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AKTyabHOI 3amadyeil COBpeMeHHO (U3HOJOTUU U (hapMaKOJIOTUH SIBJISIETCS TTOJTyde-
HUE COCAMHEHM, 00MaaaoIMX CrIeM(MUIHOCTHIO B OTHOLIEHUU OMpeNeIeHHbIX U30-
(hopm MOHHBIX KaHaJIOB. B cepuu crareii Mbl 1oka3ajiu, YTO (i-raplMHUHOBAS YKJIaaKa
MOXKET CITYXUTh IIa0JIOHOM IS PALIMOHATILHOTO TIPOEKTUPOBAHMS MIENITUIHBIX JIMTAH-
OB KaJIMEBBIX KaHaI0B. B maHHOI1 paboTe ObLIO MCMOIb30BAHO MOJIEKYJISIPHOE MOJEH-
poBaHUe, YTOOBI ONTUMU3UPOBATh CTPYKTYPY paHee rnoixydyeHHoro nentuna Tk-hefu-10,
CeJIEKTUBHOTO 610KaTopa KaHainos Ky1.3, nosymakcuManbHas KOHLIEHTPALIMS MUHTUOU-
posanust (MKsg) mist koToporo coctasisieT =150 HM. PacueTsl MOIeKy ISIDHOI IMHAMU-
ku komrutekca Tk-hefu-10—Ky/1.3 npenocraBuiu uHdopmMaLuo 0 B3aUMOIEICTBUN
OTIEIbHBIX aMMHOKMCJIOTHBIX OCTATKOB TMENTHIA M KaHajla, a aHaJIu3 3TUX B3alMO-
JIeCTBUIA TTO3BOJIMII MPEMIOKUTh AMUHOKHUCIOTHBIE 3aMeHbI B cTpyKType Tk-hefu-10
st ysesinueHust ero adpcdunHoctu. Hosoiii nentun Tk-hefu-12 npencrasisieT coboit
YKOPOYEHHBII Ha oguH ocTaToK aHajor Tk-hefu-10 ¢ msiThlo 3aMeHAMU; SKCIIEPUMEH-
TaJlbHasl IPOBEPKA aKTUBHOCTHU ToKa3aia, uto ero MKsy = 70 HM nporus Ky/1.3. Kpo-
Me Toro, B cTpyktype Tk-hefu-12 oTCYTCTBYIOT OCTaTKM METMOHMHA, YTO TMO3BOJISIET
MepeiT K MOoIydYeHUIO MenTuaoB InHeliku Tk-hefu ¢ ncrmonbp3oBaHnem OpoMiiaHa.

Katouegole crosa: moTeHLMaN-3aBUCUMBII KaJIMEBBII KaHal, JIMraHa, 6JokaTop, nemn-
TUL, albha-raplnuHUH, PEKOMOMHAHTHBII Oe10K

DOI: 10.31857/S0869813923010041, EDN: IYEAZZ

IMoteHuman-yyBcTBUTENBHBIE KanueBble KaHaubl (Ky) dpopmupyror Hucxonsuyro ga-
3y NMOTEHLIMAJa IeNCTBUS U TTIOTOMY UTPAIOT BaXXHYIO POJib B (PpU3MOJIOTUM HEPBHOI CU-
crembl 1 MblLLL [1]. MHTEpecHO, uTo Ky BeTpeyaroTes Takke B KJIETKaxX M TKaHsX, HE sIB-
JISIIOLLMXCS 9JIEKTPOBO30ynuMbIMU. B yactHOcTH, n3odopma Ky/1.3 xapakTepHa 1151 Kjie-
TOK MMMYHHOi1 cUCTeMbI [2]. DTH KaHaibl HEOOXOAUMBI IJIsl TIpojudepanuu ocoboi
cyoronynsiuuu T-KJIETOK M ceKpelluu UMM UMTOKUHOB [3—5]. [Ipennonaraercsi, 4To ro-
momepHble Ky 1.3 cinyxaTt dhapmMakoiornyeckoit MULLIEHbIO B pa3IUYHbIX QyTOUMMYHHBIX
3a00JIeBaHUSIX, TAKUX KaK PACCESTHHBIN CKJIepo3, nuabeT 1-ro Tuia, peBMaTOWUIHBIA apT-
PUT 1 1Icopuas, a UHTMOUTOPBI 3TUX KaHAJIOB OYIyT OKa3blBaThb TepareBTUUECKUM (-
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dexr [3, 5, 6]. OueBUIHO, YTO pa3paboOTKa CeNEKTUBHBIX TUTaHIOB Ky sIBIIsIeTCSl BaXKHOM
3ajayeil COBpeMeHHOM (hapMaKoJIOTHUM.

PaHee ObLIO TMOKa3aHO, YTO CPaBHUTEJBHO TPOCTasl YKjaJKa 3alllUTHBIX MENTUI0B
pacTeHui, Ha3bIBaeMbIX O(-TapIIMHUHAMU, MOXKET ObITh MCITOJIb30BaHa JUIsI palliOHAb-
Horo nu3aiiHa 6mokatopoB Ky [7]. Drta ykilagka coCTOUT U3 ABYX KOPOTKMX aHTUIIapa-
JICJIBHBIX O-CTTUpajieil, CTaOMIM3UPOBAHHBIX ABYMs TUCYJIbGOUIHBIMUA CBSI3SIMU; OOILLAsT
IUTMHA NenTuaoB cocTansieT ~20—50 aMMHOKUCIOTHBIX OCTaTKOB. [lJIs1 3TOTO B CTPYKTY-
py nentuma Tk-AMP-X2 w3 mmenunsr Triticum kiharae Mbl BHECTM TaK Ha3bIBAEMYIO
“(yHKIIMOHAIBHYIO Trany”’ 0JJ0KAaTOPOB KaJaMeBbIX KAHAJIOB M moxydrum rrentun Tk-hefu.
3aremM HaM yJajaoch C MOMOIIIBIO MOIXOJ0B 0€JIKOBOi Tororpacdun U MOJEKYJISIPHOM 1U-
Hamuku (M/1) co3nath celeKTUBHBIE OJIOKATOPBI pasjMyHbIX U30(hopM KaHaoB: Ky1.3
[8, 9] m Ky1.6 [10]. [Tpu aTOM B KayecTBe MIabJIOHA OBLT MCITOTB30BAH TOT XK€ TETITULL
Tk-hefu, 1 B ero cTpykTypy MocjienoBaTeJibHO BHOCUJIM TOYEYHbIE 3aMEHbI, PyKOBOII-
CTBYSICb COOOpak€eHUSIMU O BKJIaJle KOHKPETHBIX aMMHOKUCJIOTHBIX OCTAaTKOB B CTa-
OMJIBHOCTH KOMILJIEKCA TMeNTuaa ¢ KaHajdaMu. B pesynbTare, B 4aCTHOCTH, OBLI IMOJTY-
yeH nentun Tk-hefu-10 (cM. aMMHOKKCIIOTHYIO TIOC/IEI0BATEIbHOCTh Ha pHUC. 1a) ¢ 1mo-
JIyMaKCUMaJIbHOM KoHLeHTpauueil uHruobuposanuss MK, = 150 HM B oTHOlIEHUN
Ky1.3 [9].

B nanHOI1 paboTe mpon3BoaniIach TaIbHEHUIAs ONTUMMU3aNs IIpon3BoaIHBIX Tk-hefu.
OcHOBHOE BHMMaHMe OBLIO YAEJeHO OCTaTKaM, KOTOpble 00pa3yloT cjiabble B3auMO-
neiictBus ¢ nopoit Ky1.3. Mcnone3dys Mmogens komruiekca Tk-hefu-10 ¢ Ky1.3, 6bu1u
MpeAIOXEHbI HOBbIE 3aMEHBI, KOTOPBIE JOJXKHBI TIPUBECTHU K €ro ctabuinnsauuu. B pe-
3ynbTate ObL1 nojyyeH HoBbli nentud Tk-hefu-12, obnanarowmit UKsg = 70 HM B oT-
HoweHuu Ky1.3.

METOAbI UCCIIEJOBAHUA

Moaexyaapnoe modeaupoganue. CTpykrypHasi mogenb komiuiekca Tk-hefu-10 ¢ Ky1.3
obu1a TIocTpoeHa Hamu panee [10]. Ilpoienypa in silico MyrareHes3a C 1IeJIbIO BU3yaIn3a-
UM IpeaiaraeMbIXx u3MeHeHui B cTpyKType Tk-hefu-10 Obu1a BeIIIOJIHEHA B IIpOorpaMMe
PyMOL Molecular Graphics System, Bepcust 1.8 (Schrodinger, LLC).

IMonroroska komrutekca Tk-hefu-10 ¢ Ky1.3 k MmonenupoBanuio M] 6b1a mpoBeneHa
C WCIIOJIb30BaHMEeM opurnHaiabHoro nporpammMHoro rnmakerta IMPULSE (KpbutioB u np.,
TOTOBUTCS K MeYaTH) aHaJIOTMYHO Mmpolienype, onucaHHoi paHee [ 10]. Komrmieke nmome-
1IJIM BHYTPb JIUTIUIHOTO OMCIIOS, UMUTUPYIOIIEr0o MeMOpaHy HeiipoHOB. bt ucrosnb-
30BaH MpPEABAPUTENBHO YPaBHOBELIEHHBIN (hparMeHT 6ucios (7.0 x 7.0 x 13.5 um>;
1-magxbMUTHII-2-0IeWIT-SN-TILEepO-3-PochoxonH/ 1 -TTaTbMUTIII- 2-0JISII-SN-IJIMLIEPO-
3-docdhosranonamur/xonecrepu, POPC:POPE:Chl; 100:50:50 Moekyn COOTBET-
CTBEHHO, COJIbBaTUPOBaHHBIX 14172 MojekyiaMu BOIblI), YTO MOAPOOHO OIMCAHO B
npenpiayux padorax [8, 11, 12]; HekoTopsie MoJieKyabl pochomunumoB u Chl ObUIH
yIaJIeHbl, YTOOBI OCBOOOAUTH MeCTO ISt OeJika. JIist conbBaTallMM UCITOJb30BaIU MOJIEIb
Boasl TIP3P [13] u nonsl Na®/Cl~ B KonuuecTBe, HEOOXOAMMOM IS MOAAEPKAHUS
3JIEKTPOHEUTPATIBHOCTH.

MounekynsipHas cucteMa 6bL1a ypaBHoBellleHa (Harpeta no 37°C) B reuenue 100 nc M/I.
TTonoxenusa C*-aToMOB OCTAaTKOB KaHajia, He (DOPMUPYIOIINX BECTUOIONDL €T0 MOPHI, a
takxe NE-atom ocratka K22 B Tk-hefu-10 ¢pukcupoBanmm Bo BpeMsT ypaBHOBEIIMBAHUS
TSI TIPEOOTBPAIEHUS 1eCTAa0UIN3allMM UCXOQHOTO KOMILIeKca. 3aTeM pacCUMThIBAIU
M/ nautenbHOocThIO 500 He. Bce M/ akcneprMeHTHI ObLIM BBIITOJHEHBI C TIOMOIIbIO
nporpammHoro obecriedyeHnss GROMACS, Bepcust 2020 [14], ¢ ucrmoib3oBaHeM Habopa
napameTpoB AMBER99SB-ILDN [15]. MoaenupoBaHue MPOBOIWIN C BDEMEHHBIM 111a-
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(a)
I 1 i

Tk-hefu-10 AQKRCKOMCORYHQRRQRRQCKKGCRYG
Tk-hefu-12 SQRRCKQICQRYHQRRQRRQCKRGCRR-

(b) (©

Puc. 1. AMUHOKUCIOTHBIE MOCIEI0BATEIbHOCTH UCCIEAyeMbIX MENTUIOB U Mozaeab komiuiekca Tk-hefu-10 ¢
kanasiom Ky/1.3. (a) — CpaBHeHMe aMMHOKMCIIOTHBIX TocaenoBaTenbHocTeit Tk-hefu-10 n 12. Ocratkm umcre-
WHA BBIJICJICHBI JKeJITBIM, TTOKa3aHO PacHoJIoKeHWe TUCYTbMUIHBIX cBsa3eit. (b) — Momenb koMmruiekca Tk-hefu-
10—Ky/1.3 mocne 200 Hc M/ B ruipaTMpOBaHHOM JIMITUAHOM OMCiI0€. Bu BHELIHETO BECTUOIONS MTOPLI KAHAJIA.
(¢) — Bua co ctopoHbl KjieTouHoI MeMOpaHbl. CyObeMUHUIIbI KaHala (MToKa3aHbl MOJYyNPO3pavyHO Ha 3aJHEM
IJ1aHe) ¥ nenTun (okKa3aH pO30BbIM LIBETOM) MPEACTABICHBI B BUIIE JICHTOUHBIX MOJIeJIeii. 3aThIKAIOLIUIA TTOPY
KkaHajna octatok K22 (momynpo3payHblii Ha raHenu ¢), HeKoTopsle octatku nentuna Tk-hefu-10, BeiOpaHHBIE
JIJIST 3aMEHbI/IeJIelInK, BOBMOXHOE TMoJIokKeHre 60KoBoi 1ernu octaTtkoB S1, R3, 18, R23 u R27 (moka3aHbl 6e-
JIBIM IIBETOM) M TUCYIbUIHBIE MOCTHKY B TtenTuae Tk-hefu-12, a Takske HEKOTOpBIE OTPUIIATEILHO 3apsisKeH-
HbIe OCTATKM KaHaJla TTOKa3aHbl CTEPXKHEBBIMU MOIEISIMU. 2KeNITHIMU TTYHKTUPHBIMU JIMHUSMU 0003HaUYEeHBI
MOJISIPHBIE KOHTAKThI MeXIy N- 1 C-KOHIIEBBIMM OCTaTKaMU MenTuaa. Busyaausaliust BEIITOJIHEHA C TOMOIIBIO
nporpammsl PyMOL.

roM 2 c, ¢ UCIOJIb30BaHMEM TPEXMEPHBIX MEPUOIUUYECKHUX TPAHUYHBIX YCJIOBUIA, B U30-
TepMudeckoM-u3obapuaeckoMm (NPT) aHcambie ¢ IOJIyU30TpOIMHBIM AaBiacHUEM 1 6ap
u ripu Temneparype 37°C. Micrnonb3oBaiiv aroputMbl 6apocrara bepenncena [16] u Tep-
mocraTa V-rescale [17]. Ban-mep-BaaabCoOBBI B3aMMOIECHCTBUSI PACCYUTHIBAIA C IIPUME-
HeHMeM chepuyeckoil pyHKIMU 0Ope3aHusl MOTeHIMaNa ¢ OTceukoi 1.4 HM. DIeKTpo-
CTaTMYECKUE B3aUMONEHCTBUSI YUUTBIBAIM C TOMOIIbIO anroputmMa PME.

AHanmM3 MeXMOJIEKYJISIDHBIX KOHTAKTOB B XoJ¢ MJI BBITIONHSIJIM C MCMOJIb30BAaHUEM
nporpamMHoro naketa IMPULSE ananornuHo rnpoueaypam, nMoapoOHO OIMUMCAHHBIM B
MpeaiecTByoileM uccienoBanuu [8]. BomoponHbie cBsi3u OlIeHMBAIU C UCTTOJIb30BaHU-
eM napamMeTpoB yTuiuThl hbond makera GROMACS [14] (paccrosinue D—A < 0.35 HM 1
yron D—H—A > 150° gnsa BomopoaHoii ¢cBsa3u D—H A, e D u A — moHOp U aKILENTop
BOJOPOJHOM CBSI3M COOTBETCTBEHHO); COJIEBbIE MOCTUKM, TT-KATUOHHBIE U CTIKUHT-B3a-
UMOJENCTBUS, a Takxke raApodoOHbIe KOHTAKThl PACCUUTHIBAIM, KaK OMUCAHO paHee
[18, 19]. Busyanuzaiuus TpeXMepHBIX CTPYKTYP OEIKOBBIX KOMILIEKCOB ObL1a BBIITOJIHEHA
¢ rnomoliblo mporpammel PyMOL.
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Ta6muua 1. INocaenoBaTeIbHOCTU OJIMTOHYKJICOTUIOB, UCITOJIb30BaHHbIX IS cCMHTe3a reHa Tk-hefu-12

HaszBanue IMocnenoBarensHOCTH (5'—3")

F1 GCGATAGGT ACCGACGACGATGACCGT TCCCAGCGTCGT TGC

F2 GCCAGCGT TATCATCAGCGT CGT CAGCGT CGT CAGT GCAAACGTGGCTGC
R1 TATCGCGGATCCCTAACGACGGECAGCCACGITTGCACTG

R2 CGCTGATGATAACGCTGGCACATCTGI TTGCAACGACGCTGCGAACG

)](I/IprIM BBIJICJICHBI CATBI PECTPUKI NN, KYyPCUBOM BBIICJICHA TTOCIIEA0BATCIbHOCTD, KOAWPYIOIIasa CaiiT rum -
poJiM3a SHTEpOIIENTUAAa3kbl YEJIOBEKA.

ITloayuenue pexombunanmnozo nenmuda. Tk-hefu-12 6bUT MOTYYEH C UCMTOJIB30BAHUEM
Halllero ctaHaapTHoro rnoaxona [7—9]. Ilentun 6bU1 oJyyeH B 6aKkTepuaabHON cucTeme
9KCIIpeccuu B coctaBe rudbpuaHoro 6enka Trx—Tk-hefu-12, Takke coaepkaliero BCro-
MorarteJbHbIi 6e10K TuopenokcuH (Trx) [20], caliT ruapoaun3a sHTeponenTUaAa3bl Yeao-
Beka [21] 1 rekcaruCTUIMHOBYIO MOCIEI0BATEIbHOCTD.

ITocnenoBatenpHocTh JJHK, xomupytomas Tk-hefu-12, 6bu1a monyyeHa M3 CUHTETH-
yecKux onuroHykiieotrunaoB npu romoinu [MIP. Ha nepBom 3Tane nosiHas 1ieneBas mo-
clieoBaTeIbHOCTD OblIa CUHTE3UpOBaHa B peayybTare sty 1ukJioB [T P ¢ ucnonb3osa-
HueM nByx npsambix (F1 u F2) u nByx oopatHbix npaiimepoB (R1 u R2; ta6n. 1). 3atem
peakiiMoHHasi cMech Obu1a pa3BeneHa B 100 pa3 ¥ UCOIb30Bajach B KAYECTBE MATPUIIBI.
JIst HapaGOTKM 11eJIeBO TTOC/IeIOBATEIbHOCTU MCITOJIb30BAJIMCh TOJIBKO KpaiiHUeE Tpaii-
mepsl (F1 1 R1). AMmmuduumpoBanusiii pparment JJHK BcTaBuim B 3KcnpecCMOHHBIN
BekTop pET-32b (Novagen) no caiitam pectpukinu Kpnl 1 BamHI — B pesynbrare ObI-
Ja noaydyeHa rtazmuna pET-32b-Tk-hefu-12.

OTa miaa3Muyaa 3aTeM MCHoIb30Balach Il TpaHchopMaliuu mrtamma Escherichia coli
SHuffle T7 Express (New England Biolabs) [22]. TpaHchopMupoBaHHBIe GaKTepuu
KyJIbTUBUPOBAJIMCH B IPUCYTCTBUU aMITULIMJIIMHA TIpu TemriepaTtype 30°C B cpene LB no
cepearHbI SKCIIOHEHIINAJIBbHO a3kl pocTa. DKCIIPECCUIO TeHa THOpuaHoro oenka Trx—
Tk-hefu-12 wamymposamu 0.2 MM wusonpori-f-D-TrorararkTonupaHo3na, mocie
yero 0akTepuajJbHYyIO KyJIbTypy UHKYOUPOBAJIM IpU KOMHATHOM Temmneparype (24°C) B
TeueHue 16 4. KieTouHyio Maccy OTAENWIN LEeHTPU(PYTMPOBaHUEM, PECYCIIEHANPOBATN
B ctapToBOM Oydepe mis adhdunHoi xpomaTorpaduu (300 MM NaCl, 50 MM Tris-HCI,
pH 8.0) 1 o6paboranu yabrpa3BykoM. [lomydyeHHBIN JM3aT HAHOCUJIM Ha KOJOHKY CO
cMmoroit HisPur Cobalt Resin (Thermo Fisher Scientific). [OpunHEIl 6eJTOK ounImaan
10 TPOTOKOJTY TTPOU3BOANTEIISI CMOJIBI.

Ilonyyennsiii rubpunneiii 6enok Trx—Tk-hefu-12 pactBopsiiu B 50 MM Tris-HCI
(pH 8.0) B koHueHTpawuu 1 mr/mi. K pacTtBopy 6eka 106aBJIsuIv JIETKYIO LIEIb SHTEPO-
nentuaassl yenoseka (1 ME depmenTa Ha 1 mr 6enka). [TpoTeonus npoBonwiv B Teue-
Hue 16 u npu 37°C. OtwerieHHbiil nentua Tk-hefu-12 ouniany ¢ MCHOIbL30BaHUEM 00—
paieHHO-(a30B0i BEICOKO3((EKTUBHOM XUAKOCTHON XpoMaTorpaduu (OPD-BDHXKX)
Ha kosoHke Jupiter Cs (4.6 X 250 mM; Phenomenex) B INHEITHOM TpagueHTe KOHLIEHTPa-
uuu aueronutpuna (0—60% 3a 60 muH) B ipucytctBuu 0.1%-Horo pactBopa TpudTOpP-
YKCYCHOW KMCJIOTHI.

Macc-cnekmpomempus. 1151 u3mepeHnst MOJIEKYJISIPHOI MacChl MENTUAA UCTIOIb30Ba-
JIM MEeTOA MaTPUYHO-aKTUBUPOBAHHOM JlazepHOi aecopbuuu/vonusanuu (MAJIIA)
Macc-cnektpoMmeTpun. MUamepenue npoBoawin Ha mpudope Ultraflex TOF-TOF (Bruker
Daltonik) B pexxuMe pediieKTpoHa ¢ olnMoKoit Macc He 6osee 100 ppm Kak ObLJIO orurca-
Ho paHee [23].

Daexmpogpuszuoaocusn. DKCIIepUMEHTHI BBIIOJIHSUIMCHh KaK omucaHo paHee [24]. Ten
Ky1.3 yenoseka (GenBank ID: NM002232) skcnpeccupoBajiyd B OOLUTaX JSITYIIKHU
Xenopus laevis. [1ns 3Tor0 nuHeapu3zoBaHHas miasmuaa pCl-neo, coaepxkaiiasi coor-
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BETCTBYIOILIMI TeH, ObUla TpaHCKpUMOUpoOBaHa in Vifro C WCIIOJb30BaHUEM Habopa
T7 mMESSAGE-mMACHINE (ThermoFisher Scientific). MPHK, kongupyrolas kaHa,
VHBELUPOBAJIN B OOLUTHI IIpU IToMomu MuKpourxkekTopa (Drummond Scientific).
Oouutel mHKYOUpoBatu B Oydepe ND96: (B MM) 96 NaCl, 2 KCl, 1.8 CaCl,, 2 MgCl, u
5 HEPES (pH 7.4), Takke conepxatieM 50 Mr/i cyiabdaTta reHTaMUALIMHA.

7151 peructpaluy TOKOB 4Yepe3 MeMOpaHy OOLIMTOB MCIOJIb30Bald METO/ ABYXDJIEK-
TPOAHON (pUKcAllMM MOTEeHIIMaIa. DKCIIEPUMEHTbI IPOBOIMIM TTPU KOMHATHOM TeMIie-
patype (18—22°C) ¢ ucnons3oBanueM ycunuteiass Geneclamp 500 (Molecular Devices) u
nporpaMmmHoro obecrieueHust pClamp (Axon Instruments). B xadecTBe oMmBIBaromero
OOLIUTHI pacTBOpa ncnoiab3oBau 6ydep NDI6. Tok uepes Ky 1.3 BEI3BIBAIICS UMITYJIECOM
ot —90 no 0 MB B Teuenue 250 Mc, 3a KOTOPBIM ciienoBan umiynbe 10 —50 mB. s mo-
CTPOEHMS KPUBOI 103a — OTBET NaHHbBIC aHAJIM3UPOBAJIY TT0 YpaBHEHMIO XUJIjIa:

100
UK,

7
1+
nentuaa
e y — uHrubuposanue T0Ka B %, Cenmna — KOHIEHTpanms Tk-hefu-12, UKy, — nosny-
MaKcUMallbHasi ”Hruoupytoiast KoHueHtpauus Tk-hefu-12, 7 — koaddunuent Xumna.
Bce nusmepeHus IpoBeIeHEI B TpeX WK 0oJiee ToBTopax (n = 3).

PE3VJIBTATBI UCCIIEJOBAHMUA

Hamm npeapinyniue vccieaoBaHUs MOKa3ajiu, YTO BBEJACHHUE IMOJIOXUTEIBLHO 3apsi-
>KEHHBIX O0cTaTKoB B obsacTh Tk-hefu, Bzanmoneiicteyromyto ¢ Ky, yaydiraer ca3biBa-
Hue [9]. 1 HaoOopoT, MPUCYTCTBHUE OTPULIATENIBHO 3aPS)KEHHBIX OCTAaTKOB OCa0JIsSIeET €To
(kak B cimyyae Tk-hefu u Tk-hefu-4, umerommx ocratku E23 u E6 cooTBeTCTBEHHO). DTO
XOPOLIO COMIACYETCs C HAOJIIOAEHUEM, UTO BHELIHUI BeCTUOI0JIb TTOpbI Ky, 00bI1YHO 3apsi-
KeH oTpuuaresibHo [25]. B pesynbraTe MpoBENeHHOTO KOMITBIOTEPHOIO MCCIEIOBaHUS
ObL1a nostydyeHa Tpaektopust M/ kommiekca Tk-hefu-10—Ky 1.3 B BonHO-MeMOpaHHOM
OKpYXeHUU TpoaokuTenbHocThio 500 HC (puc. 1b, ¢). OTMedeHOo, YTO OpUEeHTALIUST
Tk-hefu-10 oTHOCUTEIBLHO KaHalla HEe MpeTepIieBacT 3HAYMUTEIbHBIX U3BMEHEHUI B Te-
yeHue MJI. AHaiu3 TpaeKTOPUM MPOAEMOHCTPUPOBAI BHICOKYIO CTaOMIBHOCTb KOM-
IUIEKCA: CpeIHEKBagpaTUYHOE OTKIOHeHMe moyioxkennss C*-atromos Tk-hefu-10 cocra-
BuJio B cpenHeM 0.37 oM. CTpoeHue KoOMIUIeKca Ha MPpOTsKeHUU Tpaektopuu MJI ocrta-
BaJIOCh ITOXOXVM Ha MOJICKYJISIpHBIE CUCTEMBbI, UCCIeAOBaHHbIe HaMU paHee [8—10].

Cmpamezusa 6necenus moodugukayuii. BHUMaATEIbHOE PACCMOTPEHUE MOJEIU KOM-
mwiekca Tk-hefu-10—Ky 1.3 a Takke nmerolmecs: 3KCrepuMeHTaIbHbIE AJaHHbIE 00 aK-
tuBHOCTU Tk-hefu-10 u ero ananoroB [8—10] MO3BOIMIM HAM MPEMIOXUTh AMUHOKHC-
JIOTHBIE 3aMEHBI B CTPYKTYpY TeNTHIA 151 yBeJIndeHus: ero acdh(MHHOCTU B OTHOLLIEHUU
Ky1.3 (puc. 1a):

1. cxoast u3 TOro, 4To OCTaTKU apriHMHA UMEIOT 0O0JIbllle BO3MOXHOCTEM JIs1 0Opa-
30BaHUs CIIeU(PUIECKUX KOHTAKTOB (BOJOPOMHBIX CBSI3€il, COJIEBBIX MOCTUKOB, T—TT U
T-KaTUOHHBIX B3aUMOIECUCTBUIA), UeM OCTAaTKU JIU3MHA, ObLIO TIPUHSITO PELlIEHUE BHECTH
3ameHbl K3R n K23R. Ananornuno mpemioxeHa 3ameHa AlS: B oTJiM4yue OT ajlaHWHA,
CepUH CIoco0eH 00pa30BbIBATH BOAOPOIHBIE CBSI3U CBOEI OOKOBOIA LIETIBIO.

2. IIpu ananuze tpaekropuu komriuiekca Tk-hefu-10—Ky,1.3 Obuin caenaHsl ciiegyio-
e HabmoneHus: (a) kapobokcuibHas rpymma C-kKoHleBoro ocrarka rentuna G28 Ha-
XOIUTCS BOJIM3U OJHOMMEHHO 3apsiKeHHbIX OOKOBBIX Lerneit ocrtatkoB Kyl.3: E420,
D422, D423, D433 u D449, yTo MOXeT HEraTUBHO CKa3bIBaThCs Ha YCTOMUYMBOCTU KOM-
TUIeKCa BBUILY MX B3aMMHOTO OTTaJIKMBaHUs; (0) 3Ta Xe KapOOKCUIIbHAS rpyIina oopasy-
eT BHYTPUMOJIEKYJSIDHBIN COJIeBOM MOCTMK M BOJODPOIHYIO CBSI3b C aMWHOTIDYMIIOi
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A210 CH3CN, %

Calculated monoisotopic 3569.8 Trx
mass [M + H|*

Experimental monoisotopic 35697

mass [M + H]*

Error (A, Da) 0.1

- 60

1.3 1 Tk-hefu-12

- 30

7, min

Puc. 2. TTonyyenue Tk-hefu-12. Ipoduib paznenenus: ruaponunsata ruopunHoro 6enka Trx—Tk-hefu-12 mpu
nomoiu OP-BDXKX. B tabiuliie yKazaHbl pacyeTHast U 9KCIIEPUMEHTAIBHO U3MEePEHHAs MOJIEKY/ISIpPHbIE Mac-
cbl Tk-hefu-12.

ocraTka Al, 4TO MOXET TIPETISITCTBOBaTh 0OpPa30BaHUIO €T0 KOHTAKTOB ¢ KaHayioM. C 11e-
JIbIO YMEHBIIIEHWSI HETaTUBHOTO BIIMSTHUS 3TUX (haKTOPOB OBLIO MPUHSTO PEelIeHUE YKO-
POTHUTB MENTUI HA OAWUH ocTaToK ¢ C-KOHIIA.

3. ITockonbKy O60okoBast uenb Y27 B komruiekce Tk-hefu-10 ¢ Ky/1.3 HaxoauTcst psimom
¢ ocratkamu KaHana E420, D422 n D423, Gb110 NpUHSTO pellieHNe IPOU3BECTU 3aMEHY
Y27R. BBoguMpbIii OCTaTOK aprMmHMHA, KaK ObLIO OTMEYSHO BBIIIE, MMEET OOIIMpPHEIC
BO3MOXHOCTH 00pa30BaHUsI HOBBIX MTOJISIPHBIX KOHTAKTOB.

KpoMe Toro, Mbl Takke pelIWM 3aMEHUTb €IWHCTBEHHBIN OCTaTOK METMOHMHA B
CTPYKType mentuna. Jeso B ToM, 4TO B JJAOOPAaTOPHOI MPaKTUKE 3a4acTylo Mpolle U
ObICTpee Moy4aTh pEKOMOMHAHTHBIC TTENTUIbI C UCITOJIb30BaHMEM OpOMIIMAaHa JJIsl pac-
LIeTJIeHUs TUOpUIHOTO Genka. M3 ABYyX BO3MOXHBIX OCTATKOB, UMEKOIIUX TTPUMEPHO
paBHBIE 1O pa3Mepy OOKOBBIE TN C METUOHWHOM (JIEMILIMH U U30JIEUIINH), MbI BBIOpa-
1 n3ojieiinuH (3amMmeHy M8I), mocKonbKy, K IIpuMepy, Cpear XapuOOOTOKCUMHA U POI-
CTBEHHBIX O10KaTOpoB Ky mMeeT MecTo MMEHHO Takas 3ameHa [26].

Iloayuenue u mecmuposanue onmumu3zupoeannozo 0.-eapnununa. Bce Bbllenepeyuc-
JICHHBbIE M3MEHEHUS IIpuBeIn K cTpykrype Tk-hefu-12 (puc. 1a). Hist aKcnepruMeHTaIb-
HOM npoBepKu 3ddeKTa mpemToKeHHbIX 3aMeH Itertun Tk-hefu-12 ObLI TTOIy4YeH ¢ MC-
MOJIb30BAHUEM TTOIXOA0B MOJIEKYJISIPHOM OMOJIOTUM Y XUMUM OeKa. MBI UCTIOb30BAIN
mraMM E. coli SHuffle T7 Express, onTUMaJbHBIN IS HapaOOTKU AUCYIbOUI-coaepKa-
mux 6enkoB. CUHTETUYECKUI TeH, KOAUPYIOIIWI NMeNnTu, ObI BCTABJIEH B 3KCIIPECCU-
oHHbI# BekTop pET-32b, Trx 6bU1 MCIONB30BaH KaK 0€JIOK-TIOMOIIHUK JIJIs YBEJTUYEHUST
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(@ 100 - (b)

80

n, %

~60 4

=40

=20 -

bitio

hi

0
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Puc. 3. (a) — Penpe3eHTaTuBHAsI 3alMCh TOKOB Yyepe3 MeMOpPaHy OOLIMTOB B KOHTpoJie (YepHasi KpuBasi) U B
npucyrctBuu 70 HM nentuna Tk-hefu-12 (cepast kpuBast). (b) — KpuBast 3aBUCMMOCTY MHTMOMPOBAHMS TOKa
yepe3 KaHajl OT KoHUeHTpauuu nentuaa Tk-hefu-12. BepTukaabHble TMHUKM HAa KBagapaTax MOKa3bIBalOT CTaH-

NAPTHYIO OIIMOKY cpeaHero (n > 3).

Bbixona. LleneBoit menTua ObUI TTOJydYeH B pe3yiabTare (PepMEHTAaTUBHOIO TUAPOIM3a
CJIMTHOTO OeJiKa HTEPOMNENTUIA301 YesioBeKa C MOCHEAYIONIUM pa3ieJeHueM Mpu Mo-
mouu OP-BOXKX u mpentudukauueit ¢ nmomoiubio MAJIJIM macc-cneKTpoMeTpuun
(puc. 2). Urorossiii Beixon Tk-hefu-12 coctaBuit ~2 Mr ¢ 1 1uTpa MUTATESIBHOMN Cpeibl.

AKTUBHOCTb IOJIyYEHHOTO NMenTuaa Oblia u3ydeHa Ha kaHase Ky 1.3 meTonoM aByxanek-
TponHo# dukcaruu noreHumana (puc. 3). 3nauenue MKy, cocraBmio 68.1 + 11.0 M (h =
0.66 + 0.07). TakuMm 06pa3oM, MOXKHO CKa3aTh, YTO BHECEHHBIE 3aMEHbI B MOCJIEI0BATE/Ib-
HocTh Tk-hefu-10 mo3Bommmu yBemmInuTh apUHHOCTD NENTHUIA 10 OTHOIICHUIO K KaHAIY
Ky1.3 B 1Ba pa3za.

DTOT pe3y/nbTaT yKasbIBaeT Ha TO, UTO BbIOpaHHbIE MOIMMUKALIMU AEHCTBUTEIBHO
MPUBEIU K XeJaeMoMy 3(dekTy cTabuausaluy KoMmIiekca rnentuaa ¢ KaHaaom. OgHa-
Ko yBenmuyeHre acdh(UHHOCTH TOJIBKO B IBa pa3a CKOpee BCEro BbI3BAHO TEM, UTO OTIIEIIb-
Hble MOTUMUKALIMY Ha CaMOM JieJie, BOITPEKH HAIlIUM OKUIAHUSM, BHOCAT OTpUIIATEb-
HBII BKJIaI B KOMITJIeKcooOpa3oBaHue. [ BBISICHEHHST POJIM OTHCIIBHBIX 3aMEHEHHBIX
OCTaTKOB HEOOXOAMMO OyJET MOJIYUYUTh MPOU3BOMHBIE C EMMHUYHBIMUA MYTAITASIMU.

SAKJIIOYEHUE

Hamreit uenvio siBasgercs: gajabHeiIasi ONTUMU3ALMS O-TapIUHUHOBOM YKJIAIKU.
OTOT MUHUQOJII TOKA3bIBAET ce0s C JTydllleil CTOPOHBI B KaueCTBe yIOOHOTO KapKaca Jiist
ckaddonn-nHxeHepuun. B HacTosiieil pabore HaM yIajioch MOJIydYUTh ONITUMU3UPOBAH-
HeI1 nentun Tk-hefu-12 ¢ yBenmueHHo#M adPUHHOCTHIO B OTHOIIICHUY BaXXHOM (papMa-
KOJIOTMYECKO# MUIIICHU.

IToMuMo BHeceHUsT 3aMeH, ObLJTO MoKa3aHo, YTo Tk-hefu MOXXHO yKOpOTUTH ITyTeM ya-
JieHust C-KOHIIEBOTO OCTaTKa ITTMIIMHA, KOTOPHIH ITO pe3y/IbTaTaM HaIllero MOASTUPOBaHUS
SIBJIAETCS TIOMEXOit UT1sT GOPpMUPOBaHUS CTAOMILHOTO KOMIUIEKca ¢ KaHajloM. BrioirHe Be-
POSITHO, YTO UMEETCSI BOSMOXHOCTh 1 TaJIbHEMIIIeit MUHUATIOPU3alIMK eI THIA.

Eme omauMm marom B ontmMusauuu TK-hefu sBisietcsas BHeceHume 3ameHbl MSI B
CTPYKTYpy TemnTuma. Tak Kak B MOJEIM KOMIUIEKCAa OCTaTOK METMOHWHa He o0pasyeT
KOHTaKTOB ¢ Ky, TO 3aMeHa Ha CXOXUi 1T0 (GU3NKO-XUMHIECKUM CBOICTBAM OCTATOK HE
JIOJKHA TIOBJIMSITh Ha aKTUBHOCTD TIeTNITUIA. 3aMEHUB METMOHWH, MBI TOJy4yaeM BO3-
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MOXHOCTb MCIIOJIb30BaTh OpPOMIIMAH JIJIS TUAPOJIM3a CIIMTHBIX OEJIKOB, YTO B J1abopaTop-
HBIX YCJIOBUSIX 3a4acCTylO TIPEACTaBIIsieT co0oit 6oJiee ynoOHbBIN CrIOcO0 MOSyYeHUsI TIeT-
TUIOB.

COBIIOAEHUE 5TUYECKHNWX CTAHOAPTOB

JlaHHOE Mcceq0BaHUE CTPOTO COOTBETCTBOBAIO MeEXIyHAPOIHBIM METOAMYECKUM PEKOMEH -
JALMSIM TT0 OMOMEIULIMHCKUM MCCIIEIOBaHUSIM C UCMOJIb30BaHUEM XKUBOTHBIX BeceMupHoit opra-
HU3aIMU 30paBOOXpaHEHUs] U METOIMYECKUM peKoMeHanusM EBporeiickoit KOHBEHIIMM TIO 3a-
LIMTE TTO3BOHOYHBIX XKUBOTHBIX, UCIIOJb3yEMbIX B 9KCTIEPUMEHTATIBHBIX U IPYTUX HAYYHBIX LIETISX
(Crpac6ypr, 18.111.1986). MccenoBaHue MpoOBOIUIOCH B COOTBETCTBUU CO CTaHAapTamu PykoBon-
CTBa TIO YXOMy Y UCITOJIb30BAHUIO JTaG0PATOPHBIX XXUBOTHBIX (8-¢ uznanue, MHcTUTYT 1aboparop-
HBIX UCCAEeA0BaHUI XUBOTHBIX). JIATYIIKY X. /aevis VCTIONb30BAIMCH B JJaOOpaTOPUN TOKCUKOIO-
ruv U ¢hapMakoJIOrMy B COOTBETCTBUU C JulieH3uei LA1210239, yto 6b110 010OpPEHO 3TUUECKUM
KOMUTETOM IO IKCIIepUMeHTaM Ha XUBOTHBIX JIEBeHCcKoro yHuBepcurtera (P186/2019).
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Structural Optimization of an a-Hairpinin Blocking Potassium Channels Ky1.3

A. M. Gigolaev?, V. M. Tabakmakher?, S. Peigneur®, J. Tytgat?, and A. A. Vassilevski® © *

¢ Shemyakin—Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences,
Moscow, Russia
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*e-mail: avas@ibch.ru

Obtaining compounds with specificity for certain isoforms of ion channels is a signifi-
cant problem of curent physiology and pharmacology. In a series of papers, we have
shown that the oi-hairpinin fold can serve as a template for the rational design of peptide
ligands of potassium channels. Here, we used molecular modeling to optimize the struc-
ture of the previously obtained Tk-hefu-10 peptide, a selective Ky1.3 channel blocker,
with a half-maximal inhibitory concentration (ICsg) of =150 nM. Molecular dynamics
simulation of the Tk-hefu-10—Ky/1.3 complex provided information on the interaction of
individual amino acid residues of the peptide and channel, and the analysis of these inter-
actions made it possible to propose amino acid substitutions in the structure of Tk-hefu-10
to increase its affinity. Novel Tk-hefu-12 peptide is a truncated analog of Tk-hefu-10 by
one residue with five substitutions; it is characterized by an ICs, value of =70 nM against
Ky1.3. In addition, there are no methionine residues in the structure of Tk-hefu-12,
which makes it possible to obtain Tk-hefu peptides using cyanogen bromide.

Keywords: voltage-gated potassium channel, ligand, blocker, peptide, alpha-hairpinin,
recombinant protein
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