _ 42
o= x—xy+aqy—x7} (7
where,
1 kZ(T) 2k4(Tk7(T)
e(T) = —— 20 q(T) = 7 ®)

ho k1 (T)k7(T)[4]’ k1 (T)ks(T)
These are dimensionless parameters.
By rewriting Eq. (7) as,

dx  qy-xy+x—x2
. ©)

Unlike the findings of Marco and his colleagues on the concentration of y, in which only the linear case was
considered and non-linear terms were ignored, resulting in a linear equation (see reference [1]), our work expands on
theirs by including second-order non-linear terms. This led us to obtain a non-linear ordinary differential equation for the

concentration of y.
d[Y]

— = fke[BIIZ](1 — w) — hoks[X][Y] — hoks[A][Y] + k1,[B] (10a)
In which it was considered
o Kes ot ty. 1] . CealAD? _ o keg (e (kalAD?
w = ho 22 ([C] = [2]); [2] = {2502 = w = ho "2 ([€] - {25 2) (10b)
additionally using,
_ kslvl, _kalA]l K3
= Bl y) = alflyr = 5y an
we finally obtain,
o, —Ropay—3hopxy+fz+pa—hof Bz+hof fyz? (12)
dt 8
where,
2k4(T)k12(T)(B] k_s(MIC] (k1 (D)[AD?
M ==z P =0 7D = e mei (13)
_ 2k4(Mkg(T) | _ k(D) _ 2ke(Dk7(T)
80 = i mrsmm P = ki 4D = L mem (14)
Finally, we calculate the parameter for Z, taking into account
[z
2 ~ 2hok, [A]X] — ke [B1[Z1(1 - w) (15)
_p ks _ 171 UealA ]) (eq[AD? _ k& . _ kalA]
© = hg "2 ([C] - [2]); [2]) = {2557 = w = ko "2 ([0] - {255 2) 5t = 26 [X] = 2 0x (16)
Thus, we finally obtain
d [B]
= ~ hop (r[Blpx — 22 — By[Bl2* + B[B]) (17)

Whose parameters are dimensionless. In particular, if » and hy y [B] are equal to one and § = 0, the original model
present in [1] is recovered. This implies kg — oo that while k_g[C] remains approximately constant, k, — k; or vice versa
and [B] - hy — 1 (i.e. they tend to be maximums).

2k4(T)k12(T)[B] k_g(DIc] (k1(D)[A])?
a(T) = (k1 (T)[A])2 BT = ko(T) y(1) = ka(T)k7(T)[B[C] (18)
2k4(T)ks(T) k7(T) . 2k4(T)k(T) | k7(T)
(1) = k1(T)ks(T)[A ip(T) = kg(T)’ M) = k1 (T)ks(T) ’ (1) = k1(T) (19)

Therefore, the first-order generalized Zabotmsky system in which the reaction-diffusion equations of the proposed
model are as follows:

dx _ qy-xy+x—-x? _
ne . =F(x,y,2),
—_ — — 2
4y —pay—pxy+(f-ppz+fByz +pa _ G(x,y,2), (20)

dt )
d
= ~ hop[Bl(rpx — z — Byz* + B) = H(x,,2).
Considering that if o = [H"] (Hammett’s acidy function) is equal to one, it means that the reaction takes place in an
acidic medium.

AxmyanvHvie sonpocsl buonocuyecko gusuku u xumuu, 2023, mom 8, Ne 4, c. 447-452



MEDICAL BIOPHYSICS AND BIOPHYSICAL CHEMISTRY 449

LINEAR STABILITY ANALYSIS AND NUMERICAL SOLUTION

The stability analysis is the reflection of the work done from different references here. Here reference [1] is folowed
to study the stability of Egs. (20) from the following process:
a. Fixed points calculus. For this analysis, the fixed points are calculated from the non-linear terms of the system
in a temporally and spatially stationary state:
qYo — XoYo + X — x5 =0,
—Payo — pXoYo + (f —pB)zo + fPyz§ + pa = 0, @n
TPX0 — Zo — PYZ5 + f = 0.

1. Calculus of Jacobean and eigenvalues: The Jacobian obtained from the non-linear terms of the dynamic
system given by Eqgs. (20) is presented.

Mmy; Myz Myz i[l —y - 2] i(q - 0
J(k?) = (221 a2 223> = =py =plg+x) $If —pB +2fByz] (22)
wom p*r[B] 0 —p[BI(1 +2py2)

2. Calculus of eigenvalues from the linearization of non-linear terms:

J(kD =AM =0=

%[1—y—2x]—ka2—A i(q—x) 0
=Py =p(q+x) = Dyk? =2 sUf —pB +2fBy7] =0, (23)
p*r[B] 0 —p[BI(1 + 2pyz) — D,k* — 2

Obtaining the equation to solve:

Bra2+bl+c=0 (24)
Where:
a = —(myy + Myy + M33), b = MyyM33 + MyMzz — My My — MypMyy,
C = Mq12M31M33 — Mq2M31My3 — My11Mz2M33 (25)

Being £, the wave number and replacing diffusion.

When at least 2 eigenvalues are pure imaginary, they are called Hopf instability, is the case considered in this work.
An important case to mention is when we have: Complex eigenvalues, in this case, we consider: a). 2 complex conjugate
eigenvalues and 1 positive real and b) 2 complex conjugate eigenvalues and 1 negative real. Therefore, in the most general
case the eigenvalues are such that:

=Y tind; =¢ (26)
If equation (24) is solved using Cardano’s equations, it can be shown that:
a=—(2p+¢)b=19*+¢*+2pp,c = -@* + $*)¢ @7

n cases a) and b), we have: = 0 = 4, = tiw,a = —¢,b = ¢%,¢c = —¢p* = ¢ — ab = 0 [by equations (27)].
A condition that satisfies both cases is: ¢ = 0.
So the Hopf instability is given by the condition: ¢ — ab = 0, which by equation (24) is equivalent to,
MMy M3z — MyMy3May + My MypMas + (Myg + Myy + Maz) My My + MyyMas + Magmyy — my;my;) = 0
(28)

RESULTS OF SIMULATIONS
Next, we show the numerical results of the Hopf instability for certain values of the considered parameters. By

numerically solving the Eq. (21) using the numerical method of Runge Kutta with step dt = 0.005 time and fixed initial
conditions x, = 0.3,y, = 0.7,are obtained the solutions shown in Figs. 1, 2.
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Figure 1. The plots of the left column shows the elimination of the oscilations when the value of control parameter §
is incremented for p = 1,B =1 and r = 1. The value change of the control parameter r alters the shape of the
oscilations and when r = 0 forp = 1, B = 1 the value of contrations x, y and z tend to their fixed point (see right panel)

In this work, we reproduce the general model already published (reference [1]) in which we
considerer § = 0,y = 0 and vary the value of § which in fact decreases from the value of § = 0,0025 to
6 = 0,0137 (see panels A-E of Figure 1) until it cancels out, i.e. a dither of the reaction is obtained and the
oscillations disappear (panel E) by decreasing the oscillation frequencies and for intermediate values of § in the
above given interval. It is found from these results that the parameter § modulates the oscillations until they
decrease which turns out to be the only parameter that does so. An interesting result that can be observed from the
graphs in the panels

AxmyanvHvie sonpocsl buonocuyecko gusuku u xumuu, 2023, mom 8, Ne 4, c. 447-452




MEDICAL BIOPHYSICS AND BIOPHYSICAL CHEMISTRY

G)
B=0,y=0,6=0.0135, p=0.8

fr ——
064 — 2
N 04
>
02
0.0 T T T T T T T T
0 10 20 30 40 50 60 70
t
1.00
0.75 4
> 0.50
0.25
0.00 - T T T T T T T T
0 10 20 30 40 50 60 70
t
B=0,y=0,6=0.0135, p=0.6
0.8 -
—
0.6 - _—z
N
Y 0.4
=
0.2 |
0.04 T T T T T T T T
0 10 20 30 40 50 60 70
t
1.00
0.75
> 0.50
0.25
0.00 - T T T T T T T T
0 10 20 30 40 50 60 70
t
B=0,y=0,6=0.0135, p=0.541
0.8
— x
0.6 4 —7
N
oF 041
024
0.0+ T T T T T T T
0 10 20 30 40 50 60 70
t
1.00
0.75
> 0.50
0.25
0.00 T T T T T T T
0 10 20 30 40 50 60 70
t

451
H)

B=1e-05, y=0.0, 6 =0.0135, p=1.0

—

N 0.4
b3
0.2
0.0 T T T T T T T
0 10 20 30 40 50 60 70
t
1.00
0.75
> 0.50
0.25 4
0.00 4 T T T T T T T
0 10 20 30 40 50 60 70
t
£ =0.0001, y=0.0, 56=0.0135, p=1.0
—
0.6 —_z
N 0.4
X
024
0.04 T T T T T T T T
0 10 20 30 40 50 60 70
t
1.00
0.75
> 0.501
0.25
0.00 1 T T T T T T T T
0 10 20 30 40 50 60 70
t
B=0.0001, y=10000, 6 =0.0135, p=1.0
—_—x
0.6 —_
N 0.4
X
0.2 \
0.0+ T T T T T T
0 10 20 30 40 50 60 70
t
1.00 4
0.754
> 0.50
0.251
0.00 +— T T T T T
0 10 20 30 40 50 60 70
t

Figure 2. The plots of the left column shows how changing the value of control parameter 7, the oscilations number
decremented for r = 1, B = 1. The difference between the control parameter p and r is that p does not eliminate
oscillations, it simply extends the oscillation period. The control parameter B has a similar effect on the oscillations as
that of 7 and p. The right column shows the effect of the B and y control parameters on the oscillations, which are highly
sensitive to the § parameter for r = 1, no matter how small its value is, in such a way that if its value is large enough,
the oscillations are damped. While regardless of the value of the y control parameter, the oscillations do not change in
any way

on the left of Figure 1 is that the control parameter r determines when the oscillations end and at what concentration they
stabilize. Unlike what might be considered, this parameter does not cancel out at the origin. On the other hand, when
fixing the other parameters and varying p, as shown in panel G) of Figure 2, it can be seen that the value of beta
f = 1x107>, although small, modulates the frequency and can make the oscillations advance faster or even destroy
them. The beta parameter is the most sensitive of all, as small variations in it can significantly modify the oscillations, as
can be seen in panels H, J, L of Figure 2. This is due to its association with the quadratic terms in the equations [see Ecs.
(21)], resulting in the expansion in power series of the model already published in [1].
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CONCLUSIONS

The proposed thermo-kinetic Oregonator model is the generalization of models reported in Refs. [1-3, 5, 6], is easy
to study numerically and analytically such that reproduces the models published in Refs. [7-9]. This property of our model
allows extend this study to a thermodynamic and Physic-Chemical treatment [1, 8], but this point is a reason for future
work. Furthermore, our model has a nonlinear chemical dynamic given by kinetic and physicochemical feedback
mechanisms to reproduce the behavior of realistic chemical oscillations,

The proposed thermokinetic oregonator model is a second-order generalization of the model proposed in Ref. [1]
[and its references therein] to study numerically and analytically what the model proposed in [1] reproduces. The
properties of our model allow for an extension of the study towards a thermodynamic and physicochemical approach,
making it a good basis for further studies on reaction-diffusion in nonlinear chemical systems, such as Turing instabilities,
for example.
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OBOBUHIEHUE MOAEJIM TEPMOKHHETUYECKOI'O OPEI'OHATOPA
3enteno Marteo b., Mopasec M.A., Ceppano P.A., CepBantec TaBepa A.M.,
Xoce Ucparabs RM, DpHanaec CaHThro AA
ABTOHOMHBIH yHHBepcHTET [1yr01a

2. [ys6na, Mekcuka
[Mocrynuna B penakiuio 28.07.2023. DOI: 10.29039/rusjbpc.2023.0645

Annotanus. B pabdore npemaraercsi criocod 0000IIUTE TEPMOKHHETHUECKYIO MOZIEb OpPEroHaTopa s
MOJICTIMPOBAHUS TUHAMHKH KOJIeOaTeIbHBIX XUMUYECKUX peakuuii. it MoaennpoBaHus UCTIONB3YIOTCS
JJ€MEHTAapHbIE YHCIEHHBIE METOJBl C HMCHOIb30BaHUEM MeToaa PyHre—KyTTel, kOoTOphIE NalOT OuYEeHb
XOPOIIYIO aMIpOKCHMAIMI0 MAaTeMAaTHYECKUX PEUICHHH MOJETCH 3THUX CIIOXKHBIX CHCTEM HENIWHEHHOMH
xuMuH. CMBICT Pe3yIbTaTOB MOJCIMPOBAHHS 3aKIII0YACTCsl B BOCIPON3BEICHUN HEIIMHEHHON ANMHAMUKI
TEPMOKMHETHYECKOH MOJENIM OPEroHaTopa K TeMIlepaTypaM, OTIMYHBIM OT KOMHaTHOH. Kpome Toro,
MPOBOIUTCA AaHANW3 JIMHEWHOW YCTOWYHMBOCTH [UIA TIOMCKa OOyacTel KoieOaHWi B TIPOCTPAHCTBE
MapaMeTpoB MpeAIaraeéMoi MOJIEIH.

Kniouegwie cnoga: mooenv opeconamopa, ocyuniupyroujas XUuMuieckas peakyus, HeliuHetnas Xumus.
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STATISTICAL EVALUATION FOR BACTERIA ELECTRO-STIMULATION USING THE
DUNNETT METHOD FOR A MICROBIAL FUEL CELL
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Abstract. A microbial fuel cell is a bioelectrochemical device that uses microorganisms, such as
electrogenic bacteria, capable of generating electricity. However, the electrical energy generated depends
mainly on the ability of the microorganisms present in the anode to decompose the organic matter contained
in an effluent. In this work, an electrochemical setting formed as an anode and a cathode of graphite felt
were connected in an electrical circuit to electro-stimulate microorganisms to enhance the biofilm on the
anode. In this sense, different potential values were imposed in several electrochemical cells to evaluate
chemical oxygen demand, volatile solids, and bacteria increase. Dunnett method was used to find
significant differences between treatments, taking a sample without treatment as the control sample.

Key words: Electrogenic bacteria, biofilm, Dunnett method, Saphiro-Wilk, Variance analysis.

INTRODUCTION

The first discoveries in the use of microorganisms to obtain electric energy were made in 1911 by Potter, who
developed the first prototype of a microbial fuel cell (MFC) by experimenting with Escherichia coli and Saccharomyces
cultures, as well as the use of platinum electrodes, with which he obtained a small magnitude of electric currents in a
range of 0.3 to 0.5 V [1-3].

MEFC is considered an environmental alternative to efficiently and comprehensively solve the problems related to
sustainably obtaining electricity. This is possible because the electrical energy generated in a CCM depends primarily on
the capacity of the microorganisms present in the anode to decompose the organic matter contained in an effluent [4].

Biofilm formation occurs after the establishment of inoculum bacteria on the electrode surface, which occurs by the
action of Van der Waals forces, acid-base interactions, and electrostatic forces [5].

Biofilm formation by bacterial clustering has demonstrated electroactivity and susceptibility to electrical
stimulation, which is why electrochemical techniques expand the options for biofilm characterization and
modification [5].

METHODOLOGY

In order to analyze the comparative effects obtained by pretreatment of the anode electrode, graphite-felt electrodes
were used. The anode pretreatment consisted of modifying the electrode surface to improve compatibility with the
electrogenic bacteria present in the inoculum and thus promote biofilm formation on the anode. Two pretreatments were
applied on graphite felt, and the untreated graphite felt was used as a control. In that sense, three graphite-felt samples
were obtained named: ST (untreated), TT (thermal treatment), and ET (electrochemical treatment).

The electrochemical treatment (ET) was based on the methodology of Cercado 2013 [6]. The geometric area treated
was 2 x 2 x 0.3 cm, using a potentiostat-galvanostat (VoltaLab PGZ 301) to apply 1.6 V vs. Ag as a pseudo reference for
one hour. The phosphate buffer solution was used as an electrolyte media (4.33 g/L Na,HPOu, 2.69 g/L NaH,POs,
2.85 g/ NaCl and 1.0 g/LL CH3COONa).

The thermal treatment (TT) consisted of calcinating at 400 °C the graphite felt into a muffle (Thermolyne, Thermo
Scientific) for 20 minutes and then cooling at room temperature.

Once the anodes were pre-treated, they were placed in the fuel cell, according to Figure 1. Different electrical cell
potential values were applied for 110 hours using a power source (GEINSTEK GPE-2323 and GP-1303DU E2 Digital
Co.). Inthis case, 0 V, 0,5V, 1.1 V, and 2.2 V were applied. At the end of this time, the percentage of organic matter was
evaluated as the total suspended solids (TSS) and chemical oxygen demand (COD). However, both analyses were
compared with a control system (a cell without applying the electrical potential).

Comparison of treatments concerning the control (Dunnett method). Let k treatments be compared, one of which
will be called the control treatment. The main interest is to compare the remaining (k — 1) treatments with the control
treatment. In many cases, the control treatment refers to a reference standard treatment or the absence of treatment. The
(k-th) treatment is denoted as the control treatment.

Making comparisons concerning the control involves testing the (k — 1) hypotheses given by:

Ho: py = piy
Hyt py # by M
Withi=1, 2, ..., k— 1, where k is the control treatment. The null hypothesis is rejected if:
s 5 11
¥, = Bl > Dk = 1,0 = [CMg (- + 1) @)
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Figure 1. Electrochemical cell used for biofilm formation

Where D_a (k-1, 1) is the following: D by Dunnet, a the level of significance, and Da is found in Dunnet's tables; 1
are the degrees of freedom.

Y; v Y,: They are the sample means of the treatments.

CME : Is the mean square of the error.

n;: Is the number of elements contained in each treatment.

ny: Is the number of elements contained in the control treatment.

An Excel spreadsheet was used to carry out this test, as shown in Figure 2. This program was applied to obtain the
corresponding results [7-10].

RESULTS AND DISCUSSION

The data obtained from the experiment carried out are shown in Table 1, considering the methods Without
Treatment, Thermal Treatment, and Electrochemical Treatment, applying potentials from 0.5 V, 1.1 V, 2.2 V,and 0 V
for the sample Without Treatment.

Statistical analysis was carried out on the data in Table 1, which consisted of applying the Shapiro-Wilk normality
test, and the Levene Test to determine equality of variances, which are the necessary requirements to apply an Analysis
of the Variance of two Factors, with a single sample per group. If this analysis of variance shows significant differences,
then Dunnett Test can be applied.

AMOVA: Single Factor >
Input Range | A ] oK
Iv Column headings induded with data
Cancel

Alpha 0,05
Input format M

% Excel format " Standard (stacked)

Omnibus test options
[ ANOVA I Kruskal-wallis ™ weldh's
[ BrownForsythe [ Random Factor [ Levene's Test

AMNOVA follow-up options
™ Contrasts ™ TukeyHsD [~ Games-Howell
[~ scheffe [~ REGWQ

™ Hsu MCB Max ™ Hsu MCB Min I Pairwise t test

Kruskal-wallis follow-up options

™ Contrasts I Memenyi ™ Dunn
[ Steel ™ schaich-Hamerle [~ Conover
[~ Pairwise MW I Pairwise MW exact

Alpha correction for contrasts

=" Bonferroni " Dunn/Sidak # |1
Output Range | AT A Mew

Figure 2. Dunnett test calculation with an Excel program
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What is attempted to be demonstrated through the Dunnett test is whether there are significant differences in the
treatments to conclude which treatment worked better. Dunnett method allows to compare the treatments with a control
treatment, determined by the investigator, which for our analysis was the sample Without Treatment.

To apply the Dunnett test, we will first use the normality test to the data in Table 1, then the variance equality test,
all this before applying an Analysis of Variance.

The first thing we must corroborate is the normality of the data. This will determine what statistical analysis to
perform, whether parametric methods because they have a normal distribution or non-parametric methods if they are not
normal, for which we apply the Shapiro-Wilk test using the Excel spreadsheet, which showed the following results. See
Table 2.

As seen in Table 2, the Shapiro-Wilk test demonstrated normality in the data, so we proceeded to determine equality
of variances, to cover the requirement needed to apply an Analysis of Variance.

To verify the equality of variances, the Levene test was applied using the Excel spreadsheet, and the results shown
in Table 3 were obtained.

As can be seen in Table 3, the test shows that the p-value is greater than 0.05, indicating that the variances do not
have significant differences, so equality of variances is assumed. Since the requirements for applying two-factor Analysis
of Variance were met, we proceeded again to use the Excel spreadsheet. The results obtained are shown in Table 4.

As can be seen in Table 4, if F is less than the critical F 2.24132898 < 5.14325285, it is concluded that there are no
significant differences concerning the methods. On the contrary, if there are significant differences where F is greater
than the critical F 8.14827786 > 4.757062663 (Table 4) it can be concluded that there are statistically significant

Table 1. Data showing the percentage of organic matter with different cell potentials

Treatments
Methods 0 Volts 0.5 Volts 1.1 Volts 2 .2 Volts
ST 44.19 44.19 50.91 33.07
TT 43.48 37.50 45.45 29.51
TE 43.75 53.68 46.34 35.48

Table 2. Data showing the percentage of organic matter at different cell potentials

Shapiro-Wilk Test 0 Volts 0.5 Volts 1.1 Volts 2.2 Volts

W-stat 0.98235356 0.99003646 0.86821869 0.9878123
p-value 0.7455413 0.80904353 0.29047929 0.78872389
alpha 0.05 0.05 0.05 0.05
normal yes yes yes yes

Table 3. Levene test to determine equality of variances

Levene's Tests

type p-value
means 0.095471186
medians 0.240998795
trimmed 0.095471186

Table 4. Analysis of variance of two factors with a single sample per group

Analysis of variance of two factors with a single sample per group,

Origin of Sum of squares Degrees Average of F Probability  Critical Value for F
variations of the squares
freedom
Methods 71.73252867 2 35.86626434 2.24132898 0.18751651 5.14325285
Treatments 391.167076 3 130.3890253 8.14817786 0.01545379 4.757062663
Error 96.01338669 6 16.00223112
Total 558.9129913 11

Russian Journal of Biological Physics and Chemistry, 2023, vol. 8, No. 4, pp. 453-457



456 ME/TUITUHCKAA BHOPH3HUKA H BUOPHIHYECKAA XUMHWA

differences, but the Analysis of Variance does not indicate in which treatment these differences occur. However, if there
were differences, Dunnett Test can be applied using the sample called without treatment as a control test to compare it
with the other treatments and determine where there are differences. The results are shown in Table 5.

Table 5 shows that it is in the treatment of 2,2 V, where a significant difference is shown with respect to the control
treatment. It can be commented that if the p-value is very close to 1, there are no differences in these treatments, but if
this value is close to zero or zero, there are differences.

In order to verify the differences in the treatments, we will show other results obtained, applying the method of mean
differences, and the results are shown below. See Table 6.

It can be seen in table 6 that if we compare the control treatment called 0 Volts with the 2,2 Volts treatment, the result
shows that if there are significant differences, this result coincides with that obtained by applying Dunnett's Test.

CONCLUSIONS

When an experiment is carried out, where it is tried to demonstrate the efficacy of one treatment with respect to
another, it is important to know if the data provided by the experiment show significant differences for our investigation,
the treatments used to determine the percentage of organic matter, there were 3 methods and 4 treatments; the methods
are Without Treatment, Thermal Treatment and Electrochemical and the treatments were with voltage 0, 0.5, 1.1, and 2.2
volts.

In the results obtained, we were able to observe that when comparing the control treatment with the 2,2 treatment,
it was evidenced that there are significant differences with respect to the control treatment, as shown in Tables 5 and 6,
when applying the Dunnett test and that of Differences of Means.

In conclusion, the Dunnett test indicated that there are significant differences in the analysis process of a water
sample with different treatments, which showed us that in the treatment with voltage 2.2 V there was a statistically
significant difference with respect to the sample without treatment, a situation which was corroborated with the physical

Table 5. Dunnett test

DUNNETT'S TEST alpha 0,05

group mean size s df d-crit
0 volts 43.80 3 0.25497974
0.5 volts 45.12 3 132.282336
1.1 volts 47.57 3 17.1339702
2.2 volts 32.69 3 18.0746295

12 167.745915 8 2.88

D-TEST

group mean std err d-stat lower upper p-value mean-crit Cohen d
0.5 volts -1.32 3.73882686  0.35269081 -12.0864712  9.44917147 1 10.7678214 0.28797084
1.1 volts -3.76  3.73882686  1.00662524  -14.5314188  7.00422389 1 10.7678214 0.82190606
2.2 volts 11.12  3.73882686 2.97342587  0.34930316  21.8849459 0.04372891 10.7678214 2.42779206

Table 6. Test of differences of means

CONTRAST Alpha 0,05

Group contrast mean size S8
0 volts 1 43.80 3 0.25497974
0.5 volts 45.12 3 132.282336
1.1 volts 47.57 3 17.1339702
2.2 volts -1 32.69 3 18.0746295

0 11.117124¢ 12 167.745915

T TEST

std err t-stat df p-value t-crit lower upper Sig Cohen d effect r

3.738826859  2.97342587 8 0.01777791 2.30600414 2.49537432 19.7388747 yes  2.42779206 0.72455241
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experiment carried out. The electrochemical treatment method with voltage 2.2 V is the one that showed the lowest
percentage of organic matter, as can be verified in Table 1. And we could say that it was the best treatment.

For future work, 3 repetitions will be applied for each treatment, in order to determine, with more information, if
the electrochemical process with voltage 2.2 is the one with the lowest percentage of organic matter, with respect to the
other treatments.
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NCIOJb30BAHUEM METOJA JAHHETA JJIs1 MUKPOBHOI'O TOIIJIMBHOI'O JIEMEHTA
MounTtseb aeiab Kyato A.M., DpHangec Cantbsro A.A., I'oncanec ®@aopec M., [Tasomuno Xumenec K.,
Menaec Auboopec J., 'oncanec @yrnrec M.A.

ABToHOMHBIHN yHUBepcHuTeT [1y>01a

. Ilys6na, Mexcuka, e-mail: marcos.gonzalez@correo.buap.mx
IMocrynuna B penakiuro 31.07.2023. DOI: 10.29039/rusjbpc.2023.0646

AnHoOTanuss. MUKPOOHBINA TOIUTMBHBIA AJIEMEHT — 3T0 OHMOIEKTPOXUMHUCCKOE YCTPOHUCTBO, B KOTOPOM
WCTIONB3YIOTCSI MHUKPOOPTaHWU3MBI, TaKhe KaK JJICKTPOTCHHBbIC OaKTepWH, CIIOCOOHBIC BBIPA0ATHIBATH
anekTprdecTBo. OmHAKO BEIpabaThIBacMas DJJICKTPUUECKAs DHEPIHs 3aBHCUT IJIABHBIM 0O0pa3oM OT
CIIOCOOHOCTH MHKPOOPTAaHU3MOB, TPHUCYTCTBYIOIIUX Ha aHOIE, pa3jiaraTh OpPraHHYECKHE BEIIECTBa,
cofiepKaIIrecs B CTOUYHBIX BoJax. B maHHO paboTe aeKTpoXUMHYEeCcKasl yCTaHOBKA, BEITIOTHEHHAS B BUZC
aHoga W Karoga M3 TpaduTOBOTO BOIUIOKA, OBUIA COEOUHEHA B AIEKTPUYECKYIO MEeNb UL
SNEKTPOCTUMYIISIII MHKPOOPTAaHW3MOB U YCHJICHHS OWOIICHKH Ha aHome. B 3ToM cMbIcie B
HECKOJIbKHX JJIEKTPOXUMHUYECKUX slueiikax ObLIM YCTaHOBJICHBI pa3Hble 3HaUYEHHSI IOTEHIIMAIIA ISl OLICHKH
XUMHYECKOI OTPEOHOCTH B KUCIOPOJIE, JIETYYMX TBEP/IbIX BEIIECTB M YBEIUUCHHUS KOJIMYECTBA OaKTepHd.
Meron [laHHeTTa MCHONB30BAJICS Ui OOHApY)KEHHs CYNIECTBEHHBIX pa3iMuuil Mex1y oOpaboTKamwu,
npuHUMast o0paser 6e3 Je4eHHs B Ka4eCTBE KOHTPOJILHOTO 00pasia.

Knrouesvte cnoea: Onexmpocennvie 6axkmepuu, oOuonieuwka, memoo [lannema, Caghupo-Yuixa,
OUCNEPCUOHHDBII AHATIU3.
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PEKOHCTPYKIUSA T’EHHBIX U ACCOIIMATUBHBIX CETEM 3ABOJIEBAHUN JJIA
MOUCKA TEHOB-MUIIEHEH
Typkuna B.A.l, SIpema I1.0.!, Maiioposa A.A.!, Op;iosa H.I'.2, CaBuna E.A.13,
OpJos 0.JL.14

!Tepseiit MTMY um. M.M. Ceuenosa Mumnsapasa Poccun (CedeHOBCKUI Y HUBEPCHTET)
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npocn. ax. Jlaspenmoesa, 10, 2. Hosocubupck, 630090, P®
[Mocrynuna B penakuuio 10.08.2023. DOI: 10.29039/rusjbpc.2023.0647

AnHotanusi. KommbloTepHass pEKOHCTPYKIHMS TEHHBIX ceTel — HaOOpoB B3aMMOJECHCTBYIOIINX
MaKpOMOJIEKYJ, OOBEIUHEHHbIX oOmeld QyHKIMed — mpencraBiIseT coOOH KOMIIEKCHYIO 3a/1ady
OouonHpopMaTuky. ['eHHBIE ceTH Kak rpadUuecKue CTPYKTYpHl NHPEICTABISIIOT yIOOHOE CPENCTBO
BU3yaIN3alli, JAIOT Ka4eCTBEHHO HOBYIO MH(OPMAIMIO O HAOOpe HCCIeAyEeMBbIX T€HOB, OITMCAHUE HX
O6uonornyecknx (yHKIMA. B Oonee mmMpoKoM IJlaHe MBI pacCMaTpHBaeM ACCOLMATHBHBIE TEHHBIE CETH
3aboJieBaHMi, Ky/Ja BXOAAT HE TOJIBKO T€HBI U MX MTPOXYKTHI — O€JIKH, MeTabonnThl, Hekoaupytomue PHK,
JIEKapCTBEHHBIE COCAWHEHWS, HO M OOLIMe NPU3HAKH 3a001€BaHUH — CHMITOMBI, (DCHOTHIHYECKHE
nposiBieHus. IIporpaMMHBIE WHCTPYMEHTHI Ui KOMIIBIOTEPHOH PEKOHCTPYKUIMH Tpada TeHHOW ceTH
aKTHBHO Pa3BHBAIOTCSI B MUPE, UCTIONB3YIOTCA B OMomenunuHe. Mbl paccMaTpHBaeM OHJIAHH-TOCTYITHBIE
MHCTPYMEHTbl OHMOMH(OPMATHUKH Uil PEKOHCTPYKIMH TEHHBIX CETe [0 CHHCKYy TeHOB WU
COOTBETCTBYIOIINN KOMIBIOTEPHBIH KOHBeHep 00pabOTKM NaHHBIX. AHAJU3 CTPYKTYpbl T€HHOW CETH
3a00JIeBaHMS TTO3BOJISICT BBIACIHUTH Y3JI0BBIE T'eHBI, KaK MHUIIEHHU JAJIs Tepanuu. PaccMOTpEHBI MpHUMEpEI
MIPUMEHEHHUs OHIalH-IPOrpaMM U1 aHaJIu3a FeHHOM ceTu rmuoMsbl. I[IpeaioskeHHbIN ToAX01 MOKET OBITh
MacuTabupoBaH Ha Apyrue (yHKIHOHaJIbHbIE HAOOPHI T'€HOB, CBSI3aHHBIE C 3a00JIEBAaHUSIMH YeJIOBEKa.
Hcnonp3yss mojoOHble TOAXOABI OMOMH(OPMATHUKH, pacCMaTPUBAIUCh TEHHBIE CETH KOMIUIEKCHBIX
3aboJieBaHni, TakuX Kak 0ose3Hb [lapknHCcoHa, feMeHIMs, IM30(PPEHNS, PaK MOJIOYHOH XKeJIe3bl U IpyTue
BUJIBI paKa.

Knrouegvle cnosa: Ououngopmamuxa, zenHvle cemu, 2IUOMA, KOMHIEKCHble 3a001e8anus, Oenok-
benKogvle 83aUMO0eiCmBUs, MeOUYUHCKAs UHpOPpMaAmuKa.

BBEJIEHUE

KommbioTepHass pEeKOHCTPYKIMS TEHHBIX CETE€H II0 CIHCKY T€HOB, aCCOIMUPOBAHHBIX C TEM WM HHBIM
3a00JIeBaHHEM, TT03BOJISIET HCCIIEIOBATh CTPYKTYPY CETH, ONPENeNsTh Y3JI0BbIe TeHbI M UX MPOAYKTHI KaK BO3MOXHBIE
MHUIIICHH TEpaneBTHUYSCKUX Bo3aehcTBui [1-3]. I'eHHbIC ceTH Kak rpadHuecKue CTPYKTYPHI MPEACTABIIAIOT YI0OHOE
CPE/ICTBO BH3yallM3alluy, AAIOT KAYECTBEHHO HOBYIO HMH(OpMAIUI0 O HabOpe HCCIeAyeMBbIX TI'€HOB, OMUCAaHHE HX
Oouonornyeckux QyHkuui [4,5]. B Mupe akTBHO pazpadarbiBatoTcs 0a3bl JaHHBIX U KOMITBIOTEPHBIE HHCTPYMEHTHI, JJIS
aHalM3a TCHHBIX CeTel, B TOM uucliie onjiaiH-moctymnHblie nporpammbel STRING (https:/string-db.org/), GeneCards
(https://www.genecards.org/), DAVID (https://david.ncifcrf.gov/), PANTHER, ANDVisio, ANDSystem [6-8].

Pabota c onnaiiH nporpaMmamMy OMOMH(POPMATHKH, OOBEIMHEHNE X B OO KOHBEHEp IS MOCIIe10BAaTEIbHOTO
BEITIOJTHEHUS TIPU WCCIICAOBAaHNH 3a00JIEBaHMIA BaKHO B MEAUIIMHCKOM oOpasoBaHuu [3,9]. Vcmons3oBaHue OHIIAIH-
JOCTYIHBIX TIPOTpaMM HE3aMEHMMO TpH JUCTAaHIMOHHOM OOydYeHHH, MOXeT 3(P(EKTHBHO HCHONB30BATHCS YIS
CaMOCTOATENBHBIX pabor mo OmomH(popMmarmke [10]. Pabora mo aHamm3y reHOB, peKOHCTPYKIMH TEHHOHM CETH, U
oopMIICHNIO PE3yIbTaTOB C HCIIOIB30BAaHWEM HHCTPYMEHTOB OMOMH(GOPMATHKM OblLIa BBIIIOJHEHA CTYyAEHTAMH Ha
mudposoii kadeape CedenoBckoro Yausepcutera (IlepBeiii MI'MY um. U.M. CeuenoBa MwunzapaBa Poccrm)
(https://dk.sechenov.ru/). TlpuMeHeHHE KOMIBIOTEPHOH PEKOHCTPYKIMM TEHHBIX CeTeil CTYIeHTaMu s 3ajaad
OMOTEXHOJIOTMH  BBIIONHsUIOCB B~ HoBocHOMpPCKOM ~ TOCYZapCTBEHHOM  YHHUBEPCUTETE (https://www-
bionet.sscc.ru/icgenomics/), PYJIH, llkosne 6nomenuuuus JIBOY. Heobxonumo pa3BuTHe COOCTBEHHBIX IPOrPaMMHBIX
WHCTPYMEHTOB, UHTCTpaliusa 633 JaHHBIX 10 TCHHBIM CCTAM, C MIPUMCHCHHCM B O6paSOBaHHI/I, JUCTAHIIMOHHOM O6y‘-IEHI/II/I
[11].

Hcnionp3ys oHIalH MHCTPYMEHTHI OMOMH(OPMATHKH KaK METOAMYECKUH MOJIX0/I, PACCMaTPHBAINCh T€HHBIE CETH
KOMIIJIEKCHBIX 3a0oJyieBaHUi, Takux Kak Oosie3Hb [lapkuucona [12], memenuwms, mmsodpenus [1], paznuyHbie BUIBI
omyxoune# [2], merabonuueckuii cunnpom [13]. B nanHo# pabote paccMOTpeH IpuMep aHajau3a TeHHOW CETH TIIMOMBI.
Juddys3Hple TIHOMBI OTHOCSTCS K YHCIy Hamboiee TPYOHO MNOAAIONIMXCS JiedeHnio BuaoB paka [14]. CormacHo
KIMHUYECKUM PEKOMEHAAIMsAM, CTaHJapT JICYCHUS BKJIIOYAET B ceOs XHPYpPrUYecKyl0 pPEe3eKIHIO OIyXOJdH ¢
MOCIIEAYIOIIEH JTy4eBOW W/MIM XUMHOTEpaNuei, a Takke HMCIOJIb30BaHWE HEMHOTOUYHMCICHHBIX TapreTHBIX METOJI0B
nedenus. [Ipobiemoit amst 3¢ GeKTUBHOTO JIeUSHHsS SBISIETCS TeMaTodHIeQaTnuecKuii 6aprep, KOTOPHIi MPEnsSTCTBYEeT
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IIPOHUKHOBEHHIO B TOJIOBHOW MO3T JIEKapCTBEHHBIX cpeacTB. HeoOxoamMmo pa3BUTHE KOMIBIOTEPHBIX MOAENEH Ui
aHanM3a 3a00JIEBaHMsI U MTOMCKA BO3MOXKHBIX MUILICHEH [UISl TEPAIHH.

W3BecTHO, YTO B I'eHe3e INIMOM Y4acTBYET MHOXECTBO T€HETHMYECKHX MYTAIMi{, KOTOpPbIE MOTYT BapbUpOBaTh B
3aBUCHMOCTH OT THIa M CTENEHM 3JI0KaYeCTBEHHOCTH omyxouid [15]. OnHuM U3 Hanbosiee N3yYSHHBIX T'€HETHYECKUX
W3MCHCHUM, CBA3aHHBIX C IUIMOMaMu, siBisgercs Mmytanus rerna IDH1. Ona nHaOmomgaercs y mpubnusutensHo 70%
WHQUIBTPUPYIOIIUX TJIIMOM M MOET NPOTHO3UPOBAThH Oosiee ONarompHATHBIN MCXOJ Ul ManueHToB. Takxke ObUIo
noka3aHo, 4ro Myramuu B reHax IDH1 u IDH2 moryr BausTh Ha OTBET Omyxosiu Ha xumuorepamuto [16]. IDH-
MYTHPOBABIIIE TJIIMOMBI PACIIOJIATalOTCs NPEHMYIIECTBEHHO B JIOOHOHM, BUCOYHOW J0JIe MJIM MO3XKEUYKE, PEIKO B
MPOMEKYTOYHOM MO3re WM CTBOJIe rojoBHOro mosra [17]. Ha MPT Takue rimomsl, Kak HNpaBUIO, OTPaHUYUBAIOTCS
OJTHOM JI0JIeHi ¢ OONBITUMHY yYaCTKaMH OpaKeHUH U OoJiee YeTKMH Tpanuiamu, yeM IDH-riaromser aukoro tuma [18].

JIpyriuM BayKHBIM T€HETHUECKMM M3MEHEHUEM SIBIISIETCS Jenienns Ha XxpomocoMme 1p/19q, koTopast oOHapyKuBaeTcCst
y TpHUOIM3UTEIFHO TIIOJIOBHHEI OMyXOJeWd THMa "ONUTOACHAPOTIHOMA" ¥ SABISCTCA B3aWMOMCKIIIOYAONICH IS
actpouutoM (TP53). Ot0 mM3MeHeHue cBsi3aHO ¢ Ooiee OIATONPHUATHBIM MPOTHO30M M MOXET HCIOIB30BATHCS IS
BbIOOpa Moaxo/a K jeucHuo [19].

Kpowme Toro, B reHese rimmoM MOTYT y49acTBOBATh MYTAllMU B I€HAX, CBA3AHHBIX C CUTHAIBHBIMU IyTSIMHU POCTa U
nponudepanun kietok, Takux kak reusl EGFR, PTEN, TP53, PIK3CA u apyrue [15,20]. B ouenp HebGousbioM
KOJIMYECTBE CllyyaeB B KieTkax ¢ MyTauusmu B redax IDH1 wnu IDH2 BrigBnens! Taxxe n3MeHeHus B reHax PTEN,
EGFR, CDKN2A u CDKN2B. Bmecte ¢ atum B o0pasnax ¢ HemyrantHbiMud IDH1 n IDH2 BecTpedaemocTh MyTanuii
rena TP53 Obuia cymecrBenno Hmxke (18%), B To Bpemst kak myrtarmu reHoB PTEN, EGFR, CDKN2A u CDKN2B
MIPUCYTCTBOBAIM HaMHOTrO varie (74%) [21].

[ToMuMO NaBHO M3BECTHBIX U JIOITO€ BPEeMs M3yYaeMbIX I'€HOB, (POPMHPYIOTCS HOBBIE TPYHIIBI MOJIEKYJISPHBIX
mapkepoB (KDM1A, HIF1A, EGFR, SMO, MSI2), cBsi3aHHBIX ¢ KaHIIEPOT€HE30M W BO3MOJKHBIE [UISl HCIIOJIb30BAHHMS B
TAapreTHOM Tepamuu TIHaNbHBIX omyxosed [22]. Xors OOJBIIMHCTBO TJIMOM BO3HHKAET CIOpaguMdeckn 0e3
COIYTCTBYIOIIETO CEMEHHOro 3a00JIeBaHMs, CYIIECTBYET TECHas CBA3b MEXIY TMIHOMAMH M HECKOJIBKUMH DPEAKHMH
HacJIeICTBEHHBIMU CHHJIPOMAaMM; Ha 3TH 3a00JIeBaHuUs NPUXOIUTCS MeHee 5% Bcex TanoM. K TakuM peKiM cuHapoMaM
OTHOCSITCS, TIPSKAE BCEro, CHHAPOMBI (axkomaTosa (HeiipodubOpomaro3 1, TyOepo3HsIit ckiepo3), cuHapoMm Jlu-
OpayMeHH, SHXOHIPOMATO3, CHHAPOM CEMEHHOW aTHUMWYHONH MHOXXecTBeHHOW poamakun (FAMMM), cuazpom
PybOunmreitna-Taii6n [23].

MATEPHUAJIBI © METO/JIbI

Marepuanamu KCCIIe0BaHuUS SIBISUTMCH aHHOTAMK (DYHKIMH T€HOB, ITOCIEI0BATEIbHOCTH U UX (PyHKIMOHAIbHAS
pasmerka. lcrnone3oBanuch JAaHHbIE M3 OTKpBITHIX 0a3 nanHeix NCBI, OMIM (https://omim.org/), GeneCards
(https://www.genecards.org/).

Jlns TodydeHWs CIUCKa TEHOB, CBS3aHHBIX C HACJIEIACTBEHHOW IPEpaclioiioXXEHHOCTBI0 K 3a00JIeBaHUIO,
ucrons3oBaics uaTepHET-pecypc OMIM (Online Mendelian Inheritance in Man) (https://omim.org/). [lonmHOTEKCTOBBIE
0030psI co cceukamu B OMIM coneprkat HHPOpMAIIHIO 000 BCEX M3BECTHBIX MEHAEICBCKIX PACCTPOHCTBAX W Ooee
gem 16 000 rerax. C moMoIp0 HHTETpUPOBaHHOTO pecypca GeneCards BRITONHSICS MOUCK M aHANHA3 (PYHKITUH T€HOB,
UTPAIOIINX KIFOYEBYIO POITb B Pa3BUTHH 3a00eBanus [24].

Jlnst peKOHCTPYKIIMM TeHHOW CeTH B3auMMOJeWcTBHI reHoB ucmoisb3oBaics pecypc STRING-DB (https:/string-
db.org/). B3aumopeiicTBusi BKIOHAIOT OpsiMble (pu3ndeckue) U KOCBeHHblE ((yHKIMOHANbHBIE) accouuanuu. Jls
MOMCKa ITyOJIMKAIM{, ONMMCHIBAIOIIMX B3aUMOJCHCTBUS TI'€HOB, MX INPOLYKTOB, MX ()YHKIHOHAIBHBIC aCCOLMALNH,
ucnojb3oBajcs uHcTpyMeHT GeneMANIA (http://genemania.org/).

Jlns  moucka acCOIMMPOBAHHBIX 3a00JICBAaHUI  KCIOJB30BAJCS OTKPBITHIM  OHaiH-pecypc MalaCards
(https://www.malacards.org/) — uHTerpaTrBHas 0a3a MaHHBIX O OOJIC3HAX U PACCTPONCTBAX OPraHW30BaHHAS B BHIC
"kapTouek OonesHei". [IJig aHamM3a KaTeropuii TeHHBIX OHTOJIOTHIA HCIIOJh30BATUCH OHJIANH PECypPChl MEXKTyHAPOIHOTO
koHcoprmyma Gene Ontology [25] u DAVID (https://david.ncifcrf.gov/summary.jsp). AHann3 reHHBIX OHTOJIOTHH JUISt
crHcKa reHoB BelmosHsAeTcs ¢ nomotnbio pecypca PANTHER (https://pantherdb.org/). IHCTpyMEHT BBHITIOJHSET aHAIU3
OCJIKOB Ha OCHOBAaHMH ABOJIIOIIMOHHBIX B3aMMOCBs3edl. [ BH3yann3anuy TEHHBIX OHTOJOTHH OBUI HCIIOJIB30BaH
onnaH-nHcTpyMeHT gGOSt (https:/biit.cs.ut.ee/gprofiler/gost), MO3BOISIONINI TOCTPOUTH TPpaK TOYCTHBIX 3HAUCHUH
KaTeropui T€HHBIX OHTOJIOTHUH.

JlomoTHATENEHO JUIsl pacyeTa BO3SMOXKHBIX TPEXMEPHBIX CTPYKTYp OEJIKOB M ONpPEAeNICHUS MX ITOCTOBEPHOCTH
ucnoip3oBaigack nporpamma AlphaFold (https://alphafold.ebi.ac.uk/). [ng memeit MOMOMTHUTENHHON BepHpHUKAIAN
CTPYKTYPBI OCIIKOB HCIOJIh30BaJIach porpamMmmy PAE viewer (http://www.subtiwiki.uni-
goettingen.de/v4/paeViewerDemo).

OTMEeTHM, YTO HACTOfIIEee BPEMs pPa3BUBAIOTCS HOBBIC MHCTPYMEHTHI JJIsl aHajiM3a acCOLMATUBHBIX CETeH —
Cytoscape (https://cytoscape.org/), ANDVisio, ANDSystem [7,8], KOTOpbIE MOT'YT OBITh HCITOJB30BAHbBI B PACIIMPCHUN
HCCIIEJOBAHMS — TIOMCKE aCCOLMMPOBAHHBIX T€HOB IO JINTEPATYpe.

PE3YJIBTATBI

IIpoBenen ananus MUTEPaTypHI C LENBIO BEISBICHNS T€HOB IPEAPACIIONIOKEHHOCTH K rinoMe. OJHUM U3 KIFOUEBbIX
TCHOB, YYaCTBYIOIIUX B TPaHCPOPMALIMH HOPMATBFHON KIIETKH B OIyXOJEBYIO, SBIsieTCS reH-cynpeccop TP53 [20]. On
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ABJSIETCSI BaKHBIM KJIMHHMYECKHM MapKepOM TIJIMOM M, KaK HM3BECTHO, MIPACT CIOXHYIO POJb B KIETKAaX TJIMOMBIL.
@DyHKIMOHAIBHAS €70 POJIb 3aKITI0YAETCS B TIOAJCP/KaHUN CTAOMIBHOCTH T€HOMA M TeHETUIECKOH OTHOPOIHOCTH KIIETOK
BO BceM opranusme. [1o mepe pocra ¥ jieneHus KJIETOK MOCTOSHHO BOSHUKAIOT M HAKAIJIMBAIOTCS HAPYILIEHUS CTPYKTYPbI
JHK. D10 mponcxoauT Kak B pe3ysibTaTe eCTECTBEHHOTO MyTareHesa, Tak u omuoOok B npoiecce perukanuu JJHK.

DBOJIIOIIMOHHO BBIPa0OTAIAaCh CHCTEMA YCTPAHEHHUs JaHHBIX OMIMOOK, BKIIOYAIOIIAs B ceOs Lenb penapanioHHbIX
0€eJIKOB, KOTOpBIE pabOTAIOT JIMIIb B ONPEISNCHHBIX (ha3ax KJIETOYHOro nukia [26]. Onun U3 HuX — 6e10K pS53, MPOaYKT
rena TP53. JlanHblli OeJIOK CHHTE3MpYETCsS BO BCEX KJIETKaX OpraHmM3Ma W akTuBHpyercs npu nopexiaenunn JTHK.
Okcnpeccust TP53 B cBoro odepenpb BBI3BIBAET 33/IEPKKY KIETOYHOTO IMKJIA JIMOO JUIs YCTpaHEHHWsS! MOBPEXICHUH U
pemaparin JJHK, mmbo s manyknum anonro3a. B HopMe maHHBINH MEXaHW3M IOIAEPKUBACT LENOCTHOCTh TEHOMA U
MIPENSITCTBYET MPUOOpPETEeH IO oIyxoieBoro ¢enoruna [27]. OxHako, npu oTcyTcTBUH reHa TP53 nubo Hanndmum ero
nedekra, kierka He nepecekaeT G1/S-KOHTpoNBHYIO TOUKy (pa3bl MUTO3a, B pe3yibTaTe 4ero He BCTymaeT B S ¢asy.
HaxkannmBaroTcs momymnauuy KIETKH ¢ MHOXKECTBEHHBIMH HapymeHusiMu cTpykTypbl JIHK, pacrer HectaOmibHOCTB
TEHOMa, TOSBILIFOTCS BCE HOBBIE KJIOHBI KIETOK. B manpHEHIIEM OITyXosieBbIe KJIETKH y4YacTBYIOT B CBOEOOPAa3HOM
€CTECTBEHHOM OTOOpE — OHHM CTaHOBSITCS BCE MEHEEe YYBCTBHUTEIBHBIMU K JIEHCTBHIO LIUTOCTATHKOB, C Ka)IbIM
MTOKOJIEHUEM BCE CHIIbHEE HApYIaeTCsl KOHTAKTHOE B3aMMOJICHCTBHE KJIETOK, BO3HUKAET MeTacTasupoBanue [28].

Myrantseiii TP53 obHapyxuBaeTcsi yke Ha paHHUX CTaaAuAX 3a00ieBaHUSA. YCTAHOBJIEHO, YTO €ro MyTaluu
CBSI3aHbI C arpeCCHBHBIM TEYEHHEM OHKOJIOTMYECKOI0 3a00JIEBaHUS U YCTOMYMBOCTHIO OITyXOJIEBBIX KJIETOK K XUMHO- U
Jy4eBol Tepanuu. MHOTHE aBTOPhI OTMEYAIOT, YTO BBICOKHUI YPOBEHb JKCIpeccur Oenka pS53 cBs3aH ¢ HU3KOM 00mei
BBDKMBAEMOCTBIO MaIueHToB [26,27]. Kpome Toro, mytupoasunii TP53 ycunusaer perynsaimo MYC, EGFR, PNCA u
cHipkaet perymsanuio p21, CD95Fas, PTEN [29].

BaxHyio NOKa3aHHYIO pOJib B ITaTOr€He3€ IIIMOMBI TaKKe MIPaeT PEeLenTop SMUAEPMAIBHOTO (akropa pocTa
(EGFR) [30]. EGFR (Epidermal Growth Factor Receptor) npencrasiser co0oif TpaHCMEMOpaHHBIH TJIMKOIPOTEHH,
KOTOPBIN MIPUHAUISKUT K CEMEHCTBY THPO3UHKHHA3HbIX perentopoB (RTKS) n urpaer BaskHyo poJib B mporeccax pocta
u pa3BuTHus Kietok. OH 6611 OTKPHIT B 1960 roy Kak penentop, CriocoOHBIH CBSA3BIBATHCS C SMUAECPMATBHBIM (HaKTOPOM
pocra (EGF), perynupyrommii pocT 1 IeIeHHe SITUTEIHaIbHBIX KiIeTok [30,31].

B nocnennue rogpl Takxke Obuta uaeHTudumMpoBana rpynmna MukpoPHK, ydacTByrommx B MHHINMAINHU TJIHOMBI
myteM HanenmBaHus Ha reH RAS [32]. I'er RAS, xortopsrit coctout n3 KRAS, NRAS u HRAS, sBusercs ogaum u3
HanboJee 4acTo aKTHBUPYEMBIX OHKOTEHOB IpH pake uenoseka. KRAS saBisiercst mpeoOnagaromyuM MyTaHTHBIM T€HOM
RAS npu pake (84% Bcex mucceHc-mytaiuii RAS), 3a Hum cinenyer NRAS (12%), HRAS mytupyer penko (4%). Ras
obnanaer aktuBHOCTBIO (epmenta GTP, xortopelid Moxer ruaponuzoBath GTP mo GTP-mporenna [32]. I'en KRAS
(roMoJior BUPYCHOTO OHKOT€HA CapKOMBbI Kpbichkl KupcreH 2) mpezcrasiisier co00id MPOTOOHKOTEH, KOTOPBIH KOJAUPYET
Heboubmol Oenok-Tpancaykrop GTPase mox HazBannem KRAS. Vike nokazano, uyto momumopdusm reaa KRAS cszan
C PHCKOM pa3BHUTHS U IporpeccupoBanueM TinoMbl. KRAS BiuseT Ha BocHaauTeNbHBI KOMIIOHEHT paka, akKTHBHPYS
curHabHeie IytTH MAPK u PI3K, d9ro mpuBoauT K BBICBOOOKICHUIO JOTOJTHHATENBHBIX HUTOKHHOB IL-6/IL-8 u
nposdepanun pakoBbIX KIeTokK [33, 34].

C momorpio 0a3 JaHHBIX OMOMH(MOPMATHKH COCTaBJIEH CIHMCOK I'€HOB, aCCOIMHMPOBAHHBIX C TIIMOMOH. 3ampoc
“glioma” B 6a3e manHbpIx OMIM nman 176 pe3ynbTaToB - UMEH reHOB. Jlanee CMCOK ObUT YTOUYHEH W aHHOTHPOBAH C
momombio pecypcoB GeneCards, GenBank NCBI.

Crmcok 176 treHoB Obwn 3arpyxkeH depe3 mHTepdeiic ommaitH-pecypca PANTHER (https:/pantherdb.org/) mms
TIOWCKa 3HAYUMBIX KaTETOPHUH T'CHHBIX OHTOJOTWH Ul 3TOW IpyHIbl IeHoB. Mcronab30Baiuch 3 OCHOBHBIE TPYIIIBI
renHbix oHronorui (Gene Ontology): GO biological process - 6uonornueckue npoueccsl; GO molecular function -
Mmodnekyssipasie Gynkuun; GO cellular component - kieTouHble KOMIAPTMEHTHL. B kauecTBe ped)epeHCHOro reHoMa
BbIOpaH Homo sapiens. I'ensl MukpoPHK He Oblin pacniozHansl nporpammoii. [Iporpamma npousBoamia pacuer mo 144
uaeHtudukaropam. Beero B pedepeHCHOM IeHOME YeIoBeKa HCIob30Baaock 20589 renos. [IpuMeHsiack KOppEKIns
OLICHKH CTaTUCTUYECKON 3HAYMMOCTH Ha MHOXKECTBEHHOCTH rumnote3 o boudepponu (https://pantherdb.org/).

BbII0 BBIMOIIHEHO TPW aHAJIOTMYHBIX aHAJIM3a JUIS TPYHII TEHHBIX OHTOJIOTHI C OrpaHHUYCHHUEM 3HAUCHHUS YPOBHS
3HaunMocTH P-Value no E-10 mns Oumonmormyeckux mpoueccoB, E-02 mis monekymsipusix ¢yHknuii u E-03 s
KJIETOYHBIX KOMITAPTMEHTOB JUIsl TIpe/ICTaBIeHHs Hanbosee NHQOPMAaTUBHBIX Pe3ylbTaTOB. AHAIN3 KaTerOpHid TeHHBIX
oHTONIOTHI ¢ momomIeio pecypcoB DAVID (https://david.nciferf.gov/tools.jsp), PANTHER (https://pantherdb.org/)
MOKa3aJ, YTO CaMbIMH 3HAUYMMBIMH KaTETOPHSMH SIBISTIOTCS: HETaTHBHAS PETYJSIHsS OMOJOTHYECKOro Ipolecca,
peryssinusl MpOTpaMMHUPYEMOM KJIETOYHOW TIHMOenaH, HEraTHBHAS PETYJSALUS KICTOYHBIX IPOLECCOB, pEryJIsius
KJIETOYHOH TuOenu. OTH KaTeropuH OTHOCSTCA K OOIEMYy KJIETOYHOMY DPa3BHTHIO, YTO CBS3aHO C HOPMAJIbHBIM
(YHKIIMOHMPOBAaHMWEM KIIETOK M TKaHEH. 3HAYMMBIMM KaTETOPUSMH SIBJISIOTCS: CBSI3BIBAHME HJICHTHYHBIX OEJIKOB,
aKTHBHOCTb IMMEPH3ALUH OCJIKOB, aKTHBHOCTb FTOMOAMMEPH3ALINK OEJIKOB, CBS3bIBAHUE CHIHAIBHBIX PELENTOPOB. DTH
KaTeropud MOXKHO OTHECTH K paboTe MyTei mepeiavyd MeXKICTOYHBIX CHUTHAJIOB, YTO CBSI3aHO ¢ paboToll HEpBHOU
CHCTEMBI.

Takoit ke cmucok TeHOB Obul 3arpykeH uepe3 wuHrepgeiic DAVID Bioinformatics Resources
(https://david.nciferf.gov/tools.jsp) s moucka 3HAYMMBIX KaTErOpHil T€HHBIX OHTOJIOTHA. BBUTO MIeHTH(UITUPOBAHO
157 reHoB. Pe3ynbraThl npejcraBiieHbl B 000011eHHOH Tabue 1.

AxmyanvHbie gonpocsl duonocuueckol gusuku u xumuu, 2023, mom 8, No 4, c. 458-467



MEDICAL BIOPHYSICS AND BIOPHYSICAL CHEMISTRY 461

Taoauna 1. Circok kateropuii TeHHBIX OHTONIOTHH 110 DAVID 11 Tiiombl

I'pynna onTonormii Kareropusi onToJiorunii Yucno P-value *
TeHOB
GOTERM_BP DIRECT negative regulation of neuron apoptotic process 13 2,60E-06
GOTERM_BP DIRECT negative regulation of apoptotic process 19 6,00E-05
GOTERM_BP_DIRECT cellular response to hypoxia 10 3,60E-04
GOTERM_BP _DIRECT regulation of cell cycle 12 2,40E-03
GOTERM_BP _DIRECT positive regulation of transcription, DNA-templated |19 2,70E-03
GOTERM_BP _DIRECT ovarian follicle development 6 3,80E-03
GOTERM_BP DIRECT neuron apoptotic process 7 5,10E-03
GOTERM_MF DIRECT identical protein binding 30 6,10E-03
GOTERM_BP DIRECT cell aging 5 7,20E-03
GOTERM_MF DIRECT protein homodimerization activity 18 6,10E-03
GOTERM_BP DIRECT negative regulation of cell proliferation 14 7,40E-03
GOTERM_BP DIRECT positive regulation of pri-miRNA transcription 6 7,40E-03
from RNA polymerase Il promoter
GOTERM_BP DIRECT positive regulation of peptidyl-serine 7 9,80E-03
phosphorylation

[Tpumeuanue k Tabnuie: * P-value ObU10 HOPMHUPOBAHO C TOMPABKON HA MHOXKECTBEHHOCTh THIIOTE3 IO
Benmxamuan-Xoxoepry.

B mocTpoeHHBIX TabnHMIaX KaTEropuil TeHHBIX OHTOJOTHH ITOKAa3aHO MPHCYTCTBHE KaTErOpWii, CBSI3aHHBIX C
aronTo30M, YTO COOTBETCTBYIOT MPECTABICHUSAM O 3a00I€BAaHHN.

l'eHHas ceTs ISl TEHOB TIMOMBI ObLTa peKOHCTpyHpoBaHa ¢ momombio pecypca STRING-DB u cobctBeHHON
pa3paboTaHHOH TporpaMMbl o BU3yanm3anuu cered (Jurutomnbie paboTel CcTymeHTOB 1o 1wmppoBoil Kadempe
CeuenoBckoro yauBepcurera 2023 rona, https://dk.sechenov.ru/). I'pad sxmouan 150 renos (6enxoB). 'ensr muxpoPHK
He OBUIN pacrio3HaHbI porpaMmoii. CeTh ObliIa EpECTPOCHA C yAaJICHUEM HE CBSI3aHHBIX T€HOB M 3aMEHOM HECKOJIBKUX
JINHUH CBSI3€d MEKIY Y3JIaMU CETH OJJHOM JIMHUEH C y4ETOM TOJIBKO I0KA3aHHBIX B3aUMOACUCTBUNA CO CPEJHUM YPOBHEM
nocroBepHocTH (mapamerp STRING-DB, cm. https://string-db.org/).

Cratuctuka o0IIel MOCTPOCHHOW CeTH OeI0K-OCIKOBBIX B3aWMOJCHCTBUN TIIMOMBI: KOJUYECTBO y3510B — 150;
KoJInuecTBO pebep - 590; cpeHsis CTeneHb CBI3HOCTH y3na — 7.87; cpeJHUH JIOKaJIbHBIA KO (QUIMEHT KI1acTepru3aluu
—0,478; oxumaeMoe KoIM4ecTBO pedep - 237; 3HAaYUMOCTh TUIOTHOCTH OEIOK-0EIKOBBIX B3auMoIeicTuil - < 1,0e-16. B
neHtpe cetu Haxoastes oenku EGFR u TPS53, xoTophie sIBIIsiIOTCS W3BeCTHRIME OHKOTeHamu, a Takxke STAT3, KRAS,
PIK3CA, IDH1, KDR. [lns Gonee netanpHOro aHannsa cetb Obuta nepectpoeHa B nmporpamme STRING (https://string-
db.org/) urepaTHBHO C YYETOM TOJBKO SKCIIEPUMEHTAIBHO JOKA3aHHBIX B3aUMOJCHCTBHI CO CpEAHEM YpOBHEM
JIOCTOBEpPHOCTH (pucC. 1).

HecmoTps Ha TO, 9TO 4acTh 0OBEKTOB CETH HE KOHTAKTUPOBAIN C APYTHMH, CETh JIOCTATOYHO CBSA3aHHAS, B HEH
BBIJIENSCTCS] [IEHTPANBHBIN CHIIBHO CBSI3aHHBIN KIAacTep T€HOB (3[IECh M Jaliee, Ul CeTH, ITOCTPOSHHOH C MOMOIIBIO
STRING, MBI TOBOPEM O OCIKOBBIX NPOIYKTaX T'e€HOB). DTO O3HAYaeT, YTO TEHBI, MO KpaiHeH Mepe, YaCTUIHO
OMOJIOTUYECKH CBS3aHBI KaK IPYIIIA B3aUMOJEHCTBYIOIMINX MAKPOMOJIEKYJI.

B cetn (puc. 1) MOXHO BHIIETh HECKOJIBKO KiacTepoB. Hambomsmiee uncno cesseil - y renoB EGFR, TP53, KRAS,
u3 kotopbix EGFR u TP53 siBnsitorcs panee nogpoOHo n3ydeHHbIME OHKOreHamu. CeTb Oblila IiepecTpoeHa ¢ yaajieHHeM
He CBSA3aHHBIX T€HOB M 3aMEHOI HECKOJIBKHUX JIMHUHN CBA3eH MexX Ty y3i1amu ceTd B Busyanuzauuu STRING toneko oHOM
JIUHHUEH ¢ y4ETOM TOJBKO JTOKa3aHHBIX B3aUMOJICHCTBUI CO CPEIHUM YPOBHEM JIOCTOBEPHOCTH. B 1ieHTpe ceTH - Oenku
EGFR u TP53, xoTopble sSBISAIOTCS U3BECTHRIMU OHKOTeHaMmu, a Takke STAT3, KRAS, PIK3CA, IDH1, KDR.

Jnst Oojnee neTanbHOrO aHaM3a CeTh Oblla MepecTpoeHa HTEPaTUBHO C YYETOM TOJBKO 3KCIEPHMEHTaIbHO
JIOKa3aHHBIX B3aUMO/IeHCTBUIA. B ceTn BBIIENsIOTCS HECKOJIBKO KitacTepoB. Camblii 000N KiIacTep BKIIIOYAET 7 TEHOB:
BCL2, BRCA2, BRE, CHEK?2, L3MBTLI1, PTEN, TP53. Cnenyrouiye no KOJIM4ECTBY BOBJICUEHHBIX Y3JIOB KJIACTEPHI
priouaroT reisl DNAJA3, DOCK4, EGFR, NF2, PIK3CA, PTPN11 u BRAF, KRAS, LZTR1, NF1 coorBeTcTBEeHHO

(puc. 2).
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Haubonpmee ugucno ceszeir y renoB EGFR, TP53, KRAS, mpu stom EGFR u TP53 [26] panee moapoGHO
H3y4YCHHBIE OHKOTCHBI.

Hamee, ¢ mnomomeio pecypca MalaCards (https://www.malacards.org/) ObutH oOmpeseneHbl 3a00JICBaHUS,
ACCOI[MMPOBAHHBIC C MIMOMOM. DTO MMo0IacToMa, M Jpyrue Omyxojin Mo3ra — glioblastoma, malignant astrocytoma,
neuroblastoma.

Takum 00pa3zom, ¢ MOMOIIBI0 HAOOpa OHJIAHH HHCTPYMEHTOB OHOMH(DOpMATHKY ObLIa COOpaHa aKTyalbHAs HAyYHAS
muTeparypa mo 3a00JieBaHHIO MIHOMOH [3], ommcaHa poiib OTACIBHBIX TCHOB U UX MPOAYKTOB. HecMOTps Ha TO, 4TO
TJIMOMa 3aHUMAaeT HeOOJBIIYIO IO OT OOIIEro YHciia 3J0KaYeCTBEHHBIX HOBooOpazoBanuii I[IHC, Ha ceromHsumHuit
JICHb OHA OCTAEeTCSl OJTHMM M3 CAMBIX arpeCCUBHBIX M TSKEIBIX OHKOJIOTHUECKHUX 3a00JIEBaHU, KOTOPOE HE MOIAETCs
3G PEKTUBHOMY JICUCHHIO M JUTUTEILHOMY yXOIy B pemuccuio. [lonyueHHas CTPyKTypa I'€HHOM CeTH MOXeT ObITh
HCIIOJIb30BAHA JUTS [TIOUCKA JIEKAPCTBEHHBIX CPEICTB, KAK OCHOBA JUISI MAIIUHHOTO 00YYEHUsI, JAFOIIEr0 JOMOJIHUTEIbHYIO
nHpopMannio U GyHKIHOHATIBHYIO aHHOTanuio [35]. MiccnenoBanme reHHBIX ceTel, HX KOMITbIOTEPHAs! PEKOHCTPYKINS
- aKTHBHO pa3BHUBAIOIEeCs HAyYHOE HalpaBieHue [2,9], mpeacraBaeHHoe B Hameil paboTe Ha IpUMepe TINOMBIL.

3AKJIIOYEHUE

B nenom, B pesynbrare pabOThI MOJTYy4YEH CIUCOK I'€HOB, aCCOIMUPOBAHHBIX C IIIMOMOM, C HUCIIOJIB30BaHHEM 0a3
JAHHBIX W OHJIAHH-MHCTPYMEHTOB OMOMH(OPMATHKH, ONpENeNICHbl 3HaYNMble KaTEerOpHH T'€HHBIX OHTOJIOTHH T€HOB
TJIMOMBI, TTOKa3aHa UX CBSA3b C OHKOJIOTHUYCCKUMHM 3a00JICBaHUS M PEKOHCTPYHMPOBaHA TeHHAs CeTh 3aboseBanus [2,3].
BrusiBnensr rensr PIK3CA, KRAS, koTopble MOTEHIMAIBHO MOTYT OBITH MCIIOJIB30BaHbl KaK MHIIEHH Ul TapreTHOU
Tepanuy, a TaKKe KaK MOJIEKYJSIPHO-TeHETHYECKHEe MapKephl 3a0oiieBaHUs. PaccMOTpeHBI TpeXMEpHBIE CTPYKTYpHI
6enxoB Pik3CA, KRas, u ca3pIBaromuecst ¢ HUMU Jiuransl [3]. OnpeneneHne reHoB IIIMOMBI MOXKET 0a3upoBaThCs Ha
9KCIIEPUMEHTANIBHBIX TaHHBIX TPAHCKPUIITOMHOTO CeKBEeHHpoBaHus [36,37].

Pa3paboTaHHbIi KOHBEHEp MIsi KOMIBIOTEPHONH PEKOHCTPYKIMHU T'€HHBIX CETEeH IpeAcTaBisieT HaOOp WHTEpHET-
JOCTYIHBIX W YacTUYHO 3aMEHSEMBIX MPOTPAMMHBIX HWHCTPYMEHTOB — JUISi COCTaBJICHHs crucka reHoB — OMIM
(https://omim.org/), GenBank NCBI (https://www.ncbi.nlm.nih.gov/gene) nu GeneCards (https://www.genecards.org/),
T aHanm3a TeHHbIX onTooruit - DAVID (https://david.nciferf.gov/tools.jsp), PANTHER (https://pantherdb.org/), nns
PEKOHCTPYKITNH TeHHO# ceTn 1o ciucKy reHoB - STRING-DB (https://string-db.org/), Metascape (https://metascape.org),
GeneMANIA (http://genemania.org/), MalaCards (https://www.malacards.org/), cienys ctanmaptam, MpeIIoKeHHBIM B
pabotax [2,9]. BapuanTsl aHamH3a TeHOB KOMITJIEKCHBIX 3a00JIeBaHUM MCIONB3Ys HOBYIO Bepchio [38] oTeuecTBeHHOM
nporpammbl ANDDigest (https://anddigest.sysbio.ru/) [7] ucrnonp30Bairch s aHAJIM3a TEHOB KapIIUMHOMBI IeueHu [39].

HccnenoBanne TeHETHUECKON COCTaBIsIIONIEH 3a00JIeBaHusI HAUMHACTCS C OIPEEsICHUs] PEJICBAHTHBIX T€HOB IO
6a3am maHHbIM. [Touck OmomesunuHCKoW muTeparypbl B PubMed, Scopus, ScienceDirect s aHamu3sa 3aboiieBaHUi
TaKKe SBJIICTCS aKTUBHOM 00JIaCTHIO pa3paObOTKH MPOTPaMMHBIX CPEJICTB, HCHONB3Ys pasnuyHble iatdopmsl [40,41].

OTMeTHM TIOSIBJICHHE HOBBIX OHJIAHH WHCTPYMEHTOB COCTAaBJICHHS M aHAJIW3a CIMCKA T'CHOB, JOIOJHSIOIINX
crarnaptHbIi morck — Geneshot u Enrichr (https://maayanlab.cloud/geneshot/). PekoHCTpYyKIHs TeHHO¥ CETH O CIIHCKY
TCHOB TaK)Ke MOKET OBITH 3(h()eKTUBHO BEIIIOIHEHA HOBBIMU cpencTBaMu, TakuMu kak NDEX (https://www.ndexbio.org/).
Heo0xonnma nanmpHelast HHTErpanus 06a3 TaHHBIX OMOMH(DOPMATHKH C IOMOIIBIO Tpad)OB IS COTIOCTABIICHNUS TaHHBIX,
MONTyYeHHST MHTETPUPOBAHHON MHPOPMANKH 10 aHHOTanuy (yHknnii reHoB, PHK 1 6e1KkoB — oTMETHM HOBBIH OHJIAWH
nHctpymeHT BioGraph (http://andromeda.matf.bg.ac.rs:54321/) [42].

ITpenctaBneHHbIE NOAXOABI aHANINM3a TEHHBIX CETEH W HX NPHUMEHEHHs IIUPOKO OOCYXIAINCh Ha CEpHUU
koH(pepeH1mi Mo GnonH(pOpPMaTHKE U PETYISIHK CTPYKTYPbl TeHOMA, U CUCTEMHOIi Onosioruu - Bioinformatics of Gene
Regulation and Structure\Systems Biology (BGRS\SB), mnpoxonsmeii B HoBocubupcke ¢ 1998 rona
(https://bgrssb.icgbio.ru/2022/), u npeacTaBIeHHON B CHENUAIBHBIX BBITyCKaX MEXKYHAPOJHBIX HAYYHBIX JKYPHAJIOB
International Journal of Molecular Sciences ("25 Anniversary of Bioinformatics of Genome Regulation and Structure
Conference Series", https://www.mdpi.com/journal/ijms/special_issues/0LGA6103S5), Frontiers in genetics
(https://www.frontiersin.org/research-topics/40408/bioinformatics-of-genome-regulation-and-systems-biology-volume-
iii) [43], Journal of Bioinformatics and Computational Biology (https://dblp.org/db/journals/jbcb/jbcb11.html) [44],
Journal of Integrative Bioinformatics (https://www.degruyter.com/journal/key/jib/17/4/html ) [45,46].

Wuctutyrom 1mudpoBoit MemunuHbl CEUeHOBCKOTO YHHBEpCHTETa IPOBOAMTCS pa3paboTka HpOrpaMMHBIX
MHCTPYMEHTOB Il MEAWIMHCKON nHpopMaruku [47,48], pabotaeT HOBBII (hOpMAT JOMOIHUTENEHOTO 0Opa30BaHUS —
Hudposas xadenpa (https://dk.sechenov.ru/). B 2023 roxy na Kadenape 3amuimieHo HECKOJIBKO JUITIOMOB IO pa3padoTke
MPOTPaMMHBIX CPEACTB PEKOHCTPYKLIMH M BU3yaln3allid TCHHBIX CETEH, M aHAINM3y HX CTPYKTypsl. Ilpumenenne
MPOrpaMMHOTO KOHBEHepa HHCTPYMEHTOB OHWOMH(OPMATHKK JUIS TJMOMBI MPEACTaBICHO B JaHHOW paboTe.
Hcnonp30BaHne TeHHBIX CETEM Kak nmapamMeTpa npu CO3JaHUU IPEACKA3aTCIIbHBIX MOﬂeHeﬁ MAalIMHHOI'O O6y‘-leHI/IH
MOKazano cBoio 3(h(HeKTHBHOCTH IS MMOKCKA JIEKAPCTBEHHBIX cpeacTB [49,50] 1 T0KHO pa3BHUBaAThCS Aajiee, OIHUPAsCh
Ha OTE€YECTBEHHBIE MPOTPaMMHBIE pecypchl [6,38].

bnazooaprocmu. Paboma nododepoicana epanmom 6i00cemuvim npoexmos HMlLul’ CO PAH FWNR-2022-0020
"Cucmemnasn 6uonozus u OUOUHGOPMAMUKA: PEKOHCIMPYKYUSL, AHAU3 U MOOETUPOBAHUE CIMPYKINYPHO-DYHKYUOHANLHOU
opeanu3aAyUU U IBONIOYUU 2EHHBIX Cemell Hel08eKd, OJICUBOMHBIX, PACMEHUll U MUKpoopeanusmos". Aemopul
npuznamenvuvl [1.A. Heanosy-Pocmosyesy u A.FO. [lomanosoii 3a mexuuuecKyo nomoujs.
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Abstract. Computer reconstruction of gene networks—sets of interacting macromolecules with common
functions — is a complex task in bioinformatics. Gene networks, presented as graphical structures, offer a
convenient means of visualization and provide qualitatively new insights into the set of studied genes and
their biological functions. Expanding further, we explore associative gene networks related to diseases.
These networks encompass not only genes and their products (proteins, metabolites, non-coding RNA and
drug compounds) but also common disease indicators (symptoms, phenotypic manifestations). Software
tools aimed at reconstructing gene network graphs are undergoing active development worldwide and find
significant utility in biomedicine. We evaluate available online bioinformatics tools for gene network
reconstruction based on gene lists and corresponding computer analysis pipelines. We delve into examples
showcasing the utilization of online programs for analyzing the glioma gene network. The proposed
approach can be extended to other functional gene sets linked to diseases. Scrutinizing the structure of
disease-associated gene networks enables the identification of pivotal genes, which can serve as therapeutic
targets. Employing similar bioinformatics strategies, gene networks of intricate disorders such as
Parkinson's disease, dementia, schizophrenia, breast cancer, and other cancers have been explored. We
delve into the applications of computer programs for gene network analysis and address pedagogical aspects
of the field.

Key words: bioinformatics, gene networks, glioma, complex diseases, protein-protein interactions, medical
informatics.
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O®OTOMETPUSA MJIA B PACTBOPAX: CPABHEHUE METOIAOB ITPSMBbIX TAHHBIX
OINITUYECKOMH INIOTHOCTHU U AHAJIN3A ITIPON3BOJHBIX CIIEKTPOB
OIITUYECKOTI'O INOTJIOIEHUA
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AnHoTanus. [Ipoananu3upoBaHbl CIIEKTPHI MOTJIONICHUS IPOAYKTOB PEAKIMH BOAHBIX SKCTPAKTOB TKaHEH
MBbIIIeH ¢ THOOApOUTYPOBOI KHUCIOTOH, C LENBIO ONpENCICHUS B HHUX COJCPXKaHUS MallOHOBOTO
muansaeruna (MJIA). Konnentpamms MJIA sBisercs BaKHOH 4YacThiO aHaIM3a OKHCIUTEIBHO-
BOCCTAHOBHTEJIFHOTO CTaTyca TKaHeil, 4To CYIIeCTBEHHO MPH UCCIETO0BaHUN BOCHAIUTEIBHBIX PEaKIil,
HarpuMep, MoCiIe Pa3InYHBIX CTPECCOBBIX BO3AEHCTBUI, a Takke NP U3yYEHUH CTapeHHs. B oObraHOIM
MPaKTUKe KOHIEHTpauno MJIA B pacTBOpe pacCUMTHIBAIOT MO €r0 ONTUYECKOM IIIOTHOCTH IpH 532 HM,
COOTHOCS C aHAJIOTHYHBIMU PACTBOPAMU PEAKLIMU C 33laHHBIMU KOHIEHTPALUIMU TETPAMETOKCHUIIPOIIaHa
(TMIT). Hamm rmoka3aHo, 4dTo TMpU CyOMHKpOMOJISIpHOM cozpepkanuun MJIA  durykryanun
Hecrenn(puIeckoro (JOHOBOTO YpPOBHS ONTHYECKOH IUIOTHOCTH PAacTBOPOB MOTYT OBITh COpPa3sMEpHBI C
BEJIMYNHON peabHOTO CHTHAJa IIOTJIOIICHMSI O0Opa3yIoUIerocsi OKpaIlIeHHOTO aJIyKTa. PacTBOpEI
9KCTPAKTOB OMOJIOTMYECKMX TKAaHEH, B CHIIy JOMOJHHUTEIBHOTO COJCpPKAaHHS OCNKOB, JHUIMHUAOB M
YTJIEBOJOB, 00Iagaf0T MYTHOCTBIO, MCKa)KaloOWIEW CIIEKTP MOTJOMEeHHs HennHeiHo. OIHaKo BTOpBIE
MIPOM3BOJIHBIC CIIEKTPOB JIMIICHBI UCKAXEHUH (POHOBOTO PACCESTHUS M MOTYT OBITH MCIOIB30BAHbI MPH
aBTOMAaTHYECKOM MPOTPaMMHOM pacdeTe COJEp)KaHHWs WHTEPECyIollero mnurMeHrta. llomydenue
KOPPEKTHBIX IMPOU3BOAHBIX OCIOXKHAETCA HEOOXOJUMOCTBIO CIVIA)KUBAHUS HCXOJHBIX CHEKTPATbHBIX
3aBUCUMOCTEH. MBI HCIIOJIB30BANIM CTIIaKMBAHUE METOJOM CKOJB3SIEH CpenHed, a Takxke (QUIbTPOM
Casurkoro — ['oses ¢ monmmHOMOM TpeThell cTeneHu. ComocTaBIeHbl JaHHBIE, TOTy4YeHHBIE HA OCHOBE
U3MEPEHHUs ONTHYECKUX IUIOTHOCTEH pacTBOPOB MpH 532 HM, C TAKOBBIMHM Ha OCHOBE aHaJM3a BTOPBIX
MIPOU3BOJIHBIX UX CIIEKTPOB IOIJIOLIEHHUS, a TAKXKE Ha OCHOBE MHTETPAIbHBIX CYMM BTOPBIX IPOU3BOIHBIX
B quana3zoHe 520-550 uM. Pe3ynbTatTel pacu€ToB mpu NOMOIIY aHAIM3a BTOPBIX MPOU3BOAHBIX Jalu B 2-5
pa3 MeHblIee coaepkanue MJIA, yeM MoaydeHHbIe HA OCHOBAaHUU ONTHUYECKUX IJIOTHOCTEH B MaKCUMyMe
TIOTJIOIIEHHS TMTMEHTA, OJHAKO MX CXOAWMOCTH, OCOOCHHO NPH HCIOJIB30BAHUM MHTETPAIBHBIX CYMM,
OKa3aJach CyIIECTBEHHO JIydllle, YeM JUIs HYJIEBOTO MOPSIKA, ¥ PE3YIbTHPYIOMINE TOTPEIIHOCTH OBIIN B
2-3 pa3a MEHbBILUMHU.

Knrouegvle cnosa: cnekmpockonus npou3eoO0HbIX, C2NANCUBAHUE CNEKMPO8, MANIOHOGbI OUanb0e2uo
(MI[A), neuens, 1éz2Kue 1 20106HOU MO32 Mbluiell, OKUCTUMENbHBII cImpecc.

BBEJIEHUE

I[Ipy  KOJNMYECTBEHHOM  HM3MEPEHHHM  COJACP)KAHWS  NUTMEHTOB B OHMOJIOTMYECKMX  OKCTPAKTaxX
CIEKTPOPOTOMETPUUECKUMHA METOAaMH HCCIIECA0BATEIN MOTYT 3aMETUTh CIIEKTpaJbHbIC HCKa)KEHHs BCIEICTBHE
MHOTOKOMIIOHEHTHOTO paccesiHus pacTBopoB [1]. @inykTyarnun o01iero ypoBHs ONTHYECKOH INIOTHOCTH BOJIM3H ITOJIOCH
MOTJIOIIEHHsI 1LIENEBOTO BELIECTBA MOTYT OBITH CONOCTAaBUMBI C aMIUIMTYIOM €ro IOIVIOLIEHHS B aHAIU3UPYEMOM
9KCTPAKTE, YTO yXYALIaeT YyBCTBUTEIBHOCTh U TOYHOCTH ONpeesieHns. B To »xe BpeMst H3BECTHO, YTO HU3KOYACTOTHBIN
IyM THIIa CIUIOIITHOTO (J)OHOBOTO MOTJIOIICHHS HITH PACCESTHUSI OTOpAchIBAETCS B PEKUME IPON3BOTHOM CIIEKTPOCKOIINN
[2], a BEICOKOUACTOTHBIM — BO3MOXKHO MOAABUTh B peskuMe criaaxuBaHus [3]. OgHako, Mo Mepe yBEeIMUYeHHs MOpsiaKa
B3SITHSI TIPOM3BOJHBIX YBEIWYMBACTCS M ypoBeHb ImryMa [4,5]. IlosToMy B KauecTBE ONTHMAIbHOTO PEUICHUS YAOOHO
HCIIOJIb30BATh BTOPBIE MIPOU3BOIHBIC CIEKTPOB ITOTIIOMICHUSI.

Cnexrpockomnust MajgoHoBoro auanpaeruga (MJA), mpoxykra NEepeKHCHOTO OKHCIECHUS JIMIHMIOB, OCHOBaHA HA
creudpUIecKOM IMOJIOCH MOTIONIeHHs BONMM3K 532 HM ero MmpojayKTa peakiud B KUCIOH cpesie ¢ THOOapOUTYpOBOM
kucnoroir (TBK) [6-8]. ManoHOoBBII nuanbaerua M Japyriue THoOapOuTypoBble peakTuBHble BemiecTBa (TBARS)
KOHJICHCUPYIOTCs ¢ AByMs skBHBajeHTaMu TBK ¢ obpazoBanneM (hiryopecneHTHOro KpacHOTO MPOM3BOAHOTO, KOTOPhIE
1 IETEKTUPYIOT criekTpooromeTprueck [6-10]. B Gonbrom kommuecTBe METOANK PEKOMEHTyETCs IPOCTO U3MEPEHHE
ONTUYECKOM TUIOTHOCTH pacTBOopoB mpu 532 mM. [lo e€ pesympraraMm ans KamuOpoOBOUYHBIX pacTBOpoB 1,1,3,3-
TETPaMETOKCHUIIPOTIaHa (HMCIOJIB3yEeMOT0 B KauecTBE cTaHmapra, mpeamornaras, uro 1 moixp TMII maér takoe xe
KkonmmyecTBO murmenta B peakuuu ¢ TBK, uto n 1 mome MJIA) monydaioT KaaunOpOBOYHBIN TpauK 3aBUCHMOCTH
ONITHYECKOH IJIOTHOCTH OT KOHILEHTpauu. IIpi 3TOM CXOIUMOCTh JaHHBIX, HOIyYaeMbIX pPa3HBIMH HCCIIEIOBATEISIMY,
OCTaBJISIET Jkenath Jyyqiero [9]. boiee Toro, n3mepsiemblie konndectBa MJIA 9acTo NpeACTaBISIOT B BH/IE€ OTHOIIEHHUS K
CoZIeprKaHuIo 00mIero Oeyika B pacTBOPE, YTO TAK)KE BHOCUT JIONOIHUTENbHBIE BAPHAIIMY W TIOTPELTHOCTH B PE3YJIbTATHI.
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Jannast paborta ¢okycupyercs Ha crekrpockonnn TBARS mis onpenenenust comepxanuss MJIA B BOAHBIX
9KCTPaKTaX TKaHEH MBIIICH, YTO SBISAETCS MOJIE3HBIM MHCTPYMEHTOM B aHAJIHM3€ OKHCIHUTEIEHO-BOCCTAHOBUTEIHFHOTO
cTaTyca TKaHel Mpu pa3InYHBIX CTPECCOBBIX BO3JIEHCTBUSIX, B TOM YHKCIIE MTOCIIe HOHU3UpYIoliero oomyuenus [10].

MATEPHUAJIBI U METO/bI

B uccnemoBaHny MCIONIE30BaHbI TKAHA CAMOK M camiioB Mermei muaun C57B1/6], BozpacToM okono 10 Hemens.
JKMBOTHBIX coziepyKajy B CTAaHAaPTHBIX YCIOBUSIX BUBApHsl, CO CBOOOIHBIM JIOCTYIIOM K BOJIE U TIHIIIE. Bee akcnepruMeHTsI
C JKUBOTHBIMHU TIPOBOJVIIM B COOTBETCTBHH C TpeOoBaHmsMH dTHUeckoro komurera HUL «KypuaroBckuii nHCTUTYT»
(mpotokon Ne HI™-1/10911P ot 13.02.2020). JKHBOTHBIX A€KAaIMTUPOBAIN, U3BJIEKAIHM TOJIOBHOW MO3T, JIETKHE W TICYCHB,
OpTraHbl B3BEIIMBAIN U ToMoreHn3npoBain B 1,15% pactBope KCl ¢ nob6asnennem 0,05% OyTmirnapokcuToryosia B BUIE
ero 10% pactBopa B MeTaHOIIE (U1 IPEJOTBPAILCHNS JalbHEHIIEr0 OKUCIeHNs). ['oMoreHars! neHTpudyruposanu B
teuenne 15 muH mpu 14000g u 4°C, oTOmpanu cynmepHaTaHTHI, — KOTOPHIE MOJBEPTralill PEeakIud B KUCIIOW cpeie C
pactBopoMm TBK B teuenne 60 munyT npu 90°C. Ilpu atom k 0,5 mut skcrpakra godasmsun 0,5 M 1% Tputon-X100 B
0,05N-HCl1 u 0,5 mi1 0,67% TBK B 0,05N-NaOH. 3atem pacTBOpbI OXJIaXIaJIX 10 KOMHATHOM TeMIIEPaTypsl, 100aBIsLTH
o 0,25 mn 40% TPUXIOPYKCYCHON KHCIIOTHI IS OCaXKICHUS Oenka U, mocie 20-MUHyTHOTO HEHTPU(PYTUPOBAHUS TIpU
14000 g u 25°C, oTOMpany CynepHaTaHT JUisl CIIEKTPO(QOTOMETPHUUECKOTO aHAIH3a.

CriekTpo()OTOMETPHIO PACTBOPOB MPOBOAWIIM B 2-MM KBaplLEBBIX KIOBeTax Ha crekrpodortomerpe Shimadzu
UV3600 npu cpenneit ckopocTH ckaHupoBaHus, ¢ maroM 0,1 HM, ¢ BpeMeHHBIM HHTepBanoM 0,1 ¢, npu mUpHHE IeTn
2 uM B amanasoHe 450-600 nm. JlaHHble, mosyueHHble Jii pacTBopoB ¢ TMII, ncnonp3oBamu i HNOCTPOEHUS
KaJIMOPOBOYHBIX 3aBUCHMOCTEN MaHHBIX (YHKIWUH ONTHYECKOH IUIOTHOCTH OT KOHIeHTparmu MJIA. 3arem U3 gaHHBIX
JUISL ONITHYECKUX TUIOTHOCTEH PacTBOPOB C AKCTPAKTAMH TKaHEH IO 3THM 3aBUCHMOCTSIM PAaCCUMTHIBAIM COJEp)KaHHE
MJIA B 10% 3KcTpakTax.

Jliist aHanM3a BTOPBIX MPOM3BOJHBIX CIIEKTPHI ONTHYECKOH IIIOTHOCTH f(X) MOABepraiy CriaXMBaHHIO METOIOM
CKONB3AMEeH cpenuel mo 39 Toukam, T.e. BHyTpM 4-HM [HMana3oHa, a TakXke, B KadecTBE crocoda CpaBHEHHMS,
KyOM4YecKIMH CIUlaifHaMu Ha ckonb3simeM 10-am naTepBane ¢unbrpoMm Casunkoro — 'omes [11] ¢ mmpuHO# okHa B
100 Touek. OT criuakeHHBIX (YHKIUN CTPOMIIM TEPBYIO MPOHM3BOAHYIO f'(X), KOTOPYIO TakKe CTIIaXXHBAJIU W IIOCIE

paccuuThIBANIM BTOpYIO mpom3BoaHyro f'(x). Hus momHOTHI yd€ra pa3dpoca MaHHBIX CHTHalIAa MOTJIONICHHS

. N 550
PacCUMTHIBAIN TAK)Ke MHTEIPATIbHBIE CYMMBI BTOPOI IPOM3BOAHON BHYTPH NHKa NMOMNIOWEHNAs |, f (x).

Copeprkanue Oelka B SKCTpaKTaX TKaHEeH IIPH 3TOM ONpeAersuiy mo Metoy CMUTa, B peakny ¢ ONIITHXOHHHOBOH
kucioToi [12]. B kauecTBe cTaHAapTa NCIOIB30BAIN CBEXXeNpUrorosieHHbIH pacTBop 10 mr/mi BCA B 1,15% pactBope
KCI. Peakuuto u hoToMeTpHro IpOBOIIITH B 96-1yHOUHBIX maHmeTax. Crmycts 30 muH peakiun npu 37°C onTHYecKyIo
IUIOTHOCTh PAacTBOPOB M3MEPsUIM Ha IuaHiieTHoM (oromerpe iMark ¢ duibtpom 570 HM. [lo mosydeHHBIM JTaHHBIM
ONITHYECKUX IUIOTHOCTEH UIS pa3iIW4HbIX KoHIEeHTpauuii BCA momyyann kaauOpoBOYHYIO 3aBUCHMOCTb ONTHYECKOMH
IUIOTHOCTH OT COJIEpKaHWs Oellka, — Ha OCHOBAaHMM KOTOPBIX ONpPENEISUIN CpPEIHEE COJCp)KaHHEe OenKa B KaxIOM
OTJENIFHOM 3KCTpaKTe MO 3 TOYKaM IOMOIeHaTa TKaHU pa3lnu4YHoro pasBeaeHus. Ilpu pacuére manubsix mo MJIA
OTHOCUTEIIBHO COAEP)KaHUs OelKa OTHOLICHHE PAaCCUUTHIBAIU Ui KaKIOTO OTIACNBHOrO oOpasia TKaHW OTAEIHHOTO
’KUBOTHOTO, BBIYUCIISITA OTHOIIIEHUE M3MEpPEeHHOW B HEM KoHUeHTpanmud MJIA k m3aMepeHHOHW B HEM KOHIICHTpAIUH
Oenka, — a 3aTeM O3TH JaHHBIE YCPEIHSIM IO Tpymre u3 5 o0pa3loB NaHHOW TKaHW ISl Pa3HBIX J>KUBOTHBIX.
CraTtucTuiecKkue pa3inius BEIOOPOK OTPEIeNsuIN ¢ NCTI0NIb30BaHUeM t-KpuTepHst CThIOJIeHTa ABYXBBIOOPOYHBIM TECTOM
C HEpaBHBIMU JBYCTOPOHHUMHU AUCHEPCUSIMHU.

PE3YJIBTATHBI

Bun criektpoB mornomienust pactBopoB ctaHgapta (TMII) pa3HOW KOHIIEHTpalMd M WX BTOPBHIX IPOWU3BOIHBIX
MpEACTaBIIEH Ha PUCYHKeE 1.
O6o01meHHple KanuOpoBOYHBIE TpadUKU 3aBUCUMOCTH 3HAYEHUS ONTUYECKOW TUIOTHOCTH HA JIJIMHE BOJHBI
532 HM, TIPOU3BOJHBIX BTOPOTO MOPSAIKA U UX WHTETpAIbHBIX cyMM 520-550 HM oT koHneHTpanuun TMII umenu Bug,
MIpeICTaBICHHBIN Ha pUCYHKE 2 a-B.
Ha ocHOBe mony4eHHBIX JMHEHHOW anmpoKcHManued 3TUX KalMOpOBOYHBIX 3aBHCHUMOCTeH (puc. 2a, 2B) oOT
koHueHtpauu TMII B pactBope (X): 3HAUEHHMH ONTHYECKOH IJIOTHOCTH B MakCHUMyMe fs53uu(X), COOTBETCTBYIOIIETO
3HAYEHHS BTOPOH TPOM3BOIHOM f//530:(X) (6) M mTomany ee muka oT 520 10 550 HM B BHJIE HHTEIPATbHOI CyMMBI

550 .
fsz of //(x) (B) MO aHANOTMYHEIM JAHHEIM PACTBOPOB PEAKIMH SKCTPaKTOB TKaneii ¢ TBK (cm. mpumep Ha puc. 3) — 65110

paccunTano coaepxkanne MJIA B coorBercTBytomux 10% skcTpakrax.

MOHO 3aMETHTh, YTO MCXOJHbBIE CIIEKTPbI ONTHYECKON TUNIOTHOCTH CHUIIHO BapbUPYIOT BCIEACTBUE (IYKTYaI[MU
Hecrerduueckoro (OHOBOTO YpPOBHS TOIJIOIIEHHsT pacTBopa. Elne B OOblied CTENEHW Takue CKadyKd OOIIero
(hoHOBOTO TOTJIONMIECHHUS HAOIIOMATHCE TSl PACTBOPOB PEAKIIMU IKCTPAKTOB TKAaHEW, HECMOTpPSI HA CyMMapHO JBOMHOE
neHTpudyruposanue. IIpuMepsl CHEKTPOB pacTBOpPOB peakimu ¢ TBK 11 roMOreHaToB MEYCHH CaMOK MBbIIICH
MpeICTaBIeHbl Ha PUCYHKE 3.
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CriexTpbl HOIJIOLICHUS pacTBOPOB pazHoi koHueHTpauu TMII nocie peakuuu ¢ ThK

0,06
2 —— 0 mkM MDA(TMII)
g 0,05 ——0,1143 mkM MJIA(TMIT)
é 0,29 mkM MJIA(TMIT)
= 0,04 0,29 mkM MJIA(TMII)
£ ——0,57 mkM MDA(TMIT)
£ 0,03 0,7 mkM MJIA(TMIT)
E 0,86 mkM MJIA(TMII)
= 0,02 1,14 mkM MJIA(TMII)
E - 1,14 mkM MJIA(TMIT)
g 0,01
3
o
5 07
460 470 480 490 500 510 520 530 540550 560 570 580 590
-0,01
JJHUHA BOJHbI, HM
2) -0,02
BTopbie npon3BoIHbIE CIEKTPOB MOIJIOIEHHUS paCTBOPOB pa3HOM KoHLeHTpauuun TMIT
nocie peakuuu ¢ TBK
0,0002
Es)
]
=
2 0,0001
=
) y
= 0 w%awﬁv N~
2 460 470 480 490 500 510 520 550 560 570 580 590
o
E -0,0001 JUTMHA BOJIHBI, HM
=
5
S -0,0002 —— 0 mkM MJIA(TMIT)
° ——0,1143 mkM MJIA(TMII)
-0,0003 0,29 mkM MJIA(TMIT)
0,57 mkM MJIA(TMII)
-0,0004 = 0,7 mkM MZIA(TMII)
0,86 mkM MJIA(TMIT)
-0,0005 1,14 mkM MJIA(TMIT)
0)

Pucynok 1. [IprMeps! CIEKTPOB ONTHYECKOH INIOTHOCTH PACTBOPOB Peakiu pa3mniHbix kKorueHTpanuii TMII ¢ TBK
(a) ¥ BX BTOpPBIX IPOU3BOAHBIX (0)

MO>KHO 3aMETHUTb, YTO 00N ypoBeHb (POHOBOT'O MOTJIOMIEHHST PACTBOPOB (QIIYKTYHPYET C aMIUIUTYI0i OoJbIIeH,
YeM CHTHaJl MOTJIOIIEHUS OKPALIEHHOro ajAyKTa B 3THUX pacTBopax. [Io3ToMy A KOPPEKTHOIO ydeTa COAEpKAHUS
NUTMEHTa B PACTBOPE €IMHCTBEHHOTO 3HAUEHMs ONTHYECKOW IUIOTHOCTM B MAaKCHUMyMeE IOIJIOUICHUS
HE0CTaTOYHO, — HEOOXOANMBI MaTeMaTHIECKUE MTPE00pa30BaHMs JAHHBIX, C YIETOM 3HAYEHUH ONTHYECKOH INIOTHOCTH
HA yJ9acTKax CHEKTpa, [Ie HET MOMIOIEHHs LENEeBOT0 BEECTBA.

B pesynpraTe 0OpaTHBIX pacdeToB IO ANNPOKCHMHUPYIOUIMM 3aBHCHMOCTSIM 3HAYCHHWH pPa3HBIX MOPSAIKOB
MIPOM3BOTHON (PYHKITHI ONTHYECKON INIOTHOCTH OT coaepskanist M/IA Obutn paccuntansl konmaectBa M/IA B pacTBopax
peaxy TKaHeW MBIIIeH, OTACTBHO I KaXXI0i 0coOH, M 3aTeM OHM OBUIM YCPETHEHBI M0 5 3HAYCHUSAM IS KaXKTOi
SKCIIEpUMEHTANBHOM Tpynnbl. Cpenaue 3HaueHus cogepykanus MJIA B pacTBope KaKIOTO THIIa TKaHHU, OJTYYICHHBIE C
UCIIOIb30BAHUEM PAa3IMYHOIO THUIA CIVIKMBAIOIIUX NPOLEAYP, HPEICTaBICHBl B Tabiuue 1, a Takke HAriIsgHoO
0TOOpaxKeHbI Ha THCTOTpaMMax pUcyHKe 4. ['mcrorpamma 46 cONOCTaBIIsAeT pa3Hble ITOCOOBI CITIAXHUBAIOLINX HPOLEYD
U OTpaXkaeT XOPOIIYI0 CXOAUMOCTb IIPU aHAJIN3€ UMEHHO UHTETPAJIbHBIX CYyMM ITHKa BTOPOM MIPOU3BOIHOM.
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onTHYeckasi IIoTHOCTH f(532 Hm)
0,06
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0,04
0,03
0,02
0,01

y = 0,0448x + 0,0052
R? =0,7511

0 0,2 0,4 0,6 0,8 1 12 1,4

konyenmpayus M/IA ¢ pacmeope (no TMII), mxM
a)

7 (x) koHuenTpauust MJIA B pacrsope (no TMII), MM
0 0,2 0,4 0,6 0,8 1 1,2 1,4
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-0,0005
-0,0006 y =-0,00038x - 0,00002
R?=0,94929
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HHTEerpajbHas cymma 520-550nm f7'(x) ¥ = 0,0554x + 0,007
0,08 R?>=0,9661
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0
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koHueHTpauuss MJIA B pacrBope (mo TMII), meM
B)
Pucynok 2. 3HaueHHs ONTHYECKOW IUTOTHOCTH MpH 532 HM Iy pasnumyHbiX koHIeHTpamuid TMII m moctpoeHme
anIpoKCUMHUpYIOIEH 3aBUCHMOCTH Ha MX OCHOBE (@), a TakKe 3aBHCHMOCTEH Ui COOTBETCTBYIOIIMX 3HAUYCHMIT
BTOpOii Tpom3BomHON f//s:uv(x) (6) M muomau ee muka ot 520 10 550 HM B BHAE HHTErPanTbHOM CyMMbI

ooy £/ (x) (8)

%k IMOJYYCHHBIX JAaHHBIX BHIAHO, YTO BCJICIACTBHUEC, IO-BUIUMOMY, MOBBIIIICHHOMN MYTHOCTHU OJKCTPAKTOB
6I/IOJ'IOFI/I’-IGCKI/IX TKaHeﬁ, JAaHHBIC 10 COACPIKAHNUIO MTUTMEHTA, IMOJTYUYCHHBIC TOJILKO HAa OCHOBAHUN 3HAYCHHUI ONTHYCCKOM
IJIOTHOCTH Ha OJHOM AJIMHE BOJHBI, MOTYYar0TCs 3aBBIIIEHHBIMU, C CUJIBHOM BapHanueil. AHaIu3 BTOPBIX MPOU3BOAHBIX
(YHKIIMH TIOTJIOIIEHHS TIOKa3bIBACT JIYUIITYIO CXOJMMOCTb ISl pACTBOPOB OIMHAKOBOTO TUIIA ¥ TO9TOMY BHIHUTCS Ooee
KOPPEKTHBIM JUIsS HCIIONIb30BaHMS B pacuérax cozpepkanuss MJA. OOmasi cXOOUMOCTh MEXIy pa3ITHYHBIMU
CIIIXXHBAIOIIMMH TpOLEAypaMn OOHapy>KMBAaeTCs JIydIIeH NpH HCIOIb30BAHWM B pacyeTax HHTETPATBHBIX CYMM
Jozo £

520

Uto6b1 OTHECTH NOTy4YeHHBIE KomdecTBa MJIA B 9KCTpakTax K COAEpKAHUIO B HUX OenKa, KaK 3TO IPUHSATO IpU
MIPEACTaBICHUH JAHHBIX BO MHOTHX HCCIEOBaHUSAX, U HOPMAIU3ALUH KOJIHYECTBA KIETOYHON Macchl [9], peakuus Ha
Oesok OblIa MpoOBEJCHA B COOTBETCTBUHM C METOAMKOH [12] — M ObulM paccuMTaHbl KOJMuYecTBa Oeiika 10 JaHHBIM
KaJIMOPOBOYHOM 3aBUCHMOCTH TI0 cTangapTHoMy pactBopy BCA 10 mr/mi, npeacraBieHHON Ha PUCYHKE 5.
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0.09 BI/I}I CIHEKTPOB MOIJIOLICHUS PACTBOPOB PEAaKIIUU C TBK IKCTPAKTOB NECYC€HU
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Pucynok 3: [Ipumepsl CHEKTPOB ONTHYECKOM IUNIOTHOCTH 5 00pa3LoB MPOIYKTOB PEAKIMU IKCTPAKTOB MIEUYCHH CAaMOK
mpimieid ¢ TBK (a) 1 cOOTBETCTBYONINX BTOPBIX MPOU3BOAHEIX (0)

Taoauna 1. Conepxanne MJIA B skctpakrax TkaHed (I1 — meuenu, JI — nérkux u M — Mmo3ra) B rpynmax
camok (9) u camuos (') MBILIEH, PACCUMTAHHBIE TIO0 ONTUYECKON TUIOTHOCTH TPH 532 HM, a Takxke MOCIe
CTJIXHUBAaHMUA ABYMs CIOCOOaMM Ha OCHOBAaHWM (PYHKIMH alPOKCHMAINH, TIOKa3aHHBIX Ha PUCYHKE 2
IIpencraBnensl cpegHue Mo 5 ocoOsM 3HaUeHMs + cTaHAApTHas ommubka cpegHero (* 0003HAYEHBI
oOHapyKeHHBIE TOCTOBEPHBIC Pa3IHYIsI MEXy BEIOOpPKaMHU CaMIIOB U CAMOK II0 5 0co0eit)

Konuentpanusa MJIA, MM
Cria)xuBaHue CKOIb3SIUMHI CrnaxxuBanue (QuIbTpoM
IOJI U
CpeIHUMU Casunkoro-I"ones
Opran 5320w 550 550
1 s30mu(X) /7 (x) f1 s32au(X) £ (x)
520 520
Pn 2,62+0,74 0,93+0,06 0,91+0,04* 1,18+0,06 1,09+0,05
Jn 4,51+1,10 0,85+0,09 0,54+0,08 0,77+0,11 0,64+0,10
QI 2,34+0,53 0,52+0,09 0,52+0,10 0,69+0,10 0,63+0,12
3J 1,58+0,12 0,59+0,10 0,34+0,04 0,50+0,08 0,37+0,05
M 1,10+0,83 0,29+0,03* 0,19+0,01 0,25+0,01 0,17+0,01
M 2,48+2,1 0,42+0,05 0,23+0,04 0,28+0,05 0,21+0,06
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ConocraJjienue pacuérnoro coaep:xxkanust MIA B 10% 3kcTpakTe TakHei npu
Pa3HbIX cnocodax npeodpa3oBaHuii

61 w2

MJIA B 10% 3xcTpakte, MKM
IS

A
OTI I
a)
ConocraBneHue pac4yétHoro cogep:kaHna MOA B 10% aKcTpaKTax
TaKHeW Npu pasHbix cnocobax npeobpasoBaHuii
s 14 %2
E. é w3
£ 127
§ é 2 % #5
= 08 1 NiE )
1\ e
NN ENIR BN
o« IN3VE Yo B B ‘
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0)

PHCyHOK 4. ComocTaBicHHE JaHHBIX PAacCUMTAaHHOI'O Pa3IMYHbIMU criocodamu COoACpKaHU MI[A B JKCTpaKTax

TKaHEei: M0 JaHHBIM IOTJIOIICHUS] B MakcuMyMe fs32uv (cTONOMKM 1 Ha puc. 4a), a Takke 110 3HAYEHHUSIM BTOPOU
o . . 550
MPOU3BOIHOM Ipu 532 HM (cTonOuku 2 u 4) v iomanu e€ muka 520-550 HM B BHJIC HHTETPATIBHOM CyMMBI fsz o 1 (x)

(cronbukn 3 u 5), mociie pa3HBIX CrIAXHUBAIONIUX IPOIEAYp: CTONONB! 2 U 3 — CKONB3AIIeH cpeqHuii, cronousr 4 u 5 —
TocJIe TIPeABapUTENBHEIX MpeobpazoBanuidt gunsTpoM Casunkoro-I'omes. I'mctorpamma 40 HariasgHO OTpakaer
XOPOILYI0 CXOAUMOCTb JaHHBIX IIPU aHAJIN3€ UIMCHHO MHTErPAJIbHBIX CyMM ITHMKa BTOPOH POU3BOJHOM

ITo pe3ynbTaTaM aHANIOTHYHON PEAKIUH PACTBOPOB C MCCIEIYyEMbIMH JKCTPAKTAMH TKaHEH OBUIM pacCUMUTaHBI
KonMuecTBa Oenka B KakaoM 10% OdKCTpakTe Aisl KaXAOTO pacTBOpa OTIEIBHOTO JKMBOTHOTO IO JIaHHBIM €ro
3 pa3nmUYHBIX pa3BeleHUH, ONMUPasCh Ha aNMPOKCUMUPYIOUIYIO 3aBUCUMOCTb, TIPEJICTABICHHYIO Ha pucyHke 5. Jlanee,
HCIIOJIBb3Ysl PACCUMUTAHHBIC MTPEXKIC pasHbIMHU criocobamu konmudectBa MJIA B 10% 3KCTpakTe, pacCYMTHIBAIN OTHOILICHUC
conepxanns MJIA k Oenky. [TomydeHHbIe cpelHUE 3HAYCHUS TIPECTABICHEI B Tabmuie 2. I3MepeHHOoe TakuM 00pa3omM
konuyecTBo Oenka B 10% dKCTpakTax TKaHEW OYCHb BapHUPOBANIO BHYTPH KAXKIOH TPYIIBI M B CHJIBHON CTEIICHU
3aBHCEN0 OT TEMIEPATYPHBIX PEKUMOB SKCTPAKIIHH.

Copepkanue Oellka B DKCTpPaKTaX IEUSHH CaMIIOB OBLIO MPOBEACHO ¢ M3MEHEHHEM METOIUKH M He OyIeT 31ech
paccMoTpeHo.
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Onruyeckue mWI0THOCTU pacTBopoB BCA

3
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Pucynok 5. KanmubpoBouHast 3aBUCIMOCTh ONTHYECKOH TUIOTHOCTH pacTBOpoB 30-MuHyTHOH peakunu BCA ¢
OMIMHXOHUHOBOH KUCIOTOH B Cu2SO4

OneHka copepxaHus Oesika OMUCaHHBIM METOJIOM MOJIBEP)KEHA TeM K€ MCKAKEHUSIM, MPUBOJSIIIMM K BHICOKHM
MOTPEIIHOCTAM, Kak M TpHU ompeneneHun cojepxanus MJIA u, BO3MOXXHO, CTOMWJIO Obl NMPOBECTH AHAJIOTHYHYIO
MIPOLIEAYPY CIIEKTPAILHOTO aHAJIN3a BCEX UCIIOIb30BAaHHBIX PACTBOPOB PEAKLIMK C OMIIMHXOHNHOBOH KucioTol n CuaSO4
B ananazone 550-650 HM. DTOT peTpOCHeKTUBHBII BBIBO/ OyIeT HAMHU YYTEH IPH JabHEHIINX HCCIICTOBAHMUIX.

Ilo naHHBIM pacyeToB, MOJIyYEHHBIX IOCIE CIIAXKUBAaHHUS METOJOM CKOJb3smei cpenneil, B 10% skcrpakTax
TICYCHN HET pa3iuuuii 1o conepkannio MJIA mMexny camiamu u camkamu. B 10% skcTpakrax nérkux He 0OHapyKeHO
pasnuauii mo conepxanuio MJIA Mexy camiamu 1 caMKaMu. [1py criuaKuBaHUM CKOJIB3SIIUMH CPEIHUMH B 9KCTPAKTaxX
Mo3ra 0OHapyKEHBI pa3iInuyus 1Mo coaepkannio MJIA MexIy caMiiaMy M caMKaMH TOJBKO NpH pacuére ¢ OMmopoi Ha
3Ha4YeHHE BTOPOU MPOU3BOAHOM mpH 532 HM (HO HE MPU UCHOJIB30BAHNH €€ MHTErPAbHBIX CYMM), — ¢ 00JIee HU3KUMU
3HaYeHnsIMHA MJIA y Tpymnmsl caMoK 1O CpaBHEHHIO ¢ camraMu. [Ipu crimaxuBannu GrisTpom Casuiikoro-I ones Takux
pa3nuauii He BbIsiBIEHO. O000111ast 3TH JaHHBIE, MOKHO CAENATh BBIBOJ 00 OTCYTCTBHH JJOCTOBEPHBIX PA3IHMUNN B YPOBHE
MJIA TkaHu neYeHu, JErKUX U TOJIOBHOTO MO3Ta MEX/y CaMIlaMU U caMKamH Mbliei muaun C57B1/6J.

Mexay AByMSI METOJIaMH CIUIa)KUBAaHUS MPOSBUIINCH JOCTOBEPHBIEC PA3INYHS TOJIBKO B CIIydae SKCTPAKTOB IEUCHU
CaMIIOB: JAaHHBIC, CTJIAKCHHBIE CKOJIB3SIIIIUM CPEIHUM, MOTyYCHHbIC MPH MOMOIIN WHTETPAIbHBIX CYMM IHKa BTOPOI
MPOU3BOHON OTIMYAIOTCS OT MOJYYEHHBIX Npu €€ 3HaueHuu Ha 532 HM. Ilpu 3ToM naHHBIE 3HaueHWH BTOpOMH
MIPOM3BOAHON NpH 532 HM HE pa3iuyYaroTcs C AaHHBIMHM, TOJyYEHHBIMH IOCJE CriaKuBaHui ¢uibTpom CaBUIIKOTO-
Tonest ¢ monmmHOMamu TpeThbeit crenenn. CXOANMOCTb IaHHBIX MEXAY Pa3HbIMHU CIIOCO0aMH yu€Ta BTOPOH MTPOM3BOAHON
TI0CIIE CTIIAXKUBAHUS KyOMIECKUMH TIOJIMHOMAMHU, B IIETIOM, JIyYlIle.

W3 comocraBieHUs MONYyYEHHBIX JAHHBIX MBI 3aKIIIOYHUIIHN, YTO CJIENOE UCIONb30BaHUE €AUHCTBEHHOIO 3HAYEHUS
ONITHYECKOM IUIOTHOCTH HA OJHOW UIMHE BOJHBI HE OTPaKaeT pealbHYI0 aMIUIMTYIy NUKa W Ja€T 3aBbIIICHHBIC
Ppe3yIbTaThl, TTOJydaeMble ¢ BBICOKOW IOTPEIIHOCTHIO, KOTOPYIO YMEHBINAET MCIOIb30BaHNE METO/A aHAJIN3a BTOPHIX
TIPOM3BOAHBIX CHEKTPOB. BhIMIeHEeHNE HCTHHHOM aMIUTUTY (b CUTHAJIA TIOTJIOMIEHHUS MOXKHO CAETATh MPH IpapuIeckoM
aHaIM3€ CIEKTPOB, YTO 3aTPYAHUTENBHO MPU MHOXECTBEHHBIX PYTHHHBIX M3MepeHHsAX. HampoTus, criaxuBaHue U
pacyéT MPOM3BOAHBIX JIETKO aBTOMATHU3UPYETCs, YTO YIPOIIAET IIOJyYEHHE WTOTOBBIX PE3YyJIbTAaTOB M YIIy4INaeT
CXOJMMOCTb JITaHHBIX.

Tabauna 2. Conepxanne MJIA Ha 1 Mr Oesika B 9KCTpaKTax TKaHIX MBIIIEH, TIPH UCIIOIb30BAaHUHU PA3HBIX
CIOCOOO0B CTIIAXKUBAHUS, YCpeTHEHHBIE 110 5 00pa3uam kaxaoro 10%-skcrpakra [IpeacraBneHs! cpeanue
1o 5 0co0sM 3HaueHMsl + CTaHAapTHas omubka cpexHero (* 0003HAYEHBI JOCTOBEPHBIC MEKIIOJIOBBHIC
pas3urst BEIOOPOK 10 5 0cobeit)

MJA/06e10K, HMOJIb/MI
coaep:KaHue CrnaxuBaHue CKOJIb3SAIUMHU CrnaxuBanue (QuIbTpoM
(o) B7
OeJika, CpeJHUMU Casurikoro-I ones
Oprax ME/MT {5320 550 550
o) | [ @ | e | [ i
520 520

Q1L 8,8+0,8 0,32+0,11 0,109+0,013 0,106+0,010 0,14+0,01 0,13+0,01

QI 8,9+0,8 0,27+0,07 0,058+0,009 0,058+0,007 0,077+0,007 0,069+0,010

s | 8,6+1,3 0,21+0,05 0,077+0,023 0,045+0,011 0,067+0,020 0,049+0,013

M 5,4+0,7 0,23+0,17 0,057+0,009 0,036+0,004 0,049+0,007 0,034+0,004

dM 8,2+1,4 0,48+0,46 0,060+0,019 0,034+0,013 0,041+0,017 0,032+0,016
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ConocraBiieHHe TOXYYeHHBIX KoHIEHTparwmi MJA ¢ apyrumu uccnenoBanusmu [7-9, 13-15] mokassiBaeT, 9To
3HAUEHUs, IIOJIyYEHHbIE HA OCHOBAHMM ONTHMYECKMX IUIOTHOCTEM TOJBKO HA OIHOW [UIMHE BOJIHBI MakCHMyMa
MOTJIOIIEHHS], JTydIlle COIVIACYIOTCS JAAHHBIMHU, MOJY4YEHHBIMH aHAJOTHYHBIM MeTonoM [14]. OnHako crneKTpaibHbII
aHAJIM3 TIOKA3bIBAET HEKOPPEKTHOCTh TaKOW METOJIMKH, a PE3yJIbTaThl, IMOJYYCHHbIE METOJOM aHajh3a BTOPBIX
MPOM3BOJHBIX, JYYIlle COTJIACYIOTCS C JaHHBIMH, MoJydaeMbIMH MeTonamMu BOXKX u ra3zoBoil xpomaTo-macc-
cnektpoMerpuu [9,13-15].

Taxxe Ha moy4aembie 3HaueHUS MJIA B 3KCTpakTax TKaHEH B CHIIBHOM CTCTICHU BIUSCT UCIIOJIE30BAaHKE JINOO HET
AHTUOKCHJIaHTOB, B yacTHOCTH BI'T. MOXHO mpeanosokuTh, 4TO 3TOT MOMEHT TaKKe SIBJSIETCS] BaXKHOM MPUUYMHOM
IIMPOKOTO pa3zdpoca MaHHBIX, MOTYYaeMbIX pa3HBIMH HCCIIENOBaTeISIMU TpH m3MepeHusx MJIA. B OonpmuHCTBE
myOnuKanui mpu omucaHusx Metojga o BBeaeHWH BI'T He ymommnaercs. CoracHO HAIIUM ASKCIEPUMEHTAIBHBIM
nccienoBanmsaM, 6e3 BeeneHns TBK B roMoreHaT TKaHHU, onpeaenseMblii B HEM ypoBeHb MJIA ONMMCaHHBEIM METOIOM
OKa3BIBAETCSI B HECKOJIBKO pa3 BEIIIE, 9yeM ¢ gobaBnerneM TBK, u pacTér co BpemMeHeM XpaHEHHs HKCTpakTa (IaHHBIE
3[1eCh HE TPE/ICTABICHBI). DTO MOXET OBITh CIEJCTBHEM PEaKIWi SHIOTEHHBIX (PEPMEHTOB TKaHEH C JIHMIUAAMHU TpU
roMoreHu3anuu. G GEKT MOTHOCTHIO HUBSIMPYETCS BBEICHUEM aHTUOKUCIUTE . [103TOMY /ISl YUCTOTHI PE3yJIbTATOB
aHanu3a Mbl peKkoMeHayeM BBOAuTh BI'T wnu MHOW aHTUOKCHJAHT Ha CTaauud ToMoreHusanuu. Emé oanum
CYIIIECTBEHHBIM TapaMeTPOM SIBJIIETCS TeMIiepaTypa oxjaxiaeHus cMecu mocie peakuuu ¢ TBK. Ecam g0 mauvama
peakIiy KOJMYESCTBO OEKa B IKCTPAKTE CTOMT MUHHMHU3HUPOBATH, HAIIPUMED, XOJIOJOBBIM IICHTPU(PYTUPOBAHUEM, TO
MOCJIC TOSIBJICHHS aJIyKTa i1 CTa0MIBHOCTH PE3YJIbTUPYIONIETO KOJUIOMIHOTO PAaCcTBOpa IUIABHBIC MOHMKCHUS
TeMIIepaTypbl HU)KE KOMHATHOH MOTYT MPUBECTH K O0OPa30BaHHIO OKPAIICHHOTO HEPAaCTBOPUMOro ocajka. B To ke
BpEMs1, PE3KO€ 3aMOpaKUBAHKUE U OTTAMBAaHUE HE U3MEHSIET JeTeKTUpyeMoe coaepkanue MJIA B HEM.

B xoneunsle naHHBIC ¢ cooTHOmEeHHEeM MJIA K OenKy Takke BHOCHT IOTPEITHOCTh METO/IMKA aHAIH3a Ha OeNOoK,
OCHOBAHHAs Ha aHAJIM3¢ ONTHYECKOW ITUIOTHOCTU Ha OJHOW JJIMHE BOJIHBI, KOTOpPas TAKKE MOXKET OBITh yIydIlIeHa 110
CXOJMMOCTH JAAHHBIX [P aHAIU3E MPOU3BOAHBIX CIIEKTPOB MOIJIOIIECHHUS IOJy4aeMbIX PACTBOPOB.

BBIBO/IbI

Busyanuzanuus CHEKTpajbHBIX JAHHBIX ONTHYECKOTO IOIVIOIICHHS PacTBOPOB PEaKLUUU SKCTPAKTOB TKaHEH
*kuBOTHBIX ¢ TBK noka3siBaeT, 4To METOI U3MEPEHUS EAMHCTBEHHOT O 3HAUYEHUS ONITHYECKOM IUIOTHOCTU Ha OTHOM AJIMHE
BOJIHBI 00J171aeT HEYTOBJICTBOPUTEIBHON TOYHOCTRIO /T aHanu3a coaepxanust MJIA B Hém. [lokaszaHo, 4TO pacueTHbIC
konngectBa MJIA, noigy4eHHbIe HA OCHOBAaHMHU TOJIBKO 3HAYEHHUH ONTHYECKOH IMJIOTHOCTH PAaCTBOPOB PEAKIMK TKaHEH ¢
TBK npu 532 HM, MOTYT OBITh B HECKOJILKO pa3 BBIIIE JAAHHBIX, MOJyYaeMbIX MPH aHAIU3€ MPOU3BOIHBIX (YHKIHMNA
MOTJIONIEHUS. AHAIU3 BTOPBIX MPOU3BOIHBIX CIEKTPOB MOKA3bIBAET JYUIIYIO CXOJUMOCTh U B HECKOJIBKO pa3 MEHBIIYIO
Bapuanuio. Hanbosee KOPpEeKTHBIM CrOCOOOM pacueTa HaM BHIUTCS UCIOJIB30BAHUE HHTEIPAILHBIX CYMM BTOPOU
MPOU3BOJIHOM HA yJacTKe IMUKa MOTJIOLIEHUS MTUTMEHTA, OTPAKAIOIIMX 3aMETAEMYIO €10 IUIOMIA b MUK, YTO YUUTHIBAET
BO3MOJKHBIC CICKTPAIBHBIC YIIMPECHUSA. Takke MOKa3aHO, YTO TOJXy4aeMbIe 3HAYCHUS MOTYT 3aBHCETh OT CIIOCO0a
CIJIQXKUBAHUS UCXOHBIX CIIEKTPOB MOTIOLIECHHUS.

Ananuz cogepxanus MJIA B TKaHAX NMEYEHHU, JETKUX U FOJOBHOTO MO3Ia CAMIIOB M CAMOK MBIIIEN HE BBISBUII
CYILIECTBEHHBIX Pa3IMYUi MEXAY NOJaMHu.

bBnacodapuocmu. Aemopul svipasicarom 61a200apHOCHb 3a NOMOWD 8 NOLYYEHUU OAHHBIX HAYYHOMY COMPYOHUKY
«Kypuamoesckozo uncmumyma» Manaxoey C.H.

Taxkoice asmopbl gvipadicaiom oepomuyio 6nazooaprocms Toxmomamamogy M.H. u eco nayunomy pyxoeooumento
0.M.H., npoh., 3as. 1ab. adanmayuornou meduyunvt @OM MIY, Apxunenxo FO.B. 3a udewo cnexmpockonuu
NPOU3BOOHBIX 8 NPUMEHEHUU K onpederenuto cooepcanusi MJA, onybauKosannyio 6 omKpulmom UCMOYHUKE 8 GUOe
Kypcoeoti pabomul « Oyenka yposHs MAIOH08020 OUATLOESUOA 8 KPOBUY.
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MDA PHOTOMETRY IN SOLUTIONS: COMPARISON OF METHODS OF DIRECT OPTICAL DENSITY
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Abstract. In this study, we analyzed the absorption spectra of the reaction products of aqueous extracts of
mouse tissues with thiobarbituric acid, with the aim to determine the concentration of malonic dialdehyde
(MDA) in them. The concentration of MDA is an important part of the analysis of the redox status of
tissues, which is important in the study of inflammatory reactions, for example, after various stressful
effects, as well as in the study of aging. In normal practice, they calculate the concentration of MDA in a
solution by its optical density at 532 nm, then these data are related with similar solutions of the
tetramethoxypropane (TMP) reaction with known concentration. We have shown that in cases of
submicromolar MDA content, fluctuations in the nonspecific background level of the optical density of
solutions can be commensurate to the magnitude of the actual absorption signal of the resulting colored
adduct. Solutions of biological tissue extracts, due to the additional content of proteins, lipids and
carbohydrates, are characterized by turbidity, which distorts the absorption spectrum non-linearly. The
second derivatives of the absorption spectra deprived of background scattering distortions and can be used
for automatic software calculation of the pigment content. Obtaining correct derivatives is complicated by
the need to smooth the original spectra. We used two smoothing methods: the moving average method and
the Savitsky—Goley filter with a polynomial of the third degree. We compared the data obtained on the
basis of measuring the optical densities of solutions at 532 nm with those based on the analysis of the
second derivatives of their absorption spectra, and also on the basis of integral sums of the second
derivatives in the range of 520-550 nm. The results of calculations using the second derivatives gave
2-5 times lower concentrations of MDA than those obtained from optical densities at the maximum
absorption of the adduct. At the same time, the convergence of the data, especially when using integral
sums of the second derivatives, turned out to be significantly better than for the zero order, and the resulting
errors were 2-3 times smaller.

Key words: derivative spectroscopy, smoothing of spectra, malondialdehyde (MDA), liver, lungs and brain
of mice, oxidative stress.
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AnHotanusi. B paboTte paccmarpuBaeTcs OAHO W3 BaKHEHIINX HaNpaBlICHUH B COBPEMEHHOMN
(hapmakoorun — afapecHast 10CTaBKa JIGKapCTBEHHBIX ITPENapaToB, a IMCHHO HANPABJICHHBIH TPAHCIIOPT
JIEKAapCTBEHHOTO BEIECTBA B 33JaHHYIO0 O0JAacTh OpraHW3Ma, KOTOpas peaqusyercs MNpH IOMOIIN
HOCHUTEJIEH, MEIOIINX, KaK IIPAaBUIIO, pa3MEpPHI B AECSATKH MM COTHH HAHOMETPOB, PA3IIMYHYIO IIPUPOLY U
XuUMudeckoe cTpoeHne. OOcCyXIaercs [ocTaBKa IPOTHBOOIYXOJEBBIX IIPEHNAapaToB C ITOMOIIBIO
Ha”odacTul. MMMoOumu3anus JiekapcTB Ha HAHOHOCHTEIISX MO3BOJISIET MOBBICUTH UX OMOJOCTYHMHOCTS.
Paznmuansie mponsBoaHbIe Tpadena — okcun rpadena (GO) u BocctaHoBiIeHHBIH okcnp rpadena (RGO) —
TECTUPYIOTCS B KAueCTBE HOCUTENEH Ul JOCTAaBKU JIEKapCTB. s anpecHOW JOCTaBKM JIEKApCTB B
OHKOJIOTUH €CThb HECKOJIBKO NOIXO0J0B. IlepBmlil, MpOCTON — MNpUKpEIUIEHHWE, KaK HU3KO-, TaK U
BBICOKOMOJICKYJSIDHOTO TIpernapara Ha IMOBEpXHOCTb HOCHTElNlsl Hampsimyto. [Ipemapar mokcopyOuiuH,
MPOYHO CBSI3aHHBINA C MOBEPXHOCTBIO OKCHJa rpadeHa M BBICBOOOXKIAETCS TOJBKO B KHCIOTHOW cpele
ormyxonu. Btopoii, Oonee CIOXHBIA cHOCOO0 - NPUKPENHUTh K HOBEPXHOCTH HOCUTENS HE TOJIBKO
JISWCTBYIOIIIEE BELIECTBO, HO M HAINPABJISIOLINE MOJIEKYIIBI — JJMTaHAbl. MHOTa caM JIMraHa MOXKeT OBITh
onHoBpeMeHHO W JyekapcTBoM. [lomml'paden (III)) — opuruHanpHBIE MOAMGHUIMPOBAHHBIA aHAJIOT
TEepMOpACIIEIUICHHOTO TpaduTa, IMOJy4YeH B BHAE HOBOM (OPMBI pacHIMpeHHOro Trpadura, mocie
MHOTOKPAaTHOM XHMHYECKOH MOAM(UKAIMK ¥ TEPMOAKTHUBALMK TPUBOIUTCS K XapaKTEPUCTHKaM
CJIONCTOTO MaTepHaja co CTOIKaMHU YIIIEPOIHBIX MOHOCIIOEB MEHBIIIEH KpaTHOCTH (0T 5 10 50), BIUIOTH 110
OIMHOYHEIX JIUCTOB Tpadena. [IpuBeneHs! pe3ynbraTel ucnsitanmii [1I7 B kadecTBe NeHCTBYOMIEH OCHOBBI
JUTSL IMMOOMIIM3aIK (PepMEHTOB, B YACTHOCTH, Ha IIPHMEpPE MMPOTHBOOITYX0JIeBoro (hepmenTa L-nm3uH-a-
OKCHAa3bl. JTH JAaHHbBIC yKa3bIBAIOT HA MEPCIIEKTHBHOCTh BO3MOXKHOTO OMOMEIUIIMHCKOTO NMPUMEHEHHS
I1I" B oHKOJIOTHH, @ MIMEHHO, NP JICYEHUN paka KuieyHnka. MomudunupoBanusle Gpopmsl rpadeHa u
nonurpadeHa cieayer paccMaTpuBaTh Kak HOBBIN NEPEHOCUHK JICKAPCTBEHHBIX CPEACTB.

Kniouesvle cnosa: epagpen, nonuepagen, 0ocmaska 1ekapcme, OHKON02UA KUWEUHUKA.

BBenenune. AKTyaIbHOCTh MCCIEAYEMOH TeMBI 00YCIIOBJIEHA BHICOKOH POJIbIO Tpa)eHa KaK CPEeNCTBa JOCTABKU
nekapctB. OIHMM W3 BaKHEWIIMX HaNpaBJICHUH B COBPEMEHHOH (hapMaKOJIOTHU SIBISETCS aJpecHas JOCTaBKa
JIEKapCTBEHHBIX TpernapaToB. Takasl JOCTaBKa IpeAroiaraeT HalpaBJICHHBIH TPAHCHOPT JIEKAPCTBEHHOTO BELIECTBA B
3aJjaHHYI0 00JIACTh OPTaHU3MA, OpraHa WM KIeTKH. OHa pean3yeTcs TPy IMOMOIIM HOCUTENIeH, MMEIOIINX, KaK MPaBHIIo,
pasMepbl B IECATKH WIIM COTHH HAHOMETPOB, Pa3InYHYI0 IPUPOIY U XUMHUYECKOE CTPOCHHE.

B mocnenHne rojasl OOJNBIIMHCTBO YUYCHBIX 3aHATHI ITOWCKOM BBICOKO3()(EKTHBHOIO NMEPEHOCUHMKA JIEKAPCTB B
opraHusMe uenoBeka. Takoil NepeHOCUHK JOJDKEH OBITh TOYHBIM, O€30IaCHBIM, OOIIEOCTYITHBIM, HHBIMH CIIOBaMH —
s¢dexTrBHBIM. B wacTHOCTH, HCCemOBaHBI MarHWTHBIE YacTHIBl M YIJIEPOIHbIE HAaHOTPYOKH, JIUIIOCOMBI H
OMOTNIOJIMMEpHI B KAUECTBE CPECTBA JOCTABKHU JICKAPCTB.

Llenpio faHHOM pabOTHI ABIIAETCS OLIEHKA BOZMO)KHOCTH IPMMEHEHHUS IpadeHa u rpadeHCoaepKAIUX yTIePOTHBIX
HOcHTelel, Kak OOBEKTOB W CIIOCOOOB HANpaBICHHOW MOCTaBKU JiekapcTB. Hapsioy ¢ mpoBemeHumeM aHanum3a,
cucTeMaru3anieil 1 0000IIEHNM CYIIECTBYIOIUX JaHHBIX, H3JI0KHUTh PE3yJIbTAaThl COOCTBEHHBIX HCclemoBaHUi. i
3TOr0 HEOOXOAUMO PAacCMOTPETh CIIEAYIOIIUE AacHeKThl 3aJadu: 1) ommcaTh OCOOEHHOCTh CTPYKTYpHl IpadeHa;
2) oxapakTepH30BaTh YHHKaJbHbIE CBOWCTBA TrpadeHa; 3) pacCMOTpETh CIOCOObI NMpUMEHeHUs rpadeHa; 4) U3yduTh
BO3MOXHOCTH HCIIOJIb30BaHUs I'pa)eHa B JOCTABKE JIEKapCTB.

O/HUM M3 NIEPCIIEKTUBHBIX ¥ CTPEMHUTEIIFHO Pa3BUBAIOIINXCSI HAIIPABIICHUI COBPEMEHHOI ()apMaKOJIOTHH SIBIISIETCS
ajipecHast (WM TapreTHast) JOCTaBKa JIEKapCTBEHHBIX IpenaparoB. HecMOTpst Ha JOCTH)KEHHSI METMIIMHBI B JICYSHUH Psijia
3a00JIeBaHMIl, MHOTHE JIGKapCTBEHHBIC TperapaTthl 00JIaIal0T CePhe3HBIM HEJOCTATKOM - HEraTHBHBIM BO3/ICHCTBHEM Ha
WHTAKTHbBIC TKaHH.

Haumnas ¢ mocmemHux necstuinetdii 20-ro Beka, aKTUBHO pa3padaThIBAeTCsl OCTAaBKa MPOTHBOOITYXOJEBBIX
IpernapaToB ¢ NOMOMIbI0 HAHOYACTUL. HaHOYACTHIBI POHHUKAIOT B OIyXOJIb Onaromaps Tak Ha3eiBaeMoMy d(exrty
«IOBBIIICHHON MTPOHUIIAEMOCTH U yaepx aaus» [1].

Hanonocurean. MMmoOwmm3anus NIeKapcTB Ha HAHOHOCHTENSX IIO3BOJIAET IOBBICHTh MX OHOIOCTYHHOCTB,
ylydlias pacTBOPHMMOCTh U oOecleynBas MPEOAOJICHHE Pa3IMYHBIX OapbepoB, HANPHUMEpP, I'eMaTO3HIE(PaTuIecCKOro
Oapbepa, CHU3HUTh BIIMSHUE Ha OPTraHW3M B 1I€JIOM, B TO JK€ BpeMsl LIeJIEHANPAaBICHHO BO3/ICHCTBYS Ha MOBPEXICHHYIO
obnactb. IMMOOMIN30BaHHbIE HA HAHOHOCHUTENSIX IMpEnapaThl OTKPHIBAIOT HOBBIE MEPCIEKTUBBI Ui 3()(EKTHBHOTO
JICYSHUS Pa3JIMYHBIX 0YaroBbIX MAaTOJOTMYECKHX IPOIECCOB, HAIIPUMED, PAKOBBIX OITyXOJIeH, MaTOJIOTHH Cep/Alia, B TOM
YUCIie UIIEMUYECKON 00JIe3HU CepALla, BOCIATUTEIbHBIX IPOLECCOB U T. .
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Hcnonp3oBaHNe CHUCTEM U3 JIEKAPCTBEHHBIX MPENApaTOB, 3aKPEIJICHHBIX HA XMMHYECKH MOANM(HINPOBAHHBIX
HaHOJUCIIEPCHBIX HOCUTEISIX, CIIOCOOHBIX 0TBEYATh M3MEHEHHUEM CTPYKTYPBI Ha CTUMYJISLIHIO CO CTOPOHBI OKpPY Karoen
Cp€abl, 1a€T HOBBLIC MHTECPECHBLIC BO3MOXXHOCTH JIA YHOPABJICHHUA ITPOLECCOM HaHpaBJ’IeHHOﬁ JIOCTaBKH IIpcraparos,
IMMOCKOJIbKY HaHOYaCTUlla NEPECTACT 6I)ITI> NMaCCUBHBIM MEPEHOCUYUKOM JICKAPCTBA U CTAHOBUTCSA AaKTUBHBIM YYaCTHUKOM
nporuecca 1ocTaBku. [IpenMyiecTBa TaKMX HAHOYACTHII OCOOCHHO OYEBHIIHBI B CUTYallMH, KOTJa U3MEHEeHUs! (U3UKO-
XMMHYECKHX CBOWCTB BHE WIM BO BHYTPHKICTOUHOH Cpebl SBISIFOTCS YHHMKAIBHBIMH ISl ONPENEIICHHOTO
MIaTOJIOTHYECKOTO Mporiecca Witk 3abosieBanusi. K TakuM cBoiicTBaM cpeabl OTHOCAT pH, Temneparypy u OKHCIUTEIBHO-
BOCCTaHOBHUTENIHHOE paBHOBecHeE [2].

B xkauectBe HOCHTeNeil JeKapCTBEHHBIX IIpENapaToB B HAcTOsIIee BpeMs Hanbosiee akTHBHO H3YdYaroTCs
yIJIEpONHbIE HAHOTPYOKH, JIMIOCOMBI, TIOJMMEpbI, JACHAPUMEpHl, (YyJUIepeHbl, MarHUTHbIE HAHOYACTHIIBI,
HaHOJMCIIEPCHBIE KpeMHE3eMBI [3].

[To maHHBIM, BIUIOTH O HACTOAIIETO BPEMEHH, HAaMOOINBIIyIO 10I0 (56%) cpenn «HAHOIEKapCTBY», OAOOPEHHBIX
JUTA TepaIn, COCTABILIIOT JIMTocoME! [4]. Kak M3BeCTHO, JIUITOCOMBI - 3TO chepruieckre My3bIPhKH U3 ABOMHOTO CIOS
JIUNUI0B pazMepoM 25-100 HM, 3aII0JTHEHHBIE KUIKOCThIO. JIUmocoMbl 3 ek THBHBL, IOTOMY YTO COCTOSIT U3 HATUBHBIX
JIUTHUIOB U 00JIaat0T BEICOKUM CPOICTBOM K KJICTOYHBIM MeMOpaHam [1].

Bonbioe 3HayeHne B JOCTABKE JICKAPCTB UMEIOT YIIIEpOJHbIE HAHOYACTHIIBL. B MX cocTaB MOMHMO HaHOTPYOOK,
(dysepeHoB, HAaHOATIMAa30B, BXOJUT U rpadeH.

I'paden. I'paden — omHa u3 awiorponmHblx Moaudukanuidi yriepoja. ['paden mnpeacraBnser coboii
Sp2-ruOpUAN3NPOBAaHHBII MaTepuall, COCTOSLIMHA W3 OTHAENBHBIX MOHOCIOEB TpaduTa M IMOJY4YaeMbIH pa3IMYHBIMU
METO/IaMH, B TOM YHCIIE U TAKUMH KaK XUMHIECKO€ OCaKAEHHE, POCT IIPU BHICOKOM JIaBIICHUH M TeMIleparype u ap. [5].
JlaHHBII ByMEpHBIN KPUCTAIII COCTOUT U3 OJJMHOYHOTO CJIOSl aTOMOB YIJIEpOAa, KOTOpbIe cCOOpaHbl B TeéKCArOHAIBHYIO
peuierky [6].

OtkpeiT Tpaden Obu1 B 2004 romy mByMs poccuiickuMu ¢usukamu — Anzmpeem [eiimom u KoHcTanTHHOM
HoBocenoBsIM. YueHbIE CMOTIM BBIACIUTH TpadeH - IBYMEPHBI MaTepuall, COCTOSAIINN W3 OJHOATOMHOTO CIIOS
yriaepoaa [7], XOTs TEOpETHYECKHE pacdeThl MpEeAcKazalu CyliecTBoBaHue Tpadena emé Oomee 50 yer Hazam, HO
MOTY4UTh TpadeH yAanoch TOJIBKO CIyCTS ACCSITUIICTHS.

Ero aTombl 00pa3yroT MECTHYTOJIbHBIE KOJIBIIA, IOX0XKKE Ha MMIETUHBIE COTHI, IPUYEM OH HAIIOMHHAET MHOXKECTBO
apOMaTHYECKUX MOJIEKYJI (TaKUX KaK OSH301), CBI3aHHBIX MEXIY COOOH B OXHOM INIOCKOCTH.

Hauwnnas ¢ 2008 roaa, mpoussonbie rpadena — okcun rpadera (Graphene Oxide - GO) 1 BOCCTaHOBJICHHBIH OKCHT
rpadena (Reduced Graphene Oxide - RGO) — TecTHpyIOTCS B KauyecTBE HOCHTENEH A JOCTaBKH JiekapcTB. OHHU
00JIa/Ial0T MCKIIIOUUTENBbHBIME (DH3HKO-XMMHUUECKMMHU cBoMcTBaMu. OKcun rpadeHa MOXET COJCpKaTh pa3linuHble
KHCJIOPOJICOIEpIKallIle TPYIIIbI: SMOKCUIHBIE, THAPOKCUIIBHBIE, KApOOHMIIbHBIE U KapOOKCHIIbHBIE [S].

K uucny yHUKaIbHBIX CBOWCTB Tpa)eHa OTHOCAT HCKIIOUUTEIBHYIO O3JEKTPOHHYIO IIPOBOJMMOCTB,
TEIUIONIPOBOHOCTh, MEXAaHWYECKYIO NPOYHOCTh. BBICOKas MexaHWYecKas MPOYHOCTh Tpa)eHa cOoYeTaeTcss B HEM C
JIETKOCTBIO, THOKOCTBIO, 3TACTHYHOCTHIO, 3JIEKTPOIPOBOTHOCTEIO 1 OHOCOBMECTHMOCTBHIO.

To, 4To rpadeH o4YeHb JErKHui, OBIJIO SICHO MHOTHM H, YTO 3TO CBOMCTBO MOXHO 3((eKTHBHO HCHOIB30BaTh B
pasHbIx Hensx. B pesynsrare B 2017 romy Ob11 pazpaboTan rpadeHOBBIH adporens Ha 99% cocrosmuii u3 Bo3myxa. beuto
JIOKa3aHo, YTO MaTepuan BeinepxuBaeT Bec B 4000 pa3 GoubIiie cBoero coOCTBEHHOTO [§].

CambIM yIUBHTEIBHBIM CBOMCTBOM rpad)eHa OONBIIMHCTBO YUEHBIX CUHTAIOT TO, YTO OH CaM MOXKET BBIACIATH U
HOTJIOIIATh YHEPTuI0. I'padeH XOTh M OBYMEpeH, HO IPAKTHYECKH HHUKOTZA He OBIBAaeT COBEPIISHHO IUIOCKUM. Ero
CTPYKTypa HAIIOMHHAeT CKopee «psiOb Ha Bome» - CiydalHble KoJeOaHUs aTOMOB CO3JAIOT Ha IOBEPXHOCTH
KOH(OpMaLMOHHbBIE «BOJHBD», KOTOPbIE BBHITMOAIOTCS MOMEPEMEHHO TO B OAHY, TO B APYIYIO CTOPOHY, T'€HEpHPYS U
norsomas YHepruto [9].

YHUKaIbHBIC CBONCTBA rpadeHa 00yCIOBIICHBI, Ojaroaapst 0co00il MpUPOJIe ero HOCHTENIEH 3apsiia — OHH BEIYT
ce0st 0JJOOHO PEIATUBUCTCKUM YaCTHUIIAM.

I'paden B 3nextponuke. [ToarBepxnennemM Tomy, 4To TpadeH sBISETCS IEPCHEKTHBHBIM MaTepuaioM JUis
JJIEKTPOHUKH, CTAIN pe3yibTaThl uccienoBannii, nposenaeHHsx Schedin F., Geim A.K., Morozov S.V. u apyrumu. B
xozie paboT OBLIO YCTAHOBIICHO, YTO Tpad)eH SBISETCS HCKITIOYUTEFHO MATONITYMSIIUM 3JIEKTPOHHBIM MaTepHaIoM, YTO
JIeTIaeT €ro MepCIeKTUBHBIM He TOJIBKO JJISI XMMHUYECKHX JAETEKTOPOB, HO U UL IPYTHX NMPUMEHEHHH, I1ie TpeOyroTcs
JIOKaJbHBIE 30H/IbI, YyBCTBUTEIILHBIE K BHELITHEMY 3apsily, MArHUTHOMY ITOJIIO WIIM MEXaHH4YecKoMy HamnpspkeHuto [10].

Graphite . Reduced {ore—,
Sl Graphene oxide TS

Qxidation Reduction

Pucynok 1. [Tonxydenue u3 mcxomHoro rpaduta HEKOTOPHIX MPOM3BOIHBIX TpadeHa - okcuaa rpadena (Graphene
Oxide) u BoccTanoBieHHOTO okcuaa rpadena (Reduced Graphene Oxide) https://mavink.com
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ITpuHIMn neicTBus rpad)eHOBBIX YCTPOHCTB OCHOBAH HAa M3MEHEHUH UX 3JIEKTPONPOBOIHOCTH, 3a CUET MOJEKYJI
rasa, aJcopOMpOBaHHBIX HAa TOBEPXHOCTH rpadeHa U AEHCTBYIOMINX KaK JOHOPHI HIIH aKIEIITOPbIL.

Schedin F., Geim A.K., Morozov S.V. u ap. BISIBUJIH CIIEAYIOIIUE XapaKTepUCTUKH rpadeHa: 1) Bo-nepBbix, rpadeH
SIBJISIETCSI CTPOTO JIBYMEPHBIM MaTEpPHAJIOM M BECh €ro 00BbEM I10/IBEPraeTCs BO3JIEHCTBHIIO NOBEPXHOCTHBIX a/1cOp0OaToB,
YTO MaKCUMH3HPYET UX 3P QEKT; 2) BO-BTOPHIX, IpadeH 001a1aeT BLICOKOH IPOBOIUMOCTBIO, TIPOSIBIISS METAJUIUYECKYIO
MIPOBOANMOCTD; 3) B-TPETHHX, rpad)eH UMEET MalI0 KPUCTALIMYECKUX Je(EeKTOB, 4TO oOecreuynBaeT HU3KUH YPOBEHb
M30BITOYHOTO IIyMa, BBI3BAHHOTO HMX TEIUIOBBIM IEPEKIIOUEHHEM; 4) B-UETBEPTHIX, I'pad)eH IMO3BOJISET MPOBOJIUTH
YETBIPEX30H/I0BbIE M3MEPEHUS] Ha OJHOKPHCTAJUTMYECKOM YCTPOMCTBE C IJIEKTPUYECKHMMH KOHTAKTaMH, KOTOpBIE
SIBIISIFOTCSI OMHUYECKMMHU M MIMEIOT HHU3KOE CONpOTHBICHHE. Bee 3TH (yHKIMH CIOCOOCTBYIOT CO3MAHHMIO YHHKATbHOU
KOMOHMHAINH, KOTOpasi MAKCUMHU3HUPYET OTHOILIEHHE CHTHAJI/IIYM JI0 ONPEAEIEHHOro YpoBHA. TakuM oOpazoM, rpaden
JOCTaTOYHO DJICKTPOHHO OECIIYMHBIA Ui HMCHOJB30BaHUS B OJHOXJICKTPOHHBIX JETEKTOpax, pabOoTaloUMX IpH
KOMHATHOM TEMIIEpaType, ¥ B CBEPXUYBCTBUTEIIBHBIX AATINKAX MAarHUTHOTO TIOJIST WUIM MEXAHUYECKOTO HANPSKEHUS, B
KOTOPBIX Pa3pelIeHNE JACTO OTPAHNYCHO IITyMOM.

Bceneacreue cBoeil CBEpXBBICOKOH IUIOIIANM TOBEPXHOCTH W OTIMYHOW MOJBIIKHOCTH 3JIEKTPOHOB, rpadeH u
rpadeHcoZiepKalie  KOMIIO3UIIMOHHBIE — Marepualibl  WCIONB3YIOTCS  Ais  MOAM(UKALMK  DIEKTPOAOB B
ANEKTPOXUMHUYECKOM 30HJUPOBAHUHN PA3ITMYHBIX OMOMOIIEKYJI C BBICOKOW YyBCTBHUTEILHOCTHIO, BKIIIOYas rioko3y, JTHK
u OeJky.

C npyroil CTOpPOHBI, Tak Kak rpadeH BBICTYHaeT B KadyecTBE BaKHEWIIEH COCTABIIONIEH HEKOTOPBIX
ANIEKTPONIPOBOASLIMX KOMIIO3UTHBIX MAaTEPHANOB, KOTOpPBIE NPHUMEHSIOT C II€JbI0 MOJEPHHM3AIMHA COBPEMEHHOTO
CIENAIBHOTO MEJUIIMHCKOTO 000PY/IOBAHUS.

Ha ocHoBe rpadena pa3pabaTbiBaloTCs IPOTOTHITBI PA3IMYHBIX 3JIEKTPOHHBIX U ONTOIEKTPOHHBIX YCTpoiicTB. K
YHUCITy TaKOBBIX YCTPOMCTB MOKHO OTHECTH Ta30BbI€ CEHCOPHI C IKCTPEMAIbHOH YYBCTBHTEIBHOCTBIO, I'pad)eHOBBIN
OJTHOBJIEKTPOHHBIA TPAH3UCTOP, KUIKOKPHCTAJUINYECKHE AWCIIEH M COJHEYHBIC Oaraped (B KadecTBE MPO3PavyHOTO
MIPOBOASAIIETO IEKTPOJa), CIIMHOBBINA TPAH3UCTOP, Tpad)eHOBHIC IOJICBBIE TPAH3UCTOPHI, TPa)CHOBBIEC BBIIPSIMUTEIH,
YMHOKHTENN YaCTOTHI M BEICOKOTYBCTBUTEIbHBIE (DOTONETEKTOPHI.

I'pagen B Ouomemmuune. B 2017 rogy Obuto moka3aHo, 9To TpaeH MOXKHO HPUMEHATH B JIEYEHHH paka
TOJKEITYJOYHOH Kee3bl. ABTOPEI pabOTHI MCIIONB30BaNU OKCHI Tpadena ¢ ¢omueBoit kucnotoit u 1101 B kauecTBe
Hocutenss st Kopotkux wuHTepdepupyromux PHK (kuPHK). Omm «Brikmiogaror» tensl HDAC1 u K-Ras,
OTBETCTBEHHBIE 32 POCT 3JI0KaYE€CTBEHHBIX OITyX0JIel, U BBI3bIBAIOT CMEPTh PAKOBBIX KJIeTOK. KoMOUHAIMS TaKkol FeHHON
Teparuy 1 Tepariy HHOPAKPaCHBIM H3Iy4YE€HHEM IOJIaBIISIET POCT OMyXO0JIH in vivo Oosnee yeMm Ha 80% [11].

I'paden ucnons3yroT kak koHTpacTHOe BernectBo npu MPT u KT. A npu ngo6asnenun rpadena B cmech ITL[P
yBenuuuBaercs Beixoa JJHK [7].

B xadecTBe erie 0JJHOroO BH/Ia UCIIOJIB30BaHus rpad)eHa B MEAMIIMHE CIICAYET BBIIEIUTh rpadeHoBYI0 Oymary (GO).
Takas Oymara o0namaeT BBIPRKEHHBIM aHTHOAKTEPHAIBHBIM JEHCTBHEM. bBBUIO IOKa3aHO, 4YTO Oymara JEerKo
pactipaBisieTcs ¢ KosonusiMu kumeyHoi nanouku (E.coli). IIpenmymectBo Takoro crocoba 00psObI ¢ GakTepusiMu
COCTOHT B TOM, YTO OKCHJ rpaeHa JeHCTBYET TOJIBKO Ha MAaTOTECHBI, 3J10POBbIE KJIETKH MPH 3TOM HE 3aTParuBaroTcs.
bnaromapst atomy okcup rpad)eHa MOKET TakKe IPUMEHATHCS B KAUeCTBE MaTepHaa Iyisl TOKPHITUS TIOBEPXHOCTH IS
MMITIaHTAaTa.

Tapas Nayak u np. oOHapy>kuim y rpadeHa criocoOOHOCTh YCKOPSITH AudPepeHInpOBKY CTBOIOBBIX KIETOK [12].

Gaurav Lalwani u 1p. B X0/ie HcClIeIOBaHHIl yCTAHOBUIIM CIIOCOOHOCTH rpad)eHa CeeKTHBHO CBA3BIBATH AaHTHTENA
[13]. Otu cBoiicTBa rpadeHa OOBSICHSIOT TO, YTO OH MOXET HCIIOJIb30BAThCS B KJICTOUHOW HHIKCHEPHUH.

Alessandra Fabbro u ap. B cBOeM HCCIIC0BAaHIH OTMEUAIOT, 4TO U3 TpadeHa AeIaroT JaXe BKUBIISICMbIC B OPIaHU3M
3JeKTpoAs! [14].

I'paden nnsa TapreTHoii TUarHocTHKU W (oroTepMmuUeckoil Tepamuu. Enie onHOM 0071aCcThI0 MPUMEHEHHUS
rpadeHa SBISIOTCS CUCTEMbI aJIpeCHOM MIIM TapreTHOM JOCTaBKH JWArHOCTUYECKUX, JIEKAPCTBEHHBIX CPE/ICTB, a TAKKe
CPEJICTB TapreTHOH Teparnum.

B Hacrosiiee BpeMsi akTHBHO MCCIEIYIOTCS BOZMOXXHOCTH HCIIONIb30BaHMS Tpad)eHa B IMOCTaBKe JIEKAPCTB/TCHOB,
OMOJIOTMYECKOTO OOHAPYKEHUS U BU3YaJIM3alliH, aHTUOAKTEpHAIbHBIX MaTepUaJIOB KaKk OMOCOBMECTUMOTO KapKaca JJIs
KJIETOYHOH KyJIBTYPHI.

Hanopasmepusiii rpageH m oxcunp rpadeHa o0mamaroT (OTOMIOMHHECIEHTHBIMH CBOMcTBaMH. OTimdHas
(oTOCTaOMIBHOCT STHX MaTepUaoB 00ECIIEYNBACT UX UCIIOJIB30BAHUE ISl OMoJIornyeckoi Bu3yanusanu. OHHU Tarkke
MOTYT TIPOM3BOJWTh HHTCHCHUBHOE TEIUIO MOJ JCHCTBHEM JIA3€PHOTO H3IIyYEHHUs,, YTO IIO3BOJSIET MM CIIy>KUTh
(hoTOTepMIYECKIMH areHTaMH1 IPH JISYeHUH paka [15].

[Tpumenenue rpadeHa B poTOTEpMUUECKON TEPAITUH SBJISIETCS. HOBBIM MEPCICKTUBHBIM HAIPaBICHUEM. JTOT BUJL
JICYCHUSI MCIIONB3YET TeHEePalMIo TeIIa B Pe3yJibTaTe IMOTIONIeHUs CBeTa (POTOUYBCTBUTENILHBIMUA areHTaMH B OOJIbHBIX
KieTkax. UToObl n30exaTh MOBPEKACHHS 3I0POBBIX KJIETOK, MOTJIOIIEHHE A0JKHO ObITh B OmkHeM VK-nmuamazone
(700-1100 uMm). I'paden mnposBiser 3aMeTHBId (oTtoTepMuueckuii dpQeKtT Onaromaps CHIBHOMY ONTHYECKOMY
TIOTJIOLICHUIO B TOH 00NacTh cHeKTpa. DKCIIEPUMEHTAIBHO MOATBEPXKIEHa NMPOTHBOPAKOBAasi aKTHBHOCTh HaHO-G 1
HaHo-GO. Bnepsble HaHOrpadeH OBLI YCIEIIHO HCIIONB30BaH IS (DOTOTEPMHUYECKOTO YHHUTOXKEHHUSI OIMYXOJIM B
€CTeCTBEHHBIX YCIOBHAX, OBUIO W3yYeHO B3amMoneiicTBue in vivo HaHorpadeHoBeix iuctoB (NGS) c
nosvaTHICHTIMKoIeBbIM (I10I7) mokpeiTHEM MeTonoM (uryopeceHTHOH MapKHpoBKU. [IpoBeneHHOE HccienoBaHHe
CTaJIO IIEPBBIM YCIIEXOM HCIOJIb30BaHUS YITIEPOJHBIX HAHOMATEPHANIOB I 3 (GEKTUBHON (POTOTEPMUIECKON Teparuu

Russian Journal of Biological Physics and Chemistry, 2023, vol. 8, No. 4, pp. 477-485



480 ME/TUITUHCKAA BHOPH3HUKA H BUOPHIHYECKAA XUMHWA

in vivo IyTeM BHYTPHBEHHOTO BBEACHHUS M TPEATIONIaraeT OONBIINE MEepCIeKTHUBHl rpadeHa B OHOMEIUITMHCKHUX
MIPUJIOKCHUAX, TAKUX KaK JIeueHne paka [16].

dnyopecuenTHas BH3yalu3alnusi in Vivo IoOKa3aja yJUBHUTEIBHO BbICOKoe moriomieHne NGS omyxonbio B
HECKOJIBKMX MOJETSIX KCEHOTPAHCIUIAHTaTa OMyXOdM MBIIH. OTINYaschk OT «IETHIHMPOBAHHBIXY» YIJIEPOIHBIX
HaHOTPYOOK, nermnrpoBanHbie NGS NeMOHCTPHPOBAIN HECKOJIBKO HHTEPECHBIX MOJICIIel TIOBEICHHS in Vivo, BKITIOUast
BBICOKOO((QEKTUBHOE  MAaCCHBHOE  TapreTHpPOBaHHWE OMYXOJM W  OTHOCHTENIIFHO  HH3KOE  yJep)KaHHe B
PETUKYJIOIHIOTEIHAIBHBIX CHCTEMaxX. 3aTeM OBLIO MCIIOIb30BaHO CHIIbHOE onTHYecKoe noriomeHne NGS B OmkHen
nHppaxpacHoi ooiactu (NIR) nist poToTepMuueckoii Tepanuu in vivo, gocturas cBepx3QQPeKTUBHOM aOIISIMN OITyX 0N
rociie BHyTpuBeHHOTO BBeneHnss NGS u ManomoinHoro nasepHoro ooimydenns NIR Ha omyxons. Kpome Toro, Hukakon
OYEBUIHBIN TOOOYHEIH AP PekT nermmpoBaHHOro NGS He ObUT OTMEUEH [T BBEACHHBIX MBIIICH THCTOJIOTHEH, XUMHCH
KPOBH M TIOJIHBIM aHAJIM30M MAaHETH KPOBH B TMJIOTHOM HCCIIEOBAaHUH TOKCHYHOCTH.

O dhexTnBHOCTE POTOTSPMUIECKOTO JEUSHHUS 3aBUCUT OT pasMepoB dacTui G, GO W XUMHUH ITOBEPXHOCTH.
CunrTaroTcsl IepCcIeKTUBHBIMI MHOTO(QYHKIMOHANEHBIE HAaHOKOMITO3UTH G (GO, RGO) ¢ mapaMarHUTHEIMA YacTHIIAMHU
U IPOTHBOOIYXOJIEBBIMU IpemnapartaMi. VIcrone3ysh Takpde HAHOKOMIIO3UTHI, MOXHO COYeTaTh XeMO- |
(OTOTEpPMHUYECKYIO TepaIuio, 00eCTIeYnTh TOUHYIO aJIpeCHYIO T0CTaBKY.

I'paden nna HanmpasiaeHHoil noctaBku BAB. IlepBbie mccienoBanus B o6jacTH NMpHUMEHEHHs rpadeHa Kak
criocoba JOCTaBKU JieKapcTB Obut mpoBeneHsl B 2008 rofy mo aHalorHy ¢ yCIEIIHBIM NPUMEHEHHUEM YTJICPOIHBIX
HaHOTPYOOK B OnomenuuuHe [17]. ViccnenoBaHus 1o J0CcTaBKe JIEKApCTBa B OPraHU3M U TEPAInH OT pakKa, HOKa3aJu, 4To
BbICOKOO(p(heKTHBHAs 3arpy3ka JIEKAPCTBEHHOTO cpeicTBa olecrednBaeTcsl Ojarofapsi 4Ype3BbIYaiiHO OOJBIIOH
MTOBEPXHOCTH rpadeHa, KoTopasi «0OHaKana» KaKIbli aTOM TOBEPXHOCTH.

B omimume OT NMpUBBIYHON XUMHOTEpANMH, IPU KOTOPOM Ipenaparsl, MOJABISIONINE POCT PAaKOBBIX KIETOK,
CTPaAHCTBYIOT I10 BCEMY KPOBOTOKY M PaBHOMEPHO PaCIIPEIECIISIETCS] BO BCEX YaCTSIX OPTaHU3Ma, UCIIOJIb30BaHHE rpadeHa
JIeTIaeT 3TOT MPOIECC TOYHBIM M HAIIPABICHHBIM.

W3-3a CIOXKHOTO CTPOEHHS YEJIOBEYECKOTO Tela M TPYTHOAOCTYITHOTO DACIIOJIOXKEHHUS OMyXOJICH HCIHONB3YIOT
HECKOJIBKO pa3HbIX CTHMYJIOB OAHOBpeMeHHO. COriacHO HCCIIEAOBaHUSAM, TMOpHIHAs BE3WKyJa HA OCHOBE OKCHIA
rpadeHa He TOJIEKO BMEIaeT O0IIBIIYIO 03y IPOTHBOOITYXO0JIEBOTO Mpenapara gokcopyoummaa (DOX), Ho Takxe MOKET
TIOCIIEOBATENbHO BBICBOOOXKAATh €ro IpH MH(PaKpaCHOM OOIYHYEHHM M IOA ACHCTBHEM KHUCIOH BHYTPUKIETOYHON
cpensl. [Ipu mazepHOM 00ITyYEHUH BE3UKYIIA «JIOTIAETCSD, U B TTOJIOCTH KIETKH BBIXOAAT MosieKynisl DOX, 3akperiieHHbIe
Ha yelyikax okcuja rpadeHna. 3aTtem B 1eI0 BCTYIaeT KHCIOTHAs cpena - 3a cueT nonmxkeHus pH DOX BeicBoOOXk maeTcst
Y HampaslsieTcs B sSApo kietku [18].

Taxue ruOpuaHbIE OXO0 (bl MOBHIIAIOT 3(PEKTUBHOCTD TOCTABKH JIEKAPCTBA U MTO3BOJIAT CHU3HUTH €T0 JT03UPOBKY,
a, CJIeI0oBaTeNIbHO, YMEHBIIUTE Mobo4HbIe 3 dexTs! [19, 20].

Boo0uie, cucreMbl TOCTaBKM Ha OCHOBE rpad)eHa pa3BUBAIOTCSA B JBYX HAlPaBJICHUSX: JOCTaBKa JICKApCTB U
JIOCTaBKa T€HETHYECKOTO MaTepraa.

Jnst anpecHOi OCTaBKM JIEKAPCTB €CTh HECKOJBKO TMOAX0M0B. IlepBblif, Hambonee MpOCTOi - NMpUKpEIuIeHue
rpenapara Ha IIOBEpXHOCTh HOCHUTEIIST HanpsiMylo. Hanpumep, kak JOKCOpyOUIIMH, TPOYHO CBS3aHHBIHN C TOBEPXHOCTHIO
okcuzaa rpadeHa M BBICBOOOXKJAFOIIMICS TOJIBKO B KHCJIOTHOM CpEZie OIMyXONH, Kak YK€ OTMedaloch paHee. boiee
CJIOKHBIA CIOCO0 - MPUKPENHUTh K TIOBEPXHOCTH HOCHUTEINS HE TOJBKO JACHCTBYIOIIEE BEIIECTBO, HO M HAIIPABIIAIONINE
MOJIEKYJIBI - JIUTaHbl. DTUMH JIMTAHIAMH MOTYT OBITh, HAIIPUMEp, MOIUKIOHATIBHBIC aHTUTENA, (PoINeBas KUCIOTa WIIH
TpaHcheppuH. OHU PACHO3HAIOT KIETKU-MUILICHU U CBA3BIBAIOTCA ¢ HUMU. VIHOT/1a JIUTaH MOKET OBITH OJHOBPEMEHHO
u nekapctBoM. K mpumepy, ObUl0 MMOKa3aHO, 4TO NpPOTHBOOMyxojeBblid Oeqok TRAIL Moxker cBsi3bIBaThCs C
TIOBEPXHOCTHIO PAaKOBBIX KIIETOK [21].

Yro Kacaercsi JOCTaBKU I'€HETHYECKOT0 MaTepHaia, TO TeHHasl Teparusl sl JIeYeHHs Takux 3a0oJeBaHHM, Kak
6osie3nb [TapkuHCOHA, KUCTO3HBII (GUOPO3 (MYKOBHCLUI03) U Pa3IMYHbIC BUIBI paKa, TpeOyeT HaINYus TpaHCHopTepa
JUIA 3aIIUTHI [[EJIEBOT0 TeHa oT pa3pyeHus. B 70% ciaydaes Ju1st 3TOro ucciae oBaTeNny UCIOIb3YI0T BUPYCHBIE BEKTOPHI.
Ho yuutbiBas Mx HelpeackasyeMoCTh, MHOTHE TIBITAIOTCS CO3/[aTh CHHTETHUECKHE aHAJIOTH Ha OCHOBE JIUIIOCOM WIIH
MPOU3BOHBIX rpadeHa. [ mOpUIHbIC HAHOKOHCTPYKIIMK Ha OCHOBE rpadeHa BMeniaroT 6onbmmii 00bem JTHK wn PHK,
3alIMIIAIOT UX OT JeTPaJalliy 1 00JIeryaroT MOTJIONICHUE KIETKOH. «3arpy3uTh» HyKIEHHOBBIE KUCIIOTHI HA TpadeHOBbIe
YenryiHKu MOXKHO Onaronapsi ThApo(OOHBIM M XapaKTEpPHBIM Ul apOMaMOJIeKyJsl T-T B3amMoneHcTBusM. IlocnenHue
00pa3yroTCst MeXy KOJIBLEBBIMH CTPYKTypaMH HYKJICOTHIOB U IECTHYTOJIBHON PELIETKON yriiepoia B OKCHIE rpadeHa.
[Ipeamonaraercs, 4To y4yacTHe B 3TOM TakXKe NPUHUMAIOT M cuibl Ban-nep-Baambca. [pyrue wuccienoBaHus
MIOKa3bIBAIOT, YTO ABOWMHAs CIMPAJb JIydIlle CBSA3BIBACTCSA C OKCHJOM rpadeHa IpH BBHICOKOW KOHIEHTPALUH CONU U
HU3KOM ypoBHe pH [22; 23].

C npyroii CTOPOHBI, JJIsl paHHEH AMArHOCTHKU paka U Ipyrux 3aboiieBaHuii, Omaronaps padoram, MpoBOJMMBIM B
MO®THU yBenuueHa 4yBCTBUTEIBHOCTH OMOCEHCOPOB Ha OCHOBE MOBEPXHOCTHOTO IIA3MOHHOTO PE30HAHCA C TOMOIIBIO
okcuza rpadena. B xone rccnenoBanuii ObIJI0 yCTAaHOBIEHO, YTO CEHCOPHI C IIOKPHITUEM U3 OKcHa rpad)eHa B HECKOIBKO
pa3 TouHee pearupyroT Ha MOJIEKYJIbI, UeM UX «UUCTHIA codpar» [24]. Ilo MHeHHIO HcclienoBaTeNel, JaHHOE OTKPBITHE
CIIOCOOHO 00JIETYNTh JTa00PaTOPHBIE HCCIIETOBAHUS MEIMIIMHCKHX MTPENapaToB.

BakHO OTMETHUTB, YTO HapsAY C OUYEBUIHBIMH IIPEUMYIIIECTBAMH y TpadeHa ObUTH U CyleCTBeHHbIE HepocTaTku. C
OJTHOI1 CTOPOHBI, OOJBIIAS TIOIMIAAb IIOBEPXHOCTH ITO3BOJISIET PAa3MECTHTH Ha OJTHOM CJI0€ Tpad)eHa MHOKECTBO MOJIEKYJI
- Macca JieKapcTBa MOXKET OBITh B J1Ba pasa Ooiblue, yeM macca camoro Hocurens [19]. I'paden, Gnaronapst cBoemy
CTPOCHHIO, UMeeT OOJIBIIYIO IUIONIa]h ITOBEPXHOCTH, YTO CIIOCOOCTBYET NMEPEHOCY OOJIBIIETr0 KOJIMYECTBA MOJIEKYJI
Ononorndyeckn axkTUBHBIX BemecTB [25]. Ho m1d MemumuMHCKMX NpUMEHEHHH rpadeH Hy)XKHO pacTBOPHTH B
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OHOJIOTMYECKUX JKUIKOCTAX, IIPH 9TOM HE [1aB YEeLIyHKaM CIUIHYTHCSA APYT C IPYyroM. YUeHble I0Ka3allH, YTO B CBOEM
NIEPBO3AAHHOM BHJIE MaTepHal T'HApo(poOeH, MO3TOMY PAacCTBOPHTH €0 MOXKHO TOJIBKO C IOMOIIBIO HEHOJSPHOTO
pacTBOpHTEIS WIK MOBEPXHOCTHO-aKTUBHBIX BemecTB (ITAB) [26]. ['naBHas npobnema B ToM, uto mMosekyisl [IAB u
pacTBOpHTEISl OCTAIOTCS Ha MOBEPXHOCTH Tpad)eHa M He AenaloT mpenapar OezomacHbiM. bonee Toro, B 2011 rony
HCCIIeIOBATENH OOHAPYKUIIU, YTO Ja)Ke YUCTBIN rpadeH caMm 1o cebe MoxKeT ObITh BeChbMa TOKCHYHBIM - OH BBI3BIBAJI
ru0esb MBIIIMHBIX Makpogaros. [IpiunHa - BBICOKasi KOHIIEHTpALUs aKTUBHBEIX (OpM KHCIIOpOoia BHYTPH KIIeTKHU [27].

[TosToMy B OnOMenWIMHE NPEIIOYUTAIOT HCIIOIb30BaTh anbTepHAaTHUBHBIE (opmbl rpadena. Ceiyac camblid
pacIipocTpaHeHHBIH mpemnapar - okcun rpadeHa. OH COAEPKHT MHOKECTBO THAPOMWIBHBIX Tpynm (Hampumep,
KapOOKCWIBHBIE). DTO MOBHIIIAET OMOCOBMECTHMOCTD MaTepralla i MPeJOTBPAIIACT CIUNAHNUE YeITyeK APYT C JPYTOM.

Jpyro#i cnoco6 MmomudummpoBath rpadeH - HOKPHITH ero mosmdTwieHraukoneM (I10I0), nexcrpanoM wiu
IBTMHATOM. JTH BELIECTBA YBEIMUMBAIOT BPEMs LIMPKYIALUH, OMOCOBMECTHMOCTb M pacTBOPUMOCTH rpadena. Uro, B
CBOIO OYepelb, YMEHBIIACT €T0 TOKCHYHOCTh W HETaTHBHBIE TTOCIIEICTBIS U1 opranu3ma [20].

Moaurpagen. Yrnepoausiii nanokommno3ut [lomul'paden - TII' (PolyGraphene - PG), nomyuenHslii B Buje
BCIICHEHHOTO rpadura 1ocjie ruJpoTepMHUecKoil 00paboTKH MOTUPUIIMPOBAHHOTO rpaduTa, CTajl B3aUMOICHCTBOBAThH
B KadecTBe copOeHTa PG C IIMPOKHUM CIEKTPOM OpPraHMYecKuX 3arpsisHuTelneid. M3ydeHsl copOIMOHHBIE CBOMCTBA
yIiepoaHoro Matepuaia Ha npumepe nonurpadena (I1I°) B oTHOIIEHHH OPraHUYECKUX 3arps3HUTENICH.

PG - Bepcus yIpTpamuCIEpCHOTO YIIIEPOJHOTO COpOEHTa, KOTOpBI ObUl pa3paboTaH Ha OCHOBE
MOUGUIIPOBAHHOTO KUCIOpOIcoaepxaiero pacimpeHnoro rpagputa (OCEG). Takue maTepuansl, kak PG, obianaror
OYCHBb BBICOKOH a0COPOIIMOHHOI CIIOCOOHOCTHIO, 0COOCHHO B OTHOIICHUH THAPOGOOHBIX coequuenuit (1:30 - 1: 100).
[ockonbKy 000704KM OAaKTEpUl W BUPYCOB, @ TaKKe MHOT'ME TOKCHHBI SBILSIFOTCS THAPOGOOHBIMU, GopMbl TpaduTa,
MOJy4YEHHbIE ITyTeM TEPMHYECKOro pas3JIoKeHusi, MOryT 3((eKTHBHO copOMpOBaTh W YAEPKHUBAaTh TOKCHHBI,
aHTHOWOTHKY, BUPYCHBIE YaCTHIIbI, HATOTEHHBIE MUKPOOPTaHN3MBbl 1 MHOTHIE KCEHOOMOTHKY (HAarpuMep, TUKIO(EHaK).
OtH (hakThl YKa3bIBAIOT HA BO3MOXKHBIC OMOTEXHONOrnIecKue mpumenenus I1I7.

DJeKTpOHHAS MUKPOCKOMHS pa3aiyHbIX 00pa3moB 111" mokasaina, 4To 3TOT MaTepHal MPEACTaBISIET COOOM CTONKY
rpadeHOBBIX JIUCTOB ¢ KpaTHOCTBIO 1-10-100, B 3aBHCHMOCTH OT TEXHOJIOTHH ITPUTOTOBIICHHUS. [I0BTOpHAS XNMHIYECKast
MOAMGUKAIMA ¥ TEPMOAKTHBALMS ITO3BOJIIOT IOJIy4aTh MaTepHal CO CTOIKAMU MEHbIIEH YacTOTHI, BIUIOTH O
OTJENbHBIX JTUCTOB rpadeHa. MccnenoBaHsl pa3IWdHbIE TEXHOJIOTHYECKHE BapHaHTHI noiydeHus PG, n Hammydmmi
BapHaHT OBUI ONpeieNIeH ¢ TOYKH 3PEHUsI COOTHOIIECHUS (PyHKIIMOHAIBHBIX XapaKTEPUCTUK U CTOMMOCTH II0Ty4aeMOro

copOeHTa.
Beuto mokazano, uto [T MOKHO HCIIONB30BaTh B HECKOJIBKHX OONACTSIX: B KAuecTBE AKTHBHOW OCHOBBI W
MoanpuKaTopa, B KaueCTBE HMMYHOCOPOEHTAa - OCHOBHOTO OWOAKTHBHOTO KOMIIOHCHTA TECT-CHCTEM ISt

WMMYHO/IMarHOCTUKU BUPYCHBIX MH(EKUHUH; ITOTIOTUTENb ISl OYUCTKH BOJBI OT BPEIHBIX NMPUMECEH - B TOM 4HCIIEe
OMOIOTUUECKUX; IOITIOTUTENb UL CTEPUIN3AlUK BO3yXa.

HccnenoBanne crepwin3aliyd  SKHUAKAX cpex  mHokasano, urto [I[-¢uibTpsl cIOCOOHBI 3ajepKuUBaTh |
uHakTUBMpOBaTh 10 10° knetok Ha 1 mr copbenra. Uccnenosanne dunstpoB Ha ocuose 1IN mokasano, 4to Bojga M3
3arpsI3HEHHOTO OTKPBITOTO HCTOYHHKA (TOPOJCKOM TMpyA) MOche OAHOKpaTHOW ¢uubrpanuu uepe3 ¢unstp ¢ [T
MpUOOpETaeT CBOMCTBA MUTHEBOM BOJBI B COOTBETCTBHU C CAaHHTApHBIMH ITOKa3aTelsiMH. [IpHCyTCTBHE OKHMCIEHHBIX

5 WD: 10.24 mm | MIRA3 TESCAN SEM HV: 20.0 kV WD: 10.26 mm 1| MIRA3 TESCAN
View field: 173 pm SM: RESOLUTION 50 pm View field: 9.21 ym SM: RESOLUTION 2 pm
SEM MAG: 1.20 kx  Date(m/dly): 09/25/20 Performance in nanospace SEM MAG: 225 kx Date(m/dfy): 09/25/20 Performance in nanospace

(@) (6)
Pucynox 1. Nzo6paxenus [Tomul padena (PolyGraphene - PG), nmomyuennsle Ha pa3HbIX yBennueHusix (a) u (6) ¢

nomoteio Ckanupyromiero DiektpoHHoro Mukpockona (COM) — Scanning Electron Microscope (SEM) TESCAN
MIRA
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YTIAEPOIHBIX OCTATKOB JaeT PG crmocoOHOCTH CBSA3BIBATH MOHBI TSDKENBIX MeTawioB. OuibTpsl, coderatomme 1IN ¢
aKTUBMPOBAHHBIM yIiieM, oOiafaiy HauBhIcIIeH >QdexkTBHOCTRIO. B 3TOM Bapuante GuibTp criocobeH ynansats He
TOJIbKO MOHBI METAJIJIOB, HO U HOHBI XJIOpa.

HUcnons3oBanue PG 11 04MCTKH Ta30BBIX CMECeH MMEET ellie OJHY NMPHUBIIEKATEIbHYIO NEPCHEKTHBY: XUMUYECKas
Moau(dUKalKs OCTaTKOB yriepoaa (OKMCIEHHE) MO3BOJISIET JIETHMPOBaTh COPOSHT KaTaJUTHUYECKMMHU J100aBKaMw,
KOTOpBIE, HAlpHMEp, MOTYT OKHCISTH MOHOKCHJ YIJIEpojAa 10 AMOKCHAA, a TAaKKe BBHIMOJIHATH Jpyrue (YHKIUN
JIETOKCUKAIHH.

CopOeHnThl Ha 0ocHOBE PG MOTYT CITy»KHTh OCHOBOM JUISI CO3aHHSI CIIOKHBIX CHCTEM C BBEICHUEM JOTIOJIHUTEIEHBIX
KOMITOHEHTOB, 00JIa/Iaf0IIIX CIIeNN(HIECCKIMHU COPOIIMOHHBIMHI XapaKTEPUCTUKAMH. DTO TOBOPHUT O TOM, YTO COPOCHTHI
Ha ocHoBe [1I" ABISIFOTCS EPCIIEKTUBHBIM MaTEPHAIIOM /ISl PA3JIMYHBIX IPUMEHEHHUI B 001aCTH SKOJIOTHU OKpY>Karolen
CpeZbl ¥ 9H/I09KOJIOTHH - HOpMaJIM3alliy TapaMeTpOB BHYTPEHHEH Cpeabl OpraHu3Ma.

IMonurpaden st J0CTABKM JIEKAPCTB NPH OHKOJIOTHH KHINeYHHKA. [ W3y4eHHsS BO3MOXKHOCTH
AMMOOMIIN3AIINH TTPOTHBOOITYXOJNIEBHIX (pepmeHToB B cTpykTypy [lomml padena B kauecTBe MOJAEIFHOTO 0OBEKTa OBLT
B3AT hepment L-mu3un-a-okcunaza (LLAO) u3 rpuda mramm Trichoderma harzianum Rifai F 180. L-nu3un-o-okcunasa
OTEYECTBEHHOr0 InTaMma o0Osafaer: 1) SpKO BBIPRKEHHOW TNPOTHBOPAKOBOW aKTUBHOCTBIO, MOJABISS PSJ
Pa3HO00pa3HBIX OHKOJOTUYECKMX HOBOOOPA30BaHMIA; 2) BHICOKOW aHTUBUPYCHOM aKTUBHOCTBIO, B TOM YHCIIE TIO/IaBIIsIS
Bupycol repreca | u Il Tunos u apyrue; 3) BakHelmnmu cBoiictBamu MHrHOupoBanus BUY nndekuum.

B wactHOCTH, OBIIO TOKa3aHO, uTO hepmenT LLAO 061agaeT MUPOKUM CIIEKTPOM IIPOTHBOOIYXOJIEBOTO ACHCTBUS,
YTO CO3/JaeT MEePCIEeKTUBBI MPUMEHEHHS TaHHOTO (pepMeHTa B XUMHOTepanuu. VIMeIoTcst JaHHbBIE O MpeBapUTEIbHBIX
HCCIIEIOBaHUSAX B OTHOIICHUH NMPUMEHEHHS (pepMeHTa y yenoBeka [28-34].

K ¢epmeHTHBIM npemapaTtaM TaKOTO poja MMEETCsl psii TpeOOBAaHMI: CIOCOOHOCTBH JIETKO HMPOHHUKAaTh 4epe3
MeMOpaHbl KIJIETOK; HU3Kas aJIEPreHHOCTh W HWMMYHOI€HHOCTB; BBICOKas CTaOMJIBHOCTH IPpU (PU3MOJOTMYECKUX
ycnoBusix cpensl (pH u Temrieparype); 60IbIION IEPHOT TOTYKU3HU; ME/IJICHHOE BBIBEJICHUE U3 OpPTraHu3Ma.

Hns co3manmst kommosuta [lomul'paden mobammssmm K pacTtBopy, comepkamemy ¢epmeHTr LLAO (mpu
koHneHTpanusix 0,1 - 1,0 Mr/mi); cMech moMeInany Ha merkKep, a HaJl0Ca0uHyIO KHUAKOCTh HCCIEIOBAIN Ha HAJTHIHNE
¢epmenta LLAO B peakmmu. B ocamgke ocraBancs Ou3zumoCopOent, mpexacraBmsaBmmii coboit [lomul'paden u
MMMOOMIN30BaHHEIH Ha HeM depment LLAO [35].

PesynbraTs! sxcriepuMenToB 110 nMMobOmu3amu (coporpm) LLAO wa [T - yenemHas copouus ¢pepmenra LLAO
Ha III". Crnenuduueckoii TexHomoruueckoii ocodeHHocTho [1I' kak copOeHTa siBisieTcsl He0OOXOMUMOCTh 3aIlOJTHEHHS
BCell €ro aXKypHOH CTPYKTYpBI PaCTBOPOM € COpOATOM, B KOTOPOM IIPOBOJIMIIUCH €T0 MCTILITAHUS.

BakHeHIiM pe3yIbTaToM SIBIISICTCS OICHKA YAeabHON akTHBHOCTH epmenta LLAO B agcop6upoantnom Ha I1I°
COCTOSIHUH, KOTOpasi CHU3WJIACh BCETO Ha €JMHHUIIBI MPOIEHTOB IO CPaBHEHUIO C yAeIbHOH akTuBHOCThI0O LLAO B
pacTBope, 4TO OTpaXKaeT MPAKTUYECKH HATUBHYIO akKTUBHOCTH Komno3uta LLAO + I1T'.

[TpoananusupoBanbl pe3ynbTarel HcnblTannii [0 B kadecTBe NeHcTBYIOIIEH OCHOBBI Ui MMMOOWMIM3AIMN
(epMeHTOB, B YaCTHOCTH, Ha IPUMeEpe NMPOTHBOOIIYX0JIEBOTO (pepMeHTa L-TH3HH-0-0KCH1a3bl. DTH TaHHBIE YKa3bIBAIOT
Ha TEPCIEKTUBHOCTh BO3MOXKHOTO OMOMenuuuHcKoro npuMeHeHus 117 B oHKosOrun, a MIMEHHO, TPH JICYCHUH paka
KHIIeYHuKa. V3ydaloTcsi B3aWMMOACHCTBHSI  yIJIEPOJHOTO copOeHTta HOBoro mokoieHus I[lomul padern ¢
MMMOOMIN30BaHHBIM IIPOTHBOOITYXOJIEBBIM (DEPMEHTOM CO CTPYKTYPOH CIM3UCTON KHIIEYHUKA NMPH HAJTWYMH OYaroB
OHKOJIOTWHW Ha CTCHKAX, JUIS JIOKATH30BaHHOTO ucroib3oBanus [T +Onkollpemapart o0mmIero u ceneKTHBHOTO AEHCTBHSL.

Takum o6paszoM, mMoxuduimpoBaHHele (opMbl rpadeHa U HonurpadeHa ciemyeT paccMaTpUBaTh KakK HOBBIH
MIEPEHOCYUK JICKAPCTBEHHBIX CPEJCTB: MPOTHUBOONYXONEBBIX IPENapaToB, aHTUOMOTHKOB, AaHTHTEN U JPyTUX
OMOJIOTMYECKN aKTHBHBIX BEIIECTB. B OTIMYME OT TpaguLMOHHON XMMHOTEpANy, IPU KOTOPOH Mpenaparsl cBOOOJHO
PacpoCTPaHAIOTCS [0 KPOBOTOKY U pABHOMEPHO PacIpeeIIIoTCs 110 BCeMY OPTaHU3MY, HCIIOJIb30BaHHE CTICIIHATIBHBIX
YTJIEpOJHBIX HAHOHOCUTENEH feaeT mpolecc TOYSYHBIM UM HalpaBICHHBIM.

3akiaouenue. PaccMoTpensl (usnko-xumuyeckue cBolicTBa rpadeHa, monurpadeHa, UX MPOCTPAHCTBEHHAs
CTPYKTypa, OCOOEHHOCTH CTpPOCHHSI M CBOMCTB mnonurpadeHa, a Tarkke BapHaHThl NONydYeHHs rpadeHa H ero
IIPOU3BOJHBIX.

[TokazaHo, uto rpadeH u nonurpadeH o0IaAAI0T YHUKAIBHON CTPYKTYPOIl M HCKITIOYUTENHHBIMU (DHU3HYECKUMH U
XMMHYECKIMH CBOMCTBAaMH, U3 KOTOPBIX CJIEAyeT MHOKECTBO BO3ZMOXXHOCTEH [UISl MX MPUMEHEHHUS - 3TO U OHOCEHCOPHI
Ha OCHOBE TIpad)eHOBBIX TPAH3UCTOPOB, W TpadeHOBBIE HOCHUTENH AT OMOJOTMYECKON BHM3YalM3allUH, W CHCTEMBI
JIOCTaBKM JIEKapCTBEHHBIX IpenaparoB. OIHUM W3 Ba)XHEWIIMX cIOCOOOB NpUMEHeHus rpadeHa u mosmrpadeHa
SIBIISIETCS] IMEHHO JI0CTaBKa JIEKapCTB.

Tonpko B TOCIEIHWE HECKOIBKO JIeT, MomuduuupoBaHHble (GopMbl TpadeHa u monmurpadeHa CTadl IIHPOKO
HCHBITHIBATh B KAa4yeCTBE HOBBIX IIEPEHOCUMKOB JIEKAPCTBEHHBIX CPEACTB: IPOTHBOOIYXOJIEBBIX IIPEnapaToB,
aHTHOMOTUKOB, aHTHUTEI U Ja)Ke TeHETUUECKOT0 MaTepHana.

Onucansl BIAAONIHECS cBo¥icTBa (hepmenTa L-nmn3un-a-okcruaassl (LLAO), mmpokuii CEKTP BO3MOXKHOCTEH €ro
OMOMEIUIIMHCKOTO IPUMEHEHUS: B IPOTUBOOITYX0JIEBOW 1 aHTUBUPYCHOH Teparuy.

[Tokazana Bo3amMoxxHOCTH MMMOOMIHM3au LLAO Ha nonurpadeHe ¢ npakTHYeCKH MOJIHBIM COXPaHEHHEM YAEIbHON
aKTHBHOCTH. B 4acTHOCTH, IPOTHBOPAKOBHIE CBOWMCTBAa HAOJIIOAEMOTO aaCcOpOMpPOBAHHOTO (hepMEHTA YKa3bIBAIOT Ha
MIEPCIIEKTUBY €ro NMPUMEHEHHs B MEOULUHE, JJISI CO3/aHMs aKTHBHBIX MPOTHBOOITYXOJEBBIX 3HTEPOCOPOCHTOB, Kak
CPEICTB AT JIEYEHUS] OHKOJIOTMY KMIIEUYHUKA ¢ IPUMEHEHHUEM JIOKaNbHOM 3H3UMOTEPANNU U OTKA30M OT XUPYPrHUUECKUX
BMEIIATENbCTB.
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[Tpumenenue rpadeHa B MEIULIMHE HE OTPAaHUYMBACTCS TOJBKO CHCTEMaMM JOCTaBKH. Y rpadeHa oOHapyxeHa
CIIOCOOHOCTH YCKOPATh IH(P(PEepPEeHINPOBKY CTBOJOBBIX KJIETOK M CEJICKTUBHO CBS3bIBATH AHTHUTENA, YTO 3HAMEHYET
HEePCHEeKTUBY €T0 UCTOIb30BaHUs B KIICTOYHON MH)KEHEPUH.

Cnucox numepamypui/References:

1. AGawmkun [. Hanouacmuywl - uncmpymenm adpecroui docmasku aexapcmes [Abashkin D. Nanoparticles as a
tool for targeted drug delivery (In Russ.)].

2. Ganta S., Devalapally H., Shahiwala A. et al. A review of stimuli-responsive nanocarriers for drug and gene
delivery. J Control Release, 2008, vol. 126, no. 3, pp. 187-204.

3. Torchilin V.P. Nanoparticulates as drug carriers. London: Imperial College Press, 2006, 724 p.

4. Ventola C.L. Progress in nanomedicine: approved and investigational nanodrugs. P&T a peer-reviewed journal
for formulary management, 2017, vol. 42, no. 12, pp. 742-755.

5. Yugqin Xiao, Yoong Xin Pang, Yuxin Yan, Ping Qian, Haitao Zhao, Sivakumar Manickam,Tao Wu, Cheng Heng
Pang; Synthesis and Functionalization of Graphene Materials for Biomedical Applications: Recent Advances, Challenges,
and Perspectives. Adv. Sci., 2023, vol. 10, p. 2205292, doi: 10.1002/advs.202205292.

6. Ymakosa C.A. Hcnosp3oBanue rpadeHa B meaunuue. Hayuuvie ucciredosanusi u paspabomxu 2018 2ooa:
cooprux mamepuanog IV Mescoynapoonoil nayuno-npakmuueckou kongepenyuu. HoBocubupck: M3n-so OO0 «lentp
pPa3BUTHS HAY4YHOTO cOTpymaHMuecTBa», 2018, c. 15-19 [Ushakova S.A. The use of graphene in medicine. Scientific
research and development in 2018: a collection of materials of the IV International Scientific and Practical Conference.
Novosibirsk: Publishing House of LLC "Center for the Development of Scientific Cooperation”, 2018, p. 15-19
(In Russ.)].

7. TlomskoBa M. 2D-noumanvon: cucmemuvl 0ocmaeku iekapcme Ha ocHoge epagena [Polyakova M. 2D Postman:
Graphene-Based Drug Delivery Systems (In Russ.)].

8. Han Hu, Zongbin Zhao, Wubo Wan, Yury Gogotsi, Jieshan Qiu. Ultralight and Highly Compressible Graphene
Aerogels. Adv. Mater., 2013, vol. 25, pp. 2219-2223.

9. LiD., Kaner R.B. MATERIALS SCIENCE: Graphene-Based Materials. Science, 2008, vol. 320, pp. 1170-1171.

10. Schedin F., Geim A K., Morozov S.V. et al. Detection of Individual Gas Molecules Adsorbed on Graphene. Nat.
Mater., Nature Materials, 2007, vol. 6, no. 9, pp. 652-655, doi: 10.1038/nmat1967.

11. Feng Yin, Kuan Hu, Yangzi Chen, Mengying Yu, Dongyuan Wang, et. al. SIRNA Delivery with PEGylated
Graphene Oxide Nanosheets for Combined Photothermal and Genetherapy for Pancreatic Cancer. Theranostics, 2017,
vol. 7, pp. 1133-1148.

12.Nayak T.R., Andersen H., Makam V.S., Khaw C., Bae S. et. al. Graphene for Controlled and Accelerated
Osteogenic Differentiation of Human Mesenchymal Stem Cells. ACS Nano., 2011, vol. 5, pp. 4670-4678.

13. Lalwani G., Henslee A.M., Farshid B., Lin L., Kasper F.K., et. al. Two-Dimensional Nanostructure-Reinforced
Biodegradable Polymeric Nanocomposites for Bone Tissue Engineering. Biomacromolecules, 2013, vol. 14, pp. 900-909.

14. Fabbro A., Scaini D., Leon V., Vazquez E., Cellot G. et. al. Graphene-Based Interfaces Do Not Alter Target
Nerve Cells. ACS Nano, 2016, vol. 10, pp. 615-623.

15. Hoctros B.H. u np. HanopasMepHbIe HOCHTENN IS TOCTaBKH JIGKAPCTBEHHBIX IIpenapaToB. huomexnocgepa,
2013, Ne 6 (30), c. 16-27 [Postnov V.N. Nanoscale carriers for drug delivery. Biotechnosphere, 2013, no. 6 (30),
pp. 16-27 (In Russ.)].

16. Kai Yang et. al. Graphene in Mice: Ultrahigh In Vivo Tumor Uptake and Efficient Photothermal Therapy. Nano
Letters, 2010, vol. 10, no. 9, pp. 3318-3323, doi: 10.1021/n1100996u.

17. Liangzhu Feng, Zhuang Liu. Graphene in biomedicine: opportunities and challenges. Nanomedicine, 2011,
no. 6, pp. 317-324.

18. Jibin Song, Xiangyu Yang, Orit Jacobson, Lisen Lin, Peng Huang et. al. Sequential Drug Release and Enhanced
Photothermal and Photoacoustic Effect of Hybrid Reduced Graphene Oxide-Loaded Ultrasmall Gold Nanorod Vesicles
for Cancer Therapy. ACS Nano, 2015, vol. 9, pp. 9199-9209.

19. Zhuqing Wang, Lucio Colombi Ciacchi, Gang Wei. Recent Advances in the Synthesis of Graphene-Based
Nanomaterials for Controlled Drug Delivery. Applied Sciences, 2017, vol. 7, p. 1175.

20. Jingquan Liu, Liang Cui, Dusan Losic. Graphene and graphene oxide as new nanocarriers for drug delivery
applications. Acta Biomaterialia, 2013, vol. 9, pp. 9243-9257.

21. Jiang T., Sun W., Zhu Q., Burns N.A., Khan S.A. et. al. Furin-Mediated Sequential Delivery of Anticancer
Cytokine and Small-Molecule Drug Shuttled by Graphene. Adv. Mater., 2015, vol. 27, pp. 1021-1028.

22. Vincent M., Lazaro I. de, Kostarelos K. Graphene materials as 2D non-viral gene transfer vector platforms.
Gene Ther., 2017, vol. 24, pp. 123-132.

23. Yuqi Yang, Abdullah Mohamed Asiri, Zhiwen Tang, Dan Du, Yuehe Lin. Graphene based materials for
biomedical applications. Materials Today, 2013, vol. 16, pp. 365-373.

24. Abaes M. I'padeH 1 TIIa3MOHHBINA pe30HAHC IS OyAyIiero Meqununel. Hayka u srcusnv, 2015, Ne 11, ¢. 78-80
[Abaev M. Graphene and plasmon resonance for the future of medicine. Science and life, 2015, no. 11, pp. 78-80
(In Russ.)].

25. Tlopoiickuit C.B., Hocaesa T.A., Konsera H.B. Mcnons3oBanue rpadeHa 1 HaHOMaTEpPHAJIOB Ha €T0 OCHOBE B
MenuiuHe. Boneospadckuii nayuno-meduyunckutl scypuan, 2014, Ne 3, c. 9-10 [Poroisky S.V., Nosaeva T.A.,

Russian Journal of Biological Physics and Chemistry, 2023, vol. 8, No. 4, pp. 477-485



484 ME/TUITUHCKAA BHOPH3HUKA H BUOPHIHYECKAA XUMHWA

Konyaeva N.V. The use of graphene and nanomaterials based on it in medicine. Volgograd scientific medical journal,
2014, no. 3, p. 9-10 (In Russ.)].

26. Honggian Bao, Yongzheng Pan, Yuan Ping, Nanda Gopal Sahoo, Tongfei Wu et. al. Chitosan-Functionalized
Graphene Oxide as a Nanocarrier for Drug and Gene Delivery. Small, 2011, vol. 7, no. 11, pp. 1569-1578.

27. Yang Li, Ying Liu, Yujian Fu, Taotao Wei, Laurent Le Guyader et. al. The triggering of apoptosis in
macrophages by pristine graphene through the MAPK and TGF-beta signaling pathways. Biomaterials, 2012, vol. 33,
pp. 402-411.

28. Amano M. et al. Recombinant expression, molecular characterization and crystal structure of antitumor enzyme,
L-lysine a-oxidase from Trichoderma viride. The Journal of Biochemistry, 2015, no. 6 (157), pp. 549-559.

29. El-Shanawany A. et al. Purification, characterization and antitumor activity of L-lysine-a-oxidase from
Trichoderma harzianum Rifai AUMC No 848. Journal of Scientific and Engineering Research, 2018, no. 9 (5),
pp- 350-367.

30. Torii S., Naito M., Tsuruo T. Apoxin I, a Novel Apoptosis-inducing Factor with L -Amino Acid Oxidase
Activity Purified from Western Diamondback Rattlesnake Venom. The Journal of Biological Chemistry, 1997, no. 14
(272), pp- 9539-9542.

31. Iox6oponos B.M. u np. JIoknMHUYECKHE UCTIBITAaHUS IPOTUBOOITYX0JIEBOr0 (hepMeHTa L-JIN3UH-0-OKCH/1a3bl.
Anmubuomuru u xumuomepanust, 2010, Ne 9-10 (55), c. 33-36 [Podboronov V.M. Preclinical trials of the antitumor
enzyme L-lysine-a-oxidase. Antibiotics and chemotherapy, 2010, no. 9-10 (55), pp. 33-36 (In Russ.)].

32. INoxposckuii B.C., Tpemanuna E.M. ®depMeHTHbIE IpenapaTsl B OHKOT€MaTONOTHH: aKTyaJIbHbIE HallpaBIeHUs
9KCTIEPUMEHTAIBHBIX WCCIEJOBAaHUNH M TEPCIEKTHBHl KIMHUYECKOTO NpUMEHeHus. Kinunuueckas ouxozemamono2us,
2014, Ne 1 (7), c. 28-38 [Pokrovsky V.S., Treschalina E.M. Enzyme preparations in oncohematology: topical areas of
experimental research and prospects for clinical use. Clinical oncohematology, 2014, no. 1 (7), pp. 28-38 (In Russ.)].

33. Cmupuosa W.I1. u ap. I3yueHne qeiicBTHS IPOTHBOOITYX0JIEBOTO (hepMeHTa L-TH3uH-0-0KCHIa3bI U3 KYIBTYPHI
Trichoderma harzianum Rifai F180 ra oxucnenne L-mm3mHa METOIOM KaWJUIIPHOTO YIeKTpodopesa. AHmubuomuKku u
xumuomepanus, 2014, Ne 3-4 (59), c. 12-15 [Smirnova L.P. et al. Study of the effect of the antitumor enzyme L-lysine-a-
oxidase from the Trichoderma harzianum Rifai F180 culture on the oxidation of L-lysine by capillary electrophoresis.
Antibiotics and chemotherapy, 2014, no. 3-4 (59), pp. 12-15 (In Russ.)].

34. Smirnova I.P., Kuznetsova O.M., Botin A.S., Siatkin S.P., Kuznetsov V.I., Myandina G.I., Nurmuradov M.K.
Amino oxidase activities of antitumor enzyme producer from Trichoderma. Drug Invention Today, 2019, vol. 11, no. 3,
pp. 758-762.

35. borun A.C., Bypagries B.H., IToneraee A.U., Cmuprosa W.I1. Bo3amMokHOCTE HMMOOMIH3aUU (DEPMEHTOB B
CTPYKTYpY moymrpadena Ha npumepe L-musuH-anbda-okcunasel. Tpyouvt 2-ii MedcOynapoOHOU HAYYHO-NPAKMUYLECKOU
KoHghepenyuu «I paghen u poocmeeHHvle CMPYKMYpbl.: CUHMe3, nPou3so00cmeo u npumenenuey, 2017, c. 36-39 [Botin
A.S., Buravtsev V.N., Poletacv A.l,, Smirnova [.P. Possibility of immobilization of enzymes in the structure of
polygraphene on the example of L-lysine-alpha-oxidase. Proceedings of the 2nd International Scientific and Practical
Conference "Graphene and related structures: synthesis, production and application”, 2017, pp. 36-39 (In Russ.)].

Axmyanvhvie 6onpocwl buonozuiecko uzuxu u xumuu, 2023, mom 8, Ne 4, c. 477-485



MEDICAL BIOPHYSICS AND BIOPHYSICAL CHEMISTRY 485

CARBON NANOCOMPOSITES IN MEDICINE: GRAPHENE AND POLYGRAPHENE AS POSSIBLE
DRUG DELIVERY VEHICLE FOR INTESTINAL ONCOLOGY
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Abstract. The paper considers one of the most important directions in modern pharmacology - targeted
delivery of medicines, namely the directed transport of medicinal substance to given area of body, which
is realized with help of carriers, which, as a rule, have sizes of tens or hundreds of nanometers, different
nature and chemical structure. The delivery of antitumor drugs using nanoparticles is being discussed.
Immobilization of drugs on nanocarriers makes it possible to increase their bioavailability. Various
graphene derivatives - graphene oxide (GO) and reduced graphene oxide (RGO) - are being tested as
carriers for drug delivery. There are several approaches for targeted drug delivery in oncology. The first,
simple one is the attachment of both low— and high-molecular preparation to the surface of the carrier
directly. The drug doxorubicin is firmly bound to surface of graphene oxide and is released only in acidic
environment of tumor. The second, more complex method is to attach to surface of carrier not only active
substance, but also guiding molecules - ligands. Sometimes ligand itself can be a drug at the same time.
Polygraphene (PG) is an original modified analogue of thermally split graphite, obtained in the form of
new form of expanded graphite, after repeated chemical modification and thermal activation, it is reduced
to the characteristics of a layered material with stacks of carbon monolayers of smaller multiplicity (from
5 to 50), up to single sheets of graphene. The results of tests of PG as an effective basis for the
immobilization of enzymes are presented, in particular, on the example of antitumor enzyme L-lysine-a-
oxidase. These data indicate prospects of possible biomedical use of PG in oncology, namely, in treatment
of intestinal cancer. Modified forms of graphene and polygraphene should be considered as new carrier of
drugs.

Key words: graphene, polygraphene, drug delivery, intestinal oncology.
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SAFETY OF CARBON NANOCARRIERS IN BIOMEDICAL APPLICATIONS:
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Abstract. The article considers one of the most important factors allowing to determine the possibility of
wide and safe use of graphene nanoobjects in modern biomedicine - this is the biocompatibility factor,
namely, the interaction of a graphene-containing substance with a given part of the body, which is realized
at different scales and at different levels of organization of living matter. Graphene and its derivatives have
shown exceptional properties and potential for various applications. While graphene derivatives as
graphene-oxide (GO), reduced graphene-oxide (rGO), few-layers graphene (FLG), and multi-layers
graphene (MLGQ) exhibit similar properties to graphene, more research is needed to address scalability and
cost-effectiveness for practical applications. In tissue engineering, graphene-based materials have shown
promise in scaffolds, biosensors, and drug delivery systems, but optimizing biocompatibility and
functionalization strategies are crucial for safe and effective use. This work is a try to better understanding
the complex interactions between graphene and biological systems, including cells, tissues, and organs,
which is necessary for future research and expanding the use of graphene in biomedical applications.

Key words: graphene, biocompatibility, functionalization, biomedical applications.

Introduction. Graphene, a two-dimensional material consisting of a single layer of carbon atoms, has garnered
much attention in recent years due to its exceptional mechanical, electrical, and optical properties. As a result, it has been
extensively investigated for its potential use in various fields such as electronics, energy, and biomedical applications.
The latter is of particular interest due to its unique biocompatibility properties, which make it a promising candidate for
developing biosensors, drug delivery systems, and tissue engineering scaffolds.

The biocompatibility of graphene and its derivatives is an active area of research, with numerous studies
investigating the material's interactions with biological systems at various scales, ranging from single cells to tissues and
organs. Understanding the mechanisms underlying the biocompatibility of graphene is essential for the safe and effective
use of this material in biomedical applications.

This article will provide an overview of the current state of knowledge regarding the biocompatibility of graphene
and its derivatives. We will discuss the various factors that affect the biocompatibility of graphene, including its
physicochemical properties, functionalization strategies, and dosage. Additionally, we will highlight the latest research
on the interactions between graphene and different biological systems, including cells, tissues, and organs. Finally, we
will discuss the challenges and future prospects of using graphene and its derivatives in biomedical applications.

Graphene and Its Derivatives. Despite its tremendous potential, the practical application of graphene is still limited
by the high cost, limited availability, and lack of scalable production methods. Therefore, researchers have explored
graphene derivatives, which exhibit properties similar to graphene and can be synthesized at a lower cost [1].

Graphene oxide (GO) is a widely used graphene derivative due to its low cost, ease of synthesis, and functional
groups on its surface that enable the functionalization and dispersion of graphene in various solvents and matrices [2].
Reduced graphene oxide (rGO) is obtained by the chemical or thermal reduction of GO, which restores the sp2
hybridization and electronic properties of graphene [3]. Few-layer graphene (FLG) and multilayer graphene (MLG) are
graphene derivatives that consist of several layers of graphene sheets stacked together. FLG is characterized by a few
(2-5) layers of graphene, while MLG can have more than ten layers [4].

Graphene and its derivatives have a wide range of applications in various fields. In biomedical applications, graphene
and its derivatives have been explored for drug delivery, biosensing, and tissue engineering scaffolds due to their
biocompatibility and high surface area [5]. Studies have investigated the biocompatibility of graphene with different
biological systems, ranging from single cells to tissues and organs. Graphene's high surface area and surface chemistry
make it a suitable material for immobilizing biological molecules and detecting biomarkers. Furthermore, graphene-based
drug delivery systems have shown promise in delivering therapeutic agents to specific sites in the body.

Applications of Graphene in Tissue Engineering. The unique characteristics of graphene make it an ideal material
for a broad range of applications, including tissue engineering. Tissue engineering is the interdisciplinary field of applying
engineering principles to develop biological substitutes for damaged or missing tissues. Graphene has been found to have
tremendous potential in tissue engineering applications due to its biocompatibility, electrical conductivity, and mechanical
properties [2-4].

One of the most promising applications of graphene in tissue engineering is as a scaffold material. Graphene
scaffolds have been shown to promote cell adhesion, proliferation, and differentiation [5]. Additionally, graphene's
electrical conductivity can stimulate cells' growth and aid in tissue regeneration [6]. Furthermore, graphene's mechanical
properties, such as its high tensile strength and flexibility, make it an excellent candidate for developing scaffold materials
for various tissues, including bone, cartilage, and skin [7].
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Graphene's unique electrical properties also make it a potential candidate for developing biosensors for various
biomedical applications. Biosensors developed using graphene-based materials have shown promising results in detecting
various biomolecules, such as glucose, cholesterol, and proteins [6]. Graphene's high surface area and its ability to transfer
electrons efficiently make it an ideal material for developing biosensors [9]. Additionally, graphene's high
biocompatibility makes it a safe material for biomedical applications [10].

Moreover, graphene-based materials can also be used as drug delivery vehicles in tissue engineering. Graphene-
based drug delivery systems can enhance drug bioavailability and improve therapeutic efficacy [11]. Graphene's large
surface area and high drug-loading capacity make it an excellent candidate for developing drug delivery systems.
Furthermore, graphene's biocompatibility and low toxicity make it a safe material for drug delivery applications [12].

Factors Influencing the Biocompatibility of Graphene. The biocompatibility of graphene is influenced by various
factors, including size, shape, surface chemistry, concentration, and aggregation state.

The size and shape of graphene can affect its biocompatibility. Smaller graphene sheets can be internalized by cells
and potentially cause cytotoxicity, while larger sheets may be more biocompatible. Additionally, graphene oxide sheets
with rounded edges have been found to be less toxic than sheets with sharp edges [7].

Surface chemistry is another important factor that influences the biocompatibility of graphene. The presence of
functional groups on graphene's surface can affect its interaction with biological systems. For example, the presence of
carboxylic groups can enhance the solubility and biocompatibility of graphene, while the presence of amino groups can
increase its toxicity [8].

The concentration of graphene also plays a role in its biocompatibility. High concentrations of graphene can cause
cell death and induce inflammation, while lower concentrations may be more biocompatible. Additionally, the
aggregation state of graphene can affect its biocompatibility. Aggregated graphene can induce inflammation and oxidative
stress, while dispersed graphene may be more biocompatible.

Other factors that may influence the biocompatibility of graphene include its purity, crystallinity, and surface charge.
Purer and more crystalline graphene may be less toxic, while the surface charge can affect its interaction with biological
systems.

Functionalization Strategies for Enhancing Graphene's Biocompatibility. Functionalization strategies have
been developed to tailor graphene's physicochemical properties to specific biomedical applications. Functionalization of
graphene can be achieved by attaching various molecules and atoms to its surface, such as peptides, proteins, polymers,
and nanoparticles. Additionally, functionalization with polymers can increase the stability and solubility of graphene in
biological fluids and enhance its biocompatibility.

Functionalization of graphene can be achieved by attaching various molecules and atoms to its surface, such as
peptides, proteins, polymers, and nanoparticles. One of the most common methods for functionalizing graphene is
covalent functionalization, where molecules are attached to the surface through covalent bonds. This method ensures
strong binding between the functional molecules and graphene, but it may also alter graphene's physicochemical
properties [9].

Non-covalent functionalization is another strategy for functionalizing graphene, where molecules are attached to the
surface through non-covalent interactions such as electrostatic forces, hydrogen bonding, and van der Waals forces. Non-
covalent functionalization can preserve the intrinsic properties of graphene and enhance its biocompatibility [10].

Functionalization strategies can also be used to tailor the surface charge of graphene, which is a critical factor
affecting its interaction with biological systems. The surface charge of graphene can be controlled by functionalizing it
with charged molecules such as polymers or nanoparticles [11].

Functionalization of graphene can also enhance its solubility in biological fluids, which is necessary for its effective
use in biomedical applications. The functionalization of graphene with polymers or surfactants can increase its solubility
and stability in aqueous solutions [12].

Dosage-Dependent Effects of Graphene on Biological Systems. The dosage of graphene is an important factor
that influences its effects on biological systems. Several studies have shown that graphene exhibits a dosage-dependent
effect on biological systems. At low doses, graphene has been reported to enhance cell proliferation and differentiation,
promote wound healing, and have anti-bacterial and anti-inflammatory effects. For instance, Luo et al. demonstrated that
low concentrations of graphene oxide enhanced the proliferation and differentiation of human mesenchymal stem cells
[13]. Additionally, Shanmugam et al. reported that low concentrations of graphene oxide could promote wound healing
in mice [14].

However, at high doses, graphene can be cytotoxic and induce inflammation and oxidative stress in cells. The
cytotoxicity of graphene has been found to be influenced by various factors such as size, shape, surface chemistry, and
concentration. For example, smaller graphene sheets may be more cytotoxic due to their increased cellular uptake [15].
Moreover, graphene oxide with high oxygen content has been found to induce greater oxidative stress than reduced
graphene oxide with low oxygen content [6].

The dosage-dependent effects of graphene on biological systems have been observed in both in vitro and in vivo
studies. For instance, Jasim et al. reported that high doses of graphene oxide could induce liver toxicity in mice [16].
Similarly, Wu et al. found that high doses of graphene could induce inflammation in human lung cells [17].

Interactions between Graphene and Cells. Understanding the interactions between graphene and cells is crucial
for the safe and effective use of graphene in biomedical applications.

Several studies have investigated the interactions between graphene and cells. Graphene has been found to interact
with cells in different ways, depending on factors such as size, shape, surface chemistry, and concentration. For example,
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small graphene sheets with high surface area have been found to be more cytotoxic than larger sheets [18]. Additionally,
graphene oxide with carboxyl or hydroxyl groups on its surface has been found to be more biocompatible than graphene
oxide without these functional groups [19].

The interaction between graphene and cells can also affect cell behavior and functions. For instance, Qi et al. found
that graphene oxide could promote the differentiation of human neural stem cells into neurons [20]. Moreover, Devi G.V
et al. reported that graphene could induce osteogenic differentiation of human mesenchymal stem cells [21]. On the other
hand, several studies have reported that graphene can induce cytotoxicity, inflammation, and oxidative stress in cells [22].

The interaction between graphene and cells is also influenced by the protein corona that forms around graphene
upon its contact with biological fluids. The protein corona can affect the biocompatibility and toxicity of graphene by
altering its interactions with cells. For example, the protein corona formed around graphene oxide can reduce its
cytotoxicity by shielding its surface groups that can induce cytotoxicity [23].

Interactions between Graphene and Tissues. Various factors, such as size, shape, surface chemistry, and
concentration, determine the way graphene interacts with tissues. Depending on these factors, graphene can interact with
tissues in different ways. For instance, larger graphene sheets with more layers are less harmful to cells than smaller ones
[24]. The interaction between graphene and tissues can also affect tissue functions and responses. For example, Liu et al.
reported that graphene could enhance the osteogenic differentiation of bone marrow mesenchymal stem cells [25].
Moreover, graphene oxide has been found to induce angiogenesis in vitro and in vivo, which can be potentially useful for
tissue regeneration [26]. However, graphene can also induce inflammation and oxidative stress in tissues, leading to tissue
damage [15].

The interactions between graphene and tissues are also influenced by the protein corona that forms around graphene
upon its contact with biological fluids. The protein corona can affect the biocompatibility and toxicity of graphene by
altering its interactions with tissues [27]. For example, the protein corona formed around graphene oxide can reduce its
cytotoxicity by shielding its surface groups that can induce cytotoxicity [28].

Interactions between Graphene and Organs. Several studies have investigated the interactions between graphene
and organs. For example, graphene has been shown to accumulate in the liver, spleen, and lungs of mice after intravenous
injection, indicating its potential toxicity to these organs [24]. In contrast, graphene oxide has been found to accumulate
primarily in the spleen and to a lesser extent in the liver and lungs [29]. Furthermore, graphene has been shown to interact
with the brain and induce changes in its functions, although the underlying mechanisms are not fully understood [30].

The interactions between graphene and organs can also affect the organ functions and responses. For example,
graphene oxide has been shown to induce apoptosis and impair the functions of immune cells in the spleen [31]. Moreover,
graphene has been found to enhance the functions of pancreatic  cells, which could be potentially useful for the treatment
of diabetes [32]. However, graphene can also induce inflammation and impair the functions of heart cells, leading to
cardiac dysfunction [33].

The interactions between graphene and organs are also influenced by several factors, including the size, shape,
surface chemistry, and concentration of graphene. The protein corona that forms around graphene upon its contact with
biological fluids can also affect its interactions with organs [23]. Therefore, it is important to carefully control these
factors to minimize the potential toxicity of graphene to organs.

Challenges and Future Prospects for the Use of Graphene in Biomedical Applications. Despite the potential
benefits, several challenges exist in the development and application of graphene-based biomedical technologies. One of
the major challenges is the potential toxicity of graphene and its derivatives. Studies have shown that the size, shape, and
surface functionalization of graphene can influence its biocompatibility [34],[24]. Thus, careful consideration must be
given to the design and preparation of graphene-based materials to ensure their safety and efficacy in vivo.

Another challenge is the difficulty in achieving scalable production and processing of graphene-based materials
[35]. The synthesis of high-quality graphene is still a complex and expensive process, limiting its widespread use in
biomedical applications. Furthermore, the lack of standardization in the characterization of graphene materials can hinder
the reproducibility and comparability of results [36].

Despite these challenges, graphene-based technologies show great potential in biomedical applications. Graphene-
based nanomaterials have been investigated for their potential use as drug delivery systems [37]. The large surface area
and high drug-loading capacity of graphene oxide make it an attractive candidate for drug delivery applications [38].
Moreover, graphene oxide has been shown to enhance the therapeutic efficacy of anticancer drugs by promoting their
uptake by cancer cells [39].

In addition to drug delivery, graphene-based biosensors have also been developed for the detection of various
biomolecules, including proteins and DNA [40]. The high sensitivity and specificity of graphene-based biosensors make
them promising for early disease diagnosis and monitoring. Graphene-based materials have also been investigated for
their potential use in tissue engineering [41]. The high conductivity of graphene and its derivatives make them attractive
for neural tissue engineering applications, while the high mechanical strength of graphene has been utilized in the
development of scaffolds for bone tissue engineering.

Interaction between PolyGraphene and Intestine. In this part, we will give, as a good example, the result of
designing an effective tool and choosing a method for safe use in medical practice of graphene-containing carbon material
PolyGraphene (PG). The rationale for the prospects of this development was the results of studying the interaction of such
a graphene-like carbon product as PolyGraphene with tissues and internal walls of the intestine.

In fact, a carbon nanocomposite of PolyGraphene (PG) obtained as expanded graphite after hydro-termic treatment
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Figure 1. Image (a) of a PolyGraphene (PG) obtained using a Transmission Electron Microscope (TEM) - JEOL JEM-
2100; Image (b) of a PolyGraphene (PG) obtained using a Scanning Electron Microscope (SEM) - TESCAN LYRA

of modified graphite became to be able to interact as sorbent PG with wide range of organic pollutants. To date, it was
studied the sorption properties of carbon material as an example of PolyGraphene (PG) concerning of organic pollutants.
PG - version of ultrafine carbon sorbent, which was developed on the basis of the modified oxygen-containing expanded
graphite (OCEG). Materials like PG have a very high absorption capacity, especially with respect to hydrophobic
compounds (1:30 - 1: 100). For this reason, such materials are effectively used for the purification of aqueous solutions
and suspensions from a wide range of organic pollutants (from benzene to oils). Since the envelopes of bacteria and
viruses, as well as many toxins, are hydrophobic, forms of graphite obtained by thermal decomposition can effectively
sorb and retain toxins, antibiotics, virus particles, pathogenic microorganisms, and many xenobiotics (for example,
diclofenac). These facts indicate possible biomedical and biotechnological applications of PG.

Electron microscopy of various samples of PG showed that this material is a stack of graphene sheets with a
multiplicity of 1-10-100, depending on the preparation technology (Figure 1). Repeated chemical modification and
thermo-activation allows to obtain a material with stacks of lesser frequency, up to single sheets of graphene. Various
technological options for producing PG were investigated and the best option was determined in terms of the ratio of
functional characteristics and the cost of the resulting sorbent.

During experiments it was studied a new form of an oxygen-containing expanded graphite, which after repeated
thermal activation and chemical modification with using ultrasound results in a material with stacks of carbon layers with
higher multiplicity (10-40), but containing both single sheets of graphene. It is possible to include this material in
classification of nanocomposite sorbents and the graphene-containing carbon forms. The authors introduce a new
classification of this type of material and see it as an Oxidized PolyGraphene (OPG).

Enterosorption - the method based on linkng and removal from the digestive tract (DT) with the medical or
preventive purpose of endogenous or exogenous substances, metabolites, various products of a microbic origin.

The last achievements in the field of physiology and pathology of digestion allow to consider enterosorption
mechanisms from mass exchange positions between the internal and enteral medium. In this regard, enterosorbents can
be estimated not only as effective remedies of a detoxication of an organism, but also as a factor, in itself having essential
impact on activity of the digestive and transport conveyor and an exchange of the main nutrients.

Though materials and manufacturing techniques of sorbents significantly differ, the main medical requirements to
enterosorbents remain rather constant: 1) convenient pharmaceutical form and lack of unpleasant organoleptic properties
of a preparation; 2) not toxicity - preparations in the course of passing up through a gastrointestinal tract shouldn't collapse
to fragments which can be soaked up and make negative impact on bodies and systems; 3) prepa-rations shouldn't injure
the mucous; 4) there has to be a good evacuation warning a sorbent congestion in an intestines gleam; 5) high sorption
ability to the deleted components; 6) at not selective sorbents possibility of sorption of useful nutrients has to be minimum;
7) lack of a desorption in process of advance through a gastrointestinal tract, lack of dependence from pH of medium.

Objective. The study of the interaction of OPG with the structure of the mucous of small intestine to determine
possibility of using the OPG for detoxification general and selective action.

Conditions of experiments. Histologic research of a small intestine. For 20 rats through a probe was entered
PolyGraphen's suspension into initial department of a duodenum. After 2.5 hours for receiving samples of biomaterial to
rats was done euthanasia according to the European bio-ethical standards of manipulations with laboratory animals.
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Figure 2. Oxidized PolyGraphene remains as a part of a himus and in the field of near wall of a mucous membrane of
intestine. OPG does not enter the intercellular space in the epithelium, does not penetrate into the cells and doesn't get
directly to a surface of cages of an epithelium

Further was opened an abdominal cavity of rats, was cuted sites of medial department of a duodenum, initial department
of lean gut and distal department of ileum gut. Samples placed in the cooled fixating solution and processed according to
the standard scheme for histologic research (Figure 2).

Experiments clearly show that Oxidized PolyGraphene remains as a part of a himus and in the field of near wall of
a mucous membrane of intestine. OPG does not enter the intercellular space in the epithelium, does not penetrate into the
cells and doesn't get directly to a surface of cages of an epithelium that treats as large poly-particles of OPG (100-500
microns), and smaller poly-particles (10-50 microns). At one-time introduction of OPG, it goes as transit goods through
a small intestine, without being late and without getting directly to a surface of an intestinal epithelium which is closed
by a continuous dense mucous bed, and also in space between intestinal fibers. OPG works, mainly in a gleam of intestines
and at a surface of a mucous layer, without having direct negative destructive effect on cells of an intestinal epithelium
and OPG has a large capacity.

The results of tests OPG as acting basis for the enterosorbents of new generation indicate a good promising potential
for wide medical applications of PolyGraphene.

Conclusion. The unique properties of graphene and its derivatives have generated significant interest for potential
applications in biomedicine. While GO, rGO, FLG, and MLG exhibit similar properties to graphene, more research is
necessary to address scalability and cost-effectiveness for practical applications. In the field of tissue engineering,
graphene-based materials have shown remarkable potential in scaffolds, biosensors, and drug delivery systems, due to
their ability to mimic the properties of natural tissues and cells. However, to translate these applications into clinical
settings, optimizing the biocompatibility and functionalization strategies of graphene-based materials is crucial for safe
and effective use.

Furthermore, understanding the complex interactions between graphene and biological systems is necessary to
mitigate potential risks and optimize performance in biomedical applications. The dosage of graphene is an important
factor that influences its effects on biological systems, and the biocompatibility and toxicity of graphene need to be
carefully studied and optimized for safe use.

As such, further research is needed to develop reliable and effective methods for large-scale synthesis and production
of graphene and its derivatives, as well as to optimize their properties and performance for specific applications. With
continued innovation and development, it is possible that graphene-based materials will play a critical role in shaping the
future of technology, medicine, and other industries.
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BE3OIMACHOCTD YIJIEPOJJHBIX HAHOHOCHUTEJIEH B BUOMEJIUIIMHCKHUX TPHJIOKEHUSX:
BUOCOBMECTUMOCTDb I'PA®EHA U EI'O IPOU3BO/IHbBIX
Borun A.C.'2, Pusk M.I'.X.!, Ilonosa T.C.%, Kopnosa A.B.!
' Poccuiickuii yauBepcuteT apyxObl Haponos uM. [laTpuca JlyMyMOET
yi. Mukayxo-Maxkaas, 6, 2. Mockea, 117198, P®,; e-mail: botin-as@rudn.ru
2T'BY3 «HUU Ckopoii momouu um. H.B. Ckimudocosckoro I3M»
bonvwas Cyxapesckas niowaos, 3, 2. Mocksa, 129090, P®; e-mail: BotinAS@sklif- mos.ru
[Mocrynuina B penakuio 29.08.2023. DOI: 10.29039/rusjbpc.2023.0650

AnHoTanus. B crathe paccMaTpuBaeTCs OJMH M3 BaXHEWIIMX (DaKTOPOB, MO3BOJISIOUIMX OINPEICIUTh
BO3MOXXHOCTh IIMPOKOTO M 0€301acHOr0 NpHUMEHEHUs! rpadeHOBHIX HAHOOOBEKTOB B COBPEMEHHOM
OouomenuiHE - 3TO (aKTOp OMOCOBMECTHMMOCTH, a MMEHHO B3aMMOJICHCTBHE TIpad)eHCOEPIKAIIETO
BEILIECTBA C 3a/IaHHBIM yYacTKOM OpPTaHM3Ma, KOTOPBIH peann3yeTcst Ha pa3HbIX MacIITadax ¥ Ha PasHBIX
YPOBHSX OpraHW3aliM >KUBOM Marepun. [padeH W ero mpPOU3BOIHBIE IPOJCMOHCTPUPOBAIH
HCKITFOUHMTENbHBIC CBOMCTBA M MOTEHIHUAN Ul Pa3INYHBIX HMpPHUMEHEHUil. XOTs MpOH3BOJHEIE TpadeHa,
takue kak okcup rpadena (GO), BoccranoBieHHBIH okcup rpadena (rGO), HeMHOrocnoWHbIN rpadeH
(FLG) u muorocnoinsri rpadern (MLG), obmagaroT cBOHCTBaMHU, CXOIHBIMU CO CBOHCTBaMH rpadeHa,
HEOOXOIMMBI JOMOJHUTENIBHEIE HCCIISNOBAHUS JUId DEIUCHUS MNpoOJieMbl MacliTabHUpyeMOCTH |
SKOHOMHUYECKOH 3(P(PEKTHBHOCTH AJISI MPAKTHUECKUX MPUMEHEHHH. B TkaHeBOW MH)KEHEPUHN MaTepHaIIbI
Ha OCHOBe rpadeHa rmokaszaiu ce0si MHOTOOOCIIAIONMMU B KaueCTBE KapKacoB, OMOCEHCOPOB M CHCTEM
JOCTaBKH JICKApCTB, HO ONTHUMHU3AIUA CTpaTel"I/If/’I 6I/IOCOBMGCTI/IMOCTI/I )5 (byHKHI/IOHaJ'[I/ISaHI/II/I UMEECT
penraroiee 3HaueHue sl 0e30macHOTO U 3(PPEKTUBHOTO MCTONB30BaHUS. JTa paboTa MpeacTaBiseT
co0O#l MOMBITKY JIy4llle TOHSATH CIIOKHBIC B3aUMOJCHCTBUS MEXAY rpadeHOM M OHOJIOrHYECKUMHU
CHCTEMaMH, BKJIIOYas KJIETKH, TKaHH M OpraHbl, YTO HEOOXOAMMO Ui OyAyIIMX HCCIEAOBaHUN U
pacuIMpeHusl NCIIONIb30BaHMs TpadeHa B ONOMETUIIMHCKIX MTPHIOKEHHSX.

Knroueswie cnosa: epagen, buocoemecmumocmos, GyHKyUoOHAIU3AYUSL, OUOMEOUYUHCKUE NPUTONHCEHUSL.
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CAMOOPTAHAU3ALIUSA ITPU POPMUPOBAHUU BUPYCOB: HAHO-ITPOLECC
CBOPKHU I'OJOBOK (KAIICUI0B) U YKIIAJIKA JHK HA IIPUMEPE XBOCTATbBIX
BAKTEPUO®AI'OB (JIAMBIA, T4)

Borun A.C."2, Iyaun A.M.!, Taspuios A.B.!, ITonosa T.C.2, Kopaosa A.B.!

! Poccuiickuit yauBepeuteT apyObl Haponos uM. ITatpuca JlyMmymObI
yi. Muxayxo-Maxnas, 6, 2. Mockea, 117198, P®,; e-mail: botin-as@rudn.ru
2TBY3 «HUM Ckopoit nomoru um. H.B. Cxkmudocosckoro JI3M»
bonvuwas Cyxapesckas niowaos, 3, 2. Mockea, 129090, P®; e-mail: BotinAS@sklif.-mos.ru
[Mocrynuina B pepakuio 29.08.2023. DOI: 10.29039/rusjbpc.2023.0651

AHHOTanms1. AKTyaJbHOCTB 1po6ieMsl. [1Inpokoe u OECKOHTPONBEHOE IPUMEHEHUE aHTHOAKTEPUATIbHBIX
MpernapaToB HE TOJBKO B MEIWIUHE, HO M B CEIIbCKOM XO3SHCTBE, >KUBOTHOBOACTBE, IHIICBOIl
MIPOMBILUICHHOCTH TPHBEIO K PACHPOCTPAHCHHIO MYJIBTHPE3UCTCHTHBIX IITAMMOB, YCTOWYHBBIX K
HanOoJiee pacpoCTpaHEHHBIM aHTHOAKTEpHAIEHBIM IpenaparaM. B mouckax anbTepHATUBHBIX CTpaTeruii
MpoQUITAKTUKA W KOHTPOJs OakTepuanbHOM WH(MEKIMH BCe dame oOpamaroT BHUMaHHE Ha
OaxTeprodaroByro (dharoByr) Tepamuio. Pacrmonmaras mMpoKHM IUama3oHOM BO3MOXHOCTEW T€HHOU
HHKCHEPHH, 9TH OaKTepHAIIbHBIE BUPYCHI MOTYT OBITH MOIM(UIIMPOBAHBI C EIbI0 JOCTHKEHHS TOYHOTO
KOHTPOJISI U OOHApY>KeHHs1 OaKTepHi U, TAKUM 00pa30M, OCIYKHUTh HOBBIM HCTOUHHMKOM aHTUMHUKPOOHBIX
cpenctB. Kpome npuMeHeHUs] B aHTUMHKPOOHOW Teparuu, Gard Takke MOTYT ObITh UCIIOJIb30BaHbI KaK
TPaHCIIOPTHBIE CUCTEMBI JUIsl JOCTABKHU MPETIapaToB, KaK BAKI[MHBI MM )K€ MOTYT OBITh UCIIOJIb30BaHbI JJIs
HAHOCOOPKHM HOBBIX MaTE€pHANIOB, TaK Kak caMu (ark, UX (QparMeHTbl ¥ KOMIIOHEHTHI SIBJISIOTCS
HAHOOOBEKTaMH M (DYHKIMOHUPYIOIIMMH HAHOMAIIMHAMH, MpOIEecC COOPKHM KOTOPBIX YPE3BBIYANHO
aktyaineH. L{enpio qaHHOI cTaThy SBJISIETCS: MPOBEICHNE aHaIM3a 1 00001eHNe BakHelel nHpopmanuu
mo TeMe OakTepro(aros, METOMOB MX ONpeneNeHUs W dPPEKTUBHOIN TpaHC(HOPMAIMK B COBPEMEHHON
HayKe, OLEHKa JIOCTIKEHHI COBPEMEHHBIX HCCIIENOBaHMH B 00JacTH Ipolecca COOPKH TOJIOBOK
(xaricunoB) u yxmaaku BHyTpukancunanoi JIHK y xBocrtareix Gakreprodaros (dar asmoma u dar T4),
MIPOU3BOJICTBO T€HHO-MOJH(HIUPOBAHHBIX (aroB M 0030p OCHOBHBIX INEPCIEKTHUB Pa3BUTHS JAHHOTO
HAaIpaBJICHUSL.

Kntoueevie cnosa: esupycvi, baxmepuoghacu, camocbopka kancuoos, ykiaoka [JHK, Hanoobvexmubi,
gazomepanus.

Brenenne. dyngamentanbHas npodjema 6akrepuodaros. Ileproe KOCBEHHOE CBUIETENLCTBO CYIIECTBOBAHUS
6akTeprodaroB MOJXYyYWII aHTTIMHCKUH yu€HBIH DpHecT XaHKHH, KOTOpbId B 1896 rony Hamucan o 1iefeOHbIX CBOMCTBaxX
Box ['anra m [xamua B MHmuu. XaHKWH BBIICHWI, 4TO BOjAa oOJyiajana aHTUOAKTEpHAJIbHBIMH CBOMCTBaAaMU IO
OTHOIIECHHIO K BO30YANTEIIO XOJIEPHI, COXPAHIBIIUMHUCS TIOCIE (GUIBTPAIMH, HO MPONAIAIOIINMH Tocie KumsiaeHns. K
TOMYy MOMEHTY BHPYCHI, KaK MHKPOCKOIIMUECKHE TIaTOT€HBI, OOJIa[alomue CIHOCOOHOCThIO MPOHUKATh depe3
GakTepuagbHbIe QUIBTPHL, OBIIN yXKe U3BECTHBI, OJJHAKO YUEHBIA HE BHICKa3aJl HUKAKHUX MPEATION0KEHHH OTHOCUTETEHO
BHUPYCHOU TIPUPOABI OTKPBITOrO UM 3ddexra. Hapsamy ¢ 3Tum u3BecTHO, uTO poccuiickuit Mukpooduomnor H. @. Namanes
B 1898 romy, BepBbie HabIrOAAT SABJICHHUE JIN3KCA CHOMPES3BEHHON ITaJIOYKH ITO/T BIUSHHEM [IEPEBUBAEMOT0 areHTa, Ho
OH TaKKEe HE OMHCAI 3TOT areHT B KadecTBe BUpyca OakTepuil M HE MPOJOIDKHMI ero ucciemoBaHus. [lostomy
OTKpBIBATEIIMU OakTeprno(aroB MPUHATO CUWTaTh aHrMdanuHa @penepuka Tyopra M KaHAICKO-(PPaHIy3CKOrO
yu€noro @enukca aDpemsi. B 1915 rony anrnmiickuii BerepuHaphblii Mukpoouonor @. Tyopt (F.W. Twort) onucan
SIBJICHHE «CTEKJIOBHIHON TpaHcoppmanuny craduIoKoKKa, KOTopoe ObLTo Ha3BaHO «peromen Tyopray. B cBoeii padote
OH HaOJroNay paspylieHHe CTapHIOKOKKA MEepeBHBAaEMbIM (HIBTPYIOIIUMCS areHTOM. TakuMm o0pa3oM OH BIEpBbIE
OTKpBLI BUpYC Oaktepuii [1]. st pa3BUTHS HCCIe0BaHU B 001acTi OakTepuodaruu 0codboe 3HaUCHUE UMEITH PabOThHI
(paniry3ckoro u kanajackoro yuénoro ®enukca n'3pems (F. d’Herelle). B 1917 r. on cooduru, 4to 3 hekaabHBIX Macc
OOJNBHBIX TU3CHTEpHEH eMy YyIaloCh BBIACIHTH OCOOBIN JMTHYCCKUH (hakTop (BHUpYC), CHOCOOHBIH MPOXOIUTH Yepe3
GakTepuanbHble (WIBTPBI, PA3MHOXATHCS HAa TU3CHTEPUHHBIX OAaKTEpUSX M BbI3BIBATH IPH 3TOM HX JH3KC. s
0003HaUEHHs 3TOTO BHpYyca 1'Opeiulb BIEPBBIE MPEATIOKMI Ha3BaHue Oakrepuodar. MM sxe BepBble ObUIO MOKa3aHO
pucyTcTBUE OakTeprodaroB B cocTaBe MHUKpPO(IOPH yemoBeka W KHUBOTHBIX [2]. Takmm obpasom, ¢akT yuyactus
OaxTeproaroB B (QyHKIIMOHHPOBAHWKA HOPMAaJHHOTO MHKPOOHOIIEHO3a Tejla JKMBOTHBIX M YEJIOBEKa W3BECTEH Ha
MPOTAXKCHUN TOYTH 100 JICT, OAHAKO JAaHHBIC O B3aMMHOM BJIMAHHUU HOHyJ’IHHI/Iﬁ (bal"OB M UX XO034€B, @ TAKIKEC O pPOJIH
(aroB B (hyHKIMOHHPOBAHHUHU COOOIIECTBA BCe el OUeHb CKYHBI M pa3po3HeHbl. [loHnMaHne 0COOEHHOCTEH 3KOJIOro-
(bU3MOIOTHUECKHUX B3aMMOOTHOIICHU B TPOMCTBEHHOU CHCTEME «0aKTepru - paru — MakpoOpraHu3M» OJDKHO CITYKHTh
TEOPETHYECKOH OCHOBOW I yIpaBieHus 3Toi cuctemoid [3]. MccnenoBanust G6akrepuodaroB B 1930-1950x romax
MpuBeNM K (OPMUPOBAHUIO COBPEMEHHOH KoHIeNMu Bupyca [4]. daroBble HccienoBaHUs TaKKe Al Hadalo
MOJIEKYJISIPHOW T'€HETHKE ¥ MOJIEKYJISIpHOH Onosoruu. IlpenmyiiecTBeHHO Ha Mozenu OakreprodaroB ObUIN BIIEPBEIE
OIMCaHBl MOJIEKYJISIPHBIE OCHOBBI OMOJIOTHYECKUX MPOILECCOB, 0OCOOCHHO Ha PaHHMX 3Tanax Pa3BUTHS MOJICKYJISIPHOMN
TEHETHKN M MOJIEKYJSIpHOW MHKpoOHosorny [5]. B HacTosmiee BpeMs MCCIEAOBaHUS 110 MOJICKYJIAPHOM Owosornn
BHpPYCOB OakTepuii HocsAT OoJiee CHeluaabHBI XapakTep, Oylydd B OCHOBHOM HalpaBliCHbl Ha M3ydeHHE (aroB Kak
CaMOCTOSATEILHOTO OMOJIOTHYECKOTO SIBIICHHS, HEXKEIIM HAa UX HCIIONb30BAaHHWE B KAUECTBE MOAETH ISl pacuIn(poBKu
YHHUBEPCATBHBIX OMOIOTHUECKHUX MTPOIIECCOB.
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/KnsHeHHble UUKJIbI 0akTepuodaroB. MOXHO BBIIEIUTh HECKOJIBKO 3TaloOB IKU3HEHHOIO IIMKIA
MIPOKapHUOTHIECKUX BHPYCOB, KOTOPHIE XapaKTEPHbI TaKkkKe W Al OONBIIMHCTBA BHPYCOB JYKapHOT: aAcopOIus,
BBICBOOOXK/ICHUE HYKJICMHOBOM KHCIIOTHI U3 OEJIKOBON O0OJIOYKH, IKCIIPECCHsI M PEIIMKalKs HYKJICHHOBOW KHUCIIOTHI,
cOOpKka BHpPHOHA, BBIXOJ MOTOMCTBa BUpyca U3 MHOUIIMPOBAHHOW KJIETKH [6]. AncopOuus (aroB nmpoucXoauT B J1Ba
stana. IlepBblii 3Tam ancopOIMU ATO ONpEeSieHHE MOBEPXHOCTHBIX KIETOUHBIX CTPYKTYp, ITOT 3Tall SBISETCS
o0paTHMBIM 1 (ar UMeeT MIaHC AUCCOLMUPOBATH OT KIETKH 0e3 moTepu MH(EKIHMOHHOCTH. Bo Bpems BTOporo srara,
MIPOMCXO/IUT IIPOYHOE CBS3BIBAHUE MEXy CTPYKTypoH (hara (Harprumep, 0ceBoil XBOCTOBOH (prOPHILIOiT) M pEeLIenITOPOM,
KOTOpOE 3aIlyCKaeT Ipoliecc HeoOpaTUMOW MepecTpOKN BHPHOHA M BBHICBOOOKAEHHE HYKIENHOBOW KucioThl. [locie
azicopOIyy, MEXaHNU3MbI BUPYCHOHM YacTHIBI 00€CTIeunBa0T MPOHNKHOBEHNE CKBO3b 00O0IOUKH OaKTepHATbHON KIETKH
(x mpuMmepy, c moMoUIbI0 crHenuduIecknx (aroBbIX (EPMEHTOB, JOKAIM3OBAHHBIX B XBOCTE WIIM Kalcuiue) M
HYKJIEMHOBAsI KHCJIOTA TPAHCIIOPTUPYETCSl B KIETKY, TOTAA KaK Kalcha OCTa&Tcs Ha BHEIIHEW MOBEPXHOCTH KIIETKH
(Tompko B cimydae cemeiictBa Cystoviridae MPOMCXOIUT MPOHWKHOBEHHWE B KIETKY BHYTPEHHETO HYKJICOKAaIlCHIa
BrproHa). [Tocie MPOHNKHOBEHHMS B KJIETKY T€HETHUECKHI MaTepHal BUPyCa MM BCTPAaUBAETCS B XO3SIMCKUI T€HOM, HIIN
ocraércs B 1mromiazme [7]. CyliecTByeT HECKOJIBKO THIIOB JKM3HEHHBIX HHUKIOB OakTeproGharoB: JTUTHYCCKHIA,
JIM30TEHHBIH, ICEB/IOJIM30TeHHBINA M XpoHnYeckue nHpekmu [7, 8]. B nmuTuyeckom 1ukie ar nepexinodaeT KJIeTOYHbINH
MeTaboJIM3M B HAIpaBICHUH MPOJIYKIUH HOBBIX (haroB, KOTOpPbIE OCBOOOMKAAIOTCS BCIEICTBUE JIM3UCA KIETKH. B
JIM30T€HHOM LIMKJIE, TEHOM YMEPEHHOTo (bara Kak IpaBHIIO HHTETPUPYETCS B TEHOM XO3SICKOH KJIETKU U CYIIECTBYET B
HEM HeOrpaHM4YEeHHOE BpeMs B CTaIMH MOKOs (Mpodar) U perummiupyeTcss BMECTE C X035 IMHOM. B HEKOTOpBIX KiIeTKax
CTIIOHTQHHO WJIM TOJ| BO3JEHCTBHEM BHEIIHHX (PaKTOPOB MOXKET MPOUCXOJUTh WHAYKIHWS Ipodara, Mpu KOTOPOH OH
BEIPE3aETCsl U3 XPOMOCOMBI M MIEPEXOIUT K JIUTHUECKOMY Pa3BUTHIO, 3aKaHUMBAIOLIEMYCSl CHHTE30M BHPYCHBIX YaCTHIL
u nu3ucoM KieTku. IIpu XpoHndeckol MH(GEKIHNU MOTOMCTBO ()aroB IOCTOSIHHO BBIXOJIUT U3 3apaKEHHOU XO3SIHCKON
KJIETKH TIOCPEJICTBOM ITOYKOBAaHMS WJIM 3KCTpy3un Oe3 sm3uca. KileTka mpu 3TOM COXpaHSeT XHM3HECIIOCOOHOCTH B
TeueHne Ooyiee WIM MEHee JUIMTEIBHOro BpeMeHH. HanMeHee W3y4YCHHBIH JKM3HEHHBI IIMKI BHUPYCOB —
TICEB/IOIN30TeHHBIA. DEHOMEH TICEBIONIN30TeHNH OBbLT ommcaH [8] Kak sBIEHHUE, TJIe €CTh NMOCTOSHHOE MPOM3BOACTBO
(haroB B MPUCYTCTBUU U300MIHS XO3IHCKHUX KJIETOK. T0 ecTh, (paroBslil TM3HMC HE IPUBOANT K CMEPTH KyJIBTYPHI, @ CKOpee
HaXOJHUTCSl B COCTOSHHE, B KOTOPOM BBICOKAasl YHMCIEHHOCTH (hara cocyliecTBYeT C 3KCIIOHEHIMAIbHOH (ha30oii pocra
XO3SMCKHX KIIETOK.

®@ar aamoaa (dar L) — 310 ymepeHHsIi OakTepuansHbIil BUpyc E. colic aByxmnenoueunoit renomuoit JJHK. Bt
BIlepBhIe 00HapyxeH O. Jlenepoeprom (E.M. Lederberg) B 1950 roay [10]. Uepes 3 roga A. JIbBOB MpH HCCICIOBAHUT
TCHETHYECKUX 3JICMEHTOB (IJIa3MHI U SITHUCOM) Y OaKTepuil OTKPBLI CIIOCOOHOCTH (hara JsiMOa BCTPAMBATHCS B TEHOM
6akrepui E. coli B cocrosiHuu npodara v riepeaBathCs B psiy NOKOJICHNH KaK FeHETHYeCKuit ajeMeHT [9]. BeTpoeHHbIi
¢ar JIbBOB Ha3Ban npodarom, a 6akTepuio, B KOTOPYIO ObLI BCTPOEH F'€HOM — JIN30T€HHOM.

Bakreprodar nsambaa cOCTOMT M3 TOIOBKH UKOCA3IpuIeckoii popMbl U XxBocTa. Ha ero koHIe mMeroTcs OOKOBBIC
HuTH. IMeeTcst 6eKxoBas 060109Ka, B COCTaB KOTOPOH BXOAUT OKOJIO 15 OenkoB. OHU KOAUPYIOTCS BUPYCHBIM T€HOMOM.
Wurerpauus ¢ara mpoucxoquT myTeM I'eHeTHYeCKOi peKOMOMHAIMY HA ONPEeIeHHOM caiiTe OaKTepHaIbHOTO reHoMa
— cait atth. ObMeH TreHeTHYecKoW HH(GOpMAIMel OCYIIECTBIACTCS ¢ O0pa30BaHMEM CTPYKTyphl XOJUIHIES U B
NPUCYTCTBUM ABYX OenkoB: OGakrepuansHoro IHF u ¢arosoro Int, koTopsle, CBS3bIBAsICh C ONPEIEICHHBIM CalTOM
KOJIbIIeBOTO reHoMa ¢ara (attP), odpasyror unrpacomy [11].

®dar J'lﬂM6[la MOXCT pa3BUBATLCA 10 JM30IN'CHHOMY U JMTUYCCKOMY IIYTU B 3aBUCHUMOCTU OT XapaKTepa
B3aUMOJEHCTBUS KJIETKU-XO35MHA W BUpyca. JINTHYECKMi >KM3HEHHBIH LMKJI 3aKI0YaeTcsi B MPOM3BOJICTBE HOBBIX
(haroBbIX YaCTHUIl U BHICBOOOXKAEHHH BUPYCHOTO TIOTOMCTBA B Cpey, Bile4eT rubelb KIeTKH-X03s1Ha. [Ipn im3oreHHOM
myTH (haroBblii reHOM BcTpauBaeTcsi B XxpoMocoMy E.coli 1 MoXkeT repenaBaThbesi ciIeayomumM nokoaeHusm [ 12].

@ar MO sBASIETCS OMHUM M3 HanOoJiee IeTalbHO M3YUSHHBIX )KUBBIX OPraHW3MOB Ha 3emie. B cBs3m ¢ aTiM
€r0 WCHONB3YIOT KaK MOJCIbHBIH OOBEKT B T'CHETHYECKHMX HCCICIOBAaHMAX. B TeHHON WHXEHEpHUHW NaHHBINA dar
MIPUMEHSIOT B KA4ECTBE BEKTOpa Ul KIIOHUPOBaHMS, Tak kak Moiyiekyna JJHK Oakrepuodara sssm01a uMeeT yJacTok, He
ABJISTFOLLMNACS HEOOXOAMMBIM I ero pas3Butus. IloaToMy €ro MOXXHO BBIpE3aTh M 3aMEHHUTH JIIOOBIM JpPYTHM
aHaJIOTHYHBIM TI0 pasmepy ¢parmentom J[HK, a 3arem myTem pa3sMHOKEHHS peKOMOMHAHTHOTO OakTepuodara
OCYIIECTBUTh KJIIOHUpOBaHHUE. [ co3manHust OMOIMOTEK T€HOB OJHMMH M3 CaMbIX PAaclpOCTPAHEHHBIX U SBILIFOTCS
BEKTOpBI Ha OcHOBE (hara A. B cBsizu ¢ TeM, 4TO KM3HEHHBIH LUK OakTeprodara asiMO/1a MOXKET UITH IBYMS IyTSIMHU,
(ary «puxoJuTCs IeNaTh BEIOOPY B MOJIB3Y JIMOO JIM30I€HHOT0, THOO0 JIUTHYECKOTO IyTH. BBIOOD Iy TH OCyIIeCTBIISETCS
Ha OCHOBE IPOCTOTO MEXaHHW3Ma IMEPEKITIOYEHUs] TeHOB. JTO JiesiaeT Oakreprodar yao0HbIM 00BEKTOM ISl U3yYEeHUS
peryJsiuu reHHoM skcnpeccuu [12].

JlaHHbIi OakTeprodar TakXke NPUMEHSIOT Ul JIEYEHHs HEKOTOPhIX OaKTepHaJbHBIX 3a0o0jeBaHMN (XOJepsbl,
IU3eHTeprn) 0e3 prCKa U 3I0pOBhs. 3aYacTyIO IMperapaTaMyi Ha OCHOBE OakTepro(aroB 3aMEHSIOT aHTHOWOTHKH,
0CcOOEHHO TIPH PE3UCTCHTHOCTH OaKTepHil K aHTHOMOTHKAM.

Bakreprodar msmmOma (M), mim komudar A, susercs Qarom, crenuanu3upoBaHHbM Ha E. coli. [Ipuramgnexur
cemeiictBy Siphoviridae. Ero gactura, uim BUPHOH, COCTOHUT M3 Karcuaa (TOJIOBKH), PEICTABIAIONIETO cO00i OBt
OEJIKOBBIN KpUCTAJUI, OTpocTKa W HuTer (puOpun) Ha koHue oTpocTtka [13]. B kamcuae 3axmtoueH renom ¢ara —
neyHuteBas swmHeiHas JIHK mmuaont 48502 m.H., oOmajaromasi JHNKUMU 5’-KOHIIAMH, KOTOpBIC €IIe Ha3bIBAIOT
cos-koHnamu (cosL u cosR). 'enom Brimtouaer 32 reHa, kogupytromux Oenku kancuna (7 6emkoB), orpoctka (11 6enkoB)
U UMEIOIIUX peryysaTopHyio poib (14 reHo). CerMeHT reHoMa pa3mepoM Okosio 20 THIC. I.H. OTBEYAET 3a IPOLEcC
BctpauBanus JIHK dara B renom xo3stuHa (puc. 1.)
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Pucynok 1. Bakrepuodar nsambpa (A), wim xomudar A, sBisercs ¢arom, cnenuannzupoBanHsiM Ha E. coli.
Ipunagnexur k cemeiictBy Siphoviridae. Ero wacTuia, uium BHUPHOH, COCTOMT U3 Kamcuaa (TOJIOBKH),
NPEICTABIIONIEro co00il MobIi GEIKOBBI KPUCTAILT, OTPOCTKA U HUTEH (PUOPHILT) Ha KOHIIE OTPOCTKA

Crparerus xinonupoBanus. Tperbs dacte JJHK ¢ara mam6Oma, oxomo 20 kO, pacmoJOXECHHBIX B CEpeIuHE,
HeCYIIeCTBEHHA U pa3MHOKEHHS (Dara ¥ OTBETCTBEHHA 3a BCTpanBaHue B xpoMocomuyto JJHK [14].

DTOT CerMeHT MOXKHO 3aMeHUTh uykepoaHoii JJHK. PexomObunantaas JHK Oyner permmnupoBaThes Kak (aroBas
JHK mo mutmueckomy mytu passutua. Parosas JJHK ymakoBbIBaeTcs B TOJOBKHM B IIUTOIUIA3Me KIETOK E. coli.
Ynakoeounas peaxyus nesxicum 6 ocnoge kionupoganus: CMeIaB B IPOOUPKE ITyCThIE TOIOBKH, pekoMOnHaHTHYy0 JJHK
1 OTPOCTKH MOXHO MOJY4UTbH 3peible (ParoBble YaCTUIIBI.

JIHK ¢ara nasm6ma umeet nea BamHI-caiita, (hiaHkupyronmx ydacTok pasmepom okosto 20 k0. [Tpu ruaponuse darosoit
JHK pectpukrazoit BamHI o6pa3sytorcs Tpu pparmenTa — L-jieBoe mie4o, KOTOpoe COAEpkKUT HH(POPMALIHIO O
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Pucynox 2. Crpykrypa reHoma ¢ara M KOHCTPYHpPOBaHHE BEKTOPOB Ha OCHOBe Oaxrepuodara JsmOna
[http://www.ncbi.nih.gov/book/Molecular Cell Biology /recombinant DNA and Genomics]. IHK ¢ara nsam6aa - 310
JMHeWHas JByXIenovyeyHas MoJjeKyla pa3sMepoM okosio 48502 mH. (map HYKIEOTHIOB) C OJHOLEIOYCYHBIMU
5’koHIAmMH U3 12 HyKJI€OTHIOB. X Ha3BIBAIOT COS-KOHIAMU (COS-CaliTaMM), OHM B3aUMOKOMIUIEMEHTApHBI U MOTYT
CIapuBaThCs APYT C APYrOM C 00pa30BaHHEM KOJbIEBOW MoneKkyibl. B 3penbix Bupnonax JJHK naxoautes B hopme
THEHHOH MoJIeKyJIbl, nonanas B kiuetky, JAHK mukmusyercs mo cos-calitam 1 QyHKIHOHUPYET B KOJIBIEBOH popme
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roJI0BKE M OTpocTKe (hara msmOaa, R-mpaBoe miedo, KoTopoe coaep:kuT uHpopMaluio o perutukaimu darosoit JJHK u
nu3uce GaktepuansHON KieTku (puc. 2). Cpemumii cerment JIHK xongmpyer 6enku, OTBETCTBEHHBIE 32 MHTETPAIHIO B
xpomocomuyro JIHK. Dtot yuacrok ¢darosoit JIHK 3amemaercs uyxkeponuoit JJHK. THK, npemnnaznaueHHas s
KJIOHUPOBAHMS, NPEABAPUTEIBHO pacuieruisieTcss pectpukraszoi BamHI, pecTpukThl (QpakiMOHHUPYIOT U OTOHPAIOT
(dparmentsl pasmepom 0 20 k06 (puc. 2). O6a npenapara, daroyro u ayxepoanyro JJHK cmemiBaroT B 01HOM poOUpKe
n obpabateBator JJHK-nurazoii. JIurnpoBanHas cMech OyzneT cojepkaTh pasHele komOunaunu JJHK, B Tom uucne n
BoccranoBneHHyro JIHK dara msim0aa [16]. JJanee pekOMOMHAHTHEIC MOJICKYJIBI CMEIITUBAIOT C TOJIOBKAMH M OTPOCTKAMH
(ara 11M011a, ¥ in vitro MPOUCXOIUT caMOCOOpKa 3peItbIX (aroBbIX BUPHOHOB. /1paguio maxkoso, ymo 6 (hazosule 201068Ku
YNAKo8bl8aromes moavko gpaemenmut oxkono 50 k6, JHK no pasmepy b6onee 52 ko ne ymewaemces 6 eonosky, JJHK no
pazmepy menee 38 kb nocie ynakosku oaem He uHguyupyrowue (hpazoesie Yacmuybi.

Ha crenyromem sTare He0OXOAMMO OTAEINTh peKOMOWHAHTHBIE (aru. st 3Toro nMu HHPUIMPYIOT KIETKH E.
coli, B xpoMocomy KoTOpeix uHTerpupoBaH ¢ar P2. Knerku E. coli-P2 mpunoOperaloT MMMYHHTET Ha [pyTue
Oaxteprodary, criocoOHbIE BCTpaWBaThcs B XpoMocoMmy. [loaToMy MHQHIMPOBATH TaKue KIETKH CIIOCOOHBI TOJBKO
peKOMOWHaHTHBIE OakTepuodard ¢ JAeNeTHPOBAHHOW o0JlacThio uHTerpanuu. [lojHoueHHbie ¢aru nsMOma He
BKJTIOUAlOTCA B KIeTKU E. coli-P2 [14].

Crpykrypa dara T4. HauGonee nosiHas cTpykTypHast MHGOpMAIMs HA CErOIHSIIHUN JeHb umeercs o ¢are T4,
i J/IHK-conepskarem Bupyce, oTHOCSIIEMCs K ceMelicTBy Myoviridae u uadurmpytonrum E.coli. Bupron T4 cocrout
13 Karcuia U COKpaIaeMoro XBOCTa, KOTOPBII OKaHYMBAeTCsl 0a3albHOH IUIACTHHKOM ¢ 6 IIMHHBIMU Gudpriniamu. [1o
JIAHHBIM KPHOMHKPOCKOTUHU Karicu T4 uMeeT GopMy BHITSHYTOro MKocasapa maiuHoit 1200 A (120 nm) u mupuHoit
860 A (86 nm) [13]. OcHoBHoIt Gesok Kancuna, gp23 (48.7 kJla, 930 xonuii B kancuze), GOPMUPYET reKCaroHaabHyIO
peuretky ¢ TpuaHryisinnoHHbME yuciiamu [14] T end = 13 mst xonnoB u T mid = 20 mst cepenunst [13]. PaccTosHue
MeXIy COCEeIHMMM Tekcomepamu gp23 cocrasiser ~140 A (14 nm). OnuEHAANATH BEPIIMH KANCHAA 3aHMMAIOT
MIEHTaMePHI CIEeHAIFHOTO BepIIMHHOTO Oenka gp24 (47.2 x/la), a ABEeHAATYyIO BEpIIMHY 3aHUMaeT goaekamep gp20,
KOTOPBIH SIBIIICTCS MOPTATBFHBIM OSIKOM H CITY>KHT ISl IPUKpEIUIeHs XBocTa 1 Bhixona JJHK [15].

OcHoBHEIMHE Oenkamu Kareuaa T4 sensrotes gp23, gp24, gp20, Hoc 1 Soc 1 i G0JIBIIIMHCTBA WX HIX H3BECTHBI
KpucTayuimdeckne cTpykTypsl [16]. Gp23 obOpasyer cTeHKy Kamcuaa, gp24 pacmojioeH Ha BepmuHax, gp20 -
mopTaneHBI Oemok. Cuuraercs, 4To OeNoK, 3aHUMAIONINA BEPIIMHBI HWKOcadpa, gp24, sBiseTca Ooiee MO3IHUM
npuobperenuem B xoxe sBomoruu [17]. Hoc (highly antigenic outer capsid protein) mmeer ¢opmy rantenun u
pacrioyiaraeTcsi B IICHTPE KaXIOro TeKcoHa, oOpasoBanHoro gp23, u Soc (small outer capsid protein) umeer
MaJI0uKk000pa3Hy0 (HopMy M BCTpamBaeTcs MEXIy rekcoHamu. O0asTu Oellka HEOOS3aTCIbHBI U MPUKPEIUISIOTCS K
Karcumy mocie ero coopku [17, 19]. OTcyTcTBre 3THX OEJNKOB HE CKAa3bIBACTCS HAa BOCIPOU3BOACTBE (aroB M HX
CIOCOOHOCTH MH(ENNpPOBaTh. SOC B3aUMOAEHCTBYET ¢ 2 COCETHUMH MOJIEKYJaMu gp24, CKIIenBasi COCEIHUE TEKCOHBI.
[pukperuienasie Soc TpUMepH3YIOTCsS ¢ 00pa3oBaHUEM OJMroMepa M3 TPEX MOJIEKyN, (OpMHUpYs JKECTKHH Kapkac,
YKpeIuIstromuii cTpykrypy kancuaa. Hoc (highly antigenic outer capsid protein) He BHOCHT U3MEHEHHUI B cTaOMIIBHOCTB
KaIicuaa, 0JTHaKo, ero [g-1momo0HbIi TOMEH pacoIoKeHHBIH Ha TOBEPXHOCTH MOXKET B3aMMO/I€HCTBOBATH C KIIETOYHON
MTOBEPXHOCTEIO, YTO CIIOCOOCTBYET BEDKHBaHUIO (para [17].

VYnakosannas JJHK T4 umeer mHoro ob6mux gept ¢ JJHK npyrux xBocratsix (paros: JJTHK xonmeHcmpoBaHa 10
mwioTHOCTH ~500 Mr/™M, paccrosaue mexay Tsokamu JJTHK cocraBmser 2.5 nm. JHK T4 ymakoBaHa B OpHEHTAIlWH,
TapaJuIebHON IPOJOIHHOM OCH KallChaa BOKPYT BHYTpeHHETo OenmkoBoro Tena [20].0auH u3 BHYTpEeHHHX OenkoB T4,
IPI8, BmpeickuBaercs B kietky Bmecte ¢ JJHK mist ee 3ammurel oT sHponykiea3 E. coli [21,22]. Gp2 — 06enok,
3amuinaroinit KoHuel Gparosoii JJHK ot sHIOHYKIIEa3 KIETKU-X03MHA, TAKXKE HAXOAUTCS BHYTpH Karcua [23].

JHK BHyTpu Kamncuia mnpeumyliecTBeHHO umeeT B-dopmy [24]. OtpunarensHbie 3apsapl GochaTHbIX TPy
YPaBHOBEIIMBAIOTCS aMHHAMHM, MMOJMAMUHAMH, OJIHO- M JIBYBAJICHTHBIMH KaTHOHamH. Cpeanm BceX MOJIOKHUTEIBHO
3apsDKEHHBIX ~ aMUHOKHMCIJIOT —TOJIBKO JIM3WH, HaxXOJMIIMICs B COCTaBe BHYTPEHHUX OEIIKOB KOHTaKTHUPYET C
¢docpopamu [THK, uto mo3BossieT mpeamnonarath, 4To BHyTpeHHHE Oenku oOpasytot ¢ JJHK crenuanbHble CTpYKTYpbI
[17].

CpaBHuTe/bHOE CTPOeHUEe BUPYCHOH yacTuubl 0akTepuodara T4 u 6akrepuodara JIamoaa.

Bakrepuodar T4: Oror Gakrepuodar, kak u Bce T-yeTHble Konu(pard OTHOCUTCS K CIIOKHBIM BUpycaMm, T.e. OH
COCTOHT M3 MKOCA3IPUIECKOl roJoBku quamerpoM 650 A (65nm) u mmHONH 950 A (95nm), M OTpocTKa WM XBOCTA.
Kancun ronoBku COCTONT M3 KallCOMEPOB, BHYTPH HETO HAXOIUTCS IUIOTHO yNAKOBAaHHAS JBYXIIETOYEYHAs JTMHEHHAS
JHK n depmeHT TpaHCKpHIITa3a B HEAKTUBHOM COCTOSIHUHM. OTpOCTOK (hara uMeeT cioxHoe cTpoeHne. OH COCTOHT U3
MIOJIOTO CTEPIKHA, TMOKPBITOTO YEXJIOM, KOTOPHIM 3aKaHYMBaeTcsi 0a3aibHOM IJIACTWHKOW C IMWIAMH U HHUTAMH. Bce
CTPYKTYpPBI OTPOCTKa COCTOAT W3 OenkoB. B oOmactn 0a3zanpHON TIIACTWHKU HAaXOAWTCS (epMeHT OakTeprogaroBbIit
JIM30I[MM, KOTOPBIH CIOCOOEH pa3pyliaTh MENTHAOTINKAH MYPEHH KIETOUYHOM CTEHKH OakTepuil. 31ech ke UMeeTcs
AT®-aza, koTOpasi pereHepupyeT SHEPTHUIO0 IS COKPAIICHHs YeXJia 0TpocTKa OakTepuodara.

Bakrepuodar JIamona: Cnoxubiii ¢ar. Mkocasapudeckuil kancua auameTpoM S0nm oOpa3oBaH MOJICKYJaMH
LIECTH Pa3HbIX OenkoB. XBocT auHoi 135nm BritowaeT Oenku 11 tunos. Conepskut auHelnyo qeyxuenodeunyro JTHK.
Ha 5/-xoH11e ka) 101 ee ey IMeeTcs 0JHOIIeTIOYeYHas IOCJIeI0BATENILHOCTD U3 12 HYKJIEOTHIOB — JIMITKUE KOHIIBI (COS-
caitter). Cpa3y e mociie nponukHoBeHus (arosoit JJHK B GakTepuansHyto kierky, junkue koHib! JJHK koBaneHTHO
coeaunstrorest JIHK-nnrazoif kieTku Xxo3s1MHa 1 00pa3yeTcst KOJIbIIeBasi MOJIEKyIa.
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Pucynox 3. COopxka rojoBOK (KalCHIOB): y BCEX XBOCTATHIX ()aros crocod YKIaAKW MOIMHOETTHAHON meru ((oiim)
KaICHIHbIX OCIIKOB HACHTHYCH (A - 00mmuit an, b — siueiika). [http://www.ncbi.nih.gov/book/Molecular Cell Biology
/recombinant DNA and Genomics]

CoOopka roJioBoK (KamncujaoB) XBOCTAThIX 0akTepuodaroB. B HacTosiee BpeMs HaKOIUIeH OOJBIIOW MacCHB
JIAHHBIX, CBUJICTEJbCTBYIOIIMX O TOM, YTO Y BCEX XBOCTATBHIX (paroB CHOCOO YKIAIKU HONMNETTHIHOM 1enu ((oiim)
KaIlCHIHBIX OCJIKOB HACHTHYCH. DTO KOCBEHHO IMOATBEPKAAETCS OOMHOCTh UX MPOUCXOKACHNUS [25].

Mopdorene3 karcuaa (TOJIOBKH) XBOCTAThIX (haroB HHUIMUPYETCSl MOPTAIBHBIM OEJIKOM, KOTOPBIH MOKET
CBSI3BIBATHCS C IPYTUMU MOp(OreHeTHYeCKUMH OesTkaMu BUpyca sl 00pa30BaHUsl HHUIIMUPYIOLIETO KOMIUIEKCa. JTOT
KOMIUIEKC MHUIMUpPYET cOOpKy OoJiee KPYIHOH NMPOMEKYTOUYHOW CTPYKTYPbl — TaKk Ha3blBA€MOW NPOTOJIOBKH (WK
MIPOKArcuia), KoTopas 3aTeM IOJBEPraeTcsi MPOTEOIMTHIECKOMY Iporeccunry, ynakoske /IHK n pacmmpennto, uto
MIPUBOJNUT K 00pa30BaHMIO 3aKOHUEHHOW TOJIOBKHU (ara [26].

VY ¢ara T4 u poACTBEHHBIX BUPYCOB HHULMHMPYIOIMINIT KOMIUIEKC IIPOTOJIOBKH, COCTOSIIIMN U3 MOPTAIBHOTO OenKa
gp20 u mopdorererndeckoro (pakropa gp40, mpuKperIsieTcs K BHyTPEHHEH CTOPOHE IIUTOIUIa3MaTHIECKONH MEMOpPaHBI.
OmHAaKo 3TO ABISETCSA CKOpee UCKITF0UCHUEM, U Y OONBIIHHCTBA OakTeprodaroB cOOpKa MPOTOIOBOK OCYIIECTBISIETCS B
nuToruiazme. CteHka karcuaa GopMHUpYyeTcs KaK MPaBUiIO OJHUM €IHCTBEHHBIM OSITKOM — IIIAaBHBIM OEIIKOM Karcuaa,
KOTOPBIN 00pa3yeT Kak reKcaMmephl, W3 KOTOPBIX CIOXKEHBI TPaHW MKOCA’d/Ipa, TaK W MEHTAMEpPHI, PACIIONOKEHHBIE B
BEpLIMHAX MTPOTOJOBKU. B HEKOTOPBIX Cityyasix 3TH (GpyHKIKMH MOTyT ObITh pasznenensl. Tak y ¢ara T4 rinaBHbIil 6en10k
Karcuga gp23 o0pasyeT TOJIbKO TeKCaMmepbl, a BEpIIMHBI 3aHSThl OTAEIbHBIM OElIKOM - gp24, KOTOpbIi, OJHAKO,
roMmoJioruueH gp23 u Taxke obnmamaet xapaktepHsiM HK97-dongom. Becbma BakHO, YTO XOTS MPOTOJIOBKH HMEIOT
TaKylo e YKIaIKy CyObeanHHILl, KaK U 3pesible Karcuabl, ux Gopma MeHee yrioBaras, 1 4acTo Oyimke K cdepe, uem K
nKocadipy. KOHTaKThl MeXly COCEIHUMH OJIMTOMEPaMH IJIAaBHOTO Oesika KallCHaa MEHee YKECTKHE, TI03TOMY MOKHO
TOBOPHTH 00 OIPEeIeHHOI KPUBHU3HE TOBEPXHOCTH 3TOH CTPYKTYpHI [27].

PocT cTEHKHM MPOTOJIOBKH NPENNOIOKUTENBHO MPOUCXOMUT «CHU3Y BBEPX» — OT IMOPTAIBLHOIO KOMIUIEKCA 10
MIPOTHBOIIONIOKHON €My BEpIIHMHBI, OJHAKO OKOHYATEIHHO 3TO MOKAa HE BBIICHEHO. [IpW 3TOM CyOBequHHIBI Oenka
Kalcuaa MOTYT TPUCOEAMHATHCS K PACTymIedl CTPYKType KaK B BHIE MOHOMEPOB, TaK W B BHIE IpPEIBApUTEIHHO
c(OpPMHUPOBAHHBIX TICHTa- M TeKca-MepoB. Tak Kak TOJOBKH (HaroB 4acTO MMEIOT JOCTATOYHO OOJBINHE pa3sMEpHl, TO
OJTHUX (PU3MKO-XHMHUYECKUX CBOWMCTB CaMHX CYOBEIUHHI] TIIABHOTO OeNKa Kalcuia He JOCTAaTOYHO JJIsi COONIOICHUS
MIPaBHIILHOTO pa3Mepa 00pa3yromeiics IpOoroJoBKH, H HEOOX0IUM KOHTPOJIb CO CTOPOHBI BCTIOMOTaTEIbHOW CTPYKTYPHI.
DTOT KOHTPOJIb OCYLIECTBISICTCS] MPH HOMOIIM BHyTpeHHero ckaddonna (ot anrn. scaffold — crpourensHbie neca,
kapkac). bemok ckaddoiga MoxkeT ObITh 3aKOAMPOBAaH OTACIBHBIM T'€HOM, OOBIYHO HAXOMASALIMMCS B TeHOME
HEIMOCPECTBEHHO Tepei FTeHOM Oeska 000JI04KH, MK TIPEJICTaBIATh cO00H N-KOHIEBOH HOMEH Oesika 000JI0UKH.

BonbmuHCTBO (haroB KOAMPYIOT OTACIBbHBIN 0e0k ckaddonna. DT OelKu 00BIYHO COCTOST U3 2—3 a-Crupasci,
YJIOXKEHHBIX aHTUIAPAIIEIBHO, B PE3YJIbTAaTe Yero CyObeAMHMIIBI OeiKa ckadgoga HMEI0T NajJlo4Koo0pasHyto GpopMy.
CyOpeaunnnsl ckaddomnna o0pa3yloT NOIUMEPHYIO CTPYKTYPY, HO JIETaJIH €e opraHu3anuu HeusBecTHbI. [lyist dara T4
0 JIAaHHBIM 3JCKTPOHHO-MUKPOCKONUYECCKUX HCCICOBAaHUI H30IMpoBaHHBIX ckaddommo (naked scaffold),
HAKAIUIMBAIOMINXCS TPU WHQPEKINH MyTaHTaMH, JUIICHHBIMHU TIaBHOTO Oenka karcupa (gp23), Oblia mpeaioxKeHa
MOJIENb CO CIUPANBHON CUMMeTpHel. B cooTBeTCTBHU C 3TOH MOJENBI0 CKap(OIIT MOCTPOCH U3 HECKONBKUX (6-8) JIeHT
(HAITOMHUHAIOMINX BEPEBOYHBIC IJIECTHHUIIBI), COOPAHHBIX W3 MAJOYKOBUIHBIX CcyOBeaumHUIl Oenka ckaddomma gp22,
3aKpydYeHHBIX BOKPYT o0miel ocu. CumTaercs, 9To 3Ta CTPYKTYpa pacTeT «BBEPX» OT MHUIMHUPYIOUIETO MMOPTATBFHOTO
komiurekca. CTeHKa Karcuaa moimMepmsyeTcs moBepx ckaddonma. M3-3a BeITAHYTOW (DOPMBI CyOBETUHHII U HX
CIMpaJIbHON YKIIQAKU Juamerp ckaddoinia oka3pIBaeTCs IOCTATOYHO TOYHO JETEPMHUHHUPO-BaH, YTO AMKTYET CTPOTO
OTIpEJICJICHHBIN pa3Mep coOuparoleiicss MporoJoBKH (TpuaHryssiuonnoe uncio T) [27, 28].

Hajto noHnMaTh, 4TO Ha pazmMep MPOroJOBKH TAKXKe OKa3bIBAET CYIIECTBEHHOE (YaCTO U ONpe/eNistollee) BIUsIHUE,
U CTPYKTypa CaMOro TJIABHOI'O KAaIlCHIHOIO Oejka, TeKcaMep KOTOPOro MMeeT auameTrp okojio 145 A (14,5 um), u
HeOOJbIINE OTAMYMS ero (OpPMbI MOTYT JWUKTOBAaTh HauOoJee BHIMOAHYIO KPUBH3HY IOBEPXHOCTH IPOTOJIOBKU (M,
COOTBETCTBEHHO, OINPEIEISITh €€ TPHAHTYJSIIMOHHOE Ynciio). Tem He MeHee, Kak MpaBHiIO, caM Mo cebe KarCHIHBIN
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0eTI0K 0OBIYHO CIIOCOOEH COOMPATHCS B CTPYKTYPHI C Pa3IHMIHON KPUBU3HOHN (M, COOTBETCTBEHHO, Pa3MEPOM), TOITOMY
cka o MOKET AUKTOBATH BEIOOP MPAaBHIILHOTO BapraHTa cOOpku. Kpome 3Toro, MHOTHE BUPYCHI, Hanpumep, dar T4,
a taxke Qary, phiEco32, 9g, phag29 u MHorHe Apyrue, 00JIagat0T BRITIHYTOM rooBKoil. [loaToMy moMumMo MexaHu3Ma
KOHTPOJIS IMAMETPa CYIIECTBYET HEOOXOAUMOCTh KOHTPOJISI CTENEHH YJUTMHEHHUS IPOTOJIOBKH. [leTaliu 3Toro Mexanusma
HE W3BECTHBI, OJHAKO HMEIOLIMECS HENpsiIMble JaHHbIE YKa3bIBAIOT, YTO pa3Mep OrpaHMYMBAeTCs B PE3yJbTare
B3anMOEHCTBUS pacTymux ckaddonna u ctenku kancuaa [25].

[To cymiecTByIOIIMM NpEICTAaBICHUSM B Hawaje cOOpKH (GopMHpyeTcs HIDKHsS TeMHucepruecKas KpbIIeuKa
MIPOTOJIOBKY (5 paBHOCTOPOHHUX I'PaHel, OKPYKAIOUIUX OPTAIBHYIO BEPIINHY ), IOCIIE Yero CTPYKTypa pacTeT B JJIHHY,
COXpaHsis TOT ke AuameTrp. HakoHel, B Kakol-TO MOMEHT NMPOMCXOANT COOBITHE, OCTAHABINBAIOIIEE POCT MPOTOIOBKH U
3amyckatomee (opMHpOBaHNE BepXHEH reMucepruuecKoil Kpblmieukd. KocBeHHBIE NaHHBIE YKa3bIBAIOT, YTO TaKHM
COOBITHEM MOKET OBITh KPUTHUECKOE HAKOTUICHHE CABHTA (a3 MEXTy MOJIEKYIIIPHBIMHA pereTkaMu ckaddoliaa 1 CTeHKH
Kalcuaa, KOTOPbIE HMMEIOT Pa3MuHYyl0 CHMMETPHIO M PAa3IMYHYI0 NEPUOJUYHOCTb. TeM HEe MeHee, I0CTOBEPHO
OIIPEICTINTh IPUPOLY CUTHAJIA, OCTAHABIUBAIOLIETO YAINHEHNE, TOKA HE YAAeTCH.

Y HEKOTOpBIX HEOOJBIINX (aroB OTAEIBHON MOJIUMEPHOI CTPYKTYpBI cKkaddoiia, 1o-BUAUMOMY, HE 00pa3yeTcsl.
B atux ciy4asx cyobeanHuibl ckaddosa cBI3bIBAIOTCS ¢ COCEIHUMH CYyOBbEIMHUIAMH TTOJUMEPHU3YIOIIEHCS] CTeHKN
Karcuzaa, 1 o00pasyroT KOHTaKThl MEeX]y cOOOM, B pe3ysbrare yero ckaddoi TMKTyeT onpeielieHHOe 3HaYeHUEe paanyca
KPUBU3HBI CTEHKH IPOTOJIOBKH, KOTOPOE COOTBETCTBYET NpaBMWIIbHOMY 3HaueHHro umcina T [29]. Tak neifctyer,
HanpuMep, Oenok ckaddonna dara P2 gpO. Dr1oT Oenok Tarke 00JIafaeT NMPOTea3HOW aKTHBHOCTBIO, KOTOpas
obecrieunBaeT NPOLECCHHT MPOTOJIOBKH NpH co3peBannu. OJHAKO, 10 BCeH BUAMMOCTH, TAKOM MEXaHH3M IIPHUIOEH
Wb 47151 GOpMHUPOBAHMS OTHOCHTEIHHO HEOOIBIINX N30METPHUYHBIX TOJIOBOK, TAKUX Kak T= 7 ronoska ¢ara P2.

VY HEKOTOPBIX, CPaBHHUTEIHFHO HEMHOTHX (HaroB, OTAeIbHBIC Oenku ckaddoima OTCYTCTBYIOT. Bmecto 3TOro
TJIAaBHBIA OCJIOK Kalchaa MMEeT IOMOJHHUTENbHBI N-KOHIIEBOH NOMEH, (OPMHUPYIOMIMKA THHHBIA BBICTYH B BHIE
BBITSSHYTOTO TPEYrojbHUKAa — TaK Ha3bIBAEMBIH JenbTa-IoMeH. JlenbTa-IOMEHBl COCEOHHX CyObEAMHHMIL
B3aUMOJEHCTBYIOT JpPYT C JIPYroM, B Pe3ylbTaTe 4ero c(hoOpMHpOBaHHAsI IPOTOJIOBKA HAIIOMMHAET MOPCKOTO €Xka,
BBIBEPHYTOI'0 HAaW3HAHKY. B 3TOI CTpyKType BBITSIHYTBIE [EIbTa-IOMEHbBI UTPAIOT POJIb PAAUAIBHBIX PACIOPOK, AJIHHA
KOTOPBIX JIETEPMUHHUPYET JAUaMeTp npokarcuaa. Takum o0pa3oM MpoUCcXoauT cOOpKa MporojoBok y konudaros TS u
HK97. Ho ecniu y TS5 miis oOpa3oBaHus Karncujaa MpaBUIbHOTO pa3Mepa HE0OXOAUMO ydacTHE MOPTAILHOTO OejKa, TO
6esok para HKD7 MoxkeT coduparthCst B UKOCAdIphl TAKOTO JKe pasMepa, uTo U rojioska ¢ara (T = 7), 6e3 momoiu Kakux
ObI TO HM OBUIO MHBIX BUPYCHBIX OEJIKOB.

Brionae BeposiTHO, 4uTO O0JIee AeTaabHOE HCCIIEA0BaHNE CTPYKTYp cKaddoioB, COOpaHHBIX U3 OTAEIBEHOTO Oerka,
OOHAPYXUT Yy MHOTHX (paroB 3HAUHUTEIBHOE CXOJCTBO CO CTPYKTYypoi, oOpa3yeMol aenbTa-IOMEHaMHM, OJHAKO IOKa
TaKHe JaHHbIE OTCYTCTBYIOT.

benku ckaddonma wnm nenpra-ToMeHsl (aroB SBIAIOTCS TaKKe MaTpPHLEH U NPHCOSAMHEHUS Pa3IMUHBIX
BHYTPEHHHX OEJIKOB, KOTOpBIE JOJKHBI HAXOJUTHCSI BHYTPH 3pENIOro Karcuia. B GonbIIMHCTBE caydacB Takue Oenku
nHxekTupyrotcs BMecte ¢ JJHK nnm HemocpencTBeHHO nepes Hell U BBIMOIHSIOT pa3inyHble QYHKIMN: OT OpraHu3aIun
KaHanma Juid TpaHCIOpTa TeHOMa dYepe3 MEepUIIa3MaTHYECKOE IPOCTPAHCTBO (B OCHOBHOM Yy IIOJOBHUPYCOB) IO
NEPBUYHOTO NPeoOpa3oBaHMs KIETKH JUIS HYKJ PEIUTMKalui BUPYCa — HHIMOMPOBAaHUE aHTHBUPYCHBIX CHCTEM H/WIIU
KJIETOYHBIX MaKpOMOJICKYJSIDHBIX CHHTE30B, 3aBeplieHne WHTepHanu3auuu reHomHoit JIHK wm npyrue, He Bcernma
noHstHele GyHkuuu [25]. Tak, Hanpumep, y daros, poAcTBeHHbIX T4, nMeeTcs HeCKoJIbKo BHyTpeHHuX [P GernkoB (ot
anr. internal protein). MHTepecHO, 4YTO TOCHENIOBATENBHOCTH 3THUX OEJKOB YacTO MOJBEPraloTCsl JaTepabHOMY
repeHocy (MOAyJIbHbIE IEPECTaHOBKH), HO Ha N-KOHIIE BCe OHHM HECYT BeCbMa KOHCEPBAaTHBHYIO MOCIIEI0BATEILHOCTD —
TaK Ha3bIBAEMBIN CHTHAJ yNakoBKH. [1o-BHIMMOMY, 3TOT MENTHA B3auMOAEHUCTBYeT ¢ OesnkoM ckaddoina gp22, 4To
MIPUBOJNT K JioKanu3auuu [T OenkoB BHYTpH HMPOTONOBKH. MIHTEPECHO, YTO MCHONB3Ys NAHHBIE CHUTHAJIBI yIIAKOBKH,
MOJKHO JJOOHWTHCS YIIAaKOBKH B Karicuja T4 reTepolorTHIHBIX 0eNKOB, HarpuMep, GuryopecteHTHOro Oenka GFP.

[MomrMo HEOONBIINX MOHOMEPHBIX OEIKOB, B KJIETKY OaKTepHH HEKOTOpbIe (ard JOCTABISIOT JOCTaTOYHO
KPYITHbIE U JJaKe MyJIbTUCYObEJUHUYHBIC OEIIKH, TaKNe KaK, Hanpumep, BuproHHas PHK-nonumepasa nmonosupyca Ne4.
3arpy3ka ux B KalCHJ IIPOUCXOANUT TAK)Ke B MOMEHT COOpPKHU MPOTOJIOBKH, 10 ctaanu ynakoBku JJHK [29, 30].

ITocne 3aBepuieHnst COOPKHU 0OOIOUKH ITPOTOJIOBKU MPOUCXOANT €€ MPOLIECCHHT.

VY GousbiinHeTBa (haroB Ui 3TOro HEoOXOIMMAa aKTUBALMS IPOTEa3bl HMPOTOJIOBKH, KOTOpPAas TAaKKe SIBISETCS
KOMIIOHCHTOM BHyTpeHHero ckaddoiina. Y dara T4 nporeasza gp21o0pa3yet cepAeBUHHYIO yacTh ckaddoiiaa, y Apyrux
(aroB oTnHeNBHBIE CTPYKTYpBI, (hopMHUpyeMble MpoTea3oid, He omucaHbl. IIporeasa akTUBHpYeT cedsi MPH TOMOIIU
aBTONPOTEOIN3a. AKTHBUPOBAHHbBIE MOJIEKYJIBI ITPOTEA3bl MPOLECCHPYIOT APYIHe MOJIEKYJbl IPOTeasbl, BBI3bIBAs U HX
akTuBanuio. [Ipuposa curHaina, 3aIrycKaroIIero MpoLeCcCHHT MEPBhIX CyObeANHHIl TPOTr0JIOBOYHOM NpoTeasbl, II0Ka He
YCTaHOBJICHA.

[Iporeasa mpom3BOAWT pacmieruieHHe Oenmka ckaddonma, a TaKke yHaleHHe 4YacTH aMHHOKHCIOTHOU
rmocieioBaTeIbHOCTH Oenka 00010uku [25]. denpTa-qOMEHBI, €CITH OHH HCIIONB3YIOTCA B KadecTBe ckaddorma, Taxke
YIAISIOTCA NP MPOTEONUTHYSCKOM IporieccuHre. [IoaToMy y MHOTHX (haroB MoJeKyJspHas Macca IJTaBHOTO Oejka
KaliCuga B COCTaBE 3pENbIX YACTHI[ OKa3bIBACTCS 3aMETHO MEHBIIE, YeM Yy TMOJUNENTHAA, KOAUPYEMOTO
COOTBETCTBYIOMINM reHoM. CaMM MOJIEKYJIbI IPOTEa3bl TAKKE PACIICIUIIOTCS, U MIPOLYKTHI THAPOJIN3A yIANISIOTCS Yepe3
Hopbl B 000JI0YKE MPOTOJIOBKH. Ba)KHO OTMETHTBH, YTO HECMOTpPSI Ha BBICOKYIO aKTHBHOCTb, IPOTEa3bl MPOTOJOBKU
00J1a/1a10T CTPOroi crenru(pUIHOCTBI0 K aMUHOKUCIIOTHOH MOCIIEA0BATENbHOCTH B YYacTKe paclleruieHus (Harpumep,
gp21 ¢ara T4 y3unaer caiit (I wmu L)PPE), nosTomy Oenku Wit ux parMeHThl, JIMIICHHbIE TAKHX MOTHBOB, OCTAIOTCS HE
pacuieTuIeHHBIMHU.
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VY daroB poxacTBeHHbIX T4 NPOTEONUTUYECKUH IPOLECCHHI COIPSXKEH C OTCOCAMHEHHEM IIPOTOJIOBKH OT
MIOBEPXHOCTH LIUTOIIA3MAaTHIECKOH MeMOpaHBL, I/ie IPOUCXOAUT ee cOopka. BOo3MOXHO, y HEKOTOPBIX Ipyrux ¢aros, y
KOTOPBIX IpOIecCHl MOp(doreHe3a OIpeAeIeHHBIM 00pa30M JIOKaJH30BaHbl B KIJIETKE, MPOLECCHHT TaKXe MOXKET
NPUBOJMTH K U3MEHEHHIO JIOKAJIM3AMK MPOTOJIOBOK B KJIETKE, OJJHAKO TOYHBIX AAaHHBIX 00 3ToM HeT. Y ¢ara P22
pa3bopka ckaddonga He cBs3aHa C MPOTEONUTHYECKUM paciuerienneM. CTpyKTypa JernojJMMepu3yeTcs B mpolecce
ynakoBku JJHK, mpruem nanoukooOpasnsie cyObeaMHULEI Oenka ckaddoinaa yaaiasioTcest CKBO3b OTBEPCTHS B 000JI0UKe
IIPOTOJIOBKU M MOTYT MCIIOJIb30BAThCS IOBTOPHO JUIsi COOPKH HOBBIX (haroBbIx yactuil [31].

[Toce cOOpKH M MPOTEOIUTHIECKOTO TIPOIIECCUHTa COOPAHHBIE TIPOTOJIOBKH CTAHOBSITCS MPUTOJHBI JUTS YITAaKOBKA
¢arosoit JIHK. YmakoBka ocymiecTBisieTcs: Yepe3 KaHal MopTabHOTo Oenka 3a cuer sHeprun AT®. 3xech ke BaKHO
OTMETUTh, YTO IPOLECC YNAKOBKH in VIVO SBISETCS TPUITEPOM pacHIMPEeHHUs] MporoioBKH. OOBIYHO pacIIUpeHne
MIPOMCXOIUT, KOrja ymakoBaHo okoso 1/3 renoma. Ilpm pacmmpennn cyObequHUIBI 00OJOYKH  Karcuzaa
TIOBOPAYMBAIOTCS, IPETEPIIEBas JINIIb HEOOIbIINE U3MEHEHUS B TPETHIHON CTPYKTYype, U GOPMHUPYIOT OoJiee TPOIHYIO
yikinanky. [Ipu 3ToM quaMeTp IporoIOBKH YBEIMIHBACTCS MPUMEPHO B 1,4 paza, a 00seM - mprMepHo B 2 pa3za [32].

Uxocasrnpuueckas (opma karncuja jenaercs 0ojee 4eTKO BBIPAKEHHOM, a CTeHKa pPacUIMPEHHOH MPOroJIOBKU
CTaHOBUTCS TOHBIIIE, XOTS €€ YCTOMYMBOCTD K Pa3INUHBIM (PH3MYECKUM U XUMUYECKUM BO3JICHCTBHSM PE3KO BO3PACTACT.

Y ¢ara HK97 uMEHHO B MOMEHT pacUIMPEHUs] HPOTOJIOBKH MPOUCXOAUT NPOJCBAHHE TMOJHUIEITUAHON LEnu
CyOBEeIMHHUII TJIaBHOTO OeJIka TOJIOBKU 4epe3 METIIH COCEHUX CyObEIMHUIl U KOBAJICHTHOE MEpEINBaHKe, YTO CO3aeT
CTPYKTYPY, HOXO0KYI0 Ha Koupuyry (chainmail structure). [Tostomy kancuapsr para HK97, a taxke nx MCKycCTBEHHBIE
aHAJIOTH, TOJyYyaeMble M3 PEKOMOMHAHTHOTO OejKa TOJIOBKHM gpS5, O4eHb HPOYHBI M Il UX pa3dopku Tpedyercs
HCIIOJIb30BATh THIPOJIN3 TIPOTEa3aMu. DTH CBOMCTBA CO3/IAIOT PsIJl MHTEPECHBIX BO3MOXKHOCTEH ISl IPUMEHEHUs! Oelka
karicuya ¢ara HK97 B Gmonanorexnonorusix [32].

[Mpouecc pacmMpeHus TPOTOJIOBKM HANOMHHAET COOPKY KOHCTPYKIMH, O3JI€MEHTHl KOTOPBIX CHadaja
YCTaHaBIIHMBAIOT IO YIJIOM, a IIOTOM C YCHJIMEM IIPHUBOJIST B OKOHYATEIILHOE TTOJIOKEHUE «B pactopy». Tak, Hampumep,
COOMPAIOT MHOTHE THUITBI CKIIATHBIX JIO/IOK, [0 IMOX0XKEMY MPUHIHUITY OTKPBIBaeTCs KyIoJ 30HTHKa. OfHAaKO, B OTJINYNE
OT PacKpbIBaHMS 30HTHKA, IPOIECC PACIIMPEHUS MTPOTOJIOBKHU SIBIISIETCS] SHEPTETHIECKH BBITOJHBIM. Ecim in vivo ero
3aIycKaeT, Mo-BUAMMOMY, AaBiieHne ymakoBanHod [IHK, To in vitro pacmmpeHne MOXHO BBI3BaTh HEOOIBIINM
HarpeBaHMHEM IIpenapara MpoIeCCHPOBAHHBIX MTPOTrojJ0BoK. OHO MOXET IMPOUCXOANUTH U CIIOHTAHHO.

ITocne pacumpeHns: Ha MOBEPXHOCTH KalCHAa 00pa3yroTCsl CalThl Ui IPHCOEIUHEHUS AEKOPHPYIOMNX OEIKOB
roJIOBKH. X npucoenuHeHe 00bIYHO He CBSA3aHO C IPYTUMU MPOIIECCaMu, IOATOMY AEKOPUPYIOLIHE OETKU MOTYT ObITh
MIPUCOEIMHEHBI ¥ MO3[HEE, K y’Ke COOpaHHBIM YacTHUIIaM, B TOM 4Hcie in vitro [32, 33].

[Mocne 3aBepuienust ynakoBku JIHK k ronoske npucoenunsiercs 6enok, 3apepiiatoninii ronoeky (head completition
protein, HHOTJa Ha3bIBaEMbIN IPUBPATHUKOM (gate keeper protein). ToT Gestok 0Opasyer jo/ieKaMepHOE KOJIbLIO CHU3Y
nopranbHoro Oenka. Ero mpucoenuHenne 3aBepiiaeT MopQoreHe3 TOJIOBKH M HPEMSTCTBYET CaMOIPOHM3BOJILHOMY
Boixony JJHK.

Ynakoska JIHK xBoctarhix OaktepuodaroB. MopdoreHernueckuii mporecc, npu koropom JIHK
ymakoBbiBaeTcst B AT®-3aBucuMoii peakuy B IpeBapuTEILHO COOpaHHbBIE TPOKAIICHIBI, SIBIISICTCS] OOLMM CBOHCTBOM
BCEX XBOCTAThIX OAKTEpHO(aros, a TAKKE repIIeC-BUPYCOB JKUBOTHBIX, KOTOPbIE, KaK CUUTACTCS, HIMEIOT C XBOCTATHIMHU
(aramu oTnmaneHHOTO 00IIEero mpenka. Takum oOpazom, mporecc yrnakoBku BupycHoi JJHK sBisiercss oueHs nqpeBHUM
[25]. Cunre3 HHK OompmmHCTBa (ParoB NPHBOAWT K OOpPa30BaHHI0 KOHKATEMEPHBIX MOJIEKYJ, COCTOSIIUX W3
HECKOJIBKUX KONUI T€HOMHOMN MOCIIEeI0BAaTEIbHOCTH BUPYCa, 0ObEANHEHHBIX «T0JI0OBAa K XBOCTY». [loaTOMy ymakoBka
CONpsDKEHA C pa3pe3aHneM KOHKaTeMepa Ha WHIUBHIYyaJIbHbIE TEHOMHBIE MOJIEKYIbl. Pa3znuuHble crocoObl 3TOTO pas-
p3aHus (CTpaTeruy yIaKoBKH) MIPUBOIAT K 00pa30BaHHUIO Pa3IMYHBIX BapuaHTOB opranusanuy BuprnonHoi JTHK [34].

[Tpouecc ynakoBKHM KaTaau3upyercsi OEKOBBIM KOMIUIEKCOM - TEPMHHa3a. DTO Ha3BaHME CBSA3aHO C TEM, 4TO
HepBble HalICHHbIC HYJIbMYTAHTHI 110 TeHY TEPMHHA3bl B HENIPEMUCCHUBHBIX YCIOBUIX (POPMUPOBAJIH ITyCThIE TOJIOBKH,
TO €CThb MMEIM HE3aKOHYEHHBIH, «HETePMUHHPOBAHHBIM» TMpolecc COOPKH KamcujaoB. TepMHHa3bl SBISIOTCA
HECTPYKTYPHBIMH (TO €CTh HE BKJIIOYa€MBIMU B COCTaB BHUPHOHA) MOP(QOTEHETHUECKIUMHU OeskaMH. Y MOIaBIISIONIETO
OosiblIMHCTBA (DaroB OHM COCTOSIT M3 CYOBEIUHHUI] ABYX THIOB, Oosibimold n Manoi. Mamnas cyOowsenunuma (TerS)
TepMHHa3bl 00bIYHO nMeeT pa3mep 130-250 a.k. u obecnieynBaeT y3HaBaHUE caiTa Hayajla YIaKOBKH, B TO BpeMs Kak
oompmast cyosemmuuma (TerL) - Gemox pasmepom 500-700 a.x. sBusercs ATdazoil m Hykieaszoil, BHOCSIIEH
MHHULUHUPYIOMNI 1 TEPMUHNPYIONINHA pa3pbiBbl B KoHKaTeMepHyto JJHK. B ncKkyccTBeHHBIX cHCTeMax YIMaKoOBKH in Vitro
HEKOTOPBIX (haroB MPOLECcC MOXKHO OCYIIECTBUTH C IMTOMOIIBIO TOJIBKO OOJBINION CyOBEIUHHUIIBI, XOTS 3TO U IPUBOAUT K
CHIIFHOMY CHIDKEHHIO 3(h(heKTHBHOCTH.

U TerS, u TerL 0661900 QOpMHUPYIOT OTUTOMEpPH! B BUAE Koell. Onmromep Maioi cyObeIMHHUIEI (4aCTO OKTaMep
wm aoxekamep) cmsasbBaercs ¢ JIHK-cyGcTpatoM (B peakux ciydasx paclio3HaBaHWM CalTa YHAaKOBKH MOTYT
y4acTBOBaTh W Jpyrue Oenku; Tak, y ¢ara T7, mo-sumumomy, BupycHas PHKII gpl B kommuekce ¢ gp3.5 mpu
TPAHCKPHIILIMHU ¢ KOHKaTeMepa JIeaeT 1nay3y B paifoHe MpaBOro KOHIIA TeHOMA M PEKPYTUPYET YIIaKOBOYHBIH KOMILIEKC,
KoTopbIil HaunHaeT ynakoBky JJHK cnpaBa HaneBo, nmpoTuB HarpaBieHus TpaHcKpumuu) [35].

IIpu strom JTHK He mponeBaetcs depe3 kaHan TerS, HO, BO3MOXKHO, 000payrBaeTcsi BOKPYT Hero. CBsI3aBIIUCH C
JHK, omuromep TerS pekpyTHpyeT MoJeKyty OoJbIION cyObequHUIIBI TepMUHA3bl Terl, sHIoHyKIIea3Hass aKTUBHOCTh
KOTOPOM CITY’KUT JUIsl BHECEHUS] HHULIMHIPYIOIIEro pa3peiBa. Y dara T4 B MHUIMAIMM yYacTBYIOT cpa3y /iBa JloJeKaMepa
Masoli cyowseuanIpl gpl6. Onu cBszpiBatoTes ¢ JJHK 1 B3aumoneificTBYIOT MeX Iy co00# 1 TIOCiie 3TOr0 peKypTHPYIOT
Oonbmyto cyosenuuuily gpl7. B pesynbrare oopasyercs nsa komruiekca JTHK - (gp16)12gp17, ciocoOHBIEC CBA3BIBATHCS
¢ mporojnoBkoii [25]. ITociae B3auMONEHCTBHS C TMOPTAIBHBIM OEIKOM IPOTOJIOBKH KOMIUIEKC NMPUCOCIMHSACT emie 4
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MOJIEKYJIBI OOJIBIION CyOBEIMHHIIBI TEPMUHA3EI gpl7, KoTophie 00pa3yIoT MeHTaMepHoe Koubio Bokpyr Hut JJHK. Ha
3TOM (hOpMHPOBAHUE YTAKOBOYHOT'O KOMIIJIEKCA 3aBEPILAETCS.

[To-BuauMoMy, yuyacTHe B HHUIMAILIUH YTIAKOBKU OJJHOBPEMEHHO JIBYX Jl0JieKaMepoB gpl6 cBs3aHo ¢ TeM, uTo y T4,
B OTJIMYHME OT OOJBIIMHCTBA JAPYrMX (aroB, caliT Hauyaja YNaKOBKM W €€ HalpaBJeHWE OTHOCHTEIBHO TI'€HOMa
BBIOMPAIOTCS MPAKTUUECKH MTPOU3BOJILHO (HE IETEPMUHHUPOBAHBI crielin(pUUecKUMU mocienoBaTeabHocTsiMu). [loatomy
OJMH WHHULMHUPYIOMINI pa3pblB MOXKHO MCIOJIB30BAaTh sl ()OPMUPOBAHUS Cpasy IBYX YIAKOBOYHBIX KOMIUIEKCOB.
Opranuszanusi yrnakoBOYHOTO ammapaTa B BHJE KOJBIEBOW IEHTAMEPHOW CTPYKTYpBI, NMPUCOCIMHEHHOH CHHU3Y K
JOZIeKaMepHOMY NOPTAIFHOMY O€JKY MpPOTOJOBKH, SIBJISIETCS OOLIel 4epToi BceX H3YyYEHHBIX B 3TOM OTHOIICHHH
XBOCTaThIX OakTeprodaros. ¥ momosupyca Bacillus subtilis $29 mis ¢popmupoBanus koMIuiekca HEOOXOAUMO elie
KOJIBIIO U3 IITH MOJIEKYT TaK Ha3zbiBaeMoit ynakoBounoit PHK (pRNA), koTopoe npHucOeANHSETCS CHU3Y K IOPTaIbHOMY
6enky. Y npyrux ¢aro PHK B coctaB ynmakoBOYHOro KOMIUIEKCA HE BXOJIUT.

CdopmupoBanHbIii Komiiekc npotankusaeT JJHK BHyTpb mporonoBku 3a cuet sHepruu ruaponnsa AT, pacxonys
onny MmoJekyny AT® na 2 mH. ymakoBeiBaemoit JTHK. Untepecno, uro pacxox AT® He 3aBHCHT OT TOro, Kakoe
konuuectBo JIHK yxe ymakoBaHo (M, COOTBETCTBEHHO, HACKOJBKO CHJIBHO MPEOJIOJIEBAEMOE CONMpPOTHBIEHHE) [25].
OTHOCHUTEIHHO MEXaHW3Ma TeHepaIiy cuilbl, npoTankuBartomeit JJHK, unyt aktuBHbIe muckyccun. B HacTosmiee Bpemst
HanboJee yOeaUTEIbHO ONMCHIBAET UMEIOIINECS CTPYKTYPHbIE U SKCIIEPUMEHTAIbHbBIC JaHHBIE MOICTh «PagHaIbHOTO
MOPITHEBOTO MOTOPa», B COOTBETCTBUM ¢ KoTopoil JIHK-cBsi3piBatomue NOMEHBI MOJIEKYJ OOJNBIION CYOBEIUHUIBI
TepMHHA3bI ToouepeaHo npucoeanHstores k JJHK, monrsrusatorcst npumepHo Ha 0,7 HM (1Be mapbl HYKJICOTHIOB) BBEPX
u ocoboxmator JIHK. Pasmmunble ¢aspr mpomecca compoBokaatorcst cBsizbiBaHneM AT®, ero ruaponnzoM u
BoicBOOOXKIeHHeM AJI® u docdara. Ilpun s3ToM Bce mepeMmenieHus] JOMEHOB OOYCIIOBJIEHBI 3JIEKTPOCTATHYECKUMHU
CHJIaMH, BO3HHUKAIOIIMMHU BCJICACTBHE CONIDKEHUS WM yJaJeHWs Pa3HOMMEHHO 3apsDKEHHBIX aMHUHOKHCIIOTHBIX
OCTaTKOB, KOTOPOE€ MPOMUCXOAUT BCIeACTBHE CBs3biBaHMA AT® nnm qucconuanuu NpoayKToB ero ruaponusa. Ilocne
TOTO KaK 00BEM T'OJIOBKM OKAa3bIBAETCS 3allOJHEH, HHIOHYKJIEa3Hass aKTUBHOCTH OOJBIION CyOBEIUHMIBI TEPMHHA3BI
BHocuT B JJHK Tepmunmpytommii pa3psis [36].

TouHBIf MEeXaHW3M, KOTOPHIH MO3BOJSIET YIMAaKOBOYHOMY MOTOPY UyBCTBOBAaTh 3aIlOJHEHHWE TOJIOBKH, TTOKa HE
W3BECTEH, OJHAKO MYTAlWH, BIUAoNMe Ha T1oTHocTh ymakoBku JIHK nekoTtopeix ¢aros (mampumep, SPP1),
00HapyKUBAIOTCSI B TOPTAJbHOM OENKE M 3aTParkMBalOT aMHHOKHCIOTHBIE OCTaTKH, KCIIOHMPOBAHHBIE B IIOJIOCTh
kaHana. HeoOXoquMOCTh 3armoHeHnsT Kalcuaa sl yerenrHoro 3asepireHus ynakoBku (headful mechanism) mexwur B
OCHOBE CTpaTervi, MPUBOAAMINX K (DOPMHUPOBAHUIO MPOTSHKEHHOW KOHIEBOM M30BITOUYHOCTH (KOHIIEBBIX MOBTOPOB)
BupronHoit JIHK u/nnm k konbiieBbIM iepectanoBkaM. OiHaKo Jaxe y (aros, MIMEIOIIUX CTPOTO ONpe/IeIeHHbIe KOHIIBI
BupuonHoit JIHK, takux kak dar yismOna, Oonbllve NENeluH, MyCTh Ja)Ke HECYIIECTBEHHBIX JJIsl JIMTHYECKOTO
Pa3MHOKEHHSI TEHOB, BBI3BIBAIOT CHJIBHOE CHIDKCHHE >XM3HECIIOCOOHOCTH BHUpYCa, IMOCKOJBKY y MYTaHTOB IpU
JIOCTIDKEHUM  YNIaKOBOYHBIM KOMIUIEKCOM COS-CaifTa, ONpEAEeNsIoNero IpaHHUIbl COCEAHUX KOMMHA TreHoMa Ha
KOHKaTeMepe, IPOT0JIOBKA €Ille He 3all0JIHEHA, YTO CHIIBHO TTO/IABIIsICT BHECEHHE TEPMUHHPYIOIIETO Pa3phIBa.

Cos-caiiTbl Cos-caiit 6akreprodara A peacrasiser co0oil mmuHHBIN cermeHT ~200 bp, KOTOPBIN HEOOXOIMM KaK
JUT MHULMAPOBAHIS, TaK ¥ JUIS 3aBEPILIEHHS YIIaKOBKH reHoMa n3 KoHkaremepHoit JIHK [36]. YuacTok, rie TepmuHasa
BBOJUT CTyNEHYaThle HUKH JJIs TeHEepalliM CBS3HBIX KOHIIOB, Ha3bIBaeTcs cosN. PaHee cuntanock, yTo Hamuuue cosN
cauma noctarouno juis ynakoBku JIHK [37]. Onnako Oosiee mMo3aHKUE UCCICIOBAHUS IOKA3AJIH, YTO COS-CAllm SBISCTCS
CIIO)KHBIM M COCTOMT U3 TPEX M, BO3MOXHO, YETBIpEX Pa3INYHbIX MojcaiToB. Kak MHuIManus, Tak U NpeKpalieHne
YIIaKOBKH TPEeOYIOT MYIUIEKCHOTO HUKUpOBaHUS Ha cosN-caiime [38, 39]. Kpome Toro, a¢dekTnBHas MHUIMAIN3AINS
TpeOyeT Hann4us JOYEepHero caidta cosB, KOTOpbIi HaxoanuTcs rocie cosN caiima. TepmuHanus TpedyeT Hatnuus cosQ,
JIouepHero caiTa, KOTOpbIA pacrnoyiokeH mnepen cosN [40, 41]. TlocnepoBarenbHocTs 12  pacmonoxenas
Mexny cosN u cosB, Taxxke urpaet ocodyro poib B 3ddexruBnoit ynakoske JJTHK [36]. Takum oOpa3oM, momHas Koc-
noCne008amenbHOCMb COCTOUT W3 HECKOJBKHX IIOJCAWTOB, KKIBIM M3 KOTOPBIX WIPAET ONpPEEICHHYIO POJIb B
pacmo3HaBaHuH, 00paboTKe U yrmakoBke BupycHoit JJHK.

Caiit cosN - ydactByer B paspesanuu nenu [IHK 3a cuer aktuBHOCTHM TepMmuHa3bl. Caiit cosB ymepkuBaet
TEepMHHAa3y, MOKa OHa OTCeKaeT M paznemnsger uenw [37]. CalT cosQ cremyromeld KOCMUABI (TIOCKOJIBKY PETUTMKALINS
KaTSIIErocss Kpyra 4acTo IPUBOAMUT K JIMHEHHBIM KOHKaTeMepaM) YAEPKMBAaeTCAd TEPMHHA30M IIOCIE TOro, Kak
TpeAbIyIast KocMu/ia Obula yiakoBaHa, YTo0bl IPEIOTBPATHTh Jerpaaanuio kierounsiMu JIHKazamu [41].

®arorepanusi. BupycHas darorepanus i harorepanmus - TepaneBTUIECKOE UCTIONb30BaHUE OakTepruodaros s
JICUCHUS! TATOTEHHBIX OaKTepuabHbIX HH(peknuil. @aroBbie (hepMEHTHI — OCHOBHOW (haKTOp BO3/EHCTBUSI HA OAKTEPUIO-
MuieHb. ParoBbie JIM3UHEI - 3TO THAPOJIUTHYECKHE (EPMEHTHI, KOTOPHIE Pa3pyIlaloT MENTHIOTJIHKAHbl KIETOYHOU
CTEHKH, CIIOCOOCTBYSI BBICBOOOXKICHHUIO (para Mmpu yHHUTOKEHHH Oaktepuid. JIn3uubl 061anaroT 3pQeKTHBHOCTBIO 110
OTHOIIEHHIO K CHeNN(HIECKUM MTENTHAOTINKAHAM B KJIETOYHOH CTEHKE, UX CIEIH(PUIHOCT 3aBUCHT OT BHJIa WM POJa,
9Ta XapaKTEePUCTHKA SIBISIETCS CYIIECTBCHHOW. MHOTHME M3 CKOHCTPYMPOBAHHBIX JIM3MHOB OOJIQNAIOT JIydIIeh
AHTUMHMKPOOHOW aKTHBHOCTHIO, YeM OOJIBIIMHCTBO aHTUOMOTHKOB paHee U He obnanany [42].

OHAOIU3MHEI - 3TO (PEPMEHTHI, HCHONb3yeMble OakTeprodaraMy B KOHIE X IUKJIA PEIUTUKALNH JUIS Pa3pyIICHHs
METITUIOTIINKaHA OaKTEPUU-X03MHA N3HYTPH, YTO IPUBOJUT K JIN3UCY KIETOK M BHICBOOOKIEHHIO BHPHOHOB-TIOTOMKOB.
W3-3a orcyTcTBHSI BHEIIHEH MeMOpaHBI B KJIETOYHONH CTEHKE I'PaMIIOJIOKHUTENBHBIX OaKTEpHUil SHIOIM3HHBI MOTYT
MOJy4aTh JOCTYN K HENTHIOTJIMKAHY W YHHYTOXATh 3TH OPraHU3MbI MPH HAPY)KHOM NPHUMEHEHUH, YTO JENaeT UX
HMHTEPECHBIMU KaHAUAATaMU B IIPOTUBOMUKPOOHBIE MpenapaThl, 0COOEHHO B CBETE PacTyILel yCTOMIMBOCTH OaKTepuit
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Pucynok 4. Cxema nu3uca rpaMIioJIOKUTEIBHBIX OaKTEPHATbHBIX KJIETOK 3K30TC€HHO BBEICHHBIMH SHIIOIM3HHAMH.
DHIOJIM3UH PACIICIUIACT CBSI3M BHYTPU MENTUAOIIHMKAHA, U BHICOKOC BHYTPCHHEE NABJICHHE KJICTKH BBITAIKABACT
TUIa3MaTHYCCKY0 MeMOpaHy, 4TO MPUBOAUT K OCMOJIU3Y (Ju3ucy u3BHe). OO0O0IIEHHAs CTPYKTypa NENTHIOTINKAaHA
WUTIOCTPUPYET YYaCTKM pPAacLICIUICHHs] [0 THIAM DHJIOJIM3MHA: TIMKOLMIa3bl (2 MMEHHO IJIIOKO3aMUHHAA3a MU
MypaMuAa3bl), aMUIa3bl U SHAONENTHA3HI [43, 44]

K JICKAPCTBEHHBIM CpeICcTBaM. B aHHOe BpeMsi paccMaTpuBaeTcss MOIYJIbHAS CTPYKTYpa 3THX (PEPMEHTOB, B KOTOPOM
pasneneHsl pyHKIMU CBA3BIBAHUS C KJIICTOYHON CTEHKOW M KaTaMTHYeCKUe QYHKINH, a TAKXKe UX MEXaHU3M ACHCTBHS,
JMUTHYECKast aKTUBHOCTH U MOTECHIIMAJ B Ka4yeCTBE IPOTHBOMHKPOOHBIX cpeacTB [43].

[Iponomkaercst nanbHEHIINI CKDHHIHT HOBBIX 3HIOJIM3WHOB MM pa3padoTka GepMEeHTOB Ha OCHOBE SHI0IU3HUHA
C TIEPEHOCYMKAMHU Yepe3 BHEIIHIOI MEMOpaHy, YTo, KaK 0)KHAAETCS, PaCIIMPUT NMPUMEHEHHE SHIOJIM3HHOB B KaueCcTBe
TEpareBTHUECKHUX CPENICTB KaK JJIs 37I0POBbS UEIIOBEKa, TaK U JIJIs 3JI0POBbs )KMBOTHBIX. TeM He MeHee, 3aBepIIaloIInecs
KIIMHUYECKUC MCHOBbITaHUA OBYX CTa(bI/IJ'IOJ'II/ITI/I‘IeCKI/IX SHAOJHU3NHOB B 6Jm)1<a171mee BpEMA CMOTYT O6eCl’Ie‘-II/ITI>
Heo0x0anMyI0 3(p(heKTHBHOCT M 0E30ITaCHOCTB ATOTO KJIacca MPOTHBOMUKPOOHBIX CPENCTB [Uisi OOpHOBI ¢ OaKTepHIMHU
C MHO>KECTBCHHOM JICKAPCTBCHHOW yCTOWYMBOCTHIO Y AIMEHTOB (puc. 4) [43,44].

3akJ0ueHue.

JKusHeHHbIH UK OaKTeprodaroB COCTOUT M3 ABYX CTaJAWI: JMTHYECKOH CTaauu, Korjga (aru pa3MHOMKArOTCS
BHYTpH OakTepuil M JIM3UPYIOT OAKTEpHH, U JIM30TCHHON CTaJiH, Korjaa (ar HaxoAnuTCsS B CTAlMOHAPHOHW CTaluH, Te
pasmHOxeHne (aroB orcyrcTByeT. [loHMMaHMe XM3HEHHOTO IUKIA (GaroB mMeeT (QyHIAMEHTaJIbHOE 3HAUCHHE JUIS
MMOHUMAaHUs TPEUMYINecTB (paroB B KAuyeCTBE CPEICTB OHOJIOTMYECKOTO KOHTPOJS M TOTrO, Kak padoTaroT
CKOHCTPYHPOBAaHHEIE (harH.

Bakreprodaru SBIAIOTCS AIBTEPHATHBOW B KOHKYPECHIIMH C MPOTHBOMUKPOOHBIMH IIperiapaTaMy, IOCKOIBKY
(baru 06MamAlOT TAKUMHU MPEUMYIIIECTBAMHE, KaK 0Y€HBb BHICOKAs CHENMU()UIHOCTD K OaKTepUI-MHUIIIEHH, CTIOCOOHOCTD K
JOJITOCPOYHOMY BO3JIEHCTBUIO, OHM aKTHBHBI B OTHOIICHUH IEIAIINXCS WM HE ASNIAIIMXCs OaKTepuaabHBIX KIETOK,
obecreunBaroT 3(h(HEKTUBHOE YHHUTOXKEHHE OaKTepHaIbHBIX OHOIUICHOK H SIBIIAIOTCS CIIOCOOHBIMH TPAHCTIOPTEpaMU TS
aJlpeCHON JOCTAaBKH HYKJICHHOBBIX KHCIIOT.

B snoxy pacryliero uucia naroreHoB ¢ MHOXECTBEHHOM JICKAPCTBEHHOH yCTOWYHMBOCTBIO M HEXBATKH HOBBIX
AHTUOMOTHUKOB, PacTeT MOTPEOHOCTh B OOHOBJICHUH CTapbIX U OTKPBITHH HOBBIX MPOTHBOMUKPOOHBIX MPENapaToB st
JICUCHUS 6aKTepI/IaﬂLHI)IX HHq)eKI.IPIﬁ. B sTtom KOHTCKCTC, IMOJYUCHHBIC IOKIMHUYCCKHUEC W KIMHUYCCKUC JJaHHBLIC
yOeMTENbHO JTOKA3bIBAIOT TMOJIE3HOCTh (AaroBBIX OSHAOJU3MHOB IPOTHB I[EJIOTO psifa MPEHMYIIECTBEHHO
TPaMITOJIOKHUTENBHBIX OaKTepHAIbHBIX MTATOI€HOB, PHYEM KOJMUYECTBO SHJIOJIM3HHOB, KOTOPBIE MOTYT BO3JEHCTBOBAaTh
Y Ha IPaMOTPHULIATENBHbIC TATOTCHBI, TAKKE PACTET.

Ocoboe BHHMaHHE YIEIACTCS MOJICKYJSIPHON HH)XCHEPHUH KaK CPEICTBY ONTHUMHU3ALMK SHIOJU3HHOB IS
KOHKPETHBIX PUMEHEHUIA, CO3/IaF0TCSI HOBBIE Pa3paO0TKH, KOTOPBIE MOTYT CAENATh 3TU OCJIKU aKTUBHBIMH B OTHOIICHUH
IPaMOTPHULIATENBHBIX ¥ BHYTPUKJICTOYHBIX ITATOTEHOB, U 0000IIAIOTCS caMble MOCIeIHIE IPUMEHEHHUS SHIOIN3HHOB B
00J1acTH MEANIMHEI, 0€30MaCHOCTH MHILEBBIX MTPOIYKTOB, CEIBCKOTO X035UCTBA U OHOTEXHOJIOTHH.

CriermndraHocTh OakTeprodaroB yHukanbHa. bakreprodarn ceIeKTHBHO 3apakaloT crieruduyeckie OakTepun
CIICHHUAJTU3UPOBAHHBIMU PCUCIITOPHBIMU MOJICKYJIaMHU, PACIIOJOKECHHBIMU B KJIETOYHOM CTEHKE WIN MeM6paHe, TaKUMH
KaK JIMIOIOJNNCAaXapyu/ibl, TEHXOeBble KHCIOTHI W TMOpUHBL. CKOHCTpyHMpOBaHHblE (haru, MOHUMAaHHE OMOJIOTHU
6akteproaroB u pa3paboTka HOBBIX HHXEHEPHBIX HHCTpYMeHTOB st Moaudukarmu JJHK mo3BonsitoT pa3pabaTeiBaTh
HOBBIE CTPAaTETUH YHUUTOXKEHUSI TaTOTCHOB

Kpome Toro, ocobasi criocoOHOCTh OakTeprodara BBOJUTh HYKJICHHOBBIC KHUCIOTHI ObLIa MCIIOJIB30BaHA U IS
CO3JJaHUSI COBEPLICHHO HOBBIX CTPATETHH, TaKMX KaK BBEACHHE TE€HOB JuIsl oOecredeHus OakrepuocTasa, CHHTE3a
BPEHBIX COCTUHEHHUHI MM BCTaBKU T€HOB JUISl BOCCTAHOBIICHHS YCTOMYMBOCTH K aHTHOMOTHKAM.

Pa3BuTHE METONOB reHHON WH)KCHEPHH B COUYETAHWH C HAHOTEXHOJIOTHSMH IPUBOAWUT K MOHMMAHHIO TOTO, YTO
KpOMe TPIMEHEHUs] B aHTUMUKPOOHOH Tepanuy, (aru taxke MOTyT OBITh HCIOIb30BaHbl KaK TPAHCIOPTHBIE CHCTEMBI
IUTSL aAPECHOM JOCTaBKHU IIPENapaToB, TAKMX KaK BaKLMHBI, WK K& MOTYT OBITh UCIIOJIBb30BAaHbI U1l HAHOCOOPKH HOBBIX
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MaKpOMOJICKYJIAPHBIX CTPYKTYP M HAHOKOHCTPYKIMH, TaK Kak caMu (ard, ux (pparMeHTbl 1 KOMIIOHEHTHI SIBIITIOTCS
HaHOOOBEKTaMH U (PyHKIMOHUPYIOUIMMH HAHOMAIIMHAMH, OCBOCHHE IPOIIecca COOPKH KOTOPBIX MO3BOJISIET Pa3BUBATh
NPUHLIMITHAIEHO HOBBIE MTOJXO/IbI, MCIIOJb3YS MPEUMYIIECTBa CrIelM(UIHOCTH (aros.

C npyro#t cTopoHsl, 6ousbiol 00beM Kancuaa ¢ara T4 1mo3BossieT OCYIIECTBISITH OJTHOBPEMEHHYIO JOCTaBKY
HECKOJIbKUX T€HOB M OCIIKOB B KJIETKY uelioBeKa. B Hacrosiiiee BpeMs y)ke MOATBEPKICHA BMECTHMOCTh BEKTOpa Ha
ocHoBe Oakreprogara T4, B KOTOpBIH yAajoCh ymakoBaTh TeH puctpoduHa. [locie 3Toro ObUIO IMOKa3aHO, YTO TPy3
BEKTOPa MOKHO HCIIOJIb30BATh U JJIsI peakTupoBanus reHoMa. C 3Toil 1enbio ObLT BEIOpaH TepareBTHYECKN 3HAYMMBbIN
caiiT — reH 6era-remornodounna (HBB) na 11-if xpomocome yenoBeka. PaboTa npoBesnena Ha knerouHoit imann HEK293T
(omOproHanbHast moyka genoBeka). KoHcTpykius, npencrasistonias coboil kommieke Cas9-HBB runPHK, ycnemno
BBINOJHWIA penaktuposanue 20-25% kierok. Takxke ObUT MOTy4eH BEKTOP, C IOMOIIBI0O KOTOPOTO MOXHO BBITIOJIHUTH
OJTHOBPEMEHHOE pelaKTHPOBAaHUE B ABYX Pa3HbIX, HE CBA3aHHBIX MEX/y COO0H ydacTkax reHoma [45].

B nmozno6HOTO poja uccie10BaHNMAX OBbIT IIPOAEMOHCTPHPOBAH IIHUPOKUI CIIEKTP MOJIEKYJI, KOTOPBII MOXKET OBITh
BKIIIOYEH B HCKycCTBeHHBIN BHpycHBIH Bekrop (MBB). K HuM oTHOCsTCs Oenmku pasmepom ot 27 mo 516 x/a,
HyKJIenHOBbIe KUCIOThI OT 100 1m.H. 10 20—40 T.1m.H., PHK-6enkoBsie, [IHK-6enkoBbIe, 6€10K-0SIKOBBIC KOMIUIEKCHI, YTO
03Ha4YaeT HOBYIO 3py (aroBoil MHKEHEPUH M MOJIEKYJISIPHOTO KOHCTPYHUPOBaHHs Ha HaHOMacIITabax Jyisi MPUMEHEHHs
Oakrepuodaros, U pa3pabOTKH HOBBIX T€HHO- M HAHO- WH)KCHEPHBIX WHCTPYMEHTOB M METOJIOB JIJIsl MEIUIIMHBI,
OMOTEeXHOJIOTUH, (hapMaleBTUKH, OE30IIACHOCTH MHUIIEBBIX NPOIYKTOB, CEINECKOT0 XO3SHCTBA.
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SELF-ORGANIZATION IN VIRUSES FORMATION: THE NANO-PROCESS OF ASSEMBLING HEADS
(CAPSIDS) AND LAYING DNA ON THE EXAMPLE OF TAILED BACTERIOPHAGES (LAMBDA, T4)
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Abstract. The relevance of the problem. The widespread and uncontrolled use of antibacterial drugs not
only in medicine, but also in agriculture, animal husbandry, and the food industry has led to the spread of
multi-resistant strains resistant to the most common antibacterial drugs. In search of alternative strategies
for the prevention and control of bacterial infection, attention is increasingly being paid to bacteriophage
(phage) therapy. With a wide range of genetic engineering capabilities, these bacterial viruses can be
modified to achieve precise control and detection of bacteria and thus serve as a new source of antimicrobial
agents. In addition to being used in antimicrobial therapy, phages can also be used as transport systems for
drug delivery, as vaccines, or can be used for nanosembly of new materials, since phages themselves, their
fragments and components are nanoobjects and functioning nanomachines, the assembly process of which
is extremely relevant. The purpose of this article is: to analyze and summarize the most important
information on the topic of bacteriophages, methods of their determination and effective transformation in
modern science, to evaluate the achievements of modern research in the process of assembling heads
(capsids) and laying intracapsid DNA in caudate bacteriophages (phage lambda and phage T4), the
production of genetically modified phages and a review of the main prospects for the development of this
direction.

Key words: viruses, bacteriophages, self-assembly of capsids, DNA stacking, nanoobjects, phage therapy.
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BJIUSAHHUE KPATKOCPOYHOI'O UBSMEHEHUS COJIEHOCTH HA
OYHKIIMOHAJBHBIE OCOBEHHOCTU 'EMOIIMTOB CPEI[HSEMHOMOPCKOfI
MM
Jlappuuenko JI.C., Tkauyk A.A., Kinaguenko E.C., Auapeesa A.1O.

WucTuTyT Onoornu roxxHBIX Mopeit uM. A.O. KoBanesckoro PAH

npocn. Haxumosa, 2, 2. Cesacmononv, 299011, P®,; e-mail: dlavrichenko01@gmail.com
[Mocrymmna B penaximro 29.07.2023. DOI: 10.29039/rusjbpc.2023.0652

AnHotanusi. B Hacrosmiedr paboTe mpW MOMOIIM METOIOB NPOTOYHOW HUTOMETPHUH M IJIA3ePHOM
TUpakIuy TPOBENCH aHAMW3 (PYHKIIMOHAIBHOTO COCTOSIHHS T€MOIIMUTOB (OCMOTHYECKAas XPYIKOCTH,
COOTHOIIICHHE THIIOB KJIETOK B TeMOJUM{de, CIIOCOOHOCTh K MPOAYKIIMH aKTHBHBIX (OpM KHCIOpona —
A®K) cpenuzemuomopckoit Munuu Mytilus galloprovincialis (Lamarck, 1819), akknMaTu3upOBaHHBIX K
HU3KOM (6 %o, 10 %o, 14 %0) u BeicOKO# coneHocTH (24 %o, 30 %o0). AKKITUMAIHS K Pa3IMUHON COJIEHOCTH
NPUBOJMIA K Pa3HOHANPABICHHOMY M3MEHEHMIO KIETOYHOIO COCTaBa reMoiMMQbl MHIUH, HanbOolee
BBIPAKCHHBIA (PQPEKT HAOIIIOJaNC IpU HU3KOW colieHOCTH. [Ipr 3TOM, KaK B yCIOBHSX HHU3KOHU, TaK H
BBICOKOW COJICHOCTH OTMEUYEH POCT BHYTpHKIeTOUHOW KoHIeHTparmu ADK B remonmrax, 4To MOXKET
CBHJICTEIbCTBOBATD O PA3BUTHH OKHUCIIUTEIBHOTO cTpecca. Kpome 3Toro, mpy Bcex M3MEHEHUSIX COJIEHOCTH
OBLT 3a(pUKCUPOBAH COBUT KPHBOH OCMOTHYECKOM XPYIKOCTH. Pe3ybTaTel HacTosIIeH paboThI TOKA3aIH,
YTO CpPEeIM3eMHOMOpPCKas MUAWS 00NafaeT BHIPaKEHHON TOJEPAHTHOCTHIO K KPATKOBPEMEHHBIM (48 )
KOJICOAHUSAM COJICHOCTH, IPH STOM CHIDKEHHE COJICHOCTH COIPOBOXKIAIOCH 00Jiee BBIPAKCHHBIMH
(hyHKIIMOHATPHBIMU HM3MEHEHUSIMH. B CBOIO odepenp CABHT KPHUBOM OCMOTHYECKOH CTOMKOCTH
CBUIETENECTBYET 00 YJacCTHH KJIETOYHBIX MEXaHHM3MOB OCMOPETYJIINH Y CPEIN3EMHOMOPCKUX MMM
MIPH aIalITallid K KPATKOCPOYHOMY M3MEHEHHUIO COJICHOCTH.

Knrouesvie cnosa: zemoyumovl, K1emoumvlii COCMAG 2eMOMUMPbL, aAKMuUGHbIE GOPMbL  KUCIOPOOQ,
CONIEHOCMb, OCMOMUYECKAS XPYNKOCHIb.

CoJneHOCTh CUNTAETCS OTHUM M3 OCHOBHBIX 9KOJIOTHYECKUX (PAKTOPOB, BIUSIOIUX HA (PYHKIIMOHATIBHOE COCTOSTHHE
JIBYCTBOPYATBHIX MOJLTIOCKOB. CoOrjlacHO MpOrHO3aM MEXNpaBUTENECTBEHHOH TPYHIIBI AKCIEPTOB IO W3MEHEHHIO
KIIMMaTa B OJDKalIIne TOJbl OXKHIACTCSl YBEJIMYEHHWE YacTOThI AKCTPEMANIBHBIX OCaaKoB [l], CTOKM KOTOpBHIX B
MIPUOpEKHBIE MOPCKUE YIACTKH MOTYT IPHBECTH K PE3KUM KOJIeOaHUsIM cosleHOCTH. Cpean BO3MOXKHBIX MOCIIEACTBHN
KoJIOaHWS COJICHOCTH BBIJENSIOT COKpAaIleHHE BHIOBOTO pPa3HOOOpa3Wss M HCYE3HOBEHHE KpYNHBIX BHJIOB
THAPOOMOHTOB, B TOM YHCIE SBIAIOMNXCA OOBEKTaMM [NOOBIYM WM KyJIbTHBUPOBAHUS B MHPOBOM IHINEBON
npomeinuieHHOCTH [2,3]. Hanbonpiiee 3HaYeHWE COJEHOCTb WMEET U MPHUOPEKHBIX IKOCHCTEM W 3CTyapHeB, T
CKOHIICHTPUPOBAHBI MapHX03aicTBa [4]. B oTaMYIME OT OTKPHITHIX BO, COJIEHOCTH MPHOPEKHBIX aKBATOPUI 3HAUUTEIBHO
MEHSIETCS B CBA3U C KOJCOAHUSIMH TEMIICPATyphl, ISHCTBUEM OCaIKOB, IIPUIMBOB M OTIHUBOB, IITOPMOB [5,6], a TaKkxKe C
pocTOM TI100abHON CpeiHel TeMIepaTyphbl MOBEPXHOCTH MOPS U TasTHUEM JISASHBIX IIATIOK U JIEAHUKOB [7,8].

Mopckue AByCTBOpUYATHIE MOJUTFOCKH COCTABIISIOT OKOJI0 14 % 00BeMOB MUPOBO#T TOOBIYY BOJHBIX OMOIOTHIECKIX
pecypcos. Ilpu sTom Gosee 89% rio0ambHOrO MPOU3BOJICTBA MOJUTIOCKOB OCYIIECTBIISACTCS IMyTEM aKBaKyJIbTYPHOTO
BeIpamuBanus. [9] Bmecte ¢ TeM, 3¢ (eKTHUBHOCTh aKBaKyJIbTYPbl MOJUTIOCKOB BO MHOTI'OM OIIPEJENSETCS] COCTOSTHHEM
BOJTHO# Cpe/ibl, U aNbHEelIIee pa3BUTHE OTPACIIH BOZMOXHO TOJIBKO C yYETOM TII00aNBHBIX TPodiaeM MupoBoro okeana,
TaKuX Kak konebanue coneHocty. [10]

B Hacrosmem nccienoBaHNHM MBI OLCHHIIM PSI TTAPaMETPOB, CBS3aHHBIX C MMMYHHUTETOM (KJIETOYHBIH COCTaB
reMoJIMM(bI, CHOCOOHOCTH K CHOHTaHHOH npoayKiun ADK, 105151 MEPTBBIX T€MOITOB T€MOLIMTOB), TIOCIIE BO3IEHCTBHS
THIIO- ¥ THIIEPCOJICHOCHBIX CTPECCOBBIX YCIOBHH OKpY)KAalOIIEH Cpeabl Ha JABYCTBOPYATOro MoJuTiocKa Mytilus
galloprovincialis (Lamarck, 1819).

JIBycTBOpYaThle MOJUIIOCKH DPa3MEINAINCh B IUIACTHKOBBIX akBapuyMmMax eMKocThio 50-70 i1, 000pymoBaHHBIX
CHCTEMOH aspaiuu ¥ GUIbTpanuy Boabl (KOHIEeHTpalwms Kucnopoaa 7-8 mr !, pH = 8,2, temneparypa 18-20 °C) na
NepUoI ajanTtaiyu He MeHee | Hepenu. Muauu ObLTH pa3iesieHbl Ha 5 rpyIin: KOHTPOIIb (18 %o), OMBITHBIC THIIOCOJICHBIC
(6 %0, 10 %0, 14 %o), onibiTHBIE THIIEpCOIEHBIE (24 %0, 30 %0). CHIKEHNE COJICHOCTH B OKCIIEPUMEHTAILHBIX aKBapHUyMax
JOCTHUTAJIOCh IyTEM IIOCTEIEHHOTO pa30aBlieHHs] BOABI B aKBapHUyMax JUCTHIUTMPOBAHON BOJIOW CO CKOPOCTHIO 2 %o B
cyTkH. [loBBIICHNE COJEHOCTH OCYIIECTBIISIIM ITyTEM E€XEJIHEBHOTO I00aBJICHHWS MOPCKOH COJIM B aKBapHyMBI CO
CKOPOCTBIO 2 %o B CyTKH. I1ociie ToCTHKeHNS KeTaeMoro YpoBHs coseHOCTH (6 %o, 10 %o, 14 %o, 24 %o, 30 %0) MoILTIOCKH
COJIEPKAJINCh B JTaHHBIX YCIIOBHSX B TEUEHHE 2 JHEH, a 3aTeM MpPOM3BOIWICSA cOop mpob m aHanu3 mokasaTeneil. Ha
MIPOTSHKCHUH BCETO SKCIEPHMEHTA, BKIJIIOYAs MEPHOA aKKIMMAaTH3alMK K JaOOpAaTOPHBIM YCIOBHSM, IS YAAJICHHS
METa0OJINTOB €KEIHEBHO MEHSIIM BOAY, C COXPAaHEHHEM 3HAYCHUS! COJICHOCTU. MOJUTIOCKOB KOPMHIIHM CMECBHIO
mukpoBopopocneii (Tetraselmis viridis (uramm IBSS—25) u3 kosnexunu Otaena ouorexuosoruu u puropecypcos GUILL
NuBIOM, 5-10 mn cmecn Ha kaxzasie 50 JTUTpOB akBapuyMHOM Boxbl). I'eMonmmmda oTOupanack Mo cTaHAAPTHBIM
nporokounam [11]. HemocpencreeHHo cpasy nociie 0T00pa aHaIM3UPOBAJIH KIETOYHBIH COCTaB TeMOJIMMQbI, CIOCOOHOCTh
TEMOLMTOB K MPOAYKIHWU aKTUBHBIX (l)OpM KUcjaopoaa 1 OCMOTHUYECKYHO XPYIIKOCTb T€MOLUTOB IPHU MMOMOIIU METOJ0B
MPOTOYHOM IUTOMETPHUH U JIa3ePHOHN TUPPaKIUU.
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Jns uneHTuduKauy THIIOB KIETOK B TreMoiuMde ToToByo cycnensmuio okpamuBami JIHK-kpacurenem SYBR
Green I (punanbHas koHueHTpauus B npode 10 Mkmosib -1, Bpemst nukyOauuu — 40 mus B remuore). Coaepxanune JJHK
B F€MOLIUTAX MUAMN aHAIM3UPOBAJIM Ha OCHOBAaHMU T'MCTOIPAMM paclpe/iesieHus (IIyopecleHIIMU KpacuTelsl B KaHalle
FL1.

OreHKa CIOCOOHOCTH TEMOLIMTOB K CIIOHTAHHOW MPOAYKIMU aKTHBHBIX ()OPM KHCIIOpPOJa MPOBOJUIACH METOIOM
MIPOTOYHON IMTOMETpHH M0 (uryopecueHunn Kpacurens 2-7-guxiopdiayopecuenn-auanerata (DCF-DA). 1 wmn
cycrieH3uit remonutoB mHKyOmpoBamm ¢ 10 Mkn pactBopa DCF-DA B Teuenue 40 muH B TemHoTe. DuHANBEHAS
KOHILIEHTpaLust Kpacutens B 1pobe cocrasisuia 10 MkMoib i1-1. diryopecteHys KpacuTens aHaIu3upoBajiach B KaHaie
FLI.

JloJro MepTBEIX TEMOIINTOB B CYCIICH3UU ONPEAEIISUIN IIPH TTOMOIIH (IIyopecleHTHOTo KpacuTens propidium iodide
(PD. K 1 M cycnensun remorutoB no6asmsima 10 mxn pactBopa PI (Sigma Aldrich) m naKyOuMpoBamm B TeMHOTE B
teuerne 40 muH mpu 4 °C. TIpomneHT MEpTBBIX TE€MOIIMTOB OT OOIIEr0 YMCiIa KIETOK OICHWBAIX IO THCTOTpaMMam
¢dnyopecuentmuu PI B kanane FL2 nutomerpa.

CreneHb reMoji3a ONpeNeNsaiil Ha OCHOBE PETHCTPAIlMM PACCESIHHOTO YacTHLIAMH CBETa IOJA Pa3HBIMU yTIaMHU
[12-14]. UccnenoBaHre OCMOTHYECKOW XPYHKOCTH IMPOBOJMIN IMYTEM CEpUIHBIX pa3BeACHUI KIETOUHBIX CYCHEH3HUH
JUCTHJUTMPOBAaHHOM BOJIOH (110 1-2 MIT) C OCTETICHHBIM CHIDKEHUEM OCMOJISIPHOCTH U JOOABJIEHHEM COOTBETCTBYOLIETO
o0beMa TEMOLMTOB /sl TOAJCP)KAHWS KOHCTAaHThl KOHIIEHTpanuu KieTok. Ha kaxmol cryneHum paszOaBiieHns
OCMOIIIPHOCTh KOHTPOJHUPOBAU KpHOCKou4IeckuM ocMomerpoM OsmoSpecial 1 (Astori, Uranms). Jnamazon
ocMoisipHOCTH 0T 461 10 55 MOcM/Kr ObIT HCIIONB30BAH ISl MOCTPOCHUSI KIIACCHUECKON KPHBOW OCMOTHYECKOH
xpymkoctH [15]. IIporienT remonu3a paccuntbiBany nexos u3 100% -Horo remonnsa Ha HanOoIee THITIOOCMOTHIECKON
cramun tecta - 55 MOcM 51-1. [ KOMMYeCTBEHHOTO OMMUCAHUS OCMOTHYECKOH XPYIKOCTH T€MOIIUTOB MCIIOJIE30BANIACH
touka 10% remommza (H10), 50% remonusza (H50) 1 90% remonmza oTpaxaromune OCMOJIIPHOCTD CPEbl, TPH KOTOPOH
HaOmonaercst usuc 10%, 50% u 90% xietok B oOpasiie, coorBercTBeHHO [16]. llupuny pacnpeneneHus reMOLUTOB MO
ocMotHyeckoi xpymkoctu (W), XapakTepH3yMOIIyl0 OIHOPOJHOCTh KJIETOYHOW MOIyJISINH, PACCUMTHIBAIH, KaK
W =H10 - H90 (MOcm/kr).

[Iupokuii Auana3oH COJICHOCHON TOJIEPAHTHOCTH JIBYCTBOPYATHIX MOJUIIOCKOB 00€CIIEYHBAETCS IPEUMYIIIECTBEHHO
KJIETOYHBIMU MeXaHu3MaMmu ajzanrtaiuu [7,17]. Y muami, HaXoJsIIMXcs B THIIOOCMOTHYECKUX YCIIOBHUSX (OIBITHBIE
rpynnsl 6 %o, 10%o, 14 %0), oTMeueHo cHIDKeHHe noka3aTtens H50 kpuBoit ocmoTHueckoi ctokocTh: mu3uc 50 % kieTok
B CYCIICH3MH HaOJIO/ANICs TIpH OoJiee HU3KHUX 3HAYEHHSIX OCMOJIIPHOCTH cpeabl. Tak, npu cosenoctu 14 %o moka3zarens
H50 cocraBun 46,2+4,0 MOcm/kr (p >0,05), mpu costeroctr 10 %o - 35,7+3,0 MOcm/kr, a ipu 6 %o — 16,4+2,0 MOcM/kr
(p <0,05). B ycnoBHsAX 3KCHEPUMEHTAIEHOTO TIOBBIMICHHUS COJICHOCTH (OIBITHBIC TPYIITBI 24 %o, 30 %o) TM3UC TEMOITUTOB
MUIWA HadYWHAJICS TpHU OoJiee BRICOKHX 3HAYCHHUAX OCMOJIIPHOCTH. B SKCIepUMEHTaNbHOM TpyIie, HHKYOHUPOBaHHOU
ipu coneHoCcTH 24 %o, H50 6511 paBen 70,6+11,4 MOcm/kr, a mocie Bo3aericTBus cosreHoCTH 30 %o — 90,0+£9,1 MOcm/kT
(puc. 1).

AHaJIOTHYHBIM 00pa30M IIPH THIIOOCMOTHYECKON HAarpy3Ke B FTeMOITaX MUIUH cIBUTaIICh 1 3HadeHnss H90 u H10
KPHBOH OCMOTHYECKOH cTOMKOCTH. B KOHTponbHOW rpynme moiirockoB H90 Obuio paBro 15,8+3,3 mMOcm/kr.
I'mnoocMoTHuYeCKUi CTpecc NMPUBOJAMI K CHIKEHUIO JAHHOTO IIOKa3arellsi: MpH coylieHOCTH 14 %o oH ObUl paBeH
9,7£1,9 MOcwm/kr, tipu 10 %o — 6,7£1,8 MOcm/kr, a ipu 6 %o — 4,9+0,8 MOcMm/kr. OOpaTHast TCHACHIUS HA0II01AIACH B
rpyMIe MOJUTIOCKOB, HCTIBITHIBAIOIINX SKCIIEPUMEHTAIbHOE MOBBIIIEHUE COJICHOCTH. B onmbITHBIX rpynmnax 24 %o 1 30 %o
muszuc 90 % remonuToB orMewancs mpu 21,6+5,2 MOcm/kr 1 28,5+7,8 MOCM/KT COOTBETCTBEHHO.

Y Muauii KOHTPOJIBHOHN IpymnIbl B reMosiMMde arpaHyJIOnUThl U TPaHyJIOMUTHI cocTaBisuii okoso 50 %. B ycnoBusix
THIIEPOCMOTHYECKOI Harpy3ku (rpynma 24 %o) 103 rpaHyJonUToOB CHIXAIAach 10 37 %o (p <0,05), onHako y MUIuii,
aKKIMMaTU3UPOBAHHBIX K coneHOCcTH 30 %o, KIETOYHBIH cocTaB reMonuMdbl He oTinndaics oT KoHTponus (18 %o). B
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Pucynok 1. CnBur mapameTpoB OCMOTHYECKOHW XPYNKOCTU reMouuToB M. galloprovincialis mocne akkiuManuu K
YCIIOBUSIM K Pa3iIM4HOM COJICHOCTH
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Pucynok 2. Knerounstit cocraB remonumMmdsr M. galloprovincialis B yCIOBHAX aKKIMMaIUH K Pa3IUYHON COJIEHOCTH.
(*p <0,05, **p <0,01). (a) — oTHOCUTETBHAS OIS aTPAHyIOUUTOB, (0) — OTHOCHTENIFHAS AOJIS TPAHYJIOLUTOB

YCIOBUSIX THIOOCMOTHYECKOM HArpy3kh y MUAWH, MOJABEPIIIMXCs Bo3neicTBHIO coieHOCTH 14 %o m 10 %o, He
3a()MKCHUPOBAHO CTATUCTUYECKH 3HAYMMBIX W3MEHEHHH B KJIETOYHOM COCTaBEe IeMOJIMM(QBI, OJTHAKO, IPY HaMMEHbLIEH
9KCIEPUMEHTAIBHOM CONEHOCTH (6 %o0) Y MOJUIIOCKOB OTMEYAJIOCh JIOCTOBEPHOE CHIDKEHHUE JI0JIM TPaHyJIOHUTOB Oojiee
yeMm B 1.8 pa3za oTHOCHTENBHO KOHTpOI (p <0,05).

D¢} PeKTHBHOCTH KIETOYHOTO IMMYHHOTO OTBETa MUIUH B YCIOBHUSAX SKCIEPUMEHTAIBHBIX KOJICOAHU COJICHOCTH
ompenesyiach MO YPOBHIO MPOAYKIUH B TEeMOIMTaX akTUBHBIX (opm kucimopoma (ADK) meromom mpoTouHOMH
LIUTOMETPUH Ha OCHOBaHWHU aHaJM3a MHTEHCHUBHOCTHU (hIyOpECIeHIMU KIETOK, OKpaiieHHbIX kpacutenem DCF-DA. Y
BCEX OMBITHBIX TPYHI B TEMOLMTAaX OTMEYAJOCh AOCTOBEpHOE yBenndeHue croHTaHHoW mpoxykumu ADK (p <0,05).
HHTepecHo, uTo YeM OOJIbIlie OTIMYAIACh COJICHOCTh B OMBITHOM TPYINE OT KOHTPOJISA, TEM BBIIIE ObUTH MOKa3aTeNu
¢dnyopecueniuu  kpacurens DCF-DA, 4ro CBHAETENBCTBOBAIO O BbICOKOW KoHueHTpaimun A®K B murorasme
remounToB. Haubonpmmii poct mpoaykuuu A®DK oTMedancs NpH IKCIEPUMEHTAILHOM CHIKEHHH COJISHOCTH (B
ocobeHnHOCTH B TpytIe 6 %o) (p <0,05). PocT ypoBHSI BHYTpHKIIETOYHOTO coaepkanus ADK rnpu n3MeHeHHH COJEHOCTH
cpenbl ObLT XapaKTepeH U JUIs arpaHyJIoOLHTOB, U AJIs TPaHYJIOLUTOB MUIUHA. VIcX0/1s1 M3 TOSTydeHHBIX JaHHBIX, BBISBIICHO,
YTO KOJICOAHMSI COJICHOCTH OKAa3bIBAIOT CYIIECTBEHHOE BO3IEHCTBHE Ha MOKa3aTeldH KJIETOYHOIO MMMYHHOTO OTBETa
Te€MOIIMTOB MUIUH.

Jonss MepTBBIX TEMOIMTOB B CYCHCH3WAX OIpee/siack Ha OCHOBAaHMHM LUTOMETPUYECKOTO aHAIH3a
(hiryopecueHIH KIETOK, OKpaIIeHHBIX KpacuTesneM HoauceTsiid npormanii (propidium iodide, PI). YpoBens cmepTHOCTH
TeMOIITOB B KOHTPOJBHOH (18 %o) M OMBITHRIX rpymmax (3aCOJIOHEHHE W PAaCIpecHeHHe cpenbl) He npeBbiman 4 % u
JOCTOBEPHO He pasimyayics. TakuM 00pa3oM, BEpOSTHO, KPAaTKOBPEMEHHBIE M3MEHEHHS COJICHOCTH HE MPUBOIAT K
THOEITN KJIETOK TeMOTUMQBI MUTHH.

Konebanusi cosieHOCTH cpeabl OBUTM aCCOLMUPOBaHBI C JIOCTOBEPHBIMH HM3MEHEHHSIMH KJIETOYHOTO COCTaBa
FCMOJ'II/IM(bI)I B PA3JIMYHBIX ONBITHBIX TpyIIiax, CpaBHMTeHbeIﬁ aHaJIu3 HC BBIABUII €AWMHOI'O0 TPEH/A B Ha6n}0aaeme
pas3nnuusX - HM B OTHOLICHUH HAIIPABJICHHH CIIBUra KJIETOYHOTO COCTaBa (IpeodiialaHne ONpe/IelIeHHOTO THIIa KIIETOK),
HU BO B3aMOCBSI3M C HAIIPaBJIEHHUEM N3MEHEHUH COJICHOCTH (paclpecHeHue, HiM 3acolieHne). BepositHo, HabmronaeMble
W3MEHEHHs KJIETOYHOIO COCTaBa reMOJIMM(bl MUAWI SBISJIMCH CIEICTBUEM CTOPOHHHX IIPOIECCOB, U HE 3aBUCENIH
HaIpsIMYIO OT KoJe0aHUi coleHOCTH cpelibl. MI3BecTHO, YTO (hM3HOJIOTMYECKUI cTpecc Kak Hecrenuduyeckas peaxkims
OpraHn3Ma BO3HHKAeT IMPH ICHCTBUHU IIOOBIX HEOIArONMPHATHBIX (PAKTOPOB Cpelbl, M 3a4acTyi0 COIPOBOXKIACTCA,
m30prTouHON mponykmueit ADK (cymepoKcHIHBIN aHHOH M IEPEKHCh BOJOPOJA), KOTOpPBIE OOJIAAal0T BBICOKOU
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Pucynok 3. BiusHue sKcIiepUMEHTANBHBIX KOJeOAaHWH COJEHOCTH HA YPOBEHb CHOHTaHHOH mpoxykimu ADK B
remorurax muaui (*p <0,05, **p <0,01)
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LIUTOTOKCHYHOCTBIO IO CBOSH MPHUPOIE OKUCISS TUMHUIBI, OSIIKH, HYyKIENHOBEIE KUCIOTHI [ 18]. B wacTHOCTH, H3MeHeHNe
COJICHOCTH, TAK)KE MOXKET CIIOCOOCTBOBATH yBear4YeHUIO BIpaboTki ADK, uTo BiusieT Ha pyHKIMOHAIBHBIC TOKA3aTENIN
TeMOIIUTOB MOJUIIOCKOB - ypoBeHb reHepaiun ADK, ocMOTHUYECKyl0 CTOMKOCTb, MHTEHCUBHOCTH AbixaHus [19]. B
HACTOSIIEM HCCIIEIOBAHUH MOKAa3aHO, YTO aKKJIMMAIMs MOJUTFOCKOB K THIIOOCMOTHYECKOH cpele MPUBOIUT K CABUTY
OCMOTHYECKOIl KPUBOW B CTOPOHY JKECTKOCTH, B TO BPEMsl KaK MOCTENIEHHOE YBEJIMYEHUE COJICHOCTH CONPOBOXKIACTCS
CMEIIEHHEM KpHBOH B CTOPOHY YBEJIMYCHHS OCMOTHYECKOH XPYNKOCTH TreMounuToB. Cpeam Hecrenu(uuecKux
(HETOKCHUYECKHX) ITPUYMH, BIUSIONINX Ha IeOopMUPYEeMOCTh MEMOpaH KIIETOK KUBOTHBIX, BBIICIISIOT OKUCIUTEIBHBIN
ctpecc [20]. BmecTe ¢ TeMm, B HallleM HCCIEIOBaHUM yBEJIUYEHUE YpOBHA BHyTpukieTouHblx ADK remonuramu He
COIIPOBOXKIANIOCH POCTOM WX XPYIKOCTH. B TpyIie MOJITIOCKOB, COICPIKANINXCS B YCIOBUSAX HHU3KOH COJCHOCTH,
yBenmueHue ypoBHsI ADK B remMormrax He MPUBOIWIO K CHIKCHHUIO TIOKA3aTeNlss MAaKCUMAIFHOTO HaOyXaHHS KIECTOK
remonuMpbl Tiepen ym3ucoM. OTCYTCTBHE HW3MEHEHHH B CBOWCTBAX MEMOpPaHBI MOXKET OOBSCHATHCS BBICOKOU
AKTUBHOCTBHIO aHTHOKCHIAHTHOTO KOMIUIEKCA B TEMOIUTaX MUIUHA 1 dPPeKTHBHON HelTpann3aneit m30brTounbx ADK,
MIPOAYIIMPYEMBIX B pe3yIbTaTe N3MEHEHUH COICHOCTH. Y YUTHIBAs, YTO OIS MEPTBBIX TEMOITTOB B CYyCIIEH3UIX KIETOK
TaKKe HE MEHsUIaCh, MOYKHO MPEAIOJIOKUTh, YTO, M3MEHEHHs II0Ka3arelieil OCMOTHYECKOH CTOMKOCTH TeMOIMTOB
CBA3aHBI C BHyTpHKHeTO‘IHOﬁ a)]al'[TaL[Heﬁ KJICTOK K CABUTY OCMOJIAPHOCTH BHEIITHEH Cp€anbl, TO €CTh O HAJIMYUHN Y MI/IIII/Iﬁ
KJIETOYHBIX MEXaHH3MOB COJICHOCTHOH aIanTaliH.

Taxum 06pa3om, KojeOaHus COJICHOCTH CPe/ibl OBUTH aCCOLMMPOBAHBI C IOCTOBEPHBIMH U3MEHEHUSIMH KIIETOYHOTO
cocTaBa reMoiuM(bl MUIWH, KOTOpbIE, OJHAKO, HE WMEIH OOImHMX 3aKoHOMepHocTeil. BeposTHo, Habmomaemble
U3MEHEHHs] B OTHOCHUTENILHOW JIOJM TPaHYJIOLUTOB W arpaHyjolHUTOB B TeMoiuMde MUAMH SBISIMCH CIIEJACTBHEM
(YHKIIMOHAJIBHOTO OTBETA OpraHM3Ma Ha I3MEHEHNE OCMOJISIPHOCTH, U HE 3aBUCEIIH HAIIPSIMYIO OT KOJIeOaHU COICHOCTH
cpenbl. XOTsl CHIKEHHE COJICHOCTH 10 6 %o He OBUIO CBSA3aHO C TMOEIbI0 MOJUTIOCKOB B DKCIIEPUMEHTE, HalIo1aeMble
W3MEHEHHsS B CHUCTEME TeMOIMMQBI, CBHIECTEIBCTBYET O HECIIOCOOHOCTH MHIMH KOMIIEHCHPOBAaTh HEraTHBHOE
BO3JICHICTBHE pacrlpecHeHHs. HanMeHbIMe W3MEHEHHS OTMEUYAMCh B JKCIICPHIMEHTATFHOM JHMANa3oHE COJCHOCTU
14-24 %o, 4TO, BEPOSATHO, SBISIECTCS HEKUM JOIyCTUMBIM IPEIEIIOM KPATKOBPEMECHHBIX M3MCHEHHWI COJCHOCTH IS
JAHHOTO BHJa MOJLTFOCKOB.

Paboma evinonnena 6 pamxax epamma PH® Ne 22-26-00165 «DyHKYUOHANbHBINL U UMMYHHBIL CMAM)C
08YCMBOPYAMBIX MOJIIOCKOB-00bEKMO8 MAPUKYIbMYPbL 8 YCI08UAX Oelicmsus (Qaxmopos 21o0anbHblX UsMeHeHUl
KAUMamany.
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THE EFFECT OF SHORT-TERM SALINITY CHANGES ON THE FUNCTIONAL FEATURES OF
MEDITERRANEAN MUSSEL HEMOCYTES
Lavrichenko D.S., Tkachuk A.A., Kladchenko E.S., Andreeva A. Yu.
FRC “A.O. Kovalevsky Institute of Biology of the Southern Seas, RAS
Nakhimov Ave. Nakhimova, 2, Sevastopol, 299011, Russia; e-mail: dlavrichenko0l@gmail.com
Received 29.07.2023. DOI: 10.29039/rusjbpc.2023.0652

Abstract. In this work, using the methods of flow cytometry and laser diffraction, the analysis of the
functional state of hemocytes (osmotic fragility, the ratio of cell types in the hemolymph, the ability to
produce ROS) was carried out of the Mediterranean mussel Mytilus galloprovincialis (Lamarck, 1819),
acclimatized to low (6 %o, 10 %o, 14 %o) and high salinity (24%, 30 %). Acclimation to different salinity
led to a multidirectional change in the cellular composition of the hemolymph of mussels, the most
pronounced effect was observed at low salinity. At the same time, both in conditions of low and high
salinity, an increase in the intracellular concentration of ROS in hemocytes was noted, which may indicate
the development of oxidative stress. In addition, with all changes in salinity, a shift in the osmotic fragility
curve was recorded. The results of this work showed that the Mediterranean mussel has a pronounced
tolerance to short-term (48 h) fluctuations in salinity, while the decrease in salinity was accompanied by
more pronounced functional changes. In turn, the shift in the osmotic resistance curve indicates the
involvement of cellular mechanisms of osmoregulation in Mediterranean mussels in adapting to short-term
changes in salinity.

Key words: hemocytes, hemolymph cellular composition, reactive oxygen species, salinity, osmotic

fragility.
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KPUTHYECKHUE U ITIOPOT'OBBIE KOHIHEHTPAIIUU KUCJIOPOJIA 115
HEKOTOPBIX BUIOB YEPHOMOPCKHUX PbIb (KPATKASI CITPABKA)
IMapgenosa U.A.!, Coanaros A.A.!?

'®Ir'AOY BO «CeBacTonoNbCKHi TOCYIapCTBEHHBIN YHUBEPCHTET
ya. Yuueepcumemckas 33, 2. Cesacmononw, 299053, P®
2®I'BYH OUIL «HCcTHTYT GHosoruy rokHbBIX Mopei uMm. A.O. Kosanesckoro PAH»
npocn. Haxumosa, 2, 2. Cesacmononw, 299011, PO, e-mail: alekssoldatov@yandex.ru
[Mocrynuna B penakiuio 14.08.2023. DOI: 10.29039/rusjbpc.2023.0653

Annotanus. O6001meHa nHMOPMAIHSI 0 KPUTHIECKUX U OPOTOBBIX KOHIEHTPALUSIX KUCIOPOa LTS psijia
npeacTaBuTenei nxruogpayHsl YepHoro mops. ITokazaHo, 9TO Y4EPHOMOPCKHE BHBI PHIO MO OTHOILICHHIO
YCTOWYHMBOCTH K eHIUTY KHUCIOPOIa MOXKHO YCIOBHO Pa3ZeinTh Ha JBE rpynmnsl. [ pynna 1 ¢ BeICOKOH
YyBCTBHTEIBHOCTHIO M HU3KOH yCTOHYMBOCTBIO K THUIIOKCHHU, KOTOpAs MPEACTaBICHA PEUMYIIECTBEHHO
MeJIATMYeCKIMA ¥ HEKOTOPBIMH MIPUIOHHBIMH BUIAaMH PHIO (CTaBpmaa, cMapuaa, Mepianr). ['pymma 2 ¢
HU3KOW YyBCTBUTEJIBHOCTbIO M BBICOKOM YCTOMYMBOCTBIO K TUIIOKCUH, MPEICTABUTEISIMU KOTOPOM
ABIISTFOTCS] TPEUMYIIECTBEHHO JIOHHBIE M DS MPHUIOHHBIX BUIOB PBIO (CKOpIICHA, CyITaHKa, 3BE30UET).
Cpe)m JOHHBIX BHUJ0B HaM60nee yCTOI‘/’I‘-II/IBI)IMI/I U HaMMCHCC YYBCTBUTCJIBbHBIMHU K THIIOKCUH BUAAMH
SIBJSIETCSI CKOPIIEHa M OBIYOK-KPYIJISIK, KOTOPBIE IIMPOKO MPEJCTaBIIEHbI 10 nodepexkbio UepHoro mopsi.
21.]'[5{ HUX TIOJTYYCHBI HaM6onee HU3KHUEC 3HAYCHUA KPUTUYCCKUX M IMOPOTOBBIX Hal'[pﬂ)KeHI/Iﬁ KuUcjaopoaa:
33-36 n 4-11 rlla cooTBeTcTBEHHO. /[Mana3oH 3aBUCUMOTO AbIXaHUS NPH 3TOM cocTasisieT 22-31 rlla.
Knrouesvle cnosa: kpumuueckue u nopo2ogvie KOHYeHMpayuu KUciopooa, puiow, Yeproe mope.

Beenenune. Kucnopon Hapsngy c Temmeparypoil M COJEHOCTBIO SIBISE€TCS OJHMM M3 BaKHEWIMIMX (DaKTOpPOB,
BIMSIONINX Ha PpaclpoCTpaHeHHWE OpPraHM3MOB B BOAHOW cpene [1]. Orpanndenue BogooOMeHa, 3BTpOQHKAIHS,
CBSI3aHHAs C AaHTPOIIOTCHHOM HAarpy3KoH Ha BOJOEMBI, SBIIIOTCS OCHOBHBIMH TPHYMHAMHM, NPUBOAAIIMNMH K
BO3HHKHOBEHUIO 30H YCTOWYHMBOTO Medunura kuciaopoza [1,2]. B mocienHee BpeMs 3To sIBIICHHE BCE Yallle 3aXBATHIBACT
BBICOKO TIPOAYKTHBHBIC mIenb(oBble 30HBI MMpPOBOrO OKeaHa, NPUBOAS K KaueCTBEHHOW TpaHC(hOpMayn
CYIIECTBYIOIINX 3KocucTeM [3-7]. UepHOE MOpE B 3TOM CBS3H HE SABISACTCS HCKIFOUCHHUEM. 30HBI YCTOHYUBOM PUIOHHOM
THIOKCUH ObUTH OOHApy>KEeHBI Ha €ro ceBepo-3amagHoM menbde [8-12]. Cayyan mepMaHEHTHOW THIIOKCHU OIHMCAHBI
TaKOKe VIS Pa3UYHBIX YEPHOMOPCKUX MPHOPEKHBIX aKBATOPHUHA M MOTYT OBITH CBSI3aHBI, IIPEK/IE BCETO, C JIOKATIBHBIM
orpaHuveHueM BogooomeHa [13].

O1eHKY YCTOHYMBOCTH THAPOOUOHTOB K JePUIUTY KUCIOPOAa OOBIYHO MTPOBOAAT ITyTEM U3MEPEHUSI KPUTHIECKUX
(critical level oxygen) u noporoBbix (lethal level oxygen) KOHUEHTpamnuii Kucioponaa. KpuTHueckue KOHIICHTPALUU
OTpa)karoT MOMEHT Iepexo/ia OpraHu3Ma Ha 3aBUCUMBIN TUII AbIXxaHUs. C HUMHU CBSI3BIBAIOT TIOHSITHE YyBCTBUTEIBHOCTU
BUAa K BHeIIHeW runokcuu. [loporosble KoHIEHTpanuu — rudenb ocobeil. KonmuecTBeHHO OHa OIEHUBAETCS IPH
oMoty nokazaresneir CLso wmu CL ;g9 (emeptHOCTS 50 mm 100 %). I[To moporoBsIM KOHIIEHTPAIMSIM KHCIOPOAA CYASAT
00 yCTOHYMBOCTH BHJA K BHEIIHEH runoxkcuu. CBeJeHUs IJIs1 NPEACTaBUTEICH YEPHOMOPCKONW MXTHO(ayHBI BECbMa
orpanuyeHsl. B Hacrosei paboTe npenpuHATa ONBITKA 0000IIUTH UMEIOLYIOCS HH(POPMALHIO.

Buabl ¢ pa3IM4YHBIM ypPOBHEM ecTeCTBeHHOH moaBM:akHOCTH. HamOomnee mosHas cBOAKa MO KPUTHYECKUM U
MOPOTOBBIM KOHILEHTPAMSAM KUCIOPOJa Ui MOPCKUX U MPECHOBOJHBIX pbIO npuBeneHa B padore JI.b. Knsmropuna
[14]. OHa coumepxHuT Takxke MHPOPMALUIO U O MPEICTABUTENSAX YEPHOMOPCKON uxTHO(hayHbl. B Tabnuie 1 BhIOpaHbI
pe3yNbTaThl O IOPOTOBBIM BEIMYMHAM HCKIIOYHUTENIBHO JJIsI YEPHOMOPCKHX pbIO. 3BECTHO, 4YTO TOpPOrOBBIE
KOHIIEHTPALMK KUCIIOPO/Ia 3aBHUCST OT TeMIepaTypbl. [1o 3TuM npuyrHaM B TaOIHILy BKIIIOYEHBI IaHHBIE O TEMIIEpPAType
BOJIBI Ha MOMEHT W3MepeHuil. M3 TaObmuipl BUAHO, YTO Ul KaKIOTO M3 BWJIOB PHIO XapakTepeH 3HaunTeJIbHBIN
WHIMBHUIYaIbHBIH pa3dpoc 3HaUCHUH. DTO MOXKET OBITH CIIEICTBHEM HE TOJBKO BapHaOelbHOCTH JaHHOTO MOKAa3aTels,
HO ¥ HE OJHO3HAYHOCTH TEMIIEPATYPHBIX YCIOBUH, MPU KOTOPHIX IpoBoauioch umepenue. JI.b. Knsmropun [14]
yKa3bIBaeT Ha TO, YTO TEMIEpaTypHas YyBCTBHTEIBHOCTH ITOPOTOBBIX BEJIMYHMH Pa3HbIX BUAOB PHIO CYyIIECTBEHHO
OTJIMYAETCS, YTO B KOHEYHOM MTOTE€ MOXET MOBIIHSTEH Ha OJlydaeMble PE3YJIbTaThI.

YepHOMOPCKHE BUABI, XaPAKTEPUCTUKN KOTOPBIX IPUBEICHBI B TAOIHIE 1, MOXKHO yCIOBHO Pa30HTh HA JIBE TPYTIIIHL.
OnHa W3 HMX BKIIOYACT CTaBPHIY, CMapHAy, CyJNTaHKy M MepiaHra. [loporoBoe HachIIEHHE KHCIOpOJa Uil HHUX
cocraniseT 12-15 % nHacwimenus. Jpyras rpymnmna — MOpCKO# epIll (CKOpIIeHa) U 3Be3/J0UET XapaKTePU3yIOTCS IIOPOTOBBIM
HacblmeHneM 8-9 %. AHanm3 ocoOeHHOCTEH OMOIIOTMM PACCMOTPEHHBIX PHIO IOKa3aj, YTO JABa IOCIEIHHUX BUAA,
IIOPOTOBOE HAIPsDKEHHE y KOTOphIX MeHee 10 %, y3Ko cnennanu3upoBaHbl K JOHHOMY obOpa3y xus3HH [15]. Cienyer
TaK)X€ OTMETHUTD, YTO JJIsl CKOPIIEHBI XapaKTepHa M BBICOKAsl CTETIEHb CIeUaIN3aliH K 00ECIIeYeHHI0 YHEPTeTHIECKUX
noTpeOHOCTEeH 3a cueT yrieroaos [16,17].

Oco0eHHOCTH OMOJIOTUH PBIO NEPBON TPYIIBI HECKOJILKO WHbIE. [loporoBoe HampsbkeHue Beoylied MpHUIOHHbIN
00pa3 xH3HU cynTaHku coctaBisieT 12 %. [lenarndeckue BUABI — CTaBpHIa, CMapHia U MEpJIaHr morudarot rnpu dosee
BBICOKOM HACBHIIICHUH BOJIBI KUCTIOPOIoM — 14-15 %. CrietyeT OTMETHTB, YTO SHEPreTHUECKUI MEeTab0IM3M Y CyJITaHKA
0OJIBIIIC OPUEHTHPOBAH Ha yTHIM3aIMio aumuioB [18,19]. B kakol-TO CTeleHN 3TUMH OCOOCHHOCTSAMH MeTaboJm3Ma
MOKHO OOBSICHUTH pa3jiMuusl B IOPOTOBBIX BEIMYMHAX MEXAY ABYyMs TIpynmnamu pei0. M3BecTHO, 4To Kataboiam3m
YTJIEBOJIOB MOXKET MPOXOJUTH U 0€3 yIacTHsl KUCIOPO/a, B TO BpeMs KakK JUIsS OKHUCIICHHS JINMAAOB OH HEOOXOINM.
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Tabauua 1. [ToporoBoe HachllEHHE BOJIBI KUCIOPOJOM JJIsl HEKOTOPBIX BHIIOB YUEPHOMOPCKUX PBIO MpH
temnepatype 13-17°C (B cpenaem 15°C) [14]

Bt pei Hacprmenue BoJibl KHCIOpoaoM, Yo
Pasmax xoire0anmit Cpennee

CraBpuna 9-25 15,2
Cmapuna 9-23 14,2
Cynranka 12-18 12,0
Mopckoit epi 8-15 8,0
3Be3g04eT 7-24 9,2
Mepnanr 13-22 14,2

Tadsuua 2. Kpurnueckoe HaChIIEHHE BOJIBI KUCIOPOAOM ULl HEKOTOPBIX BUJIOB YePHOMOPCKHX PBIO IIPH
pasHBIX TeMmepaTypax [14]

Buner pei6 Bec pri0 Hacelmenue Boasl KUCIOpoaoM, %
10°C 15°C 20°C 25°C 28°C
CraBpuna 9-16 16,0 22,0 32,5 40,0 -
Cmapuna 10-14,5 14,6 22,5 30,0 37,0 -
Jlackupb 16-22 16,0 18,6 22,0 34,0 -
Cynranka 8-17 17,3 22,5 30,0 31,5 -
CkoprieHa 22-47 16,0 19,3 21,3 30,0 40,5
HpaxoHuunk 12-18 14,0 17,3 17,3 28,0 35,2
3Be3mouer 27-42 13,3 19.4 26,5 28,7 32,5
Mepianr 9-22 18,6 19,3 21,2 32,0 -

CrocoOHOCTh TOHHBIX U MPUIOHHBIX BUJIOB PHIO BEDKUBATH IPU CPABHUTEIILHO HU3KUX KOHIICHTPALUAX KUCIOPOIa
B CpeJie OYCHb Ba)KHA, TaK KaK MMEHHO Ha 3THX TOPH30HTAX YaIlle BCETO 00pa3yrTCs THIIOKCUYECKUe 30HbBI. [IeHHOCTh
MPHUBEJICHHON TaOJHIBI HECKONBKO CHM)KCHA BCICICTBHEC TOrO, YTO B HEW HE YKa3aHbl pa3MEpbl PBI0 W UX
¢uznonmormueckoe cocrossHue. Ha 3To ykassiBaeT u cam aBTop [14].

Crnemyer m00aBUTh, YTO MEXIY ABYMS TPYIIIAMHA PACCMOTPEHHBIX BHINIC BHUIOB PHI0 MMEIOTCS CYIIECCTBCHHBIC
pasamuus B OTPeOICHNHN KUCIOPOIa B COCTOSTHHH ITOKOS. TaK, TP ONTHMANBHBIX YCIOBUSX CKOPIICHA MTOTJIOMIAET BCETO
0,055 mr O, 1! Beca Tena, a cynranka okoso 0,30 mr O, 1! Beca Tena [20]. DTOT ke aBTOp OTMEYAN, YTO IIOTPEOICHIE
KHCIIOPOAa CYIIECTBEHHO YBEIMYHMBACTCS MOCJIE MpHeMa HHIIM. Tak, Ajs CyNTaHKHM yBEJIHYCHHE 3HAUYCHHH JaHHOTO
nokasareJist cocTaBisuio 1,4- 2,1 pas, a ayist CkoprieHsl 0T 2,2-6,2 pa3. OTcro1a ClIeayeT, 4To PU3HOIOIMICCKOE COCTOSTHUE
pbl6 MOXCET CYHICCTBCHHO ITOBJMATHL Ha BCJIWYMUHBI IOPOTrOBLIX KOHHeHTpaIJ,I/Iﬁ Kucjaopoaa. B 3TOM Taxke MOXKHO
yCMAaTpHBAaTh MPUYUHY CYIICCTBYOIICH BapHaOEIbHOCTH TOTYUCHHBIX 3HAYCHUH.

[ToporoBeic BEIHMYUHBI OMPEACISIIOT TPAHUIIBI TOJCPAHTHOCTH OMOJIOTUYECKOTO BHJAa. UyBCTBHTEIEHOCThH K€ K
JMEPUIUTY KUCIOPOJa OTPAKAIOT KPUTHUCCKUC KOHIICHTPAITUH, KOTJIa OPraHW3M MCPEXOJHUT Ha 3aBHUCHMBIA THIT
JBIXaHUs. DTH 3HAYCHUsS 0OJiee SCTECTBCHHBI, TAK KaK OMPEACIAIOT (pakTUYecKHe MOTPEOHOCTH BUA B KHCIOPOJC.
[TosToMy MHOTHE HCCIIEOBATENHN YACTAIOT BHIMAHIE UMEHHO STOMY ITOKa3aTelIro.

Haubouree momHast cBoIKa IO KPUTHIECKAM KOHIICHTPALMAM KUCITOpoaa Ui pbi0 UepHOTo MOps Takke IpUBeAeHA
B MoHorpaduu JL.b. Kinsmropuna [14] (Tabmuma 2). B otiryne oT npeasiaynei Tabaribl 31eCh T0CTaTOYHO ITOAPOOHO
MpeacTaBlieHa WHGOpMAIMA O TEMIIEPATypHOW 3aBHCHMOCTH KPHUTHYECKHX KOHIIEHTPAIMHA KHCIOPOAa BIUIOTH IO
TeMIepaTyPHBIX TPAHHUI] TOJIEPAHTHOCTH BrAa. Kpome Toro, yka3aH Bec Tela UCCIeIyeMbIX BUIOB peI0. EXHHCTBEHHBIM
HEJOCTATKOM TaONHIIBI SBISICTCSA TO, YTO OHA HE YYHUTHIBaeT (YHKIMOHAJIHHOTO COCTOSHHUS opraHu3ma. Tak, ecin
MEpJIaHT ¥ CTaBpUa CO CPeaHUM BecoM Teja 20 T MOTYT OBITh MOJOBO3PEIBIMU OCOOSMH, TO O CKOPIICHE U JIACKHPE
3TOrO CKa3aTh HEeNb3st. OHK CKOpEe SIBJIAIOTCS FOBCHAIBHBIMH OCOOSIMHU.

U3 Tabnuipl BUIHO, YTO YeM HMXKE TeMIepaTypa, TeM HWKE M KPHUTHYECKOe HampsbkeHue kuciopoja. Criemyer
OTMETHTh, YTO C POCTOM TEMIIEPATyphl MagacT UM PAcTBOPUMOCTH KHCIOpoIa B Bojae. [103TOMy, eciid mepeBecTH
MPOICHTHYIO 3aBUCHMOCTh B a0COJIIOTHYIO IIKATY, TO MPH COXPAHCHUHU JaHHOW 3aKOHOMEPHOCTH POCTa KPUTHUYECKOTO
HATPSDKCHUS IPU YBEITUUCHUH TEMITEPATyPhl KpYTH3HA (QYHKITUH OyIeT MEeHee BhIpakeHa. J[J1s aHain3a OCTaHOBUMCS Ha
temreparype Boabl 15°C. D10 caenaHo 3 ciueayromux coodpakennil. B Tabmume 1 mpuBeneHbl 3Ha4SHNS TOPOTOBBIX
Hanpspkernid mpu  15°C. JlamHas Temmeparypa sBisercs HambOoimee KOM(OpTHOW Ui OOJBIIMHCTBA BHIOB
YEepHOMOPCKOTO PETHOHA.

Ipu 15°C gna craBpuAsl, CMapuabl M CYJNTAaHKH KPHUTHYECKOE HampsDKeHHe cocTaBisieT He MeHee 22,0 %
HACBHIIICHUS, a U JTACKUPSI, CKOPIICHBI, APaKOHYHKA, 3Be3/[0UeTa M Mepianra He Boime 19,4 % nmacemmenns. Ecim no
MoBOAY JAOHHBIX M TMPUAOHHBIX BHJOB 3TO HC BbI3BIBACT YAMBJICHUA, TO C MCPJAaHIOM CUTyalusd HCOJHO3HAYHA.
IToporoBoe HachIIEHHE KHCIOPOIOM JJIs 3TOTO BHJIA, TAKOE e, KaK M JII CMAPUIbl U HECKOJIBKO BBIIIIC, YUEM Y CYJITAHKH.
B03MO0KHO, 4TO 3TO CBSI3aHO C OMOJOTMYSCKIMU 0OCOOCHHOCTSIMH BUA, B YACTHOCTH CIIOCOOHOCTBIO €r0 CYIIIECTBOBAThH
B YCIOBHSX ONPEACICHHOTO NeHIMTa KUCIopona. PaHee oTMEYanoch, YTO OTPAHUYCHHBIC CKOIUICHUS MEpJIaHTa
BCTPEUYAIOTCS B TUITOKCHYCCKIX aKBATOPHUSIX CEBEPO-3amaHoro menbda YepHoro Mops.
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Tadsuua 3. OTHOmIEHNE KPUTHYECKMX M IIOPOTOBBIX HANPSDKEHHH KUCIOpoa U psAfa BHIOB
YepHOMOPCKHUX PO [14]

Bune pei6 OrHoleHue
(KpUTHYECKOE/TIOpPOroBoe)
Craspuna 1.45
Cmapuna 1.58
Cynranka 1.88
CkoprieHa 2.41
3Be3gouer 2.11
Mepnanr 1,40

Tadoanua 4. Kpurnaeckue (Pyp) u moporossie (Proep) 3HaUCHMS HANpsHKEHUs KUCIOpOJa B BOAE IS
HEKOTOPBIX BHIIOB JOHHBIX PBIO (Temmeparypa Boasl 15-17°C) [21]; n — umcno ocobeit

BI/IIIBI n PKp4 Pnop. PKp.-nopA
pBIO rlla rlla rlla
Kpyrmax 10 35,6122 49+1,1 30,8+2.4
MapTtoBuk 9 41,2+1,8 10,5+0,8 30,7+1.,4
TpaBstHUK 7 54,3+1,7 14,6+0,8 39,8+1,5

I'mocca 8 49,9+1,6 14,7+0,9 35,2+1,6
CkoprieHa 10 33,1+0,9 10,6+0,7 22,5+1,1

Hapsany ¢ onpeneneHueM KpUTHUECKUX M MOPOTOBBIX KOHLEHTpALMH KUCIOPOJA BAXKHO TAKIKE COOTHECTU 3TU
TI0KA3aTelH, ONPEIEeINB JHana3oH OT Havaia 3aBUCHMOTO JIBIXaHUs JI0 THOEIH opraHu3Ma. JTO Takxke ObUIO CeIaHo B
monorpadpun JI.b. Kusmropuna [14]. ABTOp ompenenis OTHOLICHHE «KPUTHYECKOE/TIOPOTrOBOE» JUISl psifia BHJOB
YepHOMOPCKHUX PBIO (Tabmuma 3).

W3 Ttabmumpl 3 BHAHO, YTO OTHOMIEHHWE KPUTHYECKOTO K IIOPOTOBOMY HACBHIMICHUIO KHCIIOPOJAA SIBISETCS
BUAOCTICIIM()NIHON BETMYMHON M yBEIMIUBACTCA B PSLLY:

MEpJIaHT — CTaBpuAa — cMapua — CyJITaHKa — 3B€37I04eT — CKopIeHa. JlaHHbIi K03(GUINEHT, 0-BHIUMOMY,
SIBIISIETCS] XOPOIIUM KPUTEPHEM, OTPAXKAIOMINM (YHKIIMOHAIBHBIE PE3EPBbl yCTOWYNBOCTH OPraHM3Ma M0 OTHOIIECHHUHU K
BHEITHEH TUIIOKCHH, X MOXKET OBITH MCIIOIb30BaH B 3KO(MH3HOIOTHYECKNX UCCIECAOBAHUSX.

Jonnbie Buabl. CpaBHHUTENbHASL OLIEHKA YYBCTBUTEILHOCTH M YCTOMYMBOCTH K TMIIOKCHH ObUIa BBIIIOJIHEHA Ha 5-
TH BUJAX JAOHHBIX PbIO: ObIYKE-KPYyIIIsKe, OblUKe-MapTOBHKE, ObIUKe-TPaBSIHUKE, Kambalie-riocce U cKkopreHe. Beioop
JTAHHOHW TPYNIIBI ObIIT 00YCIIOBJICH Pa3IMUYMsIMHU B UX TOJEPAHTHOCTH K JeUUUTY KUcaopona. Tak, MapTOBHK M Tiiocca
aKTUBHBI IIPY HU3KUX TEMIIEpaTypax, KOT/la KOHIIEHTPAIHsI KUCIOPOAA B Cpelie JOCTaTo4HO BhIcoKa [15]. OHu BmecTe ¢
TPaBSHUKOM COCTaBHMJIM TPYHITy TPeOOBATENbHBIX K COJCPIKAHMIO KUCIOpojaa B Bojae BUIOB. CKoprieHa M KPYyIIK,
HaIPOTHB, BCTPEYAIOTCS IPAKTUIECKH 110 BCeMy IToOepeskbio YepHoro Mopsi. DTH BH/IBI aKTHBHBI B IOCTATOYHO HIMPOKOM
JMana3oHe TEeMIIepaTyp M KOHIEHTpanuii Kuciopoza [15] M MOryT [UIMTENbHO HaXOIUTCS BHE BOJIBI. Pe3ynbTarh
OTIpeJIeTICHUs] KPUTHIECKNX W TOPOTOBBIX HAIIPSHKEHUH KHCIOpoJa B BOAE VIS JAaHHBIX BHIOB PBHIO MPEICTaBIICHBI B
tabmmme 4 [21].

HanMenee 4yBCTBUTENBHBIMU K M3MEHEHNIO KOHIIEHTPALNH KUCIOPOJA B CPeJie OKA3AINCh KPYTIIIK M CKOPIICHA.
[lepexon Ha 3aBUCHUMBIA THUI ABIXaHWS y HUX TNPOUCXOAWI TpH HauOoJee HU3KMX HANPSHKEHWAX KHCIOpoaa B
cpene — 33-35 rlla. BbicoKoil 4yBCTBUTENBHOCTHIO K IEPUIIUTY KUCIOPOAa 001a1ai TpaBsiHUK. BennunHbl KpUTHUECKUX
Hamnpsbke Hull y Hero 66t Ha 52,5 % (p <0,001) Beire. MapToBUK 1 II0cCa 3aHUMAIN TPOMEXKYTOUHOE TTOJIOKEHUE. B
CPaBHEHHUHM CO CKOPIICHOM pa3iIW4Msl Y HUX COCTaBMIN cOOTBEeTCTBEHHO 24,5% (p <0,01) 1 50,8 % (p <0,001).

AHanu3 NoporoBbIX HANPSHKEHHH KUCIOpOJa MoKa3aj, 4To HanboJiee yCTONYMBBIM K TMIIOKCUH BUJIOM SIBIISIETCS
Kpymisk. ['ubenb ero ocobeil HaOmrOMamach mpu HanbOJIee HU3KMX 3HAYCHUAX JaHHOTO mokasatens — 4,9 rlla. Ilpu
IIOCTAaHOBKE 3KCIIEPUMEHTa y IBYX oco0eil Kpyrisfka OTMEYajaH CIIOCOOHOCTh IEPEHOCHUTH IOJHYI0 aHOKCHI0. Y
OCTaJILHBIX PBIO IMOPOTOBBIE HATIPSDKEHHST KUcIopoaa Obin B 2-3 pasa Beime (p <0,001). Panbine Bcex nmorundanu ocoon
rioccsl U TpassiHuKa (14-15 rlla). UyTs nmo3xe — ocobu ckopnensl 1 MapToBuka (10-11 rlla).

IIpu conocTaBneHUy KPUTHUECKUX U MOPOTOBBIX HampshkeHui kucnopoaa JI.b. Kismropun [14] ncnons3osan ux
oTHOIeHUe — Py,/ Prop.. B Tabnmme 4 BMecTo 3TOro nokasaress IPUMEHSAETCS pa3HULA BhIIIE YKa3aHHBIX 3HAYECHHUH —
Pip.- Prop.. @aKTHUIECKN OHA OTPaXKaeT AUAIa30H 3aBUCHMOTO JIBIXaHUs, CBOICTBEHHBIH TOMY MJIM HHOMY BUAY PBIO.

Hawuboree cyniecTBeHHbIE pa3IndKsl MEXIY KPUTHYECKUMHU U MOPOTOBBIMH BETMUMHAMH OTMEUYCHBI Y TPaBSHHKA
(okono 40 rlla). Y ocraneHBIX BUIOB (KpYyTJISKa, MAPTOBUKA U TJIOCCHI) JUANa30H 3aBUCUMOIO JIbIXaHUA HaXOJIWICS B
npezenax 30-35 rlla. MuHMManbHble 3HaYCHUS OBLIM 3apETHCTPUPOBAHBI Jiisi cKoprieHbl — 22,5 rlla. Paznuuus mexay
TPaBSHUKOM M CKOpIieHOH coctaBmiu 43,5 % (p <0,001). B ocranbHbIX cityyasx oHM ObUIN MEHee BBIpakeHbI: 22-23 %
(p <0,05-0,01) st kpyJsiKa U MAPTOBUKA. B OTHOIIICHUY TTTOCCHI pa3HHIIA HE ObLTAa CTATUCTHYCCKH 3HAYMMA.

3akarouenue. V3 mpencraBieHHOW HMHGOpPMAIMU ClEAyeT, YTO YEPHOMOPCKHE BHIBI PHIO IO OTHOIICHHIO
YCTOMYHMBOCTH K A€(QUIMTY KUCIOPO/Ia MOKHO YCIIOBHO Pa3JIeINTh HA JIBE TPYIIIBI:

1. Tpymma ¢ BBICOKOM YyBCTBHUTEIHHOCTHIO M HHU3KOHW YCTOHYMBOCTBIO K THIIOKCHH, KOTOpas IpeCTaBlICHA
MIPEUMYIIECTBEHHO MearnueCKUMHU X HEKOTOPBIMH MIPUAOHHBIMHU BUAAMH PHIO (CTaBpHIa, CMapHa, MEpIIaHT);
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2. Tpynma ¢ HU3KOW YyBCTBHUTEIHHOCTHIO M BBICOKOW YCTOMYMBOCTBHIO K THIIOKCHH, MPEACTABUTEISIMH KOTOPOU
ABJISIFOTCSI IPEUMYILECTBEHHO JOHHBIE M PSAJ IPUIOHHBIX BUAOB PBIO (CKOpPIIEHA, CYITaHKA, 3BE3104ET).

Cpe;ud JOHHBIX pI)I6 Han6onee yCTOﬁHHBbIMM U HaMCHEC YYBCTBUTCJIbHBIMU K T'HUIIOKCHUU BHUJAMU SABJIAKOTCA
CKOpIICHa U OBIYOK-KPYIJISK, KOTOPBIC IIMPOKO MPEACTaBJICHBI MO mobepexbio UepHoro mops. Jlas HUX MOSyUYCHBI
Ha1/16onee HU3KHEC 3HAUYCHUA KPUTUYCCKUX U TOPOT'OBLIX HaHpﬂ)KeHI/Iﬁ Kucjaopozaa.

Paboma evinonuena 6 pamxax eoczadanus (Ne 121041400077-1)
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CRITICAL AND LETHAL OXYGEN CONCENTRATIONS FOR SOME BLACK SEA FISH
(SHORT REVIEW)
Parfyonova I.A.!, Soldatov A.A.!?
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Abstract. Information on critical and lethal oxygen concentrations for some Black Sea fish is summarized.
It is shown that the Black Sea fish species can be conditionally divided into two groups with respect to
resistance to oxygen deficiency. Group 1 with high sensitivity and low resistance to hypoxia, which is
represented mainly by pelagic and some bottom-dwelling fish species (Trachurus mediterraneus, Spicara
smaris, Merlangius merlangus). Group 2 with low sensitivity and high resistance to hypoxia,
representatives of which are mainly bottom and a number of bottom fish species (Scorpaena porcus, Mullus
barbatus barbatus, Uranoscopus scaber). Among these species, the most resistant and least sensitive to
hypoxia species are the S. porcus and the Neogobius melanostomus, which are widely represented along
the Black Sea coast. The lowest values of critical and lethal oxygen tensions were obtained for them:
33-36 and 4-11 kPa, respectively. The range of dependent respiration is 22-31 kPa.

Key words: critical and lethal level oxygen, fish, Black Sea.
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