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HaTtuBHasa opraHu3auua anbTepHaTUBHbIX
HAA(P)H-aernaporeHa3 NDA u NDB B MUTOXOHAPUAX
3TUOAUPOBAHHDbIX MPOPOCTKOB ropoxa

N.B. Ykonosa™, M.A. KoHpakoBa, I.6. BopoBcKkui

CUOBUPCKUI UHCTUTYT GU3MOAOTMM M Bruoxummum pacteHuii CO PAH, MpkyTck, Poccuiickas Qeaepaums

AHHoTaumA. MHOroYncAeHHble BUOXUMMUYECKUE M CTPYKTYPHbIE UCCAEAOBAHMS HATUBHOM OpraHM3alLmnmu CUCTEMbI
OKUCAUTEABHOIO POCPHOPUAMPOBAHUS B MUTOXOHAPUAX PA3AUUHBIX 3YKAPUOTUUECKUX OpraHn3mMoB yOeAUTeAbHO
rnokasaAu, 4To AblXxaTeAbHblE KOMIAEKChbI MOryT acCoLUMUPOBaTb APYr C APYroM ¢ 06pa3oBaHUEM CTPYKTyp boree
BbICOKOIO ropsiAka, Ha3blBaeMbIX CyrnepKoOMIAEKCaMM. PacTuTeAbHble MUTOXOHAPMM OTAMYAKOTCS 6OAEE CAOXKHOM
opraHu3aumeit AbIxaTeAbHOM LIEMM B CBA3U C MPUCYTCTBUEM LIEAOIO PAAA aAbTepPHAaTUBHbLIX OKCUAOPeAYKTa3. Cuntaercs,
4TO 3TN PEPMEHTHI PUINYECKM HE B3aUMOAEHUCTBYHOT C PepMEHTaMMU LMTOXPOMHOIro nyTu. OAHaKO MMeKLLMeCs
AUTEPATYPHbIE A@HHbIE, MOAYYEHHbIE Ha MUTOXOHAPUSX APOXXKEH, yKa3biBatoT Ha BO3MOXHOCTb TaKo accoLmaLmi.
B cBSI3U C 3TUM LieAbIO MCCAEAOBaHMS IBUAOCh M3YUYEHWE HaTUBHOM opraHm3aumm arbtepHaTnBHbix HAA(®)H-aeru-
AporeHas NDA u NDB B pacTUTEAbHbIX MUTOXOHAPHSX. B paboTe McrnoAb3oBaAu 6-CyTOYHbIE 3TMOAMPOBAHHbIE
npopoCTKU ropoxa. Mpu MomMoLLM KOMOMHMPOBAHHOIO MCMOAb30BaHMUS MeToAoB 2D BN/SDS-PAGE 1 UMMYHOXUMMWMN
06HapyXXeHo, YTO B OpraHeAAax ropoxa OCHOBHas YacTb MOnyAsiuni aAnbTepHaTMBHbIX HAA(®)H-aernaporeHas NDA
n NDB BxoauT B coctaB HaACTpykTyp ¢ maccammn 700, 780 u 900 kAa. AonoaHnuteanbHO NDA aAeTekTupyetcs B
obractn 1480 n 1600 kAa, a NDB - 1330, 340 1 100-120 kAa. AHaAu3 cybbeANHUYHBIX MPOPUAEH BbIABAEHHbIX
accoumaumni n KoropuMeTpuueckas Aetekumsa ATO-a3Hom akTuBHOCTM B 1D BN-reae no3BOASIHOT MMPEAMTOAOXUTB,
41O MaxxopHas yactb nonyAsiumi NDA u NDB, MAEHTUOULMPOBAHHBIX MPU MOMOLLM UMEIOLLMXCS aHTUTEA, CBAI3aHa
¢ AT®O-CHMHTa30M U HaXO0AUTCS B BUAE reTeporeHHou nonyAsiumm ATO-CMHTAcoM C rnpearnoAaraeMbiM COCTaBOM
NDA,/NDB,Va/b;.,. OcTarbHas yaCTb GEpPMEHTOB, 10-BUAMMOMY, BXOAMT B cocTaB cynepkommnrekcoB NDA,/NDBIIILIV
n NDA,IV, Va,. ®usnorornyeckoe 3aHaueHne accoumnaumm arbtepHatuBHbix HAA(®)H-aeruaporeHas ¢ ATO-cuHTa3on
TpebyeT AaAbHEHLLEr0o U3YYEHUS.

KAroueBble cnoBa: MUTOXOHAPUM, CUCTEMAE OKUCAUMTEABHOIO GOCHOpHUAMPOBaHUSA, arbTepHaTuBHble HALA(D)H-aerm-
AporeHasbl, Pisum sativum, cynepkoMrnAeKchbl
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BRIEF COMMUNICATION

Native organization of alternative NAD(P)H-dehydrogenases
NDA and NDB in mitochondria of etiolated pea sprouts

Irina V. Ukolova™, Marina A. Kondakova, Gennadii B. Borovskii

Siberian Institute of Plant Physiology and Biochemistry SB RAS, Irkutsk, Russian Federation

Abstract. Numerous biochemical and structural studies into the native organization of oxidative phosphorylation in the
mitochondria of various eukaryotic organisms have convincingly shown that respiratory complexes can associate with
one another to form higher-order structures referred to as supercomplexes. Plant mitochondria are distinguished by a
more complicated organization of the respiratory chain due to the presence of a number of alternative oxidoreductases.
It is considered that these enzymes do not physically interact with those of the cytochrome pathway. However, the
available literature data obtained on yeast mitochondria suggests the possibility of such an association. In this
regard, we aimed to study the native organization of alternative NAD(P)H-dehydrogenases NDA and NDB in plant
mitochondria. The work was performed on six-day etiolated pea seedlings. The 2D BN/SDS-PAGE in combination
with immunochemistry found that, in pea organelles, the main part of the populations of NDA and NDB alternative
NAD(P)H dehydrogenases were included in superstructures with masses of 700, 780, and 900 kDa. Additionally,
NDA was detected in the region of 1480 and 1600 kDa, and NDB was registered at values of 1330, 340, and
100-120 kDa. An analysis of subunit profiles of the observed associations and a colorimetric detection of ATPase activity
in 1D BN-gel suggested that the major part of the NDA and NDB populations identified by the available antibodies
was associated with ATP synthase and represented a heterogeneous population of ATP-synthasomes, assumably,
with a NDA,/NDB,Va/b,,composition. The rest of the enzymes were likely to be part of the NDA,/NDB,III,IV and
NDA,IV,Va, supercomplexes. The physiological significance of the association of alternative NAD(P)H dehydrogenases
with ATP synthase requires further study.

Keywords: mitochondria, oxidative phosphorylation system, alternative NAD(P)H dehydrogenases, Pisum sativum,
supercomplexes
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BBEAEHUE

HaaMOAeKyASipHasi OpraHu3aums CUCTEMbI OKWUCAM-
TenbHOro ¢ocoopumanpoBanus (cuctembl OKCOOC) muto-
XOHAPUI aKTUBHO M3y4yaeTcs B Pa3AMYHbIX 3yKapuOTUYECKHX
opraHn3mMax, BKAOUas MAEKOMUTAIOLLMX, rPU6bI, PacTeHus
W psip MPOTUCTOB. B HacTosiLLee BpeMS BbIAEAEHbI U CTPYK-
TYPHO OXapakTepu3oBaHbl OCHOBHbIE CYMEPKOMIMAEKCHI
OKC®DOC, TMNUUHbIE AAA BOABLLUMHCTBA W3YUYEHHbIX Tak-
COHOB, @ MMEHHO: AblXaTeAbHble CynepKoMMAeKchl l4lll,,
5IVy_5, 15151V, 5, @ Takxe pumepHas ATO-cuHTasa [1-4].
PacTuTeAbHble MUTOXOHAPUK, BAAroaaps MpUcyTCTBMIO MHO-
FOUYMCAEHHbIX aALTEPHATUBHBIX OKCUAOPEAYKTA3, OTAUUAKOTCA
60Aee CAOXHOM 1 Pa3BETBAEHHON CUCTEMOM AbIXaTEABHOM
Lenu no CpaBHEHUIO C OpraHeAAaMUn MAEKOMUTaOLLMX [D].
Tak, B MUTOXOHAPUSIX Arabidopsis thaliana obHapyxeHo
NPUCYTCTBUE CEMM FEHOB anbTepHaTUBHbIX HAA(D)H-aermapo-
reHas, KoTopble Ha OCHOBaHUM GUAOTEHETUUYECKOTO aHaAW3a
obbeanHaroTea B Tpu noacemenictea: NDA1-2, NDB1-4 v
NDC1 [6, 7]. TeHbl NDA1-2 n NDC1 KOAMPYHOT BHYTPEHHWE
HAA(®)H-aernaporernasbl NDAL-2 n NDC1, AOkaAM30BaHHble

C BHYTPEHHEN CTOPOHbI MUTOXOHAPWAABHOM MeMBpaHbI, a
NDB1-4 - BHeluHne ¢pepmeHTbl NDB1-4, pacnonoXeHHble
COOTBETCTBEHHO C HAPYXXHOM CTOPOHbI MEMOPaHbI. AAbTEPHA-
TMBHaA OKCMAA3a TaKXe NpeAcTaBAeHa Habopom M30hopM,
KOTOpble KoAMpytoTCst reHamu AOX1-2 y AByAOAbHbIX M AOX1
Y OAHOAOABHbIX pacTeHui [8].

Cuntaetcs, UTo anbTePHATHBHbIE GEPMEHTLI HE BXOAAT
B COCTaB CynepkoMmnAekcoB [9]. B 1o xe Bpems B MUTO-
XOHAPUAX APOXKEN Bblira 0OHapYXeHa HAaAMOAEKYASIPHAs
CTPYKTYpa, BKALOUatoLWas, NMOMUMO APYrMx GepMeHTOB,
anbTepHaTMBHble HAA(D)H-AernaporeHasbl M KOMMAEKChI
Il v lll, [10], a Takxe 6bIAU BbIABAEHbI acCOLMALUN ITUX
aAbTePHATMBHbIX depMeHTOB ¢ cynepkomMmnaekcom LIV,
[11, 12]. Kpome TOro, Ha OCHOBaHWKM AQHHbIX KOMMAEKCO-
MHOTO NPOPUAMPOBAHUA MUTOXOHAPUAABHOIO MPOTEOMA
13 AUCTbEB A. thaliana 6bIA0 NPEANOAOXEHO, UTO aAbTEPHA-
TUBHblE GEPMEHTLI CaMm MOTYT GOPMMUPOBATb «aAbTEPHA-
TUBHbIE PECMNMPACOMbI», CYLLECTBYIOLLME OTAEABHO OT APYTMX
bepMeHTOB AbixaTeAbHOM Lenu [13]. Mpu NoMOoLLM METOAOB
2D BN/SDS-PAGE, UMMyHOX1MWH, @ TaKXXe 3H3MMOrpadum
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1D BN-renei Ha nprMepe MUTOXOHAPUIM NPOPOCTKOB ropoxa
Mbl BNEPBbIE NOKA3aAW, YTO B PACTUTEAbHbIX OPraHeAAaX
anbrepHatnuBHble HAA(DP)H-permaporeHassl NDA 1 NDB
MOryT accouumnpoBatb ¢ pepmeHTammn OKCPOC ¢ obpa-
30BaHKeM ATO-CMHTaAcoM ¢ NpeAnoAaraeMbiM COCTaBOM
NDA,/NDB,Va/b,,, pecnupacom NDA,/NDBIILIV n
MWHOpHOro cynepkomnaekca NDA,IV,Va,.

SKCNEPUMEHTAABHAA YUACTb

B paboTe McnoAb3oBaAK STUOAMPOBAHHbIE 6-CyTOUYHbIE
npPopocTKK ropoxa (Pisum sativum L., copT AKCancKui
ycaTbli 55), BbipallleHHble B TEMHOTE Ha BA@XHOM GUAb-
TpoBaAbHOM Bymare npu Temnepatype 20 °C. BoiaereHWe
M OYUCTKY MUTOXOHAPUI U3 3TMOAMPOBAHHbIX NOOEroB npo-
BOAWAM COrAGCHO paHee onybAMKoBaHHOW MeToAuKe [14].
MUTOXOHAPHUAAbHBIE KOMMAEKCHI 1 CYNEPKOMIMAEKCHI COALO-
6MAN3MPOBAAM MPU NOMOLLM AUTUTOHWMHA B COOTHOLLEHUK
peTepreHTa v 6enka 5:1 [14]. U3yueHue coctaBa 1 cybbe-
AVHUYHBIX NPOGUAEV COAOOUAMBUPOBAHHBIX OEAKOB M 1X
accouuaumni NpoBOAMAM Npu nomoLn metopoB 1D BN-PAGE
n 2D BN/SDS-PAGE cootBeTcTBEHHO [15, 16]. Komnaekc V
B 1D BN-reasix Bu3yannaupoBanm no AT®O-a3HoM aKTUBHOCTH
cornacHo metoamnke [17]. UMMYHOXMMUYECKYHO AETEKLMIO
anbrepHatnBHbIX HAA(D)H-pernaporeHas NDA n NDB Ha
UMMyHobAoTax nocae 2D BN/SDS-PAGE ocyLecTBASIAV NPpK
nomouum aHtuTeA Ha NDAL 1 NDB1 kaptodens, KoTopble
6bIAn AtoBEe3HO NpepocTaBAEHbI AOKkTOpoM A.T. Pacmyc-
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COHOM [18]. YuuTbiBaA pekoMeHAaL MK NMPOU3BOAUTEAR U
TOT GaKT, UTo aHTUTEAA Ha YKa3aHHble BEAKM B pa3AUUHbIX
BMAAX MOTYT pearmpoBatb C pasHbiM1 n30GoOpMamu, Mbl
0603HAUMAN AETEKTUPYEMBIE PepMEHTbI kak 0bLire NDA 1
NDB HeX3BECTHOIo cocTaBa. IKCNEPUMEHTbI BbINMOAHEHbI
B TPEX BUOAOrMUECKUX MOBTOPHOCTSAX.

OBCY>XAEHUE PE3YABTATOB

Hawwn paHHMe nccaepoBaHMUS opraHn3aumnmn CUCTEMbI
OKCHOC B MUTOXOHAPUAX NoBEros ropoxa rnokasanw,
YTO CMCTEMA BKAKOUAET CAEAYIOLLME CTPYKTYPHbIE KOM-
noHeHTbI: Merakomnaekc (ILIILIV,),, pecnnpacombl Iy ,ll1Vy.,
MaXopHbIn cynepkomMnaekc l;1ll,, MMHOPHYO accoumaumto
IViVa,, MUMHOpPHbIE KOAMYecTBa cynepkoMnAekcos Il,1V,.,,
a TakXe AMMEpHbIE U MOHOMEpPHbIE GOPMbl KOMMAEKCOB
OKC®OC [14, 19] (cM. pucyHOK a). CAepyeT OTMETUTb, UTO
cynepkomnaekc IV,Va, n ¢opma ATO-cuHTasbl Va,., bbian
obHapyxeHbl BriepBble. BbIAO MOKa3aHo, YTo BMECTO MpPeA-
nonaraemon paHee accouuaumu L, 11L,1V,, BKArOUatoLEen 1
BHyTpeHHoto HAA(D)H-pernaporeHady NDA [20], B cooT-
BETCTBYHOLLEW 0OAACTU KOMUTPUPYHOT ABa OTAEAbHbIX Cynep-
KOMMAEKca: MaxopHbI cynepkomnaeke l4lll, ¢ pacueTHom
maccon 1630 kAa 1 HENOCPEACTBEHHO NMOA HUM MUHOPHbIN
cynepkomnaekc 1V,Va, ¢ Buaumon maccor 1600 kAa [14].

MoAyyYeHHbIE A@HHblEe OTPaXarT HAAMOAEKYASIPHYHO
APXMTEKTYPY GEPMEHTOB LIMTOXPOMHOIO MyTU AbIXaHWUS
B MUTOXOHAPWSIX ropoxa. M3yyeHne HaTMBHOW OpraHu-

NDB,Vb,, NDA,/NDB,III,IV
NDA,Va, NDA;/NDB,Va/b
NDAzlvlvﬂz -l“ | | Fl

Q"\@ WO W
L

e s ks - ‘
66 kDa — &

o —';—',_i

61 kDa —
NDB

50 kDa — i ~

NDA

b

HatuBHas opraHusaumsa BHYTPEHHUX U BHelwHWMX HAA(D)H-aernaporeHas NDA 1 NDB B MUTOXOHAPUSAX 3TUOAMPOBaHHbIX Noberos
ropoxa: a - penpeseHtatmBHbIi 2D BN/SDS-renb, OKpalleHHbI pacTBopom Kymaccw (CBepxy pacrnoroxeHa nonoca 1D BN-reas

W YKa3aHbl KOMMNOHEHTbl OCHOBHOMO LIUTOXPOMHOTO MyTU CUCTEMbI OKUCAUTEABHOTO GOCHOPUAMPOBAHMSA FOPOXa U MX MacCChl; CAEBa
AaHbl Maccbl 6EAKOB-CTAHAAPTOB); b — dparmMeHTbl TMNMYHbIX UMMYyHOOA0TOB NDA 1 NDB 6eAKOB, a Takke COOTBETCTBYHOLLMI
dparmeHT 2D BN/SDS-rens (cBepxy npeactaBaeHa nonoca 1D BN-reas nocae petekumn ATO-a3HoM akTUBHOCTU ¢ 0603HAYEHHbIMK
cynepkomnaekcamu, copepxatmmm NDA 1 NDB, 1 paHbl X Macchbl; cAeBa npuBeaeHbl Maccbl MoOHOMepoB NDA 1 NDB)

Native organization of the internal and external NAD(P)H dehydrogenases NDA and NDB in the mitochondria of etiolated pea
shoots: a - representative Coomassie-stained 2D BN/SDS-gel (1D BN-gel strip and identities of the OXPHOS main cytochrome
pathway’s components and their masses are given above, and protein standard masses to the left of the 2D gel);

b - fragments of typical immunoblots for NDA and NDB proteins, along with the corresponding fragment of the 2D BN/SDS-gel
(1D BN-gel strip after ATPase in-gel activity detection with corresponding NDA- and NDB-containing supercomplexes, and their
masses are indicated above; masses of the NDA and NDB monomers are shown on the left)
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3aumMn GEPMEHTOB aAbTEPHATUBHOIO NyTU MPU NMOMOLLA
meTtoaa 2D BN/SDS-PAGE B coueTaHnn ¢ MUMMYHOXUMMU-
Yeckow AETEKLMEN anbTePHATUBHbIX BHYTPEHHMX 1 BHELLIHMX
HAA(®)H-pernaporeHa3 NDA n NDB nokasano, uto atu dpep-
MEHTbI TaKXXe MOTyT HAXOAUTBCA B aCCoLMaUmnn ¢ APYyrMmu
komnaekcamu OKCOOC. Tak, BHYTPEHHME AETMAPOTreHasbl
NDA, nmetowme BuanMyro maccy moHomepos 50 kAa,
CONOOUAUBUPYIOTCH AUTUTOHUHOM B BUAE BbICOKOMOAEKY-
ASIPHbIX accoumaummi ¢ maccamu 700, 780, 900, 1480 n
1600 kAa (cM. pUCYHOK b). AHaAU3 CyObEAMHUYHbIX MPO-
duAew CTPYKTYp M HAACTPYKTYp Ha 2D BN/SDS-reasix ¢ yka-
3aHHbIMM MacCaMu, a TakXe KOAOPUMETPUYECKANA AETEKLMA
AT®-a3HOM aKTUBHOCTH B COOTBETCTBYIOLLIMX 06AaCTsX Ha 1D
BN-reae ykasbiBatoT Ha accoumaumto NDA ¢ MoHOMepamu
Va n Vb, aumepom Va,, a Takxe cynepkomnaekcamu 1V,Va,
W, NPEANOAOXMTEABHO, Ill,IV. OCHOBHas yacTb NONYAS LMK
BHewWwHMXx HAA(®)H-aervpporeHas NDB, UMEIOLLMX BUAUMYHO
Maccy MOHOMEpPOB 61 KAa, TaKXe AeTEeKTUPyeTca B 06AacTH
700, 780, 900 kAa, uTo NpeanoAaraeT ee B3anMOAEN-
cTBME C AByMsa dopMamu MOHOMepHOW AT®O-cuHTasbl, Va
1 Vb, a Takxe cyrnepkomnaekcom lll,IV. MrnHopHas yacTb
NOoNyAALMK COAOBUAM3UPYETCA B accoLMaLmnm C AMMEPOM
Vb,, nmetowmm maccy 1330 kAa, CAeAOBbIE KOAMYECTBA
06HapyxeHbl B paitoHe 340 n 100-120 kAa. MoXHO npea-
MOAOXMTb, uTo B 06AacT 340 kAa NDB MOXeT MUrpupoBaTh
B cocTaBe AMBO paspyLuMBLLENCA YacTh MeMbpaHHOro
pomeHa F, AT®-cuHTa3sbl, AMOO B cocTaBe APYroil noka
Heu3BecTHoM accoumaumun. CrepoBble koamuectsa NDB B
obnactn 100-120 kAa MOryT COOTBETCTBOBATbL AMMEPHOM
dopme MAM MOHOMEPY C OCTaBLUMMUCA aCCOLMUPOBAHHBIMM
AMNMAaMu membpatbl. Hawm paHHble no NDB yactnuHo
coraacytotes ¢ pAaHHbIMK AL Pacmyccora u C.K. Arnyc [21],
MOAYYEHHBIMU Ha MUTOXOHAPUSAX KapTodensi. ABTOpbI Takxe
obHapyxuar yactb nonyasummr NDB aToro Buaa B o6ractu
700 kAa Ha ummyHobaoTax 2D BN/SDS-renei 1 AONOAHN-
TEABHO pAA UMMYyHOXMMKUYeCcKkMX NDB- n NDA-curHanoB ¢

MEHbLLUMMU MOAEKYAAPHBIMU Maccamu. MocreaHni GakT,
CKOpee BCErO, CBA3AH C YyALTPA3BYKOBbIM pa3pyLleHUEM
opraHenn B xoae MpoBOMOArOTOBKM, BCAEACTBME Yero
3HaYMTEAbHAA YacTb HAACTPYKTYP MOIAa NOABEPTHYTbCA
amccoumaumm. MuHopHble koanuectea NDAL 1 NDA2 B
paioHe 700 kAa 6bIAK Takxe 0OHaPYXEHbI B pe3yAbTaTe
KOMIMAEKCOMHOTO NPOGUAMPOBAHUA MUTOXOHAPUAALHOTO
npoteoma A. thaliana [13]. B 3TOM Xe KAacTepe AeTEKTU-
POBAAUCH U MUHOPHbIE KOAMYecTBa ATO-CuHTa3bl. ABTOPSI
NPEANOAOXMNAKN, YTO aAbTEPHATUBHbBIE GePMEHTbI MOryT
B3aMMOAENCTBOBATb APYT C APYroM, GOPMUPYS BbICOKO-
MOAEKYAAPHbIE «aAbTEPHATUBHbBIE PECMMPACOMbI», OAHAKO
He YTOUHWAM BO3MOXHbIN COCTaB 3TUX CTPYKTYP.

3AKAKOYEHUE

YunTbiBasA HaTUBHbIE MaCCbl UMMYHOXMMWUYECKUN AETEK-
TMpyembix accoumaumnin NDA n NDB ¢ AT®-cuHTa3om U
TOT $aKT, uto anbTepHaTuBHble HAA(D)H-perMaporeHassbl
MPUCYTCTBYIOT BO BHYTPEHHEN MeMbBpaHe MUTOXOHAPUIA B
BUAE AUMEPOB [5, 22] ¢ OXXMAAEMbBIMWU MOAEKYASIPHBIMU
mMaccammn 100 n 120 kAa COOTBETCTBEHHO, MOXHO MPEA-
NMOAOXMWTb, UTO Ha OAMH depMeHT ATD-CMHTa3bl C Maccoi
600 k\a NPUXOAMUTCS OAMH AMMEP OAHOM M3 aAbTepHa-
TMBHbIX HAA(P)H-pervaporeHas. Takum obpas3om, Mbl
npeAnoAaraeM MpUCcyTCTBME reTeporeHHbIX MONyAsiLMM
AT®-cuHTtacom NDA,/NDB,Va/b B anekTpodOopeTUyecKmx
dpakumax ¢ maccamm 700 1 780 kAa. MpucyTcTBre APyrux
6enkoB B ATO-cHTacomax, 0CO6eHHO B BOAEE BbICOKO-
MOAEKYAAPHOW, Metoler maccy 780 KAa, He UCKAIO-
yaetcsi. Ha UMMYHOOAOTaX AETEKTUPYHOTCS AOMIOAHUTEABHO
AT®-CcMHTACOMbl C AMMEPHbBIM KOMMAEKCOM V, UMetoLLme
npeanoAaraembiit coctaB NDB,Vb, n NDA,Va,, a Takxe
MuHOopHble cynepkomnAaekcbl NDA,IV,Va, n NDA,/NDB,IlI,IV.
®uU3nMonorMyecKoe 3HaueH1e accoLmaLmMn anbTePHATUBHbIX
BHYTPEHHUX U BHELWHUX HAA(P)H-pernaporeHas ¢ ATO-cuH-
Ta30M uU3lyvaetcs.

CMUCOK UCTOYHUKOB

1. Cogliati S., Cabrera-Alarcon J.L., Enriquez J.A. Reg-
ulation and functional role of the electron transport chain
supercomplexes // Biochemical Society Transactions. 2021.
Vol. 49, no. 6. P. 2655-2668. DOI: 10.1042/BST20210460.

2. Kohler A., Barrientos A., Fontanesi F., Ott M. The
functional significance of mitochondrial respiratory chain
supercomplexes // EMBO Reports. 2023. Vol. 24, no. 11.
P. e57092. DOI: 10.15252/embr.202357092.

3. Kuhlbrandt W. Structure and mechanisms of
F-type ATP synthases // Annual Review of Biochem-
istry. 2019. Vol. 88. P. 515-549. DOI: 10.1146/
annurev-biochem-013118-110903.

4. Ukolova L.V. The subcompartmented oxphosomic
model of the phosphorylating system organization in mito-
chondria // BaBUAOBCKMWI XypPHAA TEHETUKM U CEAEKLIMMN.
2021.T.25.N 7. C. 778-786. DOI: 10.18699/VJ21.089.
EDN: VRUFFV.

5. Mgller I.M., Rasmusson A.G., Van Aken O. Plant mito-
chondria - past, present and future // The Plant Journal.
2021.Vol. 108, no. 4. P.912-959. DOI: 10.1111/tpj.15495.

6. Rasmusson A.G., Geisler D.A., Mgller .M. The multi-
plicity of dehydrogenases in the electron transport chain of
plant mitochondria // Mitochondrion. 2008. Vol. 8, no. 1.
P. 47-60. DOI: 10.1016/j.mit0.2007.10.004.

7. Sweetman C., Waterman C.D., Rainbird B.M.,

432

Smith P.M.C., Jenkins C.D., Day D.A., et al. AtNDB2 is
the main external NADH dehydrogenase in mitochondria
and is important for tolerance to environmental stress //
Plant Physiology. 2019. Vol. 181, no. 2. P. 774-788.
DOI: 10.1104/pp.19.00877.

8. lfapmalu E.B. CurHanbHble NyTW PErYASILIMM 3KCTIPECCUN
reHOB aAbTEPHATUBHOW OKCHMAA3bl pacTeHun // duanonorus
pacteHun. 2022. T. 69. N 1. C. 3-19. DOI: 10.31857/
S0015330322010055. EDN: AATESI.

9. Braun H.-P. The Oxidative Phosphorylation system
of the mitochondria in plants // Mitochondrion. 2020.
Vol. 53. P. 66-75. DOI: 10.1016/j.mit0.2020.04.007.

10. Grandier-Vazeille X., Bathany K., Chaignepain S.,
Camougrand N., Manon S., Schmitter J.M. Yeast mito-
chondrial dehydrogenases are associated in a supramo-
lecular complex // Biochemistry. 2001. Vol. 40, no. 33.
P. 9758-9769. DOI: 10.1021/bi010277r.

11. Guerrero-Castillo S., Vazquez-Acevedo M., Gonzélez-
Halphen D., Uribe-Carvajal S. In Yarrowia lipolytica mito-
chondria, the alternative NADH dehydrogenase interacts
specifically with the cytochrome complexes of the classic respi-
ratory pathway // Biochimica et Biophysica Acta. 2009. Vol.
1787, no. 2. P. 75-85. DOI: 10.1016/j.bbabio.2008.10.008.

12. Matus-Ortega M.G., Cardenas-Monroy C.A.,
Flores-Herrera O., Mendoza-Hernandez G., Miranda M.,

https://vuzbiochemi.elpub.ru/jour


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1042/BST20210460
https://doi.org/10.15252/embr.202357092
https://doi.org/10.1146/annurev-biochem-013118-110903
https://doi.org/10.1146/annurev-biochem-013118-110903
https://doi.org/10.18699/VJ21.089
https://www.elibrary.ru/vruffv
https://sci-hub.ru/10.1111/tpj.15495?ysclid=m0vt4g1ux4581019078
https://doi.org/10.1016/j.mito.2007.10.004
https://doi.org/10.1104/pp.19.00877
https://doi.org/10.31857/S0015330322010055
https://doi.org/10.31857/S0015330322010055
https://www.elibrary.ru/aatesi
https://doi.org/10.1016/j.mito.2020.04.007
https://doi.org/10.1021/bi010277r
https://doi.org/10.1016/j.bbabio.2008.10.008

YkonoBa U.B., KoHaakoBa M.A., bopoBckuii I.b. HaTuBHas opraHusauus aabtepHatuBHbix HAA(P)H-aernaporeHas...
Ukolova I.V., Kondakova M.A., Borovskii G.B. Native organization of alternative NAD(P)H-dehydrogenases...

Gonzalez-Pedrajo B., et al. New complexes containing the
internal alternative NADH dehydrogenase (Ndil) in mito-
chondria of Saccharomyces cerevisiae // Yeast. 2015.
Vol. 32, no. 10. P. 629-641. DOI: 10.1002/yea.3086.

13. Senkler J., Senkler M., Eubel H., Hildebrandt T.,
Lengwenus C., Schertl P, et al. The mitochondrial com-
plexome of Arabidopsis thaliana // The Plant Journal. 2017.
Vol. 89, no. 6. P. 1079-1092. DOI: 10.1111/tpj.13448.

14. Ukolova 1.V., Kondakova M.A., Kondratov I.G.,
Sidorov A.V., Borovskii G.B., Voinikov V.K. New insights into
the organisation of the oxidative phosphorylation system
in the example of pea shoot mitochondria // Biochimica
et Biophysica Acta - Bioenergetics. 2020. Vol. 1861,
no. 11. P. 148264. DOI: 10.1016/j.bbabio.2020.148264.

15. Schagger H. Blue-native gels to isolate protein com-
plexes from mitochondria // Methods in Cell Biology. 2001.
Vol. 65. P. 231-244. DOI: 10.1016/S0091-679X(01)65014-3.

16. Wittig I., Braun H.-P., Schagger H. Blue native PAGE //
Nature Protocols. 2006. Vol. 1, no. 1. P. 418-428.
DOI: 10.1038/nprot.2006.62.

17. Sabar M., Balk J., Leaver C.J. Histochemical staining
and quantification of plant mitochondrial respiratory
chain complexes using blue-native polyacrylamide gel
electrophoresis // The Plant Journal. 2005. Vol. 44, no. 5.
P. 893-901. DOI: 10.1111/j.1365-313X.2005.02577.x.

18. Svensson A.S., Rasmusson A.G. Light-dependent
gene expression for proteins in the respiratory chain of
potato leaves // The Plant Journal. 2001. Vol. 28, no. 1.
P. 73-82. DOI: 10.1046/j.1365-313x.2001.01128.x.

19. Ukolova I.V., Borovskii G.B. OXPHOS organization and
activity in mitochondria of plants with different life strat-
egies // International Journal of Molecular Sciences. 2023.
Vol. 24, no. 20. P. 15229. DOI: 10.3390/ijms242015229.

20. KoHpakoBa M.A., YkonoBa W.B., boposckui I.B.,
BoliHnkoB B.K. HoBble cynepkomMnAeKkcbl B cucTteme
OKWUCAUTEABHOTO GOCHOPUAMPOBAHMA MUTOXOHAPUIM NPO-
pocTkoB ropoxa Pisum sativum L. // 3BecTus By30B.
MpukAapHas xumua u uotexHonorns. 2016. T. 6. N 3.
C. 143-146.DOI: 10.21285/2227-2925-2016-6-3-143-
146. EDN: WZQKGF.

21. Rasmusson A.G., Agius S.C. Rotenone-insensitive
NAD(P)H dehydrogenases in plants: immunodetection and
distribution of native proteins in mitochondria // Plant
Physiology and Biochemistry. 2001. Vol. 39, no. 12.
P. 1057-1066. DOI: 10.1016/S50981-9428(01)01334-1.

22. Antos-Krzeminska N., Jarmuszkiewicz W. Alternative
type Il NAD(P)H dehydrogenases in the mitochondria of
protists and fungi // Protist. 2019. Vol. 170, no. 1. P. 21-37.
DOI: 10.1016/j.protis.2018.11.001.

REFERENCES

1. Cogliati S., Cabrera-Alarcon J.L., Enriquez J.A.
Regulation and functional role of the electron transport
chain supercomplexes. Biochemical Society Transactions.
2021;49(6):2655-2668. DOI: 10.1042/BST20210460.

2. Kohler A., Barrientos A., Fontanesi F., Ott M. The
functional significance of mitochondrial respiratory chain
supercomplexes. EMBO Reports. 2023;24(11):e57092.
DOI: 10.15252/embr.202357092.

3. Kuhlbrandt W. Structure and mechanisms of F-type ATP
synthases. Annual Review of Biochemistry. 2019;88:515-
549. DOI: 10.1146/annurev-biochem-013118-110903.

4. Ukolova I.V. The subcompartmented oxphosomic model
of the phosphorylating system organization in mitochondria.
Vavilov Journal of Genetics and Breeding. 2021;25(7):778-
786. DOI: 10.18699/VJ21.089. EDN: VRUFFV.

5. Mgller .M., Rasmusson A.G., Van Aken O. Plant
mitochondria - past, present and future. The Plant Journal.
2021;108(4):912-959. DOI: 10.1111/tpj.15495.

6. Rasmusson A.G., Geisler D.A., Mgller I.M. The multi-
plicity of dehydrogenases in the electron transport chain
of plant mitochondria. Mitochondrion. 2008;8(1):47-60.
DOI: 10.1016/j.mit0.2007.10.004.

7. Sweetman C., Waterman C.D., Rainbird B.M.,,
Smith P.M.C., Jenkins C.D., Day D.A., et al. AtNDB2 is
the main external NADH dehydrogenase in mitochondria
and is important for tolerance to environmental stress.
Plant Physiology. 2019;181(2):774-788. DOI: 10.1104/
pp.19.00877.

8. Garmash E.V. Signal pathways for regulation of
plant alternative oxidase genes’ expression. Fiziologiya
rastenii. 2022;69(1):3-19. (In Russian). DOI: 10.31857/
S0015330322010055. EDN: AATESI.

9. Braun H.-P. The Oxidative Phosphorylation system of
the mitochondria in plants. Mitochondrion. 2020;53:66-75.
DOI: 10.1016/j.mit0.2020.04.007.

10. Grandier-Vazeille X., Bathany K., Chaignepain S.,

https://vuzbiochemi.elpub.ru/jour

Camougrand N., Manon S., Schmitter J.M. Yeast mito-
chondrial dehydrogenases are associated in a supramo-
lecular complex. Biochemistry. 2001;40(33):9758-9769.
DOI: 10.1021/bi010277r.

11. Guerrero-Castillo S., Vazquez-Acevedo M.,
Gonzélez-Halphen D., Uribe-Carvajal S. In Yarrowia
lipolytica mitochondria, the alternative NADH dehydro-
genase interacts specifically with the cytochrome com-
plexes of the classic respiratory pathway. Biochimica et
Biophysica Acta. 2009;1787(2):75-85. DOI: 10.1016/j.
bbabio.2008.10.008.

12. Matus-Ortega M.G., Cardenas-Monroy C.A., Flores-
Herrera 0., Mendoza-Hernandez G., Miranda M., Gonzalez-Pe-
drajo B., et al. New complexes containing the internal
alternative NADH dehydrogenase (Ndil) in mitochondria
of Saccharomyces cerevisiae. Yeast. 2015;32(10):629-
641. DOI: 10.1002/yea.3086.

13. Senkler J., Senkler M., Eubel H., Hildebrandt T.,
Lengwenus C., Schertl P., et al. The mitochondrial com-
plexome of Arabidopsis thaliana. The Plant Journal.
2017;89(6):1079-1092. DOI: 10.1111/1pj.13448.

14. Ukolova 1.V., Kondakova M.A., Kondratov I.G.,
Sidorov A.V., Borovskii G.B., Voinikov V.K. New insights into
the organisation of the oxidative phosphorylation system
in the example of pea shoot mitochondria. Biochimica et
Biophysica Acta - Bioenergetics. 2020;1861(11):148264.
DOI: 10.1016/j.bbabio.2020.148264.

15. Schagger H. Blue-native gels to isolate protein
complexes from mitochondria. Methods in Cell Biology.
2001;65:231-244. DOI: 10.1016/S0091-679X(01)65014-3.

16. Wittig I., Braun H.-P., Schagger H. Blue native PAGE.
Nature Protocols. 2006;1(1):418-428. DOI: 10.1038/
nprot.2006.62.

17. Sabar M., Balk J., Leaver C.J. Histochemical staining
and quantification of plant mitochondrial respiratory
chain complexes using blue-native polyacrylamide gel

433


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1002/yea.3086
https://doi.org/10.1111/tpj.13448
https://doi.org/10.1016/j.bbabio.2020.148264
https://doi.org/10.1016/S0091-679X(01)65014-3
https://doi.org/10.1038/nprot.2006.62
https://doi.org/10.1111/j.1365-313X.2005.02577.x
https://doi.org/10.1046/j.1365-313x.2001.01128.x
https://doi.org/10.3390/ijms242015229
https://doi.org/10.21285/2227-2925-2016-6-3-143-146
https://doi.org/10.21285/2227-2925-2016-6-3-143-146
https://www.elibrary.ru/wzqkgf
https://doi.org/10.1016/S0981-9428(01)01334-1
https://doi.org/10.1016/j.protis.2018.11.001
https://doi.org/10.1042/BST20210460
https://doi.org/10.15252/embr.202357092
https://doi.org/10.1146/annurev-biochem-013118-110903
https://doi.org/10.18699/VJ21.089
https://www.elibrary.ru/vruffv
https://sci-hub.ru/10.1111/tpj.15495?ysclid=m0vt4g1ux4581019078
https://doi.org/10.1016/j.mito.2007.10.004
https://doi.org/10.1104/pp.19.00877
https://doi.org/10.1104/pp.19.00877
https://doi.org/10.31857/S0015330322010055
https://doi.org/10.31857/S0015330322010055
https://www.elibrary.ru/aatesi
https://doi.org/10.1016/j.mito.2020.04.007
https://doi.org/10.1021/bi010277r
https://doi.org/10.1016/j.bbabio.2008.10.008
https://doi.org/10.1016/j.bbabio.2008.10.008
https://doi.org/10.1002/yea.3086
https://doi.org/10.1111/tpj.13448
https://doi.org/10.1016/j.bbabio.2020.148264
https://doi.org/10.1016/S0091-679X(01)65014-3
https://doi.org/10.1038/nprot.2006.62
https://doi.org/10.1038/nprot.2006.62

U3BECTHUSA BY30B. MIPUKNAAHAA XUMIUA U BUOTEXHOANOTUA 2024 Tom 14 N3
PROCEEDINGS OF UNIVERSITIES. APPLIED CHEMISTRY AND BIOTECHNOLOGY 2024 Vol. 14 No. 3

electrophoresis. The Plant Journal. 2005;44(5):893-901.
DOI: 10.1111/j.1365-313X.2005.02577.x.

18. Svensson A.S., Rasmusson A.G. Light-dependent
gene expression for proteins in the respiratory chain of
potato leaves. The Plant Journal. 2001;28(1):73-82.
DOI: 10.1046/j.1365-313x.2001.01128.x.

19. Ukolova I.V., Borovskii G.B. OXPHOS organization
and activity in mitochondria of plants with different life
strategies. International Journal of Molecular Sciences.
2023;24(20):15229. DOI: 10.3390/ijms242015229.

20. Kondakova M.A., Ukolova L.V., Borovskii G.B., Voinikov
V.K. New supercomplexes of the oxidative phosphorylation
system in pea (Pisum sativum L.) seedlings mitochondria. Pro-

UHOOPMALIUA OB ABTOPAX

YkonoBa UpuHa BAapuMUpPOBHa,

K.6.H., CTApLUMUIA HaYUHbIN COTPYAHMUK,
CUOUPCKUIA UIHCTUTYT GU3UOAOTUU

1 6roxnummm pacteHun CO PAH,

664033, . MpKkyTCK, YA. \epMOHTOBa, 132,
Poccuiickan ®epepaums,
Hirinastupnikova@mail.ru
https://orcid.org/0000-0002-9167-9316

KoHpakoBa MapuHa AAeKCaHAPOBHA,
K.0.H., BEAYLLIMI UHXEHED,

CHBUPCKUI MHCTUTYT GUMOAOTUM

1 6uoxummm pacteHunin CO PAH,

664033, . UpKyTCK, YA. AepmoOHTOBa, 132,
Poccuiickan ®epepaums,
kondakova-marina@mail.ru
https://orcid.org/0000-0003-3859-9138

BopoBckuii FfeHHaapui BopucoBuy,

A.6.H., Tpodeccop, rAaBHbIN HayUHbIA COTPYAHMK,
CUOUPCKMIA MIHCTUTYT GU3UOAOTUU

1 6roxnummm pacteHuin CO PAH,

664033, . MpKkyTCK, YA. A\epMOHTOBa, 132,
Poccuiickan ®epepaums,

borovskii@sifibr.irk.ru
https://orcid.org/0000-0002-5089-5311

Bknap aBTOpOB

M.B. YkonoBa - pa3paboTka KOHUEeNLUMK
MCCAEAOBaHUS, MOAYYEHUE N @aHAAU3 AGHHDIX,
HanucaHwe TEKCTa cTaTby.

M.A. KoHAaKOBa - NOAyYeHMe AaHHDbIX.

I.5. BOPOBCKUIA — 0BCYXAEHUE MOAYUEHHbIX
pe3yAbTaToB, PEAAKTUPOBAHUE PYKOMUCH.

ceedings of Universities. Applied Chemistry and Biotechnology.
2016;6(3):143-146. (In Russian). DOI: 10.21285/2227-
2925-2016-6-3-143-146. EDN: WZQKGF.

21. Rasmusson A.G., Agius S.C. Rotenone-insensitive
NAD(P)H dehydrogenases in plants: immunodetection
and distribution of native proteins in mitochondria. Plant
Physiology and Biochemistry. 2001;39(12):1057-1066.
DOI: 10.1016/S0981-9428(01)01334-1.

22. Antos-Krzeminska N., Jarmuszkiewicz W. Alternative
type Il NAD(P)H dehydrogenases in the mitochondria of pro-
tists and fungi. Protist. 2019;170(1):21-37. DOI: 10.1016/j.
protis.2018.11.001.

INFORMATION ABOUT THE AUTHORS

Irina V. Ukolova,

Cand. Sci. (Biology), Senior Researcher,
Siberian Institute of Plant Physiology

and Biochemistry SB RAS,

132, Lermontov St., Irkutsk, 664033,
Russian Federation,
Hirinastupnikova@mail.ru
https://orcid.org/0000-0002-9167-9316

Marina A. Kondakova,

Cand. Sci. (Biology), Lead Engineer,
Siberian Institute of Plant Physiology

and Biochemistry SB RAS,

132, Lermontov St., Irkutsk, 664033,
Russian Federation,
kondakova-marina@mail.ru
https://orcid.org/0000-0003-3859-9138

Gennadii B. Borovskii,

Dr. Sci. (Biology), Professor, Chief Researcher,
Siberian Institute of Plant Physiology

and Biochemistry SB RAS,

132, Lermontov St., Irkutsk, 664033,
Russian Federation,

borovskii@sifibr.irk.ru
https://orcid.org/0000-0002-5089-5311

Contribution of the authors

Irina V. Ukolova - research concept development,
data receiving and analysis, preparing the text

of manuscript.

Marina A. Kondakova - data receiving.

Gennadii B. Borovskii - results discussion,
editing the text of manuscript.

https://vuzbiochemi.elpub.ru/jour


https://vuzbiochemi.elpub.ru/jour
https://doi.org/10.1111/j.1365-313X.2005.02577.x
https://doi.org/10.1046/j.1365-313x.2001.01128.x
https://doi.org/10.3390/ijms242015229
https://doi.org/10.21285/2227-2925-2016-6-3-143-146
https://doi.org/10.21285/2227-2925-2016-6-3-143-146
https://www.elibrary.ru/wzqkgf
https://doi.org/10.1016/S0981-9428(01)01334-1
https://doi.org/10.1016/j.protis.2018.11.001
https://doi.org/10.1016/j.protis.2018.11.001
mailto:irinastupnikova@mail.ru
https://orcid.org/0000-0002-9167-9316
mailto:irinastupnikova@mail.ru
https://orcid.org/0000-0002-9167-9316
mailto:kondakova-marina@mail.ru
https://orcid.org/0000-0003-3859-9138
mailto:kondakova-marina@mail.ru
https://orcid.org/0000-0003-3859-9138
mailto:borovskii@sifibr.irk.ru
https://orcid.org/0000-0002-5089-5311
mailto:borovskii@sifibr.irk.ru
https://orcid.org/0000-0002-5089-5311

YkonoBa U.B., KoHaakoBa M.A., bopoBckuii I.b. HaTuBHas opraHusauus aabtepHatuBHbix HAA(P)H-aernaporeHas...
Ukolova I.V., Kondakova M.A., Borovskii G.B. Native organization of alternative NAD(P)H-dehydrogenases...

KOHPAUKT uHTEpecoB Conflict interests
ABTOpPbI 3aABASItOT 06 OTCYTCTBUM KOHOAUKTA The authors declare no conflict of interests
WHTEPECOB. regarding the publication of this article.
Bce aBTopbI npountasm u 0oA06prAU The final manuscript has been read and approved
OKOHYaTEAbHbIN BapUaHT PYKOMUCH. by all the co-authors.

Undopmaums o ctatbe Information about the article
Moctynuna B peaakumro 17.04.2024. The article was submitted 17.04.2024.
0OnobpeHa nocae peLeHanpoBaHus 25.05.2024. Approved after reviewing 25.05.2024.
MpuHsiTa k nybankaumm 30.08.2024. Accepted for publication 30.08.2024.

https://vuzbiochemi.elpub.ru/jour =——— ——————— /| 35


https://vuzbiochemi.elpub.ru/jour

