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Momusayua u yenb. OCHOBHBIM HCTOYHHKOM OKCHJIMIIMHOB y PAcCTEHHH SIBISETCS
JIUIOKCUTEHA3HbIM KacKaJl, KOTOPBI HAUMHAETCSl ¢ 00pa30BaHUs TUAPOIIEPEKUCEN pH
yuactun Jmnokcurenas (JIOIN). JlumokcureHassl MpeacTaBisiFOT coOOW HEreMoBEIC
JKeJle30- WIN Maprasen-cojepxamye (GpepMeHTsl, KOTOpblE KaTalU3UPYIOT PETHO- U
cTepeocnennUIEcKoe IMEePEeKUCHOE OKHUCIICHWE HEHACBIIICHHBIX JKUPHBIX KHUCIOT,
coaepkanux (1Z,4Z)-neHTaJUeHOBYIO CHCTEMY, B COOTBETCTBYIOIIHME THAPOIICPEKUCH.
JlunokcureHassl OOHApYXEHBI Yy JKMBOTHBIX, pAacTeHWH, TpHOOB © OaKTepwui,
Bojiopocied W IuaHoOakTepuid. TUNWYHBIMH  CyOCTpaTaMH  pPacTHUTEIBHBIX
JIUTIOKCUTeHAa3 SBJSIOTCS JIMHOJIEBAas M O-TMHOJIEHOBas KUCHOTHL [Ipomykter JIOT
ABISIFOTCS  cyOcTpatamMu Aisl  psiza  (EepMEHTOB, Cpeau KOTOPBIX pEeayKTasbl,
MEPOKCHUTEHA3BI, a Takke muToxpombl P450 cemeiictBa CYP74. Ilpu aTOM cymiecTByeT
OUCBUIHBIH MApaJOKC, IOCKONbKY (EpPMEHTOB JAIBHEHIEro IpeBpalieHus
THJPOTIEpEKHCEel, pa3HOOOpa3ue KOTOPHIX IOCTUTAET KAK MUHHUMYM CEMH, B HECKOJIBKO
pa3 MeHbllIe, 4eM caMuX JHIoKcurenas. Hanpumep, y orypua Bcero uersipe hepMeHTa
CYP74, a nunokcurena3 — tpuauate. I[lpm 3TOM 10 HemaBHEro BpEeMEHH BCeE
pa3Ho00pa3ue JUMOKCUIEHa3 CBOJAMIOCH TOJIBKO K BhIICICHUIO 9- 1 13-crieruuaHbIx
JIMIIOKCUTeHAa3, Pa3INyalonXcs 0 aTOMY YIJIepo/ia B COCTABE JIMHOJIEBOM nin anbga-
JIMHOJIEHOBOM KHUCJIOT, KOTOPBIH OHM OKUCIISAIOT. Ha 00bscHEeHne 3Toro mapajuokca u
HAIpaBJICHO JaHHOE UCCIIEA0BaHUE.

Memoowr u aneopummer: OTKPBITBIE PAMKH CYHUTHIBAHHUS LEJIEBBIX T'€HOB ObUIH
KJIOHUPOBAHbI B BEKTOpax AJsl 3Kcrpeccun OenkoB cuctembl PET. PexomOuHaHTHBIE
OelKM  OUHMINAIM  METOJOM aHHOHOOOMeHHOH  xpomarorpaduu.  I[IpomyKThI
(ruaporniepeKucH), ouHIleHHbIe ¢ ToMolbio BOXKX, nnentndunupoBanu ¢ moMonpio
rasoBoil xpomaro-macc-criekrpomerpun ([X-MC) u SIMP, Brmovas H-SIMP, 2D-
COSY, HSQC u HMBC.

Pezynomamui:  Bce wuccinenoBaHus JIMIOKCUI€HA3, Kak IPaBUWIO, BKJIIOYAIOT
TPaHCKPUIITOMHBIE, OMONH(pOpPMaTHUECKHE, (PUITOTeHETHIECKUE UcCIeJ0BaHus. TOIbKO
HeOopIIas 4yacTh padOT BKIIFOUACT MCCIEAOBAHMS KaTaJIUTHUYECKUX CBOMCTB, U3 HUX
€Ille MEHBIIIEC IMPOBEICHO HAa PEKOMOWHAHTHBIX Oejikax. B BHIe peKOMOMHAHTHBIX
0EeJIKOB TOTY4al0T, KaK PABUIIO, JIMTIOKCUTEHA3bl HEBETETATHBHBIX OPraHOB, TAKMX KaK
KOpHH, KITyOHHU, CEMEHA.

JIumokcureHaspl CeMsiH COU SIBJISTIOTCS KITACCHYECKUMU 00bekTaMu. Jlnmokcurenasa-1
omucana Kak 13-crenuduynas, munokcureHasa-3 — kak 9-crneruduunas. [Ipu sTom
JUIOKCUreHas3a-2 aHHoTupoBaHa B 0a3e manHbix NCBI kak 9-cnenmduunas, a Bce
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WCCIIEIOBAHUS KaTATATUYECKUX CBOMCTB OMHUCHIBAIOT (PEPMEHT KaK Hecrelu(pUIHbIH,
OKHUCJISIFOIIUH )KUPHBIC KUCIIOTHI 110 MOJIOKEHUIO Kak 9, Tak u 13. Bonee Toro, B paborax
YKa3aHbI pa3HbIe COOTHOIICHHUS 00pa3yromuxcs npoaykToB. OIHAKO HU B OTHOM paboTe
JTUTIOKCUTeHa3y-2 He TMONydald B BHIE PEKOMOMHAHTHOTO Oeika. MBI TOXY9IHIN
pexoMOMHaHTHBIN pepmeHT. BbuTo TOKa3aHo, YTO B pe3ynbTare HHKyOanuu hepMeHTa
C JHWHONEBON W anb(a-TUHOJICHOBOH KHCIOTaMH oO0pa3yroTca 13-Tuapomnepekucy.
[IpeBpaienne Apyrux KUCIOT MPOXOAUT aHAJOrM4YHO. Bo Beex peaknmsax oOpasyrorcs
OMETa6-THIPOIIEPEKUCH.

B Teuenue nonroro BpeMeHH HcCIeI0BAaTENN HE MO MPUITH K COTJIALIEHUIO O TOM,
KakuM 00pa3oM BXOOUT CyOCTpaT B aKTHBHBIM LeHTp ¢epmeHTta. V3meHeHue
HaTpaBIeHHOCTH (BXOJ KapOOKCHJIBHBIM WM METWIBHBIM KOHIIOM BIIEpen)
npearonaraeTcss B KayecTBE MEXaHW3Ma peryjsinud ajis obpasoBanust 9- wimm 13-
TUIpoNepeKrcell y HecnmeuuHUUHBIX JUMIOKCUreHa3. Tak ke Ipeanojarajloch is
JUIOKCUreHas3pl-2 cou. OIHAKO IOCKOJIBKY IPEBpPAIEHHE BCEX JKUPHBIX KHUCIOT
MPOTEKAET CTepPeOCTICUPUIECKH, OUYEBUIHO, YTO CYOCTpaT BXOAUT B AKTUBHBIIN IIEHTP
JIUTOKCUTeHAa3bI-2 COM TOJIBKO OJTHUM CIIOCOOOM.

ABTOOKHUCIICHHE JKMPHBIX KHUCJIOT MPHUBOAUT K BBEICHHUIO THIPONEPEKHUCHOU
TPYHNIAPOBKH B YIIIEPO/ 10 Pa3HbIM MOJIOKEHUSIM, B TOM YHCJIe 0 nosioxkeHuto 16. [pu
3ToM 16-THaponepeKknch aib(a-IMHOJICHOBOH KHCIOTHl BBISBISIETCS Y Pa3HBIX
pacTeHHid W WHOT/Ia B 3HAYMTENbHBIX KommdectBax. Hampumep, 16-I'TIOT Opuia
BBISIBJICHA B Pa3HBIX OpraHax Orypla, Ipu 3TOM B [IBETKaX U KOXKype Orypla 3To ObLia
€MHCTBEHHAas THIporepeKkuch. [Ipu 3TOM Hamu4ue €IUHCTBEHHOTO CTEpeor3oMepa
yKa3bIBaeT Ha ()epMEHTATHUBHOE 00Pa30BaHNE 3TON THAPOIICPEKUCH.

MpbI mpoBend HPOTEOMHBIA aHAIU3 PAa3HBIX OPraHOB OTypla M BBIIBHIM OCHOBHBIC
n30QOopMBI TUMoKcurenas. OHa U3 JIMIOKCUTEeHa3 PUCYTCTBYET KaK B JIMCThSX, TaK U
B KOXype orypua. Mbpl KIOHHpPOBAJIU OTKPBITYIO PaMKy CUMTBIBAHUS 3TOrO IeHa U
MONTyYMJIH PEKOMOWHAHTHBIN Oenok. DepMeHT MposBILeT NpeanodYTeHne K anbda-
JIMHOJICHOBOM  KHUCIIOTE, CTEpPEOCIeUU(pUUECKH OKHCISsl ee 10 YIiepoay B
MOJIOKEHUH 16, T. . sBIsieTcs oMera3-crnenuGUiHON JTUMOKCUTeHa30i. [ToCKoNbKyY y
JIMHOJIEBOW KHUCJIOTHI HET JBOMHOW CBS3M B TIOJIOXKEHHUM OMeral3, mpeBpallicHue
JIMHOJIEBOW KUCIIOTHI IPOTEKAET HECTIELU(UUCCKHU.

BrisiBnenne QepMeHTta, KaTaTU3UPYIOMIETO 00pa3oBaHHWE oOMera3-THAPOIIEPEKUCH,
UMeeT NPAaKTUIECKOe 3HaYeHHEe, HallpUMep, TP MPOU3BOACTBE PE30JIbBUHOB, KOTOPHIE
SBIIAIOTCA IPOLYKTaMH IpeBpaiieHus 18-ruaponepekucu C20 xupHBIX KUCIOT. Panee
3Ty THIPONEPEKUCh IONyYald IPH YYacTHH (EPMEHTOB IIMKIOOKCHTEHA3bl WIIN
HEKOTOPBIX UTOXpoMoB P450.

[IpencraBieHHble BBIMIE PE3yJAbTAaThl YKa3bIBAIOT KaK MHHUMYM Ha JIB€ NPUYMHB,
MoYeMy I'eHOB JIMIIOKCUT'€HA3 B TEHOMaX PACTCHUI B HECKOJIBLKO pa3 0oJbIle, YeM IeHOB
(epMEHTOB JaJIbHEHIIIErO MPEBpALCHHS THpOoNIepeKucei. Jl0nOMTHUTEIbHBIC IPUYHNHBI
3TOro (eHOMEHa CBs3aHbl C JAyIUIMKAlWeld TEHOB JIMIIOKCHI€HA3, a TaKke C
JIOKaJHM3aureil 1 KHHETHYECKUMH NTapaMeTpaMu 3TUX (EepPMEHTOB.

Bvigoovi: Takum 00pa3om, BBISBICHO HECKOJLKO MPUYMH MHOXXECTBEHHOCTH T'€HOB
JIUIOKCUTeHa3 B TEHOMAaX PaCTeHUH 10 CPaBHEHHIO C YUCIOM FeHOB ()ePMEHTOB Jajlb-
HEHIIero npeBpalieHus TuAPOoNepeKncei — MPOAYKTOB JIMIIOKCUT€HA3HON aKTHBHOCTH.
Qunancuposanue. buonHpopMaTndeckuii U (UIOrCHETUUSCKUN aHAIU3 MPOBOIUIN
npu GUHAHCOBOH TMOJIEPIKKE TOCYAapCTBEHHOro 3aanus denepaibHOro HCcClenoBa-
tenbckoro neHtpa «KasHI[ PAH». HccnemoBanus pekOMOMHAHTHBIX JIMTIOKCUTEHA3
nojyiepskansbl rpaHnToM Poccuiickoro Hayunoro ¢onaa 24-14-00418.
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Motivation and Aim: The main source of oxylipins in plants is the lipoxygenase cascade,
which begins with the formation of hydroperoxides by lipoxygenases (LOXS).
Lipoxygenases are non-heme iron- or manganese-containing enzymes that catalyze the
regio- and stereospecific peroxidation of unsaturated fatty acids containing the (12,42)-
pentadiene system resulting in the formation of the corresponding hydroperoxides.
Lipoxygenases were found in animals, plants, fungi and bacteria, algae, and
cyanobacteria. Typical substrates of plant lipoxygenases are linoleic and a-linolenic
acids. LOX products, fatty acid hydroperoxides, are substrates for a number of enzymes,
including reductases, peroxygenases, and cytochromes P450 of the CYP74 family. In
this case, there is an obvious paradox, that there are several times fewer enzymes for the
further conversion of hydroperoxides, the diversity of which reaches at least seven, than
the lipoxygenases themselves. For example, cucumber has only four CYP74 enzymes
and thirty lipoxygenases. Moreover, until recently, the entire variety of lipoxygenases
was reduced only to 9- and 13-specific lipoxygenases, differing in the carbon atom
within linoleic or alpha-linolenic acids, which they oxidize. This study is aimed at
explaining this paradox.

Methods and Algorithms: The open reading frames of the target genes were cloned into
PET system vectors for expressing proteins. Recombinant proteins were purified by
anion exchange chromatography. Products (hydroperoxides) purified by HPLC were
identified by gas chromatography-mass spectrometry (GC-MS) and NMR, including *H-
NMR, 2D-COSY, HSQC, and HMBC.

Results: All studies of lipoxygenases, as a rule, include transcriptomic, bioinformatics,
and phylogenetic studies. Only a small part of the work includes studies of catalytic
properties, of which even less has been obtained as recombinant proteins. As a rule,
lipoxygenases from non-vegetative organs, such as roots, tubers, and seeds, were
obtained as recombinant proteins.

Soybean seed lipoxygenases are classical objects. Lipoxygenase-1 was described as 13-
specific enzyme, lipoxygenase-3 was described as 9-specific one. At the same time,
lipoxygenase-2 was annotated in the NCBI database as 9-specific enzyme, and all studies
of catalytic properties described the enzyme as non-specific one, oxidizing fatty acids
both at C9 and C13 positions. Moreover, different reports described different ratios of
the products formed. However, no one report contained data obtained with lipoxygenase-
2 as a recombinant protein. We have obtained a recombinant lipoxygenase-2. It was
shown that as a result of incubation of the enzyme with linoleic and alpha-linolenic acids,
13-hydroperoxides were formed. The transformation of other acids was similar. All
reactions produced omega-6 hydroperoxides.

For a long time, researchers could not agree on how the substrate enters the active site
of the enzyme. Reversal of directionality (entry by carboxyl or methyl end first) was
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proposed as a regulatory mechanism for the formation of 9- or 13-hydroperoxides in
nonspecific lipoxygenases. The same mechanism was assumed for soybean
lipoxygenase-2. However, since the conversion of all fatty acids occurs
stereospecifically, it is obvious that the substrate enters the active site of soybean
lipoxygenase-2 in only one way.

Autoxidation of fatty acids leads to the introduction of a hydroperoxide group into
carbon at various positions, including position 16. In this case, 16-hydroperoxide of
alpha-linolenic acid is detected in different plants and sometimes in significant
guantities. For example, 16-HPOT was detected in various organs of cucumber.
Moreover, in flowers and cucumber peel it was the only isomer. And the presence of a
single stereoisomer indicates the enzymatic formation of this hydroperoxide.

We conducted a proteomic analysis of different cucumber organs and identified the main
isoforms of lipoxygenases. One of the lipoxygenases is present in both the leaves and
peel. We cloned the open reading frame of this gene and obtained a recombinant protein.
The enzyme shows preference for alpha-linolenic acid, stereospecifically oxidizing it at
carbon at position 16, so it is an omega3-specific lipoxygenase. Since linoleic acid does
not have a double bond at the omega3 position, the conversion of linoleic acid occurs
nonspecifically.

Identification of the enzyme that catalyzes the formation of omega3-hydroperoxide is of
practical importance, for example, in the production of resolvins, which are products of
the conversion of 18-hydroperoxide of C20 fatty acids. Previously, this hydroperoxide
was obtained by cyclooxygenases or some P450 cytochromes.

The results presented above indicate at least two reasons why there are several times
more genes for lipoxygenases in plant genomes than genes for enzymes for further
conversion of hydroperoxides. Additional reasons for this phenomenon are associated
with duplication of lipoxygenase genes, as well as the localization and kinetic parameters
of these enzymes.

Conclusion: Thus, several reasons have been identified for the multiplicity of
lipoxygenase genes in plant genomes in comparison with the number of genes for
enzymes for the further conversion of hydroperoxides, products of lipoxygenase activity.
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