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Tlonepeonvo namu 6yno xaonosano cen GSH2, wo koodye y-enymaminyucmeincunmemasy (yGCS) y
opidicoocie Hansenula polymorpha. Y yiii pobomi npogedeno ananiz monekyisaproi opeanizayii npomomo-
py eeny GSH2 H. polymorpha i suseneno timogipui cailmu 36’13y8anis mpanckpunyitinux gaxmopis Yapl,
Skn7, Creb/Atfl ma Cbfl. 3’acosano, wo 011 nosnoyinnoi peaynayii excnpecii eeny GSHZ2 y 6ionogiov na
Kaomiesuil ma oxcuoamuenuil cmpec Heobxiona 0osxcuna npomomopy GSH2 6invua 3a 450 n.n. 6i0 nowam-
Ky iniyiayii mpancasyii. /[na docaioscenns mpanckpunyitinoi peeynayii eeny GSH2 H. polymorpha ckon-
CMPYUOBAHO PEKOMOIHAHMHUL WMAM, WO MICMUMb PENOPMEPHY Kacemy, 8 AKIll pe2yIAmMOopHaA OLNAHKA 2eHY
GSH?2 posmipom 1,832 m.n.n. 31uma 3i CmpyKmypHoio ma mepmiHamopHoio OUISAHKAMU 2eHY AJIKO20AbOK-
cuoasu. Ilokasano, wo mpanckpunyia eeny GSH2 H. polymorpha makcumanvho niosuwyemocsa Ha 33% 6
bazamomy cepedoguwyi 3a 4-eo0unnoi inkyoayii 3 Konyenmpayicio ionie kaomiio 1 mxM. V minimanvromy
cepedosuuyi excnpecis ceny GSH2 ne kopentoe 3 nioguweHHAM PiBHI8 3a2abHO20 KIIMUHHO20 2AYMAMmiony 3a
0ii ionie kaomiro. Bucnoeneno npunywenus, uo nioguueHHs 8MICIY 3a2aibH020 KIIMUHHO20 2/IYMAMIOH) 3d
Kaomiesoeo cmpecy y opixcoaicie H. polymorpha timosipno ne konmponioemuocs Ha pieHi mpanHcKpunyii eeny
GSH2.

Kniwuoegi cnosa: cen GSH2, mpanckpunyitina peeynayis, enymamion, kaomit, Hansenula polymorpha.
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aAMiil € CHJIPHMM MYTareHOM Ta KaHIe-
K poreHoM i3 mepiogom miBkuUTTS 10-30

POKiB, IO POOUTH HOTO KyMYIIOIUYUM
TOKCHHOM 1 CTBOPIOE Cepho3Hy MpolieMy 3a0py-
HEHHSl HaBKOJIMIIHBOTO CEPEIOBHINA Ta 3arpo-
3y 310poB’r0 mronuHA [1]. BiH € ayke TOKCHYHUM
HaBITh 32 HU3bKUX KOHIIEHTpAIil [2]. Y apixmIKiB
JETOKCHKALlisl KaJMil0 BKJIIOYa€ CHHTE3 XeNlaTylo-
YUX MOIIEKYI, 5K 3B’I3YIOTh 10HH KaJMilO Ta OTO-
CEPEAKOBYIOTh X TPAaHCHOPTYBaHHS 13 KIITHHHU
ab0 CeKBeCTpyBaHHS KOMIUIEKCIB i3 METalioM Yy
Bakyomto [3, 4]. I'myration (GSH) e ocHOBHOMO
MOJIEKYJIOI0, 3aJIy4eHOI0 B JIETOKCHKAIIIO 10HIB
KaJMil0 B KIITHHAaX JApLKIKIB Saccharomyces
cerevisiae, B TO! 4ac siK (QiTOXeJaTUHU BUKOHYIOTb
IO POJTb Y OPUKIKIB Schizosaccharomyces pombe
i Candida glabrata [5]. Y S. cerevisiae GiocuHTe3
TIIyTaTIOHY BiIOYBAa€ThCSl 3aBISKW ITOCIIIOBHIHM
nii y-rmyrtaminmucteincuaTetasn (YGCS; 6.3.2.2)
ta GSH-cunaTeTaszm (6.3.2.3), MO KOMYIOTHCA Te-
Hamu GSHI ta GSH2 Bianosigno. YGCS npuitns-
TO BBaXKaTHW JIIMITYIOUUM €H3UMOM y OiOCHHTE3i
rirytationy [6]. Excripecist reny GSHI S. cerevisiae
PETYITIOETHCS BAKKUMHU MeTallaMu (KaJMiil i pTyTh),
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Ta MEHAIIOH) i JII€I0 TEMJIOBOTO WIOKY Ha piBHI
TpaHCKpuMIlii B Yapl-3anexxuwuii criocio [7, 8]. Pizke
3HMKEHHSI TeMIIEpaTypyu B POCTOBOMY CEpEIOBHIII
S. cerevisiae TakKOX 1HAYKY€E TPaHCKPHUIILIIO T'eHY
GSHI, ane B Yapl-nezanexunuit crocio [9]. Cuinb-
Ha 1HAYKOisA TpaHckpuniii reny GSHI 3a 06po0-
ku kaamiem (y 4-11 pasis) [10, 11] 3anexuTs Bifg
TpaHCKpUNIiHHUX (hakTopiB Metd Ta Met31/Met32
[11]. ¥V S. pombe 3nauny iHOYKIIIO eKcpecii TeHy
GCSI, mo konye yGCS, BiAMIU€HO y MPUCYTHOCTI
aJIOMiHIIO, HATPId HITPONPYyCHUIY, MEHATIOHY Ta
HHU3BKUX KOHIIEHTpAIliN TIFOKO3M i caxapos3u [12],
B TOW 4Yac fK KaaMii Ta PTyTh HPU3BOIATH 10O
cimabkoi iHnykIii excripecii rery GCS! (~1,5 paza)
[12]. Tpanckpumnmiitai ¢axtopu Papl i Creb/Atfl
3aTydeHi B IHAYKIIO CTPECCHOPITHEHUX TeHIB y
IpixmIKkiB S. pombe [13].

[lorrepennbo Hamu OyI10 KJIOHOBaHO reH GSH?2
H. polymorpha, sxuii € romonorom reny GSHI
S. cerevisiae [14]. BuBuenns perynsuii reny GSH2
H. polymorpha € nocuTb BaXKJIMBHUM, OCKITBKH
vGCS Bimirpae MpuHIUIIOBY POJIb Y MOJYJIOBaHHI
romeocTaszy GSH i, BilIOBiAHO, 31aTHOCTI KIITHHU
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MPOTUCTOSATH 3rYOHHM e(eKTaM OKCHIATHBHOIO
ctpecy. [lonibHo mo iHmux BuIiB ApixkKiB GSH
BiJlirpae BaXKJIUBY POJIb Yy 3aXUCTI MPOTH KaJaMie-
BOro cTpecy i y apixmxiB H. polymorpha. 3oxpe-
Ma, MyTaHT Agsh2 H. polymorpha 3 TOMKOIXEHOIO
vGCS, BUABISB MiABHUILEHY YYTIHBICTH IO 1OHIB
kaamito [15] Ta XapakTepusyBaBCs IIiJBUIIICHOIO
BHYTPIIIHBOKJIITUHHOIO  aKyMYJISIIEI0  1OHIB
kaamito [16]. OkpiM 1pOTrO, MH TIOKa3ajd, IO
npikki H. polymorpha, nonibuo no S. cerevisiae,
HE CHHTE3YIOTh (itoxenatnnu, i GSH € ocHOBHUM
BHYTPIIIHBOKJIITUHHUM XEJIaTOPOM 10HIB KaaMilo
B I[bOTO BUJY APDKIKIB [16]. Binbire Toro, Hamu
OyJI0 TOKa3aHo, MO JIisl I0HIB KA Mil0 MPU3BOIHUTH
JO 3pOCTaHHS BMICTY 3arajlbHOrO KJIITHHHOTO
TIyTaTiony B ApikaxkiB H. polymorpha [15].

Meta poOoTH Tmoissiraia B JIOCIHIJKEHHI
TPaHCKPUNILINHHOI  peryisiuii  TeHy GSH2
H.  polymorpha, mo xomye mnepmuii €H3UM
Oiocunrezy rimytariony, YGCS y Binnosige Ha
KaaMieBHH cTpec. Y poOOTI MpOBEACHO aHami3
MOJIEKYJISIpHOI opranizauii npomortopy reny GSH?2
H. polymorpha, nociigxeHo 3anexHIiCTb MiX JOB-
XKUHOIO 5'-(hmaHkyrouoi HinsiHku reny GSH2 Tta
BIJITOBII/IF0 HA KaJMIEBHI 1 OKCHJAATHBHUU CTpeEC
1 BUBYEHO peryniauiro ekcrpecii reny GSH2 y
BIJIIOBIAb HA A1F0 10HIB KaIMIO.

Martepiauu i MmeTonn

Ximiuni cnonyku, peakmueu ma eH3UMU.
Bukopucrani B poOOTi XiMiYHI CIONyKH, peak-
TUBU Ta €H3UMH Oynu BUpoOHMUTBa ¢ipMm Sigma
(CILA), Reanal (Yropmuna), Fermentas (JIutsa),
NEB (CIIA), Promega (CLIA), Difco (CILA).
XiMi4HI pEaKTUBU BITYM3HSHONO BUPOOHMLITBA
KBaJigikamii X4 i ocu.

Hmamu Opisxcoxcie i pocmogi cepedoguuya.
Y poboti BukopucrtaHo wmtamu H. polymorpha
mukoro tuny CBS4732 leu2 (CBS, [enbd,
Hinepnannun), CBS4732 leu2-2 (Jlaxue K., Codis,
Bounrapis) i NCYC495 leul-1 (NCYC, Hopgiu, Be-
nuka bputanis), tpanchopmantu pG2 1 pG24 [17]
Ta penoprepHuil mram CBS4732 prGSH2-AOX
(CBS4732 mpomortop GSH2-AOX, wnama pobo-
ta). KImiTuHE ApiXIKIB BUPOLLYBalu B OaraTomy
cepenoBuili YPD (1% ApiIKOBOrO EKCTPAKTY,
1,5% mnentony i 1% rtmoko3u) abo YPEt (1%
JOPIKIKOBOTO eKcTpakTy, 1,5% mnentony i 2% era-
HOJy), a Takoxk y cepeposuiti YNB (0,67% YNB,
0,5% (NH,),SO, i 1-3% raroko3u) a0 CUHTETHYHO-
MY CEPEJIOBHILII, [0 MicTUIIO 1% TITFOKO3H, BITAMIHU
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Ta MikpoeneMeHTH [14]. 3rigHo 3 ayKCOTpOpHUMHU
norpebdamMu mTamis J10 1 J1 pOCTOBOTO CepeoBHUIIa
Oyuo nomaHo 250 Mr IeHITUHY.

Koncmpyiosanns ~ penopmepnoi  kacemu
prGSH2-AOX ma ooepoicanns peKoOMOIHAHMHO20
wmamy, wo micmums yio kacemy. 3 METOI KOH-
CTpyloBaHHSA penopTepHoi kacetu prGSH2-AOX
npomoTop reny GSH2 nosxunoro 1,832 T.a.H. Ta
BIJKPUTY paMKy TpaHCIALii 3 TEepMiHATOPHOIO
nocnigosHicTio (BPT-T) reny, mo Koaye aakoroib-
okcuyiasy (AOX) Oyisio aMrutihyikoBaHO 3a JIOMIOMO-
roto mnojimepasnoi nanmrorosoi peakuii (ITJIP) i3
BUKOPUCTAHHSAM BiAmoBiAHO mnpaiimepiB VU3SF/
VU37R ta VU38F/VU34R (tabn. 1) Ta reHoMHOi
JHK wramy CBS4732 leu2 H. polymorpha. ®par-
mentu [AHK, 1mo BiAmoBifaloTh MpOMOTOpPY TeHY
GSH2 ta BPT-T ninsaumi AOX, mociifjioBHO OyJi0
pO3LIeIIeHO eHJoHyKea3aMu pecTpukuii Hindlll
i Notl Ta omHOYacHO KiI0HOBaHO Y BekTop pGLGO1,
NIOTIEPE/IHBO JIIHEAPU30BaHHM 32 YHIKaJIBHUM caii-
tToM pectpukuii Notl (puc. 1, A, b). CxonctpyiioBa-
HY [J1a3Miay OyJi0 BAKOPHCTAHO AJIsl TpaHcopmMaltii
kit H. polymorpha mrtamiB NCYC495 leul-1
ta CBS4732 leu2-2. KioHH, 1m0 MICTHIIM DPEIOp-
TepHy kacety prGSH2-AOX, Bindupanu sik Leu'-
TpaHC(OPMAHTH 1 TECTyBald Ha aKTUBHICTH AOX
y KOHTPOJBHHUX Ta KagMidiHgykoBaHUX (50 MKM,
4 rom) yMOBax.

Monexynapno-eenemuuni memoou. 3arajibHi
maninymsii 3 JAHK 3gificHroBanu sk omucaHo
paniwe [18]. Jns ammumidikanii ¢pparmentis JJHK
3a gonomoroto [1JIP BukoprcTOBYBanu CHHTETHYHI
ONITOHYKJECOTUAHI  mpadimepu  ¢ipmu  IDT
Technologies (CLLA). Tpancdopmarito IpiskaxiB
H. polymorpha npoBogunu 3rinHo 3 [14].

bioximiuni  memoou. Bwmict  3arajbHOTO
kiaituHHOro riyrationy (GSH+GSSG) Busnaua-
My OE3KIITHHHHX EKCTpakTax sk onmucano [17],
a KOHLIEHTpalito mpoteiny — metonoM Jloypi, Bu-
KOPUCTOBYIOUM OMYauuii CHPOBATKOBUU abOyMiH
sk crapaapT [19]. dus Bumipy axtuBHOCTI AOX
KIITHHU JApUKIKIB H. polymorpha mnonepeaHbo
BHUpoInyBaiu B 5 mi cepenosuina Y NB (1% riro-
KO3H) MPOTSIToM Hodi. Jlasi KIITHHU NePEHOCUIIN Y
nBi kostou 3i 150 mu cepenopuma YNB (3% riiro-
xo3n) abo YPEt 3 mouarkosoro O/, ~~ 0,1. lo
OJHIET 13 BOX KOJIO mofaBaiu ionu kamMmiro (0,1—
100 MxM) abo ioHU Mifgi, HUHKY, XpoMy (25 MKM)
Ta IHKyOyBaJiu npotsarom 1,2 abo 4 rogus. Kiituau
30upaiu, ABiUi MPOMHUBAJIN BOJIOIO 1 3aMOPOIKYBaIH
IUISL TIOAAJIBIIOrO BU3HAYeHHs akTuBHOCTI AOX Ta
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A
SII NI BI
pGLG61 5,818 T.n.H. SZ
— I »>
Ap” Kan" HpLEU2 lacZ
b
SIT NI NI BI
prGSH2-A0X 10,722 T.1.H. HIII L
* VS
— >
Ap’ Kan" lacZ
1 T.0.H.

b
YRE XRE CREB

/
CDEI OSRE

Puc. 1. Jlinitini cxemu naaszmio. A: pGLG61 (5,818 m.n.n.); b: prGSH2-AOX (10,722 m.n.n.). @paemenm JHK
H. polymorpha, wo micmumo een LEU2 (HpLEU2) no3naueno mogcmoro ciporo cmyeoro; nociio08HiCmb npo-
momopy eeny GSH2 H. polymorpha — moscmum voprum 6iopizkom; BPT eeny AOX — nezabapénenoio cmyeoro;
mepminamop AOX — moscmum nocmyzoganum 8iopizkom, nociuioosnicme pUCI9 — monxoro uopnoro niHiero.
Cropouenns catimie pecmpuxyii: SII, Sacll; NI, Notl; Bl, BamHI; HIII, HindIIl. Y npomomopuiti dinanyi ceny
GSH?2 H. polymorpha nosnaueno timogipHi caimu 36 s13y8aHHsI MPAHCKPUNYIUHUX (hakmopie

Tabruysa 1. Oniconykreomuou, suxopucmani sax npatimepu oas IIJIP amniigixayii

Hassa IMocninoBHiCTh ‘ Caiit
[paitmepn st amrutidikarii TpoMoTopHOi AinsgHKY Teny GSH?2
VU3SF S TTGCGGCCGCCCAATGCTTTGGGACTTGAA-3 (Notl)
VU37R 5-CCCAAGCTTGGTCGATAAGGTTTTTCAGGAAAG-3' (Hind11I)
[IpaiimMepu ans ammutigikanii CTpyKTYpHOI Ta TEpMiHATOPHOI AiIsIHOK reny AOX
VU38F 5-CCCAAGCTTATGGCCATTCCTGACGAATTC-3’ (Hind11I)
VU34R 5“TTGCGGCCGCTGTGGCAACTCCAGCCTTGG-3' (Notl)

[linkpecneni HyKJICOTHIN BKa3yIOTh CAlT PeCTPHUKIII 3a3Ha4eHUH CrIpaBa

KOHIICHTpAIIii MpoTeiny. EH3uMaTHUHy aKTHBHICTH
AOX (1.1.3.13) y Oe3kJIITUHHUX EKCTPAKTax BU3Ha-
Yaiu sk Oyno onucano B po6orti [17]. [{ns Bumipy
akTuBHOCTI AOX y IpinIKOBUX KITITHHAX BUKOPH-
CTOBYBaJIM METO/I, onucanuii panime [20].

CraTucTUYHUI aHaNi3 311HCHIOBAIM 3a JOIO-
Moroto nporpamu SigmaPlot 11.0 13 3acTocyBanHIM
t-xputepito CThIOZIGHTA 1 KOPENSIIHHOTO aHaTi3y
[lipcena. Jlani mpexacraBieHo y Burisigi M + o,
n>2.
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Pe3yabraTi T2 00rOBOpPEHHA

Xapaxmepucmuka MmonekyisapHoi opeauizayii
npomomopy eeny GSH2 H. polymorpha. 5'-Onan-
Kylody IUIsHKY, po3mipoM 3712 mH. (AY195835)
reny GSH2 mramy CBS4732 H. polymorpha
(Gene Database Accession No AF435121) oOyio
pOoaHaJli30BaHO Ha TPUCYTHICTh IMOBIPHUX pe-
TYJISTOPHUX TIOCIHiIOBHOCTEH, IO MOXYTb OyTH
3aJIyueHi y BiJIMOBIAb HA OKCHJIATUBHHUU M 1HIITUH
BUJ cTpecy. Binrak, Oymno BusiBneno yotupu Y RE-
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caiitu 3 JIHK nmocninosroctsimu TTACTAA (-3497
3491 n.n), TGACAAA (-49 -43 n.H. Ta -3227
-3221 n.n) i TTACAAA (-1766 -1760 m.H.), aKi y
S. cerevisiae PO3MI3HAIOTBHCS TPAHCKPHUIILIHHUM
(akropom no3utuBHoOro Tumy aii Yapl [21]. Peryns-
TopHa ninsgHKareny GSH2 rakox MictuTh Tpu OSRE
enementH 13 JIHK mocmigosaocTsamu GGCTGGC,
GGCCAGA i1 GGCCCAGA, po3TalmioBaHUMHU B
IiasHKax -375 -369 1m.H., -3134 -3128 m.H. 1 -342 -335
IL.H. BIATIOBIHO, SIKi Y S. cerevisiae po3Mi3HAIOTHCS
TPAaHCKPHIIIHHUM (PAKTOPOM HETATHBHOTO THITY
nii Skn7 [21]. V minsati -1163 -1156 1.H BUSABIICHO
TGACGTCA 1nocaiIoBHICTG, 110 BIAIIOBIAA€ MOX-
JUBOMY CalTy 3B’SI3yBaHHS TPAHCKPHUIILIHHOTO
¢dakropa Creb/Atf1 npixkmxis S. pombe [22]. Pery-
nsitopHa ainsaka reny GSH2 H. polymorpha Taxox
mictuth Yotupu CDEI 3B’s13y104i caiiTk 3 KOHCEH-
cycnoro nociinoBHicTio T/GCACG, po3ramoBaHi
B nminsiHkax -419 -415 mu., -2042 -2038 m.H., -2865
-2861 m.u. Ta -3111 -3107 .H., axa y S. cerevisiae
PO3MI3HAETBCS  TPAHCKPUINLIHHUM  (DaKTOpoM
Cbfl [11]. Omnak S5'-¢uankyrodya AiSIHKA IbO-
ro TeHy HE MICTUTh >KOJHOTO CalTy 3B’I3yBaHHS
TpaHckpunuinHux ¢akropis Met3l 1 Met32. VY
S. cerevisiae nporeinn Met4 i Met31/Met32 € 3a-
JYYEHUMH B MO3UTHBHY PETYJSALII0 TPAHCKPUIILIi
reny GSHI y BignoBinp Ha kaamieuit ctpec [11].
VY mpomoropi reny GSH2 H. polymorpha taxox
imeaTUdikoBaHo XRE-3B’13y104i caliTi (xenobiotic
response element) 3 JIHK-mocmigoBHOCTAMH
GCGTG y no3wutii -629 -624 .. Ta CACGCAA —
y mo3umisnx -1325 -1331 m.u. 1 -3466 -3472 n.H. L
MOCJIIOBHOCTI B CCaBIIB pO3Mi3Hat0ThCsi AhR/
Arnt TpOTETHOBUM KOMILIEKCOM, IIO PEryioe
IeHH, 3aJIyueHi B MeTa0oJi3M KaHIICPOreHIB, Ta-
KuX 5K 2,3,7,8-TerpaxiiopogrOeH30-p-IiOKCHH Ta
NOJTIXJIOpUHOBaHKX Oienonis [23, 24].

Orxe, npoMoTOpHa nuisiHka reny GSH2
H. polymorpha micTUTh 3HaUHY KilbKiCTh perys-
TOPHHUX E€JIEMEHTIB, [I0 MOXKE MepeadavyaTd CKias-

HY PeryisIiio IOT0 TeHY Yy BIANOBIIb Ha pi3HI
CTpecopHi GaKkTopH.

Jlocniooicenns  3anesxcHocmi  Midc  008XHCU-
Hoio npomomopy eeny GSH2 ma 6i0nosioodio na
KaoMicsuil ma OKCUOAMUBHUL Cmpec y OpidcodiCcié
H. polymorpha. 3 MeTo10 AOCTIIKEHHS 3a7ICKHOCTI1
MiX JIOBXKHHOIO TpoMoTopy reHy GSH2 i
BIJIMOBII/IFO HA KaJMIEBUH Ta OKCUJATUBHUN CTPEC
y npixaxiB H. polymorpha 6yno Bukopucrano pG2-
ta pG24-TpancdopMaHTH, TONEPENHbO OJepKaHi
BHaciiziok koMmruiementaiii GSH-3anexHoro ¢e-
HOTUTY gsh2 MyTaHTHOro wmramy H. polymorpha
mrazmigamu pG2 ta pG24, Bignosiauo [17]. TpaHc-
¢opmantu pG2 ta pG24 BiOHOBIIOBAIM AUKUN
(deHoTHN 3a 3IATHICTIO 0 CHHTE3Y IJIyTaTioHY,
pocty Ha GSH-gmediuuTHOMY CHHTETHUYHOMY
CEPENOBUILI 3 PI3HUMH JKEpelaMU BYIJICILIO,
BKJTIOYAIOYM METAHOJI, 1 PEe3MCTEHTHOCTI A0 10HIB
kaamito (50 MKkM) 3a paXyHOK HasBHOCTI IIa3mif
pG2 ta pG24 [17], mo mictunau ren GSH2, 31 mta-
My CBS4732 H. polymorpha, mo xomye yGCS, 3
PI3HOIO JOBKHWHOIO 5'-(IaHKYIOUO01 TOCIiTOBHOCTI.
Perymsaropna minsaka reny, mo komye YGCS y
BHUINUX €BKAPIOT 1 JIOAWHM, CKIamae 1m0 4 T.ILH.
Amnani3 5'-gnankyrodoi nmocnijjoBHOCTI Teny GSH?2
H. polymorpha po3mipom 3712 1.H. BUSIBUB YOTH-
pu YRE, worupu CDEI, Tpu OSRE Ta ogun CREB/
ATFl — iMoBipHi 3B’SI3ytodi CalTH, SIKI MOXYTb
pO3Mi3HABAaTUCS BIJOMUMH  TPaHCKPHUIIIHHUMH
¢daktopamu (puc. 2). Ilopsag 3 muM, IpoMOTOp-
Ha ginsiHka reny GSH2 H. polymorpha po3mipom
450 m.H. XapaKTepHU3yeThCsl HAsIBHICTIO JIUIIE OXHO-
ro YRE, onnoro CDEI ta nBox OSRE iimMoBipHIX
eJIeMeHTiB (puc. 2).

Hocnimxenns wytiauBocti pG2- Ta pG24-
TpaHc(hOopMaHTIB NPOBOAMIM HA TBEPLOMY CHUH-
TeTUYHOMY CEPEOBHINI B TPHUCYTHOCTI PI3HUX
areHTiB, WO CIPUYMHIOIOTH OKCUIATUBHUM CTpEC.
[Tokazano, mo pG24-TpanchopMaHT i3 BKOpOUE-
HOIO JOBXKHHOIO MPOMOTOPHOI MUISHKH (450 1.H.)

o at o s e o s o

100 m.H.

=

Puc. 2. Cxema monexynaproi opeanizayii 5'-¢onanxyiouoi dinauku eeny GSH2 H. polymorpha posmipom 3712
i 450 n.n. Umosipui catimu 36’13y8anHs. MpancKpunyitiHux paxkmopie maxi K no3HayeHo Ha puc. 1
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€ UYYTIMBIIIMM JI0 10HIB KaJMit0, TiJPOreH Iep-
okcuny, Tept-OyTwi rigpornepokcuay (--BOOH),
MeTaHouy Ta (opmanbpaeriny mopiBHsiHO 3 pG2-
TpaHc(hOpMaHTOM, B SIKOTO IOBKKHA 5'-(hIaHKy0uoi
OUIAHKHA cKiagae 3712 ImLH.,, Ta IMITaMOM JUKOIO
turty NCYC495 leu 1-1 (Tadmn. 2).

Otxe, noBxuHa GSH2-npomMoTOpy B CKiali
mwasmign pG24 € HeIOCTaTHBOKO JUJIS TIOBHOLIIHHOT
perynsii excrpecii reny GSH2 3a BianoBiai Ha
KaJIMi€BHI Ta OKCUJATHBHUI CTPEC 1 CBIJYHUTH MPO
ICTOTHY POJIb CTPECONOCEPEIKOBAHUX PETYIATOP-
HUX €JIEMEHTIB, PO3TAlIOBaHUX y S'-puaHKylouii
ninsHIi Bume 450 m.H. BiJg modYaTKy iHimiarmii
TpaHCIsil.

Jocnioncennss  excnpecii  eeny  GSH2
H. polymorpha y 6i0nogiob na 0it ionié eajicko-
20 memany xaomito. st 3py4HOTO MOHITOPUHTY
excrpecii reny GSH2 H. polymorpha namu 0yio
CKOHCTpPYHOBaHO PenopTepHy KaceTy, IO MiCTUTh
CTPYKTYypHY uacTuHy reHy AOX mig TpoMoTo-
pom reny GSH2. Bigomo, mo ren AOX mimsrae
KaTaboNITHIN perpecii Ta eKCIpecyeThCs TUIIe 3a
HasSIBHOCTI MeTaHONy B cepenoBuili. OcoOnuBicTIO
cKkoHCTpy#oBaHoi kacetu prGSH2-AOX € 3naTHICTh
excripecyBatu TeH AOX mij yac BUpPOLIyBaHHS Ha
CEPE/IOBHILLI 13 TJIFOKO30H0 UM €TAHOJIOM, SIK €JIMHUM
JDKEpesioM BYTJICLI0, TOAl SIK HATMBHHMH T'eH 3a-
penpecoBanuii. Penpecito HatuBHOro reny AOX
MiITBEP/PKEHO IIJIIXOM BH3HAUCHHS aKTHBHOCTI
AOX y ApiXKKOBUX KOJIOHISIX Ta B OC3KJIITUHHUX
eKCTpaKTax NpiKIKiB H. polymorpha mramiB au-
koro tuny NCYC495 leul-1 ta CBS4732 leu2-2
BinnoBigHO (puc. 3, puc. 4, A, b). BukopucroByro-
4yu penoptepHy kacery prGSH2-AOX nociilikeHo
KOHIICHTPAIIIHY Ta 4aCOBY 3aJIe)KHICTh BiJIIOBIIL
npomotopy reny GSH2 H. polymorpha Ha nito i0HIB
Ba)KKOT0 MeTary Kaamito. [lokazaHo, mo 3i 3pocTaH-
HAM KoHUeHTpauii ioHiB kaamito (0,1-100 MxM)
criocTepiraeTbcs 3HUKEHHS akTUBHOCTI AOX sk

1 2 K4
S6 78

10111213
141516 17

NCYC

CBS

Puc. 3. Axicne eusmnavenns axmusenocmi AOX y
KIIMUHAax Opincoxcis, eupoujeHux Ha oOazamomy
cepedosuwyi YPD. Bykeor K nosnauenuii wumam ou-
kozo muny NCYC495 leul-1, a yugppamu — wmamu,
wjo micmame penopmepny kacemy prGSH2-A0X

Ha JApYyry, TaK i Ha YeTBEpTY TOAMHY iHKyOarii
(puc. 5). Y 3B’I3Ky 3 UM MOJAIbINI JOCIIKSHHS
BiANOBiAl mpomoropy reny GSH2 npoBonuiau 3a
HHU3bKUX KOHIeHTpalii ioniB Cd** (0,1; 1; 10 MxM)
MIPOTSITOM OJIHI€T, IBOX Ta YOTUPHOX TOAMH 13 KYJIb-
TUBYBaHHSIM y MiHiMasibHOMYy YNB- Ta Gararo-
My YPEt-cepenoumax. [ligBuIIeHHsT aKTHBHOCTI
AOX Ha 29% cnocrtepiraiu B KJIITHHAX, KyJIbTH-
BOBaHUX y OaraToMy CEpelOBHII 3a JIBOTOJHHHOI
iHky0arii 3 1 1 10 MxM Tta 25% — 13 KOHIIEHTpaIli€ro
Cd?* 0,1 MxM i ninsumenns aktusHocti AOX Ha
18 Ta 33% BiAMIYE€HO IPOTATOM OJIHI€T TA YOTUPHOX
roguH iHkyOarii 3 10 Ta 1 MKM KOHIIEHTpaIli€0
Cd*" BigmoBimHo (puc. 4, A). 3a KyJnbTUBYBaHHS
KJIITHH Y MiHIMaJIbHOMY CEPEOBHUIII ITiIBUIIICHHS
aKTHBHOCTI (Ha 25%) crocTepiraiy Julle Ha 4YeT-
BepTy roguny inkyoauii 3 0,1 MkM KoHIIEHTpaui€eio
Cd* y cepemoBullli MOPIBHSHO 3 KOHTPOJIBHUMH
yMmoBamu (puc. 4, 5). OkpiM 1pOro, BiAMIYEHO 3pO-
CTaHHS a0CONIOTHMX 3Ha4yeHb akTuBHOCTI AOX y
PENOPTEPHOTrO MTaMy, K Y KOHTPOJIbHUX YMOBaX,
Tak i 3a iHkyOanii 3 ionamu kaamito (0,1; 1; 10 MmxM)
Ha JpYyTy Ta 4eTBEPTY T'OJUHY, 32 KYJIBTHBYBaHHS
B 0araromMy CepeioBUIIIl MOPIBHSIHO i3 CHHTETHY-
HuM cepenopuiieM (puc. 4, A, b). Oqnak nopsz i3

Tabruys 2. Yymausicmo pG2- ma pG24-mpancgopmanmis i3 pisHOW 008HCUHOW 5'-(hranKkyouoi OinsaHKu
eeny GSH2 H. polymorpha 0o ¢paxmopie, wo cnpuuuno0ms OKCUOAMUSHUL CIpeC

IItam KoHTpors Meranon, | CdSO,, H,0,, +-BOOT, | ®opmanberif,
3% 75 MxM 1,5 MM 0,1 MM 1,5 MM
NCYCA495 leul-1 +++ +++ ++ ++ +++ +
pG2-TpancdopmaHT +++ +++ ++ ++ +++ ++
pG24-tpanchopmaHT +++ + - + + _

t-BOOT — T1epT-OyTHI TiAPONEPOKCHT; PICT APKIKIB Ha BiAOUTKAX micis 3 nHiB iHKyOarii 3a Temmneparypu 37 °C:
(+++) my»e iIHTEeHCUBHHH picT; (++) IHTEHCUBHUH picT; (+) cnabkuii pict; (—) BiACYTHIiH picT
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Puc. 4. Axkmusnicmo AOX (mxmonvxe™-me npomeiny™) y opiocooncie H. polymorpha penopmepnozo wma-
my CBS4732 prGSH2-AOX ma wmamy ouxoeo muny CBS4732 leu2-2 y pasi eupowysanns ¢ bazamomy
cepeoosuwyi YPEt (4) abo 6 cepedosuwi YNB i3 3%-10 enoxoszoro (B) i hacmynnoio inkyoayicio o6e3 (K) ma 3
ionamu xaomiro (0,1; 1; 10 mxM); * P < 0,05 y nopieusuni 3 8i0N06iOHUM KOHMPOLEM, KOPEIAYIUHUL AHAI3
miowe akmuenicmio AOX ma mpusanicmio inkyoayii 6 cepedosuwi YPEt (P < 0,05, koedh. kopensyii -0,622)

LIUM CIIOCTEpirajach TEHCHIIIS 10 3HUKESHHS a0CO-
JIFOTHUX 3HAa4eHb akTUBHOCTI AOX 31 301JIBIIICHHSIM
yacy iHKyOaii — sik 6e3 10HIB KaAMil0 (KOHTPOIbHI
yMOBH), Tak i 3a ix npucyTHocTi (0,1; 1; 10 MKkM)
(puc. 4, A).

JlonatkoBo OyJIO OIIHEHO PETYJISIII TPOMO-
topy reny GSH2 H. polymorpha y BiATIOBi b Ha Ti10
IHIMUX BakKUX MeTaniB. [lokasaHo, Mo iHKyOaIis
3 10HAMH MiJi, IMHKY Ta XpOMY B KOHILIEHTpaIlii
25 MKM mpOoTAroM ABOX Ta YOTUPHOX FOJIUH HE IIPU-
3BOJUTH JI0 ICTOTHOTO 3pOCTaHHS aKTUBHOCTI AOX
MOPIBHSIHO 3 KOHTPOJIBHUMHU YMOBaMHu (puc. 6).

Hocmimxenns  ekcnpecii  reny  GSH2
H. polymorpha 3a nomnomMororw pernopTepHol Kace-
™ prGSH2-AOX BKa3ylOTh JIMIIe Ha CJIa0Ki 3MiHH
B €KCIIpecii 1bOTO TeHY y BIJINOBI/Ib HA JIiF0 10HIB
kaamiro. KagmidiinaykoBaHa excripecis reny GSHI
S. cerevisiae moTpebye TPaHCKPUIIIHOTO ak-

80

tuBatopa Met4 i JIHK-3B’13yBanbHUX MPOTEiHIB
Met31/Met32 [11]. Bigrak, ojHi€0 i3 npuduH c1ad-
KUX 3MiH B ekcnpecii reny GSH2 H. polymorpha
y BIATOBIIb Ha [0 IOHIB KaaMil0 MOxe OyTH
BIJICYTHICTh calTiB 3B’s3yBaHHa Met31/Met32
OPOTEIHIB Yy MPOMOTOPHIM MAINSHII IBOTO TEHY.
Onnak y apikmkiB H. polymorpha, noniono no
S. cerevisiae Ta S. pombe [25], BIIMIYEHO 3pOCTaH-
Hsl BMICTY 3arajbHOTO KJIITHHHOTO INTyTaTioOHY IiJl
BILJIMBOM i0HIB Kaamito [15] (puc. 7). binbie Toro,
HEIOJIABHO OyJI0 TMOKa3aHO 30iJbIIEHHS BKJIIO-
4yeHHs1 MiueHoro **S-nmcteiny B GSH y apixmkiB
H. polymorpha 3a nii ioniB kanmito [26]. Lli maHni
MIEPEKOHJIUBO CBIYaTh HA KOPHUCTH IiJBUIICHHS
0ioCHHTE3y Iy TaTioOHY ITiJl BINIMBOM 10HIB KaJMilo.
OCKiTbKH B YMOBax KaJMI€BOTO CTpecy APiKJIKi
H. polymorpha,ionioHo 110 S. cerevisiae, akTUBYIOTh
CipKo30epiraJlbHUI MUISX TOPS i3 CIpKOBMICHHM
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Puc. 5. Axmuenicmo AOX (mxmonvxe”’-me npomeiny”) ¢ penopmepnozo wmamy CBS4732 prGSH2-AOX
opiacoxcie H. polymorpha 3a eupowysanns ¢ cepeoosuwi YNB 3 3%-10 enioxk03010 3a npucymuocmi pisHux
KOHyenmpayii ionie kaomiro, * P < 0,05, ** P < 0,005 y nopieusnHi 3 6i0N0GIOHUM KOHMPOIeM,; KOPEAAYIUHULL
amaniz misxc Komyenmpayieio ionie xaomiro ma axmusnicmio AOX na opyey (P < 0,005; xoeg. xopensyii
-0,960) ma uemsepmy (P < 0,05, koegh. kopensayii -0,873) coouny inkyoayii
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Puc. 6. Axmusnicmo AOX (mxmonwvxe™me npomeiny”) 6 penopmepnozo wmamy CBS4732 prGSH2-AOX
opiocooicie H. polymorpha 3a supowyysanns y cepedosuwyi YNB 3 3%-10 entoxosoro 6e3 (K) ma 3 ionamu mioi,
YuHKy abo xpomy 6 konyenmpayii 25 mxM; * P < 0,05 y nopieHsaHHI 3 8i0N08IOHUM KOHMPOeM

aAMiHOKHMCJIOTHUM LUISXOM Ta MO3UTHUBHO PETYIIIO-
I0Th EKCIPECiI0 TPaHCIOPTEPiB 10HIB cynbdary Ta
IHIIMX TeHIB HUISIXY acuMuIILii cipku [27], MOX-
Ha MPUIYCTUTH, IO 3POCTAHHS BMICTY KJIITHHHOT'O
TIIyTaTiOHy y ApikIKiB H. polymorpha 3a nii
KaJIMiI0 MOKe OyTH IOB’S13aHO 31 3pOCTaHHSAM HaJl-
XOIDKCHHS CIPKH B Iy TaTioHOBHH nuisx. [lo3utus-
Haperynsuisreny CYSD, o kopgye HUCTEIHCUHTA3y
(4.2.99.8.), Ta HeratuBHa perynsuis reny MET6, mo
Konye romouucteinmMeruiatpanchepasy (2.1.1.10),
sIKa OIIOCEPEIKOBYE MEPETBOPEHHS TOMOLMCTEIHY
B METIOHIH TMijJ BIUIUBOM IOHIB KaaMil0 Yy
H. polymorpha, Takox CBITYHTH HA KOPUCTb TTOCH-
JICHOTO BiJITOKY CIPKH Yy INTyTaTiOHOBHM LUISIX [27].
Binomo, 1m0 TokcnuHi epeKTH KaaMito MPU3BOISTH
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JI0 OKCHUJIATUBHOTO CTpPECY, SIKH, Y CBOI 4epry,
BILJINBA€ HA 3MiHY OKHCHO-BIJTHOBHOT'O IOTEHITIATy
kriTuHA. He BUKITIOYEHO, 1110 MO3UTUBHA PEryJIsilisl
0locHHTE3y TIJyTaTiOHy B YMOBaxX OKCHAATHBHO-
ro cTpecy, CIPUYUHEHOrO i0HAMH KaJMiI0, MOXKE
OyTH HACIIiIKOM IMOCTTPAHCIAII HHUX MOU(iKaIiit
vGCS npixknxiB H. polymorpha, nogiOHo 10 TOTO
sk Oyno nokaszaHo ans yGCS pocnun [28]. Oxpim
1IBOT'0, HEIIIOAABHO OYJI0 MOKa3aHO, IO 10HU KaJIMit0
iHrioyroTh nerpanaiito GSH y S. cerevisiae [29].
Binrak, 3pocTaHHS BMICTY KIIITUHHOTO Ty TaTIOHY
y BIAMNOBiAb Ha Jil0 IOHIB KaaMil0 MOXe OyTu
HACJIIKOM HE JuIle minBuileHHs cuHTesy GSH
[25], a i 3HMKEHHS Horo Aerpaxaaiii [29)].
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Puc. 7. Pigenv xnimunnozo GSH+GSSG (Hmonv-me
npomeiny”) y penopmepnozo wmamy CBS4732
prGSH2-A0OX Oopixcoxcie H. polymorpha s3a eu-
powysanns y cepeooguwyi YNB 3 3%-10 enioko3oi0
3 Hacmynuow iHKyOayieo 6Oe3 (K) ma 3 ionamu
xaomiro (0,1; 1; 10 mxM); * P < 0,01, ** P < 0,005
NOPIGHAHO 3 8IONOBIOHUM KOHMPOLEM

Otxe, moxibno mo reny GCSI S. pombe nis
IOHIB KaaMil0 IMPU3BOIHUTH IO CIIA0KMX 3MiH B
ekcnpecii reny GSH2 H. polymorpha, Ha BiaMiHY
Bil cuibHOI iHAYKWOii ekcmnpecii reny GSHI
S. cerevisiae. TlokazaHno, 1o excrpecisi reny GSH2
HE KOPETIOE 3 TMABUINEHHSIM BMICTY 3arajbHO-
ro KIITHHHOTO TIyTaTiOHy 3a iHKyOarii 3 ioHaMu
KaJIMil0 y MiHIMaJbHOMY cepenoBuili. Bucnosie-
HO MPHUIYIICHHS, IO 3pOCTaHHS PiBHS 3arajibHOr0
KJIITHHHOTO Iy TaTiOHY B YMOBaX KaJMi€BOTO CTpe-
cy B IpixmxkiB H. polymorpha He KOHTPONIOETHCS
Ha piBHI TpaHckpunuii reny GSH2, mo koamye
nepmuii eH3uM OiocuHTe3y riyTtariony (YGCS).
[lincymoBytoum, CiIiji 3a3HAYUTH, MO 3POCTAHHS
BMICTy 3arajbHOTO KJIITHHHOTO TIYTaTiOHYy 3a Iii
10HIB KaaMit0 B IpIKIKIB H. polymorpha moxe Oy T
MOB’SI3aHO 31 3HHMIXKEHOIO JIETPaJIaIli€l0 TIyTaTIOHy
i/a00 3 TO3UTUBHOI PETYJSIIEId O0I0CHHTE3Yy
TIYTaTIOHY, sKa BKJIIOYA€ NEKIIbKA acIeKTiB, 30-
Kpema, cipko30epiraibHul eeKT, 3pOCTaHHs HaJl-
XOJIKEHHS CIPKHU B TIIyTATIOHOBHUH MIISX BHACIIJIOK
MO3UTUBHOI PEryJisilil MOTIMHAHHS Ta aCUMIIALIT
HEOPraHiuHOi CIpKH i3 30BHIIIHBOKJIITHHHOTO C€-
penosuma i/abo MoxnuBy perymsmiro YGCS Ha
MOCTTPAHCISALIKHOMY DiBHI y BiJIOBiJb Ha 3MiHY
OKHCHO-BIJTHOBHOT'O IMOTEHITiay KIITHHH.

CkoHcTpyHoBaHHI B POOOTI pernopTepHU
mram CBS4732 prGSH2-AOX moxe cyryBaTH Mo-
JIEJUTIO 711 BUBYCHHS BIATIOBIZII TPOMOTOpPY TEHY
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GSH2 H. polymorpha Ha pi3HOTO pOAy areHTH, 0
CIIPHYUHIOIOTH CTPEC, TaKi K €TaHOJ, METaHOI,
(dbopmaibaeria, opraHiYHUI Ta HEOPraHIYHUH TIep-
OKCHJIM, MEHAIOH, 1-x10p0-2,4-1HHITpOOCH3eH Ta
1HIII CIIOTYKH.

TPAHCKPUIIIIUOHHAS PET YJISILUSL
I'EHA GSH2 Hansenula polymorpha

B OTBET HA JJEMCTBUE MOHOB
KAJIMUSA

A. B. Bnaswcenxo, A. b. Komnapuyk,
‘B. M. Youiieosk

WucturyT 6nonoruu kinetku HAH Ykpaunnsl, JIbBoB;
e-mail: Oleksandra.Blazhenko@googlemail.com

Panee Hamu ObuT KITOHHpOBaH reH GSH2, 4to
KOIMpYyeT y-TayTamuinuctenHcuarerasy (YGCS)
y npoxkeit Hansenula polymorpha. B 3toit pa6o-
T€ MPOBEICH aHAJIU3 MOJICKYJSPHOM OpraHu3aluu
npomotopa reva GSH2 H. polymorpha u oOHapy-
JKCHbI BEPOSITHBIC CAlThl CBA3BIBAHUS TPAHCKPUII-
nnoHHBIX (hakTopoB Yapl, Skn7, Creb/Atf1 u Cbfl.
BbisicHeHO, 4TO AJIs TIOJIHOLIEHHOH PeryJssiluu KC-
npeccuu reHa GSH2 B OTBET Ha KaJIMUEBBIM U OK-
CHJIaTUBHBIN cTpecc He0OXoauMa AJIMHA IPOMOTO-
pa GSH2 6onbme 450 N.H. OT Ha4Yana WHUIUAITU
TpaHcasauuu. st uccienoBanusi TPaHCKPUILIMOH-
Holl perynsunu reHa GSH2 H. polymorpha cxon-
CTPYUPOBaH PEKOMOMHAHTHBIM IITAMM, YTO HECET
PENOPTEPHYIO KacceTy, y KOTOPOH PeryJisiTOPHBIH
yuacTok reHa GSH?2 pasmepoM 1,832 T.0.H. cAUT cO
CTPYKTYPHBIM U TEPMHUHATOPHBIM y4acTKaMU I'eHa
aJKoroibokcuaassl. Ilokazano, 4To TpaHCKpUIILUS
reHa GSH2 H. polymorpha makcuManbHO BO3pac-
TaeT Ha 33% B TOJTHOM NMUTATEIBHOM Cpene MpHu
4-qacoBori nHKyOanmu ¢ 1 MKM KOHIIEHTparuei
MOHOB KaaMusa. B MuHuManbHON cpene skcrmpec-
cus reHa GSH2 He KOppeiaupyeT ¢ yBEJIMYECHHUEM
YPOBHS OOLIEr0 KJIETOYHOrO IIyTaTHOHA IIPU JACH-
CTBUH MOHOB KagMmusi. BeickazaHo npennonaoxeHue,
YTO YBEJIMYCHHUE COACPIKAHUS OOLIEro KJIETOYHOrO
IJIyTaTHOHA NPU KaJMHEBOM CTPECCE y IPOXIKEH
H. polymorpha, BeposTHO, HE KOHTPOJIUPYETCS Ha
ypOBHE TpaHcKpunuuu resa GSH2.

KnoueBpie cnoBa: ren GSH2, TpaHc-
KPUNIMOHHAST PEryJsus, TIYTaTHOH, KaJMHA,
Hansenula polymorpha.
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TRANSCRIPTIONAL REGULATION OF
THE Hansenula polymorpha GSH2 GENE
IN THE RESPONSE TO CADMIUM ION
TREATMENT

O. V. Blazhenko, A. B. Kotlyarchuk,
‘ V.M. Ubiyvovk‘

Institute of Cell Biology, National Academy
of Science of Ukraine, Lviv;
e-mail: Oleksandra.Blazhenko@googlemail.com

In a previous study we cloned GSH?2 gene, en-
coding y-glutamylcysteine synthetase (YGCS) in the
yeast Hansenula polymorpha. In this study an analy-
sis of molecular organisation of the H. polymorpha
GSH2 gene promoter was conducted and the po-
tential binding sites of Yapl, Skn7, Creb/Atf1, and
Cbf1 transcription factors were detected. It was es-
tablished that full regulation of GSH2 gene expres-
sion in the response to cadmium and oxidative stress
requires the length of GSH2 promoter to be longer
than 450 bp from the start of translation initiation. To
study the transcriptional regulation of H. polymor-
pha GSH2 gene recombinant strain, harbouring a re-
porter system, in which 1.832 kb regulatory region of
GSH?2 gene was fused to structural and terminatory
regions of alcohol oxidase gene, was constructed. It
was shown that maximum increase in H. polymor-
pha GSH2 gene transcription by 33% occurs in the
rich medium under four-hour incubation with 1 uM
concentration of cadmium ions. In the minimal me-
dium the GSH2 gene expression does not correlate
with the increased total cellular glutathione levels
under cadmium ion treatment. We assume that the
increased content of total cellular glutathione under
cadmium stress in the yeast H. polymorpha probably
is not controlled on the level of GSH2 gene transcrip-
tion.

Key words: GSH2 gene, transcriptional
regulation, glutathione, cadmium, Hansenula
polymorpha.
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