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BBEAEHUE. AmMnnonpgoreHes U npuoHMU3auma: oT

NaToN0rMmn K GyHKL UM

MaTpuyHbIA nNpuHUMN B Buonornun, chopmynmpoBaHHbIin B 1928
roay HwuKkonaem KoHcTaHTMHOBMYEM KonbuOBbIM AN  0O6BACHEHUS
MeXxaHM3Ma BocnpousBedeHua xpomocom [no: Inge-Vechtomov, 2015] u
no3aHee 0606uWeHHbIN ®peHcucom Kpnkom B BUAE LEHTPasibHOM AOTMbl
monekynapHon 6uonormm [Crick, 1970], obbAcHAN TpaHCKpUAUUIO U
TPAHCAAUMIO  KaK  JIMHEMHOE KOMMPOBaHMEe MOoCnefoBaTe/IbHOCTEN
3nieMeHTOoB HMON0rMYECcKMX MaKpoOMOaeKyn, To ectb matpuy | poaa [no:
Inge-Vechtomov, 2013; Nizhnikov, Antonets, Inge-Vechtomov, 2015].
AmunnongHole 6enKM TaKKe NOAYMHAIOTCA MATPUYHOMY MPUHLUMNY MpU
dopmmnpoBaHun b6enkoBbix pubpuan, merowmx ocobyto ynopsaa0UHEeHHYIO
NPOCTPAHCTBEHHYIO CTPYKTYpY, Ha3biBaemyk Kpocc-B [Sipe, Cohen,
2000b]. 3T1a cTpyKTypa o06nagaer CcBOMCTBAMM KOHPOPMALUOHHOM
MmaTtpuubl  mam  matpuubl Il poaa  [Inge-Vechtomov, 2013],
obecneunBatower aBTOKATa/IMTUYECKOe nNpuobpeTeHMe MOHOMeEpPaMM
cooTBeTcTBytlOWEero 6enka amminonaHom KOHGOPMaLMM NPU BKAKOYEHUM B
coctaB onmromepoB uan ¢pmnbpunn [Nizhnikov, Antonets, Inge-Vechtomov,
2015].

TepMuH  «Kpocc-B», onucbiBalOWMUA  CTPYKTYPY aMMAOMAOB,
npoucxoauMT M3-3a KpectoobpasHoOro pucyHka, Habawgaemoro npwu
ABYMEPHOM  PEHTreHOBCKOW  AudpakumMm  amunougHbix  dunbpunn,
obpasylouiero gBa Makcumyma npubnusutensHo 8 10 u 4,7 A [Eanes,
Glenner, 1968], asnswWMX CNeacTBUEM PEFYAAPHOro pPacnoNoXKeHMUS

MEMKMOJIEKYNAPHbIX  [B-CNnoeB  OTHOCUTENbHO ocu  Pubpuanbl  Mm
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NPENMYLLLEECTBEHHO MNepneHAUKYAsPHOM OpueHTauun B-uenen B cocTtaBe
aTux cnoes, cooTBeTctBeHHO [Nelson et al., 2005]. Tem He MmeHee,
NPOCTPAHCTBEHHAA CTPYKTYpa aMW/IOMA0B BECbMa FeTeporeHHa U MOXKeT
BKAOYATb Y Pas/IMYHbIX aMWIOWAOB, HaNpuUmep, nNapannenbHO MU
aHTUNapanieNbHO pPacno/ioXKeHHble B-cnoum, a Takxke B-cnupanu
[Melckebeke Van et al., 2010; Qiang et al., 2012; Smaoui et al., 2013;
Tycko et al., 2009; Tycko, Wickner, 2013]. Takaa cTpyKTypa aMmUAOUAHbIX
dnbpunn, cocToAlMUX M3 MNOBTOPAIOWMXCA 4Yepe3 paBHble MPOMENKYTKU
3/1IEMEHTOB, NPUBOAUT K cneumndpuyHbiMm 3pdeKkTam CBA3bIBAHMA UMK pAaA
Kpacutenen. Hanpumep, npu B3ammogenctsum tuodnasuHa-T (TPT) ¢
amunongamu Habnopaetca ycuneHue payopecueHumm [Hobbs, Morgan,
1963; Vassar, Culling, 1959; Naiki et al., 1989], a npu cBA3bIBAHUN KOHIO
KpacHoro (KK) [Bennhold, 1922] — pBoiiHOe nyyenpenomneHue B
nonapulosaHHom ceeTe [Divry, Florkin, 1927]. 3HaunTenbHoe KONMYECTBO
BOAOPOAHbLIX CBSI3eM B COCTAaBE MEXMOEKYNAPHbIX [-cnoeB BHOCUT
3HaYUTENIbHbIA BKAaAd B ctabunmsaumo ammnongos [Makin et al., 2005],
KoTopble npuobpeTtatoT OGnarogapAa 3TOMY YHUKanAbHble  PU3MKO-
XMMUYECKNE CBOMCTBA, TaKME KaK YCTOMYMBOCTb K 06paboTKe MOHHbIMMU
netepreHtamu [Selkoe, lhara, Salazar, 1982] muan npoteaszamu [Bolton,
McKinley, Prusiner, 1982; McKinley, Bolton, Prusiner, 1983],
paspylwarowmmm 6oNbLINHCTBO HeaMUAoMAHbIX OGEeNKoBbIX KOMMNAEKCOB
[Nizhnikov et al.,, 2014b]. Hekotopble amuaounapl obnagatoT
NCKNOYNTENBHOM ANA BUOreHHbIX YacTuL, CTabuabHOCTbIO, MO3BONAIOLLEN
MM COXPaHATb CBOK CTPYKTYPY WM CBOMCTBA, HAXOAACb B OKPYXKAMOLLEN

cpene B TeyeHue gecatunetmm [Wiggins, 2009].
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NcTopuueckn TepmuH «amuaona» (ot nat. amylum — kpaxman) 6bin

BNepBble wucnonb3oBaH MaTttnacom LWnengeHom B 1838 roay pana
0603HaYeHUA KPaAXMaJUCTbIX KOHI/IOMEPATOB B KAETKAax pacTeHuMn,
KOTOpble OKpalmBaaucb nogom B cmHmin uget [no: Kyle, 2001; Nizhnikov,
Antonets, Inge-Vechtomov, 2015]. B 1854 roay Pyaonb¢ BupxoB Ha3Ban
amuaongamu HebonblMe NATONOTMYECKME BKAOYEHUSA B HEPBHOW TKAHMU
4YeNoBEKa, KOTOPble, KaK M KpaxmasibHble 3€epHa B K/eTKax pacTeHun,
OKpawuBanncb nmogom B cuHuit uet [Virchow, 1854]. MNo3aHee 6bino
YCTAQHOBNEHO, YTO MHOrMe BHYTPEHHME OpPraHbl YesoBeKa WU KUBOTHbIX
npetepnesaldT HeobpatTumbie npeobpas3oBaHMA nNpu  MHPUABTPALMUMK
NAaTONOrMYECKMUMM  aMUNOUAHBIMK  BKAtoYeHMsmu  [Kyle, 2001]. 3w
KOHriomepaTbl, n3BecTHble ¢ XVII Beka, B MeanLNHCKOM nnTepaType Toro
BPEMEHM HA3bIBA/IN «KUPOMNOAOOHBIMUY UNU «BOCKOBLIMWY» (B TPaaMLUMAX
dpaHLYy3CKOoM U BPUTAHCKOM NaTaHAaTOMUYECKUX LLIKOA, COOTBETCTBEHHO) M
npegnonarann ux uenntnosonogobHyo npupoay [Kyle, 2001]. Tem He
meHee, yxKe B 1859 roay Asryct Kekyne n Kapn ®pangpux nokasanu, 4to
MNaTONOrMYEeCKMe «BOCKOBbIE» BK/AOYEHMA B cene3eHKke oboralleHbl
a30TOM, 4YTO CBMAETE/IbCTBOBANO B MNOAb3y WX 6enkoBon npupoabl
[Friedreich, Kekule, 1859]. OkpawwuBaHue KHoaOM 3TUX OENKOBbIX
BK/IHOYEHWI ObI/I0 CBA3AaHO C MPUCYTCTBMEM B UX COCTaBe NPOTEOr/IMKaHOB
N ranmkosamumHrankaHos [Niewold et al.,, 1991]. B 1927 rogy 6bin
pa3paboTaH yXKe YNOMsAHYTbIM cnocob aHanmsa «A6,104HO-3e1eHOro»
cBeYyeHwun aMUNONAO0B,  OKpPALLUEHHbIX  a30KpacuTesnem KK B
nonapusoBaHHom cseTe [Divry, Florkin, 1927] (koTopoe, Ha camom Aaene,

MOKeT ObITb pa3HbIX LIBETOB, BK/AKOYaA CUHWUK U XKenTbin [Howie et al.,
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2008]). 3ToT Noaxoa Ha A0Aroe BPEMA CTasl «30/10TbIM CTaHAAPTOM» B

NaTaHaTOMMYECKOM OMUCAHUKM aMUAOUAHbIX BKAOYeHUN [Sipe et al.,
2014]. danee B nNpakTUKy pabotbl ¢ amuaomaamm 6Oblna BHeApeEHa
3/IEKTPOHHAA MMKPOCKOMKMA, C MCNOAb30BaHMem KoTtopon B 1959 roay
6bI1n NoKalaHbl GubpunnapHole cesomctea amunonaos [Cohen, Calkins,
1959] w“ no3agHee oOnNUCaHbl YPOBHM OpraHM3auuMM amMuUIOUAOB,
BK/AOYalOWMe NpoToPuNaMeHTbl, /laTePanbHO CTbIKYHOWMECA CHA4yana B
dnnameHTbl M 3aTtem B b6onee KpynHbie, MOYTU He pPa3BETBJ/IEHHbIE
obpasoBaHua — PUbpUNNbI, KOTOPbIE U ABNAOTCA Hanbosee TUNUYHON ANS
amunongos ¢GoOpmMoM HagMONEeKynApHOM opraHudaumn [Sipe, Cohen,
2000a; Fitzpatrick et al., 2013; Lashuel et al., 2000]. B 1968 roay 6bin
pa3paboTaH meTon BOAHOM 3KCTPAKUMM aMWUIOWAOB, KOTOPbIA Aan
BO3MOHOCTb BblAeNeHns 3TUX GubpuUan K13 TKAHEN WU OTKPbIN
nepcneKkTMBbl paboTbl ¢ HUMU in vitro [Pras et al., 1968]. B Tom e roay B
X0[e UCCNeaoBaHUA NpPyU NOMOLLM PEHTreHOBCKOM andpakumnm déubpunn,
BblAE/IEHHbIX U3 WHOUNBTPOBAHHbLIX MNATONOTMYECKMMU aAMUNOUAHBIMU
BK/IIOYEHUAMM TKaHeMn, Bblna onmncaHa «kpocc-B» KaptuHa [Eanes, Glenner,
1968], no3gHee WHTEPNpPeTUpPoBaHHaa B Buae obWwen, XoTa WU
NONMMOPPHON B KOHTEKCTE  TOYHOFO  MNOJIOXKEHUA  PErynapHo
NOBTOPAOLWMXCA 3/1€MEHTOB, MOAENN KpocCc-f CTPYKTYpbl amMuaonaos

[Sunde et al., 1997].
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CToNb 3HauUTeNbHbIA WHTEPEC K U3Y4YeHUD aMUAoOMUAOB Ha
NPOTAXEHUN ANNTENbHOTO NPOMEXKYTKA BPEMEHU, NPOAOAKatoWeErocs Ao
CUX NOpP, OTHIOAb He cnyyvyaeH. MHorouncneHHble 3aboneBaHUA YenoBeKa U
KUBOTHbIX, XapaKkTepunsyemble NaToN0OrM4YecKom aKKymyiauuen
aMUNOUAHbIX BK/IIOYEHWUI, NONYYNNAU Ha3BaHMEe amunonao3os [Kyle, 2001;
Sipe, Cohen, 2000a; Blancas-Mejia, Ramirez-Alvarado, 2013; Chiti, Dobson,
2006]. 9T 3aboneBaHmnA, B OCHOBHOM, Hensnedynmbl [Baker, Rice, 2012;
Picken, 2020] wu saBnAlTCA A0OCTAaTOMHO  MHOroobpasHbiIMM MO
0CO0H6EeHHOCTAM BO3HMKHOBEHUA (NepBUYHbIE NNU BTOPUYHbIE) N XapaKTepy
NIOKanu3auum (noKanusoBaHHble U cucTtemHble) [Benson et al.,, 2018].
Llenbit psg HeMsneYynmbix HeMpoaereHepPaTUBHbIX 3ab0NeBaHNM, BKAOYAS
6onesHn Anburenmepa [Selkoe et al., 1986], MapknHcoHa [Araki et al.,
2019] n XaHtuHrroHa [DiFiglia et al., 1997], Tak*Ke cBsA3aHbl C aMWU/IOUAHOMN
arperaumMen onpegeneHHbix 6enkoB, a TaKKe, BEPOATHO, CO
B3aMMOAENCTBMEM amuiongHbIx 6enkos apyr ¢ apyrom [Bondarev et al.,
2018]. HakoHeu, B nocnegHwe roAbl YCTaHOBJ/IEHO, YTO MPU HEKOTOPbIX
BUAAX paKa Habnopaetcs popmmpoBaHUE aMMUNOUA0B onpeaeneHHbIMU
6enkamn [Ano Bom et al., 2012; Lasagna-Reeves et al., 2013; Xu et al.,
2011]. NpMYNHHO-CNeACTBEHHbIE CBA3M arperauumn 6es1KoB 1 NaTtonorMm He
BCeraa fiCHbI, Kak, Hanpumep, B ciydyae anabeta |l TnNa, nopa)kawwero Ao
nonymmnnnapaa 4enosek [Meetoo, McGovern, Safadi, 2007], npwu
KoTopom Habnwopgaetca amunouaHas  arperauys nentmaa  |IAPP
[Westermark et al., 1986]. Ocobyto rpynny amumnounaHbix 3aboneBaHum
4YeNOBEKA U KMBOTHbIX COCTABAAKT HenpoaereHepaTUBHbIE MPUOHHbIE

6onesHun, BbibiBaemble 6enkom PrP B ammnomgHon KoHpopmauum Sc
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(ckpenu, ucTopuyeckoe Ha3BaHMEe MNpPUOHHOM b6onesHn oseu) [Bolton,

McKinley, Prusiner, 1982], KOTOpbIh coxpaHseT WHPEKLUMOHHOCTb NpwU
nepeBapuBaHMK B NuweBaputensHom Tpakte [McKinley, Bolton, Prusiner,
1983] n cnocobeH npeofoneBaTb HEKOTOPbIE MEKBUAOBble Gapbepbl
(Hanpumep, nepepaBaTbCAs YENOBEKY Mpu  ynoTpebneHunm B nNuLLy
3aparkeHHoro msaca Kopos) [Cobb, Surewicz, 2009; Kraus, Groveman,
Caughey, 2013; Vanik, Surewicz, Surewicz, 2004]. B HacTosLLee Bpema noa
TEPMUHOM «MPUOHbI» MOHUMAIOT BenKkn, onpeaeneHHble KoHPopmaLmm
KOTopbIX (06bIYHO amunonaHbie) 061aaa0T UHPEKLUMOHHBIMU CBOMCTBAMMU
[Wickner et al., 2015]. HecmoTpa Ha TO, YTO A1 BONbLIMHCTBA U3BECTHbIX
aMWUIONA0B OTCYTCTBYIOT JAaHHble 00 WHPEKUMOHHOCTM, HeaaBHUE
MccnegoBaHMA MOKA3bIBAlOT, YTO Q-CUMHYKNEUMH (acCOUMMPOBAHHbLIN C
pasBuTnem 6onesHun [lapKUHCOHa), 6enok Tay (Taynatmm mn 60ne3Hb
Anburenmepa) u amunonaHbin  nentma-f (bonesHb Anbureiimepa)
obnagatoT npnoHonoaobHbiMK ceoncTBamu [Aoyagi et al., 2019; Lasagna-
Reeves et al., 2012; Luk et al., 2012]. Takum ob6pa3om, YMCAO NPUOHOB
cpeay naToNOrMYecKMx amMuIOUAOB YenOoBeKa B MNEpPCrneKkTUBE MOXKET
CYyLLECTBEHHO BO3pPaCTW.

B uenom, K Hactoswemy BpemeHu BbiiBAeHO 6onee 40 6enkos,
3KCTPAK/IETOYHAA M BHYTPUKNETOYHAs aMWUIoMAHanA arperauua KoTopbixX
accouMupoBaHa C pPasBUTMEM Heusnedymmblx 3abosieBaHUM 4YenoBeKa
[Benson et al., 2018], cpean KOTOPbIX, Kak Mbl YNTOMWHAAN paHee, eCTb
6onesHn, obnagatowme BbICOKOM COLUMANBHOM 3HAYMMOCTbIO, TaKME Kak
Anabet Il TMna n 6onesHb Anburemmepa. CornacHo runotese Kpuctodepa

,U,O6COHa Y4aCTKK, NOoTeHUMNaJibHO CKJ/IOHHblE K aMUIOUO0reHesy,
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NPUCYTCTBYIOT B DOONblUMHCTBE  6enKoB  NpoTeoma,  OAHaKo

CNeuManmn3npoBaHHble KNETOYHble CUCTEeMbl CUHTe3a, GOonguHra U
Aerpagaummn 6enka KoHTponupyoT obpasoBaHMe amMUIOUAOB in Vivo U
NPenAaATCcTBYIOT (POPMUPOBAHUID TeEX M3 HUX, KOTOpble MOryT ObITb
6onesHeTBOpPHbIMK. HapyweHMe paboTbl 3TUX CUCTEM NPUBOAMUT K
pPa3BUTUIO aMMUIONA030B, MHOIMME M3 KOTOPbIX ABAAKOTCA CTapyYeCKMMMU
6onesHamn [Dobson, 2003; Dobson, 2004].

[pyraa ctopoHa mMMpa aMmuaonaHbix 6enkoB 6bina oTkpbiTa B 2000
rogy, Korga 6bianM unaeHTMOUUMPOBaAHbI AMUIONAbI B XOPUOHE AU,
Wenkonpaga, BbINOMHAOWME in vivo JYHKUMIO 3aWwumTbl 3IMOpPMOHa
[lconomidou, Vriend, @ Hamodrakas, 2000] v rmapodpobuHOB
6asnanomuueta Schizophyllum commune [Vocht de et al., 2000]. K
HacToALemy BpemeHu Takue ammaounapl, Ha3BaHHbIE
«PYHKLUMOHANbHbIMNY», OBHAPYXKEHbI BO BCEX TPEX AOMEHAX XMBOro MMpa:
y apxen [Dueholm et al., 2015; Chimileski, Franklin, Papke, 2014],
b6aktepuin [Blanco et al., 2012; Romero, Kolter, 2014; Schwartz, Boles,
2013b], aykapuot [Nizhnikov et al., 2016a; Nizhnikov, Antonets, Inge-
Vechtomov, 2015; Otzen, Riek, 2019]. [daxke y BUPYCOB BbISAB/IEHDI
dYHKUMOHaNbHble amunomnaononobHbie 6enkn [Nan et al., 2019], a obwee
YNCNO NAEHTUPUUMPOBAHHBIX B PA3IMYHbIX PUIOTEHETUYECKUX Tpynnax
GYHKLMOHANbHBIX aMUNOMA0B MPEBBLICUNO KOJIMYECTBO MATONOMMYECKMX

[Otzen, Riek, 2019].
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Tak, y NPOKapuoT NMAEHTUOULMPOBaAHbI AECATKU GYHKLUMOHANbHbIX

aMUIONa0B, NPEMMYLLECTBEHHO BOBJIEYEHHbIX B  popmupoBaHue
6MONNEHOK, XPaHEHNE TOKCUMHOB U PopMUpPOBaHME BenKoBbiXx 060/104eK
[Gerven Van et al., 2018; Shanmugam et al., 2019]. B To Bpema Kak
OONbIWNHCTBO aMUIOMAOB MNPOKAPUOT BbINOJIHAKT CTPYKTYPHYIO WU
3anacalowyo PyHKLUIO, HEKOTOopble GaKTepuasibHble TOKCUHbI aKTUBHbI
MMEeHHO B amuaouaHon ¢dopme [Oh et al., 2007]. MHorne amunouabl
NPOKapPUOT NpeacTaBaAtoT cobolt GakTopbl BUPYNEHTHOCTU, BOBNEYEHHbIE
B HaAOpraHM3MeHHble B3aMMOAENCTBUA «MNaToreH-xo3amH» [Schwartz,
Boles, 2013a]. Tak, nOKa3aHa pPOJb aAMMWJOUAHbIX KOMMOHEHTOB
6MonNNeHoK, KoTopble PYHKLMOHANbHbI ANA BaKTepuii, HO NaToreHHbl ANs
MHOFOKNETOYHOro X03AMHAa, B npouecce pPasBUTUA UHPEKLMOHHbIX
3aboneBaHuit y yenoseka [Gerven Van et al., 2018]. C yuetom TOT0, YTO: (i)
CTPYKTYPHbIM KOMMOHEHTOM OMONNEHOK Uenoro paga ¢unoreHeTU4YecKu
yAaNeHHbIX BMAOB MPOKAPMOT ABnAlTCA amunomabl [Taglialegna, Lasa,
Valle, 2016]; (ii) uncno BMAOB nNaTOreHHbIX AN 4YeNOoBeKa bOaKTepui
coctanaeT okoso 1500 [Shaw et al., 2020] wn (iii) 65% 13 HMXx obpasytoT
6MONNEHKN, aCCOUMUPOBAHHbIE C WHPEKUMOHHbIMKM 3aboneBaHMAMU
[Costerton, 2001], peanbHOE YNCNO TONIbKO /INLb aMUIOMNAO0B NAaTOrEHHbIX
H6aKTepuii, ABNAKOWNXCA KOMMOHEHTaMM OMONNEHOK MOXET COCTaBAATb
OKONO ThicAYM. Takum o6pa3om, NaToONOrMYECKME aMUAOUAbI, YbW
CTPYKTYpHble 6esikM 3aKoAMpOBaHbl B reHOMe 4yesnoBeKa, NpefcTaBasAloT
coboil NNWb Manyo 4YacTb aMUIONA0B, aCCOLMMPOBAHHBIX C PasBUTUEM
3a601eBaHUIA, KONMYECTBO KOTOPbIX MOTEHLMANBHO MOXKET UCUYMCAATHLCA

TbicAdamu [Kosolapova et al., 2020]. HecmoTpA Ha OTHOCUTE/IbHYIO
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pa3paboTaHHOCTL BOMpOCa BOBJIEYEHHOCTU aMWUIOMAOB MPOKAPMOT BO
B3aMMOAENCTBUA «NATOreH-X03AMH», AaHHble O Ha/NYUM aMUAOUAHbIX
6enkoB y cMmbunoTtmyecknx bakTepui, npeacrasastowmx cobor BTOpou
K/1l04EBOM BEKTOP HAAOPraHM3MEHHbIX B3aMMOAENCTBUI, K Hadyany pabor
No A4aHHOW aMccepTaumm OTCYyTCTBOBAMN.

®PYHKUMOHAIbHbIE amMmuaonabl MAEHTUPULMPOBAHDBI U Y 3YKApUOT, B
YaCTHOCTM, Y 4YeNoBEKa W ApYrUX MIEKONUTAWMX, F4e OHW UrpatoT
KNOYeBYO pPosb B Nonmmepusaumm menaHuHa [Fowler et al., 2006],
3anacaHum ropmoHoB [Maji et al.,, 2009], 6buomuHepanmnsaunm 3yo6HOMU
amanu [Carneiro et al., 2016], popmmnpoBaHUN AONTOBPEMEHHON NAMATU
[Fioriti et al., 2015] v page MHbIX Buonornyecknx npoueccos [Bondarev et
al., 2018]. B 6onbwuMHCTBE Ccny4aeB o0b6pa3oBaHWE aMUAOMAOB
Heobxoaumo nnbo ana GopmMUPOBaAHUA YNOPAAOYEHHbIX CTPYKTYP,
MCNOMb3YEMbIX B KayecTBe «KapKaca» (Kak B c/iyyae noaumepusaumu
MmenaHuHa [Fowler et al., 2006] nnu 3ybHoin amanu [Carneiro et al., 2016]),
NMB0o ANA 3anacaHMA U XpPaHeHUA B aMuaonaHon Gopme onpeaeneHHbIX
6enKoB MM NenTUAO0B, aKTUBHbIX B MOHOMEPHOM COCTOAHUKM (Hanpumep,
ropmoHoB [Maji et al., 2009]). Takum obpasom, Aaxke PYHKLMOHANbHbIN
amunonaoreHes, MoXeT ObiTb CONPAXKEH C MNOCTOSAHHON WM BPEMEHHOW
bOYHKUMOHANbHOM WMHaKTMBaUMeN 6enika, KOoTopas npeKpawiaetca npwu
nepexoae 3Toro 6enKka n3 ammaoMaHoro B MOHomepHoe (Uan Kakoe-nnbo
MHOE) cocToAHWe, ANA 4Yero MoryT ObITb MCNOAb30BaHbl CheuuasibHble
MONEKYNSPHbIE MEXAaHU3MbI, TAKME KaK M3MeHeHMe pH B KomnapTMeHTax,
roe 3anacatotca 6enkm B amunomgHon dopme [Maji et al.,, 2009].

®OYHKUMOHANbHbIE amMuaonabl MAEHTUPUUMPOBAHbI TakKe Yy rpubos
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[Ramsook et al.,, 2010], monntockos |[Si et al., 2003], HaceKomblIx
[Majumdar et al., 2012], ogHako Hanbonee 3HAYMMOW ANA YeNOBeKa
rPynnom OpraHM3MoB, Y KOTOPOM K Havaay Hawux pabot He 6Obin
n3BecTHbl 6enkun, obpasyrowme ammaonabl B GU3MONOTMHYECKUX YCIOBUAX,
ocTaBanucb pacteHuna [Antonets, Nizhnikov, 2017b].

®PyYHKUMOHANbHbIE amnaoMAbl TPMOOB LUMPOKO UCNONb3YHOTCA 3STUMM
OpraHM3aMamm OnAa NOCTPOEHUA CTPYKTYP KNeToyHowm cTeHKu [Kalebina et
al., 2008; Ramsook et al., 2010; Ryzhova et al., 2017], oaHaKo 0cobbIN
MHTEepPeC NPUKOBAH K amuaoumgam rpmboB-aCKOMULLETOB B CBA3U C
HaZIMYMEM Y HUX FTPYNNbl MHPEKLUMOHHbBIX ammaonaos — npuoHos [Wickner,
1994]. MpuoHbl rpnboB U, Npexkae BCero, APOXKKen Saccharomyces
cerevisiae, moryt O6biTb (PYHKLMOHANbHBLIMKW, BPeAHbIMW ANA  KNETOK
[McGlinchey, Kryndushkin, Wickner, 2011; Nakayashiki et al., 2005;
Wickner et al., 2007] nnn e He OKa3biBaTb KaKUX-NMBO BUAUMbIX
apodektoB [Chernova, Wilkinson, Chernoff, 2014; Derkatch, Liebman,
2007b; Nizhnikov et al., 2016a]. MpMOHbI MOryT CyLLeCcTBOBATb B BUAE
Pa3/INYHbIX  CTPYKTYPHbIX  COCTOAAHWM,  Ha3blBa€MbIX  BapMaHTAMMW,
obnagarowmx  oTAanYalWUmmMca  GEHOTUNUYECKMMWU  NMPOABJAEHUAMM
[Bateman, Wickner, 2013; Wickner, Son, Edskes, 2019]. ®yHKUMOHaNbHbIE
MPUOHbI OPOXKMKEN KOHTPOJMPYIOT NCEBAOMHOTOKIETOYHOCTb [Holmes et
al., 2013] nnm ycToM4MBOCTb 3TUX OPraHM3MOB K Pa3/IMYHbIM XUMUYECKUM
coeanHenmam [Suzuki, Shimazu, Tanaka, 2012; Harvey et al., 2020],
NOBbIWAA UX BbI*KMBAEMOCTb B onpegeneHHbix ycnosuax [Chakravarty et
al., 2020; Itakura et al., 2020]. HecmoTpAa Ha y4yacTMe B KOHTpoO/e

onpegenieHHbIX  HBMonorMyecknx  QyHKUMN, MPUOHM3AUMA, KAK W
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amunonaoreHes B Lenom, OTOXKAEeCTBASETCA 60/1bLLUMHCTBOM
nccnepoBatenien € PyHKUMOHANBbHOM MHAKTUMBAUMEN COOTBETCTBYHOLLMX
CTPYKTYpHbIX 6enkoB [Kundu et al.,, 2020]. OanH wn3 KNaCCUYECKUX
MNOCTYN1aTOB O APOMKKEBbIX MPUOHAX, NPeasoXKeHHbIN Pugom BukHepom,
rnacut, 4yto ¢eHoTMMNbl MNPUOHA W Aeneunm ero CTPYKTYPHOro reHa
coBnapatot [Wickner, 1994]. Bmecte ¢ Tem, Becbma Ma/ioU3y4YeHHOM
ocTaeTca npobiema cxoactsa adpPeKToB NPMOHM3aUMN Benka U geneunmn
ero CTPYKTYPHOrO reHa Ha MOJIEKY/IAPHOM YPOBHeE. Henb3a UCKAoYaTb, UTO
WHaKTUBaUKuA 6enka B cnydyae GOPMUPOBAHMA NPUOHA MOXKET ObITb NULLb
YaCTMYHOM U JaXKe NPMBOAMTb K BO3SHUKHOBEHMIO HOBbIX QYHKLNM Y 3TOrO
6enka. Tak)Ke HeACHbIM OCTAaeTca BOMPOC O TOM, MOTyT nn b6enku
nprMobpeTaTb NPUOHHbIE CBOWNCTBA NPU U3MEHEHMWU YC/NIOBWUM, Hanpumep,
YPOBHA MPOAYKLUMU, XOTA K HACTOALWEMY BPEMEHU YXKe MONyYeHbl
HEeKOTOpble CBUAETENbCTBA B MOJb3y TOro, 4YTO «amMuaougom» wnau
COBOKYMHOCTb aMUIOUAHbIX (BK/AOYaA W MNPUOHHbIE) OENKOB KNETKU
[Nizhnikov, Antonets, Inge-Vechtomov, 2015] aBndetca AMHaMUYECKOM
cuctemoi [Audas et al., 2016].

CnocobHocTb K aBTOKATa/IMTUYECKOMY MATPUYHOMY
BOCMPOM3BEAEHMIO, BbICOKAsA CTabMABHOCTb M OTHOCUTENbHAA MNPOCTOTa
NepPBUYHON CTPYKTYpPbl (amunonapl obpasytoT, Hanpumep, NnoaMnenTuabl,
coctoswme n3 nostopoB Q [Perutz et al., 1994], N [Perutz et al., 2002] nnaun
E [Colaco, Park, Blanch, 2008]) npuenn Kapna lNMetepa Maypu K runotese
O TOM, YTO amunonapl Moran 6biTb OAHMM U3 APEBHENLIMX BapUaHTOB
CTPYKTYPHOM U YHKUMOHANbHOM  OpraHmsaumm  6Monormyeckmx

MaKpOMONEKYN Ha 3ape GOPMUPOBAHUA KM3HW Ha HaAlEN nNaHeTe
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[Maury, 2009; Maury, 2018]. Echn npeanonoxuTb, YTO 3Ta rmnotesa
BEpPHa, B MNO/Jb3y Yero CBUAETENbCTBYIOT HEKOTOpble WCC/e[0BaHUS
[Katsnelson, 2020; Rout et al., 2018], mo»XHO 6blnO0 6bl OXKMAATb, YTO
amuaonabl Mornum 6ol 6bITb 6bITb BECbMa LUMPOKO PacnpoCTpaHeHbl cpeam
CYLLLECTBYHOLLMX CEMYAC KPYMHbIX TAKCOHOB.

HakonneHHble K HacToAWEeMYy BPeEMEHW JAaHHble NO3BOAAT
KOHCTAaTMPOBaTb W3MEHEHWEe MapagurmMbl «amMuaoua, — NaToreH» u
NOKa3bIBalOT, 4YTO 3T OenkoBble GUOPUAIBI KaK KOHGOPMALMOHHbIE
MaTPULbl ABASAKOTCA OAHUM U3 Ba*KHEWLWIUX BAapMAHTOB GYHKLMOHANbHOM
4yeTBePTUYHOM CTPYKTypbl 6enka [Nizhnikov, Antonets, Inge-Vechtomov,
2015]. Tem He MeHee, HECMOTPS Ha 3HA4YUTE/NIbHOE KOAMYEeCTBO
aMUIONA0B, MWAEHTUOUUMPOBAHHDBIX Y Pa3HbIX TPynn OPraHM3MOB,
CYLLEeCTBYIOT  cepbe3Hble npobenbl B  MNOHMMaHMM  MmacwTabos
pa3Hoobpa3na amuaomaos, ocobeHHocTeM uX GOPMUPOBAHMA U
bnonornyecknx ¢GyHKUUN, BbI3BaHHble, MNpeXxae BCero, Tem, u4TO
60NbLWIMHCTBO aMUNONA0B BbIABAAAM NYTEM aHANAM3a OTAE/bHbIX FTEHOB U
MX NPOAYKTOB, 4YTO He M03BOJIANIO OLEHUTb pPaCnpPOCTPAHEHHOCTb
amunonaoB BO Bcem npoteome. [MpoOTeOMHbIM noaxosd, NO3BOAAOLWMMN
paccmaTpmMBaTb aMuioMAbl Kak COBOKYMHOCTb OeNKOB C pPas/IMyHbIMMU
nocaeno0BaTe/IbHOCTAMM, HO  ob6beAWHEHHbIX  MPOCTPAHCTBEHHOWM
CTPYKTYPOM, MMelowen uenbin psag obwmx 4yepTt, Ner B OCHOBY

VICCﬂe,EI,OBaHVIl‘;I, BbIMNO/IHEHHDbIX B PaMKaX HaCTOHLLI,el\/’I aunccepTtauunun.
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LUenbto HactoAwero wuccnenoBaHuA 6blN0 BbIIBNEHWE HOBbIX

ocobeHHocTen PopMUPOBaAHUA U AENCTBUA BENKOBbIX KOHPOPMALMOHHbIX
MATPUL, Ha NPOTEOMHOM YpOBHe. MccnefoBaHUA B pPaMKax 3TOW Lenu
6blnM HanpaB/eHbl HA pelleHne cneayrowmx 3a8au:

1. BblsBUTb NOTEHUMaNbHO aMWIOUAOTEeHHble BeNkM B npoTeomax
PacTEHUA M NPOBECTU 3SKCMEPUMEHTANIbHYIO MNPOBEPKY aMWUIONAHbIX
CBOMCTB BblOpaHHbIX KAaHAMAATOB.

2. OxapaKTepun3oBaTb KOMMNIEKCbl MOTEHLMANBHO aMUNONLAOTEHHbIX
6enKoB N MAEHTUGULUMPOBATbL aMUNOUAbI B MPOTEOMAX CUMBOUOTUYECKUX U
NaTOreHHbIX BUAOB NPOTE0HAKTEPUA.

3. CpaBHUTb PYHKLMOHANbHbIE NOCNEACTBMA NPUOHM3ALMN BEeNKoB
Ha YpPOBHE 3KCNpeccunm Bcero reHoma ¢ 3PpdeKkTamm WMHaAKTUBALUMU
COOTBETCTBYIOLMX CTPYKTYPHbIX FTEHOB.

4. N3y4nTb BANAHME NEPBUYHOM CTPYKTYPbl U YPOBHA NPOAYKLMN Ha

NPUOHHbIE CBONCTBA BesKOoB.

HoBusHa paboTtbl onpeaensaerca Tem, YTO B ee pamMKax BMepBble B
MMWPOBOWN MpPAKTUKE OTKPbITbl amuaougHble 6enku y pacTeHun U
cumburoTnyeckmx 6akTepui, MoKasaHa MX CBA3b C 3anacaHMem b6esika B
CeEMEHax M HagopraHM3MeHHbIMW B3aUMOLENCTBUAMM, COOTBETCTBEHHO.
YCTaHOBNEHO, 4YTO nNpuoHM3auma 6enka MOXKeT npuMBOAUTbL He K
NOAABNEHUID, @ K M3MeHeHuo ero ¢yHKumn. OnmcaHa HoBaa rpynna
6enkos, CnocobHbIXx NOAAEP’KMBATb MPUOHHbIE CBOWCTBA B YC/IOBMAX
NPOAYKUMU, OTIMYHAKOLWMXCA OT HATMUBHbIX, HA3BAHHbIX HAMM «YCJIOBHbIMM

NPUOHAMM Y.
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MpaKkTnyeckaa ueHHOCTb paboTbl 0bycnoBNEHA ONMCAHHBIM HamM

amMmuIonaoreHe3oM 3anacHbix 6enKoB cemaH, NpPeacTaBAAIOLWNX BaXKHbIN
KOMMOHEHT pauuoHa NUTaAHUA YenoBeKa. ITM aMUAoMAbl MOTYT, C OAHOM
CTOPOHbI, BAUATbL HA NULLEBYH LEHHOCTb CEMAH, a C Apyro — ObiTb

MCTOYHMUKOM NULLEBbLIX anneprmﬁ.

Ha 3awmTy BbIHOCATCA CneAyoLWmne NONOXKEHUA:

1. BnepBble naeHTUPMUNPOBAH PYHKUMOHANbHbIM AMWUIOUAHBIN
6enoK y pacteHuin, npeactasasowmm cobon 3anacHon 6enoK cemsaH
NoceBHOro ropoxa P. sativum L. BALUAVH.

2. Bnepsble MAEHTUOUUMPOBAHbI aMUAOUAbl Y CUMOUOTUYECKUX
H6akTepui, dopmupyembie NnopuHamm HapPY*KHOM membpaHbl
KnybeHbkoBoM bakTepum R. leguminosarum RopA n RopB.

3. YctaHOBAEHO, 4TO 3¢p@PeKTbl NPUOHM3aUMM Benka He
TOXAECTBEHHbI Ae/leuMn ero CTPYKTYPHOrO reHa, TO eCTb NMPUMOHU3auuA
MOKEeT BbI3bIBaTb HE MHAKTMBaLUIO 6enkKa, a usmeHeHue ero GyHKLUMN.

4. Ha npumepe TpaHCKpUNUUOHHOTO perynatopa GIn3 apokxken S.
cerevisiae NOKa3aHO, 4TO OenKM, NONYYMBLUME HA3BAHUE «YC/IOBHbIX
NPMOHOBY», NPUOBPETAOT U NOAAEPHKMNBAIOT MPUOHHbIE CBOMCTBA TOJIbKO

NPU YPOBHAX NPOAYKLUNN, OTIUHAOLWMKMXCA OT eCTECTBEHHDbIX.

Pe3synbTatbl AguccepTtaumm anpobupoBaHbl B AOKAaAax Ha bonee
yem NATUAECATU 3HAYUMbIX MEXKAYHAPOAHbIX KOHbEepeHUMax, BKAOYasA
KOHrpeccbl BaBunoBckoro obuiectsa reHeTUKOB U cenekunoHepos (2019,

2014), ®epepaumn eBponenckux buoxmmmyeckmx obwects (2019, 2018,
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2017), AmepuKaHcKoro obuiectsa KaetoyHon 6uonornm (2018, 2017),
depepaunn 6uoxmmmnyeckmx obuwects PpaHumnm, Mcnanmm m MopTyranmm
(2015), EBponeickoi accoumaumm monekynsapHon 6uonormn (2014),
KOHrpecce no aHanuTuyeckon npoTteomuke (2015), KoHpepeHUMAX no
reHeTUKe 1 MoneKkynapHon buonorum apoxxen (2015, 2019), NPUOHHbBIM
6enkam (2016), esponeickom cumnosmyme no top-down npoTteomuke
(2019), BGRS/SB (2016, 2018, 2020), PLAMIC (2018), mexayHapoaHOM
dopyme «BUOTEXHONIOTUA: COCTOAHME WU NEepCcrnekTUBbl passuTua» (2019,
2018, 2017), wobuneitHon KoHpepeHumum «50 netr BOIMuC: ycnexm u
nepcnektnsbl (2015) n uenom psge ApPyrux mMeponpuaTuii. PesynbtaTbl
paboTbl npeacTtaBneHbl U obcyxaeHbl B 20 NONHOTEKCTOBbIX CTATbAX B
XKYpHanax, WHAEKCUPYEMbIX B MeXAyHapoAaHblix 6a3ax  AaHHbIX.
Couckatenb BHEC OCHOBHOM BKAag B MNJAHMPOBAHME, MOJyYEHUE W
MHTEpPNPeTaLUIO pPe3ynbTaToB auccepTaumn. JIMYHbIN BKNAL COUCKATeNA
noATBEPXKAEH TeM, 4YTO MNOYTUM BO BCEX K/AO4YeBbIX MNybAMKaUMAX OH
ABNAETCA aBTOPOM, OTBETCTBEHHbIM 32 NEPENUCKY UAN MepPBbIM aBTOPOM.
IKcnepumeHTbl No ¢nbpunnoreHesy 6€1KoB BbINOJIHEHbI COBMECTHO C A.
N. Cynaukon n M. N. Cynaukmum, rmctoniorm4yeckme UccneoBaHuUa CeMsaAH
pacteHnn — coBmecTHo ¢ E. A. AHapeeson u I. A. 3bikMHbIM. [leTanbHoe
ONUCaHWe MUCMNO0/Ib30BAaHHbIX METOAOB M NOAXOA0B NPUBEAEHO B CTATbAX,
onyb/MKOBaHHbIX MO pe3yabTatam paboTbl. UICTOYHMKOM maTepuana Aans
NCCNeAOoBAHMA  MOCNYKUAM  YHUKA/NIbHble TFEHETUYECKMEe  KONJIeKLUM
pacTeHun n H6aKkTepum (PreHy «Bcepoccumnckmi WHCTUTYT
CEeNbCKOX03ANCTBEHHOM MUKpobuonormn» (PreHY BHUUCXM)), a Takxke

npoxxken (kapeapa reHetukn u buotexHonornm, ®reOY BO «CaHKT-
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MeTepbyprcknii rocyaapctBeHHbIn yHUBepcuteT» (Cr6IY)). NMpoteomHble

NCcCNneaoBaHMA BbINOJIHEHbI B LEHTpe «Pa3BUTME MONEKYASAPHbIX U
KNETOYHbIX TexHonornm» HayyHoro napka CIM6IY, pabotbl no
CEKBEHWUPOBAHUIO BbINOJIHEHbI B LEHTPE KONJIEKTUBHOMO MO/1b30BaHUA
«[eHOMHble TeXHONOornmu, NPOTeoOMMKa U KneToyHasa buonormsa» PrbHY
BHUUCXM. PesynbTaThl, NpeacTaBA€HHbIE B AUCCEPTALNN, NOAYYEHDI NPU
noaaep»kke rpaHtos [lpesugeHta Poccuiickon Pepepaummn  (MK-
3240.2017.4, MK-4854.2015.4), Poccuiickoro Hay4dyHoro ¢oHaa (17-16-
01100M, 17-16-01100), Poccuitckoro ¢oHAa  dyHAAMEHTANbHbIX
nccneposaHmn (17-04-00816, 16-34-60153) u Komuteta no Hayke U
Bbiclen wKone MNpasutenocrea CaHkT-lMNeTepbypra.

[duccepTauma BKAKOYAET BBeAEHMe, YeTblpe [1aBbl U 3aKIOYEHMne;
n3noxeHa Ha 128 cTpaHWUAx TEKCTa, CoAep*KuT 25 mnntoctpauni, ase

Tabanybl 1 230 CCbIIOK Ha UCNO/Ib30BaHHbIE MCTOYHUKN TNTEPATYPbI.
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FMABA |. ®yHKUMOHaNbHbIE aMUAOUAbI PacTEHU I

@PyHKUMOHANbHbIE aMWIoOMAbl OMNMCAHbl Yy  PA3/IMYHbIX TPYNM
3YKApMOT, BK/AKOYAA XOPAOBbIX, Y/IEHUCTOHOIMX, MOJINKOCKOB U rpmnboB,
OAHAKO pacTeHUA, HECMOTPA Ha KpamHe BbICOKYHD 3HAauYMMOCTb A/1A
4YenoBeKa, OCTaBa/MCb MaJioM3y4yeHHOW rpynnon B obnactu 6uonorum
amunongos [Nizhnikov, Antonets, Inge-Vechtomov, 2015; Otzen, Riek,
2019]. Tem He MeHee, ANA HECKONbKUX OenkoB pacTeHUn UAn KX
dparmeHToB bHblNa ycTaHOBAEHA cnocobHOCTb 06pa3oBbiBaTb GUOBPUANBI,
AEMOHCTPUpPYHOLLME HEKOTOPbIe CBOMCTBA aMUIoONA0B in vitro (PucyHoK 1).
Takne cBoKMcTBa NoOKasaHbl Ana C-TepMMHANbHOrO AomMeHa b6enka
nporesenHa Hevea brasiliensis [Berthelot et al., 2016], TpaHcrAtOTaMMHa3bI
Zea mays, ¢parmeHToB gedeH3snHa RsAFP1 u RsAFP2 Raphanus sativus
[Garvey et al., 2013], aHTummnKpobHoro nentuaa Cn-AMP2 Cocos nucifera
[Gour et al.,, 2016] (noapobHoe onucaHMe amunonAoreHHbIXx 6enKkoB
pacTeHuit NnpueaeHo B o63ope [Antonets, Nizhnikov, 2017b]). HekoTopsble
QN-6oraTtble TPAHCKPUMNUMOHHbIE PErynATOPbl PACTEHUMN, CBA3AHHbIE C
KoHTponem Autonomous Flowering Pathway (aBTOHOMHbIM nyTb
useteHua, AFP), npoasnann amunongonogobHble U npuoHonoaobHble
CBOMCTBA MNpPM FETEPONOrMYHOM NPOAYKUUM B APOXKNKAX S. cerevisiae
[Chakrabortee et al., 2016]. BeposaTHO, HauMbONbLLWIKNIA UHTEPEC
NpeAcTaBNAAM  AaHHble 06 amMuaougHbiX CBOMCTBAX MOJAMMEPHbIX
cybcTaHUMi, BblaenAemMblX NPU NPUKPeNnneHnn K cybctpaty 3eneHbimu
BOAOPOC/NAMM,  OAHAKO  KOHKpETHble  6enKkuM, K  COoXaneHuto,
NaAeHTMONUMPOBAHbI B 3TUX pabotax He b6biin [Mostaert et al., 2006;

Mostaert et al., 2009].
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3awuTHbIe benku Mepucrtema
e[Iporesewut oLD
® [lecheH3uHbl *FPA
® AHTUMUKPOODHLIE oFLA
nenTuabl *Apyrve
0 QN-6oraTble

Mepukapnumn

® NMoHennuH
JHOoCNepM ceMsiH
e 3anacHble 6enku

W Y

PucyHok 1. AMnnongoreHHole 6enkm pacteHmMin. Noka3aHO cxemaTUyecKkoe
nsobparkeHne pacteHnA. YKasaHbl Ha3BaHMA OenkoB wWAM  NEnTMAOB,
aMUNOMOO0reHHblE CBOMCTBA KOTOPbIX YaCTUYHO OXapaKTepu3oBaHbl in Vivo
(3eneHbIn) man in vitro (opaHXeBblii), a TakKe 6enkos, GparmeHTbl KOTOPbIX
obnapatoT amunoungoreHHoiMuM cBokctBamun (dYepHbin) [Antonets, Nizhnikov,
2017b].

Xopowo wu3BecTHa cnocobHocTb ¢parmeHToB 6enkos cemsaH
pacTeHMn, obpa3sylwmxca B pe3yibTaTe HEMNOJIHOTO  KUC/IOTHOTO
rmaponusa (npu Bapke B cpeae ¢ pH<2,0), obpasosbiBaTb PUOPUNNSAPHBIE
arperatbl, 4YTO CBWAETENbCTBYeT B MNOJb3y HaAuums B UX
nocneaoBaTe/IbHOCTAX aMUNONAOTEHHbIX Y4YacTKOB (0630p

dMUTIONO0reHHbIX CBOMCTB Mmapoin3aTos Pa3InNYHbIX NMULWEBbLIX
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npoAyKToB nposeaeH B pabortax [Cao, Mezzenga, 2019; Jansens et al.,
2019]). Takum 06pa3om, K Hayany HaLWKUX UCCNEeA0BaHUN Yy PACTEHUN He
6blnn  u3BecTHbl  6enku, obpasywwue amuaougbl in vivo B
dU3NONOTNYECKNX YC/IOBUAX, OAHAKO Ha OCHOBE MMEKLIMXCA AaHHbIX
MOXKHO ObI/I0 NPEANO0/IOKUTb, YTO TaKne BeNKu CyLecTByOT U, BEPOATHO,
BbIMO/IHAIOT Y 3TUX OPraHM3MOB onpeaesieHHble buonornyeckne GyHKLMM.

Mbl  HayannM UM3yvyeHMe amumnougHblx 6enkoB pacTteHnnm ¢
6MOMHPOPMATUYECKOTO  aHa/M3a  BCTPEYAEMOCTM  aMUIOUAOTEHHbIX
YYaCTKOB B MX MPOTEOMax U CBA3M OOOraweHHOCTU aMMAOUAOTEHHbIMMU
Y4aCTKaMM C KOHKPETHbIMU  PYHKUMOHANbHbIMK rpynnamu Henkos
pacTteHuin. B paboTty 6biaM BKAKOYEHbI MPOTEOMbI BCEX BUAOB HA3EMHbIX
PacTEHUIM C CEKBEHMPOBAHHbIMU U PYHKLMOHANBHO aHHOTUPOBAHHbLIMM Ha
TOT MOMEHT reHomamu. poTeombl 3TUX 75 BUAOB coaepKann npmmepHo
2,9 munnnoHa 6enkos, KoTopble M OblAM NOABEPrHYTbl AHANAM3y Ha
Ha/nyMe nOoTeHUMaNbHO amuaouaoreHHbix ydactkoB (MAY) [Antonets,
Nizhnikov, 2017a] npn nomowm anroputma Waltz [Maurer-Stroh et al.,
2010] wu paspaboTtaHHOro Hamu paHee anroputma SARP (aHanus
nocnenoBaTe/IbHOCTEN, OCHOBAHHbIA Ha pPaHXMPOBAHUM BEPOSTHOCTEMN)
[Antonets, Nizhnikov, 2013].

HeobxoaMmo OTMETUTb, 4YTO BCE CYLLECTBYHOLIME HA [AaHHbIN
MOMEHT aNITOPUTMbI ANA NpeAcCKa3aHUA NOTEHUMANIbHO aMUIONA0TEHHbIX
CBOMCTB O€/1IKOB OLLEHMBAIOT Ha/IMuMe MNOTEeHUMaNIbHO aMUIOUAOTEHHbIX
CBOMCTB Yy OTAE/IbHbIX YY4ACTKOB NEPBUYHOM CTPYKTYpbl 6enKa, U He moryT
NpeAcKa3biBaTb aMUIOMAHbIe CBOMCTBA NOJIHOPA3MepPHOro 6eska in vivo ¢

y4yeTom B3aMMOﬂIEI\/JICTBMl;'1 AMUNONOOTeEHHbIX U HEeaMUIOUAOO0reHHbIX
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Y4aCTKOB B €ro CTPYKTYPE M BANAHUA BHELIHEN cpeabl [Santos et al., 2020].
Tem He meHee, 6MOMHPOPMATUYECKMIN aHANM3 NO3BOAAET CPOPMMPOBATL
npeacrtaBneHne o0 ¢GYHKUMOHANbHbIX rpynnax 6enkos wam 6enkoBbix
AOMEHAX C TMOBbIWEHHbIM COAEPXAHUEM AMUIOUAONEHHbIX Y4YaCTKOB,
noACKasblBas MccAefoBaTeNto, «rae WCKatb» amuiougHble b6enku.
[danbHellwee noATBEP)KAEHME aAMWNOUAHbLIX CBOWCTB Heobxoammo
NpPoOBOAMTb yxe 3KCNEPUMEHTAIbHBIMU HMOXMMUUYECKNMU n
MoneKkynapHo-buonornyeckumm metogamu [Nizhnikov, Antonets, Inge-
Vechtomov, 2015]. Anroputm Waltz (B paboTte ncnonb3oBanu cneayoume
napameTpbl: MaKcMmanbHaa cneuuduyHoctb; pH 7,0) OCHOBaH Ha
NO3MUMOHHbIX MaTpuuax W npeackasbiBaeT [MAY, oboraweHHble
NPeMMyLLEeCTBEHHO MAPOPOOHbIMM  aMUHOKMCNOTaMKU. [lonoxkeHue
KaXA0ro aMMHOKUC/IOTHOrO OCTaTKa B TaKMX Yy4aCTKax MOXKeT ObiTb
KPUTUYHBIM U AaXKe MepecTaHOBKA ABYX aMMHOKMC/AOT MeCcTaMu MOXKeT
NPMBOAUTL K MOTepe y4aCTKOM aMMNOUAOreHHbIx cBoncTB [Maurer-Stroh
et al., 2010]. Anroputm SARP OCHOBaH Ha BbIIBIEHUWN Y4acTKOB HeNKOB C
npeobnagaHnem OAHOW WAN HECKONbKUX aMWHOKMCAOT, Ha3blBaeMbIX
TaKX€ Yy4YacTKaMM C MOHMMKEHHOW CNoXHocTbto (aHrn. low complexity
regions) [Antonets, Nizhnikov, 2013]. B 4acTHOCTU, 419 MHOTUX U3BECTHbIX
aMmunonaHbix 6enKoB xapaKTepHo noBbileHHoe cogeprkaHne N, Q nam N
n Q opHosBpemeHHOo [Harrison, Gerstein, 2003; Michelitsch, Weissman,
2000]. WmeHHO TaKMe y4acTKM BblSBAAAM nNpu nomowm SARP
(ucnonbsosanu nopor sBepoaTHocTn 10°°) [Antonets, Nizhnikov, 2013].
MpoBeaeHHbIN HaMK BUONHPOPMATUYECKMUIN CKPUHUHT B NPOTEOMaXx

75 BMOOB HA3EeMHbIX PACTEHMMA BbIABUA pPALd  3aKOHOMEPHOCTEN,
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OMUCbIBAIOLLMX pacnpeaeneHne aMnaouaoreHHbIX y4acTKoB B benkax sToun

cucTemMaTUYecKom rpynnbl  3yKapwuoT. B  yactHocty,  aHanu3
npeAcTaBNeHHOCTM BMONOrMYecKMxX NPOLEeCccoB, OCHOBAHHbIN Ha AAHHbIX
6a3bl Gene Ontology (GO), nokasan, 4YTO 3HauuTeNbHas [AonA
NOTEHUMANbHO aMMAOMAOreHHbIX 6enkos, npeackasaHHbix Waltz,
BOBJIeYEHA B pa3/iMyHble BMAbl TPAHCNOPTa BELLECTB 4yepe3 membpaHny
[Antonets, Nizhnikov, 2017a]. TaKkouh pe3ynbTaT npeacTaBAseTCcA
NIOTWUYHbIM, C Yy4YeTOM TOro, 4YTO TpaHcmembpaHHble 6enku, 3a4acTyro
CKNOHHbI GOpPMMpPOBATbL 0OOraleHHY B-cnosMmu CTPYKTYPY, Ha3biBaeMyto
«B-6appenb» (oT aHrA. barrel — 6o4ka) [Chaturvedi, Mahalakshmi, 2017].
Anroputm SARP nokasan oboraleHHOCTb aMMUAONA0reHHbIMU YyYacTKaMm
6enkos, BbINOAHAKWMX  GYHKUMM  KOPAKTOPOB  TPAHCKPUNLUMM,
CBA3bIBAHMA KnNaTpuHa u docdhatmann-mHo3nMToNa, OAHAKO Hambonbluee
yncno BuaoB (bonee aAByx TpeTenm W3 MPOAHANU3UPOBAHHbLIX) MMeENU
oboralieHHble aMUNOUAOTEHHbIMM Yy4yacTKamMu 6enku, BbINOAHAOLWMNE
dYHKUMIO pe3epByapa NUTaTe/NbHbIX BelecTB, 60NbLWMHCTBO M3 KOTOPbIX

ABNAKOTCA 3anacHbIMM benkamu cemsiH (PUcyHOK 2).
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PucyHoK 2. MonekynapHble ¢yHKUMmM GO, B KOTOpbIX Hanbosee npeacTaB/eHbl
NOTEHUMANIbHO amuaongoreHHbole 6enkun, oboraweHHble Q 1 N, npeackasaHHble SARP.
Ona Takmx 6enkoB nokasaHbl 30 OCHOBHbIX TEPMUHOB GO 13 OHTONOMMN MONEKYIAPHBIX
dyHKUMIA. LBeT Knetok ob6o3HayaeT A0 MOTEHLMA/NIbHO aMWIOMAOrEHHbIX 6enkos,
nporHosmpyemyto SARP, cpeau Bcex 6€1KoB, MOMEYEHHbIX 3TUM TEPMMHOM. Bce sueiku
€O 3HayeHnamm p 6onblie 0,01 npupaBHeHbl K O (TEMHO-CMHWI). eHaporpamma B1AOB
pacTeHuIn COOTBETCTBYET UX punoreHetnyeckomy apesy [Antonets, Nizhnikov, 2017a].
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HanbHenwmnm 6MoNHGOPMaATUYECKUIN CKPUHUHT BENKOBbIX JOMEHOB,

oboraweHHbIX ammaomaoreHHbiMn ydactkamu (MAY), npeackasaHHbIMU
anroputmom SARP, no3sonun yctaHoButb [Antonets, Nizhnikov, 2017a],
4yTO Hambonee oborauweHbl MAY gomeHbl cemenctea Cupin-1, npucywme
3anacHbiMm 6enkam cemaH (7S n 11S rnobynmMHam) n numetowme CTpYKTypy
B-6appena [Dunwell, Purvis, Khuri, 2004]. Bcero 6bin0o BbisiBieHO 302
coaepxauwmx MAY 3anacHbix 6enkoB cemaH ¢ gomeHamun Cupin-1y 54 u3
75 npoaHann3npoBaHHbIX BUAOB, OTHOCALLMXCA KaK K 04HOA0/IbHbIM, TaK
N [BYLONbHBbIM MOKPbITOCEMEHHDbIM, 4YTO CBMAETE/IbCTBYET B MNOJIb3y
3BOJIIOLLMOHHOW KOHCEPBATMBHOCTU AaHHOro cBoncTea (PucyHOK 3). Takum
obpaszom, AaHHbIE, NONyYEHHbIE B xoae MacLlTabHoro
6MOMHPOPMATUYECKOTO CKPUHWMHIA MNOTEHUMANIbHO aMUI0OUAOTEHHbIX
6enkoB B npoteomax pacteHun [Antonets, Nizhnikov, 2017a], no3sonnnm
Ham BbIABWUHYTb TMMNOTE3y O TOM, YTO AMMIOUAOreHEe3 MNOTEHUMANbHO
MOXKeT ObIiTb BOB/AEYEH B MeXaHM3Mbl 3anacaHuA 6enka B cemeHax

pPacTEHWUI, K IKCNEPMMEHTA/IbHOM NPOBEPKE KOTOPOWN Mbl NepeLwnmn ganee.
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PucyHok 3. 20 rpynn pgomeHoB 6enkoB pacTteHuin, Hambonee ob6oralleHHbIX
NOTEHUMANbHO aMUNOMA0rEHHbIMMU Y4acTKaMu, npeackasaHHbiMu SARP. LiBeT KneTok
0603HayvaeT foNt0 6ENKOB C NOTEHLMANIbHO aMUIONAOrEHHbIMM YYaCTKaMM Cpeau BCeX
6enkoB C 3TMM npu3HakoMm. [leHAporpamma BWMAOB PACTEHUMA COOTBETCTBYET MX
dunoreHeTnyeckomy gpesy [Antonets, Nizhnikov, 2017a].
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[Ona npoBepKn rvnotesbl O POJM aMUIONAOreHesa B 3anacaHuu
6benka cemAaH Yy pPacTeHUMA Mbl NPOBEAN MPOTEOMHbLINA  CKPUHUHT
ammnongHbix 6enkos B 3penbix (30 gHeM nocne onblIeHUs) cemeHax
cKopocnenon nanHum Sprint-2 [Borisov et al., 1997; Malovichko et al., 2020]
ropoxa noceBHoro P. sativum L. HakonneHue 3anacHbix 6@1KOB B TaKMX
CEMEHax MNPUOAMIKANOCb K MaKCMMyMy B pe3y/ibTaTe aKTUBHOM
CBEPX3KCMPECCUM TEeHOB 3anacHbix 6enKkoB, npoucxoasawein Ha bGonee
PaHHKUX 3Tanax pa3sutua cemaH [Malovichko et al., 2020]. Heobxoammo
YTOYHUTb, YTO MOCNe AOCTUXNKEHMA 3PenocTm y CeMsH, Ha3blBaeMbIX
«OPTOAOKCANbHbIMMY,  MPOUCXOAUT  eCTeCTBEHHas  Aernapataums,
COMPOBOXKAAOLWAACA KOMNAKTU3ALUMEN FTEHETUYECKOro maTepuana [Zanten
van et al., 2012] n ctabunmsaumen pesepsyapa NUTaTENbHbIX BewecTs. B
pe3ynbTaTte 3TOro KOMM/eKca NPOLLeCCOB CeMeHa NepexoanaT B COCTOAHUE
MOKOA, B KOTOPOM OHM CNOCOBOHbI Nepexnaatb HebnaronpuUsaTHbIE YCN0BMUA
B TeyeHMe BecbMa aAnutenbHoro BpemeHu [Angelovici et al., 2010].
Hanpumep, cemeHa notoca opexoHocHoro (Nelumbo nucifera Gaertn.),
3anacHble Genknm KOoToporo, MO HaWwMM AaHHbIM, Haumbonee CUAbHO
oboraweHbl MNOTeHUWANbHO aMWNOMAOFEHHbIMM Yy4yacTKamu [Antonets,
Nizhnikov, 2017a], ycnewHo npopactann B Bo3pacte okono 1300 net
[Shen-Miller et al., 1995; Shen-Miller et al., 2013].

[MPOTEOMHbBIN CKPUHWUHT aMmuionaHbix 6enkos 6bl1 NpoBeaeH C
ncnonbsosaHnem metoga PSIA-LC-MALDI [Nizhnikov et al., 2016b].
Oco6EeHHOCTb 3TOr0 MeToAa COCTOUT B BblAE/IEHUM NMYTEM HECKOJIbKUX
YAbTPaAUEHTPUPYTMPOBAHUMN dpakymnmn 6enkoBbIx arperaTos,

YCTOMYMBLIX K 06paboTKe MoHHbIMK aetepreHtamu [Nizhnikov et al.,
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2014b; Antonets et al.,, 2016], 4TO ABNAETCA OAHUM M3 KAOYEBbIX

cBoncTB amunongos [Bolton, McKinley, Prusiner, 1982], B uccneayembix
TKAHAX WAM  KynbTypax KAeToK. [lanee npousBOaMTCA pPacTBOpPeEHME
MNOJIYyY4EHHbIX [OETEepPreHT-yCToOMumMBbIX arperatos, ob6bpaboTka 6Genkos
TPUNCUHOM, pa3gesieHne NPoAYKTOB TPMNCUHOAM3A Npu nomoLwm BIXKX n
naoeHTuduKauma  6enKoB,  COCTaBAAKOWMX  AEeTepreHT-yCToOM4mBble
dpakymu, nocpeactsom macc-cnektpometrpun [Nizhnikov et al., 2016b].
Heobxogumo oOTMeTUTb, 4UTO WAEHTUPULMPOBAHHbIE NOA0OHbLIMMK
CKPUHUHIOBbIMM MeTo4amMun Benku ABAAIOTCA NNWb KaHAMAAaTaMKU Ha POoJib
HOBbIX aMWIONA0B, ANA AOKa3aTe/NbCTBAa aMW/IOMAHbIX CBOMCTB KOTOPbIX
HeobxoAMMO UMCNONb30BaTb KOMMJIEKC AOMOJHUTENIbHbIX METOA0B
aHann3a cBoMCTB obpasyembix UMK arperatos in vitro v in vivo [Nizhnikov,
Antonets, Inge-Vechtomov, 2015].

B pe3ynbrtate BbIMOAHEHHOro Hamu npu nomouwwu PSIA-LC-MALDI
NPOTEOMHOr0 CKpUHMUHIA bbln onncaH aHcambab 6enkos, popMUpPYHOLLNX
[eTepreHT-ycTonumBblie NOMMEpPDI B 3pesibix ceMeHax ropoxa [Antonets et
al., 2020]. MblI nageHTnémnumposanm benkKun, nNpeacTtaBaalOLLINE BCe TpuU
OCHOBHbIX K/Jlacca 3anacHbix 6OenkoB CcemMAH ropoxa: BWULWUAUHDI,
KOHBULMAMHBI U NnerymuHbl. Mbl TakXe BbIABU/IN B COCTaBe AeTepreHT-
YCTOMUYMBBIX PPaAKLUUN CEMAH FEeTEPONOJMMEPHDbIN XKee30CBA3bIBAOLNMI
6enoKk peppuUTnH, BUOTMH-coaepKawmm benok SBP65 1 6enok aernapuH,
y4yacTBYylOWNIA B OTBETE Ha pAenctBue 3acyxu [Garnczarska, Zalewski,
Woijtyla, 2008]. Hanbonee BbICOKMIA MaCC-CMNEKTPOMETPUYECKUIN CYeT

(napametp, OoTparkatowmim A,0CTOBEPHOCTb naeHTuduKaumm)
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NPOAEMOHCTPUPOBAAN 3anacHble 7S rnobynnHbl ceMAH BULUW/INHBI, YTO
cBuaetenbctsoBano 06 wux npeobnagaHnMM B COCTaBe [OETEPreHT-
YCTOMYMBbBIX MOAMMEPHbIX GpPaKuMn cemaH ropoxa. [na panbHenwero
aHanM3a aMWIOUAHbIX CBOWMCTB in Vivo W in vitro B KayectBe Haumbonee
NepPCneKkTMBHOrO KaHAuAata Mbl Bbibpanu BUUMAMH Maccon 47 K[a,
nockonbKy ero N- m C-koHueBble obnactm 6bIAM MAEHTUOUUNPOBAHDI
TaHAEMHbIM  Macc-CeKTpomMeTpuyeckum aHaamsom (MC/MC), uTO
CBMAETENbCTBOBANO B NOJIb3Y TOro, YTO 3TOT 6enoK obpasyeT AeTepreHT-
yCTOMYMBbIE MOAMMEpPbLI B MNOJHOPasmepHon ¢opme [Antonets et al.,
2020].

benok BUUMAMH COOEPXUT ABa 3BOJIIOLMOHHO-KOHCEPBATUBHbIX
AomeHa cemenctBa Cupin-1, wuvmelowmx CTPYKTypy PB-b6appens,
oboraweHHytlo perynapHo nosTopalowmmnca B-cnoamm — Cupin-1.1 wu
Cupin-1.2 (PucyHoK 4A). NUmeHHO pomeHbl cemeinctBa Cupin-1 6bian
BblAB/IEHbI HAMW B BMOMHGOPMATUYECKOM CKPUHUHIE KaK MOTEHUMAIbHO
Hanbonee amunonaoreHHole 6enKoBble AOMEHbI B MPOTEOMAX HAa3€MHbIX
pacteHnit [Antonets, Nizhnikov, 2017a]. [JononHuTenbHbin aHanu3
HaAMuMs  NOTEeHUMANbHO  amMuUNoMAOoreHHbix  ydactkos  (MAY) B
nocneaoBaTesIbHOCTU 6esika BULMAMHA, NPOBEAEHHbBIN HAaMW NP MOMOLLM
anropntma AmylPred2, o6beguHAOLLErO BOCEMb Pa3/INYHbIX aAITOPUTMOB
npeackasanma TAY [Tsolis et al.,, 2013], nokasan, uyto Bce [lIAY B
nocnefoBaTe/IbHOCTU  BUUWMAMHA JIOKA/ZIM30BaHbl  BHYTPU AOBYX €ro
AomeHoB Cupin-1.1 n Cupin-1.2, npuyem Cupin-1.1 cogepmT NATb TaKUX

y4yacTkoB, a Cupin-1.2 —yeTbipe (PucyHoK 4A). Ucxoasa U3 3TUX AaHHbIX, Mbl
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PeWnnM aHann3npoBaThb in vitro ammaouaoreHHble CBOMCTBA HE TOJIbKO
NONHOPA3MEPHOro BUUWUANHA, HO U ero gomeHos Cupin-1.1 n Cupin-1.2.
3" 6enku 6binn HapaboTaHbl B KneTkax E. coli, BblaeneHbl U OYULEHDI,
nocne 4vero 6blna npoaHanmMsmMpoBaHa WX CnocobHocTb GopmMUpPOBaATb
onbpunnbl in vitro. dnbpunnbl Cupin-1.1 mn Cupin-1.2 6blAM ycnewHo
NOJy4eHbl NPU NOMOLIM paHee onybanMKoBaHHOro npoTokona [Kayed et
al., 2007; Kosolapova et al., 2019] c ucnonb3osaHmem pactsoputena FreUn
(PucyHok 4B). B 10 e Bpema, ana adpdektnsHoro GopmmnpoBaHUs
dnbpunn suumanHom (PucyHok 4b) HeobxoamMmo 6bII0 AONO/HUTENBHO
nobaBnAaTb B pacTBop «3aTpaBkm» [Scherpelz et al., 2016] wus3
npeAcywecTByOWMX arperatoB storo 6enka, obpas3oBaBLWIMXCA B XoA4e
npeaplaywero uukna émbpunnoreHesa. OKpawmBaHue Gubpuan KoHro
KpacHbim (KK) ¢ nocneaywowen nonapusaumMoHHOM MUKPOCKONUen
NoKasasno, 4Yto Bce Tpu benka (BuumnumH, Cupin-1.1 un Cupin-1.2)
NEMOHCTPUpPYLOT XapaKTepHoe Ans aMmnnonaos ABOMHOE
nyyenpenomnaeHue B nonspusoBaHHom ceeTte (PucyHok 4B). Mpu nomoum
BeCcTepH-610T rmbpnansaumm ¢ NOAMKAOHANbHLIMM AHTUTENAMU NPOTUB
BUUMAMHA OblNIO MNOKAa3aHO, 4YTO arperatbl BCeX 3TUX Tpex 6Oenkos
obnagatloT  yCTOMUMBOCTBIO K 06paboTke pgetepreHTom  AoAeumn-

cynbdatom HaTpusa (ACH) (PucyHok 4T) [Antonets et al., 2020].
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PucyHoK 4. AMunougHole CBOMCTBa BULUANHA U ero gomeHoB Cupin-1.1 n Cupin-
1.2 in vitro. A. CTpyKTypa BuumnaunHa P. sativum L., npeacKa3aHHaA C MOMOLLbIO
cepsepa I-TASSER [Yang, Zhang, 2015]. [lomeHHaa CTpPyKTypa npeacTaBieHa B
NMHeNMHOM Bunae Huxe; gomeH Cupin-1.1 otmeyeH 3eneHbim, Cupin-1.2 — cMHNM;
obnactn, He BxopgAWMEe B COCTaB AOMEHOB — OXPMUCTbIM, CBET/IO-KENTbIM U
nunosbiM. TAY, npeacKkasaHHble anroputmom AmylPred2 [Tsolis et al., 2013],
0603HayeHbl Kak R1-R9 1 okpaweHbl po3osbim. b. TIM ¢ubpuan BuunanHa u ero
AOMEHOB, MOJIyYeHHbIX in vitro nyTem pacTBOPEeHUsA COOTBETCTBYOWMX 6enkoB B
50% F'PUM ¢ nocnepyowmm BbiNnapuBaHMem B NOTOKe a3oTa n ¢pmubpuanoreHesom
B AUCTUNAMPOBAHHOW Boge. MacwTabHana nuHelka cootsetcTtByeT 500 Hm. B.
OKpawunsaHne Gmnbpunn BMuMaAnMHaA N ero gomeHos Kpacutenem KK. [MoKasaHbl
OKpalleHHble ¢nbpuanbl B npoxoaawem (BepxHUi paa) U NoAapmu3oBaHHOM
(HMKHMI papn) ceeTe. MacwTabHaa nuHenKa paBHa 20 mkm. . YcTonumBocCTb
arperaToB BULWAMHA U €ro 4OMeHOB K o0bpaboTke xonogHbim (U) n ropsuum (B)
2% WoHHbIM aetepreHTom [ACH. MoKa3aH mapkep MoaekynspHon maccbl (Mr) B
knnopanbtoHax (kDa) [Antonets et al., 2020].

Mpun reTepoaorMyHOMN SKCNPECCUMN B KNETKAX APOXKKeN S. cerevisiae
BUUMANH U 06a ero aomeHa GOPMMPOBANN BHYTPUKNAETOYHbIE arperatbl
(PucyHok 5A), a npu cekpeuumn Ha NOBEPXHOCTb KneToK E. coli B cucteme C-

DAG [Sivanathan, Hochschild, 2013] (PucyHok 56) — ¢unbpunnel (PnucyHok
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5B), cBaAsbiBaowme Kpacutenb KK (PucyHoKk 5) u gemoHcTpupylowme

ABOMHOE ny4yenpenomseHne B noaspusoBaHHOM cBeTe (PucyHok 5/).
Heobxoanmo otmeTtuTtb, UTO Knetku E. coli, npoayumpytowme Cupin-1.2,
Becbma cnabo ceBasbiBasiM KK, NO CpPaBHEHUD C  KAETKaMy,
npoayuupyowmmm suumamH mn Cupin-1.1, yto asnAetca N0b6ONbITHbIM
NPMMepoM nceBAoHeraTMBHoro pesynbtata B cucteme C-DAG (PucyHoK
56-1). B uenom, Ha OCHOBAHMM MOJYYEHHbIX [AAHHbIX MOXHO
KOHCTAaTUpPOBaTb, YTO BUUUAMH U 0b6a ero gomeHa Cupin-1.1 u Cupin-1.2
0bpasytoT in vitro, a TakKe NPU CEKPELIMM Ha MOBEPXHOCTb BaKTepmnanbHbIX

KNEeTOK, ammaongHole pubpunnsol.

Cupin-1.1-YFP Sup35NM

Sup35M

Cupin-1.2-YFP ™ {
Cupin-1.1

Vicilin-YFP

Cupin-1.2

Vicilin D

PucyHOK 5. AMmnnongHole cBOMCTBA BMUMANHA U ero gomeHoB Cupin-1.1 n Cupin-
1.2. B reTeponornyHbix cuctemax. A. BuumamH m ero gomenbl, cantble ¢ YFP,
bopmuMpYIOT arperaTbl NpU CBEPXNPOAYKLMM B KNETKAX APOXKKen S. cerevisiae.
dotorpadum Knetok B npoxogAwem (nesbit ctonbeu) u dayopecueHTHOM
(npaBbii cTonbeu) ceete. MacwTabHble NMHENKM paBHbl 5 MKkm. B. ®oTorpadum

YFP

'Y '
A :
.-I..)‘
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KONOHUN BaKTepui, CEKPETUPYIOLWMX Ha NOBEPXHOCTb COOTBECTBYHONOLLME Benky,
Ha Yawke MeTpu c gobasneHmem KK. KonoHuu, cekpetupytowme 6enkmn Sup35NM
(amunongHbin) n Sup35M (pactBopuMMbIit), BbIAM UCNONBb30BaHbl B KayecTse
NO3UTUBHOIO M HEraTUBHOIO KOHTPOASA, cOOTBEeTCTBEHHO. B. TOM KneTtok E. coli,
CEeKpeTUpyrLWwmx cooTBecTytowme 6enkn. MacwtabHble AMHeNnKn paBHbl 500 HM
(Bce poTorpaduu, Kpome Cupin-1.2, rae macwtabHaa AMHenKa pasHa 1 mkm). I-A.
Cekpeuua ¢pubpunn suumnmHa n obomx ero 4JOMEHOB Ha NOBEPXHOCTb KNeToK E.
coli Bbi3blBaeT ABOMHOE JNy4yenpenoMmneHMe B NONAPM3OBAHHOM CBeTe, MNpwu
okpawwuBaHum KK. MoKasaHbl ¢oTorpadpum KonoHun E. coli, npoayumnpyrowmx
cooTBeTcTBYtOWME 6enkn, B3ATbIX € 4YawKkum ¢ KK, B npoxogawem () wu

nonapusoBaHHom () ceeTe. MacwTabHble AMHeNMKK paBHbl 20 MKM [Antonets et
al., 2020].

[Janee Mbl NpoBeAU UCCNeAOBaHWE aMWUAOUAHbLIX CBOMCTBA
BMUMW/IMHA in vivo. Ha nepBom 3Tane 3Ton paboTbl Mbl BbINOJHWUAM aHaNN3
KONoOKanusaumMm amumnoua-cneuymdpuyHoro Kpacutena THT C curHanom
aHTUTEeN NPOTMB BUUWUAMHA Ha KpUOCpesax Ccemaaosien ropoxa npwu
NMOMOLWM  N1IAa3€PHON  CKaHUPYHOLWEN KOHPOKA/IbHOM  MUKPOCKOMUW.
Mony4yeHHble AaHHble MOKAa3anu MPAKTUYECKU MOJIHYIO KONOKanAn3auuto
curHanos BuuuamHa u ToT (PuUcyHOK 6A), 4TO CBMAETENbCTBOBANO B
NONb3y TOro, YTO BULUMAWH, ABAAKOWMNCA OAHUM U3 Hambosee BbICOKO
npoayuupyembix 6enkos [Malovichko et al., 2020], moxeT Haxo4UTbCA B
cemeHax B amunongHoin popme [Antonets et al., 2020].

MOCKONbKY MO ANTepaTypHbIM AaHHbIM BUUWAWH HaKan/aAnBaeTca B
CEMEHAxX BO  BHYTPUK/ETOYHbIX  MeMOpaHHbIX  KOMMAPTMEHTaX,
Ha3bliBaeMblx 6enkoBbimu Tenbuamm [Chrispeels, Higgins, Spencer, 1982],
Mbl BblAeNNAKN 3TU 6eNKoBble TeNbLa NP NOMOLLM paHee NpeaoXeHHOro
NoAxo4a, BK/KOYAIOWENO YAbTPaALEHTPUPYrMpoBaHME /N3ATOB CEMAH B
rpagueHTe caxaposbl. Mbl uccnenoBann coaepXaHue U OeTepreHT-

yCTOVIqMBOCTb BUWUMNTNHA B J/1N3aTaX BblAENEHHbIX 6enKoBbIX Teneu.
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Mony4yeHHble [AaHHble TMOKa3aaAu, 4YTO BUUMAMH ABAAETCA Oenkom,
Hanbonee npeactaBneHHbIM B cocTaBe b6enkoBbix Teneuy, (PucyHok 6B),
NpMYemM B 3TUX TeNbLAX OH HAXOAMUTCA B BUAE AETepPreHT-yCTOMYMBbLIX
arperatos (PucyHok 6B).

Mbl npoBenn OKpalmBaHWe BblaeneHHblx 6enkosbix Teney, KK.
Mony4yeHHble AaHHble NOKa3ann, 4To benkosBble Tenbua CcBA3bIBalOT KK U
AEMOHCTPUPYIOT CBeYeHMe B nonspmsoBaHHOm ceeTe (PucyHoK 6B), uTo
CBMAETENbCTBOBA/ZI0O B MNOAb3y HanuMumMa B HUX OenKoBbIX arperaTos,
MMEIOLWMNX aMUNOUOHYIO CTPYKTypy. bonee petanbHblt aHanm3 6bin
npoBeAeH C MNOMOLWbID MMMYHO3/IEKTPOHHON MUKpPOCKONUU. bbino
YCTaHOBJIEHO, YTO WHTaKTHble b6enkoBble Tenbua (PucyHok 6[) cnabo
CBA3bIBAOT MEYEHHbIe KONIOMAHbIM 30/10TOM aHTUTEla MPOTUB BULU/INHA
(PucyHok 6/1), 4TO, BEPOATHO, CBA3AHO C Ha/IMYMEM Y HUX MeMOpaHbl
[Chrispeels, Higgins, Spencer, 1982]. Mocne yaaneHua membpaHbl npwu
nomouwm obpaboTKkM HEMOHHbIMKU aAeTepreHTamu aPPUHHOCTb aHTUTEN K
coaeprKMmomy 6enlkoBbIx Tenel, cywecTBeHHo Bo3pacTana (PucyHok 6E), a
AOMOoNHUTeNbHaAa Jnerkaa o06paboTKka ynbTpasByKOM npuBogMaa K
BbicBOOOXKAEHNIO  OUBPUNNAPHBIX  OEenKkoBbiX arperatoB, KOTOpble
CBA3bIBA/IN aHTUTENIA NPOTUB BULMAKHA (PUcyHOK 6XK-3). Takum obpa3om,
BULUWANH obpa3yeT amuaounabl Kak in vitro, Tak v in vivo [Antonets et al.,

2020].



PUcyHOK 6. AMMUAOMAHbIE CBOMCTBA BULUMAMHA in vivo. A. Jla3epHaa CKaHUpyowan

KOHPOKaNbHAsA MWKPOCKOMUA KPUOCPe3oB cemagoneir ropoxa P. sativum L.,
OKpalleHHbIX amunoug-cneynduyHbim Kpacutenem TPT (ThT, 3eneHbin) wu
rTM6PNAN30BAHHbBIX C NOJIMKNOHAIbHbIMU aHTUTENAMUM KPOZIMKA NPOTUB BULIMAMHA
ropoxa W BTOPUYHbIMM  QHTUTENAMM  KO3bl MPOTUB aHTUTEN  KPOJIMKa,
KOHbIOTMPOBaHHbIMK € KpacuTenem Alexa Fluor 568 (KpacHbiit). CheBa BHMU3Y
MOKa3aHO Ha/N0XeHMe CUrHAIoB aHTUTEN NPOTUB BUUUAMHA U THT, cnpaBa BHU3Y
— KOJIOKaNn3auma CUrHanos (KOIoKanusyowmeca nmMKcennm oTMedeHbl cepbiM), Ha
Bpe3Ke — KoppenauMoHHaa gmarpamma KaHanos. b. CogeprkaHne BULUMANHA U €ro
AEeTepreHT-ycTonYnBocTb B 6e/KOBbIX TeNbLaX, BblAENEHHbIX M3 CEMAH FOpPOXa.
Cm — renb SDS-PAGE c nmu3atom 6enKkosbix Teneu, KunavyeHbim B bydepe ¢ 2%
ACH. U n B — BecTepH-610T rmbpmngmsaumna Tex ke nmsatos, obpabotaHHbIx 0,5%
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Tween-20 n 2% AOCH, kunayeHbix (B) nan HekunaveHobix (U). B. OKpawunBaHue
6enkoBbiXx Tenew, BblAENEHHbIX M3 CeMAH ropoxa, Kpacutenem KK. BepxHAA
doTorpadma — nNpoxodAlMiA CBET, HUXKHAS — MNONAPU30BaHHbIN. MacwTtabHasn
NIMHeMnKa pasHa 20 mkm. T. CKaHUpyOLW,aa 31eKTPOHHaA MUKpockonusa 6enkoBoro
Tenbua. MacwTtabHaa AuHenKa paBHa 2 MKM. [O-3. TpaHCMUCCUOHHaA
MMMYHO3/1EKTPOHHAA MUKPOCKoNMA OenKkoBbix Tenew, rMOpUAN30BAHHbIX C
NO/IMK/NIOHANbHbIMW aHTUTENAMU NPOTMB BULUAMHA U BTOPUYHBIMU aHTUTENAMM,
MeYeHHbIMM YacTmuamm 3on0T1a. A. NHTaKTHble Tenbua. E. Tenbua obpaboTaHbl
Tween-20. ¥-3. Tenbua obpaboTaHbl Tween-20 u ynbTpa3Bykom. MacwTabHbie
NnHenkn pasHbl 200 Hm [Antonets et al., 2020].

[danee Mmbl U3y4ninm HekoTopblie ¢pu3nMonornyeckme ocobeHHoCTU
aMUNIONAHbIX arperaTtos BULIMIMHA, 06pa3yowmxca B cemeHax in vivo. Mpu
nomouwm BectepH-610T rMbpmuansaunm ¢ NOIMKAOHANbHBIMU aHTUTENAMMU
NPOTUB BULUMAMHA Hamun Oblno yCTAaHOBAEHO, YTO arperatbl 3Toro besnka
HaKan/iMBalTCA MO Mepe co3peBaHMa (Mbl uccnepoBann 6Henkosble
nn3atbl cemaH Ha 10-i, 20-i1 n 30-1 AeHb Nocne onblneHusa), AocTuran
MaKCMMyMa B 3pesiblx cemeHax (npumepHo 3a 30 gHen nocsie onblaeHun)
(PucyHoK 7A), a 3aTem A0CTAaTOYHO ObICTPO McYE3aloT NpPU NPopacTaHUM
cemsH (Ha 3-1 aeHb). MNpn 3TOM NO Mepe co3peBaHMA U B MPOPOCTKAX
HabnogaeTca OTCyTCTBME MOHOMeEpPHOro 6eska, 4YTo CBMAETENbCTBYET B
NONb3y ero BKAKYEHMA B COCTAaB aMWIOUAHbIX arperatoB, a TaKXKe,
BEPOATHO, y4acTus npoTeas3 B pa3bopKe arperatoB 3anacHbix 6enkos npu
npopacTaHnu 3apoabiwa (PucyHok 7A). MoxKHo 6b110 Bbl NPeanonoKnTb,
YTO arperatbl 3anacHbix 6enkoB nNpu NpopacTaHMK  3apoAbllia
pasbupatoTca wWwanepoHamu, HO Torga Mbl Obl oXunaanu yBUAETb
3HauYMTENbHOE KOJIMYECTBO MOHOMepHOro 6enKka B npobax NpopacTaroLLmx

ceMfaH, 4YTo He Habnwpaetca (PucyHok 7A). AHanu3 cemsH

KOHCEPBUPOBAHHOIO MULWLEBOIO ropoxa noKasasa, 4to B HUX COoOepHUTCA
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3HAaYUTE/NIbHOE KONMYECTBO AETEPreHT-yCTOMYMBDLIX arperatos BUUMAMHA
(PucyHok 7A).

Mbl ncnonb3osanu metoauky IVPD, B xoae KOToOpon uccneayemble
b6enkoBble npobbl nocnegoBatenbHO 06pabaTtbiBalOT  NpoTeasamu
(nencMHoOMm M NaHKpeaTUHOM) B KOHLEHTPALUMUAX U C NPOAONKNUTENIbHOCTbIO
COOTBETCTBYIOLLEN YCOBUAM KenyaouHO-KMLeYHoro Tpakta [Rubio et al.,
2014]. MNonyyeHHble AaHHbie MNOKa3anAM, 4YTO amMuaouabl BULMAMHA
BblAEPXKMBAIOT TaKyto 06paboTKy, B TO BpemAa Kak MOHOMepPHbIN benokK
NPaKTUYECKU NONHOCTbIO AerpaaupyeT (PucyHoK 7B6). Mbl TakXe cpaBHUAU
TOKCUYHOCTb Ppubpunn n HednbPUNNAPHOrO BULMAMHA B APOXKIKEBOM
Kynbtype (PucyHok 7B-I). Pe3ynbTaTbl 3TOro 3KCnepuMmeHTa YCTaHOBUAM,
4YTO MMeHHO PMbpUNNApHOE, aMNNONLAHOE COCTOAHME BUUMANHA U 060OMNX
ero gomeHos Cupin-1 4eMOHCTPUPYIOT BbICOKYIO TOKCUYHOCTb OJ1A KNEeTOK
APOXKeN, B TO BPpeMSl KaK HeynopAaao4vYeHHble arperatbl, uam ¢nbpunnsi,
paspyleHHble YyabTpa3ByKom (PucyHok 71), BbI3bIBAlOT 3HAYUTENbHO
6onee cnabbin Tokcudeckmnn adpdekT (PucyHok 7B). CxoaHble pesynbTaThl
O6blIN  MoNy4eHbl HaAaMM UM HA Ky/bType KJAETOK aAeHOKapUWUHOMbI

KUWevyHnKa Yenoseka [Antonets et al., 2020].
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PucyHoK 7. IMHaMnKa amuionaoreHesa BULUANHA B Xxoae GOPMUPOBAHUA CEMAH

N TOKCMYHOCTb ero ammaounaos. A. M3yyeHne geTepreHT-yCTOMYMBOCTM arperaTtos
BUUWAMHA, BblAeNeHHbIX M3 cemaH ropoxa Ha 10-n, 20-i un 30-1 ageHb nocne
onblNeHus, NPOPOCTKOB (S) U KOMMEepPYECKMUX KOHCEPBMPOBAHHbIX cemaAH (C) npwu
NOMOLLM BECTEPH-610T rMbpmnaAn3aumnm ¢ NOAUKAOHANbHBIMU aHTUTENAMWN NPOTUB
BuuMAnHa. b. NccnepoBaHme npoTea3oycTOMYMBOCTM aMWUIOMA0B BULUAWHA B
cemeHax ropoxa npu nomowm metoaukm IVPD [Rubio et al., 2014] c
nocneayouwieir BectepH-610T rmbpmamsaumen ¢ NOAMKAOHANbHbBIMU aHTUTENAMM
npot1B BUUMAMHA. U — npobbl He obpaboTaHbl npoTeaszamu; Pe — obpaboTaHbl
nencMHom; Pa — o6paboTaHbl NENCUHOM M 3aTeM NaHKpPeaTUHOM; P — noanmepsl;
M — moHoMepbl. Bce npobbl Ha pucyHKax A n b nepes HaHeceHUeM Ha renb Hbinu
BCKUNAYeHbl B bydepe ¢ 2% ACH B TeyeHne 5 mMMH. MapKkep MONEKYNAPHOM
maccbl (Mr) ykasaH B KunoganotoHax (kDa). B. AHanM3 TOKCMYHOCTU BULIMAMHA U
ero AOMEHOB ANA ApPOoXKKen S. cerevisiage. [oOKasaHa cepua AECATUKPATHbIX
pa3BefeHnr BbICEAHHOM Ha 4awkKy [leTpyu XKMOKON OPONKMKEBOW KyNbTypbl,
WHKybMpoBaHHOW B TeyeHne 48 4. ¢ ubpunnamu, HedMbpPUANAPHBIMK
arperatammu nnu dnbpunnamm, pa3pyLIEHHbIMU Yy/IbTPa3BYKOM
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(COHMUMPOBAHHbLIMK) COOTBETCTBYOWMX 6en1KoB B KoHueHTpauuu 1 mr/mn. T.
Oenctene coHmkauymm (40 ¢, 60% mowHocTH, coHnKaTop Q125 (Qsonica, CLLUA)) Ha
dnbpUNNbI BUUMANHA M ero AOMEHOB, oKpalweHHble KK. TL — npoxoaAwmin ceerT;

PL — nonApun3oBaHHbIM cBeT. MacwTabHaa nAMHenKa paBHa 20 mKm [Antonets et
al., 2020].

Ha OoCHOBaHWM MOAYYEHHbIX HAMU PE3YbTAaTOB MOXHO 3aK/HUUTD,
YTO 3amnacHoOM 6eNoK BUUMAMH HaKan/AMBaeTcA B CeMeHax B BuUAE
aMUIONAHbIX arperatoB. BeposTHo, obpasoBaHMe TaKo amMWAONAHOWM
CTPYKTYpPbl CBSI3aHO C HeobxoAMmMoCTbio cTabunmsmposatb 6enKOBbIN
3anac CceMsiH Ha NPOAO/IKUTENbHOE BpPEMA W NPeaoXpaHuUTb ero oT
Aerpagaummn 4o npopacTtaHua 3apoablia. AMUAOUAbI BULMAMHA TOKCUYHDI
AN KNeToK rpuboB M  MANEKOoNUTAloWMX, BblAepKMBaOT 06paboTKy
NPOTeas’aMmn  XKeNYAOYHO-KMLIEYHOro TPakTa M MNPUCYTCTBYHOT B
KOHCEePBUPOBAHHbIX CcemeHax ropoxa. [lpeacTaBnaeTcs 4Ype3Bbl4aMHO
MaJIOBEPOSTHbIM, YTOObI amuionabl, coAeprKalineca B ceMeHax, 6biau
TOKCMYHbI A/1A 4YesoBeKka npu  ynotpebneHnn B Nully, Tak Kak
KOHUEHTPAUUM UX 3HAYUTEIbHO HUXKE, YEM B MUCNOJIb30BAHHbIX HAMU ANA
3KCNEePUMEHTOB NO TOKCUYHOCTWU YCNOBUSX in vitro, ogHaKo NOTEHLUNANbHO
OHWU MOTYT CAYUTb WUCTOYHMKOM CU/IbHbIX TMULWLEBbLIX aNNepruun.
HeobxoamMmo OTMETUTb, YTO BULIMIMH (Nperkae BCero, apaxmca), — OAMH U3
Hanbonee CUAbHbIX aNIEPreHOB B MULLE PACTUTENIbHOTO NMPOUCXOXKAEHMA
[Akkerdaas et al., 2018; Sanchez-Monge et al., 2004]. B sTon cBs3Y,
obHapyeHHbI Hamn 3PPeKT ObICTPON, BEPOATHO MNPOTEONUTUYECKOMN,
AerpagaumMm amunonaos BUUMAWHA NPU NPOPacTaHUM CeMAH NO3BONSET
nonaratb 060CHOBAHHOM CNOXKMUBLUYOCA MHOrMO BEKOB Has3afd Tpaauuuio

3amMaymBaTb cemeHa 6060BbIX nepean yI'IOTpe6IIEHVIEM B NAULLY, YTO MOXKET
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CYLL,EeCTBEHHO YMEHbLUNTb KOIMYECTBO 3anacHbIX 6esKoB, HaXOAALLMXCA B

HUX B amunomgHon d¢opme. [lpopoLLEHHbIE CeMeHa TaKXe byayT
OT/INYATbCA CHMXKEHHbIM KOIMYecTBOM B6enKkos B ammnonaHom popme.

Heobxoammo Tak»Ke OTMETUTb, YTO KynuHOBble 6enkM U, B
YaCTHOCTM, BULMW/INHDbI [Sales et al., 2000], ABNAIOTCA
NONANPYHKUMOHANBbHBbIMM U, KpOME y4acTna B GOpMUPOBaAHMKN pe3epByapa
NUTATENbHbIX BELWECTB, BbIMO/HAIOT TaKXe GYHKUUIO 3alUTbl PaCTEHUSA OT
NaToOreHoB 3a CYET CBOEer NEeKTUHOBOM aKTUBHOCTM [Gomes et al., 1997,
Rose et al., 2003]. C yyueTom OOHapyXeHHOW TOKCMYHOCTU dnbpunn ans
rpnbos [Antonets et al., 2020], ammnonagoreHes 3anacHbix 6enKoB Kpome
cobCcTBEHHO 3anacaTe/IbHOM GYHKUMNMU MOXKeT NOTEHUMANIbHO
onocpenoBaTb 3aWMUTY CeEMAH (M, BO3MOKHO, APYrnMX OpraHoB) pacTeHui
OT NaTOreHos.

B uenom, C y4yeTOM MOJAYYEHHbIX HamMM  pPe3yNbTaToB
buomHbopmaTnuyeckoro ckpuHmHra [Antonets, Nizhnikov, 2017a],
NOATBEPKAEHHbIX 3KCNEPUMEHTaNbHbIMM AaHHbIMK [Antonets et al.,
2020], n MOXHO npeanonaaratb, YTo PYHKLUMOHANbHbLIA amuaoMaoreHes
3anacHbix 6enKoB cemsiH ABNAETC KOHCepPBATUBHOW OCOBEHHOCTbIO He

TONbKO 6060BbIX, HO U, B LLEIOM, HA3EMHbIX PACTEHUM.
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FMABA Il. AmMunouaoreHes u HaaopraHU3mMeHHble

B3aMMoeincTeusn

B3amopaeincreme pacTeHUN C MUKPOOPraHM3mMamMmn ABNAETCA OAHUM
N3 KIOYEBbIX BMOTMUYECKMX PAKTOPOB, MMEKLLMX Kak BraronpuATHble ANs
pacteHnn 3pdeKTbl, TaKMe KaK CTUMYIALMA POCTa 3a CYET ONTMMM3ALUU
NUTAHUA, TaK U CNOCObOHble Bbi3BaTb 60/I€3HM U AarKe rMbenb pacTeHusa-
xo3amHa [Imam, Singh, Shukla, 2016]. Ponb amwunompgoreHesa B
CUMBUOTUYECKMX HAAOPraHU3MEHHbIX B3aMMOAENCTBUAX K HaYany Hallmx
paboT onncaHa He 6biN1a, 0AHAKO ObII0 HAKOMNIEHO BECbMA 3HaUYUTEIbHOE
KO/IMYEeCTBO JAaHHbIX O BOBJIEYEHHOCTM amuaomnaos bHaktepun B
HaAOpPraHM3MeHHble B3aMMOAENCTBMA «naToreH-xo3amH» [Kosolapova et
al., 2020], npexae BcCero, B3aMMOAENCTBMA OaKTEPUl C KUBOTHbIMU
(ammnnoungHble 6GMonneHKU U TokcUHbl bakTepuit) [Schwartz, Boles, 20133;
Gerven Van et al., 2018], a Tak»Ke U ¢ pacteHnAMU (amunonaHble TOKCUHbI
6aKkTepmMit  rapnuHbl, KOTOpble UHAYUMPYIOT Yy  pacTeHun oTBeT
cBepx4yyBcTBUTENBHOCTU) [Oh et al., 2007].

Ha HayanbHOmM 3Tane paboTbl Mbl pewunan npoaHaan3mpoBaTb,
Kakne ¢yHKUMOHANbHbIe Trpynnbl 6enKkoB U OenkoBble [AOMEHbI B
npoteomax 6aKTepun oborauweHbl NOTeHUMaNAbHO aMMUAOUAOTEHHbIMU
y4yacTkamu. Ona atoro 6bin npoBeaeH 6GMOMHPOPMATUYECKUA CKPUHUHT
npoteomoB 6onee 80 BnaoB anbpanporeobaktepuit nopaaka Rhizobiales,
K KOTOPOMY OTHOCATCA KaK a3oTouKcupyowme cmmbuotTnyeckme
KnybeHbKoBble 6aKkTepun, TaK W NaATOreHbl PACTEHUMA U  KUBOTHbIX

[Carvalho et al., 2010]. AHanu3 6uonornyecknx GyHKUUM, BbINOJHAEMbIX
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NOTEHUMaNbHO amuUAOMAOreHHbIMM benkamn, npeackasaHHbiMM SARP

[Antonets, Nizhnikov, 2013], noka3an, 4To 4alle BCero OHM CBsi3aHbl C
BUPYNEHTHOCTbIO,  BKAOYaA  OMOCMHTE3  /IMMONOAMCAxapuaos U
dopmupoBaHme xrytnka [Antonets, Kliver, Nizhnikov, 2018]. Anropntm
Waltz [Maurer-Stroh et al., 2010] npeackasan B KayecTBe Haubonee
aMuUAonaoreHHbIx 6enku, oTeevatowme 3a TPAHCMeMOpPaHHbIN TPaAHCNOPT,
YTO TaK)Ke ABNAETCA KNOYEBbIM KOMMOHEHTOM CUCTEM BUPYNEHTHOCTU
[Antonets, Kliver, Nizhnikov, 2018].

JeTanbHbin aHanm3 6enKkoBbiXx  JOMEHOB, coaepKawmx
NOTEHUMANIbHO aMWIOUAOTEHHbIE Y4YacTKKW, B NpoTeomax bakTepui
nopsiaka Rhizobiales nokasan [Antonets, Kliver, Nizhnikov, 2018], yto K
Hanbonee oboraweHHbIM QN-6oraTbiMM y4yacTKam, npeacKa3aHHbIM
anroputmom SARP, oTHocunmcb gomeHbl cemeirictea LptD (PucyHok 8),
npeactasnawwme cobom TpaHcmembpaHHble B-bappenn HapyKHOM
MeMOpaHbl, OCYLIECTBAAIOWME TPAHCAOPT AMMONOAMCAXapUaoB WU
UrpalolWme  KAKYEeBYHD pPOAb B KOHTpPOJie  HaAopraHU3MeEHHbIX
B3aMMOAENCTBUM KaK TUMA «MAaTOreH-X03AMH», TaK U «CUMOUOHT-XO3AUH»

[Jones et al., 2007; Zha et al., 2016].
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PucyHoK 8. benkoBble AOMEHbl, accoummpoBaHHble ¢ QN-6oraTbiMn NOTEHLUMANbHO
aMUIOMAOrEHHbIMM  y4aCTKaMM B npoTeomax bOaktepuit nopsiaka  Rhizobiales.
AMUNOMAOO0reHHbIE Y4ACTKM NPecka3aHbl aaroputmom SARP. LiBeT A4enkn cooTBETCTBYET
pone, 3aHMMmaemor QN-oboralLeHHbIMM y4acTKaMm B 06LLeN O/1MHE COOTBETCTBYHOLLMX
OOMEHOB BO BCEX MPOAHA/IM3MPOBAHHbIX MPOTEOMAX. TEMHO-KPACHbIA LBET O3HaYaeT
OTCYTCTBME [O@HHOM [pynnbl AOMEHOB Y COOTBECTBYOWEro BuAa. [peBo BMOOB
COOTBETCTBYET MX punoreHeTn4eckomy nosnoxkeHuto [Antonets, Kliver, Nizhnikov, 2018].
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B KauyectBe 6eJ'IKOB, Hanbonee O6OI'aLLI,eHHbIX aMnnonagoreHHbimu

y4yaCcTKaMM, acCOUMMPOBAHHbLIX C natoreHe3om, Obian BbiaBaeHbl YadA-
noaobHble, RTX-TOKCUMH-NOAOOHbIE W TFEeMONU3NH-NOA0DOHbIE bBenKku
[Antonets, Kliver, Nizhnikov, 2018]. Bce oHW BOB/IeYEHbI B KOHTPO/Ib
BUPY/NIEHTHOCTM, 00pa3yloT TpaHcmembpaHHble B-6appenb-noaobHble
CTPYKTYpbl unAnM oboraweHbl peryisapHo-noBTopaloWwmMMnca  B-cioamm
[Hafeez et al., 2005; Hoiczyk, 2000; Linhartova et al., 2010; Tahir El,
Skurnik, 2001]. Takum o06pa3om, NOJYYEHHbIE HaMM B MaclITabHOM
6MONHPOPMATUYECKOM CKPUHWUHIE AaHHble MOKas3ann, 4To y bakTepui
nopsaka Rhizobiales Hanbonee BepPOATHbIMM KaHAMAATAMM Ha POJib
HOBbIX aMWIOWAOB MOFYT ABAATbCA BOB/JEYEHHble B  KOHTPO/b
BMPY/IEHTHOCTM TPaHCMeMbpaHHble benkn, obpasytowmne CTPYKTypbl TUNa
«B-6appenb».

[Ona NpoBepKU 3TOM rMNoTe3bl Mbl NMPOBE/IN 3KCMEPUMEHTANbHbIN
NPOTEOMHDbIM  CKPUHUHI Yy  KaybeHbkoBow  bGaktepum  Rhizobium
leguminosarum bv. viciae, cnocobHon BCTynaTb B CMMBMO3 C MOCEBHbIM
ropoxom P. sativum L. n pukcnpoBaTb aTMoCcPepHbIN a30T B €r0 KOPHEBbIX
KnybeHbKax [Tsyganov et al., 2003]. B pe3ynbTate CKPUHUHIA B NpoTeoMme
cBobogHoOXMBYLWEN KynbTypbl R. leguminosarum bv. viciae 6bino
naeHTudnumposaHo 54 6enka, obpasywOWUX [OeTepreHT-ycTonymsble
arperatbl [Kosolapova et al, 2019]. BbonbwWHCTBO U3 HUX b6blN1O
npeacrtasneHo GepmeHTamMm, 0gHaKO oKoso 1/5 coctaBnsim membpaHHble
6enkn. MHorme 13 Takux HGeNKOB CKNOHHbI K GOPMMPOBAHMUIO CTPYKTYP
TMna «B-6bappenb» M accouuMmpoBaHbl C BUPYNEHTHOCTbIO OGaKTepui

[Rollauer et al., 2015]. Ana aHanM3a aMMUAOUAHbIX CBOMCTB Mbl BblOpanu
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ABa 6enKa Hapy»KHOM membpaHbl: ROpA, KoTopbl Bbi1 NAEHTUOULMPOBAH

C MaKCMMa/ZibHbIM MaCC-CNEeKTPOMETPUNYECKUM CHETOM, U RopB. Ob6a aTux
6€}1Ka, cornacHo 6MOMH¢OpMaTI/I‘-IeCKMM npeackasaHnem, nmenn

CTPYKTYpY B-6appens (PucyHok 9) [Kosolapova et al., 2019].

RopA

RopB

N---------------C N————————C

PucyHok 9. A. n B. CTpyKTypbl 6e1koB RopA 1 RopB, cOOTBETCTBEHHO, NPeACKa3aHHbIe
npu nomolum cepsepa I-TASSER [Yang, Zhang, 2015]. 9nemeHTbl BTOPUYHOM CTPYKTYpbI
6enKkoB npeacTaB/ieHbl B IMHEMHON NOCNeA0BaTe/IbHOCTU MOZ MPOCTPAHCTBEHHbLIMM
mozenamu. CMHME NPAMOYTO/IbHUKM 0603HaAYatoT B-C/1I0M; KeTble — NET/IN; KPacHble U
nypnypHble — N-TepMrHanbHbIA M C-TEPMUHANBHBIA KOHLLbI 6ENKOB, COOTBETCTBEHHO
[Kosolapova et al., 2019].
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PekombuHaHTHble  6enku RopA u RopB, cautblie ¢

NoCneaoBaTe/IbHOCTbIO M3 WecTn rmctnanHos (6H) Ha C-TepmmnHanbHOM
KOHUe, 6binnm HapaboTaHbl B KneTKax E. coli, ounweHbl U noaBeprHyTbl
dunbpunnoreHesy B bydepe ¢ pH=2,0. [Mony4yeHHble AaHHblE NOKa3aaun, 4YTo
nofHopasmepHble RopA u RopB dopmupytoT cnabo pasBeTBAEHHbIe
dnbpunnbl, NErko BU3yanM3MpPyemble MpPU MOMOLWM TPAHCMUCCUOHHOM
3NIeKTPOHHON MUKpockonuu (PucyHok 10A) [Kosolapova et al., 2019].
Bblno yctaHoBneHO, 4YTO 3TM Ppubpunnbl ceasbiBatoT KK n gemoHcTpupytot
ABOMNHOE NiydenpenomneHme A6104YHO-3eN1€HOT0 LBeTa B
nonAapmusoBaHHom cBete (PucyHok 10B6), a Takxke obnagatot
YCTOMUYMBOCTbIO K 0O6paboTKe MOHHbIMM AeTepreHTamuM M npoTeasamu
(PucyHok 10B-T), aemoHCTpupysa, Takum o06pa3om, K/toveBble CBOMCTBA
amunongos in vitro [Kosolapova et al., 2019].

[Janee mbl NpoBenu aHaan3 cnocobHOCTM NOJIHOPa3MepPHbIX 6enKoB
RopA n RopB ¢dopmmpoBatb amuionapl B cMcteme gnsa cekpeuum 6enkos
Ha noBepxHOCTb Knetok E. coli C-DAG [Sivanathan, Hochschild, 2013].
MonyyeHHble B 3TOM CUCTEMEe [AaHHble TaKXe NoATBepAnnu
amunongoreHHble ceonctBa ROpA 1 RopB: kneTtku E. coli, cekpeTupytowme
RopA u RopB, dopmunpoBanu xopowo pasandumbie ¢pubpunnbl (PucyHoK
11r), cBasbiBannm KK (PucyHok11lA-B) v AeMOHCTpUpoBaan ABOMHOE
nyyenpenomnenue seneHoro upeta (PucyHok 11B) [Kosolapova et al.,

2019].
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PucyHok 10. AmunounaHble ceoiictea ¢pubpunn RopA u RopB, nonyyeHHsbIx in vitro.
A. T3M ¢unbpunn RopA n RopB, nonyyeHHbix B bydpepe ¢ pH=2,0. MacwTabHble
NnHenkn pasHo 200 Hm. B. OkpawuBaHue pubpunn RopA n RopB Kpacutenem KK.
CneBa — npoxoaAawMin CBeT, cNpaBa — NOASPU30BaHHbIN. BepxHuit pag — RopA,
HUXHUI — RopB. MacwTtabHble nuMHenkn pasHbl 20 mKm. B. u T. AHanus
yctonumsocth arperatoB RopA n RopB, cooTBeTCTBEHHO, K 06paboTKe MOHHbIMMU
OeTepreHTaMuM M npoTeasaMu MNpu MNOMOLWM BecTepH-610T rmbpuamnsaumm c
aHTUTEeNaMM  NpoTMB  nocnegosBaTenbHoctv 6H. HavyanbHaa Toyka -
HeCTPYKTypupoBaHHble arperatbl; TOUM n pH 2,0 — dpmnbpunnbl, nonyyeHHole B
cooTBeTCcTBYOWMX Bydepax. P — nonmmepbl; M — moHOMepbl; U — HEKMNAYEHble
obpasubl, obpaboTaHHble 2% [ACH; B — o6pa3subl obpabotanbl 2% ACH u
NnoABEPrHyThbl KunadeHuto; T — obpaboTaHbl TpuncMHom; P — obpaboTaHbl
naHkpeaTMHom. Mr — mapKep MONEKynsipHOM maccbl B KunoganotoHax (kDa)
[Kosolapova et al., 2019].
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PucyHok 11. U3yyeHne ammnounHbix ceBoncte RopA u RopB npu cekpeumm Ha
NnoBepxXHOCTb KNeTokK E. coli B cucteme C-DAG [Sivanathan, Hochschild, 2013]. A.
KonoHun E. coli, cekpeTnpyowmx cooTBeTcTBytowme b6enkn Ha vawkax lMetpu ¢
pobasneHnem KK. Knetkum E. coli, cekpeTupylowme cooTBeTcBylowme 6enku,
okpaweHHble KK, B npoxogawem (B.) u nonapusosaHHom (B.) cBeTe.
MacwTabHble nnHenkn paBHbl 20 mKM. I. TOM KkneToK E. coli, cekpeTmpytoLmx
YKa3aHHble 6enku. Ha Bcex 4YacTax pUCYHKA KETKWU, CeKpeTupytowme
amunonaHbii 6enok Sup35NM 6biaM MCcNoAb30BaHbl B KAYECTBE MOJIOKUTENBHOIO
KOHTpOAA, a pacTBopuMblit SUp35M — B KavecTBe oTpuuaTenbHoro [Kosolapova et
al., 2019].
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YT06bI OKOHYATE/IbHO MPOBEPUTb aMWIOUAHbIE CBOMCTBA ROPA U

RopB, mbl npoaHanusnposanu ux in vivo y 6aktrepumn R. legquminosarum bv.
viciae. Tony4yeHHble AaHHble NOKa3anun, Yto oba benka popmmpyroT in vivo
AeTepreHT-yctonumsble noaummepsbl  (PucyHok 12A u  B), npuuyem
KonmyectBo noaumepos RoOpA Bo3pactaeT nNpu CTUMYAAUUKM  KNETOK
dnasoHomaom nwteonmHom (PucyHok 12B) [Kosolapova et al.,, 2019],
KOTOPbIN MHAYUMPYET Ha4va/ibHble CTagum GOPMMPOBAHUA PACTUTENIbHO-
MUKpobHoro cumbuosa [Tolin et al., 2013; Zaat et al., 1987]. NMpu nomouwm
NMMYHO3/1EKTPOHHOM MMUKPOCKONUK C aHTUTEeNamu NpoTmB RopA 1 RopB u
BTOPUYHbIMM AHTUTENIAMU, KOHBIOTMPOBAHHBLIMM C KONIOUAHBIM 30/10TOM,
6bl10 noka3aHo, 4yTo RopA wun RopB dopmupyor o¢nbpunnbl B8
3KCTpakKneToyHon Kancyne R. leguminosarum (PucyHok 12I-XK), KoTopas
ceasbiBaeT KK 1 gemoHcTpupyetr ABOMHOE Ny4YenpenomsieHUe 3e/1eHOro
useta (PucyHok 12B). Takum ob6bpa3om, HaMM YCTAHOBNEHO, YTO GeNKu
RopA n RopB R. leguminosarum obnapatoT aMMAOUAHbIMW CBOMUCTBAMM in

vivo [Kosolapova et al., 2019].
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PucyHok 12. AmMmnoungtole ceoictea RopA u RopB in vivo B KneTtkax R. leguminosarum.
A-b. AHanu3 petepreHT-ycTonumBocTm arperatoB RopA n RopB B 6enkoBbix siM3aTax,
BblAENEHHbIX U3 KNeToK R. lequminosarum npwn nomoum SDS-PAGE (A.) nnm SDD-AGE
(B.) c nocneaytolLeit BeCTepH-6,10T rMbpuamnsaumen ¢ NoIMKAOHaIbHbIMU aHTUTENIAMM,
cneunduryHbIMM NPOTUB AaHHbIX 6enkoB. U — HeknnayeHble 06pasupl, 06paboTaHHbIe
2% [OCH; B — obpa3ubl, obpaboTaHHble 2% OCH 1 noageprHytble KunaveHuto; L —
Knetku R. leguminosarum 6binn noaBeprHyTbl AeNCTBUIO praBoHOMAA NOTEONNHA; R —
Npobbl C KOHTPOJIbHbIMU PEKOMOUHAHTHbIMM 6enkamu RopA unam RopB. Mapkep
MoNeKyNApHOM Maccbl (Mr) ykasaH B KunoganoToHax (kDa). B. Kononun R.
leguminosarum, pacTylimMe Ha TBEPAOM Cpele B TE4EHME CEMMU CYTOK, OKpalleHHble KK,
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B npoxogsuwem (TL) n nonspusosaHHom (PL) cBeTe. MacwtabHble AMHENKN paBHbI 20
MKM. F-}K. UMMYHO31EKTPOHHAs MUKPOCKOMNWS KNETOK M SKCTPAKNETOYHOro MaTepurana
R. leguminosarum, rmubpnanN3oBaHHOrO C NOIMKAOHANAbHBIMU aHTUTENAMU NPOTUB
RopA (I v E) nan RopB (A4 1 X) 1 BTOPUYHBIMU aHTUTENAMMW, KOHBIOTMPOBAHHbIMM
C KonsomgHbim 30/10ToM. MacliTabHble SIMHENKM NOKasaHbl Ha M306paKeHUaAx
[Kosolapova et al., 2019].

Benku RopA u RopB R. leguminosarum sBnAOTCA NepBbIMU
NAEHTUOULUNPOBAHHBIMU Y CUMBMOTUYECKNX BaKkTepuit amunongamm. B 1o
BPEMA KaK poOJib amMuioMaoreHesa BO B3aMMOAENCTBUAX «MNATOreH-
X03AMH» Xxopowo wu3BecTHa [Kosolapova et al., 2020], BoBne4YeHHOCTb
aMUIONA0B B MYTYasIMCTUYECKUE B3aMMOAENCTBUA KCUMMOMOHT-XO3AUHY
A0 Hawmnx paboTt onmcaHa He bblna. M3BeCTHO, YTO 3KCNpeccua reHoB ropA
N ropB noBbllWaeTcs Ha paHHUX cTaauax cmmbuosa [Tolin et al., 2013] u
3aTeM CHUXKaeTca npu obpasoBaHUKM a30T-PUKCUMpPYOWKMX BaKkTeponuaoB B
KnybeHbKax pacteHunn [Maagd de et al., 1994; Roest et al., 1995], uto
CcBMAETeNbCTBYET B N0Jb3y aenctemsa RopA n RopB B Kayectse ¢paKTopos
BUPY/NIEHTHOCTU. Hawu pJaHHble He TO/IbKO MOKa3aau, 4YTo 3TU Besnku
bopMMPYIOT amnnonapl in vivo, HO U BbIABU/IN yBENMYEHNE KOJIMYECTBA
amunongos RoOpA B YCNOBUAX, CXOAHbIX C HaA4vaAbHbIMWU CTagUAMMU
cumbunosa [Kosolapova et al., 2019]. Takum obpa3om, NONyYEHHbIE HAaMU
AAHHble CBMAETENbCTBYIOT B MO/1b3y BOBAEYEHHOCTU aMUIONAOreHe3a B
dopmMMpoOBaHME HAAOPraHU3MEHHbIX B3aUMOAENCTBMN TUMA KCUMOUOHT-
XO3AUHY.

MOXHO NpeanoXnTb HECKObKO BO3MOMKHbIX POJIEM aMUIOMO0B
KNyOeHbKOBbIX GaKTepMi B TaKMX B3ammogenctemax. C oQHOMU CTOPOHDI,

HeéNb3A UCKZTKOYaTb UX ﬂ,eVICTBMe B Ka4yecTee aaresnHos, O6€CI'I€‘-IVIBa}OLLI,VIX
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npuKkpenaeHMe 6aKTepuanbHbIX KAETOK K pacTeHMAM Ha Ha4dafbHbIX
sTanax obpa3oBaHuA cumbuo3a, NOAOOHO TOMY, KaK [AencTByloT
aMUIONabl  HEKOTOPbIX MAaTOreHHbIX A1 MHOFOKNETOYHbIX XO3feB
6akTepuin [Shanmugam et al., 2019]. Henb3a TaKke UCKAOYATb HANUYUA
MeXaHN4YeCKoM GYHKUMU Yy amumaonaoB KaybeHbKoBbix 6akTepun. Tak,
N3BECTHO, YTO B POPMMUPOBAHUM TaK Ha3blBaeMbIX NHPEKLMOHHbIX HUTEN,
TO €eCTb CTPYKTYp, MNO KoTopbiMm OakTepun nepegsuratoTca 4o
KnybeHbKOBOro NpMMopAmA, a TakKe B BbICBODOXKAEHUM DBaKTepmanbHbIX
KNETOK B LUWUTOMNIAa3My PaACTUTENIbHbIX KNETOK npu obpasoBaHuM
KnybeHbKa, ydyacteyeT TybynnHoBbiM untockenet [Kitaeva et al., 2016]. C
YYETOM HEKOTOPOro CXOACTBA CBOMCTB aMWIOUAHbLIX GUbpuan U
nonmmepoB 6enkoB  UMTOCKeNeTa, MOXHO NpPeanosioXnUTb, 4TO
cekpeTnpyemble HakTepMAMM amuaonabl MOrin Obl TakXKe onocpenoBaTb
dopmupoBaHne UHPEKLUNOHHbIX HUTEN U NepemelleHne baKkTepuanbHbIX
KNETOK MO HUM.

HakoHeu, TpeTben BO3MOXHOW TrMNOTE30M ABANAETCA Yy4yacTue
aMUNoONaHbIX 6enkoB KAybeHbKOBbIX OaKTepuih B nepegavye CUrHanoB.
HekoTtopble amunounabl rpmbos, Takme Kak [Het-s] Podospora anserina
[Coustou et al., 1997], npuMHMMatOT yyacTne B cneunduUdHbIX CUTHANbHbIX
B3aMMOAENCTBUAX, OMNOCPEAOBAHHbIX peuenTopHbiMM Benkamu  NLR
(nucleotide-binding, leucine-rich repeat, HyKkneoTua-cBA3bIBalOWMNA,
NenumH-60raTbli NOBTOP), CBA3AHHbLIX C KOHTPONEM MHOTOKAETOYHOCTH,
3alWMTOMN OT NATOreHOB M NPOrPAMMMPOBAHHOM KNeTo4yHoU rubenbto
[Bondarev et al., 2018; Saupe, 2020]. B xoae TakKux B3anMOAENCTBUM

ammionabl  MOTyT BbICTYNaTb B KayecTBe MaTpuL, Bbi3bIBAKOLMNX
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onuromepmsaumio NLR, 4To aKkTMBMpyeT nepenayy COOTBETCTBYIOLLUX

curHanos [Saupe, 2020]. NLR-nogobHble 6enKM ectb Yy KUBOTHbIX M
PaCTEHWUN, TAe OHU UTPAIOT KAKYEBYHO POJIb B aKTUBALMKM NyTEM OTBETA Ha
pencteme natoreHoB [Maekawa, Kufer, Schulze-Lefert, 2011], a Takxe
BOBJIeYEeHbl B KOHTPO/Ib CNeuuPuUUYHOCTU  PaACTUTENbHO-MUKPOOHbIX
cumbunosos [Cao et al.,, 2017]. Henb3a ncknwoyaTtb, YTo BaKTepuanbHble
amunonapl TakXKe onocpeayroT KOHGopmaumoHHble nepexogbl NLR mam
Kaknx-nmbo apyrmx peLenTtopos, BANAA TaKMM 0O6pPa3OM Ha CUTrHa/bHble
NyTM B3aUMOAENCTBUM  KNyOeHbKOBbIX OaKTepun € OpraHM3IMOM-
XO3IMHOM.

Heobxoaumo OTMETUTb, yTO CUCTEMDbI BMPY/IEHTHOCTH,
KOHTpoaupytlowme y Haktepun cMMOMOTUYECKME UM MNATOFEHHble
HagOpPraHM3MeHHble  B3aMMOLENCTBMA  C  X03AMHOM,  obnagatot
3HaYMTe/IbHOWM OoNen CXOACTBa, KaK no peneptyapy ¢aKkTopos
BUPYNEHTHOCTM, TaK M MO MexaHM3Mam ux aenctsma [Soto, Sanjuan,
Olivares, 2006]. B cBs3n ¢ 3Tum, 60AbLIOMA MHTEpPEC npeacTaBAso
CPaBHEHME KOMMJIEKCOB aMW/IOMAOreHHbIXx 6enkoB B NpoTeomax
CUMOBUNOTMYECKMX U NAaTOFEHHbIX BaKTEPUN.

Mbl NpoBenM MNPOTEOMHbIN CKPUHUHT aMUIOUAHbLIX 6enkoB
[Nizhnikov et al., 2014b; Antonets et al., 2016; Nizhnikov et al., 2016b] B
NabopaTopHbIX WTaMMax PacnpoCTPaHEeHHOro natoreHa WU KOMMOHEHTa
HOPMa/IbHOM KULIEYHOM MUKpodpaopbl rammanpoteobaktepun E. coli
[Kaper, Nataro, Mobley, 2004]. B pe3ynbTate 3TOro skcnepmmeHTta bbin
BbiABNeH 61 6enoK, obpasyownii aeTepreHT-ycTtomymseble NoaMmepbl B

npoteome E. coli [Antonets et al., 2016], 6onblian YacTb N3 KOTOPbLIX, KaK U
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B cnyyae R. leguminosarum, 6bina npeactaBneHa G¢epmeHTaMu, a NoYTH
4eTBEPTb — MeMbOpPaHHbIMM Benkamu, Lenblin psag U3 KOTOPbIX CKAOHEH
dopmmpoBaTb CTPYKTYpbl Tuna «B-6appenb» M  accouMmpoBaH C
BMPYJIEHTHOCTbIO M natoreHe3om E. coli [Thoma et al., 2018]. Hanpumep,
cpeay  nAeHTUPUUMPOBAHHbLIX 6enkoB OblAM  MOPWUHLI  HAPYKHOWM
membpaHbl E. coli OmpA, OmpC, OmpF, urpatmowme BaxKHy pPoab B
BUPYNEHTHOCTM M NaToreHe3e 3Toro MMKpoopraHmnama [Hejair et al., 2017,
Liu et al., 2012]. Ana OmpA n OmpC B paboTax Apyrmx nccneaoBatenbCKnx
KOZINEKTUBOB paHee ©Oblna noOKas3aHa cnocobHocTb ¢$OopMUpPOBaTb
dnbpunnbl, NnpoABasAlOWLMNE HEKOTOPble M3 CBOMUCTB amuaomaos [Danoff,
Fleming, 2015; Joseph Sahaya Rajan et al., 2016].

Mbl  pewunn npoaHann3npoBaTb, HE OKAXeTcA Au  cpeam
BbIAB/IEHHbIX HaMW AeTepreHT-yctonumebix 6enkos E. coli [Antonets et al.,
2016] npeacrtaButenen Kakux-nmbo GpyHKUMOHaNbHbLIX rpynn 6enKkos, Ans
KOTOPbIX aMWUNOMAOreHHble CBOMCTBA pPaHee MnoKasaHbl He 6Obian. B
KayecTBe nNpeAcCTaBUTENIA TaKOM paHee He W3YYEeHHOM C MOo3MUUM
aMWIONOOreHHOCTM  rpynnbl  6enkoB  Mbl  Bblbpasn  MyLMHOBYIO
meTtannonentngasy Yghl E. coli, KoTopaa ABAAETCA BaXHbiM paKTOpOM
BUPYNEHTHOCTM 3HTEPOTOKCUTEHHbIX WTamMmoB 3Ton H6akTepun [Kotloff et
al., 2013; Luo et al., 2014; Luo et al., 2015]. AnAa npoBepku
aMUIONAOTEHHbIX CBOWCTB in Vvitro 6bln MCNONb30BaH 3BOOULMNOHHO-
KOHCepBaTMBHbIN AomeH Yghl, oTHocawminca K cemenctsy M60-noaobHbIxX
MyuuHoBbIx meTannonentnaas [Nakjang et al., 2012] n pacnonoKeHHbIn
onnke K C-TepmuHanbHOMy KoHuUy 6enka (PucyHok 13A) (pabota c
nonHopasmepHbiM Yghl in vitro 6blna HEBO3MOXHa M3-3a ero 60/bLluMX

pasmepos, 6bonee 1500 aK).
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A CurHanshbiii nent (1-24 ak.) M60-nogobHsIit AomeH (1081-1381 ak.)

KomnosuumoHHo aHomanbHbIi yqactok (169-1468 ak.)

p
Sup35NM
a2

PucyHok 13. AmMunonaoreHHole CBOWCTBA M60-nogobHoro AOMeHa

meTannonentuaasbl Yghl sHtepobaktepun E. coli. A. CxemaTnyeckoe msobparkeHue
6enka Yghl. MNokasaHbl curHanbHbI nentua, (1-24 ak.) 1 M60-noaobHbIn gomeH (1081-
1381 ak.) (YghJM). NAY, npeackasaHHble nporpammamu WALTZ [Maurer-Stroh et al.,
2010] nokasaHbl KpacHbiM; ArchCandy [Ahmed et al, 2014] — ¢uroneToBbIM;
KOMMNO3ULIMOHHO-aHOMA/IbHbIM Y4acToOK, npeackasaHHbi SARP [Antonets, Nizhnikov,
2013], — cuHuMm. B. OKpalumBaHue nony4YeHHblx in vitro dnbpunn YghlM Kpacutenem KK.
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NeBbin cTonbel, — NPOXoAALWIMIiA CBET, MpaBbiid cToNbel, — NoNAPU30BaHHbINA CBET.
AmmnnongHble opnbpunnsl Sup35NM mn pactBopumbln 6enok Sup35M Mcnosb30BaHbI B
KayecTBe MONOXKUTENbHOMO M OTPULATENIbHOrO KOHTPO/IEeN, COOTBETCTBEHHO. B-T.
N306pakeHna TIM ¢unbpunn Yghl, nonyyeHHsbix in vitro. B. Ysennyerne 20 000 pas. T.
YBennyenme 200 000 pa3. MacwTabHasa AMHeNKa npuBeaeHa Ha pucyHke. O-¥. TOM
(BepxHMI pAg) M NonApM3aLMOHHAA MUKPOCKONWUA KNeTok E. coli, BbIpaleHHbIX Ha
cpege ¢ KK (HuxKHUI psg), cekpetupytowmx 6enok YghlM (¥K), a Tak»Ke KOHTpO/ibHble
amunonanbii Sup35NM (A) nnm pacteopumbii Sup35M (E) 6enkun [Belousov et al.,
2018].

MpoBeAeHHbIM HAMW aHAAU3 NOKas3an, 4to M60-noaob6HbIN
nomeH Yghl) obpasyet in vitro ¢nbpunnbl, KoTopble cBA3bIBalOT KK U
AEMOHCTPUPYIOT ABOMHOE JiydyenpesiomneHme aA6104YHO-3eN1eHOr0
uBeTa B nonapusoBaHHom cBeTe (PucyHok 13B), a Takxke umerT
XapaKTepHy Mmopdonorno nNpu  BU3yaaus3auum nNpuv  NOMOLLMK
TPAaHCMWUCCUMOHHOM 3NIeKTPOHHOMU MUKpockonun (PucyHok 13B u ), 10
ecTb 061a4aloT KAKYEBbIMM CBOMCTBAMM aMWUIONAOTEHHbLIX 6enKoB
[Belousov et al., 2018]. bonee TOro, 3TOT AOMEeH ¢OpPMUPOBAN
¢déunbpunnbl, cBAsbiBatowme KK 1 Bbi3biBalowMe  ABOMHOE
NyyenpenomaeHve B MNONAPM3OBAHHOM CBETE MPU CeKpeuumn Ha
NoBepXHOCTb KneTok E. coli B cucteme C-DAG [Sivanathan, Hochschild,
2013], To ecTb B ycn0oBUAX, NPUBAUKEHHDbIX K in vivo (PucyHok 13/1-K)
[Belousov et al., 2018]. Mony4yeHHble HamMM JaHHble MNO3BOAAOT
3aK/IDYUTb, YTO MyuMHOBaa meTannonentmnaasa E. coli Yghl) obpasyet
in vivo [eTepreHT-ycTOMYMBbLIE arperatbl, a €e 3BOJIIOLMOHHO
KoHcepBaTUBHbIN M60-nogobHbIN gomeH popmupyeT amunougHble
dubpunnsbl in vitro n Npu cekpeuumn Ha NOBEPXHOCTb KneTtoK E. coli.

Takum obpasom, myuuHoBble meTanaonentnaasbl ¢ M60-noaobHbIM
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NOMEHOM ABNAIOTCH HOBbIM cemeincTtasom 6aKTepuanbHbIX
amunonaoreHHbix 6enkos [Belousov et al., 2018].

B uenom, Ha OCHOBAHWUWU MOJIYYEHHbIX HAaMM [AAHHbIX MOXHO
3aK/IIOYUTb, YTO AETepreHT-yCTOMYMBbIE aMUAONAOTreHHble benKkoBble
dpakuMm cMMBNOTUYECKMX N NATOTEHHbIX NPOoTeobaKTepuin CXxoA4HbI Mo
dYHKUMOHANnbHOMY cocTaBy 6enKkoB W oborauweHbl ¢akTopamu
BUPYNEHTHOCTM W 6enkamu, obpasywlwmmnm CTPYKTYpbl Tuna «fB-
6appenb» [Antonets et al.,, 2016; Kosolapova et al., 2019]. Takue
6enkun, npumepom Kotopbix asnatotTca RopA n RopB R. leguminosarum
[Kosolapova et al., 2019], asnawTtca bona fide amunongamm, no-
BUAUMOMY, BOBJIeYEHHbIMM B (GOPMUPOBAHUE HaAOPraHU3IMEHHbIX
CUCTEM «CUMOMOHT-XO3AMUH» UM «MNATOreH-XO3AUH», B 3aBUCUMOCTMU
OT cneuuanunsaumm cootBeTcTByowen baktepuun [Kosolapova et al.,
2020]. PenepTyap aMUAOUAHbIX 6enkos NPOKapmoT,
acCoLUMMPOBAHHbIX C BUPYNEHTHOCTbIO M MAaToOreHe3om, B peasibHOCTu
MOXeT OblTb 3HaAuYMTEeNbHO LWKWPE, YeM CYMTaeTCca Ccekyac, uTOo
MOKa3blBalOT, B TOM 4uUC/le, nNpoBefileHHble HaMW MNPOTEOMHbIe
nccnepgosanma [Antonets et al., 2016; Kosolapova et al., 2019] u
NEeMOHCTpPaLMA aMUNONAOTEHHbIX CBOWCTB MYLMHOBOW

meTannonentngasnel Yghl E. coli [Belousov et al., 2018].
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FNABA lll. MpoHn3auma 6enka: MHaAKTUBaALUA NN

u3MmeHeHue GyHKUUn?

HecmoTpa Ha TO, YTO amunouabl, BOB/IEYEHHble B BbINOJHEHUE
6ronornyecknx GyHKUMM NAEeHTUPUUMPOBAHDBI Y CaMbiX Pa3HOOBpPa3HbIX
rpynn MpPOKapMOT M 3YKAapWOT, OTKPbITbIM OCTAeTCcs BOMPOC O TOM, KakK
dopMMpOBaHME aMMUAOUAHbBIX arperatoB BAWAET Ha (PYHKLUMOHANbHYIO
aKTMBHOCTb cooTBeTcTBylowero 6enka. OgHon mn3 Hambonee yAobOHbIX
Mmoaenen Ana N3ydyeHuUs CTPYKTYPHbIX U GYHKLMOHANbHbIX 0cobeHHOoCTen
amunonaoreHesa ABNAKOTCA WHPEKUMOHHble amuaouabl — MPUOHDI
Apoxen S. cerevisiae [Chernova, Wilkinson, Chernoff, 2014; Wickner et
al., 2015]. B HacToAwee Bpema UAEHTUPUUMPOBAHO OKOJIO AECATU
aMUIONAHbBIX APOXKMKEBbLIX MPUOHOB, OONBLIMHCTBO M3 KOTOPbIX MMEET
dbeHoTUNNYECKME NPOABNEHUA, CXOAHbIE C AeNeunsiMn COOTBETCTBYHOLLIMX
CTPYKTYpPHbIX reHoB [Du et al., 2008; Alberti et al., 2009; Rogoza et al.,
2010; Patel, Gavin-Smyth, Liebman, 2009; Wickner, 1994; W.ickner,
Masison, Edskes, 1995]. Takoi 3pdeKT, OTMEYEHHbIN B Ka4yecTBe OAHOro
M3 KNACCUYECKUX KPUTEPUEB [APOXKMKEBbIX MNPUOHOB, NPEANOKEHHbIX
Puaom BukHepom B 1994 roay [Wickner, 1994], obbAcHsAeTcA Tem, YTO B
XoZe NPUOHKU3aLNM 0DObIYHO MPOUCXOAUT U3MEHEHUE MPOCTPAHCTBEHHOM
CTPYKTYpbl 6enKa, Bnekyuee 3a cobon ero arperaumio n obpasoBaHue
aMWION0B, B COCTaBe KOTOPbIX, KaK npeanosaraercs, 6enok TepsaeT CBOoto
aKTUBHOCTb [Baxa et al., 2002; Wickner et al., 2014]. B aTo# cBA3M 0cobblIN
NHTEepecC NPeacTaBAAOT BONPOCHI: MONHOCTbIO M MHAKTUBUPOBAH 6eNoK B

COCTaBe nNPWMOHHbLIX arperatos, " He npuBoaAUT N MNPUOHU3AUUNA K
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BO3HWUKHOBEHMUIO KaKNX-NMHBO HOBbIX (byHI-(LI,VIOHaIIbeIX aKTUBHOCTEN?

Ona Toro 4ytobbl NONYYNTb OTBETbI HAa 3TU BOMPOCHI, Mbl NPOBEU
CpaBHUTENIbHOE uccnegoBaHue 3¢GPeKToB MNpUOHM3auum benka Swil
APOXKen S. cerevisiae n peneummn ero CTPyKTypHoOro reHa. Swil asnsetca
KOMMNOHEHTOM  rnobanbHOro  MynbTUCcybbeaAUMHUYHOrO  peryastopa
TpaHcKkpunuum SWI/SNF, peryanpytouiero TPaHCKPUNLUMOHHYO aKTUBHOCTb
XpomatmHa nytem ATd-3aBUCMMOrO M3IMEHEHUA CTPYKTYPbl HYKJIE€0COM
[Dechassa et al., 2008; Sudarsanam et al., 2000]. 3ToT 6enoK cBA3bIBaET
aKTMBATOPHblEe 3/1EMEHTbl B MNPOMOTOPAX COTEH rEHOB, CBA3AHHbLIX C
penapaumen,  penavKkauuen,  meTabosMYeCKMMKU  KacKagamum WU
nepeknto4YeHnem TMnoB cnapmBaHua [Dutta et al., 2014; Shivaswamy, lyer,
2008]. [Oeneuma SWI1 He aABnaetca /AeTanbHOW, OAHAKO UMeeT
NJAenoTPonHble NPOABNEHUA, BblpaKatoLmecs B NoAaBieHUu
BEreTaTMBHOro pPOCTa, HAPYLWEHMU CNOPYAAUMU U NEepeKNtoYeHnA TUMNOB
cnapusaHua [Peterson, Herskowitz, 1992]. NMpnoHn3saumna Swil npmBoaAnuT K
BO3HMKHOBEHMIO HEXPOMOCOMHOro JeTepmuHaHta [SWIT], KoTopblit
Bbi3blBA€T MOAAB/NEHME POCTa APOXKMKEM Ha cpegax C rasakTto3om U
HEKOTOPbIMM APYTMMU UCTOYHUKAMM yriepoaa, Ho He rntoko3om [Du et al.,
2008; Nizhnikov et al., 2016b], a TakXe MHrMOUpPYET 3KCNPECCUIO reHa
SUP45 [Kondrashkina et al., 2014; Nizhnikov et al., 2016b], koanpytouiero
dakTop TepMuHaumnm TpaHcnaumm eRF1 [Frolova et al., 1994; Zhouravleva
et al., 1995]. 3To BbI3biBaeT CHMXKeHUEe 3PPEKTUBHOCTU TepMMUHALMU
TPaAHCAALUMKU M POCT WTaMmoB [SWI'], Hecywmx HOHCEHC-MyTaUMmM B reHax
metabonmama apeHuHa (adel-14,c,) v TpuntodpaHa (trpl-289,,5) Ha

cpenax 6e3 pobasneHma aTux Bewects (HoHceHc-cynpeccuto) [Nizhnikov et
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al., 2014a; Nizhnikov et al., 2012; Saifitdinova et al., 2010] (PucyHok 14).

Heobxoaumbim  ycnoBMem  BO3HMKHOBEHMA  HOHCEHC-Cyrnpeccun B
npucytcteun [SWI'] aBnseTca Hanuume B KaeTKax MyTaHTHbIX BapuaHTOB
daKkTopa TepmuHaumm TpaHcaaumm eRF3  (Sup35) co cHUXKeHHOWM
OYHKUMOHANbHOM  aKTUBHOCTbIO, [AENCTBYIOLWMX B  KayecTBe KO-
cynpeccopos [Nizhnikov et al., 2012; Nizhnikov, Kondrashkina, Galkin,
2013]. Aeneuma SWI1 B TakMX WTaMMax MMeeT CXoAHble ¢ npuoHom [SWI']
dbeHoTUNNYECKME NPOABAEHMSA, BbI3biBaA AedeKTbl PocTa APOrK:Ken Ha
cpepax C ranakrto3on u HoHceHc-cynpeccuto [Nizhnikov et al., 2016b]
(PucyHok 14). 3To penaeT NOMMYHbIM NPEAnosioKeHne O CXOACTBe
MOJIEKY/IAPHBIX MEXaHU3MOB 3TUX GEHOTUMUYECKUX NPOABIEHNI Y NPUOHA

[SWI'] v peneumn reHa SWII.

PucyHok 14. ®eHotunuueckne sdpdektol npuoHmsaumm Swil un peneupm SWII1 B
ranJIouAaHbIX [APOXKKEBbIX LITAMMAX, HECYyLUMX MyTaHTHble BapuaHTbl Sup35 co
CHUXEHHON (YHKUMOHANBbHON aKTUBHOCTbIO (B AaHHOM cayyae, AB-Sup35MC) u
HOHceHc-annenb adel-14,c,. PoTorpadmm ApPOXKKEN Ha CENEeKTUBHbIX Cpedax C
ranakto3on (Gal) B KauecTBe eAMHCTBEHHOIO UCTOYHUKA Yraepoaa nosyveHbl yepes 24
4. MHKyBGaumm npun 30°C (apoXKM Ha cpede C ranakTo3om A0 3TOro AOMNOJHUTENbHO
TPEXKPATHO MaccMpoBanM No 24 4. U NEpPeHOCMAM METOAZOM OTreyaTka Ha HOBble
yaLwkm). PoTtorpadun Ha cpeaax b6e3 ageHrHa (-Ade) nonyyeHbl Yepes NATb CYTOK POCTa
apoxxen npm 30°C.
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Y106bI AE€TaNbHO CPaBHUTL 3PdeKTblI NPMOHU3aLUKUM Swil n geneumm

SWI1 w yCcTaHOBUTb, CXOAHbl NN MEXaHU3Mbl MX PEHOTUNUYECKUX
NPOABNAEHUN, Mbl MPOBENN CEKBEHMPOBAHME MOJIHbIX TPAHCKPUMNTOMOB
ranaouaHbIx nsoreHHbix (MATa sup35A:HIS3 adel-14 his3 leu2 lys2 ura3
trp1-289 [pL-AB-Sup35MC]) wTtammoB Aapoxkxken [swi] (6benok Swil B
TaKMX KNeTKax HaxoauTca B pactsopumoi dopme), [SWIT] (6enok Swil B
NPUOHHOM cocTosiHuK) U swilA (6enok Swil otcyTtctByeT) [Malovichko et
al., 2019]. ApoK¥n 6bian BbipallleHbl Ha Cpede C ranakTo30M B KayecTBe
MCTOYHWKA Yrnepoaa, Ha KOTopon Haboganmucb YyeTkme peHoTUNnuYeckne
oTAnYMA Wwramma [swi] oT wrammos [SWI] u swilA. CeKBeHMpoOBaHMe
6b1710 BbINONIHEHO Ha cekBeHaTope HiSeq 2500 (lllumina, CLLUA) B pexxkume
NAapPHOKOHLUEBbLIX NpoyTeHnit anmHon 2*100 nap ocHoBaHui [Malovichko
etal., 2019].

[lony4yeHHble HamMM [AaHHble MOKas3anu, 4yto pgeneuma SWII
3HAYUTE/IbHO CU/IbHEE B/INAET Ha TPAHCKPUNTOM APOKIKEBbLIX K/IETOK, YEM
npuoHusauma Swil (PucyHok 15). Tak, npuoHusauyma Swil Bbi3biBaeT
nosbiweHne akcnpeccmn 40 reHOB M CHUXKeHne 119, B TO BpemA Kak anAa
aeneumn SWI1 5t 3HayeHnA coctasnAatoT 822 u 1156, cooTBeTCTBEHHO

(Tabnunua 1) [Malovichko et al., 2019].
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SWITA Kk [swi'] [SWI'] k [swi]
7.5 . ® | BswilA
. * TBswila
HE 3HAYUMO B SWilA
lB[sSwr
o TB[SWI
o He 3Hauumo B [SWI']
2 HE 3HAYUMO
S50 .
|
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PucyHok 15. Mpaduku, nnnoctpmpyowpme andbdepeHumanbHO SKCNPEeccupyemMble reHb
B Wrammax [SWI'] 1 swilA v no cpaBHEHMIO CO LITAMMOM [swi | Ha ceneKTUBHOM cpeae
C raNaKTo30M B KayecTBe MCTOYHMKA yriepoaa. Mo ocn abcumcc oTnoXKeH HaTypanbHbIA
Norapudm OT KPaTHOWM pPasHMLbI B 3KCMpeccun mexay [swi] v cooTBeTcTByHOLMM
wrammom (In(fold change)). Mo ocn opamHaT oTmeyeH -logl0 ot 3HayeHua q (-logqo(g-
value)), BblMMCNeHHbIM ¢ nomolbto naketa R Sleuth [Pimentel et al.,, 2017]. leHbl,
N3MEHEHUSA SKCNPECCUM KOTOPbIX HE ABNSETCA CTaTUCTUYECKN AOCTOBEPHbIM MOKA3aHb!
CepPbIM LBETOM HUXE KPaCHOW /MHWKW, B TO Bpemsa Kak anddepeHumanbHO
aKkcnpeccupyemble reHbl (FDR<0,001) oTmeyeHbl Kak 0603HauYeHOo Ha puUcyHke (| -
reHbl, 3KCNPEeccMa KOTOPbIX CHUXeHa B cooTBecTsylollem wtamme; T -
nosblweHa) [Malovichko et al., 2019].

Ta6nuua 1. Bansanve npvioHa [SWI] v geneumn SWI1 Ha SKCNPECCUIio reHOMa APOKKei
Ha cpeAe C raflakTo30M B KayecTBe eAMHCTBEHHOrO MCTOMHUKA yrnepoada [Malovichko et
al., 2019]

MN3meHeHuns B aKcnpeccum CpasHenve
reHOB P [SWF] co swill co swil co
[swi'] [swi'] [swr
YBenndeHa (FDR<0,001) 40 822 409
YmeHblieHa (FDR<0,001) 119 1156 730

Bcero 159 1978 1139
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AHanus pacnpegenexdma auddepeHUManbHO  3KCNpeccupyemMbix

FEHOB MO [APOXKXKEBbIM XPOMOCOMAaM TOKa3as, 4Yto B OOAbLUMHCTBE
C/ly4aeB TaKue reHbl pacnpeaeneHbl OTHOCUTENbHO PaBHOMEPHO (PUCYHOK
16). Tem He meHee, 3HauuTesnbHble abeppauum B nNPoPUNAX
anddepeHumnanbHom aKkcnpeccumn bobinm obHapyrKeHbl B WTamme Swill
ANA XPOMOCOMbI |, Yy KOTOPOM OblIN CBEPXIKCNPECCMPOBAHbI NMPUMEPHO
50% reHoB (AN1A OCTaNbHbIX XPOMOCOM 3TOT NOKasaTesb cocTaBnan 6,9—
14,4%), a TakKe gnAa yyactka xpomocombl Xl (ocHoBaHua 469317-489341),
B KOTOPOM pacnonoxeH noKyc RDN1, kognpyrowun TaHAEMHbIe NMOBTOPbI
pAHK, akcnpeccna KoToporo 6blaa NOYTM MOSHOCTbIO penpeccupoBaHa
(PucyHok 16). B wtamme [SWI] 3Tn 3dbdekTbl OTMeuyeHbl He 6bian

[Malovichko et al., 2019].
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Wramm swilA k [SWI1Y]

® s WP{J f,‘, He 3Haummo

e [SWr] 3HA4YMMO TOMBLKO B OOHOM LUTAMME

He sHauwmMo  —  Opumakoebie adpdpexTeiB swilAn [SWIT]

= ObpatHble athdbekTeiBswila U [SWIT

PucyHok 16. PacnpegeneHme no XpoOMOCOMaM FeHOB, SKCNPEeCccUa KOTOPbIX MEHSEeTCs
Ha ¢oHe npvoHa [SWI'] u aeneummn SWII, Ha ceneKTUBHOW cpefe C ranakTo3oi B
KayecTBe MCTOYHMKaA yriepoaa. Mo ocn abcupcc oTMmeveHbl reHOMHbIE KOOpAUHaTbI, MO
OCW OPAMHAT YKa3aHa KpaTHaA In pasHMUa B 3KCMPECcCUM COOTBETCTBYHOLLMX FEHOB B
wrammax [SWI'] uam swill no cpasHeHuto co [swi'] (In(fold change)). BepTukanbHbie
MYHKTUPHbIE JIMHUM WU PUMCKME UMPPbl COOTBECTBYHOT FPaAHULAM M HOMEpPaM
Xxpomocom. KpacHble TOUKM NOKa3bIBaOT 3HAUYMMble OT/IMYKMSA B aKcnpeccun (FDR<0,001)
B WTamMmme sWill; cuHve — B WTamme [SWI']; cepble — U3MeHeHUs, He ABAAloLMecs
3HAaYMMbIMW. JIMHUKM, OTParKaloLME N3MEHEHNA SKCNPECCUM B OLHOM U TOM e reHe
OTMeUeHbl CepbiM, eCIM M3MEHeHWA 3SKcnpeccvn B swilA u [SWIT] He sBnsAtoTcA
3HAYMMbIMU; CUHUM — €CIN N3MEHEHUA 3HAYUMbI NNLLb B OAHOM LWTaMme (SWill nan
[SWI']); 3eneHbIM — eCnM SKCMpeccva FeHa yBeAMYeHa MAM yMeHblueHa B 06oux
wrammax (swild v [SWI']); KpacHbIM — €C/M SKCMPEeccus reHa yBeanyeHa B OAHOM
LUTaMMme M yMmeHbLueHa B apyrom [Malovichko et al., 2019].
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Mbl npeanonoXunu, 4to geneuma reHa SWII1, B oTanume ot

npuoHm3auum Swil, BbI3biIBaeT AMCOMUIO NO nepBon Xxpomocome. [Ana
NPOBEPKWN 3TOro NPeanonoKeHna bbia NpoBeAeH aHa/In3 3KCNPeccumn Tpex
MmapKkepoB (adel-14, BUD14 w CDC24), pacnosioXeHHbIX B pPa3sHbIX
y4acCTKax XPOMOCOMbI |, MpyU NOMOLWM KONMYECTBEHHOW MNO/IMMEPA3HOM
LEeNHOM peaKkuun B perkume peanbHOro BpemeHu. lonyyeHHble AaHHble
noKasanu (PucyHok 17A), 4yTo aKcnpeccus Bcex 3TUX TPex reHOB MOBbILLEHA
B WTamme swilA no cpasBHeHuto co wtammamm [SWI'] u [swi'] [Malovichko
et al., 2019]. bonee TOrO, aHeynaouagmsa no xpomocome | crtabunbHO
noanepXmneanacb B WTamme swill Ha NPOTAXKEHMM 6 CYTOK NACCUPOBAHUA
Ha nonHon cpeae (PucyHok 17B), oagHaKo NocTeneHHo yTpayuMBanacb npu
BBEAEHUM B LITAMM WHTAaKTHOM Konunm SWI1 Ha nnasmuae, Hecyliewn
yyactok xpomocombl XVI ¢ aTum reHom (PucyHok 17B). Takum obpasom,
aeneuma SWI1, B8 oTanume ot npmoHmn3saymm Swil, Bbi3biBaeT AUCOMULIO MO

nepsou xpomocome [Malovichko et al., 2019].
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AHanus crtabunbHoOCTU AMcoMMU No xpomocome | B wtamme swilA (ADE16bin
MCNO/NIb30BaH B KayecTBe MapKepa uymcna Konumin xpomocombl |). B. [elicteue

o
oo

e
o

[y

o
=

[OHK ADE1 B wramme switA
1<
.

OTHOCHTENBHLIE KONUYECTBa

e
¥}

OmHocuTensHele koniectea IHK ADET o
o
b

OTHOCWTENBHEIE I{DJ'IW-IECTBEI OHK
B LUTAMME SWITA, CREPXIKCTIPECCHPYIOTLEM SWwi

[=]



-66 -
akcnpeccun SWI1 B wrtamme swilA Ha yucno Konuit xpomocombl | (ADE1 6bin
MCNONb30BaH B KayecTBe MapKepa umcna konuin). Bo Bcex cnydaax MUP 6bin
BbIMO/IHEH C MUCNOAb30BaHWem reHomHon [AHK cooTBeTcTBylOWEro wTamma B
KayecTBe maTpuubl 1 onybanMKkoBaHHbIX Nparimepos u 3oHaoB [Malovichko et al.,

2019]. Opoxxun Bblpawmann npu 30°C B TeYyeHWe yKasaHHOro BpemeHu. leH

-AACt
ACT1 6bln NCNONb30BaH B KaYecTBe KOHTPoAs. [laHHble NnpeacTaBAeHbl KakK 2 +

C. o. [Livak, Schmittgen, 2001]. 3HayeHMA B KOHTPO/bHbIX 0b6pa3uax Man B
HaYyaNbHbIX TOYKAX 3KCNEPUMEHTOB NpuBeaeHbl K 1. A KaxKAoro skcnepumeHTa
BbINOJIHEHO NATb  OMONOrMYECKMX MNOBTOPHOCTEN. 3HAYMMOCTb  OT/IMYMM
aHaNM3MpPoOBanM npu nomowm Kputepma Kpackena-Yonnmca. 3Hak  «*»
o603HayaeT ypoBeHb 3Ha4YnmocTn p < 0,01 [Malovichko et al., 2019].

[Janee Mbl CpaBHUAM AeWCTBME NpuoHM3aumn Swil u geneuunm
COOTBETCTBYIOLLErO reHa Ha buosiorMyeckne npoueccbl U MONIEKYNAPHbIE
bYHKUMKM, aHHOTMpoOBaHHble B 6a3e pgaHHbix “Gene  Ontology”
(http://geneontology.org/). Pe3ynbTaTbl aHanAn3a NoKasanau, 4Yto Ha ¢poHe
neneumn SWI1 npoucxoauT noAaBneHMe OONbLIMHCTBA MPOLECCOB,
CBA3AHHbIX C TPAaHCAAUMEN, BKAOYAA BuoreHes pnbocombl, MHULMALUIO U
3/IOHraUMUI0 TPAHCNAUMWU, a TaKKe aKTMBauMA OTBETOB Ha BbICOKYHO
OCMOJIAPHOCTb CpeAbl, HEXBATKy MNMuTaTe/NbHbIX BELWECTB W AeNCcTBue
xummkatos (PucyHok 18). Ha ¢oHe npuoHa [SWIT] Takue sddekTbl
OTCYTCTBYIOT, OAHaKo Habnoaaetca cneunduyHoe CHUMKEHME MPOLLECCOB
TpaHCNOpPTa aMWHOKWUCNOT, Yr1eBoZoB W o0buwiero TpaHcnopTa u4epes

membpaHy (PucyHok 18) [Malovichko et al., 2019].
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PucyHok 18. Cxema, wnaloCcTpupylowaa nogasBaeHne U aKTUBAUMIO
H6mnonormyeckmnx NPoLECccoB, NPOMCXoaaLLee B LUTAMMAX [SWI+] n swill Ha cpepe ¢
raJlakTo30M B KayecTBe MCTOYHMKA yrneponda, COrnacHO aHanM3y, BbINOJIHEHHOMY
npu nomowm naketa topGO [Alexa, Rahnenfuhrer, 2016] B 6a3e gaHHbIX “Gene
Ontology” (http://geneontology.org/). HekoTopble BHYTPEHHME Yy3/bl Ha CXeme
OblAN yaaneHbl ONA yAydlWeEHWA BM3yanbHOro BocnpuATUA. Mcnosnb3oBaHHbIE
uBeta pacwudpoBaHbl Ha puUCyHKe. [lonHaA BepcuAa pPUCYHKA AOCTyNHa B
OONONHUTENbHBIX MaTepuanax K paHee onybanMKoBaHHOM Hamu paboTe
[Malovichko et al., 2019].

AHanu3 metabonnMyecknx nytem, akTUBHOCTb KOTOPbIX M3MEHAETCS
Ha ¢oHe aeneummn SWI1 v npuoHmsaumm Swil nokasan, 4Yto Uenbin pajg,
nytei metabonusma cneumdunyHo peryampyetca Ha oHe npuoHa [SWI'], n
He wu3meHaeTcA Ha ¢oHe paeneumn SWI1 (PucyHok 19). Mpu 3TOM

MmeTabonmsm 2-OKCOKap6OHOBbIX KNCAoT “ aprmHUHa CI'IELI,Md)W—IHO
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ycuamnBaeTca ToNbKo Ha doHe [SWI'], HO He u3meHATCA Nog AencTBMem

neneumn SWI1 (PucyHok 19). Takum o6pa3om, MNosy4eHHble [AaHHble
MOKa3bIBalOT, 4YTO NPUOHM3aAUMA Swil He TONbKO He TOXKAeCTBeHHa
AeNeunn ero CTPYKTYPHOro reHa, Ho cneunduyHo U3MeHAET HEeKoTopble

KneTouHble GyHKuMn n metabonmnyeckme nytn [Malovichko et al., 2019].
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PucyHok 19. MeTtabonmyeckme nyTu, aKTMBAUMA WAM NOAABJIEHME KOTOPbIX
NPOUCXoAuUT B LITAaMMax [5W/+] n swillA Ha cpepe C ranakto3on B KadecTse
WMCTOYHUKA yrnepoaa, cornacHo aHanusy KEGG Pathway test, BbinonHeHHOMY npwm
nomowm naketa clusterProfiler [Yu et al.,, 2012] u BM3yanAnsnMpoBaHHOMY
nocpeactsom ggplot2 [Ginestet, 2011]. Pasmep TOuKM npeactaBndetr cobou
Ko3apdnUneHT oborauleHus, a LLBETOBOM rpaguenT otobparkaet
3KCNEepMMEHTaNbHOE 3HAYeHMe ( B COOTBETCTBYHOWEM aHanuse. [lytu
OTCOPTMPOBAHbI B nopaake ybbiBaHMA Ha OcHoBe o0buwero KoapdpuumneHTa
oboraueHns BO BCex Tpex Kateropuax (Metabosnyeckunii nyTb nogaBneH B swill,
nopasneH B [SWI'] unv aktnsuposaH B [SWI']) [Malovichko et al., 2019].
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MpMHMMaA BO BHMMAHME CYLLECTBEHHbIE OT/INYUA B BbIAB/IEHHbIX
Hamu adpdekTax npuoHmsaumm Swil n geneumm ero CTPYKTYPHOrO reHa,
Mbl peWwunnn BepHyTbCcA K Oonee peTanbHOMY aHanM3y MeXaHWM3MOB
beHOTUNNYECKMX NMPOABAEHMIN ITUX COCTOAHMMN Swil. [TOCKONbKY HOHCEHC-
cynpeccma B wrammax [SWIT], Hecywmx myTaHTHble BapuaHTbl eRF3
(Sup35) co CHUMKEHHOM @YHKUMOHANbHOM aKTUBHOCTbIO BO3HWKAET B
pe3ynbTaTe CHUXKeHuA akcnpeccun reHa SUP45 [Kondrashkina et al., 2014;
Nizhnikov et al., 2016b], mbl cpaBHuan Konuyectea MPHK SUP45 B
wrammax [swi'], [SWI'] v swilA (PucyHok 20). JaHHble, NONYYEHHbIEe HaMWU
npu nomowm KonmyectseHHon [UP B peanbHom BpemeHn (qPCR),
NoKa3anu, Yto Konmdectsa MPHK SUP45 B wtammax [swi] u swill He
oTanyatotca (PucyHok 20B). Bonee Toro, yBennyeHune 3KCNpPeccMn reHa
SUP45 B wtamme swilA He Bbi3blBaNO NnogaB/iieHMEe HOHCEHC-CYynpeccuu
(PucyHok 20A). Takmm 0bpas3om, HOHCEHC-cynpeccua B WTamme swill, B
oTanumne ot [SWI'], BO3HMKaeT He B pe3ynbTaTe CHUMKEHMA 3KCNpeccuu

reHa SUP45 [Antonets et al., 2017].

A B
S 14 -
[SWF] 3., p<0.05 p<0.05
I
o
[SWI*] / SUP45 : 1
g )
[SWf'] g 0.8
' § 0.6 -
swi1h |3 L % A
swill / SUP45 L
i <]
& [swi [SWI] swill

PucyHok 20. BauaHue SUP45 Ha ¢eHOTMNMYECKOe MNpPOABAEHUE WN30reHHbIX
LWTAaMMOB C Pa3NnYHbIMK COCTOAHMAMM Swil. A. YBennyeHue akcnpecnn SUP45 He
NPMBOAUT K MNOJABAEHMIO HOHCEHC-Cynpeccuu, Bbi3blBaemon pgeneumen SWII.
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NpuBseaeHbl doToropadum wrammos [SWI'] v swill ¢ yBenMUYeHHON aKcnpeccueit
SUP45, pocTUrHyTOM 3a CYeT BBeAEHMA AONOAHUTEeNbHOM Konuum SUP45 Ha
LeHTpomepHOM naasmuae (ob6o3HaueHbl Kak «/ SUP45»), n 6e3 ceepxaKkcnpecuu,
a TaKXe wTtamma [swi] (B KauyecTBe KOHTPONA) Ha NATble CYTKM pocTa Ha
CeNeKTUBHbIX cpepax 6e3 (-Ade) u ¢ apeHnHom (+Ade) npm 30°C. Bb.
CpaBHUTE/IbHbIN aHanu3 aKkcnpeccumn SUP45 B wrammax [SWI'], [swi] v swilA npu
nomowm gPCR. [aHHble npeacTaBieHbl Kak AN [Livak, Schmittgen, 2001],
OTMeYeHbl YpPOBHM 3HaummocTu. KonmuyectsBo MPHK SUP45 B Knetkax [swi]
npupasHeHo K 1 [Antonets et al., 2017].

BO3HMKHOBEHME AyN/IMKAUMU MEPBOM XPOMOCOMbI, Ha KOTOPOM
pacnonaraetcs reH ADE1 (B Buge annenu adel-14,s4), Ha poHe geneunmn
SWiI1 [Malovichko et al.,, 2019] noaTtsep)aann U AaHHble npodunn
3KCNPEeccumn reHoB, PacnoIOXKEHHbIX Ha NePBOM XPOMOCOME, NOJIy4YEHHbIE
NPV BblpalWMBaHMKN WITAaMMOB [swi ] n swilA Ha nonHou cpege [Antonets
et al., 2017]. Mbl npeanoN0XNAU, YTO HOHCEHC-Cynpeccua Ha cpeae 6e3
afleHMHa B WTamme SwilA MOXeT BO3HWKATb B  pe3y/braTte
CBEpPX3KCnpeccMn MyTaHTHOM annenn adel-14,c,. MNpexaeBpeMeHHbIN
CTOM-KOAOH B TPaHCKpuUNTe 3ToM annenu Ha ¢oHe obuiero gmcbanaHca
annapata TpaHcasuun, Habnawaaemoro B wramme swilA (PucyHok 18)
[Malovichko et al., 2019], ¢ 6onee BbICOKOM 4acTOTOM, YeM B LUTaMMe C
MHTaKTHbIM SWI1, npouynTbiBaeTCa KaK 3HayalWMih, YTO MOKET Bbi3blBaTb
POCT ApoXKen Ha cpese 6e3 ageHuHa [Nizhnikov et al.,, 2014a].
CpaBHUTENbHbIM aHann3 Konunyectsa MPHK adel-14,;4 NoKasan, 4Yto OHO
NeNCTBUTENbHO Bbille B WTamme swill, yem B wrammax [swi] v [SWI]
(PucyHok 21) [Antonets et al., 2017]. bonee Toro, cBepxakcnpeccus adel-

14,64 8 wWTamme [swi | Bbi3biBasia BO3SHUKHOBEHME PEHOTMNA, CXOAHOrO CO

Swill\, xoTa n HecKonbKo bonee cnabo BbiparkeHHOro (PucyHok 21). Takum
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obpa3om, Ham yAanocb YCTaHOBUTb, YTO HOHCEHC-CyNpeccusa Ha cpeae bes
afjeHVHa B wrtamme swilA, B otanume ot [SWI], BO3HMKaeT He B
pe3ynbTaTte CHUXeHuA akcnpeccun SUP45, a B pesynbTaTe yBesIM4eHUA
akcnpeccun ADE1 (adel-14,c4) [Antonets et al., 2017], BbiI3BaHHOM

aynnnkauuen xpomocomsl | [Malovichko et al., 2019].

p<0.001 =

w
w
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p<0.001 [SWI]
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adel-14,;,T B
. . [swi] / ADEID
[swi’] [SwWi*]

PucyHoK 21. YpoBeHb 3kcnpeccun ADE1 BaunsieT Ha PeHOTMNUYECKME MNpPOosiBAEHUS
WTAMMOB C pas3anyHbiMn coctoaHMAamM Swil. A. CpaBHEHME OTHOCUTENbHOro
konnyectBa MPHK adel-14,s, B wrammax [SWI'], [swi] v swilA npu nomoLym
gPCR. laHHble NOKa3aHbl KaK AAc [Livak, Schmittgen, 2001], oTme4eHbl YpOBHMU
3HaunumocTn. Konunyectso mMPHK ADE1 y [swi] npupaBHeHo K 1. B. [OeiicTtBue
cBepxkaknpeccun adel-14,;4 Ha HOHCEHC-CyMpeccuto B WTammax [swi].
NpvBeneHbl dpoTorpadum WTammos Aposkken [SWI'], [swil, swild w [swi] co
cBepxaKkcnpeccuent adel-14,c, v ADE1 (M) Ha ceneKkTuBHbIX cpenax 6es (-Ade)

n c pobaBneHnem ageHuHa (+Ade) Ha nAatblie cyTkn pocta npu 30°C [Antonets et
al., 2017].

HecmoTtpsa Ha To, 4YTO cBepxakcnpeccms adel-14 s, B wWTamme swill
4YaCTUYHO OOBACHAET €ro HOHCEHC-CYNpPecCopPHbIi GeHOoTUN, 3TOT 3dPeKT
ABnaetTca bonee cnabbim, yem Ha ¢poHe peneumm SWI1 (PucyHok 22)
[Malovichko et al.,, 2019]. Kpome Toro, peneums SWI1 Bbi3blBaeT WU

HOHCEHC-cynpeccuto Ha cpeae 6e3 TpuntodaHa (PucyHok 14) [Malovichko



-72 -
et al., 2019]. OcHoBbIBasACb Ha 3TUX AAHHbIX, Mbl NMPEANOAOXKUAN, YTO

HOHCEHC-cynpeccMa B WTaMmmax SwilA ABnsetcA ABYXKOMMOHEHTHOM.
Pe3ynbTaTbl CEKBEHUPOBAHWUA TPAHCKPUNTOMOB CBWAETE/IbCTBOBA/IN B
NO/Ib3y TOrO, YTO 3TMM BTOPbIM KOMMOHEHTOM ABAAeTcA rnobanbHoe
HapyweHne B wWTamme SwilA paboTbl TPAHCAALMOHHOIO anmnapaTa,
BO3HMKalOLlee, B TOM 4uMC/e, B pe3y/bTaTe NOAABAEHMA 3KCNPeCccuu
nokyca RDN1, koampytouwero nostopbl pAHK [Venema, Tollervey, 1999]
(PucyHok 16). Ona npoBepKM 3TOro NpeanosioKeHUs Mbl 3aMeCcTUIN B
wrammax swild, [swi] wu [SWI'] myTaHTHbIM BapuaHT daKTopa
TepmunHaumm TpaHcnaummn eRF3 (Sup35) co CHUMKEHHOM PYHKLMOHANbHOM
aktMBHOCTblO (Ab-Sup35MC) [Nizhnikov et al., 2012] Ha HaTuBHbIN Sup35.
Kak u osupganocb, wtammbl [swi] u [SWI'], Hecylwme WHTaKTHYIO
nocnepoBatesibHOCTb SUP35 He pocaM Ha CenekTMBHbIX cpepax 6e3
aaeHuHa nam TpuntodanHa (PucyHok 22A) [Malovichko et al., 2019]. B T0
Xe Bpema wrtamm swillA obnagan cnocoBHOCTbIO K POCTY Ha 0beunx aTux
cpepax, TO eCTb OMHMMNOTEHTHOM HOHCEHC-CYNpeccMen, oTpaxKatowen
Haanyme y Hero rnobanbHbIX HapyweHUn 3PPEKTUBHOCTU TepMUHALUM
TPaHCAAUMU, HE CBA3AHHbIX C 3dPeKTUBHOCTbIO paboTbl eRF3 (PucyHok 22)
[Malovichko et al., 2019]. JobaBneHne aMMUHOTNNKO3NAHOIO aHTUOMOTUKA
NapoOMOMWULNHAE, KOTOPbIN TaK¥e BbI3blBAaeT HapyLleHMA TepMUHaLUK
TPaHCAALMK, NPUBOAMAO K BOSHUKHOBEHMIO pOCTa ye y WwTamma [SWIT] n
AOMONHUTENbHOMY YCUIEHUIO pocTa wTamma swilA (PucyHok 22A)
[Malovichko et al.,, 2019], 4TO OKOH4YaTe/NbHO MOATBEP)KAANO Halle

npeanonoxeHume.
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MapoMOMMUKH B [swi]
-Ade -Trp  -Ade -Trp

[swrr]™ S swilh

sup3s SUP45. MHrubuposaxme BroreHesa [ucommns no
T puboCcoMbI xpomocome |

~
Cnaboe cHiwwexne adipexTviBHocTM  CunbHoe CHweHWe adpexTueHocT  ADELT
TEPMUHALIN TPAHCTALAA TEPMUHALIMKM TPAHCNALIAK

Ade17 Adel 'M*'r
Cnaban uonceué-cynpeccmn CunbHan utnceuc-cynpeccun

PUcyHOK 22. MexaHW3Mbl HOHCeHc-cynpeccun B Wwtammax [SWITT u swilA. A.
AMWHOTNKO3NAHBbIN  aHTUOMOTMK MAPOMOMMUMH BbI3bIBA€T HOHCEHC-CYMNPECUo B
wrammax [SWI'] n swilA. NMokasaH pocT wrammos [SWI'], [swi] u swill, Hecywmx
nosiHopa3mepHbin SUP35 n HoHceHc-annenn adel-14ycy w trpl-289 6. PoTorpadum
JPOXIKEN Ha CeneKkTMBHbIX cpenax ¢ rakoson (Glu) u ranakrosoi (Gal) B Kavectse
€OMHCTBEHHOrO WUCTOYHMKA yraepoda nosyyeHbl yepe3 24 4. nHkybaumm npu 30°C
(pOXK*KM Ha cpeae C ranakTo3om A0 3TOro AOMOHUTEIbHO TPEXKPATHO MacCMpPOBa/IMv
no 24 4. U NepeHoOCUIN METOAOM OTNEeYaTKa Ha HoBble YaluKu). PoTorpadum Ha cpeaax
6e3 ageHunHa (—Ade) n TpuntodaHa (—Trp) NonyyeHbl Yepes NATb CYTOK POCTA APOMKIKEN
npun 30°C. B. Cxema, UANKOCTPUPYIOLLAA PA3/IMYMA B MEXAHM3MAX HOHCEHC-CYNpeccum,
BO3HMKAIOLLEM B X04€e NpMoHu3aumm Swil n Ha poHe aeneunm SWI1 [Malovichko et al.,
2019].

Takum o6pa3om, B pamMKax HallmMx uccneaoBaHUM yaanocb NpoBecTu
AEeTaNbHbIN CPAaBHUTENbHbIA aHann3 3¢PeKkToB NpMoHM3auum Swil mn ero
OEeNeuUMoOHHON  WMHaKTMBauuu. [losydyeHHble AaHHble ybeauTenbHO
MNOKa3anu, 4YTO, HECMOTPA Ha HaAM4YME YACTUYHOTO CXOACTBA MeXKAay
rpynnamm reHoB, SKCNPeccua KoTopbix MeHaeTca Ha doHe npuoHa [SWIT u
peneumn reHa SWII1, peneumsa Bbi3blBaeT UeNbld pAag cneunPuyHbIxX
NPOABAEHMI, OTCYTCTBYIOWMX B LITamMMax, Hecylwmx [SWIT]: (1) amcomuto
no xpomocome |; (2) obuwee noaaBneHne 3SKCNPeccUM TreHOB
TpaHCNAUMOHHOro annapata; (3) cneuMdmnyHoe U3MEHEHME 3ISKCMPeccum
FEHOB, KOHTPOAMPYIOLWNX PAL  MOJEKYIAPHbIX MNPOLEeCcCcoB, BKAO4Yan
aKTMBAUMIO OTBETOB Ha BbICOKYIDO OCMONAPHOCTb Cpedbl, HexBaTKy

NUTaTENbHbIX BewecTB U aencrene xmmmkatos [Malovichko et al., 2019].



-74 -
Ha doHe npuoHa [SWI'] Takxke HabnwopatoTca cneunduuHblie sdhdexTbl,

BKAoYatowme: (1) CcHUXKEHMe 3SKCAPeccUM T[eHOB, KOHTPOIMPYHOLLNX
TPAHCMOPT Pa3/IMYHbIX BellecTB 4epe3d membpaHy; (2) akTueauumio
meTabonmama 2-okcokapboHoBbIX KMCNOT M apriHnHa [Malovichko et al.,
2019]; (3) nopasneHune akcnpeccum reHa SUP45 [Kondrashkina et al., 2014;
Nizhnikov et al., 2016b]. dake ¢peHOTUNUYECKMe NPOoABAEHUA MPMOHA
[SWI'] npu BHelwHem cxoacTBe C npossneHnem geneummn  SWII
OnocpeaoBaHbl Pa3HbIMM MEXaHM3MaMM. TaK, HOHCeHc-cynpeccus B
wrammax [SWI'] Bo3HMKaeT 3a cyeT noAasneHmna sKkcnpeccum reHa SUP45
[Kondrashkina et al.,, 2014; Nizhnikov et al., 2016b] B npucytcTemu
MYTaHTHbIX BapuaHToB Sup35 €O CHUXKEHHON  (YHKLUMOHANbHOM
aktmsHoctblo [Nizhnikov et al., 2012; Nizhnikov, Kondrashkina, Galkin,
2013], a Ha ¢oHe peneuunm SWI1 — 3a cuyer obuwero CHUKeHus
3pPeKTMBHOCTM pPaboTbl TPAHCAALUMOHHOIO annapaTta, BbI3BaHHOIO, B TOM
ynucne, pPenpeccuem  XPOMOCOMHOIro noKyca RDNI1, a TakxKe
cBepxakcnpeccumn reHa ADE1 Ha doHe gucommm no xpomocome | (PucyHok
22) [Antonets et al., 2017; Malovichko et al., 2019].

B uenom, noayyeHHble HAMK AaHHbIE MOKA3bIBAlOT, YTO KOHBEPCUS
6eNKOoB B MPMOHDI, BbICTyNatoWwme B Ka4ecTBe KOHPOPMALMOHHbIX MaTpuL,
npeobpasyowmx MOEKYNbl pacTBopumoro 6enka B arperaTbl, He
NpPMBOAUT K MOJIHOM WMHaAKTMBauum 6enKka, a ckopee B/eYeT 3a cobowm
n3meHeHue ero GyHKUMU. B 3TOM KOHTEKCTe C MO3ULUUMA KNaCCUYEeCKOoM
reHEeTUYECKON TEPMUHONOIUUN MPUOHBbI MOTYT BbITb PAaCCMOTPEHbI HE KakK
MyTaumu, npusogawme K notepe o¢yHKkumm (loss-of-function), Ho Kak

MyTauumn, usmeHstowme pyHKUnmM reHa (gain-of-function).
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FMABA IV. YcnoBHblIe NPUOHDI

B npeabiaylwmx rnaBax Halero uccaegoBaHUA 6bi0 YCTaHOB/EHO,
4yTO 6e/1KoBble KOHPOPMALMOHHbIE MATPULLbI PACNPOCTPaHEHbI B Npupoae
3HAaUYMTENbHO WKpPe, Yem npegnonaranun Ao 3Toro, obpasyscb, B YaCTHOCTH,
Y pacTeHUn u KNybeHbKOBbIX BaKTepuit B PU3NONOTMYECKUX YCIOBUAX in
vivo. Tak»Ke 6bl10 NMOKa3aHO, YTO BO3HMKHOBEHME KOHPOPMALUOHHbBIX
MATPUL, MOKET MNPMBOAUTb He TONIbKO K MHAKTMBAUMK 6enKka, HO U K
nameHeHuto ero ¢pyHkummn [Antonets et al., 2017; Antonets et al., 2020;
Antonets, Kliver, Nizhnikov, 2018; Antonets, Nizhnikov, 2017a; Kosolapova
et al.,, 2019; Malovichko et al.,, 2019]. NockonbKy NpoTeoOM ABAAETCA
AVUHAMUYECKOM CUCTEMOM, MHOMME KOMMOHEHTbl KOTOPOW CMOCOOHbI
N3MEHATb CTPYKTYPY M PyHKUMM [Picotti et al., 2009], mbl pewnnm n3yumtb,
moryT am 6enkm npunobpeTtatb M NoALEPKMBATb CBOMCTBA MPUOHOB TOJIbKO
B ONpeAeneHHbIX YCNOBMAX MPOAYKUMW, KOTopble ANA MHOrmx 6enkos
CNOCOBGHbI MHOTOKPAaTHO M3MEHATLCA in Vivo noa, AeNCTBUEM Pa3/INYHbIX
ctumynos [Chong et al., 2015; Soufi et al., 2009].

Benok GIn3 pgpoxxKen npeacrtaBnsetr cobon TPAHCKPUMUMUOHHbLIN
perynatop Katabonuama asota [Cox et al., 2000; Kulkarni et al., 2001],
BANAOWMNA HA 3pdeKTUBHOCTb TepMmuHaummn TpaHcaaumnm [Nizhnikov et al.,
2014a; Nizhnikov et al., 2014c] wn wumetrowmin QN-oboralwleHHbIN
amunonaoreHHbln  yyactok (GIn3QN) 166-242 aK. ITOT y4yacTokK
dbopmumpyet npu CBEPXNPOAYKLUMN arperarbl, obnagatowme
npuoHonoaobHbimn [Alberti et al., 2009] n amunomaonoaobHbIMMK

csomcteamu [Alberti et al., 2009; Antonets, Sargsyan, Nizhnikov, 2016], a
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TaK¥Ke B3aMMOJENCTBYeT C arperataMu APOX3KesblXx NpuoHos [PSIF] wu

[PIN'], npuyem 3sdpdektnBHoCcTb arperaumm GIn3QN  3HauUTENbHO
Bo3pacTaeT B npucytcteumn [PIN'] [Antonets, Sargsyan, Nizhnikov, 2016].
ArperaTtbl ¢pparmeHta GIn3QN, cautoro ¢ Xentbim ¢GyopPECUEHTHBIM
6enkom YFP, npoABAaloT UMTONMA3MaTUYECKyl0 Jiokanmsaumo (PucyHoK
23A) [Antonets, Sargsyan, Nizhnikov, 2016].

Mbl cBEpXNpoAyLMpOBaan NosHopasmepHbii GIn3, camtein ¢ YFP, B
KNeTkax [ApoKKel. ITOT XMMepHbIM 6enok He arpervpyer npwm
CBEPXMPOAYKLUMN HU B LUTAMMAX, JINLIEHHbIX MPUOHOB, HM B LUTAMMAX,
Hecywmx npuoH [PIN'], BbICTynatowWwmin B KayecTse MHAYKTOPa arperauumn u
NPUOHU3aUMN MHOrnx b6enkos aporkken [Derkatch, Liebman, 2007a;
Derkatch et al., 2001]. CurHan GIn3-YFP npwu cBepxnpoAyKumu B LWUTaMmme
1-0OT56 [PIN] pemoHcTpupyeT agepHyto nokanusaumio (PucyHok 23B)
[Antonets et al., 2019; Antonets, Sargsyan, Nizhnikov, 2016].

Mbl npoBenu COBMECTHYH cBepxnpoayKumio ¢parmeHta GIn3QN,
CANTOrO € cMHUM ¢nyopecueHTHbIM 6enkom CFP, n nonHopasmepHoro
GIn3, cautoro c YFP B gpoxkesom wramme 1-OT56 [PIN'], npeanonoxus,
yto arperatbl GIN3QN moram 6bI CAYKUTb B KavyecTBe KOHGOPMaALMOHHOM
MaTpuuUbl  AnA arperaunMm nonHopasmepHoro GIn3. B pe3synbrate
NPOBEAEHHOr0 3KCNEePMMEHTAa HaM [AEeNCTBUTENbHO YAa/IoCb BbIABUTL
HECKOJIbKO KJIOHOB, B KOTOPbIX NosHopa3mepHbIn GIn3-YFP arpermpoBan,
npMyem ero arperatbl AEMOHCTPUPOBA/IN MOJIHYIO KONAOKAAU3aAUUD C
arperatamu GIn3QN-CFP (PucyHok 23B) [Antonets et al., 2019].

Hanee, ona Toro, 4tobbI BIACHUTD, HacneayeTca nn arperauma Gln3-

YFP, mbl npoBenu notepto naasmuapl gna ceepxnpoaykumm GIn3QN-CFP. B
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pe3sy/sbTaTe 3TOr0 3KCMNepMMeHTa HamM yAanocb YCTaHOBUTb, 4TO Y
HEKOTOPbIX K/AOHOB Mocne notepu nnasmumapl 408 CBEPXNPoayKuMn
GIn3QN-CFP coxpaHunacb arperaumsa nosiHopasmepHoro GIn3-YFP,
npuyem arperatbl 3Toro 6enka pacnonaranucb B umtonnasme (PucyHoK
23[, benaa cTpenka), Ho 4actb benka pemoHcTpupoBana anddysHoe
cBeyeHne B Agape (PucyHok 23I, 4yepHas cTpenka). Takum obpasom,
MHOYUMPOBAHHAA HamMu  arperauma  nosHopasmepHoro  GIn3-YFP
HacnegyeTca B pAAy MUTOTUYECKUX NOTOMKOB. [lanee KNOHbl, Y KOTOPbIX
GIn3-YFP arpervpyeT B uutonnasme, Mbl oTmevanu Kak [GLN3 '] («T»
ob03HayaeT, 4YTO arperauma NOAAEPXKMUBAETCA MNpPU CBEpPXNpoAayKuuu), a
KNOHbI, Yy KoTopbix GIn3-YFP npoasndaer aAuddysHyo aaepHyto
nokanusaumio — [gin31] [Antonets et al., 2019].

MpoBepka cTabunbHOCTU HacneposaHua [GLN3'] nokasana, yto
AONA KNETOK C arperatamu yepes cemMb CYTOK NMACCMPOBAHUA AOCTOBEPHO
He OT/NYaeTcA OT HavanbHOM To4YkM (p > 0,05) (PucyHok 23/[). CHUKeHne
ypoBHA npoaykumn GIn3-YFP 33 cyeT MHIMH6MPOBAHMA aKTUBHOCTU
KOHTpO/AMpYyOWero ero npoaykumio  npomotopa CUP1  nytem
npeKkpaweHua pobasneHua cynbdata meam Il B cpeny, Hanpotms,
BbI3bIBAZI0 MOAHYIO 3AMMMHaUMIO [GLN3'] yxe uep3 Tpu naccaxka
NPOAO/IKUTENBHOCTbIO OAHWU CYTKWU Kaxapli (Bcero okono 30 NOKOAEeHUN)
(PucyHok 23E). Takum obpasom, [GLN3N'] noppepkmsaeTca TONbKO Npu

CBEPXNPOAYKLUMUN ero CTPyKTypHoro 6enka [Antonets et al., 2019].
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PucyHok 23. CosmecTHas csepxnpoaykuma ¢ GIn3QN-CFP nHayumpyeT arperauuto
GIn3-YFP. A. Ceepxnpoaykuma GIn3QN-YFP Ha doHe npuoHa [PIN'] npusoauT K
BO3HMKHOBEHMIO arperaTtos, PacnoNoXKeHHbix BHe Agpa. b. MNonHopasmepHbIn
GIn3-YFP npwu cBepxnpoayKumMu He arpermpyeT u 10Kaanm3oBaH NPemMyLL,eCTBEHHO
B Agpe. B. Arperayma GIn3-YFP BO3HMKaeT npun COBMECTHOW CBEPXMNPOAYKLUU C
GIn3QN-CFP Ha d¢oHe [PIN']. T. Arperauma GIn3-YFP coxpaHsetca 6e3
ceepxnpoaykummn GIn3QN-CFP. YepHasa cTpenka — KONoKanmsaumna pactBoOpuUMOro
GIn3-YFP ¢ apgpom, 6enasa - arperat GIn3-YFP B uutonnasme. NoKa3aHbl KaHan
dnyopecueHumMn cootBeTcBylowmMx 6enkoB M cBaAsbiBatowero AHK Kpacutens
DAPI. «CoBmeLLeHME - HANIOXKEHMNE KaHaN0B PpayopecLeHUMM HA KaHan ¢a30Boro
KOHTpacTa. MacwTabHas nnHerka - 5 mKM. A. Arperaumna GIn3-YFP Hacneayetca B
MUTO3e Npu cBepxnpoayKumu. NokasaHbl Homepa naccaxew no 24 4. npu 30°C. E.
Mpn npeKpaweHun ceepxnpoaykumn GIn3-YFP npoucxoaut notepa ero
arperaumu, KoTopas He BOCCTaHaB/AMBaETCA npwm BO306HOB/IEHUM
csepxnpoaykumnm. OTmedeHbl % KNETOK C arperatamum Noc/e YKa3aHHOro 4yucna
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naccaxkenm no 24 4 npu 30°C. XK. HaTtusHbin GIn3 noapep)kmBaeT COCTOsIHME
[GLN3N'] npu cBepxnpogyKumn. OTmedeH % KAOHOB, COXpaHMBLIMX [GLN3']
npu 3ameHe GIn3-YFP Ha GIn3 u naccMpoBaHMWM Ha CENEKTUBHbIX cpedax C
pobasneHnem 150 mkM CuSO, (cBepxnpoAyKums No KOHTPOJEM UHAYLMPYEMOTO
noHamm megmn Il npomotopa CUP1) wnm 6e3 CuSO, (HeT cBepxnpoayKuuu).
MnaHkM norpewHocter cooteBeTcTBYOT C. 0.; MOKas3aHbl YPOBHW 3HAYMMOCTM.
AHanus arperaunm BO BCeEX C/ay4yaax NpoBoaMaM yepe3 48 4. pocTa KNeTOK Ha
cenekTUBHbIX cpeaax [Antonets et al., 2019].

Janee Hamm OHblna npoBegeHa 3amMeHa NAasMuapl  AnA
ceepxnpoaykumun GIn3-YFP Ha nnasmnay ansa cesepxnpoayKumm HaTUBHOIO
GIn3 B wTtamme [GLN3M']. MonyyeHHble KNOHbI, CBEPXNPOAyLMpYIOLLMe
GIn3, B TeyeHMe NATU CYTOK MAacCCUMPOBA/IN Ha CE/IEKTUBHOW cpeae, nocne
4yero BHOBb BBOAMAM Nnasmuay Ana ceepxnpoaykumn GIn3-YFP u
aHaNM3NPOBANM arperaumio 3Toro XxmmepHoro 6enka. B pesynbrate
aKkcnepumeHTa bbln0 ycTaHOBAEHO, YTO arperauua GIn3-YFP Habatoganach
y 88% NOTOMKOB MCXOAHbIX KNoHOB (PucyHoK 23K). 3To AoKa3biBano, 4YTo
AetepMuHaHT [GLN3N'] noppepusaeTca Kak nNpu CBEPXNPOAYKLMM
xumepHoro  6enka  GIn3-YFP, Tak wm HemoAMOULMPOBAHHOIO
nonHopasmepHoro GIn3 [Antonets et al., 2019].

[lonyyeHHble AaHHble NO3BOIWMAM HaM NPeAnONOKUTb Hanuume y
[GLN3M'] npuoHHbIX cBoMCTB. [n1A NPOBEPKM 3TOr0 NPenoioNeHNA Mbl
M3yumam  3asmcumoctb  [GLN3N] OT  aHTUNPUOHHOIO coefuHeHus
rmgpoxnopuaa ryanmauHa (I'TX) [Ferreira et al.,, 2001]. MNMony4yeHHble
AaHHble nNoKaszanm, 4yto 5 mM [TX Bbi3blBaeT NPUMeEpPHO AeCATUKPATHOe
CHUXXeHMe 4o KNEeTOK [GLN3] yepes  Tpu naccaxa
NPOAO/IIKUTENBHOCTbIO  OAHM  CYTKM  Kaxapit  (PucyHok 24A). [pwu
naccuposaHun wramma [GLN3'] Ha cpepe 6e3 [TX B KauecTse KOHTPOAA

CHUXeHWe Aoan KneTok [GLN3'] oTmeyeHo He 6bino (PucyHok 24A).
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Mockonbky aeiictue IMX Ha NPUOHbBI CBA3AHO C TEM, YTO 3TO COeAMHEHUNE

nHaktTuBmpyet AT®-a3Hbii gomeH [Masison, Reidy, 2015; Romanova,
Chernoff, 2009] wanepoHa Hspl04 [Chernoff et al, 1995],
obecneumBatowero @¢pparmeHTauMiO MNPUOHHbIX arperatoB ANsa KX
appeKTMBHOM nepegaum govepHuMm Knetkam [Kushnirov, Ter-Avanesyan,
1998], mbl npoaHann3npoBanm apPeKTbl CBEPXNPOAYKLUMN U MHAKTUBALUMU
Hsp104 Ha [GLN3']. PesynbTaTbl 3KCnepMmeHTa NoKasanu, Yto Aeneuus
HSP104 npuBOAMT K NPaKTUYECKN MOAHOMY ucyesHoBeHuo [GLN3N'], B To
BpemAa Kak cBepxnpoaykuma HsplO4 He oOKasbiBaeT BAMAHMA HA 3TOT
HEXPOMOCOMHDbIN aeTepMUHAHT (PucyHOK 24B), Kak M Ha 60/bLUMHCTBO
APOXKeBbIX NPUOHOB. OgHUM M3 OCHOBHbIX CBOMCTB MPMOHOB ABAAETCA
NHPEKUMOHHOCTb, ANA aHanM3a KOTOpPOM Mbl MCNONb30Baan 6enKoByto
TpaHchopmauymio [Tanaka et al., 2004; Tanaka, 2010]. B KayecTBe AoHOpa
arperatos 6blIM MCNO/Ib30BaHbI IM3aTbl ranaonaHoro wramma [GLN3],
a peuunueHTa — ceponnacTbl ransonaHoro wramma [g/n31] (ans Toro,
4yTObObI M36€eXKaTb BO3MOKHbIX apTedaKToB, 3TU WITaMMbl OblIN CHAbXKeEHbI
PA3IMYHbIMN CENEKTUBHBIMMU MAapPKepamu, a NoayvYeHHble TPAHCPOPMAHTDI
NPOBEPSAIN Ha NpeaMEeT COXPaHEHUA ranaonaHoro crtatyca). B pesynbrate
NpoBeAeHHOro 3KcnepMmeHta 6bl10  ycTaHOBAEHO, u4To [GLN3MN]
nepeaaetca npu 6enkoBon TpaHchopmaunm ¢ 3bPeKTUBHOCTbIO 0K010 2%
(Tabnnua 2). B KOHTPO/ILHOM 3KCMEPUMEHTE, rAe B KayecTse AoHopa bbin
ucnonb3osaH amsat [gin317], nossnenua TpaHcdopmaHTos [GLN3M]

oTMe4eHo He bbisio (Tabnunua 2) [Antonets et al., 2019].
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PucyHok 24. [lpuoOHHble CcBOMCTBA AeTepMuHaHTa [GLN3']. A. 3aBucumocTb
[GLN3"] ot [TX. NMokasaH % KneTok ¢ arperatamu GIn3-YFP nocne naccupoBaHus
Ha cpegax ¢ 5 MM [TX u 6e3. b. [GLN31'] 3aBucuT oT wanepoHa Hspl04.
MokasaHbl 3¢deKkTbl cBepxnpoaykuum Hspl04 (Hspl041) v peneummn HSP104
(hsp104A). TMnaHKKM norpeLlHoCcTer COOTBETCTBYIOT C. O.; MOKa3aHbl YPOBHU
3HauumocTn. B. OTanMume pocTa WTammoB, oTAMYaloWmMxcA no arperaumm Gln3-
YFP. [GLN3N'] nocne TX — lWuTamMm NOC/ie TPEKPaTHOTO NMacCMPOBaHUA Ha Cpeae C
5 MM [TX. I. BaMaHWe 5 Hr/MA panamuumHa Ha pocT wrammoB [GLN3'] u
[gIn31" ] Ha ceneKTuBHbIX cpepax npu 30°C. A. GIn3-YFP obpasyeT arperartbl,
YCTOWUMBbBIE K /IAypPWU/I-CapKO3MHATy HaTpusa B WTammax [GLN31'], HO He B
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wrammax [gin31 ]. NpeactaBneHbl pesynbTaTbl CEAMMEHTALMOHHOIO aHaiM3a ¢
nocneaytowen sectepH-610T rubpuamsaumen ¢ aHtutenamm npotms GFP. «C» —
CYMMapHbI 6enok, «H» — HagocagouHaa ¢pakuma, «O» — ocagoyvHan, «CapK.» —
npobbl 06paboTaHbl 3% naypun-capkoamHaTtom HaTpua [Antonets et al., 2019].

Tabnmua 2. WHOEKUMOHHOCTL YycnoBHOro npuoHa [GLN31MN'] npu  6enkosoii
TpaHchopmaumm [Antonets et al., 2019]

Wramm- Homep Bcero Konuuecrtso 3dPeKTUBHOCTL
OOHOp aKcnepu- TpaHcPop- TpaHcdop- nepepgauu
6enkosoro MeHTa MaHTOB MaHTOB [GLN31']
nusara oTo6paHo [GLN31] (%)
[GLN3M] 1 112 2 1,8
2 143 4 2,8
3 98 1 1,0
[gIn31 ] 1 128 0 0,0
2 75 0 0,0
3 140 0 0,0

Hanee mbl n3yunnm deHotTunuyeckme 3s3¢pePeKkTbl BO3HUKHOBEHUA
[GLN3']. Ucnonb3oBaHue TecTa Ha pa3BeeHue No3BoNA0 YCTaHOBUTD,
yTOo [GLN31] CHU)KaeT  TOKCUYHOCTb, Habogaemyto npu
ceepxakcnpeccun GLN3: wrammbl [GLN3N'] pactyT ayudwe, yem [g/in3]
(PncyHok 24B). [Mockonbky WHakTMBauma GIn3 Bneyer 3a cobon
NOBbIWEHNE YCTOMYMBOCTU KNETOK K panamuumHy [Cardenas et al., 1999],
npeAactasaawowemy cobor MHrMbutop TOR-KMHA3HOro Kackaga [Zaragoza
et al., 1998], mbl cpasHUAM pocT wrammos [GLN3 N u [g/in3 ] Ha cpepe
C panamuuMHOM. B pe3ynbTaTte NPOBEAEHHbIX 3KCNEPUMEHTOB 6blno
yCTaHOBNEHO, 4To cBepxnpoaykuma GIn3 ([gin317]) Bbi3biBaeT cuabHOe
noJasB/ieHMe POCTa APOXKel Ha cpede ¢ 5 Hr/mn panamuumHa, B TO
BpeMs Kak npuoHmsaumsa Gln3 BoccTaHaBAMBAET YCTOMUYMBOCTb LUITAMMOB K

panamuumHy (PucyHok 24rl) [Antonets et al., 2019].
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[MOCKONBbKY AETEPMUHAHT [GLN3N] NPOAEMOHCTPUPOBAN

COOTBETCTBME BCEM OCHOBHbIM CBOMCTBAM APOXMKEBOrO NMPUOHA, @ TaKXKe
NOKa3asn Hanauume cobCTBEHHOrO ¢GEHOTUMMUYECKOro MNpPOSAB/EHUA, ANA
dUHANBbHOrO NOATBEPKAEHUA NPUOHHbIX cBONCTB [GLN31N'] mbl nposenu
NPOBEPKY €ro arperaymy npu nomMowM ceauMeHTaUMOHHOro aHasnmsa.
MonyyeHHble AaHHble MOKa3aau, 4to B wWramme [GLN3'] 6onbluasa YacTb
6enka GIn3-YFP HaxoauTcsa B ocago4Hom dpakumm, a B wutamme [gin31 7] -
B pactBopumoitr (PucyHok 24[). Bonee Toro, obpaboTtka npob [GLN3']
NOHHbIM aeTepreHTom N-naypun capko3mHatom Hatpua (3%, 10 MUH. npu
4°C) BblfaBMNa yctonumsocTb arperatos [GLN3N'] K sTomy AaeTepreHTy
(PucyHok 247[). Takum ob6pasom, 6enok GIn3-YFP dopmupyer paBa
OBMOXMMUMYECKN  OT/IMYAIOLLMXCA  COCTOSIHMA:  OEeTepreHT-yCToOM4YmBoe
arperposaHHoe B wTtammax [GLN3M'] n pactBopumoe B LwITammax
[gIn31] [Antonets et al., 2019].

B uUenomMm, MOXHO KOHcTaTuposaTb, uTo [GLN31'] obnapaet
KNOYEBbIMW  CBOMCTBAMM MPUOHOB  OPOXXKENU: MHOEKLMOHHOCTLIO,
JOMWHAHTHOCTbIO MO OTHOWeHuto K [g/n3]7], 3aBucMMOCTbIO  OT
aHTUMPUOHHbIX areHToB W WHAYUMPYEMOCTbIO MpPU  CBEPXMPOAYKLMMU
CTPYKTypHOro 6enka Ha ocobom reHeTnyeckom ¢oHe (Npu COBMECTHOWM
ceepxnpoaykummn ¢ QN-oboraweHHbiM ¢dparmeHTom GIn3 B npucyTcTBUM
npuoHa [PIN’], asnatoweroca nHaykropom arperauumn GIn3QN (PucyHok

25)) [Antonets et al., 2019].
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MHAYKUMA, noaaepXaHue, asnumumHaumna. A. MNpu ceepxakcnpecun GIn3-YFP He
NPOVUCXOAUT ero arperauus, 6enok nokanusosaH B agpe. B. MpuoH [PIN']
Bbi3biBaeT arperaumto GIn3QN-CFP npu cBepxnpoaykumu, 4To Bae4veT 3a cobom
obpasoBaHue arperatos GIn3-YFP B ymtonnasme. B. ArpermpoBaHHOe COCTOAHME
GIn3-YFP cTabunbHO nopaeprKMBaeTcA M HacneayetcA B MWUTO3e Nocne
npeKkpauwenua ceepxnpoaykunm GIn3QN-CFP. T. MNMpekpalweHne cBepxnpoayKumnm
GIn3-YFP BbisbiBaeT noTtepto [GLN3']. A. Csepxnpopykuma GIn3-YFP nocne
snumuHauum [GLN3N'] He npuBoguT K BO3HWMKHOBeHWo [GLN31'] de novo
[Antonets et al., 2019].

Hanbonee ABHO BbIpa*K€HHbIM OT/INYNEM NPUOHHOTIO
netepMmuHaHta [GLN31MN'] oT paHee OMMCaHHbIX APOMKMKEBbIX NPUOHOB
ABNAETCA NoAadep’aHMe TOJIbKO NMPWU MOCTOAHHOM CBEPXNPOAYKUUWN ero
CTPYKTypHOro 6enka GIn3 (PucyHok 25). Mbl npegnaraem TepMUH
«ycnoBHble NpuoHbI» [Antonets et al., 2019] ana Takmux 6enkoB Kak GIn3,
4yTobblI OTAMYATL UX OT UCTUHHBLIX (bona fide) npuoHOB, noaaeprkaHue
KOTOpbIX 3OPEeKTMBHO npoucxoauT npu  GU3MONOTMYECKOM YpPOBHE

MNPOAYKLMN, a TaKXKe «KMCKYCCTBEHHbIX» NPUOHOB, dopmmpyemMbix benkamm
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C M3MEHEHHOM MO CPAaBHEHMIO C HATUBHOM MEPBUYHOM CTPYKTYPOWU

(TakKummM  KaK  U301MPOBaAHHbIE  MPUOHOreHHble  GpParmMeHTbl  UAU
CUHTETUYECKME nenTuabl C NPUOHHbIMK cBoncTBamun [Alberti et al., 2009;
Crist et al., 2003; Osherovich et al., 2004]). K UCTUHHbIM NPMOHaM MOTyT
OblTb OTHECeHbl COOTBETCTByHOWME KOHPOPMALUMOHHbIE U30DOPMbI
6enkoB Sup35, Ure2, Rnql, Mot3, Swil, Cyc8, Mod5, Sfpl n Prb [Nizhnikov
et al., 2016a; Wickner et al., 2015], a K uckyctBeHHbiMm — QN-oboraLieHHble
dparmeHTbl 18 6enkos, ob6naaaOLWNX NMPUOHHBIMU CBOMCTBAMM, BKAKOYAA
GIn3QN [Alberti et al., 2009; Antonets et al., 2019; Antonets, Sargsyan,
Nizhnikov, 2016]. K ychoBHbIM npuoHam, nommmo GIn3, BepoaTHO, mor Obl
ObiTb OTHeceH 6enoKk Lsb2, dopmupylowmni Npu CBEPXNPOAYKLUM,
BO3HWKAIOWEN B OTBET Ha TEMJIOBOM LLOK, meTacTabuibHoe cocToAaHue
[LSB'] [Chernova et al., 2017]. [OetepmuHaHT [LSB’] cooTsetcTsyeT
OCHOBHbIM KPUTEPUSAM MNPUOHOB, OAHAKO ANA Hero He Oblna B ABHOM
dopme nokaszaHa WHPekunoHHocTb [Chernova et al.,, 2017], nostomy
Aenatb OAHO3HAYHOE 3aK/llYeHMe O €ero TMNPUOHHOW  npupoae
NpeAcTaBNAETCA NpeXAeBPEMEHHbIM.

MOMMMO YKe OMUCAHHbIX MPUOHHbIX AETEPMUHAHTOB B NMPOTEOME
APOXKKEN MNOTEHUMANbHO MOXKeT ObiTb HaMAeHO 3HauyuTeNbHOEe YUCNOo
HOBbIX MPUOHOB, B TOM YMC/ie U B3aMMOZENCTBYHOLLNX APYr C Apyrom. Tak,
NECATb OPOXKMKEBbLIX PErynaTOPHbIX KOMMJIEKCOB B CBOEM COCTaBe
Heckonibko QN-oborauwleHHbIX 6enKoB, MOTEHUWANbHO CK/IOHHbIX K
NPUOHU3ALUMKN, NPUYEM B COCTaB Tpex M3 3Tux Komnnekcos (Cyc8/Tupl,
Swi/Snf, Pub1/Sup35) Bxoaat npuoHHble 6enkn [Nizhnikov et al., 2016a].

Henb3a nckno4yaTtb, YTO B CayYae AeNCcTBMA BUOTUYECKNX U aBNOTUYECKNX
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CTPeccoBbIX ¢$aAKTOPOB MAM KaKUX-IMOO MHbIX BO3AENCTBUA YPOBEHbL
npoayKumm 6enKkos, COCTaBAAKOLWMX 3TU KOMMANEKCbl, MOT 6bl MEHATbCA, U
MX KOMMOHEHTbl npuobpeTtann Obl CBOWCTBA YCNOBHbLIX MPUOHOB,
npuaatoLmx, nogobHo npnoHonoaobHomy coctoaHuio [LSB] [Chernova et
al., 2017], onpeaeneHHble afanTUBHbIE MPEMMYLLECTBA LWTaMMaM,

KOTOpble UX NPOoAyLMPYIOT.
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3AK/TIONMEHUE

B HacToAwem uccnenoBaHMM BnepBblie onMcaHbl GYHKLMOHA/bHbIE
amunonapl y pacteHuin. TaK, B pe3yabTate OMOMHGOPMATUYECKOTO
aHann3a npoTeomoB 75 BWAOB Ha3eMHbIX PACTEHMN YCTAaHOB/AEHO, YTO
3BOJIIOLMOHHO KOHCEpPBATMBHbIE 3anacHble 6enkn cemsH 7S-rnobynuHbl
oboralweHbl aMWUIOUAOTEeHHbIMMU Yy4acTKaMu Yy OONbLUMHCTBA pPaCTEHUM
[Antonets, Nizhnikov, 2017a]. B pe3ynbTate 3KCNepUMEHTAIbHOWN
NPOBEPKM MOKA3aHO, YTO 7S-rnobyanH BuumnmuH ropoxa Pisum sativum
obnapgaetr ammaongHbIMM CBOMCTBaAMM in vivo u in vitro [Antonets et al.,
2020]. BuumnuH npeacraBnaetr cobon GUKYNMHOBLIM HENoK, nmerowmnii
ABa KOHCepBaTUHbIX gomeHa Cupin-1 co cTpyKTypoh Tvna «P-bappenby;
oba 3TMx pomeHa o06pa3ylT amuaouabl in  vitro wn  ABAAKOTCA
aMUNIONAOTEHHbIMM  OETEPMUHAHTAMM B MOJIEKY/NE MONHOPA3MeEPHOro
6enka. Amunounabl BUUMIMHA HaKanAMBalOTCA MO Mepe CO3peBaHuA
ceMfAH, a 3aTem pa3bupatoTca npu NpPopacTaHUM, BEPOATHO, MNyTEM
OrpaHUYEHHOro NPOTeoan3a. ITM aMUIONAbl SKCTPEMA/IbHO CTabWbHbI,
NPUCYTCTBYIOT B KOHCEPBMPOBAHHbLIX CEMEHAX TrOpoXa, BblAEPXKMBAOT
06paboTKy pepmeHTaMM NULLEBAPUTENBHOIO TPaKTa B PU3NONOTMYECKUX
KOHUEHTpauuax, o061adaloT TOKCMYHOCTbIO AN1A KNEeTOK rpuboB U
mnekonutatowmx [Antonets et al., 2020]. Takum ob6pa3om, Hamu BnepBsble
NOKa3aHo, 4yTO amunoungoreHes ABNAeTcA dN3MON0OrNYECKMM
MEXaHMU3MOM, KOHTPOUPYIOLWMM 3anacaHne benka B cemeHax pacTeHuMn,
ABNAIOWMXCA Ba*KHbIM KOMMOHEHTOM pauMoOHa MNUTAaHMA YeNoBEeKa U

MCTOYHUKOM aJlziepreHos. I'IonyquHble AaHHble MOryT MMETDb
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cywectBeHHYyHO UeHHOCTb AnAa CeNbCKOoro X03AMUCTBA MU I'IVILLI,eBOI‘/JI

6MOTEXHONOIMM B KOHTEKCTE  CO34aHMA  MNyTeM  HamnpaB/IEHHOTO
PefaKTUPOBAHMA TEeHOMA HOBbIX COPTOB PACTEHUMM CO CHUMKEHHbIMU
aMUNOUOOrEHHbIMM  CBOMCTBAMM  3anacHblx 6enkoB cemaH  ana
YBE/IMYEHMA WX MULLEBON LEHHOCTU WU CHUXKEHMA aNNepreHHoOCTM.
CornacHO MHeHMIo, BbICKa3aHHOMY B HepgaBHem o063ope CaHToca M
BeHTypbl, naeHTUPUKAumMa PYHKUMOHANbHBLIX aMWUIOMA0B Y pPaCTEHUM
3aBeplnna KapTUHY, UNNOCTPUPYIOLLYIO rnobanbHyo
PacnNpPOCTPAaHEHHOCTb aMMUIOUA0B N UX K/IKOUYEBYHO POJib B a4aNTaLMOHHbIX
CTpaTernsax pPas/InYyHbIX CUCTEMATUYECKMX TPYNM XKMBbIX OPraHM3MOB
[Santos, Ventura, 2021].

B paHHoOM paboTe BnepBble UAEHTUPUUMPOBAHbI aMUAOULHbIE
6enkn y cumbuotmnyecknx baktepuin. Tak, onmcaHHble HaMKU amuouAbl
6enKkoB Hapy)kHoM membpaHbl ROpA n RopB, obnapatowmx CTPyKTypou
TMna «B-6appenb», obpasytoTca in vivo y KnybeHbkoBoW 6GaKtepum R.
leguminosarum. KonuyectBo amunongos ROpA yBennumBaeTca npwu
CTUMYNAUMN  BaKTepuasbHbIX KAETOK (GNaBOHOMAOM  NHOTEO/IMHOM,
KOTOpPbIA BbI3bIBAET Yy 3TUX MWKPOOPraHM3IMOB OTBET, CXOAHbIN C
HabnaaemMbiM Ha Ha4vasbHbIX CTaausax GOPMUPOBAHUA PACTUTENbHO-
MUKPOBOHOro cmmbuosa [Kosolapova et al., 2019]. 3TM pAaHHble
CBUAETENbCTBYIOT B MOJIb3y BOB/JIEYEHHOCTM amumaoumaoreHesa B
cumbuoTnyeckme HagopraHuameHHble B3ammopgencTema [Kosolapova et
al., 2020].

JKCNepumMeHTanbHOe  CpaBHeHMe  dpaKuumn NOTEHUNANbHO

aMUNIONAOTEHHbIX  OETEPreHT-yCToMYMBbIX OenkoB B MpoOTEoMmax
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natoreHHbix (Escherichia coli) [Antonets et al., 2016] u cMMbUOTUYECKNX

npoteobaktepun (Rhizobium leguminosarum) [Kosolapova et al., 2019]
NOKa3asio MX CXOACTBO M MNPUCYTCTBME B COCTaBe 3TUX paKkuni
3HAaUYUTENbHOrO Koamn4yectsa paKTOPOB BUPYNEHTHOCTU, YacTb M3 KOTOPbIX
npeactaBneHa 6enkamm co CTpykTypon Tvna «B-bappenb». MoaobHble
pe3ynbTatbl 6bIAM NOAyYEHbl U BUOMHPOPMATMHECKMMM METOA4aMU NpuU
aHanM3e NPOTEOMOB MATOreHHbIX U CUMMOMOTMYECKMX BMAOB MNOpAAKa
Rhizobiales [Antonets, Kliver, Nizhnikov, 2018]. Takum o06pa3om,
aMUIONa0reHes acCoLUUMMPOBAH C BUPY/JIEHTHOCTbIO KaK NMAaTOreHHbIX, TaK U
cMmbunoTtmyeckmnx baktepun, a 6enkn co CTpyKTypom Tuna «P-bappenp»
NpPeAcTaBNAT COOOM BarKHble aMMUIOUAOTEHHble AETePMWUHAHTbl He
TO/IbKO Y NPOKAPUOT, HO U Y 3YKapUOT, HaNnpumep, pacTeHu.

[aHHble, No/yYeHHble HaMW MPU MOMOLWM BbIMUCAUTENBHBIX U
3KCMEPUMEHTANbHbIX MPOTEOMHbIX NOAXOA0B, CBUAETE/IbCTBYHOT B MO/b3Yy
TOr0, 4YTO peasibHOe 4YUC/AO0 aMWUIOMAOB MPOKAPUOT MOXKET ObiTb
3HaUYMTENbHO WKNpPe, Yem npegnonaraeTca cenyac. Hanpumep, myunHoBas
meTannonentMaasa YghJ, KOHTPOAMPYIOLLAA naToreHes
SHTEPOTOKCUTEHHbIX WTammoB E. coli, bbina BbiaABNEHA HamMu BO ppaKumu
6enkoB 3Ton bakTepuu, obpasyloWmMX AETEPreHT-yCTOMYMBbIE MONMMEPDI
[Antonets et al., 2016]. AHann3 CBOWCTB ee KOHcepBaTuBHoro M60-
nogobHoro nenTMAQ3HOroO AOMeHa TMOKas3a/s, 4YTo OH obpasyet
amunonaHble GUBPUNAbI Kak in vitro, Tak U NpU ceKpeummn Ha NOBEPXHOCTb
kKnetok E. coli [Belousov et al., 2018]. 3To no3BoaAeT NPeAno/I0XKNUTb POb
amunongos nopobHbix 6enKoB B KavyecTBe  3alUMUTHbIX  CTPYKTYP,

NpeaoXpaHAWEN OT NpeXAeBPeEMEHHOW aerpagaumm bakTepuanbHbie
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baKTopbl  BUPYNEHTHOCTM B arpeccMBHOW  BHYTPeHHel  cpeje

MHOTOK/ZIETOYHOIO OPraHM3mMa-xo3anHa.

B HacToAlWwee BpemAa BeAeTCcA aKTUBHAs [AUCKYCCMA O pPoOu
amunonaoreHesa B perynaunm  PpyHKUMOHANbHOM aKTUBHOCTM bOenka.
BonbLWKWHCTBO MccnesoBaTeneit CKAOHAETCA K TOMY, YTO amuaoungoreHes
NHAKTUBUPYET OenKkn BCneacTBME BKAOYEHMA B arperatbl. B pamkax
HACTOSALLEro NCccneaoBaHNs NPOBEAEH AETalbHbIM CPaBHUTEIbHbIN aHANU3
apdeKToB AeNeuMOoHHOM WMHaAKTMBAUMKM M nNpuoHMsaummn (obpasoBaHuA
NHPEKUMOHHbIX amunonaos) 6enka Swil pgpoxkken Saccharomyces
cerevisiage. TlOKa3aHO, 4TO, HeECMOTpPA Ha @eHOTUNUYEeCcKoe CXoACTBO
NPOABNAEHUN pJeneunn u npuvoHmsaumm Swil, B MX OCHOBe fexaT
pPa3/IMvHble MONEKYNAPHble mexaHn3mbl. Tak, geneumna SWI1 Bbi3biBaeT y
ransioMaHbIX LWTaMMOB [POKKEeN, UCCNAeAOoBaHHbIX HaMU, KOMMJIEKC
aHOMa N, BKAKOYAOWMX CTabuUNbHO Hacneayemyo AMCOMMUIO MO NepBomn
Xpomocome, nogaBieHue 3Kcnpeccum NokycoB RDN, KOHTPOAMPYIOLUX
NPOAYKLUNIO CTPYKTYPHbIX 6enkoB u PHK pubocombl, a Takxke obuiyto
PENPeccuio NOoYTU BCEX KOMMOHEHTOB TPAHCAALMOHHOIO annapaTta
[Antonets et al., 2017; Malovichko et al., 2019]. NMpnoHnsauma Swil He
TO/NIbKO He BbI3biBaeT TakUX 3PPEeKToB, HO CENIEKTUBHO B/IUSAET Ha
3KCMNpPeccuto reHoma, BbI3blBaA aKTMBAUMIO W penpeccuio  paaa
meTabonmyeckmx Kackagos [Malovichko et al., 2019]. Takum obpasom,
pe3ynbTaTbl HacToAWweW paboTbl BHOCAT BKAa4 B MNOHUMaHMe
GYHKUMOHA/IbHbIX OCHOB PaboTbl KOHGOPMALMOHHbIX BENKOBbIX MaTpUL,
NEMOHCTPUPYA, YTO NPUOHU3AUMA Benka He TONbKO HE TOXKAECTBEHHA
neneunn  kogupywwero ero reHa (loss-of-function), Ho moxeT
NencTsoBatb U Noao6HO MyTauMn, uameHsowen pyHKUMIO reHa (gain-of-

function).
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[pyrMm acrnektom cucteMbl KOHPOPMALMOHHbIX BEeNKOBbIX MaTpuL,

KOTOpbIN BblN N3yyeH B AaHHOM paboTe, ABMNOCb U3y4eHNe 0CcobeHHOCTEN
nx noageprkaHuAa. Hamm 6bin BnepBble onucaH npuoH benka GIn3,
Ha3BaHHbIN [GLN3'], KOoTopbIil NnoaaepunsaeTca U nepepaeTca B paay
KNEeTOUHbIX MOKOJIEHUI TONbKO MNpWU cBepxnpoaykuum [Antonets et al.,
2019; Antonets, Sargsyan, Nizhnikov, 2016]. Takum obpasom, B pamKax
HACTOALLEro MCCNeaO0BaHMA OXapaKTepu3oBaH HOBbIM Knacc 6enkoBs, He
CNOCOGHbIX K MNpUOHM3aAUMM B  U3MONOTMYECKUX  YC/IOBUAX, HO
npuobpeTarWnMX U NOALEPKMBAOWMX MNPUOHHbIE CBOWCTBA NpU
N3MEHEHUN YCNOBUN MPOAYKUUN BE3 N3MEHEHUA MEPBUYHON CTPYKTYpbI.
Takue npmoHbl 6bIIM Ha3BaHbl HAMU «yCNOBHbIMWY» [Antonets et al., 2019].
Ha ocHoBaHWM MNONYYEHHDbIX AdHHbIX HAaMKW MNpeasioXKeHa creayowan
cucTema KnaccuduKauum NPUOHOB: UCTUHHbIE (6enkn, obnagawowme
MPUOHHbIMM CBOMCTBAaMM B (U3MONOTMYECKMX YC/IOBUSAX), YCNOBHblE
(npnobpeTatowme NpuUoHHbIE CBOMCTBA €3 N3MEHEHMA AMUHOKUC/IOTHOM
NoCneaoBaTeNIbHOCTU, HO NPU  U3MEHEHMW  YCNOBWUIA, Hanpumep,
CBEPXMPOAYKLUMN) U UCKycCTBeHHble (obpasytowmeca npu U3MEHEHUMU
NepBUYHON CTPYKTYpbl 6enka) [Antonets et al., 2019].

Taknum 06pa3om, NoNyYEeHHble B HACTOALLLEM UCC/IeA0BaHNM AaHHble
BHOCAT 3HAuYMTeNbHbIA BKAa[, KaK B UM3yyeHuMe 6Huonormyeckoro
pa3Hoobpa3na 6enKoBblIX KOHPOPMALUMOHHbLIX MATPUL, — aMWIOUAOB,
BrnepBble UAEHTUPUUMPOBAHHbLIX HAaMM Yy PACTEHUA U CUMOUOTUYECKUX
H6aKTepuii, Tak U B NMOHUMAHME 3aKOHOMEPHOCTEN UX GOPMMPOBAHUA U
noaaep:KaHua (Ha npumepe YCNoBHbIX NMPUOHOB), a TaKke AencteuAa (B

KayecTBe paKTOPOB, N3MeHaAWmUX PyHKUUIO Benka).
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BbIBOADI

1. AmMunongoreHes ABiAeTCA MeXaHU3MOM 3aMacaHUA N XPaHeHuUA
6enKa B ceMeHax Ha3eMHbIX pacTEHUN.

1.1. 3anacHblie 6enkn cemaH ABAAOTCA OAHMMM U3 Hanbonee
oboraleHHbIX aMUIONA0TEHHBIMM Yy4aCTKaMu 6eNKoB B NPOTEOMAX
HAa3eMHbIX PACTEHUN, NPUYEM KOHCEPBATUBHbIE AOMEHbI 3aMacCHbIX
6enkoB ceMaAH, oTHocAWwMmeca K cemenctsy Cupin-1, cogep»aT Takue
y4acTKkM y 6ONbLUMHCTBA BMAOB Ha3eMHbIX pacTeHun u obpasytoT
amunouasl in vitro.

1.2. 3anacHoi 6enoK cemaH BUUMAMH ropoxa P. sativum
obpasyer amuaouabl in vivo wu in vitro, npuyem amuaouabl
BULUWINHA BblAEPXKMBAKOT 00pabOTKYy npoTeasamu XKenyaodHo-
KMLWEYHOro TpaKTa, COXPaHAKOTCA NMPU KOHCEPBUPOBAHUN CEMAH U
061a43at0T TOKCUYHOCTbLIO ANA K/IETOK 3yKapuoT.

2. AMunougoreHes onocpeayeTt BUPYIEHTHOCTb BaKkTepuin, npuyem
aMUIONAHbIMKM ~ CBOMCTBaMM  06napatoT  PaKTopbl  BUPYNEHTHOCTH,
BOBJIEYEHHbIE KaK B NaToreHes, Tak U B GOpMMPOBaAHME CUMBNOTUYECKUX
OTHOLLEHUMN.

2.1. benkn HapyxHoM membpaHbl RopA u RopB
anbdpanporteobaktepun R. leguminosarum, BOBNEYEHHbIE B
dbopMMpPOBaAHME MUKPODOHO-paAcTUTENBHOIO CcUMbMo3a, o0b6pasytoT
amunounabl in vivo w in vitro.

2.2. MyumHoBaa meTannonentngasa Yghl, onocpeaytouias
naToreHe3 sHTEPOTOKCUTEHHbIX LWUTAMMOB rammanpoTteobaktepum E.

coli, obnapgaet ammnonaoreHHbIMM CBOMCTBAMM.
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3. benku, obnagatowme CTPyKTypon Tuna «B-bappenb», asnatorca
AaMUNOUAOrNEHHBIMN  AeTEPMMHAHTAMM B NpOTeoOMax MPOKapuoT U
3YKapMOT.

4. NMpuoHnsauma benka MOXKeT NPUBOAUTb HE K ero MHAKTUBaLUMK, a
K U3MEHEHMIO QYHKLUMN.

4.1. MNMpunoHunsauma Swil u geneuma ero CTPYKTYPHOro reHa
OKa3blBalOT N106asbHOE B/AMAHME HA 3SKCMPECCUID APOXKKEBOro
reHoma, npuyem Kak geneuma, Tak U NPUOHM3AUUA BbI3bIBAIOT
uenoin pag cneunduyHbix 3PdeKToB, BKAOYAOWMX B ceba u
aKTUBALMIO, M NOAABIEHNE PA3NINYHbBIX KNETOYHbIX NPOLLECCOB.

4.2. leneuymoHHaa UHakTneauma reHa SWI1 n npuoHmsauma
6enka Swil umeloT cxogHble ¢GeHOTUNUYECKME NPOABAEHUA, B
OCHOBE KOTOPbIX /IeXKAT pa3Hble MOJIEKYNAPHbIE MEXAHU3MDbI.

5. TlokaszaHo, 4TO CYLWEeCTBYIOT TMPUOHHbIE AEeTEePMUHAHTbI,
noanepXaHue KOTOPbIX MPOUCXOAUT TOJIbKO MPU CBEPXNPOAYKUUUN KX
CTPYKTYPHbIX 6enKOB.

5.1. lMpeanoxkeHa KnaccMPUKauma MPUOHOB Ha WMCTUHHbIE
(obnapatowime NPUOHHLIMM CBOMCTBAMM B HATMBHbLIX ycnoBuAx 6e3
M3MEHEeHMs MepPBMYHOWM CTPYKTYpbl), YyCnoBHble (obnagatowme
NPUOHHBIMM CBOMCTBAMW MpPU CBEPXNPOAYKUUU UAN KAKOM-Tnbo
MHOM W3MEHEHUW YCNOBUW, HO 6e3 n3MeHeHMA NepBUYHOMN
CTPYKTYpPbl) U MCKYCCTBEHHble (6eNKM C M3MEeHEHHOW MNepPBUYHOM
CTPYKTYypOW).

5.2. TpaHCKpuNuMoHHbIM perynatop GIn3  pgpoxxken S.

cerevisiae obnagaeT CBOMCTBAMM YCIOBHOIO NPUOHa.
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obnapatowmin Kpocc- CTpyKTYpon U
obpasytowuiics in vivo

COBOKYMHOCTb aMUIOUAHbIX 6enKoB (BKAtoYan
NHOEKLUMOHHbIE MPUOHHbIE aMUNOUAbI) KNETKY,
TKaHW, OpraHa, opraHnM3ma uau
HaJopPraHN3MeHHOM CUCTEMBI

COBOKYNHOCTb NpoLeccos, 06ycnaBAMBaOLWMX
obpasoBaHMe amuaongHbix pubpunan Kakoro-
nnbo benka (benkos)

Benok, cnocobHbI 06pa3oBbIBATH
amunongHble dnbpunnsli in vitro

BbicokOadpdeKTMBHAA KNAKOCTHAA
XpomaTtorpaduma

l'yaHuauH rmgpoxaopug,

PacTtBoputenb rekcaptopmsonponaHon
NOHHbIN peTepreHT goaeumn-cynbdat HaTpUA
KpacuTtenb KOHIo KpacHbIn

MuHyTbI
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bBenok, cogepawmii NOTeHUNANBHO
aMWIONA0TrEHHbIE YYaCTKU, NpeaCKa3aHHble
KaKnm-nnbo 6MonHbopmMaTUIECKM anropuTMOM
(anropntmamm)

YyacToK 6enka, NoTeHUNaNbHO CKAOHHbIN K
dbopmMnpoBaHMIO amuionaHbIX Gubpunn, Ha
ocHoBe BMOUHPOPMATUYECKUX NPeacKa3aHUI

benok, ogHa nnm HeECKONbKO KOHPOopMaLui
KoToporo obnagaet MHPEKUMOHHbBIMM
cBOMCTBaMM in vivo (60ONbLUMHCTBO M3BECTHbIX
NPMOHOB NPeaCcTaBAAT COOON NHPEKUMOHHDbIE
amuaonabl)

CraHpapTHOE OTKNIOHEHMe

Kpacutenb TnopnaBuH-T

Yacbl

AmunnonaHoei nentmg B yenoseka (1-40 ak.)

Cyan Fluorescent Protein, CuHui
dnyopecueHTHbI 6enok

False Discovery Rate, Oxkupgaemasn gonsa
JIOXKHbIX OTKNOHEHUN

In vitro Protein Digestibility Assay, meToaunka
nepeBapuBaHMA BeNKos in vitro

MonyaeHaTypuUpYyOWKUA AeTepreHTaMm reb-
anekTpodopes 6enKka B arapo3HOM rene
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SDS-PAGE AnekTpodopes 6enkos no Jlammnu B
NONIMAKPUIAMUOHOM resie B NpUcyTCTBuUmn
aopeunncynbdarta HaTpuA

gPCR KonnyectseHHasa nosimmepasHas uenHasn
peaKkunA B perkMme peasibHOro BpemeHm

YFP Yellow Fluorescent Protein, XenTbin
dnyopecueHTHbI 6enok

B paboTte MCNO/Z1Ib30BaHbI CTaHAapTHble 0AHObOYKBEHHbIE
0603Ha4YeHnA aMUHOKUCIOT.
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B/IATOAAPHOCTU

ABTOp pajg Bblpa3nTb HGnarogapHoOCTb COTPYAHMKAM nabopaTtopuu
NPOTEOMMKN HagopraHnameHHbix cuctem ®reHY BHUUCXM, 6e3 KoTopbix
AAHHaA gucceptauua  BpAag M coctosnacb 6bl. OcobeHHO  xouy
nobnarogaputb K.6.H. K.C. AHTOHUa, K.6.H. M.B. benoycoBa, K.6.H. M.E.
Benoycosy, A.O. Koconanosy wun H.B. Manosuyko. ABTOp rnybokKo
npusHateneH akagemuky PAH C.I. NHre-BeyTomoBY 3a ero MHOrosneTHee
y4yacTue B NOArOTOBKE [JOaHHOM AguccepTauMm B KA4yecTBe HAyyHOro
KOHCY/IbTAaHTa M BCECTOPOHHIOK Moaaep)KKy; akagemumky PAH W.A.
TuxoHOBMYY 3a AeTasibHOe NpoyYTeHWe AuccepTaumu, LLeHHble COBeTbl U
KOHCTPYKTUBHYIO KPUTUKY. Takke aBTop 6narogapeH C.I. UHre-Beutomosy
n U.A. TUXOHOBMYY 3@ HEOLEHUMbIA OMbIT, NPUOBPETEHHbIN 33 BPEMS
pabotbl ¢ Humu. Pag nobnarogapwuTb Koaner, AOATOBPEMEHHOe
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INTRODUCTION. Amyloidogenesis and Prion Formation:
from Pathology to Function

The template principle in biology was formulated in 1928 by Nikolai
K. Koltsov to explain the mechanism of chromosome reproduction [see:
Inge-Vechtomov, 2015] and later generalized by Francis Crick as the key
principle of molecular biology [Crick, 1970]. This principle saw
transcription and translation as linear copying sequences of elements of
biological macromolecules, i.e., templates of the first kind [see: Inge-
Vechtomov, 2013; Nizhnikov, Antonets, Inge-Vechtomov, 2015]. Amyloid
proteins also adhere to the template principle when forming the protein
fibrils with a particular organized cross-f spatial structure [Sipe, Cohen,
2000b]. This structure has the properties of a conformational template or
template of the second kind [Inge-Vechtomov, 2013], that provides
autocatalytic acquisition of a corresponding protein by monomers of the
amyloid conformation when incorporated into oligomers or fibrils
[Nizhnikov, Antonets, Inge-Vechtomov, 2015]. The term "cross-B" is
derived from the cross-shaped pattern observed in two-dimensional x-ray
diffraction of amyloid fibrils, which forms two maxima of approximately 10
and 4.7 A [Eanes and Glenner, 1968]. Those maxima emerge due to
regular alignment of intermolecular B-layers along the axis of the fibril and
predominantly perpendicular orientation of the B-chains in these layers,
respectively [Nelson et al., 2005]. However, the spatial structure of
amyloids is very heterogeneous and may include, for example, parallel and
antiparallel B-layers as well as B-helices in different amyloids [Melckebeke

Van et al., 2010; Qiang et al., 2012; Smaoui et al., 2013; Tycko et al., 2009;
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Tycko, Wickner, 2013]. Such structure of amyloid fibrils, consisting of

elements repeated at regular intervals, leads to specific effects upon
binding by different dyes. For example, when thioflavin-T (TFT) interacts
with amyloids, there is an increase in fluorescence [Hobbs, Morgan, 1963;
Vassar, Culling, 1959; Naiki et al., 1989], and when Congo red (CR) binds
[Bennhold, 1922], there is a double refraction in polarized light [Divry,
Florkin, 1927]. A significant number of hydrogen bonds in the
intermolecular B-layers contribute to the amyloids stabilization [Makin et
al., 2005], allowing them to acquire unique physical and chemical
properties such as resistance to ionic detergents [Selkoe, Ihara, Salazar,
1982] or protease treatment [Bolton, McKinley, Prusiner, 1982; McKinley,
Bolton, Prusiner, 1983], which destroys most non-amyloid protein
complexes [Nizhnikov et al.,, 2014b]. Some amyloids are exceptionally
stable for biogenic particles, and maintain their structure and properties in
the external environment for decades [Wiggins, 2009].

Historically, the term "amyloid" (from Latin amylum — starch) was
coined by Matthias Schleiden in 1838 to refer to starchy conglomerates in
plant cells that were stained blue with iodine [see: Kyle, 2001; Nizhnikov,
Antonets, Inge-Vechtomov, 2015]. In 1854, Rudolf Virchow used the term
amyloids to name small pathological inclusions in the human nervous
tissue, which, like starch grains in plant cells, were stained blue with iodine
[Virchow, 1854]. Later many internal organs of humans and animals were
found to undergo some irreversible transformations when infiltrated by
pathological amyloid inclusions [Kyle, 2001]. Since the 17th century these
conglomerates were called "fat-like" or "waxy" in the medical literature of

that time (French and British pathoanatomic schools, respectively)
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assuming their cellulose-like nature [Kyle, 2001]. However, as early as in

1859, August Kekule and Karl Friedrich showed that the pathological "wax"
inclusions in the spleen are enriched with nitrogen indicating their protein
nature [Friedreich, Kekule, 1859]. lodine staining of these protein
inclusions was associated with proteoglycans and glycosaminoglycans in
their composition [Niewold et al., 1991]. In 1927, the aforementioned
method was developed to analyze the apple-green birefringence of
amyloids stained with the CR dye in polarized light [Divry, Florkin, 1927]
(The dye, in fact, can be of different colors, including blue and yellow
[Howie et al., 2008]). This approach has long been considered as the
"golden standard" in the pathoanatomic description of amyloid inclusions
[Sipe et al., 2014]. Further, the electron microscopy was introduced into
the practice of amyloid studies. In 1959 the electron microscopy was used
to show the fibrillar properties of amyloids [Cohen, Calkins, 1959] and
later to describe the levels of amyloid organization including
protofilaments. They join the filaments laterally at first and then combine
into larger, almost unbranched formations — fibrils, the most typical form
of supramolecular organization for amyloids [Sipe, Cohen, 20003;
Fitzpatrick et al., 2013; lashuel et al., 2000]. In 1968, a new method of
water extraction of amyloids made it possible to isolate these fibrils from
tissues and opened up prospects for studying them in vitro [Pras et al.,
1968]. In the same year, a study utilizing X-ray diffraction of fibrils isolated
from tissues infiltrated by pathological amyloid inclusions described a
"cross-B" pattern [Eanes, Glenner, 1968], which was later interpreted as a
general, although polymorphic in terms of the exact position of regularly
repeated elements, model of the amyloid cross-B structure. [Sunde et al.,

1997].
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Such a significant interest in the amyloids which continues to this

day, has not been accidental. Numerous human and animal diseases
characterized by pathological accumulation of amyloid inclusions are
called amyloidosis [Kyle, 2001; Sipe, Cohen, 2000a; Blancas-Mejia,
Ramirez-Alvarado, 2013; Chiti, Dobson, 2006]. These diseases are mostly
incurable [Baker, Rice, 2012; Picken, 2020] and also quite diverse in the
terms of occurrence and the nature of localization (localized and systemic)
[Benson et al., 2018]. A number of incurable neurodegenerative diseases,
including Alzheimer's [Selkoe et al., 1986], Parkinson's [Araki et al., 2019],
and Huntington's [DiFiglia et al., 1997] diseases, are also associated with
the amyloid aggregation of certain proteins, probably as well as with some
interactions between amyloid proteins [Bondarev et al., 2018]. Recently,
the amyloid formation by certain proteins has been noticed in some types
of cancer [Ano Bom et al., 2012; Lasagna-Reeves et al., 2013; Xu et al.,
2011]. The causal correlation between protein aggregation and pathology
is not always clear, as, for example, in the case of type Il diabetes, in which
amyloid aggregation of the IAPP peptide is observed [Westermark et al.,
1986]. Type Il diabetes is affecting up to half a billion people [Meetoo,
McGovern, Safadi, 2007]. A special group of human and animal amyloid
diseases consists of neurodegenerative prion diseases caused by the PrP
protein in the amyloid Sc conformation (scrapie, the historical name of
sheep prion disease) [Bolton, McKinley, Prusiner, 1982], which remains
infectious when digested in the digestive tract [McKinley, Bolton, Prusiner,
1983] and is able to overcome some interspecies barriers (for example,

transmitted from cows to humans when eating infected meat) [Cobb,
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Surewicz, 2009; Kraus, Groveman, Caughey, 2013; Vanik, Surewicz,

Surewicz, 2004]. Currently, the term "prions" refers to proteins whose
specific (usually amyloid) conformations have infectious properties
[Wickner et al., 2015]. Despite the fact that there are no data on infectivity
for the most of known amyloids, some recent studies show that a-
synuclein associated with the development of Parkinson's disease, Tau
protein (taupathies and Alzheimer's disease) and the amyloid peptide-p
(Alzheimer's disease) have prion-like properties [Aoyagi et al., 2019;
Lasagna-Reeves et al., 2012; Luk et al., 2012]. Thus, the number of prions
among pathological human amyloids may increase significantly in the
future. More than 40 proteins, whose extracellular and intracellular
amyloid aggregation is associated with the development of incurable
human diseases, have been identified so far [Benson et al., 2018]. Among
those are the aforementioned diseases of high social significance, such as
type Il diabetes and Alzheimer's disease. According to the Christopher
Dobson's hypothesis, the regions potentially prone to amyloidogenesis are
present in the majority of the proteins of a proteome, but specialized
cellular systems of protein synthesis, folding, and degradation control the
formation of amyloids in vivo and prevent the formation of those that may
be pathogenic. The disruption of these systems leads to the development
of amyloidoses, many of which are senile diseases [Dobson, 2003; Dobson,

2004].
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However, another role of the amyloid proteins was discovered in

2000. Amyloids were identified in the silkworm eggs chorion, protecting
the embryo in vivo [lconomidou, Vriend, Hamodrakas, 2000] and
hydrophobins of the basidiomycete Schizophyllum commune [Vocht de et
al., 2000]. To date, such amyloids, called functional, have been found in all
three domains of the living world: in archaea [Dueholm et al., 2015;
Chimileski, Franklin, Papke, 2014], bacteria [Blanco et al., 2012; Romero,
Kolter, 2014; Schwartz, Boles, 2013b], eukaryotes [Nizhnikov et al., 20163;
Nizhnikov, Antonets, Inge-Vechtomov, 2015; Otzen, Riek, 2019]. Even
viruses have functional amyloid-like proteins [Nan et al., 2019], and the
total number of functional amyloids identified in various phylogenetic
groups exceeded the number of the pathological amyloids [Otzen, Riek,
2019].

Thus, dozens of functional amyloids, involved predominantly in the
biofilm formation, toxin storage, and protein envelope formation, have
been identified in prokaryotes [Gerven Van et al., 2018; Shanmugam et al.,
2019]. While most prokaryotic amyloids perform a structural or storage
function, some bacterial toxins are active in the amyloid form only [Oh et
al., 2007]. Many prokaryotic amyloids serve as the virulence factors in the
pathogen-host supraorganismal interactions [Schwartz, Boles, 2013a].
Thus, the role of amyloid components of biofilms, functional for bacteria
but pathogenic for a multicellular host, in the development of infectious
diseases in humans has been shown [Gerven Van et al., 2018]. It should be
taken into account that: (i) amyloids are a structural component of

biofilms of a number of phylogenetically remote prokaryotic species
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[Taglialegna, Lasa, Valle, 2016]; (ii) the number of species of pathogenic

bacteria for humans is about 1500 [Shaw et al., 2020] and (iii) 65% of
species of bacteria pathogenic for humans form biofilms associated with
infectious diseases [Costerton, 2001]. Thus, the real number of amyloids of
pathogenic bacteria alone, which are components of biofilms, can mount
to a thousand. So, pathological amyloids, whose structural proteins are
encoded in the human genome, represent only a small part of the
amyloids associated with the development of thousands of diseases
[Kosolapova et al., 2020]. Although the issue of the prokaryotic amyloids
involvement in pathogen-host interactions has already been tackled, any
data on the presence of amyloid proteins in symbiotic bacteria, which
represent the second key vector of supra-organismal interactions, were
not available at the start of this thesis research.

The functional amyloids have also been identified in eukaryotes, in
particular in humans and other mammals. They play a key role in melanin
polymerization [Fowler et al., 2006], hormone storage [Maji et al., 2009],
biomineralization of tooth enamel [Carneiro et al., 2016], formation of
long-term memory [Fioriti et al., 2015], and a number of other biological
processes [Bondarev et al., 2018]. In most cases, the amyloids are
necessary either for the formation of ordered structures used as a
"framework" (as in the case of polymerization of melanin [Fowler et al.,
2006] or tooth enamel [Carneiro et al., 2016]), or for the storage of certain
proteins or peptides active in the monomeric state (for example,
hormones [Maji et al., 2009]). Thus, even functional amyloidogenesis can

be associated with either permanent or temporary functional inactivation
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of a protein that terminates when this protein converts from amyloid to a

monomeric state (or some other state). To make this change possible,
special molecular mechanisms can be used, such as pH changes in
compartments where proteins are stored in the amyloid form [Maji et al.,
2009]. The functional amyloids were also identified in fungi [Ramsook et
al., 2010], mollusks [Si et al., 2003], and insects [Majumdar et al., 2012].
However, plants remained to be the most important group of organisms
where proteins that form amyloids under physiological conditions had not
been identified before our studies [Antonets, Nizhnikov, 2017b].

Fungi use the functional amyloids to build cell wall structures
[Kalebina et al., 2008, Ramsook et al., 2010; Ryzhova et al., 2017].
However, a particular interest is focused on amyloids of ascomycete fungi
due to the presence of infectious amyloid-prions [Wickner, 1994]. The
prions of fungi and, above all, Saccharomyces cerevisiae yeast can be
either functional or harmful to cells [McGlinchey, Kryndushkin, Wickner,
2011; Nakayashiki et al., 2005; Wickner et al., 2007] or have no noticeable
effects [Chernova, Wilkinson, Chernoff, 2014; Derkatch, Liebman, 2007b].
Prions can exist in the form of various structural states, called variants,
with different phenotypic manifestations [Bateman, Wickner, 2013;
Wickner, Son, Edskes, 2019]. The functional yeast prions control
pseudomulticellularity [Holmes et al., 2013] or the resistance of these
organisms to various chemical compounds [Suzuki, Shimazu, Tanaka, 2012;
Harvey et al., 2020], increasing their survival under certain conditions
[Chakravarty et al., 2020; Itakura et al., 2020]. Despite its participation in

the control of certain biological functions, prionization, as well as
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amyloidogenesis in general, is associated with the functional inactivation

of the corresponding structural proteins [Kundu et al., 2020]. One of the
classic postulates proposed by Reed Wickner concerning the yeast prions
states that the phenotypes of the prion and deletions of its structural gene
coincide [Wickner, 1994]. However, the problem of similarity of the effects
of the protein prionization and deletion of its structural gene at the
molecular level remains poorly understood. We cannot rule out that in the
case of prion formation the protein inactivation may be only partial and
even lead to some new functions gained by this protein. It is also unclear
whether proteins can acquire prion properties when the conditions, for
example, the level of production, change. Some evidence has already been
obtained that the “amyloidome” or a set of all amyloid (including prion)
proteins of the cell [Nizhnikov, Antonets, Inge-Vechtomov, 2015] is a
dynamic system [Audas et al., 2016].

The ability for autocatalytic template reproduction, high stability,
and relatively simple primary structure (amyloids are formed, for example,
by polypeptides consisting of repeats Q [Perutz et al., 1994], N [Perutz et
al., 2002] or E [Colaco, Park, Blanch, 2008]) led Karl Peter Maury to
hypothesize that amyloids could be one of the oldest variants of the
structural and functional organization of the biological macromolecules at
the dawn of the life formation on our planet [Maury, 2009; Maury, 2018].
Assuming that this hypothesis could be correct, which is supported by
several studies [Katsnelson, 2020; Rout et al., 2018], one would expect
that amyloids could be quite widespread among the currently existing

large taxa.
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Thus, the data accumulated to date allow us to state a change in the

"amyloid — pathogen" paradigm and show that these protein fibrils as
conformational templates are one of the most important variants of the
functional quaternary protein structure [Nizhnikov, Antonets, Inge-
Vechtomov, 2015]. Nevertheless, despite the significant number of
amyloids identified in different groups of organisms, there are serious
gaps in understanding the scale of amyloid diversity, the features of their
formation, and biological functions. This lack of understanding is caused
primarily by the fact that most amyloids were identified by analyses of
individual genes and their products, which did not allow us to assess the
prevalence of amyloids throughout the proteome. The proteomic
standpoint, which gives the opportunity to consider amyloids as a set of
proteins with different sequences united by a spatial structure that has a
number of common features, has formed the basis of the research

performed in the framework of this dissertation.

The purpose of this study was to identify new features of formation
and functions of protein conformational templates at the proteomic level.
The study was aimed at solving the following tasks:

1. To analyze the amyloid properties of the proteins in plant
proteomes.

2. To compare the complexes of amyloidogenic proteins and identify
new amyloids in the proteomes of symbiotic and pathogenic species of

proteobacteria.
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3. To compare the functional effects of the protein prionization at

the genome-wide level with the effects of inactivation of the
corresponding structural genes.
4. To study the effects of the primary structure and level of

production on the prion properties of proteins.

Novelty: In this work, for the first time, amyloid proteins have been
identified in plants and symbiotic bacteria, and the association of the
amyloid formation with the protein storage in seeds and supra-organismal
interactions has been demonstrated. We have shown that the prion
formation can lead to the alterations in the functions of the corresponding
structural protein rather than to their inhibition. We have described a new
protein group capable of sustaining prion properties in non-native
conditions called "conditional prions".

The discovery of the amyloidogenesis of seed storage proteins,
which are an important component of the human diet explains the
practical significance of this study. Those amyloids could influence the

nutritional value of the seeds as well as provoke food allergies.

The following statements are presented for the consideration:

1. For the first time, a functional amyloid protein, which is a storage
protein of the P. sativum L. seeds, vicilin, has been identified in plants.

2. The amyloids in symbiotic bacteria, formed by the porins of the
outer membrane of the root nodule bacterium R. leguminosarum, RopA u

RopB, have been identified for the first time.
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3. It was established that the protein prionization effects are not

equal to the effects of the corresponding structural gene deletion. Thus
prion formation can trigger not inactivation but change of the protein
function.

4. Based on the features of the GIn3 transcription regulator of S.
cerevisiae yeast it has been shown that proteins called “conditional
prions” acquire and sustain the prion properties only in non-native

conditions.

The results of the dissertation were tested in reports at more than
fifty significant international conferences, including the congresses of the
Vavilov Society of Geneticists and Breeders (2019, 2014), the Federation of
European Biochemical Societies (2019, 2018, 2017), the Federation of
Biochemical Societies of France, Spain and Portugal (2015), the European
Association of Molecular Biology (2014), the Congress on Analytical
Proteomics (2015), Conferences on Yeast Genetics and Molecular Biology
(2015, 2019), prion proteins (2016), the European Symposium on Top-
Down Proteomics (2019), BGRS/SB (2016, 2018, 2020), PLAMIC (2018), the
International Forum "Biotechnology: State and Prospects of Development"
(2019, 2018, 2017), the Anniversary Conference "50 years of Vavilov
Society of Geneticists and Breeders: Progress and Prospects (2015) and a
number of other events. The results are presented and discussed in 20
full-text articles in the journals indexed in international databases. The
applicant has made major contributions to planning, obtaining and

interpreting the results of the dissertation. The applicant's personal
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contribution is confirmed by the fact that in almost all key publications he

is the corresponding author or the first author. Experiments on protein
fibrillogenesis were carried out jointly with A. I. Sulatskaya and M. I.
Sulatsky, histological studies of plant seeds — with E. A. Andreeva and P. A.
Zykin. A detailed description of the methods and approaches used is given
in the articles published on the results of the work. Unique genetic
collections of plants and bacteria (All-Russian Institute of Agricultural
Microbiology (ARRIAM)), as well as yeast (Department of Genetics and
Biotechnology, St. Petersburg State University (SPbSU)) were used as a
source of research material. The proteome studies were performed in the
"Development of Molecular and Cell Technologies" Centre of the Scientific
Park, St. Petersburg State University; sequencing was performed at the
Centre for Collective Use "Genome Technology, Proteomics and Cell
Biology" of ARRIAM. The results presented in the dissertation were
obtained with the support of grants from the President of the Russian
Federation (MK-3240.2017.4, MK-4854.2015.4), the Russian Science
Foundation (17-16-01100, 17-16-01100P), the Russian Foundation for
Basic Research (16-34-60153, 17-04-00816), and the Committee for
Science and Higher Education of the Government of St. Petersburg.

This Dissertation includes an Introduction, four Chapters and a
Conclusion, consists of 118 pages, and contains 25 figures, three tables

and 230 references.
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CHAPTER I: Functional Amyloids of Plants

The functional amyloids have been described in various groups of
eukaryotes, including chordates, arthropods, mollusks, and fungi but
plants, despite their extreme significance for humans, remained a poorly
studied group in the field of amyloid biology [Nizhnikov, Antonets, Inge-
Vechtomov, 2015; Otzen, Riek, 2019]. However, several plant proteins or
their fragments have been shown to form fibrils that demonstrate some
amyloid properties in vitro (Figure 1). Such properties are shown for the C-
terminal domain of the prohevein protein of Hevea brasiliensis [Berthelot
et al.,, 2016], Zea mays tranglutaminase, Raphanus sativus defensin
fragments RsAFP1 and RsAFP2 [Garvey et al., 2013], and the antimicrobial
peptide Cn-AMP2 from Cocos nucifera [Gour et al.,, 2016] (a detailed
description of plant amyloidogenic proteins is given in the review
[Antonets, Nizhnikov, 2017b]). Some QN-rich transcription regulators of
the plants, associated with the control of the Autonomous Flowering
Pathway (AFP), showed amyloid-like and prion-like properties in
heterologous production in S. cerevisiae yeast [Chakrabortee et al., 2016].
The data on the amyloid properties of polymer substances released when
attached to the substrate by green algae were of the greatest interest.
However, no specific proteins were identified in these studies [Mostaert et

al., 2006; Mostaert et al., 2009].
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Figure 1. Amyloidogenic proteins in plants. A schematic representation of
the plant is shown. The names of proteins or peptides whose amyloidogenic
properties are partially characterized in vivo (green) or in vitro (orange), as well as
protein fragments which have amyloidogenic properties (black) are indicated
[Antonets, Nizhnikov, 2017b].

It is well-known that the ability of fragments of plant seed proteins
to form fibrillar aggregates results from incomplete acid hydrolysis (when
boiled in a solution with pH<2.0). This property suggests for the presence
of amyloidogenic regions in their sequences (the amyloidogenic properties
of hydrolysates of various food products are reviewed in [Cao, Mezzenga,
2019; Jansens et al., 2019]) Thus, despite the fact that at the beginning of

our research, no proteins that form amyloids in vivo under physiological
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conditions were known in plants, based on the available data, such

proteins were assumed to exist and probably perform certain biological
functions in these organisms.

We started the study of plant amyloid proteins with the
bioinformatic analysis of the occurrence of amyloidogenic regions in their
proteomes and the association of the amyloidogenic regions enrichment
with the specific functional groups of plant proteins. The work included
proteomes of all land plant species with sequenced and functionally
annotated genomes at that time. The proteomes of these 75 species
contained approximately 2.9 million proteins analyzed for the presence of
potentially amyloidogenic regions (PARs) [Antonets, Nizhnikov, 20173]
using the Waltz algorithm [Maurer-Stroh et al., 2010] and the SARP
algorithm (Sequence Analysis Based on the Ranking of Probability)
[Antonets, Nizhnikov, 2013]. It should be noted that all currently existing
algorithms for predicting potential amyloidogenic properties of proteins
assess the potential amyloidogenic properties in the individual regions of
the primary protein structure. Consequently, the amyloid properties of a
full-size protein in vivo are less likely to be predicted, due to the
interactions of amyloidogenic and non-amyloidogenic regions in its
structure and the influence of the external environment [Santos et al.,
2020]. However, the bioinformatic analysis allows a researcher to select a
protein functional groups or protein domain with an increased content of
amyloidogenic regions indicating probable location of the amyloid
proteins. Further confirmation of the amyloid properties should be carried
out by the experimental biochemical and molecular biological methods
[Nizhnikov, Antonets, Inge-Vechtomov, 2015]. The Waltz algorithm (we

used the following parameters: maximum specificity; pH 7.0) is based on
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the positional matrices and predicts PARs enriched primarily with

hydrophobic amino acids. Each amino acid residue position in such sites
can be critical, and even a switching of two amino acids can lead to the
loss of amyloidogenic properties of the region [Maurer-Stroh et al., 2010].
The SARP algorithm is based on detection of the protein regions with
prevalence of one ore more amino acid residues (also called “low
complexity regions”) [Antonets, Nizhnikov, 2013]. In particular, many
known amyloid proteins are characterized by an increased content of N, or
Q, or both of them [Harrison, Gerstein, 2003; Michelitsch, Weissman,
2000]. These regions were predicted with SARP (using a probability
threshold of 10-8) [Antonets, Nizhnikov, 2013].

Our bioinformatic screening of the proteomes of 75 land plants
species revealed a number of features describing the distribution of
potentially amyloidogenic regions in the proteins of this systematic group
of eukaryotes. In particular, the analysis of the biological processes
representation based on the data from the Gene Ontology (GO) database
showed that a significant proportion of potentially amyloidogenic proteins
predicted by Waltz are involved in various types of transport of substances
across the membrane [Antonets, Nizhnikov, 2017a]. This result seems
logical, given that the transmembrane proteins often tend to form a
structure enriched with B-sheets called a "B-barrel" [Chaturvedi,
Mahalakshmi, 2017]. The SARP algorithm showed that the amyloidogenic
sites were enriched in proteins that bind clathrin and phosphatidyl-inositol
or act as transcription cofactors. Also more than two-thirds of the
analyzed species had potentially amyloidogenic regions enriched in
proteins that function as a nutrient reservoir, most of which are seed

storage proteins (Figure 2).



archantja Piymor ha subsp. lxmarpha
ir

g gl
ggnag csornosu
or Wm% icolor
etirna ga ca
ichanthellum gh osgnthes
rachypodi istachyon
or emm vulgare sucbs%, vulgare

za niv ;
7a sa pnica

%g saﬁv&a?ggsgﬁ I% ica

e rotabile.
ephaloius follicularis
ucumjs mejo
ucumis sativu

pinus angu tﬁqllus
Easeo us %UP ris,
aseol 'E:'IS ngdularis
igna radiafa Var. radiata
anus caLan
cIne so

il

utrema s?lsugéneum
rassica olera Evar, oleracea
sp. pekinensis

26 s
?Jéstaloaéijs EFiluaahana
ani

opsis lyrata subsp. lyrata
zuTusﬁca'r et e

Il

urea
gmam &eraceoa "
a VI ans_?u sp. vulgaris
elumbgd nucifera

giggiﬁgltécﬁnoellendorﬁii

§ esasL s . : Y- 0 02 06

Figure 2. GO molecular functions, where potentially amyloidogenic Q-and
N-enriched proteins predicted by SARP are the most represented. For such
proteins, 30 basic GO terms from the ontology of molecular functions are shown.
The cell color indicates the proportion of potentially amyloidogenic proteins
predicted by SARP among all proteins labeled with this term. All cells with p-
values more than 0.01 are equal to O (dark blue). The dendrogram of the plant
species corresponds to their phylogenetic tree [Antonets, Nizhnikov, 2017a].
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The further bioinformatic screening of the protein domains enriched

with the potentially amyloidogenic regions (PARs) predicted by the SARP
algorithm allowed us to establish [Antonets, Nizhnikov, 2017a] that the
domains of the Cupin-1 family with a B-barrel structure inherent in seed
storage proteins (7S and 11S globulins) [Dunwell, Purvis, Khuri, 2004] are
most enriched with such PARs. 302 PARs of the seed storage proteins with
Cupin-1 domains were identified in 54 out of the 75 analyzed species
belonging to both monocotyledonous and dicotyledonous angiosperms,
which suggests that this property is evolutionary conserved (Figure 3).
Thus, the data obtained during a large-scale bioinformatic screening of
potentially amyloidogenic proteins in plant proteomes [Antonets,
Nizhnikov, 2017a] allowed us to put forward a hypothesis that
amyloidogenesis can potentially be involved in the mechanisms of protein

storage in plant seeds. This hypothesis was tested experimentally.
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Figure 3. 20 groups of plant protein domains most enriched with
potentially amyloidogenic regions predicted by SARP. The cell color indicates the
proportion of proteins with potentially amyloidogenic regions among all proteins
with this trait. The dendrogram of plant species corresponds to their phylogenetic
tree [Antonets, Nizhnikov, 2017a].
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We performed the proteomic screening of amyloid proteins in

mature seeds (30 days after pollination) of the early-maturing Sprint-2 line
[Borisov et al., 1997; Malovichko et al., 2020] of the garden pea Pisum
sativum L., in which the accumulation of seed storage proteins
approached the maximum as a result of strong overexpression of genes
encoding storage proteins at earlier stages of seed development

)

[Malovichko et al., 2020]. After maturation, so called “orthodox” seeds
undergo natural dehydration, accompanied by compaction of the genetic
material [Zanten van et al.,, 2012], and stabilization of the nutrient
reservoir. As a result of this complex of processes, seeds transit to
dormancy to survive unfavorable conditions for a very long time
[Angelovici et al., 2010]. For example, the seeds of the Lotus (Nelumbo
nucifera Gaertn.), whose storage proteins are most enriched with
potentially amyloidogenic regions [Antonets, Nizhnikov, 2017a],
successfully germinated after about 1300 years [Shen-Miller et al., 1995;
Shen-Miller et al., 2013].

The proteomic screening of amyloid proteins was performed using
PSIA-LC-MALDI method [Nizhnikov et al., 2016b]. This method is
characterized by a multi-stage purification of proteins forming detergent-
resistant aggregates, which is one of the key amyloid properties [Bolton,
McKinley, Prusiner, 1982], isolated from tissues or cell cultures through a
series of ultracentrifugations [Nizhnikov et al., 2014b; Antonets et al.,
2016]. Next, the obtained detergent-resistant aggregates are dissolved

and the protein trypsinolysis is performed. After that peptide mixtures are

separated using HPLC, and the proteins in the detergent-resistant fractions
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are identified by mass spectrometry [Nizhnikov et al., 2016b]. It should be

noted that the proteins identified by such screening methods are
supposed to be only candidates for novel amyloids. To prove their amyloid
properties a set of additional methods to analyze the properties of the
aggregates formed by them in vitro and in vivo is necessary [Nizhnikov,
Antonets, Inge-Vechtomov, 2015].

As a result of the PSIA-LC-MALDI proteomic screening, an ensemble
of proteins forming detergent-resistant polymers in mature pea seeds was
described [Antonets et al., 2020]. Proteins representing all three major
classes of storage proteins in pea seeds were found: vicilin, convicilin, and
legumin. We have also identified a heteropolymer iron-binding protein
ferritin, a biotin-containing protein SBP65, and dehydrin involved in the
response to drought [Garnczarska, Zalewski, Wojtyla, 2008] in the
composition of detergent-resistant polymeric pea seed fractions. The
highest mass spectrometric score (a parameter that reflects the reliability
of identification) was demonstrated by seed storage 7s globulins vicilins,
which indicated their predominance in the composition of detergent-
resistant polymeric fractions of pea seeds. For the further analysis of
amyloid properties in vivo and in vitro, vicilin with a mass of 47 kDa was
chosen, since its N - and C-terminal regions were identified by the tandem
mass spectrometric analysis (MS/MS). The analysis indicated that full-
length vicilin protein forms detergent-resistant polymers [Antonets et al.,

2020].
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Vicilin contains two evolutionarily conservative domains of the

Cupin-1 family with a "B-barrel" structure enriched with regularly repeated
B-sheets: Cupin-1.1 and Cupin-1.2 (Figure 4A). Employing bioinformatic
screening, the domains of the Cupin superfamily were identified as
potentially the most amyloidogenic protein domains in the land plant
proteomes [Antonets, Nizhnikov, 2017a]. An additional analysis of the
potentially amyloidogenic regions (PARs) in the sequence of the vicilin
protein was performed using the AmylPred2 algorithm, which combines
eight different PARs prediction algorithms [Tsolis et al., 2013]. All PARs in
the vicilin sequence were shown to localize within its two domains, Cupin-
1.1 and Cupin-1.2, with Cupin-1.1 containing five such regions, and Cupin-
1.2 containing four (Figure 4A). We decided to analyze the amyloidogenic
properties of full-length vicilin as well as its Cupin-1.1 and Cupin-1.2
domains in vitro. These proteins were produced in E. coli cells, isolated,
and purified, and then their ability to form fibrils in vitro was analyzed.
Cupin-1.1 and Cupin-1.2 fibrils were successfully obtained using the
previously published protocol [Kayed et al., 2007; Kosolapova et al., 2019]
using a HFIP solvent (Figure 4B). At the same time, for more efficient
formation of fibrils by vicilin (Figure 4B), we added "seeds" [Scherpelz et
al., 2016], obtained from pre-existing aggregates of this protein formed
during the previous cycle of fibrillogenesis, to the solution. The CR staining
followed by the polarization microscopy proved that all three proteins
exhibit the typical for amyloid birefringence in polarized light (Figure 4C).
Western blot hybridization with polyclonal antibody against vicilin
demonstrated that the aggregates of all three proteins (vicilin, Cupin-1.1
and Cupin-1.2) were resistant to the detergent sodium dodecyl sulfate

(SDS) (Figure 4D) [Antonets et al., 2020].
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Figure 4. Amyloid properties of vicilin and its Cupin-1.1 and Cupin-1.2
domains in vitro. A. The structure of P. sativum L. vicilin predicted using the |-
TASSER server [Yang, Zhang, 2015]. The domain structure is presented in the
linear form below; the Cupin-1.1 domain is marked in green, Cupin-1.2 in blue;
areas that are not included in the domains are ochre, light yellow, and purple.
PARs predicted by the AmylPred2 algorithm [Tsolis et al., 2013] are designated as
R1-R9 and colored pink. B. TEM of vicilin fibrils and its domains obtained in vitro
by dissolving the corresponding proteins in 50% HFIP followed by evaporation and
fibrillogenesis in distilled water. Scale bar is equal to 500 nm. C. Fibrils of vicilin
and its domains stained with CR dye. Stained fibrils are shown in transmitted
(upper row) and polarized (lower row) light. Scale bar is equal to 20 um D.
Resistance of aggregates of vicilin and its domains to treatment with cold (U) and
hot (B) 2% ionic detergent SDS. A marker of molecular weight (Mr) in kilodaltons
(kDa) is shown [Antonets et al., 2020].

Upon heterologous expression in S. cerevisiae yeast cells, vicilin and
both its domains form intracellular aggregates (Figure 5A), and being
secreted to the surface of E. coli cells in the C-DAG system [Sivanathan,
Hochschild, 2013] (Figure 5B) they form fibrils (Figure 5C) that bind CR
(Figure 5D) and demonstrate birefringence in polarized light (Figure 5E).
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Notably, the CR staining of E. coli cells producing Cupin-1.2 was very wealk,
as compared to the vicilin-producing cells and Cupin-1.1, which is an
unusual example of a pseudonegative result in the C-DAG system (Figure
5B-E). In general, vicilin and both its domains Cupin-1.1 and Cupin-1.2
form amyloid fibrils in vitro, as well as when secreted to the surface of
bacterial cells.

Cupin-1.1-YFP Sup35NM
Sup3bM
Cupin-1.2-YFP . )
Cupin-1.1
Vicilin-YFP
Cupin-1.2
YFP

Vicilin

Figure 5. Amyloid properties of vicilin and its Cupin-1.1 and Cupin-1.2 domains
in heterologous systems. A. Vicilin and its domains fused with YFP form aggregates
during overproduction in S. cerevisiae yeast. Images of cells in transmitted (left
column) and fluorescent (right column) light. Scale bars are 5 um. B. Images of
bacterial colonies secreting the appropriate proteins to the surface, on a Petri dish
with the addition of CR. Colonies secreting the Sup35NM (amyloid) and Sup35M
(soluble) proteins were used as positive and negative controls, respectively. C. TEM of
E. coli cells secreting the appropriate proteins. The scale bar is equal to 500 nm (all
images except Cupin-1.2) or 1 um (Cupin-1.2). D-E. The secretion of vicilin and both of
its domains fibrils to the surface of E. coli cells causes birefringence in polarized light,
when stained with CR. Photos of E. coli colonies producing the corresponding proteins,
taken from a plate with CR, in transmitted (D) and polarized (E) light. The scale bars
are 20 um [Antonets et al., 2020].
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A study of the amyloid properties of vicilin in vivo was conducted

next. At the first stage of this work, we analyzed the colocalization of an
amyloid-specific Thioflavin T (ThT) dye with an anti-vicilin antibody signal
on cryoseconds of pea cotyledons using laser scanning confocal
microscopy. The data obtained showed almost complete colocalization of
vicilin and ThT signals (Figure 6A), which suggested that vicilin can be
found in seeds in the amyloid state [Malovichko et al., 2020].

Since, according to the literature data, vicilin accumulates in the
seed intracellular membrane compartments called protein bodies
[Chrispeels, Higgins, Spencer, 1982], we isolated these protein bodies
using the ultracentrifugation of seed lysates in a sucrose gradient. The
content and detergent stability of vicilin in lysates of isolated protein
bodies was studied. The data showed that vicilin is the major protein in
the composition of protein bodies (Figure 6B). Moreover, in these bodies it
exists in the form of detergent-resistant aggregates (Figure 6B).

We stained the isolated protein bodies with CR. Protein bodies bind
CR and exhibit birefringence in polarized light (Figure 6C), indicating the
presence of protein aggregates with an amyloid structure. A more detailed
analysis was carried out using the immunoelectronic microscopy. The
intact protein bodies (Figure 6D) bind colloidal gold-labeled antibody
against vicilin weakly (Figure 6E), probably because of the membrane
[Chrispeels, Higgins, Spencer, 1982]. After the membrane was removed by
non-ionic detergents, the affinity of antibody to the content of protein
bodies increased significantly (Figure 6F), while additional light ultrasound
treatment led to the release of the fibrillar protein aggregates that bound
antibody against vicilin (Figure 6G-H). Thus, vicilin forms amyloids both in

vitro and in vivo.
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Figure 6. Amyloid properties of vicilin in vivo. A. Laser scanning confocal
microscopy of P. sativum L. cotyledon cryosections stained with an amyloid-
specific ThT dye (ThT, green) and hybridized with polyclonal rabbit antibody
against pea vicilin and secondary goat antibodies against rabbit antibody
conjugated with Alexa Fluor 568 dye (red). Bottom left shows the superposition of
signals of antibody against vicilin and ThT, right bottom: colocalization of signals
(colocalized pixels marked grey), the inset — a scatter graph of the channels. B.
The content of vicilin and its detergent-resistance in protein bodies isolated from
pea seeds. Cm - SDS-PAGE gel with the protein bodies lysate, boiled in a buffer
with 2 % SDS. U and B — Western blot hybridization of the same lysates treated
with 0.5 % Tween-20 and 2 % SDS, boiled (B) or unboiled (U). C. The protein
bodies isolated from pea seeds stained with CR dye. The upper photo is
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transmitted light, the lower one is polarized. Scale bar is equal to 20 um. D.
Scanning electron microscopy of a protein body. The scale bar is equal to 2 um. E -
H. Transmission immunoelectron microscopy of protein bodies hybridized with
polyclonal antibodies against vicilin and secondary antibodies labeled with gold
particles. E. Intact bodies. F. Bodies treated with Tween-20. G-H. The bodies
treated with Tween-20 and sonicated. Scale bar is equal to 200 nm [Antonets et
al., 2020].

Next, we studied certain physiological features of vicilin amyloid
aggregates formed in seeds in vivo. Using the Western blot hybridization
with polyclonal antibodies against vicilin, aggregates of this protein were
shown to accumulate during the seed maturation (we studied protein
lysates of seeds on days 10, 20, and 30 after pollination). The content of
vicilin aggregates reached its maximum in mature seeds (approximately 30
days after pollination) (Figure 7A), and then they quickly disappear during
seed germination (on day 3). At the same time, as the seedlings mature,
no monomeric protein is detected, indicating its incorporation in the
amyloid aggregates, as well as, probably, that proteases are involved in
the disassembly of aggregates of storage proteins during germination of
the embryo (Figure 7A). Storage protein aggregates could also be
disassembled by chaperones during germination but in this case we would
expect to see a significant amount of monomeric protein in samples,
which was not observed (Figure 7A). Seeds of canned peas have also been
shown to contain a significant amount of detergent-resistant aggregates of

vicilin (Figure 7A).
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We used the IVPD method, sequentially treating protein samples

with pepsin and pancreatin proteases in concentrations and with duration
similar to the conditions in the gastrointestinal tract [Rubio et al., 2014].
The vicilin amyloids withstand such treatment, while the monomeric
protein degrades almost completely (Figure 7B). The toxicity of fibrils and
non-fibrillar vicilin in yeast culture has also been compared (Figure 7C-D).
The experiment showed that it is the fibrillar, amyloid state of vicilin and
both its Cupin-1 domains that exerts high toxicity to yeast cells (Figure 7C),
while disordered aggregates or fibrils destroyed by sonication (Figure 7D)
induce a less toxic effect (Figure 7C). Similar results have been obtained in

human intestinal adenocarcinoma cell culture [Antonets et al., 2020].
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Figure 7. Vicilin amyloidogenesis dynamics during seed formation and toxicity of
its amyloids. A. Detergent resistance of vicilin aggregates isolated from pea seeds on 10,
20 and 30 days after pollination, sprouts (S) and commercial canned seeds (C) using
Western blot hybridization with polyclonal antibodies against vicilin. B. Protease
resistance of vicilin amyloids in pea seeds using the IVPD method [Rubio et al., 2014]
with subsequent Western blot hybridization with polyclonal antibodies against vicilin. U
— samples that are not treated with proteases; Pe — treated with pepsin; Pa — treated
with pepsin and then pancreatin; P — polymers; M — monomers. All samples in Figures A
and B were boiled in a buffer with 2% SDS for 5 minutes before applying to the gel. The
molecular weight marker (Mr) is indicated in kilodaltons (kDa). C. Toxicity analysis of
vicilin and its domains for S. cerevisiae yeast. A series of ten-fold dilutions of a liquid
yeast culture treated with fibrils, non-fibrillar aggregates, or fibrils of the corresponding
proteins destroyed by ultrasound (sonicated) at a concentration of 1 mg/ml put on a
Petri dish and incubated for 48 h is shown. D. The effect of sonication (40 s, 60 % power,
g125 sonicator (Qsonica, USA)) on the fibrils of vicilin and its domains stained with CR. TL
— transmitted light; PL — polarized light. Scale bar is equal to 20 um [Antonets et al.,
2020].
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Based on our results, we can conclude that vicilin storage protein

accumulates in seeds in the form of amyloid aggregates. The formation of
such amyloid structure is probably associated with the long-term
stabilization of the protein reservoir of seeds and its protection from
degradation before the germination. Vicilin amyloids are toxic to fungal
and mammalian cells, they can withstand treatment with gastrointestinal
proteases, and are present in canned pea seeds. It seems extremely
unlikely that the amyloids contained in the seeds are toxic to humans
when consumed, since their concentrations are significantly lower than in
the in vitro conditions used for our toxicity experiments. However, they
can potentially serve as a source of severe food allergies. It should be
noted that vicilin (primarily from peanuts) is one of the most important
allergens in plant-derived food [ACRerdaas et al., 2018; Sanchez-Monge et
al., 2004]. In this regard, the effect of rapid, probably proteolytic,
degradation of vicilin amyloids during seed germination allows us to
suggest resonable using the centuries-old tradition of soaking legume
seeds before eating, which can significantly reduce the amount of storage
proteins in the amyloid form. Sprouted seeds will also have a reduced

amount of amyloid-form protein.
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It should also be noted that the Cupin proteins and, in particular,

vicilins [Sales et al., 2000] protect the plant from pathogens due to their
lectin activity [Gomes et al., 1997; Rose et al., 2003]. Considering the
toxicity of fibrils to fungi [Antonets et al., 2020], amyloidogenesis of
storage proteins can potentially protect seeds (and possibly other organs)
of plants from pathogens.

In general, taking into account the results of bioinformatic screening
[Antonets, Nizhnikov, 2017a], confirmed by experimental data [Antonets
et al., 2020], we can assume that the functional amyloidogenesis of seed
storage proteins is a conservative feature not only of legumes, but also, in

general, of land plants.



-163 -
CHAPTER II: Amyloidogenesis and Supra-Organismal
Interactions

The interaction of plants with microorganisms is one of the key
biotic factors that have beneficial effects for plants, such as stimulating
growth by optimizing nutrition, but also can cause diseases and even
death of the host plant [Imam, Singh, Shukla, 2016]. The role of
amyloidogenesis in symbiotic supra-organismal interactions had not been
described when the study started. However, significant data were
accumulated on bacterial amyloids in supra-organismal pathogen-host
interactions [Kosolapova et al., 2020], primarily on interactions of bacteria
with animals (amyloid biofilms and bacterial toxins) [Schwartz, Boles,
2013a; Gerven Van et al., 2018], as well as with plants (amyloid bacterial
toxins, harpins that induce hypersensitivity response in plants) [Oh et al.,
2007].

At the initial stage of our work, we decided to identify functional
groups of proteins and protein domains in bacterial proteomes enriched
with potentially amyloidogenic regions. We performed the bioinformatic
screening of proteomes of more than 80 species of alphaproteobacteria
belonging to the order Rhizobiales, including both nitrogen-fixing
symbiotic root nodule bacteria and plant and animal pathogens [Carvalho
et al.,, 2010]. The analysis of the biological functions of potentially
amyloidogenic proteins predicted by SARP showed that they are most
often related to virulence, including lipopolysaccharide biosynthesis and

flagellum formation [Antonets, Nizhnikov, 2013; Antonets, Kliver,
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Nizhnikov, 2018]. The Waltz algorithm [Maurer-Stroh et al.,, 2010]

predicted proteins responsible for transmembrane transport, being also a
key component of virulence systems, as the most amyloidogenic
[Antonets, Kliver, Nizhnikov, 2018].

A detailed analysis of protein domains containing potentially
amyloidogenic regions (PARs) in the proteomes of bacteria of the order
Rhizobiales showed [Antonets, Kliver, Nizhnikov, 2018] that the domains
of the LptD family were among the most enriched with QN-rich regions
predicted by the SARP algorithm (Figure 8). These domains are
transmembrane [-barrels of the outer membrane that transport
lipopolysaccharides and play a key role in controlling supra-organismal
interactions of both the pathogen-host and symbiont-host types [Jones et

al., 2007; Zha et al., 2016].
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Figure 8. Protein domains associated with QN-rich potentially
amyloidogenic regions in the proteomes of bacteria of the order Rhizobiales.
Amyloidogenic regions were predicted by the SARP algorithm. The cell color
corresponds to the proportion occupied by QN-rich regions in the total length of
the corresponding domains in all analyzed proteomes. Dark red dye indicates that
the corresponding species does not have this domain group. The tree of species
corresponds to their phylogenetic position [Antonets, Kliver, Nizhnikov, 2018].



- 166 -
YadA-like, RTX-toxin-like, and hemolysin-like proteins were

identified as the most enriched in potentially amyloidogenic regions
proteins associated with pathogenesis [Antonets, Kliver, and Nizhnikov,
2018]. All of them are involved in the virulence control, form
transmembrane B-barrel-like structures, or are enriched with regularly
repeated B-sheets [Hafeez et al., 2005; Hoiczyk, 2000; Linhartova et al.,
2010; Tahir El, Skurnik, 2001]. Thus, the data obtained in a large-scale
bioinformatic screening showed that transmembrane proteins with the "B-
barrel" type structures involved in the virulence control may be the most
likely candidates for the role of new amyloids of bacteria belonging to the
order Rhizobiales

To test this hypothesis, we performed the experimental proteomic
screening in the root nodule bacterium Rhizobium leguminosarum buv.
viciae, which is able to form symbiosis with the garden pea P. sativum L.
and fix atmospheric nitrogen in its root nodules [Tsyganov et al., 2003]. As
a result, 54 proteins forming detergent-resistant aggregates were
identified in the proteome of a free-living culture of R. legquminosarum bv.
viciae [Kosolapova et al., 2019]. Most of them were represented by
enzymes, but about 1/5 of them were membrane proteins. Many of these
proteins tend to form "B-barrel" structures and are associated with the
bacterial virulence [Rollauer et al.,, 2015]. To analyze the amyloid
properties, we selected two outer membrane proteins: RopA, which was
identified with the maximum mass spectrometric score, and RopB. Both of
these proteins, according to the bioinformatic prediction, had a B-barrel

structure (Figure 9) [Kosolapova et al., 2019].
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Figure 9. A. and B. Structures of the RopA and RopB proteins, respectively,
predicted by the I-TASSER server [Yang, Zhang, 2015]. The elements of the
secondary structure of proteins are presented in a linear sequence under spatial
models. Blue rectangles represent B-sheets; yellow ones represent loops; red and
purple ones represent the N-terminus and C-terminus of proteins, respectively
[Kosolapova et al., 2019].

Recombinant RopA and RopB proteins fused with a sequence of six
histidines (6H) at the C-terminus were expressed in E. coli cells, purified,
and subjected to fibrillogenesis in a buffer with pH=2.0. Full-length RopA
and RopB formed weakly branched fibrils that are easily visualized using
transmission electron microscopy (Figure 10A) [Kosolapova et al., 2019].
These fibrils were found to bind CR exhibiting apple-green birefringence in
polarized light (Figure 10B) and are resistant to treatment with ionic
detergents and proteases (Figure 10C-D), thus demonstrating the key
properties of amyloids in vitro [Kosolapova et al., 2019].

Next, we analyzed the ability of full-length RopA and RopB proteins
to form amyloids during secretion to the surface of E. coli C-DAG cells

[Sivanathan, Hochschild, 2013]. The data obtained using this system also
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confirmed the amyloidogenic properties of RopA and RopB: E. coli cells

secreting RopA and RopB formed clearly distinguishable fibrils (Figure
11D), bound CR (Figure 11A-B), and showed green birefringence (Figure
11C) [Kosolapova et al., 2019].
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Figure 10. Amyloid properties of RopA and RopB fibrils obtained in vitro. A.

TEM of RopA and RopB fibrils obtained in a buffer with pH=2.0. Scale bar is equal
to 200 nm. B. Staining of RopA and RopB fibrils with CR dye. Left — transmitted
light, right — polarized light. The top row is RopA, the bottom row is RopB. Scale
bar is equal to 20 um. C. and D. analysis of the resistance of RopA and RopB
aggregates, respectively, to ionic detergents and proteases using Western blot
hybridization with antibodies against the 6H sequence. Initial point is
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unstructured aggregates; HFIP and pH 2.0 are fibrils obtained using the
corresponding buffers. P — polymers; M — monomers; U — unboiled samples
treated with 2 % SDS; B — samples treated with 2 % SDS and subjected to boiling; T
— treated with trypsin; P — treated with pancreatin. Mr — marker of molecular
weight in kilodaltons (kDa) [Kosolapova et al., 2019].
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Figure 11. Study of the amyloid properties of RopA and RopB during
secretion to the surface of E. coli cells in the C-DAG system [Sivanathan,
Hochschild, 2013]. A. E. coli colonies secreting the corresponding proteins on Petri
dishes with the addition of CR. E. coli cells that secrete the corresponding CR-
stained proteins in transmitted (B.) and polarized (C.) light. Scale bars are equal to
20 um. D. TEM of E. coli cells secreting indicated proteins. In all parts of the Figure
cells secreting Sup35NM amyloid protein were used as a positive control, and
secreting soluble Sup35M were used as a negative control [Kosolapova et al.,
2019].
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To confirm the amyloid properties of RopA and RopB, they were

analyzed in vivo in the bacterium R. leguminosarum bv. viciae. Both
proteins form detergent-resistant polymers in vivo (Figure 12A and B), and
the amount of RopA polymers increases upon stimulation with the
flavonoid luteolin (Figure 12B) [Kosolapova et al., 2019], which is known to
trigger the formation of plant-microbial symbiosis [Tolin et al., 2013; Zaat
et al., 1987]. Through the immunoelectron microscopy it was shown that
RopA and RopB form fibrils in the extracellular capsule of R.
leguminosarum (Figure 12D-G), which binds CR and shows green
birefringence (Figure 12C). Thus, we found that the RopA and RopB
proteins of R. legquminosarum have amyloid properties in vivo [Kosolapova

etal., 2019].
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Figure 12. Amyloid properties of RopA and RopB in vivo in the R.
leguminosarum cells. A-B. Analysis of the detergent resistance of RopA and RopB
aggregates in protein lysates isolated from R. leguminosarum cells using SDS-
PAGE (A) or SDD-AGE (B) followed by Western blot hybridization with polyclonal
antibodies specific to these proteins. U — unboiled samples treated with 2 % SDS;
B — samples treated with 2 % SDS and boiled; L - cells of R. leguminosarum were
treated with the flavonoid luteolin; R — samples with control recombinant RopA or
RopB proteins. The molecular weight marker (Mr) is indicated in kilodaltons (kDa).
C. Colonies of R. leguminosarum grown on a solid medium for seven days and
stained with CR, in transmitted (TL) and polarized (PL) light. Scale bar is equal to
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20 um. Immunoelectron microscopy of the R. leguminosarum cells and
extracellular material hybridized with polyclonal antibodies against RopA (D and
E) or RopB (F and G) and secondary antibody conjugated with colloidal gold. Scale
bars are shown in the images [Kosolapova et al., 2019].

The RopA and RopB R. leguminosarum proteins are the first
amyloids identified in symbiotic bacteria. While the role of
amyloidogenesis in pathogen-host interactions is well known [Kosolapova
et al., 2020], the involvement of amyloids in mutualistic symbiont-host
interactions has not been described before. The ropA and ropB gene
expression increases at the early stages of symbiosis [Tolin et al., 2013]
and then decreases during the nitrogen-fixing bacteroids formation in
plant root nodules [Maagd de et al., 1994; Roest et al., 1995], which
supports the role of RopA and RopB as the virulence factors. Our data not
only showed that these proteins form amyloids in vivo but demonstrated
that amount of RopA amyloids was elevated under conditions similar to
the initial stages of symbiosis [Kosolapova et al., 2019]. Thus, the data
support the hypothesis that amyloidogenesis is involved in the formation
of supra-organismal interactions of the symbiont-host type.

Several possible functions of the root nodule bacteria amyloids are
assumed upon such interactions. On the one hand, they can function as
adhesins, providing the attachement of bacterial cells to the plant on the
early symbiotic stages, similarly to the effect of some pathogenic amyloids
on multicellular bacterial hosts. The mechanical function of the root
nodule bacteria amyloids cannot be excluded as well. For instance, tubulin

cytoskeleton is known to be involved in the formation of so-called



-173 -
infection threads, that is, structures employed by bacteria to move to the

nodule primordium, as well as in the release of bacterial cells into the
cytoplasm of plant cells during the root nodule formation [Kitaeva et al.,
2016]. Taking into account some similarity in the properties of amyloid
fibrils and cytoskeletal protein polymers, it can be assumed that amyloids
secreted by bacteria could also mediate the formation of infection threads
and the movement of bacterial cells along them.

Finally, the third possible hypothesis is the participation of amyloid
proteins of root nodule bacteria in signal transmission. Some fungal
amyloids, such as [Het-s] Podospora anserina [Coustou et al.,, 1997],
participate in specific signaling interactions mediated by the NLR receptor
proteins (nucleotide-binding, leucine-rich repeat) associated with the
control of multicellularity, protection from pathogens, and programmed
cell death [Bondarev et al., 2018; Saupe, 2020]. In such interactions,
amyloids may act as the templates that drive the NLR oligomerization that
activates signal transduction [Saupe, 2020]. NLR-like proteins are present
in both animals and plants where they activate response to the pathogens
[Maekawa, Kufer, Schulze-Lefert, 2011] and are also involved in the
control of specificity of plant-microbial symbioses [Cao et al., 2017]. We
cannot exclude that bacterial amyloids also mediate conformational
transitions of NLR or any other receptors, thus affecting the signaling
pathways that mediate interactions between root nodule bacteria and a
host organism.

It should be noted that the virulence systems controlling symbiotic

and pathogenic supra-organismal host interactions in bacteria have a
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significant degree of similarity, both in the repertoire of virulence factors

and in the mechanisms of their action [Soto, Sanjuan, Olivares, 2006].
Comparing complexes of amyloidogenic proteins in the proteomes of
symbiotic and pathogenic bacteria was of great interest in this regard.

We performed the proteomic screening of amyloid proteins
[Nizhnikov et al., 2014b; Antonets et al., 2016; Nizhnikov et al., 2016b] in
the laboratory strains of a common pathogen and a component of the
normal intestinal microflora, gammaproteobacterium E. coli [Kaper,
Nataro, Mobley, 2004]. As a result of this experiment, 61 proteins that
form detergent-resistant polymers in the E. coli proteome [Antonets et al.,
2016] were identified. Most of them, as in the case of R. leguminosarum,
were represented by enzymes, and almost a quarter — by membrane
proteins, a number of which tend to form structures of the "B-barrel" type
and are associated with virulence and pathogenesis of E. coli [Thoma et
al., 2018]. For example, outer membrane porins OmpA, OmpC, and OmpF,
were among the identified E. coli proteins. They play an important role in
the virulence and pathogenesis of this microorganism [Hejair et al., 2017,
Liu et al., 2012]. For OmpA and OmpC, the fibril-forming ability has been
shown by other research groups [Danoff, Fleming, 2015; Joseph Sahaya
Rajan et al., 2016].
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We decided to analyze whether the detergent-resistant E. coli

proteins identified by us [Antonets et al., 2016] contain novel functional
protein groups for which amyloidogenic properties have not yet been
demonstrated. The mucin metallopeptidase YghJ of E. coli was chosen as a
representative of such previously unstudied in the context of
amyloidogenic properties group of proteins. This metallopeptidase is an
important virulence factor of enterotoxigenic strains of this bacterium
[Kotloff et al., 2013; Luo et al.,, 2014; Luo et al., 2015]. To test the
amyloidogenic properties in vitro, an evolutionarily conservative Ygh)
domain belonging to the family of M60-like mucin metallopeptidases
[Nakjang et al., 2012] and located closer to the C-terminus of the protein
(Figure 13A) was used (working with full-length Yghl) in vitro was

impossible due to its large size, more than 1500 aa).
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Figure 13. Amyloidogenic properties of the M60-like domain of the Ygh)J
metallopeptidase of the enterobacterium E. coli. A. Schematic representation of
the Yghl protein. The signal peptide (1-24 aa.) and the M60-like domain (1081-
1381 aa.) (YghlM) are shown. PARs predicted by WALTZ [Maurer-Stroh et al.,
2010] are shown in red; ArchCandy [Ahmed et al., 2014] are shown in purple; the
compositionally biased region predicted by SARP [Antonets, Nizhnikov, 2013] is
shown in blue. B. Staining of YghJM fibrils obtained in vitro with a CR dye. The left
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column depicts transmitted light; the right column depicts polarized light. Amyloid
fibrils of Sup35NM and soluble Sup35M protein were used as positive and
negative controls, respectively. C-D. TEM images of YghlJ fibrils obtained in vitro.
C. Magnification 20 000 times. D. Magnification 200 000 times. The scale bar is
shown in the image. E-G. TEM (upper row) and polarization microscopy of E. coli
cells grown on a medium with CR (lower row) secreting the YghJM protein (G), as
well as control amyloid Sup35NM (E) or soluble Sup35M (F) proteins [Belousov et
al., 2018].

We demonstrated that M60-like Ygh) domain forms fibrils in vitro
that bind CR and exhibit apple-green birefringence in polarized light
(Figure 13B). These fibrils also have a characteristic morphology when
visualized using transmission electron microscopy (Figure 13C and D).
Thus, they have key properties of amyloidogenic proteins [Belousov et al.,
2018]. Moreover, this domain formed fibrils that bind CR and cause
birefringence in polarized light when secreted to the surface of E. coli cells
in the C-DAG system [Sivanathan, Hochschild, 2013], in conditions close to
in vivo (Figure 13E-G) [Belousov et al., 2018]. Our data show that E. coli
Ygh)J mucin metallopeptidase forms detergent-resistant aggregates in vivo,
and its evolutionarily conservative M60-like domain forms amyloid fibrils
in vitro and also when secreted to the surface of E. coli cells. Thus, mucin
metallopeptidases with an M60-like domain are a new family of bacterial
amyloidogenic proteins [Belousov et al., 2018].

Taken together, we may conclude that detergent-resistant
amyloidogenic protein fractions of symbiotic and pathogenic
proteobacteria are similar in terms of the protein functional composition
and are enriched with virulence factors and proteins forming structures of

the "B-barrel" type [Antonets et al., 2016; Kosolapova et al., 2019]. Such
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proteins, examples of which are RopA and RopB of R. leguminosarum

[Kosolapova et al., 2019], are bona fide amyloids, apparently involved in
the formation of supra-organismal systems of the symbiont-host or
pathogen-host types, depending on the specialization of the
corresponding bacterium [Kosolapova et al., 2020]. The repertoire of
prokaryotic amyloid proteins associated with virulence and pathogenesis
may be much wider than is currently believed, as shown, among other
data, by our proteomic studies [Antonets et al., 2016; Kosolapova et al.,
2019] and demonstration of the amyloidogenic properties of Ygh)] mucin

metallopeptidase of E. coli [Belousov et al., 2018].
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CHAPTER Illl: Prion Formation: Loss- or Gain-of-Function?

Amyloids involved in different biological functions are identified in
various groups of eukaryotes and prokaryotes. However, the way amyloid
aggregate formation affects functional activity of respective proteins,
remains understudied. Infectious amyloids, prions, of yeast S. cerevisiae
are the most convenient models for studying structural and functional
properties of amyloidogenesis [Chernova, Wilkinson, Chernoff, 2014;
Wickner et al.,, 2015]. Currently, about ten amyloid prions have been
identified in yeast. Most of them exhibit phenotypes similar to deletions of
corresponding structural genes [Du et al.,, 2008; Alberti et al., 2009;
Rogoza et al., 2010; Patel, Gavin-Smyth, Liebman, 2009; Wickner, 1994;
Wickner, Masison, Edskes, 1995]. This effect represents one of the
conventional criteria of yeast prions suggested by Reed Wickner in 1994
[Wickner, 1994]. It is explained by the fact that prionization is usually
accompanied by changes in the protein three-dimensional structure
leading to its aggregation and formation of amyloids consisting of
presumably inactivated protein [Baxa et al., 2002; Wickner et al., 2014]. In
this regard, it is of special interest to find out if the protein molecules
forming prion aggregates are completely inactivated or if they acquire any
new functional activity.

To figure this out, we compared the effects of the Swil protein
prionization with the deletion of its structural gene in yeast S. cerevisiae.
Swil is a component of the global multisubunit transcription regulator
SWI/SNF that controls transcriptional activity of chromatin by altering

nucleosome structure in an ATP-dependent manner [Dechassa et al.,
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2008; Sudarsanam et al., 2000]. This protein binds activatory elements in

promoters of hundreds of genes related to DNA repair, replication,
metabolic cascades, and mating type switching [Dutta et al.,, 2014;
Shivaswamy, lyer, 2008]. SWI1 deletion is not lethal, however, exerts
pleiotropic effects manifesting as inhibition of vegetative growth,
disruption of sporulation, and mating type switching deficiency [Peterson,
Herskowitz, 1992]. Swil prionization leads to the formation of the [SWI']
extrachromosomal determinant that suppresses yeast growth on the
medium with galactose or other carbon sources but not glucose [Du et al.,
2008; Nizhnikov et al., 2016b] as well as inhibits the expression of the
SUP45 gene [Kondrashkina et al., 2014; Nizhnikov et al., 2016b] that
encodes the translation release factor eRF1 [Frolova et al., 1994;
Zhouravleva et al., 1995]. This results in decreased translation termination
efficiency and growth of the [SWI/'] strains bearing nonsense mutations in
genes related to the metabolism of adenine (adel-14,s4) and tryptophan
(trp1-289,45) on the media lacking these compounds (nonsense
suppression) [Nizhnikov et al., 2014a; Nizhnikov et al., 2012; Saifitdinova
et al., 2010] (Figure 14). In the presence of [SWI'], nonsense suppression
requires mutant forms of translation termination factor eRF3 (Sup35) with
decreased functional activity that act as co-suppressors [Nizhnikov et al.,
2012; Nizhnikov, Kondrashkina, Galkin, 2013]. In these strains, SWI/1
deletion exhibits the phenotype similar to [SWI'] prion inducing nonsense
suppression and inhibiting yeast growth on the media with galactose as
carbon source [Nizhnikov et al., 2016b] (Figure 14). This implies that the
molecular mechanisms underlying phenotypic manifestations of [SWI']

prionization and SWI1 gene deletion could be similar.



Figure 14. Phenotypic manifestations of Swil prionization and SWI/1 deletion in
haploid yeast strains bearing mutant Sup35 variants with decreased functional activity
(in this case, AB-Sup35MC is used) and nonsense allele ade1-14;4. The images showing
yeast grown on the selective media containing galactose (Gal) as the sole carbon source
were obtained after the 24 h incubation at 30°C (prior to this, yeast grown on the
galactose-containing media underwent three extra 24 h passages by replica-plating).
Images showing the yeast grown on the adenine depleted media (-Ade) were taken
after five days of incubation at 30°C.

To compare the effects of Swil prionization and SWI1 deletion in
detail and to determine if the mechanisms of their phenotypic
manifestations are similar, we performed sequencing of complete
transcriptomes of the isogenic haploid (MATa sup35A:HIS3 adel-14 his3
leu2 lys2 ura3 trp1-289 [pL-AB-Sup35MC]) [swi] (Swil protein is in the
soluble form in such strain), [SWI'] (Swil protein is in a prion form), and
swill (Swil is absent) yeast strains [Malovichko et al., 2019]. The yeast
strains were grown on the medium containing galactose as the sole carbon
source where [swi ] exhibited clearly distinct phenotype from [SWI'] and
swillA. RNA sequencing was performed using HiSeq 2500 (lllumina, USA) in
a paired-end mode with read length of 2*100 base pairs [Malovichko et
al., 2019].
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SWI1 deletion was shown to affect yeast cell transcriptome more

significantly than Swil prionization (Figure 15). Swil prionization resulted
in increased expression of 40 genes and decreased expression of 119
genes while SWI1 deletion led to increased expression of 822 genes and

decreased expression of 1156 genes (Table 1) [Malovichko et al., 2019].
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Figure 15. Volcano plots showing differentially expressed genes in the [SW/'] and
swill strains compared with the [swi'] strain grown on selective medium containing
galactose as the sole carbon source. X-axis shows In fold change in expression between
[swi'] and a corresponding strain (In(fold change)). Y-axis shows -logio(g-value)
calculated using R Sleuth package [Pimentel et al, 2017]. Genes with statistically
insignificant changes in expression are shown below a red line in grey while differentially
expressed genes (FDR<0.001) are indicated as follows: ({, - downregulated genes
in a corresponding strain; I - upregulated genes) [Malovichko et al., 2019].
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Table 1. The influence of [SWI'] prion formation and SWI1 deletion on
expression of yeast genome on a medium containing galactose as the sole carbon

source [Malovichko et al., 2019]

Comparison
Changes in gene expression [SWr]to swill to swil to
[swi'] [swi'] [Swr']
Increased (FDR<0.001) 40 822 409
Decreased (FDR<0.001) 119 1156 730
Total 159 1978 1139

Analysis of differentially expressed genes distribution in yeast

chromosomes showed that these genes are distributed mostly uniformly

(Figure 16). Nevertheless, significant aberrations in differential expression

profiles were detected in chromosome | of the swilA strain where about

50% of genes were upregulated (for the other chromosomes, this value

was equal to 6.9-14.4%), as well as in chromosome Xl (469317-489341

bases) containing RDN1 locus encoding rDNA tandem repeats whose

expression was almost fully repressed (Figure 16). These effects were not

observed in the [SWI'] strain [Malovichko et al., 2019].
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Figure 16. Chromosome distribution of genes with altered expression in the
presence of [SWI'] prion or SWI1 deletion on selective medium containing galactose
as the sole carbon source. X-axis indicates genome coordinates, Y-axis indicates In(fold
change) in expression of corresponding genes in [SWI'] or swilA compared with
[swi]. Vertical dotted lines and Roman numerals indicate the chromosome
boundaries and numbers, respectively. Red dots indicate significant changes of
expression (FDR<0.001) in the swilA strain; blue dots indicate significant changes of
expression in the [SWI'] strain; grey dots indicate insignificant changes. Grey lines
indicate insignificant changes in the expression of a corresponding gene in the swilA
and [SWI'] strains; blue lines indicate significant changes in one of the strains (swilA
or [SWI']); green lines indicate upregulation or downregulation of a gene in both
strains (swilA v [SWI']); red lines indicate gene upregulation in one of the strains and
downregulation in the other one [Malovichko et al., 2019].
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We suggested that in contrast to Swil prionization, SWI1 gene

deletion causes the chromosome | disomy. To test this hypothesis, we
analyzed the expression of three markers (adel-14, BUD14, and CDC24)
located in different regions of chromosome | using real-time quantitative
polymerase chain reaction (qPCR). The data obtained showed that all
three genes were upregulated in swilA strain compared to [SWI'] and
[swi'] strains [Malovichko et al., 2019] (Figure 17A). Moreover,
chromosome | aneuploidy was stably maintained in the swilA strain for 6
days of passaging on complete medium (Figure 17B). However,
chromosome | disomy was gradually eliminated after the plasmid
containing the region of chromosome XVI with an intact copy of SWi1
gene introduced in the strain (Figure 17C). Therefore, in contrast to Swil
prionization, SWI1 deletion leads to chromosome | disomy [Malovichko et

al., 2019].
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Figure 17. Verification of chromosome | disomy in the swilA strain and
analysis of the stability of its maintenance and elimination by quantitative PCR
(gPCR). A. Comparative analysis of copy numbers of ADE1, BUD14, and CDC24
genes in [SWI'], [swi'], and swilA strains. B. Analysis of chromosome | disomy
stability in the swilA strain (ADE1 was used as a marker of chromosome | copy
number). C. The influence of SWI1 expression in the swilA strain on the
chromosome | copy number (ADE1 was used as a copy number marker). In all
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experiments, gPCR was performed using genomic DNA of the corresponding
strain as a template and previously published primers and probes [Malovichko et
al., 2019]. Yeast were grown at 30°C for the indicated time periods. ACT1 gene
24t + SD [Livak, Schmittgen, 2001].
Values in the control samples or at the initial time points were set as 1. Each

was used as a control. Data are presented as 2

experiment was performed in five biological replicates. Significance of the
changes was determined using Kruskell-Wallis criterion. Asterisk indicates the
significance level p £0.01 [Malovichko et al., 2019].

Next, we compared the influence of Swil prionization and deletion
of its structural gene on biological processes and molecular functions
annotated in the “Gene Ontology” database (http://geneontology.org/).
SWI1 deletion was shown to suppress most processes related to
translation including ribosome biogenesis, translation initiation and
elongation as well as activation of responses to the high osmolarity of a
medium, nutrient deprivation, and treatment with chemicals. These
effects are absent in the presence of [SWI'] prion, however, we observed a
specific decrease in aminoacid transport and general transmembrane

transport (Figure 18) [Malovichko et al., 2019].
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Figure 18. The diagram illustrating the inhibition and activation of
biological processes in [SWI'] n swilA strains grown on the media containing
galactose as the sole carbon source, according to the analysis performed using
topGO package [Alexa, Rahnenfuhrer, 2016] in the “Gene Ontology” database
(http://geneontology.org/). Several internal nodes were removed from the
diagram for better visual perception. The colours used are explained in the Figure.
A full version of the Figure is available in the supplementary materials to our
paper published earlier [Malovichko et al., 2019].

The analysis of metabolic pathways with altered activity in the
presence of SWI1 deletion or Swil prionization showed that numerous
metabolic pathways are specifically modulated by [SWI'] prion while not
affected by SWI1 deletion (Figure 19). At the same time, 2-oxocarboxylic

acid and arginine metabolism is specifically stimulated only by [SWI'] but
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not by SWI1 deletion (Figure 19). Therefore, the data indicate that Swil

prionization is not the same as the deletion of its structural gene but
rather specifically alters certain cellular functions and metabolic pathways

[Malovichko et al., 2019].

Pentose phosphate pathway . o
Glycolysis [ Gluconeogenesis . .
RMNA polymerase | .
Ribosome .
Fatty acid degradation .
Galactose metabolism - [ EnrichmentRatio
_ _ N @ o2
Biosynthesis of amino acids | . [ ] . 0.4
Carbon metabolism- . o . 08
Biosynthesis of antibiotics 1 . [ ]
Biosynthesis of secondary metaholites - . [ ] qva::: L;(EE
Purine metabolism | o gzggé
0.002
Pyrimidine metabolism- O ‘ 0.001
2-Oxocarboxylic acid metabolism- ®
Methane metabolism - @
Arginine biosynthesis [ ]
Glycine, serine and threonine metabolism
Alanine, aspartate and glutamate metabolism -
swi1/\, down [SwWi*], down TSWH], up

Figure 19. Metabolic pathways activated or suppressed in [SW/'] and swilA
strains on a medium containing galactose as the sole carbon source according to
KEGG Pathway test performed using the clusterProfiler package [Yu et al., 2012]
and visualized by ggplot2 [Ginestet, 2011]. Dot size represents the enrichment
ratio, while the colour gradient reflects the experimental means of g value in the
respective assay. Pathways are sorted in descending order based by the total
enrichment ratio in all three categories (a metabolic pathway is downregulated in
swilh, downregulated in [SWI'] or upregulated in [SW/'] [Malovichko et al.,
2019)).
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As there are essential differences between the effects of Swil

prionization and the deletion of its structural gene, we analyzed the
mechanisms underlying the phenotypic manifestations of these Swil
states. As nonsense suppression in the [SWI'] strains bearing mutant
forms of eRF3 (Sup35) with decreased functional activity results from
SUP45 gene downregulation [Kondrashkina et al., 2014; Nizhnikov et al.,
2016b], we compared the SUP45 mRNA amounts in the [swi'], [SWI'], and
swill strains (Figure 20). Real-time quantitative PCR data showed that the
SUP45 mRNA levels in [swi] and swilA do not differ (Figure 20B).
Moreover, an increase in SUP45 gene expression in the swilA strain did
not attenuate nonsense suppression (Figure 20A). Thus, in contrast to the
[SWI'] strain, nonsense suppression in the swilA strain does not result

from the SUP45 gene downregulation [Malovichko et al., 2019].
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Figure 20. The influence of SUP45 on phenotypic manifestations of isogenic
strains with different Swil states. A. SUP45 upregulation does not eliminate
nonsense suppression caused by SWI1 deletion. The image shows [SWI'] and
swill strains with the elevated expression of SUP45 or without overexpression.
The overexpression was achieved by introducing an extra copy of SUP45 on a
centromeric plasmid (indicated as / SUP45). The [swi'] strain was used as control.
Cells were grown on the selective media with (+Ade) or without (-Ade) adenine at
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30°C for 5 days. B. Comparative analysis of SUP45 expression in the [SWI'], [swi],

and swilA strains using qPCR. The data are presented as At [Livak, Schmittgen,

2001] with indicated significance levels. The SUP45 mRNA amount in the [swi]
cells was set as 1 [Antonets et al., 2017].

The duplication of chromosome | containing ADE1 gene (presented
by adel-14,s, allele) occuring upon SWI1 deletion [Malovichko et al.,
2019] is in agreement with the data on the expression profile of genes
located on chromosome | in the [swi] and swilA strains grown on
complete medium[Antonets et al.,, 2017]. We suggested that nonsense
suppression in swilA upon adenine deprivation can result from the
overexpression of the mutant adel1-14,;, allele. In the presence of general
dysfunction of translation apparatus, more frequently observed in the
swill strain (Figure 18) [Malovichko et al., 2019] than in the strain with
intact SWI1, a premature stop codon in the transcript of this allele is
recognized as a coding codon. This may allow the yeast to grow on the
adenine-depleted medium [Nizhnikov et al., 2014a]. Comparative analysis
of adel-14,;4 MRNA content demonstrated that its level in the swilA
strain is higher than in the [swi'] and [SWI'] strains (Figure 21A) [Antonets
et al.,, 2017]. Moreover, adel-14,54 overexpression in the [swi ] strain
induced the phenotype similar to the swilA, however, it was less
pronounced (Figure 21B). Therefore, in contrast to the [SWI'] strain,
nonsense suppression occuring in the swilA strain on the adenine-
depleted medium is mediated by ADE1 (adel-14,s4) upregulation
[Antonets et al., 2017] induced by chromosome | duplication [Malovichko

et al., 2019] rather than SUP45 downregulation.
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Figure 21. The influence of ADE1 expression changes on phenotypic manifestations of
strains with different states of Swil. A. Comparative analysis of adel-14,;5 MRNA
amounts in the [SWI'], [swi'], and swilA strains using qPCR. The data are presented as
paact [Livak, Schmittgen, 2001] with indicated significance levels. The ADE1 mRNA
amount in [swi] cells was set as 1. B. The effects of adel-14,;4 overexpression on
nonsense suppression in the [swi] strains. Images showing the [SWI'], [swi], swild,
and [swi] strains with ade1-14,;, or ADE1 (") overexpression grown on the selective
medium with (+Ade) or without (-Ade) at 30°C for 5 days [Antonets et al., 2017].

Although adel-14,c4» overexpression in the swilA strain partially
explains its nonsense suppressor phenotype, this effect is less pronounced
than the effect of SWI1 deletion (Figure 22) [Malovichko et al., 2019].
Moreover, SWI1 deletion leads to nonsense suppression on the
tryptophan-depleted medium (Figure 14) [Malovichko et al., 2019].
Considering these data we suggested that nonsense suppression in the
swill strain involves two components. Transcriptome sequencing results
implied that the second component is presented by the general
translation dysfunction in the swilA strain caused by the downregulation
of the RDN1 locus which encodes rDNA repeats [Venema, Tollervey, 1999]
(Figure 16). To test this hypothesis, we substituted the mutant form of the
termination translation factor eRF3 (Sup35) possessing a decreased

functional activity (AB-Sup35MC) [Nizhnikov et al., 2012] with the wild
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type Sup35 in the swilA, [swi'], and [SWI'] strains. As expected, the [swi]

and [SWI'] strains bearing the intact sequence of SUP35 did not grow in
selective media lacked of adenine or tryptophan (Figure 22A) [Malovichko
et al., 2019]. At the same time, the swilA strain can grow on both media,
thus, possessing omnipotent nonsense suppression which reflects a
general translation termination dysfunction not related to eRF3 function
(Figure 22) [Malovichko et al., 2019]. Adding the aminoglycoside antibiotic
paromomycin which induces termination translation dysfunction as well
resulted in the growth of the [SWI'] strain and additionally stimulated the
growth of the swilA strain (Figure 22A) [Malovichko et al., 2019]. This

effect finally confirmed our hypothesis.
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Figure 22. The mechanisms of nonsense suppression in the [SW/'] and swilA
strains. A. The aminoglycoside antibiotics paromomycin induces nonsense suppression
in the [SWI'] and swilA strains. The growth of the [SWI'], [swi], and swilA strains
bearing the full-length SUP35, adel-14,;4 and trp1-289,,; nonsense alleles. Images
showing the yeast grown on the selective media containing glucose (Glu) or galactose
(Gal) as the sole carbon source were obtained after 24 h of incubation at 30°C. Prior to
this, the yeast grown on the media with galactose underwent three extra 24 h passages
by replica-plating. Images showing the yeast grown in the media lacking adenine (-Ade)
and tryptophan (-Trp) were taken after 5 days of incubation at 30°C. B. The diagram
describes the mechanisms of nonsense suppression caused by Swil prionization or SWi1
deletion [Malovichko et al., 2019].

Thus, in our study a detailed comparative analysis of the effects
caused by Swil prionization and its deletional inactivation has been
performed. There was convincing evidence that despite the groups of
genes with changed expression in the presence of the [SWI'] prion and
SWI1 gene deletion share a partial similarity, SW/1 deletion has a number
of specific traits absent in the [SWI'] strains: (1) chromosome | disomy; (2)
the general inhibition of the expression of genes encoding translation
apparatus components; (3) specific changes in the expression of genes
controlling various molecular processes including the activation of
responses to a high osmolarity of environment , nutrient deprivation, and

treatment with chemicals [Malovichko et al., 2019]. The [SWI'] prion
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induces specific effects comprising: 1) the downregulation of genes

regulating transmembrane transport of various compounds; 2) the
activation of 2-oxocarboxylic acid and arginine metabolism [Malovichko et
al., 2019]; (3) the SUP45 gene downregulation [Kondrashkina et al., 2014;
Nizhnikov et al., 2016b]. Although the phenotypic manifestations induced
by [SWI'] prion are similar to SWI1 deletion, they are mediated by
different mechanisms. Therefore, nonsense suppression in the [SWI']
strains arises from the downregulation of the SUP45 [Kondrashkina et al.,
2014; Nizhnikov et al., 2016b] gene in the presence of mutant forms of
Sup35 possessing decreased functional activity [Nizhnikov et al., 2012;
Nizhnikov, Kondrashkina, Galkin, 2013], while upon SWI1 deletion, it stems
from a general decrease of translation efficiency caused by the repression
of the RDN1 chromosomal locus as well as from the ADE1 gene
overexpression caused by the chromosome | disomy (Figure 22) [Antonets
etal., 2017; Malovichko et al., 2019].

In general, our data indicate that the transition of proteins into
prions acting as conformational templates converting the molecules of a
soluble protein into aggregates, changes its function rather than
completely inactivates it. In terms of classical genetics, prions can be
considered as gain-of-function mutations rather than loss-of-function

mutations.
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CHAPTER IV: Conditional Prions

In the previous chapters of this work, we established that protein
conformational templates are more widely spread in nature than it was
thought before. Particularly, they are formed in plants and root nodule
bacteria in physiological conditions in vivo. Formation of conformational
templates was shown to alter protein functions as well as its inactivation
[Antonets et al., 2017; Antonets et al., 2020; Antonets, Kliver, Nizhnikov,
2018; Antonets, Nizhnikov, 2017a; Kosolapova et al., 2019; Malovichko et
al., 2019]. A proteome is a dynamic system, many of its components being
capable of changing structure and functions [Picotti et al., 2009]. So we
decided to determine if proteins can acquire and maintain prion
properties exclusively in specific conditions of protein production. Many
proteins are known to significantly change their levels of production in
vivo upon various stimuli [Chong et al., 2015; Soufi et al., 2009].

The yeast GIn3 protein is a transcriptional regulator of nitrogen
catabolism [Cox et al., 2000; Kulkarni et al., 2001] affecting the
termination translation efficiency [Nizhnikov et al., 2014a; Nizhnikov et al.,
2014c] and containing QN-rich amyloidogenic region (GIn3QN) 166-242 aa.
Upon protein overproduction, this region forms the aggregates possessing
prion-like [Alberti et al., 2009] and amyloid-like properties [Alberti et al.,
2009; Antonets, Sargsyan, Nizhnikov, 2016] as well as interacts with the
aggregates of the [PS/'] and [PIN'] yeast prions. The efficiency of GIn3QN
aggregation is increased in the presence of [PIN'] [Antonets, Sargsyan,
Nizhnikov, 2016]. The aggregates of GIn3QN fragments fused with the

yellow fluorescent protein YFP have cytoplasmic localization (Figure 23A)
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[Antonets, Sargsyan, Nizhnikov, 2016].

We overproduced full-length GIn3 fused with YFP in yeast cells. The
overproduction of this fusion protein causes its aggregation neither in the
strains without prions nor in strains bearing the [PIN'] prion which induces
the aggregation and prionization of many yeast proteins [Derkatch,
Liebman, 2007a; Derkatch et al., 2001]. GIn3-YFP overproduced in the 1-
OT56 [PIN'] strain demonstrates nuclear localization (Figure 23B)
[Antonets et al., 2019; Antonets, Sargsyan, Nizhnikov, 2016].

We suggested that GIn3QN aggregates might serve as a
conformational template for the aggregation of full-length GIn3. To test
this hypothesis, we co-overproduced GIn3QN fragment fused with the
cyan fluorescent protein CFP and full-length GIn3 fused with YFP in 1-OT56
[PIN'] strain. We successfully isolated several clones containing the
aggregates of full-length GIn3-YFP which demonstrated complete
colocalization with GIn3QN-CFP aggregates (Figure 23C) [Antonets et al.,
2019].

Next, to find out whether GIn3-YFP aggregation is inherited, we
eliminated the plasmid for GIn3QN-CFP overproduction. The aggregation
of full-length GIn3-YFP was retained in several clones that lost the plasmid
for GIn3QN-CFP overproduction. Furthermore, these aggregates were
localized in the cytoplasm (Figure 23D, white arrow), however, a certain
protein fraction demonstrated a diffuse signal in the nucleus (Figure 23D,
black arrow). Therefore, the induced aggregation of full-length GIn3-YFP is
inherited in a number of mitotic progeny. Next, we denoted the clones

with GIn3-YFP aggregated in the cytoplasm as [GLN3"] («T» means that
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the aggregation is retained upon the overproduction), while the clones

with diffuse nuclear localization of GIn3-YFP were denoted as [g/n31]
[Antonets et al., 2019].

We tested the stability of [GLN31"] inheritance and showed that
the percentage of the aggregate containing cells after passaging for seven
days does not significantly differ from the starting point (p > 0.05) (Figure
23E). A decrease in GIn3-YFP production, via eliminating additional copper
(1) sulfate from the medium and, thus, inhibiting CUP1 promoter that
controls its GIn3-YFP overproduction, induced a complete loss of
[GLN31'] after three 24 h passages (overall, for 30 generations) (Figure
23F). Therefore, [GLN31'] is maintained only in case of the

overproduction of its structural protein [Antonets et al., 2019].
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Figure 23. GIn3-YFP aggregation is induced upon co-overproduction with
GIn3QN-CFP. A. Overproduction of GIn3QN-YFP in the presence of [PIN'] prion induces
the formation of aggregates localized outside the nucleus. B. Overproduction of the full-
length GIn3-YFP does not cause its aggregation; the protein is mainly located in the
nucleus. C. Co-overproduction of GIn3-YFP and GIn3QN-CFP in the presence of [PIN']
prion leads to GIn3-YFP aggregation. D. GIn3-YFP aggregation is retained in the absence
of GIn3QN-CFP overproduction. A black arrow indicates the GIn3-YFP co-localized with
the nucleus, a white arrow indicates the GIn3-YFP aggregate in the cytoplasm.
Fluorescence channels that correspond to the used fluorescent proteins and DNA
binding dye DAPI are shown. 'Merge' indicates merged fluorescent and phase-contrast
images. Scale bar is equal to 5 um. E. The aggregation of overproduced GIn3-YFP is
inherited during mitosis. The numbers of passages are indicated (every 24 h at 30°C). F.
The termination of GIn3-YFP overproduction abolishes its aggregation which is not
restored after repeated overproduction. Percentage of cells containing aggregates after
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the indicated number of 24 h passages at 30°C. G. Native GIn3 maintains the [GLN3']
state upon overproduction. Percentage of clones that retained [GLN3/ '] after GIn3-YFP
was substituted with GIn3 and cells were passaged on selective media supplemented
with 150 uM CuSO, (the overproduction under control of CUP1 promoter inducible by
copper (ll) ions) or lacking CuSO, (no overproduction). Error bars correspond to SD,
significance levels are shown. In all experiments, the aggregation was analyzed after cells
had been grown on the selective media for 48 h [Antonets et al., 2019].

Next, we substituted the plasmid for GIn3-YFP overproduction with
the plasmid for native GIn3 overproduction in the [GLN3'] strain. We
passaged the isolated clones overproducing GIn3 on a selective medium
for five days, reintroduced the plasmid for GIn3-YFP overexpression, and
analyzed the aggregation of this fusion protein. GIn3-YFP aggregation was
observed in 88% of progeny of initial clones (Figure 23G). This implied that
[GLN3 "] determinant was maintained both upon overexpression of the
GIn3-YFP fusion protein and the unmodified full-length GIn3 protein
[Antonets et al., 2019].

The data implied that [GLN3 "] possessed prion properties. To test
this suggestion, we analyzed the dependence of [GLN31"] on anti-prion
agent guanidine hydrochloride (GuHCI) [Ferreira et al., 2001]. 5 mM GuHClI
was shown to cause an approximately 10-fold decrease in the percentage
of the [GLN31'] cells after three 24-hour passages (Figure 24A). During
passaging the [GLN3 '] strain in the medium without GuHCl used as a
control, we did not observe a decrease in the percentage of the [GLN3']
cells (Figure 24A). As GuHCl activity towards prions is mediated by
inhibition of the ATPase domain [Masison, Reidy, 2015, Romanova,
Chernoff, 2009] of Hsp104 chaperone [Chernoff et al.,, 1995] which is

responsible for the fragmentation of prion aggregates necessary for their
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efficient transfer to daughter cells [Kushnirov, Ter-Avanesyan, 1998], we

analyzed the effect of Hspl04 overproduction and inactivation on
[GLN31']. We found that HSP104 deletion almost completely abolishes
[GLN31"] while Hsp104 overproduction does not affect this non-
chromosomal determinant (Figure 24B), similarly to most yeast prions.
One of the major properties of prions is their infectivity. To analyze it, we
utilized a protein transformation method [Tanaka et al., 2004; Tanaka,
2010]. We used lysate of the haploid [GLN31'] strain as donor of
aggregates and spheroplasts of the haploid [gIn31\] strain as recipients
(to prevent possible artefacts, these strains contained different
auxotrophy markers and resulting transformants were tested for their
haploidy). [GLN31'] was shown to be transferred via protein
transformation with an efficiency of approximately 2% (Table 2). In a
control experiment, the lysate of [gIn3"] being used as a donor, no
transformants of [GLN3"] were observed (Table 2) [Antonets et al.,
2019].
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Figure 24. Prion properties of the [GLN3/'] determinant. A. Dependence of
[GLN31 '] on GuHCl. A percentage of cells containing GIn3-YFP aggregates after
passaging on the media with or without 5 mM GuHCl is shown. B. [GLN31 '] is
dependent on Hsp104 chaperone. The effects of Hsp104 overproduction (Hsp1041)
and HSP104 deletion (hsp104A) are shown. Error bars correspond to SD, significance
levels are shown. C. The difference in the growth of the strains that differ in GIn3-YFP
aggregation. “[GLN3/'] after GUHCI” is a strain obtained after three passages on the
medium containing 5 mM GuHCI. D. The influence of 5 ng/ml rapamycin on the growth
of the [GLN3"] and [g/n37 7] strains on selective media at 30°C. E. GIn3-YFP forms
aggregates that are resistant to sodium laurylsarcosinate in [GLN3/ "] strains but not in



-202 -
[gIn3 ] strains. The results of the sedimentation analysis with subsequent western
blot hybridization with anti-GFP antibody. T - total protein, S - supernatant, P - pellet,

Sark. - the samples treated with 3% sodium laurylsarcosinate (sarkosyl) [Antonets et al.,
2019]).

Table 2. The infectivity of the conditional prion [GLN3'] upon protein
transformation [Antonets et al., 2019]

The strain  Experiment The number The number [GLN31']
thatis a No. of isolated of the transmission
donor of transformants [GLN3 1] efficiency

protein transformants (%)
lysate

[GLN3N'] 1 112 2 1.8

2 143 4 2.8
3 98 1 1.0
[gIin31] 1 128 0 0.0
2 75 0 0.0
3 140 0 0.0

Next, we studied the phenotypic effects of [GLN3']. Employing a
dilution test, we showed that [GLN3/ "] abates the toxicity observed upon
the GLN3 overproduction: the [GLN3 '] strains grow more efficiently than
the [gIn31\7] strains (Figure 24C). As GIn3 inactivation leads to the
increased resistance of cells to rapamycin [Cardenas et al., 1999], the
inhibitor of TOR-kinase cascade [Zaragoza et al., 1998], we compared the
growth of the [GLN31'] and [g/n31 7] strains in the presence of
rapamycin. We demonstrated that the GIn3 overproduction ([g/in317])
significantly suppresses yeast growth on the medium supplemented with 5
ng/ml rapamycin, while GIn3 prion formation restores their resistance to

rapamycin (Figure 24D) [Antonets et al., 2019].
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As [GLN31"] determinant demonstrated compliance with all key

criteria of a yeast prion and exhibited its own phenotypic manifestation,
we tested its aggregation using the sedimentation analysis to finally
confirm the prion properties of [GLN31’]. We found that in the [GLN31]
most of the GIn3-YFP protein is located in the pellet fraction while in the
[gIn31\7] strain this protein is mainly located in the soluble fraction (Figure
24E). Moreover, treatment of [GLN31N'] samples with the ionic detergent
sodium N-laurylsarcosinate (3%, 10 min at 4°C) revealed that the
[GLN31"] aggregates are resistant to this detergent (Figure 24E).
Therefore, the GIn3-YFP protein has two biochemically distinct states: the
detergent-resistant aggregated state in [GLN3/ "] strains and the soluble
state in [gIn31\] strains [Antonets et al., 2019].

Hence, we can conclude that [GLN31'] possesses the key
properties of yeast prions: it is infectious, dominant over [g/n31 ],
dependent on anti-prion agents, and is inducible by the overproduction of
its structural protein under the certain genetic conditions (co-
overproduction with the GIn3 QN-rich fragment in the presence of the
[PIN'] prion that induces GIn3QN aggregation (Figure 25)) [Antonets et al.,
2019].
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Figure 25. The “life cycle” of the non-chromosomal [GLN3"] determinant:
induction, maintaining, elimination. A. The GIn3-YFP overexpression does not cause its
aggregation. The protein has a nuclear localization. B. [PIN'] prion causes GIn3QN-CFP
aggregation upon overproduction leading to the GIn3-YFP aggregation in the cytoplasm.
C. The aggregated form of GIn3-YFP is stably maintained and inherited during mitosis
after GIn3QN-CFP overproduction is terminated. D. Termination of GIn3-YFP
overproduction causes a loss of [GLN3/"]. E. GIn3-YFP overproduction after [GLN3 ]
elimination does not cause [GLN3 "] formation de novo [Antonets et al., 2019].

One of the most pronounced differences of the [GLN3/ "] prion
determinant from the previously described yeast prions is its maintaining
exclusively upon the constant overproduction of its structural protein GIn3
(Figure 25). We suggest the term of “conditional prions” [Antonets et al.,
2019] for such proteins as GIn3, to distinguish them from true (bona fide)
prions, which are efficiently maintained at their physiological production
levels, and artificial prions formed by the proteins with primary structure
distinct from the native primary structure (such as isolated prionogenic
fragments and synthetic peptides with prion properties [Alberti et al.,

2009; Crist et al., 2003; Osherovich et al., 2004]). True prions comprise the
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corresponding conformational isoforms of Sup35, Ure2, Rnql, Mot3, Swil,

Cyc8, Mod5, Sfpl, and Prb proteins [Wickner et al., 2015], whereas
artificial prions include the QN-rich fragments of 18 proteins possessing
prion properties such as GIn3QN [Alberti et al., 2009; Antonets et al.,
2019; Antonets, Sargsyan, Nizhnikov, 2016]. Apart from GIn3, we might
consider as conditional prion the Lsb2 protein forming a metastable form
[LSB?] upon its overproduction in response to a heat shock [Chernova et
al., 2017]. [LSB’] determinants meet the basic requirements to be
considered as prions, however, its infectivity was not directly shown
[Chernova et al., 2017], so unambiguous conclusion concerning its prion
nature seems to be immature.

Apart from the described prion determinants in yeast proteome,
there are many potential prions that are still to be discovered, some of
them may be interacting with each other. For instance, ten yeast multi-
subunit regulator complexes contain several QN-rich proteins potentially
prone to prionization and three of them (Cyc8/Tupl, Swi/Snf,
Pub1/Sup35) containing prion proteins [Nizhnikov et al., 2016a]. We
cannot rule out that under certain biotic and abiotic stresses or any other
conditions, the level of production of the proteins belonging to these
complexes might change and their components might acquire the
properties of conditional prions. Similarly to the [LSB’] [Chernova et al.,
2017] prion-like form, this might provide certain adaptive advantages to

the strains that produce them.
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SUMMARY

In the present study, we for the first time described functional
amyloids in plants. Bioinformatic analysis of the proteomes from 75
terrestial plant species showed that in most analyzed plant species,
evolutionally conserved seed storage proteins 7S globulins are enriched
with the amyloidogenic regions [Antonets, Nizhnikov, 2017a].
Experimental validation showed that 7S globulin vicilin of pea Pisum
sativum possesses amyloid properties both in vivo and in vitro [Antonets
et al., 2020]. Vicilin is a bicupin protein containing two conserved Cupin-1
domains with B-barrel structure. Both domains form amyloids in vitro
being amyloidogenic determinants in the full-length protein molecules.
Vicilin  amyloids are accumulated during seed maturation and
disassembled during seed germination, apparently, due to limited
proteolysis. These amyloids are extremely stable, being present in canned
pea seeds, resistant to the treatment with physiological concentrations of
the gastrointestinal tract proteases, and are toxic to fungi and mammalian
cells [Antonets et al.,, 2020]. Thus, we showed for the first time that
amyloidogenesis is a physiological mechanism regulating protein storage
in plant seeds which are an essential component of the human diet and a
source of allergens. Our data can be valuable for agriculture and food
biotechnology and may prove useful for developing new plant varieties
with reduced amyloidogenic properties of seed storage proteins, elevated

nutritional value, and reducing allergenicity using targeted genome
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editing. According to a mention from recent review by Santos and

Ventura, the identification of functional amyloids in plants completes the
picture that illustrates the global prevalence of amyloids and their key role
in the adaptation strategies of various systematic groups of living
organisms [Santos, Ventura, 2021].

We for the first time identified amyloids in symbiotic bacteria. Thus,
we described amyloids of the outer membrane proteins RopA and RopB
that possess B-barrel structure and are formed in vivo by the root nodule
bacterium R. leguminosarum. The content of RopA amyloids is increased
upon the stimulation of bacterial cells with flavonoid luteolin which
induces a response in microorganisms similar to a response observed at
the early stages of the formation of plant-microbial symbiosis [Kosolapova
et al., 2019]. These data indicate that amyloidogenesis is involved in
symbiotic supra-organismal interactions [Kosolapova et al., 2020].

We experimentally compared the fractions of potentially
amyloidogenic detergent-resistant proteins in the proteomes of
pathogenic (Escherichia coli) [Antonets et al., 2016] and symbiotic
(Rhizobium leguminosarum) [Kosolapova et al.,, 2019] proteobacteria
demonstrating their similarity and the presence of a substantial amount of
virulence factors in these fractions. They were partially represented by
proteins with the structure of B-barrel. Similar results were obtained using
bioinformatic approaches by analysis of proteomes of pathogenic and
symbiotic species of the order Rhizobiales [Antonets, Kliver, Nizhnikov,

2018]. Thus, amyloidogenesis is associated with the virulence of both
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pathogenic and symbiotic bacteria, whereas proteins containing the B-

barrel structure represent important amyloidogenic determinants both in
prokaryotes and eukaryotes such as plants.

The data obtained from computational and experimental proteomic
approaches imply that the real number of amyloids in prokaryotes is
significantly higher than is currently considered. For instance, we
identified the mucin metallopeptidase Yghl, which regulates the
pathogenesis of enterotoxigenic strains of E. coli, in the fraction of
proteins of this bacteria that form stable detergent-resistant polymers
[Antonets et al., 2016]. The analysis of its conserved M60-like peptidase
domain showed that it forms amyloid fibrils both in vitro and upon its
secretion to the surface of E. coli cells [Belousov et al., 2018]. This suggests
the role of amyloid states of such proteins as protective structures
preventing the premature degradation of bacterial virulence factors in the
aggressive internal environment of a multicellular host organism.

Currently, the role of amyloidogenesis in the regulation of the protein
functional activity is actively discussed. Most researchers tend to think
that amyloidogenesis inactivates the proteins due to their incorporation
into the aggregates. In this work, we performed a detailed comparative
analysis of the effects of deletional inactivation and prionization (the
formation of infectious amyloids) of the Swil protein in vyeast
Saccharomyces cerevisiae. We showed that despite the similarity of
phenotypes from the Swil deletion and prionization, they are mediated by

different molecular mechanisms. For instance, SWI1 deletion in haploid
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yeast causes complex of abnormalities including chromosome | disomy, a

decrease in the expression of the RDN loci that regulate the production of
ribosomal RNA and structural proteins as well as general repression
almost of all components of translational apparatus [Antonets et al., 2017;
Malovichko et al., 2019]. Swil prionization exerts no such effects but
rather specifically affects genome expression activating and inhibiting a
number of metabolic cascades [Malovichko et al., 2019]. Thus, the results
obtained in this work contribute to the understanding of conformational
protein templates demonstrating that protein prionization is not the same
as the deletion of the encoding gene (loss-of-function) but can also act like
a mutation that changes gene function (gain-of-function).

Another aspect of conformational protein template systems
investigated in this work was studying the features of their maintaining.
We for the first time described prion of yeast GIn3 protein named
[GLN31'] which is maintained and inherited in a number of cell
generations exclusively upon overproduction [Antonets et al., 2019;
Antonets, Sargsyan, Nizhnikov, 2016]. Thus, in this work, we characterized
a new class of proteins incapable of prionization under physiological
conditions but acquiring prion properties upon altered production
conditions with no alterations in their primary structure. We called such
prions “conditional prions” [Antonets et al., 2019]. Based on the data
obtained, we proposed to classify prions into true (bona fide) prions
(possessing prion properties in native conditions without alterations in the

primary structure), conditional prions (possessing prion properties upon
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overproduction or any other alterations in conditions but not in the

primary structure), and artificial prions (with altered primary structure)
[Antonets et al., 2019].

Taken together, data obtained in the present study make a significant
contribution to the knowledge about a biological diversity of amyloids,
protein conformational templates, which were for the first time identified
in plants and symbiotic bacteria in our works. Our findings would also
contribute to understanding the principles of protein conformational
templates formation and maintaining (the case of conditional prions), as

well as their activity (being the factors altering the protein function).
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CONCLUSIONS

1. Amyloidogenesis is a mechanism that mediates protein
accumulation and storage in the seeds of land plants.

1.1. Seed storage proteins are among the most enriched with
amyloidogenic regions in the proteomes of land plants, while the
conserved domains of seed storage proteins belonging to the Cupin-
1 family contain such regions in the majority of land plant species
and form amyloids in vitro.

1.2. Seed storage protein vicilin of garden pea P. sativum L.
forms amyloids both in vivo and in vitro, and vicilin amyloids are
resistant to the treatment with proteases of the gastrointestinal

tract, survive seed canning, and are toxic to eukaryotic cells.

2. Amyloidogenesis mediates the virulence of bacteria, and
virulence factors involved in both pathogenesis and symbiosis possess
amyloid properties.

2.1. Outer membrane proteins RopA and RopB of the
alphaproteobacterium R. legquminosarum involved in microbial-plant
symbiosis form amyloids both in vivo and in vitro.

2.2. Mucin metallopeptidase Ygh) that mediates the
pathogenesis of enterotoxigenic strains of gammaproteobacterium

E. coli possesses amyloidogenic properties.

3. Proteins with the B-barrel structure are amyloidogenic

determinants in prokaryotic and eukaryotic proteomes.
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4. Prion formation can not only inactivate, but also alter protein

function.

4.1. Swil prionization and deletion of its structural gene lead
to global changes in yeast genome expression. Moreover, both
deletion and prionization result in a number of specific effects
including both activation and inhibition of various cellular processes.

4.2. SWI1 gene deletional inactivation and Swil prion
formation have similar phenotypic manifestations caused by

different molecular mechanisms.

5. The existence of prion determinants sustaining only when their
structural proteins are overproduced has been demonstrated.

5.1. The classification of prions into true prions (possessing
prion properties in native conditions with no alterations in the
primary structure), conditional prions (possessing prion properties
upon overproduction or any other alterations in conditions but
without changes in the primary structure), and artificial (with
altered primary structure) has been proposed.

5.2. The GIn3 transcriptional regulator of yeast S. cerevisiae

possesses properties of a conditional prion.
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DESIGNATIONS AND ABBREVIATIONS

aa

Amyloid

Amyloidogenesis

Amyloidogenic protein

Amyloidome

Ap
CFP
CR
FDR

GuHCI

HFIP
HPLC
1VPD

min

Aminoacid(s)

Protein fibrillar aggregate that possesses
cross-beta structure and is formed in vivo

Processes determining formation of amyloid
fibrils of certain proteins

Protein capable of forming amyloid fibrils in
VItro

Entirety of amyloids (including infectious
prion amyloids) in cell, organ, organism, or
supra-organismal system

Human B-Amyloid Peptide (1-40 aa)

Cyan Fluorescent Protein

Congo Red dye

False Discovery Rate

Guanidine Hydrochloride

Hours

Hexafluoroisopropanol

High-Performance Liquid Chromatography
In vitro Protein Digestibility Assay

Minutes
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Potentially A protein comprising amyloidogenic regions
amyloidogenic protein ~ predicted by any bioinformatic algorithm(s)

Potentially Protein region potentially prone to the
amyloidogenic region, formation of amyloid fibrils based on

PAR bioinformatic prediction

Prion Protein that has one or several conformations

possesses infectious properties in vivo (most
known prions are infectious amyloids)

SD Standard deviation

SDD-AGE Polydenaturating Detergent Agarose Gel
Electrophoresis of Proteins

SDS Ionic detergent Sodium Dodecyl Sulfate

SDS-PAGE Laemmli Sodium Dodecyl Sulphate-
Polyacrylamide Gel Electrophoresis

ThT Thioflavin T dye
gPCR Quantitative Polymerase Chain Reaction
YFP Yellow Fluorescent Protein

One letter abbreviations of aminoacids were used.



-219 -
REFERENCES

1. Ahmed A.B. et al. A structure-based approach to predict
predisposition to amyloidosis // Alzheimers Dement. 2014. V. 11. Ne 6. P.
681—-690.

2. Akkerdaas J. et al. Protease resistance of food proteins: A
mixed picture for predicting allergenicity but a useful tool for assessing
exposure // Clin. Transl. Allergy. 2018. V. 8. P. 30.

3. Alberti S. et al. A systematic survey identifies prions and
illuminates sequence features of prionogenic proteins // Cell. 2009. V.
137. Ne 1. P. 146-158.

4. Alexa A., Rahnenfuhrer J. topGO: Enrichment Analysis for Gene
Ontology. R package version 2.28.0 // 2016.

5. Angelovici R. et al. Seed desiccation: a bridge between
maturation and germination // Trends Plant Sci. 2010. V. 15. Ne 4, P. 211—
218.

6. Ano Bom A.P. et al. Mutant p53 aggregates into prion-like
amyloid oligomers and fibrils: implications for cancer // J Biol Chem. 2012.
V. 287. Ne 33. P. 28152-28162.

7. Antonets K.S., Nizhnikov A.A. SARP: A Novel Algorithm to
Assess Compositional Biases in Protein Sequences // Evol. Bioinform.
2013.V. 9. P. 263-273.

8. Antonets K.S.,, Sargsyan H.M., Nizhnikov A.A. A
glutamine/asparagine-rich fragment of GIn3, but not the full-length
protein, aggregates in Saccharomyces cerevisiae // Biochemistry (Mosc.).

2016. V. 81. Ne 4. P. 407-413.



-220 -
9. Antonets K.S. et al. Proteomic analysis of Escherichia coli

protein fractions resistant to solubilization by ionic detergents //
Biochemistry (Mosc.). 2016. V. 81. N2 1. P. 34-46.

10. Antonets K.S. et al. Distinct mechanisms of phenotypic effects
of inactivation and prionization of Swil protein in Saccharomyces
cerevisiae [/ Biochemistry (Mosc.). 2017. V. 82. Ne 10. P. 1147-1157.

11. Antonets K.S., Nizhnikov A.A. Predicting amyloidogenic
proteins in the proteomes of plants // Int. J. Mol. Sci. 2017a. V. 18. Ne 10.
P.e2155.

12. Antonets K.S., Nizhnikov A.A. Amyloids and prions in plants:
facts and perspectives // Prion. 2017b. V. 11. Ne 5. P. 300-312.

13. Antonets K.S., Kliver S.F., Nizhnikov A.A. Exploring Proteins
Containing Amyloidogenic Regions in the Proteomes of Bacteria of the
Order Rhizobiales // Evol. Bioinform. 2018. V. 14. P. 1176934318768781.

14. Antonets K.S. et al. The GIn3 transcriptional regulator of
Saccharomyces cerevisiage manifests prion-like properties upon
overproduction // Biochemistry (Mosc.). 2019. V. 84. Ne 4. P. 441-451.

15. Antonets K.S. et al. Accumulation of storage proteins in plant
seeds is mediated by amyloid formation // PLOS Biol. 2020. V. 18. Ne 7. P.
e3000564.

16. Aoyagi A. et al. AB and tau prion-like activities decline with
longevity in the Alzheimer’s disease human brain // Sci. Transl. Med.

2019. V. 11. Ne 490. P. eaat8462.



-221 -
17. Araki K. et al. Parkinson’s disease is a type of amyloidosis

featuring accumulation of amyloid fibrils of a-synuclein // Proc. Natl.
Acad. Sci. U. S. A. 2019. V. 116. Ne 36. P. 17963-17969.

18. Audas T.E. et al. Adaptation to stressors by systemic protein
amyloidogenesis // Dev. Cell. 2016. V. 39. Ne 2. P. 155-168.

19. Baker K.R., Rice L. The amyloidoses: clinical features, diagnosis
and treatment // Methodist Debakey Cardiovasc. J. 2012. V. 8. Ne 3. P. 3—
7.

20. Bateman D.A., Wickner R.B. The [PSI'] Prion Exists as a
Dynamic Cloud of Variants // PLOS Genet. 2013. V. 9. No 1. P. e1003257.

21. Baxa U. et al. Mechanism of inactivation on prion conversion of
the Saccharomyces cerevisiae Ure2 protein // Proc Natl Acad Sci U S A.
2002. V. 99. Ne 8. P. 5253-5260.

22. Belousov M.V. et al. M60-like metalloprotease domain of the
Escherichia coli Ygh) protein forms amyloid fibrils // PLOS One. 2018. V.
13. Ne 1. P. e0191317.

23. Bennhold H. Specific staining of amyloid by Congo red //
Muenchen. Med. Wochenschr. 1922. V. 69. P. 1537-1538.

24. Benson M.D. et al. Amyloid nomenclature 2018:
recommendations by the International Society of Amyloidosis (ISA)
nomenclature committee // Amyloid. 2018. V. 25. Ne 4. P. 215-219.

25. Berthelot K. et al. Hevea brasiliensis prohevein possesses a
conserved C-terminal domain with amyloid-like properties in vitro //
Biochim. Biophys. Acta - Proteins Proteomics. 2016. V. 1864. N2 4. P. 388—
399.



-222 -
26. Blancas-Mejia L.M., Ramirez-Alvarado @ M.  Systemic

amyloidoses // Annu. Rev. Biochem. 2013. V. 82. P. 745-774.

27. Blanco L.P. et al. Diversity, biogenesis and function of microbial
amyloids // Trends Microbiol. 2012. V. 20. Ne 2. P. 66—73.

28. Bolton D.C., McKinley M.P., Prusiner S.B. Identification of a
protein that purifies with the scrapie prion // Science. 1982. V. 218. N¢
4579. P. 1309-1311.

29. Bondarev S.A. et al. Protein co-aggregation related to
amyloids: Methods of investigation, diversity, and classification // Int. J.
Mol. Sci. 2018. V. 19. Ne 8. P. e2292.

30. Borisov A.Y. et al. Sequential functioning of Sym-13 and Sym-
31, two genes affecting symbiosome development in root nodules of pea
(Pisum sativum L.) // Mol. Gen. Genet. 1997. V. 254. No 5. P. 592-598.

31. Cao Y. et al. The role of plant innate immunity in the legume-
Rhizobium symbiosis // Annu. Rev. Plant Biol. 2017. V. 68. P. 535-561.

32. Cao Y., Mezzenga R. Food protein amyloid fibrils: Origin,
structure, formation, characterization, applications and health
implications // Adv. Colloid Interface Sci. 2019. V. 269. P. 334-356.

33. Cardenas M.E. et al. The TOR signaling cascade regulates gene
expression in response to nutrients // Genes Dev. 1999. V. 13. Ne 24. P.
3271-3279.

34. Carneiro K.M.M. et al. Amyloid-like ribbons of amelogenins in

enamel mineralization // Sci. Rep. 2016. V. 6. P. €23105.



-223 -
35. Carvalho F.M. et al. Genomic and evolutionary comparisons of

diazotrophic and pathogenic bacteria of the order Rhizobiales // BMC
Microbiol. 2010. V. 10. P. e37.

36. Chakrabortee S. et al. Luminidependens (LD) is an Arabidopsis
protein with prion behavior. // Proc. Natl. Acad. Sci. U. S. A. 2016. V. 113.
Ne 21. P. 6065-6070.

37. Chakravarty AK. et al. A Non-amyloid Prion Particle that
Activates a Heritable Gene Expression Program // Mol. Cell. 2020. V. 77.
Ne 2. P. 251-265.e9.

38. Chaturvedi D., Mahalakshmi R. Transmembrane [-barrels:
Evolution, folding and energetics // Biochim. Biophys. Acta - Biomembr.
2017.V.1859. Ne 12. P. 2467-2482.

39. Chernoff Y.O. et al. Role of the chaperone protein Hsp104 in
propagation of the yeast prion-like factor [psi’] // Science. 1995. V. 268.
Ne 5212. P. 880-884.

40. Chernova T.A., Wilkinson K.D., Chernoff Y.O. Physiological and
environmental control of yeast prions // FEMS Microbiol. Rev. 2014. V. 38.
Ne 2. P. 326-344.

41. Chernova T.A. et al. Yeast short-lived actin-associated protein
forms a metastable prion in response to thermal stress // Cell Rep. 2017.
V.18. Ne 3. P. 751-761.

42. Chimileski S., Franklin M.J., Papke R.T. Biofilms formed by the
archaeon Haloferax volcanii exhibit cellular differentiation and social
motility, and facilitate horizontal gene transfer // BMC Biol. 2014. V. 12.
Ne 1. P. 65.



-224 -
43. Chiti F., Dobson C.M. Protein misfolding, functional amyloid,

and human disease // Annu. Rev. Biochem. 2006. V. 75. P. 333-366.

44. Chong Y.T. et al. Yeast proteome dynamics from single cell
imaging and automated analysis // Cell. 2015. V. 161. Ne 6. P. 1413-1424.

45. Chrispeels M.J., Higgins T.J.V., Spencer D. Assembly of storage
protein oligomers in the endoplasmic reticulum and processing of the
polypeptides i n the protein bodies of developing pea cotyledons // J. Cell
Biol. 1982. V. 93. Ne 2. P. 306-313.

46. Cobb N.J., Surewicz W.K. Prion diseases and their biochemical
mechanisms // Biochemistry. 2009. V. 48. Ne 12. P. 2574—2585.

47. Cohen A.S., Calkins E. Electron Microscopic Observations on a
fibrous component in amyloid of diverse origins // Nature. 1959. V. 183.
Ne 4669. P. 1202-1203.

48. Colaco M., Park J., Blanch H. The kinetics of aggregation of
poly-glutamic acid based polypeptides // Biophys. Chem. 2008. V. 136. No
2-3. P. 74-86.

49. Costerton J.W. Cystic fibrosis pathogenesis and the role of
biofilms in persistent infection // Trends Microbiol. 2001. V. 9. Ne 2. P. 50—
52.

50. Coustou V. et al. The protein product of the het-s heterokaryon
incompatibility gene of the fungus Podospora anserina behaves as a prion

analog // Proc. Natl. Acad. Sci. U. S. A. 1997. V. 94. Ne 18. P. 9773-9778.



-225 -
51. Cox K. et al. Saccharomyces cerevisiae GATA sequences

function as TATA elements during nitrogen catabolite repression and
when GIn3p is excluded from the nucleus by overproduction of Ure2p // J.
Biol. Chem. 2000. V. 275. Ne 23. P. 17611-17618.

52. Crick F. Central dogma of molecular biology // Nature. 1970. V.
227. Ne 5258. P. 561-563.

53. Crist C.G. et al. [PHI'], a novel Sup35-prion variant propagated
with non-GIn/Asn oligopeptide repeats in the absence of the chaperone
protein Hsp104 // Genes to Cells. 2003. V. 8. Ne 7. P. 603-618.

54. Danoff E.J., Fleming K.G. Aqueous, Unfolded OmpA forms
amyloid-like fibrils upon self-association // PLOS One. 2015. V. 10. Ne 7. P.
e0132301.

55. Dechassa M.L. et al. Architecture of the SWI/SNF-nucleosome
complex. // Mol. Cell. Biol. 2008. V. 28. No 19. P. 6010-6021.

56. Derkatch I.L. et al. Prions affect the appearance of other
prions: The story of [PIN'] // Cell. 2001. V. 106. Ne 2. P. 171-182.

57. Derkatch I.L., Liebman S.W. Prion-prion interactions // Prion.
2007a.V. 1. Ne 3. P. 161-169.

58. Derkatch I.L., Liebman S.W. Prion-prion interactions // Prion.
2007b. V. 1. Ne 3. P. 161-169.

59. DiFiglia M. et al. Aggregation of huntingtin in neuronal
intranuclear inclusions and dystrophic neurites in brain // Science. 1997.
V. 277. Ne 5334. P. 1990-1993.

60. Divry P., Florkin M. Sur les proprietes optiques de I"'amyloid //
Soc. Biol. 1927. Ne 97. P. 1808-1810.



-226 -
61. Dobson C.M. Protein folding and misfolding // Nature. 2003. V.

426. N2 6968. P. 884—-890.

62. Dobson C.M. Principles of protein folding, misfolding and
aggregation // Semin. Cell Dev. Biol. 2004. V. 15. Ne 1. P. 3-16.

63. Du Z. et al. Newly identified prion linked to the chromatin-
remodeling factor Swil in Saccharomyces cerevisiae // Nat Genet. 2008. V.
40. N2 4. P. 460-465.

64. Dueholm M.S. et al. The tubular sheaths encasing
Methanosaeta thermophila filaments are functional amyloids // J Biol
Chem. 2015. V. 290. Ne 33. P. 20590-20600.

65. Dunwell J.M., Purvis A., Khuri S. Cupins: The most functionally
diverse protein superfamily? // Phytochemistry. 2004. V. 65. Ne 1. P. 7-17.

66. Dutta A. et al. Swi/Snf dynamics on stress-responsive genes is
governed by competitive bromodomain interactions // Genes Dev. 2014.
V. 28. Ne 20. P. 2314-2330.

67. Eanes E.D., Glenner G.G. X-ray diffraction studies on amyloid
filaments // J Histochem Cytochem. 1968. V. 16. Ne 11. P. 673—-677.

68. Ferreira P.C. et al. The elimination of the yeast [PSI'] prion by
guanidine hydrochloride is the result of Hsp104 inactivation // Mol
Microbiol. 2001. V. 40. Ne 6. P. 1357-1369.

69. Fioriti L. et al. The Persistence of Hippocampal-Based Memory
Requires Protein Synthesis Mediated by the Prion-like Protein CPEB3 //
Neuron. 2015. V. 86. N2 6. P. 1433-1448.



- 227 -
70. Fitzpatrick A\W.P. et al. Atomic structure and hierarchical

assembly of a cross-B amyloid fibril // Proc. Natl. Acad. Sci. U. S. A. 2013.
V. 110. Ne 14. P. 5468-5473.

71. Fowler D.M. et al. Functional amyloid formation within
mammalian tissue // PLOS Biol. 2006. V. 4. Ne 1. P. e6.

72. Friedreich N., Kekule F.A. Zur Amyloidfrage // Virchows Arch.
Path. Anat. Physiol. 1859. V. 16. P. 50-65.

73. Frolova L. et al. A highly conserved eukaryotic protein family
possessing properties of polypeptide chain release factor // Nature. 1994.
V. 372. Ne 6507. P. 701-703.

74. Garnczarska M., Zalewski T., Wojtyla t. A comparative study of
water distribution and dehydrin protein localization in maturing pea seeds
// ). Plant Physiol. 2008.

75. Garvey M. et al. A radish seed antifungal peptide with a high
amyloid fibril-forming propensity // Biochim. Biophys. Acta - Proteins
Proteomics. 2013. V. 1834. Ne 8. P. 1615-1623.

76. Gerven N. Van et al. The Role of Functional Amyloids in
Bacterial Virulence // J. Mol. Biol. 2018. V. 430. Ne 20. P. 3657—-3684.

77. Ginestet C. ggplot2: Elegant Graphics for Data Analysis // J. R.
Stat. Soc. Ser. A (Statistics Soc.) 2011.V. 174. Ne 1. P. 245-246.

78. Gomes V.M. et al. Vicilin Storage Proteins from Vigna
unguiculata (Legume) Seeds Inhibit Fungal Growth // J. Agric. Food Chem.
1997. V. 45. Ne 10. P. 4110-4115.



-228 -
79. Gour S. et al. Antimicrobial peptide (Cn-AMP2) from liquid

endosperm of Cocos nucifera forms amyloid-like fibrillar structure // J.
Pept. Sci. 2016. V. 22. Ne 4. P. 201-207.

80. Hafeez F.Y. et al. Symbiotic effectiveness and bacteriocin
production by Rhizobium leguminosarum bv. viciae isolated from
agriculture soils in Faisalabad // Environ. Exp. Bot. 2005. V. 54. Ne 2. P.
142-147.

81. Harrison P.M., Gerstein M. A method to assess compositional
bias in biological sequences and its application to prion-like
glutamine/asparagine-rich domains in eukaryotic proteomes // Genome
Biol. 2003. V. 4. Ne 6. P. R40.

82. Harvey Z.H. et al. A Prion epigenetic switch establishes an
active chromatin state // Cell. 2020. V. 180. Ne 5. P. 928—-940.e14.

83. Hejair H.M.A. et al. Functional role of ompF and ompC porins in
pathogenesis of avian pathogenic Escherichia coli // Microb. Pathog. 2017.
V. 107. P. 29-37.

84. Hobbs J.R.,, Morgan A.D. Fluorescence microscopy with
thioflavine-t in the diagnosis of amyloid // J. Pathol. Bacteriol. 1963. V. 86.
P.437-442.

85. Hoiczyk E. Structure and sequence analysis of Yersinia YadA
and Moraxella UspAs reveal a novel class of adhesins // EMBO J. 2000. V.
19. Ne 22. P. 5989-5999.

86. Holmes D.L. et al. Heritable remodeling of yeast multicellularity
by an environmentally responsive prion // Cell. 2013. V. 153. Ne 1. P. 153—
165.



-229 -
87. Howie A.. et al. Physical basis of colors seen in Congo red-

stained amyloid in polarized light // Lab. Investig. 2008. V. 88. Ne 3. P.
232-242.

88. lconomidou V.A., Vriend G., Hamodrakas S.J. Amyloids protect
the silkmoth oocyte and embryo // FEBS Lett. 2000. V. 479. No 3. P. 141—
145.

89. Imam J,, Singh P.K., Shukla P. Plant microbe interactions in post
genomic era: Perspectives and applications // Front. Microbiol. 2016. V. 7.
P. 1488.

90. Inge-Vechtomov S.G. [The template principle: paradigm of
modern genetics]. // Genetika. 2013. V. 49. Ne 1. P. 9-15.

91. Inge-Vechtomov S.G. From chromosome theory to the
template principle // Russ. J. Genet. 2015. V. 51. Ne 4. P. 397—-408.

92. Itakura A.K. et al. Widespread Prion-based control of growth
and differentiation strategies in Saccharomyces cerevisiae // Mol. Cell.
2020.V.77.Ne 2. P. 266-278.e6.

93. Jansens K.J.A. et al. Rational design of amyloid-like fibrillary
structures for tailoring food protein techno-functionality and their
potential health implications // Compr. Rev. Food Sci. Food Saf. 2019. V.
18. Ne 1. P. 84-105.

94. Jones K.M. et al. How rhizobial symbionts invade plants: The
Sinorhizobium - Medicago model // Nat. Rev. Microbiol. 2007. V. 5. No 8.
P.619-633.



-230 -
95. Joseph Sahaya Rajan J. et al. Outer membrane protein C

(OmpC) of Escherichia coli induces neurodegeneration in mice by acting as
an amyloid // Biotechnol. Lett. 2016. V. 38. Ne 4. P. 689-700.

96. Kalebina T.S. et al. Amyloid-like properties of Saccharomyces
cerevisiae cell wall glucantransferase Bgl2p: prediction and experimental
evidences. // Prion. 2008. V. 2. Ne 2. P. 91-96.

97. Kaper J.B., Nataro J.P., Mobley H.L.T. Pathogenic Escherichia
coli // Nat. Rev. Microbiol. 2004. V. 2. P. 123-140.

98. Katsnelson A. Did disordered proteins help launch life on
earth? // ACS Cent. Sci. 2020. V. 6. Ne 11. P. 1854-1857.

99. Kayed R. et al. Fibril specific, conformation dependent
antibodies recognize a generic epitope common to amyloid fibrils and
fibrillar oligomers that is absent in prefibrillar oligomers // Mol.
Neurodegener. 2007. V. 2. P. 18.

100. Kitaeva A.B. et al. Comparative analysis of the tubulin
cytoskeleton organization in nodules of Medicago truncatula and Pisum
sativum: Bacterial release and bacteroid positioning correlate with
characteristic microtubule rearrangements // New Phytol. 2016. V. 210.
Ne 1. P. 168-183.

101. Kondrashkina A.M. et al. Prion-like determinant [NSI]
decreases the expression of the SUP45 gene in Saccharomyces cerevisiae
// Mol Biol. 2014. V. 48. Ne 5. P. 790-796.

102. Kosolapova A.O. et al. Two novel amyloid proteins, RopA and
RopB, from the root nodule bacterium Rhizobium leguminosarum [/

Biomolecules. 2019.V. 9. Ne 11. P. e694



-231-
103. Kosolapova A.O. et al. Biological functions of prokaryotic

amyloids in interspecies interactions: Facts and assumptions // Int. J. Mol.
Sci. 2020. V. 21. Ne 19. P. e7240.

104. Kotloff K.L. et al. Burden and aetiology of diarrhoeal disease in
infants and young children in developing countries (the Global Enteric
Multicenter Study, GEMS): A prospective, case-control study // Lancet.
2013. V. 382. N2 9888. P. 209-222.

105. Kraus A., Groveman B.R., Caughey B. Prions and the potential
transmissibility of protein misfolding diseases // Annu. Rev. Microbiol.
2013. V. 67. P. 543-564.

106. Kulkarni A.A. et al. GIn3p Nuclear Localization and Interaction
with Ure2p in Saccharomyces cerevisiae // J. Biol. Chem. 2001. V. 276. No
34.P.32136-32144.

107. Kundu D. et al. Advances in protein misfolding, amyloidosis and
its correlation with human diseases // 3 Biotech. 2020. V. 10. Ne 5. P. 193.

108. Kushnirov V. V., Ter-Avanesyan M.D. Structure and replication
of yeast prions // Cell. 1998. V. 94. Ne 1. P. 13-16.

109. Kyle R.A. Amyloidosis: a convoluted story // Br J Haematol.
2001.V. 114. Ne 3. P. 529-538.

110. Lasagna-Reeves C.A. et al. Alzheimer brain-derived tau
oligomers propagate pathology from endogenous tau // Sci. Rep. 2012. V.
2. P.700.

111. Lasagna-Reeves C.A. et al. Dual role of p53 amyloid formation
in cancer; loss of function and gain of toxicity // Biochem. Biophys. Res.

Commun. 2013. V. 430. Ne 3. P. 963—-968.



-232 -
112. Lashuel H.A. et al. Protofilaments, filaments, ribbons, and

fibrils from peptidomimetic self-assembly: Implications for amyloid fibril
formation and materials science // J. Am. Chem. Soc. 2000. V. 122. Ne 22.
P.5262-5277.

113. Linhartova I. et al. RTX proteins: A highly diverse family
secreted bya common mechanism // FEMS Microbiol. Rev. 2010. V. 34. No
6. P.1076-1112.

114. Liu Y.F. et al. Loss of outer membrane protein C in Escherichia
coli contributes to both antibiotic resistance and escaping antibody-
dependent bactericidal activity // Infect. Immun. 2012. V. 80. No 5. P.
1815-1822.

115. Livak K.J., Schmittgen T.D. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) method.
// Methods. 2001. V. 25. Ne 4. P. 402-408.

116. Luk K.C. et al. Pathological a-synuclein transmission initiates
Parkinson-like neurodegeneration in nontransgenic mice // Science. 2012.
V. 338. Ne 6109. P. 949-953.

117. Luo Q. et al. Enterotoxigenic Escherichia coli secretes a highly
conserved mucin-degrading metalloprotease to effectively engage
intestinal epithelial cells // Infect. Immun. 2014. V. 82. Ne 2. P. 509-521.

118. Luo Q. et al. Conservation and Immunogenicity of Novel
Antigens in Diverse Isolates of Enterotoxigenic Escherichia coli // PLOS

Negl. Trop. Dis. 2015.V. 9. Ne 1. P. e0003446.



- 233 -
119. Maagd R.A. de et al. Down-regulation of expression of the

Rhizobium leguminosarum outer membrane protein gene ropA occurs
abruptly in interzone II-lll of pea nodules and can be uncoupled from nif
gene activation // Mol. Plant-Microbe Interact. 1994. V. 7. Ne 2. P. 276—
281.

120. Maekawa T., Kufer T.A., Schulze-Lefert P. NLR functions in
plant and animal immune systems: So far and yet so close // Nat.
Immunol. 2011. V. 12. Ne 9. P. 817-826.

121. Maji S.K. et al. Functional amyloids as natural storage of
peptide hormones in pituitary secretory granules // Science. 2009. V. 325.
Ne 5938. P. 328-332.

122. Majumdar A. et al. Critical role of amyloid-like oligomers of
Drosophila Orb2 in the persistence of memory // Cell. 2012. V. 148. Ne 3.
P. 515-529.

123. Makin O.S. et al. Molecular basis for amyloid fibril formation
and stability // Proc. Natl. Acad. Sci. U. S. A. 2005. V. 102. Ne 2. P. 315—
320.

124. Malovichko Y.V. et al. RNA sequencing reveals specific
transcriptomic signatures distinguishing effects of the [SWI'] prion and
SWI1 deletion in yeast Saccharomyces cerevisiae // Genes. 2019. V. 10. No
3.P.212.

125. Malovichko Y.V. et al. Transcriptomic Insights into Mechanisms
of Early Seed Maturation in the Garden Pea (Pisum sativum L.) // Cells.

2020.V.9. Ne 3. P. 779.



-234 -
126. Masison D.C., Reidy M. Yeast prions are useful for studying

protein chaperones and protein quality control // Prion. 2015. V. 9. Ne 3.
P.174-183.

127. Maurer-Stroh S. et al. Exploring the sequence determinants of
amyloid structure using position-specific scoring matrices // Nat Methods.
2010.V. 7. Ne 3. P. 237-242.

128. Maury C.P.J. Self-Propagating B-sheet polypeptide structures
as prebiotic informational molecular entities: The amyloid world // Orig.
Life Evol. Biosph. 2009. V. 39. Ne 2. P. 141-150.

129. Maury C.P.J. Amyloid and the origin of life: self-replicating
catalytic amyloids as prebiotic informational and protometabolic entities
// Cell. Mol. Life Sci. 2018. V. 75. Ne 9. P. 1499-1507.

130. McGlinchey R.P., Kryndushkin D., Wickner R.B. Suicidal [PSI'] is
a lethal yeast prion // Proc. Natl. Acad. Sci. U. S. A. 2011. V. 108. Ne 13. P.
5337-5341.

131. McKinley M.P., Bolton D.C., Prusiner S.B. A protease-resistant
protein is a structural component of the scrapie prion // Cell. 1983. V. 35.
Ne 1. P. 57-62.

132. Meetoo D., McGovern P., Safadi R. An epidemiological
overview of diabetes across the world // Br. J. Nurs. 2007. V. 16. Neo 16. P.
1002-1007.

133. Melckebeke H.Van et al. Atomic-resolution three-dimensional
structure of HET-s(218-289) amyloid fibrils by solid-state NMR
spectroscopy // J. Am. Chem. Soc. 2010. V. 132. Ne 39. P. 13765-13775.



-235 -
134. Michelitsch M.D., Weissman JS. A census of

glutamine/asparagine-rich regions: implications for their conserved
function and the prediction of novel prions // Proc Natl Acad Sci U S A.
2000. V. 97. Ne 22. P. 11910-11915.

135. Mostaert A.S. et al. Nanoscale mechanical characterisation of
amyloid fibrils discovered in a natural adhesive // J. Biol. Phys. 2006. V. 32.
Ne 5. P. 393-401.

136. Mostaert A.S. et al. Characterisation of amyloid nanostructures
in the natural adhesive of unicellular subaerial algae // J. Adhes. 2009. V.
85. Ne 8. P. 465-483.

137. Naiki H. et al. Fluorometric determination of amyloid fibrils in
vitro using the fluorescent dye, thioflavine T // Anal. Biochem. 1989. V.
177. Ne 2. P. 244249,

138. Nakayashiki T. et al. Yeast prions [URE3] and [PSI'] are diseases
// Proc. Natl. Acad. Sci. U. S. A. 2005. V. 102. Ne 30. P. 10575-10580.

139. Nakjang S. et al. A novel extracellular metallopeptidase domain
shared by animal Host-Associated mutualistic and pathogenic microbes //
PLOS One. 2012.V. 7. Ne 1. P. e30287.

140. Nan H. et al. A viral expression factor behaves as a prion // Nat.
Commun. 2019. V. 10. Ne 1. P. 359.

141. Nelson R. et al. Structure of the cross-B spine of amyloid-like
fibrils // Nature. 2005.V. 435. Ne 7043. P. 773-778.

142. Niewold T.A. et al. Characterization of proteoglycans and
glycosaminoglycans in bovine renal AA-type amyloidosis // Virchows Arch.

B Cell Pathol. Incl. Mol. Pathol. 1991. V. 60. Ne 5. P. 321-328.



- 236 -
143. Nizhnikov A.A. et al. [NSI'] determinant has a pleiotropic

phenotypic manifestation that is modulated by SUP35, SUP45, and VTS1
genes. // Curr. Genet. 2012. V. 58. No 1. P. 35-47.

144. Nizhnikov A.A., Kondrashkina A.M., Galkin A.P. Interactions of
[NSI'] Prion-Like Determinant with SUP35 and VTSI Genes in
Saccharomyces cerevisiae // Russ. J. Genet. 2013. V. 49. P. 1004-1012.

145. Nizhnikov A.A. et al. Modulation of efficiency of translation
termination in Saccharomyces cerevisiae [/ Prion. 2014a. V. 8. Ne 3. P.
247-260.

146. Nizhnikov A.A. et al. Proteomic screening for amyloid proteins
// PLOS One. 2014b. V. 9. Ne 12. P. e116003.

147. Nizhnikov A.A. et al. Overexpression of genes encoding
asparagine-glutamine-rich transcriptional factors causes nonsense
suppression in Saccharomyces cerevisiae // Russ. J. Genet. Appl. Res.
2014c. V. 4. Ne 2. P.122-130.

148. Nizhnikov A.A., Antonets K.S., Inge-Vechtomov S.G. Amyloids:
from pathogenesis to function // Biochemistry (Mosc.). 2015. V. 80. Ne 9.
P.1127-1144.

149. Nizhnikov A.A. et al. Prions, Amyloids, and RNA: Pieces of a
Puzzle // Prion. 2016a. V. 10. Ne 3. P. 182-206.

150. Nizhnikov A.A. et al. Interaction of prions causes heritable
traits in Saccharomyces cerevisiae // PLOS Genet. 2016b. V. 12. Ne 12. P.
e1006504.



- 237 -
151. Oh J. et al. Amyloidogenesis of type lll-dependent harpins from

plant pathogenic bacteria. // J. Biol. Chem. 2007. V. 282. Ne 18. P. 13601—
13609.

152. Osherovich L.Z. et al. Dissection and design of yeast prions. //
PLOS Biol. 2004. V. 2. N2 4. P. e86.

153. Otzen D., Riek R. Functional amyloids // Cold Spring Harb.
Perspect. Biol. 2019. V. 11. Ne 12. P. a033860.

154. Patel B.K., Gavin-Smyth J., Liebman S.W. The yeast global
transcriptional co-repressor protein Cyc8 can propagate as a prion // Nat
Cell Biol. 2009. V. 11. Ne 3. P. 344-349.

155. Perutz M.F. et al. Glutamine repeats as polar zippers: Their
possible role in inherited neurodegenerative diseases // Proc. Natl. Acad.
Sci. U.S. A. 1994. V. 91. Ne 12. P. 5355-5358.

156. Perutz M.F. et al. Aggregation of proteins with expanded
glutamine and alanine repeats of the glutamine-rich and asparagine-rich
domains of Sup35 and of the amyloid B-peptide of amyloid plaques //
Proc. Natl. Acad. Sci. U. S. A. 2002. V. 99. Ne 8. P. 5596-5600.

157. Peterson C.L., Herskowitz I. Characterization of the yeast SWI1,
SWiI2, and SWi3 genes, which encode a global activator of transcription //
Cell. 1992. V. 68. Ne 3. P. 573-583.

158. Picken M.M. The pathology of amyloidosis in classification: a
review // Acta Haematol. 2020. V. 143. Ne 4. P. 322-334.

159. Picotti P. et al. Full dynamic range proteome analysis of S.

cerevisiae by targeted proteomics // Cell. 2009. V. 138. Ne 4. P. 795-806.



- 238 -
160. Pimentel H. et al. Differential analysis of RNA-seq incorporating

quantification uncertainty // Nat. Methods. 2017. V. 14. Ne 7. P. 687-690.

161. Pras M. et al. The characterization of soluble amyloid prepared
in water // J. Clin. Invest. 1968. V. 47. Ne 4. P. 924-933.

162. Qiang W. et al. Antiparallel B-sheet architecture in lowa-
mutant B-amyloid fibrils // Proc. Natl. Acad. Sci. U. S. A. 2012. V. 109. Ne
12. P. 4443-4448.

163. Ramsook C.B. et al. Yeast cell adhesion molecules have
functional amyloid-forming sequences // Eukaryot. Cell. 2010. V. 9. No 3.
P. 393-404.

164. Roest H.P. et al. Isolation of ropB, a gene encoding a 22-kDa
Rhizobium leguminosarum outer membrane protein // Mol. Plant-
Microbe Interact. 1995. V. 8. Ne 4. P. 576-583.

165. Rogoza T. et al. Non-Mendelian determinant [ISP'] in yeast is a
nuclear-residing prion form of the global transcriptional regulator Sfpl //
Proc Natl Acad Sci U S A. 2010. V. 107. Ne 23. P. 10573-10577.

166. Rollauer S.E. et al. Outer membrane protein biogenesis in
Gram-negative bacteria // Philos. Trans. R. Soc. B Biol. Sci. 2015. V. 370.
Ne 1679. P. 20150023.

167. Romanova N.V, Chernoff Y.O. Hsp104 and prion propagation.
// Protein Pept. Lett. 2009. V. 16. Ne 6. P. 598-605.

168. Romero D., Kolter R. Functional amyloids in bacteria // Int

Microbiol. 2014. V. 17. Ne 2. P. 65-73.



- 239 -
169. Rose T.L. et al. Effect of sugars on the association between

cowpea vicilin (7S storage proteins) and fungal cells // Biocell. 2003. V. 27.
Ne 2. P. 173-179.

170. Rout S.K. et al. A prebiotic template-directed peptide synthesis
based on amyloids // Nat. Commun. 2018. V. 9. Ne 1. P. 234.

171. Rubio L.A. et al. Characterization of pea (Pisum sativum) seed
protein fractions // J. Sci. Food Agric. 2014. V. 94. No 2. P. 280-287.

172. Ryzhova T.A. et al. Screening for amyloid proteins in the yeast
proteome // Curr. Genet. 2017. V. 64. No 2. P. 469-478.

173. Saifitdinova A.F. et al. [NSI']: a novel non-Mendelian nonsense
suppressor determinant in Saccharomyces cerevisiae // Curr. Genet. 2010.
V.56. Ne 5. P. 467-478.

174. Sales M.P. et al. Do legume storage proteins play a role in
defending seeds against Bruchids? // Plant Physiol. 2000. V. 124. Ne 2. P.
515-522.

175. Sanchez-Monge R. et al. Vicilin and convicilin are potential
major allergens from pea // Clin. Exp. Allergy. 2004. V. 34. Ne 11. P. 1747-
1753.

176. Santos J. et al. Computational prediction of protein
aggregation: Advances in proteomics, conformation-specific algorithms
and biotechnological applications // Comput. Struct. Biotechnol. J. 2020.
V. 18. P. 1403-1413.

177. Santos J., Ventura S. Functional Amyloids Germinate in Plants

// Trends Plant Sci. 2021. V. 26. Ne 1. P. 7-10.



- 240 -
178. Saupe S.J. Amyloid Signaling in Filamentous Fungi and Bacteria

// Annu. Rev. Microbiol. 2020. V. 74. Ne 1. P. 673-691.

179. Scherpelz K.P. et al. Preparation of amyloid fibrils seeded from
brain and meninges // Methods Mol. Biol. 2016. V. 1345. P. 299-312.

180. Schwartz K., Boles B.R. Microbial amyloids--functions and
interactions within the host // Curr Opin Microbiol. 2013a. V. 16. No 1. P.
93-99.

181. Schwartz K., Boles B.R. Microbial amyloids - functions and
interactions within the host // Curr. Opin. Microbiol. 2013b. V. 16. Ne 1. P.
93-99.

182. Selkoe D.J.,, lhara Y., Salazar F.J. Alzheimer's disease:
Insolubility of partially purified paired helical filaments in sodium dodecyl
sulfate and urea // Science. 1982. V. 215. Ne 4537. P. 1243-1245.

183. Selkoe D.J. et al. Isolation of low-molecular-weight proteins
from amyloid plaque fibers in Alzheimer’s disease // J. Neurochem. 1986.
V. 46. Ne 6. P. 1820-1834.

184. Shanmugam N. et al. Microbial functional amyloids serve
diverse purposes for structure, adhesion and defence // Biophys. Rev.
2019. V. 11. Ne 3. P. 287-302.

185. Shaw L.P. et al. The phylogenetic range of bacterial and viral
pathogens of vertebrates // Mol. Ecol. 2020. V. 29. Ne 17. P. 3361-3379.

186. Shen-Miller J. et al. Exceptional seed longevity and robust
growth: Ancient Sacred Lotus from China // Am. J. Bot. 1995. V. 82. Ne 11.
P. 1367-1380.



- 241 -
187. Shen-Miller J. et al. Centuries-old viable fruit of sacred lotus

Nelumbo nucifera Gaertn var. China Antique // Trop. Plant Biol. 2013. V. 6.
Ne 2-3. P. 10.1007/s12042-013-9124-2.

188. Shivaswamy S., lyer V.R. Stress-dependent dynamics of global
chromatin remodeling in yeast: dual role for SWI/SNF in the heat shock
stress response. // Mol. Cell. Biol. 2008. V. 28. N 7. P. 2221-2234.

189. Si K. et al. A neuronal isoform of CPEB regulates local protein
synthesis and stabilizes synapse-specific long-term facilitation in Aplysia //
Cell. 2003. V. 115. Ne 7. P. 893-904.

190. Sipe J.D., Cohen A.S. Review: history of the amyloid fibril // J
Struct Biol. 2000a. V. 130. Ne 2-3. P. 88-98.

191. Sipe J.D., Cohen A.S. Review: history of the amyloid fibril // J.
Struct. Biol. 2000b. V. 130. Ne 2—-3. P. 88-98.

192. Sipe J.D. et al. Nomenclature 2014: Amyloid fibril proteins and
clinical classification of the amyloidosis // Amyloid. 2014. V. 21. Ne 4. P.
221-224.

193. Sivanathan V., Hochschild A. A bacterial export system for
generating extracellular amyloid aggregates // Nat. Protoc. 2013. V. 8. Ne
7.P.1381-1390.

194. Smaoui M.R. et al. Computational assembly of polymorphic
amyloid fibrils reveals stable aggregates // Biophys. J. 2013. V. 104. Ne 3.
P. 683—-693.

195. Soto M.J., Sanjuan J., Olivares J. Rhizobia and plant-pathogenic
bacteria: Common infection weapons // Microbiology. 2006. V. 152. Ne
11. P.3167-3174.



- 242 -
196. Soufi B. et al. Global analysis of the yeast osmotic stress

response by quantitative proteomics // Mol. Biosyst. 2009. V. 5. Ne 11. P.
1337-1346.

197. Sudarsanam P. et al. Whole-genome expression analysis of
snf/swi mutants of Saccharomyces cerevisiae // Proc. Natl. Acad. Sci.
2000.V.97. Ne 7. P. 3364-3369.

198. Sunde M. et al. Common core structure of amyloid fibrils by
synchrotron X-ray diffraction // J. Mol. Biol. 1997. V. 273. Ne 3. P. 729-
739.

199. Suzuki G., Shimazu N., Tanaka M. A yeast prion, Mod5,
promotes acquired drug resistance and cell survival under environmental
stress // Science. 2012. V. 336. Ne 6079. P. 355—-359.

200. Taglialegna A., Lasa |., Valle J. Amyloid structures as biofilm
matrix scaffolds // J. Bacteriol. 2016. V. 198. Ne 19. P. 2579-2588.

201. Tahir Y. El, Skurnik M. YadA, the multifaceted Yersinia adhesin
// Int. ). Med. Microbiol. 2001. V. 291. Ne 3. P. 209-218.

202. Tanaka M. et al. Conformational variations in an infectious
protein determine prion strain differences // Nature. 2004. V. 428. Ne
March. P. 323-328.

203. Tanaka M. A protein transformation protocol for introducing
yeast prion particles into yeast // Methods Enzymol. 2010. V. 470. P. 681—
693.

204. Thoma J. et al. Protein-enriched outer membrane vesicles as a
native platform for outer membrane protein studies // Commun. Biol.

2018.V.1.P. 23.



- 243 -
205. Tolin S. et al. Quantitative analysis of the naringenin-inducible

proteome in Rhizobium leguminosarum by isobaric tagging and mass
spectrometry // Proteomics. 2013. V. 13. Ne 12—-13. P. 1961-1972.

206. Tsolis A.C. et al. A consensus method for the prediction of
"aggregation-prone" peptides in globular proteins // PLOS One. 2013. V. 8.
Ne 1. P. e54175.

207. Tsyganov V.E. et al. Developmental downregulation of rhizobial
genes as a function of symbiosome differentiation in symbiotic root
nodules of Pisum sativum // New Phytol. 2003. V. 159. Ne 2. P. 521-530.

208. Tycko R. et al. Evidence for novel B-sheet structures in lowa
mutant B-amyloid fibrils // Biochemistry. 2009. V. 48. Ne 26. P. 6072-
6084.

209. Tycko R., Wickner R.B. Molecular structures of amyloid and
prion fibrils: Consensus versus controversy // Acc. Chem. Res. 2013. V. 46.
Ne 7. P. 1487-1496.

210. Vanik D.L., Surewicz K.A., Surewicz W.K. Molecular basis of
barriers for interspecies transmissibility of mammalian prions // Mol. Cell.
2004.V. 14. Ne 1. P. 139-145.

211. Vassar P.S., Culling C.F. Fluorescent stains, with special
reference to amyloid and connective tissues // Arch Pathol. 1959. V. 68. P.
487-498.

212. Venema J., Tollervey D. Ribosome synthesis in Saccharomyces

cerevisiae // Annu. Rev. Genet. 1999. V. 33. P. 261-311.



-244 -
213. Virchow R. Ueber eine im Gehirn und Ruckenmark des

Menschen aufgefunde Substanz mit der chemishen Reaction der Cellulose
// Virchows Arch. Path. Anat. Physiol. 1854. V. 6. P. 135-138.

214. Vocht M.L. de et al. Structural and functional role of the
disulfide bridges in the hydrophobin SC3 // J Biol Chem. 2000. V. 275. No
37.P.28428-28432.

215. Westermark P. et al. A novel peptide in the calcitonin gene
related peptide family as an amyloid fibril protein in the endocrine
pancreas // Biochem. Biophys. Res. Commun. 1986. V. 140. Ne 3. P. 827-
831.

216. Wickner R.B. [URE3] as an altered URE2 protein: evidence for a
prion analog in Saccharomyces cerevisiae [/ Science. 1994. V. 264. No
5158. P. 566-569.

217. Wickner R.B., Masison D.C., Edskes H.K. [PS/] and [URE3] as
yeast prions // Yeast. 1995. V. 11. No 16. P. 1671-1685.

218. Wickner R.B. et al. Prions of fungi: Inherited structures and
biological roles // Nat. Rev. Microbiol. 2007. V. 5. Ne 8. P. 611-618.

219. Wickner R.B. et al. Amyloid diseases of yeast: prions are
proteins acting as genes // Essays Biochem. 2014. V. 56. P. 193-205.

220. Wickner R.B. et al. Yeast prions: structure, biology, and prion-
handling systems // Microbiol. Mol. Biol. Rev. 2015.V. 79. Ne 1. P. 1-17.

221. Wickner R.B., Son M., Edskes H.K. Prion variants of yeast are
numerous, mutable, and segregate on growth, affecting prion
pathogenesis, transmission barriers, and sensitivity to anti-prion systems

// Viruses. 2019. V. 11. Ne 3. P. 238.



- 245 -
222. Wiggins R.C. Prion Stability and infectivity in the environment

// Neurochem. Res. 2009. V. 34. Ne 1. P. 158-168.

223. Xu J. et al. Gain of function of mutant p53 by coaggregation
with multiple tumor suppressors // Nat. Chem. Biol. 2011. V. 7. Ne 5. P.
285-295.

224.Yang J., Zhang Y. I-TASSER server: New development for
protein structure and function predictions // Nucleic Acids Res. 2015. V.
43. Ne W1. P. 174-181.

225.Yu G. et al. ClusterProfiler: An R package for comparing
biological themes among gene clusters // Omi. A J. Integr. Biol. 2012. V.
16. Ne 5. P. 284-287.

226. Zaat S.A.J. et al. Induction of the nodA promoter of Rhizobium
leguminosarum sym plasmid pRL1JI by plant flavanones and flavones // J.
Bacteriol. 1987. V. 169. Ne 1. P. 198-204.

227. Zanten M.van et al. Control and consequences of chromatin
compaction during seed maturation in Arabidopsis thaliana // Plant
Signal. Behav. 2012. V. 7. Ne 3. P. 338-341.

228. Zaragoza D. et al. Rapamycin Induces the GO Program of
Transcriptional Repression in Yeast by Interfering with the TOR Signaling
Pathway // Mol. Cell. Biol. 1998. V. 18. Ne 8. P. 4463-4470.

229. Zha Z. et al. LptD is a promising vaccine antigen and potential
immunotherapeutic target for protection against Vibrio species infection
// Sci. Rep. 2016. V. 6. P. 38577.

230. Zhouravleva G. et al. Termination of translation in eukaryotes
is governed by two interacting polypeptide chain release factors, eRF1 and
eRF3 // EMBO J. 1995. V. 14. Ne 16. P. 4065-4072.



- 246 -
ACKNOWLEDGEMENTS

The author would like to thank his colleagues from the Laboratory
of Proteomics of Supra-Organismal Systems at ARRIAM without whom this
dissertation would not have been written. | would like to especially thank
Dr. K. S. Antonets, Dr. M. V. Belousov, Dr. M. E. Belousova, A.O.
Kosolapova and Yu. V. Malovichko. The author is deeply grateful to the
Academician of RAS S.G. Inge-Vechtomov for his long-term participation in
the preparation of this dissertation as a scientific consultant and his
overall support; Academician of RAS I.A. Tikhonovich for a detailed reading
of the dissertation, valuable advice and constructive critisism. The author
is also grateful to S.G. Inge-Vechtomov and |.A. Tikhonovich for the
invaluable experience obtained while working with them. | am glad to
express my gratitude to my colleagues whose long-term collaboration
made a significant contribution in conducting research and publication of
many papers in leading periodicals this dissertation is based on: Dr. A. I.
Sulatskaya, M. I. Sulatskiy, Dr. E. A. Andreeva, Dr. P. A. Zykin, Dr. K. V.
Volkov, Dr. A. N. Lykholay, Dr. O. Y. Shtark, Dr. O. N. Demidov, Dr. A. P.
Galkin, Dr. G. A. Zhouravleva, Dr. S. A. Bondarev. Finally, the author
expresses his deepest gratitude to his relatives and friends who created a

pleasant and productive atmosphere for him to write this work.



