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KHUPHUII (TakauMHOMA AaHHOTAIUSICH)

TaakuKoT MaB3yCHMHUHI 3apypatu Ba gosa3apouuru. CyHrru iusuiapnaa
mia3Ma (usukacu, Moyekyinsap ¢usuka, Omodusnka Ba xucobnam (QuznKacu
IOTYKJIAPUHU ¥3Uaa My)KaccaM 3TraH Ba coBYK atmochepuk miazma (CAII) ounan
IOMIIOK MYXHT ¥3ap0 TabCUPUHHUHT (pyHIaMEHTall Ba aMajauil Myammomnapu OunaH
HIYFyJIJIaHYBYM, yHAa 103  Oepamuran  (Qu3uk-kuMEBMH  skapaéHiapaaH
¢doinananuira acocianrat, ¢aHiapapo SHIM coxa — IulazMa TUOOMETH >Kajal
puBoxuianmokaa. CAIl Ttabcupu octupa ro3aza (€ku Xaxmaa) KeyaauraH
Kapa€Hmap OMOMOJEKylIa CTPYKTypacujaa y3rapuluiap KelITUpHO 4dukapamd, Oy
oJlaT/ia MOJIEKYJIAaHUHT THAPO(MIHK Ba THAPO(GOOUK XYCYCUSTIIAPHHUHT Y3rapHuIlu
Ounan OuWpramukaa aMaira OIIaJyd Ba HaTWkKaga OHMOMOJIEKylaga OMOJOTHK
(daoyuk naigo 6yaummMra TypTKi OepHUIld MyMKHUH.

byryarn kynma CAllmapnan ¢oiiganaHdmga YHUHT aMajddil TaaOuKIapu
miasMa JkapaCHJIIApUHUHT  (QU3HK-KUMEBUN  KOHYHUATIAPUHU  TYNIYHHUIITA
Oarmnuianrad  QyHOaMEHTal TaAKUKOTIapAaH onguHaa. byHpmail  mnmasma
*Kapa€HIapUHUHT TAIIKU MapaMeTpiiapy acOCaH SMITMPUK Tap3/a TaHnaHaau. bynra
cabald, OWpHHUMIAH, MYBO3aHATCU3 IIAPOMTIApJIA KEYaJWraH peakUusIapHu
TaxJINJ KAJIUIIHUHT MYypaKKaOJUTH, MKKUHYUIAH 3Ca, Iula3Ma Y3-Y3uJaH WU3UnII
TU3UM OSKAaHJIWTH, YHUHT KUMEBUH  (DaOUIMTMHU  aHUKJIAaWraH  (QU3MK
XyCyCcHSITIapu IUIazMa Tydaiinm fo3ara KelmaauraH MoOJIeKynaiapapo y3apo
TabCcUpiap Ba KUMEBHMH Y3rapunuiap OwnaH Oornmukymrumup. HlyOxacus, y3apo
TabCUP MEXaHU3MIIAPUHU, OMOMOJIEKyIajap OWIIaH peakusuiapaa Typiau Xui Gaosm
3appaJlapHUHT POJIMHU Ba TIa3Maja KedaguraH KUMEBUHU KapaCHIApHUHT YHUHT
XYCYCHSITIapUra TabCHUPUHU YpraHMaclaH Iula3Ma TEXHOJIOTHSICHHH CaMapaid
onTUMAaTAMTUpUIT MyMKHH 3Mac. [Ily myHocabar OwnaH, COBYK Imia3ma (aon
KOMITOHCHTJIAPDHHUHT TAapKUOWHM aHWUKJIAWIUTAH >KapaCHIap MexaHusMaapuHu
Maokux — Kuiuwi, TIYHHHTJACK YHUHT OHWOMOJEKynajapra TabCHUp  OTHII
KOHYHUSAMIAPUHU AHUKLAW, 00A3ap0 8a3ughanapoan Xucooaianaou.

Kaxonma capaton xactaymrunau maojamga CAllman doimananum rmiazma
THOOMETHHUHT OYT'YHTH KYHJIard SHT JI0J13ap0 MaB3yliapjaH OWpH XHUCOOJIaHAIIH.
Ymly coxana Kymiad TaaKUKOTIAp YTKa3WiTraH, )KyMJiaJaH Iia3Ma MaHOamapuHu
TaBcu(Ial Ba TAaKOMIUIAIITHPUIN, MJIa3MaHUHT Ba MIUIOB OepuiIraH O3aHUHT
¢u3uK Ba KUMEBUM XYCyCHATIApH, IUIa3Ma XOCWI KWITaH 3appajlapHUHT
Oouomouiekynanap Ouias y3apo Tabcupuaa conup Oynaauran 6uousmk xapaéniap
xamnaa CAIl épnamuaa unuioB OEpUILHUHT TUPUK OpraHu3MiIapra y30K MyIaaTiiv
TabCUPUHU YpraHum Oyinya wiMuid u3nanunuiap onud Oopwiran. Ilnasma
OHKOJIOTUSICUIA, )KYMIIAJIaH in Vitro Ba in vivo Taxpubanapu acocujia, UCTUKOOIN
HaTwkanap onuHrad. CAIl capaTon XyxalipanapuHu TaHjad MakcaJUld paBUIIIA
WYK KWIMIIMHU Ba 11y OWJIAaH COFJIOM XyKalpalapHU KaM IIMKACTIAHTaH EKu
HIMKACTJIAHMaraH XoJijia KOJJUPHUIIA MyMKUHJIMTUHU Taxpubanap kypcarratd. by
3ca capaToHra Kapiu anbaHaBuil ycysuiapra HucOoaran CAllra yctynnuk 6epaau.
AMMO IIyHM TabKWJJAII KEPaKKH, KyN COHIM TAJKUKOTJIAP YTKa3WJITAHIUIWUIra
KapaMacJaH IUIa3MaHUHI CapaTOH Xy)Kalpanapura TaHjaad TabCUp KYpCaTUIIMHU



TYIHIYHTUPYBYM TYy0 MEXaHU3MIJIAp XaJIM XaM HOMAaBbIyMJIUTHYa KOJIMOKAa Ba Oy
sTHa/1a 9yKyp (pyHIaMeHTal WiIMUN TaAKUKOTIAp YTKA3WIUIIIMHN TaK030 KHJIa IH.

[Tna3ma GunaH TUPHK XyXKaipanap TabCHPIALIMII I03aCHHUHT MypaKKaOIury,
ylIapHU Takpubanap OpKaliH TaJKWK KUJIMIIHU KUAWHIAMTHpand €K UMKOHCHU3
kunaau. Illy Hykram HasapaaH, KOMIBIOTEpAa MOJAC/UIAIITUPHIN  HKyna
aXaMUATIUAND, YYHKH y MOJIEKYJSIp JapakaJaru >KapaéHIapHU TYLIYHHUIIHU
TabMHHJIAHIM Ba aCOCHHA MEXaHWU3MIIApHU OaTtadCcui YpraHuil KIMKOHUHN Oepajiu.
AMMO, OyryHI'M KyHTra KaJap I0KOpUJIary kapa€HjiapHu TU3UMIIM YpraHuIira J0up
YeKJIaHraH MUKIOpAAa MOJEIIAIITHPHUII TAAKUKOTIAPU YTKA3ZUITaH.

V36ekucTonma miasMa THOGMETH COXACH, XYCYCAaH CapaToOH XacTaJIMIHMHH
JaBoJallfia COBYK IUIa3MajaH (oimanaHMIl, Ija3Ma TaJKUKOTHHUHT SHT SHIU
HyHanMIoiapuaad Oupu XUCoOIaHNO, PUBOXKIAHUITHUHT WIK OOCKHYJIApHIaINP.
by Oopama KoMmIploTEepAa MOJACUIAIITHPHUIN  TAAKUKOTIApPH  JKapa¢HIapHU
MOJIEKYJISIp Japakajga (yHIaMEHTal TaJKUK KWJIMIIJA XamJa coXaja OJUHIaH
HKCIEPUMEHTANl HATWKAJIAPHUHT Ty0 MEXaHU3MJAPUHU TYIIYHUIIJA MYXUM
axamuT kaco stagu. llly makcaaaa KoMnbroTep1a MOACIUTAIITUPUILL OYiinya OMIuM
Ba KYHMKMAJIADHM Y30EKMCTOH SII MIMHI TaIKMKOTYMWIAPUTa GOCKHUMA-60CKIY
eTKa3UIl UIIApU ajulakayoH Hynra xyvunrad. Kenaxakna ymoy coxana amanuit
UIUIApHU Oa)kapull y4yH pecnyOiukana ¢Gaoausar KypcaTtaéTraH THOOUN MMM
Mapkazyiap OujiaH XaMKOPJIMKHU HyJra KYWMUIl Ky34a TyTWJITraH. XO3UPru mantaa
ymi0y coxara JOup WIMHNA TaaKUKOT JoMuxanapu Taii€épnanmoknaa. Illyoxacus,
V36ekucronna mua3smMa THOOMETH COXACMHM PHMBOXIAHTHPHIN TYPIHM XU
KaCaJUIMKJIApHU JaBOJjalllja ap30H Ba camMapajld €YUMJIApHU Takiaug KUIaau.
[IIynnait okaH, coxaga WIMUHA XOAMMIIAD COHMHU KYIAWTUPHUIL YCTYBOP
BasudanapaaH Oupu XxucoOsiaHaau Ba OyHHUHI Y4yH Iula3Ma TUOOMETH coxacuiaa
WIMHH-TaIKUKOTIApHU KEHralTUpUII MaKcaara MyBO(UK.

Y6y HOKTOPIHK TAAKUKOTH Y30ekucton Pecrmy6inkacu [Ipe3daeHTHHUHT
2017 itun 7 despangarn [1D-4947-con «2017-2021 jimmnapaa Y36eKucTOH
PecriyOnukacuHyn pUBOXKJIAHTUPULIHUHT OemiTa YCTyBOp HyHanumu Oyiinua
Xapakamiap crparerusicu Tyrpucuaa» ru @apmonuna Ba 2018 inn 14 nronparn
[IK-3855-con «Wnmuii Ba WIMHI-TEeXHUKAaBUA (AoNUAT HATHWKAJIAPUHU
THKOPATJIAIUTUPULI  CaMapaJlopJUrMHU  omMpuil OyilMua KymuMya dYopa-
tagoupiap Tyrpucuga»ru Kapopuaa xamaa Maskyp (GaoiusiTra TErMIUTH OOIIKa
MEeBEPUI-XYKYKUN XyoKaTinapaa OenruiaHrad BaszudanapHu amaira OIIUpPUIINA
MYausiH Japakala Xu3MaT KWIaau.

TagKUKOTHUHT pecmy0nka ¢pan Ba TEeXHOJIOTUAIAPUHHA
PHUBOKIAHTHPUIIHMHI YCTYBOP HYHAJIUILJIAPUTa MOCJUIUH. Ma3Kyp TaaKUKOT
pecnyonmka ¢aH Ba TexHoJorusuiap puBOKIaHUMUHUHT .2, «Dusmka,
aCTpOHOMHUS, JSHEpPreTuka Ba MairmHaco3nuk» III. DHepretuka, sHepropecypc
TEXAMKOPIUTH, acO00CO3HMK, 3aMOHABUH JJIEKTPOHUKA, MHUKPOIJIEKTPOHHKA,
ANEKTPOH acOO0OCO3TUMKHU PUBOKIAHTUPUIIHUHT YCTYBOpP HYHANUIIM JOMpACUAA
Oa)kapuIIraH.



TagkukoT MaB3ycd GyinM4a Xajakapo Taakukoriaap mapxu'. CoByk
atMoc(eprk TazMa OWilaH FOMIIOK MYXHT Y3apo TabCHUPUHHUHT (YHIaMEHTAT Ba
aMaJii MyaMMOJIapH, Tula3Ma THOOMETH coxalapuia »XKaXOHHUHT KyIu1ad WIFOp
JMaBiaTiapy €TaKYM WIMUKA MapKazJlapd Ba YHHBEPCHTCTIAPU: JKyMJIaaaH
PLASMANT (University of Antwerp, bensrus), MpNL (George Washington
University, AKIII), GREMI (University of Orléans, ®panrus), CSIRO (ABctpamms),
PBRC (Kwangwoon University, JXanyouii Kopea), CPSEG (University of
Michigan, AKIII), Hamaguchi Lab. (Osaka University, fAnonus), FII (University of
South Australia, Ascrpamus), AEPT (Ruhr-Universitdit Bochum, I'epmanus),
GravesLab (US Berkeley, AKII), IAP group (University of Bologna, WUranus),
CLTPS (Nagoya University, Anonust), Xinpei Lu’s Lab (HuaZhong University of
Science and Technology, Xwuroii), INP-Greifswald (Leibniz Institute for Plasma
Science and Technology, I'epmanus) Ba C. J. Nyheim Plasma Institute (Drexel
University, AKII) myrymiaamoxkma.

[lyngait 6yncama, minasma THOOWMETHM Ba TUIa3Ma OHKOJIOTUSICHTa KU3WUKMIII
ToOOpa opTuO OopaéTraHura KapamaciaH, TYHEHUHI aKCapusiIT WIMUAN TypyxJjiapu
JTUKKAT-YbTHOOPHU SKCIIEPUMEHTANI TAAKUKOTIapra KapaTUIlraH Ba Ila3Ma OujiaH
UIIUTOB OCpUIIT €KU JaBOJIAITHUHT (hOWIANIN TAhCUPIIAPH XaKK 14 HATH)KaJIapHU YbJIOH
KAJIUIIMOKAA. AMMO, MOJICKYJISIp Jlapakaaa pyHIaMeHTall TYIIYHHINTa KapaTUIrad
TQAKUKOT METOJJIApUHU  KYJUIalll —eTapju4ya 5Mac Ba OyHra aTOMHUCTHK
MOJACIUIAIITHPHIN  yCYJUIapu EpAaMuia DPUIIUIT  MYMKHAH. XO3MPrH KyHJa
PLASMANT wnMuii Typyxu Iuta3mMa THOOMETH Ba IIa3Ma-capaToOH XaCTAIMTHHU
JaBOJIA WyHAIMIIIAPHUIA aTOMap Japakagard MOACIUIAIITHPHI TaAKAUKOTIApUHU
VTKa3WIlTra IUKKAT KapaTraH JyHEAArd AesIpiIu SroHa rypyX XUCoOIaHa IH.

MyaMMOHHMHT YPraHUJITaHJIHMK Japakacu. XOPWKHUHT KATOP €TaKYM UIIMHIA
Mapkasjiapuia Iria3Ma THOOMETH coXacuja WIMHA HM3JIAHWIUIAp OJnu0 Oopwi,
XyCycaH COBYK aTMoc(epwk TUTa3MaHMHT CapaTOHra Kapiid TabCHUPUHU
dbyHIaMEHTa Ba aMalMil TaJKUK KWIMII OyiHW4a eTakdd OJMMiIap: KymiiaaaH A.
Fridman, M. Keidar, A. Bogaerts, M. Kushner, T. von Woedtke, J. Benedikt, D.
Graves, V. Miller, J-M. Pouvesle, E. H. Choi, V. Colombo, S. Hamaguchi, G.
Kroesen, M. Hori, K. D. Weltmann, M. Laroussi, D. O’Connell, L. Mir, Xinpei Lu,
J. Bandow Ba K. OcTpukoBnapHuHT WiIMHI MakTabnapu myryuraanmany. [lnazma
OHKOJIOTHSCH/IA in Vitro Xamaa in vivo TaAKUKOTIap Ba 1acTIa0KU KIMHUK CHHOBIIAP
KyJa UCTUKOOJUIM HaTwxKanap OepaéTraHura KapamacjaH, aCOCUH MeXaHU3MIIAPHU
YYKYpPPOK TYIIYHHUIITA SXTUEK XaHy3 KaTTanuruda konmokaa. CAITauHT capaTtoHra
Kapiy (paoJTMTMHUHT T1a3Ma XOCHI KWJITaH PEaKTHB KUCIOPOJ Ba a30T TypJlapH
(PKAT) Ounan OOfmMKIATH 3bTUpO¢ STHIraH. bup Kartop TaakuKOTiIap LIYHU
KYpcaTAMKH, MJla3Ma OWJiaH WIUIOB OepuiiraHja capaToH XyKalpaigapuaa Haiao
Ooynanuran xyxaiipa nunnaru PKAT Hopman xyxkaiipanapra HucbataH ce3uiapiu
napaxana omrad Ba PKATHUHr Oy 10KOpW Japakacu capaToH Xy>KalpaJapUHUHT
TaH1a0 WYK KWIMHHIIMTA KaTTa YXTUMOJIIUK Oniad cabab Oyinaan. XaKuKaTaH Xam,

1 MaBsy 6yiiMuya XxanKkapo TagKUKOTAAp Wapxy Kyhiunaaru wapx makonanapura acocnadrad: M. Keidar, Plasma Sources Sci.
Technol. 24 (2015) 033001, D. Yan et al. Oncotarget 8 (2017) 15977 Ba A. Bogaerts et al. Front. Chem. Sci. Eng. 13 (2019) 253.
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capaToH XyXKalpajapujaa MeTadoIu3M KyWIHpOK Oyiarannuru cadalmnu, yaapHUHT
O0azan Xxyxkaiipa wummarn PKAT nmapakacum  (KOHIIGHTpAITUSICH)  HOpPMAa
XyXaiipamapiarura HucOaTaH OKOpH Oynmamuw. Ymapra Xyxkakpa TaIllKapHCHIIaH
kymmmua PKAT Ttabcup KuiraHuma, capatoH Xxyxkaipanapu wuugaru PKAT
JTapakacd MyMKHH OViraH derapajaH (SpHHM OYycarajaH) OIIMIIA MYMKHH, Oy 3ca
Xyxaipanap ynmumura o6 kemagu. [y cab6abmu, caparoH XykaipaiapH IiazMa
OwiaH TabCHUpIIAITaHaa HopMall XyKaipanapra Kaparanaa KyIpoK armonTosra (SSbHA
JMACTYPJIAIITUPWITAH XyXKalpa YIuMura) yupaiy MyMKUH.

PKAT xyxalipa nuuaara Ba Xykanpaiapapo MyXHTIArd aCOCHi OMOKUMEBUI
HyImapHm, 1y SKyMJafaH Xykadpamapaard (U3uK Ba KAMEBHWM Y3rapHIIIapHU,
tapTubra comamyd. CYHITH TaAKUKOTIAp IIyHW KYpPCATIWKH, TUPUK XyXKahpaapra
TIa3Ma OpKajdl WIUIOB OepHIN XyXaipa WYWAard CHUTHAN Y3rapuluiapura oJmo
Kenaau, Oy 3ca XacTaJIMKIIApHU JaBOJallla MyXUM axamusiTra sra. AMMo, Ia3Ma
XOCWJI KWJITaH PEaKTUB 3appayap Xyxkailpa naujaru kapa¢HiapHu KaHaal Taptuora
CONUIIM, sSTbHU  O€BOCUTa, XyKalipa WYHMIard  TapkuOui  KUCMIIApHU
Moau(UKaIMsIall OpKAJIUMU Ba/€KM OWIIBOCUTA, XyKalpajgaH Tallkapu TapKUOui
KUCMJIApHU €KW TAIlIKU MeMOpaHaHU Y3rapTUPHUII OPKAIUMH Xalld XaM aHUK dMac.
[Ily6xacusz, Oy KYNPOK SKCIEPUMEHT Ba KOMIBIOTEP CUMYJISALUSIIAPUTa aCOCIaHTaH
(dbyHIaMeHTal TaIKUKOTIAP YTKA3WIUITUHU TaKO30 KHJIAIH.

lapun oSkcmepuMeHTan TAAKUKOTIAp 3apyp Oyicama, KOMIbIOTEpHa
MOJIEUTAIITUPUIL TAAKUKOTIAPU XaM JKyJla MyXUM aXaMusT KacO 3Taju, YyHKH yJaap
HaAHO Yryamii (HM Ba HC) skapa€Hiap Tyrpucuia GyHaaMeHTan TylyHJanap oepaiu,
Oy 3ca SKCrepUMEHTAJl paBUILJIa YpraHUuil KUHKWH OYaran MexaHu3mMiiapHu 6aradcu
TaAKUK KWIKIIra HWMKOH spaTagd. AMMO, XO3UpPI'M KyHradya peakTUB ILIa3Ma
3appasiapu OmiaH OMOMOJIEKYIATAPHUHT Y3ap0 TAbCUPUHM i1 Silico TAAKUK KATUIITa
KyJla XaM KaM 3bTHOO0p OepuiiraH.

PKATHUHT XyxXaiipamap wWuyura KapuO OOpWUINMUHW TYIIYHTHPYBUM ydTa
OXTUMOJIMN MEXaHM3MJIapu Takiaud OTWITaH: a) pPeakTUB 3appajlapHUAHT
TpaHcMeMOpaHa OKCWJI KaHaulapu oOpKaiu ¢Gaond (IbHU  TYFPUAAH-TYFPH)
TPAHCHOPTH; b) VYTKAa3yBUAHJIUKHUHI OIIMIIUTA OO KEIyBUM XYyKaiipa
MeMOpaHaCUHUHT Oy 3appajiap TOMOHHUIaH KUMEBUIM MoAU(DUKALUACH; C) XyKaipa
MYHJIa CTPECC CUTHAJIUTA OJMO KEeJTyBYM MabliyM OKCUILIap OuiiaH Oy 3appajapHUHT
y3apo tabcupu, OynapHuHr Oapuacu xyxkaiipagaru PKAT napakacHHUHT OLIUIINTa
cabab Oymumm mymkuH. CaparoH Xyxkaupaitapunga 103 Oepamuran PKATHuHT
XyXxaiipa uuuga ce3wIapiy OMIMIIUHNA TYIIYHTUPYBYM MEXaHU3MIIAPHUHT Oapyacu
yII0y JOKTOPIIMK WIIUAA TAAKUK dTHITaH.

TagKuKOT MAaB3yCMHMHI WJIMHHA HII O0a)KAapWiraH oJIMH TabJIuM
MYACCACACHHMHI TAAKMKOT (aoausTd OuiaH OOFIMKIUIU. TagkKuKOTIIap
AntBeprien YHuBepcuteTuHUHT (benbrus) PLASMANT rypyxu wimMuid unuiapu
pexxacura wmyBopuk Ba @DmaHApus WIMHKA TaaKUKOT (OHIM TOMOHHIAH
MOJIMSUTAIITUPUIITAH KyHUAard MOCTIOKTOPIMK TaKUKOT JIOMUXATapu JOUpacHjia
o6 6opunran: Ne 1200216N “Ilnazma €épnamuaa capaToHMHM JaBOJIallia aToMap
Ymyamparun mozaestamtupunr” (2015-2018 #winap, AHTBEpIieH YHHUBEPCHUTETH,



benbrusi) Ba Ne 1200219N “Ilna3sma acocupa capaToH XacCTaJUTHMHM JaBOJIAI:
Atomap napaxanaru cumyssitus’ (2018-2021, AHTBepIieH YHUBEPCUTETH, beabrus).

TagKMKOTHUHI MAaKCaAW COBYK aTMOC(EpHK IulazMa Tydailmn ro3ara
KeJIaJUuraH pEakTUB 3appajapHUHT OWOMOJIEKyJalap OWiIaH y3apo TabCHUpH
MEXaHW3MIIAPUHU aHUKJIANl OPKAJIW IUIa3MaHUHT OHOMOJIEKYJanapra TabCHPHHU
ypranum Oyiimdya QyHIaMeHTan TYyIIyHYajapra »sra Oyiaumr Ba, XycycaH
*apaCHiIap/ia peakTHB 3appTaPUHUHT POJIMHN aHHUKJIAIIaH Hoopar.

TaaKuKOTHUHT Basudaiapu:

Maxcyc OMOMOJIEKyIanap yuyH MOC MOJIENI CUCTEMaJIapHU aHUKJIAI, YIapHUHT
¢dazoBuil xamMaa aToMap TY3WIMIUIAPUHU (CTPYKTypalapuHHU) YpPHATUII Ba CYHIpa
SHEPTUsACMHY MUHUMAJUIAIITUPUII Ba MyBO3aHATIALIL

MOJIe]T MeMOpaHasIa mia3mMa XOCHI KWITaH PEaKTUB 3appajiap TOMOHHUIAH COJTUP
KWJIMHTaH OO TYPYX Ba JIUITH AYM OKCHJIJTAHUIITMHUHT 3(h(HEKTHHY YPTaHHIIL, YIIOY
MoJiell MeMOpaHa OKCH/UIAHWIIHNIA PEaKTHUB KUCIOPOJ TYPJApUHHHT Y3HWra XOC
POJIMHYU aHUKJIAIL,

Xy)Kaiipa MeMOpaHACHHUHI YTKA3yBUAHJUTHUTA OJEKTp MaWI0H Ba JIUIHUJ
OKCH/IJTAHUIITMHUHT CHHEPTUCTUK TAbCUPHHU YPTaHUII, MeMOpaHaga FOBaK XOCHII
OYyuImm (STbHH DJISKTPOIIOpaIvs) y4yH 3apyp OVyiraH dIeKTp MalaOHWHUHT
OycaraBuii KWUMMaTHMHHM aHUKJAII, MeMOpaHa OViimad peakThB TypJIapHUHT
VYTKa3yBUaHJIMK 3PKHH SHEPTUs OapbepiapuHy XUCOOJTaIT;

TaOMWii Ba OKCHJUIAaHTaH MeMOpaHajlap OpKaJM IUla3Ma XOCHJI KWJITaH
TYpJIApHUHT  YTHUIN >KapaCHJIApPUHU  yJApPHUHT TPAHCIOPT OJPKHH DJHEPTHUS
npodUILTIApUHU XUCOOIaIl OPKAJIN YPTraHuIII,

TaOMUil Ba OKCHIJIaHTaH MeMOpaHa 0Vyitnad gocharnmuncepunaunr ‘flip-tflop’
(sspHU OMp KaTiiaMJIaH WKKWHYHM KaTjamra YTHUII) XapakaTWHU TaIKUK KHJTHIII;
TPaAHCJIOKAIWS YUYH 3PKHH SHEPTHUs OapbepliapuHu XUcoOJIar;,

mjaasMa 3appajlapyHUHT  XyXKailpajllapra KUpUIIMAA JUOUL ~ JTYMAHHHT
TYWMHTaHIUK Japakacw, JuUnua Ooml TypyXHHMHT Typd Ba MeMOpaHaaaru
XOJIECTEPHH YAYIHHUHAT YPPEKTHA TAAKUK ITHUIII,

TOMOT'€H Ba TeTeporeH MeMOpaHa cucteMaiapuaad (GoiganaHnud OKCHTaHTaH
MeMOpaHaap/a MeXaHuk cTpecc (E€ku KywiaHui) 3hGHEeKTHHH YpraHul,

aKBallOpMH TpaHCMEMOpaH OKCWJI KaHanmu Oyiinad peakTuB 3appanap
TPAHCIIOPTHUTA IJIa3Ma OPKAIM OKCUJIAHUIITHUHT TAbCUPUHU TAJAKUK KHJIUII; SPKUH
sHeprus Ba nuddy3us kodpdunrenTu npoduiapuan xucoonair; YTKa3yBYaHINK
MEXaHU3MJIApUHU aHWKJIAIIL;

xCT anTHnopTep TOMOHHMJAH LIUCTUH TPAHCHOPTUTA OKCUJJIOBUHM CTPECCHUHT
TabCUPUHU  VpraHuii; yimly OKCHUJUIaHTaH OKCWJ  KaHajJuJard aMuHO-
KHUCJIOTAJaPHUHT KaiTa KOWIAllyBUHU TAJKUK ITHIII,

WHCOH dMUepMal Ycuil (aKTOPUHUHT CTPYKTYpaBUN XyCyCHSITIIapUaa Ia3Ma
OpKAJIM  OKCUJUIAHUIITHUHT POJIMHU aHUKJIAII;, Y0y OKCWI —CcHUCTeMacuia
KOH(OPMAIMOH Yy3rapuIuIapHu YPTraHuII;



miasmMa épraMua OKCHIJIAaHWITHUHT ITUTOTJIOOWH OKCHJIM CTPYKTypacura
TabCUPUHM TYIIYHHIIL, MOJIEKYJIa HWYHAa XOCHJ OyiaraH Aucyiab®up OOFMHHHL
3¢ HEeKTHHY TaIKUK KUJTHIIL,

TOKCHK aMWJIONJ O€Ta MENTH arperanusicu OapKapopJIMruaa Iria3mMa OpKaId
OKCHUJIAHUITHUHT POJIMHYU AaHUKJIAIIL; CTPYKTYPaBUM Y3rapHUIlIapHUA TaXJWI KUJIALLL

TagKMKOTHUHT 00beKTH cudaThIa PEakTUB KHUCIOPOA Ba a30T Typiapu
(3appanapu), TypiIH X TaOUHMIA Ba OKCHJUTAHTAH JIMITUI MOJICKYJIaJlapU/IaH TallKuI
tonraH docdoaunua Ky Karjaam, TaOuwid Ba oKcwplaHraH akBamopuH Ba xCT
WHTETpaJl MeMOpaHa OKCWJUIapW, IIYHUHTJEK CHTHAJ, TJIOOYiIap Ba TOJIACHMOH
OKCHJIJIAp YIYH MOJIEN CHCTEMalap OJMHIaH.

TagKNKOTHUHI MpeaMeTH MOJEN CHCTEMaa aToMiap KOMIALIyBU, TE3IUTH
Ba ¥3apo TabCUP PHEPrusuIapy, OUTTa JIUMUATa TYFPU KEIYBUYM 1032 Ba Kyl KaTJiaMm
KaJIMHIIUTH, PochOonunua KYIil KaTjaM Ba aKBallOpUH OPKAJIA PEaKTHB 3appajapHUHT
YTy spkuH 3Heprus Ba auddysus xodpduureHTH npopririapu, YTKa3yBYaHIUK
k03 umeHTn, 3pKUH SHEprusi OapbepH, FOBAK XOCHJ KWIWII 3JIEKTP MaiIoH
Ky4JaHTaHJIWTY Ba YpTadya BaKTU XaMa OOFJIaHUII SPKUH SHEPIHsICH XMCOOIaHaIu.

Tankukot ycyanapu. TankukoTiiap )kapaéHuia peakTuB Ba peakTUB OyamaraH
Mosekyisip auHamuka (MJ1) xamna cosiOonin HamyHa onuin (umbrella sampling—
US) ycymnapunas oiigananuiras.

TagKUKOTHUHT MMM SIHTWINTH KyWUaruiapaan noopar:

wik 6op PKATHunHr Qochomunua kym karaam (OKK) 6om rypyxmnapu 6unan
y3apo TabCUPUHM Ba CYHIrpa OOl TrypyX Ba JIMINUA AYyM OKCHJUIAHUIIMHUHT
MeMOpaHaHUHT CTPYKTYpaBUi Ba JUHAMUK XYCYCUATIApUra TAbCUPUHHU, TYPIIH XUJI
MOJIEIUTAIITHPHII  yCyJUTapuIaH (oiiiananran Xojja TU3MMIIM YPraHWIl YCYIH
SApaTWIraH Ba OJIMHTaH CHUMYJALMS HaTWKajdapy Ba TakpuOanap ypracuaa sSXIIH
MYBOQHKJINKKA SPUIINITaH,

CAIl Tydaiinu ro3ara KeiaraH 3JIeKTp MalJIOH Ba JIMIHJ OKCHJUTAHUIIMHUHLD
OKKna roBakmap Xocwa OVIMIIMIA CHHEPTUCTHK APPEKTUHUHT MOJEKYISIp
Japa)aard MeXaHu3MiIapy UISHTU(PUKAIMS KUIMHTaH;

JUTU, TyMJIAPUHUHT OKCHJUTAHUIIN JIEKTPOTOpAIMSHU OOILIAIl YUyH 3apyp
Oynran ypraua BaKTHUHT Kamaiuinura, mryHuHraek @KKna roBak maiigo Oynuim
yuyH 3apyp OViran 6ycaraBuii SJ€KTp MaiI0H MMacaluImra oau0 KeJIUIy TOMWITaH;

wik Oop 1iazma opkaiu okcupganumHuHr OKKna cogup Oymamuran
xkapaéunapra, xxymianan gocharununcepun ‘flip-flop’ (Oup kaTiamMmaH UKKUHYU
Kamiamra yTtum) xapakatura, PKAT tpancmoprura Ba MeXaHHMK Ky4dJaHMILTA
TaBCUPUHH YPTaHWII YIyH TH3UMIIU YCYJUTIap UIIUTA0 YNKUJITaH;

OKKuunr oxcumianuimm ruapodmwiuk PKTHuHT y opkanum YTHII 3pKUH
sHeprust OapbeplapUHUHI YMyMHUH nacaliviura oyim0 KeJlumH, XoJO0ykKH,
ruapodoouk PKAT tabumii Ba okcuananran ®KKnap opkanu cesmnapnu napaxania
AXIIMPOK YTa ONMILIAPU MYMKUHIIUTH KYpPCaTUIITaH;
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OKKuunr okcuananumm OKK opkanu gochatuaniacepu TpaHCIOKALMSICUHU
OCOHJIAIITUPUIIM, YH/IAH TAaIIKapyu MexaHuk ctpecc octuaaru ®KKna roBak maiino
OYIuIM y9yH Kepak OyiaauraH HUCOWI KEHTaWWIIIHHM MMacCaTHPHUINH, 1Ty OWaH
MeMOpaHAaHWHT OKYBYAHJIUTUTA XUCCA KyIIUIIN aHUKJIaHTaH;

ik 6op akBanopud (AQP) TpaHcMeMOpaH OKCHIT KaHAIHA OPKATH THAPODUIHK
Ba THIpoGoOruk PKATHUHT YT KapaéHIapUHA TAAKUK KWIAII YCYIIU SpaTHIITaH,

ruapoUIHK 3appanap Xyxaiipara AQPnap opkayiu kupuiiiy Takiv} KUIuHTaH,
YYHKWA YJIApHUHT JUMHI MEMOpaHacH OpKadl KUPHUINA YIyH sHaJa IOKOPHUPOK
SHEPTUSABHIA Oaphepra JIyd KeJIUIIH KYypCcaTUiTraH,

runipooduxk PKAT xyxaiipara xaTra 3XTUMOJ OWiIaH, JTUMHJ OKCHAJAHUILIN
coaup Oynagurad, MeMOpaHa OpKaJld KUPUILIM aHUKJIAHTaH, YyHKHU yiaapHUHr AQP
OpKaJIM YTUIL SHEPTUsABUN Oapbepiaapu IOKOPUPOK OYIMILIY TONWITaH;

WIK 60p Typau cuMmyssiuusg meroaiapuaan ¢oinananud, nuctud (CY C)HuHr
xCT aHTHUnOpTEp OKCUIN OPKAIH TPAHCTIOPT KapaéHu TYJIMK Ky3aTWiraH,

XCTauar oxcumnanum  CYC  TpaHCIOKalMsCH Y4YyH OpPKHH DSHEprus
Oapbepunu kentupud yukapuiu Ba 1ry ounan CYC HuHr cyOcTpaT OoFjaHauraH
KOWTa KUPUIIUHU TYCUO KYHUILIN KYpCaTHIITaH;

ydTa OKCHJI MOJEeNl CHCTEMAJapUHHUHT XyCyCHSTIApura Iuia3Ma OpKaid
OKCU/JIAaHHWITHUHT TabCUpPH OaTadcuil TEKIMIMPHWITAH; MIy Makcagia MOJel
OKCWJUTAPHUHT ~ OKCH/JIAHTAH INAKIUIAPWHU  SIpaTuIl  y4yH (SIbHH  yIapHH
MOTU(HKALNS KAIHII YIyH) MyaiisiH aMUHOKUCIIOTAIAp TaHJIaHTaH; CUMYJISIsIIAp
Taxkpubanap OwinaH Oupranukina oiau® OopuiraH Ba HATWXKAJAPHUHT cudat
KUXATUIAH MYBO(QHUKIUTUTA SPUILIMITAH.

TagKUKOTHUHT aMaJIMil HATUKATAPU KyHuaruaapiad uoopar:

TYPIU XU MOACIUIAIIITUPHUII METOJIAPUHUHT KOMOMHAIIMSACH €pIaMKia COBYK
aTMoc(epuK IuIa3mMa XOCWJI KWITaH 3appajlapHUHI OMOMOJIeKynanap OuiaH y3apo
TabCUPUHU aTOMap Japa)kajia TAIKUK KWIHII yCyJIapy Takin( KUIMHTaH,

peakTuB Ba peaktuB Oynmaran M/l xamma US metomyapuHy OupaliTUPHIL
OpKaIM IUIa3Ma Tydaiuin ro3ara KexyBuM (ochonunua Kyl Karjgamjaa COIUp
Oynmanuran CTPYKTypaBHM Ba JTUHAMMK Y3rapuuuiap, YHUHT YTKa3yBUaHJIUTHHUHT
y3rapuiiy, yHra OKCUIJIAHU I, SJIEKTP MailIOHU Ba MEXaHUK KyWIAHUIHUHT TAbCUPU
XaMJla y OpKaJIM PEaKTUB IUIa3Ma 3appajlapyuHUHI TPAHCIIOPTH KapacHJIApUHU
Yyprasuil ycyJuiapy sipaTuiras;

US-MD Ba GLE wmeromnapu xamaa HOLE Ba STRIDE kabu nactrypiapuu
Oupranukaa Kyuiam €plaMuia COBYK IUIa3Ma OpKajld OKCHUJUIAHUIIHUHT UHTErpall
MeMOpaHa OKCHIIIapU XyCYCHUSITIapUra Ba YTKa3yBUaHIUTUra TAbCUPH, yap OPKaIH
TYPJIM XWJI TypJiap YTUIIMHUHT Mypakka® MeXaHU3MIIAPUHU TU3UMJIIU TaAKUK KUJIALI
MMKOHUATH KYPCaTUJITaH;

MOJEN OKCUJUIap/a TYpJiW XWJ OKCHIJIAHMII AapakKallapUHU XOCWJ KUJIMIIA
y3ura Xoc €HJaIIyB YCYJU, STbHU TaXXKpUOa Ba CUMYJISIIIMS HATHKaJlapura TasHraH
X0J11a MyaisiTH aMUHOKHUCIIOTAIAPHU MOTM(HUKAIMSITAIT METOIU TaIONK KHJIMHTaH,
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r1a3Ma Tydaiau OKCUJIaHraH OKCWIIAPHUHT CTPYKTYPAaBUH XyCYCUSITIApPUHH,
yrapaara KoHGOPMAaIHMoH Y3rapuluiapHAHT OKCHIUTAp OapKapopJMIura TabCHPUHH
ypranum Makcaaujaa peakTuB Oynmmaran MJ[ Ba MoOJNEKynsip OWPHKTHPHII
CUMYISIIASIIAPUHN OMprajivkaa WIUIATHII Xama OJIMHTAH HATWKaJApHU TaXJIHII
KiryBuH xap xwi ycyiwiap (seHu PCA, SASA Ba DSP) xoMOMHAIMSCHHM KYJUTan
yCIIyOJIapy UIIIa0 YHKUITaH.

TagkKuKOT HATWKAJAPMHUHT MIIOHYIWJIMIM  YJIApHUHT  3aMOHABUU
MOJICIUIAIITHPHIN  YCY/UITAPUHHA KyJuiam EpJamMuia OJMHTAHIIMTH, ITYHHHTJICK,
aJiekBaT MOJeN TH3UMJIapu Ba XHUCOOJAIl aNTOPUTMIIAPUHHUHT HIUIATHITAHINTH
XaMmja OJIMHTaH HaTWXKajap JKCIEPUMEHTal HaTIKamapra MyBO(GUKIUTH OuiaH
ucOOTHHU TomraH. ByHmaH TamKapu, JOKTOPJIMK WINM HATIKATAPHHU Y3W7a
MyXaccaM KHJITaH MakoJajgap FOKOPH UMIAKT (HaKTOPIIU KypHaJUIap/ia 4ol dTUIITaH
Ba €TaKYl MYTaxacCHclap TOMOHHJAH TaKpHh3 KWIUHTaH. J[OKTOPIUK WIMTMHUHT
HaTwkanapu  AdvancedScienceNews.com WiAMMIA  SHTWIMKIap  BeO-cailTuia
EpuTHITaH XaM/1a I1a3Ma THOOuETHTa OaFuIIaHTaH KUToOIapra KAPUTHITAH, ShHU
“Plasma medical science”, S. Toyokuni et al., Academic Press, 2018 (4-600) xamma
“Plasma cancer therapy”, M. Keidar, Springer, 2020 (7- 600).

TagKUKOT HATHKAJAPUHUHI WIMHI Ba aMajvMid axaMUATH. TaaKuKOT
HaTWKAJAPUHUHT WIMHA axXaMUSTH, 3aMOHABUU KOMITHIOTEP CHUMYJSALMSUIAPUHUA
KyJUtaln OpKajk, COBYK IuTa3Ma OwjaH OWoMoJieKynajap y3apo TabCUPHHHUHT
dbyamamenTan (QU3MK-KAMEBHM Jkapa€HilapuHu, ymoOy KapaCHIIapHU KaHJai
OOLIKAPUIII MYMKUHIIUTH HYKTau Ha3apuaaH Keauo YukuO, aHUKIalIaH noopar.

TankUKOT HATWKATAPUHUHT aMaliiil axaMUsITH IIyHJaH HOOpPATKH, OJMHTaH
CUMYJISIINS HATHKAJIapy CapaTOH XacTAJIUTH OMJIaH OOFJIMK OYJIraH OMOMOJIeKyJIanap
OmaH riazma y3apo TabCHPH MEXaHU3MIIAPHHH SXITHUPOK TYIITYHHINTA, ITYHHHT/ICK,
TaXprOaJia OJMHTaH TETUIILTN HATIKATapHU MOJISKYJISIP Japaxaia TajaKuH KITUIIra
MYXHUM XHcca Kymaau. Moaennamrupuiln Hatvkanapu acocuna CAITHUHT MyMKUH
oynran doitnanu (€ku 3apapin) TabCUPIIAPUHU OJIMHIAH aUTUI MyMKHH, Oy 3ca, ¥3
HaBOaTH1a, STHA/la MaKCa/UIM Ba camMapajii THOOWH I1a3ma TepanusulapuHu SpaTUILl
WMKOHUSTUHU Oepajiu.

TagKUKOT HATHKAJAPUHUHT KOPUH KUIMHUIIM. TaJKUKOT HaTHKalapu-
HUHT aCOCHUW TaTOMKU OJMHTaH HaTtuxanapra, Web of Science nimuii MabiymoTiiap
0azacura kypa, FOKOpH UMIAKT (GaKTOPIIH KypHau1apa yor Tiirad 250 g1aH opTUK
OKCIIEPUMEHTA Ba MOJCIUIAIITUPUIN  TAAKUKOTIApUIA, IIYHUHTCK MIapx
MakoJIaJapuaa HKTHOOC KENTUPHII OPKAIIN KOPUN KUJTHMHTaH:

mazma xocu Kwirad PKATHunr @KK 6uian ¥3apo tabcupu Ba cyHrpa 6ot
T'YpyX Ba JIUIUJ AyM OKCHJIAHUIIIMHUHT MEMOpaHAaHUHT XYCYCHSTIapUra TabCUpH,
IIYHUHTIEK SJIEKTp MaiiioHu Ba mumu okcuutanummHuHT OKK yTrazyBuanmmrura
CUHEPIrUCTUK TabcUpH HaTwxXanapu [Biol. Chem. 2019; 400: 19 (IF=3.014), Sci. Rep.
2019; 9: 4496 (IF=4.011), J. Chem. Inf. Model. 2019; 59: 4413 (IF=3.966), Cells
2020; 9: 847 (IF=5.656), Trends Biotechnol. 2018; 36: 594 (IF=13.747), J. Am.
Chem. Soc. 2018; 140: 9606 (IF=14.695), Chem. Rev. 2019; 119: 5954 (IF=54.301),
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Mat. Sci. Eng. R. 2019; 138: 36 (IF=22.25)] na HaTwxagapHU TaJIKUH KUJIMII Ba
TaBcu(IaNIga UILIATHIITAH;

miazMa Tydaitim okcuraaumaan kenubd unkkan ®KKna comup Oynamuran
x)apaénnap, uyHoHun PKAT tpancnoptu Ba dhocharuamncepur ‘flip-flop’ xapakatu
KaOu TagkukoTiap Hatwxkamapu [J. Phys. Chem. B 2018; 122: 10362 (IF=2.923),
Phys. Chem. Chem. Phys. 2019; 21: 19327 (IF=3.567), Cancers 2020; 12: 269
(IF=6.162), Nanoscale 2019; 11: 19497 (IF=6.97), Cancers 2019; 11: 1109
(IF=6.162), Int. J. Mol. Sci. 2020; 21: 1939 (IF=4.183), Curr. Opin. Struc. Biol.
2018; 51: 177 (IF=7.052), Annu. Rev. Biophys. 2019; 48: 421 (IF=12.175), Chem.
Rev. 2019; 119: 5954 (IF=54.301)] na TaxJius1 KWIMHTaH Ba KypuO YMKWIIraH;

akBarmopuH opkaim Tuapodunuk Ba ruUApodoonKk PKATHWHT yTwmm,
myHuHTACK MUCTUHHUHT XCT OKCHIT KaHaJM OpKadu TpacmopTH Oyinda om0
Oopwiran TagkukoTiaap HaTwkamapu [J. Chem. Inf. Model. 2018; 58: 2193
(IF=3.966), Oxid. Med. Cell. Longev. 2019; 2019: 9062098 (1F=4.868), Cells 2019;
8: 1316 (IF=5.656), Cancers 2019; 11: 1920 (IF=6.162), Arch. Biochem. Biophys.
2020; 681: 108253 (IF=3.559), Neurochem. Res. 2020; 45; 1375 (IF=2.782), J.
Membr. Biol. 2019; 252: 465 (IF=1.746), Arch. Biochem. Biophys. 2019; 674:
108114 (IF=3.559), Cancers 2020; 12: 269 (IF=6.162)] na myxokama KWJIUHTaH Ba
UIUTATHIITaH;

ydTa OKCHJI MOJCNI CHUCTEMallapH, S’IbHH WHCOH JIuaepMai ycuin ¢GaKTOpH,
amMuton]1 OeTa TeNTH]] Ba IUTOMIOOMHHUHT CTPYKTYPAaBUH XyCYyCHSITIapura Iiazma
OpKaJIM OKCHUJUIAHUIIIHUHT TahCUPU TAAKUKOTIapu Hatuxanapu [Oxid. Med. Cell.
Longev. 2019; 2019: 9062098 (IF=4.868), Cancers 2019; 11: 1920 (IF=6.162),
Cancers 2018; 10: 394 (IF=6.162), J. Mol. Graph. Model. 2020; 96: 107535
(IF=1.863), Sci. Rep. 2019; 9: 16080 (IF=4.011), ChemSusChem 2020; 13: 2072
(IF=7.804), Molecules 2019; 24: 2568 (IF=3.06), Plasma. Process. Polym. 2018; 15:
e1800078 (IF=3.173)] na onmuHTaH HaTWXAJIAp TaXIMIIA YI9YH (OHIaTaHIIITaH.

TaagkukoT  HaTWKAJNAPUHMHI  anpodamusich.  OnuHraH  TaIKUKOT
HaTwkanapu 31 ta Hydy3nmm xankapo KOHPEpeHIHs, CHMIO3UYyM Ba CeMUHApIIapaa
TaKJIMM ATHJITAaH Ba MyXOKaMa/iaH YTKa3UJTraH.

XycycaH, Takiu KWIMHTaH Mabpy3ajap TYpTTa Xalkapo KOH(EpeHIUsaa
TakauM STuiran, xymagan 19" Gaseous Electronics Meeting (February 14-17,
2016, Geelong, Australia), International Conference on Electrical Discharges with
Liquids (March 13-17, 2016, Kocaeli, Turkey), 2017 International Forum on
Functional Materials (June 27-29, 2017, Jeju, Korea) Ba 3" Strasbourg Workshop
on Membrane Biophysics (December 3-4, 2018, Strasbourg, France). byngan
TalIKapyw, WIMHA HaTWXKalap Mabpy3aiap cudarthma Xaakapo amKyMaH Ba
ceMuHapiap/a TakJuM >TuiraH, macanaH, 4" Young Professionals Workshop on
Plasma Medicine (September 21-24, 2015, Rostock, Germany), 6" International
Conference on Plasma Medicine (September 4-9, 2016, Bratislava, Slovakia) pa 7™
International Conference on Plasma Medicine (June 17-22, 2018, Philadelphia,
USA). Hydy3nmu xoHpepeHnmsuiapaa UITapoK Tuim DaaHapus WIMANA TaaTKUKOT

13



¢ounu (benbrus) Tomonuaan TakauMm stwirad rpanmiapau (Ne K179517N Ba Ne
K105116N) onumn opkainy amaira OUMpHITaH.

TaagKUKOT HATHKAJIAPUHMHI  JIBJOH  KWIMHIaHjauru.  J{oxropnuk
TaIKUKOTJIApU HaTWKajgapu OViimya >kamMu 56 Ta WIMHNA WII HAllp KWJIWHTaH,
KymmagaH 23 Ta Makomda Y30ekucton PecmyOnmkacn Oummii - arrecrarnus
KOMHUCCHUSICUHUHT JOKTOPJIMK JTUCCEPTALUSIAPA aCOCUIA WIMHMIA HATHKAJapUHHU YOI
STHUII TaBcUs dTWITaH, Web of Science wnmuii MabiymMoTinap Oa3acuaa akc dTraH
HY(QY3IIH XOPHKUN HIMHAN KypHAIIApH/1a HAIIp STHJITaH.

TakIMMHOMAHWHT TY3WIMIIY BA XaKMH. TaKIMMHOMAaHUHT TApKUOU KUPHILL,
Oerra OYinM, Xylioca Ba a1abuérnap pyrxaruaad noopat. TakIMMHOMaHUHT XaKMU
88 OeTHU TAIIIKUII dTagH.

TAIKUKOTHWUHT ACOCHUI MAZMYHH

Kupum. Ym0y TaakukKoT CcoByK artMochepuk Iutazma Tydaiau 1o3ara
KeJIaJUuraH peakTUB 3appajapHUHT OWOMOJIEKyJalap OWiIaH y3apo TabCHUPH
MEXaHU3MIIAPUHU aHUKJIANl OPKAJIW IUIa3MaHUHT OHOMOJIEKYyJanapra TabCHPHHU
ypranum Oyiimdya (QyHIaMeHTal TYyIIyHYajapra osra Oyiaumr Ba, XycycaH
*apa€HyIap/ia peakTHB 3appATAPUHUHT POJTMHH aHUKJIAIITa KapaTHIITaH.

Bupunun Oyaum: Mogessiamrupum  Metogiaapu. MJ[  cumynsuscu
(molecular dynamics—MD) ycynuaa cucremanaru aToMjaapHUHT ($a3o Ba BaKT
Oyiunua xapakar AuHaMuKacu HbroTOH KoHyHapu 6unan udoaananagy. ATomiapra
TabCUp ITYBUYM Kyuwlap KBaHT MeXaHHKacH (quantum mechanics—QM) kouganapura
acocnanub (“ab initio MD”) €ku Kimaccuk aToMmiIapapo y3apo TabCUp MOTEHIUAIN EKU
Ky4 Maiionu (“classical MD”) opkanu xucoOmnanuiu MmyMmkuH. LIlyHUHTIEK, Opaiuk
xucoOumamn Metoapy, spHH QM KOHIENIusIapura acociaanrad, aMMo Oup KaTtop
MOCJIAIITUPUIL TapaMeTpiIapuHu Y3 HUYUra OJIraH SPUM SMIMPHUK yCy/ulap Xam
MaBXyJl, MacajaH 3UWinK (QyHkuuoHanu Hazapuscu (density functional theory—
DFT)ra acocnanran 3u4-0ofnam (density-functional tight-binding—-DFTB) metoau.

Peaktue MJ] (peakTuB Ky4 MailiJOHHUra acoCJaHTaH METOJ|) KUMEBUM
peaKkMsUIapHU, sS’bHU OOF XOCKJI OYJIHILM Ba Y3WIMIIMHA, MOACIUTAIITUPHILTA UMKOH
Oepanau, Oy 3ca CUMYISILUSUIAP YUyH KYTI BaKT Ba pecypciap Tanad Kujiaau, IIyHUHT
yuyH Oy meron épaamuia (akar Kucka BakT opamurumard (10%-10° 1ic) Ba kuumk
cuctemanapaaru (10%-10° atom) sxapaéHnapHu MOJEIAIITAPUII MyMKHH. PeakTus
oynmaran MJI sca, ¥3 HaBOaTtuaa, MOJEIUIAIITUPUILIA aHYA Te3 OYiIuO, y30KpOK
BaKTIM skapaénnapuu (6up Heya 100 He) Ba KaTTapok cuctemanapuu (10%-10° atom)
CUMYJISILIUS KUJTUILITA UMKOH Oepajiu.

DFTB-2a acocnanean peaxmue MJ[ cumynsyusnapu. DFTB - Oy 3apsin 3udiaru
¢bnaykryauusnapu (Y3rapuuuiapu)ra Hucoaran DFT ymymuii sHeprust udogacuau
Tewmop karopura €Euuiura acocinaHraH anmpokcumarusiia  DFT  meroaum
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xucobnmaHaau. Y  YpraHwiaéTraH CTPyKTypajlap peakuuss DJSHeprusyiapu Ba
reOMETPUSIIApUHU UIIOHYWIH TaBCU(PUHH TabMUHJIANIH, CUMYJIALIUS
HaTWKAJIADUHUHT 3KCcTiepuMeHTal KuiiMatriapiaad orumi DFT Ouman Takkocmamr
napakacuaa SKaHIWTH TabKWJUIaHa W, my Owman Oupra DFTra HucOGaTaH WKKH
KaTTaJIMK TApTUOM TE3POK XUCOOJAIH alTIIaan. by METOTHUHT XHCOOIaIIl Te3IUTH
AMI1 Ba PM3 xabu sspyM SMITUPHK METOIJIAPHUKU CHHTapy. Y IOy METOI AUCTICPCHUS
KyWwIapuHU  SMIMPUK  ycyjulap  €paamuja  €4Mill  OpKalud  KaTTapok
OMOMOJIEKYyIAIApHU TAJAKUK KAJIUII UMKOHUSTIAPUHUA KEHTaUTUPIH.

Peaxmus  oyamacan MJ] cumynayuscu Taxpubamap OwWiIaH OKHIOHA
MYBOMOUKIUKHA TabMUHJIAII YyYyH IOKOPH TlapaMeTpjaHraH KIAaCCHK Kyd
Marnonnapu (€ku moreHmamuiap)aan goinatanaan. Ymoy umma GROMOS kyu
MalJIOHU KYJUIAHWJIAM, V TAAKUKOTAA MIUIATHITaH OKCHJ Ba JIMIUJ KYII KaTjiam
CHUCTEMaJIapUHHA AaHWKIWK OwiaH TaBcudiail omagu. Y OwupramraH-aToM Kyd
MaiioHu XucoOnaHuO, yHAa MabiyM Oup aromuiap rypyxu (acocan CHy) sirona
rypyx cudaruaa Kapanaam, NIyHHHr yuyH y karra (10° artpodummaru aromn)
CUCTEMAaJIapHU SIXIITM aHUKJIUK OmiaH Oomikapuiira koaup. GROMOS amrakadoH
KYyT1ab MOJEIUIAITHPHUIT TaAKUKOTIIApUAa KYJUIAaHWITaH Ba Taxkpubaiapra Moc
HaTWXajlapra oSpuimmirad. Y sMoaudukanusiianMaraH (sSbHM TaOuuil) Ba
MoauQUKalMsAIaHTaH  (SbHU  OKCHJUIAHTaH)  JIMIWJ ~ MOJIeKyjlajJapu  Ba
AMUHOKHUCJIOTATAPHUHT MapaMeTpIapuHU y3ua MyXaccaMm 3TraH Ba IIYHUHT YYYH
bu3uK KapaéHIapHU, MacajiaH, peakTHB Kuciaopos Ba a3oT typiapu (PKT Ba PAT
¢xu PKAT)HuHT TaOnuii Ba OKCHIJIAaHTaH JIMITHA]T KYIIT KaTJaMu Ba/€K OKCHIT KaHATT!
OpKaJIM TPAHCIIOPTHUHH, UIYHUHTJACK YOy CHUCTeManapiard CTPYKTypaBHWid Ba
KOH(OPMAIIFOH Y3rapuIUIapHA MOICIUIAIIITHPHII HIMKOHUHHU OepajIu.

US memoou peakuus koopauHaTacu OVitnad SpkuH 3Heprus GapkiapuHu
xucobnamga €paam oepanu. Y ‘cosiOOH’ MOTEHUMAIMHU KYJUTlalll OpKaJld HaMyHa
OJIMIITHY Ky4aUTHPHUII YIYH UIUTATHIAUTaH Ky9win MeTouiapuaan oupunup. US na
KYJUTAaHWJIQJAUTaH TAIIKA TApMOHUK ‘Orac’ (TabCUp KMTYBYH) TIOTESHITAT CHCTEMaHH
OWp TEpPMOJAMHAMHMK XOJIATJAH WKKWHYUCHTA pEeaKIMs KOOpJWHATacu OVitimad
OenrwiaHrad WyHamum Ba Te3nukna VyTkazamu. llynmaid xkunmb, OommiaHFUY
XOJIaTU/IaH SAKYHHM YTHIIl X0JIaTUra KaJap OpaliiK Kajgamiap Oup Katop ‘oiHamap’
opKai Xocws Oymamu. Ym0y oWHamapHM Kypwiaérrad (€ku YpraHuiaaéTraH)
MOJIEKYJIaJIap opacujard MabiyM Mmacodara kKapad Kucmmapra OyimO, Oup KaTop
VHIMBUIyall CUCTEMANIApHU aKpaTuO oI MyMKUH. Macanad, MmeMOpaHara HopMa
Oyitnad >xoimamraH MKKUTa aTOM Opacuaaru macodaHu peakiusi KOOpJHHATACH
cudaTua TaHaam (xucoora oM MyMKUH. AsKpaTuirad oiiHanap keinnyanuk US-
MD cumynsnusiapuga WOUIATHIaOd Ba OJWHTAaH —HATIKAlap, YIIYaHTaH
TUCTOTpaMMaHu Taxjiuil Kwinin metoau (weighted histogram analysis method—
WHAM)nan ¢doitnananud, spkun sHeprus npopmwiu (3I)nu macodara GoFnuk
paBua xucobunamra épaam 6epamu. US-MD, macanaH, MKKATa OKCHII Opacuiaru
OOFaHUII €KW JMCCOIMALUS SPKUH SHEPTUSCHHU, KU (ochomumnua Ky Katiam
(PKK, sykapuotuk Xyxkaiipa memOpaHacu y4yH Mojen cucrteMma, l-pacm) Oyiinald
PKATHuar 93[napunu xucobamiga KeHr KyJUIaHUIaIHy.
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1-pacm. PeaktuB Oynmmaran MJ cumynsmusuiapuga Xyxaipa MeMOpaHacH y4yH
Moxaen cuctema cudaruma wunuviatwiagurad  OKK. YV ukkkra Karmamaa
xounmamrupuiran 128 ta mumumn Ba ~8000 ta cyB mMonekynanapuaan uoopar. CyB
KaTjamiapy, KACIOPO/l aTOMJIApH Ba JIMIUJ AYMJIapy MOC PaBHILA 3aHTOPH, KU3WJT
Ba Kyl paHrnapgaa kypcatwirad. bom rypyxunuar P (Tyk capuk) Ba N (KYK)
aTOMJIApH TYLIYHAPJIM OYJIMILIM Y4yH KaTTapoK LIapijap OusiaH TaCBUpPJIaHTaH.

Cumynsiiust METOUTapyIaH TallKapy alpyuM HaTYOKaJIapHU TaX AT KHJTUIT YIyH
Oomka gactyp Ba ycymiapaad XaMm ¢orpananwiau. Xycycan, HOLE Ba STRIDE
JACTypJIapy MOC PaBHIIA OKCHJI KaHAJUTapH OYiiad KOBaK paanycy IpoduuTtapuHu
XUcoOnaiga Ba OKCHWJUIAPHUHT HWKKWJIAMYHU CTPYKTYPACHHU TaxXJIWd KUJIMIIIA
uniatwiad. bynpan  Ttamkapu, US-MD CUMyMSLMSICUHUHT HaTWXalapuaaH
doitnanann6, muddysusa koapduuuentn npopmmnapunu (AKII) xucodnamma GLE
YCYIH KYJUTAaHWIAN. YOy METO TAPMOHUK OCHWILUIATOP YUYH YMYMIIAIITHPUITAH
JlamxeBen Ttenrmamacu (generalized Langevin equation—GLE) eunmmapura
acociaHras. YpuH aBrokoppemsius Gyakmusicr (Y AK®)Hn uHTerpaniain opKaiy,
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3appaHuHr Xap Oup z-ypunnarn auddysus xodpdunmentu D(z) Kyhugaruya
XHCcoOIaHaIu:

var(z)?

D(z; = (z);) = (1)

T

7 VAK® (C,(t)) HHTerpamm opKati XucodnaHagu:
T= [, C,(t)dt 2)

C,(t) dynxuusicu Tpaekropus OVitnad TYFpuaaH-TYFpu HUFUII (CyMMaall) OpKajiu
XUCOOJIAHUIII MYMKUH:

C,(¢) = (62(0)6z(¢)) (3)
Oy epna

6z(t) = z(t) — (2) (4)

Kypunu6 typranunex, GLE ycynuaunr adzammrn myHgakw, auddy3us
KodhuIMeHTH OEBOCHUTA Z HUHT JTUCTIEPCHICH XaMJia KOPPEISIHS BaKTH T OpKaJIA
XUCOOMaHuIM MyMKHH. YOy tagkukorna GLE meroam acocuaa winiaiiaurax
dbopTpaH Ko E3WIIM Ba YHUHT aHUKJIATH OUpP HEYa TECT CHHOBIIAPU YTKA3WIUIIIH Ba
HATIDKATApHU  amabuérnardn KWiMaTiap OwiaH  COJMUINTHPWININN — OpPKAJH
rekmmpwiau. OOI1 Ba [KIlnapman doiinananu0, Mojen cucremanap OpKalu
3appallapHUHT YTKa3yBYaHIUK Ko uimeHTnapu (Pn)Hu XucoOai MyMKUH:

1 Zy ew(z)/kBT

— = le ——dz (5)

P D(z2)

Oy eplia w(z) 3appaHuHT MOJIEII CUCTEMA Z-YKU OYiinad SpKUH SHEPTHSICH.

[Myamait kumno, qokTopiuk vy goupacuaa PKATauar ®KK 6omr rypyxiapu
OwIaH ¥3apo TabCUPUHU TAIKUK JTHUII yayH peaktuB DFTB-MD cumynsmusuiapu
kywrannn. [y Owman Oupra, mmazMa OpKajid OKCHIJIAHHWIN, JJIEKTP MakoH,
MeXaHuK crpecc Ba Junuya TapkuOuHuHr @DKK cTpykrypaBuii Ba JUHAMUK
XyCyCUSTIIapura TabCUPUHHU XaMa OKCUJUIAHUIITHUHT OKCHJUIap KOH(popManuscura
TabCUPUHU YpraHuil y4yH peakTuB Oynmaran MJl cumynsnusiiapuga
doitmananwnau (nactra kapar). Yanan tamkapu, KK opkanun PKATHuHT yTum
xapaéunapu Ba ¢ocharuauncepunHuar  ‘flip-flop’ xapakatu, UIYHUHTIEK,
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3appasiapauHr wmonen okcwuiap (AQP Ba xCT, mactra xapasr) Oyitna0
TPAHCTIOPTUHU TaAKUK KUl yayH US-MD cumynsiusiiapu KyJUTaHUIIIu.

Nxxunun oyaum: Xy:kaiipa MeMOpaHACHHMHI YTKAa3yBUAHJIMIU. YOy
oymumma, CAIIl Ttydaiinn Xxocun Oynran ©Oom  rypyX Ba JUOUA  JOyM
OKCHJJIAHUIITMHUHT XYy)Kalipa MeMOpaHacura Tabcupu, PKATHMHr Ttabumii Ba
OKCHJIJIAaHTaH MeMOpaHalap OpKald TPAaHCIOPTH, IIYHUHTACK, XyKaipa
MEMOpaHACHHUHT YTKa3yBYAHIIUTHUTa JIEKTP MAalOH Ba JIUMH] OKCHTAHUIIIMHAHT
CUHEPTrUCTUK TAbCUPHU XAKUAATY TAJAKUKOTIIAp HaTUKalapyu MyXoKaMa KUJTMHAIH.

Xyorcatipa membpanacuea 6owr 2ypyxu 6a Jaunud OymM OKCUOJAHUWUHUHE
mavcupu. Xyxaiipa MeMOpaHacu Xy>KalpaHUHT MYXUM KUCMUIUP. YHUHT acOCUi
Bazu(danapugaH OMpH XyXKalpaHW TaIllKM TOMOHJAH KeJlaauraH Hapcajgap (Mac.,
PKAT)nan xumosi kuiuiiaup. LIyHMHr ydyH Tia3ma 3appajlapuHUHT XyKapa
MeMOpaHacu OWiaH KaHAal y3apo TabCHUPJIAIIUINM, 1Ty OWIaH, MacajaH, JIAIH
OKCHJIJIAHWIITMHA XOCWJI KHWJIUIIA, XaMJa OKCHJIOBYM 3apap KEITHPHUINNA YIyH
Xy)Kaiipa nuura KaHaai KupruO OOPUIITUHY YPraHHMII KY/Ia MyXHM XHUCOOJIaHAIH.

PKATHunr ®KK Ounan y3apo Tabcupu OYyitnua peaktuB M/l cumynsius
HaTIKaIapu IOKOPH aHUKIMKIaru macc cnekrpomerpust (MC) Taxxpubanapu 6unan
TAKKOCJIalll OPKaJIM TaCAUKIAaHAM, peakTuB Oynmaran M/I natmwxkanapu sca PKAT
MaHOau xucobnanyBur CAIl Gmiian UILUIOB OepWiiraH JMIocoManapaa YTKa3uiran
Taxkpubanap OuiiaH TacauKIaHIu. UKKMHYM X0naTaa, TUIMocoManap OKyBYaHIUTUra
CAIl nunr rtabcupu Ypranunau; Oy munocomanap Jlaypaan ne0 HOMIIaHTaH
(dbayopecceHT 30H]1 (MOJIEKyJia)HU UHTErpalvs KWini opkainu taiépnanau. [llynmait
KWiIn0, MeMOpaHa OKyBUYAHIMTMHUHT Y3rapuIlIMHN aHUKJIA y9yH Jlaypaan Taxjiinm
yrkazungu. by taxymn ymymnamtupuirad Kyronanui (generalized polarization—
GP) kuiiMaTUHUHT Y3rapuiiiy OuiiaH OOFIIMK d/TU.

Peaxtu M/l cumynsinusiiapu Ba MC taxxkpubanapu HaTHXKaJlapu KT yYpOBUU
OKCHJUTAHMLI ~ MaxcyjoTiaapu  cudatuga  HMKKATA  MYXUM  OKCHIJIAHUII
MaxCyJIOTIApPUHU aHUKJIAI!, STbHU JTUTHT TyMJIapd OKCHIUTAHUTIN Tyhaiinn yiaapaan
Ooupnga xocwsn OyiayBun ampaerua rypyxjiapu (ALD) xamma ®@KK 6omr rypyxu
OKCHJIJTAHUIITN HATHKacHIa AyMiapaH OMpUHUHT axpanuiy ¢ku y3umuma (0X2).
[Mynmait kb, peaktuB Oyamaran MJ[ cumynsiusiapuaa ymoy OKCHIIAHUIIT
MaxcyioTiaapu xucobra omuHau (kypud umkwinu) Ba  ymapHuHr  DOKK
XyCycusiTIapura y3oK MyaaarTiu Tabcupiapu Ypranwau. Ly makcaana kym
KATJIAMHUHT allpUM MYXUM XYCYCHUSTIIAPH TaXJIUI KUITUH]IN:

1. Bumma aunuodea myzpu Keayguu cupm ro3acu, y Kyl KatiiaM CUPTH 03aCUHU
OWTTa KaTjaamMaard JIMIAIap COHUTa HUCOATH OpPKaJlk aHUKJIaHAIH,

A, =2y 6)

np,

Oy epna L, Ba L, - moc paBumina @KKuunr x Ba y ynuammnapu Ba n; - 0y Outra
KaTJIamJ1a MaBKyJ1 OVJIraH JIUIHTIap COHM.
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2. Kyw xamaam xanunaueu, y OKKHUHT Kapama-Kaplid MKKH KaTiaMHJia
)omamran gocdaT rypyxJjapu opacuaara MmacodanmapHu (z-KOMIOHEHTAIAPHUHH)
VpTadanamnt opkaau XxucobaaHaau (SSbHH dp.p).

3. Hetimepuii mapmub napamempu, Scp, y KYII KaTjaM JIAITA TyMJIapUHUHT
TapTUOMHU KYpcaTyBYM YIIYOB KaTrTaauk xucoomanaan. KK 6omr rypyxjrapuHuHT
OKCWTAHUIIIA JIMMKJ JAYMJIAPUHUAHT TapTUONIAHWII Japa)kacura XaM TabCHpP
KYpcaTUIM MyMKHH (TIacTra KapaHr),

Scp = %(3 cos?(6;) —1) (7)

Oy epna 6; — C-D 6oru Ba MeMOpaHa HOpMAJIK Opacuaaru OypJax.

Cumynsust HaTwxkanapu mwyHu kypcarauku, OX2 Ba oupnamran ALD+0OX2
OKCHUJUIAaHMLI MaxcyJoTiapu Oapuya XHCOOJaHraH KaTTalukiap Oyilmua Kapama-
Kapliy HaTwxanapra onu6 kenaau, ammo 3pdexraap ALD+OX2 yuyH SIKKOJIPOK
KypuHaau (2-pacm).

3.90 nm
4.07 nm
3.67 nm

GRSGEEEGY PSS TPLB with 25 % OX2
native PLB PLB with 50 % OX2 +25 % ALD

2-pacM. a) Tabuwmii, TbHU OKcHuTanMara, (b) ¢akar 6our rypyxJiapu OKCHTaHTaH
(sreHM 50% OX2) xamaa (c) 6011 Typyxaapu Ba JIAMTUA JyMJapy OKCHUJTAaHTaH (S’bHA
25% OX2 Ba 25% ALD) ®KKnapHuHr cxeMaTuk KypuHuiuiapu. Panrmap
TYIIYHTUPWIUIIH |-pacMuaru OuiiaH Oup Xwui.

25% ALD oxcuanaHHIIM aJljIakaqoH OUTTA IUMTUATA TYFPU KeITyBYU CUPT F03aCUHUHT
~10% ra ommmmra, Ky Kariaam KaTWHIATHHAHT 3ca ~10% ra xamaiummira oo
kenaau, xatto @DKKna 25% OX2 oxcunanuin MaBxkys 6yica xam (spHU 25% ALD
+25% 0X2). Ulynnait Kunub, CUMYIISILKS HaTHXKajaapy 0oL TypyX Ba JIMITUA Tymiiap
TEHI Japaxaja OKCHIJAHTaHJa KYII KariaM IO3aCHHUHT YMYMHM OIIWIIM Ba
KAJIMHJIUTUHUHT KaMaluiura oiud KeIUIuHA Oamopar Kuiaau, Oy sca JTunuyiap
TapTUOUHU NTacaTHpaaN, HATHKAa KYIIl KaTJiaM OKyBUaHIuTH omaau. Ky karmam
OKYBYAHJIMTMHUHT Y3rapuIly Taxxpuoaaap OpKald XaMm aHUKIaHau (3-pacum).
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3-pacm. Jlaypnan taxmuiu €paaMuaa MeMOpaHa OKYBYAHJIMTHMHMHT Y3TapUIIUHU
anuknam. Hamynanapra minasma man6au €paamua pacMaa KypcaTHITaH BakTJiap
naBoMuga wuuuioB Oepwirad. OKyBUaHNMMKHMHT Y3rapumm GP  kuiiMaTUHMHT
Y3rapuiu Ounan 0ornuk: Myc6aT AGP oKyBUaHJIIMKHUHT NMacallMIIuHU Ba MaHQUii
AGP 0oKyBUaHJIMKHUHT OPTULLIMHU aHTJIaTa M.

Jlumocomanapra TuTa3Ma OpKajdud MILIOB OepwiraHga gactiad memOpaHa
KATTUKJIUTHHUHT OWMPO3 OIIMIIUTA Ba YHAAH KEHWH OKYBYAHJIMTHHUHT Ky4IH Ba
JOMMHM Yycummra oiaubd Kenaw. YmOy Taxpubaga Ky3aTWIraH HaTkKaiap
CUMYJISIINS HaTWXKajdapy OWIIaH TaKKocIaHU MyMKUH; ALD+OX2 okcuranuim
JUTIHJIAp TAPTHOWHUHT I0OKOPH JTapakajia Oy3unmimmira omo kemaan, OX2 HAHT Y31
3ca JHMMNHUAIAp TAPTHOWMHWHT OIMIIWATa oju0 kenaan, amMmo ALD+OX2 HuHT
addextr Kynpoxk HamMoEH OYymamu. Jlemak, nummmnap TapTHOWHUHT Oy3HITHIINN
MeMOpaHa OKyBUaHIUTU OujiaH OOfMuK ae0 (apa3 KWIMHTaH XOJJa, CHUMYIISIUS
HaTWXaJlapyu, yMyMaH OJITaH/a, OKCUJUIAHUII MeMOpaHa/la IOKOPU OKYBUYAHJIUKKA
oJn0 KemuIHY Oamopar Kuwiaau. [1na3zma OunaH uiioB Oepuill maTuaa €Ku yHIaH
KYI yTMaii, FOKOpY KATTUKIWK Ky3aTHIIu. DXTUMON, Oy nactiad OX2 (spHU 0ol
TypyX OKCHJUIAHUIIMN) coaup Oynumu tydainuaup. Keltunru 6ockuuaa sca, JTUIu
aymnapuHuHr ALD  okcumimanumm coaup Oynaau Ba Oy JUNMUIAp TapTHOM
OY3WIMIIMHUHT Kydadummura onubd kenamu. Jlumuamap TapTHUOMHWHT KaMaWHIIH
PKATHUHT XyXaiipa MUKW KUCMHUTA KUPUIITKMTA Ba OKCUIJIOBYH 3apap KEJITUPHUILIUATA
WMKOH sIpaTaJii Ba HaTWXKaJla XyxKaiipanap yaumura oiaud Keixau.
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IInasma sappanapunune mabuuii 6a OKCUOIAH2AH MEMOPAHANAD OPKATU YIMULIUL.
Tabuuit Ba okcumianran @POKK opkamu PKAT Tpancnmopté Xakuga KyTpoK
Mabaymorra 3ra Oymum yayH US-MD cumymsimusutapyu Oakapwimu. 4-pacMia
tabunii Ba 50% oxcumranran @KKnap opkamu typau xwn PKATauar D31 1napu
KYpCaTWJITaH.

Native PLM 50 % oxidized PLM
(@) (b)
54 a a 25 5 a o
20_' g g_Hzoz 20 4 =] S _Hzoz
— g 2 _ HO 2 e _Ho
= 154 <Ti] oo 2 = 15 oo oo 2
g 101 E | e 10 E E —OH
£ 1 a @ 1 @ @
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4-pacm. Tabumit Ba 50% oxcummanran @KKnap 6yitmad ruapodmmmk (a-b) Ba
ruapodoouk (c-d) PKATHuHT spkun sueprus npodwr (D311)napu. bomr rypyxiap
(spHU P atromnap, 1-pacmra kapasr) ypraua »oiiaiirad CoXacu OYMK KU3WII PaHT/1a
KYpCaTWJITaH.

Kypunub typubauku, rabumii Ba okcuuianran ®KKmap opkanu ruapodobuk Typriap
(spHE NO, NO,, NO4, O; Ba O3), ruapodmmuk typaap (OH, HO, Ba H,O;)ra
HUcOaTaH, Ce3WIaPIIN TapaXka ia X KUpUO OOPHUII MyMKHH, YyYHKH yIapa SpKUH
sHeprus Oapbepnapu anva mact. Jlemak, ®KKauHr okcummanumu ruapodoouk
PKAT O3Ilmapura xy4wid TabcHp KypcaTMalad, aMMO THAPOQIIMK 3appanap
SHeprust OaphepiapyuHU Ce3Wapid TacaWTUpagd Ba IIy Tapuka yIapHUHT

21



okcutanrad ®KKiap opkanu TpaHciokarusicn (YTHIIH ) SXTUMOJITUTUHH OLITHUPAIH.
bupox, ymoy ruapodunuk typaapauar @KK opkamm ytum sHeprus Gapbepiapu
XaJM XaM HrcOartaH roKopu 6yiub kommoka (aitaukca H,O, yayH), Oy 3ca yaapHUHT
XyKalipa WYMTra KHpHIIHra MMKOH OepyBUM MyaisiH OKCWJI KaHayuiapura (mac.,
aKBarlOpUHIIAp), €KH DIJIEKTP MaWJOH TOMOHHJAH XOCHJI KWJIMHTaH FOBaKIapra
9XTUEK OOPIIMTHHU KYpcaTa/iu.

Onexmp MatlOoHU 6a IUNUO OKCUOIAHUMMUHUHS XYHCAUpPA MeMOPAHACUHUHE
ymkazyguanaueuea cunmepeucmux mawvcupu. Mabinymku, 6an3u CAIl manOGanapu
(T OKCHTaHUIIMHN  KenTupuO umkapyBun) PKATHM Xocwn KunmwmugaH
TalIkapy, MeMOpaHaiapJa FOBaK Maimo OYaummra om0 KEIyBUM KY4IH JJICKTP
MaloHJIapHH XaM ro3ara kenatmpamau. Iy cabamm, mmasma-xykaipa Y3apo
TAbCUPUHU YYKYPpPOK TYIIYHHII Makcaguaa »diaektp MangoH Ba OKK
OKCH/IJTAHUTITUHUHT CHHEPTUCTUK d(HHEKTH TaAKUK STHIAN. CUMYIISIHS HaTHKATapy
IIYHU KYPCATAMKH, SJEKTP MaNJIOHMHUHT Kydyaluim memOpaHaga FOBAaK XOCHII
OYnuII BakTUHM KUCKApTHpaau. byHmaH Tamikapu, JANWAJ —JyMJIAPUHUAHT
okcuianui @KKna roBak maigo Oynuiy (S-HU AJIEKTPOTNIOpAIUs) YUYyH 3apyp
OynraH sneKkTp MaiaoH OycaraBuil KMHMAaTMHUHI nNacaiummra onub kenaau (5-
pacm). MemOpanana xocus OynraH (CyBiaM) FOBakjap Iula3ma 3appajJapUHUHT
XyXaiipa wudra KApuO OOpPUIIMHU OCOHJAIITUPAAM XaMja OKCHIJIOBYM 3apap
KEJITUPUILINTAa UMKOH SIpaTaJy Ba HATHXKa/la XyxXaupanap yiIuMura oiuo Keixau.

Yuunun Oyamm:  Xyxkaiipa MeMOpPaHACHMHMHI  INIa3Ma  OPKaJH
OKCHJIAaHMIIM. YOy OViaumaa mmasma Tydaiau OKCHJIAHWITHUHT MeMOpaHa
opkaimn dochatuauncepun ‘flip-flop’ (spHM Oup KariaMaaH WKKAHYM KaTJiamra
VyTum) xapakatura Tabcupu, H,O, HUHT Typaw XWil JWNA TapkuOim mMeMOpaHa
OpKaIM VTHINUM XaMmMJa MEXaHWK cTpecc (€KW KyWIaHWII)HUHT OKCHJUIaHTaH
MeMOpaHajapra TabCUpH HaTHKalapyu KypruO YMKUIIa IH.

Docchamuouncepun flip-flop’ xapaxamuea niazma opxaiu OKCUOTAHUUHUHS
mavcupu. Docharumuncepun (phosphatidylserine—PS) nummn monekymacHHHHT
MeMOpana OVitmrad ‘flip-flop’ xapakatu amonTo3 (macTypiraliTHPHWITAH XyKalpa
VIMMH) CUTHAJIM F03ara KeJIHIInIa MyXuM poit YitHaian. Ymoy nmga KK 6yiinad
PS ‘flip-flop’ xapakaTmHHHT MeMOpaHa OKCHJIJIAaHHWII Japakacura OOFIHKJIUTH
TaAKUK KWIMHAM. HaTmwkamap myHHW KypcaTnuKd, JUNUIIAp TEPOKCHITAHUIIT
JTapaKaCHHUHT OIMINA MeMOpaHa IO3aCHMHHMHT KeHrahummra (6-pacm), Oy dca
(9KCnepuMeHTaN HaTiKanapra MyBoQHK Xoiaa) MemMOpaHa YTKa3yBUaHJIUTHHUHT
cesmwyapiM Japakana yirapumura onu0 kenmamu. HaTmkanma, NepOKCHTaHUII
napaxacuHuHr owmimy PSHunr memOpana 6yina6 ‘flip-flop’ spkun sHeprus
OappepuHu macaiitupagu (6-pacm). By mmpoBapauaa Xykaiipa Tamikd CHpTHTA
PSHUHT TpaHCcnOKaIys TE3MUTHHU OIIMpaad Ba MeMOpaHa ro3acuaa PS tomumuim
(aHuKnaHUIIK)ra onauMd Kelagu, HaTwkaga Makpodarmap (MMMYH —THU3UM
Xyxailipanapu)ra xyxxapaHu kampa0d oiaubd Xa3Mm KWIHIIK (SbHUA arornTo3) y4yH
cUTHaJ Basudacuan Oarkapay.

Ymyman, ®KKuunr okcupianumu PS TpaHcnokaius sHeprusi 6apbepruHUHT
Kamaiuiura onubd Kenumura kKapamail, PSHuU Wyky KatnamaaH Talllky KaTjiamra
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YTKa3ull ydyH Xaiud XaM MemOpaHaza (Mac., 3JeKTp MalJoH Tydaiau) xocui
OY1yBuM (CyBIIHM) FOBaKra dXTHEXK O0Op, UyHKH 3pKHUH 3Heprusi Oapbepiapu PS ‘flip-
flop’ xapakaTHHUHT ¥3-Y3umaH (6eBocrTa) COAUP OYIIUIIM YIyH XAl XaM IOKOPH.

(a)

100 -
—_ aldehyde oxidized PLB -=-0.40 Vinm
L -=-0.35 V/nm
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5-pacm. ®KKna roBak xocwi1 OYynumm ypraya BAKTUHUHT JIMNUAJIAP OKCUAJIAHUIIT
napakacura OOFNIHMKINTH, (a) aiabAerdj OKCHUTaHWImK Ba (b) NEpOKCHIUTAHMIIL
Hatwxkanap Typau Xui 2JIeKTp MaliIOH Ky9JIaHTaHJIUKIApH YI9yH XHCOOIaHTaH.
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6-pacm. (a) @ocharugmicepunHuHr KK opkanu TpaHciaOKauus 3pKUH SHEPIus
Oaprepu Ba (b) Ourra nUnMAra TYFpU KeNyBUM CUPT 103acu, MKKOBUHUHT DKK
NEPOKCUAJIAHUIL JApakacura OOFIMKIIUTH.

Ymyman, ®KKuunr okcuganumu PS Tpanciokauust sHeprusi 6apbepuHUHT
KaMaiummra onu0 Keiaumura Kapamail, PSHH Wyku KaTiiaMfaH TalKy KaTjiamra
YTKa3ull ydyH Xaiud XaM MemOpaHana (Mac., 3JeKTp MalJoH Tydaian) xocui
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OYnyBuM (CyBJIM) FOBaKra dXTHEXK O0Op, UyHKU 3pKUH 3Heprust 6apbepnapu PS ‘flip-
flop’ xapakaTHHUHT ¥3-y3umaH (6eBocrTa) COAUP OYIIUIIN YIyH XaIu XaM IOKOPH.

Ymly TaaKUKOT alHUKCA TuTa3Ma THOOWMETH ydyH KU3UKAPJIHM, YYHKH IDIa3Ma
PKAT Ba snexkTp MailJOHMHU XOCWJI KWJIaJH, UKKajdach Xam (a) JIMMUIJAPHUHT
oKcuyTaHuImura Ba (0) Xyxkaiipa MeMOpaHacuja (CyBJIM) FOBaKJIAPHHWHT TIAiI0
Oynummra o6 KeJmimu MyMKuH, my ounad PS ‘flip-flop’ Te3murunu ommpaam Ba
HaTWXaJ1a CapaToH XyKalpaTapuHUHT arloNTO3UTa 0JIN0 KeTaIu.

Membpana mapxkubunune membpana opxanu H>O, ymuwuea mavcupu. Capaton
Ba COFJIOM XyKaipajap MeMOpaHallapu Ty XWJI KOHICHTPAIMSUTN JITTUAJIAp Ba
XonecTepuHAaH Tamkua ~TtomraH. IllyHumHr yuyH, wMemOpaHa TapKuOWiA
Ty3wmmHUHT OKK opkany mmazMa 3appajlapuHUHT YTHIIUTA TABCUPUHU TAIKUK
STHUII MYXUM XHCOOIaHau. YOy uima HochomImm ] Be3UKYIa SKCIIEpUMEHTIIaApH
HaTWOKAJIAPUHU TATKUH KA Makcaguaa US-MD cumynsnusuiapu Oakapuiiii.
Xycycan, H,O, (PKT Bakuian)HUHT Typiau XWJl JIMIKAUIA TapkuOiapra sra OyiraH
OKKnap opkanu Tpancnoptd (1) JUOUA TYMHHUHT TYWHHTAHIMK Aapaxacu, (ii)
nunu 0Ol TYPYXUHUHT TypH Ba (1i1) MeMOpaHaiari X0JIeCTEPUH YIYIINUTa YbTUOOD
KapaTull OpKaid Taukuk Atwiad (7-pacm). OxwuprucH, ¢docdonunupiap Ba
XOJIECTEPUH YpTacujgaru y3apo OOFMUKIMK KaHIal KWIHO COFJIOM Ba CapaToH
XyXailipanap MeMmOpaHanmapuHuHr 1ia3mMa xocun kKwirad PKTra peaknusicu
(>xaBOOM)ra TabCUP KWJIUIIA MyMKHHIIUTH OYHUYa TyIIyHYa OSpUIll YIyH KIJTHH/IH.

e 0
RO TS SR P~ 2
DOPC P T e P e W ._.-"Wﬁ d GVATL
0
DPPC
DPPE
Cholesterol

7-pacm. DOPC, DPPC Ba DPPE nunuanapu xamaa XOJECTEPUHHUHI CXEMAaTHK
kypunumd. [lymty padr 6unaH axpaTWiral KUcmiap ymoly Hija YpraHuwirad Xap
Oup MoJeKysa TapKuOuIaru Myxum (papkiapHu KypcaTazu.

DKCIepUMEHTaNl HAaTWKajdap IIyHU KYpCaTAWKH, TUMAIMHTOWI-(hochaTuami-
xomuH  (dipalmitoyl-phosphatidyl-choline-DPPC) é&éxu nmuoneoitn-hocharuam-
xomuH (dioleoyl-phosphatidyl-choline—-DOPC) Besukynamapuma JUNaIMHTOMII-
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docharugun-sranonamut (dipalmitoyl-phosphatidyl-ethanolamine—DPPE) ynymiu
(KOHIEHTPAIMACH )HUHT OIIMINKM JIUMUIAp TYIUIAaMAHA (3U4Y  YKOMJIAITYBUHH )
KyJaltupaay Ba Oy OMTTa JTUNUATA TYFPH KEITYBUM CUPT FO3aCHHUHT KaMaluIIHra
om0 kenmamu. Jlemak, DPPE koHIIEHTpallMSICHHUHT OIIMIIN MKKaJla CHCTEMaja Xam
PKTauar nmaccus muddysuscura TYCKHHIMK Ky kepak. DPPC Besukynanapu
yayH, Oy Hapca US-MD cumymsmusutapuga xam  Kysatwinaaw, seHu DPPE
yiymmHUHT ot PKK opkamun H,O, yTum spkuH 3HEprUs Oapbepu OIINIIUTA
om0 kenanu (8-pacum (a Ba c)).

DPPC (mol%) (b) DOPC (mol%)
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8-pacm. DPPC (a) éku DOPC (b) Besukynanapura CAIl xocun kunrad PKTaunr
kupumura xamua DPPC (c¢) Ba DOPC (d) moxen memOpanamapu 6Vitnad H,O»
O3IInapura DPPE konunenrpauusicuauHr tabcupu. (a) Ba (b) na ropusonTan yxaa
KEeITUPWITAaH pakamyiap xXap OMp KOMIIOHEHTAaHUHI MOJISp YIAYIIMHHM aHTJaTajiu.
bapuya xonatiap y4yyH X0JIECTEpUH MUKJIOPH 25 MOJIbYo Ta TEHT.
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Ammo, DOPC Besukynanapuzaa skcriepuMmeHntan Hatwxkainap DPPE  ymymmsuHr
ommmy OwunaH opTHO OOpyBUM YTKa3yBUAHJIMKHH Kypcataaw, Oy aca US-MD
CUMYJISIIUS HaTKajgapura Moc kenmaiian (8-pacMm (b Ba d)). Bynunr cababu mrykw,
DPPE koHIleHTpanmsiCH OINTaHAa JIMIH YIOMIIAPH a0 OYJIWIM MYMKHH, Oy
yromsiap DPPE Ba xosieCTepuHHHUHT FOKOpHY JapaxacuHu y3 wuura onaau. [lynmait
KWINO, JUNHA YIOMJIApW BYXKyAra Kelumud Tydaiain MeMOpaHaHWHT OOIKa
kucmiapy  DOPC  ymumuyrapy  OwilaH  OOMWTWIIMINM ~ MYMKHH, yhaap Oy
MeMOpaHaJlapHUHT ‘3au@ HyKTacu’ OYIuO Xu3MaT KUJIaau Ba JIUMUJ OKCHUTAHUIIH
Tydaitnu (cyBin) FoBak naiao Oynummura xynaa moiun 0ynaau. by aca 8(b)-pacmaa
kypcatwirad DOPC Besukynanapu yuyH, DPPE tapkubunu omumpranna PKTaunr
omwmimuHy  TymyHtupaad. DPPC  Besukynanmapuna OyHpail yiomuiap XOCHI
oynmaiinn, uynku DPPC Ba DPPE wukkanacu xam Oup xwin anudatuxk JTumuf
JyMmiiapra sra Ba YJIapHHUHT XOJIECTEPHH OUJIaH ¥3apo TabCUPU TEHT AapakaJa KydIu.

YMyMaH onranja, Taxxpuda Ba CUMYIISLMS HATHKaJIAPU IIYHU KYpPCATIUKU, KT
Kuppayid pU3MK Ba KUMEBHIM skapagHiiap, »KyMJiiaaaH JIUIUJ OKCUJIAHUIITH, JIUTTU]Iap
TYIIaMu (314 >KOWJIAIIYBH) Ba MU YIOMJIQPUHUHT XOCHJI OYIMIIM, PO YiHaIIM
MyMkuH. YOy Ttaakukor CAIl Tabcupura acociaHran TepanusulapHH HIUIA0
YUKHUIILIa EpJam Oepullld MyMKUH, OyHIa XyXaiipa MeMOpaHacH Ba XyKaipaiapaaru
OKCHUJIJIOBYM CTpeccra peakius (3kaBo0) Makca KUJIUHTaH.

Mexanux cmpecchune okcuonramean Mmembpananapea mavcupu. Jluman
OKCHJUTAHULIMHUHT MeMOpaHa XyCyCUSTIIapura TabCUpU MEXaHU3MIIAPH SXIIUPOK
TymryHuaniy kepak. [y makcagna, ymoy TagkukoTaa (CyBiin) FOBaK XOCHIT KUJIHALIT
KaHYaJIMK OCOHJIMTU XaKuJaru aTOMHCTUK MablIyMOTra sra OYIuIl y4yH JIUIUA
okcuiannn tyaitnu ®KK mozpemnapuna MexaHUK OEKapOpJIMKHU YpraHuIll
oyiunua peakrus 0ynmaran M/ cumymsmusiiapu 6axapunau. Lllynnait kuinu0, ukku
TypAara Mojen MeMOpaHayap, S’bHU OUTTa KOMIIOHEHTJIM TOMOTeH (OMp >KUHCIIN)
O®OKK Ba wukku kommnoHeHTIH rereporeH OKK wunuatungu. Xycycan, Owurtra
koMmmtoHeHT/I ToMoreH PKK Xxomaruna TYpT Xuigard Moaell MeMOpaHaiap TaJIKHK
st (9-pacMm), STIbHA TaOMHH MAIMUATOMIT-0J1e0iI-hochaTiania-xouH (palmitoyl-
oleoyl-phosphatidyl-choline—-POPC) Ba yaunr okcuianran makimiapu (POPCOH,
POPCOOH Ba POPCO). T'ereporen MemOpaHa xojaTuaa 3ca TaOWuUH Ba
okcumtanrad pochomunua gomernapu (POPC+POPCOOH)xan tamkwia TorraH
cucteMa ypraHwiad. YmOy Mojen cucremanapiaH Qoigananu0d, FOBaAK XOCHI
OYIMIIMHUHT 3HT OOIINIA KAl STUIIraH HUCOUW KeHraiuil (SI5HU €4) XUCOOJIaH N :

AA
en =" 8)
Oy epna Ap — MeMOpaHa CHPTUHUHT JAacTIa0Ku ro3acH, A4 3ca yia 103aHUHT Xap
Oup BaKT MOMEHTHIATH Y3TapHIIIH.

MogaemmamTupuin  HaTWXKaNapu IIyHH KYPCaTAWKH, MEXaHHK CTpecc
(Ky4JIaHHMIIT) IIAPOUTHIa MEMOpPaHAHUHT OKCUIJIAHUIIIN &4 HA KAMaWTUPaaH Ba yHIA
(cyBmu) roBak xocwi Oymummra €paam Oepaau, Iy OwiaH MeMOpaHaHUHT
oKyBuUaHurHra xucca Kymaau. I'omoren ®KKnapna ¢4 okcuianui Typura OOFIHK.
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POPCOH Ba POPCOOH wmemOpananu (CyBiiM) FOBaKk Maijo Oynuimra Kymnpox
Morun kwiaad, POPCO »sca ceswrapiaum Tabcup Kypcarmaiau. I'eteporen
meMOpananap (seau POPC+POPCOOH) Tabunii POPC meMmOpaHanapura kaparasja
(cyBnm) FoBak Taiao OYynummmra KYnmpokK MOWHI OYnnu0 KypwHAIW, aMMO YIiap
CTAaTHCTHK HOAHUWKIMK goupacuaa romoreH POPCOOH wmemOpananapura yxmrad
V3UHU TYTaJIH.
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9-pacm. POPC Mosekynacu Ba YHUHI OKCHJUIAHTAH IIAKJJIADUHUHI CXEMAaTHUK
KYPpUHHLLN.

YHpgaHn Tamkapu, rereporeH MmemOpanaitapna roakiaap POPC Ba POPCOOH
noMmennapu uHTepdeiicu (opanuru)aa €K OKCUIJIAHTaH COXAaHUHT aCOCUN KUCMUJIA
xocun Oyaau.

Typrunumn oyaum: HuTerpan MeMOpaHa OKCHWIJIAPUHUHT
VTKa3yBUaHJIMIM. YOy Oyaumaa 1uiasMa OpKald OKCHIJAHUIIHUHI aKBAaNOpPUH
(aquaporin—AQP) xananmu opxaniu PKAT tpancnoprura xamapa xCT antunoprep
opkanu uuctuH (CYC) yTummra TabCUpu HaTHXKaJlapu MyXoKaMa KUJTUHA/IH.

Tuopogpunux ea cuopogooux PKATnune AQP opxanu mpancnopmu. AQPmap
TpaHCMeMOpaHa OKCHWJI KaHaulapu Oynub, ynmap Xyxkaiipa MeMmOpaHacu Oyiinad
HadakaT CyB MoOJIEKynajapuHu, O0anku Oomika 3appanapHu, macaiad, CAIl xocun
kuinrad PKATHu xam yTrazaaumnap (10-pacm). Jlactnadku umga, HO, Hunr Tabunit
AQP1 (AQP ownacununr awizonapunaH Oupu) Ba OKK opkamu yTuimm Taakuk
stunan. AQP1 6yitnaé H,O, nunr spkun sneprus 6aprepu @KKuukura Hucbatan
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MacT, YTKa3yBUaHIUK KOY(DPUIIMEHTH 3ca UKKU KaTTaIMK TapTubu (TaxmuHan 380
MapTa) KaTTa dKaHJIUTy aHUuKIaHau, 0y oca H,O, HUHT Xyxaiipa nakaprucura Kupuo
oopumm AQP opkanm OYIUIIN KepaKIIUTHHU KypcaTau.

RONS

Extracellular

(e (= (e
DI, DI )}])JJE; 4F2he xéj DU
Intracellular system x.
Seiine — oSH >

e Iy

10-pacm. AQP (wanmma) Ba XCT antumoprep (YVHrma) HWHTErpaJ MeMmOpaHa
OKCWJUTApUHHUHT cxeMaTuK Kypunuiid. Ilmazma xocun kwiran PKAT (mac., H,O,)
AQPHHMHT XykKalipaJaH Tamlkapd KHUCMHHH Moaudukanusiad/okenmiad (capuk
101y3) €KM y3rapTupMaciaH y opKamu nudy3usUTaHdAIN Ba XyKalpa HYUgIard
PKAT nmapaxacuau ommpuind MyMKuH. Yoy 3appaap XCT Owian xam y3apo
TabCUPIAIMMO, XyXalpagaH Tallkapy KHCMUHHM OKCHIUIAIIN (CapuyK IOJIIy3Jap) Ba
HATIKaJa YHUHT (PYHKUUSACUTA Tabcup Kuiumm MyMkuH (Mmac., muctuH (CYC)
TPAaHCHIOPTUHM TYXTaTuil opkanu). by xam, y3 nHaBOatuma, xyxkaitpagaru PKAT
MUKJIOPUHHHT OIIUIINIa XUCCa KYIITUIITH MyMKHH.

bupok, AQP opkanu PKAT tpancnopTuHUHr ymymMui TaOWaTH Xaid XaM HOAHUK
sau. LlyHuHr yuyH, keiiuHru umga ymoy taakukoT Kynpok PKATHM xan0 kumui
Ba YpraHuil opkaiu keHratupunau. Xycycad, AQP1 6yitnab ruapodpumiuk (H,O, Ba
OH) Ba ruapododux (NO; Ba NO) PKATHuUHT yTHII )apaéHIapyu TaAKUK dTHIIIH.
Hartmxkamap xypcarmuku, ypraawirad PKATHuHT Gapuacn AQP1 opkamm yrumm
myMmkuH. OH Ba NO 3appanapuauar AQP1 opkanu yTuiil 3pKuH SHEPrust Oapbepiapu
H,0, Ba NO; nmapaukura HucOaTtaH mact, Oy ymoy 3appanapauar AQP1 roBarmHUHT
WYKM KUCMHUTA KUPHUIIMHU OcCOHjamTupuind Ba AQP1 HMHT aMHUHOKHCIOTaIapu
OwaH ¥3apo TabCUPIAMUIIT MyMKUHIUTHHA KYpCaTa/IH.

ITnazma opxanu KK (mumnua) Ba AQP1 (okcuir) OKCUITTaHUIITMHUHT FOKOPHIA
kentupuwirad PKAT TtpaHcnopTura TabCHUpH XaM TaakKWK STuiau. Hatwkamap
kypcatauku, munug (OXL) Ba okenn (OXP) okcuayiaHunHUHT uKkanacu xam H,O,
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Ba NO, 3appajlapuHHUHT Y TULI SpKUH dHEprust 6apbepunu 6upo3 omupaau, OH sa NO
3appajapy y4yH 3Ca OKCHUIAHUIITHUHT KY4IM Tabcupu Kyszatuiamaiiau (11-pacm).
[Mynmait kumub, TuapoguIuk 3appanap xykaipara AQPmap opkamu kupuim
Taku( KAIUHIA, 9YHKA yiaap JAag MeMOpanacH, aiankca tabumii @KK, opkamn
sTHara FOKOPHUPOK Oapbepra ayd kenumraad. AxkcwH4Ya, ruapododuk PKAT xarra
OXTUMOJ OWjaH, JUNHWJ OKCHJJIAHWIIM COAWp OyiaaawraH, MeMmMOpaHa OpKau
Vrumaay, 9yHky yaapHuHr AQP opkamm yTuin 6apbepiapu I0OKOPHPOK.,
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11-pacm. AQP1 nunr Tabuuit (NAT, xopa un3uk) Ba okcuanrad (OXL Ba OXP,
KM3WJI Ba LI YU3UKIIap) MoJen cuctemanapu 0yitnad runpodunmk (H,O, Ba OH)
Ba ruapododuk (NO, Ba NO) zappamapauar DDIlnapu. Xyxkailpa W4ugard Ba
Xy)KanpaJaH TallKapy CyB KaTjlamyiapy OYMK KYK paHrjia Kypcartuirad. JKurappaHr
gmsukiap Epaamuga AQP1 muar Asn-Pro-Ala (NPA) Ba aromatik/Arg (ar/R)
coxajiapu axpatub KypcaTuiraH.

Mopennamtupuin HaTH>KaJlapyu capaToH Xyxkailpanapujaa aHukjianran CAII
tydpaiimn PKATHUHT cesnnapiu napaxkana KyHaUWIIMHAHT TyO0 MeXaHW3MJIapWHU
TymyHuira épaam oepanu Ba mry ounan CAITHUHT capaTtoHTa Kapim (aosmuruia
AQPrnapHUHT poJiM XaKUaru TyIIyHYaIapMU3HU SAXIITUIANIN.
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xCT anmunopmep oxcunu opxamu yucmun (CYC) mpancnopmu. Yoy
TaJKUKOT UKKA KucMaad ubopatr. bupuaun xuemaa xCT, sseamn XC - aHTHTIOPTED
okcrwHUHT CYC Ba riryTamar TpaHCIOKalMACUTa Machysl €HIi1 OYIMHMAacH, ydra
Mozen cuctemacu opkanu CYC yruin xapaéuiapu TaaKuK dTiaU (rokopuaaru 10-
pacmra Kapanr). Xycycan, XCTHUHT Tamky TOMOHTa KaparaH (outward facing—OF),
¢muk  (occluded-OCC) Ba wukm TomoHra kaparan (inward facing—IF)
KoH(puryparumsiapu kypu6 unkwiay. Hatwkanap CYC Hu yruia0 ofvIm, Tammuin Ba
Kyhuo ro6opumr yuyH mackyn Oynran OF, OCC Ba IF kondurypauusnapua
AMUHOKHUCIIOTAIAPHUHI MyXuM posmapuau  anuknagu. OF, OCC Ba [F
ctpykrypanapu opkaiu CYCHunr xucobnanran O9IInapu IF xondopmanuscuaa
CYC sHeprus MUHUMYMH 3HT FOKOPH OYIMIIUMHY KypcaTau, 0y antunoprepaan CYC
YUKUIIM YIyH KaM 3HEpTus Tajiad STUWIMIIMHA aHTJIaTaq.

NkkuHYM KUCMAa CapaTOH XacCTAJMTHHM JaBonamiga Myxum Oynaran XxXCT
okcunin opkasin CYC TpaHcnoprura riasma Ty(aiian OKCUIAJaHUIIHUHT TabCUPU
taakuk >Tuiaan. by mmna xCTaunr OF koHgurypamusicu xucoOra OJMHAM Ba
OKCHJJIAHMII TAabCUPUHM YPraHull Y4YyH XyXKalpa Tallkd MYyXUTUTra SKUH
xoinamrad XCTHunr Cyss;; aMHHOKHCIOTa KOJAUFU OKcuiaHau. Hatwxamap
IyHU Kypcatauku, Cyssy; KonauruHUHT okcuuianniny CY C TpaHCIoKaluusacH yayH
SpPKUH DBHeprus OapbepuHH KenTupud uukapagu (12-pacm), 6y »sca OF
CTPYKTYpAacUHUHT cyOcTpat Oofnanaaurat xoitura CY C kupuimHu TYcuO Ky siau.

40 ————— . .

30 — native OF

—  oxidized OF

CE L

20
10

o

40 . | . | . | . I .

Z (nm)

12-pacm. Tabuuit Ba okcumnanran OF cucremanapu 6yiina6 CYCraunar 301 Lmapw.
Od KYK paHT XyKalipaJaH Tallkapy CyBJIH (a3ara TYFpu KeIaIu.
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[ynnait kb, Hatwxkanap wyHu kypcatauku, XCT xaHamuHu TYcuO KyHuiiga
Cyssy; kKommuruau (Mmac., CAIl opkamm) okcumiam yan Ala ra myranusiammra
Kaparasjia caMapajgupokx.

Ym0y TagkukoT xyma MyxuMm, dyHKA Y Cyssy; OKCHIJIAHWITUHWHT OKCHII
KaHAIMHUHT ENWIMIINTa TabCUpUHU TylyHTHpaau Ba my omiad XCT opkanu CYC
VTUIIMHA KUHMHIAMUIIAHA KypcaTtaad. YOy OKCHIJIaHUII, MacajaaH, KHUCIOTaId
pH myxutuaaru caparon xyxaipanapura CAIl KynmaHumvm HaTHXKACcHUIA ro3ara
ke MymkuH. [llyHmgai kuaub, ymoOy taakukor XC  aHTHIIOPTEPUHHM TYCHO
KyWHWIm opkaau capatoH Xyxkaipagapuga CYCra Oynran 53XTUEX (OWIHK)
MEXaHM3MHHU TYITYHTHPHIIN MYMKHH, Oy 3ca XyXKalpajlap WYHIard TIIyTaTHOH
(GSH, 10-pacM) mapaxaCHHUHT TTacalMIIIMra Ba HATHXKajda XyKaipaiap YCUIIIMHUHT
ceKkuMHjammmmra (kM TyXTalura), amomnTo3 lo3ara KeJlulIura Ba CcapaToH
XyKaiipaiapy JOpUra KapIvIMTHHAHT TTACAHUIIINATA OJINO KEJIaIH.

bemmmHun O0yimm: curhag, rio0yJjap Ba TOJACHMOH OKCHJIJIAPHMHI
OKCHUIaHMIIM. YOy OynuMaa IuiasMa OpKald OKCHUAJIAHUIIHUHT HMHCOH
snuaepMan  ycum  (pakTopu Ba LUUTOMIOOMH OKCWJUIAPUHHUHI  CTPYKTYPaBHM
XYyCyCUSITIIapura, IIYHUHIIEK TOKCUK aMWIOMJA OeTa MenTuj] arperauusiCHHUHT
Oapkapopiurura Tabcupu Oyilua TaJKMKOTIap HaTHXKajJapu MyXOKaMa KUJIHHAIH.

Hncon snuoepman ycuw pakmopu (hEGF)nune niazma opxanu oxcuoaianuuiiL.
hEGFmap xnuwk curaan oxcwmiapu O0ynu6 (13-pacm), ymapHUHT OKCHITAHWIITH
CTPYKTYpaBHii Ba KOH(GOpPMAIMOH Y3rapuuulapHH KenTHUpuO uukapaau, Oy sca
XyKalpajaru CUrHaju3anus Myiapyu TapTuora CONMMHUIIM €KU OY3WIMILIUTA OJIMO
KeJIali Ba HATWKAla Xy)Kanlpasap Kylauuimura TabCup KypcaTaau.

13-pacm. Licorice (a) Ba cartoon (b) kypunummnaru hEGF okcun crpykrypacu. (a)
Ja IUCTEWH KOJJAUKIAPUHUHT OJTHUHTYTYpT aroMjapd Ba yiap opacujaru
nucynbdua OOFIap aHUKIUK YUyH CapUK paHria KypcaTUiraH.
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Ymoy wmga CAIl Ounan wmmioB Oepuimn HaTwxkacuaa kennO umkaaurad hEGF
OKCHJUTAaHUIIMHY TaJKUK 3TULI Makcaauja peaktus oyiMaran M/] cumynsusinapu
Ba JKCHepuMeHTHap Oupramukaa onud Oopmigu. Xycycan, CAIl Ounan unuios
OCpUIIHUHT KUMCKA €KM Y30K BaKTJapura TYFpU KeJyBUM TYPJU XWJI OKCHIUIaHUII
napaxanapura sra hEGFaunr kondopmanmon y3rapunuiapu ypranunan. hEGFaunr
OKCHJUIAHTaH CTPYKTypalapuHu Xocui Kuiauml yuyH tabunit hEGF Tapxkubunaru
MabJiyM OUp aMUHOKHUCIOTAIAPHM OKCHIJIAHTAH INAKIra Y3rapTHpHUIL OpKaIH
spuwiay (1->xaasan).

1-xaaBan. Typmu okcugnanran hEGF  okcummapuHu  XOCWJI KWIMII  yYYH
nnuratuinaaurad 10 Ta aMUHOKHCIOTaJapHUHI PyWXaTH Ba YJAPHUHI KUMEBHU
TY3WIALUIAPH.

AA modified AA AA modified AA
in native hEGF | in oxidized hEGF in native hEGF | in oxidized hEGF
o] Io| o) 5 o
S S OH
HaC \/\(LLOH HiC \/\)LOH O)Lon 8
NH, NH, NH é
methionine (MET) methionine sulfoxide proline (PRO) pyroglutamic acid
o 0 0 0
0
W - H,N o~
Hs/\)kOH O;s{\/\)LOH M)LOH M)LOH
NH, O NH, NH, NH,
cysteine (CYS) cysteic acid lysine (LYS) allysine
[ HO. Q o Io 9 |O
N 2 N ? NH, OH NH,
tryptophan (TRP) 6-hydroxytryptophan glutamine (GLN) 4-hydroxyglutamine
i o i M ”°78;&
OH OH
I8 L HyC OH HyC OH
HO HO NH, NH,
tyrosine (TYR) 3,4-dihydroxyphenylalanine valine (VAL) 3-hydroxyvaline
0 H o |O (o}
HaC
S =T R Doy o
N NH; N NH, HO
H H CH; NH, CHj NH,
histidine (HIS) 2-oxo-histidine leucine (LEU) 4-hydroxyleucine

bynna okcuwmmanmm  Oyiimua hEGFamAr  y3ura Xxoc  Mopudukanuscu
MozemmamrTupum Ba Dypse TpaHchopMmarmsicn HHOPAKU3WIT CIIEKTPOCKOMHUSICH
(FTIR) wnatwxamapuau Oupiamtupuil opkaaun anukiaanma. FTIR  rtaxymmmapu
HaTWXKaJlapy IIYHH KypcaTAukW, IutazmMa Ownad 45 ¢ wmmoioB Oepwiranma hEGF
crpykrypacuga S=0O Ba OH rypyxiapu xocun Oyaran (l4-pacm). By myHm
aHrjaaTauKy, OKCUIJIAHUII Japa)kacy MacT OYaraH XoJiaT/Aa TApKuOKu1a THOJ TypYyXH
MaBxky 6ynran amuHokuciaoranapau (Met Ba Cys) cumyssiiusiia Mo iudUKaIsIant
yU4yH ylapHu 3bTHOOpra onui kepak. 300 Ba 600 ¢ xonaTiapuaa sca (ynap yprada
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Ba IOKOpU OKCHJUIaHMIN Japaxkanapura moc kemanu), V(C-OH) curnanuHuHr
WHTEHCUBIUTH TacTpok 0y, C=0 xocun Oynummm 3ca onym (14-pacm), Oy THOT
OKCHJIJTAaHWIITNIAaH Tamkapu, cumysiusaa His Ba Lys xabu KoiamukimapHu Xam
Mo UKAIMSIIAII KEPAKITUTUHN OUIIIUP.IN.

600 s amide A
——300s i
C=C S=0 ke
v(e=C)  v5=0) —— control
v(C-OH)
LS P 1(CHy) amide Il W(C=0) g
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C )
= amide llI /
. ‘s
'E Q \ amide |
© unordered
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; |1 -/\ I
=
® \/ /
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E |~ — L/
AL NA U S \-"\_
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i
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14-pacm. [Tnazma 6wmnan unuioB 6epwiran hEGFuunr FTIR cniexrpnapu. Xap 6up
WIUIOB OCpHUIll BaKTH yYyH ypTaua KMWMaT Ba CTaHAAPT Xaro (Cos MIAKIHIA)
KypcaTriran. YKum ocoH 6ymumm yayH crextpiap 0,03 y3rapmac koodduimentra
CHWIDKHO KYpCcaThTaH.

Cumynsinus kunuarad hEGF Ty3unummna pyit 6epran cTpykTypaBuil y3rapuiuiapHu
TEeKUIHUpUII ydyH aiinanma nuxpousMm (circular dichroism—CD) cnekrpockonusicu
xaM amanra omupwiad (15-pacm). CD Taxjiiiapy HaTvKajlapy IIYHU KYpPCAaTIUKH,
miazMa Epuamuaa 45 ¢ unuioB O6epumn, hEGF ukkumamuu cTpykTypacumaa KOHTPOJ
CTHIEKTpUTa HUCOATaH O3TWHA Y3rapUIUIapHHA KEITHPUO YUKAPaIH, XOIOYKH Y30KPOK
untoB 6epwr (300 Ba 600 ¢) hEGF uxkunamum CTpyKTypacCHHUHT OY3UIHUIINATA OJTNO
Kenaau. by cumymsimusiiapaa xaM Ky3aTrjii.

YMyMaH onranza, CUMYJISIIHS Ba SKCIIEpUMEHTAl HaTvXajnap ypracuaa cudar
KUXATUIAH AXIIH MyBOPUKIMKKA >putiiian. OJMHTaH HaTHKajgap KYpCaTIUKH,
OKCHJIJTAaHTaH CTPYKTypasap (aifHMKca I0KOpH OKCHIUIAHHUII Japa)kacua) yiaapaaru
KOH(OpMAaIMOH Y3rapuiniap Ba TUCYab(u1 OOFIapHUHT Y3WIUIIHN Ty(Qailia, KYyIpoK
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aruiayBYaH OYimO Kojaau. bByHImaH Tamkapu, MacT OKCHIUIAHUIT JlapaKacH
hEGFuuHT yHUHT penenitopyu OwiaH OOFJIAHUIN SHEPTHSICHTA CE3UIAPCHU3 TAbCHP
Kajaan (SBHE Y3apo TabCHp OSSP Oy3WIMaiIn), XO0JO0YKH FOKOPH OKCHIJIAHTaH
hEGF yaunr penentopu OuiaH Kam y3apo TabcUpJamiaad (SIbHH OOFIAHMII
Oysmiamu). by oxup-okubatia, XyKallpaHUHT KyHauui skapaéHura €paam OepuIi
EKM TYXTaTHO KYHUHIIT OPKAJIH TAbCUP KU TH.
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15-pacm. CD-cniekrpockonusicu €paamua Iuia3mMa OWIaH WIIJIOB OepuiraH
hEGFHUHT HKKUIaM91 CTPYKTYPaBHH TaX IAJIH.

[ynnait kUm0, OJMHTaH HATHXKAJIAP Y30KPOK BAaKT JTaBOMUJIA CAPaTOH XaCTaIMTHHH
JaBoJIaIl/ia Ba KMCKa BaKTiIap/a dca sipanu Ty3atumaa CAllnan doiinananum ounan
OOFJIaHUIIT MyMKHH.

Lumoenooun (CYGB) cmpykmypacuea naazma xocun xunean PKAThune
mavcupu. CYGB okcuananui-Kadtapwinin peakuusiapu (redox)Hu TapTuOra
COJIyBUM SIKMHJA Kaild) STUITaH TJIOOMH OKCWUIApAaH OWUpUAUD, Y XyKalpaHu
OKCHJIJIOBYM CTPECCAAaH XMMOsI KWIMILJA UIITUPOK 3Taau Ae0 Qapa3 KUIMHAIM.
Ymby umina miazma xocun Kwiraih PKATaunar CYGBra tabcupu sKkcnepuMeHTan
TaJIKUK ATWIIU Ba Oy TaxpubamapHu KyJaaO-KyBBatTiaml (SbHH HATHKaJIaPHUHT
MOJIGKYJISIp ~ MEXaHU3MJIQPUHU  TAJIKUH  KWIKII)  Makcaauaa  KOMIIbIOTEp
CUMYJSIIUSTIAPA  YTKA3WIAU. ODKCHEPUMEHTal TaJKUKOTIap IIYHU KYpCaTIAUKH,
CYGB nu CAII 6unan unuioB Oepuill MUCTEUH aMUHOKHUCIIOTaIapu (sibHu, Cyssg Ba
Cysss) opacuna aucynbbun 6or xocwn Oynumura onud kenaau, ssbhu CYGBg.
Ymly Oofuunr CYGB crpykTypacura TabCUPUHHM TaIKUK STl yuyH MJI
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CUMYJISIIASIIApUA amaira omupwiand. CUMYIIANUS HATWXKAJIApH IIYHH KYPCATIUKH,
momgudukanusanran CYGBgs TapkuOumarn rem rypyxuHuHT Tabmmii CYGB-
marura HucOaTaH bTHOOpCH3 napakana criikuimy MaBxkya. Jlemak, Cysss Ba Cysss
opacuga AUCYTbGUI OOFHUHT XOCHJI OYIUIIM TeM TYPYXHHHHT JIOKaj
OpPUEHTALMSICUHY y3rapTupMaiiim, Oy xakmga amaOué€rtna XaM MabiyM KWJIMHTaH.
AMMO, CUMYIISIIAS HATWKaIapH, TeM TYpYyXH SKUHUAA xKounamran His 7 Konauru
V3 ypuuam  Mommdukanusmianran  CYGBgss ma  ceswrmapnmm  gapaxkana
y3raptupranauraau kKypcarau. Hisij; a30T aromnapunan Oupu OWIaH reM TEMHUPH
opacugaru macoda momudukamusmianran CYGBss nma nespnu ukku OGapoGapra
owau, Oy nucynbpun O0ofu Tydainu ro3ara KeiaraH KOH(QOPMALMOH Y3rapuiuiap
HaTuxacuaa 6ynau (16-pacm).

top view side view

(b)

(d) _ His117

: ) wPHis113

modified CYGB, ; nhative CYGB

16-pacm. Kusun typcumon 1o3a cudaruma xypcarunran tabumii CYGB (a-b) Ba
mogudukanminanran  CYGBss (c-d) cucremanapuunr  Oormanum  (¥3apo
Tabcupnammin) xoinapu. Kypunub typranuaek, tabunii CYGBaa rem rypyxura
(stmvot)  sKMHITamMm  UMKoHuATH Moaudukanusnanran CYGBgs.s ra HucOatan
YeKJIaHTaH.

[ysnait kumm6, CAIT oxcummamm tydainm aucyabdun OOFUHIHT XOCHIT OYIIAIITN
CYGBHunr 3D crpykrypacura TabCup Kwiaay Ba my Ownad His j; HUHT mapBo3a
(GYHKIMSICH OpPKaJIM TeM TypyXura SKUHJIAIIUII WMKOHUSATH O4ywiagd. by, V3
HaBOaTuaa, reM TrypyxuHH skaind kwmumn opkamu CYGBna OoroBUM SKUHIMKHU
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OIIMPAaN, KAMCUKHU TAAKUKOTHUHT SKCIIEPUMEHTAIl HaTHKAJIapu OUJIaH MOC KeJaJlu.
Ymoy TankukoT xyma myxum, ayHkd CYGB, Monekymnsp acocaa, OKCHIUIOBYH
cTpeccra Kapu Xyxaipa Kypamuiiyaa pojl YAHAIIM UMKOHHMSTUTA 3Ta SKaHIWUTH
TYFpHUCH/IA KYIIIMMYa MabIyMOT Ba STHTY TyIIyHYajgap Oepaiu.

OxcuonanuwHune MOKCUK amMuioud dema nenmuo acpeeayuscuea mawvCupu.
Musiga spumaiiaurad  amwions, Oeta (AP) TENTHUAJIAPUHWHT — arperauscy
AnprreiiMep xacTamurd Kabu HEHpOIEreHepaTUB XaCTATMKIAPHUHT OOIIIAaHHUIIINTA
cabab Oynmumm Mabaym. AmMo, A arperamiapuHu  OeKapopIallTHPUIIHUA
TYIIyHTAPYBYM TyO MeEXaHM3MJIAp Xald XaM SXIIA ypranwimarad. Af
arperarnapuan CAII opkaau okcuiamra OarviiaHTaH CYHITH TaxpuOanap ymoy
TOKCHK arperaTjapHH WY K KAJIHII/IA HCTUKOOJITN HaTrKamapuHu Kypcatau. [Ilynmai
Ko, ymoy tagkukoraa M1 cumynsmusiiapuaan Goiiganann6 AP nmeHTaMepHHHAT
CTaOWITUTUTA OKCUJIAHUII TabCcupu ypraHwind. CUMYISIusS HaTHKajdapu IIyHU
Kypcatnuky, AP  TEHTAMEpPHMHI  OKCHJUJIAHWINKA  CTPYKTypaja  IOKOpH
ATWJTYBYAHJIMKKA Ba KYNPOK KOHGOPMAIMOH Yy3rapuiuiapra ojiu0 Kelaau Ba Iy
OWwjiaH SPUTYBUMTAa KUPHII HMMKOHUSATHHH OWMpaav. by ‘Ty3-xympuru’ ¥3apo
tascupu Oy3wiran OX3 (15% okcumanuin) XojiaTuaa sHajaa SIKKOJ KYpPUHAJIH.
Bynnan Ttamkapu, OKCHAJIaHWII TENTHAJIAPAPO OOFIAHUII J3PKUH SHEPTUSHUHT
nacaiummra om0 kemanu (17-pacM), HaTtwkaga aMuiions OeTa arperanusicu
XKapaCHUHU U3JIaH YUKApaIu.

| I —
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- 80 — native -
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& n — QX3 -
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-200 -
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17-pacm. Tabumnii Ba okcwmnanran AP meHtamep crpykrypanapuauar D3I lnapu
(PMF). OX1, OX2 Ba OX3 Moc paBumizaa 3, 9 Ba 15% okcuianran CTpykTypajiapra
TYFpH Kelaju. BOFIaHWI 3pKUH JHEprusiiapyu npodwriapard MUHHMAT Ba
MakcuMaJl KuiMamiap GapkuaaH XucooaaHaIu.
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[lyngait kunud, ymldy TagkUKOT AJBIIeMMep XacTallurd Y4yH MyXUM OViraH
TOKCUK A TenTua arperarusacuHu CeKMHIamTupum (EKd TyxTaThmi)ra cadad
Oynaauran MeXaHW3MIIApUIaH OMPHHHU SIXIIHPOK TYITYHHINTA EpAaaM Oepau.

XVYJIOCAJIAP

DKCIepuMEeHTaJl TaIKUKOTIap OuiaH OMp KaTop/1a KOMITBIOTEP CUMYIISIITUSTIApU
XaM THPUK XyXKalpamap CcUpTAIa COmUp OYiIamuraH MOJEKYJsp Kapa€Hiap
TyFpucuaa QyHaameHTan TymryH4anap Oepummm mymkuH. Ly Owram Oupra, Oy
)Kapa€HIapHU TaxpuOanap OpKaly YpraHuil KUHUH €KUM XaTTO UMKOHCH3 OVIIHIIH
mymkuH. [llyaman kenm® 4YWKkaH Xonnma, ymoOy TOKTOPJIHMK HWINUAA CapaToH
XyXalpamapuaa o3ara kenaauraH Xxyxkaiipa wunparn PKATHuHT cesunapnu
Japaxajga OLIMIIMHUHT Oapya y4yTa TMOTEHUMAl MEXaHW3MJIapH, SbHU )
YTKa3yBUAHJIIMKHUHT OLIMIINra OJu0O KednyBuM Xyxkaipa memOpanacuHuHr PKAT
tomoHusiaH Moaudukanusicu, b) PKATHuUHT TpancmemOpaHa OKCHI KaHaJlJIapu
opkanu ¢aon (6eBocura) TpaHcnopTH Ba ¢) PKATHUHr Xyxkailpa nunparu crpecc
CUTHAJIMra OJIMO KeJyBUM MabiyM OKCWUIAp OWiaH ¥3apo TabCUPH, aToMap
Japaxkagard 3aMOHABUM KOMIBIOTEpAAa MOJACIUIAINTUPHUINIAAH — (QOoHaaTaHIING
Oaradcmn TagkuK OSTWIAA. KOMIBIOTEp CHUMYISAIUSUIApUAAa MOZET CHUCTeMamap
cudaTruIa MU MOJISKYIIaJapUHUHT Xap Xui Typaapuaan tamkmi Tonran OKK Ba
TYpJIH XWI TypJard OKCiIapaan (HoinaaaHuim.

Ym0y JOKTOPIMK UIIKa KUJIMHIaH XyJocajiap Kyluaaruiapiad noopar:

1. @®KKna nunuamapHUHT TUia3Ma OpKaidd OKCHUJUIAHWINKA OWTTa JUMHAra
TYFPU KEIYBYU CUPT F03aCHHUHT YMYMUH OIIUIINTa Ba KYIII KATJIaM KaJTMHIUTHHUHT
KaMapuIura onuo kejaau; autakadoH 25% ALD oxcuajiaHuiny OUTTa JIAMMATA
TYFPU KEITYBUYU CUPT 103acUHUHT ~10% ra ommmmra, Kyl KarjiaM KaTUHJIATHHUHT
aca ~10% ra xamanummura onu6 kemaau, xarto ®KKma 25% OX2 oxcumiaHuIn
MaBxkyn OVica xam (spHH 25% ALD + 25% 0OX2); 0y, HaTuxkaaa Kyul Katiam
OKYBUYAHJIUTMHUHT OILIUIIINTa OJTUO KeJaIu.

2. Jlunupa OKCUIJIAaHWIIM, INYHUHTACK, MeMOpaHa YTKa3yBUaHJIUTHMHUHT
YMYMHH OIIUIIHra oJu0 Kenaaw Ba mry Owran memOpaHa opkaiau PKAT yrummra
tascup Kwiaan; OKK okcwmnanumm tydaivm ruapodmmk PKT (OH, HO, Ba
H,0O,)anrHT MeMOpaHa OpKaIH YTHII SPKUH SHEPTHUsS Oapbepiapy KamMasau, aHUKCca
anpaeru okcuanum xonatuaa; 50% anpaerua okcuaianran ®KKna OH, HO, Ba
H,0O, 3appanapyHuHr Kyl KaTiaM MapKa3ura KUPHII aKTUBalKsS SHEPrusiapu
tabumnii ®KK Owmnan conmmmrupranga moc pasumina 45, 26 Ba 31% ra kamasam,
ruapodobuk PKAT (NO, NO,, N,O4, O, Ba O3) ce3unapiu gapaxana 1mact SHSpPrus
Oapbepirapura sra OyJaau Ba IIyHWHT y4yH Tabuwmii Ba okcuaianrad @KKap opkamu
ruapodmmk PKTra kaparanaa OCOHPOK YTHIIIA/IH.
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3. PKTauHr MemOpaHa OpKaJiM YTHII SPKUH SHEPrus OapbepiIapuHHHT
MacaluIg oy TypJIapHUHT XyXKaipa naura (OKCHIOBYH 3apap KeITUPHIIH YIyH )
KApUO OOpHINM SXTUMOJUTUTHHH OIIMPAIH, aMMO DHEpPrUs Oaphepiiapy Xaluu Xam
HUcOaTaH IOKOpW OYnmO, Oy MyaWssH OKCHJ KaHautapura €KH DJICKTp MaiI0H
TOMOHH/IAH XOCHJI KHJIMHTaH FOBAKIIApra dXTUEXK OOPIIMTHHH KypCcaTaH.

4.  DnekTp MalJOHUHUHI CUHEPTHCTUK TabCUPH LIYHHU KYpCaTaJuKU, JIAU
OKCHJITAHWIIT MeMOpaHaJa FOBaK Maimo OYymumm (SBHHU DIIEKTPOIIOPAITUS )HA
Oonwtamr y4yyH 3apyp OVynran ¥ypraua BaKTHUHI KaMaWWIIMra, LIYHUHTIEK
MeMOpaHajla FOBaK IMMai0 OYIWIIM Yy4yH 3apyp OYyiaraHn OycaraBUil JIJIEKTP
MalJOHHHHT Iacaiummmra oaub keiaan; 0.4 B/HM 351eKTp MaliIoOH KydJIaHTaHJIUTH Ba
50% anpaerun OKCUAJAHWINKAA, FOBAK XOCHI Oymuimr BakTH ~12 man 1.2 HC rada
(spHU 10 Mapta) xkamasau, nepokcuaiianran @KKaa aca okCHTaHUIITHUHT Ky
TabCUPH Ky3aTUiIManau (ssbHU ~12 Ba 6 He, 2 OapaBap KaMasin).

5. Dnektp Mailnonu Tydaim FoBakiap Xocui Oynuiu memOpaHajga Ourra-
daityuim cyB nedexTtu (spHU, OUTTa CYB MOJIEKYJIACH KEHTJIUTHIarH TOP CYBJIM KaHa)
naiao Oynumu 6mnan Oonwiananu, 0y aedext te3 (Oup Heya HC MUKAA) KEHrauo
O00pub Hatmxkama (CyBiiM) FOBAK XOCWJI Oynuinura onu0 Kejaaau, XOoCcuia OyiraH
FOBAKJIap PEaKTUB IUIa3Ma TYPJIAPUHUHT XyXalpa MUKW KUCMUTA KUPUO OOpUILITHU
OCOHJIALITHPA/IM Ba HATUXKaJ1a OKCUJUIOBYM 3apap KeITUPUILIUTa UMKOH SIpaTaiu.

6. Jlunupa nepoKCHUIaHUII JapakaCUHHW OLUIMPUII OpKanu PSHMHr wuku
KaTJIaMJIaH TallKW KaTJIaMra YTHII TPAHCIOKALUsS SHEPTUsl OapbepUHU KaMauTHPHIII
myMmkHH; Tabunit @KK yuyH xucobnanran spkuH sHeprust 6apsepu 93 kKXK/monb ra
TEHT Ba y alabu€Ta KeNTUPWITraH KuiMaTiap opaaurua »onamrad (ssbau 75-120
KXK/monnw); 50% nepoxcumnanran ®KKna 0y Gappep 65 k)K/monb rada macasau
(s 30% xamaimumn); 0y sca PS ‘flip-flop’ xapakaTtuHu ocoHmamTHpagy Ba
HaTIIKaJa XyXaipanap anonTo3uHU KeJITUPUO YuKapau.

7. MexaHuk ctpecc (KyWwIaHHUII) MIApOUTHAa MEMOpaHAHUHT OKCHUJIAHUIITN
HUCOMI KEeHralum (&4)HU KamMaTUpaau Ba yHAA FOBAK XOCWI Oynuiura €paam
Oepaau, ury 6uiaH MEMOpaHAHWHT OKYBYAHJIMTUTA XHcCca KyIIaau;, TOMOreH (oup
KUHCIIN) MeMOpaHaap/a &4 OKCHuIaHuil Typura 6ofnuk; Tadumnit (POPC nunumm)
Ky Katnamaa €4=1.17 Ba Oy kuiimar tynuk nepokcuianrad (POPCOOH nunum)
MeMOpanana 0.9 raga mnacasau (spHM 23% macaiiuin); TeTeporeH (SbHU
POPC+POPCOOH) memOpananapma 3ca foBak Xxocwi Oymuimm tabuuit POPC
MeMOpaHanapura Kaparaaaa ocoHpok (s POPCOOH ra yxmamr) Ba roBakiap €
uHTepdeiicaa éku OKCHUTaHTaH COXaHMHT aCOCHIA KUCMUIa XOCHI OVirau;

8. Jlunuj AYMHHMHT TYHHHTAHJIMK Japa)xac, JIMIUA OOl T'YPYXUHHUHT TYpU
Ba MeMOpaHaJard XOJECTepHH YIYyIIM XaM IUla3Ma 3appajlapuHUHT XY)Kalpayap
WYMra Kupuimra Tabeup Kunaau; memopanaaaru DPPE ynymunuar ommmm 25%
xonecrepunan DPPC Ba DOPC memOpana cucremanapu opkanu H,O, yrummauHar
OPKUH 3HEprHsi Oapbepu OIIMIINATA ONHO KeNaau; Typiau Xuil (U3MK Ba KUMEBHH
XKapaéniap, >KyMIIaJaH JIIU OKCHUTAHUILH, JIAITUAJIAP TYIUITAMH (3HY KOUJIAITYBH )
Ba JIMIHJ JOMEHJIapH YioMiIapuHHUHT Xocwi Oyiumm, PKATHU Xyxkaiipamap nanra
eTKa3uO OepuIaa posl YHAITN MyMKHH.
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9. AQP1 oyitna6 H,O, yrkazyBuannuk kodpduuuentu OKKnarura
HUCOATaH UKKH KaTTaIMK TapTUOH, aHUKporu 388 mapTa, karrta (Pagp1 =2.57 cM/c Ba
Propc oxk = 6.62x107° cm/c) Ba 6y H,O, HUHT Xyxalipa nuKapucura Kupuod 0Opumm
AQP opxanu OYIUIM KEpaKIMTHHU KypcaTay;

10. T'mppodmmk (H,O, Ba OH) Ba rugpododmk (NO, Ba NO) PKATHHHT
6apuacu AQP1 opkamu yrumm mymkuH; OH Ba NO 3appanapuauar AQP1 opkamu
YT 3pkuH sHEprus 6apbepiapu (~8 kKXK/momw) H,O, Ba NO, 3appanapunuku (~12
K2K/Monb)ra HucOaran nact, 0y ymoy typaapHuar AQP1 FOBarMHUHT HYKM KUCMUTA
ocoH kupa oiumuHd Ba AQPl HMHr amMuHOKMCIOTaNapu OwuiaH Y3apo
TABCUPJIAIININNA MYMKHHJIUTHHA KypcaTaad; JUMHAJ Ba OKCHJ OKCHTAHUITUHWHT
ukkanacu xam H,O, Ba NO, 3appanapunuar AQP1 opkanu YTHII SpKUH SHEPTUS
Oapbepunu Oupo3 ommpamu, OH Ba NO 3appamapy y4yH 3ca OKCH/TAHHIITHAHT
KY4JIN TabCUPHU Ky3aTHIMAaNIH.

11. Tuapodunuk Typnap Xyxaiipara AQPnap opkanu kupubd 60panu, YyHKH
yJaap JUnui MeMOpaHacu OpKaJld IOKOpU Oapbepra ydpaluaju, ailHUKca TaOuuii
OKKna (spam H>O, xonatuna moc pasuiaa ~10 Ba 22 kXK/mounb), rupodod Typiap
3ca KaTTa 3XTUMOJI OWJIaH JUMUJ OKCUIJIAHUIIY MYMKHH OYJIraH MeMOpaHa OpKaju
yrumany, yyHkd yiaapHuHr AQP opkamu yTum Gapbepu OKOpUpOK (sbHH, NO
xoJaTuaa Moc pasuiiia ~8 Ba 1 KXK/mMoib).

12. xCT antunoptrepu  Cyssy;  KonaufuHuUHr  okcumjanumm  CYC
TPAHCIOKALMACH YIYH SPKHUH SHEprusi OapbepuHU KeNTHpUO uukapaau (spHU 33.9
KXK/monp), Oy aca xCT crpykrypacuHuHr cyocrpat Oornanaguran sxoinra CYC
KAPUIIUHU TYcuO Kysau Ba my OounaH xCT antunoprep QyHKUUSCHMHH TYXTAaTHO
KYSIIU.

13. hEGFHmHr okcumianumu yHAa KOH(GOPMAIMOH Y3rapuiuiap Ba
TUCYIbGUI OOFITAPUHUHT Y3WIIUIIUTa 0TH0 Kentaau, Oy aca ymoy OKCHIHN alHUKCa
FOKOPH OKCUJJIAHHUIII JapakacH/ia STWIIYyBYaH KWIAIW; O-crimpan crpykrypacu 11.2%
naH 7.4% rava macasinu, B-crpykrypa sca 10.9% nan 0.5% radva nmacasijiu Ba mry ounax
tacoguduil Oypamanap (OU3MHM OMIMPAAW; IIYHAAM KWIMO, MacT OKCHUTAHUII
napaxacu hEGFHUHT yHUHT perienTopu OuiiaH OOFJIaHUIL SHEPTHSICUra KaM TabCup
kunaau (-105.2 Ba -71.2 kkan/mMonb), xonOyku rokopu okcuianrad hEGFaa yaunr
peuenTopu ounan y3apo tancupu nacasau (-105.2 Ba -49.5 kkan/mMonb).

14. CAII okcuutaHAIM HATWXKAcUAa AUCYTb(GUT OOFMHUHT XOCHJ OYIIHIIN
CYGBHuHr xoH(popManumscura TabCup KWIAIH; XaKUKaTaH XaM, 'eM TeMHUPH OviaH
His, ;7 HuHT @30T atommapuaan oupu opacunaru macoda CYGBs s 1a nespiau ukku
6apobapra omaau (6.63 ra uucbaran 13.48 A); 6y sca His;;; HuHr napBsosa
(GYHKIMSICH OPKAJM TeM T'ypYyXHra SKWHJIAIIUIIT UMKOHHHA Oepajiy Ba 11y OWJIaH TeM
rypyxunu ka6 kK opkain CYGBaa 0oFioBYM SIKHHIMKHY OIIUPATH, KAHCUKH
TaJKUKOTHUHT SKCIIEPUMEHTAT HATHKAIAPH OMJIaH MOC KEJajIu.

15. AP mneHTaMepHUHT OKCHIJIAaHUIIM YHAA FOKOPH STHUIYBYAHJIMKKA Ba
KOH(OpMAIIMOH Y3rapuiuiapra oiu0 Kelaau Ba Iy OWIAH SpUTYBYM (CYB)HHUHT
MENTUJIap Opacura KUPHUII UMKOHMSITH OpTaau; Oy SHI FOKOPU OKCUJUTAHMII
napaxkacuja siHajga sKKou kypuHanu (Oy epaa B-crpykrypa 73.3% nan 64% raua
racasijin) Ba y Ty3 KyIpuru ¥3apo TAbCUPUHUHT OY3UITUIIN OWIaH OOFIIMK; HATHXKA1a

40



nenTuIapapo 6omaHui sHeprusick nacasiau (-248.93 nan -178.17 x¥XK/monb raua)
Ba Oy, okcumiaHumn Tydaimm AP arperanusacu >KapaHHHHHT HW37aH YUKAITAHU
KypcaTtaau.
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INTRODUCTION (description of the presentation)

Relevance and necessity of the research topic. In recent years, a new
interdisciplinary field, plasma medicine, has been developing rapidly, combining the
achievements of plasma physics, molecular physics, biophysics and computational
physics, and dealing with fundamental and applied problems of the interaction of cold
atmospheric plasma (CAP) and soft media, based on the use of physicochemical
processes occurring in it. The processes that occur under the influence of CAP on the
surface (or in the volume) cause alterations in the structure of biomolecule, which is
usually accompanied by a change in its hydrophilic and hydrophobic properties and
can stimulate the appearance of the biological activity of the biomolecule.

Nowadays, the situation with the use of CAPs is such that practical
implementations are ahead of fundamental research devoted to understanding the
physicochemical laws of plasma processes. The external parameters of such plasma
processes are mainly chosen empirically. This is due, firstly, to the complexity of the
analysis of reactions proceeding under non-equilibrium conditions, and secondly, to
the fact that the plasma is a self-consistent system, the physical characteristics of
which, determining its chemical activity, depend on the intermolecular interactions
and chemical transformations initiated by the plasma. Obviously, without
understanding the interaction mechanisms, the role of various active species in
reactions with biomolecules and the effect of chemical processes in plasma on its
properties, effective optimization of plasma technology is impossible. In this regard,
investigating the mechanisms of processes that determine the composition of the
active components of cold plasma as well as identificating the regularities of its effect
on biomolecules, are urgent tasks.

In the world, the use of CAP for cancer treatment is currently one of the most
relevant topics in plasma medicine. Many studies have been conducted in this field,
including the characterization and development of plasma sources, the physics and
chemistry occurring in the plasma and in the surface treated, the biophysical processes
occurring when plasma-generated species come in contact with biomolecules and the
long-term effects of CAP treatment in living organisms. Promising results have been
obtained in plasma oncology, both in vitro and in vivo. Experiments have revealed
that CAP may selectively target the destruction of cancer cells, thereby leaving
healthy cells less or undamaged. This, in turn, gives an advantage to CAP over
traditional anticancer methods. Nevertheless, despite a large number of studies, the
underlying mechanisms by which plasma acts selectively on cancer cells still remain
elusive, and require more thorough fundamental investigations.

The complexity of the contact region of plasma with the living cells, makes it
difficult or impossible to investigate through experiments. In this respect, computer
modeling is very valuable, which provides an understanding of processes at the
molecular level, thereby allowing the study of the underlying mechanisms in detail.
Yet, to date, a limited number of simulation studies have been carried out that are
devoted to a systematic study of the above processes.

In Uzbekistan, the field of plasma medicine, especially the use of cold plasma
for cancer treatment, is one of the newest areas of plasma research and is in the early
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stages of development. In this regard, the research using computer modeling plays an
important role in the fundamental study of processes at the molecular level and in
understanding the underlying mechanisms of experimental results obtained in the
field. For this purpose, the gradual transfer of knowledge and skills in computer
simulations for young researchers of Uzbekistan has already been established. In the
future, the establishment of the cooperation with medical research centers in the
country, to carry out practical studies in this area, is envisaged. Currently, research
projects are being prepared in this field. Undoubtedly, the development of plasma
medicine field in Uzbekistan offers cheap and effective solutions for the treatment of
various diseases. Therefore, increasing the number of researchers in the field is one of
the priority tasks, and for this purpose, it is expedient to expand research in the field
of plasma medicine.

This doctoral research serves to some extent in the implementation of the tasks
stipulated in the Decree of the President of the Republic of Uzbekistan dated February
7, 2017 No. PD-4947 “About the strategy of actions in five priority directions of
development of the Republic of Uzbekistan in 2017-2021” and the Resolution dated
July 14, 2018 No. PR-3855 “About additional measures to increase the efficiency of
commercialization of the results of scientific and scientific-technical activities” and
other regulations related to this activity.

Compliance of the research with the priority directions of the development
of science and technology in the country. This research was carried out in the
framework of the priority directions of the development of science and technology of
the Republic of Uzbekistan: F.2. “Physics, astronomy, energy and mechanical
engineering” III. Energy, energy saving, instrumentation, modern electronics,
microelectronics, electronic equipment.

International context of the research?. Numerous leading research centers
and universities worldwide with long time expertise on plasma research are
performing research in the field of plasma medicine to investigate the fundamental
and practical problems of the interaction of cold plasma with the soft media. Among
them are PLASMANT (University of Antwerp, Belgium), MpNL (George
Washington University, USA), GREMI (University of Orléans, France), CSIRO
(Australia), PBRC (Kwangwoon University, South Korea), CPSEG (University of
Michigan, USA), Hamaguchi Lab. (Osaka University, Japan), FII (University of
South Australia, Australia), AEPT (Ruhr-Universitit Bochum, Germany),
GravesLab (US Berkeley, USA), IAP group (University of Bologna, Italy), CLTPS
(Nagoya University, Japan), Xinpei Lu’s Lab (HuaZhong University of Science and
Technology, China), INP-Greifswald (Leibniz Institute for Plasma Science and
Technology, Germany) and C.J. Nyheim Plasma Institute (Drexel University, USA).

Nevertheless, despite the growing interest in plasma medicine and plasma
oncology, most research groups focus on experiments, reporting some beneficial
effects of the plasma treatment. There is, however, a lack in applying complementary

2 The review of international research on the topic is based on the following review articles: M. Keidar, Plasma Sources Sci.
Technol. 24 (2015) 033001, D. Yan et al. Oncotarget 8 (2017) 15977 and A. Bogaerts et al. Front. Chem. Sci. Eng. 13 (2019) 253.
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research methods aimed at fundamental understanding at the molecular level, which
can be achieved using atomistic simulation techniques. To date, the research group
PLASMANT is virtually the only group worldwide, focusing on such atomic scale
simulation studies for plasma medicine and plasma-cancer treatment.

Current state of the research on the topic. Research schools of a number of
leading foreign research centers, headed by leading scientists, including A. Fridman,
M. Keidar, A. Bogaerts, M. Kushner, T. von Woedtke, J. Benedikt, D. Graves, V.
Miller, J-M. Pouvesle, E. H. Choi, V. Colombo, S. Hamaguchi, G. Kroesen, M. Hori,
K. D. Weltmann, M. Laroussi, D. O’Connell, L. Mir, Xinpei Lu, J. Bandow and K.
Ostrikov, are conducting investigations in the field of plasma medicine, in particular,
in the fundamental and applied research of the anticancer effects of cold atmospheric
plasma. Although very promising results are being obtained in plasma oncology
from in vitro to in vivo studies, and even some first clinical trials, the need for more
fundamental insight in the underlying mechanisms remains at large.

It is generally accepted that the anticancer activity of CAP treatment is
associated with reactive oxygen and nitrogen species (RONS) generated by plasma.
A number of studies have already reported a noticeable rise of intracellular RONS
occurring in cancer cells compared to normal cells upon plasma treatment, and this
elevated level of RONS most probably causes the selective death of cancer cells.
Indeed, because of the stronger metabolism in cancer cells, their basal intracellular
RONS levels are higher than in normal cells. When further extracellular RONS
stress is exerted on them, the intracellular RONS level in cancer cells may pass a
threshold, leading to cell death. Hence, cancer cells can experience more apoptosis
(i.e., programmed cell death) than normal cells upon plasma treatment.

RONS regulate key biochemical pathways within intra- and intercellular
environments, inducing chemical and physical changes in cells. Recent research has
shown that plasma treatment of living cells results in intracellular signaling changes,
important for the treatment of diseases. However, it is still not understood how
RONS regulate intracellular processes, directly through modification of intracellular
components and/or indirectly through modification of extracellular components
(e.g., proteins) or the external membrane. Obviously, this requires more fundamental
investigations based on both experiments and computer simulations.

While experiments are indispensable, computer simulations are very valuable
as they provide fundamental insight into nanoscale processes (in nm and ns),
allowing to study the underlying mechanisms in detail, which is difficult to achieve
experimentally. However, to date very limited attention has been paid to detailed in
silico investigations of reactive plasma species interacting with biomolecules.

Three possible mechanisms are proposed for RONS permeation into cells: a)
active transport of reactive species through transmembrane channels, b) chemical
modification of the cell membrane, leading to increased permeability and c)
interactions with membrane-bound proteins leading to stress signaling inside the
cell, which can lead to an increase in cellular RONS levels. All these possible
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mechanisms of noticeable rise of intracellular RONS occurring in cancer cells were
addressed in this doctoral work.

Connection of the research topic with the research activities of the
institution. The research was conducted in accordance with the research plans of
the PLASMANT group of the University of Antwerp (Belgium) and in the
framework of the following postdoctoral research projects funded by the Research
Foundation-Flanders: grants No. 1200216N “Atomic scale modeling for plasma
cancer treatment” (2015-2018, University of Antwerp, Belgium) and No. 1200219N
“Plasma-based cancer treatment: Atomic level simulations” (2018-2021, University
of Antwerp, Belgium).

The aim of the work is to obtain a fundamental understanding of the effect of
cold atmospheric plasma on biomolecules by identifying the mechanisms of
interaction of reactive species with biomolecules, caused by plasma, and in
particular, to determine the role of reactive particles in processes.

The tasks of the research are:

determination of appropriate model systems for specific biomolecules; setting
up their spatial atomic structures, and subsequent energy minimization and
equilibration;

study the effect of head group and lipid tail oxidation, induced by plasma-
generated reactive species, in the model membrane; describing the specific role of
the reactive oxygen species in the oxidation of this model membrane;

investigation of the synergistic effect of electric field and lipid oxidation (both
caused by plasma) on the permeability of cell membrane; determination of the
electric field threshold needed for pore formation (i.e., electroporation) together with
the permeation free energy barriers of reactive species across the membrane;

study the permeation processes of plasma-generated species across native and
oxidized membranes, through calculation of their transport free energy profiles;

investigation of the phosphatidylserine flip-flop motion across native and
oxidized membrane; calculation of the free energy barriers for the translocation;

study the impact of lipid tail saturation degree, lipid head group type and
membrane cholesterol fraction on the delivery of plasma species into cells;

examination of the effect of mechanical stress on oxidized membranes, using
homogeneous and heterogenecous membrane systems;

investigation of the effect of plasma oxidation on the transport of reactive
species across aquaporin transmembrane channel; calculation of the free energy and
diffusion rate profiles; analysis of the permeation mechanisms;

study the impact of oxidative stress on cystine transportation by xCT antiporter;
analysis of the rearrangements of the amino acids in the oxidized protein channel,

defining the role of plasma oxidation on structural features of human epidermal
growth factor; study the conformational changes in this protein system;
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understanding the effect of plasma oxidation on the structure of cytoglobin;
investigation of the effect of intramolecular disulfide bridge formation;

identification of the role of plasma oxidation on stability of toxic amyloid beta
peptide aggregation; analysis of the structural changes.

The object of the research are reactive oxygen and nitrogen species, a
phospholipid bilayer consisting of various native and oxidized lipid molecules,
native and oxidized integral membrane proteins aquaporin and xCT, as well as
model systems for signaling, globular and fiber-like proteins.

The subject of the research are atomic positions and velocities in the model
system, their interaction energies, area per lipid and bilayer thickness, free energy
and diffusion rate profiles of the reactive species across phospholipid bilayers as
well as through aquaporin, permeability coefficient, free energy barrier, electric field
needed for pore formation, average pore formation time and binding free energy.

Methods of the research. Both the reactive and non-reactive molecular
dynamics (MD) simulations as well as the umbrella sampling (US) method were
used in the doctoral research.

The scientific novelty of the research is as follows:

for the first time, a systematic method was developed to investigate the
interaction of RONS with the head groups of the phospholipid bilayer (PLB), and
the subsequent effect of the head group and lipid tail oxidation on the structural and
dynamic properties of the membrane, applying several different modeling
approaches; the obtained simulation results were validated with experiments and a
good agreement was obtained;

for the first time, the molecular level mechanisms of the synergistic effect of
the electric field and lipid oxidation, both induced by CAP, on the formation of pores
in a PLB, were identified;

it was found that oxidation of the lipid tails results in a drop in the average time
needed to initiate electroporation, as well as a lower threshold electric field needed
for pore formation in the PLB;

for the first time, systematic methods have been developed to study the effects
of plasma-induced oxidation on the processes occurring in the PLB, such as transport
of RONS, phosphatidylserine (PS) flip-flop motion as well as mechanical stress;

it was shown that the oxidation of the PLB leads to an overall decrease in the
permeation free energy barriers of the hydrophilic ROS, whereas hydrophobic
RONS can significantly better penetrate across both native and oxidized PLBs;

it was identified that the oxidation of the PLB facilitates the PS translocation
across the PLB and reduces the critical areal strain required for pore formation in
the PLB under mechanical stress, thereby contributing to membrane leakage;
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for the first time, a detailed investigation method was developed to study the
permeation processes of hydrophilic and hydrophobic RONS across aquaporin
(AQP) transmembrane protein channel;

it was suggested that hydrophilic species enter the cell through AQPs, as they
experience a clearly higher energy barrier to enter through the lipid membrane;

the hydrophobic RONS were found to permeate the cell most likely across the
membrane, where lipid oxidation can take place, as their energy barriers through
AQP were defined to be higher;

for the first time, a complete process of the cystine (CYC) transportation
through xCT antiporter was observed using several simulation techniques;

it was shown that the oxidation of xCT leads to a free energy barrier for CYC
translocation, thereby blocking the access of CYC to the substrate binding site;

the impact of plasma oxidation on the properties of three model proteins was
examined in detail; for this purpose, specific amino acids were selected for
modification to create oxidized forms of the model proteins; the simulations were
carried out in combination with the experiments and an overall good qualitative
agreement was achieved.

Practical results of the work are as follows:

using a combination of different modeling approaches, methods were proposed
for atomic level investigation of the interaction of cold atmospheric plasma-
generated particles with biomolecules;

new methods were developed by combining the reactive and non-reactive MD
and US techniques to study the structural and dynamic changes in the phospholipid
bilayer caused by plasma, changes in its permeability, the effect of oxidation, electric
field and mechanical stress on its properties as well as the transport of reactive
plasma species across the bilayer;

the ability to systematically investigate the complex mechanisms of the effect
of cold plasma oxidation on the properties and permeability of integral membrane
proteins and the permeation of various species across them, was demonstrated
through the use of the US-MD and GLE methods together with the HOLE and
STRIDE programs;

to create different degrees of oxidation in model proteins a specific method was
implemented, i.e., the modification of certain amino acids based on the results of
experiments and simulations;

in order to study the structural properties of plasma-oxidized proteins and the
effect of conformational changes on their stability, methods of using non-reactive
MD and molecular docking simulations together with a combination of different
analyzing techniques (i.e. PCA, SASA and DSP), were developed.

Reliability of the research results is supported by the fact that they were
obtained using modern modeling techniques. The validity of the results is also based
on the use of adequate model systems and computational algorithms as well as the

49



compatibility of obtained results with the experimental results. Moreover, all articles
of the doctoral work were published in high impact factor journals and peer-
reviewed by the experts. Furthermore, some of the results of the doctoral work were
highlighted on the scientific news website AdvancedScienceNews.com and also
included in the books devoted to plasma medicine, i.e., “Plasma medical science”,
S. Toyokuni et al., Academic Press, 2018 (Chapter 4) and “Plasma cancer therapy”,
M. Keidar, Springer, 2020 (Chapter 7).

Scientific and practical significance of research results. The scientific
significance of the research results lies in the identification of fundamental physical
and chemical processes of the interaction of cold plasma with biomolecules,
applying the state-of-the-art computer simulations, with the aim of unraveling how
to control these processes.

The practical importance of the research results lies in the fact that the obtained
simulation results make an important contribution to a better understanding of the
mechanisms of plasma interaction with biomolecules relevant for cancer, as well as
to the interpretation of the corresponding experimentally obtained results at the
molecular level. Based on the simulation results, possible beneficial (or harmful)
effects of CAP can be predicted, which, in turn, enables the development of more
targeted and effective medical plasma therapies.

Implementation of the research results. The main implementation of the
research results was through the citation of the simulation results by other research
papers. According to the Web of Science scientific database, the obtained simulation
results were discussed in reviews and used in the interpretation and description of
the experimental or computational outcomes of more than 250 papers, published in
high impact factor journals:

the results of the interaction of plasma-generated RONS with the PLB and the
subsequent effect of the head group and lipid tail oxidation on the properties of the
membrane, as well as the synergistic effect of the electric field and lipid oxidation
on the permeability of PLB, were used to interpret and describe the observed results
in [Biol. Chem. 2019; 400: 19 (IF=3.014), Sci. Rep. 2019; 9: 4496 (IF=4.011), J.
Chem. Inf. Model. 2019; 59: 4413 (IF=3.966), Cells 2020; 9: 847 (IF=5.656), Trends
Biotechnol. 2018; 36: 594 (IF=13.747), J. Am. Chem. Soc. 2018; 140: 9606
(IF=14.695), Chem. Rev. 2019; 119: 5954 (IF=54.301), Mat. Sci. Eng. R. 2019; 138:
36 (IF=22.25)];

the outcomes of the investigations of the processes occurring in the PLB
induced by plasma oxidation, such as the transport of RONS and phosphatidylserine
flip-flop, were analized and reviewed in [J. Phys. Chem. B 2018; 122: 10362
(IF=2.923), Phys. Chem. Chem. Phys. 2019; 21: 19327 (IF=3.567), Cancers 2020,
12: 269 (IF=6.162), Nanoscale 2019; 11: 19497 (IF=6.97), Cancers 2019; 11: 1109
(IF=6.162), Int. J. Mol. Sci. 2020; 21: 1939 (IF=4.183), Curr. Opin. Struc. Biol.
2018; 51: 177 (IF=7.052), Annu. Rev. Biophys. 2019; 48: 421 (IF=12.175), Chem.
Rev. 2019; 119: 5954 (IF=54.301)];
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the studies on the permeation of hydrophilic and hydrophobic RONS across
aquaporin, as well as the cystine transportation through xCT, transmembrane protein
channels, were considered and discussed in [J. Chem. Inf. Model. 2018; 58: 2193
(IF=3.966), Oxid. Med. Cell. Longev. 2019; 2019: 9062098 (IF=4.868), Cells 2019;
8: 1316 (IF=5.656), Cancers 2019; 11: 1920 (IF=6.162), Arch. Biochem. Biophys.
2020; 681: 108253 (IF=3.559), Neurochem. Res. 2020; 45; 1375 (IF=2.782), J.
Membr. Biol. 2019; 252: 465 (IF=1.746), Arch. Biochem. Biophys. 2019; 674:
108114 (IF=3.559), Cancers 2020; 12: 269 (IF=6.162)];

the results of the studies on the effect of plasma oxidation on the structural
properties of three model proteins, i.e., human epidermal growth factor, amyloid
beta peptide and cytoglobin, were used in the analysis and interpretation of the
obtained outcomes in [Oxid. Med. Cell. Longev. 2019; 2019: 9062098 (IF=4.868),
Cancers 2019; 11: 1920 (IF=6.162), Cancers 2018; 10: 394 (IF=6.162), J. Mol
Graph. Model. 2020; 96: 107535 (IF=1.863), Sci. Rep. 2019; 9: 16080 (IF=4.011),
ChemSusChem 2020; 13: 2072 (IF=7.804), Molecules 2019; 24: 2568 (IF=3.06),
Plasma. Process. Polym. 2018; 15: €1800078 (IF=3.173)].

Approbation of the research results. The results of the research were
presented and discussed at 31 prestigious international conferences, symposiums
and workshops.

Specifically, the invited talks were given at four international conferences, such
as the 19" Gaseous Electronics Meeting (February 14-17, 2016, Geelong, Australia),
the International Conference on Electrical Discharges with Liquids (March 13-17,
2016, Kocaeli, Turkey), the 2017 International Forum on Functional Materials (June
27-29, 2017, Jeju, Korea) and the 3™ Strasbourg Workshop on Membrane
Biophysics (December 3-4, 2018, Strasbourg, France). Moreover, the research
results were presented as oral talks, e.g., at the 4™ Young Professionals Workshop
on Plasma Medicine (September 21-24, 2015, Rostock, Germany), the 6™
International Conference on Plasma Medicine (September 4-9, 2016, Bratislava,
Slovakia) and the 7" International Conference on Plasma Medicine (June 17-22,
2018, Philadelphia, USA). Participation in prestigious conferences was
accomplished by receiving grants (K179517N and K105116N) provided by the
Research Foundation-Flanders.

Publication of the research results. The results of the doctoral research are
reflected in 56 scientific works, including 23 peer-reviewed articles published in
prestigious scientific journals recommended by the Supreme Attestation
Commission of the Republic of Uzbekistan for publication of the main scientific
results of doctoral thesis and displayed in the Web of Science scientific database.

The structure and volume of the presentation. The structure of the
presentation consists of an introduction, five chapters, a conclusion and a list of
references. The volume of the presentation is 88 pages.
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MAIN CONTENT OF THE RESEARCH

Introduction. This research aims to gain fundamental insights into the effects
of cold atmospheric plasma on biomolecules by identifying the mechanisms of
interaction of reactive species with biomolecules, caused by plasma, and in
particular, to determine the role of reactive particles in processes.

Part 1: Simulation methods. In a MD simulation, the atoms in the system are
followed through space and time by integrating Newton’s equations of motion.
Forces acting on the atoms can be obtained either from quantum mechanical (QM)
calculations (“ab initio MD”) or from a classical interatomic interaction potential or
force field (“classical MD”). There are also intermediate methods, e.g, density
functional based tight binding (DFTB), which is an approximate semi-empirical
method, based on QM concepts, but containing a number of fitting parameters.

Reactive MD (i.e., based on a reactive force field) allows to simulate chemical
reactions, i.e., bond formation and dissociation, which makes it computationally
expensive, so that only small systems (10?-10° atoms) with short timescales (10%-10°
ps) can be simulated. Non-reactive MD, on the other hand, is computationally much
faster, and can handle 10*-10° atoms and simulate for several 100 ns.

DFTB-based reactive MD simulations. DFTB is an approximate density
functional theory (DFT) method, based on a Taylor series expansion of the DFT total
energy expression with respect to charge density fluctuations. It provides a reliable
description of reaction energies and geometries of the structures to be studied, and
the deviations of the results from experimental values are stated to be comparable to
DFT, while still being two orders of magnitude faster. The computational speed of
this method is similar to semi-empirical methods like AM1 and PM3. This method
has been augmented with an empirical treatment of the dispersion forces, to extend
its ability to larger biomolecules.

Non-reactive MD simulations make use of classical force fields (or potentials),
which are highly parameterized to provide reasonable agreement with experiments.
In this work the GROMOS force field was used, which can handle both proteins and
lipid bilayer systems used in this research. It is a united-atom force field, where
specific groups of atoms (mainly CHy) are treated as a single group, so it can handle
larger systems (around 10° atoms) with good accuracy. GROMOS has already been
used in many computational studies and reasonable agreements with experiments
have been obtained. It contains parameters of both unmodified (i.e., native) and
modified (i.e., oxidized) lipid molecules and amino acids and therefore allows to
simulate the physical processes, e.g., transport of reactive oxygen and nitrogen
species (ROS and RNS or RONS) across native and oxidized lipid bilayer and/or
protein channel as well as the structural changes in these systems.

Umbrella sampling (US) method helps to calculate the free energy differences
along the reaction coordinate. It is one of the powerful techniques used to enhance
sampling, by applying the umbrella potential. In US, an applied external harmonic
bias potential transfers the system from one thermodynamic state to another along
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the reaction coordinate by a specified direction and a fixed speed. Thus, from the
initial to the final transfer state, the intermediate steps are formed by a series of
windows. These windows can be separated by a certain distance between the
considered molecules, extracting a number of individual systems. The distance
between two atoms, located along e.g., the normal of membrane, can be considered
as a reaction coordinate. The separated windows are used further in US-MD
simulations, which help to calculate the free energy profile (FEP) in a path-
dependent manner, using the weighted histogram analysis method (WHAM). US-
MD is widely used to compute, e.g., the binding or dissociation free energy between
two proteins, or FEPs of RONS across the phospholipid bilayer (PLB, used as a
model system for the eukaryotic cell membrane, Figure 1).

Figure 1. The PLB used as model system for eukaryotic cell membrane in non-
reactive MD simulations. It consists of 128 lipid molecules with ~8000 water
molecules organized in two lamellae. The water layers, oxygen atoms and lipid tails
are shown in cyan, red and grey colours, respectively. The P (orange) and N (blue)
atoms of the head group are depicted with bigger beads, for the sake of clarity.
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Apart from simulation techniques, other programs and methods were also
applied for the analysis of certain results. Specifically, the HOLE and STRIDE
programs were used to calculate the profiles of the funnel radii across the protein
channels and to analize the secondary structure of proteins, respectively. Moreover,
the GLE method was applied to calculate the diffusion rate profiles (DRP), using the
same results of US-MD simulations. This method is based on the solutions to the
generalized Langevin equation (GLE) for a harmonic oscillator. Through the
integration of the position autocorrelation function (PACF), the diffusion coefficient
of a solute in each z position D(z) is calculated as follows:

2
D(z; = (z);) = =2 ()
7 is calculated from the integral of the PACF (C(t)):
T= [ C,()dt )

The function C,(t) can be calculated in a straightforward way by a summation over
the trajectory:

C,(t) = (6z(0)6z(1)) (3)

where

6z(t) = z(t) — (z) (4)

As is obvious, an advantage of this GLE method is that the diffusion coefficient
can be calculated directly from the variance of z and the correlation time 7. Based on
the GLE method a fortran code was developed and its accuracy was already
validated doing some test runs. Using the FEPs and DRPs, the permeability
coefficients (Pn) of the permeants across the model systems can be calculated:

1 w(z)/kpT

_ Zz e
= I, a4 (5)

where w(z) is the free energy of the permeant along the z-axis of the system.

Thus, in the framework of the doctoral work, the reactive DFTB-MD
simulations were applied to study the interaction of RONS with the head groups of
the PLB. Moreover, the non-reactive MD simulations were used to study the effect
of plasma oxidation, electric field, mechanical stress and lipid composition on the
structural and dynamic properties of the PLB, and the impact of oxidation on the
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conformations of model proteins (see below). Furthermore, the US-MD simulations
were employed to investigate the permeation processes of RONS and the flip-flop
motion of phosphatidylserine across PLB, as well as the transport of solutes across
model proteins (AQP and xCT, see below).

Part 2: Permeability of cell membrane. In this part, the results of the studies
on the effect of the head group and lipid tail oxidation induced by CAP in the cell
membrane, the transport of RONS across native and oxidized membranes as well as
the synergistic effect of electric field and lipid oxidation on the permeability of cell
membranes are discussed.

Effect of head group and lipid tail oxidation in the cell membrane. The cell
membrane is an important part of the cell. One of its basic functions is to protect the
cell from substances applied from outside (e.g., RONS). Therefore, it is important
to study how plasma species interact with the cell membrane, thereby forming e.g.,
lipid oxidation, and how they penetrate deep into the cell to cause oxidative damage.

The reactive MD simulation results on the interaction of RONS with the PLB
were validated by comparison with the high-resolution mass spectrometry (MS)
experiments, whereas the results of the non-reactive MD simulations were validated
with experiments on liposomes treated with a CAP as external RONS source. In the
latter case, the influence of CAP-treatment on the fluidity of liposomes were
examined, which were prepared with integration of the fluorescent probe so-called
Laurdan. Thus, the Laurdan assay was performed to determine the changes in
fluidity of the membrane. It is associated with the change of the generalized
polarization (GP) value.

The results of the reactive MD simulations and MS experiments revealed two
important oxidation products (i.e., the formation of aldehyde groups (ALD) in one
of the lipid tails and detachment of one of the tails (OX2) of the PLB) as more
prominent oxidation products. Thus, in the non-reactive MD simulations these
oxidation products were considered and their long-term effects on the properties of
the PLBs were studied. For this purpose, some important properties of the bilayers
were analyzed:

1. The surface area per lipid, determined by dividing the surface area of the
bilayer by the number of lipids of one leaflet of the PLB,

A, =22 (©)

np

where L, and L, are the x and y dimensions of the PLB, respectively, and #, is the
number of lipids present in one layer.

2. The bilayer thickness, calculated by averaging all distances (z-components)
between the phosphate groups of the two opposite layers of the PLB (i.e., dp.p).
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3. The deuterium order parameter, Scp, which is a measure for the order of the
lipid tails in the bilayer. The degree of ordering of the lipid tails can also be
influenced when the head groups are oxidized (see below),

Scp = %(3 cos?(6;) —1) (7)

where 6; is the angle between a C-D bond and the normal of the membrane.

The simulation results showed that the oxidation products OX2 and combined
ALD+0X2 lead to opposite results for all calculated parameters, but the effects are
more pronounced for ALD+0OX2 (Figure 2).

4,07 nm
3.67 nm

RCERSSY MRt "PLB with 25 % OX2
native PLB PLB with 50 % OX2 +25% ALD

Figure 2. Schematic picture of the native PLB (a), and the PLB with only oxidized
head groups (i.e., 50% OX2 (b)) as well as with oxidized head groups and lipid tails
(i.e., 25% OX2 and 25% ALD (c)). The color legend is identical to Figure 1.

Already 25% of ALD oxidation leads to an increase of the surface area per lipid and
a decrease of the bilayer thickness by around 10%, even when 25% of OX2 takes
place in the PLB. Thus, the simulations predict an overall increase in area per lipid
and a drop of the bilayer thickness upon equal oxidation of the head groups and lipid
tails, thereby decreasing the lipid order, which eventually leads to an increase of the
bilayer fluidity. The change in fluidity was also revealed by the experiments (Figure
3). It was found that plasma treatment of liposomes leads to a slight initial rise in
membrane rigidity, followed by a strong and persistent increase in fluidity. This
observation can be correlated to the simulation results, as ALD+OX2 leads to a
higher disorder while OX2 alone leads to a lower disorder, but the effect of
ALD+OX2 is more pronounced. So overall, the simulations predict a higher fluidity,
assuming that the disorder correlates with fluidity. During or shortly after plasma
treatment, a higher rigidity was observed. This is probably due to the initial OX2
oxidation. In a second step, presumably the ALD oxidation of lipid tails takes place,
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increasing the disorder. A drop in lipid order might allow RONS to penetrate into
the cell interior and cause oxidative damage, eventually leading to cell death.

0.104 —=— 30 min
—e— 10 min
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0.05 -
0 0.00 -
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untreated 0 1 2 3
Time after treatment / h

Figure 3. Determination of changes in membrane fluidity by Laurdan assay.
Samples were treated for indicated durations with the plasma source. The change of
fluidity is associated with the change of the GP value: a positive AGP indicates a
decrease in fluidity and a negative AGP indicates an increase in fluidity.

Permeation of plasma species across native and oxidized membranes. To gain
more insight in the permeability of RONS across both native and oxidized PLB, the
US-MD simulations were performed. Figure 4 illustrates the FEPs of various RONS
across native and 50% oxidized PLBs. As is clear, hydrophobic species (i.e., NO,
NO,, N,O4, O, and O;) can significantly better penetrate across both native and
oxidized PLBs, compared to hydrophilic species (OH, HO, and H,0,), as they have
much lower free energy barriers. Hence, oxidation of the PLB does not strongly
affect the FEPs of the hydrophobic RONS, but it significantly reduces the barriers
of hydrophilic species, thus increasing their translocation probability across oxidized
PLBs. However, the energy barriers for permeation of these hydrophilic species
across the PLB still remain relatively high (especially for H,O,), indicating the need
for specific protein channels, e.g., aquaporins (AQPs), or pores created by an electric
field (see next section), to allow their penetration into the cell interior.
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Figure 4. Free energy profiles (FEPs) of the hydrophilic (a-b) and hydrophobic (c-
d) RONS, across the native and 50% oxidized PLBs. The average positions of the
head group regions (i.e. average position of P atoms, see Figure 1) are indicated by
light red colour.

Synergistic effect of electric field and lipid oxidation on the permeability of cell
membrane. It is known that in addition to the creation of RONS (which can lead to
lipid oxidation), some CAP sources also generate strong electric fields that induce
pore formation in membranes. Therefore, in order to gain insight in the plasma-cell
interactions, the synergistic effect of the electric field and oxidation of the PLB were
studied. The non-reactive MD simulation results revealed that a stronger electric
field yields a shorter pore formation time. Moreover, oxidation of lipid tails leads to
a drop of the electric field threshold needed for pore formation in the PLB (Figure
5). The created pores in the membrane facilitate the penetration of RONS deep into
the cell interior to cause oxidative damage, eventually leading to cell death. The
created pores in the membrane facilitate the penetration of RONS deep into the cell
interior to cause oxidative damage, eventually leading to cell death.
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Figure 5. Average time needed to initiate pore formation, for different applied
electric fields, versus oxidation degree, for aldehyde oxidation (a) and peroxidation

(b).

Part 3: Plasma oxidation of cell membrane. The results of the effect of
plasma oxidation on the phosphatidylserine flip-flop motion across the membrane,
the permeation of H,O, through membrane with different lipid compositions and the
impact of mechanical stress on oxidized membranes are considered in this part.

Phosphatidylserine flip-flop induced by plasma oxidation. Phosphatidylserine
(PS) translocation across the membrane plays a vital role in apoptosis signalling. In
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this study, the flip-flop motion of PS across the PLB was investigated, as a function
of increasing oxidation degree of the membrane. It was found that increasing the
oxidation level of the lipids leads to an expansion of the membrane area (Figure 6),
which causes a noticeable change in the membrane permeability, in line with
experimental results. As a result, the free energy barrier for PS flip-flop across the
membrane decreases upon increasing peroxidation level (Figure 6).
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Figure 6. (a) Free energy barrier for the translocation of PS across a PLB and (b)
average area per lipid, both calculated as a function of the peroxidation degree of the
PLB.



This subsequently increases the translocation rate of PS to the extracellular surface
of the cell, eventually causing PS detection on the surface of the membrane, acting
as a signal for macrophages to engulf the cell, i.e., apoptosis.

In general, despite the fact that the oxidation of the PLB leads to a reduction of
the energy barrier for the translocation of PS, there is still a need for water pores
(created e.g., by electric field) in order to traverse PS from the inner leaflet to the
outer leaflet, as the free energy barriers are still too high for PS flip-flop to occur
spontaneously. This study is particularly interesting for plasma medicine, as plasma
generates ROS and electric fields, both of which can lead to (a) oxidation of the
lipids, as well as (b) pore formation in the cell membrane, thereby increasing the PS
flip-flop rate, which eventually results in apoptosis of cancer cells.

Effect of different membrane compositions on the permeation of H,O,. Cancer
and healthy cell membranes contain different concentrations of lipids and
cholesterol. Hence, it is important to study whether the membrane composition has
an effect on plasma ROS ingress across the PLB. In this study, the US-MD
simulations were performed to support the phospholipid vesicle experiments.
Specifically, the translocation of H,O, (representing ROS) across PLBs with various
lipid compositions was investigated, focusing on the (1) lipid tail saturation degree,
(1) lipid head group type, and (iii)) membrane cholesterol fraction (Figure 7).
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Figure 7. Schematic representation of the structures of DOPC, DPPC and DPPE
lipids, and cholesterol. The parts highlighted in pink indicate key differences in the
structure of each molecule that was tested in this study.

The latter was done to provide insight into how the interplay between phospholipids
and cholesterol may influence the response of healthy and cancerous cell membranes
to plasma-derived ROS. The experimental results revealed that increasing the
dipalmitoyl-phosphatidyl-ethanolamine (DPPE) concentration in either the
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dipalmitoyl-phosphatidyl-choline (DPPC) or the dioleoyl-phosphatidyl-choline
(DOPC) vesicles increases the packing of the lipids, leading to a decreasing area per
lipid. The experimental results revealed that increasing the dipalmitoyl-
phosphatidyl-ethanolamine (DPPE) concentration in either the dipalmitoyl-
phosphatidyl-choline (DPPC) or the dioleoyl-phosphatidyl-choline (DOPC) vesicles
increases the packing of the lipids, leading to a decreasing area per lipid. Thus, upon
increasing the DPPE fraction, the passive diffusion of ROS should be hampered in
both systems. For the DPPC vesicles, this is also observed in the US-MD
simulations, which show that upon increasing DPPE content, the free energy barrier
of H,O, permeation increases (Figure 8 (a and c)).
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Figure 8. Effect of DPPE content on the ingress of CAP-derived ROS into DPPC
(a) or DOPC (b) vesicles, as well as on the FEPs of H,O; across DPPC (c¢) and DOPC
(d). The numbers mentioned in the legend indicate the molar fraction of each
component in the lipid bilayer. The cholesterol content was fixed at 25 mol%.
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However, in the DOPC vesicles, the experimental results indicate an increasing
permeability upon increasing DPPE fraction, which does not correlate with the
results of the US-MD simulations (Figure 8 (b and d)). The reason is that upon
increasing the DPPE content, lipid rafts could be generated, containing elevated
levels of DPPE and cholesterol. Thus, due to the generation of lipid rafts, other parts
of the membrane might be enriched in DOPC, which serve as the ‘weak spot’ of
these membranes, being extremely vulnerable to pore formation upon lipid
oxidation. This explains the increased ROS ingress in Figure 8(b) upon increasing
DPPE content, for the DOPC vesicles. In DPPC vesicles, such rafts are not created
as both DPPC and DPPE contain the same aliphatic lipid tails, and their interaction
with cholesterol are equally strong.

In general, the experimental and simulation results showed that multifactorial
chemical and physical processes might play a role, which include lipid oxidation,
lipid packing and lipid rafts formation. This study might be helpful in the
development of therapies relying on the action of CAP, in which the cell membrane
and oxidative stress response in cells is targeted.

Impact of mechanical stress on oxidized membranes. The mechanisms by
which lipid oxidation affects membrane properties need to be better understood. For
this purpose, in this research the non-reactive MD simulations were performed to
study the mechanical instability on PLB models due to lipid oxidation, in order to
access atomistic information about how easy it is to form a pore. Hence, two types
of model membranes were used, i.e., the single-component homogeneous PLLBs and
a two-component heterogeneous PLB. Specifically, four different model membranes
were studied in the case of the single-component homogeneous PLB (Figure 9) that
either contain native palmitoyl-oleoyl-phosphatidyl-choline (POPC) or oxidized
phospholipids (POPCOH, POPCOOH and POPCO). In the case of the
heterogeneous system, a membrane with coexisting native and oxidized
phospholipid domains (i.e., POPC+POPCOOH) was investigated. Using these
model systems, the critical areal strain was calculated as the value of ¢4, recorded at
the very beginning of pore formation:

_AA
=

(8)

€a

where 44 is the area variation at a given instant, and A, is the initial membrane
surface area.

The simulation results showed that under mechanical stress, membrane
oxidation reduces the critical &4 and facilitates pore formation, contributing to
membrane leakage. In homogeneous PLBs, the ¢4 depends on the oxidation product.
The POPCOH and POPCOOH turn the membrane more susceptible to pore
formation, whereas POPCO has no significant effect. Heterogeneous membranes
(i.e., POPC+POPCOQOH) appear more prone to pore formation than pure POPC
membranes, but they behave similarly to pure POPCOOH membranes within
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statistical uncertainty. Moreover, in heterogeneous membranes, pores are formed
either at the interface or at the bulk of oxidized domain.
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Figure 9. Schematic representation of the POPC molecule and its oxidation
products.

Part 4: Permeability of integral membrane proteins. In this part, the results
of the effect of plasma oxidation on the transport of RONS across aquaporin (AQP)
channel and the permeation of cystine (CYC) across XCT antiporter are discussed.

Transport of hydrophilic and hydrophobic RONS across AQP. AQPs are
transmembrane protein channels that conduct not only water molecules across the
cell membrane but also other solutes, such as RONS produced e.g., by CAP (Figure
10). Initially, the permeation of H,O, across native AQP1 (one of the members of
the AQP family) and the PLB was studied. It was found that the free energy barrier
of H,O; across AQP1 is lower than for the PLB, while the permeability coefficient
is two orders of magnitude higher, indicating that the delivery of H,O; into the cell
interior should be through AQP. However, the overall nature of RONS transport
through AQP was still obscure. Therefore, in the next study this research was
extended, including more RONS. Specifically, the permeation processes of both
hydrophilic (H,O, and OH) and hydrophobic (NO; and NO) RONS through AQP1
were investigated. The results revealed that these RONS could all penetrate across
the AQP1.
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Figure 10. Schematic illustration of the integral membrane proteins AQP (left) and
xCT antiporter (right). Plasma-generated RONS (e.g., H,O,) can diffuse across AQP
with and without modifying/oxidizing the extracellular part of AQP (yellow star),
thereby increasing the intracellular RONS level. These species may also interact
with xCT, oxidizing its extracellular part (yellow stars), thereby affecting the xCT
function (by e.g., suppressing the cystine (CYC) permeation), which might also
contribute to increasing RONS levels in the cell.

The permeation free energy barriers for OH and NO were lower than that of H,O,
and NO,, indicating that these species may have easier access to the pore interior
and interact with the amino acid residues of AQP1.

The effect of RONS-induced oxidation of both the phospholipids and AQP1 on the
transport of the above-mentioned RONS across AQP1 were also studied. It was
found that both lipid (OXL) and protein (OXP) oxidation slightly increased the free
energy barrier for HO, and NO, permeation, while for OH and NO, a strong effect
of oxidation was not observed (Figure 11). Hence, it was suggested that the
hydrophilic species enter the cell through AQPs, as they experience a clearly higher
barrier through the lipid membrane, especially in the native PLB. On the other hand,
the hydrophobic RONS most likely permeate through the membrane, where lipid
oxidation can take place, as their barrier through AQP is higher.

The simulation results help to gain insight in the underlying mechanisms of the
noticeable rise of CAP-induced RONS in cancer cells, thereby improving our
understanding on the role of AQPs in the selective anticancer capacity of CAP.
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Figure 11. FEPs of the hydrophilic (H,O, and OH) and hydrophobic (NO, and NO)
RONS across AQP1 pores of the native (NAT, black curve) and oxidized (OXL and
OXP, red and green curves) model systems. The intra- and extracellular water layers

are shown in light blue colour. The brown dashed lines indicate the Asn-Pro-Ala
(NPA) and aromatic/Arg (ar/R) regions of the AQPI.

Transport of cystine (CYC) across xCT transporter protein. This study consists
of two parts. In a first part, the permeation of CYC across three model systems of
xCT, the light subunit of the xC antiporter responsible for the CYC and glutamate
translocation (see Figure 10 above), was investigated. Specifically, the outward
facing (OF), occluded (OCC) and inward facing (IF) configurations of xCT were
considered. The results revealed the key role of amino acid residues in the OF, OCC
and IF configurations responsible for the uptake, transport and release of CYC. The
calculated FEPs of CYC across the OF, OCC and IF structures showed the energy
minimum of CYC to be higher in the IF conformation, indicating that a lower energy
is required for the release of CYC from the antiporter.

The second part was dedicated to the effect of plasma oxidation on the
extracellular CYC uptake by the xCT, which is important for cancer therapy. In this
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study the OF configuration of xCT was considered, and to study the effect of
oxidation, the Cyssy7 residue was oxidized, which is located in the vicinity of the
extracellular milieu. The results showed that oxidation of Cyssy; leads to a free
energy barrier for CYC translocation (Figure 12), thereby blocking the access of
CYC to the substrate binding site of the OF system.
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Figure 12. FEPs of CYC across the native and oxidized OF structures. The light
blue color corresponds to the extracellular aqueous phase.

Thus, the results indicated that the oxidation of Cyssy;, by e.g., CAP, is more
effective in inhibiting the XCT transporter than the mutation of it to Ala.

This study is important, since it elucidates the effect of oxidation of Cyss,7 on
closure of the protein channel, thereby making CYC uptake by the xCT more
difficult. This oxidation can occur as a result of e.g., CAP application to cancer cells
at an acidic pH. Hence, this study might explain the possible mechanism of CYC
starvation in cancer cells, through inhibition of the xC  antiporter, which results in
a depletion of the intracellular level of glutathione (GSH, Figure 10), and
consequently, in inhibition of cell growth, inducing apoptosis and reducing the
cancer cell drug resistance.

Part 5: Oxidation of fiber-like, globular and signaling proteins. In this part,
the results of the studies on the effect of plasma oxidation on structural features of
human epidermal growth factor and cytoglobin proteins as well as the stability of
toxic amyloid beta peptide aggregation are discussed.
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Plasma oxidation of human epidermal growth factor (hEGF). hEGFs are small
signaling proteins (Figure 13), and their oxidation causes structural and
conformational changes, which can lead to either regulation or disturbance of the
signaling pathways in a cell, eventually affecting the cell proliferation. In this study,
the non-reactive MD simulations were carried out, in combination with experiments,
to study the oxidation of hEGF caused by CAP treatment.

Figure 13. Structure of hEGF shown in licorice (a) and cartoon (b) views. The sulfur
atoms of the cysteine residues and the disulfide bonds between them are illustrated in
yellow color in (a), for the sake of clarity.

Specifically, the conformational changes of hEGF with different degrees of
oxidation, corresponding to short or longer CAP treatment times, were studied. The
creation of oxidized forms of hEGF was achieved by modifying certain amino acids
in the native hEGF into oxidized forms (Table 1), where the specific modification
of hEGF upon oxidation was determined from combining the simulation results with
Fourier transform infrared (FTIR) results. The results of the FTIR measurements
showed that S=0 and OH groups are already introduced after 45 s of CAP treatment
of hEGF (Figure 14). This indicates that in the case of a low oxidation degree, the
thiol-containing residues (Met and Cys) should be considered for modification in the
simulations. In the case 0of 300 s and 600 s (which correspond to moderate and higher
oxidation degrees), the intensity of the v(C-OH) signal was lower, whereas the C=0
formation was increased (Figure 14), which indicates that besides thiol oxidation,
simulated changes should be introduced to His and Lys residues. Circular dichroism
(CD) spectroscopy was also performed to verify the simulated structural changes
occurred in the hEGF structure (Figure 15).
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Table 1. List and chemical structures of the 10 amino acids used for the creation of

the various oxidized hEGF proteins.

AA
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modified AA
in oxidized hEGF
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The results of the CD data indicated that 45 s of treatment causes only slight
alterations in the hEGF secondary structure compared to control spectrum, whereas
longer treatments (300 and 600 s) result in a stronger disturbance of the secondary
structure of the hEGF. This was also observed in the simulations.

In general, good qualitative agreement was found between the results of the
simulations and experiments. The results indicated that the oxidized structures
become more flexible, due to their conformational changes and breakage of the
disulfide bonds, especially at higher oxidation degrees. Moreover, a low oxidation
degree has insignificant effect on the binding affinity of hEGF with its receptor,
whereas highly oxidized hEGF exhibits less interaction. This will ultimately affect
the cell proliferation, by assisting or inhibiting the process. Thus, the results can be
linked to the use of CAP for wound healing at short treatment times vs. cancer
treatment at longer treatment times.

Effect of plasma-induced RONS on the structure of cytoglobin (CYGB). CYGB
is one of the redox-regulatory proteins, a recently discovered globin proposed to be
involved in the protection of the cell against oxidative stress. In this study, the effect
of plasma-generated RONS on CYGB was investigated by experiments, and
computer simulations were performed to support these experiments.
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Figure 14. FTIR spectra of plasma-treated hEGF. The mean and standard error
(shaded area) for each treatment time are shown. Spectra were stacked with a fixed
factor of 0.03 to increase readability.
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Figure 15. Secondary structure analysis of plasma-treated hEGF by CD spectroscopy.
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The experimental investigations showed that CAP treatment of CYGB leads to the
formation of a disulfide bond in between the cysteine amino acids (i.e., Cysss and
Cysss), i.e., CYGBs.s. In order to study the effect of this bond on the conformation
of CYGB, the MD simulations were carried out. The simulation results showed that
there is a negligible shift of the heme group in the modified CYGBs_s compared to
native CYGB. Hence, the formation of the disulfide bridge between the cysteine
residues does not alter the local orientation of the heme group, which was also
reported in literature. However, the simulation results also revealed that the His;;7
residue located nearby the heme group substantially changes its position in modified
CYGBs.s. The calculated distance between the heme iron and one of the nitrogen
atoms of Hisy;; almost doubled in modified CYGBs.s, which is due to the
conformational changes caused by the disulfide bond (Figure 16).

top view

o

(d) . His117

modified CYGB, ; nhative CYGB

Figure 16. Binding hot spot of native CYGB (a-b) and modified CYGBs.s (c-d)
presented as red meshed regions. It is clear that in native CYGB the access to the
heme group (green) is more limited than in modified CYGBg.s.

Thus, the formation of the disulfide bond, due to CAP oxidation, affects the CYGB
3D structure, thereby opening the access to the heme group, through gate functioning
of His;y7. This, in turn, increases the binding affinity (through involvement of the
heme group), which is in line with the experimental observations of this study. This
study is of great interest because it provides further support and new insights that
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CYGB, on a molecular basis, has the potential to play a role in the cellular response
against oxidative stress.

Effect of oxidation on the aggregation of toxic amyloid beta peptide. The
aggregation of insoluble amyloid beta (APB) peptides in the brain is known to trigger
the onset of neurodegenerative diseases, such as Alzheimer’s disease. However, the
underlying mechanisms to destabilize the AP aggregates are still poorly understood.
Recent experiments on CAP-induced oxidation of AP aggregates have shown
promising results in eliminating these toxic aggregates.

Thus, in this research the effect of oxidation on the stability of an AP pentamer
was investigated, employing MD simulations. The simulation results revealed that
the oxidation of AP pentamer leads to a higher flexibility and more conformational
changes in the structure, thereby increasing the solvent accessibility. This is more
obvious in the case of OX3 (15% oxidation) due to the disruption of the salt bridge
interaction. Moreover, oxidation results in a decrease of the interpeptide binding free
energy (Figure 17), eventually destabilizing the amyloid beta aggregation process.

Hence, this study contributes to a better insight in one of the potential

mechanisms for inhibition of toxic AP peptide aggregation important for
Alzheimer’s disease.
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Figure 17. Potential of mean force (PMF) profiles (or FEPs) of the native and
oxidized AP pentamer structures. OX1, OX2 and OX3 correspond to 3, 9, and 15%
oxidized structures, respectively. The binding free energies are calculated from the
difference between the minimum and maximum values.
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CONCLUSIONS

Complementary to experimental studies, computer simulations may also provide
fundamental information about the processes occurring at the surface of living cells,
which is difficult or even impossible to obtain through experiments. Therefore, in this
doctoral work, all three potential mechanisms of noticeable rise of intracellular RONS
occurring in cancer cells, i.e., a8) RONS-induced modification of the cell membrane
leading to increased permeability, b) active transport of RONS through
transmembrane channels and ¢) RONS interaction with specific proteins leading to
stress signaling inside the cell, were thoroughly investigated at the atomic level,
applying the state-of-the-art computer simulations. As model systems in the
simulations, the PLB composed of different types of lipid molecules as well as various
types of proteins were used.

The following conclusions were drawn in this doctoral work:

1. Plasma-induced lipid oxidation in the PLB leads to an overall increase in
area per lipid and a drop of the bilayer thickness; already 25% of ALD (aldehyde)
oxidation leads to an increase of the surface area per lipid and a decrease of the bilayer
thickness by around 10%, even when 25% of OX2 (PLB with detached lipid tails)
takes place in the PLB; this, eventually results in an increase of the bilayer fluidity;

2. Lipid oxidation also leads to an overall increase of the membrane
permeability, thereby affecting the permeation of RONS across the membrane;
permeation free energy barrier for hydrophilic ROS (OH, HO, and H,0,) decreases
upon oxidation of the PLB, especially in the case of aldehyde oxidation; in 50%
aldehyde oxidized PLB the activation free energy of OH, HO, and H,O, for
permeation to the bilayer center decreases by 45, 26 and 31%, respectively, compared
to the native PLB; hydrophobic RONS (NO, NO,, N>O4, O, and Os3) experience
significantly lower free energy barriers, and therefore permeate more easily through
both native and oxidized PLBs in comparison to hydrophilic ROS;

3. A decrease in the transition free energy barriers of ROS increases the
penetration probability of these species into the cell interior to cause oxidation,
although the energy barriers still remain relatively high, indicating that there is a need
for specific protein channels (e.g., AQP) or pores created by electric field;

4. Synergistic effect of the electric field shows that the lipid oxidation leads to
a drop of the average time needed to initiate pore formation as well as the electric field
threshold needed for pore formation (i.e., electroporation) in the membrane; e.g., in
the case of 0.4 V/nm electric field and 50% aldehyde oxidation, the pore formation
time decreases from~12 to 1.2 ns (i.e., 10 times), whereas in peroxidized PLB a strong
effect of oxidation is not observed (i.e., ~12 and 6 ns, 2 times decrease);

5. The pore formation induced by electric field begins with the creation of a
single-file water defect in the membrane (i.e., a narrow aqueous channel with the
width of a single water molecule), which grows quickly (within a few ns) eventually
leading to the pore formation; the created pores facilitate the penetration of reactive
plasma species deep into the cell interior, eventually causing oxidative damage;
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6. The translocation free energy barrier of PS from the inner leaflet to the outer
leaflet can also be decreased by increasing the lipid peroxidation degree; for the native
PLB the calculated free energy barrier is 93 kJ/mol, which is within the range of free
energy barriers given in literature (i.e., 75-120 kJ/mol); this barrier decreases up to 65
kJ/mol (i.e., 30% decrease) in the case of a 50% peroxidized PLB; this subsequently
facilitates the flip-flop of PS, eventually causing cell apoptosis;

7. Under mechanical stress, membrane oxidation reduces the critical areal
strain (g4) and facilitates pore formation, contributing to membrane leakage; in
homogeneous membranes (containing either native or oxidized lipid domains), &4
depends on the oxidation product; e.g., in a native POPC bilayer £4=1.17, which drops
to 0.9 (i.e., 23% decrease) in a fully peroxidized POPC membrane; in heterogeneous
membranes (containing both native or oxidized lipids) pore formation is easier than
in native membranes (i.e., similar to fully oxidized membrane) and pores are formed
either at the interface or at the bulk of oxidized domain;

8.  The saturation degree of the lipid tail, the type of lipid head group and the
fraction of membrane cholesterol, also affect the transport of plasma species into cells;
increasing the fraction of DPPE in the membrane leads to an increase of the free
energy barrier for H,O, permeation across the DPPC and DOPC membrane systems
containing 25% of cholesterol; various physical and chemical processes can play a
role in the delivery of RONS into cells, which include lipid oxidation, lipid packing
and lipid rafts formation;

9. Permeability coefficient of H,O, across AQP1 is two orders of magnitude
higher than across the PLB (Pagpi = 2.57 cm/s and Ppopc pLs = 6.62x107° cm/s,
respectively), indicating that the delivery of H,O, into the cell interior should be
through AQP;

10. Both hydrophilic (H,O, and OH) and hydrophobic (NO, and NO) RONS
can all penetrate across AQP1; the permeation free energy barriers for OH and NO
(~8 kJ/mol) are lower than that of H>O, and NO; (~12 kJ/mol), indicating that these
species may have easier access to the pore interior of AQP1 and interact with the
amino acid residues; both lipid and protein oxidation slightly increase the free energy
barrier for H,O, and NO,, while for OH and NO, a strong effect of oxidation is not
observed;

11. Hydrophilic species enter the cell through AQPs, as they experience a
higher barrier through the lipid membrane, especially in the native PLB (i.e., about 10
vs. 22 kJ/mol in the case of H»,0O,), whereas the hydrophobic species most likely
permeate through the membrane, where lipid oxidation can take place, as their barrier
through AQP is higher (i.e., about 8 vs. 1 kJ/mol in the case of NO);

12. Oxidation of Cyss,; residue of xCT antiporter results in a free energy barrier

for CYC translocation (i.e., 33.9 kJ/mol), which blocks the access of CYC to the
substrate binding site of the xCT, thereby inhibiting the xCT antiporter;

13. Oxidation of hEGF makes this protein more flexible, due to its
conformational changes and breakage of the disulfide bonds, especially at higher
oxidation degrees; e.g., a-helical structure decreases from 11.2% to 7.4%, and 3-sheet
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conformation (responsible for the structural stability) drops from 10.9% to 0.5%,
thereby increasing the percentage of random coils; thus, low oxidation degree has
insignificant effect on the binding affinity of hEGF with its receptor (-105.2 vs. -71.2
kcal/mol), whereas highly oxidized hEGF exhibits less interaction (-105.2 vs. -49.5
kcal/mol);

14. Formation of the disulfide bond, due to CAP oxidation, affects the structure
of CYGB; indeed, the calculated distance between the heme iron and one of the
nitrogen atoms of His;7 is almost doubled in CYGBs.s (6.63 vs. 13.48 A); this opens
the access to the heme group (through gate functioning of His;;7), thereby increasing
the binding affinity, which is in line with the experiments;

15. Oxidation of AP pentamer results in a higher flexibility and more
conformational changes in the structure, thereby increasing the solvent accessibility;
this is more pronounced in the case of the highest oxidation degree (where B-sheet
conformation drops from 73.3% to 64.0%), which is due to the disruption of the salt
bridge interaction; subsequently, the inter-peptide binding free energy decreases
(from -248.93 to -178.17 kJ/mol), which indicates that AP aggregation becomes less
favorable upon oxidation.
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BBEJ/IEHUE (aHHOTAlIIMS MIPE3eHTALIUM)

AKTYaJIbHOCTh M BOCTPeGOBAHHOCTH TeMbl HMCCJeNoBaHuA. B mocnenHue
rofbl  OBICTPO  Pa3BHBAaETCS HOBOC  MEXKIUCIUIUIMHAPHOE  HAIpaBJICHUE,
oOBeaUHSIONIEE JOCTHKCHUS (PU3UKH TUTa3Mbl, MOJICKYJISIPHOU (QU3NKH, ONMO(U3HKU
U BBIYHCIUTENILHOW (PH3MKM — IUIA3MEHHAs MEIUIMHA, 3aHUMAroIIasics
(GyHIAMEHTATBHBIMA W TPHUKJIAIHBIMA BOIPOCAMH B3aUMOJICHCTBHSI  XOJIOIHOM
atMocdepHoit miasmel (XAIl) ¥ MIrkux cpen, OCHOBaHHas Ha WCIOJIb30BAHHU
MPOTEKAIONIMX B HEH (DU3MKOXMMHUYECKUX TporieccoB. [Iporecchl, mporucxoasmme
nox1 Bo3zekicTBueM XAIl Ha moBepxHOCTH (MU B 00BEME), BBI3BIBAIOT U3MEHEHHS B
CTPYKTYpe  OHMOMOJICKYJbl, YTO OOBIYHO  CONPOBOXKIACTCS  WU3MCHCHHEM
THIPOOUIBHO-TUAPOPOOHBIX CBOMCTB MOJIEKYJT M MOTYT CTUMYJTHPOBATh MOSIBIICHUC
OHMOJIOTMYECKOM aKTUBHOCTH OMOMOJICKYITBI.

B Hacrosimee Bpemst B ob6iacTu mcrnosib3oBanus XAl cioxunachk cuTyanms,
KOT/Ia TpaKTUYeCKas peaau3alvs ornepekaeT (yHIaMeHTalbHbIE HCCIEI0BaHUs,
MOCBSIIICHHBIE TTOHUMAHUIO (PU3UKO-XUMUUYECKUX 3aKOHOMEPHOCTEH IUIa3MEHHBIX
npolieccoB. BHenmHue mapaMeTpbl TaKUX TUIa3MEHHBIX MPOIIECCOB BBIOMPAIOTCS B
OCHOBHOM, JMIIMPUYECKUA. ITO CBSA3aHO, BO-TIEPBBIX, CO CJIOKHOCTHIO aHaIU3a
peakiuii, MPOTEKAIIINX B HEPABHOBECHBIX YCJIOBHUSX, a BO-BTOPBIX, C TEM, UTO
ra3Ma SIBJISIETCS. CaMOCOTJIACOBAHHOW CHUCTEMOM, (PU3MYECKUE XapaKTePUCTUKHU
KOTOpOH, OINpeAeNAlolue €€ XUMHYECKYI0 aKTUBHOCTb, CaMH 3aBHUCST OT
MHULMUPOBAHHBIX TUIA3MOM MEXMOJIEKYISIPHBIX B3aUMOJCHCTBUI U XUMHYECKUX
npeBpamieHnidi. B To ke Bpems, O4eBHMIHO, YTO 0O€3 MOHMMAHUS MEXaHH3MOB
B3aWMOJICHCTBUS, POJIH PA3TUIHBIX AKTHBHBIX YACTHI] B PEAKITHSIX C OMOMOJIEKYyIaMH
n 0e3 ydeTa BIMSHUAA XUMHUYECKHX TIPOIIECCOB B IIa3Me Ha €€ CBOMCTBA,
s¢dexkTUBHAS ONTUMH3AIHS TUTA3MEHHBIX TEXHOJIOTH HEBO3MOXKHA. B CBsI3M ¢ aTHM
AKMYAIbHbIMU  3a0a4amy  AGNAIOMCSA — UCCIe008aHUe MeXAHU3MO8 TPOLECCOB,
ONPENIETSAIONINX COCTAaB AKTUBHBIX KOMIIOHEHTOB XOJIOJHOM IJIa3Mbl, a TaKkKe
8blAABlIeHIE 3aKOHOMEPHOCMell €€ BO3ICICTBHS Ha OMOMOJIEKYIIbI.

B mupe ucnons3zoBanue XAII 1151 1edeHus: paka B HACTOSIIEE BpeMs SIBIISIETCS
ONHOM W3 Hambojee akKTyalbHBIX TEM B IUIA3MEHHOW MeauruHe. MHorue
WCCIIEZIOBaHUSI OBUTM MPOBEEHBI B ATOW 00JacTH, B TOM YHCIIE XapaKTEPUCTHKA H
pa3paboTKa UCTOYHUKOB TUIA3MBbI, (DU3MKA U XUMHUS, IPOUCXOIAIINE B TUIA3ME M Ha
o0pabaTbIBaeMoil MOBEPXHOCTH, OMO(DU3NUECKHUE TTPOLIECCHI, TPOUCXOIAIINE, KOTaa
reHepUpyeMble IUIa3MOM YacTUIbl BCTYNMAalOT B KOHTAKT C OWOMOJIEKYJIaMU H
s ekt neuenuss XAIl y kuBbIX opranu3mMoB. MHoroooOemiaromme pe3ynbTaThl
OBbUIN MOJTYYEHbI B IJTA3MEHHON OHKOJIOTUH KaK i Vitro, Tak U in vivo. JKCIIEPUMEHTBI
nokazanu, 4yto XAIl MoxeT u30upaTeabHO HALEIMBATHCS HA Pa3pyILIEHUE PAKOBBIX
KJIETOK, TEM CaMbIM OCTaBJISIS 310POBBIE KJIETKU MEHBIIMMU WU HEMOBPEKACHHBIMU.
OT10, B CBOKW ouepedb, Jaer npeummyiectso XAIl mepen TpaguuMOHHBIMU
MIPOTUBOPAKOBBIMU METOJaMH. TeM He MeHee, HECMOTps Ha OOJIbILIOE KOJUYECTBO
WCCJIEI0BaHUM, OCHOBHBIE MEXaHW3MBbI, C MOMOULIbIO KOTOPBIX IUIa3Ma JAEUCTBYET
M30UpaTeIbHO Ha PAKOBBIE KJIETKH, BCE €I1I€ OCTAIOTCSl HESICHBIMU U TpeOyIoT OoJiee
THIATEIbHBIX (PyHIaMEHTAbHBIX UCCIIEI0BAaHHA.
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CnoxXHOCTh 00JacTH KOHTAaKTa IUIa3Mbl C J>KMBBIMH KIIETKAMH, JEJIAET €€
TPYAHOW WJIA HEBO3MOKHOM ISl MCCIIEIOBAHUS MOCPEICTBOM SKCIEPUMEHTOB. B
STOM OTHOIICHWH KOMITBIOTEPHOE MOJCTHUPOBAHUE OUYEHB IIEHHO, YTO 00ECIIeUNBAET
MMOHUMAaHHUE MPOLIECCOB HA MOJIEKYJIIPHOM YPOBHE, U TAKXKE MO3BOJSET JIETAIbHO
M3Y4NUTh OCHOBHBIE MEXaHW3Mbl. TeM HE MeHee, Ha CErOAHSIIHUN JCHb OBLIO
MPOBEJICHO  OrPAHMYEHHOE  KOJMYECTBO  CHUMYISIIIMOHHBIX  MCCJIEIOBAaHUM,
MOCBSIIIEHHBIX MMOAPOOHOMY M3YYECHHUIO BHIICYKA3aHHBIX IMPOIIECCOB.

B VY306ekucrane o0iacTh mIa3MEHHOM MEIUIIMHBI, OCOOCHHO HCIIOJIb30BAHHUE
XOJIOJTHOM TIIa3Mbl IS JICUEHUS paka, SIBISICTCS OJHOM W3 HOBEHIIMX oOJiacTeit
MCCJEeNOBAaHMM IJ1a3Mbl M HAXOJWUTCA HA PAHHUX CTaAUsIX pa3BUTHS. B 3ToMm
OTHOUIEHUM MCCIEAOBAHMS C MCIOJIb30BAHUEM KOMIIBIOTEPHOTO MOJIETUPOBAHUS
UTPAIOT BAKHYIO POJIb B U3Y4EeHUH (DYHIAMEHTATBLHBIX TIPOIIECCOB HA MOJICKYIISIPHOM
YpPOBHE M B MOHUMAHUU MEXAHU3MOB, JIEKAUIMX B OCHOBE KCHEPUMEHTAJIBLHBIX
PE3yNIbTAaTOB, MOJYUYEHHBIX B 3TOM 00JacTH. [[71s1 3TOr0 y)Xe HallaxkeHa MoCTereHHast
nepejaya 3HaHUM 1 HaBBIKOB B 00JIACTH KOMITBIOTEPHOTO MOJIEIUPOBAHUS MOJIOIBIM
uccienoBaresiM  Y30ekucrana. B Oyamyiiem mnpenycMmaTpuBaeTcs HallaKUBaHUE
COTPYAHUYECTBA C MEIUIMHCKUMHU HCCIEAOBATEIbCKUMH LIEHTPAMHU CTpPaHbl Jis
MIPOBEJICHUSI MPAKTUYECKUX HCCIE0BaHUM B 3TOM obOnacTu. B Hactosiiee Bpems
TOTOBSATCSL HAay4YHO-MCCIIEIOBATENILCKUE MPOEKThI B 3TOoM oOmactu. HecomHeHHO,
pasBuTHe 00JaCTH TUIA3MEHHOW MEAUIIMHBI B Y30€KUCTaHE TpejiaraeT JIeuieBbie u
3¢ (peKTUBHBIC pEIICHUS IS JICUCHUS pPa3IW4yHbIX 3a0ojeBanuii. [losToMy
YBEJIMYCHHUE KOJIMYECTBA HCCIICIOBATEICH B JIAHHOM OONACTH SIBIISIETCS OJHON W3
MPUOPUTETHBIX 33124, U JUIS ATOH IIEH 1eIeCO00pa3HO PaCIIMPUTh UCCIEIOBAHIS B
o0acTy mIa3MeHHOW MEIUITUHBL.

JlaHHO€ JOKTOPCKOE WHCCJIEIOBAaHME B OIPEACTICHHOW CTENEHH CIYXKUT
BBITIOJIHEHUIO 3aJlay, MpeaycMOTpeHHbIX B VYkaze I[lpesunmenta PecnyOnuku
VY36ekucran ot 7 dpepans 2017 roga Ne VI1-4947 «O cTpareruu ASHCTBUIA 11O TISATH
MIPUOPUTETHBIM HaMpaBiIeHUM pazputws PecrryOnuku Y36ekuctan B 2017-2021 rr.»
u [loctanosnenuu ot 14 utomnst 2018 1. Ne [111-3855 «O momonHUTENBHBIX MEpax 1o
MOBBIICHAIO Y((HEKTUBHOCTH KOMMEPIHATU3AINH PE3yIbTATOB HAYIHOW W HAYIHO-
TEXHUYECKOW ACSITETBHOCTH», a TakKe B JPYrUX HOPMATHBHO-TIPABOBBIX AaKTaX,
CBSI3aHHBIX C 9TOU JAEATEIHHOCTHIO.

Leap wucciaenoBaHusi — TMONYYUTHh (PyHAAMEHTATFHOE MPEACTABICHUE O
BJIUSTHUU XOJIOJHOW aTMOC(EPHOH TUIa3Mbl HA OMOMOJICKYJIBI ITYTEM BBISIBICHUS
MEXaHM3MOB  B3aUMOJICUCTBHS PEAKTUBHBIX YacTUIl C OHMOMOJIEKYJIAMH,
BBI3BIBAEMBIX TUIA3MOM, U, B YACTHOCTH, ONPEACIUTh POJIb PEAKTUBHBIX YaCTHUI[ B
poIeccax.

O0beKTOM HMCCJIeT0BAHUSI SBIISIOTCS aKTUBHBIE (POPMBI KUCIOPOa M a30Ta,
dbochomunuaHbIA OUCIION, COCTOSIINN W3 PA3IMYHBIX MPUPOTHBIX U OKHCICHHBIX
MOJICKYJT JIMITH/IOB, IIPUPOIHBIC U OKUCIICHHBIC HHTETPAIbHBIC MEMOpPaHHbIC OCITKN
akBaropuH U XCT, a Takke MOICITbHBIC CHCTEMBI JUTSI CUTHAIBHBIX, TIIO0YIIAPHBIX U
BOJIOKHOOOPa3HBIX OEITKOB.
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IIpenmeToM HMCC/IeIOBAHUS SBIIIOTCS aTOMHBIC TOJOXKEHUS M CKOPOCTH B
MOJICTBHOM CUCTEME, HX SHEPTHH B3aMMO/ICHCTBUS, TUTOIIA b Ha JIMTTKJT ¥ TOJIIIMHA
oucnos, nmpoduiau cBOOOIHON dHEpruH U KodhduruenTa quddy3un peakTHBHBIX
gacTull 4yepe3 hochoaunmuaHbIi OUCITON, a TakKe yepe3 aKBaropuH, KodhGuimeHT
MIPOHMUIIAEMOCTH, Oaphep CBOOOIHOM YHEPTHUH, FICKTPUICCKOE T0JIe, HEOOXO0IMMOE
Uit oOpa3oBaHMS TIOp, CPEAHEE BpeMsi 0O0pa30BaHUs IMOP M CBOOOJIHAS SHEPIHS
CBSI3bIBAHHSI.

Haquaﬂ HOBM3HA UCCJICA0BAHMUA 3aK/IIOYAIOTCA B CICAYIOIICM!

BIIEPBbIE pa3paboTtaH CUCTEeMAaTUYECKUI METO/T UCCIeI0BaHUS
B3aMMOJICHCTBUSl aKTUBHBIX (QopM Kuciopoga u azora (ADKA) ¢ romoBHbIMU
rpynnamu ¢pocponunuanoro oucinos (OJIb) u nocnenyromiee BIUSIHIE OKUCICHUS
TOJIOBHOM TPYNIbl M JMIKWAHOTO XBOCTA HAa CTPYKTYpHBIE M JMHAMUYECKHE
CBOWMCTBA MeMOpaHbl C HCIOJb30BAHUEM HECKOJBKUX pa3IMYHBIX METO/0B
MOJEIUPOBAaHUS M OblIa JOCTUTHyTa XOpOIIash COTJIACOBAHHOCTh MEXIY
pe3yJibTaTaMy MOJICJIMPOBAHUS U MOJIYyYEeHHBIMU SKCIIEPUMEHTAMU;

BIIEpBbIE OBUTM HMACHTU(ULUUPOBAHBI MEXAHU3Mbl MOJIEKYJISIPHOTO YPOBHS
CUHEPIreTUYECKOTO BO3ACUCTBUSA DJIEKTPUYECKOIO IO U OKUCICHHS JIUIUIOB,
BbI3BaHHBIX XAll, Ha oO6pa3oBanue nop B OJIb;

ObUI0O OOHApYXKEHO, YTO OKHCIEHHE JUIUAHBIX XBOCTOB MPHUBOJUT K
YMEHBLICHUIO CPEJHEr0 BpPEMEHH, HEOOXOAUMOro Uil HHUIUHPOBAHUSA
ANIEKTPONOpaINy, a TaKKe K 00Jiee HU3KOMY OPOrOBOMY 3JIEKTPUUYECKOMY OO,
HeoOxoaumMoMmy At oopazoBanus nop B OJIb;

BIIEPBbIC OBLIM pPa3pabOTaHbl CHUCTEMATHYECKHE METOIBI IS HM3yYCHHS
BIUSTHUSL MHAYITUPOBAHHOTO TNIA3MOW OKUCIICHUS Ha TPOIECCHI, IPOUCXOISIINEC B
®JIb, Takme kak Tpancnopt ADKA, nmemwxkenue ‘flip-flop’ docharuauncepuna
(PC), a Takxke MEXaHUUECKOE HAMPIKCHUE;

Obl10 TOKa3aHo, uTo okuciienne DJIb mpuBoauT K 00MIEMYy yMEHBIICHUIO
MIPOHUIIAEMBIX OapbepoB CBOOOMHON »Hepruu ruapodunsHoit ADK, Torma kak
ruapodooHsie ADKA MOryT 3HAaUMTENBHO JIy4llle TPOHUKAThH KaK Yepe3 HaTUBHBIE,
Tak U okuciicHHble DJIb;

OBLIO ycTaHOBIJIEHO, uTo okuciienne ®JIb obierdaer Tpancnokamuio OC gepes
@®JIb m CHMXaeT KPUTHYECCKYIO apealibHyIo AehOopMaIfio, HEOOXOIUMYIO IS
obpazoBanuss mop B DJIb mpm MexaHWYECKOM BO3ACHCTBHUH, TEM CaMbIM
CIOCOOCTBYS YT€UKE Uuepe3 MeMOpaHy;

BIIEPBBIE ObUT pa3paboTaH JCTATBHBIM METOJ WCCIEIOBAHUS I M3ydCHUS

MPOIIECCOB MPOHUKHOBEHUS THIAPOPMIBHBIX M TuUApoPoOHBIX ADKA depes
TpaHcMeMOpaHHBIN OenkoBbIN KaHat akBamopuHa (AKII);

OBLIIO BBICKA3aHO TMPEATIONIOKEHUE, YTO TUAPODUIHHBIC YaCTUIIBI TPOHUKAIOT
B kietky depe3 AKII, mOCKONBKY OHHM HCIBITBIBAIOT SBHO 00jee BBICOKHI
SHEPTEeTUYECKHI Oapbep I MPOHUKHOBEHHUS Yepe3 JTUMUIHYI0 MEMOpaHy;
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ObLI0 OOHApYXkeHo, uTo ruapoPoOHbie ADKA NpOHUKAIOT B KIETKY, CKOpee
BCETro0, uepe3 MeMOpaHy, I7ie MOKET MPOUCXOAUTH OKHCICHHE JUINO0B, TOCKOJIbKY
ux 3HepreTudeckue 6aprepsl yepe3 AKII Boimre;

BIIEPBbIE MOJHBII MPOLIECC TPAHCHOPTUPOBKHU LIUCTHHA yepe3 antunoptep XCT
HAOJFO1aJICs C UCTIOTF30BAHNEM HECKOIBKUX PA3IMYHBIX METOIOB MOICITUPOBAHNS;

Obi0  mokazaHo, uTo okucieHue XCT mnpuBoguT K  CBOOOIHOMY
HEpreTuYecKkoMy Oapbepy Il TPAHCIOKAllMK ITUCTHUHA, TEM CaMbIM OJIOKUPYS
JOCTYII IUCTHHA K MECTY CBA3BIBAHMSI CyOCTpaTa;

J€TalbHO PACCMOTPEHO BIIMSIHUE OKHUCIEHHMS IJ1a3Mbl HAa CBOWMCTBa TpeEX
MOJICBHBIX O€JKOB; JUIsi 9TOM 1enu i MoAudUKAuu ObUIM BHIOPAHBI
KOHKPETHBIC aMUHOKHUCIIOTHI JIJIsl CO3/IaHMsI OKUCIIEHHBIX (DOPM MOJIETBHBIX OEIIKOB;
MOJICIMPOBAHKE MMPOBOJAUIIOCH B COUYETAHUU C DKCIIEPUMEHTAMHU, U ObUIO MOJTYYEHO
oO111ee Xopolee KaueCTBEHHOE COTJIache.

Bueapenue pesyabtaTroB  HMcciaegoBaHusi.  OcCHOBHasg — peanu3anus
pEe3ylbTaTOB MCCIEIOBAHUI 3aKiioyaiach B ILUTUPOBAHMM STUX pE3YyJIbTaTOB
IPYTUMH HUCCIIETOBATEIHCKUMHI pabOTaMH.

CormacHo Hay4yHOU 0asze maHHBIX Web of Science, moiydeHHBIE PE3yJIbTATHI
MOJIETTUPOBAHMS OOCYKIANCH B 0030pax M UCIIOIH30BAIMCH TIPY HHTEPIIPETALINHU U
OTIMCAHUM YKCTICPUMEHTATBHBIX WIIH BEIYACITUTEIBHBIX pe3yIbTaToB Oosee uem 250
pabot, onmyO0IMKOBAHHBIX B )KypHaAJaX ¢ BBICOKMMH UMIIAKT (pakTopamu:

PE3yIbTaThl B3aUMOJEHUCTBHSI OOpa3yIOIMUXCS B TUIa3ME€ AaKTHBHBIX (OpM
kuciopoa u azora (ADKA) ¢ dochomunuaasiv oucimoem (DJIB) u mocneayromniee
BJIMSIHME OKHUCJIEHUS TOJIOBHOM TIpYNIbl W JIUIKIHOTO XBOCTAa Ha CBOWMCTBA
MEMOpaHbI, a TAKKEe CHHEPTeTUYeCKUH AP(PEKT BIUSHUS ICKTPHIECKOTO MO U
OKUCJICHUSI JIMNUI0B Ha mnpoHunaemMocts @JIb, ObuM HMCHONB30BAHBI IS
WHTEPIPETAIIMN U OTIMCAHUS TIOJYYCHHBIX pe3ynbTaToB B [Biol. Chem. 2019; 400:
19 (IF=3.014), Sci. Rep. 2019; 9: 4496 (IF=4.011), J. Chem. Inf- Model. 2019; 59:
4413 (IF=3.966), Cells 2020; 9: 847 (IF=5.656), Trends Biotechnol. 2018; 36: 594
(IF=13.747), J. Am. Chem. Soc. 2018; 140: 9606 (IF=14.695), Chem. Rev. 2019;
119: 5954 (IF=54.301), Mat. Sci. Eng. R. 2019; 138: 36 (IF=22.25)];

pe3ysbTaThl UCCIEAOBAHUN TpoleccoB, mpoucxomamux B DJIb, BbI3BAHHBIX
OKHCJIEHHWEM IUIa3Mbl, Takux kak Tpadcnopt ADKA wu  ‘flip-flop’
dbocharuaunceprna, ObUTA MPOaHATU3UPOBAHBI U paccMOTpeHsl B [J. Phys. Chem.
B 2018; 122: 10362 (IF=2.923), Phys. Chem. Chem. Phys. 2019; 21: 19327
(IF=3.567), Cancers 2020; 12: 269 (IF=6.162), Nanoscale 2019; 11: 19497
(IF=6.97), Cancers 2019; 11: 1109 (IF=6.162), Int. J. Mol. Sci. 2020; 21: 1939
(IF=4.183), Curr. Opin. Struc. Biol. 2018; 51: 177 (1IF=7.052), Annu. Rev. Biophys.
2019; 48: 421 (IF=12.175), Chem. Rev. 2019; 119: 5954 (IF=54.301)];

PE3YIbTaThl UCCIIEIOBAHUI IPOHUKHOBEHUS TUAPODMIBHBIX U THAPOPOOHBIX
ADKA 4yepe3 akBamopuH, a Takke TpaHcrmopra ImuctuHa uyepe3 xCT,
TpaHcMeMOpaHHble OENIKOBbIE KaHaJbl, pacCMaTpUBAINCh U OOCyXJanuch B [J.
Chem. Inf. Model. 2018; 58: 2193 (IF=3.966), Oxid. Med. Cell. Longev. 2019; 2019:
9062098 (IF=4.868), Cells 2019; 8: 1316 (IF=5.656), Cancers 2019; 11: 1920
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(IF=6.162), Arch. Biochem. Biophys. 2020; 681: 108253 (IF=3.559), Neurochem.
Res. 2020; 45; 1375 (IF=2.782), J. Membr. Biol. 2019; 252: 465 (IF=1.746), Arch.
Biochem. Biophys. 2019; 674: 108114 (IF=3.559), Cancers 2020; 12: 269
(IF=6.162)];

pe3yabTaThl MCCIEIOBAHUN BIMAHUSA OKHCICHHS IUIa3Mbl Ha CTPYKTYpHBIE
CBOWMCTBA TpPEX MOJENBHBIX OEIKOB, TO €CTh J3MUACPMAIBLHOrO (akTopa pocra
YeNoBeKa, aMUJIOUTHOTO OeTa-NMenTHia U MUTOTI00MHA, OB UCTIOIB30BAaHbI IPU
aHaJIM3€ U UHTEPHPETALUU MOJIYYeHHbIX pe3ynabTaToB B [Oxid. Med. Cell. Longev.
2019; 2019: 9062098 (IF=4.868), Cancers 2019; 11: 1920 (IF=6.162), Cancers
2018; 10: 394 (IF=6.162), J. Mol. Graph. Model. 2020; 96: 107535 (IF=1.863), Sci.
Rep. 2019; 9: 16080 (IF=4.011), ChemSusChem 2020; 13: 2072 (IF=7.804),
Molecules 2019; 24: 2568 (IF=3.06), Plasma. Process. Polym. 2018; 15: €1800078
(IF=3.173)].
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