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Cnucok cokpaueHui

a.K.0. — aMHHOKHCIIOTHBI OCTATOK;

AMOD-OH® — agenunuin-umMmugoaudocdar;

AT® — anenosuntpudocdar;

I'T® — ryano3unrpudocdar;

CKKbB — cuctema KOHTpOJIS KauecTBa OeKa;

TOM — TpaHCMUCCHOHHASI JIEKTPOHHAsE MUKPOCKOIIUS;

CTD — C-terminal domain, C-KoHIIEBOI JIOMEH;

CytoQ — cytoplasmic quality (control deposit), muTonIa3MaTH4YeCKUii KOM-
MapTMEHT KOHTPOJISI Ka4yecTBa OeIKa;

DD — dimerization domain, TuMepu3alMOHHBIN JOMEH;

HTb — nocnenoBarenbHOCTD, KOaupytomias Hisg-1ar, caitt TEV-nipoTteasbl
Y cozeprkaias caut pecrpukrassl BamHI;

INQ — intranuclear quality control (deposit), BHyTpHsiAepHbII KOMOapT-
MEHT KOHTpPOJIsI KayecTBa Oenka;

[POD — insoluble protein deposit, KoMIapTMEHT HEPACTBOPUMBIX OEITKOB;

IPTG — 1isopropyl [-D-I1-thiogalactopyranoside, wu3onpomnui-6era-1-
THOTAJTAKTOTTUPAHO3HI;

NBD — nucleotide-binding domain, HykJI€OTHA-CBA3BIBAIOLINAN TOMEH;

NLS — nuclear localization signal, curaan simepHON JOKaIU3AINH;

NES — nuclear export signal, curnan skcniopra u3 spa;

SBD — substrate-binding domain, cy6cTpar-cBS3bIBAOIINMA JIOMEH;

SDD-AGE — semi-denaturing detergent agarose gel electrophoresis (momy-
JIEHATYPUPYIOLTUHI AJIEKTPOoPope3 B arapo3HOM refe);

SDS-PAGE — polyacrylamid gel electrophoresis with SDS (nenarypupyto-
vt anexTpodopes B nonuakpuiaMugHom rene ¢ SDS);

w/v — weight/volume, Bec Kk 00bEMY



BBenenue

AKTYaJIbHOCTBh TeMbl. B TeueHne cBOEM )KU3HU JKUBBIE OPraHU3Mbl CTAJI-
KUBAIOTCS ¢ OOJBIIMM KOJTUYECTBOM Pa3HOOOPa3HBIX cTpeccoB. [ BhDKHBA-
HUSI B CTPECCOBBIX YCIIOBHUAX KJICTKU MPHOOPETN MHOKECTBO PAa3IMYHBIX CH-
CTEM, MO3BOJISIONIUX OOPOTHCS ¢ HEXKENATEIIbHBIMU TMOCIEACTBUSMU CTPECCO-
BbIX Bo3AeicTBUI. OJIHON U3 TAKUX CUCTEM SBIISIETCS CUCTEMA KOHTPOJISI Kaue-
ctBa 6enka (CKKDB), npu3BanHas 00ecneuuTh 3alUTy KIETKA OT TOKCUYHOCTH,
CBSI3aHHOMW C HAPYIICHUSAMHU KOH(pOpMAIUU OCIKOB.

[lexapckue apoxoku Saccharomyces cerevisiae SBISIOTCS YIOOHBIM MO-
JETBHBIM OOBEKTOM JIJISl HCCIIEAOBAHMS Pa3HOOOPA3HBIX MPOIECCOB, MPOTEKA-
IONTUX B DYKAPUOTHUIECKON KJIETKe. Pa3miuHbIe KOMIIOHEHTHI CHCTEMBI KOHTPO-
JIs1 KauecTBa Oelka MOXKHO M3y4aTh B MOJIEIIbHON CUCTEME NMPUOHOB JIPOMKKEH.
Jpoxx>keBbie MPUOHBI SBISIOTCS MHDEKITMOHHBIMA JETEPMUHAHTAMH OCITKOBOM
IIPUPOJIBI, TPEACTABIISIONTUMHI U3 ce0sl CaMOBOCIIPOU3BOIANINECS KOH(OpMA-
[IUOHHBIC BAPUAHTHI HATUBHBIX O€NKOB. [IpHOHBI IpoX:Kel MoAIepKUBAIOTCS U
pactpoCTpaHsoTCs Onarogapsi B3aMMOJICUCTBHIO C PA3TUYHBIMU AIIEMEHTAMH
CUCTEMBI KOHTPOJISI Ka9eCTBa OEJIKa - MOJICKYISIPHBIMU MIATIEpOHAMU U (PaKTo-
pamMu copTUPOBKH OeIKOB. IHTEpeCHO, YTO pa3InIHbIC MIATIEPOHBI TO-Pa3HOMY
BIHMSIOT HA MOAAEPKAaHUE HAMOOJIEe U3YUEHHBIX JIPOXIKEBBIX IIPHOHOB, [PSI ']
u [URE3]. Takue nuddepennmanbabie 3¢ (HEKTh MIanepoHoB Ha MOIIEPKaHNe
MIPUOHOB MPEICTABIIAIOT OONBIION HHTEpEC s PyHAAMEHTATBHBIX U IPUKIIA]I-
HBIX MCCIIEI0BAHUI BBU/TY TOTO, YTO TOHUMAHUE MEXaHU3MOB B3aMOJICHCTBUS
IaepOHOB ¢ OETKOBBIMU arperaraMu MO>KET ITIOMOYb B pa3paboTKe HOBBIX Me-
TOJIOB TMATHOCTUKU W TEPAIMUH MMPOTCHHONATHIA YETOBEKAa M MIICKOTIUTAIOIITHX.

CreneHn pa3padoTaHHOCTH TeMbl. B muTeparype onvcaH 1eNbIi psi Mpu-
MepoB nuddepeHnnanbHbpIX 3PPEKTOB MIanepoHOB Ha MPUOHBI IPOXKKEH (Ha-
npumep, Reidy et al., 2012; Stein, True, 2014; Reidy et al., 2014; Barbitoff et
al., 2017). B paborax Hamel 1aboparopuu Takxke onucaHbl TU(QPepeHrab-
Heie dddexTrl pakTopa Curl nHa npuonsl (Barbitoff et al., 2017), moTeHuansHo

CBSI3aHHBIC C U3MEHEHHEM BHYTPUKIIETOUHOTO Oananca Sisl. B To ke Bpemsi, o1-



CYTCTBYIOT JJaHHBIEC O pa3HOHanpaBieHHBIX dpdekrax Sisl Ha mpuonsl. Takxke
B JIUTEPATypE OTCYTCTBYIOT MCCIIEJOBAHMS, MOCBSIICHHBIE KOJINYECTBEHHOMY
aHaJIM3y NPHUOH-IIANIEPOHHBIX B3aUMOJCHCTBUN, HE TIPEIOKEHA YHUBEPCAIIb-
Hasi MOJIeNb, 00BsCHOMmAas TuddepeHranbabie 3 (HEKTh! anepoHOB Ha MO/~
Jiep>KaHre MTPUOHOB.
Heap paGoThl: U3yYUTh MOJEKYISIPHBIE MEXaHU3MBI AU (epeHIIaTbHOTO
BO3/IeHCTBUS aniepoHa Sisl Ha MpUOHBI IpoxxKed Saccharomyces cerevisiae.
J1J1st mOCTHKEHUS TOCTABIECHHOM 11e)11 ObUTH C(OPMYIUPOBAHBI CIEAYIOIINE
3a/1a4Hu:
1. OxapakTepu30BaTh BIUSIHUE U3MEHEHUS BHYTPUKIIETOYHOTO OanaHca Sisl
Ha NOJIepKAHUE IPUOHOB APOXKIKEH.
2. Ouenutb 3¢ GHEeKTUBHOCTH POPMUPOBaHUS KOMILIEKCOB Sisl ¢ amuion-
HBIMH (UOPUIUTAMH PA3ITUIHBIX OCTKOB in Vitro.
3. U3yuuTthb BIUSHHUE AETEUUU AUMEPU3ALMOHHOIO JoMeHa Sisl Ha ero B3a-
UMOJICHCTBHE C aMUJIOUTHBIMU (UOPUILIAMH in Vitro.
4. WccnenoBark B3aUMOCBSI3b MEKY CBsi3bIBaHHEM Sisl ¢ arperatamu u 3¢-
(PEKTUBHOCTHIO IPUBJICUEHHS K HUM IIANIEPOHOB JIPYTUX CPYIII.
Hayunas noBu3Ha padoTbl. B paGote BriepBbie MOKa3aHO MOJIOKHUTEIbHOE
BIIMSHUE U3MEHEHHMs JIOKanu3anuu Sisl Ha nognepsxanue npuona [PSI']. Pas-
paboTaH HOBBII METO/I aHATIN3a CBA3BIBAHUS MOJICKY/ISIPHBIX IIATIEPOHOB C AMH-
JIOUJTHBIMH arperaraMu B cucteme in vitro. IloayuyeHsl nepBble KOIMYECTBEH-
HbIe o1leHKH ) PexTuBHOCTH B3aumozekcTBus Sisl, Ssal u Hsp104 ¢ amuo-
UJHBIMH arperaraMu JIpOXOKeBbIX IPUOHOTEHHBIX 0enkoB. OOHapy KEHBI paHee
HE onKcaHHbIe 3D (PEKTHI Jeneui JTUMMEPU3ALIMOHHOT0 JoMeHa Sis| Kak Ha 1oji-
Jiep’KaHre IPUOHOB, TaK U HA B3aMMOJICUCTBHE C AMWJIOUMIHBIMU arperaramu.
[Ipennokena HOBast MOJIETb, OMUCKIBaIONIas AU QepeHIalIbHOe B3aUMOICH-
CTBHUE IIANIEPOHOB C IPUOHHBIMU arperaraMiy B KJIETKax JpOxoKen S. cerevisiae.
TeopeTnyeckasi 1 NPaAKTU4YECKAsA 3HAYUMOCTb padoThl. Pe3ynbrarsl, mno-
Jy4EHHBIE B XOJI€ TUCCEPTAIIMOHHOTO UCCIIEAOBAHUS, PACIIUPSIOT CYIIECTBYIO-
M€ TEOPETUYECKUE MTPEACTABICHNS O MEXaHU3MaX B3aMMOICHCTBUS MOJIEKY-

JIPHBIX IIAIICPOHOB PA3JIMYHBIX I'PYIIT C aMHAJIOMIHBIMUA arperaraMiu B KJICTKax



sykapuoT. [IpenyoxenHas METoMKa aHaau3a B3aUMOJICUCTBHSI IIAIIEPOHOB C
OETKOBBIMH arperaraMu MOXKET OBITh B TallbHEUIIIEM MMPUMEHEHA sl aHAIH3a
aMIIOMIHBIX arperaTtoB OENIKOB YeIOBEKa U APYTHUX MIICKOMHUTAIOIINX.

MeTononorusi u MeTOAbI Hccae10BaHMS. B X0/e BBIMTOTHEHUS paboThI OBLT
UCIIONIb30BaH LIEIBIN PsAJl COBPEMEHHBIX METOJIOB UCCIIEIOBAHUS, BKIIIOUAsl Me-
TOJIbI TECHETHKH MUKPOOPTAHU3MOB, MOJICKYJISIPHO-OMOIOTHYECKHAE METOIBI Pa-
OOTBI C HYKJICMHOBBIMU KUCJIOTAaMU U OeJTKaMu, OMOXUMUYECKHE METOIbI aHa-
7132 B3aMMOACHCTBUS MAaKPOMOJIEKYI, (IyOpEClieHTHAs U 3JIEKTPOHHAS MUK-
pockomnus. MIcoab30BaHbl pa3IMdHbIE METOBI CTATUCTUYECKON 00PabOTKH 10~
JYy4YEHHBIX pe3yJIbTaToB. B X0z€ AuccepTaliMoHHOrO NCCIeI0BaHus pa3padoTaH
Y IPUMCHECH HOBBI METOJT aHAIM3a B3aUMOJICHCTBUS MOJICKY/ISPHBIX IIarepo-
HOB C AaMHJIOUJHBIMU arperaTamu.

OcHOBHbIE TIOJI0:KEHUsI, BBIHOCMMBbIE Ha 3amuTy. [lokazaHo, 4To M3Me-
HEHUE BHYTPUKJIECTOYHOHN JIOKATU3AIMU MOJICKYISIpHOTO Iianepona Sisl cmo-
coOHO OKa3bIBaTh pazHOHaNpaBiieHHbIE YP(GEKThl HA MPUOHBI IPOAKEH. -
(beKTUBHOCTH CBs3bIBaHMS Sisl ¢ aMHITOMIHBIMU (PUOPUIITAME TPUOHOTEHHOTO
oenka Sup35NM B cucreme in vitro Belle, yeM ¢ puOpumutamu Rnql. Myra-
IIUH B OJIUTOTIENITHIHBIX TOBTOPAX B COCTAaBE MPUOHHOTO JOoMeHa Oenka Sup35
HE BIMAIOT Ha B3auMojericTBue Sisl ¢ aMUTIOMIHBIMU arperataMu 3TOro Oe-
ka. Jlenemnust AuMepu3alioHHoOro qoMeHa Sisl ocnabrisiet ero B3auMoiecTBre
C aMWIOUTHBIMH (PUOPHILIAMH PA3TUIHBIX OCITKOB M MOXKET IMPUBOIUTH K CHHU-
xeHuto apdexruBHOCTH npuBiedeHus Hsp70 k arperaram.

CreneHb 10CTOBEPHOCTH M anipodanus pe3yabTatoB. OCHOBHbBIE PE3YIIb-
TaThl TUCCEPTAMOHHON pabOThI OBUIN JTOJIOKEHBI U 00CYXIEHBI Ha 6 MEXTy-
HAPOIHBIX KOH(EPEHITUAX U OITYOJIMKOBAHBI B 5 CTAThAX B PEIICH3UPYECMBIX Ha-
YYHBIX U3IaHUSX:

1. Barbitoff Y. A., Matveenko A. G., Moskalenko S. E., Zemlyanko O. M.,

Newnam G. P., Patel A. X., Chernova T. A., Chernoff Y. O., Zhouravleva
G. A. To CURe or not to CURe? Differential effects of the chaperone
sorting factor Curl on yeast prions are mediated by the chaperone Sis1 //
Molecular Microbiology. 2017. Vol. 105, no. 2. P. 242-257



2. Matveenko A. G., Barbitoff Y. A., Jay-Garcia L. M., Chernoff Y. O.,
Zhouravleva G. A. Differential effects of chaperones on yeast prions:
CURrent view // Current Genetics. 2018. Vol. 64, no. 2. P. 317-325

3. Drozdova P. B., Barbitoff Y. A., Belousov M. V., Skitchenko R. K., Ro-
goza T. M., Leclercq J. Y., Kajava A. V., Matveenko A. G., Zhouravl-
eva G. A., Bondarev S. A. Estimation of amyloid aggregate sizes with
semi-denaturing detergent agarose gel electrophoresis and its limitations //
Prion. 2020. Vol. 14, no. 1. P. 118-128

4. Barbitoff Y. A., Matveenko A. G., Bondarev S. A., Maksiutenko E. M.,
Kulikova A. V., Zhouravleva G. A. Quantitative assessment of chaperone
binding to amyloid aggregates identifies specificity of Hsp40 interaction
with yeast prion fibrils // FEMS Yeast Research. 2020. Vol. 20, no. 4.
foaa025

5. Barbitoff Y. A., Matveenko A. G., Zhouravleva G. A. Differential interac-
tions of molecular chaperones and yeast prions // Journal of Fungi. 2022.
Vol. 8, no. 2. P. 1-18
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I'maBa 1. lu¢dPepennuanbHoe B3auMoaeiicTBHE MOJICKYJISPHBIX

LIANIEPOHOB U MPHOHOB APOK:Keil (0030p TUTEPaATYyPHI)

1.1. MoJieky/sipHble HIANIEPOHbI M KOHTPOJIb Ka4ecTBa 0eJIKa

IIponiecc ykmanku (donauHra) Oenka SIBASETCS OJHUM W3 HWHTEPECHEU-
IUX B KJIETOYHOM Ouonoruu. Jlrobas mpoTskeHHass OEIKOBas MOJICKYJa MO-
XKET MPHUHATH YPE3BbIYANHO OOJIBIIOE KOJUYECTBO MPOCTPAHCTBEHHBIX CTPYK-
typ (Levinthal, Cyrus, 1968). Tem He meHee, OeKu cIOCOOHBI CHIOHTAHHO BOC-
CTaHaJIUBaTh CBOIO HATHBHYIO YKJIQJKy — sIBJICHUE, OOHapyx eHHOe AH(UH-
CEHOM B dKcrnepumMmeHnTax in vitro B 1961 1. (Anfinsen et al., 1961). B xuBoit
KJIETKE, OTHAKO, YKJIaJKa OEJTKOBOW MOJEKYJbI 3a4aCTyI0 MOXKET HapyIIaThCA.
Hapymienue nponecca gonaguHra MOXKeT, B CBOIO O4€pe/lb, MPUBOJUTD K PSIAY
HEraTUBHBIX MOCJIEICTBUHN IS KJIETKH, BKJIIOUast GOPMHUPOBAHKUE HEKENATEIb-
HBIX O6enKkoBbIX arperatoB (Dobson, 2003). Jlns npoTtuBoaeiicTBUSI MUCHOIITUH-
Ty U arperanuu O0eJKOB B KJIETKEe paboTaeT cucTeMa KOHTPOJIS KadecTBa Oelka
(CKKB, protein quality control, PQC), kitoueBbIMH KOMIOHEHTAMH KOTOPOM

ABJIATOTCS MOJICKYJIIPHBIC HIAIICPOHBI.

1.1.1 MHMcropusi OTKPBITHS LIANIEPOHOB

CrnoBo «wmanepon» (ot ¢p. chaperon — «gama, compoBoXKIaromas 1 Ha-
Omrofaroias 3a 6ojiee MOJIOION 1aMoil Ha MyOJIMKEY) BIIEPBbIE OBLIO UCIIOb-
30BaHO B HAYyYHOU JUTEpaType MO OTHOLIEHUIO K OenkoBoi Moisekyne B 1976
r. (Fohlman et al., 1976). B atoit pabote DonpMaH UCTONIB30BAT ITOT TEPMHUH
JU1s1 0003HaUeHMsI OEJIKOBBIX 3 1 Y cyObeAMHUIL OEITKOBOTO HEHPOTOKCHUHA U3 s]1a
ABCTPATMUCKUX 3MeH TallaHoB (TaHIIOKCUHA), KOTOPbHIC, MO MPEATIOI0KEHUIO
donpmaHa, cmocoOCTBOBANIA CTAOMIBHOCTH OCHOBHOM 4acTH TOkcuHa. Yepes
JIBa TO/1a 1ocie 31oro, JIacku BnepBble yIOTPEOUII CIOBOCOYETAHUE «MOJIEKY-
JSIPHBIN WIANEPOH» AJ11 0003HaUYEHUs PYHKIMH HYKJIEOIJIa3MHA B OTHOILIEHUH
TUCTOHOB Iipu cOopke Hykiieocombl (Laskey et al., 1978).

[lepBoe mpenmnonokeHue 0 pojiu OENKOB-IIANEPOHOB (MM MOJEKYISIPHBIX
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IAEpPOHOB) B KOHTPOJIE YKIAJAKU OCIKOBBIX MOJIEKYJ] ObLIO BHIABUHYTO [len-
amoM B 1984 1. (Pelham, 1984). OTo npeanonoxkeHue ObUTO CACIAHO TP U3yUe-
HUU MTPOIIECCOB, MPOUCXOATINX B KUBBIX KJIETKaX MO BO3ACHCTBUEM BBICOKON
TeMIieparypbl (TEmIOBOTO 1mokKa). DHQeKTh TEMI0BOro BO3IEHCTBUS HA MOJIe-
KYJISpPHBIE MPOIECChl B KJIETKaX MOAPOOHO mM3ydyanuck ¢ 1962 r., xorma Puroc-
ca OOHApYXWJI, YTO TEIUIOBOE BO3JIEHCTBHE CTHUMYIIUPYET SKCIPECCUIO HEKO-
TOPBIX T€HOB IJIOAOBBIX Myluek Drosophila melanogaster. Kogupyembie 3TH-
MU TeHaMU O€JIKU MOJTYYHIN BIOCIEICTBUE Ha3BaHUE OEJIKOB TEIIOBOTO IIOKA
(heat shock proteins, HSP). I[Tenswm ¢ konneramu uccienoBaiu 6€I0K TEMI0BOTO
moka apozoduiasl HSP70, aktuBupyeMslii ipu TemioBoM crpecce. [lensm uH-
TepraperupoBai 3ammuTHbIN 3¢ dext HSP70 npu temnoBoM crpecce criocoOHO-
CTBIO ATOTO OeJIKa pa3pyIiarh OSJIKOBBIE KOMILIEKCHI, (hOPMHUPYEMBIE HEYT0KEH-
HBIMH OCTTKOBBIMH MOJIEKYJaMHU B YCJIOBHSX TOBBIIIEHHOW TeMIEpaTyphl (110
Morange, 2005). Bnocnenctsuu runoresa [lensma o pyHKIIMU HEKOTOPHIX Oe-
KOB TEIJIOBOTO II0Ka OblLja UCIMOJIb30BaHa DJUIMCOM, KOTOPBIM Ha OCHOBAaHUU
naHHbIX [lemma u Apyrux uccieaoBareseil 3aKIoumni, 4To QyHKIUsS OEeTKOB-
[IAaTIEPOHOB B KOHTPOJIE YKIAJIKHU OCJIKOB MOKET ObITh OOIIEH 1 dKU3HEHHO BaXK-
HOM 1151 BceX kuBBIX 00bekToB (Ellis, 1987).

Bcxkope nociie mybnukanuu padoTel Diuirca ObUT MPEVIOKEeH TEPMUH «Il1a-
MIEPOHUH» JJI1 0003HAYCHHUS OOJIBIITNX OSITKOBBIX KOMIUIEKCOB, UTPAIOIINX POITH
B COOpKE OJIMTOMEPHBIX OCIIKOBBIX KOMIUIEKCOB. J|aHHBIN TepMUH OBLI BBEIICH
II0CJIE TOro, KaK OBbLIO ITOKAa3aHO, YTO OCJIOK KUIIEYHOM majiouku Escherichia
coli GroEL (HeoO0xoaumsIii 111 cOOpKH YacTHIl OakTeprodara \) roMOJIOTHYEH
PyOucko-cBs3pIBatolieMy O€lKy M3 XJIOPOIUIACTOB PACTEHUH (MMEHHO C 3TUM
oenkom paboraina nadoparopust Diuca) (Hemmingsen et al., 1988). Tlo3anee
MPEICTAaBUTENb TPYIIIHI MIATIEPOHUHOB ObLT HAMIEH Y TEKAPCKUX IPOXIKEH, a
MYTaHThI 110 Teny MIF4, xomupyroniemMy 3TOT O€JIOK, XapaKTepU30BaIUCh CHU-
KEHHOW CIOCOOHOCTBIO K UMIIOPTY OEJIKOB B MUTOXOHApUU. [lanbHeiiliee uc-
cienoBanue OenkoB rpynmnbsl Hsp60 mokasano, 4To 3T OEJIKM UMEIOT IIUPO-
Ky poib B (GoJIIUHTe OCNKOBBIX Iierei. Tak, XapTiioMm ¢ coaBTopamMu OBLIO

nokaszaHo, yto cyocrpar Hsp60, nuruapodonarpenykraza (DHFR), cnoco0-
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Hasi K CIIOHTaHHOM PEQOIANHTY B CUCTEME in Vitro, B *UBOU KJIETKE CBA3bI-
Bajach ¢ Hsp60 B HEynOKeHHOM COCTOSTHUU. Takum 00pa3oM, OeIKU TPyTMIbI
Hsp60 gomxHbI ObLIH CITIOCOOCTBOBATH YKJIAJKE 3TOTO O€JIKa, UTO Y>KE KOCBEH-
HO BIIMSJIO U HA COOPKY OJIMTOMEPHBIX OEJTKOBBIX KOMIUIEKCOB. DTH Pe3yJibTa-
ThI, onyOaukoBaHHbIE B 1989 T, U 3aJI0KWIM OCHOBY IMapajurMbl IIANIEPOH-

ormocpenoBaHHOTO GoauHTa nmonmnentuaHoi nenu (mo Hartl, 2017).

1.1.2 CemeiicTBa MOJIEKYJISIPHBIX IIATIEPOHOB

3a BpeMsi U3yUeHUsl MOJIEKYISPHBIX IANIEPOHOB ObLIO BBIIEICHO HECKOJIb-
KO OCHOBHBIX CEMEUCTB 3TUX OenkoB. OCHOBHBIMU CEMEMCTBAMH SIBIISIOTCS
Hsp60, Hsp70, Hsp90 u Hsp100. HenocpenctBeHHO 3a yKIaAKy OEJIKOB OT-
BeyaroT maneponsl rpynn Hsp60 u Hsp70; npencrasurenu cemerictea Hsp90
MPEUMYIIECTBEHHO YYaCTBYIOT B CTAOMIN3AIMK OCIIKOBBIX CTPYKTYP U PETYJIsi-
TOpHBIX mpoueccax, a Hsp100 orBercTBeHHBI 32 AT®-3aBUCHMBIN TPOTEOTU3
u ae3arperaiuio (cM. 0630p Saibil, 2013). Jlanee mbl 60J1ee MOAPOOHO OCTAHO-
BHUMCS Ha TIPEJCTABUTEIAX YKa3aHHBIX TPYIII MIAIIEPOHOB, TPEUMYIIECTBEHHO
doxycHpysch Ha cucTeMax, paboTa KOTOPBIX UCCIEAYETCS B TUCCEPTAITMIOHHOM

uccnegoBanuu - Hsp70 u Hsp100.

Cucrema Hsp70 u Hsp40. benku rpynnet Hsp70 urparot ogHy u3 kitoye-
BBIX poJieil B mporieccax ¢oyiiuHra Oeska Kak y MpOoKapuoT, TaK U y dyKapu-
oT. Hsp70 criocoOCTBYIOT KO- WU MOCTTPAHCISILIMOHHOMY (OJITUHTY HOBOCHH-
TE3UPOBAHHOM OETKOBOM 1T, TPAHCIOKAIMK OEJTKOB Yepe3 MeMOpaHbl opra-
HEJUI, a TAKXKE OMPENETAIOT Cy/Ib0y HENPABUIBHO YIOXKEHHBIX OEITKOBBIX MO-
nekyn win OenkoBwix arperatoB (Puc. 1, Mayer, Gierasch, 2019). [llaneponst
ATOMU TPYMIBI MPEACTABISAIOT U3 ce0sl JOMUHUPYIOILYIO (PPAKIUIO IIATIEPOHOB B
KJieTke. B reHome OONBIIMHCTBA AKUBBIX OPraHU3MOB IPUCYTCTBYET HECKOJIBKO
napajorUYHbIX T€HOB, KOAUPYIOIIUX OCJIKK ATOW rpynmbl. Tak, B TEHOME ue-
JIOBEKa MPUCYTCTBYIOT OK0J0 17 reHo, kogupyrouux Hsp70, y apoxokei S.
cerevisiae — 14, a'y puca — 26 (Powers, Balch, 2013; Kominek et al., 2013).

Kak u npyrue ocHOBHBIE TpYyMNIIbI MOJEKYJISIPHBIX I1anepoHoB, Hsp70 obnana-
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CUHTE3UpyoLLancs
uenb

TpaHcnouupyembIn
. 6enok

\ //' 6enok ¢ HapyLleHHow

Hsp70 ATQ yKIazaKon

amunoung &

cbopka/pasbopka onMromepos

Pucynok 1. Cxema npoueccoB, peryJiupyeMbIX MOJIEKYJISIPHBIMH HIATIEPO-
Hamu cuctembl Hsp70/Hsp40. Anantuposano u3 (Mayer, Gierasch, 2019).

10T AT®a3Hoi aktuBHOCTBIO. [ aponn3 AT® Heobxonum OenkaM 3TOi rpyHibl
1utst 9 PEKTUBHOTO B3aUMOICHCTBUS C GelKaMu-KIIMeHTaMu L.

benku cemerictBa Hsp70 xapakrepu3yroTcsi MOJEKYISIPHOW MacCOl OKO-
o 70 k/la W COCTOAT M3 JBYX OCHOBHBIX JOMEHOB — HYKIECOTH]-
ces3biBatotiero (ATdaznoro) nomena (nucleotide-binding domain, NBD) u
cyOcTpar-cBs3bIBaroNIero gomeHa (substrate-binding domain, SBD), a Takxe
HeOobioro C-KOHIIEBOTO JIOMEHa ¢ Heu3BecTHOU pynkuueit (Bertelsen et al.,
2008). NBD otBeuaer 3a cBa3piBanre AT® u AT®Da3Hyr0 aKTUBHOCTh I1arie-
pOHa, ero ykjiajka BO MHOTOM MOX0Ka Ha yKiIanaky apyrux ATdas3, Takux kak
aKTHH WK TekcokrHasa (1o Saibil, 2013). SBD HemocpeacTBEHHO y4acTBYET B
CBS3bIBAHUU OEJIKA-KJIMEHTA, B3aUMOJICHCTBUE C KOTOPBIM MPOUCXOJIUT B CIIE-

nuansHoi 6opo3sake (cleft). Ctpykrypa SBD cocTouT u3 ABYyX BaXKHBIX 2JIEMEH-

TOB - OCHOBHAA 4aCTb IOMCHA MMCCT YKIIAAKY «[-COHABUYA» U 0003HavaeTcs

1TepMI/IHBI «KIIMCHT» " ((CY6CTpaT)> YaCTO UCITOJIB3YHOTCA KaK CHHOHUMBI 110
OTHOIIICHHUIO K 6CJIKaM, Ha KOTOPBIC HAIIPABJICHA dAKTUBHOCTDH IIAIICPOHOB.
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Pucynok 2. Crpykrypa maneponoB Hsp70. [Tokazana npocTpaHCTBeHHas
CTPYKTypa (BBEpXY) U CXeMaTu4yecKoe n3oodpaxenue (BHU3y) Mosiekysl Hsp70
B COCTOsIHUH, CBsi3aHHOM ¢ AT® (cripaBa) unu AJ{® (cneBa) (MoaudunpoBaHo
u3 Saibil, 2013).

kak SBDg3, B To BpeMs Kak BTOpasi 4aCTh UMEET a-CIIUPATIBHYIO CTPYKTYpY (Zhu
et al., 1996). SBDa coenunen ¢ SBDS moaBM»XHBIM Y4aCTKOM U TIPEICTABIISA-
eT u3 ceds «kphiKy» (lid), koTopast urpaer BaxXHYI0 pojib B OCYILIECTBICHUN
¢byukiuu Hsp70. Ilpu cBsa3biBanuu cyocTpara B 6opozake SBD u akTuBanuu
AT®a3wr Hsp70 npoucxonst koHGOpPMAITMOHHBIE U3MEHECHHS B MOJICKYJIC II1a-
MIEPOHA, YTO MPUBOAUT K U3MEHECHUIO MTOJIOKEHHS KPBIIIKH OTHOCUTENBHO SBD
U €€ «3axJIONBIBAaHUIO». JTOT MPOIEcC 00eCIeYynBaeT HAJEKHOE B3aUMOJIEH-
CTBUE € CyOCTpaTOM U MPEMATCTBYET €ro MpeXIeBpeMeHHOM Aucconnanuu. Ha-
npotuB, 3ameHa AJ{® va AT® B NBD npuBoauT k BEICBOOOXKIEHUIO CyOCTpat-
Horo Oenka (Puc. 2).

I'uaponuz AT® npu cBsi3bIBaHUU CyOCTpaTa U BBICBOOOXKIIEHUE CyOCTpa-
Ta TPHU 3aMeHEe HYyKJIeoTuaa perynupyercs xodaxtopamu Hsp70, J-Genkamu
(Hsp40) u dakropamu obMena nykieoTuaoB (nucleotide exchange factors,
NEF). Hsp40 crumynupyror AT®a3nyto akruBHocTh Hsp70 mipu B3aumoneit-
CTBUU C KJIIMEHTHBIM OEJIKOM, TEM CaMbIM JleJiasl MPOIIeCC 3axBaTa KIMeHTa 00-

nee apdexruBabM (Puc. 3A). benku rpynmst Hsp40 (HazpiBaeMble Takxe Oe-
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KaMu ¢ J-oMeHOoM uiu J-0eKamMu OT Ha3BaHUs [IEPBOTO 0XapaKTEPHU30BAHHOTO
npencraBurens rpynmnsl Hsp40 - 6akrepuanbaoro 6enka Dnal) urparot BaxHel-

IIYIO pOJIb B ONPEACIIEHUN CyOCTpaTHON CIIEHU(PUYHOCTH ANIEPOHOB TPYMIIbI

A
Class B

\ J-6enok 1 & J
(Hsp40) \ )
dakTop 2 /

obmeHa
HyKI.

ADP ATP

KnueHTHbIA
Genok

Kpb\m‘%)

= | Nnkkep

Class AfRGEN GIF
Class B G/F |
Class C| |

r Class A

ATR
J \Q
Ca3siaHHbIli C

HSP70

Class B

Mo~ — o\

CB3siaHHblii ¢

WHrMbunpoBaHHbIv CBob6oaHbIn HSP70

Pucynok 3. Crpykrypa u ¢yHKuuu KomanepoHos rpynnbl Hsp40 (J-
0esikoB). A. Cxema, WILTIOCTPUPYIOLIAs HUKJ akTuBHOCTH Hsp70 u yuactue B
HeM J-OenkoB (amantupoBano u3 Craig, Marszalek, 2017). b. Jlomennas cTpyk-
Typa J-6e1koB Tpex ocHOBHBIX KiaccoB (A, B, C). JD - J-nomen, G/F - nomeH,
00OranieHHbIN MMUIMHOM U (PEHUTATaHUHOM, 1 U (5 - KIMEHT-CBS3bIBAIOLIUE
nomensl (CTDI u CTDII), DD - numepusanuonssiii jomeH. B. Mogens Tpex-
MepHOU cTpykTyphl J-Oenka kiacca B. HPD - MOTUB M3 aMHUHOKHUCIOTHBIX
OCTaTKOB T'MCTHUJIMHA, MTPOJIMHA U aclapariHOBOM KHUCJIOTHI, KPUTHUYECKHU BaXK-
HBI 1151 akTuBHOCTH J-omeHa. (b, B) amantupoBano u3 Mayer, Gierasch,
2019. T. Cxema B3aumoneiictBus Hsp70 ¢ Hsp40 knacca A (BBepXy) U Kiiac-
ca B (Bum3y). [lna kimacca B moka3zano BwicBOOOXkIeHue J-gomeHa ot G/F-
unrunbupoBanus (mo Faust et al., 2020).
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Hsp70 (o Craig, Marszalek, 2017; Kampinga, Craig, 2010). HeynuBurenbHo,
YTO KOJIMYECTBO T€HOB, Koaupyromux Hsp40, B reHOMax Mpo- 1 3yKapuoT 3Ha-
YUTEJIbHO MpEeBbIIIAeT KonyecTBO reHoB Hsp70 (Hanpumep, y yeaoBeka TaKux
reHoB 41, a 'y puca — 125 (Powers, Balch, 2013))

OCHOBHBIMH JJOMEHAMHU, IPUCYTCTBYIOIIMMH B cTpykType Hsp40, siBnsaroTcs
BBIIICYTIOMSAHYTHIN J-TOMEH U CyOCTpaT-CBSI3bIBAIOIINMI JOMEH. J-TOMEH OTBe-
yaeT 3a B3aumoseicteue ¢ Hsp70 u aktuBanuio AT®a3zsl (Greene et al., 1998);
KPUTHYECKYIO pOJIb B 3TOM IPOLIECCE MIPAIOT TPHU BBICOKOKOHCEPBATHBHBIX
oCTaTka B MmocliefoBareabHoCTH J-qoMeHa, popmupytonux HPD-motus (Tsai,
Douglas, 1996). B xone ctumynsuuu AT®a3Hoii aktusHoct HPD-MoTHB B3a-
UMOJICUCTBYET ¢ JIuHKepoM B cocTaBe Hsp70, a cam J-g0MeH Takke B3auMO-
neiicteyer ¢ NBD u SBDg (Kityk et al., 2018). B 6onbmmHCTBE ciydaes, J-
JIOMEH pacrionaraercsi Ha N-KoHIle 0enka, a cyOCcTpar-CBI3bIBAIOIINI TOMEH -
Ha C-KoHiIle, 3a cuet yero yacto ooo3navaercsi kak CTD (C-terminal domain).
B cBs3u ¢ Gonpinm pazHooOpaszueM J-OesKoB MX Pa3AesisaioT Ha HECKOJIBKO
rpynn. CortacHo OJTHOM U3 pacpoCTpaHEHHBIX Kilaccudukaruii, J-6emku Mox-
HO paznenuth Ha Tpu kiacca (Puc. 3b). benku knaccoB A u B cogepixar B cBo-
eil ctpykrype (ot N-koHna kK C-koHIy) J-omMeH, IoMeH, 00rarblii NIUIMHOM
u ¢enunananraoM (G/F-momen), 1Ba UAyMKUX TOAPS] KJIUEHT-CBI3bIBAIOIINX
nomena (CTDI u CTDII, unu 3, u f5;), a Takke JUMEPU3AIMOHHBIN JIOMEH
(CTD). benku knacca A oranyaroTcs ot kiacca B Hanmmumem B coctaBe CTDI
Zn*"-CBA3BIBAIOIIETO peruoHa, a Takxe CpaBHUTEIbHO MeHbIel juHon G/F-
nomeHa. [IpencraBurenu Tperhero kimacca J-6enkoB (kimacc C) umeror gocra-
TOYHO Pa3HOOOPA3HYIO CTPYKTYpPY, MpUYEM J-JOMEH B 3TOH CTPYKType MO-
JKET pacrojiaraThCs B pa3jIMYHBIX ydacTKax Oeyika, a He Ha N-koHie (Mayer,
Gierasch, 2019).

BaxupiM (yHKIMOHAIBHBIM OTJIMYMEM HEKOTOphIX OenkoB Kiacca B
SBJSIETCS HaJIMYUE OCO00ro MexaHu3ma peryisiuu, HasbiBaemMoMm G/F-
unruouposanuem (Faust ef al., 2020). Ilpu B3auMoaecTBUU C KIHMEHTOM J-
JIOMEH y TaKuX OEJKOB OCTaeTCsl HeCcrocoOHbIM akTuBHpoBaTh ATdazy Hsp70

3a c4eT Toro, 4ro ero B3aumoneictsue ¢ NBD Hsp70 unrubuposano G/F-
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JOMEHOM. [[7151 0CBOOOXKIEHUS OT 3TOT0 MHTMOUPOBAaHUS HEOOXOAMMO B3aUMO-
nericreue CTD J-6enka ¢ EEVD-moruBom Hsp70 (Puc. 3T). Tonbko mocie 3to-
IO B3aMMOJIEHCTBUSA BO3MOXKHO CBs3bIBaHuE J-momeHa ¢ Hsp70 u akruBanuun
AT®a3b1. Crout 3aMeTuth, yto Tporecc G/F-uHrubupoBanus BakeH Kak st
pedonauara 6€KOB, TaK U I Ae3arperanuu ammwion10oB (Faust et al., 2020).
210 cornacyercsa ¢ JaHHbIMH O ToMm, 4T0 EEVD-motuB Hsp70, oTBevarommit
3a ocBoOOkIeHue oT G/F-uHrnbupoBanus, BBICOKOKOHCEPBATUBEH, a €r0 U3Me-
HeHue HeraTuBHO BiusieT Ha ATda3znyro aktuBHOCTH Hsp70, ero cBsizbiBaHue
C KJIMEHTOM, a TakXe Ha crocoOHOCTh cuctembl Hsp40/Hsp70 ocyiecTBasTh
pedonaunr (Freeman et al., 1995). Hanuune mexanuzma G/F-unrubupoBanus
MOXKET UTpaTh BaXKHYIO pOJib B oOecriedeHun crnenupuaHoctu J-0enkoB — B
YaCTHOCTH, B UX MPEANOUYTUTEIHLHOM B3aUMOACHCTBUU C aMUJIOMIHBIMU arpe-
raraMu y BBICIIHUX 3YKapHoOT (IpuMep CEIEKTUBHOCTH MOKa3zaH B Scior ef al.,
2018).

Hekotopble uccnenoBarenm oTMEUYarOT HEIOCTATKU TaKOW Kilaccu(ukanuu
J-6enkoB (Craig, Marszalek, 2017). Tak, MHOTHE HEPOACTBEHHBIE IO MPOUC-
XOXKJICHUIO J-0€JIKH, CUJIbHO OTIMYAOIIHMECS MO MOCIIEN0BATEIbHOCTH, OKa3bl-
BalOTCS OTHECEHBI K OIHOMY KJjlaccy. B yacTHOCTH, 3TO XapaKTepHO AJIs TPEThe-
ro kiacca (C), B KoTopoM 00beIMHEHbI Bce Oenku, He Hecylnne N-KOHIIEBOM
J-nomen u G/F-6oratsiii JoMeH. B cBsI3u ¢ MOAOOHBIME HETOUYHOCTSIMU, TIPH-
CYTCTBYET HEOOXOJUMOCTh B pa3paboTke MHOU kinaccudukanuu J-6enkos. Ha-
pUMep, OCHOBOM sl BBIJICTICHUS TOATPYTII MOXKET SBJIATHCS HAIMYUE Xapak-
TE€PHBIX CTPYKTYPHBIX AJIEMEHTOB, TAKUX KAK KIIMEHT-CBS3bIBAIOIIUIN JOMEH CO
CTPYKTYpo#l (-00uoHKa (IpUMEpP CTPYKTYpPhl TAKOro O€JiKa, OTHOCAIIEToCs K
kiaccy B no tpagunmonnoit knaccuduxainuu, npencrasied Ha Puc. 3B). Io-
MHUMO CTPYKTYPBI, IJisl pa3fiesieHus J-0eIKoB Ha TPyl MOKHO HCIOBb30BaTh
KIueHT-crnernupuaHocth. Hanmpumep, cpean J-6eTK0B MOXKHO BBIIEIUTH OCITKA
C HU3KOM cyOcTpaTHOM criennpUIHOCTHIO, B3aUMOICHCTBYIOIIUE C Pa3TUYHbI-
MU KJIMEHTaMU, TaK U ¢ KOHKPETHBIM OeJTKoM WiH rpynmoit 6enkoB (Kampinga,
Craig, 2010; Craig, Marszalek, 2017). [Ipumepom J-6enka co cnienupuaHbIM

KJIMEHTOM SIBJIIETCSl ayKCWIMH (Swa2 y JIpOoxoKel), y4acTBYIOIIUI B MpoIlec-
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ce yaJIeHHsl MOJICKYJI KJIaTpUHA C MoBepxHOCTH Be3ukyn (Krantz et al., 2013;
Rosenzweig et al., 2019).

YenemrHoMmy nporekaHuto maneponHoro 1ukia Hsp70 Ttakxke crocoOCTBy-
10T akTopbl 0OMEHA HYKJIEOTUA0B (cM. 0030p Rosenzweig ef al., 2019). Otu
OenKu CTUMYIUPYIOT BhICBOOOXKIeHnE A JID, mociie 4ero mpoucxXoauT CBA3bIBa-
Hue HOBOUM Mosiekynbl AT® u qucconumanus kireHnta. NEF MoxkHO pa3nenuTh
Ha YEeTbIpe OCHOBHBIX CEMENCTBA, XapaKTEPU3YIOLIUECS PA3IMYHOU CTPYKTY-
poit u npoucxoxaenueM. Y npokapuot ¢yHkiuu NEF BeIonHSI0OT O€IKH, T0-
monoruunsie GrpE E. coli; y sykapuort xe NEF npencraBnensl Tpemsi cemeni-
cteamu: HSP110, Bag u Armadillo. UnaTepecHo, uto Genku rpynnsl Hspl110
(Ssel y npoxokeit) sIBISIFOTCSE roMosioramu manepoHoB Hsp70 u uMmeroT moxo-
XKyro TpoctpancTBeHHYyI0 cTpyktypy (Liu, Hendrickson, 2007). 3amena Hyk-
neotuaa npu Bzanmoaectsuu Hsp110 u Hsp70 obecrieunBaeTcst mpsiMbIM B3a-

umozeiicteueMm ux NBD (Schuermann et al., 2008).

CemectBo Hsp100 u ux poJas B aesarperauum. benku cemeiictea Hspl100,
B OTJIMYME OT WIANEPOHOB MHBIX CEMEMCTB, CIELUATU3UPYIOTCS Ha Pas3Bo-
paunBanuu (unfolding) GenKOBBIX MOJNEKYT W MpuUHUMAIOT ydactue B ATO-
3aBUCUMOM mpoTreonu3e (cMm. o03op Saibil, 2013). B ominuue ot OenkoB cu-
cteMbl Hsp40/Hsp70, renst, kogupytomue Hsp100, ecth He y BCeX OpraHu3MoB
U TIpeJicTaBIeHbl equHnYHbIMU KotusiMu (Powers, Balch, 2013). Hsp100 otHo-
csaTes K cynepcemeiictsy AAA+ (ATda3, accorMupOBaHHBIX C pa3HOOOPA3HBI-
MU KJIETOYHBIMH AKTUBHOCTSIMH), KOTOPOE BKJIIOYAET B c€0s OO0JIbIIOE KOIHYE-
CTBO OEJIKOB, NMPUCYTCTBYIOIINX Y BceX opranu3moB (Snider et al., 2008). Xo-
potro uzydensl Takue npeacrasutenu rpymnmbsl Hsp100 kak ClpA, ClpB, HsIUV
u Hsp104. ITpumepom 6enkoB Hsp100, npuHUMaronux y4yacTue B MpOTEOIUTH-
yeckol aerpananuu 0enkos, siBisiercst HslU E. coli, a Taxxe maneponsl CIpA,
ClpC u ClpX, paboraromiue B komruiekce ¢ mporeazoid ClpP (Duran et al., 2017).
Kommieke HsIUV, ocymectusiroruii AT®-3aBUCUMBIN MPOTEOJIHA3, COCTOUT
u3 1Byx konen — AT®-a3znoro, popmupyemoro mamneponom HslU, u npore-

azHoro, cocrosmero u3 Mojiekya HslV (Wang et al., 2001). Konbiio HslU ot-
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BEYACT 32 pa3BOpaYMBaHUE OCIKOBBIX MOJIEKYJ MEpe]] UX B3aUMOJICUCTBUEM C
nporeas3oil. Kaxioe u3 Konen xapakrepu3yeTcs NreKCaMepHOU CTPYKTYpPOM; Ta-
Kast hopMa ABJISAETCS XapaKTepHOU 1715t OeTkoB cymepcemeiictBa AAA+ (Snider
et al., 2008). B cepenvHe Kojblia pacrnojaraeTcs [eHTpalbHbIN KaHa (1opa),
BBICTJIAHHAS ME€TIIEBBIMU IOMEHAMH IIANIEPOHA, YYaCTBYOIIMMHU BO B3AaUMOJIEH-
CTBHUH C CyOCTpaToOM.

B otnuwme or npyrux 6enkoB rpynmsl Hspl00, yuactByromux B AT®-
3aBUCUMOM TMpoTeonuse, oenku Hspl04 npoxokeit S. cerevisiae u ClpB 0ak-
Tepuil E. coli XxapaKTepu3yloTcs YHUKAIHHOU CITOCOOHOCTHIO K JIe3arperamiun
(cm. 0030p Shorter, Southworth, 2019). Kak u apyrue npeacraBurenu ce-
metictBa, ClpB u Hsp104 dhopMupyroT KoJblieBbIe T€KCaMepbl, MOHOMEPHI KO-

TOpPBIX 00pa3yloT IHeHTpalibHyl0 Topy manepona (Duran et al., 2017) (Puc.

Hsp104

B3aumopeicTeue netens nopsbl
¢ cybctpatom

Pucynok 4. IIpocrpancrBennas crpykrypa aesarpera3 Hsp104 u ClpB. I1o-
kazanbl Mojienu cTpykTypsl Hsp104 (cnesa) u ClpB (B uentpe). [IpuBenen Bun
cBepxy u Buj cooky. NBD1, NBD2 — Hyki1€oTH1-CBSI3bIBAIONINE JOMEHBI 1 1
2. CnpaBa — mpocTpaHCTBEHHAs cTpyKTypa B3aumoneiicteus NBD1 u NBD2
Hsp104 ¢ cyGcTparoM B MOJOCTH IIEHTPAIBLHOTO KaHana (MOAU(PHUIIUPOBAHO U3
Shorter, Southworth, 2019).
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4). Monomep apoxxkeBoro Hspl04 cocToWT u3 HECKOJIBKHX OCHOBHBIX J0-
MeHOB: N-tepmuHanbhblii JoMeH (NTD), nepBblili HyKII€OTUA-CBA3BIBAIOLIUN
nomeH (NBD1), cpennuit nfomen (middle domain, MD), Bropoit HyKI€eoTH-
ces3biBatomuii JoMeH (NBD2) u C-repmunansubiii nomen (CTD). B coctase
NBDI1 u NBD2 pacnonaratorcst BBIcOKOKOHCepBaTHuBHBIE MOTHBBI Walker A u B
U pAIl APYTUX CTPYKTYP, HEOOXoauMBbIxX s ruaponnsza AT® (Sweeny, Shorter,
2016). NBD1 u NBD2 Takxe ¢popmupytoT u ocHoBHO# kaHain Hsp104 (Puc. 4,
cipasa). B xone aesarperanuu, rekcamep Hspl04 nepemeniaercs Bionb 6en-
KOBOI 1IN 33 CYET CKOOPAUHUPOBAHHBIX JIBUX)KEHUIN OTJEIbHBIX IPOTOMEPOB.
JIBU>KEHME OJTHOTO U3 IPOTOMEPOB BHU3 IO OCHU CyOCTpaTa COMPOBOXKIAETCS aK-
TUBAIMEN COCEIHEro MPOTOMEPA U €T0 NMEePEMEIIICHIEM BBEPX 0 OCH CyOCTpa-
Ta. AHAJIOTHUYHBIE JIBU)KEHHUS 3aTE€M COBEPIIAIOTCS CIEAYIONIeH Mmapoil mpoTo-
MEpOB B rekcamepe (Takoi MeXaHW3M MOJy4Yusl Ha3BaHUe «TpeuloTku» (Gates
et al., 2017)). JIBmxenus sBiastorcs AT®-3aBUCUMBIMH B 00€CTICYMBAIOTCS aK-
tuBHOCTHI0O NBD1. N-KkoHI11€BO# foMeH O6enkoB cemericTBa Hsp100, ckopee Bee-
IO, BEICTYIIAET B POJIU PETYIATOPHOTO AMEMEHTA («KPBIIIKNY ), CTIOCOOHOTO OJ10-
KHPOBAaTh JIOCTYIl B OCHOBHOM KaHaJ IIaNepoHa MOCie CBI3bIBaHUS cyOcTpaTa
(takas Omokuposka nokazana st ClpB (Deville ef al., 2017)). Ilomumo 31oro,
NTD Takke npuauMaroT yuactue Bo B3aumoseiicteun Hsp104 u ClpB c marne-
pOHaMHM JIpyTux rpyii, B yactHocTH, ¢ Hsp70 (Lee et al., 2017). 910 yka3piBaet
Ha poib NTD B 00111eM KOHTpOJIE B3aUMOJICHCTBHUS IIAIEPOHA C CYOCTpaTOM.
Perynsaropnas ¢ynkuus xapakrepHa u ajas NTD apyrux npeacraButeneit ce-

merictBa Hsp100 — nanpumep, CIpA (Cranz-Mileva et al., 2008).

Huble rpynnbl manepoHoB. [0BOpsi 0 MOJEKYISIPHBIX IIAIEPOHAX U UX POJIU
B KOHTpPOJIE KauyecTBa OeJka, Hellb3s1 000MTH BHUMaHUEM IIPEICTaBUTENEH JIBYX
BaXHBIX ceMelcTB - Hsp60 u Hsp90. benku rpynmnet Hsp60, Ha3piBaeMble Tak-
e [IAalepOHUHAMH, PA3AEISIIOTCS Ha IBE TPYIIIbI, IEpBasi U3 KOTOPBIX BKJIKOYA-
et 6akrepuanbubie 6enku GroE, a Bropas — 3yKapHOTHYECKHE HIaNePOHUHBI
CCT (cm. 0630p Saibil, 2013). [llanepoHUHBI UTPAIOT BAXKHYIO POJIb KaK B (oOJI-

TUHTE OEIKOB de novo u cOOpKe OEITKOBBIX KOMIUIEKCOB, TaK M B PeOIIMHTE
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noBpexAeHHBIX OenkoB (Hemmingsen et al., 1988; Goloubinoff et al., 1989).

Hsp60, xax u Hsp100, ¢popmMupyroT KOMIUIEKCHI B BUJE KOJbIA, & KaX-
JI0€ KOJIBLIO MPEJCTABICHO CEMBIO U Ooiee MOHOMEpaMHt. Tak, OaKTepuaIbHBIMI
Hsp60, GroEL, popmupyeT n1BoiHOE KOIBIIO0 MOJIEKYJIIPHBIM BecoM Oosee 800
k/la, kKoTopoe cBs3BIBaET CyOCTpAT B LIEHTpE KoJblla. Jlpyras cyObeMHuIIa 111a-
nepoHnHHOTO KomIutiekca, GroES, ces3biBaetcs ¢ GroEL, dopmupyst «kpsbiii-
ky» (lid), u3onupyrouryro BHyTpeHHEE TPOCTPAaHCTBO U cyocTpar (Martin et al.,
1993). Takum 06pa3om, manepoHUH (GOPMHUPYET H3OJIUPOBAHHOE MPOCTpaH-
CTBO («KJETKYy AH(PUHCEHA»), TTO3BOJIAIONIEE CyOCTpary MpOXOJUTh CIIOHTAH-
HBII nponecc (ponauHra i OCTaBaThCs B HEYJI0KEHHOM COCTOSIHUM B MOJIOCTH
HIarepoHUHA.

B otnnuue ot maneponnnoB Hsp60, ocHOBHOM (pyHKITHEH OEIIKOB TPYTIIIBI
Hsp90, no-Buaumomy, sBisieTcsi He obecnieueHue (HoyiauHra de novo uim pe-
donauHra, a peryiasiuus BHYTPUKIETOYHBIX MTPOLIECCOB 3a CYET CTAOMIN3AIUU
OEJIKOBBIX CTPYKTYp M OOECIeueHUs CO3peBaHMs OCIKOB-KIMEHTOB (CM. 0030-
pst Taipale et al., 2010; Saibil, 2013). KonudecTBO reHOB, KOTUPYIOMIMX OCITKH
cemerictBa Hsp90, y pa3HbIX OpraHM3MOB 3HAYUTENBHO HUXKE, YeM 11 Hsp70
(Powers, Balch, 2013). Hsp90 npunuMaeT yyactue B peryisiiiiy nepeiauu CUr-
Haja CTEPOUJIHBIMUA TOPMOHAMH 32 CUET B3aUMOJICHCTBUS C COOTBETCTBYIOIIIN-
MU perienitopamu. Otmedena takxke GpyHkius Hsp90 B ctabunmzanum ykiaaku
OEJKOB ¢ U3MEHEHHOW MOCIJIEI0BATEIbHOCTHIO, KOMIIEHCUPYIOILAsl TEM CaMbIM
HeratuBHbIE 3 PexTrl MyTaruil. Hanbomnee ymuBUTEIbHBIN TPUMED TaKou «Oy-
dbepuzanum» MoKazaH B UCCIEAOBAHUSX MMOTEPH TI1a3 y neniepHbix poio (Rohner
et al., 2013).

[ukn aktuBHOCcTH HSp90 Takke conpsizkeH ¢ rugponn3zom AT®. ['uaponus
AT® 1 3aMeHa HYKJICOTHIOB COMPOBOXKIAIOTCS 3HAYUTEIILHBIMU KOH(pOpMaIiu-
OHHBIMHU U3MEHEHUSIMU B MOJIEKYJIE IIanepoHa. boJbliyto poiib B BHINOTHEHUN
Hsp90 cBoux (yHKUMI UTparOT KOIIANIEPOHBI, CIOCOOCTBYIOIINE CBSI3bIBAHUIO
KJIMEHTOB M B3aMMOJICHCTBYIOIINE C IIAIEPOHOM B PA3JIMYHBIX €r0 ydacTKax
(Taipale et al., 2010).
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1.2. Ilpuonsl gpoxskeit Saccharomyces cerevisiae
1.2.1 TIpuoHBI U AMHJIOHABI

[Tpuonb! ObUTH OTKPBITHI KaK MH(GEKIIMOHHBIE areHThl OSIIKOBOM MPUPOJIHI,
MIPEICTABISIONINE U3 Ce0SI CAaMOBOCTIPOU3BOISIIHNECS KOH(POPMAITMOHHBIC Ba-
pUAHTBI HATUBHBIX OCJIKOB. I 'Mmore3a o0 TOM, 4TO OEIKOBBIC MOJICKYJIBI MOTYT
UMeTh MH(DEKIIMOHHBIE CBOMCTBA, OblIa TpeiokeHa [Ipy3unepom s oObsic-
HEHUSI MEXaHNU3MOB BOZHUKHOBEHHSI HEKOTOPHIX 3a00JI€BaHUH YEIIOBEKA U JKU-
BOTHBIX, OObEIMHSAEMBIX B IpyNIy HHPEKIMOHHBIX I'yOUaThiX 3HIEdasonarun
(Prusiner, 1982). K 1982 1. Hakonmuiioch 10CTaTOYHO TaHHBIX, CBUICTEIIHCTBYO-
IIUX, 4TO MH(QEKITMOHHBIN areHT, BBI3BIBAIOIINI 110I00HBIC 3a00JICBaHUS, UME-
€T HEBEPOSTHO MaJIbIE pa3Mephl, YCTOMYNB K KHUITSTYCHUIO, 00pabOTKEe HYKIIC-
a3aMH M yabTparIbTpamu, 1, CIeI0BaTeIbHO, HE SBIISICTCS HU OaKTepuel, Hu
BHUPYCOM, HU JIOOBIM JPYTUM M3BECTHBIM Ha TOT MOMEHT MaTOT€HOM, a TaKKe
HE COJIEPIKUT HYKJIEMHOBBIX KUCIOT. J[J1s1 00bsicHeHNs HaOII0MaeMoi KapTHHBI
[Ipy3uHEp MpeIOKIIT TUTIOTE3Y O TOM, YTO CyOCTaHIIMS, BBI3BIBAIOIIAS TAKHUE
3a0oneBanus kak 6osxe3nb Kpeiindenbna-Akoda, Kypy Wil CKpIMH, SIBISETCS
OeTKOBOW MOJIEKYI0M (TIPUOHOM), CIIOCOOHON K BOCTIPOU3BEICHNIO COOCTBEH-
HOW CTPYKTYpHI 32 CUET U3MEHEHUSI KOHPOPMAIIUN TaKUX K€ OCTKOBBIX MOJIC-
KyJ1 B 3apaykKaeMOM OpT'aHU3ME.

[To3aHee OBLTO YCTAHOBIIEHO, YTO BCE OMUCAHHBIE 3a00JI€BaHUS CBSI3aHBI C
HapyIHeHusIMU KoHpopManuu ogHoro Oenka - PrP, a cneruduyeckas cummnro-
MaTHKa Ka)X70ro 3a00IeBaHMS OMPEALIIICTC TEM, KaKylo KOH(OPMAIIUIO TIPH-
HumaeT PrP. Beuto mokaszaHo, yTo B MO3re MOpaXeHHBIX OPraHM3MOB HaKarl-
JIUBAIOTCA crienuduieckrue GuOpUILIIpHbIE CTPYKTYPHI, hOpMUPYEMBIE OEITKOM
PrP (Merz et al., 1984). Ilo3nHee noxoxue CTPYKTYpbl, (HOpMHUpPYEMbIE IPYTH-
MU OeKamu, ObLIM OOHApY)KEHBI TIPH TaKUX HEHpOJeTreHepaTHuBHBIX 3a00J1e-
BaHMSIX YeJIOBEKa, Kak 00s1e3Hb Asblireiimepa, 6one3ns [lapkuHcona, 6oe3Hb
XaHTUHTTOHA. DTH 3200I€BaHUS HE SBISIOTCS WH()EKITMOHHBIMHU, HO TAKXKE Xa-
pPaKTEepU3yIOTCS HAKOIUIeHneM OeNKoBbIX Oisimek B Mmosre (mo Uversky, 2010).

AFpGFaTBI, O6Hapy}KeHHLIe B MO3T€ OOJIbHBIX IMPUOHHBIMHA 3a6OJICBaHI/IHMI/I,
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UMEIOT aMHJIOMJHYIO0 TPUPOAY. AMUIOUIBI XapaKTEPU3YIOTCS BBICOKOYMOPS-
JIOYEHHOU CTPYKTYpOH, B KOTOPOI COCEIHNE MOHOMEPHI Oelika B arperare co-
CAMHEHBI IPYT C IPYTOM 3a CUET MEKMOJICKYISPHBIX BOJOPOAHBIX CBsI3eH (I10-
npoOHee cM. 0030pbl Wickner et al., 2013; ladanza et al., 2018; Matiiv et
al., 2022). MoHOMEpHI B COCTaBe TUIUYHON amuionaHon (Gubpusisl obpa-
3YIOT «CTEPUYECKYIO 3aCTEKKY» — TECHO CBSI3aHHYIO KOHTAKTHYIO MOBEpX-
HOCTb, CPOPMHUPOBAHHYIO OOKOBBIMH paIUKaTIaMU aMUHOKHCIOTHBIX OCTATKOB.
3a cyeT Takoro IJIOTHOTO KOHTaKTa MOHOMEPOB aMUJIOUIBI TaKkKe Mpuodpera-
IOT PSJl XapaKTePHBIX CBOMCTB, TAKHE KaK YCTOMYMBOCTHh K 00pabOTKe JeTep-
TeHTaMU U NMpoTeazaMu. AMUIIOUIHBIC arperarbl TaAKKe OKPAIIUBAIOTCS PSIIOM
aMUJIOUA-cieIM(PUUECKUX KpacuTesen, TaKuX Kak KOHIO KpacHbId U THOodJIa-
BuH T (cM. 00630p Matiiv et al., 2020).

Tax kak 1 MpUOHHBIE 0OJIE3HU, ¥ BHIICYTOMSIHYThIe HEMH(EKITMOHHBIE HEH-
polereHepaTuBHbIE 3a00JI€BaHUs COMPOBOXKAAIOTCS 00pa30BaHHEM aMUIIOU/I-
HBIX arperatroB Bce ATH 00JIe3HU ObUTH OObEIUHEHBI B IPYIIY aMHJIOUI030B,
a COOTBETCTBYIOIIIHE arperatbl 00bSUHSIIOTCS B TPYTITY MAaTOJIOTHYECKUX aMHU-
aounoB (cMm. 0030p Matiiv et al., 2020). B To ke Bpemsi, 3a nocieaHue rojbl
OBLIO OXapaKTepU30BaHO OOJIBIIOE KOJIMYECTBO OENKOB, (POPMUPYIOIIUX aMHU-
JIOUJTHBIE arperarhbl IPU HOPMAJIbHBIX YCIOBHSX; 111 HEKOTOPBIX U3 OCIIKOB ObI-
Ja TMoKa3aHa (PyHKIIMOHAJIbHAS BAYKHOCTh TAKMX aMUJIOHUIHBIX arperaroB (CM.
0030p Sergeeva, Galkin, 2020). OgHuM U3 NPUMEPOB MOXKET SIBIATHCA OEJIOK
Fxrl kpeicel Rattus norvegicus, GopMupyoIui aMmmion sl B mo3re. [Ipeamno-
Jaraercs, 4To ATH arperarsbl perynmupyroT crabunsnocts PHK (Sopova ef al.,
2019).

Ha nannbiif MOMEHT He cyniecTByeT 3(OPEKTUBHBIX METOJOB JICUCHUS aMHU-
JIOMI030B YEJIOBEKA U )KMBOTHBIX. KpoMme TOro, HEM3BECTHBI CBOICTBA, OTJIINYA-
IOIIIHE MMATOJIOTUYECKUE aMUTIOMAHBIEC arperarsl OT GyHKIMOHAIbHBIX. [ pe-
IIEHUS ATOM MPOOIEMBI, @ TAKXKE JIJIs1 CO3/IaHMS TTOIXO0B K TEPAIUKU aMUIIOU10-
30B, PUOHBI ¥ AMUJIOU/IbI AKTUBHO U3YYalOTCS B MOJIETIBbHBIX OMOJIIOTHYECKUX
CHUCTEMaX, B TOM UHCIIE, U B IPOXKKaX S. cerevisiae. Kak U y BBICILIUX 3YKAPHUOT,

y ApOXoKel 0OHapy>KEHbI KaK MPUOHBL, TAK U HEMH(PEKIIMOHHbIE (DyHKIMOHAIb-
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HbIe amuiion bl (mogpobuee cM. Ryzhova ef al., 2018).

1.2.2 Pa3Hoo0pa3ue u CBOiICTBA MIPUOHOB JAPOAKeN

[TpuonbI mekapCKux APOKIKEH OB OOHAPYKEHBI ele B cepennae XX BeKa.
B otnruue oT mpruOHOB YeIOBEKa U JIPYTUX MIICKOMUTAIOUIUX, IPUOHOTIO00-
HBIE JIETEPMUHAHTHI JIPOAOKEH ObUIM OMMCAaHbI KaK IIUTOIIA3MaTHYECKUE Ha-
CJIEJICTBEHHBIE (paKTOPHI HEM3BECTHON MPUPOJIBI, XapaAKTEPU3YIONTUECS JOMHU-
HAHTHBIM HEMEHJIEJIIEBCKUM HacienoBanueM (mogpooOnee cm. Liebman, Cher-
noff, 2012; Crow, Li, 2011). ITepsbiM Takum axropom ctan ¥ ([PSI']), or-
kpoIThiii Kokcom B 1965 1.. DTOT (hakTOp XapakTepr30oBaics OMHUIIOTEHTHBIM
HOHCEHC-CYIIPECCOPHBIM (DEHOTHUIIOM, T.€. CIIOCOOHOCTHIO MOAABIATH (PEHOTH-
nu4eckoe nposieinenre Houcenc-mytanui (Cox, 1965). Ha Tor MoMeHT npu-
POy TaHHOTO (PaKTOpa YCTAaHOBUTH HE YIaOCh. BTOPBIM OTKPBHITHIM IPUOHOM
npoxokeit ctan gaxtop [URE3], onucannsiii Jlakpy B 1971 1. (Lacroute, 1971).
Knerku, Hecyume [URE3], Morn ycBauBaTh O€iHbIE HCTOYHUKH a30Ta, TAKUE
KaK YPeU0CYKIIMHAT, B IPUCYTCTBUH OoJiee OOraThiX, HAPUMEP, HOHOB aMMO-
aust (NH, ).

B 1994 1. Buknep ucnonbs3oBan rumnore3y [Ipy3uHepa aiis o0bsiCHEHUS TIPU-
ponbl pakropoB ¥ u [URE3] (Wickner, 1994). Buxkuep chopmynuposai oc-
HOBHBIE TEHETHUECKUE KPUTEPUU, HEOOXOIMMBIE JIJIsl OKA3aTebCTBA MPUOH-
HOW Tipuponb! pakrtopa: 1) GpeHoTunMyeckoe mpospieHrne GakTopa COBMAAAET
¢ ()EHOTHUIIOM JICNICIINU €T0 CTPYKTYPHOTO I'€Ha WUJIM ero MyTauuw; 2) dhaktop
noJiBepraercsi 00paTuMOMy HM3JICUEHHUIO, T.€. KJIeTKa, MOTEepsIBIIas MPUOHHBIN
bakTop, MOXKET BHOBb MPHOOpECTH ero 6e3 BHENTHUX BO3JACUCTBUI; U 3) Bpe-
MEHHAsI CBEpXIKCIIPECCHSI CTPYKTYPHOTO r'eéHa MPUOHHOTO (haKTopa yBEeInYnBa-
€T 4actoTy ero Bo3HukHoBeHus (Wickner, 2012).

Benku, ABISIOMUECs CTPYKTYPHBIMU JE€TEPMUHAHTaMK NPHOHOB [PSI'] u
[URE3], naBHO ycraHoBieHsl. IIpron [PSI'] sBisercs albTepHATHBHBIM KOH-
dbopMalimoHHBIM BapuaHTOM (pakTopa TepMmuHanuu Tpanciasauuu eRF3 apox-
xel, Sup35. HonceHe-cynpeccust, Habmogaemast rpu nepexozae Sup3S B npu-

OHHYIO (POpMY, BO3HHMKAET CIEAYIOIUM O00pa3oM: MpH MpUOHU3AIMH Sup35
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KOHIICHTpAIMs €r0 HOpMaJIbHOM (hOPMBI CHUXKAETCSA, B PE3YJBTATe YETO HE MPOo-
ucxoauT YPGEKTUBHON CTUMYIISIIUU aKTUBHOCTU APYToro (akropa TepMHUHA-
uuu, eRF1 (Sup45). Kak ciencrBue, noHmxkaercs 3ppeKTUBHOCTh TEPMUHALIUN
TPAHCJISIMK, YTO MPUBOANUT K YBEIMUYEHHUIO YACTOTHI IPOYTCHHS TPEIKICBPE-
MEHHBIX CTOI-KOJOHOB KaK 3Ha4amux. B pe3ynsrare 3Toro mpoiiecca yBeaIndu-
BAETCS 4aCTOTa CHHTE3a MOJHOPAa3MEPHOTO (PYHKITMOHAILHOTO MPOIYKTa TeHA,
COZIepKaIlero HOHCEHC-MYTAIUIO, UTO BEAET K Cynpeccuu €€ (heHOTUITNIECKO-
ro niposieiieHus (o Liebman, Chernoff, 2012). ITpu 3ToM koMOMHAaIMs TPHOHA
[PSI*] ¢ onpeneneHHbBIMU MECCEHC- U HOHCEHC-MYTALMAMU sup4.5 TPUBOIUT K
CJIMIIIKOM CHUJIBHBIM Jie(heKTaM TePMUHAIIUU TPAHCISIINHN, BBI3BIBAIOIIINM CHH-
TeTudeckyto getanbHocTh (Kiktev ef al., 2007).

CrpykrypHbIM reHoM aerepmuHanta [URE3] aBnsiercs ren URE2, konupy-
o (hakTop KaraboMuTHOM penpeccun. B HOpMe, pu Hamu4wu B cpefe 60-
raTbIX KICTOYHHUKOB a30Ta, Ure2 HHruOupyeT akTUBHOCTh TPAHCKPHUIIIIHOHHOTO
dakropa GIn3, akTuBUpyIoIEero paboTy reHOB aCCUMWIISIIIUKN YPEUI0CYyKIIMHA-
ta. [Ipu nepexone Ure2 B npuoHHY10 (hOpMY OH HE CLIOCOOEH MPENsTCTBOBATh
aktuBHOCTH GIn3, 9TO MPUBOAMT K aKTUBAIIUY TEHOB ACCHMILISIINH YPEHIOCYK-
[MHATa U ero NOTPeOJICHUIO U3 CPeJibl Jaxke MU Haauuuu 6osee 3 HEeKTUBHBIX
ncrouyHukoB azora (Wickner, 1994).

Kak u cooTBercTByIONIME OENKH BBICIIUX AYKAPUOT, IPUOHOTEHHBIE O€JI-
KU JIPOXOKEH MU TMepexojie B MPUOHHYIO KOHPOpMaui (GOpMUPYIOT IJIMH-
HbI€ HEPa3BETBIICHHbIEC (PUOPUIUIBI, KOTOPhIE UMEIOT AMHIIOUAHYIO CTPYKTYPY
1 Ha0Op XapaKTEepHBIX CBOMCTB. Hanmmure Takux OETKOBBIX arperatoB MOXKHO
YCTaHOBUTH TMPH MOMOIIHU TMONYACHATYPUPYIOIIETO 3JIeKTpodope3a B arapos-
HoM rene (SDD-AGE) (Kryndushkin et al., 2003), a Takxe Mo yBEJIMUCHHUIO
nonu Oenka B ocaiouHor dpakiuu npu auddepeHnuaisHoM HeHTpUPYTrupo-
BaHHMHM KJICTOYHBIX au3aroB (Patino et al., 1996; Kushnirov et al., 2006). Ckor-
JIEHUS] arperupoBaHHOrO OelKa MOYKHO TakXke HaOmronaTh npu (payopecieHT-
HOM Mukpockonuu (Patino et al., 1996). BaxxHo, 4To /1 arperanuu CTpyKTyp-
HOTO OeJKa MPUOHHOTO JIETEPMUHAHTA Yallle BCET0 HEOOXOANM HE BECh OEJOK,

a ero y4acTOK, Ha3bIBaeMbli Takke NpHOHHBIM noMeHoM (Ross et al., 2005).
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B 6enke Sup35 sTor goMeH, HOCAMM Ha3BaHWe N-IOoMeHa, HaxoAuTcs Ha N-
KoHIie nojunenTtuaHou nenu (Ter-Avanesyan et al., 1993; Ter-Avanesyan et al.,
1994; Paushkin et al., 1996). [Tomumo N-nomena, B cTpykrype Sup35 uMmeroT-
Csl TaKkXKe ellle JBa JOMEHa, 3apsbkeHHbI M-nomen (middle, cpennuit nomeH)
u C-gomeH (C-koHLEBOW). M-1OMEH SIBASIETCS JTUHKEPHBIM M HE MPUHUMAET
ydacThe B HEMOCPEICTBEHHOM (POPMUPOBAHUN OCTOBA aMUJIOUIHON (PuOpwII-
abl. Guznonorudeckor pyHkuuen M-goMeHa, Mo-BUAMMOMY, SIBISIETCSI PETY-
asiust GOPMUPOBAHUS OOPATUMBIX KUAKUX CKOIUICHUM Sup35 npu n3MEeHeHUH
pH nnm coneBoro coctaBa nuuromiasmMsl (Franzmann ef al., 2018). C-nomeH siB-
JSIETCS €MHCTBEHHBIM )KH3HEHHO BaXXHBIM y4acTkoM Sup35. Umenno C-moMeH
OTBETCTBEHEH 3a (yHKIIMOHUpPOBaHKUE Sup3S Kak (hakTopa TEPMUHAIIUUA TPAHC-
sy (Zhouravleva et al., 1995; Stansfield et al., 1995). Cepxnponykumu
Tonbko N-momena Sup35 mocrarouno mng uaaykuuu [PSIT] (Derkatch ef al.,
1996). AnanoruunsiM 00pa3om, cBepxdkcnpeccust pparmenra rena URE2, co-
OTBETCTBYIOILETO TPUOHHOMY JoMeHY Oenka Ure2, MpUBOAUT K YBETUUCHHUIO
gacToThl 0OpazoBanus [ URE3] (Masison, Wickner, 1995). aTepecHol cTpyK-
TYpHOH O0COOCHHOCTHIO OOBIMMHCTBA W3BECTHBIX MPUOHHBIX TOMEHOB JIPOK-
YKEBBIX OCJIKOB SIBJISIETCS MX 000TallleHHOCTh OcTaTkamu acnaparuna (N) u ry-
tamuHa (Q) (Alberti et al., 2009). Kputnueckas pojib 3TUX OCTAaTKOB B ¢op-
MHUPOBAaHWH MPUOHHBIX arperaroB Obuia oOHapyskeHa emie B 1998 1. (DePace
et al., 1998). Takoli aMUHOKHUCIIOTHBIN COCTaB CIOCOOCTBYET (POPMUPOBAHUIO
MEXMOJIEKYISIPHBIX BOJAOPOAHBIX CBSA3€H, HEOOXOMUMBIX JjIsl 00pa30BaHus Ia-
paIeTbHON CynepCKIaauaTon S-CTPYyKTYpPhl aMIJIOMIHBIX GUOpUILT (cM. 00-
30p Matiiv ef al., 2022). 3ameTuM, OTHAKO, YTO OTUCAHHBIE B IMTEPATYPE MyTa-
IIU Y, BIUSIONINE HA TIOJICPYKAHUE IPOAOKEBBIX PUOHOB, PACITONIAralOTCs KakK B
MPUOHHBIX JIOMEHAX COOTBETCTBYIOMIMX OEIKOB, TaK U IAJIEKO 32 UX MpeiesiaMu
(manpumep, Kumar et al., 2020).

TpeTbUM 110 CTENEHU U3YYEHHOCTH MOXKHO cuuTaTh npuoH [PIN ] (Derkatch
et al., 1997), obpazoBanHbIil ammionHol Gopmoni 6enka Rnql (Sondheimer,
Lindquist, 2000, Derkatch et al., 2001). EquncTBeHHBIM (hEHOTHITHYECKUM TTPO-

ssinenreM [PIN] sBisercs ero cnocoGHOCTh MHAYIMpoBarh [PSIT]: mpucyt-
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crBue [PIN'] B Kj1eTKe JpOAOKEN IOBBIIIAET YaCTOTY MOSABIECHUs proHa [ PST ']
(Derkatch et al., 1997). B otnrune oT ONMMCAaHHBIX BBIIIE MPUOHHBIX (PaKTOPOB,
dbusnonornueckas pynkiusa o0enka Rnql HensBecTHa, a MyTalus WM JACNICIHS
rena RNQ! He NPUBOIUT K YBEIUYEHUIO YacTOThl MHayKimu [PSI'] (Derkatch
et al.,2001). Emie onyn M3BECTHBIA TIPHOH apoxokelt - [SWIT], mpuonnas ¢pop-
Ma CcyObemMHHIIBI KOMIUIeKca pemozaenupoBanus xpomarnaa SWI/SNF, Swil
(Du et al., 2008). MdeHoTUNUYECKH Hanuure npuona [SWI'] xapakrepusyer-
Csl CHUPKEHHOM CITOCOOHOCTBIO IPOXOKEH K POCTY Ha Cpelax ¢ caxapaMi, OT-
JMYHBIMU OT TIIFOKO3bI (Hampumep, ¢ padduHO30i), HO B KOMOWHAIIUU C TIPH-
oHoM [PIN"], [SWI'] cnocobeH, Tak e Kak u [PSI"], IpuBOAUTE K YCHUIICHUIO
HOHCEHC-CYIIPECCUH Ha ompeziesieHHOM renetuyeckoM ¢gone (Nizhnikov ef al.,
2016). MurepecHoii ueproii mpuona [SWI'] sBiseTcs €ro HEMOCPEACTBEHHOE
BIIMSTHUE HA KOH(POPMAITUIO B3aMMOCHCTBYIOIMNUX ¢ HUM TPAHCKPUIIIIHOHHBIX
(akTOpOB, YTO, B CBOIO OYEPEb, PETYIUPYET IKCIPECCUIO T€HOB B 3aBUCHMO-
crtu ot [SWI]-craryca kneTku. Takoil NPUOH-3aBUCUMOM PETYIIAHUN MOABED-
KEHBI, HAIIPUMEP, T€HBI, OTBETCTBEHHBIE 32 (PIIOKKYIISIIHIO U MHBA3UBHBIM POCT
npoxoxeBbIX Kononuii (Du et al., 2015). Iossnenne npuona [SWI'] npusomur
K I100a1bHBIM U3MeHeHUsIM Tpanckpunroma (Malovichko ef al., 2019). ITomu-
MO OIKCAHHBIX BBIIIE, OTKPHITHI TAKXKE U JPYTHE MPUOHBI U IPUOHOIIOI00HBIE
dakTopbl APOXOKEH, oOMamamye He MeHee HHTePECHBIMU cBoMcTBamMu. Og-
HHUM U3 MHTEPECHBIX MPUMEPOB sBisieTcs pakrtop [GAR'], KOTOpbIii HE HMe-
€T aMUIIOUIHOM cTpyKTyphl (110 Crow, Li, 2011). Iosisnenue dakropa [GAR']
00yCJIOBJIEHO BO3PACTaHUEM B CpeZie KOHIIEHTPAIMH MOJIOYHOW KUCIIOTHI, TPO-
UCXOJSLIEE, HAIIPUMED, TP COBMECTHOM POCTE KYJIBTYp APOXOKEH U OakTepuid
(Garcia et al., 2016).

BaxHBIM CBOMCTBOM JPOXKKEBBIX NMPUOHOB SIBISIETCS CYIIECTBOBAHUE TaK
HA3bIBAEMBIX MITAMMOB, WM BapHaHTOB IproHa (cM. 00630p Kushnirov et al.,
2022). Hanuuue pa3HOOOpa3HbIX BAPUAHTOB HE SIBISIETCS] YHUKAIbHON 0COOEH-
HOCTBIO MPUOHOB JIPOAOKEH — BApUAHTHI OXapaKTePU30BaAHbI, HAIIPUMED, IS
oenka PrP muexonutatomux (cM. 0630p Ghaemmaghami, 2017). Pa3znbie Bapu-

AHTBI MPUOHA XaPaKTEPU3YIOTCS PA3TUYHON CUIION (DEHOTUIIMYECKOTO MPOSIB-
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JICHUS1, CBSI3aHHOM co crienuduueckoi koH(popmalme 6eska B COcTaBe aMHIIO-
UIAHBIX GUOPHUILI, @ TAKKE PA3IMIHON KHHETHKON MX 00pa3oBaHus U (hparMeH-
tauuu (Derkatch et al., 1996; Tanaka ef al., 2004). Paznuuus B cTpyKType arpe-
raToB BapHAHTOB IIPHOHA MIPOSBIISIOTCS U IIPH aHAJIU3€ IIPOTEa30-yCTOHIHBOTO
Kopa pubpuILIEl IpU TToMoIu Macc-ciekrpomeTpun (Kushnirov et al., 2020;
Huang et al., 2021). Ina npuona [PSI"] n3BectHO Gonee 20 pa3nuuHbIX Ba-
puanToB (Huang, King, 2020). HauOoinee yacto pa3inyaroT Tak Ha3bIBa€MbIe
«cuIbHBIEeY (strong) 1 «cnabbie» (weak) BapuaHThl, 0603HauaeMble Kak [PSI ]S
u [PSIT]V, coorserctBenno (Derkatch ef al., 1996). YcranosneHno, uto 60-
nee cuabHOE TIposiBienue (erotuna [PSIT]° cBa3aHo ¢ ycuneHHOH KOHBEpCH-
¢l pacTBOpUMOTO OeKa B IPUOHHYIO N30(OpMY M BKJIIFOUCHHE €TO B arperaThl.
DTO MPOUCXOMIUT, B TOM YHUCJIE, 32 CYET OOJBIIETO KOJIMYECTBA aMUIOUTHBIX
GubpuIT B KIIeTke U MX MeHblIero pasMepa. Cnabeiii Bapuant [PSIT]V nme-
€T, HAIIPOTHUB, OOJIBIIYIO CPEIHIO JUTMHY arperaToB B COBOKYITHOCTH C MEHb-
UM UX KonruecTBoM. Kak ciencrBue, 10is Oenka B pacTBOpUMOMN dpakiuu
B xierkax [PSIT]V 3amerno Bbime n mocturaer 20%, MO CpaBHEHHIO ¢ 3-5%
B ciydae [PSIT]S (Derdowski et al., 2010). Bricka3zaHo TIpemnonokKeHHE, YTO
IIPHOHBI APOXOKEH CYIIECTBYIOT B BUJE JUHAMUYCCKOTO «00IaKa BAPUAHTOBY,
T.€. B KJIETKE OJTHOBPEMEHHO MPUCYTCTBYET Psi/I arperaroB pa3InyHOM CTPYKTY-
PBI, XOTS JaHHAs KOHIICTIIIHSI He sSBisieTcs: oomenpunsaToi (Bateman, Wickner,
2013).

1.3. CucreMa KOHTPOJIS KauyecTBA 0€JIKOB U NPUOHBI IPOKKEH

[Tonnep:xanue U pacnpocTpaHEHHE NMPUOHOB APOXKKEH HEBO3ZMOXKHO 0e3
HECKOJIBKHMX KIJIFOUEBBIX IPOLECCOB: MOCTOSHHOW KOHBEPCUM HOBBIX MOHOME-
POB M UX BKJIFOYEHUS B COCTAB CYILIECTBYIOUIUX arperaron, (pparMeHTalluy ar-
peratoB ¢ (hOPMHUPOBAHUEM HOBBIX IPUOHHBIX «CEMSH» (IIPOIAroHOB), a TAKKE
nepeaadn NpUOHHBIX ceMsH B qodyepHue kietku (Kushnirov, Ter-Avanesyan,
1998; Inoue, 2009; Chernova et al., 2014; Barbitoft ef al., 2022) CoBokynmHOCTh
3TUX MpoleccoB (HopMHUpYET KU3HEHHbIH LUK npuoHa (Puc. 5A). Bee npo-

LIECCHI, BXOJAIINE B )KU3HEHHBIN IUKJI TPUOHA, B TOM WJIM UHOM CTEIICHU OII0-
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CpeloBaHbl B3aMMOCHCTBUEM MPUOHA C CUCTEMON MOJIEKYJISIPHBIX IIAIIEPOHOB
WIH MHBIMA KOMIIOHEHTaMH CUCTEMBI KOHTPOJISl KadecTBa Oenka. JlaHHbIe, To-
JIYYEHHBIE KaK i71 Vivo, TaK M in Vitro, CBUJIETEILCTBYIOT O POJIU IANIEPOHOB KaK
B TIporiecce (hOPMHUPOBAHUS IPUOHHBIX arperaroB M MPUOHHOW KOHBEPCHH, TaK
u B pparmenranuu amuioniubix ¢pudpust (Chernoff et al., 1999; Kushnirov et
al., 2000; Shorter, Lindquist, 2004; Krzewska, Melki, 2006; Shorter, Lindquist,
2006; Savistchenko et al., 2008; Shorter, Lindquist, 2008; Kiktev et al., 2015).
Jlanee Mbl JeTanbHO PACCMOTPHUM POJIb OCHOBHBIX IIANIEPOHOB B MOAIEPKAHUH

IIPUOHOB JIPOXOKEH.

1.3.1 Hsp104 — kiar04eBoii peryjasitop noajepkanusi NpuOHOB

OCHOBHBIM 3JIEMEHTOM CHCTEMBI MOJIEKYJIPHBIX LIANEPOHOB, HEOOXOIU-
MBIM ISl TIOAJIEPKAHUS APOAOKEBBIX MPUOHOB, siBisieTca Hspl04, karanuzu-
pyrommii ¢pparMeHTalui0 TPUOHHBIX arperaroB. Yuactue Hspl04 B mporec-
Ce «Pa3sMHOXKEHUS» JPOKIKEBOro IproHa [PSI"] GbUIO MPOAEMOHCTPUPOBAHO
UYepHoBbiMm ¢ coaBropamu B 1995 1. (Chernoff ef al., 1995). leneuus Hsp104,
JKCIIpeccHs: TOMUHAHTHO HeratuBHOU ayutenu Hspl04KT, a Takyke nHruOupo-
BaHue AT®-a3non akruBHOCTH Hsp104 npu nomom ruipoxyiopua ryaHuau-
Ha, IPUBOJUT K MOTEPE BCEX aMUIIOUIHBIX JIpoxckeBbIX MPUOHOB (Chernoff ef
al., 1995; Moriyama et al., 2000; Sondheimer, Lindquist, 2000; Wegrzyn et al.,
2001). ITpu cBepxakcnpeccun Hsp104 Takxke HabM0gaeTCS M3THAHUE IPUOHOB,
OJIHAKO JTO M3THAHKE AOCTaTouHO (P dekTuBHO TONBKO st [PSI] (Chernoff et
al., 1995; Sharma, Masison, 2008a; Matveenko et al., 2018).

MexaHu3M u3neurBaHus IPUOHOB NIPU cBepxdKcnpeccun HSP104 sBnsiics
IpPEAMETOM OOJIBIIIOTO KOJIMYecTBa ucciaeaoBanuii. [Tokazano, aro aemerus N-
nomeHna HSP104 npensaTCcTByeT U3THAHUIO IIPUOHA MIPU CBEPXIKCIIPECCUU ITO-
ro HIanepoHa, HO HE MPEISITCTBYET MNOAAEP/KAHUIO MMPUOHA MPU HOPMAJIbHBIX
ypoBHsax Hsp104 (Hung, Masison, 2006; Winkler et al., 2012b). Kpome Toro,
myTanus T160M, pacnonaratomasicst B N-gomene HSP104 (Puc. 5b), npuBogut
K cXonHbIM 3 deKram; Goiee Toro, BapuanTel npuona [PSI'], monayueHuble de

novo Ha (hOHE TAaKOW MYTallMH, U3JICUUBAIOTCA J1a)KE€ HOPMAJIbHBIMHU YPOBHSIMU
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MPWOHHLIN arperat

MOHOMeEpP NPUOHHOIo benka

= B HaTMBHOW KOHOPMAaLM

MOHOMep, NPOTArMBaeMbIn
yepes nopy Hsp104

Hsp40

Hsp70

(
Q
@ rekcamep Hsp104

MatepuHckas
Knetka

HoyepHas
KneTka

1 165 410 540 730 908
Hsp104 (N X NBD1 ) D ¢ NBD2 X cm )

A A A
T160M K218T K620T
1 382 501 609 642
Ssail NBD SBDB SBDa ,C-IDR

L403W
1 68 121 172 262 338 352

SSNED CB CD GED i) &
A

K199A
1 68 106 257 337 409 A MyTauuun, BnusilollMe Ha nogaep)kaHue npuoHa

; MyTaLum, BIUSIIOLLME Ha U3reynsaHme
Ydj1 (Z”BD)CTD' XCTD"X oo ) A ngmoﬂa M36bITKOI\U/I-lHSp104

Pucynok 5. 7Ku3HeHHbI HUKJ NPUOHOB JAPOXKKell M ero KOHTPOJIb CH-
CTeMOH MOJIEKYJSAPHBIX mIanmepoHoB. A. Cxema mpoleccoB, (hopMHUPYIO-
IIUX XKU3HEHHBIN LMK MpUoHA. 1—GhopMUpOBaHUE MPUOHHOTO arperara de
novo, 2—KOHBEPCUS HOBBIX MOHOMEPOB M MX BKJIIOYEHHE B CYIIECTBYIOIIUE
IPUOHHBIC arperarbl, 3—IanepoH-onocpeaoBaHHass GparMeHTaIlds arpera-
TOB, 4—TIIpOJIOJHKEHNE IIUKJIA B MAaTE€PUHCKOW KJIETKE, S—Iiepenaya MpUuoH-
HBIX CEMSIH B JOYEPHUE KIIETKH, 6—TIOBTOPECHHUE LIMKJIA B JOYEPHEU KIIETKE,
J—peTporpaaHplil TPAHCIIOPT IMTPONIArOHOB WJIM UX YAEPKAHUE B MATEPUHCKOMN
kietke. b. CxematnyHoe n300pakeHne OCHOBHBIX IIANIEPOHOB, BOBJIECYCHHBIX
B KOHTPOJb MOAAECPKaHUA MPUOHA, U UX JOMEHHOW CTPYKTypbl. KpacHeimu
CTpesikaMy 0003HaYeHbl MyTallMy, HapyIIaIoIIue MojAAepKaHre MPUOoHa, 3e71¢-
HBIMU — MYTAIUH, OPENSATCTBYIOIINE U3JICUCHUIO MPUOHA CBEPXIKCIIPECCUE
HSP104 (anantupoBano u3 Barbitoff et al., 2022).
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Hsp104 (Gorkovskiy et al., 2017). IIpennoxeHbl Tpu OCHOBHBIC MOJEIH H3-
JieurBaHus MPUOHA TIpu cBepxakcnpeccun HSPI104. Ilepas Monens npeamno-
jaraert, uro cepxnponykuusa Hspl04 nckaxkaer COOTHOIIEHNE KOHUEHTPAUN
[IaepOHOB Pa3HbIX IPYII B LIUTO30JI€, YTO MPUBOAUT K HEKOPPEKTHOMY B3au-
moneicTButo Hsp104 ¢ npuonnsim arperatom (Winkler ef al., 2012a). Anbrep-
HATHBHAsT MOJENb mpeanonaraet Haauune y Hspl04 cmocoOHOCTH K OTIIeT-
JICHUIO («TPUMMUHTY») MOHOMEPOB C KOHIA (PUOPUILIBI, TPOSBISIOLIEHCS TPU
€ro CBEPXIPOAYKIIMU U BeAylled K ObICTpOi pa30opKe MPUOHHBIX arperaroB
(Paushkin et al., 1996; Park et al., 2014). Hakoner, TpeThs MO TIPEIIOIA-
raet, 4To ceepxnponykuus Hspl04 npuBoauT K HapyIIEHHUIO CETPETrauu po-
MIarOHOB MEXJy MaTepuHCKoi u godepHelt kinetkamu (Ness et al., 2017; Cox,
Tuite, 2018). CymiecTByIOT, OHAKO, JaHHBIE, CBUACTEIHCTBYIONINE O MTOTEHITN-
aJbHON MEXaHHCTUYECKON OOLIHOCTU MPOIECCOB (parMEeHTAIIMN arperaTtoB
u3JieunBaHus puoHa npu u3osiTke Hspl04. B wacTHOCTH, BBILIEYIOMSAHYTas
myTais T160M croco6Ha 1ecTaOuIn3upoBaTh HEKOTOPLIE BapuaHThl [PSI']
U Hapymiath (parMeHTanuio npuoHHbIX arperaroB (Huang et al., 2021). Haps-
Iy € 3TuM, neneuus caiita csa3piBanus Hspl04 B M-nomene Sup35 (yuactok
129—148 a.x.0.) NPUBOIMT KaK K IOTEPE YYBCTBUTENBHOCTH [ PSI "] K U30BITKY
Hsp104, Tak u x ero gecradbmmuzamuu (Helsen, Glover, 2012).

NuTepecHo Taxke oTMeTHTH ¢ dekThl 3ameHsl Hspl104 Ha XxumepHbie 6er-
KH, copeprkaiue Hekotopsie foMeHbl Hspl104 u ClpB. Hekotopsie Takue 6e-
k1 3G (HEKTUBHO MOIEP>KUBAIOT IPUOHBI IPOXKKEH, HO JIJISt 3TOTO 00s13aTEIbHO
npucytctBue M-nomena Hsp104 (Reidy et al., 2012). Ocobblit uHTEpEC TIpE-
cTaBisieT xuMepHbid Oenok 444B, coxepxkamuiit NBD2 ClpB BMecTo anano-
ruaHoro qomena Hspl104. Takoit BapuaHT criocoOCTBYeT NOAACPKAHUIO OOJIb-
IIMHCTBA IPHUOHOB, HO MOXKET U3JIEYMBATh TOJIBKO HEKOTOPBIE X BAPUAHTHI IIPU

cBepxakcrpeccuu (Zhao et al., 2017).

1.3.2 Poub pasauunbix Hsp70 B :KU3HEHHOM LMKJIE IPUOHOB APOXKAKEH

[Tanepons! rpynnel Hsp70 Takxke UrparoT BaXKHYIO poJib B MOAJAEPKAHUU

npuoHOB apoxokei (Newnam ef al., 1999). V npoxxeit Hsp70 npexncrasie-
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Hbl HECKOJIbKUMHU CEMEWCTBaMM I'e€HOB, HanboJiee aKTUBHBIMU SIBJISIOTCA Oeli-
ku rpyrm SSA u SSB (Boorstein et al., 1994; Kominek et al., 2013; Lotz et
al., 2019). HanOonpliyto poib B dKU3HEHHOM LUKJIE IPUOHOB UIPAIOT OEIKU
rpymbl SSA (Winkler et al., 2012b). Y nposxokei CylecTByeT 4eThIpe rOMOJI0-
TUYHBIX T€HA, KOAUPYIOIINX IIANepOHbl JaHHOU rpynmbl: SSA1, SSA2, SSA3 n
SSA4. Bce 3TH TeHBI SIBISIOTCS B3aUMO3aMEHSIEMBIMH, a UX CIICITU(UIHOCTD K
pa3IMYHBIM KJIETOUYHBIM Mpolieccam uzydeHa cinabdo (Sharma et al., 2009). Ma-
YKOPHBIM IIariepoHOM rpynnbl SSA y nposxokei siBisieTcs 6emok Ssa2 (Boorstein
etal., 1994).

Ssal, kak u Apyrue OeiKu rpymibl Ssa, MPU CBOEW CBEPXIPOAYKIUHU MO-
BBIIIAET YacTOTy MHAYKIMU [PSI'] de novo M NmpensarcTByeT HM3JI€YHBAHUIO
[PSI*] uzbbiTkomM Hsp104 (Newnam et al., 1999; Allen et al., 2005). Onuca-
Ha JOMUHAHTHO HeratuBHas mytauus SSAI, SSAI-21), kotopas cnocoOCTBY-
eT usrnanuio npuona [PSI'] (Jones, Masison, 2003), HO He BIUSET Ha OOIIUE
dbynkuun Ssal (Needham, Masison, 2008). Mytanus SSA7-21 pacrionaraercs
B SBDj3 (Puc. 5b) u, BeposTHO, BIHSET HA BO3MOKHOCTh Hsp70 CBsI3bIBaTHCS
¢ KiueHTOM. D(PQeKThl 3TOM MyTalluu Ha IPUOH, OJTHAKO, SBJISIIOTCS BapUaHT-
crienuPpUIECKUMU, TaK KaK IKCIPECCHs ITON ajiesd He MPUBOIUT K U3MEHE-
HuIo (peHoTuna B HEKOTOpLIX ITammax [PSIT] (Barbitoff ef al., 2022). B o
e BpeMs, ObUT0 0O0OHAPYKEHO, YTO CBEpXMpoayKius Ssal, Ho He Ssa2, crmoco6-
ctByeT u3rHanuto npuona [URE3] (Kushnirov ef al., 2000; Schwimmer, Ma-
sison, 2002). B name# mabopatopuu, oHaKo, cBepxdkcupeccus SSA2, HO HE
SSA1, ocnabnsana denorun [URE3] (Matveenko et al., 2018).

[TomuMmo Ssa, B KU3HEHHOM ILUKJIE TPUOHOB APOXOKEH UTPAIOT POJIb U JIPY-
rue Hsp70, Takue kak Ssb1/2 u Ssz1. 1 Ssbl, u Ssz1 aktuBHO yuacTBy1OT B (hOJI-
JUHTE OeJIKa P TPAHCIISIIIUN U CBA3aHBI C puOOCOMOM. Ssz1 SBIISIETCS YaCThIO
pruOOCOM-aCCOIMMUPOBAHHOTO MIANIEPOHHOTO KoMIuiekca (ribosome-associated
chaperone complex, RAC). Ceepxakcnpeccust SSB1 NpUBOIUT K YCUIICHUIO JIe-
crabunusanuu [PSI7]; moka3aHo, uTo JaHHBIA 3G PEKT 00yCIOBIEH KOHKYPEH-
el Ssb u Ssa 3a csizpiBanue npuoHHBIX arperatoB (Chernoff, Kiktev, 2016).

Jucoananc B konuuectse Hsp70 u Hsp104 Ha paHHUX cTaausX KpaTKOBPEMEH-
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HOTO TEILIOBOIO IOKA IPUBOAMUT K AecTabunusanuu nprona [PSIT] (Newnam
etal.,2011). denerus SSB1 camkaet 3¢pGEeKTUBHOCTD JIeCTA0OMIN3AIUN TTPHO-
Ha [P TEIJIOBOM ILIOKE, B TO BpeMsl Kak aeneuus SSZI ycunusaet e€ (Howie
etal., 2019).

Bb110 BBICKAa3aHO MPEAIONOKEHUE, YTO Pa3HOHANPABIECHHBIE d(PPEKTHI 111a-
nepoHoB rpymi SSA, SSB u SSZ cBsizanbl ¢ MX pa3IMYHON POJIBIO B ITPOIlECcax
¢donauHra CHHTE3UPYEMOH 1IeTIH B XOJ€ TPAHCISINH, a TaKKe BO (hparmMeHTa-
1y arperaroB. CoriacHO OJHOM U3 Mojieniel, 6enku rpymnmbl SSB He criocoOHbI
3¢ (GEeKTUBHO y4acTBOBATh BO (hparMEHTAIIMK MPUOHHBIX arperaTros, a JAeeus
koMOHEHTOB RAC 0fHOBpEeMEHHO NPUBOIUT K YCUIICHUIO KOHBEPCUH U HAPY-

HIEHHIO Tipouecca pparmeHTanuu npuoHHbiX arperaroB (Kiktev et al., 2015).

1.3.3 uddepenuunanbubie 3pPpextsl Hsp40 Ha npuoHbI

B napoxokax oxapakTepu3oBaHO 22 pa3ianvHbIX J-Oenka, KaxAblid 13 KOTOPBIX
UMEET CNEeLM(PUIECKYIO JIOKATU3ALNIO B KIIETKE U BBIINOIHIET ONpPEIEICHHbIE
¢dbyukiuu (Walsh ef al., 2004). Haubonee nu3yyeHHbIMH SBIISIOTCS Ma)KOPHbIE
IIUTO30JIbHBIC IIAepoHbI 3TOM rpymibl, Sisl u Ydjl. Ydj1 otHOocuTCS K IepBo-
My (A) xmaccy J-6enkoB, B To BpeMst Kak Sisl sSBIsieTCS MpeCcTaBUTEIEM BTO-
poro kiacca (kiacca B) (Puc. 5b). 1 Ydj1, u Sisl BoBiieueHbI B ojiepKaHue
MPUOHOB IPOAOKEH; TOMUMO ITOTO, TOKA3aHO BIUSHUE HECKOJIBKUX JAPYTUX J-

oenxoB — Apjl, Swa2 u Zuol — Ha pa3nuyuHbIC MPUOHBI.

Sisl. Ten SIS! sBnsieTcs )KM3HEHHO BaKHBIM JUISI JPOAKEH, a €ro MPOLYKT
y4acTBYEeT BO MHOXKECTBE TIPOIIECCOB, CBA3AHHBIX C CHHTE30M M KOHTPOJIEM Ka-
yectBa OenkoB. benok Sisl umeer xapakrepHyto miusa J-6enkos I kimacca mo-
MEHHYIO CTPYKTYypy. OH conepkut N-KOHIIeBOH J-I0MeH, IUIIMH-00TaThIi J10-
MeH (moapasnensiembiii Ha G/F-Oorateiii 1 G/M-6orateie pernonsi); nsa C-
koHIIeBbIX JoMeHa (CTD1/2); u nmumepusarmonnsiii jomen (DD) (Puc. 5b)
(Cheetham, Caplan, 1998). Pa3zHbie nprOHBI UMEIOT Pa3IudHbIC MOTPEOHOCTH
B KOIMYeCTBE U pyHKIUoHanbHOCTH Sisl. Tak, npuon [PSI'] ouens ycToiuus

K M3MEHEHMAM KonudecTBa Sisl mim ero MyTalusaAM, XOTA CUJIbHOC CHUKCHUC
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xonmuyecTBa Sisl B KJIETKE BCE ke BEAET K MOTepe MpHUoHa yepe3 0OoJbIIoe KO-
mnaectBo nokoneHu#t (Higurashi ef al., 2008). pyroii sxe mpuon, [URE3], Ha-
000pOT, OYEHb YYBCTBUTEJIEH K U3BMEHEHHSIM YpOBHs Sisl, 1 ObICTpO TepsieTcs
IpY CHUXKEHHUH dKCIpeccuu cooTBeTcTBytonlero rena (Higurashi et al., 2008).
[Tpuon [PIN"] uMeeT IPOMEKYTOYHYIO 3aBUCUMOCTE OT Sis1 (Aron et al., 2007,
Higurashi et al., 2008), x0Ts pa3Hble BApUAHTHI 3TOTO IPUOHA XapaAKTEPU3YIOTCS
pa3IMYHBIMU NOTPEOHOCTSIMHU B €ro akTuBHOCTH (Stein, True, 2014). Haubonee
YyBCTBUTEJIbHBIM K U3MEHEHHUIO B KOJIMYECTBE UM aKTUBHOCTH Sisl mpoxoke-
BBIM [IPUOHOM SBISETCS NPUOH [SWI'], KOTOPBIN SIMMHHMPYETCS JaXKe IPU
HeOonbux Koiebanusx ypoBHei Sisl (Hines et al., 2011). HyBCTBUTENBHOCTh
K YPOBHIO aKTUBHOCTH Sis] oTinyaeTcst U MeX 1y BapHaHTaMy MPUOHOB — TaK,
AKCIIPECCHS PA3TMYHBIX BApUAHTOB Sis] MOXKET BIUATh HA KOHKYPEHIIUIO TIPU-
OHHBIX BapuaHToB (Yu, King, 2019).

[Tomumo obuiero ypoBHs Sisl, nojgaepxaHue NpUOHA 3aBUCHUT OT (DyHKIIU-
OHAJIBHOCTHU OTAENIbHBIX JOMEHOB 3T0ro Oenka. Tak, G/F-peruon kputudecku
BakeH i nopuepxkanus [URE3] u muorux Bapuantos [PIN '] (Sondheimer
et al.,2001; Reidy et al., 2014; Stein, True, 2014). Cunbable BapuanTsl [PSI],
OJTHAKO, MOT'YT MoAepkuBaTbes naxe npu orcyrctBuu G/F-nmomena Sis (Kirk-
land et al., 2011; Reidy et al., 2014; Harris et al., 2014). Cepxakcnpeccust
Sis1 ycunupaet usrnanue npruona [PSI "] npu ceepxskcnpeccuu Hsp104 (Kryn-
dushkin et al., 2011), 4To MOXXET CBUIETENBCTBOBATH O poJin Sisl B CTUMYISILUN
¢dbynkiuu Hsp104, oTBeuaroiieid 3a MpensTCTBOBAaHUE TIEPEHOCY MPUOHHBIX ar-
peraToB B JIOUEPHIOIO KJIETKY. DTO MPEANOI0KEHNUE MTOATBEPKIAETCS TEM, YTO
Jenenys IMMEPU3aMOHHOro qoMeHa Sis] mpensTcTByeT usrnanuto [PSIH] npu
cBepxakcrnpeccun HSP104, Ho He IPUBOJIUT K MOTEPE MPUOHA TPU HOPMATbHOM
ypoBHe Hsp104 (Kirkland et al., 2011; Harris et al., 2014). bonee Toro, nenemus
JTUMEpH3aIMOHHOTO JoMeHa SIS/ IPUBOIUT K CTaOMIM3aIMu IPpHOHa Ha (DOoHE
mytanuu SSA1-21 (Kirkland ef al., 2011). CxogHbie, HO MEHEE BBIPAKEHHbIC
s dexTsl HaOMIOAAIOTCS TPU 3aMEHE aMUHOKHCIIOTHOTO OCTaTKa u3uHa B 199
nojoxeHuu Sisl Ha amaHUH. DTa MyTalus HAXOTUTCS B OJHOM U3 cyOcTpar-

CBSI3BIBAIOIIMX PErMOHOB Sisl ¥ HapsIMyIO BIMSET HAa €ro B3aUMOJECUCTBUE C



34

kimeHToM (Lee et al., 2002; Li et al., 2006).

[Tokazano, uro Sisl crmocoOCTBYyeT MOHUKEHUIO MPUOHHON TOKCHUYHOCTH
npuona [PIN], a Takxe TOKCHYHOCTH, CB3aHHOM CO CBEpXDKcmpeccuen Q-
OorarbIX paiiOHOB MYTAHTHOTO O€jlKa XaHTHHITHHA, M1 TOKCMYHOCTH TPHOHA
[PSI] npu cBepxakcnpeccun renos SEP I u SUP35 (Gokhale et al., 2005; Dou-
glas et al., 2008; Matveenko et al., 2016). HegaBHO ObLIO TakKe MPOIESMOH-
CTPUPOBAHO, YTO TOKCUYHOCTh, HAOJIIOAIOIIIASICSl TPU 3aMEHE HOPMAaJIbHOM ali-
nenu SIS Ha BapuaHT, conepxkaniuii Toiabko J- 1 G/F-10MeHbI B KJI€TKaxX, HECY-
mux npuoH [PSI'], BeI3bIBaeTCS M30BITOYHOM arperanyeil Sup35 U KOMIIEHCH-
pyercs Tonbko Sisl ¢ uaTaktHbIM CTD u numepuzanuonubiM fomeHoM (Kumar
etal., 2021).

[ToMuMO HEMOCPECTBEHHOTO YYacTHs B MOAAEPKaHUH TPUOHOB, Sisl Bo-
BJICUYEH BO MHOXXECTBO JPYTHX MPOIeccoB B kKieTke. OH SBISETCS OCHOBHBIM
KOIIIAIEPOHOM, CTUMYJIMPYIOIIUM COJIFOOMIN3alni0 OEJKOB, BXOMAIIUX B CO-
CTaB TakK Ha3bIBaeMbIX P-ternen u ctpecc-rpanyn y apoxokeit (Kroschwald et al.,
2015). [Tomumo 3toro, Sisl ocyiecTBIseT TPAHCTIOPT OMPEIEIICHHBIX CyOCTpa-
TOB BHYTPb sI/Ipa JIJIsl IeTpajalliid UX Ha BHYTPUSIEPHBIX mpoteacomax (Park
etal.,2013). Sisl Takxe criocoOeH CBA3BIBATH OJIUTOMEPHBIE (HOPMbI CKIIOHHBIX
K arperanuu OEJIKOB, Jiefias uX arperatsl 0ojiee pactBopuMbiMu (Klaips ef al.,
2020). Takum o6pazom, Sisl sBusercs BaxkuemuM smemMenToMm CKKbB, xoto-

pBIfI, B TOM 4YHCIJIC, HeO6XOI[I/IM H A NOAACPKaHUA ITPHUOHOB.

Ydj1 u unbie Hsp40. HaubGonee narencuBHo npoayuupyeMbiM Hsp40 nqpox-
xKell, ofgHako, siBisieTcs apyro 6enok, Ydjl. OH mpuHAmJIEKUT K MEPBOMY
kiaccy Hsp40 (kimaccy A) u, B otimuume ot Sisl, He SIBISIETCS )KU3HEHHO BaXK-
HbIM. Ydjl Takke BOBJI€UEH B MOJJECp:KaHUE MPUOHOB Apoxckeil. OIHaKo,
ceepxokcnpeccus YDJI uzneunsaer npuod [URE3] u yeunusaer npuoH [PSI']
(Moriyama et al., 2000; Barbitoff et al., 2017). Ilpu 3tom mis obecrnieueHus
cnerupuyeckoro shdexra Ydjl gocTarouHO MCKIIOYUTENBHO €ro J-7oMeHa.
BepositHo, ogHOoro B3aumoneicTeusa J-nomena Ydjl nmocrarodHno amns onpeze-

JeHus: cnenuUuIHOCTH paboThl MOJEKYIApHBIX manepoHoB Hsp70 u Hsp90,
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4YTO B CBOIO Ouepeab MOXKET BIUATh Ha (pyHKMoHanbHOCTH Hspl104 u Ha 3¢-
(dbekTUBHOCTH pabOTHI MOCIEAHETo Kak Ae3arperassbl (Harris ef al., 2014; Reidy
et al.,2014).

[TomMmuMoO O0CcHOBHBIX IMTO30JIbHBIX Hsp40 B mojaep:kaHuy TPUOHOB 3a/1€H-
CTBOBAHBI €IlIe TPH MpecTaBuTeNs cemeiictra J-0enkoB: Apjl, Swa2 u Zuol.
Zuol saBnBsieTCS KOMIIOHEHTOM ynomsinyToro panee RAC, u ero BiusiHue Ha
IIPUOHBI CXOAHO ¢ TakoBbIM 11t Hsp70-Ssz1. Jleneuns rena ZUO! yBennuuBa-
eT yacToTy MHAYKIuH [PSI] u cnocoOCTBYET U3JIEYMBAHUIO IPUOHA TIPH TETI-
aoBoMm moke (Amor et al., 2015; Kiktev et al., 2015; Howie et al., 2019). Apjl
crocoOcTByeT u3rHanuio [PSIT] npu cBepxokcupeccun HSP104, a ero nenenus
IPENATCTBYET STOMY IIPOLIECCY, HO TOJILKO B CIydae CHILHOIO Bapuanrta [PSI']
(Astor et al., 2018). Apjl conepxuT B cBo€H cTpyKType 0coObIit QS-momeH, Xa-
PAKTEPUBYIOLIUIKCS CTPYKTYPHOU HEYTIOPSAIOYEHHOCTHI0. IMEHHO 3TOT IOMEH,
HO He CTD Apjl, HeoOxonuM i U3neynuBaHusl MPUOHOB M30bITKOM Hspl04
(Berger et al., 2020). Swa2, npox>keBoil TOMOJIOT ayKCHJIMHA, HEOOXOAUM JIst
nojaepkanus nproHa [ URE3], KOTOPBIN AeCTa0UIU3HPYETCS TIPH JCICITUN CO-

orBeTcTBytomero rena (Higurashi ef al., 2008; Troisi et al., 2015).

Hsp40 u coprupoBka 0esikoB. IIoOMHMO OCHOBHOM pOJIM B PETYISIUU aK-
TUBHOCTU U cyOcTparHoil cnenuduyHoctu Hsp70, J-Oenku Takke ydacTBy-
IOT B Mpolieccax COPTUPOBKU OEIKOB M OEJIKOBBIX arperaroB B 3yKapHOTHYe-
CKHX KieTKax. IIpoueccsl COpTUPOBKHM MpEANOiaraloT paclpeleieHue arpe-
raroB MO Pa3JIMYHbIM KJIETOYHBIM KOMIIAPTMEHTAM KOHTpPOJsS KadyecTBa Oe-
Ka. B KieTke 3ykapHOT CyIIECTBYET HECKOJBKO TaKMX KOMIIAPTMEHTOB, OJI-
HAKO, MX KOHKpPETHas POjb M KOJIMYECTBO 1O CHUX IOp SBISETCS IpeaMe-
TOM HuccienoBaHui. OCHOBHBIMUA MECTaMH CKOIUIEHUS HEMPABUIIBHO YJIOXKEH-
HBIX OEJIKOB CUMTAIOTCS TPU KOMIAPTMEHTA: BHYTPUSIECPHBIM KOMIAPTMEHT
(INtranuclear Quality control deposit, INQ, panee cuuTaBIIUNCS OKOIOSIEP-
HeiM (JUxtaNuclear Quality control deposit, JUNQ)), u aBa 1UTO30JBHBIX:
nepudepuueckoe aeno HepacTBopuMbix OenkoB (Insoluble PrOtein Deposit,

I[POD), a Takxe Oojee JaOUIbHBIE UTOIIA3MATUUECKHUE BKIIFOUCHUSI, HA3bI-
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Baemble Q-tenpiiamu wim CytoQ (Kaganovich et al., 2008; Escusa-Toret et al.,
2013; Miller et al., 2015a; Miller et al., 2015b).

[POD cuutaeTcst MECTOM CKOTLICHHSI OCJIKOB, YKJIaJIKa KOTOPBIX HEOOPaTUMO
HapyllleHa — B yacTHOCTH, B [POD HabmrogatoTest CKOTUICHUS APOXOKEBBIX MPH-
OHOTEHHBIX OEJKOB, B 0COOCHHOCTH Mpu uX cepxmnponyknuu (Kaganovich et
al.,2008). INQ u CytoQ, HanpoTHB, SBISAIOTCS MECTAMU CKOILJIEHUS aMOP(DHBIX,
HECTPYKTYPUPOBAHHBIX OEITKOBBIX arperaToB U BBIOIHSIOT (DYHKIIMIO BPEMEH-
HOM M30JIALIMYA HETPABUIILHO CIOKEHHBIX OENTKOB. B COOTBETCTBUU € 3TOM MO-
nenbio, INQ u CytoQ dhopMHpYIOTCSl B IEPBYIO O4Y€pEeb B CTPECCOBBIX YCIIO-
Busix (Miller ef al., 2015b). B nocnennue ronpl Hakorenue 6enkoB B CytoQ,
INQ u IPOD crano paccMarpuBaTrhcs Kak OJIMH U3 OCHOBHBIX CIIEHApUEB pabo-
Thl CUCTEMBI KOHTPOJISI KauecTBa OEJIKOB, MMOMOTAIONIUI KJIETKE CIPABUTHCS C
M30BITKOM HEMPABUIBHO YIOKEHHBIX OeTKOB. B COOTBETCTBUM C ATOM rUMoTe-
30i, OBLIO TOKa3aHo, 4To u3ossIus 6enkoB B CytoQ/INQ no3Bomsier moaaep-
KUBaTh (PYHKIIMOHAIBLHOCTH cucteMbl Hsp70 nipu crpecce (Ho et al., 2019).
CopTupoBKa B KaK/IbIi U3 KOMIIAPTMEHTOB OCYIIECTBIIAETCS C MOMOUIBIO Pa3-
JUYHBIX IIANePOHOB U (AKTOPOB COPTUPOBKU OEIIKOB, OCHOBHBIE U3 KOTOPBIX
— Btn2 u Hsp42 — Tak:xe uMeHy1oTCs arperazamu. KoHTposib TpaHCTIOPTUPOB-
ku arperatoB B JUNQ/INQ ocymecTBisiercst mpu nomoiu 6enka Btn2, B atom
nporiecce mpuHuMaeT akTuBHoe yuactue Sisl (Malinovska et al., 2012; Miller
et al., 2015a); Hsp42 koHTpoJUpyeT MepeHOC OCJIKOB B IUTOIIa3MaTUYECKUE
xomnapTMeHThl — [POD u CytoQ (Specht et al., 2011; Miller et al., 2015a).

N3BectHO, uTo cBepxnpoaykuus Hsp42 u Btn2 npuBoauT K U3rHAHUIO TPHO-
Ha [URE3] (Kryndushkin et al., 2008; Wickner et al., 2014), a cBepxakcnpeccust
BTN2 cniocobHa TakKe M3rOHATH MCKYCCTBEHHBIN 1puon [NRPIC'], obpaso-
BaHHBIN XUMEPHBIM OEJIKOM, COCTOSIIIIUM M3 MTPUOHHOTO JoMeHa Oenka Nrpl u
C-xonreBoro momena Sup35 (Malinovska et al., 2012). ITomumo 3TOTO, CBEpX-
npoxykius Hsp42 npuBOAUT K YCHIEHHIO TIPHOHHOTO (eHotuna [PSIT], xo-
TS MOJIEKYJISIPHBIE MEXaHU3MBbI 3TOT0 3P deKTa 0CTaTCs c1ado U3yYEeHHBIMU
(Barbitoft et al., 2017).

I'en CURI (ot anri. Curing of [URE3]) aBnsieTcst napajgorom rea BTN2,
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BO3HUKIIIUM B pE3yJIbTaTe MOJHOTEHOMHON AYTUTMKAIIMHU B SBOJIIOLIMH APOXIKEH
(Byrne, Wolfe, 2005). B 2008 . 6p11a BriepBbie TPOAEMOHCTPUPOBAHA CITOCO0-
HOoCTh CURI wm3neunBath npoxskeBod npuoH [URE3]| mpu cBEpXdKCHpPECCUU
(Kryndushkin et al., 2008). Ananoruunsiii 3¢dexT HaOIoaNICsS U I UCKYyC-
ctBenHoro nprona [NRPIC*] (Malinovska ef al., 2012) u qus npuona [PSI']
(Zhao et al., 2018). Cepxaskcnpeccusi CURI npuUBOIUT K U3MEHEHUIO BHYT-
pukiierouHoi nokanuzaiuu Sisl (Malinovska et al., 2012); Takoit aHTUTTPUOH-
HBI 2D exT u3mMeHeHus gokanu3anuu Sisl sSBiIseTcs 0XKUAAEMbIM BBUIY 3a-
BHCHMOCTH BCEX MPUOHOB OT yYpoBHs 3T0ro Hsp40 (cm. Beime). [lozaHee Obu10
nokazaHo, uto Curl u Btn2 u3ronsitor HekoTopblie BapuanThl [URE3] naxe 6e3
ucKyccTBeHHOM cBepxakcnpeccun (Wickner et al., 2014).

B xone uccnenoBanwmii B Hated Jaboparopun reH CUR ObL BBISIBIICH MIPU
CKpUHHMHTE TCHOMHOW OMOIMOTEKU APOXOKEH KaK IeH, yCUIINBAIOIUNA CUHTETH-
YECKYIO JIETAILHOCTL MyTaLuii sup45 ¢ npuonom [PSI'] (Kiktev et al., 2011).
B nmanpHeiimem ObuT0 TOKa3zaHo, 4To cBepxdkcnpeccus CURI cnenupuydecku
yeunusaet Gpenorun [PSI]. Takum oOpasom, ceepxakcrpeccuss CURI nportu-
BOIOJIOXKHBIM 00pa30M BIIMSIET HA pa3lIMuHbIE MPUOHKI Ipoxoken. Tem He Me-
Hee, I IITaMMOB, Hecylux Kak [PSI'], Tak u [URE3], noka3zaHo U3MEHEHHUE
BHYTPHKJIETOUHOH Jokanu3anuu Sisl npu cBepxnponykuuu Curl (Barbitoff et
al., 2017). OTo HabMIOAEHUE TOBOPUT O TOM, YTO U3MEHEHHE BHYTPHUKIIETOU-
Horo OanaHca Sisl U CHUKEHHE ero LUUTO30JbHON KOHLIEHTPALMU MOXKET MO-
JIOKUTEJIBHO CKa3bIBaThCsl HAa MOMJEPKAaHUU M PACTIPOCTPAHEHUH HEKOTOPBIX
nproHoB (Hanpumep, [PSI]). lanHas rumnoresa, OQHAKO, TpEOyeT AanbHeNmen

IPOBEPKH.

1.4. 3akirouenue

3a BpeMsl, MPOIIEIIIee ¢ MOMEHTA OTKPBITUS MOJICKYJIIPHBIX IIaricpOHOB,
OBLTH OMMCAHBI Pa3IMYHBIC KJIacChl ATUX OeikoB. MccnemoBanus B oOmacTu
CTPYKTYpHOUH OMOJIOTHUH TTO3BOJIWIIH IETATLHO paciiu(poBaTh ITUKIT pabOTHI 1a-
e TaKWX CIIOKHBIX MOJICKYJISIPHBIX MaIlIuH, Kak Ae3arperassl Hsp104 u ClpB.

B 10 xe Bpemsi, yBennueHue KoIu4ecTBa MHMOPMAIMK O Pa3TUYHBIX IIarepo-
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HaX M JAPYTUX DJIEMEHTaX CUCTEMbI KOHTPOJISl KauyecTBa Oesika MPUBEIIO K POXK-
JICHUIO KOHIICTIIINY «IIIATIEPOHHOMN CETI WA «CETH IPOTEOCTa3a» — CIOKHOU
CHUCTEMBI, OOJIBIIIOE KOJTUYECTBO KOMIIOHEHTOB KOTOPOM paboTaroT coobIIa s
nojaepkanus rnporeoctasa (Balch ef al., 2008).

VYuutsiBas 00IIYIO CIOXKHOCTH YCTPOMCTBA MIATIEPOHHBIX CETEH, HEYIUBU-
TEIHHO, 9YTO MOJICKYJISIPHBIE IATIEPOHBI PA3HBIX TPy OKa3bIBAIOT CYIIECTBEH-
HOC BIIMSIHUE HA TIPHOHBI JIPOAOKEH, TPUUEM KaK CIIOCOOCTBYS MX IMOIIEPIKa-
HUIO, TaK U MPENATCTBYS eMy. B To ke BpeMs, ci1abo oxapakTepu30BaHbl Me-
XaHU3MBI, JISKaIue B OCHOBE Au(depeHInaIbHbIX 3()()EKTOB ManepoHOB Ha
npuonsl. Kak Obu10 ykazaHo BbIlIe, Takue nuddepeHinanbabie 3pPexTo yoe-
nuTenbHo nokasansl i Ydjl u dakropa coptupoBku 6enkoB Curl, ubu 3¢-
dextor onocpenyrorcs Sisl. [lpuHrMas Bo BHUMaHHE HEHTPAIBHYIO POJb J-
0enkoB B cyOcTpaTtHoi crienimduarocty Hsp70, MOXKHO TPEAIONIOKUTH, UYTO Ha-
OmroaeMble pa3HOHANpaBlieHHbIE YP(EKThl OTPAXKAIOT POJIb J-O€JIKOB B orpe-
JIENICHUH CyIbObI OENIKOBBIX arperaroB B JSyKapHOTHYECKHUX KJIETKax. Takum
o0pa3oM, U3y4YCHHE MEXaHM3MOB HAOMIOMaeMbIX d(PPEKTOB MOMOKET MOHSITH
TIPUHIIUIIB B3aNMOJICHCTBUS MIAMIEPOHHBIX CETEH ¢ aMUJIOUTHBIMH arperaTaMu

)51 pa3pa60TaTL moaAXoabl K TCPpAlIu aMHUIJIONI030B BBICIIIUX 3YKAPHUOT.
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I'maBa 2. MarepuaJbl 1 METOIbI

2.1. ltammbl 0aKkTepuil M APOKIKeN

Crmcok HCTONb30BaHHBIX B paboTe mTaMMOB E. coli IpeicTaBlieH B Tad-
aune 1. Illtamm DHS« Obu1 ucnons3oBaH AJig HapaOOTKU TUIa3MUA, IITAMMBI
BL21 (DE3), NiCo21 (DE3), Rosetta (DE3) u Zeta - 1y1s1 HapaOOTKH ¥ OUUCTKH
npoxcxeBbix OenkoB. [lItamm Zeta (mpenocrasien B.E. TBoporoBoii) sBisieTcst
npo3BoAHbIM OT Rosetta (DE3) u geMoHCTpUpyET OTIMYAIOIIUECS OT UCXOAHO-
ro HmTaMMa XapakTEPUCTUKU POCTa U MPOAYKIMHU OEIIKOB.

Crnucok KCIoNb30BaHHBIX B pabOTe MITAMMOB APOXIKEH S. cerevisiae nipe-
crasieH B tabmuie 2. [lltamm mpoxokeir 2-prb1A0-P-74-D694 6bin ncmosnb-
30BaH I HApaOOTKU M OYMCTKH OenkoB. JlaHHBINA IITaMM SIBISIETCS MPOU3-
BOJHBIM IIMPOKO HUCIOJIb3yeMoro mramma 74-D694. JlaHHbI IITaMM HECET
JIeNeNnI0 TeHa PRB1, KOOUPYIOMIETo BakyolisipHyro mpoteasy b (Moehle et
al., 1987). Iltamm U-T-PT-YAL2171 6511 MOJIy4YEH MPU MOMOIIU 3aMEIICHUs
mnasmuasl pRS315-SIS1 B mramme T-PT-YAL2171 (Barbitoff et al., 2022) Ha
mnasmuny YCplac33-SIS1. IItammbr L-T-PT-YAL2171 u LA-T-PT-YAL2171

Taonuna 1. [lltammer Gakrepuii E. coli, ucrionb30BaHHbIE B paboTe

Haszpanue mramma | I'enotun IIpoucxoxnenue

DHS5« supE44  AlacUI169 (980 lacZAMI15) | Hanahan, 1983
hsdR17 recAl endAl gyrA96 thi-1 relA

BL21 (DE3) F— ompT gal decm lon hsdSB(rB- mB-) | Studier, Moffatt, 1986
MDE3 [lacl lacUVS5-T7 genel indl sam7
ninsJ/)

NiCo21 (DE3) ompT gal [dem] [lon] AhsdS glmS6Ala | NEB #C2529H

arnA::CBD slyD::CBD can::CBD fhuA2
(4 DE3) A DE3 = A sBamHlo AEcoRI-B
int::(lacl::PlacUVS5::T7 genel) i21 Anin5

Rosetta (DE3) F- ompT hsdSB(RB- mB-) gal decmA(DE3 | Novagen #70954
[lacl lacUV5-T7 genel indl sam7 nin5]) | (mpemnocrapieH
PRARE (CamR) K.B. BonkoBbIm)

Zeta F- ompT hsdSB(RB- mB-) gal decmA(DE3 | npenoctaBieH

[lacl lacUVS5-T7 genel indl sam7 nin5]) | B.E. TBoporoBoi
PRARE (CamR)
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Ta6auna 2. [lltamMmMel Tpoxokelt S. cerevisiae, NICTIONBb30BaHHBIE B paboTe

HazBaunue mramma

T'enorun

IIpoucxoxnenue

OT56

MATa  adel-14  trpl-289
his3-4200 leu2-3,112 ura3-52
[PSIT]S [PINT]

Derkatch et al., 1997

OT520

MATa  leu2  trpl  ura3
Ppa1sADE2 Ppa15sCANI
karl-1 [URE3-1] [PIN™]

Brachmann et al., 2005

OT55

MATa  adel-14  trpl-289
his3-4200 leu2-3,112 ura3-52
[PSITV [PINT]

Derkatch et al., 1997

P-74-D694

MATa adel-14 his34200 ura3-
52 leu2-3,112 trpl1-289 [PSIJF]S
[PIN']

Drozdova et al., 2016

2-prb1 A0-P-74-D694

MATa adel-14 trpl-289(UAG)
ura3-52 his3-A200 leu2-3,112
prbl A0 [psi] [pin7]

Agaphonov, Alexandrov, 2014

U-T-PT-YAL2171

MATa leu2-3,112 his3-11,15
trpl-1 ura3-1 adel-14
canl-100  [PSIT]T  [PINY]
sup35::hygB [pRS314-SUP35]
sisl::kanMX [YCplac33-SIS1]

Jannas pabota

L-T-PT-YAL2171

MATa leu2-3,112 his3-11,15
trpl-1 ura3-1 adel-14
canl-100 [PSIT]Y  [PINT]
sup35::hygB [pRS314-SUP35]
sisl::kanMX [YCplacl11-
SIS1]

Jannas pabota

LA-T-PT-YAL2171

MATa leu2-3,112 his3-11,15
trpl-1 ura3-1 adel-14
canl-100 [PSIT]Y  [PINT]
sup35::hygB [pRS314-SUP35]
sisl::kanMX [YCplacl11-
SISIADD]

Jannas pabota

ObLTH TONTy4eHbl 3amenieHueM 1asMuabl Y Cplac33-SIS1 B mramme U-T-PT-
YAL2171 na mnazmuny YCplac111-SIS1 unu YCplac111-SISIADD, cootBet-

CTBCHHO.
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Taoauua 3. [Tn1a3muabl, HCONB30BaHHBIE B IaHHOM paboTe

IInasmuna

Onucanue

IIpoucxoxaeHne

pPROEX-HTb-RNQ1

AmpR, HTb-RNOI

Jlannas pabota

pID129

AmpR, CEN, LEU2,
PrNQI-RNQ!I

Kadnar et al., 2010

pET-20b-SUP35NM

AmpR, SUP35NM-Hisg

Allen et al., 2005

pET-20b-SUP35NM-M1

AmpR, SUP35NM-MI-
H iS6

bounapes, 2014

pET-20b-SUP35NM-M2

AmpR, SUP35SNM-M2-
Hisg

bounapes, 2014

pET-20b-SUP35NM-M4

AmpR, SUP35NM-M4-
Hisg

bounapes, 2014

pET-20b-SUP35NM-M5

AmpR, SUP35SNM-M5-
Hisg

Bbounapes, 2014

pET-20b-SUP35NMABS

AmpR, SUP35NMABS-
Hisg

Jannas pabota

pPROEX-HTb-Sis1

AmpR, HTb-SIS1

Shorter, Lindquist, 2004

pPROEX-HTb-Sis1 ADD

AmpR, HTb-sisI ADD

Jannas padora

pPROEX-HTb-HSP104

AmpR, HTb-HSP104

Jlannas pabora

pGPD-HSP104

AmpR, 2u, URA3,

A.A. PyGenp,
He onmyOIMKoBaHa

pPROEX-HTb-HSP104AN

AmpR, HTb-
HSP104AN

Jannas pabota

pTEF-SSAI

AmpR, CEN, URA3,
Prgrp1-Hisg-Xpress-
SSA1

James et al., 1997

pTEF-SSA1-21

AmpR, CEN, URAS3,
PrEr1-Hisg-Xpress-
SSA1-21

Jannas pabora

pRS426 2u, URA3 Christianson et al., 1992

pRS426-CUR1 2u, URA3, Pcyri- | Barbitoff et al., 2017
CURI

pRS426-curl A3-22 2p,  URA3,  Pcyri- | Barbitoff et al., 2017
curl A3-22

pRS315 CEN, LEU? Sikorski, Hieter, 1989

YCplaclll CEN, LEU2 Gietz, Sugino, 1988

pRS315-SIS1

CEN, LEU2, Pg51-SIS]

Gokhale et al., 2005

YCplacl11-SIS1

CEN, LEU2, Pg;s-SIS]

Jannas pabota

YCplacl111-SISIADD

CEN, LEU2, Pggsi-
sisI ADD

JlanHas pabota

pAG415ADH1-Sis1-EGFP

CEN, LEU2, Papui-
SISI-EGFP

Malinovska et al., 2012

pAG415ADHI1-NLS-Sis1-EGFP

CEN, LEU2, Papui-
NLS-SISI-EGFP

Malinovska et al., 2012

pAG415ADHI1-NES-Sis1-EGFP

CEN, LEU2, Papui-
NES-SISI-EGFP

Malinovska et al., 2012

pAG415ADH1-Sisl ADD-EGFP

CEN, LEU2, Papui-
sis] ADD-EGFP

Malinovska et al., 2012

pR16CUP-SUP35NM-yTagRFP-T

CEN, LEU2, Pcypi-
SUP35NM-yTagRFP-T

A.I'. MarBeenko,
HE OIYOJIMKOBAHO
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2.2. IlnasmMuabl

[1na3Muel, Wcnoab30BaHHBIE B padoTe, mpeacrasieHbl B Tadnuie 3. Ilo-
CJIEIOBATENbHOCTH MPaiiMEPOB, UCTIOIH30BAHHBIX MTPU KOHCTPYUPOBAHUH I1J1a3-
MU, ykazadel B Tabmuie 4. g co3manusa miazmua pPROEX-HTb-RNQI u
pPROEX-HTb-HSP104 (Puc. 6A-b) Mbl k1OHHpOBaJIM (parMeHThl TIa3MUA
pID129 (Kadnar et al., 2010) u pGPD-HSP104 (A. PyGens, He omyOnuKkoBa-
HO), TOTy4YeHHBIC TP 00paboTke pectpukrazamu BamHI u Sacl, B 06paboran-
HBI 3TUMU ke pecTpukTazamu octoB miazMuael pPROEX-HTb-Sis1 (Shorter,
Lindquist, 2004). 115 co3naHust KOHCTPYKIMH, HECYIIEH MyTaHTHBIM BapUaHT
Sis1 6e3 numepuzaronnoro nomena (Sis1ADD) (Puc. 6B) mbl ammumuduipo-
BaJI COOTBETCTBYIOMUM parmenT reHa SIS u3 koucrpykiuu pPROEX-HTb-
Sis1 npu nmomomu npaitmepoB M13rev(-48)20-mer u Sis1-deltaDD-Sacl-End-
R. Tonydennsrit ammmuduuupoBaHHblid pparMeHT 00padaThiBaId PeCTPUKTA-
3amu BamHI u Sacl, nocne gero nuruposanu B 00pabOTaHHBIN ATUMH KeE pe-
ctpukTazamu octoB maa3Muel pPPROEX-HTb-Sis1 (Barbitoftf et al., 2020). ITo-
Jy4YEHHBIE TJIa3MHU/Ibl IPOBEPSIIU MPU MOMOIIM PECTPUKIIMOHHOTO aHau3a C
ucronb3oBanueM pectpukraz BamHI u Sacl.

Koncrpyknus pPROEX-HTb-HSP104AN Opina monydeHa mpu MOMOITH
amIuiMpukauuu ¢parMeHTa mnocienoBareabHOCTH reHa HSPI104, ve copep-

xkamiero N-gomeH, npu nomomu mpaiMepoB Hspl04-deIN147-BamHI u

Tabauna 4. [Ipaitmeps! quist [P, ucnionb3oBaHHbIE B JaHHOM paboTte

[Tpaiimep [MocnenosarensHocTh (5° — 37)
M13rev(-48)20-mer agcggataacaatttcacac
Sisl-deltaDD-Sacl-End-R | cgtcGAGCTCTCAtattggatagtccacttt
Hsp104-deIN147-BamHI | agctGGATCCatgcgtggtaacactagaattgact

Hsp104CloneRS gactcgagctcttaatctaggtcatcatcaatttc

supal R ggaactggagacaagcttcaaagtcttttgcttttgaaagtcgttca

supa2 F atgtctttgaacgactttcaaaagcaaaagactttgaagcttgtctcca
SSA1-21-F-Sall tttcgatgtcgactctaacggtatttGgaatgtttccgecgtcgaaaagggtac
SSA1-21-R cttttcgacggcggaaacattcCaaataccgttagagtcgacatcgaaagtga

3ariaBHbIMH OyKBaMHU BBIICJICHBI BHOCHMbBIC B aMIUTU(PHUIIMPYEMYIO TOCIIEA0BATEIBHOCTD
caiftel pectpukuun (B npaitmepax Hsp104-delN147-BamHI u Sis1-deltaDD-Sacl-End-R) u
crorn-kozioH (B ciydae Sisl-deltaDD-Sacl-End-R).
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trc promoter BamHI (345)

A BamHI (345) 5

L
&
S
se 23
Q
K4
o
8

PPROEX-HTb-HSP104

pPROEX-HTb-RNQ1

6074 bp 7483 bp

f  Sacl (1673)

Sacl (2082)

BamHI (345)

Sacl (1386) pTEF-SSA1-21
8661 bp

pPROEX-HTb-Sis1ADD

5787 bp

PucyHnox 6. Hexkoropble mia3MuHble KOHCTPYKIMHU, OJy4YeHHbIE B X0/1e
pannoi padorel Kaptel mnazmug pPROEX-HTb-RNQ1 (A), pPROEX-HTb-
HSP104 (b), pPROEX-HTb-SisIADD (B) u pTEF-SSA1-21 (I'). Ha kaprax
OTMEUYEHBI CalThl PECTPUKLUU U MpaiiMepbl, UCIIOIb30BaHHbIE JIsI KOHCTPYU-

pOBaHU.

Hsp104CloneRS ¢ nmocnenyromeit oopadoTkoit morydennoro IILIP-ipoxykra
pectpukrazamu BamHI u Sacl u nurupoBanueM B 00OpaOOTaHHBIA STUMU XKe
pPECTPUKTA3aMHU OCTOB MCXOJIHOM MIJIa3MUIbI.

[Mnazmupga YCplacl11-SIS1 Gbuia monydeHa mpu MOMOIIM KIOHUPOBAHUS
dbparmenTta minasmuabsl pRS315-SIS1, nmonydenHoro npu ee oO6paboTke pe-

crpuktazamu BamHI u Sall, B 06paborannblii 3TUMH k€ HepMEHTaAaMH OCTOB
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BekTopa YCplacl11. Jlns nonydenus koHctpyknuu Y Cplacl11-SISIADD mbl
npousBenn 3ameHy (parmenta miasmuabl Y Cplacl11-SIS1, conepsxkamero 3’
y4acTok reHa SIS/, Ha COOTBETCTBYIOIIMHN y4acTOK u3 muazMuiasl pPROEX-
HTb-Sis1ADD npu nomomu pectpukrasz Xhol u Sacl.

[Monyuyenne mnazmun pET-20b-SUP3SNMABS (A. Muxaitnuuenko, He
omyonukoBaHo) U pTEF-SSA1-21 (Puc. 6r) (Barbitoff et al., 2022) npous-
BOJIMJIM C HUCIIOJIb30BAaHUEM METOAMKHU CalT-HalpaBiIeHHOro myrarenesa. Jlis
ATOTO MPOU3BOIUIN aMIUTM(UKALIUIO COOTBETCTBRYOMIeH miasmuabl (pET-20b-
SUP35NM wnmu pTEF-SSA1) ¢ ucnonb3oBaHreM BbICOKOTOUHOW MOJIMMEPA3bI
AccuPrime™ Pfx (Invitrogen, #12344-024) 1 cOOTBETCTBYIOMLIEH Taphl mpaii-
mepoB (supal R usupa2 F mns pET-20b-SUP35NMABS i SSA1-21-F-Sall
u SSA1-21-R B ciayuae pTEF-SSA1-21) .

Bce nonmy4deHHbIe M1a3MUAIHbIE KOHCTPYKIUU ITPOBEPSIIA CEKBEHUPOBAHUEM
no Conrepy B PL{ «Pa3BuTue MOJIEKYISPHBIX M KIETOYHBIX TEXHOJOTHI» Ha-
yuHoro [Tapka CII6I'Y

2.3. Cpensbl 4 ycJIOBHS KYJbTUBHUPOBAHUSA

Bakrepun xynpTuBHpoBanu B 4yamikax Ilerpu npu 37° C Ha cTaHmapTHOH
oakTepuanbHoit cpene LB (20 r arapa, 10 r TpunrtoHa, 5 © JpOAKKEBOTO DKC-
tpakta, 10 r NaCl Ha 1 11 cpeapl) ¢ mobaBiIeHHEM aMIUIIWUIMHA B KOHIICHTA-
un 100 MKr/mMi1 ipu HEOOXOIUMOCTH.

JI7ist mofy4eHusl CyCIEH3UOHHBIX KYJIBTYp OaKTepUil UCTOIB30BAIA CPEIbI
LB wiu 2TY (16 r TpuntoHa, 10 r apoxskeBoro skcrpakra, 10 r NaCl Ha 1 n
cpenbl) (Sambrook et al., 1989) ¢ nobaBieHneM aMIUIIUIIINHA B KOHIICHTpAIIUN
100 mxr/mi pu HeoOxomumocth. Cpena 2TY ¢ mobGaBieHHEM aMIUIIAIIMHA
UCIIOJIb30BAJIaCh /I KyJbTUBUPOBAHUS OAKTEpUi, MPOAYLUPYIOUIUX TETEPO-
JIOTUYHBIE OCJIKH.

JIpoxKH KyINbTUBHUPOBAJIM HA CTAHAAPTHBIX APOXKKEBBIX cpenax: YEPD
(Kaiser et al., 1994), 1/2 YEPD (Brachmann et al., 2005), 1/4 YEPD (Eagle-
stone et al., 2000) u SC (Kaiser et al., 1994). [Ipoxoxu nHKyOupoBanu mpu 30°

C, B HEKOTOPBIX 3KCIIEPUMEHTAX - TP MOBBIIIICHHOM Temriepartype (34° C) mis
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MOBBIIIEHUSI aKTUBHOCTH MOJIEKYJISIPHBIX [IATIEPOHOB.

Jposku, HECYIUe MIa3MUay JUIsl OUUCTKHU 1IeJIEBOro Oeka, KyJIbTUBHPO-
Bausu ripu Temieparype 30° C B ctangapTHoii apoxokeBoit cpeae SC (Kaiser et
al., 1994) 6e3 nobaBieHus ypauuia B TC4EHUE HOYH, TOCIIE YETO HOYHYIO KYJIb-
Typy pa3BOAWIN YUCTON cpefor 10 koHeuHoro 3HaueHust ODgy, = 0.1. Knetku
BeIpamuBanu 10 ODgyy = 2.0, mociie yero cooupanu mpu MOMOITH IEHTPUY-

TUPOBaHUS.

2.4. I'eHeT4eCcKUE METOABI
2.4.1 Tpanchopmauus KJIETOK APOXKeil U OaKkTepuid

Tpanchopmalmio KIETOK APOXIKEN MPOBOAWIN MPU MTOMOLIY CTaHAAPTHON
METOIUKH C UCIIOJIb30BaHUeM arlerara nutus u 6amtactHoi JIHK (Gietz ef al.,
1992).

Tpanchopmanuio kietok mrammoB E. coli BL21 (DE3), NiCo21 (DE3),
Rosetta (DE3) u Zeta nnasmunaMu Juisi TPOAYKIMH TE€TEPOJOTHYHbBIX OEIKOB
IPOU3BOIMIM IO CTAHAAPTHOMY IIPOTOKOJIY C IPUMEHEHHUEM XJIOPU1a KaIbLIHsI
(Sambrook, Russell, 2006). Komnerentabie kneTku mramma DHS«, ncmonb3o-
BaHHBIC MPU MOJIYYCHUU U HapaOOTKE MIa3MUAHBIX KOHCTPYKIUU, TpaHCcop-
MHUPOBAJIM IO CTaHAAapTHOM MeToauke (Sambrook ef al., 1989) g komneTeHT-

HBIX KIJICTOK.

2.4.2 OmueHka yacTorsl norepu npuona [URE3]

Jns moacuera yactotel notepu [URE3]| ncnonib30Balid paHee ONMUCAHHBIN
metof (Kryndushkin et al., 2008). IlItamm OT520 TpanchopMupoBaiu ria3Mu-
JIaMU JUTsI CBEPXIKCIIPECCUU U3ydaeMbIX TeHOB. [lomyueHHbIX TpaHcpopmMaHTOB
10 IPOUIECTBUH MATH JHEN ¢ MOMEHTA TpaHC(hOpMaLii UHOKYIUPOBAJIH B Cpe-
ny YEPD. Kynerypy BbIpammBanu 10 ontudeckoil otHoctd ODgyy = 0,75 n
BbICeBaJIM Ha TBepAyto cpeny 1/2 YEPD. Uacroty nmoTepu ornieHUBaIuU mojacye-
TOM KOJIMYECTBA KPACHBIX M OEJIBIX KOJIOHUM mpu momotu Imagel. [{ns kaxmoit

KOHCTPYKIIMU aHAJIM3UPOBAIIA 110 MEHbIIIEH Mepe 4 HEe3aBUCUMBIX TpaHC)op-
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MaHTa.

2.5. ®ayopecueHTHASI MUKPOCKOIHS

[Tpu mpoBeneHnu (payopecueHTHOW MUKPOCKONUH KJIETKH BBIPAIIUBAIN B
COOTBETCTBYIOLIEN CENEKTUBHOM kuakon cpene 10 ODgy, = 0,7. Knetku oca-
XKAAIA HEHTPUPYTUPOBAHUEM, TTOCIIE YEro pa3BOJWIM B HEOOJIBIIOM KOJUYe-
CTBE CPeJIbl, IEPEHOCUIIN 5 MKJI KJIETOYHOM CYCIIEH3UH Ha IPEIMETHOE CTEKJIO U
cMemmBaiu ¢ 5 Mk 50% muuepuHa. [lonydeHHsle npenaparsl aHaIU3UPOBAIU
Ha HIMPOKONOIBHOM (IIyOpeceHTHOM MuKpockone Zeiss Axioscope Al. Jlns
nojydyeHus u3o0paxeHuit ucrnonabzoBanu kamepy ZEISS Axiocam 506 color u
nporpammHoe obecrieuenre ZEN ot mpousBoautens. OOpaboTka n3obdpaxke-

HUI TPOU3BOAMIACH IPU oMoty rmporpamMmsl ImageJ u GIMP v. 2.10.18.

2.6. MosiekyJISIpHO-0HO0JIOTHYECKHE METOAbI
2.6.1 Ilosumepa3Hasi eNHAasA peaKUusi

[Tonumepasnyro nennyro peakuuto (IILIP) nmpoBomuiam B odbeme 10 mkn
¢ nomouipto amrumdukaropa T100 (BIO-RAD) mo mnpotokony, pekomeH-
noBanHoMy TmpousBoauteneM JJHK-nmomumepassl. [IpaiiMepsl, MCTONIb30BaH-
Heie 11 npoBeneHus 1P B mannoit paGote, mpencrabieHsl B Tabmuie 4.
Jlns aMmruinukanuu 1eaeBbx (parMeHTOB MPU KJIOHUPOBAHUU UCIIOIH30Ba-
mu JIHK-momumepasy Phusion (Thermo Fisher Scientific, F530S). [lns caiit-
HaMpaBIEHHOTO MyTareHe3a MCHOb30Banu momuMmepasy AccuPrime™ Pfx
(Invitrogen, #12344-024).

2.6.2 Pecrpuxuus

Pectpuxkuuro mnasmugnoit JJHK unu TTHP-pparmenta npoBoauinu B 00be-
Me 10 Mka Ha peakiuto. i peCTpUKIIMU UCTIONb30BaIH pecTpukTa3zbl BamHI,
Sall, Sacl (Thermo Fisher Scientific). YcnoBust peakuuu BeIOMpanu B COOTBET-

CTBHH C ITPOTOKOJIOM, pPCKOMCHIOBAHHBIM ITPONU3BOINUTCIICM q)epMeHTa.
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2.6.3 Jluruposanue /IHK-¢pparmenTon

JlurupoBanue gpparmentoB JIHK mo nunkum koHIIaM TPOU3BOAMIIH MPH TTO-
mortnu nurasel ¢ara T4 (Thermo Fisher Scientific). ®parments JJHK cmemn-
BaJIM B MOJISIPHOM COOTHoOIIEHUH 1:5 (0CTOB TIa3MuIbI:BCTpanuBaeMblii par-
MeHT). JIurupoBanue MpoU3BOAMIA B TEUCHUE HOUU NMPU KOMHATHOM TeMIiepa-
Type, MOCJE Yero MHAKTUBUPOBAIU (PEPMEHT MPU MOMOIIN MHKYOAIIMH CMECH

npu Temieparype 70° C B TeueHHEe 5 MUHYT.

2.6.4 Brpinenenune miazmuaHoi [IHK u3 6akrepuii

Brinenenue mnazmunnout JIHK w3 Gaktepuii mpou3BOAWIM C HCIOJIB30-
BanueMm Habopa peareHToB GeneJET Plasmid Miniprep Kit (Thermo Fisher
Scientific) cormacHO WHCTPYKIHH, TpuiaraeMoil Kk Habopy. OlEeHKY KOHIIEH-
Tpauuu 1 YucToThl BeiaenenHou JJHK npousBoauniu npu nomoiu cnexkTpodo-

tometpa NanoDrop 2000 (Thermo Fisher Scientific).

2.6.5 Juaexrpodopes JHK

s anexrpodoperudeckoro pasaenenus JJHK-pparmenTor ncnonszoBanu
arapo3Hslii reis (1% araposst (w/v) Ha 0,5x TBE). Onekrpodope3 npoBoauin
B Kamepe JiJisi TOpu3oHTalbHOTO AnekTpodopesa (BIO-RAD) npu nanpsixenuun
90 B B Teuenue 45 munyt. OkpamuBanue JJHK npousBogunu npu nmomouniu
WHKyOarmu B pacTBOpe OpomMucToro 3Tuaus B TedeHue 15 munyT. 1kb ladder
(SibEnzyme #M12) Obu1 UCTIONIB30BaH B KAU€CTBE MapKepa MOJIEKYJISIPHOTO Be-
ca JIHK.

2.6.6 Bpiaenenue u djiekTpodopes 0eJKOB U3 KJIETOK JAPOXKKeil U DaKTe-

puit

Jlnis aHanu3a ypoBHEH OENKOB B KJIETKAX APOXOKEH MPH MOMOIIM JIEHATY-
pupytomiero aekTpodopesa B noauakpuiamuaaom reine (SDS-PAGE) Beije-

JIeHue OejIKa U3 KJIETOK ,Z[pO)K)KGfI IIPOU3BOAWIIN 110 MCTOAY IICJIOYHOI'O JIM3UCa



48

(Kushnirov et al., 2000, Zhang et al., 2011). JIsa npuroToBIeHUs JIM3aTa MC-
N0JIb30BaIM 1,5 MJI KylIbTyphl € onTHYecKoM mIO0THOCThIO ODgy, = 0,75.

Jlnst ananu3a ypoBHEH NPOAYKIUMU OEIKOB B KJIETKaX OakTepuil ¢ MOMO-
mplo SDS-PAGE k OakrepuaibHbIM KJI€TKaM, OJYUYEHHBIM MPH OCAXJIEHUU
1 M1 cycrieH3uOHHOM KyabTyphl, 1ooasmsui 100 mxn Oydepa st HaHECSHHS
CO CTaHJAPTHBIM cocTaBoM (Sambrook et al., 1989) u kunaTHIN B TEUCHUE 5
MuHyT. [locne kunsueHus au3ar HeHTPUYrupoBaid B TEUCHUE 5 MUHYT MPHU
ckopoctr 13200 06/MuH 1151 ynaaeHusl OCTaTKOB KJIETOK.

SDS-PAGE mpoBoaunu no crannaptHoii Meronuke (Laemmli, 1970). B ka-
YEeCcTBE MapKepa MOJEKYJsIpHOro Beca ucrnoisb3oBain PageRuler+ Prestained
Protein Ladder (BIORAD) wiu Spectra BR Prestained Protein Ladder (BIO-
RAD). Ilocne npoxoxaeHus anekTpodopesa resib NoABEprain OKpalTuBaHUIO
Kymaccu unu ocyiectBisuin noitycyxoit nepenoc 6enkoB Ha PVDF (nmonuBu-
nunaeHdropun) memopany (GE Healthcare) npu nomonu npubdopa BIO-RAD
TransBlot Turbo no cranmapTHOMy NpOTOKOITY (HMCIOIB30BAHHOE HAMPSKEHUE
- 25 B, Bpems nepenoca - 30 MUHYT).

Jlis mpoBeeHusl BECTEPH-0JIOTTUHIa MEMOpaHy MHKYOMpPOBAaJIU B TEUEHUE
15 munyT B 1% (W/v) pactBope blocking agent (GE Healthcare) B 6ydepe TTBS
(ma 1 mutp - 9 r NaCl, 15 mn 1 M Tpuc-HCI (pH 7,6), 0,5 mu Tween 20). ITocne
WHKyOaImmu MEMOPaHbI C COOTBETCTBYIONTUMU IMEPBUYHBIME aHTHUTEIamMu (Tab-
muua 5) u sropuunbiMu antutenamu (GE Healthcare) npousBoaunu neTekiuio
PE3yABTaToB C UCToib30BaHueM nHCcTpyMeHTa GeneGnome (SynGene) u Habo-

pa peareaToB ECL Select Western Blot Detection Reagent (GE Healthcare).

Ta6uauna 5. [lepBuuHbIe aHTUTENA, UCTIOJIB30BAHHBIC B JAHHOUW padoTe

Haspanue antuten | AHTUTEH(-bI) Pa3Benenue | [Ipoucxoxaenue
anti-Hsp104 Hsp104 1:1000 Abcam, #ab69549

SE4290 Sup35, Sup35NM | 1:1000 Chabelskaya et al., 2004
SS2 Sisl 1:750 Barbitoff et al., 2017
anti-Hisg Hisg 1:4000 GE Healthcare, #27-4710-01
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2.6.7 Ilonynenarypupywiumii 3jekrpodope3 B araposnom reiae (SDD-
AGE)

SDD-AGE (Kryndushkin et al., 2003) npoBoauiu B COOTBETCTBUH C OTH-
cannor meronukoir (Halfmann, Lindquist, 2008; Drozdova et al., 2020). JIu-
3uc KIeTok apoxoxen 11 SDD-AGE npoBoaniam mo nmpoToKoiIy ¢ HUCIOJIb30-
BaHMEM CTEKJIIHHBIX mapukoB (Drozdova ef al., 2020). Dnexkrpodopes npoBo-
mum nipu Hanpspkenuu 30 B Bo npay. Ilepenoc 6enkoB Ha PVDF-mMemOpany
(GE Healthcare) ocymiecTBasIM PU MOMOITY TEXHOJIOTUU KAUJUISIPHOTO Tie-
peHoca, onucanHoi B Halfmann, Lindquist, 2008. B oTnenabHbIX ciayyasx npu
nposenenuu SDD-AGE ucnonb3oBanu mapkep monekynsproro Beca JJHK 1kb
ladder (SibEnzyme #M12), koTOpbIif HCTIOTB30BAJH JIJIsI OTICHKH pa3Mepa aMu-

nouaHbix arperatoB o metoauke AGECalibratoR (Drozdova et al., 2020).

2.7. Ilosy4yeHue mnpemnaparoB APOKKeBbIX HIATNIEPOHOB U AMUJIOHUIHBIX

¢pudpua in vitro

2.7.1 OnruMu3zanus ycJja0BHUil 1Jis HApaOdoTKH 0eJIKOB B KJIETKax 0akKTe-

pui

OnTumanbHbIe YCIOBUS MPOIYKIUUA OETKOB MOIOUPANIA TPU TIOMOIIIH aHa-
JU3a KOJInuecTBa Oejka B KJIETOYHBIX JIM3aTax pa3HbIX IITAMMOB MPHU Pa3HBIX
TeMIieparypax KylabTUBUpOBaHUsA. bakrepun, TpanchHOpPMUPOBAHHBIE CKOH-
CTPYMPOBAaHHBIMH IUIA3MHUJIAMH, BBIPAIIUBAIN B TEUEHHWE HOYM, MOCJE YETO
HOUYHYIO KynbTypy pa3zBoawin B 100 pa3 u MHIyIUPOBAIHN SKCOPECCUIO LIETie-
Boro Oenka nodasnenueM IPTG no koHeuHo# koHueHtpauuu 1 MM. ITpoGsl,
O0TOOpaHHBIE W3 KYJIBTYp B Hadaje SKCIEPUMEHTA, a TaKXke uepe3 2 u 5 ya-
COB IOCJI€ KYJIBTUBUPOBaHUS B npucyTcTBuM IPTG, aHanu3upoBaiu npu mno-
mom SDS-PAGE ¢ nocnenyromum okpamuBanrem renst Kymaccu G250 unu
BECTEpH-0J10T rubpuan3anueii. OnTuManbHble YPOBHU MPOIYKIIMU HaOII0a-
muck B cnenyromux mrammax: BL21 (DE3) - g Rnql u Sis1ADD, NiCo21
(DE3) - nyist Sup35NM wu ero BapuantoB, Rosetta (DE3) - ana Sisl.
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2.7.2 IlpenapaTuBHasi OYHCTKA 0eJIKOB

JIJ1s1 OUUCTKY IPOXKIKEBBIX MPUOHOTCHHBIX OEJTKOB MbI TPAHC(HOPMHUPOBAIH
KJIETKA COOTBETCTBYIOIIETO MTamma E. coli mna3Muaon 1ist mpoayKIUH 1iesie-
Boro Oenka. [Tomydennsix TpancdopmanToB BeipamuBanu B cpeae 2TY ¢ go-
0asnenneM amnuiuiuHa 10 ODggq = 0.3, mocne vero no6asmsuim IPTG no
KOHEYHOM KOHIeHTpauuu 1MM u MHKyOUpOBaJIM MPU ONTUMAIBHBIX yCIOBU-
X JIJIs KOHKPETHOTO 11eJIeBOTo Oernka. J{s mpoBenenust xpomarorpadudeckoi
OUYMCTKU OeJiKa B IEHATYpUPYIOLIUX YCIOBUAX K OCAXKJIEHHBIM KJIETKaM J100aB-
nsumy musupyromuii 6ydep A, cogepxkamuii 20 MM Tpuc-HCI (pH 8,0) u 8 M
MOUYEBHUHY U3 pacuera 3 miu Oydepa Ha 1 T KIETOK, U HHKyOMPOBAJIU IMPU KOM-
HaTHOU TemIieparype B TeueHue 1 gaca. Ilocie 3Toro nosry4eHHbIN JIN3aT OCBET-
JISUTM TIPY ToMoUTH HeHTpudyrupoBanus npu ckopoctu 30,000 g B Teuenue 20
MUHYT. /{7151 mpoBeeHNs] OYMCTKY UCIIOIB30BaNIM HAJA0CAI0UYHYIO (PpaKiuro.

[Tpu ouncTKE MONEKYISIPHBIX MIAMIEPOHOB B HEICHATYPUPYIOIINUX YCIOBUIX
K OCaXJEHHBIM U3 KYJIbTYPhl KJIETKaM q00aBisun gusupyrouuit 0ydep b (co-
ctaB Oydepa: 20 MM Tris-HCI, 500 MM NaCl, 10% rmunepuna, 20 MM umu-
nasona) (Krzewska, Melki, 2006) (3 ma Ha 1 T ki1eTok) u auzonum (800 MKT Ha
1 T KJIeTOK), TTOC/Ie Yer0 MHKYOMpOBaiau Ha ybay B Teuenue 30 munHyT. [locie
3TOro AOOABJSUIM K CYCHEH3MM J€30KCHUXO0JIaT HaTpus U3 pacuera 4 Mr Ha 1 r
KJIETOK 1 HHKyOHupoBanu emle 30 MuHyT Ha Jbay. OOpaboTaHHbIE TaKUM 00pa-
30M KJIETKH Pa3pylIiaid MNPy MOMOIIHA 00pabOTKH YABTPa3BYKOM (8 IHKIOB 1O
15 cexynn npu momHocTH 80%). JIM3aT 0CBETIISLIN IO METO/IUKE, AaHATTOTUYHON
OTIMCAHHOM BBIIIE )51 aMUJIOUIOTCHHBIX OCJIKOB.

J7ist ourcTKU OENKOB M3 KIIETOK APOXKKEH S. cerevisiae KneTku, TpaHchop-
MUPOBAHHBIE TIA3MUIOHN JIJIs1 TPOMYKIIMHA COOTBETCTBYIOIIETO OEJIKa, BHIPAIIIH-
Bayu ripu 30° C B cpene SC (Kaiser et al., 1994) 6e3 no6aBineHus ypaiuia 10
ODggp = 2.0, moce yero ocaxaanu Mpu MOMOIIM LeHTpudyrupoBanus. Jms
BBIZICICHUS OelKa K OCaaKy KIETOK M0o0aBisuiM Jm3upyromuii oydep b ¢ mo-
OaBiieHMEM MHrUOUTOPOB Mpoteas (Sigma) (20 Mk Ha 1 mu Oydepa). bydep

noOapisiin u3 pacuéra 1 mu Oydepa Ha 1 r kierok. JIM3uc npoBoaAUIu C UC-
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MOJIb30BAaHUEM CTEKJISTHHBIX IIIAPUKOB U TOMOTEHU3ATOpa MO CTaHAAPTHOM MPo-
neaype (Drozdova et al., 2020).

Jlnst mpenapaTuBHOM OYMCTKHU OEJIKOB MCIOJIb30BadM KOJOHKY ¢ Ni-NTA
arapo3oit oosemom 5 miu (GE Healthcare) u xpomarorpaduyeckyro cuctemy
NGC (BIO-RAD). OunctKy mpOBOAMIN TIPH CKOPOCTH TokKa 5 mi/muH. [Ipo-
MBIBKY KOJIOHKH I1OCJI€ HAHECEHUS KJIETOYHOIO JIN3aTa IPOBOIUIIN MIPU ITOMO-
I COOTBETCTBYIOIIETO Ju3upytoiiero 0ydepa (oo6bem Oydepa st TPOMBIBKU
paBHsics 10 oObeMaM KOJIOHKH). DIIOLUIO MPOBOIUIU TIPHU MOMOIIU JTUHEH-
HOTO I'paJiueHTa KOHIeHTpaunu umuaazona (ot 20 no 250 MM), oObeM amroata
paBHsics 10 oObemaM kosnoHkH. Opakiuu coOupany mpu NOMOUIM aBTOMATH-
yeckoro koyuiektopa ¢pakiuii (BIO-RAD). TlepBuuHyto OIEHKY KOJIMYECTBA
Oenka BO (hpakKIusAX MPOU3BOAMIH IO U3MEHEHHUIO TIOTIIONICHUS YIIbTpaduoIe-
TOBOTO M3TyUYEHUs C JJIMHOUN BOTHBI A = 280 HM. OTOOpaHHbBIE PPAKITUU JOTIO-
HUTEJBHO aHaIu3upoBanch npu nomoun SDS-PAGE.

[TukoBbIe (ppakiuu diIr0ara, colepkKallue IPOXOKEBbIe aMUJIOUIOT€HHbIE
Oenku, oObeauHIM U A00aBs K HUM 4 oobema 100 % meranona. Ilomy-
YEeHHBIN pacTBOp MHKYOMpOBaIU B TeueHue Hour mpu 4 © C, mocie 4ero IeH-
Tpudyruposanu B TedeHue 30 MunyT Ha ckopocT 7000 g niist ocaxkaeHus jae-
HaTypHupoBaBiero 6enka. OcaxaeHHBI 0€I0K cOOMpaid B MUKPOIIPOOUPKH,
no6apmsiy 200 MKJT 94MCTOTO METaHOJIa M CHOBA IICHTPU(DYTHPOBATIN B TEUCHHE
30 munyT nipu ckopoctu 14000 g. [Ipenapat O6enka XxpaHUIU IPU TEMIIEpaType
-80° C.

[Tocne npoBeneHus npenapaTUBHON OYUCTKU OEJIKOB B HAaTHUBHBIX yCIIOBH-
X OEJKH KOHIIEHTPUPOBAIM U MPOU3BOJWIM 3aMeHy Oydepa Ha HEeHTpUPYK-
HbIX KOHIIeHTpaTopax AmiCon Ultra-15 ¢ orceukoit MmonekynsapHoro Beca 3 k/{a
(Merck (Millipore)). st xpaHeHus MpenapaToB OYMINCHHBIX IIAIIEPOHOB HC-
noJib3oBaiu Oydeps! crnenyromiero cocraa: A Sisl u Sis1ADD - 20 MM Tris—
HCI, pH 7.6, 150 MM KCI, 5 MM BMD, 10% rnuuepuna; nns Ssal - 20 MM
Tris—HCI, pH 7.6, 50 MM KCI, 5 MM BMD, 10% rnunepuna, ais Hsp104 - 50
MM Tris—HCI, pH 8.0, 200 MM NaCl, 5 MM BMD, 0.01% Triton X-100, 5%

ruepruHa. CKOHIEHTPUPOBAHHbBIE OEJIKU B COOTBETCTBYIOIIEM Oydepe 3amo-
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PaXXuBaJIX IIpU ITIOMOIIH JXKHUAKOTO a30Ta, ITOCJIC YCT0 COXPAHAIIN IIPpHU TCMIICpA-

Type -80° C.

2.7.3 TlonyyeHue aMUIOUAHBIX GUOPHILT

[Ipn nomydyeHnn aMHIOMAHBIX (GUOPHILTT aMUJTIOUIOTEHHBIE OEJIKH, CoXpa-
HEHHBIC B METAHOJIE, OCAXK/IATIN MPU IMOMOIIU HEHTPUPYTUPOBAHUS, ITOCTIE Ue-
IO BBICYLIMBAJIA OCAJ0K MPHU MOMOIIM BaKyyMHOI'O KOHLIEHTparopa (20 MUHYT
npu ckopoctu BpameHus 2000 o6/mun). [lonyyeHHBI CyX0oi 0caloK pacTBO-
psnu HeOonbIMM o0beMoM (5-20 mki) Oydepa, conepxanum 6 M I'TX, 20
MM Tris-HCI, pH 8.0, a Taxke 150 MM NaCl. Konnentparuro 6einka usmepsiiv
Ha OCHOBE CIEKTpPa MOMIOLIEHUS YABTPa(UOIECTOBOTO N3TyUEHUS MPHU MTOMOIIH
npudopa NanoDrop 2000 (ThermoFisher). 3arem Genox pazBogwiu Oydepom
JUTSL TIOTyYeHHS (GUOPHILT 10 HEOOXOAMMOM KOHEUHOM KOHIIEeHTpaluu B Oydepe
HeoOxomuMoro coctaBa. CoctaB pacTBopa Juisl oiydeHus GuOpusut ObLT clie-
aytommm: 150 MM NaCl, 5 MM KPO, (pH = 7.4). na pudbpummsanuu Rnql
Oydep Taxxke comepxkan 4 M moueBuHBI. JJi MPOBEPKU HAIMYUS JI€TEPIEeHT-
YCTOWYMBBIX arperatoB B pacTBope npoBoawin SDS-PAGE ananus npo6 10 u
MOCJI€ KUTISTYeHUS B TpucyTcTBUM SDS.

JIJ1s1 TONOJIHUTENIBHOW ITPOBEPKHU NOJIYyYEHHBIX SDS-yCTONYMBBIX arperaro
OLICHUBAJIM CBS3BIBAHME arperaTtoB ¢ aMUJIOU]I-CIEHU(UUECKUM KpacHTelIeM
tuodasuaoM T. J{ns mpoBenenus Takoro anaiu3a 100 Mk mpenapara 6enka
cMemmBaiy ¢ 5 Mk pactBopa tuognasuna T (2,5 MM B 5 MM KPO, pH =7.4).
CrnexTtp ¢uyopecueHuuu aeTekTupoBain mpu nomouu cucreMbl CLARIOstar
plus (BMG Labtech).

2.7.4 OuneHka aKTUBHOCTH MOJICKYJISIPHBIX HIANIEPOHOB in Vitro

JUJ1s1 OIIEHKH aKTHBHOCTH OYHMIIIEHHBIX APOMKEBBIX IIATIEPOHOB NCIOIB30Ba-
JM METO/IMKY, OCHOBaHHYIO Ha BOCCTAHOBJICHUW aKTHUBHOCTH JICHATypHUPOBaH-
HOM cBeTnsiukoBoH srorudepassl (Glover, Lindquist, 1998). PekomOnHanTHY1O
monrdepasy cBemsiuka (abcam, #ab100961) pacTBopsuin B peakiimOHHOM Oy-
depe (25 MM Tris-HCl pH 7.6, 50 MM KCl, 8 MM MgSO,, 8 MM auTnoTpenTo-
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na (ATT), 0,1 MM DIITA, 10% rmunepuna, 0.25% Triton X-100) (Mmoaudunmpo-
BaHO U3 (Schumacher et al., 1996) u pazBoanaIu MOYEBMHOM 10 KOHEYHON KOH-
neHnTpanuu Jonudepassl 10 MKkM 1 KOHEUHON KOHIIEHTpAIMd MOYE€BUHEI 4 M.
JleHaTypupoBaHHbBI TakuM 00pa3oMm ¢gepmeHT pasBoawin B 100 pa3 peakiu-
OHHBIM Oy(epoM, copepKaIuM COOTBETCTBYIOIIYIO KOMOMHAITUIO OYHMIIICHHBIX
JPOXOKEBBIX MIANIEPOHOB (MCTIOIB30BaHHBIE KOHIIEHTPAIMH MANepoHoB - 1 yM
Hsp40 u 1 uM Hsp70). Cmecs arperaros snronudepasbl U MarepoHOB HHKYOU-
poBanu B TedcHre 60 MunyT mpu 26 © C. AKTHBHOCTB JIFOIIU(EPa3bl H3MEPSLIN
npu oMoty Habopa peaktuBoB Luciferase Assay System (Promega, #E1500)
u cuctembl CLARIOstar Plus (BMG Labtech). I3mMepenrie ”HTEHCUBHOCTH JIIO-

MHUHCCLHCHIIMU ITPOU3BOJIUJIN B 3 HE3aBUCHUMBIX TEXHUYECKUX IMOBTOPHOCTX.

2.8. DileKTpOHHAsi MUKPOCKOIHUA

JIns mpUroTOBIEHUS IPENAPATOB JJIs1 TPAHCMHUCCUOHHOU 3JIEKTPOHHOM MUK-
pockonuu (TOM) 5 Mxn pactBopa (GUOpUIIT HAHOCWIA HAa MEIHYIO CETOUKY
¢ dhopmaaponoii ieHkout (Ted Pella, Inc.) (¢ monosHUTENBHBIM YIIIEPOIHBIM
HalbUICHUEM B cilydae Hanuuyusi B Oy(hepHOM pacTBOpe BHICOKUX KOHIIEHTpa-
i nerepre’ToB). [locne BhIChIXaHMS OKpalIMBaIM IIpenapar pacTBOPOM ypa-
HWI auerara B KoHueHtpauuu 1% (w/v) B Teuenue 30 cekyna uiu 10 MUHYT
(1St HETAaTUBHOT'O M MO3UTUBHOTO KOHTPACTUPOBAHUs, COOTBETCTBEHHO). Kpa-
CUTENIb YIS, NOJyYEHHBIN Mpenapar MpOMbBIBAaJIN BOION U BBICYIIHMBAJIH.
DJEKTPOHHYIO MUKPOCKOMIUIO TpoBoAMM Ha matgopme PLI «Pa3zButue mose-
KYJSIPHBIX M KJIETOYHbIX TexHonorui» Hayunoro Ilapka CIIOI'Y.

Ananu3 Mukpodortorpaduii Ipou3BOIMICS BPYUYI0 C HCIOJIb30BaHHUEM
nporpammHoro makera Imagel. 3a nnuHy QUOPHILIBI MPUHUMAIIN PACCTOSHUE

110 €€ OCH OT BUJIMMOM TOYKHM Hayaja /10 BUAUMOMN TOUKH KOHIA (GUOPUILIBL.

2.9. AHauu3 cBA3BIBAHUA IIANIEPOHOB ¢ (PUOpPUILIIAMH

AHaM3 B3aMMOJICHCTBUS IIANepOHOB ¢ GUOPHUILIaMH MPOBOIKIIN T10 pa3pa-
O0oranHol Hamu MeToauke (Barbitoff et al., 2020). Ha nmepBom aTame pactBop,

COJIEpIKALMH MOTYUYEHHBIE in Vitro aMUIOUAHbIE (PUOPUILIBI COOTBETCTBYIOILIE-
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ro 6enka, neHrpudyrupoanu B reuenue 30 MunyT ripu ckopoctu 14000 g, mo-
cie uero ynansiim Oydep u pactBopsitr ocanok B 50-100 Mk peakiimoHHOTO Oy-
depa 20 MM Tris-HCI (pH = 8.0), 200 MM NaCl, 5% munepuna, S MM BMD,
10 MM MgCl, (Krzewska, Melki, 2006). [Tocne 3Toro moiay4eHHbIA pacTBOP
(GbuOpUIT B BEICOKON KOHIIEHTPAIIMN CMEIIMBAIIU C OUYMIIICHHBIMHU IIAIIEpOHAMU
B oObeme 50 MK, KOHeuHas KOHIeHTpanus Guopmin cocrasmsuia oT 4 g0 40
uM, KOHLEHTpauus manepoHoB - oT 1 10 4 M B 3aBUCHUMOCTH OT 3KCIEPH-
MeHTa (cM. miaBy 3). [lns sxcnepumenToB ¢ no6asienueM Hsp70 u Hsp104 B
cMmech Take n06aBmsu S MM AT® unu 5 MM Heruapoam3yemMoro aHaaora
ATO, AMO-OH®. B oTIenpHbIX 3KCIEPUMEHTAX TAKKE UCITONIB30BaIu 5 MM
I'T® u AT®-perenepupytouryto cuctemy (100 mxr/mi kpeatuHdocHoKrHA3bI
(Sigma), 10 MM kpeatundocdara). Cmech manepoHoB U GUOPUILT B peaKkiiu-
OHHOM Oydepe HHKyOHpOBaIM B TeUeHUE | Haca ¢ mepeMenmBaHueM MPU KOM-
HATHOU TemIeparype, Mocje 4yero PpakimoHUpOBaId CMECh HEHTPUPYTUPOBa-
HueM ckopoctu 14000 06/mun B Teuenue 20 MunyT. Hamocanounyro ¢gpakimio
OTOMpaJId B OTIAEIHHYIO MUKPOTPOOHUPKY, MOIYYCHHBIH OCaTOK PECYCICH/IN-
poBaju B aHAJOTMYHOM oObeMe peakimoHHoro Oydepa. Pacnpenenenue Gen-
KOB 10 (hpakuusiM aHaiauzuposaiu npu nomoinu SDS-PAGE. Kaxablit skcre-
PUMEHT MPOBOAWIIA KaK MUHUMYM B 3 TEXHUYECKUX TTOBTOPHOCTSIX.

Jlnst ontenku koHCTaHT cBsi3biBaHus Hsp40 u Hsp70 ¢ amunonnabivu pud-
pUIIaMU OLIEHMBAJIM KOJIMYECTBO LIEJIEBOro Oejka B 0CaJ0YHON U HA10Ca104-
HOM (hpakiMsIX Mpy TOMOIIIM aHATN3a N300paKEHHU M OKpAIlIeHHBIX Tellel mocie
SDS-PAGE nocpencrBom mporpaMMmHoro nakera ImagelJ, mocie yero Berauc-
JISUTH TOJTHO LIETIEBOTO OeKa B 0CaA0YHON (ppakuuH (f,).

Koncranty auccouuanuy 3areM OLICHMBAJIM MPHU MOMOIIU MOIUDHUKAIIUU
CTaHJIaPTHOU pEerpecCUOHHON MOJIEIH JIJISl aHAJIU3a CBSA3bIBAHUS:

(1 —a) x [F]

(TR PR

, Tne [F] - koH1eHTpanus 0enka B cocraBe pubdpuii, a Ky - oneHuBaemasi KOH-
cranTa auccouuanuu (Motulsky, Neubig, 2010), a - nonpaBouHsbIit ko3¢ duLn-

€HT, OTpaXKarolui OMOKy MeTojia ((POHOBBINM YPOBEHBb OCAXKEHUS 11€JIEBOTO
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oenka). Konnenrparuto 6enka B coctape pubpuii ([£]) olileHuBaIy MO COOTHO-
IICHHUIO OeJTKa B HAJ0CAI0YHOMN U 0CAIOYHON (PPAKIUSIX TIPH EHTPUPYTUPOBA-
HUU UCXOAHOTO Tnpemnapara GuOpu.

JIOCTOBEPHOCTh pacCYUTAHHOTO 3HaueHUs Kp OICHUBAIM MPU MTOMOIIH t-
KpuTepus. B ciydae, eciu p-3Hau€HUE MPEBHINIATIO MOPOT 3HAYMMOCTH (o =

0.05), B3auMOJIeHCTBUE TanepoHa ¢ GudpuutamMmu cauTanu Hed(pPEeKTUBHBIM.

2.10. CrarucTuyeckasi 00padoTKa JaHHBIX

CrarucTuuecKuii aHajiu3 MPOU3BOAWIM C HMCIOJb30BaAaHUEM S3bIKa IPO-
rpammupoBanud R (R Core Team, 2014), mis Bu3yanu3auuu JaHHBIX HC-
nonb3oBany maket ‘ggplot2¢ (Wickham, 2016). CpaBHeHHE KOTUYECTBEHHBIX
nokasarejieil MpOBOIUIIM C MCIOJIb30BaHUEM Kputepusi BunkokcoHa-MaHnHa-
Yutnu. CTaTUCTHYECKOe CpaBHEHHWE KOHCTAHT JUCCOIMAIMU MPOBOIUIU IO
t-KpUTEepUIO (ONpEAETIeHUE CTAaTUCTUKH I CPABHEHUSI PErPECCUOHHBIX MO-
neneit nano B Clogg et al., 1995). IlonpaBky Ha MHOXECTBEHHBIE CpaBHE-
HUS OCYHIECTBIISUIA 10 MeTtoAy benmxamunu-Xoxo6epra. CKpUNTHI, UCIOb-

30BaHHBIC IS aHAINW3a JaHHBIX B paboTe, MOTYT OBbITh HAMIEHBI MO aapecy:
https://github.com/mrbarbitoff/phd 2022.


https://github.com/mrbarbitoff/phd_2022
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I'maBa 3. Pe3yabrarsl

3.1. Xapakrepucruka auddepeHunajabHbiX 3QpPekToB Sisl HA NMPHOHBI

APOAIKEH

3.1.1 HN3mMeHeHHe BHYTPHKJIETOYHOH Jokajau3anuum Sisl pasHoHampas-

JICHHO BJIMSIET HA IPHOHBI AP OXKKEH

B xoxe nmpenplaymux UCCaeI0BaHu, MPOBOAUMBIX HAIIEd HAYYHOW TpyIi-
1o, 6110 0OHapyxeHo nuddhepeHInAIbHOE BIUSHUE CBEPXIKCpeccuu (ak-
topa CUR I na nnpuonsl apoxokeit (Barbitoff ef al., 2017). CBepxakcnpeccusi re-
Ha CURI comnpoBOXKJaeTcsl BIPAKEHHBIM U3MEHEHUEM BHYTPUKIETOYHOM JIO-
Kanu3auuy Sisl ¢ HUTOIIa3MaTHYeCKO Ha BHYTPUSAAEPHYI0. DTH HAOMIOAEHUS
MO3BOJIMIN C(HOPMYIUPOBATH TUIIOTE3Y, COTIACHO KOTOPONW MMEHHO HU3MEHe-
HUE JoKanu3auu Sisl ¥ CHIKEHUE ero UTO30JIbHON KOHIIEHTPALIUY PUBOIAT
K HaOmonaeMbIM G dexkram — ycunennto Gpenoruna [PSI] u n3neunBaHmIo
[URE3]. lanHas runore3a NpOTUBOPEUUT JINTEPATYPHBIM JTAHHBIM, COIJIACHO
KOTOPBIM CHUKEHUE KOHenHTpanuu Sisl Biueder 3a co0oit morepro [PSIT] u
[URE3] (Higurashi et al., 2008). B cBsi3u ¢ 3TuM, Ha IEpBOM JTare Halen pa-
00TbI HEOOXOIUMO OBLIO MOTYUYHUTh CTPOTO€ JOKA3ATENbCTBO TOTO, YTO PEIOKA-
muzanus Sisl moxeT auddepeHranbHO BIUITh Ha TPUOHBI IPOKIKEH.

Jlyst Toro, 9TOOBI MOJMYYHUTh TaKOE JT0KA3aTeIbCTBO, MBI TIPOBEpUIIN dPdek-
Th1 Curl-He3aBUCHMBIX M3MEHEHMH B JIoKanu3auuu Sisl Ha npuons! [PSI] n
[URE3]. C 77Ol 11€JIbI0 MBI UCTIOJIB30BAJIM BapuaHThI Sisl, CIUTHIE ¢ CUTHA-
aom siepHoro 3kcnopra (NES) wim curnanom sineproit tokanm3zanuu (NLS).
CBepXIpOAyKIIHS TAKUX XUMEPHBIX OCITKOB JOJIKHA UMETh IOMUHAHTHOE TTPO-
ABJICHUE 3a c4eT nuMepu3anuu Sisl. Mbl TpaHc@opMUpPOBaIN KIETKHA LITaM-
MoB OT520, OT56 u OTS5 mnasmugamu 11st ceepxnpoaykiuu Sisl, NLS-Sis1
u NES-Sis1. B cooTBeTCTBMY ¢ HAIIMMH OKUJAHUSIMU, CBepxdKcpeccust NLS-
Sis1 npusomuna x ycunenuto [PSI"] u usrnanuro [URE3] (Puc. 7A), npuuem
3¢ dexT Ha MpruoHHKIH herotrn [PSI '] 6611 cunbHee BRIPaKEH B YCIOBHUSX TO-

BBIIIICHHON TEMIIEPaTyphI.
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Pucynok 7. U3meHeHHMe BHYTPHMKJIETOYHOH Jokanu3anuum Sisl aud-
(pepeHIMATIBLHO BJHMSET HA MPHOHBI JAPOX:KeH M HX BAapHAHTBI. A.
JlecsTUKpaTHBIE CEpUIHBIE pPa3BEACHUS PENPE3CHTATUBHBIX KIOHOB OT55
[PSITTY, OT56 [PSI']® wmm OT520 [URE3-1], TpaHC(OPMHUPOBAHHEIX
pRS315CG, pAG415ADHI-Sis1-EGFP, pAG415ADH1-NLS-Sis1-EGFP u
pAG415ADHI1-NES-Sis1-EGFP. Bb. XapakrtepHas kapTHHa pacnpeiesieHUs
Sis1-EGFP, NES-Sis1-EGFP u NLS-Sis1-EGFP B knetkax OT56, nadmrona-
eMasi Ipu noMouu QayopecuieHTHOH Mukpockonuu. B. CpaBHeHue ypoBHei

6enka Sis1-GFP u NLS-Sis1-GFP B mrammax OT56 [PSI1]° u OT520 [URE3-
1] mpu momo1IH BeCcTepH-010T rudpuan3anuu. B kauecTBe KOHTPOJIS UCTIOIB30-
Bajach OKpacka TorajgbHoro oenka Kymaccu R250. Ilnasmub! 1 skcnpeccuu
aQHAJIOTUYHBI IEPEUUCICHHBIM B (A). JleTeKIHIo 11eJeBOro Oeyika nporu3BOIUIN
antutenamu SS2. I JlecsaTUKpaTHbIE pa3BENECHUs PENPE3ECHTATUBHBIX KIOHOB
mramma P-74-D694 u U-T-PT-YAL2171, TpaHc)OpPMHPOBAHHBIX BEKTOPOM
(pRS315), a Ttaxxke miazmugamu pAG415ADHI1-Sis1-EGFP, pAG415ADHI1 -
NLS-Sis1-EGFP u pAG415ADH1-NES-Sis1-EGFP.
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Opnnako, MBI Tak)Xe 0OHAPYX)UJIH, uTO cBepxnpoaykius NES-Sis1 neiicTy-
eT B TOM >ke HampaBieHuu, yto u NLS-Sisl: usronsier [URE3] u ycunuaer
[PSI*] (Puc. 7A). UIHTepeCHO OTMETHTB, YTO HECMOTPS HAa OTHOCHUTEILHO HESP-
K0 BbIpaxkeHHbIN 3 ekt cBepxnpoaykunu NES-Sisl Ha ¢penorun [URE3], Ha-
OmtomaeMbll Tipu moceBe ¢ pasBeneHueM (Puc. 7A), wactora norepu [URE3]
Obla BhIcOKOM mipu cBepxnpoaykuuu kak NLS-Sis1-EGFP, tak u NES-Sis1-
EGFP (nons [ure-0] xononuit — 98,8% u 88,6%, COOTBETCTBEHHO).

Jlyis mokaszarenbCcTBa TOTO, 4TO HaOmtogaembie 3(PPEeKThl CBA3aHBI UMEHHO
C U3MEHEHHEM JloKanu3anuu Sisl, Mbl MpoOBEpHIIN JoKamu3aIuio 6enkoB NLS-
Sis1-EGFP u NES-Sis1-EGFP B kiieTke Apox:kell 1 He HallUTH OTKJIOHEHHUH OT
paHee ONMCaHHOTO Xapakrepa ux Jiokanuzauuu (Puc. 7b). bonee Toro, mbl npo-
BEPWJIHM YPOBEHb PA3IMUHBIX BapUaHTOB Oenka Sisl B KiIeTKax, CBepXdKCIpec-
cupytomux SISI-EGFP wiu NLS-SIS1-EGFP. KonuuectBo 6enka Sis1-EGFP
u NLS-Sis1-EGFP ne otnuuanocs (Puc. 9I'), 4To CBUAETEIBCTBYET O TOM, YTO
s dexThl xumepHoU KoHCTpyKIMU NLS-SIS1 He cBsi3aHbI ¢ YBEIUYEHHOH TIPO-
TyKIuen Oerka.

Jlanee Mbl IPOBEPUIIH, BOCIIPOU3BOASTCS 1M Habmogaemble 3 dextsl NLS-
Sis1 u NES-Sisl B mtaMMax ¢ UHBIM T€HETHYECKUM (OHOM M BapHaHTaMu
[PST"]. Ins 5TOro MbI MCIIONB30Bamu mramm P-74-D694, conepxammii gpy-
roi CUJIBHBIN BapuaHT npuona [PSI ] u npunaanexamuii k [Terepropckum re-
HeTudeckuM uHuaM, 1 mramM U-T-PT-YAL2171, necyuwii ren SIS/ Ha 1ieH-
TPOMEPHOU TJIa3MHUJIE U ABISIFOIIUKCS TPOU3BOAHBIM IIMPOKO HUCIOJIBb3YEMOTO
mramma W303. Mer o6Hapysxumnu, uto NLS-Sisl coxpanser cBoit adhdexr Ha
denorun [PSI"] B mramme P-74-D694, no e U-T-PT-YAL2171, B TO Bpems Kak
NES-Sis] He okassiBaeT HUKaKkoro s¢dekra Ha [PSI ] H1 B OIHOM K3 ITAMMOB
(Puc. 7T"). 3ametum, onnako, uto 3¢dext NLS-Sisl MmoxeT ObITh MaCKHUpOBaH
BBICOKON TOKCHYHOCTBIO JAaHHOTO BapuaHTa OeJika MPH €r0 CBEPXIPOTYKIIHH.

Takum 00pa3om, MBI MMOKa3ajiu, 4To pejokanuzanus Sisl B sapo 3a cuer
ceepxnponykuuu NLS-Sisl npuBoaut k pasHoHanpaBieHHBIM 3¢ dekTam Ha
paznuYHBIe TPHOHBI JIPOXKKEH, a cuiaa 3TUX 3(PPeKToB HA MPUOHBI HOCUT

mTaMM-CIielIU(UIHBIN XapaKTep.
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3.1.2 H3meHeHue Jokaau3zanum Sisl He BiauMsieT HA pa3mep U Mopgo.io-

THI0 arperaTroB

Ha6mronaemsie addextsl penokanu3anuu Sisl Ha NMPUOHBI APOXIKEH MO-
T'YT OOBSICHATHCS M3MEHEHUSMH aKTUBHOCTH KaKOTO-JTMOO U3 ABYX BaKHEUIITUX
MPOIIECCOB — (PparMeHTaIM1 arperaroB WU HACIEAOBaHUS IPUOHHBIX CEMSTH
B AesieHusx. [ oueHku 3pPpexTuBHOCTH (hparMeHTaluy Ha CJIETYIOIIeM 3Ta-
ne paboThl MbI TPOAHATIUZUPOBAIH PazMep U MOPGOJIOTUIO arperaToB B KJIET-
Kax pasiM4HBIX ITaMMOB [PSI'], CBEpXIPOAYyLUPYIOMINX Pa3InyHbIe BapHaH-
Thl Sisl. /{75 3TOro MbI MpOBENM aHAIU3 pa3Mmepa arperaroB Sup35 B KIeT-
kax mrammoB OT56, P-74-D694 u U-T-PT-YAL2171, cBepXnpoayiupyomux
Sis1-EGFP, NLS-Sis1-EGFP wimu NES-Sis1-EGFP. Ananu3 pasmepa arpera-
toB npu nomoin SDD-AGE nokasai, 4To JononHuTeNbHas skcnpeccus Sisl-
EGFP npuBoauT K yMEHBIIEHUIO arperatoB BO BCEX M3YUYEHHBIX IITaMMmax. B
TO K€ BpEeMsi, pa3Mep arperaroB B KJIeTKax, cBepxmnpoaynupytonmx NLS-Sis1-
EGFP u NES-Sis1-EGFP, He otnuyasics OT KJIETOK, CBEPXITPOAYLHPYIOIINX
Sis1-EGFP 6e3 gomoaHuTeIbHbIX CUTHAJIOB BHYTPUKJICTOYHOM JIOKAIM3ALUU
(Puc. 8A).

OTtcyTcTBHE pa3uyuil B pa3Mepe arperatoB B KJIETKaxX C Pa3IMyHON BHYT-
PUKIIETOYHOM JIOKanu3anuen Sisl roBOpUT 0 TOM, UTO BAUSHUE PENOKATU3ALNH
Sis] Ha NpUOHBI, CKOpEE BCEro, HE CBA3AHO C MU3MEHEHHEM KUHETHKHU (par-
MeHTaluu arperaroB. Ha ciepyromiem 3Tamne Mbl Takke MPOBEPUIIH, BIHSIET
7Y U3MEHeHue Jiokanu3anuu Sisl Ha Mopdororuio arperatoB, HaOIIOAAEMBIX
IpH OMOIIH (ITyOpECIEHTHON MUKPOCKOTUH. JJ1s1 TpOoBEACHUS TAKOU MPOBEP-
K1 MbI Tpancopmuposanu kietku mrammoB OT56 u P-74-D694 nnasmuna-
MU ISl CBEPXIKCIIPECCUM PA3NMYHBIX BapuaHTOB SIS/ COBMECTHO C IUIa3MU-
JIOM JIJ1s KOHTPOJIMPYEMOU CBEpXMpoayKiuu ¢pparmeHTa Oenka Sup35, comep-
JKaIlero NpuoHHbI N-oMeH U 3apspkeHHbIM M-noMen (Sup35NM), ciuthlid
¢ moyopecuentasiM Oenkom TagRFP-T. B kieTkax, mpoaynupyromux Oenok
Sup35NM-TagRFP-T, Habntoganoch OAHO WM HECKOJIBKO KPYIHBIX CKOILJIE-

Hul nanHoro 6enka (Puc. 8b) He3aBUCHMO OT CBEPXITPOYIIUPYEMOIO BapraHTa
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Pucynok 8. Ceepxnpoaykuus NLS-Sis1 u NES-Sis1 He Biausier Ha pa3mep
u Mop¢osioruro arperatoB Sup3S A. Pe3ynbrarhl aHann3a pasMepa arpera-

ToB [PSI*]B kneTkax mrammoB OT56, P-74-D694 u U-T-PT-YAL2171, Tpanc-
(hOopMUPOBAHHBIX BEKTOPOM HJIM KOHCTPYKIIMSMU ISl CBepXdKcnpeccun SIS1-
EGFP, NLS-SIS1-EGFP v NES-SISI-EGFP, npu nomom SDD-AGE. JleTek-
1uus npoBoauiack rmpu nomomu anturen SE4290. benble myHKTUPHBIE JIMHUU
COOTBETCTBYIOT 00JacTH, B KOTOPOW pacrojiararoTcsi arperarsl Sup35 y kiie-
TOK, HECYLIUX MyCTOM BeKTOp. B. DiyopecuieHTHass MUKPOCKOIUS KJIETOK P-
74-D694, npogyuupyromux xuMmepHsbiii 0enok Sup35NM-TagRFP-T u paznuu-
ueie Bapuanthl Sisl (Sis1-EGFP, NLS-Sis1-EGFP, NES-Sis1-EGFP). [Toka3za-
HBI pEMPE3eHTATUBHBIC TPYIIHBI KJIETOK. MaciirabHas TMHEHKa COOTBETCTBYET
S MKM.

Sis1-EGFP.

Takum oOpa3om, Mbl MOXEM CJ€JaTh BBIBOJ O TOM, YTO MU3MEHEHHUE BHYT-
puKIIeTOUHOU Jokanu3aiuu Sisl mox aeiictBuem cBepxmnpoaykimu NLS-Sisl
wi NES-Sis] He npuBoauT K BUAMMOMY U3MEHEHHUIO pa3Mepa Ui Mopdosio-
TUU TIPUOHHBIX arperaroB. DTOT PE3yJbTaT, B CBOIO OYEPE]lb, TOBOPUT O TOM,
yTo HabmonaeMble 3PGeKTsl Ha PEHOTUN MPUOHA C HAUOOJIbILIEH BEPOSITHO-

CTBIO CBA3aHBI HC C UBMCHCHUSIMU BO (I)paI‘MeHTaL[I/II/I arperaros.

3.1.3 deneuust AMMepU3alMOHHOIO0 1oMeHa Sisl ociiadisieT nposiBjieHne
[PST']

Bnusnue penokanuzauuu Sisl Ha IPHOHBI IPOXOKEH, HaOmogaemMoe Mpu

ceepxnpoaykiuu dakropa Curl unu xumepnoro 6enka NLS-Sisl, 3aBucut ot



61

A OT56 [PSI*]s OT520 [URES3-1]
a BEKTOP ! e
o
e TCUR1 _
2
teur1A3-22 * _
B BEKTOP
= Q
g t 1CURT I-|-< *
“m
cur1A3-22 E—{ *
= ! *
Q BEKTOP
QQ *
W
§ 2 1CUR1 |:|—| -
20 _|
< | four1A3-22 4'_,_'
SC-LeuUra SC-LeuUraAde  SC-LeuUra SC-LeuUraAde 0 2 50 75 100
30°C 34°C 30°C 30°C [ons [ure-0] konoHuwn
b B SIS1 sis1ADD
SIS1 o —— < Hecn. CB.
{2}
- 2V — o
- b= <+ Sis1ADD
©
sis1ADD >

1/4 YEPD SC-Leu SC-Ade SC-Ade
30°C 30°C 30°C 34°C

TOTanbHbIA
Benok

Svant) '

Pucynok 9. Jlesiennsi AuMepu3anMOHHOro AoMeHa Sisl ociiadiasier nmposiB-
aenne [PSI']. A. CneBa, IeCATUKPATHBIE CEPUIHBIE Pa3BEICHUS PEIPE3CH-
tatuBHBIX KJIOHOB OT56 u OT520, TpanchopmupoBannbix pRS426, pRS426-
CURI wunmu pRS426-curl A3-22 B komOuHauuu ¢ BekropoM, pAG415ADH-
SIS1-EGFP wmu pAG415ADH-Sis1ADD-EGFP. CnpaBa, konn4ecTBEHHBIN
aHanu3 norepu npuoHa [ URE 3] ipu cBepxakcnpeccuu BapuantoB CURI u SIS1
i sisI ADD. Tloka3aHbl cpenHue 3HaYeHus U 95 Y%-Hble TOBEPUTEIBHBIE NH-
TepBaiibl 1 cpeaaux. *, p <0.05 cormacHo U-kputepuio Buikokcona-MaHHa-
VYutnu. B. /IBanuatukparHele cepUilHbIE pa3BEICHUS PENPE3CHTATUBHBIX KJIO-
HoB mramMmoB L-T-PT-YAL2171 (SISI) u LA-T-PT-YAL2171 (sis/ADD). B.
CpasHeHue ypoBHeii 6enka Sisl aukoro Tuna u Sisl1ADD B mrammax L-T-PT-
YAL2171 u LA-T-PT-YAL2171, cOOTBETCTBEHHO, PH TIOMOLIU BECTEPH-OIOT
rubpuan3anunu. B kadecTBe KOHTPOJIS MCIOJIB30BaIaCh OKpAacka TOTAIBHOTO
6enka Kymaccu R250. Jlerekiuto 1ieneBoro Genka MpOU3BOAUIN aHTUTEIAMU
SS2. «uecm. cB.» - HecnienU(PUIECKOE CBA3BIBAHNE AHTUTEI.

mumepurzaruu Sisl (Malinovska et al., 2012). B cooTBeTCTBUM ¢ S TUMU TaHHBI-
MU, IOTIOJIHUTEIbHAS SKCIIpeccus BapraHTa Sis1 6e3 [uMepHu3alimOHHOrO JJOMe-
Ha JODKHA 3()D(PEKTUBHO KOMIIEHCUPOBATH BIUSHUE U3MCHCHHS JIOKATU3AIIUN

Sisl.

JUiss IpOBEPKU ATOM TUIIOTE3bl MBI MPOAHATU3UPOBAIU (EHOTHUI KIIETOK
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mrammoB OT56 [PSIT]® u OT520 [URE3], sxcnpeccupytomux CURI cos-
MECTHO ¢ HOpMalibHbIM BapuaHToM SIS1 (SIS1-EGFP) u BapuaHTOM C JIeTIelH-
eil C-TepMUHAIBHOIO AUMEPHU3AMOHHOIO aAoMeHa (sis/ ADD-EGFP). Bonpe-
KU OXUJAHUIO, JTOMIOJIHUTENbHAs dkcnpeccus sisI ADD-EGFP menee g dexk-
THBHO KomrieHcuposana 3 ekrsl ceepxnpoxykuun Curl kak Ha [PSI'], Tak
u Ha [URE3] (Puc. 9A). Tak, 1onoJHUTEIbHAS SKCIPECCUS TTOJTHOPAa3MEPHO-
ro Bapuanra SIS/-EGFP cHnxaina yactoty norepu npuosna [URE3]| B kiieTkax,
CBEPXIPOAYIIUPYIOIINX MPOTESOJIUTHUECCKH CTa0MIbHBIN BapuaHT Curl A3-22, ¢
97.2% no 25.7%. B To e BpeMsl, AOTIOTHUTENbHAS CBEpXIPOAYKIUs Sis! ADD-
EGFP npuBonwiia K MEHee BbIpaXeHHOM komneHcaunu BiausHuAs Curl A3-22
(uacrota motepu [URE3] coctamnsna 53.5%).

Mensbimas ciocoOHocTs Sisl ADD koMmencupoBath 3G GEKThl peioKkaan3a-
un Sisl Ha MPHUOHBI MOXKET OOBSCHATHCS TEM, YTO TAaKOH BapHaHT MEHee d(-
(eKTUBHO cIOCOOCTBYET (PparMeHTaI[MU PUOHHBIX arperaroB B KJeTke. B co-
OTBETCTBHUH C 3TOM TUIIOTE30M, Jeelus ITUMEPU3AIIMOHHOTO IOMEHa JiecTadu-
musupyetr [URE3] (Reidy et al., 2014). B 1o xe Bpemsi, HETaTUBHOE BIIMSHUE
JeNeNUH TMMEPU3AIIMOHHOT0 JoMeHa Ha [PSI '] panee He ObLIO IPOJAEMOHCTPH-
poBaHo. {7151 MpOBEPKU TOTrO, MOXKET JI JIeNIelUsl AUMEPU3AIIMIOHHOTO JIOMEHa
Sisl ocnabnate (penorunuyeckoe nposisnenue [PSIT] , Hamu ObLI CKOHCTPY-
VMPOBaH IITAMM, HeCylnit sis/ADD Ha miasMujie B Ka4€CTBE €IMHCTBEHHOTO
sujorenHoro ucrounuka Sisl (LA-T-PT-YAL2171). Cpasuenue 3ppeKTuBHO-
CTH HOHCEHC-CYIIPECCHH B 3TOM ITamMMe co mrammom L-T-PT-YAL2171, Hecy-
MM TTOJTHOpa3MepHbIi BapuaHT SIS/, MOATBEPINIIO BEIPAKEHHOE OCllablieHre
penorunuueckoro npossiaenus [PSI] (Puc. 9B). Pasnuuus B 5pPpEeKTHBHOCTH
Cynpeccuu ObLIM 3HAYUTETHHO 00Jiee OYEBUIHBI MTPU KYJIBTUBUPOBAHUU APOK-
K€U B YCIIOBUSAX MOBBIIICHHOW TEMIEpPATyphl. BaXKHO 3aMETUTH, YTO pa3INdUs
B cuile peHoTHnuueckoro npossnenus [PSI'] B mrammax L-T-PT-YAL2171 u
LA-T-PT-YAL2171 He cBs3aHbI ¢ pa3IuYHBIM YPOBHEM MPOAyKIMH Oenka (Puc.
9B).

Takum o6pa3om, MoHOMepHas (popma He criocoOHa MOJTHOCThIO KOMITEHCH-

poBatb 3((PEeKThl N3BMEHEHHSI BHY TPUKIIETOYHOM JoKanu3auuu Sisl Ha IpHUOHBI
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,Z[pO}K)I(eﬁ. 910 SABJICHUC, HanoOoJIee BCPOATHO, CBA3aHO C TCM, YTO TaKaA (I)opMa

HMCCT CHMKCHHYIO aKTHBHOCTD B IIOAACPKaHUU IIPUOHOB I[pO)K)KGfI.

3.2. Ananu3 cesa3biBanus Hsp40 ¢ amuionaabiMu pudpuiiammn

[IpuBeneHHbIe B MPEABIAYILIEM MTOIPA3/IEIE PE3YJIBTAThl TOBOPSIT O TOM, YTO
Sis] He TOMBKO B pa3HON CTeNeHH HEOOXOIUM I MOAAEePKAHUS TPUOHOB, HO
U MOXKET KaK 0CJIa0JISTh, TAK ¥ yCHJIMBATh MPOSBICHUE MTPHUOHA TIPU U3MEHEHUHN
cBoell nokanuzanuu. Ocraercs, OJHAKO, HESICHBIM YTO ONpPEEIsIET HalpaBiie-
HUE U CUJTY BIMSIHUS pesiokanu3auuu Sisl Ha npuoH. YuuteiBas, yTo Sisl HeoO-
X0AuM Kak st pparmentaruu amuinouaHbix Gudpumn (Tipton et al., 2008;
Shorter, Lindquist, 2008), Tak ¥ 111 U3JISYCHUS TPUOHOB CBEPXIKCIIPECCHEH
HSP104 (Kirkland et al., 2011), MOXHO TPEITIONOKUTh, YTO HAMPABICHUE (-
dekToB ompenensercs 6alaHcoM 3THX JIBYX akTuBHOcTel Sisl. B cBoro oue-
penb, 3TO MOXKET OOBIACHITHCS OCOOCHHOCTSIMU B3aumosnencTus Sisl ¢ pas-
JUYHBIMU aMUJIOUIHBIMU arperaramu.

Jljist IpoBEpKHU 3TOM TMIOTE3bl HAMU OBLI pa3padoTaH METOA ISl KOJIu4e-
CTBEHHOU OIleHKH 3()(PEKTUBHOCTHU CBS3BIBAHUS MIATICPOHOB C AMIJIOMJIHBIMU
bubpumamu (Puc. 10). [pennoxeHHplii HAMH METO OCHOBaH Ha (Ppakiiro-
HUPOBAHUU CMECH OUMIIEHHBIX MOJIEKYJSPHBIX IIANEPOHOB ¢ (hUOpUIaMu B
cCUCTeME in vitro nipu nomoinu neHtpudyrupoanus. [Ipu nentpudyrupona-
HUU aMUJIOUIHbIE (UOPUIIIIBI BMECTE CO CBSI3aHHBIMU MOJICKYJISIPHBIMHU II1arie-
POHAMM JIOKATU3YIOTCS B 0CaJA0YHOM (PpaKLIMH, YTO O3BOJIAET PACCUUTATh J10-
JIF0 CBSI3aHHBIX MOJIEKYJI LIariepoHa MpH aHaJIU3€e 0CaI0UHON U HaJI0CaJOYHOU

dpaxuuit mpu momommu SDS-PAGE.

3.2.1 IloaroroBka nmpenaparoB OYMIIEHHBIX HIANIEPOHOB M AMUJIOUIHBIX

pudpuLI

JIJist u3ydeHus mapamMeTpoOB B3aMMOCHCTBUS MIAIIEPOHOB C aMUJIOUTHBIMHU
bubpuiaMu HaMu OBLT MTOTYYeH HEOOXOIUMBIA HAOOP OUMIICHHBIX JPOIKIKE-
BBIX IIATIEPOHOB M (GUOPUILT IPOKIKEBBIX MPUOHOTEHHBIX OEIKOB. BBUTY ClTOXK-

HOCTEH ¢ mojayyeHueM aMumiouaHbix Guopumn Ure2 Mbl COCPETOTOUMIUCH HA
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Pucynok 10. KosinyecTBeHHasi OLlEHKA KOHCTAHT cBs3biBaHusA Hsp40 c
amuiouaHbIMu Gpuopuiamu. Ilokazana cxema NpoBENEHUS IKCIIEPUMEHTA
1Sl aHaiu3a 3(OPEKTUBHOCTU CBSA3BIBAHUS IIANIEPOHA U aMHJIOWIHBIX arpera-
TaMHU.

pabore ¢ ¢pubprmmamu AByx 6enkoB — Sup35NM u Rnql, ctpykTypHoro ne-
TepmuHanTa nnpuona [PIN ). Ilpuon [PIN ] xapakTepu3syeTcs 3Ha4UTEIBHO 00-
Jiee BBIPaXEHHOM 3aBUCHMOCTBIO OT BHYTPHUKJIETOYHOTO ypoBHs Sisl 1o cpas-
nenuio ¢ [PSI"] (Higurashi ef al., 2008).

Mpbl nonmy4ymwinu aMuiiouiHble GUOPUIUIBI OYUIICHHBIX OenkoB Sup35SNM-
Hisg 1 Hisg-Rnql. Sup35NM xapakrepuzoBaicsi 3HauuTeNnbHO Ooliee dpdek-
TUBHBIM ()OPMHUPOBAHUEM arperaroB yxxe yepe3 cyTku uakyoauuu (Puc. 11A),
B TO BpeMsi Kak (hopmupoBanue ammionga Rnql 3anumano 3HauntensHo Oolee
noiroe Bpems. [l MpoBepKU TOTO, UTO MOJYyUYEHHBIE arperarbl XapakTepusy-
IOTCSl OKUJAEMBIMU CTPYKTYPHBIMU OCOOEHHOCTSIMHA aMIJIOUIOB, MBI IIPOBEPH-
JI¥ CBSI3BIBAHHE arperaroB ¢ aMUJIOUI-CIIeN(UISCKUM KpacuTelIeM THO(IIaBH-
HoM T. JlaHHbI aHanu3 noATBepAn, 4to arperatel 1 Sup35NM, u Rnql B3au-
MOJICHCTBYIOT ¢ THO(IaBHHOM T, 4TO MOXHO HaOIIOAATh MO XapaKTEPHOMY H3-
MeHeHuto crekrpa (ayopecuenuu (Puc. 11b). [lanee Mbl npoananu3upoBaiu
MOP(]OTOTHUIO MOTYUYEHHBIX arperatoB mpu noMoiu TOM ¢ HeraTUBHBIM KOH-
TpacTupoBanueM. Ha 3nekTpoHHBIX MUKpodoTOorpadusx HaOIIOIAINCh XapaK-
TepHble (GUOPUILISPHBIE CTPYKTYPHI, MEIUaHHAs JJIMHA KOTOPBHIX COCTaBIIsIA

347 um B citydae Sup35NM u 146 um B citydae Rnql (Puc. 11B). Ananu3 npena-
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Pucynok 11. [osyyeHHbIe mpenapaTrbl AP0 KEBBIX IIATIEPOHOB M aMU-
JIOMIHBIX (pUOPHUJLII 00/121aI0T XapaKTePHbIM HA00poM cBoiicTB. A. SDS-
PAGE ananu3 npenaparoB Oeika, ”HKyOHMpOBaHHBIX B Oydepe s oOpazopa-
HUsl (pUOPUIT COOTBETCTBYIOILIETO COCTABA B TEUEHUE YKA3aHHOTO KOJIMYECTBA
nHeit. O0 obpazoBanuu GUOPHILT CBUIETENHCTBYET CHIDKEHUE YPOBHS MOHO-
MepHoro Oenka B rpo0ax, He nmojaseprabiuxcs kunguenuto ¢ SDS. Bb. Okpa-
IIMBaHUE TTOJYYCHHBIX (GUOPHIIIT aMUIOU-CIICITUPUICCKIM KPACUTEIEM THO-
¢maBunom T. KpuBbie Ha rpaduike COOTBETCTBYIOT CIEKTpaMm (IyopecIeH-
U IByX Oy(epHBIX pacTBOPOB (aHAIOTMYHBIX UCIIOJIb30BAHHBIM JJIS TIOJTy4e-
Hust puoput Sup35SNM u Rnql, cooTBeTCTBEHHO), MPEACYIECTBYIOMUX (PrO-
puwut Sup35NM, a Taxke MOTydeHHBIX B Xofe pabotel pubpumn Sup35SNM
u Rnql. B. Dnexkrponnbsie MukpodoTorpaduu npenaparoB aMHIIOUIHBIX (HUO-
put Sup35SNM u Rnql. I. Ananu3z pazmepa aMUJIOUAHBIX (HGUOPUILT U3 TIpe-
naparoB Ha (B) ¢ momompio SDD-AGE. Mapkep monekynsipaoro Beca JJHK
IPUBENIEH JUIsl OlIEeHKH Macchl arperaroB. [l. UHTEHCMBHOCTS JIFOMUHECIIEHITUN
JeHATypUPOBAHHOM IO (epasbl CBETISIUKA MOCIIe MHKYOAINH ¢ YKa3aHHBIMHU
KOMOWHAITMSMHA MOJIEKYJISIPHBIX TIarnmepoHoB. [loka3zaHbl cpemHue 3HAYCHUS U
CTaHJapTHBIE OTKIOHEHUS JAJIA TPEX TEXHUYECKUX MTOBTOPHOCTEN IKCTIEPUMEH-
Ta.

patoB nony4deHHbIX Gudpuut mpu momonu SDD-AGE takxe mokasain cXomHbIe

pasznuuus B MOJIeKyJsipHOM macce arperatoB (Puc. 11T7), mpuuem orieHeHHbIN
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no naHHbiM SDD-AGE monekysipHbiii Bec GUOPHUILT XOPOIIIO COOTBETCTBOBA
orieHkam 1o nanubM TOM (Drozdova et al., 2020). Ha ocHOBe moTy4eHHBIX pe-
3yJIETaTOB MbI 3AKJIIOYHIIM, YTO NOJIy4eHHbIE Hamu arperarsl Sup35SNM u Rnql
001a1a10T XapaKTEPHLIM HAOOPOM aMUJIOUIHBIX CBONCTB.

JIJist IpOBEpKHM aKTUBHOCTU MOJYUYEHHBIX MPENaparoB OYHIIEHHBIX APOXK-
KEBBIX IIAMIEPOHOB MBI BOCIOJIb30BAIUCH METOJIOM, OCHOBAaHHBIM Ha BOCCTa-
HOBJICHUM aKTUBHOCTHU Jirorudepasnl (cM. «Marepuansl U meronbs», Glover,
Lindquist, 1998). Pe3ynabrarel sKcriepuMeHTa IOKa3ajdd, YTO OYMIIECHHBIN
Hsp70-Ssal cniocoO¢cTByeT BOCCTAHOBJICHHUIO JTIOMHHECIICHIIMM JCHATYPHUPO-
BaHHOM Jouu@epaspl, IPU ITOM €ro aKTUBHOCTh 3HAUUTEIBHO BO3PACTAET NpHU
no6asnennu Hsp40-Sisl (Puc. 11]1). Takum o6pa3om, mosydeHHbIe Tpenapa-
ThI OYUIIICHHBIX APOXIKEBBIX IIAIIEPOHOB COXPAHAIOT XapakKTEePHYIO (QYHKIHO-

HaJIbHOCTBD.

3.2.2 Sisl 3¢ dexTuBHO B3aumoaeicTeyer ¢ pudopuiiamu Sup3SNM, Ho

He Rnql

Ha nepBom 3Tamne paboThI ¢ MOTy4YeHHBIMHU MperapaTaMy aMAJIOUIHBIX Puo-
PWILT ¥ APOXKEBBIX IIANIEPOHOB MBI TPOAHATH3UPOBAIH 3(PPEKTUBHOCTD CBA-
3piBaHMs Sis1 ¢ ammnounaeiMu hubpuuiamu Sup35SNM u Rnql. [Jns nposene-
HUSI TAKOTO aHAJIM3a Mbl CMEIIMBAIM OYUIICHHBIN MONTHOpa3MepHbiid Sisl unun
Sis1ADD B xonnentpaiuu 4 pM ¢ pubpuriamu, Bappupys X KOHIICHTPAIIUIO
(B pacueTe Ha MOHOMEpPHBII OeloK B cocTaBe arperaron) oT 4 1o 40 M.

Mpsi obnapyxuiau, yto Sisl sddexTtuBHO cBs3bIBaeTcs ¢ (GuUOpUILIaMU
Sup35NM. Tak, konuaectBo Sisl B ocagounoit hpakumu npessimano 50% yxe
npu koH1eHTparuu ¢pudpmwt B 20 uM (Kp = 16.8 + 2.3 uM, p < 0.001 co-
acHo t-kputepuio). Hanportus, B3aumoneiictsue ¢ ¢pudbpuamu Rnql 6s110
KpaiiHe cia0biM, a 0oJblas 4acTh MOJIEKYJ [IarepoHa O0CcTaBallach B Ha/0Ca-
noyHoM (pakumu gaxke npu koHneHtpauuu ¢pudpuwt 40 uM (Puc. 12) (Kp =
158.3 + 81.7 uM, p > 0.05). IIpu 3TOM Aenenusi AMMEPUZALMOHHOTO JOMEHA
Sis] mpuBoMIIa K OCTA0ICHUIO €r0 B3aUMOJICHCTBHUS C AMUJIOUTHBIMU arpera-

tamul Sup35NM (Kp=76.1 &+ 23.9 uM, p-3HaueHHE PU CPABHEHUU C ITOJTHOPA3-



67

MepHbIM OenkoM < 0.05). Bzaumoneiicteue Bapuanta Sis1 ADD ¢ ¢pubpuniamu
Rnql He Habmoganock B Hammx 3xcnepuMentax (Puc. 12).

Bricokas apdextuBHOCTh cBsA3bIBaHUA Sisl ¢ pubpmmamu Sup35SNM mo-
KET CBHJIETEIBCTBOBATh O (DOPMUPOBAHUU JETEPIeHT-YCTOMUUBBIX KOMILJICK-

coB manepoHa ¢ Guopumioi. CBUAETENHCTBA TAKOTO JETEPTeHT-YCTONUUBOTO

Prnbpunnebl HeT 4 MkM 8 mkM 12 mkM 20 mkM 40 mkM
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Pucynok 12. Sisl »3ddexTuBHO B3amMmoaeicTtByer ¢ ¢uldpmiamu
Sup35NM, Ho He Rnql, a genenus 1uMepU3aALUOHHOIO JOMEHA CHUKAET
cpoactBo Sisl k ¢udpuiiam. A. Pacnpenenenue Hsp40 mo HagocamaodHOM
U 0CaJOYHOM (pakiusiM mpu A00aBJICHHUH B CMECh aMUJIOUIHBIX (UOPHILI
COOTBETCTBYIOIIEro OejKa B yKa3aHHON KoHUeHTpauuu. IIpuBenena ogHa pe-
Npe3eHTaTUBHAS TEXHUUYECKasi TOBTOPHOCTD IS KaXKI0M KOMOMHAIINH OEJIKOB.
[Tokazanb!l pesynbrarel aHanu3za SDS-PAGE c okpammBanuem rens Kymaccu
R250. Beepxy, Sup35NM; BHuzy, Rnql. Bb. Pe3ynbrarsl KoIM4eCTBEHHOIO
aHaju3a SKCIIEpUMEHTOB, MpeAcTaBileHHbIX Ha (A). IlpeacraBiensl monu
cBszanHoro Hsp40 nociie monpaBku Ha ypOBEHb OCaxAeHUs 0e3 q00aBieHus
¢ubpumn. Kaxzaas Touka COOTBETCTBYET OJHOM MOBTOPHOCTH SKCIIEPUMEHTA
C YKa3aHHBbIMH KOHIEHTpauusmMu OenkoB. KpuBble COOTBETCTBYIOT ONTUMAIIb-
HBIM PETPECCUOHHBIM MOJIEISIM ISl KaKI0T0 U3 cirydaeB. * - p < 0.05 cormacHo
{-KpUTEPUIO
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Pucynok 13. Kommiekcst Sisl ¢ ¢gudpuiiaamu Sup3SNM He ycTOMYMBBI
K 00paboTke aerepreHTamm. PacrpezneneHue OEIKOB MO HAJOCAJ0YHOU U
ocaouHor (paknuu npu 1eHTpudyrupoBanuu cMecu Sisl ¢ pubpunnamu
Sup35NM 0e3 npeaBapuTeabHOTO J0OABICHUS ETEPreHTOB WM C J100aBJe-
aueM 0,1% SDS. S — nanocamounas ¢pakmus, cynepHarant; P — ocamounas
dpakuusa. OkpainmBanue nojuakpuiaMuaHbix renei Kymaccu R250.

B3aMMOJICHCTBUSL paHee HAOIIOJAINCh B JKCIIEPUMEHTAX IO TPOTCOMHOMY
CKPUHUHTY aMHJIooTeHHbIX OenkoB apoxxkeit (Nizhnikov et al., 2014; 2016).
Jli1st mpoBepKH TOro, 00JIaatoT 1M HAOII0IaeMble HAMU KOMITJIEKCHI yCTONYH-
BOCTBIO K 00pa0OTKe JeTepreHTaMu, Mbl MHKyOUpoBaiu cMech Sisl ¢ pudpu-
namu Sup35NM c nereprentamu (0,1% SDS unu 0,3% capko3mnar HaTpus)
¥ TIpOaHAJIM3UPOBAIIN JOJIIO IarnepoHa B KOMIUICKCE C arperataMu IMocJie Ta-
KO 00paboTKHu. Pe3ynbraThl 3KCIEpUMEHTA IMOKa3ajd, YTO KOMIUIEKCHI Sisl
¢ ¢puOpwIaMH MOJTHOCTBIO JUCCOLUUPYIOT MOCHE JOOABICHUSI AETEPTreHTOB
(Puc. 13). OToT pe3ynpTar CBUAETEILCTBYET O TOM, UTO MpUCYyTCTBUE Sisl B
JETEPreHT-yCTOMUNBON (DpaKIMK B TPOTEOMHBIX IKCIIEPUMEHTAaX HE OObICHS-

€TCsl CUJION €T0 B3aUMOJACUCTBUS C PUOPUILION.

3.2.3 Myranuu B 0JUronenTuAHbIX NoBTopax N-qomeHa Sup3S He BJns-

10T HA cBA3bIBaHue Sisl

Ha cnenytomiem stane paboThl Mbl TPOAHATU3UPOBAIIH BIUSHUE MyTaIlui B
N- u M-gomenax Sup35 Ha B3aumoneicTBue Sisl ¢ pudbpumaamu Sup35SNM.
JIns uccnenoBaHus HaMU ObLTK MCTONb30BaHbl 5 MmyTanuii (Puc. 14A). UeTs-
pe U3 HUCIOIb30BaHHBIX MyTAIIUN JTOKATU3YIOTCS B OJUTOIENTUIHBIX TTOBTOPaX
B N-nomene Sup35 (sup35-M1, sup35-M2, sup35-M4, sup35-M5) (Bondarev

et al., 2013). DTu MyTauuu NpeACTaBISAIOT COOON 3aMEHBI MOJISIPHBIX OCTAT-
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KOB Ha 3apsDKCHHbIE B 1-0M, 2-0M, 4-OM U 5-OM OJIMTONIENTHIHBIX MTOBTOpaXx,
COOTBETCTBEHHO. 3aMeHa ayutenu SUP35 nukoro Tumna y ApoxoKer Ha MyTaHT-
Hble amienu sup35-M1 v sup35-M2 npuBoauT K norepe npuona [PSI'], B To
BpeMsi Kak MyTaiuu sup35-M4 u sup35-M5 cniocoOHbI MOIJEPKUBATh MPE-
cymecTByronuii BapuanT npuoHa (Bondarev et al., 2013). Bece 4 myTtanuu 1o
CBOEH MPUPOAE AOHKHBI 3HAUUTEIBHO U3MEHATH YKIJIAJIKy MOHOMEpPA B COCTa-
Be puOpusuibl. Takke HaMU ObUTH NIOTYYEHbl AMUJIOMIHbIE (PUOPUILIBI BApHUaH-
Ta Sup35NM c genenueit yuactka 131—140 a.x.0. B M-10MeHE, COOTBETCTBY-

fomero caiity cessbiBanusi Hsp104 (Helsen, Glover, 2012). Cxoxas aenenus,

A
40 97
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Sup35NM ] [ ]
QN OR
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Pucynok 14. Myrauuu B o1MronenTuIHbIX nosropax N-gomena Sup3S u
nesienus caiita ceaspiBanus Hsp104 He BausoT Ha B3anMozaeiicTtBue ¢ Sisl
A. Cxema pacnosioXeHUs W3YUYEeHHBIX MyTalui B cTpykType Sup35SNM. QN -
ydacTok N-7oMeHa, Oorarblii acnaparuHoM U rmyramMuHoM. OR - yyactok N-
JIOMEHA, COJIep KalTiii OuTronenTuIHbe MoBTopsl. b. Pacnpenenenue Sisl mo
HAJ0CaJ0YHON U OCAZ0YHON (PpaKIUsM MpH H00aBICHUH B CMECh aMUIIOM/]I-
HBIX (puOpMIT yKazaHHbIX BapuaHToB Sup35NM B yKka3zaHHOI KOHLIEHTpPALIUU.
[IpuBeneHa ogHa penpe3eHTaTUBHAS TEXHUYECKAs MMOBTOPHOCTH JUIS KaKIOU
xomOuHaruu OenkoB. [Tokazansl pesynbraThl anammza SDS-PAGE ¢ okpaiu-
BanueMm rens Kymaccu R250. CnipaBa mmokasaHbl pe3ysibTaTbl KOJIMYECTBEHHON
onieHku K komrutekcos Sis1 ¢ pubpuiamu ykazaHHbIX BapruaHTOB Sup35SNM.
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Tadauua 6. 3nauenust Kp komruiekcos Sisl ¢ pubpunnamu BapuantoB Sup35NM

Bapuant Kp p-3Ha4YeHue|
Sup35NM 37.1+£8.8

Sup35NM-M1 40.8 +13.9 0.22
Sup35NM-M2 57.3+£9.8 0.07
Sup35NM-M4 24.1+£4.2 0.10
Sup35NM-M5 26.1+7.3 0.17
Sup3SNMABS 32.1+09.1 0.35

T - p-3HaYEHHE COIIACHO ¢-KPUTEPHIO MpU cpaBHeHUU Kpy 11t puOpHIT MyTaHTHOTO BapH-
aHTa U GuOpMIIT OeNKa AUKOTO THIIA.

3aTparuBaroias y9actok 129—148 a.k.o., NpensaTcTByeT u3nednBanuro [PSI]
cBepxakcnpeccuen HSP104.

Ananu3z cBs3biBanud Sisl ¢ pubpuiiamu, cHOopMUPOBaHHBIMU BbILIEYKa-
3aHHBIMU BapuaHTaMd Sup35NM, npou3BOoAMIN IO METOJUKE, aHAJOTUYHOU
UCTIONb30BaHHOM 115t onieHKU Ky Sisl ¢ pubpmmnamu Sup35NM nukoro tura.
Mps1 06Hapyxuiu, 4To 3(hPEeKTUBHOCTH B3aumoAeicTBus Sisl ¢ pudbpumiamu
ObLTa CXOAHOM I BCEX M3YUYEHHBIX MYTaHTHbIX BapuaHToB Sup35NM (Puc.
14b), a olleHEHHBIE MPU MTOMOIIH HAILIETO0 METo/1a 3HauYeHus Ky He JeMOHCTpH-

pOBaJM 3HAYUMBIX paznuunii (3HaueHus1 Ky nmpuBeaeHsl B Tadnuiie 6).

3.3. B3zaumocBs3b mexkay cBs3biBaHueM Hsp40 u npuBiiedyeHueM JApyrux

IanepoHoB K ¢pudpuLIe

3.3.1 DdexTuBHOCTH cBA3bIBaHuA Hsp40 ¢ pudpuiiaMu He oKka3pIBaeT

NPSAMOro BJausHNS Ha npuBJedyeHue Hsp70

Jlanee Mbl WM3Y4YWIM BIUSHHE OOHAPY)XKCHHBIX Pa3IMUUi B CBSI3bIBAHUU
Hsp40 ¢ amunonaasivMu pudpuiimamMu Ha 3PGEeKTHBHOCTD IPUBJICUCHHS K (Puo-
puiuiaM MOJeKyJsipHbIX ImaneponoB apyrux rpynn (Hsp70 u Hspl104). Cua-
yana Mbl u3yunsin opmupoBanue komriekcoB Hsp70-Ssal ¢ ¢ubpumnamu
Sup35NM u Rnql 6e3 no6asnenust Hsp40 u B nmpucyrcrBuu Sisl wim Sis1 ADD.
Jiist aToro mbi ememmBanu Ssal u Hsp40 B konnentpanuu 4 M ¢ pubpuiiamu,
BapbUPYs UX KOHLIEHTpauuto oT 4 10 40 yM. AHanu3 npoOBOAWIIY B TPUCYTCTBUU

5 MM AT® u AT®-perenepupytomeit cucremsl (100 mxr/mi kpearundocdo-
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Pucynok 15. 3¢ dpexTuBHoe cBsizbiBanme Ssal Ha0101aeTCA TOJABKO ¢ Guod-
puwuiamu Rnql B npucyrcreuu nosiHopasmepHoro Sisl A. Pacnipenenenue
Hsp70-Ssal mo HamocanouHOM M OCaJOYHON (PpakuusiM IpH 10OABIECHUU B
CMeCh aMUJIOUTHBIX (PUOPUIIIT COOTBETCTBYIOIIETO O€IKa B YKa3aHHOW KOHIICH-
Tpaiuu u ykazanubix Hsp40. [IpuBenena ogHa pernpe3eHTaTuBHAas TEXHUYECKas
NOBTOPHOCTh JJI KaXJA0M KoMOMHaMK OenkoB. [lokazaHbl pe3ynbTarbl aHa-
mu3a SDS-PAGE c okpamuannem rens Kymaccu R250. Bepxy, Sup35NM;
BHU3Y, Rnql. b. Pe3ynbrarsl KOTUYECTBEHHOTO aHAIN3a KCIIEPUMEHTOB, MTPE-
ctaBieHHbIX Ha (A). [TpuBenens! nonu cesazanHoro Hsp70-Ssal nocie nomnpas-
KM Ha ypOBEHb OcaxaeHus 0e3 modasnenus Gubdpmmi. Kaxmas Touka cCOOTBET-
CTBYET OJHOW MOBTOPHOCTH JKCIEPUMEHTA C YKA3aHHBIMU KOHLIEHTPAIUSIMU
OenkoB. KpuBbIe COOTBETCTBYIOT ONITUMAJILHBIM PErPECCUOHHBIM MOJIEISAM IS
KaXJI0T0 U3 ciydaeB. 3HaueHus: Ky mpuBenens! nis komiiekcoB Ssal ¢ ¢puo-
puutamu B nipucytctBun Sisl mwinm Sisl ADD. KomOunammu, 1ist KOTOPBIX TO-
ay4yeHHble 3HaueHust K HegoctoBepHsl (p > 0.05) oTMedeHbl cepbiM PUGTOM.
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kuHa3bl 1 10 MM kpeatundocdara) ns noaaepkanus ypoas AT® B mpobe.
AHanu3 monu cBs3aHHOTO Ssal mokaszan, 4to 3 ¢eKTUBHOE B3aUMOJICHCTBHE
HaOmroMaeTcs Toapko ¢ puopumuiaMmu Rnql B mpucyTCTBUM MOJHOPA3MEPHOTO
Bapuanta Sisl (Puc. 15), (Kp=55.7 £ 15.1 uM, p<0.001). Jenenus numepusa-
IIMOHHOTO JToMeHa Sis1 mpuBoaniIa K MOJIHOM MOTepe CIIOCOOHOCTH MPUBJIEKATh
Ssal x ¢pubpmimam Rnql (Puc. 15A). Ilpu ananuse npuBnedenus Ssal k ¢puod-
puuiam Sup35NM Mbl He HaOIIOAAIN JOCTOBEPHOTO CBS3BIBAHUSI HU B OJHOM
u3 ciydaeB (p > 0.05) HeCMOTpsl HA HE3HAYUTEIFHOE YBEJIMUEHUE KOJIMYECTBA
Ssal B ocamouno# ¢hpakuuu mpu 00bIIoi KoHeHTparuu ¢udpust (Puc. 15).

Jlns moaTBepkaeHust Toro, 4yto Ssal crocoOeH mpuBiekarbest U K (puo-
puiam Sup35NM B Haleld cucTeMe Mbl IPOaHAIU3UPOBAIIA B3aUMOJICICTBHE
Ssal ¢ ¢hubpumamu mpu 607bIIEM U30BITKE arperarton. JlJis 9TOro Mbl CHU3U-
JIM UCTIOJIB3YEeMYH0 KOHUEeHTpauuo Ssal n1o 1 pM u u3yuunu ero cBsi3biBaHUE
¢ ¢pubpuuiamu B koHrieHTpauu 40 M. Takxke B 3TUX IKCIEPUMEHTAX MBI OT-
Ka3aJIuCh OT ucnoib3oBanus AT®-pereHepupyronieit cucrembl. Mbl 00HapYKU-
1M, uTo Ssal AefcTBUTENBHO B3auMoieicTBYeT ¢ pubpmmiamu Sup35SNM, npu-
YeM 3TO B3aUMOJICHCTBUE HAOIIOAAETCS UMEHHO TPU Hajauuuu B cmecu Hsp40
(Puc. 16A). KonuuectBeHHas orieHka goiau Ssal B ocamouHoi (pakiuu moj-
TBEpAWJIA HAJTMYHUE JOCTOBEPHOTO YBEIMUYCHHS JOJIH CBsI3aHHOTO Ssal mpu 1o-
Oasnenuu B cMmech Sisl (Puc. 16B). 3ametum, yto Bapuant Sisl, TuIIEHHBII
JUMEPU3ALMOHHOTO IOMEHA, TAKXKe CIOCOOCTBOBAN 3HAUUTEIBLHOMY IPHUBJIE-
yeHuto Ssal k arperatam. MeauanHas nons Ssal B ocagouHol ¢pakiuu Obliia
HE3HAYUTENIbHO CHUKEHA TI0 CPAaBHEHUIO C TIOJTHOpa3MepHbIM Sisl, HO HaOII0-
JaeMble pa3Inyus ObUIM CTaTHCTUYECKH HeAocToBepHBI (p = 0.11 mo kpureputo
Bunkokcona-ManHa-YutHu). MBI Takke J0Ka3alld, 4To B3auMojencTBre Ssal
c arperataMu 3aBUCHUT OT ero ATda3Hoi akTUBHOCTH. J[J151 5TOr0 MbI IpOaHaIH-
3upOBaIH T0NI0 Ssal B 0camouHo# Gpakiuy mpyu 100aBICHUH B CMECh HETH/I-
ponuzyemoro aHaiora AT®, AMO-OH®. B stom skcriepuMenTte 100aBieHNe
Hsp40 ne Bnusiio Ha cBsizpiBaHue Ssal ¢ pubpmwiamu, a 105 Ssal B ocamou-
HOU (ppakiu octaBanach Ha poHoBOoM ypoBHe (Puc. 16)

MpI Takxe uccnenoaiu npusiedeHue Hsp70 ¢ arperaramu Sup35SNM nipu
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Pucynoxk 16. IlpuBiedenue Ssal k amuinonanbsim arperaram Sup3SNM 3a-
BucHT OT Sisl u AT®-a3noii aktuBHocTH Ssal. A. SDS-PAGE ananu3s pac-
npenenennst Hsp70 (Ssal wnm Ssal-21) no nagocagounoii (S) u ocanpounoii (P)
bpakuusam nocine uHkyOamuu ¢ 40-kparHbiM U30bITKOM (prbpumn Sup3SNM
u o6o3HaueHHbIMU Hsp40. Ilokazana eguHUYHAS pENPE3EHTATUBHASI TIOBTOP-
HOCTh 3kcnepumenTa. OxpammuBanue renst Kymaccu R250. B. [Jonst Hsp70 B
ocasouHoM (hpakIuu mpu 100aBIeHUN yKa3aHHbIX KomOuHanuii Hsp40 u AT®
win AMO-OHO®. ** - p < 0.01, H.3. - p > 0.05 B Tecre Bunkokcona-ManHa-
YutHu

MCIIOJIb30BaHUM MyTaHTHOro Bapuanrta Ssal, Ssal-21. Myrauus SSA7-21 xa-
pakTepu3yeTcsi JOMUHAHTHO HETaTUBHBIM 3(DPeKTOM Ha MmojiepKaHue HEKOTO-
phIX BapuanTtos npuona [PSI7] (Jung et al., 2000; Jones, Masison, 2003; Barbi-
toffet al., 2022). MytantHblii 6enok Ssal-21 Takxke cBA3bIBaICA ¢ PUOpUILIIAMU
Sup35NM, 6onee Toro, nonst Ssal-21 B ocampounoi Gppaxiuu nocturana 49,7%
naxe 6e3 modasieHus Hsp40 (B ciaydae Oeska TUKOTO THIIA 3TO 3HAYCHHUE OBLIO
noctoBepHo HUXke, 27,8% (p < 0.01)). IIpu 3ToM 3PdeKTUBHOCTD CBSA3BIBAHUS
Ssal-21 ¢ ¢pubpunnamu npu nodasnenun Sisl ObuIa cpaBHUMA ¢ Ssal JUKOTO

tuna (Puc. 16b, p=0.69). UuTepecHo, uTo 3pPpeKTUBHOCTD NpuBJIeueHus Ssal -



74

21 k arperaram Sup35NM npu Hanmuuu B cMecu SisI ADD Obuta 10cTOBEpHO
HIDKE, 9eM MpH J100aBIeHuH motHopasMepHoro Sisl (p < 0.01).

Takum 00pa3om, MoIy4eHHbIE HAMU PE3YIbTAThl CBUAETEIBCTBYIOT 00 OT-
CYTCTBUHU MPSAMOU B3aMMOCBA3U MeXK1y cBsizbiBaHuEeM Hsp40 ¢ pubpunnamu u
npusiedeHrnem Kk HuM Hsp70. Tak, Sis1 apdextuBHO hopMUpyeT KOMILIEKCHI €
Sup35NM u xapakrepusyercst 6o1ee HU3K0oH 3 (HEKTUBHOCTHIO PEKPYTHPOBA-
Hus Hsp70 k arperaram Sup35NM 1o cpaBHeHuto ¢ arperaramu Rnql, Hecmort-
psl Ha 3HAUUTEIHHO O0JIee HU3KOE CPOJICTBO K ATUM arperaram. B To e Bpems,
JIeNenusl TUMEPU3aIMoHHOTO AJoMeHa Sisl ocnmabiser ero B3auMoIEeHCTBHE C

bubpumiamu Sup35NM, Ho He BausieT Ha pekpyTupoBanue Hsp70.

3.3.2 Sisl He ctumyaupyet npsimoe B3aumoneiicreue Hsp104 ¢ arperara-

MHA

[MonoxurensHoe Bausnaue Sisl Ha uzneuenue [PSI ] npu cBepxoKcIpeccun
HSP104 no3BonseT npeamnoaokuTh, YTO (GOPMUPOBAHUE MPOUYHBIX KOMILICK-
coB Sisl ¢ amunounubiMu pubprIaMu Sup35 MOXKET CTUMYJIMPOBATh B3au-
moaercteue Hspl104 ¢ arperaramu HezaBucumo ot Hsp70. Jiist npoBepku 3ToM
TUIIOTE3bl MBI TAKXKE MpOoaHaIn3upoBaiu GpopmupoBanue koMmiuiekcoB Hsp104
B KOHIIeHTpauuu 2 uM ¢ amunonansiMu arperaramu Sup35NM, Bapbupys ux
KoHIIeHTpaluio oT 4 1o 40 xM. Mb1 HaOMIOMATN HE3HAYUTENFHOE YBEIMUEHUE
xonudecTBa Hsp104 B ocamounoit gppakiuu npu 00nbiioM u30bITKe Gudput
Sup35NM (Puc. 17), mpudyem 3T0 yBeluueHHE HAONIONANOCHh KaK B MPHUCYT-
ctBun AT®, Tak u B npucytcTBUM AM®D-OH®. AHanoruunasi kKapTuHa HabJ0-
nanack u Ay Bapuanta Hspl04AN, koTopblii HecrocoOeH n3ieunBars [PSIT]
npu ceepxakcnpeccuu (Hung, Masison, 2006). KonnuecTBeHHbIN aHAIU3 MO-
JYYEHHBIX JIaHHBIX, OJHAKO, HE BBISIBUJI JJOCTOBEPHOT'O CBSA3BIBAHMS HU B OJTHOM
u3 ciydaeB (p > 0.05). Jlo6aBnenue Sisl B cMech HMKaK HE CKa3bIBAJIOCh Ha
B3aumozeiicteuu Hspl04 c arperaramu (Puc. 17). [lonydeHHble pe3ynabTaThl
CBUJETENBCTBYIOT O ToM, 4TO Hsp104 He popMupyeT cTaOUIbHBIX KOMILIEKCOB
¢ pubpumnamu Sup35NM HU B IPUCYTCTBUH, HU B OTCYTCTBUM Sis1; Haubosnee

BEPOSITHO, UTO JIJIsI CBA3BIBAaHUS HEOOXOAMMBI ApyTrHue kodakTopbl. Heo6xomumo
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Pucynok 17. Hsp104 ne ¢popmupyeT cTaOMJIBLHBIX KOMILJIEKCOB C arpera-
Tamu Sup3SNM Hu B IpUCYTCTBHH, HU B oTcyTcTBUM Sisl. Pacnipenenenue
Hsp104 unu Hsp104AN no nanocanounoit (S) u ocagounoit (P) ppakuusim npu
N00aBIEHUHU B CMeCh aMUTOUIHBIX GuOpuiut Sup35NM B ykazaHHOW KOHIICH-
tpauuu, AT® wiu AMD-OHO, a Taxxke Sisl (BHu3y). [lpuBenena omna pe-
[PEe3E€HTAaTUBHAS TEXHUYECKasi IOBTOPHOCTD I KayKI0M KOMOMHALIMK OEJIKOB.
[Tokazanbl pesynbrarhl aHanu3za SDS-PAGE c¢ okpammBanuem renst Kymaccu
R250.

3aMETHUTh, OJHAKO, YTO MOJTYYEHHBIE JaHHBIE MOTYT OOBSCHATHCS CHUKEHHOU
(YHKIIMOHAJIBHON aKTMBHOCTBIO pekoMOnHanTHOoro Hspl104 BBuAy Hanmuuus y
Hero N-koHieBoit Hisg-meTku. Takum 00pa3om, TaHHBIN BOIIPOC TpeOyeT Aalib-

HEHIIIEro NCCIIEIOBAHNUS.
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I'maBa 4. O0cy:xnenue

4.1. Poab Hsp40 B :KN3HEHHOM LMKJIE IPUOHOB APOAKKel

Kak yxxe Obu10 ckazano panee, 6enku rpymmbl Hsp40 urparor BaKHEHUITYIO
pOJIb B PETYINSIIMU aKTUBHOCTH U CyOCTpaTHOM crnenupuyHOCTH IIarepOHOB
Hsp70 (cm. 0030p Craig, Marszalek, 2017). Ilpuonsl apoxxkeit He SBISIOTCS
UCKIIFOUCHHEM, U UX TMOJJEpPKaHUE TAKKE BO MHOIOM PEryIUPYyETCsl UMEHHO
OaancoM pasznuunbix Hsp40.

Henpiii psan paboT 1EMOHCTPUPOBAT HEHTPaAIbHYIO poiib Sisl B momaepxa-
HUW HanOoJiee N3yYeHHBIX MPUOHOB Apoxoker (Sondheimer et al., 2001; Tipton
et al., 2008; Higurashi et al., 2008; Kirkland et al., 2011; Hines et al., 2011;
Reidy et al., 2014; Stein, True, 2014). dpox:kessie npuonsl [PSI], [URE3],
[PIN '] v [SWI"] TepsitoTCs IpU CHUKEHUH YPOBHS Sis1 B KIIETKE. XOTS IS T10-
TepHU IpHOHA TpedyeTcs pa3nuaHoe uncio nmokonenuit (Higurashi et al., 2008).
Hab6monaembie Hamu quddepennmaibabie 3QGEeKTh N3MEHEHUS JTOKATN3aun
Sis1 na npuonsl npoxokeit (Puc. 7, 8; Barbitoff ef al., 2017; Matveenko et al.,
2018) yka3pIBalOT Ha TO, YTO B HEKOTOPBIX CIIy4asx CHIKEHHUE ITUTO30JbHOMN
KOHIIEHTpauu Sis] MOXKET MOJIOKUTETHHO BIUATH HA MOIEPKaHUE TPUOHOB,
B yacTHOCTH, [PSI"]. YuursiBas, uto ceepxnpoaykims NLS-Sisl He BbI3bIBa-
eT BUJMMbBIX U3MEHEHUM pa3smepa u mopdonoruu arperaroB (Puc. §), MoxxHO
MPEIOJIOKUTD, YTO HEOOJBIIIOE CHUKEHHUE IIUTO30JbHOM KOHIIeHTpamu Sis |
BJIUSICT HE HA ()parMEeHTAIMI0 MPUOHHBIX arperaToB, a Ha UX paclpeecHue
B KJIETOYHBIX JIeJIeHUsAX. JJaHHOEe TpeanooKeHUE COMIAaCyeTcsl ¢ YBEIMUYECHHU-
€M KOJINYECTBa IIPUOHHBIX CEMsIH, HAOII0IaeMbIM MPU CBEPXIIPOIYKIIUU (Pak-
topa Curl (Son, Wickner, 2022). I3menenus B xapakrepe pacupeeiacHus pu-
OHHBIX CEMSIH B JICJICHUSX MOXKET OOBSICHATHCSI U3BMEHEHUEM aKTUBHOCTH TIPO-
Hecca yaepKaHusi IPUOHHBIX CEMSTH B MATEPUHCKOM KJIETKE, OTIOCPEIOBAHHOTO
Hsp104.

B COBOKYNHOCTH C ONMCaHHBIMU HaMH PAaHEE pa3HOHANPABIECHHBIMHU 3(-
¢exramu Hsp40-Ydjl u dakropa Curl na npuonst [PSI'] u [URE3], a Tak-

e CYHIECTBYIOIIMMH B JIUTEpaType onucaHusIMU 3(H(HEKTOB UHBIX IIAIIEPOHOB
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Pucynok 18. Moneab, o0bsicHsiiomasi audgepennuanbubie 3¢ dexTnl
Hsp40 na [PSI'] u [URE3] (monean nuddepeHuualbHoro B3auMoeii-
creust Hsp40 ¢ npuonammu aposikeit). CTpenkn COOTBETCTBYIOT KIETOYHBIM
npoleccaM, BIUSIONMM Ha mojjepkanue npuoHa. Ctpenku ¢ OeiabiM HakKo-
HEYHUKOM 0003HAYaIOT MPOIECCHI, CBSI3aHHBIC C TIEpeadeii MPUOHHBIX CEMSH.
(amanrtupoBano u3 Matveenko et al., 2018; Barbitoff et al., 2022).

Ha TIPUOHBI IPOAKEH, MOyUCHHBIE JaHHBIC TTO3BOJISIIOT HaM C(OPMYIUPOBATH
YTOYHEHHYIO0 MOJIEb MOAACPKaHUs Pa3IuYHbIX NPUOHOB Apoxoken (Puc. 18).
Taxk, nogaepsxanue npuona [ URE3] cTporo 3aBUCUT OT BBICOKUX ypoBHeE# Sis1,
a TakKe OT aKTMBHOCTH KolamepoHa Swa2. OTH OelIKM KPUTUYECKH BaKHbBI
st pparmentanuu Gudpmn Ure2 u popmupoBanus npuoHHBIX ceMsiH. Ydjl,
HAIpOTHUB, MPENATCTBYET PparmeHTanuu arperatos [URE3], BcieacTBUE Yero
ero CBEpXdKCIpeccrs NPUBOAUT K U3THAHUIO 3TOro npuoHa (Moriyama ef al.,
2000; Sharma, Masison, 2008b). /Iy nprona [PSI "], nanporus, u Sisl, u Ydjl,
BEpOsITHEE BCETO, CIIOCOOCTBYIOT (pparMeHTAIlMU arperaToB; 3TO MPEATONI0oKe-
HUE MOJTBEPKIAETCS KaK TaHHBIMU, IOJyYeHHBIMU HaMu in vivo (Barbitoff et
al., 2017), Tak u pe3ynbpraramMu SKCIIEPUMEHTOB B cucteme in vitro (Shorter,
Lindquist, 2008). B 1o e Bpems, B omnuue ot [URE3], mognepxanue [PSI']
3aBucHT oT Broporo Hsp104-onmocpenoBanHoro mpouecca, yaep aHus IpUOH-
HBIX CEMSH B MaTEpUHCKOM KJIETKe. DTOT MPOLECcC CIOCOOCTBYET M3rHAHUIO

npuoHa npu cBepxnpoaykuuu Hspl104. M3BectHo, uTo cBepxmpoaykims Sisl
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criocoocTByet 3ToMy Tiporieccy (Kryndushkin et al., 2002). Ilomumo Sisl, B
ATOM MPOIECCE UTPAIOT BAXKHYIO POJIb U IpyTrue KohakTopsl, Takue kak Hsp40-
Apjl, Stil u Sir2 (Astor et al., 2018; Gorkovskiy et al., 2017; Howie et al.,
2019). Takum 0Opa3oM, U3BMEHEHHUE BHYTPUKIIETOUHOM JoKkanu3anuu Sisl u na-
JICHUE €0 IUTO30JIbHON KOHIICHTPAIIMHA MOXET B OOJIbIIIEH CTETIEHU CKa3bIBaTh-
Csl Ha yIIep KaHWH CeMsIH B MAaTEPUHCKOW KJIETKE BBHJIY TOTO, YTO JUISI TIPOTE-
KaHMs 3TOro nporuecca Heooxonaum Sisl, a Ydj1 He cniocoOeH BBITIOIHSTE 3Ty
¢yukiuio. Harpotus, pparmenTaius arperatoB MokeT ObITh MEHEE 3aBHUCH-
Ma OT Jokanu3anuu Sisl 3a c4eT BHIMOJHEHUS ero (YyHKIIMU UHBIMU OeKaMu
rpymmsl Hsp40.

CtouT 3aMeTUTh, YTO MPEAJIOKCHHAsE HaAMU MOJIEIb OCHOBBIBAETCSl HAa Ha-
JUYUHA HE3aBHUCHMOTO MEXaHW3Ma yIEp>KaHUsS CEMSH B MAaTEPUHCKOW KIIETKE.
DTOT MeXaHu3M, Kak OBUIO CKa3aHO paHee, HanboJee aKTUBHO MPOSBISETCS
npu cBepxakcnpeccu HSP104, onHako paboTaeT ¥ Mpu HOPMAJIbHBIX €r0 YPOB-
Hsx (Gorkovskiy et al., 2017). B To >xe Bpemsl, psia UccienoBareei moaBep-
raeT COMHEHHIO CYyIIECTBOBaHHE TaKoro rnpoiecca. Tak, B HEaBHEM HCCIIe-
noBaHMM XyaHTa C COABTOpaMH OBLJIO MOKAa3aHO, YTO MYTAHTHBIE BapUAHTHI
HSP104, ne ciocobusle nsneunsars [PSIT] npu ceepxokcnpeccuu (HSP104AN
u HSP104T16M) xapakrepusyroTcsi CHUKEHHOIM aKTMBHOCTBIO U B IIPOLECCE
¢dbparmentanuu arperaroB (Huang et al., 2021). BenenctBue 3Toro, BapuaH-
Thl IPUOHA, UHAYLUUPOBAHHBIE B NIPUCYTCTBUM HOpMaibHOM amienu HSP104,
HE CIOCOOHBI MOJJEPKUBATHCA HAa (pOHE MyTaHTHOro BapuaHTa. Ha ocHoBe
ATUX JAHHBIX aBTOpaMH OBLI ClIeJIaH BBIBOA O TOM, YTO TPOIECC M3JICUMBa-
uus [PSIT] ceepxokcnpeccuein HSP104 uMeeT Ty e IPUPOJLY, YTO ¥ OOBIYHA
¢parmenTanus arperaroB. [lomyueHHBIE HAMH PE3yIBTaThl, CBHIETEIbCTBYIO-
e 06 ocnadneauu npruoHHoro Gpenoruna [PSIT] mpu menenyu 1UuMepU3aly-
oHHoro nomeHa SISI (Puc. 9), MoryT paccMaTpuBaThCs KaK JOMOIHUTEIBLHOE
CBUCTEIHCTBO B MOJIB3Y JaHHOW THMOTE3bl. B TO e BpeMs, JaHHas TUIIOTE3a
HE COIVIacyeTcs C pe3yJbTaraMy aHaiau3a (eHOTHIA TPUOHA TIPU CBEPXIPOIYK-
ruu NLS-Sis1, B KOTOpBIX HAOMIOAAI0Ch YCUIIEHNE TPUOHA, HE 3aBUCSIIEE OT

s¢pdextuBHOCTH PparmenTauuu (Puc. 7, 8)
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4.2. MoJiekyjJasipHble MEXaHU3MBbI JIe3arperauum aMuJIou/10B

OnucaHHas B MpeAbIAYILIEM pa3ziesie MoJienb, 00bACHSIONIas HaOI01aeMble
muddepennmanbabie 3G dexTsl Sisl v qpyrux manepoHoB Ha TPUOHBI JPOXKEH,
TpeOyeT 0OBICHEHUS C TOUKH 3PEHUSI MOJIEKYJISIPHBIX MEXaHU3MOB paccMaTpH-
BAEMBIX MMPUOH-IIANIEPOHHBIX B3aUMOIEHUCTBUM.

Kak Obul0 ynoMsiHyTo B HOpeIblAyHIMX [JIaBaX, poOJib  CHUCTEMBI
Hsp40/Hsp70/Hsp104 B pa3zbopke arperaroB Obuia TpPOAEMOHCTPUPOBAHA
emie B 1998 1. (Glover, Lindquist, 1998; Kushnirov, Ter-Avanesyan, 1998).
3a mocnegHue JiBa JSCATHICTHS] B Pa3MYHBIX JIA0OpaTOpUsX MpUJarajanuch
3HAYUTENIbHbIE YCWJIMS [UJI paciiupoOBKHM TOYHOM MOCIEAOBATEIHHOCTH
MOJIEKYJISIPHBIX B3aUMOJECUCTBUM, TPOUCXOAIINUX B X0/I€ HOPMAJILHOTO IIMKJIA
ne3arperanuu (cM. 0630p Kushnirov et al., 2021).

B 2006-oM T. B 3KCIIEpUMEHTAX 10 aHAJINU3Y AUHAMMKH arperaiuu MoJIHO-
pasmepHoro Sup35 ObLIO MOKazaHo, 4to mareponsl Tpynn Hsp40 u Hsp70
MPEANOYTUTETHHO B3aUMOJICHCTBYIOT ¢ MOHOMEpPHBIMU (opMamu Sup35 unu
KOPOTKMMH OJIMTOMEPAMH, HO HE C MPOTSHKCHHBIMU aMUJIOUIHBIMU (PUOpUII-
namu (Krzewska, Melki, 2006). bonee Toro, B aTux skcniepumenTtax Ydjl me-
MOHCTPHUPOBAI O0JIEe BHIPAKEHOE B3aMMOJICHCTBUE ¢ onuroMmepaMu Sup35 mo
cpaBHeHMIO ¢ Sisl, cBsI3pIBaHHE KOTOPOTO C BBHICOKOMOJEKYISIPHBIMU (popMa-
MU Sup35 HAOIIOIATIOCh TOIBKO MPH B3aUMOJEHCTBHH ¢ Ssal. DTu pe3yabTarsl
HaXOJATCS B XOPOIIIEM COOTBETCTBHUM C HEJaBHEH paboTOM, OImyOInKOBaHHON
B 2022 r. naboparopueii Tanaku (Nakagawa et al., 2022). B stom uccieno-
BaHUM ObUT MPUMEHEH METOJ] MUKPOCKOIIMU CBEPXBBICOKOTO Pa3peIlIeHUs! JJIs
MOHHUTOPHHTA B3aUMOJICHCTBUS MIANEPOHOB ¢ (GUOPHIITIAMU B PEKUME pealib-
HOTO BpeMEHU. AHaN3, MPUBEACHHBIN B TaHHOU padoTe, mokaszai, yTo Sisl He
B3auMozeicTByeT ¢ pudpumiamu Sup35NM, nonydeHHbIMH IPU UHKYOAIuu B
xomnoze (rpu 4 © C) (pubpumiamu «Scdy»). Harpotus, aBropsbl HaOmonamm 3¢-
(dheKTUBHOE CBSI3BIBAHUE MIATIEPOHOB ¢ (GUOPUIUTAMH TIPH HAIMYUU B PACTBOPE
kak Sisl, Tak u Ssal. Ha ocHOBe 3TUX JaHHBIX aBTOpaMu OblIa MPEIOKEHA

MOJIEJIb JIe3arperalyu, COIIaCHO KOTOPOW MEPBBIM 3TAllOM LIMKJIA (pparMeHTa-
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SP7( s

8 monekyn HSP70 g
A
Pl -

=

L) o

[ , > Wl

T Q7 Qﬂ ;W
1 Knactepusaums HSP70

npv nomotn HSP110 Oi !
[ Lonroe cesAsbiBaHe DNAJB1 .

CNocoBCTBYET PELMKIMHTY LWanepoHa

Y3HaBaHue arperata
DNABJ1

Pucynok 19. Mogeau ae3arperauvu aMWIOHAHBIX arperaroB. llokasa-
HBI aIAITUPOBAHHBIE CXEMBI Je3arperaiun aMuIonaHbx Guopm Sup35SNM
(Sc4) (Nakagawa et al., 2022) (A) u a-cunykiienna (Wentink et al., 2020) (b).

IIUW arperara sBJIsIeTCS COBMECTHOE CBS3bIBaHHE KoMIniekca Sisl/Ssal ¢ ¢pub-
PUIUION C MOCIEAYIOIIMM MHOTOKpaTHeIM IpusiedeHueM Hspl04 x onHOMy M
ToMy k€ ydacTtky pulpumisl (Puc. 19A).

JlanHble, MOTy4YEHHBIE HAMHU B XOJ€ MCCJEIOBAHUs, POTHBOPEYAT PE3yIib-
TaTaM U3 BBINICYKa3aHHBIX pa0boT. Tak, Mbl HaOmogAH 3(PPEKTUBHOE B3aUMO-
neiictBue Sisl ¢ amunonaubiMu pudpuuiamu Sup35SNM 0Oe3 yyacTusi Kakux-
6o kodaktopoB (Puc. 12, 14, Barbitoff ef al., 2020). HecoBnanenue Ha-
IIUX PE3YJIbTAaTOB C JUTEPATYPHBIMU JAHHBIMU MOXET ObITh BBI3BAHO JIByMSI
OCHOBHBIMHM IIPUYMHAMHU: BO-NEpBbIX, B pabore Krzewska, Melki, 2006 ObI-
JIM MCTIONIb30BaHBI arperarsl MmoJiHopasMepHoro 6enka Sup35, a He ero ¢par-
menTta Sup35NM. B pabore Nakagawa et al., 2022 Ob11 UCTIOTB30BaH UMEHHO

Sup35NM, onnako ¢ubpusLTBl TUTIA SCc4 OBLITN TOTYUYEHBI PY WHBIX TeMITepa-
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TYPHBIX YCIOBUSIX IO CPABHEHUIO C HALTUMU dKCTIEpUMEHTaMu. B To e Bpems,
aBTOPBI HE TIPHUBOJAT JaHHBIE O B3auMozaeicTBum Sisl ¢ npyrum tumom ¢huod-
priut Sup35NM, UCIIONIB30BaHHOM B UX UCCIEA0BaHUU — Sc37.

B3aumopetictBue Sisl ¢ arperaramu Sup35NM, cxoxkee ¢ HaOMOIaeMbIM
B HAIIMX DKCIIEPUMEHTaX, OBLJIO OTMEUYEHO B paboTe jaboparopum JIMHIK-
Buct (Shorter, Lindquist, 2008). B atom nccnenoBanuu Sisl geMOHCTPUPO-
BaJl CIIOCOOHOCTh B3aMMOZEHCTBOBATh KaK C OJUTOMEPHOM, Tak U ¢ Hudpui-
nsipHoit popmoii Sup3SNM. Ilepsuunocts B3aumozeiicteust Hsp40 ¢ arpera-
TOM B HOPMAaJIbHOM IIMKJIEC JIe3arperaniy aMiIonaa TaKkke MmoKa3aHa ISl CH-
CTEMBI Jie3arperaiuu arperaroB a-cunykienna (Wentink et al., 2020). B stom
UCCIIeIOBaHUHU OblIa IpelyIokKeHa MOJENb Je3arperaiud aMuIOuAHbIX (puo-
PWLT B KJIETKAaX MJIEKOMMUTAIOIINX, OMOCPEIOBAHHON MCKIIOYUTEILHO CUCTE-
moit Hsp40/Hsp70 (Puc. 18B). CormacHo 3Toi MOeIH, KITFOYEBYIO POJIb B (hpar-
MeHTauu GuOpUIUIBL UrpaeT Kinactepusanus Moyiekyin Hsp70 B ogHOM yuact-
ke ammwitonaHon Guopuiuibl. CaMm mpoliecc Ae3arperanuu, 1o MHEHHIO aBTO-
POB, 00YCIIOBJIEH MEXaHU3MOM ~IHTPOMHUYECKOTO naBieHus” (entropic pulling)
— MHOTOYHCIICHHBIX Pa3HOHAIPABICHHBIX JIBIDKCHUN KJIACTEPU30BAHHBIX MO-
nexyn Hsp70. Baxxnyto poiib B 00pa30BaHHM KJIACTEPOB UTPAET TaKXKe U (hak-
Top obMeHa Hykieotu10B, Hsp110. [ToMmumo mipoyero, B JaHHOM MOJICIIH TIPE/-
moJiaraercs, 9to gojroBpemeHHoe cBs3biBanue Hsp40-DNAJBI1 ¢ dbubpumioi
MO>KET CIIOCOOCTBOBATh PELMKIIMHTY IATIEPOHOB.

Taxum 06pa3zoM, COBOKYITHOCTh pe3yJIbTAaTOB, MOJYYEHHBIX HAMU B HAIIUX
IKCIIEPUMEHTAX, a TAK)KE OMMMCAHHBIX B HAYYHOU JIUTEPATYPE, CBUICTEIHCTBYET
0 TOM, YTO Jie3arperaius aMUIOUI0B MOXET UJITH HECKOJILKIMH aJIbTEPHATHB-
HBIMH TYTSMH, & KOHKPETHAs MOCJICI0BATCIIbHOCTh B3aUMOJICHCTBHH IIIAIIepo-
HOB C (pUOpHIITIaMU MOXKET BapbUPOBATh B 3aBUCUMOCTH OT KOH(popMaIuu oe-
Ka B coctaBe ¢pubpmi. HecMoTpst Ha 3T0, MOTy4YEeHHBIC HAMU PE3yIbTaThl aHA-
7132 BIMSIHUS MyTaluid B IpUOHHOM JJoMeHe Sup35 Ha B3aumozeiicTBue Sisl ¢
¢bubpumnamu (Puc. 14) cBUAETETBCTBYIOT O TOM, YTO HAOIIOaEMbIE€ PA3TUYMS
MOTYT OBITh CBSI3aHBI HE CTOJIBKO ¢ KOH(pOpMaIueit MOHOMEPOB B cocTaBe (prd-

PUIIIBI, CKOJIBKO C YCJIOBUSAMU OKCIICPUMCHTA U 0COOEHHOCTIMH OopraHu3annun
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HpOTO(l)I/IJIaMeHTOB B COCTAaBC arperara.

4.3. OyHKIMOHAJbHOE 3HAYeHHE CBA3bIBaHMS Sisl ¢ arperaramu

HecMmoTps Ha BbIII€ONMCaHHBIE 0COOEHHOCTH, MBI HAOIIONAIN YCTOMYNBBIE
Y BOCIPOU3BOANMBIE pa3inuuus B 3p(HEeKTUBHOCTH CBA3bIBaHMs Sisl ¢ hpubpuii-
JaMU pa3HbIX OelkoB U B 3¢dekTuBHOCTH NpuBieueHus Kk aum Hsp70 (Puc.
12, 15, 16, Barbitoft et al., 2020). Kak y»xe Obu10 3aMeueHO paHee, Mbl HE Ha-
OJIrOany 4eTKOM B3auMOCBS3M MexAy cBsa3biBanneM Hsp40 ¢ ¢pubpumiamu u
s dexTUBHOCTBIO NpuBieueHus: K HuM Ssal (Puc. 20). Otu pe3ynbrarel MOTYyT
TOBOPHUTBH O TOM, YTO TpoliecC PparMeHTaIluyu aMUJIOUIHBIX (PUOPHUILT B KIIET-
Kax IPOXOKEH MOXKET HAUMHATHCA Kak ¢ mepBUYHOTO cBs3biBanmst Hsp40 ¢ puod-
PWJUION, TaK U C COBMECTHOTO CBsA3bIBaHUs ¢ Helt koMiuiekca Hsp40/Hsp70. 3a-
MeTUM, 4T0 3PHEKTUBHOCTH NpuBiIcueHus Ssal k GuOpuUIaM B HaIIUX DKC-
NEPUMEHTaX OTHOCUTEIHLHO TOYHO COOTBETCTBOBAJA HAOMIOMaeMbIM 3pdexram
Ha MOAJepKaHue MPUOHA — JENeNus JUMEPU3alnOHHOTO JoMeHa Sisl cHu-

xana s dexruBHOCTL pekpyTupoBanus Ssal (Puc. 15, 16), yto comnacyercs ¢

Hsp40 MpuoH/6enok | CeaAsbiBaHue | MarHaHue | Mpuenedenne | MNMogaepxaHue
¢ combpunon | THSP104 Ssai npuoHa

Sis1 | [PSI)/Sup35NM
Sis1ADD | [PSF*]/Sup35NM = . =

Sis1 [RNQ*)/Rng1
Sis1ADD | [RNQ*/Rng1 **

Pucynok 20. AuddepenunanbHoe B3aumMmojaeiicrsue Sisl ¢ mpuoHamm
APOAKe 1 aMUIOUAHBIME (pubOpussIamMu. Tabmuia o6o6mmaet Biusiaue Sisl
u Sis1ADD Ha nmoanepxkaHve TPUOHOB U UX U3JICUMBAHUE CBEPXIKCIPECcCUei
HSP104, a Takxke nokas3bIBaeT cBA3bIBaHUs Sisl ¢ ammionaAHbIMU GUOpUILIIAMU
(Puc. 12, Barbitoff ef al., 2020) u npuBneuenue k HuMm Ssal (Puc. 15, 16). 3e-
JICHBIM IIBETOM 0003HAYEHBI CITy4au, Korja JaHHbIN BapuaHT Sisl adexTuBHO
y4acTBYET B KOHKPETHOM IPOIIECCE UM COCOOCTBYET emy. JKenThiM 1IBETOM
OTMEYEeHa HEeJ0CTaTOuHasl aKTUBHOCTH Sisl B manHOM miporiecce. OpaHKeBbIM U
KPacCHBIM LIBETOM OTMEUEHBI CIIy4au, MPH KOTOPBIX Sisl He crmocoOeH y4acTBo-
BaTh B JJAHHOM Ipoliecce. * - HaOmonaembie 3PGEeKThl XapaKTepU3yrTCs HU3-
KOW CTENEHBIO JOCTOBEPHOCTH, ** - Habmomaembie A((HEKThl HMEIOT IITaMM-
cnenuUYHBIN XapaxTep.
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ocnabnennem (Genoruna [PSI] u HekoTopwix Bapuantos [PIN'] (Stein, True,
2014). B to xe Bpemsi, HabI0MaeMble HaMU pa3Iudus B 3H(PEKTUBHOCTHU CBSA3BI-
BaHusA Sis] ¢ puOPUILION XOPOIIO COOTHOCATCA C BOBMOXKHOCTBIO U3THAHUS CO-
OTBETCTBYIOIIETO TPHOHa cBepxdkcpeccueit HSP104 (Puc. 20). MoxHo nipei-
JIOXKUTH JIBA AJITEPHATUBHBIX 00BSICHEHUS 3TOMY (DEHOMEHY: BO-TIEPBBIX, MOXK-
HO TIPEINOI0KUTh, YTO cTabmibHOE B3aumojericteue Hsp40 ¢ arperatom cmo-
cOOCTBYET BHYTPUKJIETOUHOM cOpTUpOBKe Komruiekca Hsp40-pubpuiia; Bo-
BTOPBIX, BbICOKOadPpuHHOE CBsA3bIBaHUE Sisl ¢ GuOpHILION MoKeT MOAU(HUIIN-
pOBaTh aKTUBHOCTh JPYTMX KOMIIOHEHTOB MIATIEPOHHON CUCTEMBI U U3MEHSITh
IpOTEKaHNE UKJIIA JAe3arperanuu.

Bne 3aBucuMocTH OT TOTO, CIIpaBe/JIMBa JIU Kakas-JIu00 U3 MpeIoKEHHbIX
BBIIIIE€ THIOTE3, TOMYUYEHHBIE TAHHBIE MTO3BOJISIOT C(HOPMYIUPOBATH MOZEIb TO-
ro, kak Hsp40 onpenenstor nporexkanne Hspl04-onocpenoBaHHbIX MPOLECCOB
(Puc. 21, Barbitoft et al., 2020; 2022). Vcxonst U3 nojiydeHHbIX HAMU Pe3yilb-
tatoB (Puc. 12, 15) u nureparypHbIx HaHHBIX O poau Sisl B momaepkaHuU
npuonoB (Kryndushkin et al., 2002; Kirkland ef al., 2011), M1 npeanomnara-
eM, 4To ciiaboe cBsa3biBaHue Sisl ¢ puOpusioit (unu cBA3bIBaHUE TIPEACYIIe-
CTBYyIOIIETO KoMIuiekca Sisl/Ssal) npuBoauT K MpaBUIIbHON COOpKE KOMILIEK-
ca Hsp70/Hsp104 u nocnenyromnieit pparMeHTaiuu aMuIOnIHON HUOPHILIHL.
[Tpounoe xe cBszpiBanne Hsp40 ¢ pubpumioit cnoco0cTBYeT HyHKIIMOHAIH-
HO OTVIMYHOMY B3aumojercteuio Hspl104 ¢ pubpunioit, onocpenoBanHomy N-
nomeHoMm Hspl104. BaxkHo 3aMeTUTh, 4TO cOrlacHO HamuM AaHHbIM (Puc. 17)
TaKoe B3aUMOJEICTBHE, CKOPEE BCETO, pealiu3yeTcsl MpH MOMOIIM Psifa A0IO0J-
HUTEIBHBIX KO(AKTOPOB U HE MOXKET MPOUCXOAUTH UCKIIOUUTEIHHO 3a CUET
Sisl. Becbma BeposSTHO, 4TO TaKUM KO(PAKTOPOM MOXKET BbicTynarh U Hsp70
B CJIy4yae ero HeONTUMAJIbHON KOOPJIMHALIMKA OTHOCUTENHHO (Gubpuiuibl. Takoe
MIPEIMTOJIOKEHNE MOTJIO ObI OOBSICHUTH KaK HEKOTOPBIC TUTEPATyPHEIC JaHHBIC
(B yacTHOCTH, poJyib Ssal B albTepHATUBHOM MYTH (hparMeHTALUU aMUJIOUIOB
Sc37 (Nakagawa et al., 2022)), Tak 1 MMOJTy4YCHHBIC HAMH PE3YyJIbTAThl aHAJIH-
3a npuBieueHus K GpudpmiaMm MyTanTHOTrO BapuanTta Ssal, Ssal-21 (Puc. 16).

BBI/II[y TOIr'0, YTO MBI HC Ha6J'IIOI[aeM YETKOM B3aMMOCBSI3U MCKAY CBA3BIBAHUEM
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Cnaboe cBa3biBaHME MpuBneyeHne CBs3blBaHMe dparmeHTauus oudpunnel,
Hsp40 ¢ combpunnon Hsp70-Ssa rekcamepa Hsp104 nosiBfeHne nNponaroHoB
0 » L@J o AT
i — S - W i
<
MpouHoe ceasbiBaHne  CssasbiBaHne Hsp104 TlpukpenneHve arperarta TpaHcnopT nponaroHa
Hsp40 ¢ conbpunnon Yyepe3 N-gomeH K MUKpomnameHTam B MaTepUHCKYIO KNeTKy

NPVOHHbIV arperat Q Hsp40 @ rekcamep Hsp104
aKTUHOBBIN MOHOMep, NPOTArMBaeMmbiii
Wj MUKpOdUnameHT . Hsp70 / Yyepes nopy Hsp104

O HeunsBecCTHble KohaKkTopsbl

Pucynok 21. YTounenHasi Mojesb Ju(ppepeHIuaIbHOr0 B3auMoaeiCTBHUS
manepoHoB ¢ pudpusiamu.. [[yHKTUpPHBIC TUHUU COOTBETCTBYIOT JBH)KCHU-
SIM MOJIEKYJT ¥ (pOPMHUPOBAHUIO KOMIUIEKCOB. Cepble CTPEIKU COOTBETCTBYIOT
no0OOYHBIM TIporieccaM. AnantupoBano u3 Barbitoff ef al., 2022.

Hsp40 u npusneuenuem Hsp70 k pudbpumnam (Puc. 15, 20) moxkHo npeamnonio-
XKUTh, yTO cuia cBa3biBanus Hsp40 He nmpenonpenenseTr cyap0y KOHKPETHOTO
aMUJIOUTHOTO arperara, HO CIOCOOCTBYET MPOTEKAHUIO MPOIECCa TI0 OTHOMY
U3 IyTEH.

JluteparypHbie JaHHBIE CBUIETEILCTBYIOT O TOM, YTO BaXKHYIO pPOJb B
Hsp104-onocpeioBaHHOM yaep>KaHUM MPUOHHBIX CEMSIH MOXKET WUrpaTh ak-
TUHOBBIM ITUKTOCKENET. Jlenenuu TeHOB, KOAUPYIONUX aKTHH-CBS3BIBAFOIIHMA
oenok Lsb2 u neanerunazy Sir2, 3aMeTHO CKa3bIBAIOTCSA Ha JECTAOMIU3AINU
[PST"] npu terosom moke (Howie ef al., 2019). M3BeCcTHO Takke, 4TO B3a-

umozneiicteue Hsp104 n akTHHOBOTO IUTOCKENIETa IPUHUMAET aKTUBHOE y4a-
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CTHE B KOHTPOJIE aCHMMETPUYHOM cerperanuu O0eiakoBbix arperatoB (Tessarz et
al., 2009; Liu et al., 2010). Takum o6pa3oM, mporecc yaepKaHusi TPUOHHBIX
CEMSIH TaK>K€ MOXKET BKJIIOYATh B CEOS MPUCOETUHEHNUE arperaroB B KOMIUIEKCE
¢ Hsp104 x akTHHOBOMY ITUTOCKENETY M TPAHCIOPT B MAaTEPUHCKYIO KJIETKY,
OIIOCPEIOBAHHBIN MOJISIPUCOMOM.

Mo>kHO BBICKa3aTh LEbIN Psl MPEANOI0KEHNUM, O0BICHSIIONIMX HE00XO0IH-
MOCTb HaJIU4HS B KJIETKE JIBYX HE3aBUCHUMBIX MPOIECCOB, OMIOCPEIOBAHHBIX CH-
cremoit Hsp40/Hsp70/Hsp104. Takass cucteMa MOXET HUCIIOIb30BaThCs KIIET-
KoMt Jytst T PepeHInanbHOTO pacipeneeHus: 1 COPTHPOBKH MaTOIOTUYECKIX
1 (yHKIIMOHAJIBHBIX OEJIKOBBIX arperatoB. Hanmpumep, yaep:kaHue arperatoB B
KJIETKE B XOJI€ €€ JICJICHHSI MOXET MPENATCTBOBATh PACHPOCTPAHEHUIO MATOJI0-
THYECKUX OETKOBBIX arperaroB, CHIKasi X OTPUIIATEIHHOE BIUSHHUE HA MOITY-
JISIUIO KJIETOK WUTA OpraHu3M. B mociennre ronpl y 4enoBeka Obl1 OOHApYKEeH
psia OEJIKOB, KOTOPBIE MOTYT CIIYKUTh KaHaAuAaTamMmu Ha posib Hsp104-nogo6Hoi
ne3arperassl (Hanpumep, Ruvbll/2 (Zaarur et al., 2015) u Torsin A (Adam et
al.,2017)). JlanpHelme ucciaenoBaHus B ITON 00JACTH MTO3BOJISIT IOHSTh, pac-
npocTpansitorcs au monaenu Hspl04-omocpenoBaHHOTro onpenesieHus CyabObl
OeKOBOrO arperara Ha MpoOIECChl, COMPOBOKIAAIONIUE AMUIIOMI03bl YEJIOBEKa

1 MJICKOIIMTAIOIIUX.



86

I'nmaBa 5. BuiBoABI

Ha ocHoBaHuM MOTY4YE€HHBIX PE3YJIBTaTOB MOKHO C/AEJIATh CIEAYIOIINE BbI-
BOJIBIL:

1. V3MeHeHne BHYTPUKIIETOUHOM JIOKaIu3auu Sisl ¢ uTormiazmaTuieckoi
Ha BHYTPHUSACPHYIO PAa3HOHAIPABICHHO BIHUSET HA MPUOHBI TPOAOKEH,
YCUIMBas TPOSBIEHHE HEKOTOPBIX BapuaHToB [PSI'] u ctumynupys mo-
tepro [URE3].

2. Sisl dopmupyeT KOMIUIEKCH ¢ aMWIOWIHbIME (pudpmmiamu Sup35SNM
3HaYUTENbHO 2P dekTuBHEe, yeM ¢ pubpmwiamu Rnql B cucreme in vitro.

3. Heneuus AMMEPU3aMOHHOTO A0MeHa Sis] IpUBOIUT K OCIA0ICHUIO €T
B3aMMOJICHCTBUS C aMIJIOUIHBIMU (PUOpUIIIIAMU B CUCTEME iR Viro.

4. Cuna cBs3eiBanusi Hsp40 ¢ ammiongabiMu GuOprILIaMu HE OKa3bIBaeT
npsiMoro BiIUsSHUS Ha Y dekTuBHOCTH npuBieueHus Hsp70-Ssal k ¢uod-

priLIam.
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baaropapuocTu

Xouy BBIpa3uTh MO0 OJIar0IapHOCTh 32 HEOLICHUMYIO POJib B IOATOTOBKE
JTaHHOM pabOThI MOEH CeMbe, a TAKKE BCEMY KOJUIEKTUBY Jiaboparopuu Gpuszno-
JIOTUYECKOM reHeTHKHU Kadenpsl reHeTrku u onorexnonoruu CII6I'Y. Otnens-
HO X04y M00Iaro1apuTh:

* XKypasneBy ['anuny AnaronseBHy 1 MarBeeHko AHapes [ eopruesnya 3a
PYKOBOJICTBO PabOTOM, MOMOILb B MUHTEPHPETALUNA U KPUTUUECKOU OLIEHKE
PE3YJIBTATOB UCCIEAOBAHUS;

* bonnapesa CtanucnaBa AJIEKCaHIPOBUYA 32 HEOLIEHUMBII BKJIa/l B OCBO-
€HUE METO/IOB U MTPOBEJICHUE Psiia SKCIIEPUMEHTOB;

* KynukoBy Anekcanapy Bianumuposny u bensisckyro FOnmanny Uropes-
HY 3a [IOMOIIlb B TPOBEICHUU IKCIIEPUMEHTOB;

* Uepnosa IOpus Onerosuua u Puna BukHepa 3a KOHCTpYKTUBHYIO KPUTH-
Ky p€3yJIbTaTOB U LIEHHbIE KOMMEHTAPHUHU.

Oco0yro OnmarogapHOCTh X04y BbIpa3uTh MakcroTeHko EBrennn Muxaii-

JIOBHE 3a OSCIICHHYIO MOIJICPKKY U ITOMOIIb B paboTe U 3a e mpeaciaMu.
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Introduction

The relevance of the topic. During the course of their lives, living organisms
encounter a great variety of stresses. To survive under stressful conditions,
cells have acquired many different systems to combat the undesirable effects
of stress. One such system is the Protein Quality Control (PQC) system, which
is designed to protect the cell from toxicity associated with protein conformation
abnormalities.

Baker’s yeast Saccharomyces cerevisiae 1s a convenient model organism
to study a variety of processes occurring in the eukaryotic cell. Various
components of the PQC system can be studied in the model system of yeast
prions. Yeast prions are infectious determinants of protein nature, which are self-
replicating conformational variants of native proteins. Yeast prions propagate
through interactions with various elements of the PQC system - molecular
chaperones and protein sorting factors. Interestingly, different chaperones have
differential effects on the maintenance of the most studied yeast prions, [PSI']
and [ URE?3]. Such differential effects of chaperones on prion maintenance are of
great interest for basic and applied research due to the fact that understanding the
mechanisms of interaction between chaperones and protein aggregates may help
to develop new methods for diagnosis and therapy of human and mammalian
proteinopathies.

The extent of development of the topic A number of examples of
differential effects of chaperones on yeast prions have been described in the
literature (Reidy et al., 2012; Stein, True, 2014; Reidy et al., 2014; Barbi-
toff et al., 2017). Differential effects of the Curl factor on prions (Barbitoff et
al., 2017) have been described in the works of our laboratory, and were shown
to be potentially related to changes in the intracellular balance of Sisl. At the
same time, there are no data on the ability of Sisl to exert opposite effects on
prions. Also, there are no studies in the literature devoted to quantitative analysis
of prion-chaperone interactions, nor has a universal model been proposed to

explain the differential effects of chaperones on prion maintenance.
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Purpose of the work: to study the molecular mechanisms of the differential
effects of the chaperone Sis1 on prions in yeast Saccharomyces cerevisiae.
The following objectives were formulated to achieve the goal:
1. Characterize the effect of changes in intracellular Sisl balance on yeast
prion maintenance.

2. Assess the efficiency of Sis1 binding to amyloid fibrils of different proteins
in vitro.

3. Study the effect of Sisl dimerization domain deletion on its interaction
with amyloid fibrils in vitro.

4. Examine the relationship between the binding of Sisl to aggregates and
the efficiency of recruitment of chaperones from other groups to them.

Scientific novelty of the work This work shows for the first time the
positive effect of changing Sis1 localization on the maintenance of the [PSI"]
prion. A new method for analyzing the binding of molecular chaperones to
amyloid aggregates in the in vitro system was developed. The first quantitative
assessments of the interaction efficiency of Sisl, Ssal and Hspl104 with
amyloid aggregates of yeast prionogenic proteins were obtained. The previously
undescribed effects of Sisl dimerization domain deletion on both prion
maintenance and interaction with amyloid aggregates were found. A new model
describing the differential interaction of chaperones with prion aggregates in
yeast S. cerevisiae has been proposed.

Theoretical and practical significance of the work. The results obtained
in this research extend the existing theoretical concepts of the mechanisms of
interaction between molecular chaperones of different groups with amyloid
aggregates in eukaryotic cells. The proposed methodology for analyzing the
interaction of chaperones with protein aggregates can be further applied to the
analysis of amyloid aggregates of human and other mammalian proteins.

Methodology and methods of research A number of modern research
methods were used, including microbial genetics, molecular biological
techniques for nucleic acids and proteins, biochemical methods for analyzing

macromolecule interactions, fluorescence and electron microscopy. Various
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methods of statistical processing of the obtained results were used. In the course
of the dissertation research we developed and used a new method to analyze the
interaction of molecular chaperones with amyloid aggregates.
Main points made for the defense. It has been shown that a change in the
intracellular localization of the molecular chaperone Sis1 is capable of exerting
opposite effects on yeast prions. The efficiency of Sis1 binding to amyloid fibrils
of the prionogenic protein Sup35NM in the in vitro system is higher than to
Rnql fibrils. Mutations in the oligopeptide repeats within the prion domain
of Sup35 do not affect the interaction of Sisl with amyloid aggregates of this
protein. Deletion of the dimerization domain of Sisl weakens its interaction
with amyloid fibrils of various proteins and can lead to reduced efficiency of
Hsp70 recruitment to the aggregates.
The degree of validity and approbation of the results. The main results of
the thesis work were presented and discussed at 6 international conferences and
published in 5 articles in peer-reviewed scientific journals:
1. Barbitoff Y. A., Matveenko A. G., Moskalenko S. E., Zemlyanko O. M.,
Newnam G. P, Patel A. X., Chernova T. A., Chernoff Y. O., Zhouravleva
G. A. To CURe or not to CURe? Differential effects of the chaperone
sorting factor Curl on yeast prions are mediated by the chaperone Sis1 //
Molecular Microbiology. 2017. Vol. 105, no. 2. P. 242-257

2. Matveenko A. G., Barbitoff Y. A., Jay-Garcia L. M., Chernoff Y. O.,
Zhouravleva G. A. Differential effects of chaperones on yeast prions:
CURrent view // Current Genetics. 2018. Vol. 64, no. 2. P. 317-325

3. Drozdova P. B., Barbitoff Y. A., Belousov M. V., Skitchenko R. K., Ro-
goza T. M., Leclercq J. Y., Kajava A. V., Matveenko A. G., Zhouravl-
eva G. A., Bondarev S. A. Estimation of amyloid aggregate sizes with
semi-denaturing detergent agarose gel electrophoresis and its limitations //
Prion. 2020. Vol. 14, no. 1. P. 118-128

4. Barbitoff Y. A., Matveenko A. G., Bondarev S. A., Maksiutenko E. M.,
Kulikova A. V., Zhouravleva G. A. Quantitative assessment of chaperone

binding to amyloid aggregates identifies specificity of Hsp40 interaction
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with yeast prion fibrils / FEMS Yeast Research. 2020. Vol. 20, no. 4.
foaa025
5. Barbitoff Y. A., Matveenko A. G., Zhouravleva G. A. Differential interac-
tions of molecular chaperones and yeast prions // Journal of Fungi. 2022.
Vol. 8, no. 2. P. 1-18
The scope and structure of the work. The thesis consists of an introduction
and five chapters. The full volume of the thesis is 105 pages with 21 figures and

6 tables. List of references contains 209 titles.
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Chapter 1. Differential interactions of molecular chaperones and yeast

prions (literature review)

1.1. Molecular chaperones and protein quality control

The process of protein folding is one of the most interesting in cell biology.
Any long protein molecule can take on an extremely large number of spatial
structures (Levinthal, Cyrus, 1968). Nevertheless, proteins are capable of
spontaneously restoring their native structure — a phenomenon discovered by
Anfinsen in in vitro experiments in 1961 (Anfinsen et al., 1961). In a living cell,
however, the folding of a protein molecule can often be disrupted. Disruption
of the folding process can, in turn, lead to a number of negative consequences
for the cell, including the formation of undesirable protein aggregates (Dobson,
2003). To counteract misfolding and protein aggregation in the cell, there is a

PQC system, the key components of which are molecular chaperones.

1.1.1 History of chaperone discovery

The word «chaperon» (from French chaperon — «a lady accompanying and
observing a younger woman in public») was first used in the scientific literature
in relation to a protein molecule in 1976 (Fohlman et al., 1976). In that paper,
Folman used the term to refer to the protein B and y subunits of a protein
neurotoxin from the venom of Australian taipan snakes (taipoxin), which, as
Folman hypothesized, contributed to the stability of the toxin. Two years later,
Lasky first used the phrase «molecular chaperone» to refer to the function of
nucleoplasmin with respect to histones in nucleosome assembly (Laskey et al.,
1978).

The role of chaperone proteins (or molecular chaperones) in controlling
protein folding was first suggested by Pelham in 1984 (Pelham, 1984). This
assumption was made when studying the processes that occur in living cells
under the influence of high temperature (heat shock). The effects of heat

exposure on molecular processes in cells have been studied in detail since
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1962, when Ritossa discovered that heat exposure stimulates the expression
of some genes in the fruit fly Drosophila melanogaster. The proteins encoded
by these genes were subsequently called heat shock proteins (HSP). Pelham
and colleagues investigated the Drosophila heat shock protein HSP70, which
is activated by heat stress. Pelham interpreted the protective effect of HSP70
under heat stress by the ability of this protein to degrade protein complexes
formed by unfolded protein molecules under conditions of elevated temperature
(by Morange, 2005). Subsequently, Pelham’s hypothesis about the function of
certain heat shock proteins was used by Ellis, who concluded, based on data
from Pelham and others, that the function of chaperone proteins in controlling
protein folding may be common and vital to all living objects (Ellis, 1987).

Shortly after Ellis’ work was published, the term «chaperonin» was proposed
to refer to the large protein complexes that play a role in the assembly
of oligomeric protein complexes. This term was introduced after it was
shown that the Escherichia coli GroEL protein (required for the assembly of
bacteriophage ) particles) was homologous to the Rubisco-binding protein from
plant chloroplasts (this was the protein Ellis’ lab worked with) (Hemmingsen et
al., 1988). Later, a representative of the chaperonin group was found in baker’s
yeast, and mutants of the MIF4 gene encoding this protein were characterized
by a reduced ability to import proteins into mitochondria. Further study of
Hsp60 group proteins showed that these proteins have a broad role in protein
chain folding. Hartl ef al. showed that Hsp60 substrate, dihydrofolate reductase
(DHFR), which is capable of spontaneous refolding in an in vitro system,
bound to Hsp60 in an unfolded state in live cells. Thus, the proteins of Hsp60
group should have contributed to the folding of this protein, which indirectly
influences the assembly of oligomeric protein complexes as well. These results,
published in 1989, laid the emergence of the chaperone-mediated polypeptide
chain folding paradigm (by Hartl, 2017).
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1.1.2 Molecular chaperone families

During the study of molecular chaperones, several major families of these
proteins have been identified. The main families are Hsp60, Hsp70, Hsp90,
and Hsp100. Chaperones of Hsp60 and Hsp70 groups are directly responsible
for protein folding; representatives of Hsp90 family are mainly involved in
stabilization of protein structures and regulatory processes, while Hsp100 is
responsible for ATP-dependent proteolysis and disaggregation (for review, see
Saibil, 2013). In the following sections, we will discuss the representatives of
the aforementioned groups of chaperones in more detail, focusing mainly on the

systems whose operation is investigated in this study, Hsp70 and Hsp100.

Hsp70 and Hsp40 chaperone system. Proteins of the Hsp70 group play one
of the key roles in protein folding processes in both prokaryotes and eukaryotes.
Hsp70 contribute to co- or posttranslational folding of newly synthesized protein
chains, translocation of proteins across organelle membranes, and determine
the fate of misfolded protein molecules or protein aggregates (Fig. 1, Mayer,
Gierasch, 2019). Chaperones of this group represent the dominant fraction
of chaperones in the cell. In the genome of most living organisms there are
several paralogous genes encoding proteins of this group. For example, the
human genome contains about 17 genes encoding Hsp70; the yeast genome S.
cerevisiae — 14, and the rice genome — 26 (Powers, Balch, 2013; Kominek
et al., 2013). Like the other major groups of molecular chaperones, Hsp70
has ATPase activity. ATP hydrolysis is necessary for proteins in this group to
interact effectively with client plro‘[eins1 .

Hsp70 family proteins are characterized by a molecular weight of about
70 kDa and consist of two main domains — the nucleotide-binding (ATPase)
domain (NBD) and the substrate-binding domain (SBD), as well as a small C-
terminal domain with unknown function (Bertelsen et al., 2008). The NBD is
responsible for ATP binding and ATPase activity of the chaperone, and its fold

I The terms «client» and «substrate» are often used synonymously to define
proteins that are the targets of chaperone activity.
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Figure 1. Processes regulated by molecular chaperones of the Hsp70/Hsp40
system. Adapted from (Mayer, Gierasch, 2019).

is largely similar to that of other ATPases, such as actin or hexokinase (by
Saibil, 2013). SBD is directly involved in the binding of the client protein,
the interaction with which occurs in a cleft. The SBD structure consists of
two important elements - the main part of the domain has a «j3-sandwich»
fold and is denoted as SBDg3, while the second part has an «a-helical structure
(Zhu et al., 1996). The SBDa is connected to the SBDgS by a mobile region
and represents a lid which plays an important role in the function of Hsp70.
When the substrate binds in the SBD cleft, and the Hsp70 ATPase is activated,
conformational changes occur in the chaperone molecule, which leads to a
change in the position of the lid relative to the SBD and its «closure». This
process ensures reliable interaction with the substrate and prevents its premature
dissociation. In contrast, replacement of ADP with ATP in the NBD leads to
release of the substrate protein (Fig. 2).

ATP hydrolysis during substrate binding and substrate release during
nucleotide replacement are regulated by Hsp70 cofactors, J-proteins (Hsp40)
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Figure 2. The structure of the Hsp70 chaperone. Shown are the spatial
structure (top) and a schematic representation (bottom) of the Hsp70 molecule in
the ATP-bound (right) or ADP-bound (left) state (Modified from Saibil, 2013).

and nucleotide exchange factors (NEF). Hsp40 stimulate the ATPase activity
of Hsp70 when interacting with the client protein, thereby making the client
capture process more efficient (Fig. 3A). Hsp40 group proteins (also called
J-domain proteins or J-proteins from the name of the first characterized
representative of the Hsp40 group, the bacterial protein Dnal) play a crucial
role in determining the substrate specificity of Hsp70 group chaperones (by
Craig, Marszalek, 2017; Kampinga, Craig, 2010). Not surprisingly, the number
of genes encoding Hsp40 in prokaryotic and eukaryotic genomes is much higher
than the number of Hsp70 genes (e.g., humans have 41 such genes and rice has
125 (Powers, Balch, 2013)).

The main domains present in the structure of Hsp40 are the aforementioned
J-domain and substrate-binding domain. The J-domain is responsible for
interaction with Hsp70 and ATPase activation (Greene et al., 1998); three highly
conserved residues in the J-domain sequence that form the HPD motif play a
critical role in this process (Tsai, Douglas, 1996). During the stimulation of
ATPase activity, the HPD motif interacts with the linker within Hsp70, and the
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J-domain itself also interacts with NBD and SBDg (Kityk et al., 2018). In most
cases, the J-domain is located at the N-terminus of the protein and the substrate-

binding domain is located at the C-terminus, and is often referred to as the CTD
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Figure 3. The structure and function of the Hsp40 group cochaperones
(J-proteins). A. Schematic illustration of the Hsp70 activity cycle and the
involvement of J-proteins in it (adapted from Craig, Marszalek, 2017). B.
Domain structure of J-proteins of the three major classes (A, B, C). JD is the J
domain, G/F 1s the glycine- and phenylalanine-enriched domam B, and j3, are
client- blndlng domains (CTDI and CTDII), and DD is the dimerization domain.
C. Model of the three-dimensional structure of a class B J-protein. HPD is a
motif containing amino acid residues of histidine, proline, and asparagic acid.
The motif is critical for J domain activity. (B, C) are adapted from Mayer,
Gierasch, 2019. D. Scheme of the interaction between Hsp70 and Hsp40
proteins of class A (top) and class B (bottom). J-domain release from G/F
inhibition is shown for class B (by Faust ef al., 2020).
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(C-terminal domain). Due to the wide variety of J-proteins, they are divided
into several groups. According to one popular classification, J-proteins can be
divided into three classes (Fig. 3B). Class A and B proteins contain (from the N-
to the C-terminus) a J domain, a glycine and phenylalanine-rich domain (G/F
domain), two consecutive client-binding domains (CTDI and CTDII, or g, and
3;), and a dimerization domain (CTD). Class A proteins differ from class B in
the presence of a Zn>*-binding region in CTDI, as well as a relatively shorter
length of the G/F domain. Representatives of the third class of J-proteins (class
C) have a rather diverse structure, and the J-domain in this structure may be
located in different regions of the protein rather than at the N-terminus (Mayer,
Gierasch, 2019).

An important functional distinction of some class B proteins is the presence
of a special regulatory mechanism called G/F-inhibition (Faust et al., 2020).
When interacting with the client, the J-domain of such proteins remains unable
to activate the Hsp70 ATPase due to the fact that its interaction with NBD
Hsp70 is inhibited by the G/F-domain. To release this inhibition, the CTD of
the J-protein must interact with the EEVD motif of Hsp70 (Fig. 3D). Only after
this interaction occurs, the J-domain is able to bind to Hsp70 and activate the
ATPase. It is worth noting that the process of G/F inhibition is important for
both protein refolding and amyloid disaggregation (Faust et al., 2020). This is
consistent with evidence that the EEVD motif of Hsp70, which is responsible for
G/F-inhibition release, is highly conserved, and its alteration negatively affects
the ATPase activity of Hsp70, its binding to the client, and the ability of the
Hsp40/Hsp70 system to refold (Freeman et al., 1995). The presence of the G/F-
inhibition mechanism may play an important role in the specificity of J-proteins,
particularly in their preferential interaction with amyloid aggregates in higher
eukaryotes (an example of class B specificity is shown in Scior et al., 2018).

Some researchers point out the shortcomings of this classification of J-
proteins (Craig, Marszalek, 2017). For example, many unrelated J-proteins
with very different sequences end up in the same class. In particular, this is

characteristic of the third class (C), which combines all proteins that do not
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carry the N-terminal J domain and the adjacent G/F-rich domain. Due to such
inaccuracies, there is a need to develop a different classification of J-proteins.
For example, the presence of characteristic structural elements, such as a client-
binding domain with a g-bottom structure (an example of the structure of such
a protein belonging to class B according to the traditional classification is
presented in Fig. 3B). In addition to structure, client-specificity can be used
to divide J-proteins into groups. For example, J-proteins can be subdivided into
ones with low substrate specificity and ones that interact with a particular protein
or group of proteins (Kampinga, Craig, 2010; Craig, Marszalek, 2017). An
example of a J-protein with a specific client is auxilin (Swa2 in yeast), which
is involved in the removal of clathrin molecules from the surface of vesicles
(Krantz et al., 2013; Rosenzweig et al., 2019).

Nucleotide exchange factors also contribute to the Hsp70 chaperone cycle
(see review Rosenzweig et al., 2019). These proteins stimulate the release of
ADP, followed by the binding of a new ATP molecule and dissociation of the
client. NEFs can be divided into four main families characterized by different
structures and origins. In prokaryotes, NEF functions are performed by proteins
homologous to GrpE of E. coli; in eukaryotes, NEFs are represented by three
families: HSP110, Bag, and Armadillo. Interestingly, the proteins of the Hsp110
group (Ssel in yeast) are homologues of the Hsp70 chaperones and have a
similar spatial structure (Liu, Hendrickson, 2007). Nucleotide substitution in
the interaction of Hsp110 and Hsp70 is mediated by the direct interaction of
their NBDs (Schuermann et al., 2008).

The Hsp100 family and its role in disaggregation. Hsp100 family proteins,
unlike chaperones of other families, are specialized in unfolding protein
molecules and take part in ATP-dependent proteolysis (see Saibil, 2013 for a
review). In contrast to the Hsp40/Hsp70 system, the genes encoding Hsp100 are
not universally present in all species and are usually represented by individual
gene copies (Powers, Balch, 2013). Hsp100 belong to the AAA+ superfamily

(ATPases associated with cellular activities), which includes a large number
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of proteins present in all organisms (Snider et al., 2008). Such representatives
of the Hsp100 group as ClpA, ClpB, HslIUV and Hsp104 are well studied. An
example of Hsp100 proteins involved in proteolytic protein degradation is HslU
of E. coli, as well as ClpA, ClpC and ClpX chaperones that work in complex
with the protease ClpP (Duran et al., 2017). The HslUV complex, which carries
out ATP-dependent proteolysis, consists of two rings, an ATP-ase ring formed
by the chaperone HslU and a protease ring composed of HslV molecules (Wang
etal.,2001). The HslV ring is responsible for the unfolding of protein molecules
before their interaction with the protease. Each of the rings is a hexamer; this
shape is characteristic of AAA+ superfamily proteins (Snider ef al., 2008). In
the middle of the ring there is a central channel (pore) lined with chaperone loop

domains involved in interaction with the substrate.

ClpB
PDB:50FO

Pore loop—substrate
Interactions

Figure 4. Spatial structure of Hsp104 and ClpB disaggregases. Models of
the structure of Hsp104 (left) and ClpB (center) are shown. A top view and a
side view are shown. NBD1, NBD2 — nucleotide-binding domains 1 and 2.
Spatial structure of NBD1 and NBD2 Hsp104 interaction with the substrate in
the central channel cavity is shown on the right (modified from Shorter, South-
worth, 2019).



129

Unlike other Hsp100 group proteins involved in ATP-dependent proteolysis,
the Hsp104 proteins of yeast S. cerevisiae and ClpB of the bacteria E. coli are
characterized by a unique ability to dissolve protein aggregates (for review,
see Shorter, Southworth, 2019). Like other members of the family, ClpB
and Hspl104 form ring hexamers, whose monomers form the central pore
of the chaperone (Duran et al., 2017) (Fig. 4). The yeast Hsp104 monomer
consists of several main domains: the N-terminal domain (NTD), the first
nucleotide-binding domain (NBDI1), the middle domain (MD), the second
nucleotide-binding domain (NBD2), and the C-terminal domain (CTD). NBD1
and NBD2 contain the highly conserved Walker A and B motifs and a
number of other structures required for ATP hydrolysis (Sweeny, Shorter,
2016). NBD1 and NBD2 also form the main Hsp104 channel (Fig. 4, right).
During disaggregation, the Hsp104 hexamer moves along the protein chain
due to coordinated movements of individual protomers. Movement of one
of the protomers down the substrate axis is accompanied by activation of
the neighboring protomer and its movement up the substrate axis. Similar
movements are then performed by the next pair of protomers in the hexamer
(this mechanism has been termed a «ratchet» mechanism (Gates et al., 2017)).
The movements are ATP-dependent and are mediated by NBDI1 activity. The
N-terminal domain of Hsp100 family proteins most likely acts as a regulatory
element («cap») capable of blocking access to the main chaperone channel
after substrate binding (such blocking is shown for ClpB (Deville et al., 2017).
In addition, NTDs are also involved in the interaction of Hsp104 and ClpB
with chaperones from other groups, particularly Hsp70 (Lee et al., 2017).
This indicates a role for NTDs in the overall control of chaperone-substrate
interaction. The regulatory function is also characteristic of NTDs of other
members of the Hsp100 family — for example, ClpA (Cranz-Mileva et al.,
2008).

Other groups of chaperones. Speaking about molecular chaperones and their

role in protein quality control, we cannot ignore the representatives of two



130

important families - Hsp60 and Hsp90. Proteins of the Hsp60 group, also called
chaperonins, are divided into two groups, with the first one including bacterial
GroE proteins, and the second one comprising eukaryotic CCT chaperonins
(for review, see Saibil, 2013). Chaperonins play an important role both in de
novo protein folding and assembly of protein complexes and in the refolding of
damaged proteins (Hemmingsen et al., 1988; Goloubinoff ef al., 1989).

Hsp60, like Hsp100, form complexes with ring shape, and each ring is
represented by seven or more monomers. The bacterial Hsp60, GroEL, forms a
double ring with a molecular weight of over 800 kDa, which binds the substrate
in the center of the ring. Another subunit of the chaperonin complex, GroES,
binds to GroEL, forming a «cover» (lid) isolating the inner space and substrate
(Martin et al., 1993). Thus, chaperonin forms an isolating space («Anfinsen’s
cage») that allows the spontaneous protein folding process to proceed normally
in the chaperonin chamber.

In contrast to Hsp60 chaperonins, the main function of Hsp90 group
proteins seems to be not to provide de novo folding or refolding, but to
regulate intracellular processes by stabilizing protein structures and enhancing
maturation of client proteins (reviewed in Taipale et al., 2010; Saibil, 2013).
The number of genes encoding Hsp90 family proteins is significantly lower in
different organisms than for Hsp70 (Powers, Balch, 2013). Hsp90 is involved
in the regulation of signal transduction by steroid hormones through interaction
with the corresponding receptors. The function of Hsp90 in stabilizing the
folding of proteins with an altered sequence, thereby compensating for the
negative effects of mutations, has also been noted. The most surprising example
of such «buffering» is shown in studies of eye loss in cavefish (Rohner et al.,
2013).

The Hsp90 activity cycle also involves ATP hydrolysis. ATP hydrolysis and
nucleotide replacement are accompanied by significant conformational changes
in the chaperone molecule. A major role in Hsp90’s functions is played by
coshaperones, which contribute to client binding and interact with the chaperone
at different sites (Taipale et al., 2010).
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1.2. Prions in yeast Saccharomyces cerevisiae
1.2.1 Prions and amyloids

Prions were discovered as infectious agents of protein nature, representing
self-replicating conformational variants of native proteins. The hypothesis that
protein molecules may have infectious properties was proposed by Prusiner to
explain the mechanisms of certain human and animal diseases grouped under
the name of tramsmissible spongiform encephalopathies or TSE (Prusiner,
1982). By 1982, sufficient data had accumulated to show that the infectious
agent causing such diseases was incredibly small, resistant to boiling, nuclease
treatment, and ultrafiltration, and therefore was neither a bacterium, virus,
nor any other pathogen known at the time, nor did it contain nucleic acids.
To explain the observed picture, Prusiner proposed the hypothesis that the
substance causing such diseases as Kreutzfeld-Jakob disease, kuru or scrapie is
a protein molecule (prion) capable of reproducing its own structure by changing
the conformation of the same protein molecules in the infected organism.

Later it was found that all the described diseases are associated with changes
in the conformation of a single protein - PrP, and the specific symptoms of
each disease is determined by the conformation that PrP takes. It was shown
that specific fibrillar structures formed by the PrP protein (Merz et al., 1984)
accumulate in the brains of affected organisms. Later, similar structures formed
by other proteins were found in such human neurodegenerative diseases as
Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. These
diseases are not infectious, but are also characterized by the accumulation of
protein plaques in the brain (by Uversky, 2010).

The aggregates found in the brains of patients with prion diseases are amyloid
in nature. Amyloids are characterized by a highly ordered structure in which
neighboring protein monomers in the aggregate are connected to each other by
intermolecular hydrogen bonds (for details, see reviews Wickner ef al., 2013;
ladanza et al., 2018; Matiiv et al., 2022). The monomers within a typical

amyloid fibril form a «steric zipper» — a tight contact surface formed by the
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side radicals of amino acid residues. Due to this tight contact of monomers,
amyloids also acquire a number of characteristic properties, such as resistance
to treatment with detergents and proteases. Amyloid aggregates also bind to a
number of amyloid-specific dyes, such as congo red and thioflavin T (see review
Matiiv et al., 2020).

Since both prion diseases and the aforementioned non-infectious
neurodegenerative diseases are accompanied by the formation of amyloid
aggregates, all these diseases are collectively termed amyloidoses. The
corresponding aggregates are therefore called pathological amyloid group (see
review Matiiv et al., 2020). At the same time, a large number of proteins that
form amyloid aggregates under normal conditions have been characterized
in recent years; for some of the proteins, the functional importance of such
amyloid aggregates has been shown (see review Sergeeva, Galkin, 2020). One
example is the Fxrl protein, which forms amyloids in the brain of the rat Rattus
norvegicus. These aggregates are thought to regulate RNA stability (Sopova
etal., 2019).

Currently, there are no effective treatments for human and animal
amyloidoses. In addition, the properties that distinguish pathological amyloid
aggregates from functional ones are unknown. To address this problem, as well
as to create approaches to amyloidosis therapy, prions and amyloids are being
actively studied in model biological systems, including yeast S. cerevisiae As
in higher eukaryotes, both prions and non-infectious functional amyloids have

been found in yeast (for details, see Ryzhova et al., 2018).

1.2.2 Yeast prions: diversity and properties

Baker’s yeast prions were discovered as early as the middle of the 20th
century. In contrast to human and other mammalian prions, yeast prion-like
determinants have been described as cytoplasmic hereditary factors of unknown
nature characterized by dominant non-Mendelian inheritance (for details, see
Liebman, Chernoff, 2012; Crow, Li, 2011). The first such factor was ¥ ([PSI ")),

discovered by Cox in 1965. This factor was characterized by an omnipotent
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nonsense-supressor phenotype, i.e., the ability to suppress the phenotypic
manifestation of nonsense mutations (Cox, 1965). At that time, the nature of
this factor could not be established. The second yeast prion discovered was the
[URE3] factor described by Lacroute in 1971 (Lacroute, 1971). Cells carrying
[URE3] could assimilate poor sources of nitrogen, such as ureidosuccinate, in
the presence of richer ones, such as ammonium ions (NH,").

In 1994, Wickner used the Prusiner’s hypothesis to explain the nature of the
U and [URE3] factors (Wickner, 1994). Wickner formulated the basic genetic
criteria necessary to prove the prion nature of the factor: 1) the phenotypic
expression of the factor coincides with the phenotype of its structural gene
deletion or mutation; 2) the factor is reversibly curable, that is, the cell that
lost the prion factor can acquire it again without external interference; and
3) temporary overexpression of the structural gene of the prion increases its
induction rate (Wickner, 2012).

Proteins that are structural determinants of [PSI"] and [URE3] prions
have long been established. The [PSI'] prion is an alternative conformational
variant of the yeast eRF3 translation termination factor, Sup35. The nonsense
suppression observed when Sup35 is converted into the prion form occurs
as follows: when Sup35 is prionized, the concentration of its normal form
decreases, resulting in no effective stimulation of the activity of another
termination factor, eRF1 (Sup45). As a consequence, the efficiency of
translation termination decreases, which leads to an increase in the frequency of
readthrough of premature stop codons. As a result, the rate of synthesis of the
full-length functional gene product containing the nonsense mutation increases,
which leads to suppression of its phenotypic manifestation (reviewed in Lieb-
man, Chernoff, 2012). Meanwhile, the combination of the [PSI*] prion with
certain missense and nonsense sup45 mutations leads to too strong translation
termination defects causing synthetic lethality (Kiktev et al., 2007).

The structural gene of [URE3] is the URE2 gene encoding a catabolic
repression factor. Normally, in the presence of rich nitrogen sources in the

environment, Ure2 inhibits the activity of the transcription factor GIn3, which
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activates the ureidosuccinate assimilation genes. When Ure2 is converted to the
prion form, it is unable to interfere with GIn3 activity, resulting in activation of
the ureidosuccinate assimilation genes and its consumption from the medium
even in the presence of more efficient nitrogen sources (Wickner, 1994).

Like the corresponding proteins of higher eukaryotes, the prion proteins
of yeast form long unbranched fibrils with an amyloid structure and a set
of characteristic properties. The presence of such protein aggregates can be
established by semidenaturing electrophoresis in agarose gel (SDD-AGE)
(Kryndushkin et al., 2003) as well as by an increase in the protein fraction
in the pellet fraction during differential centrifugation of cell lysates (Patino
et al., 1996; Kushnirov et al., 2006). Clusters of aggregated protein can also
be observed by fluorescence microscopy (Patino et al., 1996). Importantly,
the presence of the full-length structural protein of the prion determinant is
most often not required for aggregate formation. The part of the protein that
1s necessary for prion formation and propagation is called the prion domain
(Ross et al., 2005). In the Sup35 protein, this domain, called the N-domain,
is located at the N-terminus of the polypeptide chain (Ter-Avanesyan et al.,
1993; Ter-Avanesyan et al., 1994; Paushkin et al., 1996). In addition to the
N-domain, the Sup35 structure also contains two other domains, the charged
M-domain (middle domain) and the C-domain (C-terminal domain). The M-
domain is a linker and does not take part in the direct formation of the amyloid
fibril backbone. The physiological function of the M-domain appears to be to
regulate the formation of reversible liquid Sup35 droplets when the pH or salt
composition of the cytoplasm changes (Franzmann et al., 2018). The C-domain
is the only essential part of Sup35. It is the C-domain that is responsible for
Sup35 functioning as a translation termination factor (Zhouravleva et al., 1995;
Stansfield et al., 1995). Sup35 N-domain overexpression alone is sufficient for
the induction of [PSI"] (Derkatch et al., 1996). Similarly, overexpression of
the URE?2 gene fragment corresponding to the prion domain of the Ure2 protein
leads to an increased frequency of [ URE3] formation (Masison, Wickner, 1995).

An interesting structural feature of most known prion domains of yeast proteins
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is their enrichment with asparagine (N) and glutamine (Q) residues (Alberti
et al., 2009). The critical role of these residues in the formation of prion
aggregates was discovered as early as 1998 (DePace ef al., 1998). This amino
acid composition contributes to the formation of the intermolecular hydrogen
bonds necessary for the formation of the parallel superpleated 3 structure of
amyloid fibrils (see Matiiv et al., 2022 for a review). Note, however, that
mutations affecting the maintenance of yeast prions described in the literature
are located both within the prion domains of the corresponding proteins and well
beyond them (e.g., Kumar et al., 2020).

The third most studied prion is [PIN*] (Derkatch et al., 1997), formed by the
amyloid form of the Rnql protein (Sondheimer, Lindquist, 2000, Derkatch et
al., 2001). The only phenotypic manifestation of [PIN ] is its ability to induce
[PSI*]: the presence of [PIN'] in the yeast cell increases the frequency of de
novo [PSI"] appearance (Derkatch ef al., 1997). In contrast to the prion factors
described above, the physiological function of the Rnql protein is unknown,
and mutation or deletion of the RNQ1 gene does not increase the frequency of
[PSI*] induction (Derkatch et al., 2001). Another known yeast prion is [SWI'],
a prion form of the SWI/SNF chromatin remodeling complex subunit, Swil (Du
et al., 2008). Phenotypically, the presence of prion [SWI '] is characterized by a
reduced ability of yeast to grow on media with sugars other than glucose (e.g.,
with raffinose), but in combination with the [PIN"] prion, [SWI'] can, as well
as [PSI], lead to an increase in nonsuppression on a certain genetic background
(Nizhnikov et al., 2016). An interesting feature of the [SWI"] prion is its direct
influence on the conformation of transcription factors interacting with it, which,
in turn, regulates gene expression depending on [SWI]-status of the cell. For
example, genes responsible for flocculation and invasive yeast colony growth
(Duetal., 2015) are subject to such prion-dependent regulation. The appearance
of prion [SWI'] leads to global changes in the transcriptome (Malovichko et
al., 2019). In addition to those described above, other yeast prions and prion-
like factors with no less interesting properties have also been discovered. One

interesting example is the [GAR"] factor, which has no amyloid structure (by
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Crow, Li, 2011). The appearance of [GAR'] is caused by an increase in the
lactate concentration in the medium, which occurs, for example, in the co-
culture of yeast and bacteria cells (Garcia ef al., 2016).

An important property of yeast prions is the existence of so-called strains,
or variants of the prion (see review by Kushnirov et al., 2022). The presence
of variants is not a unique feature of yeast prions — variants have been
characterized, for example, for the mammalian PrP protein (see Ghaem-
maghami, 2017 for a review). Different prion variants are characterized by
different phenotypic strength, which is related to the specific conformation
of the protein within the amyloid fibrils, as well as different kinetics of their
formation and fragmentation (Derkatch et al., 1996; Tanaka et al., 2004).
Differences in the structure of aggregates of prion variants can also be observed
in the analysis of protease-resistant core of fibrils by mass spectrometry (Kush-
nirov et al., 2020; Huang et al., 2021). More than 20 different variants are
known for the [PSI"] prion (Huang, King, 2020). The most commonly uased
are the so-called «strong» and «weak» variants, denoted as [PSI"]° and [PSI 1]V,
respectively (Derkatch et al., 1996). The stronger manifestation of the [PSI*]5
was found to be associated with enhanced conversion of the soluble protein to
the prion isoform and its incorporation into aggregates. This is due, among other
factors, to a larger number of amyloid fibrils in the cell and their smaller size. In
contrast, the weak variant [PSI*]V has a larger average length of aggregates in
combination with a smaller number of them. As a consequence, the fraction of
protein in the soluble fraction in [PSIT]V cells is markedly higher and reaches
20%, compared to 3-5% in the case of [PSI"]® (Derdowski et al., 2010). It has
been suggested that yeast prions exist as a dynamic «cloud of variantsy, i.e.
a number of aggregates of different structures are simultaneously present in
the cell, although this concept is not universally accepted (Bateman, Wickner,
2013).
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1.3. The protein quality control system and yeast prions

The maintenance and propagation of yeast prions is impossible without
several key processes: constant conversion of new monomers and their
incorporation into existing aggregates, fragmentation of aggregates to form new
prion «seeds» (propagons), and transmission of prion seeds to daughter cells
(Kushnirov, Ter-Avanesyan, 1998; Inoue, 2009; Chernova et al., 2014; Barbi-
toff et al., 2022) The combination of these processes forms the prion life cycle
(Fig. S5A). All of the processes that make up the prion life cycle are mediated to
some extent by the interaction of the prion with the molecular chaperone system
or other components of the PQC system. Both in vivo and in vitro data suggest
a role for chaperones in both prion aggregate formation and prion conversion
as well as in amyloid fibril fragmentation (Chernoff et al., 1999; Kushnirov et
al., 2000; Shorter, Lindquist, 2004; Krzewska, Melki, 2006; Shorter, Lindquist,
2006; Savistchenko et al., 2008; Shorter, Lindquist, 2008; Kiktev et al., 2015).
Next, we will consider in detail the role of major chaperones in the maintenance

of yeast prions.

1.3.1 Hsp104 — a key regulator of yeast prion propagation

The main element of the molecular chaperone system necessary for the
maintenance of yeast prions is Hsp104, which catalyzes the fragmentation of
prion aggregates. The role of Hsp104 in the process of propagation of yeast
prion [PSI"] was demonstrated by Chernoff et al. in 1995 (Chernoff et al., 1995).
Deletion of Hsp104, expression of the dominant negative allele Hsp104KT, and
inhibition of the ATPase activity of Hsp104 by guanidine hydrochloride, results
in loss of all amyloid yeast prions (Chernoff ez al., 1995; Moriyama et al., 2000;
Sondheimer, Lindquist, 2000; Wegrzyn et al., 2001). Overexpression of Hsp104
also results in the elimination of prions, but this elimination is only effective
enough for [PSI"] (Chernoff et al., 1995; Sharma, Masison, 2008a; Matveenko
et al.,2018).

The mechanism of prion curing by overexpression of HSP104 has been the
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Figure 5. The yeast prion life cycle and its control by the molecular
chaperone system A. Schematic representation of the processes that form the
prion life cycle. 1— Formation of a prion aggregate de novo, 2—conversion
of new monomers and their incorporation into existing prion aggregates 3—
chaperone-mediated fragmentation of aggregates, 4—continuation of cycle in
the mother cell, 5—transfer of prion seeds to daughter cells, 6—repetition of
cycle in the daughter cell, 7-retrograde transport of propagons or their retention
in mother cell. B. Schematic representation of the major chaperones involved in
the control of prion maintenance and their domain structure. Red arrows indicate
mutations that disrupt prion maintenance, green arrows indicate mutations that
prevent prion curing by by HSP104 overexpression (adapted from Barbitoff et
al., 2022).

subject of a large number of studies. Deletion of the N-domain of HSP104

has been shown to prevent prion elimination during overexpression of this
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chaperone, but does not prevent prion maintenance at normal levels of Hsp104
(Hung, Masison, 2006; Winkler et al., 2012b). In addition, a T160M mutation
located in the N-domain of HSP104 (Fig. 5B) leads to similar effects; moreover,
[PSI"] prion variants obtained de novo in the presence of this mutation are
cured even with normal Hsp104 levels (Gorkovskiy et al., 2017). Three basic
models of prion curing by overexpression of HSP104 have been proposed.
The first model suggests that overproduction of Hsp104 distorts the ratio of
concentrations of chaperones of different groups in the cytosol, which leads to an
incorrect interaction of Hsp104 with the prion aggregate (Winkler et al., 2012a).
An alternative model suggests that Hsp104 has the ability to trim monomers
from the end of the fibril, which manifests itself during its overproduction and
leads to enhanced dissolution of prion aggregates (Paushkin et al., 1996; Park et
al., 2014). Finally, a third model suggests that overproduction of Hsp104 leads
to disruption of propagon segregation between the mother and daughter cells
(Ness et al., 2017; Cox, Tuite, 2018). There is, however, evidence for a potential
mechanistic commonality in the processes of aggregate fragmentation and prion
curing by excess of Hsp104. In particular, the aforementioned T160M mutation
can destabilize certain [PSI "] variants and disrupt prion aggregate fragmentation
(Huang et al., 2021). Along with this, deletion of the Hsp104 binding site in the
Sup35 M-domain (129—148 a.a. region) results in both loss of sensitivity of
[PSI"] to excess Hsp104 and its destabilization (Helsen, Glover, 2012).

It 1s also interesting to note the effects of replacing Hsp104 with chimeric
proteins containing some Hspl04 and ClpB domains. Some such proteins
effectively support yeast prions, but the presence of the M-domain of Hsp104 is
required for this (Reidy et al., 2012). Of particular interest is the 444B chimeric
protein containing NBD2 of ClpB instead of the analogous Hsp104 domain.
This variant supports the maintenance of most prions, but can cure only some

of their variants when overexpressed (Zhao et al., 2017).
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1.3.2 The role of Hsp70 in the life cycle of yeast prions

Chaperones of the Hsp70 group also play an important role in the
maintenance of yeast prions (Newnam et al, 1999). In yeast, Hsp70 is
represented by several gene families; the most active proteins are members of
the SSA and SSB groups (Boorstein ef al., 1994; Kominek et al., 2013; Lotz
etal.,2019). SSA proteins play the greatest role in the prion life cycle (Winkler
etal.,2012b). In yeast, there are four homologous genes encoding chaperones of
this group: SS41, SSA2, SSA3, and SSA4. All of these genes are interchangeable,
and their specificity to different cellular processes is poorly understood (Sharma
et al., 2009). The major chaperone of the SSA group in yeast is the Ssa2 protein
(Boorstein ef al., 1994).

Ssal, like other Ssa proteins, increases the frequency of [PSI'] de novo
appearance upon overproduction and prevents curing of [PSI'] by excess
Hsp104 (Newnam et al., 1999; Allen et al., 2005). A dominant negative
mutation of SSA7, SSA1-21) promotes the [PSI ] prion elimination (Jones, Ma-
sison, 2003) but does not affect overall Ssal function (Needham, Masison,
2008). The SSA17-21 mutation is located in the SBDg (Fig. 5B) and probably
affects the ability of Hsp70 to bind to the client. The effects of this mutation on
the prion, however, are variant-specific, since expression of this allele does not
result in phenotype changes in some [PSI ] strains (Barbitoff ez al., 2022). At the
same time, overproduction of Ssal, but not Ssa2, has been found to contribute to
[URE3] prion expulsion (Kushnirov et al., 2000; Schwimmer, Masison, 2002).
In our laboratory, however, overexpression of SSA2, but not SS417, weakened
the [URE3] phenotype (Matveenko et al., 2018).

In addition to Ssa, other Hsp70s, such as Ssb1/2 and Ssz1, also play a role in
the yeast prion life cycle. Both Ssbl and Sszl are actively involved in protein
folding during translation and are associated with the ribosome. Ssz1 is part of
the ribosome-associated chaperone complex (RAC). Overexpression of SSB/
leads to increased destabilization of [PSI']; this effect has been shown to be

due to competition between Ssb and Ssa for binding prion aggregates (Chernoff,
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Kiktev, 2016). An imbalance in the amount of Hsp70 and Hsp104 in the early
stages of short-term heat shock leads to destabilization of [PSI"] (Newnam et
al., 2011). The SSB1 deletion reduces the efficiency of prion destabilization in
heat shock, whereas the SSZ/ deletion increases it (Howie ef al., 2019).

It has been suggested that the opposite and variable effects of chaperones
of SSA, SSB, and SSZ groups are related to their different roles in the
processes of folding of the synthesized chain during translation as well as in the
fragmentation of aggregates. According to one model, SSB proteins are unable
to participate effectively in the fragmentation of prion aggregates, and deletion
of RAC components simultaneously leads to increased prion conversion and

disruption of the fragmentation of prion aggregates (Kiktev et al., 2015).

1.3.3 Differential effects of Hsp40 on prions

Twenty two different J-proteins have been characterized in yeast, each of
which has a specific localization in the cell and performs certain functions
(Walsh et al., 2004). The most studied are the major cytosolic chaperones of
this group, Sis1 and Ydj1. Ydj1 belongs to the first (A) class of J proteins, while
Sis1 is a member of the second class (class B) (Fig. 5B). Both Ydj1 and Sisl are
involved in the maintenance of yeast prions; in addition, several other J-proteins

— Apjl, Swa2, and Zuol — have been shown to affect various prions.

Sis1. The SIS1 gene is essential for yeast, and its product is involved in many
processes related to protein synthesis and quality control. The Sis1 protein has
a characteristic domain structure of the class II J-protein. It contains an N-
terminal J domain, a glycine-rich domain (subdivided into G/F-rich and G/M-
rich regions); two C-terminal domains (CTD1/2); and a dimerization domain
(DD) (Fig. 5B) (Cheetham, Caplan, 1998). Different prions have different
requirements for Sisl abundance and functionality. For example, the [PSI']
prion is very resistant to changes in the amount of Sis1 or its mutations, although
a severe decrease in the amount of Sis1 in the cell still leads to loss of the prion

after a large number of generations (Higurashi ef al., 2008). In contrast, the
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other prion, [URE3], is very sensitive to changes in Sisl levels, and is rapidly
lost when the expression of the corresponding gene is reduced (Higurashi et
al., 2008). The [PIN*] prion has an intermediate dependence on Sis1 (Aron et
al., 2007; Higurashi ef al., 2008), although different variants of this prion are
characterized by different requirements for its activity (Stein, True, 2014). The
yeast [SWI'] prion is the most sensitive to changes in the amount or activity
of Sis1 and is eliminated even when Sis1 levels fluctuate slightly (Hines et al.,
2011). Sensitivity to levels of Sis1 activity also differs between prion variants,
for example, the expression of different Sis1 variants can affect the competition
of prion variants (Yu, King, 2019).

In addition to the overall level of Sis1, the maintenance of the prion depends
on the functionality of individual domains of this protein. The G/F region
is critical for the maintenance of [URE3] and many [PIN'] variants (Sond-
heimer et al., 2001; Reidy et al., 2014; Stein, True, 2014). Strong [PSI']
variants, however, can be maintained even in the absence of the G/F domain
of Sisl (Kirkland et al., 2011; Reidy et al., 2014; Harris et al., 2014).
Sisl overexpression enhances [PSI"] curing during Hsp104 overproduction
(Kryndushkin ef al., 2011), which may indicate a role for Sisl in stimulating
Hsp104 function responsible for preventing the transport of prion aggregates
into the daughter cell. This suggestion is supported by the fact that deletion of
the dimerization domain of Sisl prevents [PSI'] elimination during HSP104
overexpression, but does not result in prion loss at normal Hsp104 levels
(Kirkland et al., 2011; Harris et al., 2014). Moreover, deletion of the SIS/
dimerization domain leads to prion stabilization in the presence of the SSA17-
21 mutation (Kirkland ef al., 2011). Similar but less pronounced effects are
observed when the lysine residue at the 199 position of Sisl is replaced with
alanine. This K199A mutation is located in one of the substrate-binding regions
of Sisl and directly affects its interaction with the client (Lee et al., 2002; Li
et al., 20006).

Sisl has been shown to reduce the toxicity of [PIN'] as well as toxicity

associated with overproduction of poly-Q region of the mutant huntingtin
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protein, and toxicity of the [PSI'] prion upon overexpression of the SFPI
and SUP35 genes (Gokhale et al., 2005; Douglas et al., 2008; Matveenko et
al., 2016). Recently, it has also been demonstrated that the toxicity observed
when the normal SIS/ allele is replaced by a variant containing only the
J- and G/F-domains in cells carrying the [PSI"] prion is caused by excess
Sup35 aggregation and compensated for by Sisl alone with an intact CTD and
dimerization domain (Kumar et al., 2021).

In addition to its direct involvement in prion maintenance, Sis1 is involved in
many other processes in the cell. It is the main cochaperone that stimulates the
solubilization of proteins that are part of the P-bodies and stress granules in yeast
(Kroschwald et al., 2015). In addition, Sis1 transports certain substrates inside
the nucleus to degrade them at intranuclear proteasomes (Park ez al., 2013). Sis1
is also able to bind oligomeric forms of aggregation-prone proteins, making their
aggregates more soluble (Klaips ef al., 2020). Thus, Sis1 is an essential element

of the PQC system, which is also necessary for the maintenance of prions.

Ydj1l and other Hsp40. The most abundant Hsp40 in yeast, however, is
another protein, Ydjl. It belongs to the first class of Hsp40 (class A) and,
unlike Sis1, is not essential. Ydjl is also involved in the maintenance of yeast
prions. However, overexpression of YDJI cures [URE3] and enhances [PSI"]
(Moriyama et al., 2000; Barbitoff et al., 2017). In this case, its J-domain alone
is sufficient to exert the specific effect of Ydjl. It is likely that the interaction
with the Ydj1 J-domain is sufficient to determine the specificity of the Hsp70
and Hsp90 chaperones, which in turn may affect the functionality of Hsp104
and the efficiency of the latter as a disaggregase (Harris ef al., 2014; Reidy et
al.,2014).

In addition to the main cytosolic Hsp40, three other representatives of the J-
protein family are involved in prion maintenance: Apjl, Swa2, and Zuol. Zuol
is a component of the previously mentioned RAC, and its effect on prions is
similar to that of Hsp70-Ssz1. Deletion of the ZUO! gene increases the rate of

[PSI"] induction and promotes prion curing in heat shock (Amor et al., 2015;
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Kiktev et al., 2015; Howie et al., 2019). Apjl promotes [PSI"] elimination
during HSP104 overexpression, and its deletion prevents this process, but only
in the case of a strong [PSI*] variant (Astor et al., 2018). Apjl contains a special
QS domain in its structure, characterized by intrinsic disorder. It is this domain,
but not the Apj1 CTD, that is required for prion curing by excess Hsp104 (Berger
et al., 2020). Swa2, the yeast homologue of auxilin, is required to maintain the
prion [URE3], which is destabilized by deletion of the corresponding gene (Hig-
urashi et al., 2008; Troisi et al., 2015).

Hsp40 and protein sorting. In addition to their main role in regulating the
activity and substrate specificity of Hsp70, J-proteins are also involved in the
processes of protein sorting in eukaryotic cells. Sorting processes involve the
distribution of aggregates into various subcellular PQC compartments. There
are several such compartments in the eukaryotic cell, but their specific role and
number are still the subject of research. Three compartments are considered to
be the main accumulation sites of misfolded proteins: the intranuclear quality
control deposit (INQ, previously considered to be juxtanuclear (JUNQ)), and
two cytosolic ones: the peripheral insoluble protein deposit (IPOD), and the
more labile cytoplasmic inclusions called Q-bodies or CytoQ (Kaganovich et
al., 2008; Escusa-Toret ef al., 2013; Miller et al., 2015a; Miller et al., 2015b).
I[POD is considered to be a site of accumulation of proteins that are
irreversibly misfolded — in particular, aggregates of yeast prionogenic proteins
are observed in [POD, especially when they are overproduced (Kaganovich et
al., 2008). In contrast, INQ and CytoQ are sites of accumulation of amorphous,
unstructured protein aggregates and serve the function of temporarily isolating
misfolded proteins. According to this model, INQ and CytoQ form primarily
under stress conditions (Miller ef al., 2015b). In recent years, the accumulation
of proteins in CytoQ, INQ, and IPOD has come to be regarded as one of
the main scenarios of the PQC system, helping the cell to cope with an
excess of misfolded proteins. Consistent with this hypothesis, protein isolation
in CytoQ/INQ has been shown to maintain the functionality of the Hsp70
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system under stress (Ho et al., 2019). Sorting into each of the compartments
is accomplished by various chaperones and protein sorting factors, the main
ones of which — Btn2 and Hsp42 — are also referred to as aggregases. Btn2
protein controls aggregate transport in JUNQ/INQ and Sis1 (Malinovska et al.,
2012; Miller et al., 2015a) is actively involved in this process; Hsp42 controls
protein transport into cytoplasmic compartments — [POD and CytoQ (Specht
et al., 2011; Miller et al., 2015a).

Overexpression of Hsp42 and Btn2 is known to eliminate[ URE3] (Kryn-
dushkin et al., 2008; Wickner et al., 2014), and overexpression of BTN2 can
also cure artificial [NRP1C"] prion formed by a chimeric protein consisting of
the prion domain of Nrpl and the C-terminal domain of Sup35 (Malinovska et
al., 2012). In addition, overproduction of Hsp42 leads to enhancement of the
prion phenotype of [PSI'], although the molecular mechanisms of this effect
remain poorly understood (Barbitoff ez al., 2017).

The CURI gene (from Curing of [URE3]) is a paralog of the BTN2
gene that arose from a whole-genome duplication in yeast evolution (Byrne,
Wolfe, 2005). In 2008, the ability of CURI to cure yeast prion [URE3] when
overexpressed was first demonstrated (Kryndushkin et al., 2008). A similar
effect was observed for [NRPIC"] (Malinovska et al., 2012) and [PSI] (Zhao
et al., 2018). Overexpression of CURI leads to a change in the intracellular
localization of Sisl (Malinovska et al., 2012); and such an anti-prion effect of
the change in Sis1 localization is expected given the dependence of all prions
on the level of this Hsp40 (see above). More recently, Curl and Btn2 have
been shown to cure some [ URE3] variants even without artificial overexpression
(Wickner et al., 2014).

In our laboratory, the CURI gene was identified in a yeast genomic library
screening as a gene that enhances synthetic lethality of sup45 mutations with
[PSI"] (Kiktev et al., 2011). It was further shown that overexpression of
CURI specifically enhances the [PSI"] phenotype. Thus, CURI overexpression
affects different yeast prions in opposite ways. However, in both [PSI*] and

[URE3] strains the intracellular localization of Sisl is altered upon Curl
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overproduction (Barbitoff et al., 2017). This observation suggests that changes
in the intracellular balance of Sis1 and reduction in its cytosolic concentration
may have a positive effect on the maintenance and propagation of some prions

(e.g., [PSI']). This hypothesis, however, requires further testing.

1.4. Conclusion

Since the discovery of molecular chaperones, various classes of these
proteins have been described. Advances in structural biology have made it
possible to decipher in detail the functional cycle of such complex molecular
machines as the Hspl04 and ClpB disaggregases. At the same time, the
increasing amount of information about the various chaperones and other
elements of the PQC system led to the birth of a «chaperone network» or
«proteostasis network» concept — a complex system with large number of
components working together to maintain proteostasis (Balch et al., 2008).

Given the overall complexity of chaperone networks, it is not surprising
that molecular chaperones of different groups have a significant effect on yeast
prions, both supporting their maintenance and inhibiting it. At the same time,
the mechanisms underlying the differential effects of chaperones on prions are
poorly characterized. As indicated above, such differential effects have been
convincingly shown for Ydj1 and the protein sorting factor Curl, whose effects
are mediated by Sisl. Taking into account the central role of J-proteins in the
substrate specificity of Hsp70, we can assume that the observed differential
effects reflect the role of J-proteins in determining the fate of protein aggregates
in eukaryotic cells. Thus, investigation of the mechanisms of the observed
effects will help to understand the principles of interaction between chaperone
networks and amyloid aggregates. This may in turn aid the development of new

approaches to the therapy amyloidoses in higher eukaryotes.
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Chapter 2. Materials and methods

2.1. Yeast and bacteria strains

A list of the E. coli strains used in this work is presented in Table 1. The DH5«
strain was used for plasmid production; BL21 (DE3), NiCo21 (DE3), Rosetta
(DE3), and Zeta strains were used for yeast protein production and purification.
The Zeta strain (provided by V.E. Tworogova) is derived from Rosetta (DE3)
and exhibits different growth and protein production characteristics from the
original strain.

A list of the yeast strains used in this work is presented in Table 2. The
yeast strain 2-prb1A0-P-74-D694 was used for the production and purification
of proteins. This strain is a derivative of the commonly used 74-D694 strain.
The strain carries a deletion of the PRB1 gene encoding vacuolar protease B
(Moehle et al., 1987). The U-T-PT-YAL2171 strain was obtained by replacing
the pRS315-SIS1 plasmid in the T-PT-YAL2171 strain (Barbitoff et al., 2022)
with the YCplac33-SIS1 plasmid. L-T-PT-YAL2171 and LA-T-PT-YAL2171
strains were obtained by replacing the YCplac33-SIS1 plasmid in U-T-PT-

Table 1. E. coli strains used in the study

Strain name Genotype Origin

DHS5« supE44  AlacUI169 (980 lacZAMI15) | Hanahan, 1983
hsdR17 recAl endAl gyrA96 thi-1 relA
BL21 (DE3) F— ompT gal dem lon hsdSB(rB- mB-) | Studier, Moffatt, 1986
MDE3 [lacl lacUVS5-T7 genel indl sam7
nin5J)

NiCo2l (DE3) | ompT gal [dcm] [lon] AhsdS gimS6Ala | NEB #C2529H
arnA::CBD slyD::CBD can::CBD fhuA2
(A DE3) A DE3 = A sBamHIo AEcoRI-B
int::(lacl::PlacUV5::T7 genel) i2l Anin5
Rosetta (DE3) | F- ompT hsdSB(RB- mB-) gal demA(DE3 | Novagen #70954

[lacl lacUV5-T7 genel indl sam7 nin5]) | (provided by

PRARE (CamR) K. Volkov)

Zeta F- ompT hsdSB(RB- mB-) gal decmA(DE3 | provided by V. Tvorogova
[lacl lacUV5-T7 genel indl sam7 nin5])
PRARE (CamR)
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Table 2. S. cerevisiae strains used in the study

Strain name Genotype Origin

OT56 MATa  adel-14  trpl-289 | Derkatch et al., 1997
his3-4200 leu2-3,112 ura3-52
[PSIT]S [PINT]

0T520 MATa  leu2  trpl  wra3 | Brachmann et al., 2005
PparsADE?2 PparsCANI
karl-1 [URE3-1] [PIN™]

OT55 MATa  adel-14  trpl-289 | Derkatch et al., 1997
his3-4200 leu2-3,112 ura3-52
[PSITV [PINT]

P-74-D694 MATa adel-14 his34200 ura3- | Drozdova et al., 2016
52 leu2-3,112 trp1-289 [PSIT15
[PIN']

2-prb1 A0-P-74-D694 | MATa adel-14 trpl-289(UAG) | Agaphonov, Alexandrov, 2014
ura3-52 his3-A200 leu2-3,112
prblI A0 [psi7] [pinT]
U-T-PT-YAL2171 MATa leu2-3,112 his3-11,15 | This work
trpl-1 ura3-1 adel-14
canl-100  [PSIT]T  [PINY]
sup35::hygB [pRS314-SUP35]
sis::kanMX [YCplac33-SIS1]
L-T-PT-YAL2171 MATa leu2-3,112 his3-11,15 | This work
trpl-1 ura3-1 adel-14
canl-100 [PSIT]Y  [PINT]
sup35::hygB [pRS314-SUP35]
sisl::kanMX [YCplacl11-
SIS1]

LA-T-PT-YAL2171 MATa leu2-3,112 his3-11,15 | This work
trpl-1 ura3-1 adel-14
canl-100 [PSIT]Y  [PINT]
sup35::hygB [pRS314-SUP35]
sisl::kanMX [YCplacl11-
SISIADD]

YAL2171 with the YCplac111-SIST or YCplac111-SISTADD, respectively.

2.2. Plasmids

The plasmids used in this work are shown in Table 3. The primer sequences
used to construct the plasmids are shown in Table 4. To construct the pPPROEX-
HTb-RNQI1 and pPROEX-HTb-HSP104 plasmids (Fig. 6A-B), we cloned
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Plasmid name Description Origin

pPROEX-HTb-RNQI AmpR, HTb-RNQ1 This work

pID129 AmpR, CEN, LEU2, | Kadnaretal., 2010
PrNQ1-RNQI

pET-20b-SUP35NM AmpR, SUP35NM-His¢ | Allen et al., 2005

pET-20b-SUP35NM-M1 AmpR, SUP35NM-MI- | Bondarev, 2014
H iS6

pET-20b-SUP35NM-M?2 AmpR, SUP35NM-M?2- | Bondarev, 2014
Hisg

pET-20b-SUP35NM-M4 AmpR, SUP35NM-M4- | Bondarev, 2014
Hisg

pET-20b-SUP35NM-M35 AmpR, SUP35NM-M5- | Bondarev, 2014
Hisg

pET-20b-SUP35NMABS AmpR, SUP35NMABS- | This work
Hisg

pPROEX-HTb-Sis1

AmpR, HTb-SIS1

Shorter, Lindquist, 2004

pPROEX-HTb-Sis1 ADD

AmpR, HTb-sisI ADD

This work

pPROEX-HTb-HSP104 AmpR, HTb-HSP104 This work

pGPD-HSP104 AmpR, 2u, URA3, | A. Rubel,
P TDHS'HSP 104 unpublished

pPROEX-HTb-HSP104AN AmpR, HTb- | This work
HSP104AN

pTEF-SSAI

AmpR, CEN, URA3,
Prgrp1-Hisg-Xpress-
SSA1

James et al., 1997

pTEF-SSA1-21

AmpR, CEN, URAS3,
PrEr1-Hisg-Xpress-
SSA1-21

This work

pRS426 2u, URA3 Christianson et al., 1992

pRS426-CURI 2u, URA3, Pcyri- | Barbitoff et al., 2017
CURI

pRS426-curl A3-22 2p,  URA3,  Pcyri- | Barbitoff et al., 2017
curl A3-22

pRS315 CEN, LEU? Sikorski, Hieter, 1989

YCplaclll CEN, LEU2 Gietz, Sugino, 1988

pRS315-SIS1 CEN, LEU2, Pg1q1-SIS1 | Gokhale et al., 2005

YCplac111-SIS1 CEN, LEU2, Pg1g1-SIS1 | This work

YCplacl111-SISIADD CEN, LEU2, Pgisi- | This work
sisl ADD

pAG415ADH1-Sis1-EGFP CEN, LEU2, Papyi- | Malinovska et al., 2012
SIS1-EGFP

pAG415ADHI1-NLS-Sis1-EGFP CEN, LEU2, Papyi- | Malinovska et al., 2012
NLS-SISI-EGFP

pAG415ADHI1-NES-Sis1-EGFP CEN, LEU2, Papgi- | Malinovska et al., 2012
NES-SISI-EGFP

pAG415ADH1-Sisl ADD-EGFP CEN, LEU2, Papgi- | Malinovska et al., 2012
sisl ADD-EGFP

pR16CUP-SUP35NM-yTagRFP-T | CEN, LEU2, Pcypi- | A. Matveenko,

SUP35NM-yTagRFP-T

unpublished
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fragments of pID129 (Kadnar et al.,, 2010) and pGPD-HSP104 (A. Rubel,
unpublished) plasmids obtained by treatment with BamHI and Sacl restriction
enzymes into the pPROEX-HTb-Sisl (Shorter, Lindquist, 2004) plasmid
backbone treated with the same enzymes. To create a construct carrying a
mutant variant of Sis1 without a dimerization domain (Sis1ADD) (Fig. 6C), we
amplified the corresponding SIS/ gene fragment from the pPPROEX-HTb-Sis1
construct using M13rev(-48)20-mer and Sisl-deltaDD-Sacl-End-R primers.
The resulting amplified fragment was treated with BamHI and Sacl restriction
enzymes and ligated into the pPROEX-HTb-Sis1 plasmid backbone treated
accordingly (Barbitoff et al., 2020). The resulting plasmids were verified by
restriction analysis using BamHI and Sacl.

The pPROEX-HTb-HSP104AN construct was obtained by amplifying a
sequence fragment of the HSP104 gene, which does not contain the NTD,
using the Hsp104-deIN147-BamHI and Hsp104CloneRS primers followed by
treatment of the resulting PCR product with BamHI and Sacl enzymes and
ligation into the initial plasmid backbone treated with the same enzymes.

The YCplacl11-SIS1 plasmid was obtained by cloning a fragment of
pRS315-SIS1 plasmid obtained by digesting it with BamHI and Sall into the
YCplaclll vector backbone treated with the same enzymes. To obtain the
YCplacl11-SIS1ADD construct, we replaced a fragment of the YCplaclll-
SIS1 plasmid containing the 3’ region of the SIS/ gene with the corresponding

Table 4. PCR primers used in the study

Primer Sequence (5> — 3°)
M13rev(-48)20-mer agcggataacaatttcacac
Sis1-deltaDD-Sacl-End-R | cgtcGAGCTCTCAtattggatagtccacttt
Hsp104-deIN147-BamHI | agctGGATCCatgcgtggtaacactagaattgact

Hsp104CloneRS gactcgagctcttaatctaggtcatcatcaatttc

supal R ggaactggagacaagcttcaaagtcttttgcttttgaaagtcgttca

supa2 F atgtctttgaacgactttcaaaagcaaaagactttgaagcttgtctcca
SSA1-21-F-Sall tttcgatgtcgactctaacggtatttGgaatgtttccgecgtcgaaaagggtac
SSA1-21-R cttttcgacggcggaaacattcCaaataccgttagagtcgacatcgaaagtga

Restriction sites (in the Hsp104-delIN147-BamHI and Sisl-deltaDD-Sacl-End-R primers)
and stop codon (in case of Sis1-deltaD-Sacl-End-R) are highlighted in capital letters.
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trc promoter BamHI (345)

Q BamHI (345) B

pPROEX-HTb-HSP104
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BamHI (345)
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Figure 6. Some plasmid constructs obtained during this work Plasmid
maps of pPROEX-HTb-RNQI (A), pPROEX-HTb-HSP104 (B), pPROEX-
HTb-SisIADD (C) and pTEF-SSA1 21 (D). The restriction sites and primers
used for construction are marked on the maps.

region from the pPROEX-HTb-Sis1 ADD plasmid using Xhol and Sacl.
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Construction of pET-20b-SUP35NMARBS (A. Mikhailichenko, unpublished)
and pTEF-SSA1-21 (Fig. 6D) (Barbitoff et al., 2022) was performed using
the site-directed mutagenesis technique. For this purpose, we amplified
the corresponding plasmid (pET-20b-SUP35NM or pTEF-SSA1) using the
AccuPrime™ Pfx high-fidelity polymerase (Invitrogen, #12344-024) using the
corresponding primer pair (supal R and supa2 F for pET-20b-SUP35NMABS
or SSA1-21-F-Sall and SSA1-21-R in the case of pTEF-SSA1-21) .

All obtained plasmid constructs were verified by Sanger sequencing at the

Research Center for Development of Molecular and Cellular Technologies of
SPbU.

2.3. Media and growth conditions

Bacteria were cultured in Petri dishes at 37° C on standard LB bacterial
medium (20 g agar, 10 g tryptone, 5 g yeast extract, 10 g NaCl per 1 I of medium)
with the addition of ampicillin at a concentration of 100 pg/ml if necessary.

Liquid LB and 2TY (16 g tryptone, 10 g yeast extract, 10 g NaCl per 1 1 of
medium) media (Sambrook et al., 1989) were used to obtain suspension cultures
of'bacteria, with ampicillin at a concentration of 100 yg/ml added ifneeded. 2TY
medium with the addition of ampicillin was used to cultivate bacteria producing
heterologous proteins.

Yeast was cultured on standard yeast media: YEPD (Kaiser et al., 1994), 1/2
YEPD (Brachmann et al., 2005), 1/4 YEPD (Eaglestone et al., 2000) and SC
(Kaiser et al., 1994). Yeast was incubated at 30° C or at elevated temperatures
(34° C for some experiments) to increase molecular chaperone levels.

Yeast carrying plasmids for purification of the target proteins was cultured
at 30° C in standard yeast SC medium (Kaiser et al., 1994) overnight without
the addition of uracil, after which the culture was diluted with fresh medium to
a final ODgy, = 0.1. The cells were grown to ODgy, = 2.0, then harvested by

centrifugation.
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2.4. Genetic methods
2.4.1 Transformation of yeast and bacteria

Yeast cells were transformed using a standard technique using lithium acetate
and single-stranded DNA (Gietz et al., 1992).

Cells of E. coli BL21 (DE3), NiCo21 (DE3), Rosetta (DE3), and Zeta
strains were transformed with plasmids for heterologous protein production
using a standard protocol with calcium chloride (Sambrook, Russell, 2006).
Competent cells of DH5« used in the production and construction of plasmids
were transformed according to the standard procedure (Sambrook et al., 1989)

for competent cells.

2.4.2 [URES3] prion loss rate estimation

The previously described method (Kryndushkin et al., 2008) was used
to calculate the [URE3] loss rate. The OT520 strain was transformed with
plasmids for overexpression of the studied genes. The obtained transformants
were inoculated into YEPD medium after 5 days following transformation. The
culture was grown to optical density ODg,, = 0.75 and plated on solid 1/2 YEPD
medium. The loss rate was assessed by counting the number of red and white
colonies using ImagelJ. At least 4 independent transformants were analyzed for

each construct.

2.5. Fluorescence microscopy

For fluorescence microscopy, cells were grown in appropriate selective
liquid medium to OD¢y, = 0.7. Cells were precipitated by centrifugation,
then diluted in a small amount of medium, and 5 ul of cell suspension was
transferred onto a slide. Cell suspension was then mixed with 5 ul of 50%
glycerol. The obtained samples were analyzed using a Zeiss Axioscope Al
wide-field fluorescence microscope. A ZEISS Axiocam 506 color camera and
the manufacturer’s ZEN software were used to obtain images. The images were

processed using ImageJ and GIMP v. 2.10.18.
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2.6. Methods of molecular biology
2.6.1 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed in a volume of 10 ] using
a T100 amplifier (BIO-RAD) according to the protocol recommended by the
manufacturer of DNA polymerase. The primers used for PCR in this study
are shown in Table 4. Phusion DNA polymerase (Thermo Fisher Scientific,
F5308) was used to amplify target fragments during cloning. AccuPrime™ Pfx

polymerase (Invitrogen, #12344-024) was used for site-directed mutagenesis.

2.6.2 Restriction

Restriction of plasmid DNA or PCR fragments was performed in a volume
of 10 pl per reaction. BamHI, Sall, and Sacl restriction enzymes (Thermo Fisher
Scientific) were used for restriction. Reaction conditions were chosen according

to the protocol recommended by the enzyme manufacturer.

2.6.3 DNA fragment ligation

Ligation of DNA fragments at the sticky ends was performed using phage
T4 ligase (Thermo Fisher Scientific). DNA fragments were mixed in a molar
ratio of 1:5 (plasmid backbone:embedded fragment). Ligation was performed
overnight at room temperature, after which the enzyme was inactivated by

incubating the mixture at 70° C for 5 minutes.

2.6.4 Plasmid DNA extraction from bacteria

Plasmid DNA was isolated from bacteria using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific) according to the instructions provided
with the kit. The concentration and purity of isolated DN A were assessed using

the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).



155

2.6.5 DNA electrophoresis

Agarose gel (1% agarose (w/v) in 0.5x TBE) was used for electrophoretic
separation of DNA fragments. Electrophoresis was performed in a horizontal
electrophoresis chamber (BIO-RAD) at 90 V for 45 min. DNA staining was
performed by incubation in ethidium bromide solution for 15 min. 1kb ladder

(SibEnzyme #M12) was used as a marker of DNA molecular weight.

2.6.6 Protein extraction and electrophoresis

To analyze protein levels in yeast cells using denaturing electrophoresis
in polyacrylamide gel (SDS-PAGE), protein isolation from yeast cells was
performed using the alkaline lysis method (Kushnirov et al., 2000, Zhang et
al., 2011). To prepare the lysate, we used 1.5 ml of culture with optical density
ODgo = 0.75.

To analyze protein production levels in the bacterial cells using SDS-PAGE,
100 pl of standard sample buffer (Sambrook et al., 1989) was added to the
bacterial cells obtained from 1 ml of suspension culture and boiled for 5 minutes.
After boiling, the lysate was centrifuged for 5 minutes at 13200 rpm to remove
cell debris.

SDS-PAGE was performed according to the standard technique (Laemmli,
1970). PageRuler+ Prestained Protein Ladder (BIORAD) or Spectra BR
Prestained Protein Ladder (BIO-RAD) was used as a molecular weight marker.
After electrophoresis, the gel was subjected to Coomassie staining or semi-
dry protein transfer to a PVDF membrane (GE Healthcare) using a BIO-RAD
TransBlot Turbo instrument according to the standard protocol (voltage used:
25V, transfer time: 30 min).

For Western blotting, the membrane was incubated for 15 min in a 1%
(w/v) blocking agent solution (GE Healthcare) in TTBS buffer (9 g NaCl, 15
ml 1 M Tris-HCI (pH 7.6), 0.5 ml Tween 20 per 1 1). After incubation of the
membrane with the appropriate primary antibodies (Table 5) and secondary

antibodies (GE Healthcare), the results were detected using the GeneGnome
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instrument (SynGene) and ECL Select Western Blot Detection Reagent kit (GE
Healthcare).

2.6.7 Semi-denaturing agarose gel electrophoresis (SDD-AGE)

SDD-AGE (Kryndushkin et al., 2003) was performed as described (Half-
mann, Lindquist, 2008; Drozdova et al., 2020). Yeast cell lysis for SDD-AGE
was performed according to the protocol using glass beads (Drozdova et al.,
2020). Electrophoresis was performed at 30 V on ice. Proteins were transferred
to the PVDF membrane (GE Healthcare) using the capillary transfer technique
described in Halfmann, Lindquist, 2008. In some cases, a 1kb DNA ladder
(SibEnzyme #M12) was used to estimate the size of amyloid aggregates using
the AGECalibratoR technique (Drozdova et al., 2020).

2.7. Preparation of yeast chaperone and amyloid fibril samples in vitro
2.7.1 Optimization of protein production conditions

Optimal conditions for protein production were selected by analyzing the
amount of protein in cell lysates of different strains at different cultivation
temperatures. Bacteria transformed with constructed plasmids were grown
overnight, then the culture was diluted 100-fold and the expression of the target
protein was induced by adding IPTG to a final concentration of 1 mM. Samples
collected from cultures at the beginning of the experiment and 2 and 5 hours
after addition of IPTG were analyzed by SDS-PAGE followed by Coomassie
R250 staining or Western blot hybridization. Optimal production levels were
observed in the following strains: BL21 (DE3) for Rnql and Sis1ADD, NiCo21

Table 5. Primary antibodies used in the study

Antibody name | Antigen(s) Dilution | Origin

anti-Hsp104 Hsp104 1:1000 | Abcam, #ab69549

SE4290 Sup35, Sup35NM | 1:1000 | Chabelskaya et al., 2004
SS2 Sisl 1:750 Barbitoff et al., 2017
anti-Hisg Hisg 1:4000 | GE Healthcare, #27-4710-01
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(DE3) for Sup35NM and its variants, and Rosetta (DE3) for Sisl.

2.7.2 Protein purification

To purify yeast prionogenic proteins, we transformed cells of the
corresponding E. coli strain with a plasmid to produce the target protein.
The resulting transformants were grown in 2TY medium supplemented with
ampicillin to ODgy, = 0.3, then IPTG was added to a final concentration of
I mM and incubated under optimal conditions for the specific target protein.
For chromatographic purification of the protein under denaturing conditions,
lysis buffer A containing 20 mM Tris-HCI (pH 8.0) and 8 M urea was added
to the precipitated cells at a volume of 3 ml of buffer per 1 g of cells and
incubated at room temperature for 1 hour. The resulting lysate was then clarified
by centrifugation at 30,000 g for 20 minutes. The supernatant fraction was used
for purification.

When molecular chaperones were purified under non-denaturing conditions,
lysis buffer B (buffer composition: 20 mM Tris-HCl, 500 mM NaCl, 10%
glycerol, 20 mM imidazole) (Krzewska, Melki, 2006) (3 ml per 1 g of cells)
and lysozyme (800 pg per 1 g cells) were added to cells pellet. The suspension
was incubated on ice for 30 minutes. After that, sodium deoxycholate was added
to the suspension at the concentration of 4 mg per 1 g of cells, and the mixture
was incubated for another 30 minutes on ice. The treated cells were lysed by
ultrasound treatment (8 cycles of 15 seconds at 80% power). The lysate was
clarified by the same procedure as described above for amyloidogenic proteins.

To purify proteins from S. cerevisiae cells transformed with the plasmid to
produce the corresponding protein were grown at 30° C in SC medium (Kaiser et
al., 1994) and precipitated by centrifugation. For protein isolation, lysis buffer B
with protease inhibitors (Sigma) (20 ul per 1 ml of buffer) was added to the cell
precipitate. The buffer was added to a final volume of 1 ml per 1 g of cells. Lysis
was performed using glass beads and a homogenizer according to the standard
procedure (Drozdova ef al., 2020).

A 5-mL Ni-NTA agarose column (GE Healthcare) and an NGC
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chromatography system (BIO-RAD) were used for purification of the proteins.
Purification was performed at a current rate of 5 ml/min. Washing of the column
after cell lysate application was performed using an appropriate lysis buffer (the
volume of wash buffer was equal to 10 column volumes). Elution was performed
using a similar buffer with a linear gradient of imidazole concentration (from 20
to 250 mM); the eluate volume was equal to 10 column volumes. Fractions were
collected using an automated fraction collector (BIO-RAD). Initial estimation
of the amount of protein in the fractions was made by the change in absorbance
of ultraviolet light with wavelength A\ =280 nm. Selected fractions were further
analyzed by SDS-PAGE.

Peak eluate fractions containing yeast amyloidogenic proteins were
combined and 4 volumes of 100 % methanol were added. The resulting solution
was incubated overnight at 4 © C, after which it was centrifuged for 30 minutes
at 7000 g to precipitate the denatured protein. The precipitated protein was
collected in microtubes, 200 ul of pure methanol was added, and centrifuged
again for 30 minutes at 14,000 g. The protein preparation was stored at -80° C.

After purification of proteins under native conditions, proteins were
concentrated and buffer was replaced on AmiCon Ultra-15 centrifuge
concentrators with a 3 kDa molecular weight cutoff (Merck (Millipore)). The
following buffers were used to store the purified chaperone samples: for Sisl
and Sis1ADD, 20 mM Tris-HCI, pH 7. 6, 150 mM KCI, 5 mM BME, 10%
glycerol; for Ssal, 20 mM Tris-HCI, pH 7.6, 50 mM KCI, 5 mM BME, 10%
glycerol; for Hsp104, 50 mM Tris-HCI, pH 8.0, 200 mM NaCl, 5 mM BME,
0.01% Triton X-100, 5 % glycerol. Concentrated proteins in the appropriate

buffer were snap-frozen with liquid nitrogen and then stored at -80° C.

2.7.3 Amyloid fibril generation

For amyloid fibril generation the amyloidogenic proteins were precipitated
by centrifugation, and then the precipitate was dried using a vacuum
concentrator (20 min at 2000 rpm). The resulting dry precipitate was dissolved
in a small volume (5-20 ul) of buffer containing 6 M GuHCl, 20 mM Tris-



159

HCI, pH 8.0, and 150 mM NaCl. Protein concentration was measured based
on the ultraviolet absorption spectrum using the NanoDrop 2000 instrument
(ThermoFisher). The protein was then diluted with fibril buffer to the desired
final concentration. The composition of the solution to obtain the fibrils was
as follows: 150 mM NaCl, 5 mM KPO, (pH = 7.4). For Rnql fibrilization,
the buffer also contained 4 M urea. To verify the presence of detergent-resistant
aggregates in solution, SDS-PAGE analysis was performed with samples before
and after boiling in the presence of SDS.

To further verify the obtained SDS-resistant aggregates, the binding of the
aggregates to the amyloid-specific dye thioflavin T was assessed. For this
analysis, 100 ul of protein sample was mixed with 5 ul of thioflavin T solution
(2.5 mM in 5 mM KPO, pH = 7.4). The fluorescence spectrum was detected
using the CLARIOstar plus system (BMG Labtech).

2.7.4 Analysis of chaperone activity in vitro

To evaluate the activity of purified yeast chaperones, we used a technique
based on reactivation of denatured firefly luciferase (Glover, Lindquist, 1998).
Recombinant firefly luciferase (abcam, #ab100961) was dissolved in reaction
buffer (25 mM Tris-HCl pH 7.6, 50 mM KCI, 8 mM MgSO,, 8 mM dithiotreitol
(DTT), 0.1 mM EDTA, 10% glycerol, 0.25% Triton X-100) (modified
from (Schumacher et al., 1996) and diluted with urea to a final luciferase
concentration of 10 xM and a final urea concentration of 4 M. The denatured
enzyme was diluted 100-fold with reaction buffer containing an appropriate
combination of purified yeast chaperones (chaperone concentrations used were
1 uM Hsp40 and 1 M Hsp70). The mixture of luciferase aggregates and
chaperonest was incubated for 60 minutes at 26 ° C. Luciferase activity was
measured using the Luciferase Assay System reagent kit (Promega, #E1500)
and the CLARIOstar Plus system (BMG Labtech). The luminescence intensity

was measured in 3 independent technical replicates.
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2.8. Electron microscopy

To prepare samples for transmission electron microscopy (TEM), 5 nl of the
fibril solution was applied to a copper grid with a formvar film (Ted Pella, Inc.)
(with additional carbon coating in case of high concentrations of detergents in
the buffer solution). After drying, the sample was stained with uranyl acetate
solution at a concentration of 1% (w/v) for 30 seconds or 10 minutes (for
negative and positive contrast, respectively). The dye was removed, the obtained
sample was washed with water and dried. Electron microscopy was performed
in the the RC ”Development of Molecular and Cellular Technologies”of SPBU.

The images were analyzed manually using the ImageJ software package. The
distance along the fibril axis from the visible point of the beginning to the visible

point of the end was taken as the fibril length.

2.9. Chaperone binding assay

Analysis of the interaction between chaperones and fibrils was performed
according to our developed method (Barbitoff ef al., 2020). In the first step, the
solution containing the obtained amyloid fibrils of the corresponding protein
was centrifuged for 30 minutes at 14,000 g, after which the buffer was removed
and the precipitate was dissolved in 50-100 pl of reaction buffer (20 mM Tris-
HCI (pH = 8.0), 200 mM NaCl, 5% glycerol, 5 mM BME, 10 mM MgCl,)
(Krzewska, Melki, 2006. The resulting high concentration fibril sample was
then mixed with purified chaperones in a volume of 50 yl; the final concentration
of fibrils was 4 to 40 M, the concentration of chaperones was 1 to 4 M,
depending on the experiment (see Chapter 3). For experiments with Hsp70 and
Hsp104, 5 mM ATP or 5 mM of a non-hydrolysable ATP analogue, AMP-
FNP, was also added to the mixture. In certain experiments, 5 mM GTP and
ATP-regenerating system (100 pg/ml creatine phosphokinase (Sigma), 10 mM
creatine phosphate) were also used. The mixture of chaperones and fibrils in
the reaction buffer was incubated for 1 hour with stirring at room temperature,

after which the mixture was fractionated by centrifugation at 14,000 rpm for 20
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minutes. The supernatant fraction was transferred into a separate microtube, and
the remaining pellet was resuspended in a similar volume of reaction buffer. The
distribution of proteins between the fractions was analyzed using SDS-PAGE.
Each experiment was performed in at least 3 technical replicates.

To estimate the binding constants of Hsp40 and Hsp70 to amyloid fibrils, the
amount of target protein in the pellet and supernatant fractions was estimated
by analyzing images of stained gels after SDS-PAGE using the Image]J software
package, then the proportion of target protein in the pellet fraction (f,) was
calculated.

The dissociation constant was then estimated using a modification of the
standard regression model for binding analysis:

(1 —a) x [F]

PR, T

where [F] is the concentration of protein in the fibrils, and Ky, is the estimated
dissociation constant (Motulsky, Neubig, 2010), a« is a correction factor
reflecting the error of the method (background level of target protein in the
pellet). Protein concentration in the fibrils ([F]) was estimated by the ratio of
protein in the supernatant and pellet fractions during centrifugation of the initial
fibril sample.

The reliability of the calculated K value was assessed using the ¢-criterion.
If the p-value exceeded the significance threshold (a = 0.05), the interaction of

chaperone with fibrils was considered ineffective.

2.10. Statistical analysis

Statistical analysis was performed using the R programming language
(R Core Team, 2014), and the ‘ggplot2‘ package (Wickham, 2016) was
used to visualize the data. Quantitative measures were compared using the
Wilcoxon-Mann-Whitney test. Statistical comparison of dissociation constants
was performed using the ¢-criterion (for definition of statistics for comparison of

regression models, see Clogg et al., 1995). Correction for multiple comparisons
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was performed using the Benjamini-Hochberg method. The scripts used to
analyze the data can be found at: https://github.com/mrbarbitoff/phd 2022.


https://github.com/mrbarbitoff/phd_2022
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Chapter 3. Results

3.1. Characterization of the differential effects of Sis1 on yeast prions

3.1.1 Changes in Sisl intracellular localization differentially affect yeast

prions

In previous studies by our research group, differential effects of the CURI
factor overexpression on yeast prions (Barbitoff et al., 2017) were found.
Overexpression of the CURI gene is accompanied by a marked change in
the intracellular localization of Sisl from cytoplasmic to intranuclear. These
observations allowed us to formulate a hypothesis according to which it is
the change in Sisl localization and decrease of its cytosolic concentration that
leads to the observed effects — enhancement of [PSI"] phenotype and curing
of [URE3]. This hypothesis contradicts the published data, according to which
reduction of Sis1 concentration leads to loss of both [PSI"] and [URE3] (Hig-
urashi et al., 2008). Therefore, our first step was to obtain a rigorous proof that
Sis1 relocalization can have a differential effect on yeast prions.

In order to obtain such a proof, we tested the effects of Curl-independent
changes in Sis1 localization on [PSI"] and [URE3] prions. To this end, we used
Sis1 variants fused with nuclear export signal (NES) or nuclear localization
signal (NLS). Overproduction of such chimeric proteins should have a dominant
manifestation due to Sisl dimerization. We transformed cells of OT520, OT56,
and OTS5S5 strains with plasmids to overproduce Sis1, NLS-Sis1, and NES-Sis].
Consistent with our expectations, NLS-Sis1 overexpression resulted in [PSI']
enhancement and [URE3] elimination (Fig. 7A), with the effect on the prion

phenotype of [PSI*]® being stronger under elevated temperature conditions.
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Figure 7. Changes in the intracellular localization of Sisl differentially
affect yeast prions and their variants. A. Ten-fold serial dilutions of
representative clones of OT55 [PSIT]V, OT56 [PSIT]® or OT520 [URES3-
1] strains transformed with pRS315CG, pAG415ADHI-Sis1-EGFP,
pAG415ADHI1-NLS-Sis1-EGFP, and pAG415ADHI1-NES-Sis1-EGFP. B.
Characteristic distribution pattern of Sisl-EGFP, NES-Sis1-EGFP, and
NLS-SisI-EGFP in OT56 cells observed by fluorescence microscopy. C.
Comparison of Sis1-GFP and NLS-Sis1-GFP protein levels in OT56 [PSI*]5
and OT520 [URE3-1] strains by Western blot hybridization. Coomassie R250
total protein staining was used as a loading control. Plasmids for expression
were similar to those listed in (A). Detection of the target protein was performed
with SS2 antibodies. D. Ten-fold dilutions of representative clones of the P-
74-D694 and U-T-PT-YAL2171 strains transfected with vector (pRS315) and
plasmids pAG415ADHI1-SisI-EGFP, pAG415ADHI-NLS-SisI-EGFP and
pAG415ADH1-NES-Sis1-EGFP.
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However, we also found that NES-Sisl overproduction acts in the same
direction as NLS-Sisl: it cures [URE3] and enhances [PSI] (Fig. 7A).
Interestingly, despite the relatively subtle effect of NES-Sis1 overproduction on
the [URE3] phenotype observed in serial dilutions (Fig. 7A), the [URE3] loss
rate was high upon both NLS-Sis1-EGFP and NES-Sis1-EGFP overproduction
(proportion of [ure-0] colonies — 98.8% and 88.6%, respectively).

To prove that the observed effects are related to a change in Sis1 localization,
we checked the localization of NLS-Sis1-EGFP and NES-Sis1-EGFP proteins
in the yeast cell and found no deviations from the previously described character
of their distribution (Fig. 7C). Moreover, we tested the levels of various Sisl
protein variants in cells overexpressing SIS/-EGFP or NLS-SISI-EGFP. The
amount of Sis1-EGFP and NLS-Sis1-EGFP protein was not different (Figure
9D), indicating that the effects of the NLS-SIS! chimeric construct are not
associated with increased protein production.

Next, we tested whether the observed effects of NLS-Sisl and NES-Sisl
were reproduced in strains with a different genetic background and [PSI']
variants. For this purpose, we used the P-74-D694 strain containing another
strong prion variant of [PSI"] and belonging to the Peterhof Genetic Lineages,
and the U-T-PT-YAL2171 strain carrying the SIS/ gene on the centromeric
plasmid and derived from the widely used W303 strain. We found that NLS-
Sis1 maintained its effect on the [PSI"] phenotype in P-74-D694 but not U-T-
PT-YAL2171, whereas NES-Sis1 has no effect on [PSI'] in either strain (Fig.
7D). Notably, however, that the effect of NLS-Sis] may be masked by high
toxicity of this protein variant when it is overproduced.

Thus we have shown that relocalization of Sisl into nucleus due to
overproduction of NLS-Sis1 leads to opposite effects on various yeast prions

and the strength of these effects on prions is strain-specific.

3.1.2 Changes in Sis1 localization do not affect aggregate size

The observed effects of Sis1 relocalization on yeast prions can be explained

by changes in the activity of either of the two most important processes —
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Figure 8. NLS-Sis1 and NES-Sisl overproduction does not affect the
size and morphology of Sup35 aggregates A. Results of [PSI'] aggregate

size analysis in cells of OT56, P-74-D694, and U-T-PT-YAL2171 strains
transformed with vector or constructs to overexpress SIS/-EGFP, NLS-SIS1-
EGFP and NES-SISI-EGFP using SDD-AGE. Detection was performed using
SE4290 antibodies. The white dotted lines correspond to the region where
Sup35 aggregates are located in cells carrying the empty vector. B. Fluorescence
microscopy of P-74-D694 cells producing the Sup35NM-TagRFP-T chimeric
protein and different variants of Sisl (Sis1-EGFP, NLS-Sis1-EGFP, NES-Sis1-
EGFP). Representative groups of cells are shown. The scale bar corresponds to
5 pm.

aggregate fragmentation or inheritance of prion seeds. To assess the efficiency of
fragmentation, in the next step of our work we analyzed the size and morphology
of aggregates in cells of different [PSI"] strains overproducing different Sisl
variants. For this purpose, we analyzed the size of Sup35 aggregates in cells
of OT56, P-74-D694, and U-T-PT-YAL2171 strains overproducing Sis1-EGFP,
NLS-Sis1-EGFP, or NES-Sis1-EGFP. Analysis of aggregate size using SDD-
AGE showed that additional expression of Sis1-EGFP leads to a subtle decrease
in aggregate size in all strains studied. At the same time, the size of aggregates in
cells overproducing NLS-Sis1-EGFP and NES-Sis1-EGFP did not differ from
cells overproducing Sis1-EGFP without additional intracellular localization
signals (Fig. 8A).

The lack of differences in aggregate size in cells with different intracellular
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localization of Sisl suggests that the effect of Sisl relocalization on prions
is most likely not due to changes in aggregate fragmentation kinetics. In
the next step, we also tested whether the change in Sisl localization affects
the morphology of the aggregates observed by fluorescence microscopy. To
perform this test, we transformed cells of OT56 and P-74-D694 strains with
plasmids to overexpress different variants of SIS/ together with a plasmid for
controlled overproduction of a Sup35 protein fragment containing a prion N
domain and a charged M domain (Sup35NM) fused to the fluorescent protein
TagRFP-T. In cells producing the Sup35NM-TagRFP-T protein, one or several
large foci of this protein were observed (Fig. 8B) regardless of the overproduced
Sis1-EGFP variant.

Thus, we can conclude that the change in intracellular localization of Sisl
due to NLS-Sis1 or NES-Sisl overproduction does not result in an apparent
change in the size or morphology of prion aggregates. This result, in turn,
suggests that the observed effects on the prion phenotype are most likely not

related to changes in aggregate fragmentation.

3.1.3 Deletion of the Sis1 dimerization domain weakens [PSI ]

The effect of Sisl relocalization on yeast prions observed during
overproduction of the Curl factor or NLS-Sisl chimeric protein depends
on Sisl dimerization (Malinovska et al., 2012). According to these data,
additional expression of the Sis1 variant without the dimerization domain should
effectively compensate for the effect of Sis1 localization changes.

To test this hypothesis, we analyzed the phenotype of OT56 [PSI*]® and
OT520 [URE3] strains expressing CURI together with a normal SIS/ variant
(SIS1-EGFP) and the one with a C-terminal dimerization domain deletion
(sisIADD-EGFP). Contrary to expectation, additional expression of sis/ ADD-
EGFP less effectively compensated for the effects of Curl overproduction on
both [PSI"] and [URE3] (Fig. 9A). Additional expression of the full-length SIS1-
EGFP variant reduced the frequency of [URE3] loss in cells overproducing the
proteolytically stable Curl A3-22 variant from 97.2% to 25.7%. At the same
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Figure 9. Deletion of the Sisl dimerization domain attenuates the
manifestation of [PSI']. A. Left, Ten-fold serial dilutions of representative
OT56 and OTS520 clones transformed with pRS426, pRS426-CURI1 or
pRS426-curl A3-22 in combination with vector, pAG415ADH-SIS1-EGFP or
pAG415ADH-SisADD-EGFP. Right, quantitative analysis of [URE3] loss
upon overexpression of CUR/ variants and SIS/ or sisI AD. Mean values and
95 % confidence intervals for the means are shown. *, p < 0.05 according
to the U Wilcoxon-Mann-Whitney test. B. Twenty-fold serial dilutions of
representative clones of the L-T-PT-YAL2171 (SIS7) and LA-T-PT-YAL2171
(sisIADD) strains. C. Comparison of wild-type Sisl and SislADD protein
levels in L-T-PT-YAL2171 and LA-T-PT-YAL2171 strains, respectively, by
Western blot hybridization. Coomassie R250 total protein staining was used
as a loading control. Detection of the target protein was performed with SS2
antibodies. «non-spec.» is non-specific antibody binding.

time, additional overproduction of sis/ADD-EGFP led to a less pronounced
compensation of the effect of Curl A3-22 (the [URE3] loss rate was 53.5%).
The lesser ability of SislADD to compensate for the effects of Sisl
relocalization on prions may be explained by the fact that this variant is less
effective in promoting fragmentation of prion aggregates in the cell. According

to this hypothesis, deletion of the dimerization domain destabilizes [URE3]
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(Reidy et al., 2014). At the same time, the negative effect of dimerization
domain deletion on [PSI'] has not previously been demonstrated. To test
whether deletion of the Sisl dimerization domain could weaken the [PSI']
phenotype, we constructed a strain carrying sis/ ADD on a plasmid as the sole
endogenous source of Sisl (LA-T-PT-YAL2171). Comparison of the nonsense
suppression efficiency in this strain with the L-T-PT-YAL2171 strain carrying
the full-length SIS/ variant confirmed a marked weakening of the [PSI']
phenotypic manifestation (Fig. 9B). Differences in the efficacy of suppression
were significantly more evident when yeast was cultured under conditions of
elevated temperature. It is important to note that differences in the strength
of [PSI'] phenotype in L-T-PT-YAL2171 and LA-T-PT-YAL2171 were not
associated with different levels of protein production (Fig. 9C).

Thus, the monomeric Sis1 form is unable to fully compensate for the effects
of changes in intracellular localization of Sis1 on yeast prions. This phenomenon
i1s most likely due to the fact that this form has a reduced activity in the

maintenance of yeast prions.

3.2. Analysis of Hsp40 binding to amyloid fibrils

The results presented in the previous subsections suggest that Sis1 is not only
required for prion maintenance, but can also both weaken and enhance prion
manifestation when it changes its localization. It remains unclear, however,
what determines the direction and strength of the effect of Sisl relocalization
on the prion. Given that Sisl is required for both amyloid fibril fragmentation
(Tipton et al., 2008; Shorter, Lindquist, 2008) and prion curing by HSP104
overexpression (Kirkland ef al., 2011), we can assume that the direction of the
effects is determined by the balance of these two Sis1 activities. In turn, this can
be explained by the specificity of the interaction of Sis1 with various amyloid
aggregates.

To test this hypothesis, we developed a method to quantify the efficiency of
chaperone binding to amyloid fibrils (Fig. 10). Our proposed method is based

on fractionation of a mixture of purified molecular chaperones with fibrils in
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Figure 10. Quantification of Hsp40 binding constants to amyloid fibrils
A flowchart of an experiment to analyze efficiency of chaperone binding to
amyloid aggregates is shown.

an in vitro system using centrifugation. During centrifugation, amyloid fibrils
together with bound molecular chaperones are localized in the pellet fraction,
which allows the fraction of bound chaperone molecules to be calculated when

analyzing the pellet and supernatant fractions using SDS-PAGE.

3.2.1 Preparation of purified chaperones and amyloid fibrils

To study the parameters of chaperone interaction with amyloid fibrils, we
obtained the necessary set of purified yeast chaperones and fibrils of yeast
prionogenic proteins. Because of the difficulty in obtaining Ure2 amyloid fibrils,
we focused on working with fibrils of two proteins — Sup35NM and Rnql, a
structural determinant of the [PIN™] prion. The [PIN™] prion is characterized
by a significantly more pronounced dependence on intracellular Sisl levels
compared to [PSI*] (Higurashi et al., 2008).

We obtained amyloid fibrils of purified Sup35NM-His, and Hisg-Rnql
proteins. Sup35NM was characterized by significantly more efficient aggregate
formation after only one day of incubation (Fig. 11A), whereas amyloid Rnq1
took significantly longer to form. To verify that the obtained aggregates were
characterized by the expected amyloid structural features, we tested the binding

of the aggregates to the amyloid-specific dye, thioflavin T. This analysis
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Figure 11. The obtained samples of yeast chaperones and amyloid fibrils
have a characteristic set of properties A. SDS-PAGE analysis of protein
samples incubated in buffer to form fibrils of appropriate composition for
the indicated number of days. Fibril formation is indicated by a decrease
in monomeric protein levels in samples not subjected to boiling with SDS.
B. Staining of the obtained fibrils with the amyloid-specific dye thioflavin
T. The curves on the graph correspond to the fluorescence spectra of two
buffer solutions (similar to those used to obtain Sup35NM and Rnql fibrils,
respectively), the pre-existing Sup35NM fibrils, and the Sup35NM and Rnql
fibrils obtained in the course of work. C. Electron micrographs of samples of
Sup35NM and Rnql amyloid fibrils. D. SDD-AGE analysis of amyloid fibrils
from (C). A DNA molecular weight marker is given to estimate the mass of
the aggregates. E. Luminescence intensity of denatured firefly luciferase after
incubation with the indicated combinations of molecular chaperones. Mean
values and standard deviations for three technical repetitions of the experiment
are shown.

confirmed that both Sup35NM and Rnql aggregates interacted with thioflavin
T, which could be observed by a characteristic change in the fluorescence
spectrum (Fig. 11B). Next, we analyzed the morphology of the obtained

aggregates using TEM with negative contrast. Electron micrographs showed
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characteristic fibrillar structures with a median length of 347 nm in the case of
Sup35NM and 146 nm in the case of Rnql (Fig. 11C). SDD-AGE analysis of the
obtained fibril samples also showed similar differences in the molecular weight
of the aggregates (Fig. 11D), and the estimated molecular weight of the fibrils
from SDD-AGE data corresponded well to the estimates from TEM data (Droz-
dova et al., 2020). Based on our results, we concluded that the Sup35NM and
Rnql aggregates we obtained have a characteristic set of amyloid properties.
To test the activity of the obtained purified yeast chaperones, we used
a method based on the recovery of luciferase activity (see «Materials and
Methods», Glover, Lindquist, 1998). The experimental results showed that
purified Hsp70-Ssal promotes the recovery of denatured luciferase, with its
activity increasing significantly when Hsp40-Sisl is added (Fig. 11E). Thus,
the obtained samples of purified yeast chaperones retain their characteristic

functionality.

3.2.2 Sisl efficiently interacts with Sup3SNM, but not Rnq1 fibrils

In the first step of work with the obtained samples of amyloid fibrils and yeast
chaperones, we analyzed the binding efficiency of Sis1 to Sup35NM and Rnql
amyloid fibrils. To perform this analysis, we mixed purified full-length Sis1 or
Sis1ADD at a concentration of 4 ©M with the fibrils, varying their concentration
(per monomeric protein in the aggregates) from 4 to 40 M.

We found that Sis1 binds effectively to Sup35NM fibrils — the amount of
Sis1 in the pellet fraction exceeded 50% at a fibril concentration of 20 M (K
=16.8 £ 2.3 uM, p <0.001 according to ¢-criterion). In contrast, the interaction
with Rnql fibrils was extremely weak, and most of the chaperone molecules
remained in the supernatant fraction even at a fibril concentration of 40 uM (Fig.
12) (Kp = 158.3 &+ 81.7 uM, p > 0.05). Moreover, deletion of the dimerization
domain of Sisl led to weakening of its interaction with Sup35NM amyloid
aggregates (Kp = 76.1 4+ 23.9 uM, p-value when compared with the full-length
protein < 0.05). The interaction of the Sis1ADD variant with Rnql fibrils was

not observed in our experiments (Fig. 12).
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The high binding efficiency of Sisl to Sup35NM fibrils may indicate the
formation of detergent-resistant chaperone complexes with the fibril. Evidence
of such a detergent-resistant interaction was previously observed in experiments
on proteomic screening of amylogenic yeast proteins (Nizhnikov et al., 2014;
2016). To test whether the complexes we observed were resistant to detergent

treatment, we incubated a mixture of Sis1 and Sup35NM fibrils with detergents
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Figure 12. Sisl interacts effectively with Sup35NM fibrils, but not Rnql,
and deletion of the dimerization domain reduces the affinity of Sisl for
fibrils. A. Distribution of Hsp40 between the supernatant and pellet fractions
when the corresponding protein is added to the amyloid fibril mixture at the
indicated concentration. One representative technical replicate for each protein
combination is given. The results of the SDS-PAGE analysis with Coomassie
R250 gel staining are shown. Above, Sup35NM; below, Rnql. B. Results
of the quantitative analysis of the experiments presented in (A). Fractions of
bound Hsp40 after correction for pelleting level without addition of fibrils
are represented. Each point corresponds to one repetition of the experiment
with the indicated protein concentrations. The curves correspond to the optimal
regression models for each repetition. * - p < 0.05 according to ¢-test
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Figure 13. Sisl complexes with Sup3SNM fibrils are not resistant
to detergent treatment Distribution of proteins in the supernatant and
sedimentary fractions when Sisl mixture with Sup35NM fibrils is centrifuged
without prior addition of detergents or with the addition of 0.1% SDS. S,
supernatant; P, pellet fraction. Coomassie R250 polyacrylamide gel staining

(0.1% SDS or 0.3% sodium sarcosylate) and analyzed the proportion of
chaperone in complex with aggregates after such treatment. The experimental
results showed that Sis1 complexes with fibrils completely dissociated after the
addition of detergents (Fig. 13). This result indicates that the presence of Sisl
in the detergent-resistant fraction in proteomic experiments is not explained by

the strength of its interaction with the fibril.

3.2.3 Mutations in oligopeptide repeats in Sup35 do not affect Sisl
binding

In the next stage of our work, we analyzed the effect of mutations in the
N- and M-domains of Sup35 on the interaction of Sis1 with Sup35NM fibrils.
We used 5 mutations for the study (Fig. 14A). Four of the mutations used are
localized in oligopeptide repeats in the Sup35 N-domain (sup35-M1, sup35-
M2, sup35-M4, sup35-M5) (Bondarev et al., 2013). These mutations represent
substitutions of polar residues with charged residues in the 1st, 2nd, 4th, and
5th oligopeptide repeats, respectively. Replacement of the wild-type SUP35
allele in yeast with the mutant sup35-M1 and sup35-M?2 alleles results in loss
of the [PSI*] prion, whereas the sup35-M4 and sup35-M5 mutations are able to
maintain a pre-existing prion variant (Bondarev et al., 2013). All 4 mutations,

by their nature, should significantly alter the monomer folding within the fibril.
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We also obtained amyloid fibrils of the Sup35NM variant with a 131—140 a.a.
deletion in the M-domain corresponding to the Hsp104 binding site (Helsen,
Glover, 2012). A similar deletion affecting the 129—148 a.a. region prevents
[PSI"] curing by HSP104 overexpression.

We analyzed the binding of Sisl to fibrils formed by the aforementioned
Sup35NM variants using a method similar to that used to evaluate K of Sisl
to wild-type Sup35NM fibrils. We found that the interaction efficiency of Sisl
with the fibrils was similar for all studied mutant Sup35NM variants (Fig. 14B),

and the K, values estimated using our method showed no significant differences
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Figure 14. Mutations in the oligopeptide repeats of the Sup35 N-domain
and deletion of the Hsp104 binding site do not affect interaction with
Sis1 A. Schematic representation of the location of the studied mutations
in the Sup35NM structure. QN is the N-domain region rich in asparagine
and glutamine. OR is the N-domain region containing oligopeptide repeats.
B. Distribution of Sisl between the supernatant (S) and pellet (P) fractions
when the indicated Sup35NM variants were added to the mixture at the
indicated concentration. One representative technical replicate for each protein
combination is given. The results of SDS-PAGE analysis with Coomassie R250
gel staining are shown. Shown on the right are the results of estimation of the
Kp value for complexes of Sis1 with fibrils of the indicated Sup35NM variants.
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Table 6. Kp values of Sis1 complexes with different Sup35NM variants

Variant Kp p-valuet
Sup35NM 37.1+838

Sup35NM-M1 40.8 £13.9 0.22
Sup35NM-M2 57.3+£9.8 0.07
Sup35NM-M4 24.1+4.2 0.10
Sup35NM-M5 26.1£7.3 0.17
Sup35NMABS 32.1£9.1 0.35

T - p-value according to t-criterion when comparing Ky for mutant variant fibrils and wild-
type protein fibrils.

(Kp values are shown in Table 6).

3.3. Relationship between Hsp40 binding and recruitment of other

chaperones to fibrils
3.3.1 Hsp40 binding efficiency does not affect Hsp70 recruitment

Next, we studied the effect of the observed differences in the binding
of Hsp40 to amyloid fibrils on the efficiency of recruitment of molecular
chaperones of other groups (Hsp70 and Hsp104) to the fibrils. We first studied
the formation of Hsp70-Ssal complexes with Sup35NM and Rnql fibrils
without addition of Hsp40 and in the presence of Sisl or SisIADD. For this
purpose, we mixed Ssal and Hsp40 at a concentration of 4 M with the fibrils,
varying their concentration from 4 to 40 M. The assay was performed in the
presence of 5 mM ATP and an ATP-regenerating system (100 pg/mL creatine
phosphokinase and 10 mM creatine phosphate) to maintain ATP levels in the
sample. Analysis of the fraction of bound Ssal showed that effective interaction
was observed only with Rnql fibrils in the presence of the full-length Sisl
variant (Fig. 15), (Kp = 55.7 + 15.1 uM, p < 0.001). Deletion of the Sisl
dimerization domain resulted in a complete loss of the ability to attract Ssal
to Rnql fibrils (Fig. 15A). When we analyzed Ssal recruitment to Sup35NM
fibrils, we observed no significant binding in either case (p > 0.05) despite a
slight increase in the amount of Ssal in the sedimentary fraction at high fibril

concentration (Fig. 15).
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Figure 15. Effective binding of Ssal is only observed to Rnql fibrils in
the presence of full-length Sis1. A. Distribution of Hsp70-Ssal between the
supernatant (S) and pellet (P) fractions when the target protein is added to
the amyloid fibril mixture at the indicated concentration in the presence or
absence of Hsp40 as shown on the left. One representative technical replicate
for each protein combination is given. The results of the SDS-PAGE assay
with Coomassie R250 gel staining are shown. Above, Sup35NM; below, Rnql.
B. Results of the quantitative analysis of the experiments presented in (A).
Fractions of bound Hsp70-Ssal after correction for pelleting level without
addition of fibrils are given. Each point corresponds to one repetition of the
experiment with the indicated protein concentrations. The curves correspond to
the optimal regression models for each sample. K values are given for Ssal
complexes with fibrils in the presence of Sisl or Sis1ADD. Combinations for
which the obtained Ky, values are not significant (p > 0.05) are marked in gray
font.
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To confirm that Ssal can also be recruited to Sup35NM fibrils in our system,
we analyzed the interaction of Ssal with fibrils at a greater excess of the latter.
For this purpose, we reduced the concentration of Ssal used to 1 M and studied
its binding to fibrils at a concentration of 40 M. We also avoided the use of an
ATP-regenerating system in these experiments. We found that Ssal does interact
with Sup35NM fibrils, and this interaction is much stronger in the presence of
Hsp40 in the mixture (Fig. 16A). Quantification of the fraction of Ssal in the
pellet fraction confirmed a significant increase in the fraction of bound Ssal
when Sis1 was added to the mixture (Fig. 16B). Note that the Sis1 variant devoid
of the dimerization domain also contributed significantly to the recruitment of
Ssal to the aggregates. The median fraction of Ssal in the pellet fraction was
slightly reduced compared to full-length Sis1, but the observed differences were
not statistically significant (p = 0.11 in the Wilcoxon-Mann-Whitney test). We
also proved that the interaction of Ssal with aggregates depends on its ATPase
activity. For this purpose, we analyzed the fraction of Ssal in the pellet when a
non-hydrolyzable ATP analogue, AMP-PNP, was added to the mixture. In this
experiment, addition of Hsp40 had no effect on Ssal binding to fibrils, and the
fraction of Ssal in the pellet remained at the background level (Fig. 16)

We also investigated the recruitment of Hsp70 to Sup35NM aggregates using
the Ssal mutant variant, Ssal-21. The SS4/-21 mutation is characterized by
a dominant negative effect on the maintenance of some [PSI '] prion variants
(Jung et al., 2000; Jones, Masison, 2003; Barbitoff et al., 2022). The mutant
Ssal-21 protein also bound to Sup35NM fibrils; moreover, the proportion of
Ssal-21 in the pellet reached 49.7% even without the addition of Hsp40 (this
value was significantly lower, 27.8% (p < 0.01), in the case of the wild-type
protein). Moreover, the binding efficiency of Ssal-21 to fibrils when Sisl
was added was comparable to that of wild-type Ssal (Fig. 16B, p = 0.69).
Interestingly, the efficiency of Ssal-21 binding to Sup35NM aggregates in the
presence of Sis1ADD in the mixture was significantly lower than when full-
length Sis1 was added (p < 0.01).

Thus, our results indicate that there is no direct relationship between Hsp40
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Figure 16. The recruitment of Ssal to Sup35NM amyloid aggregates
depends on Sis1 and the ATPase activity of Ssal. A. SDS-PAGE analysis
of the distribution of Hsp70 (Ssal or Ssal-21) between the supernatant (S)
and pellet (P) fractions after incubation with 40-fold excess Sup35NM fibrils
and indicated Hsp40. A single representative replicate of the experiment is
shown. Coomassie R250 gel staining. B. Proportion of Hsp70 in the pellet in
the presence the indicated combinations of Hsp40 and ATP or AMP-PNP. ** -
p <0.01, n.s. - p> 0.05 in the Wilcoxon-Mann-Whitney test

binding to the fibrils and Hsp70 recruitment to them. Sisl efficiently forms
complexes with Sup35NM and is characterized by lower efficiency of Hsp70
recruitment to Sup35NM aggregates compared to Rnql aggregates, despite
significantly lower affinity for the latter. At the same time, deletion of the
dimerization domain of Sisl weakens its interaction with Sup35NM fibrils, but

does not affect the recruitment of Hsp70.

3.3.2 Sisl does not stimulate direct Hsp104 binding to fibrils

The positive effect of Sis1 on [PSI"] curing upon overexpression of HSP104

suggests that the formation of robust Sis1 complexes with Sup35 amyloid fibrils
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Figure 17. Hsp104 does not form stable complexes with Sup35SNM
aggregates either in the presence or absence of Sis1. Distribution of Hsp104
or Hsp104AN over the supernatant (S) and pellet (P) fractions when Sup35NM
fibrils at the indicated concentration, ATP or AMP-FNP, and Sis1 (bottom) are
added to the mixture. One representative technical replicate for each protein
combination is given. The results of the SDS-PAGE assay with Coomassie R250
gel staining are shown.

may stimulate Hsp104 interaction with aggregates independently of Hsp70.
To test this hypothesis, we also analyzed the formation of Hsp104 complexes
at a concentration of 2 yM with Sup35NM amyloid aggregates, varying their
concentration from 4 to 40 M. We observed a slight increase in the amount
of Hsp104 in the pellet fraction in case of a large excess of Sup35NM fibrils
(Fig. 17), and this increase was observed both in the presence of ATP and
in the presence of AMP-FNP. A similar pattern, however, was observed for
the Hsp104AN variant, which is unable to cure [PSI] upon overexpression
(Hung, Masison, 2006). Quantitative analysis of the data obtained, however,
revealed no significant binding in any of the cases (p > 0.05). Adding Sis1 to
the mixture also had no effect on the interaction of Hsp104 with the aggregates
(Fig. 17). The results indicate that Hsp104 does not form stable complexes with

Sup35NM fibrils neither in the presence nor in the absence of Sis1, most likely
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requiring other cofactors for efficient binding. It should be noted, however,
that the obtained data can be explained by the reduced functional activity of
recombinant Hsp104 due to the presence of N-terminal Hisg-tag. Thus, this

question requires further investigation.
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Chapter 4. Discussion

4.1. The role of Hsp40 in the yeast prion life cycle

As was mentioned earlier, proteins of the Hsp40 group play a crucial role
in the regulation of the activity and substrate specificity of Hsp70 chaperones
(reviewed in Craig, Marszalek, 2017). Yeast prions are no exception, and their
maintenance is also largely regulated by the balance of various Hsp40s.

A number of works have demonstrated the central role of Sisl in the
maintenance of the most studied yeast prions (Sondheimer et al., 2001; Tip-
ton et al., 2008; Higurashi et al., 2008; Kirkland et al., 2011; Hines et al., 2011;
Reidy et al., 2014; Stein, True, 2014). Yeast prions [PSI"], [URE3], [PIN']
and [SWI'] are lost when Sis1 levels in the cell are reduced. although different
numbers of generations are required for prion loss (Higurashi ez al., 2008). The
differential effects on yeast prions we observed upon Sisl relocalization (Fig.
7, 8; Barbitoff ef al., 2017; Matveenko ef al., 2018) indicate that in some cases
a decrease in cytosolic Sisl concentration may have a positive effect on prion
maintenance, particularly [PSI"]. Considering that overproduction of NLS-Sis1
does not cause visible changes in the size and morphology of aggregates (Fig.
8), we can assume that a slight decrease in cytosolic concentration of Sisl
affects the distribution of prion aggregates in cell divisions rather than their
fragmentation. This assumption is consistent with the increase in the number of
prion seeds observed during overproduction of the Curl factor (Son, Wickner,
2022). Changes in the pattern of distribution of prion seeds in the divisions may
be explained by changes in the activity of Hsp104-mediated prion seed retention
in the mother cell.

Together with the previously described opposite effects of Hsp40-Yd;j1 and
the Curl factor on [PSI"] and [URE3] prions, as well as existing reports of
the effects of other chaperones on yeast prions, our data allow us to formulate
a refined model of the maintenance of various yeast prions (Fig. 18). The
maintenance of the [URE3] prion strictly depends on high levels of Sisl as

well as on the activity of the cochaperone Swa2. These proteins are critical for
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Figure 18. A model explaining the differential effects of Hsp40 on [PSI']
and [URE3] (model of differential interaction of Hsp40 with yeast prions).
Arrows correspond to cellular processes affecting prion maintenance. Arrows

with a white tip denote processes related to prion seed transfer. (Adapted from
Matveenko et al., 2018; Barbitoff et al., 2022).

Ure?2 fibril fragmentation and prion seed formation. Ydjl, on the other hand,
prevents the fragmentation of [URE3] aggregates, whereby its overexpression
leads to the elimination of this prion (Moriyama et al., 2000; Sharma, Masi-
son, 2008b). In contrast, for the [PSI "] prion, both Sisl and Ydjl most likely
contribute to aggregate fragmentation; this assumption is supported by both
our in vivo data (Barbitoff ef al., 2017) and the results of in vitro experiments
(Shorter, Lindquist, 2008). In contrast to [URE3], however, the maintenance of
[PSI"] depends on a second Hsp104-mediated process, the retention of prion
seeds in the mother cell. This process promotes prion curing during Hsp104
overproduction. Sisl overproduction is known to contribute to this process
(Kryndushkin et al., 2011). In addition to Sis1, other cofactors such as Hsp40-
Apjl, Stil and Sir2 also play an important role in this process (Astor et al., 2018;
Gorkovskiy et al., 2017; Howie et al., 2019). Thus, a change in the intracellular
localization of Sis1 and a drop in its cytosolic concentration may have a greater
effect on seed malpartition due to the fact that Sis1 is required for this process,

and Ydjl is not capable of performing this function. On the contrary, aggregate
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fragmentation may be less dependent on Sisl localization due to its function
being performed by other proteins of the Hsp40 group.

It 1s worth noting that our proposed model is based on the presence of an
independent mechanism of malpartition. This mechanism, as mentioned above,
1s most active upon overexpression of HSP104, but also works at its normal
levels (Gorkovskiy et al., 2017). At the same time, a number of researchers
question the existence of such a process. For example, a recent study by
Huang et al. showed that mutant variants of SP104 that cannot cure [PSI'] at
overexpression (HSP104AN and HSP1047'M) also may have reduced activity
in aggregate fragmentation (Huang et al., 2021). As a consequence, prion
variants induced in the presence of the normal HSP104 allele are unable to be
maintained by the mutant variant. Based on these data, the authors concluded
that the curing process of [PSI'] by HSP104 overexpression is of the same
nature as normal aggregate fragmentation. Our results on weakening of the
[PSI"] prion phenotype upon deletion of the SIS/ dimerization domain (Fig.
9) can be seen as further evidence in favor of this hypothesis. At the same time,
this hypothesis is inconsistent with the results of analysis of the ion phenotype
during overproduction of NLS-Sis1, in which we observed enhancement of the

prion independent of fragmentation efficiency (Fig. 7, 8)

4.2. Molecular mechanisms of amyloid disaggregation

The model described in the previous section explains the observed
differential effects of Sisl and other chaperones on yeast prions, but also
requires an explanation in terms of the molecular mechanisms of the prion-
chaperone interactions in question.

As mentioned in previous chapters, the role of the Hsp40/Hsp70/Hsp104
system in aggregate disassembly was demonstrated as early as 1998 (Glover,
Lindquist, 1998; Kushnirov, Ter-Avanesyan, 1998). Over the past two decades,
significant efforts have been made in various laboratories to decipher the exact
sequence of molecular interactions occurring during the normal disaggregation

cycle (reviewed in Kushnirov et al., 2021).
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In 2006, in experiments to analyze the aggregation dynamics of full-length
Sup35, it was shown that chaperones of Hsp40 and Hsp70 groups preferentially
interact with monomeric forms of Sup35 or short oligomers, but not with high
molecular weight amyloid fibrils (Krzewska, Melki, 2006). Moreover, Ydjl
showed a more pronounced interaction with Sup35 oligomers compared to
Sis1 in these experiments, whose binding to high molecular-weight forms of
Sup35 was observed only when interacting with Ssal. These results are in good
agreement with recent work published in 2022 by the Tanaka laboratory (Nak-
agawa et al., 2022). In that study, super-resolution microscopy was used to
monitor chaperone-fibril interactions in real time. The analysis in this paper
showed that Sis1 did not interact with Sup35NM fibrils obtained by incubation
in cold (at 4° C) («Sc4» amyloid). In contrast, the authors observed efficient
chaperone binding to fibrils in the presence of both Sisl and Ssal in solution.
Based on these data, the authors proposed a disaggregation model according
to which the first step of the aggregate fragmentation cycle is the joint binding
of the Sis1/Ssal complex to the fibril followed by multiple ebents of Hsp104
binding to the same fibril site (Fig. 19A).

The data we obtained in our study contradict the results from the above-
mentioned works. Thus, we observed effective interaction of Sisl with
Sup35NM amyloid fibrils without any cofactors (Fig. 12, 14, Barbitoff et al.,
2020). The discrepancy between our results and the literature data may be due
to two main reasons: first, Krzewska, Melki, 2006 used aggregates of the full-
length Sup35 protein rather than its Sup35NM fragment. In Nakagawa et al.,
2022 exactly Sup35NM was used, but Sc4 fibrils were obtained under different
temperature conditions compared to our experiments. At the same time, the
authors do not provide data on the interaction of Sisl with another type of
Sup35NM fibrils used in their study - Sc37.

An interaction of Sis1 with Sup35NM aggregates similar to that observed in
our experiments was noted in the work of Lindquist lab (Shorter, Lindquist,
2008). In this study, Sisl demonstrated the ability to interact with both
oligomeric and fibrillar forms of Sup35NM. The primary interaction of Hsp40
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Figure 19. Models for disaggregation of amyloid aggregates. Adapted for the
disaggregation of Sup35NM (Sc4) amyloid fibrils (Nakagawa et al., 2022) (A)
and a-synuclein (Wentink et al., 2020) (B) are shown.

with aggregate in the normal amyloid disaggregation cycle has also been shown
for the a-synuclein aggregate disaggregation system (Wentink et al., 2020).
This study proposed a model of amyloid fibril disaggregation in mammalian
cells mediated solely by the Hsp40/Hsp70 system (Fig. 18B). According to this
model, clustering of Hsp70 molecules in a single site of the amyloid fibril plays
akey role in fibril fragmentation. The process of disaggregation itself, according
to the authors, is caused by the mechanism of “entropic pulling— multiple
movements of clustered Hsp70 molecules in various directions. Nucleotide
exchange factor, Hsp110, also plays an important role in cluster formation.
Among other things, this model suggests that long-term binding of Hsp40-
DNAJBI to the fibril may contribute to chaperone recycling.

Thus, the combination of the results obtained in our experiments as well as
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those described in the scientific literature suggests that amyloid disaggregation
can follow several alternative pathways, and the specific sequence of chaperone-
fibril interactions can vary depending on the conformation of the protein within
the fibrils. In spite of this, the results of our analysis of the effect of mutations in
the Sup35 prion domain on the interaction of Sis1 with fibrils (Fig. 14) indicate
that the observed differences may be related not so much to the conformation
of monomers in the fibrils, as to experimental conditions and specific features

of organization of protofilaments in the aggregate.

4.3. The functional impact of Hsp40 binding to aggregates

Despite the features described above, we observed consistent and
reproducible differences in the efficiency of Sisl binding to the fibrils of
different proteins and in the efficiency of Hsp70 attraction to them (Figures
12, 15, 16, Barbitoff et al., 2020). As noted earlier, we did not observe a clear
relationship between the binding of Hsp40 to the fibrils and the efficiency of
Ssal recruitment to them (Fig. 20). These results may suggest that the process
of amyloid fibril fragmentation in yeast cells can start both with the primary
binding of Hsp40 to the fibril and with the joint binding of the Hsp40/Hsp70

Hsp40 Prion/protein Fibril binding | Curing by Ssai Prion
THSP104 | recruitment maintenance

Sis1 | [PSF)/Sup35NM
Sis1ADD | [PSF]/Sup35NM w * =

Sis1 [RNQ*)/Rng1
Sis1ADD | [RNQ*)/Rnqg1 **

Figure 20. Differential interaction of Sis1 with yeast prions and amyloid
fibrils. Table summarizes the effects of Sisl and SislADD on prion
maintenance and curing by HSP104 overexpression, and shows Sisl binding
to amyloid fibrils (Fig. 12, Barbitoff er al., 2020) and Ssal recruitment
to them (Fig. 15, 16). Green indicates cases where a given Sisl variant
effectively part1c1pates in or contributes to a particular process. Yellow indicates
insufficient activity of Sisl in a given process. Orange and red indicate cases in
which Sisl is unable to participate in a given process. * - observed effects are
of low confidence, ** - observed effects are strain-specific.
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complex to it. Note that the efficiency of Ssal recruitment to fibrils in our
experiments corresponded relatively closely to the observed effects on prion
maintenance — deletion of the Sis1 dimerization domain reduced the efficiency
of Ssal recruitment (Figs. 15, 16), which is consistent with the weakening
of the [PSI"] and some [PIN*] strains (Stein, True, 2014). At the same time,
the differences we observed in the efficiency of Sisl binding to the fibril
correlate well with the ability of the corresponding prion to be cured by HSP104
overexpression (Fig. 20). Two alternative explanations for this phenomenon can
be proposed: first, we can assume that the stable interaction of Hsp40 with the
aggregate promotes intracellular sorting of the Hsp40-fibril complex; second,
high-affinity binding of Sisl to the fibril may modify the activity of other
chaperone system components and alter the course of the disaggregation cycle.

Regardless of whether any of the hypotheses proposed above is valid, the
data obtained allow us to formulate a model of how Hsp40 determines the course
of Hsp104-mediated processes (Fig. 21, Barbitoff e al., 2020; 2022). Based on
our results (Fig. 12, 15) and the literature on the role of Sis1 in prion maintenance
(Kryndushkin et al., 2002; Kirkland et al., 2011), we suggest that weak Sisl
binding to the fibril (or binding of the pre-existing Sis1/Ssal complex) leads to
proper assembly of the Hsp70/Hsp104 complex and subsequent amyloid fibril
fragmentation. In contrast, the strong binding of Hsp40 to the fibril promotes
the functionally distinct interaction of Hsp104 with the fibril mediated by the
N-domain of Hsp104. It is important to note that according to our data (Fig. 17)
this interaction is most likely stimulated by a number of additional cofactors and
cannot occur solely through Sis1. It is very likely that Hsp70 can also act as such
a cofactor in the case of its incorrect coordination relative to the fibril. Such an
assumption could explain both some of the literature data (in particular, the role
of Ssal in the alternative amyloid fragmentation pathway of Sc37 (Nakagawa
et al., 2022)) and the results of our analysis of the binding of the mutant Ssal
variant, Ssal-21, to fibrils (Fig. 16). In light of the fact that we do not observe a
clear relationship between Hsp40 binding and Hsp70 recruitment to fibrils (Figs.
15, 20) we can assume that the strength of Hsp40 binding does not predetermine
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Figure 21. A refined model of differential interaction of chaperones with
fibrils. The dotted lines correspond to the movements of the molecules and the

formation of complexes. Gray arrows correspond to side processes. Adapted
from Barbitoff et al., 2022.

the fate of a particular amyloid aggregate, but predisposes the process to go
through one of the pathways.

Literature data suggest that actin cytoskeleton can play an important role
in Hsp104-mediated malpartition of prion seeds. Deletions of genes encoding
the actin-binding protein Lsb2 and the Sir2 deacetylase markedly affect [PSI"]
destabilization during heat shock (Howie et al., 2019). It is also known that
the interaction between Hsp104 and the actin cytoskeleton is actively involved
in the control of asymmetric segregation of protein aggregates (Tessarz ef al.,
2009; Liu et al., 2010). Thus, the process of prion seed malpartition may also

involve the attachment of aggregates in complex with Hsp104 to the actin
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cytoskeleton and polarisome-mediated transport into the mother cell.

A number of assumptions can be made to explain the need for two
independent processes in the cell mediated by the Hsp40/Hsp70/Hsp104 system.
Such a system can be used by the cell for differential distribution and sorting
of pathological and functional protein aggregates. For example, the retention of
aggregates in the cell during cell division can prevent the spread of pathological
protein aggregates, reducing their negative impact on the cell population or
the organism. In recent years, a number of proteins have been discovered in
humans that may serve as candidates for the role of Hsp104-like disaggregase
(e.g., Ruvbll/2 (Zaarur et al., 2015) and Torsin A (Adam et al., 2017)). Further
studies in this area will allow us to understand whether Hsp104-mediated protein
aggregate fate determination models extend to the processes accompanying

human and mammalian amyloidoses.
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Chapter 5. Conclusions

The results of our work allow us to draw the following conclusions:

1.

Changes in the intracellular localization of Sisl from cytoplasmic
to intranuclear affects yeast prions in different ways, enhancing the
manifestation of some [PSI"] variants and stimulating the loss of [URE3].
Sisl forms complexes with Sup35NM amyloid fibrils significantly more
efficiently than with Rnql fibrils in the in vitro system.

Deletion of the dimerization domain of Sisl weakens its interaction with
amyloid fibrils in the in vitro system.

The strength of Hsp40 binding to amyloid aggregates has no direct effect

on the efficiency of Hsp70-Ssal recruitment to fibrils.
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