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B 0630pe 0606wensvt dannvie 06 0CHOBHBIX Npoyeccax U KOMRNAPMMEHMAX, Y4ACMBYIouUX 6 00pa3zo-
sanuu akmugHovlx opm kuciopooa (APK) 6 pacmumenvuvix kiemxax. Oxapakmepusoéansvl 0COOEHHOCMU
cmpoenus u peayaayuu NADPH-okcuoasvl kak 00H020 U3 OCHOBHBIX dH3UMAmMuyeckux npooyyenmos ADK.
B kauecmee 603MOXHCHBIX CEHCOPOB PEOOKC-CUSHAN08 8 PACMUMETbHBIX KIeMKAX paccMOmMpeHbl 08YXKOMNO-
HeHmHble eucmuounkunazvl, AOK-uyecmeumenvusvie mpanckpunm-gpaxmopwvi, APK-uyscmeumenvrvle npo-
MEeUHKUHA3bL U peOOKcpe2yiupyemble UOHHble KaHuabl. Taxoce oocyxcoaemes ezaumoodeticmsue mexcoy ADK
U OpyeumMu CUSHANbHLIMU NOCPEOHUKAMU, 8 0COOEHHOCU OKCUOOM a30ma U uoHamu xaivyus. IIpoananu-
suposana poiv ADK kak cueHanbHvlx NOCPEOHUKO8 8 PA3BUMUU YCIMOUYUBOCMU PACNEHUN K 2Uunepmepmul,
OCMOMUYECKOMY WLOKY U OpYeUM AOUOMUUECKUM CPECCOPaM.

Knwueswie cinoea: akmusnsie hopmul kuciopooa, NADPH-okcudasa, cencopuvl pedokc-cuehanos, Kaib-

umi, OKCUO azoma, abuomuueckue cmpeccopesl, pacmunmeilbHble KJIEemMKU.

MOCJIEIHNE JIECATUIIETUS TOJyYeHO HeMa-

JI0 3KCIEPUMEHTAJIBHBIX JAHHBIX O POJHU

CUTHAJIBHBIX MOJIEKYJI M HOHOB B (pOpMHU-
pOBaHMHU aAanTUBHBIX PEAaKLIMM pacTEHUU Ha ACH-
CTBHUE cTpeccopoB. K HUM, B 4aCTHOCTH, OTHOCSITCS
WOHBI KaJpliusl, MOHOOKcH]T a30Ta (NO), CAMP, ak-
tuBHbIe popmbl kuciopona (ADK) [1-3]. AOK B Ha-
CTOsIIIEE BpEeMs paccMaTpUBAIOTCA KaK «JIBOWHBIE
are"Ts». OHU WJIM HETIOCPECTBEHHO MHUIIUUPYIOT
MHTEHCUBHBIN OKHCIUTENBHBINA CTPECC, COMPOBOXK-
JAIOIIUIACS TIOBPEKACHUEM UITH THOEINBIO KIIETOK H
OpraHu3Ma, WM JeHCTBYIOT KaK CUTHAJIbHBIE MO-
JICKYJIBl, HHAYIUPYIOMHE (HU3N0IOr0-OHOXHMUYe-
CKHE peaklld, KOTOpPBIE CIIOCOOCTBYIOT TOBBILIE-
HUIO YCTOWYMBOCTH Oopranusma [4-7].

ITog A®K noapa3zymeBaroT COBOKYITHOCTD B3a-
HMHO MPEBpAIlAIOINXCS PEaKIIHOHHOCIIOCOOHBIX
¢dopm Kuciopoaa, OONBIIMHCTBO M3 KOTOPBIX CY-
LIeCTBYET KopoTKkoe BpeMs. Cpeny HUX BBIICISIOT
CBOOOAHOpAAMKAIbHBIE YaCTULBI — CYIEPOKCHA-
HbIH annoH-paauka (O,), THIAPOKCUIIBHBIA paau-
kan (OH’), nepokcuanbie paaukansl (RO, u np.) u
HeUTpalbHbIE MOJIEKYJIBbl, TAKHE KaK MEPOKCU] BO-
nopona (H,0,), cunrnerusiit kucnopon ('O,) u mp.
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[2]. ADK o0pa3yrorcs B peaknusix OJIHO-, ABYX- U
TPEX3JIEKTPOHHOTO BOCCTAHOBJIEHMS KHUCIIOpOJa
B pe3ysbTaTe CHOHTAHHOIO M 3H3MMaTHYeCcKOro
OKHCIICHHSI pa3lIMYHBIX CyOCTPaToB, a TAaKKe B o-
TOMHAYIUPYEMBIX pEaKIUsiX.

Bananc mexxay o0pa3zoBaHuEeM U yTHIIH3AHEH
ADK xecTKo peryaupyercst 00JbIION CEThIO TCHOB,
KOTOpBIE€ aKTUBUPYIOTCS IIPU AEHCTBUU CTPECCOPOB
[8-10].

HecmoTrpss Ha cTpemuTenbHOE HaKOIUIEHHE
IKCIIEPUMEHTANBHBIX JaHHBIX 00 ywactuum ADK
B TpPaHCAYKIMHU KJIETOYHBIX curHayios [11], mpen-
CTaBJICHUsI 00 MX POJIM B CTPECCOBOM CHTHAJHMH-
re y pacteHuid 1o cux mop ¢parmentapusie [12].
B wacTHOCTH, HedcHO, kak akTuBUpYylOTCcs ADK-
TEeHEpUPYIOIIHE CHUCTEMBl CTPECCOBBIMU CHTHA-
JIaMH, OTKPBITBIM OCTaeTCs BOIPOC O B3aUMOJEH-
CTBUH CUTHAJIOB, (hopMUpyeMbIX ¢ yyacTrueM ADK,
B pPa3fIMYHBIX KJIETOUHBIX KOMIIAPTMEHTAX, OTCYT-
CTBYIOT YETKHE INPEACTABIEHUS O KIJIIOUEBBIX CEH-
copax ADK, ux cBs3M Cc JpYyrMMHM CHUTHAJbHBIMU
nocpegHukaMu. CucremMaTu3alus MOJYYEHHBIX B
MOCJIeIHNE TOABl CBEACHUH MO 3THM BOIpOcaM U
SIBUJIACH LIEJIBIO HACTOSIIIET0 0030pa.
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Oobpa3oBanne AOK
B PAaCTUTEJBbHBIX KJIETKaX

I'enepanua ADK y pacTeHuil mpoHCXOAuT B
KJIETOYHBIX CTEHKaX, IIa3MaTH4eckol memOpaHe,
XJIOporjacTax, MUTOXOHAPHUAX, MEPOKCUCOMAX H,
BO3MOJKHO, B IpyTrux kommnaptMeHTax [13] (puc. 1).

Ipouecc hoTocuHTE3a ABIAAECTCS OAHUM U3 OC-
HOBHBIX UCTOUYHUKOB 0OpazoBanusi ADK B kieTkax
3eseHbIX pacTeHuid. CynepoKCHIHBIN aHUOH-pa-
JUKaJI SIBJIAETCS TJIaBHBIM NEPBUYHBIM MPOJYKTOM
BOCCTaHOBJICHU I MOJIEKYJISIPHOTO KHCJIOPO/Ia B XJI0-
pornactax npu GyHKIHOHUPOBAHUU (DOTOCUCTEMBI
(©C) 1. ®orounaynuposannas reaepauusi AOK B
OCHOBHOM 3aBHMCUT OT YCJIOBUI BHEIIHEW Cpenbl U
OT (PU3HOJIOTUYECKOr0 COCTOSIHUSL (DOTOCHHTETH-
yeckoro ammnapata [14]. [Ipu orpannyenun ¢ukca-
uun CO, B yCIIOBUSAX 3aCyXH, 3aCOJIEHUS, BLICOKMX
TeMIepatyp M Ipyrux crpeccopoB myn NADPH
pacxoayeTcs cinado, BCIEACTBHE 3TOTO MPOUCXOAUT
«yTe4Ka» 3JIEKTPOHa OT (eppeIOKCHHA K MOJICKY-
JSIPHOMY KucJiopoay B peakunu Menepa (Mehler):

20, +2Fd_ — 20, +2Fd__

@®C II paccmarpuBaeTcs B Ka4eCTBE OCHOBHO-
0 UCTOYHHWKA CHHTIIETHOTO Kuciopona. OH obpa-
3yeTca B pe3yibraTe nepexofa xyopoduiia P680
B TPUILICTHOE COCTOSIHUE B PEAKLIMOHHBIX LIEHTPax
®C II u/unu B cBeTOCOOMparoIeM KoMILIeKce. Be-
POSTHOCTH 0Opa30BaHMsI CHHIVIETHOTO KHCIOpOJa
YBEIUYUBACTCA TPU «IIEPEBOCCTAHOBIECHHOCTH»
3NEKTPOHTPAHCIIOPTHOM 1IENH B Pe3yJIbTaTe MOrjio-
HICHHSI CBETa BBICOKOM WHTCHCHBHOCTH WU IEH-
CTBUS IpYTUX cTpecc-(pakTopos [7].

IIpn ymenbmenun duxcanun CO, u «mepe-
BOCCTaHOBJICHHOCTH 3JIEKTPOHTPAHCIIOPTHOM
LENH aKTUBUPYETCs POTOABIXaHHE, B X0O/I€ KOTOPO-
ro nmpoucxonut pereHepanust NADP*. HacTtp peak-
uuii QOTOABIXaHMS MPOUCXONUT B MEPOKCHCOMAX,
KOTOPBIC SBIISIOTCS €Ie OJHUM HCTOIYHUKOM ADK.
OxucieHue TIMKOJIEBOW KUCIOTHI, 00pa3yromeiics
B XJIOPOIJIACTaX, MTMKOJATOKCH1a30H B IEPOKCHUCO-
Max MpUBOAMT K obpaszosanuto H O, (puc. 1). Tak-
e TIEPOKCHU]] BOJOPO/Ia B IEPOKCHCOMAX MOXKET 00-
Pa30BBIBATHCS IPU [-OKUCICHUU JKUPHBIX KHUCIOT
[7].

MUTOXOHpUH, KaK M XJIOPOIUIACTHI, COAEP-
XKat 0OJBIIOE KOJTUYECTBO MIEPEHOCYUKOB DJIEKTPO-
HOB. OKHCIUTEIBHO-BOCCTAHOBUTENbHBIN IOTEH-
LMaj TeX U3 HUX, KOTOpble 00pa3yroT HauallbHbIC U
CpeIHHe YYacTKH LIeNH, YacTO OKa3bIBaeTcs OTpU-
natenbHee, yeM — 0,3 B (motennuan naper O,/0,").
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OTO oOo3HayaeT, YTO CiydailHOe B3aMMOJEHCTBHE
JTAHHBIX TEPEHOCYUKOB C MOJIEKYJISPHBIM KHCJIO-
POJIOM MOXET IMPUBECTH K OJHOAIEKTPOHHOMY BOC-
CTAHOBJICHUIO O2 o 02'*. OCHOBHBIMHU CalTaMU
YTEUKH DJIEKTPOHOB y PacTeHHH, Kak U Yy JKUBOT-
HBIX, cuuTaroTcs komruiekcsl [ u 111 [15]. B uzonu-
POBaHHBIX MUTOXOHApUsAX renepauus ADK (H,O,
v O,) MOXKET BapbUpOBaTh B LIMPOKHX MpeJe-
nax (ot 0,2 g0 30 HMonb/(MUHMT npoTerHa)) [16].
Cxopoctb renepanuu AOK B MUTOXOHJIPUSAX KU-
BOTHBIX KJIETOK 3aBHUCHUT MPEXKJE BCEro OT CTENEHU
BOCCTaHOBJIEHHOCTH 3JIEKTPOHTPAHCIOPTHON LEMH
U MeMOpaHHOTO MoTeHuuaia. Juccumanus Mem-
OpaHHOTO TMOTEHIMAJIa MPOUCXOAUT MPH OKHCIH-
tenbHOM QocopunupoBanuu ADP. [Toatomy, ecinu
B MUTOXOHApUSIX A0cTatouyHo ADP u oH akTHBHO
(hochopunupyeTcs, TUuccUNaIus MPOTOHHOTO Tpa-
JUCHTA CHI)KaeT MeMOpaHHBIH MOTEHLIMAT U BEPO-
ATHOCTB Tenepanuu O, [15].

VY pacTeHuil B3aUMOCBSI3b MEXJIY TpaHCIIOp-
TOM DJIEKTPOHOB, OKHUCIIHTEIBHBIM (HOChHOpUInpo-
BaHueM M reHepauueit AOK Gonee cnoxHas, yem
y )KMBOTHBIX B CBSI3M C HAJIMYUEM aJIbTEPHATHBHON
OKCH/JIa3bl, KaTAJIM3UPYIOLIEH OKUCICHNE YOUXUHO-
Ha U BOCCTAHOBJIEHHE MOJEKYJISAPHOIO KHCIOpoa
no Boxbl. Ilpu sTOM mpenoTBpamaercs BeposT-
HOCTh 00pa3zoBanus O, BCIEACTBHE YTEUKH DIIEK-
TpoHa ot komiuiekca III. Hapsany ¢ atum tpancnopt
3eKTPOHOB B 00x0j komiuiekca III, rutoxpoma ¢
u xomiuekca IV ymeHbIaeT nepeBocCTaHOBIICHHE
MUTOXOHJIPHA, NX MEMOpPaHHBIH MOTEHIIHAT U, KaK
CIIEJICTBUE, BEPOSITHOCTH oOpa3oBanus ADK [17].
Takum 00pa3zoM, anbTepHATUBHYIO OKCHUIA3y MH-
TOXOHJPHUI MOXKHO pacCMaTpUBaTh KaK KOMIIOHEHT
AHTHUOKCHJIAHTHOM CUCTEMBI.

B nenowm, cunTaeTcs, 4TO AbIXaTelbHas LENb
MUTOXOHJpHUI MeHee MouHbIH nctouHuk ADK no
CPaBHEHMIO C 3JIEKTPOHTPAHCIOPTHOMN LIETBIO XJIO-
poractoB. OHaKO B TEMHOTE WJIM B HE3EJEHBIX
TKaHAX MHTOXOHJAPUU MOT'YT BHOCHUTH CYIIE€CTBEH-
HBIN BKJIaa B reHepaiuio AOK [16].

Hecmotpst Ha TO, uro Hanbonpmmii myn ADK
oOpa3yeTcst B XJIOPOIUIACTaX M MHUTOXOHIPHSIX,
MIPU «OKUCIUTEIBHOM B3PBIBE», SBIISIOIIEMCS aK-
THUBHOW peakluell pacTeHUN Ha IaTOrEHbl U dJu-
CUTOPBI, B Ka4eCTBE OCHOBHBIX MCTOYHUKOB ADK
B PAaCTUTEIBHBIX KJIETKaX paccMaTpUBAIOTCS OKHUC-
JIUTEIBHO-BOCCTAHOBUTENIBHBIE ~ YH3UMATHYECKHE
CHUCTEMBI Ia3maieMMmbl U anormiacta [18]. C apy-
rol CTOPOHBI, B HACTOSIIEE BPEMsI HaKaIIMBaeTCs
Bce OOIbIIe SKCIEPUMEHTAIBHBIX JTAHHBIX, CBUIC-
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Kaerounas crenka

Puc. 1. Obwas cxema obpazosanus ADK u mpancoykyuu pedokc-cueHaios 8 pacmumenbHulX KIemKax.

EX — npomeun EXECUTER; RBOH — kamanumuuecxas cyoveounuya NADPH-okcudaswl; 110 — nepoxcu-
oasa; CO/[ — pazauunvle popmul cynepoxcudoucmymassoi; 1O — enuxonamokcuoasa;, @C — homocucmemol;
OTL — anexmpoumpancnopmuas yenv. lloacnenus xk cxeme. B anoniacme cynepoxcuonvle aHuoH-paouxa-
a6t 0bpasyiomes ¢ yuacmuem NADPH-oxcudasel u nepokcudasvl u npespawaromes 6 H,0, noo eéiusnuem
COJl mubo cnonmanno. @C I zenepupyem O,”, npespawarowuiica 6 H,O, xomopowiii modcem 61uamo Ha
IKCAPECCUIo XA0PONIACMHBIX 2eHO8 U0 nponuxkamsv 6 yumoszons. @C Il obpasyem cunenemmuulii KUCIOPOO,
KOMOpwlll npu nocpeonudecmee npomeurnos EX moocem uszmenams sxcnpeccuro sdepnvlx 2enos. Ipu ycune-
HUul homoodwvixanus Qocgoznuxoram, NOCMynarwull U3 XI0pOniacmos 8 NePOKCUCOMbL, NPEEPAUAemcs 8
anukonam, a samem 6 2nuokcunam ¢ oopaszosanuem H,0,. Cynepokcuomnviii anuoH-paoukai, 0opasyioumuiics 6
ITL mumoxondpuii, ¢ yuacmuem COJJ npespawaemcs ¢ H,0,. Ilepokcud 6000pooa, nporuxauwuii 6 yumo-
NaA3My U3 anonadAcma, Xa10pOnaacmos, NePoOKCUCOM U MUMOXOHOPULL UL 0OPA3VIOWUIICA 6 Hell 3a cuem Ouc-
mymayuu O,”, nocmynarowezo uz anoniacma, usmensem cocmosnue ADK-cencopoe — 06yxXKoOMNOHEHMHbIX
SUCTUOUNKUNAS, PEOOKCUYBCMEUMENbHBIX MPAHCKpUnm-gpaxmopos, APK-uyecmeumenvuvlx npomeunkunas
u npomeungochamas, pedoKkcpe2yIupyemvix UOHHbIX KaHa108 u op. (noxaiuzayus APK-cencopos omobdpa-
arcena ycaoeno). Hamenenue cocmosinusn ADK-cencopos npsamo u/uiu onocped08anno erusem Ha IKCnpeccuio
AO0ePHBIX 2eHO8
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TenbecTByIOMUX 00 yuyactuu NADPH-okcumassl u
MEPOKCH/IA3 B peakllUU pacTeHH Ha aODHOTHYECKHE
CTpPEcCOopbl, a Takke B pealu3ainuu (pU3H0Ioruie-
CKUX 3P PEKTOB IK30TCHHBIX (2 BOZMOKHO M 3HJO-
TeHHBIX) CHTHAJIBHBIX MOJIEKYJI M (PUTOrOPMOHOB
[18-21].

Takum obpaszom, O, MOXkeT 00pa30BbIBATHCA
B PACTUTENBHBIX KJIETKAX 3a CYET YH3UMATHUECKUX
peakuuii B anorutacte U Npu QyHKIUOHUPOBAHHH
ANIEKTPOHTPAHCHIOPTHBIX CHUCTEM XJIOPOIIACTOB H
MutoxoHipuit (puc. 1). CynepokcuHbIi aHHOH-pa-
VKAl SBJISETCS OTHOCHTENBHO KOPOTKOXKHUBYILEH
A®K c nepuonoM nonyxusHu 10 4 mxc. CooTBeT-
CTBEHHO OH UMEET OYeHb HEeOONbLION paguyc aud-
(y3uu npu HelTpanpHbiX 3HaueHUsx pH [7]. Cuu-
TAETCsl, YTO CYNEPOKCHUI-PAJAUKAI MPAKTUYECKH HE
MPOHUKAET uepe3 OrmomeMOpaHbl. XOTs M3BECTHO,
4TO NIPU HU3KKX 3HaueHusX pH O, mpoToHupyercs
u B (hopme rupponepokcun-paaukana HO,  moxer
MIPOXOJUTH uepe3 MeMOpaHHbie 0apbepbl [22]. AHa-
JIN3 T€HHOM 3KCIIPECCUU, IPOBEACHHBIM C UCIOJb-
3oBanueM JIHK-mMukpounmnos, mo3BoiIuI NOTy4YUTh
HEKOTOpBIE JI0KAa3aTeNbCTBA CUTHAIBHONW (YHKIIHH
CYNEPOKCHIHOTO aHWOH-paJuKala, OTIUYHOU OT
CUTHAaJIa epokcuaa Bogoposaa [23]. B To sxe Bpems
JaHHBIX 00 y4acTHU CYyNEpOKCHUIHOTO aHWOH-pa-
JUKaja B KJICTOYHOM CUTHaJIMHTE HETOCTaTOYHO, a
posb O,, 00pasyroIKXCcs B alOIIACTE, B PEryis-
LMW DKCIIPECCUU SJIEPHBIX TEHOB HE JIOKa3aHa.

CHHITIETHBIN KHCTIOPOJI TAK)KE OTITHYAETCSI KO-
POTKHUM BpEMEHEM KU3HH, I0ITOMY, BEPOSTHO, BbI-
MOJTHSIET CUTHAJIbHBIE (DYHKIIUH 32 CUET BOBJICUCHHUS
JOPYTHX CUTHAJIBHBIX KOMIIOHEHTOB, K KOTOPBIM, B
yacTHOCTH, oTHOcsATCS potenHsl EXECUTER 1 n
2 (EX1, EX2) [24].

MouekyisipHO-TeHETHYECKUMU METOAaMU T0-
Ka3aHO y4yacTHE CHHIJIETHOrO KHCJIOpOJa B pery-
JSIUUU SKCIIPECCHH SIACPHBIX TEHOB, a TAK)XKE B3au-
MOJIEIiCTBHE CHT'HAJIOB CHHIJIETHOTO KHCIIOpOJa
U TIEpOoKCcHJia BOJOpona. B yacTHocTH, MyTaHTHAS
JUHUS apaduaorncuca flu, yCUIeHHO MPOAYLIHPYIO-
mass CUHITIETHBIA KHCIOPOI, MOJTHOCTBIO Tepsiia
YCTOMUYMBOCTH K MapakBaTy MpH TpaHchopMmaium,
BBI3BIBAIOIIEH CBEPXIKCIIPECCHIO I'eHa MIaCTHIHON
ackopbarmepokcuiassl [25]. B 1o e BpeMst ipu Ta-
KOl 5ke TpaHcopMauy y pacTeHul apaduoncuca
JUKOT'O THIIA YCTOHYMBOCTH K FepOUIIHIY U3MEHSI-
Jack ci1abo. DTO CBUIECTENBCTBYET O B3aUMOJCH-
CTBUM CHTHAJIOB CHHIJIETHOI'O KHUCIOPO/A U MEPOK-
cHujia BOOpo/a.
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B menoM curHanbHasi pojib CyHNEpPOKCHIHOTO
AHUOH-PaJIKaja U CHUHIJIETHOTO KHCJIOpOJa IMOKa
UCCIIeZIoBaHa HelocTarouno. HecomMHeHHO, 3Hauu-
TEIbHO OOJIBIIUYN MOTESHIMAJ JUIS YYacTHs B KJie-
TOYHOM CHI'HaJIMHIe UMeI0T MoneKyJibl H O, — nan-
0osnee cradbmibHbie 3 ADK. [lepokcun Bomoposaa
oOmajgaer CcrnocOOHOCTBIO PACHpPOCTPAHSTHCS B
KJIETKaX Ha 3HAYUTEIbHBIC PACCTOSHUS. DTO CBsI3a-
HO C €ro OTHOCHUTEIBHO HEBBICOKOW PEaKLMOHHOU
CIIOCOOHOCTBHIO W TMPOHMKHOBCHHEM YEpe3 MeM-
OpaHbl Osarogapsi OTCYTCTBHIO 3apsiaa [26]. Kpome
TOT0, B HACTOSIIIEE BPEMsI MOSIBIISIIOTCS JIOKA3aTelb-
CTBAa BO3MOKHOCTH 0OneryeHHoi nuddysun H,O,
MIpH MTOMOIIM aKBanopuHoB [27, 28].

[lepokcu Bomopo/ia B paCTUTENBHBIX KJIETKaX
MOET 00pa30BBIBATHCS B TEX K€ KOMIAPTMEHTAX,
B KOTOPBIX TEHEPUPYETCS CYTICPOKCUTHBIN paiKal
3a CYeT ero JUCMYTAIMK — CIOHTAHHOU JIN0O C y4a-
ctueM cynepokcuaaucmyTassl (CO).

COJ/l mpencTaBieHa 3HAYUTEIBHBIM KOJIHYE-
cTBOM MoJieKyJsipHbIX (hopMm. Cu/Zn-COJ] nokanu-
30BaHa B Pa3HbIX KOMIIAPTMEHTaX — B XJIOPOILIa-
CTax, MUTOXOHJIPUSX, TIEPOKCHCOMAX U amoIlIacTe
[29-31]. 3nauutenbHoe kommyecTBO Cu/Zn-COJ]
BBISIBJICHO B 1uTO30J¢e. [luTo3onkHas ¢dopma 3H-
3uMa oOHapy’KeHa Ha TOHOIIACTE WJIM BO3JIE HETO,
a takxke B sape [32]. Mn-CO/l conepxutcs B Ma-
Tpukce mutoxoHapuit [30] u mepokcucomax [33].
Fe-CO/l noxanu3oBaHa B KJIETKaX PacTEHUU Tpe-
MMYIIECTBEHHO B XJIOPOIIACTaX KaK B CTPOME, TaK
Y Ha MeMOpaHax THJIAKOUJIOB [29].

Takum 00pa3oM, BCE OCHOBHBIC KOMIIAPTMEH-
TBI, TEHEPUPYIOIIHUE CYNCPOKCHIHBIA aHUOH-PAJIH-
ka1, cogepxar pasubie popmbl COJl, npeBpariaro-
IIHE €ro B H202~ ITocnennuil B HacTosdliee Bpems
paccMmarpuBaeTCsl KaK «LEHTpalbHBIA y3em» [34]
CUTHAJIBHBIX TOTOKOB B PACTUTEIBHBIX KJIETKaX

(puc. 1).
NADPH-okcuga3a pacrenuit

NADPH-okcnaza (K® 1.6.3.1) cuurtaercs oc-
HOBHBIM IpoayueHToM ADK B )KUBOTHBIX U pacTu-
TENBHBIX KieTKax [22, 35, 36]. DToT sH3UMaTH4Ye-
CKMI KOMIUJIEKC BOCCTaHaBJIMBAET MOJEKYISPHBII
KHCJIOPOJ ¢ 00pa30BaHUEM CYIEPOKCHIHOI'O aHH-
OH-paJiuKaa:

NADPH + 20, — NADP* +20,~ + H".

B peakuuu ucnonp3yercd LUTOINIa3MaTHye-
ckuii NADPH, 371eKTpOHBI OT KOTOPOT'O C y4acTHEM
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FAD u rema nepeHocsITCsl yepe3 MeMOpaHy Ha Ha-
PYKHYIO €€ CTOPOHY K MOJIEKYJISIPHOMY KHCJIOPOIY
¢ 00pa3oBaHNEM CyTIEPOKCUIHOTO aHUOH-PaINKaIa
[36].

NADPH-okcua3a pacTteHudl  oTjiIM4aercs
OT TaKOBOW Y JKMBOTHBIX. Tak, 9H3UM (arouToB
MPEACTaBISICT COOOW CIOKHYIO CHCTEMY, COCTOS-
LIYIO U3 HIECTH TeTePOreHHbIX CyOBeNUHUL, B T.H.
JABYX MeMOpaHOCBsi3aHHBIX (gp91P** — glycoprotein
of 91 kDa phagocyte oxidase-specific u p22°™*) u
Y4eThIPEX MUTO30JBHBIX (p47°Pho%, p4Qrhox, p67Phx p
Racl unu Rac2 (GTPases)), koTopble IpU aKTHUBa-
LUWW DH3MMa TIOJ JACHCTBHEM IIHPOKOTO CHEKTpa
3¢ (HeKTOpoB OO0BEIUHSIIOTCS B KOMILIECKC, T'€HE-
pupyrommii O, [35]. ¥V pacTeHnii HalWJEHBI TOJb-
KO TOMOJIOTH MeMOpaHOCBSI3aHHON CYyObEIUHUIIBI
gp91phox (Nox2 — NADPH oxidase) u iuTo301bHast
cyOpenunuia cemeiicra manbix GTPases (Rac-
MPOTEUHOB, KOTOPbIE TPUMEHUTEIBHO K PACTCHUSIM
yaimie HasbiBatloT Rop (Rho-related GTPases from
plants)) [36].

I'enom apabuporicuca comepxut 10 mpeacra-
BUTEJICH CEMEelCTBa TI'eHOB MEMOpPaHOCBSI3aHHOMN
cyobequuuisl RBOH (Respiratory Burst Oxidase
Homologs), o603nauaembix kak AtRboh (A, B, C, D,
E, F, G, H, J, L) [37-38]. B renome puca BbIsIBIIe-
HO JICBSATH T€HOB, KOIUPYIOUNIMX KaTaJIUTHYECKYIO
cyosenuaunily NADPH-okcuaasel. ['enbt RBOH
UACHTUQHUIMPOBAHBI U B TE€HOMAax psijia JPYyTrHX
pactenuii [39].

PactutenpHas MmeMOpaHOCBsI3aHHAs! CyObeaH-
HULA uMeeT N-KOHLIEBOM y4acTOK, KOTOPBIA CBs-
3piBaeT Ca?’. Pacrutensubie romonorn NADPH-
OKCHJa3bl colep:kKaT TakykKe HMUTO30JbHBIH FAD- u
NADPH-cBsi3pIBatonue A0MEHbI U IIECTh TPaHC-
MeMOpaHHBIX CUpasiell ¢ IByMsl reMaMu, HeoOXo-
JUMBIMH JUISI TPAHCIIOPTa DJIEKTPOHOB K BHEKJIE-
TOYHOMY aKIENTOPY MOJIEKYJISPHOTO KHCIOPOAa
[22, 36].

B cBsi3u ¢ momy4eHHBIMH JI0Ka3aTeIbCTBAMU
yuactusi NADPH-okcunasel B ADK-curnamunre
B TIOCJICIHHE TOABl AaKTHBHO HCCIEIYIOTCS Mexa-
HU3MBI PEryJsiqud aKTUBHOCTH JTOrO HH3UMA.
[lokazaHo, 4TO 3HAYMTENBbHASI POJIb MPUHAIJICKHUT
MOCTTPAHCISALUOHHBIM ~ MOAU(UKALMSIM, TPOUC-
XOIAIUM TyTeM (GochOpHINPOBAaHUS, CBS3bI-
BaHUs Kanplusi u ¢ochaTuaHo KuCIOTH [40].
Kak sdpdextuBHble caiiTel pochopunupoBaHus B
N-KOHIIEBOM ydYacTKe MEeMOpaHOCBSI3aHHOW CyOb-
enununbsl (RBOH) Obutn maeHTHGUIIMPOBaHBI He-
CKOJIBKO OCTaTKOB ceprHa. Tak, ¢ UCTIONb30BaHHEM
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MeTOoI0B (poconpoTeoMukn ObUIO MOKa3zaHO (oc-
(hopunupoBanre S343 u S347 0CTaTKOB MOJIEKYJIbI
AtRBOHD, BbI3bIBaEMO€ JIE€HCTBHEM MAaTONEHHBIX
JIIMCUTOPOB Ha pacTeHus apaduporcuca [41]. [lpu
3TOM YCTAHOBJICHO, 4TO (ochopuiinpoBaHUE yKa-
3aHHBIX CATOB HEOOXOAMMO, HO HEJJOCTATOUYHO IS
nonHoi aktuBanuu RBOHD. B monekynax npyroit
dhopmbr NADPH-okcuaaset AtRBOHC BbIsiBIICHBI
ocratku S318 u S322, xoTopsie GochoprInpyroT-
Csl, U MyTalMsl TeHa 110 HUM BbI3bIBAET U3MEHECHHUS B
reneparuu ADK [42].

Oco0yo poib B pEryssiiid aKTUBHOCTH
NADPH-okcua3sl urpator uoHbl kanblus. Co-
[JIACHO OJHOM U3 MOJENEH, KaJbLUi aKTUBUPYET
Ca?’-3aBUCHMYI0 TNPOTEHMHKHHA3y, KOoTOpas (oc-
(hopunupyet N-KOHIIEBOW y4yacTOK MeMOpaHOCBSI-
3anHOM cyobenunauiipl (RBOH) NADPH-okcuaasst
U BBI3bIBaeT e¢ KOH(OPMAIMOHHBIE W3MEHEHUS,
CIOCOOCTBYIOILIME CBSI3BIBAHUIO C HEH HUTO30JIb-
HOro kommoHeHTa — Rop-mporeuna (GTPases). B
pe3ynbprare MpPOUCXOAUT 00pa3oBaHHWE AaKTHBHO-
ro AMMEpa, NPUBOJAIICEe K YCHICHHIO TeHEepaluu
ADK [20]. TTo3naee Ha mpuMepe OAHOH U3 (opM
MeMOpaHOcBsi3aHHOW — cyObequuunsl  NADPH-
okcunassl puca (OsRBOHB) 6bu10 mokaszano Ha-
mnune B N-TepmuHanbHOW oOnactu EF-pyk, yka-
3BIBAIOIIMX Ha OPMUPOBAHUE AUMEPA C yUaCTHEM
kasbius [43]. TakuM 00pa3oM, MOBBIIICHUE AKTHB-
Hoctu NADPH-okcuaassl ¢ yyacTHeM Kallblus,
NO-BUAMMOMY, CBSI3aHO HE TOJIBKO C aKTUBAIIUEH UM
NPOTEMHKWHA3bI, HO U C MPSIMBIM B3aUMOACHCTBH-
em Ca?’ ¢ KaTaIuTUYEeCKON CyObEeIMHULICH.

YcranoBiieH 3¢GQeKT CHHEpru3Ma B aKTHBH-
pytomem neiicteun Ca?*-noHohopa HOHOMHIIUHA
U UHTHOMTOpa npoTenHdochaTa3z KaluKyIuHa A
Ha NADPH-okcuna3y apabumoricuca [44]. [pen-
nojiaraetcs, 4to (GochopuupoBaHHas KaTaJUTH-
yeckass cyOwenununa AtRBOHD, npucoenunss
kbl B oonactu EF-pyk, nperepneBaet Oosee
nIy0oKue KOH(OpPMAIMOHHBIE WM3MEHEHUS, YeM
HeochopuInpoBaHHas, B PE3yJIBTaTe dTOrO MPO-
UCXOANUT OoJiee CyIIECTBEHHAs aKTHBAIMS DH3MMa
OpH OJHOBPEMEHHOM JEHCTBHM KaJIbLIUEBOTO HO-
Ho(opa u mHruomropa Qocdaras. HemaBHo Obiio
NOKa3aHo, YTO MHTHOMTOp mpoTemHkuHa3 K-252a
yrHeTal Bbi3biBaeMyto Ca’" akrusario AtRBOHD
u AtRBOHF [45]. ABTopaMu mpeasiokeHa MOJEIb,
coryacHo kotopoi (ochopunupoBanrie RBOHD u
RBOHF y apabunoricuca npenmecTByeT mporeccy
cBsi3bIBaHMS Kanbius. [Ipu atom docopunupona-
uue RBOH camo 1o ce0e BbI3bIBAET aKTUBALAIO DH-
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3UMa, 9YTO MPUBOJUT K yCHiIeHUIo reHepaunn ADK,
YYaCTBYIOIIMX B OTKPBIBAHUM KaJbIIMEBBIX KaHa-
noB. [locTynienue KaabIusg B IIUTO30JIb BHI3HIBAECT
JIOMOTHUTENbHYI0 akTuBauio NADPH-okcumasbl.
B To ke BpeMsl He MCKIIIoYaeTcs U yCHieHue (oc-
(hopunupoBaHUs KaTaJTUTUYECKOH CyObEIUHUIIBI
3a CUET aKTUBAUMUM KaJIbIMI3aBUCUMON MPOTEHH-
KUHa3bl. B 1ieom npenmnonaraeTcs, 4To J0ble BO3-
JEUCTBUS, BBI3BIBAIOIINEC WU3MEHEHUS KOHIIEHTpa-
UM [TUTO30JIBHOTO KaJbIUsI, MOT'YT HOTEHITHATIEHO
BuATH Ha akTuBHOCTh NADPH-okcunassr [39].
Eme onuH MexaHW3M peryisiiud aKTUBHO-
ctu NADPH-okcumassl COCTOMT B CBSI3BIBAHHH C
KaTaJIUTHYECKOW CcyObenununei (ocdaruaHon
kucioThl [40], KoTopas SBISETCS MPOAYKTOM TIpe-
BpalleHUsT MEMOpPaHHBIX JIMIHJIOB C Y4YacTHEM
¢dhochonunaser D. Tak, mokazaHo, 4TO MyTalusl 1O
OCTaTKy apruHuHa B N-TEpMUHAIBHOM YyYacTKe
cyosenunani; AtRBOHD u AtRBOHF npuBonut k
MOTEePEe UX CIOCOOHOCTH CBSI3bIBAThH (POCHATUIHYIO
KHUCIJIOTY U aKTUBHPOBATHCS 110]1 €€ BIUSHUEM [46].
Bmonmne ectecTBeHHO, UYTO  AKTUBHOCTH
NADPH-okcuaspl, kak U OOJBIIMHCTBA JIPYTHX
SH3MMOB, MOXET PEeryJIupoBaThCS KOHIICHTPAIIU-
et cyoctpata (NADPH), comepkanue KOTOPOro
3aBUCUT OT OKHCIUTEIbHO-BOCCTAHOBUTEIBHBIX
MPOIIECCOB B IIUTO30JIC U OT MPOIECCOB, MPOUC-
XOASIIUX B XJIOPOILIACTaX U MUTOXOHApusx [13].
B uactHOCTH, IEPEBOCCTAHOBICHHOCTH JJCKTPOH-
TPAHCIIOPTHBIX IIEMe B YKa3aHHBIX OpraHelaax
MOJKET CIIOCOOCTBOBATh YBEIIMUCHHUIO OOIIETO MMyJia
NADPH u akxtuBaumu NADPH-okcunaser (cm.
Hmke). Hakonet, B mociennee Bpems MoKa3aHo, 4TO
NADPH-okcugaza MOXKET aKTHBUPOBATHCS CaMU-
Mu ADK (MonekynaMu mepokcuia BoAopona), 0o-
pa3yeMbIMH COCeTHUMHU KieTkamu [47].

Bo3moxnrbie ceHcopbl ADK-curuanos
B PACTHTEJbHBIX KJIETKAX

MexaHu3Mbl penenuuu 1 Tpancaykiun APK-
CHTHAJIOB B KJICTKaX pPacCTCHHUI OMMCaHBI TIOKa EIIe
CXEMaTUYeCKH. BBIIENSIOT clenyiomue MoTeHIIH-
anpHble ceHcopsl ADK: 1) 1ByXKOMIOHEHTHBIE T'U-
crunuHkuHasbl; 2) ADK-uyBCTBUTENBHBIC TpPaHC-
Kkpunt-paxtopsl, Takue kak NPR1 (Nonexpressor of
Pathogenesis-Related Genesl) unu gakTopsl TeIio-
Boro moka; 3) AOK-uyBcTBUTENbHbIE TPOTEMHKH-
Ha3bl U npoTerH(ocdarassl; 4) peroKCperyiIupye-
MbIC HOHHBIC KaHABI [39, 48].

TpancmemOpaHHbIe aBTO(POCHOPUITHUPYIOIIKES
TUCTHJIMHKWHA3Bl CUMTAIOTCS OJHUM M3 APEBHUX
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KOHCEPBATUBHBIX THUIIOB MEMOpPAaHHBIX pPELENnTO-
poB. Ilpennonaraercss ux ydacTue B BOCHPHUSATHU
kinerko ADK. B skcniepumentax ¢ Synechocystic
MOKa3aHo, YTO MyTallUH MO T'€HaM FUCTUIMHKUHA3
Hik34, Hik16, Hik41 u Hik33 npenorBpamator uH-
OyKLUI0 Habopa reHOB, CTUMYIUPYEMBIX K30T€H-
ueiM H O, [49]. YcTaHOBIIEHO, YTO MEPEUUCTIEHHBIE
TUCTUIUHKUHA3EI PETyIUPYIOT y IHaHOOaKTepHit
26 u3 77 reHoB, HHAYLUUPYEMbIX EPOKCUIOM BOJO-
pona [50].

UsBectHo, uto y mpokapuor H,O, moxer
OKHUCIISITh THOJIBHBIE TPYIIIBI HENOCPEICTBEHHO
B (akTopax peryiasnud TPAHCKPUIIUHU (HAIIpH-
mep, Oxy R) [4]. ¥ sykapuoT MexaHU3M PETYISAIIHI
TPAHCKPUIIIITMOHHON aKTUBHOCTH ¢ yyactueM ADK
Oojee CIOKHBIA M BKJIOYA€T KOMIUIEKC MPOTEH-
HOB M menTtuaoB [51-53]. B To ke Bpems u B pac-
TEHUSX WMJACHTU(PUIHUPOBAH TPAHCKPUIT-(PAKTOP
NPR1, onocpenoBaHHO perynupyeMblil AeiicTBUEM
A®K [54]. Ilox ero KOHTPOJIEM HaXOAUTCS PEAKITUS
CBEpPXYYBCTBUTEJIBHOCTH PACTCHUI HA IATOr€HBL. Y
pacTeHui 4yBCTBUTENIBHBIM K MEPOKCUY BOAOPO-
Jla oKa3aJics TaKKe TPAHCKPHUIT-()aKTOp TEMI0BOTO
moka HSFA4. I'mnorernueckue Mojenu, KOTOPbI-
MH 00OCHOBBIBAETCS BO3MOXKHOCTH BiusHus H,O,
Ha O3TOT HPOTEUHOBBIH KOMILJIEKC, MPEITI0KEHbI
Munnepom u Mutiepom [55]. OnHako npsIMbIX J10-
Ka3aTeJIbCTB HEMOCPEACTBEHHON aKTUBALIUU TPAHC-
KpUNT-(PaKkTOPOB TEIJIOBOTO IIOKA MO JEHCTBUEM
IIEPOKCHU/Ia BOIOPO/Ia B KJIIETKAX PACTEHUI HEJI0CTA-
TOYHO [56, 57].

BrisiBrien addexr oxucnenus ADK mucren-
HOBBIX OCTAaTKOB B TPOTEMHKHHA3aX M TPOTEHH-
docdarazax [58]. [lokasano Takxke yyactue H,O, B
KOHTPOJIE THPO3UHOBOTO ochopuiInpoBaHus mpo-
TeruHOB pacteHuit [59]. IIpu 3TOM, MO MHEHHIO aBTO-
pos, suorenHbii H,O, BinseT kak Ha aKTHBHOCTh
THPO3WHOBHLIX MpoTenHpochaTas (MHTUOUPYET UX,
okucysast SH-Tpymmel KaTadTUTHYECKOTO IICHTPA),
TaK ¥ Ha aKTUBHOCTH THPO3MHOBBIX MPOTEHHKUHA3
(oxucienue Cynb(OrupuiIbHBIX TPYT aKTUBHPYET
9TH DH3UMBI).

Ha pa3HbIX pacTHTEIBHBIX 00bEKTaX MOKa3aHa
akTuBanusg MAP-knHa3 nmoa AeCTBUEM DK30M€HHO-
ro H,O, um uaykTopoB ero oopasosanus [47, 60].
Bnusnaue H202 Ha M AP-knHa3HbBIE KACKAIbI MOKET
OBITH CBS3aHO C OKUCIICHHEM THOJIHBIX OCTAaTKOB B
atux npotenHax [61]. Ilpennoxena naxe rumnore-
3a 0 crabunusupyromeM Bausanun H O, Ha kunasy
MAP-kunassl [6].

Pa3Hble TUIBI MOHHBIX KAaHAJIOB, B T.M. Kallb-
LIUEBBIX, TaKXe pPAacCMATPUBAIOTCS B KaueCTBE
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ceracopoB ADK. Tak, mokazaHo, 4To y apaOupmorn-
cuca sk3orennbiit H O, moxer akTusuposats Ca*'-
MPOHUIIAEMbIE HECENCKTHUBHBIE KAaTHOHHBIC KaHa-
7Bl [62], ydacTByIOLIME B MpoLEccax 3aKpbIBAHMS
YCTBHII, UHIYLUPYEMOr0 a0CIIU30BON U KACMOHO-
BoH kuciotamu [63]. Takyke yCTaHOBIEHO, UTO TH-
JIPOKCHJIBHBIN paguKal MOKET aKTUBHPOBATH MPU-
TOK KaJbIlHs B IIUTO30J1b yepe3 Ca® -mpoHuIiaeMple
HECENCKTUBHBIC KAaTHOHHBIE KaHaibel [64]. DTOT
MEXaHU3M MOXET ObITh JIEMEHTOM KOMILIECKCA pe-
aKIUH, COMTPOBOXKIAIONIUX MPOTPAMMUPYEMYIO TH-
0eJIb PaCTUTEIIBHBIX KJIETOK [65].

W3BecTHO, UTO MOHHBIE KaHAIBl TaKXKE MO-
TyT aKTUBUPOBATbCA ¢ yuyacTueM G-IPOTEHHOB.
OYHKIIMOHUPOBAHUE TIOCIECTHUX MOKET U3MEHSTh-
Csl O] BJIMSIHUEM MHOTUX (DaKTOPOB, BEPOSITHO U
A®K. Tak, B cucteme in vitro moka3aHa BO3MOXK-
HOCTb HETOCPEACTBEHHON PETyIAIUU aKTUBHOCTH
G-IpOTEenHOB (PU3HONOTHUESCKUMH KOHIIEHTPAIlHI-
mu H, O,, KOTOpbIE BBI3BIBAOT JUCCOLUALMUIO T€-
TEPOTPUMEPHOTO KOMIUIEKCA C OCBOOOXACHUEM
o-cyobenuHuIbl [66]. B TO ke Bpems moka oTcyT-
CTBYIOT JIOKa3aTeIbCTBA (PYHKIITMOHUPOBAHUS TAKO-
ro MexaHnusMma in vivo [39].

B3aumopeiictBue pa3ubix nysnos AOK

EcTp ocHOBaHMS monaraTh, YTO ISl peaju3a-
UM MHOTUX (DU3HONIOTMUECKHX pPEaKIuii HeoOXO-
numo B3aumojeiicTeue ADK, reHeprupyeMsIX B amo-
mwiacte u ADK, oOpasyromuxcsi B XJIOpOIIIacTax,
MHTOXOHJIPUAX U Mepokcucomax. Kak yxe ynomu-
Hajock, H O, MOXKET NPOHMKATH M3 OPraHeIll B 1H-
TO30J1b, BEPOATHO, Uepe3 BOHbBIE KaHAJIbI U B3aMO-
JIeHCTBOBATH C Pa3IUYHBIMU PEIOKC-CEHCOPAMH, U,
KaK CIIeICTBUE, MOAN(UIIMPOBATH CUTHAJBI, TIepe-
JAIOIIUEeCs U3 aroIjiacTa 4Yepe3 IUTo30b [67].

XJMOpOIIacThl, MUTOXOHIPUU U TIEPOKCHUCOMBI
TEHEPHUPYIOT 3HAUUTEIbHBIC KomuuecTBa ADK, u
rporecc uxX oOpa3oBaHUs 3aBHCUT OT 3KOJIOTHYe-
CKHX YCJIOBHUH, B T.H. ICUCTBUSI cTpecc-pakTopos. B
CBSI3M C ATUM TPEIOoIaraeTcs, YTo BHy TPUKIETOY-
HOE€ pacroJIOKEHUE ITUX OPraHessl MOKET BIUATH
Ha AOK-curnanuzamnuio [67]. B yuactHOCTH, IOKa3a-
HO, YTO TpaHCTE€HHbIE pacTeHus Tabaka, HaKaru-
BAaIOIIME YBEJIMYEHHOE KOJIMYECTBO IUTOKWHHUHOB,
B YCJIOBUSIX 3aCYXH OTIMYATUCH O0Jiee CTaOUIBbHBIM
ADK-MeTab0oIM3MOM, YTO MOKET OLITH CBSI3AHO C
Oosiee TECHOW accolMaluel MeXAy XJIOporiacTa-
MU, IEPOKCUCOMAaMU 1 MUTOXOHApusiMH [68]. [Ipen-
rojlaraeTcs Tak’ke BO3MOKHOCTh MPSIMOTO B3aHMO-
neiictBust AOK, reHepupyeMbIX XJIOpPOIJIacTaMu, ¢
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A®K, mocTymnammuMy U3 anomiacta B IIUTO30JIb
gyepe3 ImIa3MaTHiecKyo MeMOopany [67].

B penokc-B3anMoOneNHCTBUN KIETOUYHBIX KOM-
MapTMEHTOB MOTYT IIPUHUMATh y4acTHe U BOCCTa-
HoButenu. Hampumep, NADPH, o6pasyromuiics
B LIMTO30JI€ MPH OKHCICHWU Pa3IMYHBIX cyOcTpa-
TOB, a TaK)K€ TPAHCIIOPTHUPYIOIIHICA B BE3UKYJIAX
U3 XJIOPOIUIACTOB M MUTOXOHJPHUM K MECTy JIOKa-
nu3aiuu NADPH-okcupasel (K 1mi1a3MaTHYECKOM
MeMOpaHe), MOKET BBI3bIBATH YCHJIEHUE T€HepaIuu
CYNEepPOKCHHOTO aHUOH-paJMKajia 3THUM 3H3MMOM
[13]. Kak oTmeuanoch, TaKuM TyTEM «IEPEBOC-
CTAHOBJIEHHOCTb» JJIEKTPOHTPAHCIOPTHBIX Lemneit
XJIOpOIJIAaCTOB M MUTOXOHJPHI MOXET BIUATH Ha
obpaszoBanne ADK Ki1eTOUYHOH MOBEPXHOCTHIO.

B3aumopaeiicteue A@K ¢ apyrumu
CUTHAJBHBIMHU NMOCPeTHUKAMH

B HacTosiiiee BpeMsl He BBI3BIBAET COMHEHUS,
YTO CUTHAJIBHBIC CUCTEMbI PACTUTEIBHBIX KJICTOK
(GYHKIMOHUPYIOT HE pa3pO3HEHHO, a 00bEIHHEHBI
B 0011yt0 ceThb [1, 3]. HakorieHbl SkcriepuMeHTab-
HbIC TAaHHBIC, CBUCTEILCTBYONIHE 0 TOM, uTO Ca®’,
A®K u monookcup azota (NO) sSBASIIOTCS MOCPE/I-
HUKaMH, Hanboyiee TECHO B3aMMOJEHCTBYIOIIMMU
MEXIy co00i mpu (GOopMUPOBAHUHM YCTOWIHBO-
CTU pacTEHU K cTpeccopaM, B T.H. aOHOTHUYECKUM
(puc. 2).

Yeunenne obpazoBanusi AOK, xak U yBenu-
YeHHEe KOHIEHTPAIUHU 1uTo306HOr0 Ca?" (00bIYHO
KPaTKOBPEMEHHOE), OTHOCUTCS K PAaHHHM PEaKI[U-
SIM PACTUTEIBHBIX U KUBOTHBIX KJIETOK Ha BO3JICH-
CTBHE CTPECCOPOB Pa3IUIHON MPUPOHI [2, 3].

B OonpmuHCTBE HCCIENOBaHUN TOKa3aHa
NEPBUYHOCTH CTPECCOBOI'O «BCILIECKA» KallbIUs
M0 OTHOIIEHUIO K ycuieHuto revepannn ADK, uro
CBSI3BIBAIOT, B YaCTHOCTH, C aKTUBAIllUCH KallbI[U-
eM NADPH-okcumassl — OCHOBHOTO TEHEpaTopa
A®K (cm. Bbime). B To e BpeMsl M3BECTHO, UYTO
COCTOSIHUE, 110 KpalHEWl Mepe, 4acTH KaJbIUEBBIX
kaHaJioB 3aBUCUT 0T ADK. Tak, ¢ UX MOMOIIIBIO U3-
MEHSIETCS aKTUBHOCTh TOTEHIIUAJI3aBUCUMBIX, pe-
ryJIHpyeMbIX runepnonspusanueii Ca*'-kaHaaoB —
hyperpolarization regulated Ca-permeable channel
[19, 22].

[Toka3aHo, 4TO MEXaHOYYBCTBUTEIbHBIC KaJlb-
IMEBbIC KaHAJIBI TaK)KE MOTYT PEryJIHpOBaThCS
A®K [69]. BeposaTtHo, ADK, mosBisromuecs BCieI-
crBue aktTuBanuu NADPH-okcunasel, MOTYyT B3au-
MOJICHCTBOBATh C HEKOTOPBIMHU (PYHKI[MOHAJIEHBIMHU
IpyIIaMi aKTHHA WU JPYTUX MPOTEUHOB IIMTO-
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ADK-

‘lyBC”{BHTeJ'leble
+

Ca“” -kaHaJbl

cADP-pub6osni-
‘{yBC'{BHTe.J'leHe
+
Ca“ -kanaJabl

Puc. 2. Censzv meancoy ADK, NO u Ca** kax cuenanvuvimu nocpeonuxamu. Toscnenus x cxeme. ADK moeym
gvizbisams ycunenue nocmynienus Ca’' 6 yumoszons 3a cuem eiusnus Ha pedokcuyscmeumenvhvie Ca'-
kananvl. Ca** cnocoocmeyem axmusayuu NADPH-oxcudasvi. ADK mo2ym axmusuposamv NO-cunmasy u
yeunusamov cenepayuio NO. Meacdy ADK u NO 603M02icHO npsimoe 83aumoodeiicmaue ¢ Helumpaiusayueil
apghexmos. NO mooicem cnocobemeosames nocmynienuro Ca>* 6 yumosons uepes énympuriemoutuie cADP-
puboszunuyscmeumenvhole Ca**-xananvt. Ca’* asnsemes akmusamopom NO-cunmasvi

CKeJIeTa, acCOLMHUPOBAHHBIX C TUIa3MaTH4YeCKOi
MeMOpaHoi. Takum 00pa3oM, OT COCTOSHUSI ITHUX
MPOTEUHOB MOXKET MPSMO WJIH OTMOCPEIOBAHHO 3a-
BUCETh COCTOSIHUE MEXaHOUyBCTBHUTENBHBIX Ca?'-
KaHayoB [69].

B 1menoM e MOXXHO KOHCTAaTUPOBATh, 4YTO
B3aUMOCBS3b MeXy oOpasoBanueM ADK u usme-
HEHUSIMM KOHIICHTPAI[UU KaJIblIUsl B KJIETKaX He-
O/IHO3HAuHa: B ofHMX ciydasx Ca?' mHAyHUpYyeT
obpazoBanne ADK; B apyrux — ADK BbI3BIBAIOT
BBIXOJl KaJbIMsl B IMTO30JIb. Hepenko momoOHbIC
3¢ dekThl HaOIIOMAOTCS OTHOBpeMeHHO. EcTh oc-
HoBaHHs moiararb, uro u Ca*, u AOK sBusroTcs
KJIFOUEBBIMU KOMIIOHEHTaMM €IMHOW CUTHAJIbHOU
CETH, Ha Pa3HBIX 3Tanax PyHKIMOHUPOBAHUS KOTO-
PO¥i BOBMOKHO B3aMMHOE YCUJICHUE JCUCTBUS 3TUX
MOCPETHUKOB [3].

ADK npuHUMAIOT yyacTHe B peannsanuu Qu-
suonornueckux 3pdexros NO u HaobopoT [70, 71].
Tak, npu 00paboTke pacreHuii sk3oreHHbM H, O,
yBEJIUYMBAJach IeHepalus OKCHJa a3oTa, a Mo
BIIMSTHUEM 3K30reHHoro JoHopa NO HuTporpyc-
Cu/la HaTpus NOBbIIANoCh conepkanne H,O, [72].
B 1iesiom ke MExJly yKa3aHHBIMHU MOCPEIHUKAMU,
MO-BUJIMMOMY, CYIIECTBYIOT IMpPsIMbIE U O0OpaTHBIC
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cBa3u. Hampumep, B KyIbType TKaHEH KOpHEU
JKeHbILIeHs1 Toj BiIusHUEeM JoHopa NO ycunupa-
Jlach TeHepalus CynepoKCHIHOIO aHMOH-paarKaa
[73]. Ha pactenusix Hypericum perforatum nokasa-
HO yBenuuenue conepxkanus H, O, non peicTBuem
TEMJIOBOTO IIOKa, KOTOPOE YacTUYHO YTHETaloCh
ckaBenpkepoM NO [72]. B nucthsix Tabaka Takxke
TOKa3aHo ObIcTpoe yBenunuenue copepxanus H O,
B OTBET Ha 00paboTky goHopamu NO [74]. B To xe
BpeMsl Ha pacTeHUsX 0000B 3PQPeKT IK30reHHOro
OKCH/JIa a30Ta KaK areHTa, BhI3bIBAIOIIET0 3aKPHITHE
YCTBHUII, HE TIOAABIISIICS KaTalla30i U peasin30Baics
He3aBucuMo oT ADK [75]. OOpaboTka OTAEICHHBIX
JUCTHEB KYKYpPYy3bl IOHOPOM OKCHJIa a30Ta HE MpH-
BO/MIIA K Hakoruenuio B Hux H, O,, XoTs ox30reH-
ubiii H,O, BbI3bIBan ycunenue renepanun NO [76].

Okcnjr a30Ta MOXKET OKa3bIBaTh BIMSHUE Kak
Ha SH3MMHBIE cHCTeMBbl, TeHepupytome ADK, B
gactHoctTd NADPH-okcunasy [73], amomiacTHbie
(hopMbI iepokcuasel [77], Tak ¥ HA aHTUOKCHIAHT-
HbIC SH3UMEI [78] ¥, TaAKUM 00pa30M, yu4acTBOBATh
B cioxkHou perymsiun ADK-curnanos. [Ipumeua-
TEJBHO, YTO KaK YBEJIHYEHHE COAEp)KaHMs OKCHJIa
a3oTa B KJETKax pacTeHUH C MOMOIIbI0 JOHOpa
NO, Tak 1 ero CHUKEHHE C MOMOIIbIO CKaBeHKe-
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pa, MOXKET MPUBOAUTH K MOBBIIICHUIO aKTUBHOCTH
AHTUOKCHJIAHTHBIX 3H3UMOB [78]. ABTOpPHI Mpearno-
naratoT, 4To NO MOKeT y4acTBOBaTh HE TOJIBKO BO
BKJIIOUEHUU, HO ¥ B BBIKJIIOYCHUH aHTHOKCHUIAHT-
HOI 3amuThl, Mogudukannn ADK-curuana u nepe-
KJIIOYEHUHU PacCTUTENBHBIX KJIETOK C OJHUX CTpecc-
MIPOTEKTOPHBIX MEXAHNU3MOB Ha JIpyTHE.

XopoIo U3BECTHA TAKKe BO3MOYKHOCTH Mpsi-
moro B3aumozeiicteus AOK u NO. Ilpu peakiuu
NO ¢ O, o6pa3yeTcsi TOKCUYHbIN TIEPOKCHHUTPUT
(ONOOQO"), KOTOpBI MOXET OKHUCIATH THOJIOBBIC
OCTaTKH, HUTPOBATh MPOTEUHBI 110 TUPO3UHY [79].
C npyroil CTOpOHBI, B ONpPEJEIEHHBIX YCIOBHAX
NO, no-BuanMoMy, MOKET ACHCTBOBATh KaK aHTHU-
oKcuJaHT. Tak, MOKa3aHO YMEHBUIEHHE OKCHIO0M
azora nuToToKkcuueckoro nerctud AOK Ha kinert-
ku miekonutaronux [80]. Hackonbko momoOHBIC
npsiMble B3aumonencTrust AQOK u azora Moryt mo-
JUQUIHMPOBATH Tepefady KJIETOYHBIX CHUTHAJIOB Y
pacTeHU oKa HE SICHO.

Bsaumogpeiicteue mexay ADK u NO kak cur-
HaJIbHBIMU KOMIIOHEHTAMH, BEPOSTHO, BO MHOTHUX
cllydadx OIocpenoBaHO Kajibiuem (puc. 2). Ms-
BECTHO, YTO PACTUTEIbHBIN SH3UM, OJ00HBIH NO-
CHHTa3e XUBOTHBIX, Kak 1 NADPH-okcunasa, ak-
THUBHpYeTcs ¢ ydyactueM Kanbius [81]. Kpome Toro,
U3BECTHO, YTO TIOA AekCTBUEM dK30reHHbIX H O,
n NO yBennuuBaercs cojep’kaHue Kajlblus B LH-
TO30JI€ pacTUTENbHBIX KiaeTok [39, 81]. Eme omnun
MEXaHHU3M B3aUMOJEHUCTBUS MEX]y yKa3aHHBIMU
nocpenHukamu cBsizaH ¢ BausHueM ADK [39] u ok-
cujia a3oTa [82] Ha COCTOSIHHME KaJIbIIMEBBIX KaHa-
JIOB.

B nenom, mo-suauMomy, MeXIy KOHIEHTpa-
LHHel BHYTPHUKJIETOYHOIO KaJbIUs, COAEPKaHUEM
A®K u oxcuaa a30Ta CymiecTBYIOT TECHbBIE TTPSIMbIE
u obparHbie cBsa3u. OAMH U3 TaKuX YPPEKTOB HU3Y-
YEH HaMM Ha KJIETKaxX KOJEeOoNTuJied mmeHupl. Mx
00paboTKa HUTPOIPYCCUIOM HATPHS MPUBOIUIIA K
YCUJIEHUIO T'e€Hepalliy CyNepOKCUIHOIO aHHOH-Pa-
nukana. JlaHHelid 5(QdexT B 3HAUNTENBHOU cTere-
HU TIOJABJISUICS OJOKATOPOM KallbLIMEBBIX KaHAJIOB
XJOPUJIOM JIaHTaHa, AHTarOHUCTOM KaJIbMOJYJIH-
Ha xJjoprnpomasuHoM u uHruOuropom NADPH-
OKCHJ1a3bl UMHUA30JI0M, YTO IO3BOJISIET MpeIoia-
raTh KaJbIIMI3aBUCUMOE MOBBIIIEHNE aKTHBHOCTHU
NADPH-okcuaassl nog aevictsuem NO [83]. [Ipouc-
XOJIAIIee BCJIEACTBUE ITOTO yCUJIeHne 00pa3oBaHus
AODK sBrsieTcs HeOOXOAUMBIM ISl POPMHUPOBAHHUS
YCTOMYMBOCTH PACTUTENIBHBIX KJIETOK K HarpeBy,
ITOCKOJIBKY AHTHMOKCHJIAHT HOHOJI, AHTarOHHUCTHI
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kayibiust 1 uHruoutop NADPH-okcumaselr umu-
J1a30J1 B 3HAUUTENBHOW CTENeHu CHIKaIU 3ddexTt
TIOBBIIIEHHS]  TEIJIOYCTOMYMBOCTH  KOJIEONTHIIEH
MIICHUIIBI, BBI3BIBAEMBIN neiicTBueM goHopa NO.
OnHOM M3 3alUTHBIX peaKkUHui, MHAYIHPYEMBIX
JIeiCTBMEM OKCHJla a30Ta IpH TOCPETHUYECTBE
ADK, MOKeT OBITH aKTHBALUS aHTHOKCHIAHTHBIX
sH3uMOB — CO/l, kaTana3el 1 pacCTBOPUMON MEPOK-
cunassl [83].

YuacTue A®K B npoueccax
Pa3BUTHUA YCTOHYUBOCTH PACTEHUI
K a0MOTHYECKHUM CcTpeccopam

[NoBrimenue conepxanust AOK B pacteHusx B
OTBET Ha JieHcTBHE aOMOTHYECKUX CTPECCOPOB 3a-
perucTpupoBaHO B OIPOMHOM KOJIHMYECTBE HCCIIE-
nosanuil. [Ipu atom ADK paccmarpuBaroTcst oHO-
BPEMEHHO KaK MapKepbl CTPECCOBOI'O COCTOSIHUSA U
KaK CHUTHallbHBbIC MOCPEIHUKH, HEOOXOMUMBIC IS
pa3BUTHS aJanTUBHOTO OTBETA [8, 47].

OnHuM 13 GU3UONOTHYECKH 3HAYUMBIX MeXa-
HU3MOB ycuiieHust nponykiuun ADK moxkeT ObITh
aktuBanuga AdK-reHepupyomux 3H3UMHBIX CH-
crem. Kak yxe oTMedanoch, OZHUM U3 OCHOBHBIX
9H3UMOB, reHepupyomux ADK Ha KJIeTOYHOMH Mo-
BepxHOCTH, sBiseTcss NADPH-okcunasa. [Ipeamno-
JlaraeTcs, 4To 3TOT 3H3UM MOXKET aKTHBHPOBATHCS
rocjie MOCTYTUIEHHsI BHEIIHUX CHUTHAJIOB Ha MEM-
OpanHbie ceHcopsl [48].

YcraHoBIieH 3P GEKT MOBBIIICHUS aKTHBHOCTHU
NADPH-okcuma3sl B KOPHSAX MPOPOCTKOB TOpoxa
U JIUCTBSIX apabuJIoncuca Npu JACHCTBHH THIIOTEP-
MUH, FepOHIIN/Ia TapaKBaTa U IPyTrUX HeOIaromnpu-
ATHBIX (PakTopoB [84, 85]. [TokazaHo TpaH3UTOPHOE
yBenuuenue aktuBHoctu NADPH-okcunaser u co-
nepxanusg H,O, B KOPHSAX 1 I0O€rax 3THOJIMPOBAH-
HBIX MPOPOCTKOB KYKYPY3bl IIPU JIEHCTBUU HU3KUX
MOJIOKHUTEIBHBIX TeMiepaTyp [86].

KparkoBpemenHoe ycuieHue 00Opa3oBaHUs
CYTEPOKCUIHOrO anuoH-paaukana u H,O, B xop-
HSX W mo0erax MPOPOCTKOB IMIICHHIIBI MOKa3aHO
MOCJI€ OJJTHOMUHYTHOT'O A€HCTBUS BBICOKOW 3aKaJiu-
Batomiei Temnepatypsl (42 °C). Janusiii 3QpQexT B
3HAUUTENBHOW CTENEHU YTHETaJICSl HHTUOUTOPOM
NADPH-okcHaa3sl IMHIa30JI0M, YTO IT03BOJIMIIO
NPEANoNoKUTh mpudacTHOCTh NADPH-okcunassl
x Haxkomyenuto H,O, [87]. Kpome Toro, nmuaason
YaCTUYHO HUBEIMPOBAJ Pa3BUTHE TEIJIOYCTONYM-
BOCTH NMPOPOCTKOB, HHIYLIIPYEMOE KpPaTKOBPEMEH-
HBIM JIeHCTBHEM THIIEPTEPMUH, UTO MOKHO paccMa-
TPUBaTh KaK KOCBEHHOE CBHJETEJIHCTBO YyYaCTHS
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NADPH-okcumazsl B mpolecce 3aKaJTHMBaHUS.
Tak:ke yCcTaHOBJIEHO, YTO aHTHOKCHJAHTHI (MOHOJ,
JUMETHITHOMOYeBUHA) M wuHruoutop NADPH-
OoKcHM3aabl (MMMA30J) TOAABISIIM BBI3BIBAEMOE
TEMJIOBBIM 3aKaJMBAaHUEM TIOBBIIIEHHWE AKTHBHO-
CTH aHTHOKCHJAHTHBIX 3H3uMOB — COJI, karana-
3bl, TBaSIKOJINIEPOKCUAA3Bl U aCKOPOATIEPOKCH Ja3bl
[87-89].

[Moxoxue >¢GQeKTsl 3aperucTpupoBaHbl U
MpPH M3YYCHHUH POJIH CUTHaNA, (HOPMHUPYIOIIETOCS
¢ yuactueM A®K, B aganTanuu pacTeHHi K oc-
MOTHYECKOMY IIOKY. Yepe3 HeCKOJbKO 4acoB IOC-
Jie 3aKaJMBAIONIET0 OCMOTHYECKOI'0 BO3JEHCTBUSA
Ha IPOPOCTKHU MIIEHUIIBI 0TMEYaIoCh MOBBIIIEHNE
UX YCTOMUYHMBOCTH K OCMOTHYECKOMY HIOKY. IIpu
9TOM TMOCJE 3aKaJlMBaHUS IMPOUCXOIMIIO TPaH3U-
TOpHOE yBenuuenue copepxanus H,O,, koTopoe B
3HAYUTEIBHOW CTENECHU YTHETAJOCh HHTHOMTOPOM
NADPH-okcunazsr umunazoiom [90]. O6paboTka
npopocTKoB  ckasenkepom H, O, aumernnTHo-
MoueBUHON nnu nHruoutopoM NADPH-okcuaass
MMHJIa30JI0M HUBenupoBaia 3(pdeKkT mpeajaanrta-
LIUH.

Ilokazana poiap ADK, renepupyeMbIx ¢ IOMO-
b0 NADPH-okcuaassl, U B 3alIUTHBIX PEAKIIUIX
MIPOPOCTKOB KYKYpy3bl Ha 00e3BokuBanue. [Ipu yr-
Herennn NADPH-okcuaassl cnenngpuueckuMm WH-
ruoUTOpPOM TU(EHUIICHUOTOHNYMOM B IPOPOCTKAX
KYKYpYy3bl, MOBEPIrHYTHIX BOJHOMY CTpecCy HJIH
nericreuio ABK, He Ha0mogaaocs Takoil OTBETHOU
aJlalTUBHON peakLMM KaK MOBBIIIEHNE AaKTHBHOCTH
AHTHUOKCHJIAHTHBIX SH3UMOB [91].

Coobmaetcss 006  aktuBaumu  NADPH-
OKCHJa3bl TOJ BJIUSHUEM COJIEBOrO cTpecca [6].
[IpumedaTenbHo, yTO MyTaHThl AtRbohJ npon3Bo-
nuiu Menbile AOK M oTaMYaluch HU3KOHM colie-
ycTon4uuBoCThIO [92]. ConeycToiunBOCTh pacTeHU I
apabuJoTicrca CHUKAJIACh U TPH 00paboOTKe WHTH-
outopom NADPH-okcuaasel nudeHUICHHOIOHNY-
MoM [92]. Takke moka3aHo, YTO TBOWHBIC MYTAHTHI
apabuJorncuca Mo reHam, KOAMPYIOIUM MemOpa-
HOcBsi3aHHYI cyObenunuly NADPH-okcuaasbst
AtRbohD n AtRbohF, nakaniuBaIu 00JIbIIEE KOJIH-
YeCTBO MOHOB HaTpus B kieTkax [93]. O0paboTka
pactennit sk3orennbiM H, O, npuBoauia K yMeHb-
LIEHUIO HAKOIJIEHHUS! HaTpHUs B YCJIOBHUAX COJIEBOTO
cTpecca. ABTOpPBI IeTaloT BEIBOA 0 ToM, 4To ADK,
npousBogumbeie NADPH-okcuaaszol, GyHKIMOHU-
PYIOT KaK CUTHaJIbHbIE IOCPEIHUKH, YIaCTBYIOIIHE
B perynsmnuu Na'/K'-romeocrtaza B pacTUTEIBHBIX
KJIeTKax.
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Bosmoxkno, uto A®DK, renepupyemble
NADPH-okcuma3oi, 3aaeliCTBOBaHbl B aKTUBAI[UHN
HAKOIJICHUsI POJIMHA, HEOOXOJUMOTO ISl aJlarnTa-
LMK K 3acojeHnto. Ha pactenusax npoca mokasaHo,
4TO MX NOpeaodpaboTka IUMETHITHOMOUYCBHHOM
WM UMHUAA30JI0M CHHMalla KaK BbI3bIBAEMOE CO-
JIEBBIM CTPECCOM MOBbIEHHE copepxkanus H, O,
B PacCTeHMsIX MpOca, TaK U HAKOIUICHHE MPOJIUHA.
[IpenctpeccoBas 00pabOTKa yKa3aHHBIMHU COEJIH-
HEHUSIMH CHUXKaJla U BBDKUBAHUE PACTCHHU MOCIIE
JEWCTBUSL TOTCHIHMAIBHO JIETAIBHOTO 3aCOJCHHUS
[94].

Crnenyet otmMeTuTh, uTo NADPH-0KcHna3a ne
C/IMHCTBCHHBIN SH3UM, yYacTBYIOUUNA B WHIYIHU-
pyeMoM ctpecc-(hakTopaMu YCHJIEHUHM TeHepaluu
A®K. Tak, nmpu TEnjIoBOM U OCMOTHYECKOM 3aKa-
JIUBAOINIUX BO3JICHCTBUAX HA MPOPOCTKH MIIICHUIIBI
POMCXONIUJIO yBEINYCHHE AaKTHUBHOCTH aIlorjacT-
HOU mepokcua3bl. O0paboTKa pacTeHUl MHTUOU-
TOPOM TEPOKCHIa3bl CATULUIATUIPOKCAMOBOM KHC-
JIOTOM YaCTHYHO CHMMAaJia BBI3BIBAEMBIH JeCTBHUEM
crpeccopoB 3G dexT nossimenus conepsxanus H,0,
[90].

Kak yxe ormeuanocs, mosexynsl H,O, cpenn
A®K uMeroT 0OJbIINKA MOTSHITUAT [T yYacTHS B
KJICTOYHOM CHTHAJHMHTE. B CBS3M ¢ 9THMM BO3HHKa-
et Bonpoc o poiu COJ/] B KOHBepTaLUU CYIEPOK-
CUJIHOTO aHHOH-paaukana B H O, Kkak CMIrHalbHYIO
Mosiekyny. Iloka3aHo, 4YTO TOBBIIIEHHE COMEP-
xanus H,O, B opranax HpOpOCTKOB MINEHHIIbI,
UHAYIHPYEMOE TEIUIOBBIM HJIM OCMOTHYECKHM 3a-
KQJIMBAIOIIMMHU BO3CUCTBUSIMU, TOJTHOCTHIO CHU-
masochk uHrHONTOpOoM CO/] nuaTHIIuTHOKapOama-
tom Harpus (1K) [87, 95]. [Ipu sTom cam 1o cebe
YKa3aHHBIH MHTMOWTOpP HE3HAUYMUTEJIHHO BIIMSII Ha
conepxanue H,O, B kopHsax mpopocTkos. O6paboT-
ka npopoctkoB JIJIK cHurkana BbI3bIBaeMOe 3aKa-
JMBAIOIIMM BO3JEHCTBUEM YBEIWYEHHUE AKTHBHO-
CTH acKopOaTHepOKCUIa3bl, TBASIKOINEPOKCUAA3BI
Y KaTajasbl ¥ IPErITCTBOBAIA PA3BUTHIO YCTONYH-
BOCTH ITPOPOCTKOB K MOBPEKIAIOIIEMY [TPOTPEBY U
OCMOTHYECKOMY IIOKY [87, 95].

OTH pe3yibTaThl COTNIACYIOTCS C JaHHBIMHU,
MOJYYCHHBIMU TIPU HW3YYCHHM BIIMSHUS arcHTa
OKHCJIMTENIBHOTO CTpecca MapakBaTa Ha 3KcIpec-
CHIO I'eHa acKopOaTIepoKCH1a3bl B SMOPUOHATBHON
KynbType puca [96]. Boi3piBaemasi mapakBaToM HH-
OyKLUs ackopOaTIepoKCcHIasbl MOAABIsIACh WH-
rudutopom COJ] IJIK u ycunuBanach JeicTBUEM
MHTHOMTOpa KaTajasbl 3-aMHHOTpHa3ona. Takum
00pa30M, OCHOBHYIO CUTHAJIbHYIO POJIb IPU HHIY-
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LUPOBAaHUU AHTHUOKCHUJAHTHBIX JH3UMOB yMEpPEH-
HBIM JIEHCTBHEM CTPECCOPOB, MO-BUIUMOMY, BBI-
nonuseT H,O,, a ne npyrue A®K.

O6o00miass HMEIOIIHMECs CBEICHUS, MOXKHO
MIPEICTaBUTh OAMH U3 BEPOSITHBIX MEXaHU3MOB HH-
JYLIMPOBaHUA aJallTUBHBIX pEeakIMid pacTEeHU Ha
JeliCTBUE a0MOTHYECKUX CTPECCOPOB (HAIpHMep,
TUNIEPTEPMUN, OCMOTHYECKOTO IIIOKA, 3aCOJICHUS),
peanusytomuiics ¢ yaactuem ADOK-reneprpyrommx
9H3UMOB. [TOBEpXHOCTH KJIETKH C TOMOIIBIO THIIO-
TETHYECKUX CeHCcOopoB [97, 98] BocmpuHUMAET CUT-
HaJlbl TUMIEPTEPMHUH, OCMOTHYECKOT0 BO3JCHCTBUS
niu 3aconieHus (puc. 3). DTo IPUBOAUT K aKTHBAITMHT
tpancmemOpanHoii NADPH-okcuaassl, amomact-
HBIX (OPM MEpPOKCUAA3bl M YCHIICHUIO IeHepalnu
CYINEPOKCUAHOI0 aHUOH-paaukana. Ilocmegnuili c
noMoInp anorutactabix Gopm COJl moxeT mpe-
Bpamarbcst B H,O,, KOTOphIH CBOOOAHO MPOHMKAET
B IUTOIJIa3My Yepe3 TIa3MaTHYecKylo MeMOpaHy.
Kpome Toro, kak y»xe yrnoMHHaJIOCh, IIPU OIpene-
JEHHBIX yCnoBuAX O, MOKET NPEBPAINATLCS B TH-
JIPOTEPOKCHII U MPOXOAHUTH yepe3 MeMOpaHbl [22].
IIpu sTOoM B janbHedIIEM CyNEPOKCHIHBIM aHU-
oH-paauKan npespamaercs B H O, 1HMTO30/1bHbI-
mu popmamu COJl. OnHOBpEMEHHO NpPH ACHCTBHH
CTPECCOPOB MOXKET MPOUCXOUTH YCUIICHUE CTOXa-
cTudeckoro obpazoBanusi ADK B xnoporacrax,
MUTOXOHJPHSX U akTUBanus Goroasixanus [13].

Veenuvenne konuentpanuun H O, B kieTkax
NPUBOAUT K MOAM(PUKALIMKA BHYTPUKIETOUHBIX
MIPOTEMHOBBIX PEIOKC-CEHCOPOB. B KOHEYHOM HTO-
re, BeposiTHO, ADK-curuan nmpuBOIUT K HU3MEHE-
HUIO COCTOSIHUSI TPAHCKPUIT-(PaKTOPOB, KOTOPHIC
KOHTPOJHUPYIOT I'€Hbl AaHTHOKCH/IAHTHBIX 3H3MMOB
1 3H3MMOB, YYAaCTBYIOIIUX B CHHTE3€ MPOJIHMHA, U
JIpyTHUe 3alIUTHBIE PeaKIUH.

Nmerotes ocHOBaHUS MOJarath, 4TO MMEHHO
A®K Kak CUTHAJIBbHBIE MOCPEIHUKU MPUHUMAIOT
ydacTue B mporeccax, odecrneunBaromux (Gopmu-
pOBaHUE NEPEKPECTHON YCTOMYMBOCTU PACTEHUMN K
cTpecc-pakropaM pasziuyHou npupoasl [67]. Cur-
Hajael ADK TecHO MHTErpHpoBaHBl C CHUTHAJIaMHU
TaK Ha3bIBAEMBIX «CTPECCOBBIX» (DUTOrOPMOHOB,
B YAaCTHOCTH, DTHJEHA, aOCIIM30BOM, CAITHIIMIOBON
U YKaCMOHOBOM KHUCJIOT, OpaccuHocTepouioB [99].
VYka3aHHBIE PACTUTENbHbIE TOPMOHBI MPSIMO HIU
OMOCPEIOBAaHHO MOTryT akTuBupoBaTh NADPH-
OKCHJa3y W CHOCOOCTBOBATH YCHJICHHIO TI'€HEpa-
nun ADK. B gacTHOCTH, HHIYLHPYEMOE 3aCyXOi
3aKpbIBaHUE YCTBUIl, KAK U UX OTKPBIBAHHE IOCIE
MpeKpalieHus 3acyXH, MOXKeT OBITh Pe3yJbTaToM
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CJIO)KHOTO B3aWMOJICHCTBUSI CUTHAJIOB, OINOCPEIO-
BaHHBIX a0CIIM30BOM KHCIOTOH, STUIIEHOM, OpaccH-
HOCTEpPOMJIaMH, TEPOKCHUJIOM BOJOPOA, KaJblUEM
u okcusom azora [100]. O6pa3oBanue abCIU30BOM
U CaJMIUIOBOM KHUCIOT MOXET ObITh OTBETOM Ha
yBenudenue coaepxkanus ADPK B knetkax. C apy-
ol CTOpPOHBI, (Qu3HONOrHYecKUe IPPEKTH ITUX
CTPECCOBBIX (PUTOrOPMOHOB, KaK M >KaCMOHOBOMU
KHCJIOTBl U OpacCHHOCTEPOHIOB, PEaU3yIOTCs C
yuactiueMm ADK [5, 101]. Bormpockl B3aumozeicTeus
ADK u cTpeccoBbIX (PUTOTOPMOHOB KaK CHTHAJIb-
HBIX COCAUHEHUN 4PE3BBIYANHO CIOXKHBI U BBIXO-
JST 38 paMKH HAcTOSIIEro o03opa. 3aMeTHM, UTO
OHM JOCTAaTOYHO ITyOOKO M3JI0KEHBI B BBIILIEAIIEM
HenaBHO 0030pe Bartoli et al. [99].

A®K B HacTosilllee BpeMs paccMaTpHUBAIOT-
Csl KaK BTOPUYHBIE MECCEHJIKEpPHI, y4acTBYIOLIUE
B HHAYLUPOBAaHUU YCTOWYMBOCTU PACTEHUN K
aOMOTHYECKUM CTpECCOpaM pas3InYHON MPUPOJIBL:
TUIO- U TUNIEPTEPMHUH, OCMOTUYECKOMY WIOKY, 3a-
COJIEHHUIO U Tp. YK€ MOSBUIIOCH JOBOJIBHO MHOTO
SKCHEPHUMEHTAJIBHBIX J0Ka3aTenbcTB poiaun ADK-
TEeHEePUPYIOIIMX SH3UMOB KJIETOUHON MOBEPXHOCTH
(mpex e Bcero, NADPH-okcumassl) B popmuposa-
HUM CUTHAaJa, MPUBOSINEro K aKTHBAIlMU 3alUT-
HBIX pEeaKL Ui U PA3BUTUU YCTONYUBOCTH PACTEHUU
K yKa3aHHBIM cTpeccopaM. OHaKO MEXaHU3MBbI aK-
THUBAIIMU ATUX 3H3MMOB, TOJIYYEHUs UMM CHTHaJa
OT NMEPBUYHBIX CEHCOPOB JIEHUCTBUS CTPECCOPOB He-
u3BecTHBI. C Ipyroil CTOPOHBI, OUEHb MaJjlo U3BECT-
HO O B3aMMOJEHCTBUM 3H3UMAaTHYECKUX CHCTEM,
reHepupyromux A®PK, ¢ apyrumy mnoTeHIHab-
HBIMH MX UCTOYHUKAMH, B YaCTHOCTH, DJIEKTPOH-
TPAHCIOPTHBIMM IIETISIMH MHUTOXOHJIPUH U XJIO-
porutactoB. He Wckito4eHo, 4TO Cna0blii CHTHAT,
00YCIIOBIICHHBIH BBI3BIBAEMBIM CTPECCOPAMH CTOXA-
CTHYeCKUM yBennueHueM copepxanus ADK B aTux
KOMITapTMEHTaX, MOXKET MpeBpalaTthcsi B Oojee
MOILHBIN, CBSI3aHHBIM C MOBBIILIEHUEM AKTUBHOCTH
A®K-reHepupyonmx H3UMMOB Ha KJIETOYHOH I0-
BepxHOCTH [47]. B monb3y Takoro mpeamnoaoKeHus
cBunetenbcTByeT aktuBaius NADPH-okcunassr
camumu ADK.

Bormpoc 06 uzbuparenbHocTu curaaiop AGK
MPEIMETHO OOCYKJAaeTcs CPaBHUTEIBHO HENABHO
[12, 47]. Ogna U3 KOHUENIUM MPEAToIaraetT, YTo
ADK ucronb3yloTcs, IaBHBIM 00pa3oM, B Kaue-
CcTBe OOIIEro CUrHajga, MPEAIIECTBYIOLUIETO aKTH-
BallMM BCei curHaiibHOW cetu. [Ipu 3ToM m30mpa-
TEIBHOCTD JOCTUTAETCS 3a CUET MOSIBICHUS IPYTUX
CHUTHaJIbHBIX MoJieKyJl. Ocoboe 3HaueHue B peaju-
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TEILJIOBOE, OCMOTHUYECKOE WJIHU COJIEBOE BO3JEUCTBUE

XJopomiacrsl,
MHTOXOPHUM,
NMEePOKCHCOMBI

CnoHTaHHOe
TpeBpaIeHHe

DakTOopHI
peryJsiuuu
TPAHCKPHIIUHHU

OU3UOJOTMYECKHU OTBET

MNOBBILUIEHUE TEILJIO-, OCMO- U COJEYCTOWYUBOCTH

Puc. 3. 'unomemuueckasn cxema ycunenus obpazoganus AQPK 6 pacmumenbHuiX Kiemkax npu meniosom,
ocMomuyeckom u conegom gozoeticmsusx. loscuenus k cxeme. 1100 deticmsuem cmpecc-ghakmopos mocym
axkmusuposamvcsi NADPH-okcuoasa u opyaue suzumol, cenepupyrowue ADOK, a maxaice COL, umo npusooum
K yeeauuenuio konuvecmea H,0,. Takowce moscem ycunusamocs oopaszosanue APK 6 xnoponiacmax, mumo-
xonopusx u nepoxcucomax. H,0, npamo, a uawe npu nocpeonuuecmee APK-cencopos, ézaumooeticmeyem ¢
MPAHCKPUNM-AKMOPAMU U 6TUsLeN HA IKCIPECCUIO 2eHO8, UHOYYUPYsL (Du3UoI0cUuLecKue peakyuu, obecne-
yugarouyue nogvluleHue YCmouuugoCmuy pacmeHuil
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3anuu curHaJIbHEIX 3¢ dextoB ADK, mo-sugumomy,
nMmeeT ux B3aumozneiicteue ¢ Ca?>" u NO. He BbI3BI-
BaeT coMHeHUH porb ADK B OTKpBIBaHUH KaJIbITHE-
BbIX KaHaJIOB M akTuBauuu cuHteza NO. B cBorwo
ouepens, NO u Ca?" yyacTBYIOT B peryisiiuu o00-
paszoBanus u obe3BpexuBanns ADK (B uactHOCTH,
yTeM BIUsHUSA Ha akTUBHOCTH NA DPH-okcuaazbt
1 aHTHOKCUJIAHTHBIX YH3UMOB).

Hapsiny ¢ curnamamwu, cBA3aHHBIMH C JIPYTH-
MM HocpeqHukamMu, curian camux A®K sBusercs
JIOCTaTOYHO WH(GOPMATUBHBIM U MOXKET pacuiug-
POBBIBAThHCS C MIOMOIIBIO Habopa perenTopoB ADK,
HUMEIOIINXCS B KJICTOYHBIX KOMITApTMEHTax [47].

B nienom, canraercs, 9To pe3ynbrar 3QPeKToB
ADK kak cUrHaJbHBIX TOCPETHUKOB OINpeEeIsieTCs
HE TOJIFKO MX KOJIMYECTBOM, HO U KIJICTOYHOU JIOKa-
nau3anuen, B3auMOACHCTBUEM C aHTUOKCUJAHTAMU,
IPYTUMHU CUTHAJIBHBIMH MOJIEKYJIAMH M CTpec-
coBbIMH (uTOropmMoHamu. MccnenoBaHus TaKuX
B3aMMOJICHCTBHI, OCOOCHHO METOAaMH Hepa3py-
IIAFOMIETO KOHTPOJS (TUTOXUMHUYCCKUMHU, (IIyo-
pecuentasiMu) [102], B coueTaHWU C TOAXOAAMHU
TpaHckpunToMuku [103] celfuac npeacTaBIIsIIOT CO-
00l TMHAMHWYHO Pa3BUBAIONTYIOCS 00JIaCTh KJIETOU-
HOU (PUTOPU3UONOTUN U OMOXUMHUU PACTCHUU.

AKTHUBHI ®OPMHU KUCHIO
1 CTPECOBUI CUTHAJITHT
Y POCJIMH

10. €. Konynaes, FO. B. Kapneyb

XapkiBCHKUH HALIOHAJIBHUN arpapHIi
yHiBepeuteT iM. B. B. JlokyuaeBa, YkpaiHa;
e-mail: plant_biology@mail.ru

B ormsni y3araabHEHO AaHI IOAO OCHOBHHX
MpOLECiB 1 KOMIAPTMEHTIB, SIKi OepyTh y4acTb B
yTBOpeHHI akTuBHUX (opMm kucHIO (ADK) y poc-
JIMHHUX KJIiTHHaX. OXxapakTepu30BaHO OCOOJIH-
BocTi OynoBu i perymnsanii NADPH-okcumasu sk
OIHOTO 3 OCHOBHMX CH3MMAaTHYHMX IIPOAYLEHTIB
A®DK. Sk MOXIJIHBI CEHCOpPH PEIOKC-CHUTHANIB Yy
POCIMHHHX KJIITHHAX PO3TIISTHYTO JIBOKOMIIOHEHTHI
ricrunuikinaszy, A®K-uyTiumBi  TpaHCKpUNT-
¢dakropn, ADK-uymimBi  mpoTreiHKiHAa3zW i
penokcperyinpoBaHi 10HHI kaHanu. OOTOBOpEHO
B3aeMofir0 Mk ADK Ta iHIIMMU CUTHAJIBHUMU I10-
CepeAHUKaMH, 0COOIMBO OKCHAOM a30Ty Ta I0HAMHU
kanbuito. IlpoananizoBano posnb AD®K sk curHaIb-
HUX TIOCEPEJHMKIB y PO3BUTKY CTIHKOCTI poc-
JIUH JI0 TinepTepMii, OCMOTHYHOTO MIOKY  1HIIUX
a0lOTHYHHUX CTPECOPIB.

30

KnouyoBi cnoBa: akTuBHI (opMU KHC-
Hio, NADPH-okcnasa, ceHcopu pefoKc-CUTHAMIB,
KaJIbLif, OKCHJ a30Ty, ablOTHYHI CTpecopw,
POCTUHHI KITITHHH.

REACTIVE OXYGEN SPECIES AND
STRESS SIGNALING IN PLANTS

Yu. E. Kolupaev, Yu. V. Karpets

V. V. Dokuchaev Kharkiv National
Agrarian University, Ukraine;
e-mail: plant_biology@mail.ru

Data on the basic processes and the compart-
ments, involved in formation of reactive oxygen spe-
cies (ROS) in plant cells, are generalised. The fea-
tures of structure and regulation of NADPH-oxidase
as the one of main enzymatic producers of ROS are
characterized. The two-component histidine kinas-
es, ROS-sensitive transcript-factors, ROS-sensitive
protein kinase and redox-regulated ionic channels
are discussed as the possible sensors of redox-sig-
nals in plant cells. The interaction between ROS and
other signal mediators, in particular nitric oxide and
calcium ions, is discussed. The ROS role as the sig-
nal mediators in the development of plant resistance
to hyperthermia, osmotic shock and other abiotic
stressors is analyzed.

Key words: reactive oxygen species,
NADPH-oxidase, redox-signal sensors, calcium, ni-
tric oxide, abiotic stressors, plant cells.
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