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KJIDYEBKBIE CJIOBA: AHHOTAL KA

epmenmsl, ppazmenmayus, OCO6EeHHOCTY CTPYKTYPhI IIPOTOIEKTVHOBOIO KOMIUIEKCA PACTUTETbHOM TKAHU MPeJIIonaraloT Heo6XxoquMoCTh
JUaswl, 2u0ponasol, MpOBeNeHMsI TOUEYHOM JeCTPYKIVY OTAeNbHBIX INTMKO3UAHBIX CBSI3€il B CTPYKTYpe MOMMMEPHBIX Iieeil paMHO-
PAMH02a71aKMYPOHAH, rajakTypOHaHa JijIsl IPOMBIIIIEHHOTO MTPOM3BOACTBA TIEKTHHA. B cOCTaB 9TUX 1iereil BXOAST rOMOraJakTypOHa-
nexmuHosble ewjecmad, HOBBI€ YYaCTKM ¥ 30HbI BETBJIEHMUS. B CBS3U C TeM, UTO OCHOBHYIO (DYHKIMOHAIbHYIO HATPY3Ky HECYT roMora-
npPOMoneKmMuHo8bLll KOMNIEKC JIAKTypPOHAHOBbIEe (parMeHThI IPOTONEKTVHOBOTO KOMILIEKCA, I1e/IeBbIMU SIBJISIIOTCS ITIMKO3MIHBIE CBSI3Y MEXIY

ocTaTKaMy PaMHO3bI M raJIakKTyPOHOBOI KUCIOTHI. [IJis1 MX HAIpaBIeHHO JeCTPyKIMYU HanboJee 1eecoobpasHo
UCTIONIb30BaTh (hePMEHTHI JIMa3HOTO U TUAPOIA3HOTO AeiicTBus. LIenbio JaHHOTO 0630pa SIBJISIETCS CYCTeMAaTU3a-
LS IPEACTABIEHUI O MOJIEKY/ISIPHBIX OCOOEHHOCTSIX (hePMEHTOB JIMAa3HOTO Y I'MIPOJIA3HOTO AEiiCTBYSI, KaTaln-
3UPYIONIMX Mpoiecc hepMeHTaTUBHO JeCTPYKIMY OCHOBHO 1M paMHOTaIakKTypoHaHa. B ctaTbe paccmaTpu-
BAIOTCSI CUCTEMATMKM JIMA3HBIX ¥ TUIPOIA3HbIX (DePMEHTOB 0 MEXaHU3MY JeCTPYKIUYU [TIMKO3UIHBIX CBSI3eii
U 110 MOJIEKY/ISIPHOI CTpyKType. [lokasaHo, 4TO JaHHbIe KiaccuduKaumm rmepecekaiTcs, B pe3y/abTaTe yero B Ka-
SKJIOe CeMeiiCTBO MOKeT BXOAUTb KaK OfHA, TaK M HECKOJIbKO rpyI GepmMeHTOB. B 0630pe OKa3aHO OCHOBHOE
CTPYKTypHOE oT/inure GepMeHTOB JIMa3HOTO U TUAPOIa3HOTO JeiCTBIS, 3aK/II0UaloNeecst B 00s13aTe/IbHOM TIpH-
CYTCTBUM B COCTaBe JIMa3HbIX (hepMeHTOB KaTMOHOB Ca’'. DT KaTMOHBI YUACTBYIOT B cTabMIM3aLMu KoHdopMa-
LMY MOJIEKY/IbI pepMeHTa 1 B CAMOM KaTaJIMTUUECKOM Ipoliecce, 6I0KMPYSI OCTATOK raJakTyPOHOBOI KMUCIOTHI.
B cocTaBe 1eJIeBbIX THMAPOIAa3HbIX (GepMeHTOB KaTnoHbl Ca’* OTCYTCTBYIOT. MOJIeKy/IsIpHbIe 0COGEHHOCTH JIna3-
HBIX ()epMEHTOB OTIPEAEISIIOT YyBCTBUTETBHOCTD MX KATATUTUIECKOM aKTUBHOCTH K IIPUCYTCTBUIO KATMOHOB Ca%*
B cucreme. [IpeBbliliieHMe OpeeeHHOM KOHIIEHTPalyy CIIOCO6HO MPUBOAUTD K aHTATOHUCTUYECKOMY 3P QeKTy.
B oTHOIIeHMM TUAPOIA3HBIX (PEPMEHTOB OMHO3HAYHOE MTPe/ICTaB/AeH}e Ha 3TOT CUeT OTCYTCTBYeT. [loka3aHa He-
06XOIMMOCTD UCCIeJOBAHMS TIOIXOOB K OL[eHKe 1[eJ1IeCO00Pa3HOCTH MPeaBAPUTEIbHOTO YaCTUYHOTO YIaleHUs
KaTMOHOB M3 CyGCTpaTa.
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enzyme, fragmentation, lyase, Special features of the protopectin complex structure of plant tissue suggest the necessity of performing point de-
hydrolase, rhamnogalacturonan, struction of certain glycoside bonds in the structure of rhamnogalacturonan polymer chains for industrial produc-
pectin substance, protopectin tion of pectin. These chains include homogalacturonan sites and branching zones. As the homogalacturonan frag-
complex ments of the protopectin complex carry the main functional load, glycoside bonds between residues of rhamnose

and galacturonic acid are targeted bonds. For their directional destruction, it is most expedient to use enzymes
of lyase and hydrolase action. The aim of this review is to systemize notions of molecular specific features of
enzymes of lyase and hydrolase action that catalyze the process of enzymatic destruction of the rhamnogalactu-
ronan main chain. The paper examines systematics of lyase and hydrolase enzymes by mechanism of destruction
of glycoside bonds and by molecular structure. It is shown that the classification data intercross, as a result, each
family can include one or several enzyme groups. The review shows the main structural difference of enzymes
of lyase and hydrolase action that consists in the obligatory presence of Ca* cations in the composition of lyase
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enzymes. These cations take part in stabilization of conformation of the enzyme molecule and in the catalytic
process per se blocking the residue of galacturonic acid. Ca* cations are absent in the composition of targeted
hydrolase enzymes. Molecular specific features of lyase enzymes determine sensitivity of their catalytic activity
to the presence of Ca?* cations in the system. Exceeding certain concentration can lead to the antagonistic effect.
There is no unambiguous idea of this regarding hydrolase enzymes. The review demonstrates the necessity of
studying approaches to assessment of expediency of preliminary partial removal of cations from the substrate.

FUNDING: The article was published as part of the research topic N2 0585-2019-00015 of the state assignment of the V. M. Gorbatov Federal Research

Center for Food Systems of RAS.

1. BBegenue

PacturenbHoe cbipbe M MPOAYKTHI €r0 MEpPBUYHON Iepe-
PaBOTKM SIBJISIOTCSI MCTOYHMKOM OMOJIOTMUYECKM aKTUBHBIX CO-
CTaBJISIIOLIMX OJIMTO- U ITOJIUITIMKAHOBOM npupopl [1]. OpuH 13
KJIIOUEBbIX KOMIIOHEHTOB PaCTUTEIbHOTO ChIPbS MIpeACTaBIIsIeT
€000V COBOKYITHBINI MacCUB KJIETOYHBIX CTEHOK, CPEIVHHBIX
IIJIACTMHOK U MEXKJIeTHUKOB [2]. B OCHOBe 3TMX COCTaBIISIIOIIMX
JIEKUT CJIOKHBIM MAaTPUKC U3 OIUTO- U MONAMCAXapuaoB (apa-
6MHAHOB, raJlakTaHOB, apabMHOraJIAKTAaHOB, KCUIAHOB, apabu-
HOKCMJIAHOB, 11€JUII0JI03), MPOM3BOAHBIX (TOMOTaIaKTypPOHaHOB,
pamHoranaktypoHaHoB I u II, apabuHorapaktypoHaHos I u II,
KCUJIOTQJIAaKTyPOHAHOB, U AP.) [3, 4], CTPYKTYpPHBIX OeNKOB (IKC-
TEeHCMHA, HKCIIAHCMHA M apabMHOraJaKTaHOBOTO IIPOTENHA)
u tonmdeHONOB (MTMTHUHOB) [3, 5]. Crofa ske BXOIUT U HEKOTOPOe
KOJIMYECTBO MHKOPITOPUPOBAHHBIX JIOKAJTbHBIX OETKOBBIX aT/io-
Mepaluii MeXXKIeTOUYHOM TPaHCIOPTHOM CUCTeMbl, CUTHAIbHON
CUCTEMBI U T. 1. [2, 5]. Bce KOMITOHEHThI MaTPUKCa 00beAVTHEHBI
B eMHYI0 DAa3BETBJIEHHYI HaJMOJIEKYISIPHYIO CTPYKTYpY IO-
cpencTBOM 3bUPHBIX, 60PATHBIX ¥ BOMOPOIHBIX CBSI3€ii, 8 TAKXKe
COJIEBBIX MOCTMKOB C YYaCTHEM TOIMBATIEHTHBIX KATUOHOB Me-
Ta/UI0B (TIpeumyiiecTBeHHo Ca* u Mg*") u octaTkoB dochopHoit
KUCJIOTBI.

MounekynsipHasi CTPYKTypa OJIUTO- U TIOJUTIMKAHOBBIX KOM-
TMOHEHTOB MaTPUKCA KJIETOUHBIX CTEHOK B 3HAUUTEJIbHON CTe-
TIeH BapbyUpyeT B 3aBUCUMOCTY OT TaKCOHOMMYECKOi MpUHaz-
JIEKHOCTU pacTuTenbHOro opranmusma (PucyHok 1). Taxke oHa
3aBMCUT OT JIOKQ/IM3auuu 1 GpuU3nonornuyeckmx GyHKINI TKaHN,
OT 3Tana BereTalMOHHOrO Nlepuoja, OT OYBEHHO-KIMMaTIde-
CKMX ¥ TIOTOJHBIX YCJIOBUIA, MUKPOOMOIOTMYECKOTO (QOHA, YCII0-
BUIt KyJIbTUBUPOBAHMSI, CTEIIEHU 3PEIOCTH, a TAKXKe OT YCIOBUIt
U TIPOJIOJIKUTEIBHOCTY XPaHEeHUS.

[my6okas mepepaboTKa pacTUTENbHOM TKAHM ¥ BTOPUUHBIX
MPOJYKTOB €€ 06paboTKy, Ipearnoyiaraimas MaKkCUMMaabHO

CpeguHHas
nnacTuHka

—— lMeKTUHbI

—— Mukpodubpunnbl
Lienntonosbl

TONHYI0 (DparMeHTaIMI0 MUCXOLHOTO MAaTPUKCA HA COCTABIISIO-
IIyie KOMITOHEHTBI, MMeeT GOJIbINe TIePCITEKTUBBL. DTO CBSI3aHO
C HAIMYMEM 3HAYUTEIbHOTO GMOIOTMYECKOTO /WU TexXHUIe-
CKOTO TIOTEHI[MajIa TIeEKTMHOBBIX BEIIECTB, PACTBOPUMBIX U He-
pPacTBOPUMBIX MUILEBbIX BOJIOKOH, MX MPOU3BOIOHBIX U IPYIUX
KOMITOHEHTOB.

B Hacrosiee BpeMsl 13 BCeX HAaTUBHBIX KOMIIOHEHTOB Kile-
TOYHBIX CTEHOK PACTUTETbHOM TKAHU ¥ BTOPUYHBIX MMPOILYKTOB
eé mepepaboTKM HAMOOMBIINIL CIEKTP (GU3UKO-XUMUUECKUX
CBOJICTB, 06/1aa0IIMX BbIPAXKEHHO MTOTPe6UTENTBCKON 1IEHHO-
CTBIO, COOTBETCTBYET IEKTMHOBBIM Bell[eCTBAM — IIPOAYKTaM
HarpasjeHHOV (parMeHTalMy HATUBHOTO MTPOTOIMEKTMHOBOTO
KOMIIIEKCA MCXOLHOTO ChIpbsi. OCHOBHYIO Harpysky B IIpoliecce
peanu3aluyuyu 3TUX CBOWCTB IEKTMHOBBIMM Bell[eCTBAMMU HeCYT
rOMOTaJIaKTypPOHAHOBbIE YYacTKM UX Mosiekysl. COOTBeTCTBEeH-
HO, IJIS1 BBIIEIEHUS] U3 PACTUTETbHOTO ChIPbsi TOMOTaJIaKTy-
POHAHOBOIt COCTaBJSIONIelt MOCpeACcTBOM (parmeHTanMu Ha-
TUBHOTO MIPOTONEKTMHOBOTO KOMIIJIEKCA MaTPUKCa KIETOYHbIX
cTeHOK Haubosee 3(p(GeKTUBHBIM SIBJIsIeTCS (epMeHTaTUBHOE
BO37elCTBYE Ha lieJieBble TIMKO3UAHbIE CBSI3U, (DUKCUpYIOIIe
rOMOraJaKTypOHaHOBbIE YYaCTKM B IIOJVMMEPHBIX LIeTIsIX.

PesynpraThl HalIMX MpeNbIOYLIIMX MCCAefoBaHUil [6,7]
MO3BOJIMJIM Pa3paboTaTh METOHOIOTMYECKNI ITOAXON K OIpe-
Ie/IeHNI0 liesiecooOpasHoCT (epMeHTaTUBHON (parMeH-
TalMu TPOTOTIEKTMHOBOIO KOMILIEKCA Ha OCHOBE CUCTEMBbI
kputTepueB OCHOBHOJ aKI[eHT ObLT CAe/laH Ha PeCTaBIeHUN
roMorajakTypoHaHa Kak HeOTheMJIEMO COCTaBJsIIoleit 60-
Jlee (JIOKHOJM CTPYKTYpPbl — paMHOTrajJakTypoHaHa. [Ipu atom
TOCTeHNUI XapaKTepU3yeTcs HaauuueM JOTOTHEHHON 30HbI
BeTBJIEHMSI, IPeJCTaBIIsAI0Nel c0607 TOCIef0BaATeTbHOCTD I1ap
[-o-(1—2)-Rha-a-(1—4)-GalA-] u3 ocTaTkoB o-L-paMHO3bI
(Rha, o-L-pamHONuMpaHo3bl) U o-D(+)-rajakTypoOHOBOM KuC-
soTel (GalA).

(13),(1—4)-B-D-TMIOKaH oos s Soocs”
MIOKOMAHHAH eecsccococoogocs

Femuuennonossl MeKTUHbI
KcrnorniokaH gfeefersdersdersde [oMoranakTypoHaH ¢ e e o ApabuHaH
TTIOKYPOHOPABUHOKCUNEH eocooscocgbytits 30Ha KanbLneBoro BB PamHoranaktypoHaH |

CBA3bIBAHUA

ApabuHoranaktaH | Tuna

PucyHok 1. CTpyKTypa NepBUYHbBIX KI€TOUYHbBIX CTEHOK JBYI0IbHBIX, HEKOTOPBIX OJHOJOIbHBIX (A)

¥ TPaBSTHUCTBIX OAHOA0JIbHBIX (B) pacTennii [1]
Figure 1. Structure of primary cell walls of dicotyledonous plants, certain monocotyledonous plants (A) and herbaceous monocotyledonous plants (B) [1]
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B cuny cno)kHOCTM M BBICOKOV CTENeHUM TeTepOTeHHOCTU
MTeKTMHOBBIX MOJIEKY/ B OTHOIIEHUM MOJIEKY/ISIPDHOM CTPYKTYPbI
M YIJIEBOAHOTO COCTaBa, JIs IOJIHOV MX KOMITOHEHTHOI (par-
MeHTaluM Heo6XOAM JOCTAaTOUYHO OOJbIION Myl (GepMeHTOB
[8—10]. OpHako MpMUHAIEKHOCTb TOMOTaJIaKTyPOHAHOBOM CO-
CTaBJISIIONIEN K CTPYKTYpe PaMHOTaJaKTypOHAHA MpeJIioiaraeT
akIeHTMPOBaHMe BHMMAaHMS Ha GpepMeHTaX, KaTaTu3UPYIOIINX
dbparmenTanmo MMeHHO JAHHOM CTPYKTYPHhI. K TAKOBBIM OTHO-
csiTest hepMeHTBI JIMA3HOTO Y TUIPOIA3HOTO e CTBYS GaKkTepu-
aJIbHOTO, TPMOHOTO ¥ PACTUTETHHOTO TTIPOUCXOKIEHNS.

Llenb maHHOTO 0630pa 3aKIIOUAETCS B CHCTEMATU3ALUU
3HAHUIT O MOJIEKY/ISIPHBIX OCOOEHHOCTSIX (epPMEHTOB JMa3HO-
IO ¥ TUJIPOJIa3HOTO JeiCTBUSI, OTBEYAIOIIMX 3a OCYIEeCTBIeHe
KaTaJIUTUYECKOTO MPOoIecca HarmpaBIeHHOM JeCTPyKIUY OCHOB-
HOJi LlellY paMHOTraJakTypOHaHa B COCTaBe IPOTOIEKTMHOBOIO
KOMIUIEKCA MaTPUKCa KJIETOUHbBIX CTEHOK PaCTUTEIbHOM TKaHMU.

2. Marepuaibl ¥ METOMbI

B xauecTBe 00BbEKTOB MCCIeNOBAHMIA ObLIM IPUHSITHI HAY4-
Hble U3IaHUSI OTeYeCTBEeHHBIX U 3apyOekKHbIX yUEHbIX. O6IaCTh
MCCIIeIOBaHMIT BKIIOYAsIa B ce6si COBpeMeHHbIe ITPeCTaBIeHMs
0 KaccuduKanyuy, 0CO6eHHOCTSIX MOJIEKYISIPHOM CTPYKTYPBI
¥ MeXaHM3Ma MPOsIB/IeHMSI LieIeBOi aKTUMBHOCTY IMAa3HbIX U T'U-
IponasHbiX (epMeHTOB, MPUMEHSIeMbIX IJISI HampaBieHHO
JIeCTPYKIMY YIVIEBOTHOTO GMOTIOMMMEPHOTO MaTPUKCa KIeTOY-
HBIX CTEHOK PacTUTeNbHOI TKaHM. [IOMCK OCyIecTBIsUIM B 6a-
3ax CAZy, [IUBMB Enzyme Nomenclature, ScienceDirect, NCBI,
Mendeley, Google Scholar, eLibrary, LibGen u npyrux OTKpbI-
TBIX JIEKTPOHHBIX MCTOYHUKAX B COOTBETCTBUM C MPOTOKOIOM
PRIZMA. VcIonb30Baay KOMOMHALMM KIIOUEBBIX CJIOB, BKIIIO-
yaloliye Takyue Kak JMasbl, IUIposasbl, paMHOTaJaKTypOHaH,
MIPOTOMNEKTMH, TeKTVHOBbIE BelleCTBa, ITMKO3UIHbIE CBSI3H, MO-
JIUTJIMKAHBI, aKTUBHBIN CaiiT, MHTMOMpoBaHue. KirroueBbie ¢Ji0Ba
JCIIOIb30Ba/IM B QHITIMIICKOM M PyCCKOM BapMaHTax.

V3 pe3ynbpTaToB MOMCKA OBUIM MCKIIOUEHBI HEpeLleH3UpY-
eMble, ManouMHGOPMATUBHble U [AyOGMMPYIOL[Me WCTOUHUKH,
a TaKKe MCTOUHMKY, He OTHOCSIIMECS, TM60 MMeIoIlie OTIocpe-
JIOBaHHOE OTHOLIeHMe K TeMe JCC/IeJlOBaHNIA.

3. depMeHTaTMUBHASA AEeCTPYKI VS OCHOBHO eI
NIeKTMHOBBIX BelleCTB
®depMeHTbI JIMA3HOTO ALVICTBUS KaTATU3UPYIOT pacileryieHue
IJIMKO3UIHON CBSI3U MEXAY YIIEeBOIHBIMM OCTaTKaMM IOCpe[-
CcTBOM [-anumuHupoBanus (PucyHok 2). I[Ipyu 3TOM IpoucxoguT
pacierneHue o-(1—4)-IMMKO3UAHBIX CBSI3eil MeXIy OCTaTKaMu
o-L-paMHONIMpaHO3bI U a.-D-rasakTypOHOBOJ KMCIOThI HA y9acCT-

HCO HO
L0
0=C OH
0 0 o)
; OH  osc’ Y

\

HO OCH3

Kax BeTBJIeHMSI paMHOra/lakTypoHaHa. B mmpoliecce paciierieHust
BO3HMKaeT L-paMHONMPAHO3WIbHBIN OCTAaTOK Ha BOCCTaHABJIM-
BaloIleM KOHIIe OHOTO 13 (pparMeHToB. B ciryyae sHm0-bepmeH-
TaTUBHOTO MPOLiecca Ha HeBOCCTAHABIMBAIOLIEM KOHIIE APYTOTO
(parmenTa obpasyercst 4-meoKcu-4,5-HeHAChIEHHbII OCTATOK
D-rajlakTypOHOBO# KMUCIOTHI. B cityyae 9K30-pepMeHTaTUBHOTIO
poiiecca BO3MOXKHO oOpa3oBaHue aucaxapuaa 2-0-(4-me30Kcu-
B-L-Tpeo-rekc-4-eHONMPaHYPOHO3UI)-a-L-paMHONIMPaHO3bI
¥ YKOPOUYEHHOTo (hparmMeHTa OCHOBHOI LielM PaMHOTaIakTypo-
HaHa C 4-7e0KCH-4,5-HeHAaChIIIEHHBIM OCTaTKOM D-rajakTypo-
HOBOJI KMCJIOTBI Ha HEBOCCTaHABIMBAIOLIEM KOHIIE.

®epMeHTBI TUAPONA3HOTO [OEVCTBUSI KAaTaaU3UPYIOT TU-
IpONNTHUYeCcKOoe pacllervieHue (MHBEPCUIO) IMIMKO3UIHOI
CBSI3M MeEXIYy YIneBOOHbIMM ocTaTkaMu (PucyHOK 3): mpo-
MCXOOUT paclieluieHye B MPUCYTCTBUUM MOJIEKYJIBl BOZBI
a-(1-4)- mmn o-(1—2)-rMMKO3UAHBIX CBSI3eli MeXIy OCTaT-
Kamu o-L-paMHONMpaHo3sl U o-D-ragakTypOHOBOI KUCIOTHI
C U3MeHeHMeM aHOMEepPHOM KOHGUTrypaluyu rarakTypoHOBOTO
ocraTka 10 B-bopmbl 160 6€3 TAKOBOIL.

B oTHOmEHUM TOro, Kakue MMEeHHO TPYIIIIbI JIMA3HbIX U TU-
IpOoasHbIX (GepMEeHTOB 11e71ecO00pasHo MPUMEHSTh A dpar-
MEeHTMPOBaHMS OCHOBHOIA 1IeIT paMHOTaJIaKTypOHaHa, MHEeHUS
uccnenoBaTesieil pacxonsTCs.

Taxk, B HacTosIIlee BpeMsl CyLIeCTBYeT ABa Buaa Kiaccudu-
Kaiuy ¢GepMeHTOB — B 3aBUCUMMOCTU OT LIeJIEBOTO IeCTBUS
M B 3aBUCUMMOCTM OT OCOGEHHOCTEel MOJIeKYISIPHOM CTPYyK-
Typbl. B cooTBeTcTBMM C TIepBoOil kimaccupuranmeir [13], Bce
dbepmenTsI, (parmeHTHpPYOLIVE OCHOBHYIO IIellb paMHOTa-
JIaKTypOHAHA, MPeACTaB/IeHbl MIeCThI0 TPYNIaMU: ABe TPYTIIbI
mmas (EC4.2.2.23 u EC4.2.2.24) u yeTbIpe TIpynibl I'MApPOIa3s
(EC3.2.1.171,EC3.2.1.172,EC3.2.1.173 n EC3.2.1.174). ®yHK1IM-
OHaJIbHbIE OCOOEHHOCTY KasKI0H 13 TaHHBIX TPYIII CXeMaTUIHO
npencraBsiaeHbl Ha PucyHke 4.

B rpynny EC4.2.2.23 BXOOAT 3HI,0-/1Ma3bl, KaTaausupyloniye
paciierieHue IMMKO3UAHBIX CBSI3€il BHYTPU OCHOBHON LeIn
paMHOrajakTypoHaHa, Torga kak rpynmna EC4.2.2.23 Bxiouaer
9K30/11a3bl, PE3yIbTaTOM HECTBUSI KOTOPBIX SIBJISIETCS OTLIe-
IUIEHNe AyucaXapuaHOro (parMeHTa OT KOHIIA LIemy, TTPUBOAS
B UTOT€ K €€ YKOPOUEHMUIO.

B rpynmy rugponas EC3.2.1.171 BxomdaTt (epMeHTHI,
OCYIIEeCTBISIOIIME  SHAOTUAPONU3  o-(1—2)-TIMKO3UAHON
CBSI3M MEXIy OcTaTKaMM o-D-rajakTypoHOBOJ KUCIOTBI
" o-L-paMHONMPaH030i B OCHOBHOI L€l PaMHOraJIaKTypO-
HaHa C HavyaJIbHOJ MHBEPCHEeN ee aHOMEpPHO KoHuUrypauum
B B-dopMmy ocTaTka o.-D-rasakTypoOHOBOI KMCIOTHI Ha BOCCTA-
HaBJIMBAKIIEM KOHIle (pparMeHTa paMHOTraJaKTypOHaHa.

H3CO

W‘)M V%

OCH3

PucyHok 2. Peakuus B-anuMmuHupoBanys [11]
Figure 2. Reaction of f-elimination [11]

/X HgO
\\ o)

HO /OH 5
O=
. OH c 2
c OH
HO™ Ny HO

PmcyHOK 3. Peal(uml TUAPOIUTUYECKOro pacuierieHus (MHBepcun) INIMKO3uaHOoM cBsa3u [11,12]
Figure 3. Reaction of hydrolytic cleavage (inversion) of glycoside bond [11,12]
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PucyHok 4. Cxema epmeHTATUBHOI (hparMeHTALMM YIACTKA BETBJIEHNSI OCHOBHOV IIeNy paMHOTaJIaKTypoHaHa [14]
Figure 4. Scheme of enzymatic fragmentation of the branching site of the rhamnogalacturonan main chain [14]

B rpynny EC3.2.1.172 BXOOST 9K30-TUAPOJIA3bl, OCYILECTB-
JITIoIVe TUAPOIN3 o-(1—2)-TIIMKO3UIHOM CBSI3U MEXY OCTaT-
KaMM B-3MMMUHUPOBAHHOM (GOpMBI  o-D-rasakTypoHOBOIA
KUCIOTHI U o.-L-pamMHONMpPaHO3bl B OCHOBHOI LieNy paMHOra-
JIaKTypOHaHa.

I'pymma EC 3.2.1.173 BRTIoyaeT B ce6s1 TUIPOsIasbl, OCYIIeCTBIISI-
1011[1e 9K30-TUAPONN3 o-(1—2)-TIMKO3UAHO CBSI3U MEX/IY OCTaT-
KaMy o-D-ranakTypoHOBOI KUCIOTHI U o-L-paMHONMpPaHO030i1
B OCHOBHOII L) paMHOTaJIaKTypOHaHa C HadyaJIbHOJ MHBEp-
cueit TIUKO3UAHON CBSI3M, KOTOpasi BBICBOGOKIAET OCTaTOK
o-D-TasakTypoHOBOJ KMUCIOTBI Ha HEBOCCTaHAaBJIMBAIOIIEM
KOHIIe hparMeHTa paMHOTAIaKTypPOHAHA.

K rpynme EC3.2.1.174 OTHOCSTCS TMAPOJA3bl, OCYIIEeCTB-
JISonIe 3K30ruaponn3 o-(1—>4)-IUMKO3UAHOM CBSISU MeX-
Iy ocTaTKaMM o-L-paMHOTMPaHO3bl U o-D-rasakTypoOHOBOIA
KUC/IOTBI B OCHOBHOJ LIeNM paMHOTa/JakTypOHaHa C HayaJbHOM
MHBepcueil KoHburypayyu B B-dopmy ocraTka o-L-paMHO-
MMPAHO3bl HA HEBOCCTAHABIMBAIOIIEM KOHIIe (hparMeHTa paM-
HOTaJaKTypOHaHa.

B cooTBeTcTBMM cO BTOpoOil kinaccubuxaumeitr [15], Bce
(epMeHTBHI CTpPYNIMpPOBAHbI B CEMeNCTBA ¥ IIOJICEMEICTBA
B 3aBUCUMMOCTU OT OCOGEHHOCTEN MOJEKYISIPHON CTPYKTYPHI.
IIpu aTOM 06e rpymnIbl GepMEHTOB JMAa3HOTO U TUIPOIA3HOTO
IeiicTBusl, GparMeHTUPYIOUIMX OCHOBHYIO Liellb paMHOraJiak-
TypOHaHa, IpeJCTaB/ieHbl YeThIpbMs CeMelicTBaMM IoJuca-
xapun-nuas (PL) — PL4, PL9, PL11 u PL26 — u yeTbIpbMsI Ce-
MejicTBamMu mnKosua-ruaponas (GH) — GH28, GH78, GH105
n GH138.

191

4. MoJekyasipHbie 0cCO0eHHOCTU (hepMeHTOB
JIMA3HOTO U TUPOJIA3HOIO AEeCTBUS
B OTHOIIEHUY PAMHOTA/IAKTYPOHAHOBBIX YYaCTKOB
MPOTONEKTUHOBOrO KOMILJIEKCA

4.1. @epmeHmsl 1UA3HO20 delicmaus

V3 [ByX BapMaHTOB DaMHOTraJaKTypOHaH-IMa3HbIX dep-
meHTOB rpynnel EC4.2.2 B cemeiicTBo PL4 BXOOMUT TOJBKO
paMHoOrajakTypoHaH 3sHpao-nmasa EC4.2.2.23 [16-20]. B co-
craBe QepMeHTa IPUCYTCTBYIOT TPU AOMEHA, IPOCTPaHCT-
BEeHHbIe CTPYKTYpPbl KOTOPBIX IPeICTaBIeHbl KOMOMHAIIMSIMMU
B-canpBuueii u B-mmctoB. IIpy 3TOM fOMeH | cogep>kut B CBO-
eif CTpyKType cyabdaT-MoH, a TakoKke aKTUBHBIN cailT hepmeHTa
C KJIIOUEBBIMM aMMHOKMUCIOTHBIMM ocTtaTkamu Lys150 u His210.
B cocrase nomena III mpucytcTByIOT KatuoH Ca? u cynbdar-
1oH (PucyHoK 5). ITpu aTom Ca?* HaXOAUTCS JOCTATOYHO JIATIEKO
OT aKTMBHOTIO CaliTa, B CMJIY Yero UrpaeT TOAbKO CTPYKTYPHYIO
pOJb B MIOAIEPsKaHUY HEe0OX0IMMOM KOHGOPMAIMU MOJIEKYIIbI
depmenTa. B cocTaBe akTMBHOTO caiiTa B Mpolecce dhepMeH-
TaTUMBHON peaklyy KIUEeBYIO POJIb UIPAIOT aMUHOKMUCIOTHbIE
ocratku Lys150 u His210 (PucyHOK 6).

Tak ke, Kak 1 B PL4, B cemeiicTBO PL9 BXOOUT paMHoOraak-
TypoHaH sHpo-nna3a EC4.2.2.23 [21-23]. Kpome Toro, CTpyk-
Typa depmeHTa BKIOUaeT B cebst Tpu gomeHa. Ho, B oTiauune
ot PL4, momeHbI 06pa3oBaHbl B-CIIMPaIbI0, KOTOPAsl BKIIOYAET
10 TIOTHBIX MOMUIIENITUIHBIX BUTKOB, B COBOKYIMHOCTU (Op-
MMPYIOIIVX TPY aKCUaJIbHO BBITSHYTBIX NTapajulebHbIX B-JIMCTa
(PucyHOK 7). IIpy 3TOM aKTUBHbBIN CaiiT BK/IIOYAET B Ce6SI KaTu-
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Domain IIT

[pumeuanne: A u B — mpocTpaHCTBEHHbIE OTOGPAKEHMST TPEXMEPHOT1 cTPYKTYphI hepmenTa [20] 1 [18] COOTBETCTBEHHO C aKTUBHBIM CAITOM B JOMEHe

1, c yuacTKOM MOIMMepHOIi 1enu imraiza (cyberpara) B momenax I u II, ¢ ey

bdaT-noHamu B jomeHax I u III u ¢ katnonom Ca** B momene I1I; Bu T —

yBeIMueHHast 06/1acTh aKTUBHOTO caiita [20] 1 [18] cCOOTBETCTBEHHO, € IMTAHAOM U AMUHOKUCIOTHbIMM ocTaTkamu K150 (Lys150) u H210 (His210)

PucyHoK 5. MosekynsipHasi CTpyKTypa Tejia M akTUBHOTrO caiita ¢pepmeHTa cemeiicrBa PL4
Figure 5. Molecular structure of the body and active site of the enzyme of the PL4 family
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depmeHnTaTHBHOI peakuuy PL4 [18]

Figure 6. Assumed mechanism of the PL4 enzymatic reaction [18]

oH Ca? B OKpY)XeHMM K/II0UeBbIX aMMHOKMCIOTHBIX OCTAaTKOB
Lys273, Asp209, Asp233, Asp 234, Asp238 u Asp268. BaskubiMm
(axTOpoM KaTaIUTHMUECKOTO IIpoliecca SIBISIETCSI CBSI3bIBa-
Hue ocratka GalA cybcrpara kKatnoHom Ca?* M aMMHOTPYIIIION
ocraTtka Asp268 (PucyHOK 8).

B cemerictBo PL11 B cuiy CXOKeCTM MOJIEKY/SIPHON CTPYK-
TYpbl BXOOUT KaK paMHOTaJaKTypoHaH 3HJ0-1na3a EC4.2.2.23,
TaK M paMHOralakTypoHaH 5k3o0-ima3a EC4.2.2.24 [24-30].
B oTnmune ot mpenpiayyx cemeiicts PL, cTpykTypa pepmMeHTOB

192

IAHHOI'O CeMeliCTBa MpeacTaBjieHa AByMs AoMeHamu. OouH —
B BUJe f-Tiporesyiepa ¢ BoceMmblo jgonactsmu (A, B, C, D, E, F,
G u H), 06pa3oBaHHBIMMU B-TMCTAMU U 3-CIIUPATISIMHU, C BKITIOUE-
HyeM 1OoHOB Ca?* B KaskAYI0 JIOIIACTh; APYroi JoMeH o6pa3oBaH
B-muctom u Briouyaetr N-tepmuHan (PucyHOK 9). AKTMBHBIN
caiiT pepMeHTOB MMeeT MIEJEeBUIHYI0 CTPYKTYPY, UTO CIIOCOO-
CTBYeT CTPOTOMY 3axBaTy [ABYX3BeHHbIX yuyacTkoB Rha-GalA
cybcTpata co crabunamsanyeit KapOboKcuMabHONM rpymmbl GalA
COBMECTHBIM [iejicTBMeM KaTuoHa Ca? ¥ aMMHOKMCIOTHOTO
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[IpuMevaHne: A — MPOCTPAHCTBEHHOE OTOOPaskeHMe TPEXMEPHOI CTPYKTYpbI hepMeHTa ¢ TpeMsl JoMeHaMu. JJoMeHbl 06pa3oBaHbl f3-CIIMPasIbIo,
cocrosiiieit 13 10 IIOTHBIX BUTKOB, KOTOPbIe (DOPMUPYIOT TPY MapasuiebHbIX B-m1cTa; b u B — yBenueHHast 0671aCTh aKTMBHOTO CaiiTa, COOTBETCT-
BEHHO, ¢ KaTroHoM Ca?’, CBSI3aHHBIM C Y4aCTKOM Cy6CTpaTa M C aMMHOKMCIOTHbBIMY ocTaTkamu Lys273, Asp209, Asp233, Asp237, Asp234 1 Asp268
(rocyiefHYe 1BA He MTOKA3aHbl).

PucyHok 7. MosieKy/IsipHasi CTPYKTypa Tejla M aKTUBHOTO caiita ¢depmenTa cemeiicra PL9 [21]
Figure 7. Molecular structure of the body and active site of the enzyme of the PL9 family [21]

Lys273 Lys273

(:"quiig

NH3+

ot

Asn 268 Asn 268

PucyHok 8. IIpeamosiaraemslii MexaHu3M (pepMeHTaTUBHOI peakiuu PLI [21]
Figure 8. Assumed mechanism of the PL9 enzymatic reaction [21]
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wllo3 G533

T : b \ b Y
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‘ [ N-teminal P l
‘ J? B-sheet domain nso2 Wes?
Blade A L‘\"‘

A
[Ipumeuanme: A — MPOCTPAHCTBEHHOE OTOOpaskeHMe TPEXMEPHOH CTPYKTYPbI hepMeHTa ¢ JOMEHOM B Bue -Iporesiiepa C BOCeMbIO JIOTIaCTSIMM
(A, B,C, D, E, F, G u H), 06pa30BaHHBIMU -IMCTAMU U CIIUPAJSIMY, C BKIIOUeHNeM MOHOB Ca?* B KaKAylo JIONacTh; b — TO ke MpoCcTpaHCTBEHHOE
oTtobpaxkeHne depmeHTa, pa3BépHyroe Ha 90° myist oTo6paskeHust N-TepmMuHaia B foMeHe, 06pa30BaHHOM B-IUCTOM; B — yBenuueHHast 0671acTh
aKTMBHOTO cajiTa.

PucyHoK 9. MoJieKy/IsIpHasi CTPYKTypa TeJia ¥ aKTUBHOTO caiita pepmenTa cemericrBa PL11 [25,26]
Figure 9. Molecular structure of the body and active site of the enzyme of the PL11 family [25,26]
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ocratka Lys 170. Cra6minsanusi OCyIIecTBISIETCSI B KOMITIEKCe
¢ yeTbIpbMs octaTkamu Aspl53 (D153), Asn592 (N592), Ala594
(A594), 1 Asn596 (N596).

B cemeiictBo PL26 BXOmaT (GepMeHTbl paMHOTaJaKTypO-
HaH 5H70-mmasa EC4.2.2.23 1 paMHOTa/lakTypOHaH 3K30-1Masa
EC4.2.2.24 [31]. Oc06eHHOCTbIO MOJIEKYIISIPHOM CTPYKTYPBI ep-
MEHTOB 3TOTO CeMeiiCTBa SIBJSIeTCSI TO, YTO B COCTaBe TPEXIO-
MeHHOro KomIuiekca KoHbopmanust gomeHa III nmeer kKoHbK-
rypaunio (o/a),-poropa (PucyHoxk 10).

C 3TuM, IpenIonoKUTENbHO, CBsI3aHa M JIOKanM3auus ax-
TMBHOT'O caliTa MMEHHO B 3TOM JIOMeHe.

KittoueBbIMM aMMHOKMCTIOTHBIMYM OCTaTKaMy aKTMBHOTO Caii-
Ta PaMHOTaJIaKTypPOHAH SHJI0-1Ma3bl SIBISIIOTCS Arg634 1 Arg648.
V paMHOTa/IaKTypOHaH 3K30-11asbl — Lis535 u Arg452. HecmoTpst
Ha HeKOTOPYIO YAAIEHHOCTb OT aKTUBHOTO caiiTa kaTuoHa Ca?,
OH TaKXKe MPUHMMAaeT ydyacTue B KaTaIUTUUYeCKOM Ipoliecce,
670KUPYS Kap6oKcuabHYI0 Tpyrnny GalA B OKpyKeHUM aMUHO-
KMCIOTHBIX OCTaTKOB Asp562, Asp585, His616, Asp621 u His639.

4.2. @epmeHmbl 2u0PONA3HO20 delicmaus

B cocraB cemeiicTBa mmko3ua-ruaponas GH28 sxomsar dep-
MeHTbI pamHorasakryponasa EC3.2.1.171 u paMHoranakTypoHaH
a-1,2-ranakryponoruaponasa EC3.2.1.173 [22, 32-35]. B moneky-
JISIPHOM CTPYKTYpe GpepMeHTOB B-Crmpaab CKOMIIOHOBAaHA B TPy
TapayuteNbHbIX B-micta (PUcyHOK 11). AKTUMBHBIN cailiT dhepMmeH-

y

TOB JAHHOTO CeMeNCTBa BK/IIOYAET KIacTep U3 YeThbIPeX OCTATKOB
amMMHOKMCIOT Aspl77, Asp180, Asp197 u Glul98, a Takke — OT-
JIeJIbHO CTOSIIIMI ocTaToK Aspl56. [Ipy 3TOM pacCTOSIHME MeXIY
dbyHKUMOHANMBHBIMY TpynIIamMyu ocTaTkoB Aspl80 u Aspl56 xo-
POLIIO COITIACYeTCsI C CYIIEeCTBYIOUIMM TOHMMaHeM KaTaauTuye-
CKOTO MeXaHM3Ma NHBePCUM [TIMKO3UIHbIX CBSI3€iA.

B cemeiictBo GH78 13 paccMaTpriBaeMbIx hepMeHTOB BXOLUT
TOJIBKO paMHOranakTypoHaH o-L-pamHoruaponasa EC3.2.1.174
[36,37]. MonexkynsipHast CTpyKTypa (epMeHTa BKIIOUAET TISATh
OTHENbHbIX TOMEHAa, COGPAaHHBIX BOEOVHO B YETBEPTUYHYIO
CTPYKTYpY. IIpy 3TOM 4eThIpe fOMEeHa B BBICOKOJ CTENeHM Ha-
CBII[EHbI B-CTPYKTYypaMM (COMpalIsIMU U JIUCTaMMU), B TO BpeMsi
KaK TMSIThIIi — KaTAIUTUUECKM aKTUBHBIN M CaAMbIii GOMBIION —
npeficTaBleH B KOHGopManuu (o/o) ,-poTopa (PucyHok 12). [l
pamHoranakTypoHaH o-L-pamHorugponassl EC3.2.1.174, BxO-
Is11eli B JaHHOe CeMeliCTBO, TOUHBI ITyJT K/IF0UeBbIX aMUHOKMC-
JIOTHBIX OCTaTKOB aKTMBHOTO cajiTa Hen3BecTeH. [Io0 HEKOTOPbIM
MIpeATIoNOKeHUSIM [36], B KaueCcTBe TaKOBbIX MOXKET BBICTYIATh
Glu572 B kom6uHanuu ¢ Asp567 v Glu841.

B cemeiictBo GH105 BXOAUT HeHaChIIIEHHAsT paMHOraak-
typorws tuaponasza EC3.2.1.172 [38,39]. OcobeHHOCTH dep-
MEHTOB TaHHOTO CeMeiCTBa COCTOUT B TOM, YTO caM (epMeHT
MOHOMEDEH, TO eCTb, NIpefCTaBlIeH elIVHCTBEHHbIM JOMEHOM,
MMEIOmMUM CTPYKTYPY (o/a),-poTopa (Pucynox 13). Kiroue-
BBIM KaTIUTUYECKMM aMUHOKMCIOTHBIM OCTaTKOM aKTMBHOTO

[lpuMevaHue: A — MPOCTPAHCTBEHHOE OTOGPaskeHMe TPEXMEPHON CTPYKTYphl depmenTa ¢ gomenamu I, II u III (momen III — B KoHbUrypamum
(a/a),-poTOpA), C aKTUBHBIM caiiTom B momeHe III 1 ¢ KatroHoMm Ca’; B u B — yBennyeHHble 06/1aCTy aKTUMBHOTO CaiiTa ¢ KaTaTUuTUUeCKUMM IeHTpa-

My Arg634 n Arg648.

PucyHok 10. Moseky/IsipHasi CTPYKTypa Tejla M aKTUBHOTO caiita ¢epmeHTa cemeiicrBa PL26 [31]
Figure 10. Molecular structure of the body and active site of the enzyme of the PL26 family [31]
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"D 156!

[IpuMevaHme: A — IPOCTPAHCTBEHHOE OTOGPakeHVe TPEXMEePHO CTPYKTYPbI pepMeHTa ¢ IapasyieTbHbIMI B-Ccrimpansivn; b — yBemueHHast 0671acTh
aKTUBHOTO caiiTa ¢ KaTaauTuyeckumu neHtpamu Asp180 (D180) u Asp156 (D156).

Pucynox 11. MonekynspHas cTrpykrypa ¢epmenTa cemeiictsa GH28 [34,38]
Figure 11. Molecular structure of the enzyme of the GH28 family [34,38]

[IpumeuaHme: A — IIPOCTPAHCTBEHHOE OTOGPakeHVe TPEXMEPHOI CTPYKTYPHI (hepMeHTa, BKIIOUAIoLIeil IISITh JOMEHOB; b — KaTanuTuIecKky-akTHB-
HbI/f TOMeH B KOHpopMauum (/o) ,-poTopa.

Pucynok 12. MonekynspHas cTrpykrypa ¢epmenTta cemeiictsa GH78 [36,38]
Figure 12. Molecular structure of the enzyme of the GH78 family [36,38]

IIpumeyaHye: A — IPOCTPaHCTBEHHOE OTOOpakeHMe TPEXMEePHOI CTPYKTYphI pepMeHTa B KoHpopmaLun (/o) ,-poTopa; B — yBemueHHble 061aCTH
aKTMBHOTO CajiTa ¢ KaTaIMTUYECKMMI aMMHOKMCIOTHBIMY ocTaTKaMu Asn(Asp)143 (D143), Thr333 (T333) u His189 (H189).

PucyHox 13. Moneky/sspHasi CTPYKTypa Tejla ¥ aKTUBHOTO caiita ¢epmenTa cemeiicrea GH105 [39]
Figure 13. Molecular structure of the body and active site of the enzyme of the GH105 family [39]
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caiita siBnsieTcst Asn(Asp)143. [Ipu 3TOM BakKHYIO POJb B KaTa-
JUTUYECKOM Ipoliecce urpaiot Taioke octatky Thr333 u His189,
yaep>kKuBalolyie MojeKyTy BOAbl, KOTOpast yuacTBYeT B Ipoliec-
ce TUAPOIUTUNYECKOTO pacllleTyIeHNs ITIMKO3UIHOM CBsSI3N, B Ka-
TINTUYECKM BhITOLHON no3uunm (PucyHok 14).

K cemeiictey GH138 oTHOCUTCSI (pepMeHT pamMHOTaJaKkTy-
poHaH o-1,2-ranakrypoHorugponasasa EC3.2.1.173 [40,41].
YeTBepTUYHAsT MOJIEKYJISIPHAsT CTPYKTypa hepmeHTa 06pa3oBa-
Ha yeTbipbMs gomeHamu (ND1, D2, D3 u CB4). AKTUMBHBIIA CaiiT
JIOKa/IM30BaH B goMeHe D2, uMeromeM KOHGOPMAIINIO (B/o),-
potopa (PucyHok 15).

B cocraBe axkTMBHOrO cajiTa aMMHOKUCJIOTHBIE OCTaTKU
Arg332 u Arg521 BBINONHSIOT POJIb JeTepMUHaHTa crenuduy-
HOCTYM KaTaJUTUUECKOV aKTMBHOCTY (pepMeHTa B OTHOIIEHUU
0OCTaTKOB D-rasakTypOHOBOW KMUCIOTHI.

B TO 3Xe BpeMsl KIIOUeBbIMI aMUHOKMUCIOTHBIMY OCTaTKaAMM,
OTpeeNIIIIMMI KaTaTUTUIECKYI0 aKTUBHOCTb (hepmMeHTa, SIB-
nsores Glu294 u Glu361 (PucyHOK 16).

OmnucanHas Kiaccuduranyst GepMeHTOB JIMa3HOTO U TUIPO-
JIA3HOTO JieficTBMS, GparMeHTUPYIOUIIX OCHOBHYIO €I PAMHO-
raJlakTypoOHaHa, C TOYKM 3PEHMS] HEKOTOPBIX YUEHBIX SIBJISIETCS
136bITOUHOI. Tak, ogHU uccaenoBatenu [31,42-45] monaraior,
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PucyHoxk 14. IIpenmonaraemMsiii MexaHu3sm ¢depmeHTaTuBHOM peakuyy GH105 [39]
Figure 14. Assumed mechanism of the GH105 enzymatic reaction [39]

IIpumeuaHne: A — MPOCTPAHCTBEHHOE OTOGPakeHNe TPEXMEPHOI CTPYKTYPhI hepmeHTa ¢ ueThipbMs fomeHamu ND1, D2, D3 u CB4; B — yBennuen-
Hble 06/1aCTM aKTUBHOTO caiita B KoH(opMauuu (B/o),-pOTOpa C KaTaaUTUUECKMMMU AMUHOKMCIOTHBIMM ocTaTkamu Glu361 (S361) u Glu294 (E294)

PucyHoxk 15. MoneKky/sspHasi CTpyKTypa Tejla ¥ aKTUBHOTO caiita ¢epmenTa cemeiictBa GH138 [41]
Figure 15. Molecular structure of the body and active site of the enzyme of the GH138 family [41]
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PucyHok 16. IIpenmonaraeMmsiii MmexaHusm ¢epmMeHTaTUBHOT

peaxkuyy GH138 [41]
Figure 16. Assumed mechanism of the GH138 enzymatic reaction [41]

YTO pPaMHOTaJaKTypoOHaH Jnasdbl 3(QQPeKTUBHO IpenCcTaBIeHb
Bcero IByMs cemeiictBamu — PL4 m PL11, npyrue aBTOpBI [46]
OTHOCSIT K HMM Takke cemeiicTBo PL26. B To ke Bpemsi B pabore
[47] n B 6a3e nanHbIX The Carbohydrate-Active EnZymes database
(CAZy) [15] peub UIET yrke 060 BCex UeThIPEX ceMelicTBax.
IToxoskas KapTrHa MMeeT MeCTO M B OTHOLIEHNMEe IVTIMKO3UI-
IUaposas: B pabore [45] M3 4eTHIPEX OMMCAHHBIX CEMEICTB paM-
HOTaJaKTypOHaH-TUIPOIa3 K TAKOBBIM OTHeceHbI Tonbko GH28
un GH78, Torma kax B [37,44] — GH28 u GH105. Bosnee Toro, B pa-
6otax [11,45] K paMHOTa/JakKTypOHAaH-TMAPOIa3aM He OTHOCST
depmenTs! rpymmbel EC3.2.1.172. B To ke BpeMs B 6a3e JaHHbIX
CAZy [15] Tak ke peub uaeT 060 BCEX UETHIPEX CeMeNCTBaX.

4.3. BausiHue kKamuoHo8 Ha (hepMeHMamueHy akmueHoCms

JUas u 2uoponas

Ha kaTaauTuueckyo aKTMBHOCTh GepMeHTOB, hparMeHTH-
PYIOLIMX OCHOBHYIO IIelTb PaMHOraJaKTypOHaHa, MOXeT OKa-
3bIBATh BJIMSIHME KaK KOHIIEHTpaLys cyocTpaTa (B 9TOM CJiydae
caMm Ipoljecc cieAyeT pacCMaTpUBaTh B KOHTEKCTe Kjiaccuyue-
CKOJi (hepMEeHTaTUBHOI KMHETUKM Mwuxasiauca-MeHTeH), TaKk
¥ KOHIIEHTPAIMSI CTOPOHHMUX KOMITOHEHTOB, B KaUeCTBe KOTO-
PBIX MOTYT TEOPETUUECKM BBICTYIIATh U MPOAYKTHI hepMeHTa-
TUBHOTO Tpoiecca. OgHaKo, HECOMHEHHO, TepPBOCTENeHHYI0
poJib UTPAIOT YCJIIOBUSI TIPOBeNEeHMs Ipoliecca: TemIiepaTypa
u pH cpenpl. Tak Kak Kaxkablii paccMaTpuBaeMblii GepMeHT
Kak JIMa3HOTO, TaK U I'MIPOAa3HOTO AeliCTBUSI MMeeT CBOU 3Ha-
YyeHMus ONTMMYyMa TeMIlepaTypsl mporecca u pH cpenbl npu
YCIOBUYM HAIWUMST HEOOXOOMMOTO cybcTparta. Takke B OTHO-
IIeHMH a3 0co6yi0 3HAUMMOCTh MPUOOGPeTaeT KOHIIEHTpa-
LIMST KATMOHOB MOJIMBAJIEHTHBIX METa/IIOB. [Ipy 3TOM BIMsIHUE
KaTMOHOB Ha (hepMEHTHI Pa3HbIX CEMEICTB JIMa3 MPOSIBIISIETCS
no-pasHomy. Tak, Bce pacCcMaTpyuBaeMble CeMelCTBa IoJuca-
xapup-nuas, 3a uckiaoyeHreM PL4, kpaiiHe 4yBCTBUTE/bHBI
K MMPUCYTCTBUIO KaTMOHOB Ca®": B OTCYTCTBUMU B Cpefie KaTuo-
HOB KaTJIUTUYECKass aKTUBHOCTb (EePMEHTOB MPAKTUUYECKU
ucyesaert [23,25,27,29,30]. IIpu aTom Bce mccienoBaTeny OT-
MEYaloT, YTO BBEJEHME B CUCTEMY KOMIUIEKCOHA IMPUBOAUT
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PucyHoK 17. Biusinue KatnoHoB Ca’* Ha aKTMBHOCTb PAMHO-
raJlakTypoHaH-JIMa3HbIX hepMeHTOB cemericTBa PLI [23]
Figure 17. Effect of Ca* cations on the activity of rhamnogalacturonan

lyase enzymes of the PL9 family [23]
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K 4YaCTUMYHOM MM IONHOM mHakTuBauuu (epmenrta. CTOUT
3aMeTUTh, YTO MHAKTMUBAI[MS 9Ta HOCUT O6PATUMBIii XapaKTep:
MpY BOCCTAHOBJIEHMM KOHIeHTpauuyu Ca* akKTMBHOCTH Ipa-
KTMYEeCKU TMOJTHOCThIO BOCCTAHABAMBaeTCs. Takoe MO0KeHue
IleJI, TI0 BCeii BEPOSITHOCTM, CBSI3aHO C 06S13aTEJIbHBIM TPUCYT-
CTBMEM KaTMOHOB B Tese dhepmenTa. [[prueM B GONBIIMHCTBE
ClyyaeB CaMM KaTMOHBI SIBJISIIOTCSI COCTaB/SIONIEl aKTUBHbBIX
caiiToB (pepMeHTOB ¥ HEIIOCPEICTBEHHO YYaCTBYIOT B KaTaln-
TUYeckoM Ipoiiecce. ITo Bceit BUAMMOCTH, B cocTaBe (hepMeHTa
KaTMOHBI TOCTATOYHO MOABMKHbBI, YTOOBI B CIyvyae TMIIOTOHM-
YeCcKoil KOHIIeHTpaly UX B Cpejie MOKUIATh MCXOLHOe MeCTO-
MOJIOKeHe, TIepexo/isl B Heé.

[Monucaxapupa-nmMasel ceMmeiictBa PL4 HapymaioT o6IIyIO
KapTUHY, He TpeOyst 06513aTeIbHOTO ITPUCYTCTBYMS KaTHOHOB Ca%*
B cpegie [16,18—-20], uTO, MPeNONOKUTENBHO, MOXET ObITh CBSI-
3aHO C IMOHMKEHHOJ MOABVKHOCTbIO KATMOHOB B COCTaBe dep-
MeHTa Ha (hoHe MOBBIIIEHHOTO CPOJCTBA K CBI3aHHBIM C HUMMU
OCTaTKaM aMMUHOKMUCIIOT.

Bo Bcex paboTax OTMeU€HO, YTO BHE 3aBUCUMMOCTHU OT MPU-
HAJJIESKHOCTM K OIMMCAaHHBIM ceMelicTBaM IoMcaxapui-inas
IUIST BCEX BXOIANIMX B HUX (epPMEHTOB MMeeT MeCTO IOBbIIIe-
HMe aKTMBHOCTY TPU HEKOTOPOM yBEeJIMYEHUM KOHIIEHTpaLuu
Ca* B cpepe. [Ipu 3TOM B paborax [19,23,25,27,29,30] nokasa-
HO, YTO BO3PaCTaHWIO aKTMBHOCTM JIMA3HBIX (DePMEHTOB MOKET
CII0COGCTBOBATD YBEIMUEHME KOHIIEHTPAIVN B Cpejie He TOITbKO
kaTnoHOB Ca%*, Ho u Mg, Mn?, Zn*, Ag*, Cu*" u naxxe Hg*. On-
HaKO Te ke aBTOPbl OTMEYAaloT, UTO MpU MpPeBbIIIeHU HEKOTO-
pPOTO KPUTMUECKOTO 3HaUeHMSI KOHLIEHTpaluy KaTMOHOB B Cpe-
Jle aKTUBHOCTb (hepMeHTa HauMHaeT yObIBAaTh, UTO YKA3bIBAET HA
VHUIIMAIUIO TPOIeCCOB MHIMOUpoBauus (PrcyHok 17).

Takum o6pa3om, MPUCYTCTBME OFHUX U TeX K& KaTMOHOB
B Cpefie MOXET MHUIIMMUPOBATh KaK YCUIEHME aKTUBHOCTU (ep-
MEHTOB, TaK U €€ MHAKTHUBALMI0. DTO XOPOLIO COIVIACYeTCs C Te-
opueli [48] o gBovictBeHHOCTM BimsiHMS (PucyHOK 18). Taxoke Ha
aKTMBHOCTD JIMAa3HbIX (PePMEHTOB MOXKET OKa3bIBaTh BIIMSHUE
MIPUCYTCTBYE B Cpefe MO0 HAKOTIeHMe B Helt B mmpoliecce dep-
MEHTaTUBHOJ peakLyy OTAeNbHbBIX yIieBomoB (Tabuia 1).

B oTHOmeHuM ruaposasHbiX (HepMeHTOB, He COmepyKallux
HATMBHO B COCTaBe CBOEV MOJIEKYJISIPHON CTPYKTYPbl KaTMOHBI
Ca?, B Hacrosilee BpeMsl HET OJHO3HAUHOIO IpefCcTaBIeHMs
O BIMSIHUYM KaTMOHOB Ha KaTJIUTUYECKYI0 aKTMBHOCTh. OmHa-
KO OTHeNbHble MccaenoBaHus [49-51] KoOCBeHHO yKa3bIBalOT Ha
TaKyl0 BO3MOXXHOCTb.

HpOTOHEKTI/IHOBbII‘/II KOMITJIEKC MaTpUKCa KJIE€TOYHBIX CTe-
HOK pacTUTEJIbHOM TKaHU — HaJMOJIEKY/IsIpHAsI CTPYKTYpa,
OIHUM M3 OCHOBHBIX KOMITOHEHTOB KOTOPOJ SIBJISIIOTCS I[eTN
pamMHorasiakTypoHaHa. OH BKJ/IIOUaeT B CBOIf COCTaB He TOJb-
KO TMOJIMITIMKAHOBbI€ CTPYKTYPbI, HO M 3JIEMEHTBI X B3aMMO-
cBsI31, B ToM unciie Ca*'- m Mg?'-, a Takke coneBbie (KOMOM-
HMPOBAHHBIE C KUCJIIOTHBIM OCTaTKOM) MOCTUKM (PucyHok 19).
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PucyHoK 18. [IBOICTBEHHOCTh MHTMOUTOP—-aKTUBATOD

3aBMCUT OT KOHIIeHTpanuu cyocrpara [48]
Figure 18. Inhibitor-activator duality depends on the substrate
concentration [48]
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CnemoBaTesibHO, B Iporecce hepMeHTaTUBHOM parMeHTaI U
MIPOTOTMEKTMHOBOTO KOMILIEKCA JIOKaJbHble KOHIIEHTpaIUu
BBICBOOOXKIAIOMIMXCST KATMOHOB MOTYT ITPEBbIIIATh HEKOTOPbIE
MTOPOTOBbIE 3HAUEHNS.

Ta6nuiia 1. Biusinue pasanvHBIX YIJIEBOIOB
Ha paMHOTa/JIaKTyPOHAaH 3K30-ymas3sl (PL11) [25]

Table 1. Effect of different carbohydrates
on rhamnogalacturonan exo-lyases (PL11) [25]

AKTUBHOCTB, % **
JloGaBiIeHHBIE YIJIEBOABI *

YesW YesX
— 100 100
L-dykosa 108 92
D-ranakrosa 89 104
D-rmroko3a 86 120
D-rmokypoHoBasi kucioTa 117 125
D-manHo3a 117 116
L-pamHo3a 108 124
D-kcnnosa 106 137
D-caxaposa 77 120
D-ranakrypoHoBas kuciaora (GalA) 43 59
2-IIeOKCUTTIOKO3a 73 102
D-rimoxo3aMuH 90 108

* YrieBobl 106aBIEHbI B KOHIEHTpAIUM 5 MM;
** AKTMBHOCTb B BapMaHTax 6e3 yreBofoB IpuHaTa 3a 100%.
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Pucynok 19. CTpyKTypa cBsi3ei MeXAy y4acTKaMu
IMIPOTOIIEKTMHOBOIO KOMIUVIEKCA, & TAK)KE€ HEYPOHUIHBIMU
MMOJIUT/IMKAHOBBIMM KOMIIOHEHTaAMM MaTpUKCa KJI€TOYHOI
CTeHKM pacTUTeNbHOV TKaHu [52,53]

Figure 19. Structure of bonds between sites of the protopectin complex
as well as non-uronide polyglycan components of the cell wall matrix
of plant tissue [52,53]

TakuM 06pasoM, pa3paboTKa MMOAX0Ia K OMpenesieHnI0 He-
00X0AVIMOJi CTENIeHM TTpeaBapUTENIbHOI JeKaTMOHM3ALUNU Cy6-

CTpaTa C MCITIOJIb30BaHMEM KOMIIJIEKCOHA U MOC/IeaymmnmMm ero
yoajleHeM U3 Cpenbl SBJ/ISIETCA aKTya/IbHbIM HallpaBJI€HMEM.

5. BeIBOABI

Bnaromapst mMpoKoOMYy CIieKTpy GU3UKO-XUMUUECKUX, TeX-
HOJIOTMYECKMUX Y OPraHoJIeNTUYeCKUX CBOMCTB, MEKTUHOBbIE
BelllecTBa, HaNpaBAeHHO BblAe/seMble U3 PacTUTEIbHOIO
CBIPbSI, UMEIOT HaMOOIbIINIT TTOTEHIMAJ IPYMEHEHUS B IUIIe-
BOJi U MepepabaThiBalolIeil MPOMBIIIIEHHOCTU CPEAy OCTallb-
HBIX KOMIIOHEHTOB MaTPUKCa KIETOUHBIX CTE€HOK. [T0CKO/IbKY
OCHOBHYI0 (PYHKIIMOHAJIbHYIO Harpy3Ky HECYT TOMOTaaKTypo-
HaHOBbIe (hparMeHTHI MPOTOMEKTMHOBOIO KOMILJIEKCA B COCTa-
Be MMOJMMEPHBIX Iereii paMHOTaJaKTypOHaHa, HallpaBieHHas
6MOTEXHOIOTMYECKas! JeCTPYKIMS JaHHBIX KOMITOHEHTOB TTPO-
TOIEKTVMHOBOIO KOMIUIEKCA C MCIIOJIb30BaHMEM (epMeHTOB
JIMAa3HOTO U TUIPOJIA3HOTO AEICTBUS IIpeacTaBisieT coboii Ha-
ubosee MepCreKTUBHBIN TEXHOMOTUYECKWI TTOAXOM, MpU pas-
paboTke 3G GEKTUBHBIX TEXHOJOTUIl MPOMBIIIIIEHHOTO IIPO-
M3BOJCTBA TEKTMHA. B COOTBETCTBUM C KiaccuduKaumeii o
MexaHu3My (GepMeHTaTMBHONM HeCTPYKIMM OCHOBHOI Iemnu
paMHOTaJIaKTypOHaHa, (hepMeHTbI JIMa3HOTO NeCTBUS TIpeJ-
CTaBJieHbl OBYMSI TPYIIIaMM, a TMIAPOJA3HOTO — YEThIPbMS.
B TO ke BpeMsi, B COOTBETCTBUM C Ki1acCU(pUKaIeii T0 MOJIEKY-
JIIPHO CTPYKTYype, KKObI paccMaTpuBaeMblii BuI GpepMeH-
TOB TIpe/CTaB/ieH YeTbIpbMs ceMeiicTBaMu. [Ipy 3TOM JaHHbIe
KIaccubUKau mepecekarTcsl, U B KaXI0e CeMelCcTBO MO-
KeT BXOAUTh KaK OfHA IpyIa (GepMeHTOB, TaK ¥ HECKOJIbKO.
CnenyeTr yUYUTHIBATh, YTO OCOOEHHOCThIO (PEPMEHTOB JIMA3HO-
ro JeiiCTBUS SIBJISIETCS HelpeMeHHOe TMPUCYTCTBME B OIHOM
WM HeCKOJIbKUX NOoMeHax KaTMoHOB Ca?*, 3a MCKIIUeHMEM
cemeiictBa PL4. KaTMOHBI UTPAIOT POJib CTAGMIN3aTOPOB/PUK-
CaTOPOB TrAIAKTYPOHUIHBIX 3B€HbEB B ITOJIOXKEHNY, GJIATONPH-
SITCTBYIOIIIEM BBITIOIHEHUIO 11€IeBBIMM  aMUHOKUCIOTHBIMMU
OCTaTKaMM aKTUBHBIX CaiiTOB (hepMEHTOB CBOUX KaTaaUTU-
yeckux GYHKIMIA. B cocTaBe ruaponasHbix GepMeHTOB KaTu-
oHbl Ca?* He y4acTBYIOT. Takoe IMOJIOKEeHYe el CITOCOOCTBYeT
YYBCTBUTEIBHOCTU KAaTATUTUYECKON aKTMBHOCTU (pepMeHTOB
JIMAa3HOTO JEeMCTBMUSI K MPUCYTCTBUIO KaTMoHOB Ca®" B cucte-
Me «pepMeHT — cybeTpat». [Ipyu 3TOM CYIIeCTBYeT HEKOTOPBIi
Tpeesl KOHIEHTPAIMY KaTMOHOB, TIPYU MPEBBIIIEHNM KOTOPbIX
OHM HAUMHAKIOT OKa3bIBaTh aHTArOHMUCTUUYECKOE BIMSIHME Ha
aKTUBHOCTb (hepMEHTOB. B oTHOIIEHUY (hepMEHTOB TUIPOIA3-
HOTO [JIeVICTBUSI ONMMCAHHBIX CEMENCTB OJHO3HAaYHOE MHEHMEe
Ha 3TOT CYET OTCYTCTBYyeT. OMHAKO MMelouiuecs: pa3po3HeH-
Hble TaHHbIE IMOKA3bIBAIOT HEHY/IEBYIO BEPOSITHOCTh HaJIMUMS
rpeesia KOHIEHTPpaUyuM KaTUOHOB U ISl TaHHbBIX (EPMEHTOB.
VauThIiBasi 0COGEHHOCTYM COCTaBa M CTPYKTYPbI IPOTOMEKTY-
HOBOTO KOMILIEKCA, & MOJIEKYJIIPHbIE OCOOGEHHOCTY IIeJIEBBIX
(epMeHTOB NMA3HOTO U TUAPOJNA3HOTO AEVCTBUS, TIPU pa3-
paboTKe OMOTEXHOJOTMM IPOMBIIUIEHHOTO IPOM3BOMACTBA
TEeKTUHOBBIX BELIECTB C UCIIOAb30BaHMEM (epMeHTOB Heob-
XOAVIMO MPUHMMATh BO BHMMAaHME BO3MOKHBI MHTMOUPYIO-
it abderr ot mpucyTcTBus KatnoHos Ca? B cucreme. st
9TOTrO 1e71eco06pa3Ho UCCIef0BaTh BO3MOKHOCTD ITPOBeIeHNUS
NpeaBapuUTeNbHOM JeKATUOHMU3AUNY — YaaJeHUS M30bITOUHOI
YacTU KaTMOHOB M3 CUCTEMbI HEMOCPeICTBEHHO Tepen dep-
MeHTaTUBHOI 06paboOTKOIA.

198



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

KonppateHnko B. B. 1 gp. | MALLEBDBIE CUCTEMbI | Tom 6 No 2 | 2023 | C.188-201

BUBJIMOTPA®UYECKUU CIIMCOK

. Konpgparenko, B.B., [Tetpos, A.H., Kongpatenko, T.10. (2022). OcHOBHbIe

[IPE/ICTABJIEHNS] O KMHETHKe (hepMEeHTATUBHBIX IPOLECCOB U TOAXOHAX
K eé onpeeneHuto. Bce o msce, 6, 12-19. https://doi.org/10.21323/2071-
2499-2022-6-12-19

. Shin, Y., Chane, A., Jung, M., Lee, Y. (2021). Recent advances in understand-

ing the roles of pectin as an active participant in plant signaling networks.
Plants, 10(8), Article 1712. https://doi.org/10.3390/plants10081712

. Carpita, N. C., McCann, M. C. (2020). Redesigning plant cell walls for

the biomass-based bioeconomy. Journal of Biological Chemistry, 295(44),
15144-15157. https://doi.org/10.1074/jbc.REV120.014561

. Kaczmarska, A., Pieczywek, P. M., Cybulska, J., Zdunek, A. (2022). Struc-

ture and functionality of Rhamnogalacturonan I in the cell wall and in so-
lution: A review. Carbohydrate Polymers, 278, Article 118909. https://doi.
org/10.1016/j.carbpol.2021.118909

. Majda, M., Robert, S. (2018). The role of Auxin in cell wall expansion.

International Journal of Molecular Sciences, 19(4), Article 951. https://doi.
org/10.3390/ijms 19040951

. Kondratenko, V. V., Kondratenko, T. Yu., Petrov, A. N., Belozerov, G. A.

(2020). Assessing protopectin transformation potential of plant tissue
using a zoned criterion space. Foods and Raw Materials, 8(2), 348—-361.
http://doi.org/10.21603/2308-4057-2020-2-348-361

. Kondratenko, V. V., Kondratenko, T. Yu., Petrov, A. N. (2021). Directed

homoenzymatic fragmentation of the plant protopectin complex: As-
sessment criteria. Foods and Raw Materials, 9(2), 254-261. http://doi.
org/10.21603/2308-4057-2021-2-254-261

. Bengz, J. P., Chau, B. H., Zheng, D., Bauer, S., Glass, N. L., Somerville,

C.R. (2014). A comparative systems analysis of polysaccharide-elicited
responses in Neurospora crassa reveals carbon source-specific cellu-
lar adaptations. Molecular Microbiology, 91(2), 275-299. https://doi.
org/10.1111/mmi.12459

. Konpgparenko, B.B., Konpparenko, T.I0. (2022). MeTomonornueckuit

MOAXOM K OIMpeNeNeHnI0 MoCIef0BaTeIbHOCTU (hepMeHTOB Iyis dpar-
MEeHTaIVM TOJIMIVIMKAaHOBOIO KOMILIEKCA PACTUTENbHOI TKaHU. XpaHe-
Hue u nepepabomxa cenwvxo3cuipws, 4, 85-101. https://doi.org/10.36107/
spfp.2022.366

ITetpos, A.H., Koaapatenko, T.10. (2022). O BBefeHMM MPUHIIUIIA HACI-
IAIOIe} TOTIOTHUTENbHOCTH (hePMEHTATUBHOTO MPOI[eCca B METOLOJO-
I'MI0 ITy6OKOIi IIepepaboTKM PaCTUTEIBHOTO ChIPhs. XpaHeHue u nepepa-
bomxa cenvxo3colpbs, 3, 93-108. https://doi.org/10.36107/spfp.2022.365
Kanungo, A., Bag, B. P. (2019). Structural insights into the molecular
mechanisms of pectinolytic enzymes. Journal of Proteins and Proteomics,
10, 325-344. https://doi.org/10.1007/s42485-019-00027-5

Lombard, V., Bernard, T., Rancurel, C., Brumer, H., Coutinho, P. M.,
Henrissat, B. (2010). A hierarchical classification of polysaccharide ly-
ases for glycogenomics. Biochemical Journal, 432(3), 437-444. https://doi.
org/10.1042/BJ20101185

Webb, E. C. (ed.) (1992). Enzyme Nomenclature 1992: Recommendations
of the Nomenclature Committee of the International Union of Biochem-
istry and Molecular Biology and the Nomenclature and Classification of
Enzymes. Washington: Academic Press, 1992.

International Union of Biochemistry and Molecular Biology. (2022). Ram-
nosylgalacturan Degradation. Retrieved from https://iubmb.qmul.ac.uk/
enzyme/reaction/polysacc/RhaGalA.html. Accessed September 14, 2022.
Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V.,
Henrissat, B. (2009). The Carbohydrate-Active EnZymes database (CAZy):
an expert resource for Glycogenomics. Nucleic Acids Research, 37, D233—
D238. https://doi.org/10.1093/nar/gkn663

Laatu, M., Condemine, G. (2003). Rhamnogalacturonate lyase RhiE is se-
creted by the out system in Erwinia chrysanthemi. Journal of Bacteriology,
185(5), 1642-1649. https://doi.org/10.1128/JB.185.5.1642-1649.2003
McDonough, M. A., Kadirvelraj, R., Harris, P., Poulsen, J.-C.N, Larsen, S.
(2004). Rhamnogalacturonan lyase reveals a unique three-domain mod-
ular structure for polysaccharide lyase family 4. FEBS Letters, 565(1-3),
188-194. https://doi.org/10.1016/j.febslet.2004.03.094

Jensen, M. H., Otten, H., Christensen, U., Borchert, T. V., Chris-
tensen, L. L. H., Larsen, S. et al. (2010). Structural and biochemical studies
elucidate the mechanism of Rhamnogalacturonan Lyase from Aspergil-
lus aculeatus. Journal of Molecular Biology, 404(1), 100-111. https://doi.
0rg/10.1016/j.jmb.2010.09.013

Iwai, M., Yamada, H., Ikemoto, T., Matsumoto, S., Fujiwara, D., Takenaka,
S. et al. (2015). Biochemical characterization and overexpression of an
Endo-rhamnogalacturonan Lyase from Penicillium chrysogenum. Mo-
lecular Biotechnology, 57(6), 539-548. https://doi.org/10.1007/s12033—
015-9847-4

Morales-Quintana, L., Ramos, P., Méndez-Yanez, A. (2022). Rhamnoga-
lacturonan Endolyase family 4 enzymes: An update on their importance
in the fruit ripening process. Horticulturae, 8(5), Article 465. https://doi.
org/10.3390/horticulturae8050465

Jenkins, J., Shevchik, V. E., Hugouvieux-Cotte-Pattat, N., Pickersgil, R. W.
(2004). The crystal structure of Pectate Lyase Pel9A from Erwinia chrysan-
themi. The Journal of Biological Chemistry, 279(10),9139-9145. https://doi.
org/10.1074/jbc.M311390200

Luis, A. S., Briggs, J., Zhang, X., Farnell, B., Ndeh, D., Labourel, A. et al.
(2018). Dietary pectic glycans are degraded by coordinated enzyme path-

199

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

ways in human colonic Bacteroides. Nature Microbiology, 3(2), 210-219.
https://doi.org/10.1038/s41564-017-0079-1

Yuan, Y., Zhang, X.-Y., Zhao, Y., Zhang, H., Zhou, Y.-F., Gao, J. (2019).
A novel PL9 Pectate Lyase from Paenibacillus polymyxa KF-1: Cloning,
expression, and its application in pectin degradation. International Jour-
nal of Molecular Sciences, 20(12), Article 3060. https://doi.org/10.3390/
ijms20123060

McKie, V. A., Vincken, ]. P., Voragen, A. G., van den Broek, L. A., Stim-
son, E., Gilbert, H. J. (2001). A new family of rhamnogalacturonan lyases
contains an enzyme that binds to cellulose. Biochemical Journal, 355(Pt1),
167-177. https://doi.org/10.1042/bj3550167

Ochiai, A., Itoh, T., Kawamata, A., Hashimoto, W., Murata, K. (2007). Plant
cell wall degradation by saprophytic Bacillus subtilis strains: gene clus-
ters responsible for rhamnogalacturonan depolymerization. Applied and
Environmental Microbiology, 73(12), 3803-3813. https://doi.org/10.1128/
aem.00147-07

Ochiai, A., Itoh, T., Maruyama, Y., Kawamata, A., Mikami, B., Hashimoto,
W. et al. (2007). A novel structural Fold in Polysaccharide Lyases: Bacillus
subtilis family 11 rhamnogalacturonan lyase YesW with an eight-blad-
ed B-propeller. Journal of Biological Chemistry, 282(51), 37134-37145.
https://doi.org/10.1074/jbc.M704663200

Silva, L. R., Larsen, D. M., Meyer, A. S., Mikkelsen, J. D. (2011). Identifi-
cation, expression, and characterization of a novel bacterial RGI ly-
ase enzyme for the production of bio-functional fibers. Enzyme and
Microbial Technology, 49(2), 160-166. https://doi.org/10.1016/j.en-
zmictec.2011.04.015

Silva, I. R., Jers, C., Otten, H., Nyffenegger, C., Larsen, D. M., Derkx, P. M. F.
et al. (2014). Design of thermostable rhamnogalacturonan lyase mu-
tants from Bacillus licheniformis by combination of targeted single
point mutations. Applied Microbiology and Biotechnology, 98, 4521-4531.
https://doi.org/10.1007/s00253-013-5483-8

Dhillon, A., Fernandes, V. O., Dias, F. M. V., Prates, ]. A. M., Ferreira, L. M. A.,
Fontes, C. M. G. A. et al. (2016). Anew member of family 11 Polysaccharide
Lyase, Rhamnogalacturonan Lyase (CtRGLf) from Clostridium thermocel-
lum. Molecular Biotechnology, 58(4), 232-240. https://doi.org/10.1007/
$12033-016-9921-6

Wang, W., Wang, Y., Yi, H., Liu, Y., Zhang, G., Zhang, L. et al. (2022).
Biochemical characterization of two Rhamnogalacturonan Lyases
from Bacteroides ovatus ATCC8483 with preference for RG-I substrates.
Frontiers in Microbiology, 12, Article 799875. https://doi.org/10.3389/
fmicb.2021.799875

Kunishige, Y., Iwai, M., Nakazawa, M., Ueda, M., Tada, T., Nishimura, S. et
al. (2018). Crystal structure of exo-rhamnogalacturonan lyase from Peni-
cillium chrysogenum as a member of polysaccharide lyase family 26. FEBS
Letters, 592(8), 1378-1388. https://doi.org/10.1002/1873-3468.13034
Kofod, L. V., Kauppinen, S., Christgau, S., Andersen, L. N., Heldt-Hansen,
H. P., Dorreich, K. et al. (1994). Cloning and characterization of two struc-
turally and functionally divergent rhamnogalacturonases from Aspergil-
lus aculeatus. The Journal of Biological Chemistry, 269(46), 29182-29189.
https://doi.org/10.1016/S0021-9258(19)62028-4

Suykerbuyk, M. E., Kester, H. C., Schaap, P. J., Stam, H., Musters, W.,
Visser, J. (1997). Cloning and characterization of two rhamnogalacturo-
nan hydrolase genes from Aspergillus niger. Applied and Environmental
Microbiology, 63(7), 2507-2515. https://doi.org/10.1128/aem.63.7.2507—
2515.1997

Petersen, T. N., Kauppinen, S., Larsen, S. (1997). The crystal structure of
rhamnogalacturonase A from Aspergillus aculeatus: a right-handed par-
allel beta helix. Structure, 5(4), 533-544. https://doi.org/10.1016/S0969—
2126(97)00209-8

Fu, ., Prade, R., Mort, A. (2001). Expression and action pattern of Botryo-
tinia fuckeliana (Botrytis cinerea) rhamnogalacturonan hydrolase in Pichia
pastoris. Carbohydrate Research, 330(1), 73-81. https://doi.org/10.1016/
$0008-6215(00)00268-8

Cui, Z., Maruyama, Y., Mikami, B., Hashimoto, W., Murata, K. (2007).
Crystal structure of glycoside hydrolase family 78 a-L-Rhamnosidase
from Bacillus sp. GL1. Journal of Molecular Biology, 374(2), 384-398.
https://doi.org/10.1016/j.jmb.2007.09.003

Matsumoto, S., Yamada, H., Kunishige, Y., Takenaka, S., Nakazawa, M.,
Ueda, M. et al. (2017). Identification of a novel Penicillium chrysogenum
rhamnogalacturonan rhamnohydrolase and the first report of a rhamno-
galacturonan rhamnohydrolase gene. Enzyme and Microbial Technology,
98, 76-85. https://doi.org/10.1016/j.enzmictec.2016.12.008

Shrivastava, S. (2020). Introduction to glycoside hydrolases: Classifica-
tion, identification and occurrence. Chapter in a book: Industrial Appli-
cations of Glycoside Hydrolases. Singapore: Springer, 2020. https://doi.
org/10.1007/978-981-15-4767-6_1

Itoh, T., Ochiai, A., Mikami, B., Hashimoto, W., Murata, K. (2006). Struc-
ture of unsaturated rhamnogalacturonyl hydrolase complexed with sub-
strate. Biochemical and Biophysical Research Communications, 347(4),
1021-1029. https://doi.org/10.1016/j.bbrc.2006.07.034

Ndeh, D., Rogowski, A., Cartmell, A., Luis, A. S., Baslé, A., Gray, J. et al.
(2017). Complex pectin metabolism by gut bacteria reveals novel cata-
lytic functions. Nature, 544(7648), 65-70. https://doi.org/10.1038/na-
ture21725


https://doi.org/10.1074/jbc.REV120.014561
https://doi.org/10.1016/j.carbpol.2021.118909
https://doi.org/10.1016/j.carbpol.2021.118909
http://doi.org/10.21603/2308-4057-2020-2-348-361
http://doi.org/10.21603/2308-4057-2021-2-254-261
http://doi.org/10.21603/2308-4057-2021-2-254-261
https://doi.org/10.1111/mmi.12459
https://doi.org/10.1111/mmi.12459
https://doi.org/10.36107/spfp.2022.365
https://doi.org/10.1007/s42485-019-00027-5
https://doi.org/10.1042/BJ20101185
https://doi.org/10.1042/BJ20101185
https://iubmb.qmul.ac.uk/enzyme/reaction/polysacc/RhaGalA.html
https://iubmb.qmul.ac.uk/enzyme/reaction/polysacc/RhaGalA.html
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.1128/JB.185.5.1642-1649.2003
https://doi.org/10.1016/j.febslet.2004.03.094
https://doi.org/10.1016/j.jmb.2010.09.013
https://doi.org/10.1016/j.jmb.2010.09.013
https://doi.org/10.1007/s12033-015-9847-4
https://doi.org/10.1007/s12033-015-9847-4
https://doi.org/10.3390/horticulturae8050465
https://doi.org/10.3390/horticulturae8050465
https://doi.org/10.1074/jbc.M311390200
https://doi.org/10.1074/jbc.M311390200
https://doi.org/10.1038/s41564-017-0079-1
https://doi.org/10.3390/ijms20123060
https://doi.org/10.3390/ijms20123060
https://doi.org/10.1042/bj3550167
https://doi.org/10.1128/aem.00147-07
https://doi.org/10.1128/aem.00147-07
https://doi.org/10.1074/jbc.M704663200
https://doi.org/10.1016/j.enzmictec.2011.04.015
https://doi.org/10.1016/j.enzmictec.2011.04.015
https://doi.org/10.1007/s00253-013-5483-8
https://doi.org/10.1007/s12033-016-9921-6
https://doi.org/10.1007/s12033-016-9921-6
https://doi.org/10.3389/fmicb.2021.799875
https://doi.org/10.3389/fmicb.2021.799875
https://doi.org/10.1002/1873-3468.13034
https://doi.org/10.1016/S0021-9258(19)62028-4
https://doi.org/10.1128/aem.63.7.2507-2515.1997
https://doi.org/10.1128/aem.63.7.2507-2515.1997
https://doi.org/10.1016/S0969-2126(97)00209-8
https://doi.org/10.1016/S0969-2126(97)00209-8
https://doi.org/10.1016/s0008-6215(00)00268-8
https://doi.org/10.1016/s0008-6215(00)00268-8
https://doi.org/10.1016/j.jmb.2007.09.003
https://doi.org/10.1016/j.enzmictec.2016.12.008
https://doi.org/10.1007/978-981-15-4767-6_1
https://doi.org/10.1007/978-981-15-4767-6_1
https://doi.org/10.1016/j.bbrc.2006.07.034
https://doi.org/10.1038/nature21725
https://doi.org/10.1038/nature21725

Kondratenko V. V. et al. | FOOD SYSTEMS | Volume 6 No 2 | 2023 | pp. 188-201

41.

42.

43.

45.

46.

47.

10.

11.

12.

13.

14.

15.

Labourel, A., Baslé, A., Munoz-Munoz, J., Ndeh, D., Booth, S., Nepogodiev,
S.A. et al.. (2019). Structural and functional analyses of glycoside hydro-
lase 138 enzymes targeting chain A galacturonic acid in the complex
pectin thamnogalacturonan II. Journal of Biological Chemistry, 294(19),
7711-7721. https://doi.org/10.1074/jbc.ra118.006626

Ochoa-Jiménez, V.-A., Berumen-Varela, G., Fernandez-Valle, R., Tiznado-
Hernandez, M.-E. (2018). Rhamnogalacturonan Lyase: A pectin modifica-
tion enzyme of higher plants. Emirates Journal of Food and Agriculture,
30(11),910-917. https://doi.org/10.9755/ejfa.2018.v30.i11.1858

van den Brink, J., de Vries, R.P. (2011). Fungal enzyme sets for plant poly-
saccharide degradation. Applied Microbiology and Biotechnology, 91(6),
1477-1492. https://doi.org/10.1007/s00253-011-3473-2

. Silva, I. R, Jers, C., Meyer, A. S., Mikkelsen, J. D. (2016). Rhamnogalactu-

Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V.,
Henrissat, B. (2009). The Carbohydrate-Active EnZymes database (CAZy):
an expert resource for Glycogenomics. Nucleic Acids Research, 37, D233—
D238. https://doi.org/10.1093/nar/gkn663

48.

49.

50.

200

ases for glycogenomics. Biochemical Journal, 432(3), 437-444. https://doi.
org/10.1042/BJ20101185

Robin, T., Reuveni, S., Urbakh, M. (2018). Single-molecule theory of en-
zymatic inhibition. Nature Communications, 9, Article 779. https://doi.
org/10.1038/s41467-018-02995-6

Furusawa, G., Azami, N. A., Teh, A.-H. (2021). Genes for degradation and
utilization of uronic acid-containing polysaccharides of a marine bac-
terium Catenovulum sp. CCB-QB4. Peer], 9, Article e10929. http://doi.
org/10.7717/peerj.10929

O’Neill, E. C., Stevenson, C. E.M., Paterson, M. J., Rejzek, M., Chauvin, A.-L.,
Lawson, D. M. et al. (2015). Crystal structure of a novel two domain GH78
family a-rhamnosidase from Kilebsiella oxytoca with thamnose bound.
Proteins, 83(9), 1742—1749. https://doi.org/10.1002/prot.24807

ronan I modifying enzymes: an update. New Biotechnology, 33(1), 41-54. 51. Fujimoto, Z., Jackson, A., Michikawa, M., Maehara, T., Momma, M.,
https://doi.org/10.1016/j.nbt.2015.07.008 Henrissat, B. et al. (2013). The structure of a Streptomyces avermitilis
Samanta, S. (2019). Microbial pectinases: A review on molecular a-L-rhamnosidase reveals a novel carbohydrate-binding module CBM67
and biotechnological perspectives. Journal of Microbiology, Biotech- within the six-domain arrangement. The Journal of Biological Chemistry,
nology and Food Sciences, 9(2), 248-266. https://doi.org/10.15414/ 288(17), 12376—12385. https://doi.org/10.1074/jbc.M113.460097
jmbfs.2019.9.2.248-266 52. Joslyn, M. A. (1963). The chemistry of protopectin: A critical review of
Méndez-Yanez, A., Gonzalez, M., Carrasco-Orellana, C., Herrera, R., historical data and recent developments. Advances in Food Research, 11,
Moya-Ledn, M. A. (2020). Isolation of a rhamnogalacturonan lyase ex- 1-107. https://doi.org/10.1016/S0065-2628(08)60064—-6
pressed during ripening of the Chilean strawberry fruit and its biochemi- 53. Henglein, F. A. (1958). Die Uron- und Polyuronsduren (Pektin und Algin-
cal characterization. Plant Physiology and Biochemistry, 146, 411-419. sdure). Chapter in a book: Aufbau Speicherung Mobilisierung und Umbil-
https://doi.org/10.1016/j.plaphy.2019.11.041 dung der Kohlenhydrate. Handbuch der Pflanzenphysiologie, V.6. Berlin,
Lombard, V., Bernard, Th., Rancurel, C., Brumer, H., Coutinho, P.M., Heidelberg: Springer, 1958. https://doi.org/10.1007/978-3-642-94731-
Henrissat, B. (2010). A hierarchical classification of polysaccharide ly- 5_18 (In German)
REFERENCES
. Kondratenko, V. V., Petrov, A. N., Kondratenko, T. Yu. (2022). Basic no- 16. Laatu, M., Condemine, G. (2003). Rhamnogalacturonate lyase RhiE is se-
tions for kinetics of enzymatic processes and approaches to its deter- creted by the out system in Erwinia chrysanthemi. Journal of Bacteriology,
mination. Vsyo o Myase, 6, 12—19. https://doi.org/10.21323/2071-2499- 185(5), 1642-1649. https://doi.org/10.1128/]B.185.5.1642-1649.2003
2022-6-12-19 (In Russian) 17. McDonough, M. A., Kadirvelraj, R., Harris, P., Poulsen, J. -C.N., Larsen, S.
. Shin, Y., Chane, A., Jung, M., Lee, Y. (2021). Recent advances in un- (2004). Rhamnogalacturonan lyase reveals a unique three-domain mod-
derstanding the roles of pectin as an active participant in plant sig- ular structure for polysaccharide lyase family 4. FEBS Letters, 565(1-3),
naling networks. Plants, 10(8), Article 1712. https://doi.org/10.3390/ 188-194. https://doi.org/10.1016/j.febslet.2004.03.094
plants10081712 18. Jensen, M. H., Otten, H., Christensen, U., Borchert, T. V., Christensen, L.
. Carpita, N. C., McCann, M. C. (2020). Redesigning plant cell walls for L. H., Larsen, S. et al. (2010). Structural and biochemical studies eluci-
the biomass-based bioeconomy. Journal of Biological Chemistry, 295(44), date the mechanism of Rhamnogalacturonan Lyase from Aspergillus
15144-15157. https://doi.org/10.1074/jbc.REV120.014561 aculeatus. Journal of Molecular Biology, 404(1), 100-111. https://doi.
. Kaczmarska, A., Pieczywek, P. M., Cybulska, J., Zdunek, A. (2022). Struc- org/10.1016/j.jmb.2010.09.013
ture and functionality of Rhamnogalacturonan I in the cell wall and in so- 19. Iwai, M., Yamada, H., Ikemoto, T., Matsumoto, S., Fujiwara, D., Takenaka, S.
lution: A review. Carbohydrate Polymers, 278, Article 118909. https://doi. et al. (2015). Biochemical characterization and overexpression of an Endo-
org/10.1016/j.carbpol.2021.118909 rhamnogalacturonan Lyase from Penicillium chrysogenum. Molecular Bio-
. Majda, M., Robert, S. (2018). The role of Auxin in cell wall expansion. technology, 57(6), 539-548. https://doi.org/10.1007/s12033-015-9847-4
International Journal of Molecular Sciences, 19(4), Article 951. https://doi. 20. Morales-Quintana, L., Ramos, P., Méndez-Yéanez, A. (2022). Rhamnoga-
org/10.3390/ijms 19040951 lacturonan Endolyase family 4 Enzymes: An update on their importance
. Kondratenko, V. V., Kondratenko, T. Yu., Petrov, A. N., Belozerov, G. A. in the fruit ripening process. Horticulturae, 8(5), Article 465. https://doi.
(2020). Assessing protopectin transformation potential of plant tissue org/10.3390/horticulturae8050465
using a zoned criterion space. Foods and Raw Materials, 8(2), 348-361. 21. Jenkins, J., Shevchik, V. E., Hugouvieux-Cotte-Pattat, N., Pickersgil, R. W.
http://doi.org/10.21603/2308-4057-2020-2-348-361 (2004). The Crystal Structure of Pectate Lyase Pel9A from Erwinia
. Kondratenko, V. V., Kondratenko, T. Yu., Petrov, A. N. (2021). Directed chrysanthemi. The Journal of Biological Chemistry, 279(10), 9139-9145.
homoenzymatic fragmentation of the plant protopectin complex: As- https://doi.org/10.1074/jbc.M311390200
sessment criteria. Foods and Raw Materials, 9(2), 254-261. http://doi. 22. Luis, A. S., Briggs, J., Zhang, X., Farnell, B., Ndeh, D., Labourel, A. et al.
org/10.21603/2308-4057-2021-2-254-261 (2018). Dietary pectic glycans are degraded by coordinated enzyme path-
. Bengz, J. P,, Chau, B. H., Zheng, D., Bauer, S., Glass, N. L., Somerville, ways in human colonic Bacteroides. Nature Microbiology, 3(2), 210-219.
C.R. (2014). A comparative systems analysis of polysaccharide-elicited https://doi.org/10.1038/s41564-017-0079-1
responses in Neurospora crassa reveals carbon source-specific cellu- 23. Yuan, Y., Zhang, X.-Y., Zhao, Y., Zhang, H., Zhou, Y.-F., Gao, J. (2019).
lar adaptations. Molecular Microbiology, 91(2), 275-299. https://doi. A novel PL9 Pectate Lyase from Paenibacillus polymyxa KF-1: Cloning,
org/10.1111/mmi.12459 expression, and its application in pectin degradation. International Jour-
. Kondratenko, V.V., Kondratenko, T. Yu. (2022). Methodological approach nal of Molecular Sciences, 20(12), Article 3060. https://doi.org/10.3390/
to determine the sequence of enzymes for plant tissue polyglycan com- ijms20123060
plex fragmentation. Storage and Processing of Farm Products, 4, 85-101. 24. McKie, V. A., Vincken, J. P., Voragen, A. G., van den Broek, L. A., Stim-
https://doi.org/10.36107/spfp.2022.366 (In Russian) son, E., Gilbert, H. J. (2001). A new family of rhamnogalacturonan lyases
Petrov, A.N., Kondratenko, T. Yu. (2022). Introduction the principle of contains an enzyme that binds to cellulose. Biochemical Journal, 355(Pt1),
saturation additionality for enzymatic process into the methodology of 167-177. https://doi.org/10.1042/bj3550167
plants raw materials complete processing. Storage and Processing of Farm 25. Ochiai, A., Itoh, T., Kawamata, A., Hashimoto, W., Murata, K. (2007). Plant
Products, 3,93-108. https://doi.org/10.36107/spfp.2022.365 (In Russian) cell wall degradation by saprophytic Bacillus subtilis strains: gene clus-
Kanungo, A., Bag, B. P. (2019). Structural insights into the molecular ters responsible for rhamnogalacturonan depolymerization. Applied and
mechanisms of pectinolytic enzymes. Journal of Proteins and Proteomics, Environmental Microbiology, 73(12), 3803-3813. https://doi.org/10.1128/
10, 325-344. https://doi.org/10.1007/s42485-019-00027-5 aem.00147-07
Lombard, V., Bernard, T., Rancurel, C., Brumer, H., Coutinho, P. M., 26. Ochiai, A., Itoh, T., Maruyama, Y., Kawamata, A., Mikami, B., Hashimoto,
Henrissat, B. (2010). A hierarchical classification of polysaccharide ly- W. et al. (2007). A novel structural fold in Polysaccharide Lyases: Bacillus
ases for glycogenomics. Biochemical Journal, 432(3), 437-444. https://doi. subtilis family 11 rhamnogalacturonan lyase YesW with an eight-blad-
org/10.1042/BJ20101185 ed B-propeller. Journal of Biological Chemistry, 282(51), 37134-37145.
Webb, E. C. (ed.) (1992). Enzyme Nomenclature 1992: Recommendations https://doi.org/10.1074/jbc.M704663200
of the Nomenclature Committee of the International Union of Biochem- 27. Silva, I. R., Larsen, D. M., Meyer, A. S., Mikkelsen, J. D. (2011). Identifi-
istry and Molecular Biology and the Nomenclature and Classification of cation, expression, and characterization of a novel bacterial RGI ly-
Enzymes. Washington: Academic Press, 1992. ase enzyme for the production of bio-functional fibers. Enzyme and
International Union of Biochemistry and Molecular Biology. (2022). Ram- Microbial Technology, 49(2), 160-166. https://doi.org/10.1016/j.en-
nosylgalacturan Degradation. Retrieved from https://iubmb.qmul.ac.uk/ zmictec.2011.04.015
enzyme/reaction/polysacc/RhaGalA.html. Accessed September 14, 2022. 28. Silva, I. R., Jers, C., Otten, H., Nyffenegger, C., Larsen, D. M.,

Derkx, P. M. F. et al. (2014). Design of thermostable rhamnogalacturo-
nan lyase mutants from Bacillus licheniformis by combination of tar-
geted single point mutations. Applied Microbiology and Biotechnology, 98,
4521-4531. https://doi.org/10.1007/s00253-013-5483-8


https://doi.org/10.1074/jbc.ra118.006626
https://doi.org/10.9755/ejfa.2018.v30.i11.1858
https://doi.org/10.1007/s00253-011-3473-2
https://doi.org/10.1016/j.nbt.2015.07.008
https://doi.org/10.15414/jmbfs.2019.9.2.248-266
https://doi.org/10.15414/jmbfs.2019.9.2.248-266
https://doi.org/10.1016/j.plaphy.2019.11.041
https://doi.org/10.1042/BJ20101185
https://doi.org/10.1042/BJ20101185
https://doi.org/10.1038/s41467-018-02995-6
https://doi.org/10.1038/s41467-018-02995-6
https://doi.org/10.1016/S0065-2628(08)60064-6
https://doi.org/10.1007/978-3-642-94731-5_18
https://doi.org/10.1007/978-3-642-94731-5_18
https://doi.org/10.21323/2071-2499-2022-6-12-19
https://doi.org/10.21323/2071-2499-2022-6-12-19
https://doi.org/10.1074/jbc.REV120.014561
https://doi.org/10.1016/j.carbpol.2021.118909
https://doi.org/10.1016/j.carbpol.2021.118909
http://doi.org/10.21603/2308-4057-2020-2-348-361
http://doi.org/10.21603/2308-4057-2021-2-254-261
http://doi.org/10.21603/2308-4057-2021-2-254-261
https://doi.org/10.1111/mmi.12459
https://doi.org/10.1111/mmi.12459
https://doi.org/10.36107/spfp.2022.365
https://doi.org/10.1007/s42485-019-00027-5
https://doi.org/10.1042/BJ20101185
https://doi.org/10.1042/BJ20101185
https://iubmb.qmul.ac.uk/enzyme/reaction/polysacc/RhaGalA.html
https://iubmb.qmul.ac.uk/enzyme/reaction/polysacc/RhaGalA.html
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.1128/JB.185.5.1642-1649.2003
https://doi.org/10.1016/j.febslet.2004.03.094
https://doi.org/10.1016/j.jmb.2010.09.013
https://doi.org/10.1016/j.jmb.2010.09.013
https://doi.org/10.1007/s12033-015-9847-4
https://doi.org/10.3390/horticulturae8050465
https://doi.org/10.3390/horticulturae8050465
https://doi.org/10.1074/jbc.M311390200
https://doi.org/10.1038/s41564-017-0079-1
https://doi.org/10.3390/ijms20123060
https://doi.org/10.3390/ijms20123060
https://doi.org/10.1042/bj3550167
https://doi.org/10.1128/aem.00147-07
https://doi.org/10.1128/aem.00147-07
https://doi.org/10.1074/jbc.M704663200
https://doi.org/10.1016/j.enzmictec.2011.04.015
https://doi.org/10.1016/j.enzmictec.2011.04.015
https://doi.org/10.1007/s00253-013-5483-8

KonppateHnko B. B. 1 gp. | MALLEBDBIE CUCTEMbI | Tom 6 No 2 | 2023 | C.188-201

29. Dhillon, A., Fernandes, V. O., Dias, F. M. V., Prates, ]. A. M., Ferreira, L. M. A.,
Fontes, C. M. G. A. et al. (2016). A new member of family 11 Polysaccharide
Lyase, Rhamnogalacturonan Lyase (CtRGLf) from Clostridium thermocel-
lum. Molecular Biotechnology, 58(4), 232-240. https://doi.org/10.1007/
$12033-016-9921-6

Wang, W., Wang, Y., Yi, H., Liu, Y., Zhang, G., Zhang, L. et al. (2022).
Biochemical characterization of two Rhamnogalacturonan Lyases
from Bacteroides ovatus ATCC8483 with preference for RG-I substrates.
Frontiers in Microbiology, 12, Article 799875. https://doi.org/10.3389/
fmicb.2021.799875

Kunishige, Y., Iwai, M., Nakazawa, M., Ueda, M., Tada, T., Nishimura, S. et
al. (2018). Crystal structure of exo-rhamnogalacturonan lyase from Peni-
cillium chrysogenum as a member of polysaccharide lyase family 26. FEBS
Letters, 592(8), 1378-1388. https://doi.org/10.1002/1873-3468.13034
Kofod, L. V., Kauppinen, S., Christgau, S., Andersen, L. N., Heldt-Hansen,
H. P., Dorreich, K. et al. (1994). Cloning and characterization of two struc-
turally and functionally divergent rhamnogalacturonases from Aspergil-
lus aculeatus. The Journal of Biological Chemistry, 269(46), 29182-29189.
https://doi.org/10.1016/S0021-9258(19)62028-4

Suykerbuyk, M. E., Kester, H. C., Schaap, P.]., Stam, H., Musters, W., Visser,
J. (1997). Cloning and characterization of two rhamnogalacturonan hydro-
lase genes from Aspergillus niger. Applied and Environmental Microbiology,
63(7), 2507-2515. https://doi.org/10.1128/aem.63.7.2507-2515.1997
Petersen, T. N., Kauppinen, S., Larsen, S. (1997). The crystal structure of
rhamnogalacturonase A from Aspergillus aculeatus: a right-handed par-
allel beta helix. Structure, 5(4), 533-544. https://doi.org/10.1016/S0969—
2126(97)00209-8

Fu,J., Prade, R., Mort, A. (2001). Expression and action pattern of Botryo-
tinia fuckeliana (Botrytis cinerea) rhamnogalacturonan hydrolase in Pichia
pastoris. Carbohydrate Research, 330(1), 73-81. https://doi.org/10.1016/
s0008-6215(00)00268-8

Cui, Z., Maruyama, Y., Mikami, B., Hashimoto, W., Murata, K. (2007). Crys-
tal structure of glycoside hydrolase family 78 o-L-Rhamnosidase from
Bacillus sp. GL1. Journal of Molecular Biology, 374(2), 384-398. https://doi.
org/10.1016/j.jmb.2007.09.003

Matsumoto, S., Yamada, H., Kunishige, Y., Takenaka, S., Nakazawa, M.,
Ueda, M. et al. (2017). Identification of a novel Penicillium chrysogenum
rhamnogalacturonan rhamnohydrolase and the first report of a rhamno-
galacturonan rhamnohydrolase gene. Enzyme and Microbial Technology,
98, 76-85. https://doi.org/10.1016/j.enzmictec.2016.12.008

Shrivastava, S. (2020). Introduction to glycoside hydrolases: Classifica-
tion, identification and occurrence. Chapter in a book: Industrial Appli-
cations of Glycoside Hydrolases. Singapore: Springer, 2020. https://doi.
0rg/10.1007/978-981-15-4767-6_1

Itoh, T., Ochiai, A., Mikami, B., Hashimoto, W., Murata, K. (2006). Struc-
ture of unsaturated rhamnogalacturonyl hydrolase complexed with sub-
strate. Biochemical and Biophysical Research Communications, 347(4),
1021-1029. https://doi.org/10.1016/j.bbrc.2006.07.034

Ndeh, D., Rogowski, A., Cartmell, A., Luis, A. S., Baslé, A., Gray, J. et al.
(2017). Complex pectin metabolism by gut bacteria reveals novel cata-
lytic functions. Nature, 544(7648), 65-70. https://doi.org/10.1038/na-
ture21725

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

CBEJEHUVS OB ABTOPAX
TIpuHAAIEKHOCTh K OPraHM3aun

KonzgpateHko Bragumup BraaumupoBuu — KaHIMIAT TEXHUUYECKUX HAYK,
IOIIeHT, CTAPLIUII HAYYHbIN COTPYAHMK, Ta60PATOPUSI TEXHOIOTUU MOJIOYHO-
6eTKOBBIX KOHIIEHTPATOB, MUIIEBBIX T06ABOK M MPOM3BOACTBA MPOAYKTOB Ha
X OCHOBe, Bcepoccuiickuii HayqYHO-MCCIeJ0BaTeIbCKMIi MHCTUTYT MOJIOYHOM
TIPOMBIIIJIEHHOCTU

115093, MockBa, yi1. JllocuHOBCKas, 35/7

Ten.: +7-916-328-61-03

E-mail: v_kondratenko@vnimi.ru

ORCID: https://orcid.org/0000-0002-0913-5644

* aBTOP JJ1sI KOHTaKTOB

Kongpatenko TarbssHa HOpbeBHa — crapuiiii Hay4dHbIil COTPYOHMUK, 1a60-
paToOpus TEXHOTIOTMY MUIIEBBIX CUCTEM OOIIEro M CHenyaa3MpPOBAaHHOTO Ha-
3HaueHMsl, Bcepoccuiickuii HayYHO-MCCIe0BATENbCKUIT MHCTUTYT TEXHOIOTUU
KOHCepBMPOBAHUS

142703, Poccust, MockoBcKast 0671aCTb, I. BunHoe, yi1. [lkonbHast, 78

Ten.: +7-985-445-76-23

E-mail: t.kondratenko@fncps.ru

ORCID: https://orcid.org/0000-0001-8237-0774

Kpurepun aBropcrsa

ABTOpr B PaBHBIX OOJISIX MMEIOT OTHOILI€HME K HaIlMCaHWIO
PYKOIIMCU U OAMHAKOBO HECYT OTBETCTBEHHOCTD 3a Iiarmart.

KoHdnukT nHTEpecoB

ABTODBI 3aSIBIISIIOT 06 OTCYTCTBMM KOHQIIVIKTA HTEPECOB.

41. Labourel, A., Baslé, A., Munoz-Munoz, ., Ndeh, D., Booth, S., Nepogo-
diev, S.A. et al. (2019). Structural and functional analyses of glycoside hy-
drolase 138 enzymes targeting chain A galacturonic acid in the complex
pectin rhamnogalacturonan II. Journal of Biological Chemistry, 294(19),
7711-7721. https://doi.org/10.1074/jbc.ra118.006626

Ochoa-Jiménez, V.-A., Berumen-Varela, G., Ferndndez-Valle, R., Tiznado-
Herndndez, M.-E. (2018). Rhamnogalacturonan Lyase: A Pectin modifica-
tion enzyme of higher plants. Emirates Journal of Food and Agriculture,
30(11), 910-917. https://doi.org/10.9755/ejfa.2018.v30.i111.1858

van den Brink, J., de Vries, R.P. (2011). Fungal enzyme sets for plant poly-
saccharide degradation. Applied Microbiology and Biotechnology, 91(6),
1477-1492. https://doi.org/10.1007/s00253-011-3473-2

. Silva, . R., Jers, C., Meyer, A. S., Mikkelsen, J. D. (2016). Rhamnogalactu-
ronan I modifying enzymes: an update. New Biotechnology, 33(1), 41-54.
https://doi.org/10.1016/j.nbt.2015.07.008

Samanta, S. (2019). Microbial pectinases: A review on molecular
and biotechnological perspectives. Journal of Microbiology, Biotech-
nology and Food Sciences, 9(2), 248-266. https://doi.org/10.15414/
jmbfs.2019.9.2.248-266

Méndez-Yanez, A., Gonzalez, M., Carrasco-Orellana, C., Herrera, R.,
Moya-Ledn, M. A. (2020). Isolation of a rhamnogalacturonan lyase ex-
pressed during ripening of the Chilean strawberry fruit and its biochemi-
cal characterization. Plant Physiology and Biochemistry, 146, 411-419.
https://doi.org/10.1016/j.plaphy.2019.11.041

Lombard, V., Bernard, Th., Rancurel, C., Brumer, H., Coutinho, P.M.,
Henrissat, B. (2010). A hierarchical classification of polysaccharide ly-
ases for glycogenomics. Biochemical Journal, 432(3), 437-444. https://doi.
org/10.1042/BJ20101185

Robin, T., Reuveni, S., Urbakh, M. (2018). Single-molecule theory of en-
zymatic inhibition. Nature Communications, 9, Article 779. https://doi.
0rg/10.1038/s41467-018-02995-6

Furusawa, G., Azami, N. A., Teh, A.-H. (2021). Genes for degradation and
utilization of uronic acid-containing polysaccharides of a marine bac-
terium Catenovulum sp. CCB-QB4. Peer], 9, Article e10929. http://doi.
org/10.7717/peerj.10929

O’Neill, E. C., Stevenson, C. E.M., Paterson, M. J., Rejzek, M., Chauvin, A.-L.,
Lawson, D. M. et al. (2015). Crystal structure of a novel two domain GH78
family a-rhamnosidase from Klebsiella oxytoca with thamnose bound.
Proteins, 83(9), 1742—1749. https://doi.org/10.1002/prot.24807
Fujimoto, Z., Jackson, A., Michikawa, M., Maehara, T., Momma, M.,
Henrissat, B. et al. (2013). The structure of a Streptomyces avermitilis
a-L-rthamnosidase reveals a novel carbohydrate-binding module CBM67
within the six-domain arrangement. The Journal of Biological Chemistry,
288(17), 12376-12385. https://doi.org/10.1074/jbc.M113.460097

Joslyn, M. A. (1963). The Chemistry of protopectin: A critical review of
historical data and recent developments. Advances in Food Research, 11,
1-107. https://doi.org/10.1016/S0065-2628(08)60064-6

Henglein, F. A. (1958). Die Uron- und Polyuronséduren (Pektin und Algin-
sdure). Chapter in a book: Aufbau Speicherung Mobilisierung und Umbil-
dung der Kohlenhydrate. Handbuch der Pflanzenphysiologie, V.6. Berlin,
Heidelberg: Springer, 1958. https://doi.org/10.1007/978-3-642-94731-
5_18 (In German)

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

AUTHOR INFORMATION
Affiliation

Vladimir V. Kondratenko, Candidate of Technical Sciences, Docent, Senior
Researcher, Laboratory of Technology for Milk-Protein Concentrates, Food
Additives and Products on their Basis, Russian Dairy Research Institute
35/7, Lusinovskaya Str., Mocksa, 115093, Russia

Tel.: +7-916-328-61-03

E-mail: v_kondratenko@vnimi.ru

ORCID: https://orcid.org/0000-0002-0913-5644

* corresponding author

Tatyana Yu. Kondratenko, Senior Researcher, Laboratory of Food Systems
Technology for General and Specialized Purposes, Russian Research Insti-
tute of Canning Technology

78, Shkolnaia Str., 142703, Vidnoe, Moscow region, Russia

Tel.: +7-985-445-76-23

E-mail: t.kondratenko@fncps.ru

ORCID: https://orcid.org/0000-0001-8237-0774

Contribution

Authors equally relevant to the writing of the manuscript,
and equally responsible for plagiarism.

Conflict of interest
The authors declare no conflict of interest.

201


https://doi.org/10.1007/s12033-016-9921-6
https://doi.org/10.1007/s12033-016-9921-6
https://doi.org/10.3389/fmicb.2021.799875
https://doi.org/10.3389/fmicb.2021.799875
https://doi.org/10.1002/1873-3468.13034
https://doi.org/10.1016/S0021-9258(19)62028-4
https://doi.org/10.1128/aem.63.7.2507-2515.1997
https://doi.org/10.1016/S0969-2126(97)00209-8
https://doi.org/10.1016/S0969-2126(97)00209-8
https://doi.org/10.1016/s0008-6215(00)00268-8
https://doi.org/10.1016/s0008-6215(00)00268-8
https://doi.org/10.1016/j.jmb.2007.09.003
https://doi.org/10.1016/j.jmb.2007.09.003
https://doi.org/10.1016/j.enzmictec.2016.12.008
https://doi.org/10.1007/978-981-15-4767-6_1
https://doi.org/10.1007/978-981-15-4767-6_1
https://doi.org/10.1016/j.bbrc.2006.07.034
https://doi.org/10.1038/nature21725
https://doi.org/10.1038/nature21725
https://doi.org/10.1074/jbc.ra118.006626
https://doi.org/10.9755/ejfa.2018.v30.i11.1858
https://doi.org/10.1007/s00253-011-3473-2
https://doi.org/10.1016/j.nbt.2015.07.008
https://doi.org/10.15414/jmbfs.2019.9.2.248-266
https://doi.org/10.15414/jmbfs.2019.9.2.248-266
https://doi.org/10.1016/j.plaphy.2019.11.041
https://doi.org/10.1042/BJ20101185
https://doi.org/10.1042/BJ20101185
https://doi.org/10.1038/s41467-018-02995-6
https://doi.org/10.1038/s41467-018-02995-6
https://doi.org/10.1016/S0065-2628(08)60064-6

