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PUBLIKATSIOONIDE LOETELU

1. Design, synthesis and properties of novel pawearitioxidants, glutathione analogues.
Kersti Ehrlich, Sade Viirlaid, Riina Mahlapuu, Kilidl Saar, Tiiu Kullisaar, Mihkel Zilmer,

Ulo Langel, Ursel Soomets. Free Radical Reseanghess.



KASUTATUD LUHENDID

CAT - katalaas

DCC - ditstikloheksutlkarbodiimiid

DCM - diklorometaan

DIEA - N,N-diisopropuuletatlamiin

DMF - N,N-dimetudlformamiid

DMSO - dimetutlsulfoksiid

DPPH - a,a-difentulf-pikridlhidrasidl radikaal
EDT - 1,2-etaanditiool

Fmoc - 9-fluoreniilmetoksikarbonul

GCL - glutamaat-tsusteiini ligaas

GCS -y-glutamuultsusteiin stintetaas

yGT -vy-glutamuidltransferaas

GPx - glutatiooni peroksudaas

GR - glutatiooni reduktaas

GS - glutatiooni slintetaas

GSH - glutatiooni redutseeritud (monomeerne) vorm
GSSG - glutatiooni oksludeeritud (dimeerne) vorm
GST - glutatiooni S-transferaas

HF - vesinikfluoriidhape

HKR - HEPES Krebs Ringer lahus

HOB! - 1-hudrokstibensotriasool

LDH - laktaadi dehtidrogenaas

MALDI-TOF - matrix-assisted laser desorption ionization time-of-flight
MAP - model amphipathic peptide

MBHA - 4-metuulbenshudruulamiin

MTX - metotreksaat

O, - superoksiidi radikaal

OH’ - hiudroksuilradikaal

ONOO - peroksunitrit

RNS - reaktiivsed lammastiku osakesed

ROS - reaktiivsed hapniku osakesed



SOD - superoksiidi dismutaas

TBTU - 2-(1H-bensotriasool-1-tl)-1,1,3,3-tetram@tifoonium tetrafluoroboraat
TFA - trifluorodéadikhape

THA - tereftaalhape

TIS - triisopropddlsilaan



SISSEJUHATUS

Inimorganismi elutegevuse kaigus tekib pidevalt mapniku kui lAmmastiku reaktiivseid
osakesi (vesinikperoksiid, J,; peroksunitrit, ONOO ; hipokloorishape, HCIO).
Reaktiivsete osakeste alaliigiks on vabad radikaaliis omavad vahemalt tGhte paardumata
elektroni (superoksiidi radikaal,,O ; hidroksuilradikaal, OH’). Vaga vaikestes kdlitud
kogustes on nad vajalikud fusioloogiliste funktsimte taitmiseks ning nende hulk on rangelt
kontrollitud antioksudatiivsete kaitsemehhanismigmolt. Olukorda, kus organismi
antioksudatiivsed kaitsemehhanismid ei ole enanmebsed hoidma reaktiivsete osakeste
taset normis, nimetatakse okstidatiivseks stresSisjuhul hakkavad reaktiivsed osakesed
kahjustama organismi biomolekule, nagu valgud,digija DNA ning nihutavad rakkude
redokstasakaalu oksudeerituse suunas, mis omakoi@ia kaivitada patoloogilisi
mehhanisme. Sigav kestev oksidatiivne streggh (Qrade oxidative stress) omab rolli
mitmete haiguste patogeneesis nagu kardiovaskelhamaigused, neurodegeneratiivsed
haigused, teatud tuulpi vahkkasvajad, infektsioamitg on tGendoliselt seotud ka stressi,
vananemise ja kurnavate flusiliste pingutuste lsiigtekkivate kahjustustega.
Antioksudatiivne kaitsesisteem koosneb reaktiivseiddakesi kahjutuks tegevatest
ensuimidest  (superoksiidi  dismutaas, katalaas, atghon  peroksiidaas) ning
madalamolekulaarsetest Uhenditest (glutatioon, miita C, vitamiin E, ubikinoon,
karotenoidid, kusihape, flavonoidid), mis on voiisell elimineerima vabu radikaale [1].
Sealjuures on glutatioon tahtsaim rakusisene Vieestav antiokstidant ning glutatiooni
taseme langus on oluliseks riskifaktoriks okslUda#ist stressist tingitud haiguste
valjakujunemisel. Seet6ttu otsitakse lahendusid&siikompenseerida glutatiooni ststeemi
funktsionaalsuse langust. Perspektiivne voimaludlelse on glutatiooni analoogide
kasutamine, see tdhendab, et on vajalik nendendsaiintees.

Kéeolevas t60s on uuritud Biokeemia Instituudsadiitud ja stunteesitud glutatiooni
peptiidsete analoogide raamatukogu. Testiti antegtiplide stabiilsust, mittetoksilisust
rakukultuurile ning vdimet elimineerida hidroksi#iikaali ja DPPH radikaali. Eesmargiks
oli disainida Uhendid, mis oleks efektivsemad ekgiidandid kui glutatioon ja selgitada
struktuurseid iseédrasusi, mis on aluseks tugevatiekstdatiivsuse tdusule. Kaesoleva t66
kaigus kogutud teadusinformatsioon aitab UPF paigei raamatukogust valida valja
sobivaimad Uhendid, mida uuritakse edasi erinedateakatse mudelites.



KIRJANDUSE ULEVAADE

Oksudatiivne stress ja vabad radikaalid

Organismi elutegevuse kaigus tekib pidevalt haprjkuammastiku reaktiivseid osakesi.
Kitsam mdoiste on vabad radikaalid - Ulireaktiivdétikese elueaga osakesed, mis omavad
vahemalt Uhte paardumata elektroni vélisel elekifoh Vaga vaikestes kontrollitud
hulkades on reaktiivsed osakesed vajalikud fusgilmsbe funktsioonide taitmiseks nagu
mikroorganismide vastane Kkaitse, kehav@o0raste aindetoksifikatsioon, signaalide
vahendamine ja mitmed biosinteesi reaktsioonid.kftesete osakeste tase on hoolikalt
kontrollitud antiokstidantse regulatsioonisisteemoolp Olukorda kus organismi
antioksudantne kaitsestisteem ei ole vdimeline haideaktiivsete osakeste hulka allpool
kahjustavat taset, nimetatakse oksudatiivsekss#tresReaktiivsete hapniku osakeste (ROS)
tdhtsaimad allikad on mitokondriaalne elektronidanspordi ahel, ksenobiootikumide
metabolism ja pdletik. Peamised ROS on superoksiidikaal (Q ), hidroksuilradikaal
(OH) ning vesinikperoksiid (kD,) [1].

Superoksiidi radikaal tekib elektroni lisandumisel hapniku molekulile, O reaktiivsus
vorreldes teiste ROS-ga on madal, aga ta on primeaaaba radikaal — ks esmaseid, mis
fusioloogiliste reaktsioonide kaigus tekib ja mslieéekivad edasi teised reaktiivsed osakesed.
O,  produtseerib suurimates kogustes fagotsiitideD(RA oksidaas kaitseks
voororganismide vastu [2]. Lisaks tekib superokgiatlikaali puriinide katabolismi enstiim
ksantiini okstidaasi t66s ja neid vabaneb mitok@adisest hingamisahelast.
Hudroksuulradikaal on inimorganismi reaktiivseim vaba radikaal. T&ilkeFentoni vOi
Haber-Weiss'i reaktsiooni kdigus muutuva oksudatgsimega metalliioonide toimel (raua
ja vase ioonid) aga ka ioniseeriy&kiirguse toimel [3]. Fentoni reaktsioonis on |&diteeks
vajalik H,O,, Haber-Weiss'i reaktsioonis O ja HO,. OH’ rlindab kdiki tilipe biomolekule:
susivesikuid, lipiide, valke ja DNA-d [4]. Sealjas on OH ks tahtsaimaid lipiidide
peroksudatsiooni initsiaatoreid, eemaldades polagi@mata rasvhappelt (peamiselt
membraani fosfolipiidilt) vesinikuaatomi ning kédiates vabaradikaalse ahelreaktsiooni [4,5].
Vesinikperoksiid tekib peamiselt @ eliminatsiooni kaigus ensiim superoksiidi disrasit
(SOD) toimel. Vesinikperoksiid on vahereaktiivnesmuste biomolekulide suhtes, kuid tal on
hea difusioonivbime ja omadus labida rakkude meared3].



SOD
Oy +0," + 2H" > H.,O, + O,

Lammastikoksiidi radikaal (NO’) ja peroksunitrit (ONOO ) on tahtsaimad reaktiivsed
lammastiku osakesed (RNS). Kuna lammastikoksiid mpaardumata elektroni, siis on ta
vaadeldav vaba radikaalina. La&mmastikoksiidi predatib L-arginiinist lammastikoksiidi
stintaaside perekond ning ta t66tab organismis eentés |6dgastajana ja sekundaarse
vahendajana [3]. NO' reaktiivsus mitteradikaalsetelekulide suhtes on madal, kuid
reageerib Kiiresti teiste reaktiivsete osakestdg@. ja O, vahelisel reaktsioonil tekib
peroksunitrit (ONOO ). Tekib tugevam oksildeeriv nidheja lammastikoksiidi &ra

kasutamine, mille t6ttu vaheneb veresoonte |160gas{a].

Antiokstidantsed kaitsemehhanismid

Antiokstdandid on Uhendid ja enstimid mis juba vagadalas kontsentratsioonis on

suutelised takistama, véltima voi likvideerima vadaadikaalide jt. reaktiivsete osakeste

kahjulikke toimeid. Organismi antioksldatiivne ls@isiisteem koosneb jargmistest osadest,

mis taidavad oma rolli koosto6s Uksteisega:

¢ Antiokstdantsed ensuumid: superoksiidi dismuta@s eliminatsioon, tekib bD-;
katalaas (CAT) - KD, eliminatsioon; glutatiooni peroksidaas (GPx).Oklja lipiidsete
peroksiidide eliminatsioon.

e Reaktiivsete osakeste puudjad/korvaldajad: glutatiovitamiin C, vitamiin E, ubikinoon,
karotenoidid, kusihape, flavonoidid.

e Preventiivsed valgulised antioksudandid — raua fsev sidujad (apotransferriin,
tseruloplasmiin).

e Reparatsioonienstimid, mis  kdrvaldavad juba telkinukahjustusi (DNA

oksukahjustused).

Glutatiooni stisteem

Glutatioon (GSH) omab keskset rolli inimkeha ansiofatiivses kaitsestisteemis, olles kdige
laialdasemalt esinev madala molekulmassiga tiokkudes, mida esineb millimolaarsetes
kontsentratsioonides (1-8 mM). Glutatioon on trifgdp mis koosneb aminohapetest

glutamaat, tsusteiin ja glutsiig-L-Glu-L-Cys-Gly) ning tal on kaks struktuursetdsasusty-



glutamudlside ja sulfudradlrihm (Joonis 1). Gludatii siisteemiga seotud enstiiime kirjeldab
joonis 2. GSH oksudeerub dimeersesse vormi (GS&4g)eerides mitteenstimaatiliselt teatud
reaktiivsete osakestega (hudroksuulradikaal, hiqmuldhape, peroksunitrit) [1,3]. GSH on

kofaktor seleen-sdltuvale enstumile glutatiooni opsildaasile, mis on (ks peamisi

vesinikperoksiidi ja rasvhapete hudroperoksiididieni@eerijaid. GSH kasutamine muudab

glutatiooni redoksstaatust rakus, mis on definedrikui GSH/GSSG suhe (normaalses
seisundis 100 vo&i rohkem) [7,8]. Glutatiooni redsidse on paljude raku metaboolsete
protsesside regulatsiooni ja redokstundlike trapskioonielementide aktivatsioonis

printsipiaalne faktor [9]. Pikaaegne tugev oksldaé stress, millega kaasneb GSH varu
vahenemine, viib rakusurmani. Vastuseks oksudafevstressile kasutab rakk erinevaid
meetodeid, et hoida seda suhet normaalsena. T@htsaiglutatiooni reduktaas (GR), mis

redutseerib tekkinud intratsellulaarse GSSG glotetiks.

GPx
H,O, + 2GSH— 2H,0 + GSSG

GR
GSSG + NADPH + H— 2GSH + NADP

Kuigi GR tddtab suhteliselt kiiresti, voib GSSG gearida valkude sulfudrutlrihmadega,
andes valk-glutatioon segadisulfiide. Segadisutfidmavad pikemat eluiga kui GSSG ja
neid on rakus markimisvaarne tase. See vahetusieakt on ks mehhanisme, kuidas

glutatioon osaleb rakkude signalisatsioonis [10].

GSSG + valk-SH- valk-SSG + GSH

Normaalse rakusisese GSH/GSSG taseme sailitamitmksub ka ATP-sOltuv GSSG
transport rakust valja. Ekstratsellulaarne GSH ¢ma konjugaadid on substraadiks
ektoensuumy-glutamudltransferaasiley@GT), mis katallisiby-glutamaadi ja CysGly teket.
CysGly hudroliisub ektopeptidaasi toimel tsustlksinia glatsiiniks, mis uuesti vdetakse
rakku ning tarvitatakse glutatiooni resunteesikslut&@ioon kui nukleofiil reageerib
endogeensete ja eksogeensete elektrofilsete (bgadi ning enamus nendest
detoksifikatsioonireaktsioonidest on vahendatudtagiooni S-transferaaside (GST) poolt
[11]. Lisaks aitab glutatioon taastada/sdilitaddkwae sulfudradlrihmi funktsionaalses

redutseeritud seisundis. Glutatiooni konjugatsideiste molekulidega ja GSSG transport



rakust valja kulutavad raku glutatiooni varusidsnaastatakse glutatioode novo stinteesi
abil.

SH
O

H
H.N N COOH
2 MH ~

COOH O

Joonis 1.Glutatiooni valem (Ly-glutamuul-L-tststeintdl-glutsiin)

Glutatiooni siinteesis osalevad kaks ATP energiauteaat tsitosoolis paiknevat
enstiumi. Raskest katalUdtilisest subuhikust ja ésrgegulatoorsest sublhikust koosnev
glutamaat-tsusteiin ligaas (GCL), varasema nimgaugelutamuuiltsisteiin sintetaas (GCS)
lidab esmalty-glutamaadi ja tsUsteiini. Seejarel lisab homodimeeglutatiooni siintetaas
(GS) saadud dipeptiidileyGlu-Cys) glatsiini. Glutatioonide novo sinteesi tahtsaimad
regulaatorid on GCL tase rakus, substraatide (€y8) kattesaadavus ja GSH vahendatud
negatiivne tagasiside [7].

rakuvaline GSH
QT

GIu

Cys, Gly
CL GST X

Glu + Cys GST

Y- Glu Cys

NADPH ~ GSH ~ ~ H.0,

GR GPx

NADP <° - Gssg* ™ H,0

Joonis 2.Glutatiooni metabolismiga seotud ensuimid. GPxutagiooni peroksiidaas, GR-
glutatiooni reduktaas, GST - glutatiooni S-tranaées, GCL - glutamaattsiteiini ligaas, GS-
glutatiooni stintetaas jgGT - y-glutamudltransferaas.
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Nii GSH varude vahenemine kui ka slgav kestagh( grade) oksudatiivne stress
osalevad mitmesuguste haiguste patogeneesis. 8lka kuuluvad mitmed kroonilised
(kardiovaskulaarsed ja neurodegeneratiivsed haijusihkkasvajate teke, HIV) ja akuutsed
haiguslikud seisundid (pdletik, infarkt, insult, ganite transplantatsioon, isheemia-
reperfusioonikahjustus, neerupuudulikkus, kopsuksthsed ja kirurgiliste operatsioonide
komplikatsioonid). Samuti seostatakse seda stresmanemise ja ekstreemse fuusilise
pingutusega [4,12-15]. Oksudatiivse stressi roljuple patoloogiate kujunemises ja GSH
keskene roll rakusisese antioksiidandina loob vamdefektiivsete antioksudatiivsete

molekulide jarele.

Glutatiooni analoogid

Lahtuvalt glutatiooni erinevatest rollidest on kimdud erinevaid strateegiaid glutatiooni
analoogide disainis. Piisavate rakusiseste GSHskaoltratsioonide saavutamine glutatiooni
enda manustamisega on probleemne, kuna ta laguiebtikseedetraktis ja on halvasti
omandatav enamuse rakkude poolt. Siiski on saawditatdningaid positiivseid tulemusi
eksogeense glutatiooni manustamisega, nagu ne&tsifooni sailitamine parast isheemilist
neerude kahjustust [16]. Tsusteiini saadavus omea GSHde novo sinteesi limiteeriv
faktor. Kuna tusteiini suurte dooside manustaminetaksiline [17], kasutatakse tsusteiini
eeluhendeid nagu N-atsetuul-L-tsusteiin [18,19].

Maailmas on sinteesitud suur hulk erinevate fuoktsdega glutatiooni analooge
[20]. Glutatiooni molekuliga on sooritatud mitmessgid manipulatsioone, et parandada
tema stabiilsust ja penetratsiooni rakkudesse. Gisdoog YM737 [N-(N-R-L-glutamtuil-L-
tsusteintdl)-glutsiin-1-isopropudlestersulfaat moidraat] omab rakke kaitsvaid omadusi
tserebraalse isheemia korral, inhibeerides lipgdidtrokstdatsiooni [21]. GSH molekuli N-
terminaalses otsas asetseva aminogrupi asendariir@oliga annab uued antiokstidandid,
mis tanu steerilisele takistusele ei inhibeeri afiooni reduktaasi ega glutatiooni
peroksudaasi [22]. Natiivse-glutamiil jddgi asendamings- vOi trans-4-karboksuul-L-
proliini jaagiga annab Uhendile jaiga skeleti j&kieselle resistentseks lammutamisele
glutamudltransferaasiyGT) poolt [23]. Silmapaistev grupp GSH analooge tsiisteiin-
asendatud S-nitrosoglutatioonid, mida uuritaksetul&dt nii |Ammastikoksiidi kui ka

glutatooni fusioloogilistest rollidest (vaata Uled [24]).
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Moningates situatsioonides, nagu vahiravi, on eegike&i GSH taseme langetamine.
GST Uuleekspressiooni on kirjeldatud kui thte vdikkal mehhanismi, mis on vastutav
vahirakkude ravimiresistentsuse eest. GST osalbbaxds kasutatavate alkuulivate ravimite
deaktivatsioonis [25]. Seetbttu on disainitud h@EH analooge, mis inhibeeriks erinevaid
GST isoensuume: fosfonoanaloogid [26] ja peptidditeed analoogid, mis on stabiilsed
peamise glutatiooni lammutava ensuUmGT suhtes. TLK 286, Uks hiljutisemaid ja
edukamaid GSH analooge véhiravis, on joudnud kbiei katsetusteni [27]. Mdned
glutatiooni analoogid kaituvad kui ensuim gliokaaiainhibiitorid ja on néaidanud
potentsiaalseid kasvajatevastaseid ja antiprotifesaid omadusi [28]. Kuid endiselt on
glutatiooni analoogide disaini ja stinteesi votmékiisi bioloogilise aktiivsuse kdrval nende
stabiilsuse parandamine peptidaaside ja proteaasibtes. Uks voimalik lahendus sellele
probleemile on GSH molekuli tsikliseerimine. SellsGSH analoogid omavad kasvajate
vastast aktiivsust [29].

Tartu Ulikooli Biokeemia Instituudis disainiti jaisteesiti glutatiooni analoog UPF1
(Tyr(Me)-y-Glu-Cys-Gly) (Joonis 3a). Naidati, et UPFl1 on @fda parem
hudrokstulradikaali putdja kui GSH [30] ja voib lalst kaituda kui G valkude modulaator
aju eeskoore rakumembraanides [31]. UPF1 on ka tugurierinevatesin vivo
eksperimentaalsetes mudelites, kus ta on naidaroaidkpiivset efekti: globaalne ajuisheemia
[30], Langendorffi mudel isoleeritud roti sidamedd2] ja 5/6 nefrektoomia mudel

(avaldamata andmed).

12



TOO EESMARGID

Kaesoleva t66 eesmargid olid jargmised:

1. Disainida ja stnteesida peptiidsed glutatiooni @mgid (UPF peptiidid), mis oleks
tugevamad antioksiudandid kui glutatioon ise.

2. Uurida UPF peptiidide voimet elimineerida hidroKsadikaali vorrelduna
glutatiooniga.

3. Uurida UPF peptiidide vBimet elimineerida DPPH kagili vorrelduna glutatiooniga.

4. Selgitada struktuur-aktiivsuse seoseid, vastaveltamgsete UPF peptiidide vbimetele
elimineerida vabu radikaale.

5. Uurida UPF peptiidide dimerisatsioon vees ja fimigilises NaCl vesilahuses.

6. Testida UPF peptiidide toksilisust, uurides inimesétroleukeemia K562 rakkude

eluvbimet ja rakumembraanide stabiilsust.

13



MATERJALID JA MEETODID

Peptiidi siintees

Glutatiooni analoogid sinteesiti kasitsi kasutadesoc-meetodit [33]. Manuaalseks
peptiidide slUnteesiks kasutati Gly-Wang kandjatfloBenttlmetoksikarbonttl (Fmoc)
kaitstud aminohapped liideti ahelaks Uhe aminohd@ppa kasutades standardset TBTU ja
HOBLt aktivatsiooni kasutades DMF lahustina. Kaitsvaihmade eemaldamiseks ja peptiidi
eraldamiseks kandjalt kasutati TFA-d, 2% vee (V29 EDT (v/v) ja 2.5% TIS (v/v) seguga,
suinteesi produkti t6ddeldi 90 min toatemperatuuReptiid puhastati HPLC meetodil
kasutades analtutilist poordfaasi kolonni Nucle©20-3 (0.4 cm x 10 cm), peptiidide puhtus
>99%. Peptiidide molekulmasside maaramiseks kasdilt DI-TOF mass-spektromeetrilist
meetodit (Voyager DE Pro, Applied Biosystems) jackad tulemusi vorreldi vastava thendi

arvutatud molekulmassidega.

Hidroksuulradikaali eliminatsioonivdime maaramine

UPF peptiidide vBime maaramiseks elimineerida hkslidlradikaali kasutati Barretet al.
poolt kirjeldatud tereftaalhappe (THA) meetoditskUHA kaitub kui keemiline dosimeeter
[34]. THA I6ppkontsentratsioon oli 10 mM ja hidrdkdradikaal genereeriti Fentoni-laadse
reaktsiooniga CuSpja H,O, vahel, I6ppkontsentratsioonidega vastavaltyM ja 1mM.
Kdik lahused valmistati 14.75 mM naatrium-fosfadtyss, pH 7.5. HUdroksudlradikaali
eliminatsiooni moddeti spektrofluorestsentsmeefo®l2 nm eksitatsiooni ja 426 nm
emissiooni lainepikkuse juures (Perkin-Elmer LS50Bpotmised sooritati 4-5 paralleelina.
Hudroksuulradikaali eliminatsiooni valjendati i5@aartustena, mis leiti graafikult (Joonis 4).

DPPH radikaali eliminatsioonivdoime maaramine

Peptiidide vdime puddao,a-difenttlB-pikradlhadrasadal (DPPH) radikaali maarati
spektrofotomeetriliselt (Jenway 6405 UV/Vis spekdtomeeter, Jenway Ltd.). Valmistati 0,1
ml peptiidi lahust 0.9% NacCl-s kontsentratsioorbgpM kuni 200 uM, mis lisati 0.1 ml 0.1
mM DPPH lahusele 95% etanoolis. Segu loksutati. Uuritawne aborptsiooni maarati 517

nm juures ning nait registreeriti 30 iga sekundeljgkuni stabiilse naiduni. Kdik médtmised
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sooritati 5-6 paralleelina. Madalam absorptsiooitabék6rgemat DPPHpllidmise aktiivust.
Erinevate peptiidi kontsentratsioonide juures girglanud DPPHhulk protsentides kanti
graafikule, et saada antiokstidandi kontsentratsioois on vajalik produtseeritud DPPH
kontsentratsiooni vahenemiseks 50% vorrasgeQecso On aeg, mis kulus vastaval peptiidi
kontsentratsioonil stabiilse absorbtsiooni saavigaks. EGy, kontsentratsiooni jaoks leiti
Tecso graafikult, kuhu olid kantud kdik méddetud peptkdntsentratsioonid ja neile vastavad
Tecso vaartused. Superoksiidi radikaali eliminatsioodljendati antiradikaalse efektiivsusena
(AE). AE on 1/EGoTecs0[35,36].

UPF peptiidide dimerisatsioon

Dimerisatsiooni kiiruse maaramiseks valiti peptdidiPF1 ja UPF17. UPF1 onglutamaati
sisaldavate peptiidide perekonna pdhiesindaja nifgF1l7 on a-glutamaati sisaldava
alarthma pohiesindaja. M&aramine toimus vesi j&0MaCl lahuses. Peptiidide 1 mM
lahuseid hoiti toatemperatuuril ja kindlatel ajdeetel 14 paeva jooksul vdeti proov
suurusega 100 pl. Proove analidsiti poordfaasi HRigetodil (kolonn ZORBAX 300 SB-
C18 4.6 mm x 15 cm) kasutades lineaarset atsatbwési gradienti. Mdlemad lahused
sisaldasid 0,1% TFA-d (v/v). Atsetonitriili sisalsludusis gradiendi kdigus 50 min jooksul
20%-1t 90%-ni (0,1% TFA). Voolukiirus oli 2 ml/mining maaramine toimus peptiidsideme
jargi lainepikkusel 220 nm (UV detektor). Piigi gelad saadi integreerimisel kasutades
Hewlett Packard HPLC (mudel 1100) tarkvara Chen@talJuritud glutatiooni analoogide
redutseeritud ja okstdeeritud vormide kogused ndfé protsentides. Monomeeri ja dimeeri
piikide summa oli konstantne ning seda loeti sajakgésendiks. Piikide tuvastamiseks koguti
fraktsioonid ja maarati molekulmassid kasutades MALOF mass-spektromeetrit (Voyager

DE Pro, Applied Biosystems).

Rakukultuurid

Rakke kasvatati 37°C ja 5% GG®isalduse juures. Plastnéud (Corning®) olid ostdiumalt
Labdesign AB (Taby, Rootsi) ja rakukultuuri reagen@GIBCO™) Invitrogen AB (Lidingo,
Rootsi) kdest. Inimese eritroleukeemia rakke K¥2g(tus Dr. T. Land'ilt, Neurokeemia ja
Neurotoksikoloogia osakond, Stockholmi Ulikool, Re&ipkasvatati suspensioonina kasutades
RPMI-1640 so6det jargmiste lisanditega: GlutaMAX™enitsillin (100 Ghikut/ml),
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sterptomiitsiin (100 pg/ml) ja termiliselt inaktiviked veiseloote seerunmhdat-inactivated
foetal bovine serum) (7.5 %). Rakkude tihedust hoiti vahemikus-10° rakku/ml.

UPF1, UPF6, UPF17 ja UPF19 mdju K562 rakkude eluvinelisusele

UPF1, UPF6, UPF17 ja UPF19 mo0ju K562 rakkude elmefisusele maarati kasutades
CellTiter-GloTM Luminescent Cell Viability Assay (®mega, Madison, WI) reaktiivide
komplekti, mis pdhineb ATP produktsiooni maaramiskb62 rakud kanti 48-auguga
plaadile: 37 500 rakku 0.25 ml s66tmes. Seejarsdtili 5 ul uuritava peptiidi lahust.
Vahelahuste kontsentratsioonid olid: 10 mM UPF jdipe vesilahusel ning 1 mM MTX
lahustatuna DMSO:$0 (10/90) segus. Loppkontsentratsioonid olid: 280 WYPF peptiidid,
20 UM MTX. Peale 24 h kultivatsiooni rakukultuumkubaatoris, lasti plaadil jahtuda
ligikaudu 30 min ja lisati igale proovile 0.25 mEltTiter-Glo™ reagenti (valmistatud tootja
juhiste jargi). Parast 10 min ©Orna loksutamist, tkaproovid (400 ul) dle valgele
poliipropiileenplaadile LumiNuf¢ (Nunc A/S, Roskilde, Denmark). Lahuse luminestsent
moddeti spektrofluoromeetriga  SPECTRAmax® GEMINI ,XSMiolecular Devices
(Sunnyvale, CA).

UPF1, UPF6, UPF17 ja UPF19 toime K562 rakkude plasamembraanile

UPF1, UPF6, UPF17 ja UPF19 mdju hindamiseks K5&Rude membraani terviklikusele
kasutati CytoTox-One™ Homogenous Membrane Integkggay (Promega, Madison, WI)
reaktiivide komplekti. See meetod pdhineb laktadehidrogenaasi (LDH) hulga mé6tmisel,
mis vabaneb kahjustatud membraaniga rakkudest.| takie € 10° rakku /ml) tsentrifuugiti

5 min 500 x g juures. Rakke pesti kaks korda 1MHBPES Krebs-Ringer lahusega (HKR:
55mM HEPES, 138 mM NaCl, 2.7 mM KCI, 2mM MgCl1.8 mM CaC, 5.6 mM
glikoosi, pH7.4). Rakud resuspendeeriti tihedusedax 10 rakku/ml (loetud
hematsttomeetriga). 200 ul seda suspensiooni wigdili, mis juba sisaldas 200 ul peptiidi
vOi Triton X-100 lahust HKR-s. Loppkontsentratsiabnolid jargmised: 100 uM UPF
peptiidid, 10 uM MAP and 0.1 % Triton X-100. Pedl@ min inkubatsiooni juures 37°C ja
tsentrifuugimist kiirusega 300 rpm (Thermomixer, pepdorf AG, Hamburg, Germany),
tsentrifuugiti viaale 2 min 500 x g juures. Sedjaraidi 100 pl supernatanti mustale
poltiproptileenist FluoroNuf® plaadile (Nunc A/S, Roskilde, Denmark) ning lisa€i0 pl

CytoTox-One™ reagenti (valmistatud vastavalt toegakirjale). Peale 10 min inkubatsiooni
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toatemperatuuril, lisati igale proovile 50 ul resbni peatamiseks ette néhtud lahust ja
mooddeti fluorestsents 560 nm eksitatsiooni ja 580 @emissioni lainepikkustel kasutades
sepktrofluoromeetrit SPECTRAmMax® GEMINI XS (MoleauDevices, Sunnyvale, CA).

Andmete anallius
Kdikide andmete analliisiks kasutati programmi GPaghPrism, versioon 4.00 Windows'i

jaoks (GraphPad Software, San Diego, CA, USA). uleed tabelites on esitatud kui

keskmine + keskmise standardviga (SEM).
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TULEMUSED

UPF peptiidide lahustuvus

Kdik stinteesitud peptiidid lahustusid vees vaherkaittsentratsioonini 1mM, valja arvatud
biotintleeritud analoog UPF7. UPF7 disainiti eeggiga uurida UPF peptiidide rakusiseseid
interaktisoone, kuid hudrofoobne biotiini jAdk vAdas markimisvaarselt lahustuvust vees ja

seetbttu UPF7 ei kasutatud kdesolevas t60s Kitjglddeksperimentides.

UPF peptiidide hidroksuulradikaali eliminatsioonivéime

UPF peptiidide vdimet elimineerida hudroksiuulradikakasutati kui esmast disainitud
Uhendite antioksudatiivse aktiivsuse maaramiseduiimit. Hidroksuulradikaalid genereeriti
CU** ja H,O, vahelisel reaktsioonil ja maarati fluorestsentsimeie kasutades tereftaalhapet
kui dosimeetrit. UPF peptiidide hudroksuulradikgaliiidmisvoime E€ on naidatud tabelis

I. Selgus, et kdik disainitud peptiidid olid markswaarselt tugevamad hudroksudlradikaali
elimineerijad kui GSH (Tabel I). Peptiidid, kus mss y-peptiidside omasid Efg vaartust

vahemikus 17-3uM, GSH EG oli aga 1231.0 + 311.8M. K®oigi vOi ainult N-terminaalse

otsa L-aminohappe asendamine vastava D-enantiogaeerimuutunud hidroksidlradikaali
putdmisvbimet. Peptiidide vabade radikaalide elatsioonivbimet vorreldi sdltuvalt sellest,
kas nad omasid C-terminaalses otsas vaba karbdlegigilrihma voi amiidset 16ppu.
Vastavad Uhendite paarid mida vorreldi olid jargedisUPF1 ja UPF 8, UPF 14 ja UPF10,
UPF6 ja UPF27, UPF 17 ja UPF 25. limnes tenden@médse I6puga peptiidid olid kergelt
ndrgemad hudrokstulradikaali elimineerijad kui vét@boksuulgruppi omavad peptiidid.
Ullatuslikult  ei muutnud  tsisteiini  asendamine iséga  hudroksiilradikaali

eliminatsioonivdimet (UPF26), viidates asjaolule, neitte ainult SH riihm ei ole seotud

vabade radikaalide kahjutuks muutmisega.
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Tabel I. Stnteesitud glutatiooni analoogide raamatukogwejade hudroksuulradikaali

eliminatsioonivdime.

Nr. Valem MW ECso+ SEM
uM

UPF1 | HN-Tyr(Me)-(y-Glu)-Cys-Gly-COOH 484.5 | 20.5+£1.3
UPF2 | HoN-(y-Glu)-Cys-Gly-Tyr(Me)-COOH 484.5 | 19.8+0.8
UPF5 | HN-D-Asp-(y-Glu)-Cys-Gly-COOH 421.4 | 347+£0.9
UPF6 | HoN-D-Ser-{-Glu)-Cys-Gly-COOH 394.4 | 21.2+0.4
UPF7 | Biotinyl-Tyr(Me)-(y-Glu)-Cys-Gly-COOH 7105 | *

UPF8 | HN-Tyr(Me)-(y-Glu)-Cys-Gly-CONH 483.5 | 244+0.4

UPF10 | HoN-D-Tyr(Me)-D-(y-Glu)-D-Cys-Gly-CONH | 483.5 | 25.5+0.6

UPF14 | H,N-D-Tyr(Me)-D-(y-Glu)-D-Cys-Gly-COOH | 484.5 | 19.6 +0.8

UPF15 | H,N-Tyr-(y-Glu)-Cys-Gly-COOH 469.4 | 19.0+1.0
UPF16 | H.N-Ser-{-Glu)-Cys-Gly-COOH 3944 | 17.3+1.1
UPF17 | HoN-Tyr(Me)-Glu-Cys-Gly-COOH 4845| 0.038 % 0.003
UPF18 | H.N-D-Tyr(Me)-Glu-Cys-Gly-COOH 4845| 0.044 +0.007
UPF19 | H.N-D-Ser-Glu-Cys-Gly-COOH 394.4|  0.031+0.004
UPF24 | H,N-Ser-Glu-Cys-Gly-COOH 394.4|  0.046 = 0.003
UPF25 | HN-Tyr(Me)-Glu-Cys-Gly-CONH 4835 | 0.032+0.006
UPF26 | HoN-Tyr(Me)-Glu-Ser-Gly-COOH 4685 21.1+009
UPF27 | H,N-D-Ser-¢-Glu)-Cys-Gly-CONH 3934 | 22.1+0.9
GSH | (y-Glu)-Cys-Gly-COOH 307.3 | 1231.0 +311.8

* ei lahustunud
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Kdige tugevamad antioksiudandid hudrokstulradikaektninatsioonivéime maaramise jargi
olid Ghendid kusy-glutamaat oli asendatud-glutamaadiga (UPF17-UPF25) (Joonis 3b).
Nende analoogide Egoli vahemikus 30-50 nM ja peptiidide lahused kentgtsiooniga

1 uM saavutasid ligikaudu 80% maksimaalsest inhibastiefektist (Joonis 4). Tapseid &C
moodtmisia-glutamaati sisaldavat peptiidide puhul segas kemgéaalide produktsiooni tdus
m&dtmise I8pufaasis, kui kasutati kontsentratsioone olid madalamad kui 0.aM. Uks

voimalik seletus on, et see on tingitud aarmiseltatast peptiidi kontsentratsioonist.

UPF peptiidide DPPH radikaali eliminatsioonivéime

See meetod pdhineb stabiilse DPPH radikaali reduis@isel. DPPH omab tugevat
absorptsiooni 517 nm juures ja kui toimub reduise@ee vabu radikaale elimineeriva
antioksudandi poolt, siis absorptsioon vahenebeSeeetodiga uuriti enim huvi pakkuvaid
glutatiooni analooge ja leiti, et nad kdik putav@BPH radikaali. Tabelis 1l on &ara toodud
ECsp kontsentratsioonid, aeg mis kulub 4@ vastaval kontsentratsioonil stabiilse
absorbtsiooni vaartuseni jdudmiseksdd) ja antiradikaalne efektiivsus (AE, 1/EfTecso)-
Vorreldes glutatiooniga omasid kdik disainitud nkeled sarnast pisut suuremat gC
kontsentratsiooni mis on vajalik, 50% DPPH radilgaleliminatsiooniks. Vorreldes B&
vaartusi omas GSH kergelt paremat DPPH radikaaktmineerimisvoimet kui UPF
peptiidid. Samas disainitud molekulid joudsid silabi absorbtsioonini (Hcsg Kiiremini ja
seega andsid parema antiradikaalse efektiivsus&8ii. a-glutamaati sisaldavad peptiidid
UPF17 ja UPF19 andsid kérgeimad antiradikaalsedktiefeused, sealjuures UPF17 oli
efektiivseim. Glutatiooni dcso oli 10 korda kérgem kui UPF17 ja UPF17 antiradikaa
efektiivsus oli 8.3-korda suurem kui glutatioonV.orreldes omavahel peptiidide gdso
vaartusi jargmistes paarides - UPF1 ja UPF8, UPBRLUPF25 selgus, et C-terminaalselt
amideeritud peptiidid vajasid umbes kaks korda eohkaega, et jouda stabiilsete
absorptsiooni vaartusteni kui vastavad vaba C-temaiset karboksuilhappe rihma omavad
UPF peptiidid, Ecso vastavalt 10 ja 20, 4 ja 7 min.
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Tabel Il. DPPH stabiilse vaba radikaali eliminatsioon - radtikaalsed efektiivsused (AE).
AE on 1/EG>OTEC50.

Peptiid ECso(pM) Tecso (Min) AE (x 10%
GSH 23.6+2.1 40 1.06
UPF1 28.1+ 1.6 10 3.56
UPF6 29.0+ 1.5 21 1.64
UPF17 28.3+ 1.7 4 8.83
UPF19 27.0+ 0.9 9 4.12
UPF8 (UPF1 amiid) 29.3+ 2.0 20 1.71
UPF25 (UPF17 amiid) |36.4 £ 1.8 7 3.89

UPF peptiidide dimerisatsioon

Uuriti valitud UPF peptiidide (UPF1, UPF17) dimexisiooni kiirust vees ja fusioloogilises
lahuses (0.9% NaCl), et selgitada molekulide olakts labiviidud eksperimentides. 1 mM
kontsentratsioonis naitasid Uhendid erinevat disa¢siooni maara vees ja fusioloogilises
lahuses (Joonis 5). Teostades MALDI-TOF analtilisineésid esimesed margid molekulide
dimerisatsioonist teisel inkubatsioonipaeval. Koiguritud peptiidide puhul toimus
dimerisatsioon kiiremini soola kui vesilahuses. tliégs vees lahustatuna oli peale 14ndat
paeva 27.5% UPFL1 peptiidist dimeerses vormis. SailaUPF1 dimeeri tekkis soolalahuses
juba neljandaks paevaks. 1l4ndal paeval oli UPFXiedii protsent vesilahuses 17.9%,

kusjuures sama hulk dimeerset vormi tekkis sooladabsse seitsmendaks paevaks.
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Joonis 5.UPF1 ja UPF17 dimerisatsioon vees ja 0.9% NaGldak toatemperatuuril. UPF1
monomeerses( ja dimeesedq) vormi ning UPF17 monomeerse)(a dimeerser{) vormi
sisaldus vees (A) ja 0.9% NaCl lahuses (B).

UPF peptiidide efekt K562 eritroleukeemia rakkude &ivdimelisusele ja membraani
terviklikkusele

Hiljuti on naidatud, et 100uM kontsentratsiooniga UPF1 ei hairi aju primaarsete
granulaarrakkude eluvéimelisust. UPF peptiididesiiidte efektide edasiseks uurimiseks
valiti inimese erlUtroleukeemia rakud K562. K562 kak kasutatakse laialdaselt
leukeemiarakkude diferentseerumise seaduspérasusieisel ja vahivastaste ravimite
testimisel. Ké&esolevas t00s vorreldi erinevate UPéptiidide moju K562 rakkude
eluvdimelisusele ja rakumembraani terviklikkuselegnis 6). Eluv8imelisuse eksperimendis
vorreldi 200uM kontsentratsiooniga UPF peptiidilahuste jaid® MTX lahuse mdju K562
rakkudele parast 24 h inkubatsiooni. UPF1, UPF6F11Pja UPF19 ei ndidanud mingit
toksilist efekti K562 rakkude eluvdimelisusele, sammkui tootlemisel MTX-ga vahenes
rakkude eluvdimelisus 65%.
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Joonis 6.UPF1, UPF6, UPF17 ja UPF19 mdju inimese erUtradenkia rakkudele K562 -
UPF 200 uM, MXT 20 uMB - UPF 100 uM, MAP 10 uM.

Jargmiseks uuriti UPF peptiidide mdju K562 rakkusembraani terviklikkusele,
maarates LDH leket rakkudest. Nendes katsetesladweF peptiidide méju MAP lahusega.
MAP efekte on hiljuti uuritud [37]. Kui baasfluotsents vdeti 0% ja Triton X-100
indutseeritud signaal 100%-ks, siis LDH leke K568kkudest parast MAP tootlemist oli 25%.
Mitte Ukski UPF peptiididest ei pdhjustanud marlgudidrset LDH vabanemist K562
rakkudest. Samas UPF17 and UPF19 hairisid rakunmsanbr ronkem kui-peptiidsidet
sisaldavad peptiidid (UPF1 and UPF6).
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ARUTELU

Mitmesugused madalamolekulaarsed antiokstidandataeavatud melatoniin, karvedilool ja
tema metaboliit SB211475 omavad aromaatse strugmuseotud metoksugruppi. On
naidatud, et metoksirihm suurendab (hendite afigit$vset aktiivsust [38].
Metoksurihma moju uurimiseks disainiti esmalt tedatiid UPF1, mille puhul lisati
glutatiooni N-terminaalsesse otsa O-metuul-L-tiimsBee muudatus suurendas 60-korda
hiadroksuulradikaali elimineerimisvBimein vitro vorreldes glutatiooniga [30]. Sellest
l[&htuvalt disainiti ja stnteesiti rida UPF peptiidg uurida nende struktuuri ja aktiivsuse
seoseid (Tabel 1). Glutatiooni molekulile lisatirevaid aminohappeid ning enamasti toimus
lisamine N-terminaalsesse otsa, kuid prooviti kanamappe lisamist C-terminaalsesse otsa
(UPF2). Osa uhendite raamatukogust slnteesitiehif;glutamaat asendati-glutamaadiga
(UPF17-UPF25). Mitmetel peptiididel asendati kdikaminohapped (UPF10, UPF14) vai
ainult esimene N-terminaalne L-aminohape vastavisoinieeriga (UPF5, UPF6, UPF18,
UPF19, UPF27), et kontrollida nii stereoisomeer@uantiokstdatiivsele aktiivsusele kui ka
parandada uhendite vastupidavust endogeensetdidgagpdele. Amiidset C-terminust otsas
(UPF8, UPF10, UPF25 and UPF27) kasutati samal egdmé@PF26 oli ainuke peptiid kus

GSH ja UPF peptiidide vbime elimineerida hudroksadikaali naitab, et nad
kaituvad kui elektroni doonorid, mis reageeridedbade radikaalidega muudavad nad
stabiilsemateks osakesteks ja |6petavad vabardskkadelreaktsiooni. Vabade radikaalide
eliminatsiooniuuringud naitasid, et erinevate arhaqapejadkide lisamine glutatiooni N- vOi
C-terminaalsesse otsa, L-aminohapete asendamiserbeeridega, amiidne C-terminus otsas
ja isegi Cys asendamine Ser ei mojutanud dragdtillsBF peptiidide hudroksudlradikaali
elimineerivaid omadusi vorreldes UPR2glutamaati sisaldavad UPF peptiidid omasidsEC
vahemikus 17-35uM sealjuuresy-glutamaadi asendamineglutamaadiga vahendas &C
vaartusi markimisvaarselt (100 korda). Selline iakiltdus antioksudatiivses aktiivsuses on
seletatav paremini ligipdésetava karboksullhappemaga peptiidi ja radikaali vahel
moodustunud aktiivses kompleksis. Vorreldes hudiokadikaali eliminatsiooni Efg
vaartuseid moddetuna THA meetodi abil, Uletasglutamaati sisaldavad UPF peptiidid isegi
pohjalikult  testitud antioksidandi melatoniini vaghid naitajaid (N-atsetul-5-
metoksutriptamiin; E§g11.4 + 1 uM) [39].
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Uhtlasi uuriti UPF peptiidide vdimet pliiida DPPH ikadli rakuvabas siisteemis ja
vorreldi seda glutatiooniga. Uuritavateks peptieks olid UPF1, UPF6, UPF8, UPF17,
UPF19 ja UPF25. Sanchez-Moreebal. klassifitseerivad antiokstidante:=cEp vaartustest
[&htuvalt jargmiselt: <5 min (kiire), 5-30 min (Kkemine) ja >30 min (aeglane) [35]. Selle
klassifikatsiooni jargi oli UPF17 kiire; UPF1, UPRBPF8, UPF19 ja UPF25 keskmised ning
GSH oli aeglane antiokstidantzcEp ehk aeg mis kulus Egsaavutamiseks oli UPF1 jaoks 4-
korda ja UPF6 puhul 2-korda lUhem kui glutatiooastav naitaja. UPF17 ja UPF19cko oli
omakorda 2.5-korda Iihem kui UPF1 ja UPF6. GSH RFpeptiidid elimineerivad DPPH
radikaali olles vesiniku doonorid moodustades #txbi Uhendi DPPH-H. Kirjeldatud
tulemused naitavad et metoksigrupp suurendab téesticet Uhendid reageerivad vabade
radikaalidega [38]. DPPH radikaali puudmisel eint tulemuste erinevus niivord
Ulekaalukalt a-glutamaati sisaldavate UPF peptiidide kasuks kidroksidlradikaali
eliminatsioonil. Selline tulemus on p&hjendatavaakjga, et DPPH radikaal omab suuremat
steerilist takistust ning samas on ta marksa vaeaktivne kui hudroksutulradikaal.

Nagu eeldatud, ainult glutatiooni ja UPF peptiidr@eutseeritud vormid reageerivad
vabade radikaalidega. Hiljuti uuriti UPF peptiidigibiilsust kapillaarelektriforeesi meetodil
[40,41]. Testitud glutatiooni analoogid naitasidjlast dimerisatsiooni kineetikat nii vees kui
ka soolalahuses. Leiti, et dimerisatsioon on aegfaotsess, markimisvaarse koguse dimeeri
tekkeks kulub pé&evi. Sealjuures on dimerisatsiamatahuses kiirem kui vesilahuses.

Uuriti ka disainitud peptiidide toksilisi efekte.RF peptiidid ei avaldanud negatiivset
moju K562 rakkude eluvdimelisusele isegi mitte 20@ kontsentratsioonis ega hairinud
plasmamembraani terviklikkust. Rakumembraanidelejumideks on meie disainitud
peptiidid liiga luhikesed, kuidu-peptiidsidet sisaldavad analoogid omasid hairinedju
rakumembraanidele mdnevorra enam kyipeptiidsidemega UPF peptiidid. Samas
hidrofoobsema jaagi lisamine molekuli ei méjutamakumembraanide terviklikkust. UPF
peptiidide mittetoksilisust on kinnitatud ka varedPF1 oli mittetoksiline néarvikoele
kontsentratsioonis 10oM [30].

UPF peptiidide tapsed toimemehhanismid vajavad \ssyjitamist. Lisaks juba
tbestatud omadustele nagu vabade radikaalide piigda aju eeskoore G valkude
moduleerimine [31], uuritakse jargnevalt UPF pelitié voimet tdsta rakusisest glutatiooni
taset ja normaliseerida GSH/GSSG suhet.

Kokkuvétvalt, disainisime ja sunteesisime uute ebdksiliste antiokstidantide
raamatukogu, mis naitasid vaga head antioksudatipstentsiaali vorrelduna glutatiooniga.

UPF peptiidid vbivad tulevikus kasutust leida nmofgktormolekulidena kui ka eeltihenditena
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mittepeptiidsete antiokstudantide disainimisel, etrigeerida siligava ja kestva oksudatiivse

stressi poolt pohjustatud kahjustusi.
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JARELDUSED

1. Disainiti ja stinteesiti 17 glutatiooni analoddisosnev UPF peptiidide raamatukogu.

2. y-glutamaati sisaldavad UPF peptiidid omasid hudidkadikaali eliminatsiooni E&
vaartust vahemikus 17-35uM. vy-glutamaadi asendaminer-glutamaadiga parandas
markimisvaarselt UPF peptiidide hudroksuulradikgalildmisvdimet (E€ 30-50 nM).
Seega koik disainitud tUhendid olid efektiivsemaddrolistitiiradikaali elimineerijad kui
glutatioon (EGp 1231.0 = 311.8&M).

3. Korvutades E§p vaartusi oli glutatioon pisut parem DPPH radikaglmineerija. UPF
peptiidid elimineerisid aga vabu radikaale oluliséliremini ning see asjaolu andis
tulemuseks parema antiradikaalse efektiivsuse (AECsoTecso).

4. C-terminaalses otsas asetseva karboksutlrihmdeanmine pigem halvendas UPF
peptiidide vabu radikaale elimineerivaid omaduskarhinohapete asendamine ahelas
vastavate D-enantiomeeridega  ei mojutanud  oluliselvabade  radikaalide
eliminatsioonivdimety-glutamaadi asendamine ahetaglutamaadiga parandas oluliselt nii
hadroksudlradikaalide eliminatsiooni kui ka antikadilset efektiivsust DPPH vaba radikaali
suhtes.

5. y-glutamaati sisaldav UPF1 dimeriseerus kiireminiddglutamaati sisaldav UPF17.
Molema uhendi korral oli dimerisatsioon 0.9% Na&Huses kiirem kui vesilahuses.

6. UPF peptiidid ei avaldanud 2QfM kontsentratsioonis parssivat moju K562 rakkude

eluvdimelisusele ega héairinud 10M kontsentratsioonis rakumembraanide terviklikkust.
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KOKKUVOTE

Glutatioon {-L-Glu-L-Cys-Gly) on inimorganismi tahtsaim madalalekulaarne rakusisene
antioksudant ning selle tioolrihma sisaldava Uhekdntsentratsioon rakkudes ulatub
millimoolideni. Arvestades siligava kestvhaigh grade) oksudatiivse stressi rolli paljude
haiguste patogeneesis (sudame-veresoonkonna haéignserodegeneratiivsed haigused,
vahkkasvajad, kirurgiliste operatsioonide komplgabnid), omavad perspektiivi uute
glutatiooni analoogide otsingud, mis oleks eksogekenmanustamisel efektiivsemad
antioksudandid kui glutatioon ise. Kaesoleva t60igk$ disainiti ja sinteesiti
seitsmeteistkimnest glutatiooni analoogist koost#RF peptiidide raamatukogu. UPF
peptiidid on tetrapeptiidid kus glutatioonile viutatiooni laadsele kolmest aminohappest
koosnevale tlvele on lisatud antioksudatiivsetechmate ja stabiilsuse parandamise eesmargil
neljas komponent. T66 eesmargiks oli maarata disdinihendite vbime elimineerida vabu
radikaale, selgitada struktuuri ja aktiivsuse sebsang uurida UPF peptiidide stabiilsust ning
toksilisust rakukultuurile.

y-glutamaati sisaldavad UPF peptiidid omasid hudidksdikaali eliminatsiooni
ECsp vaartust vahemikus 17-3%uM, o-glutamaati sisaldavad UPF peptiidiid olid
markimisvaarselt efektiivsemad ja nende vastavajainli 30—-50 nM. Seega kdik disainitud
Uhendid olid efektiivsemad hidroksuilradikaali efigerijad kui glutatioon (Efg 1231.0 £
311.8 uM). Kérvutades Egp vaartusi, oli glutatioon monevorra parem DPPH radik
elimineerija kui UPF peptiidid (GSH: E£23.6+ 2.1 uM; UPF peptiidid: EGy 28.1 kuni
36.4 uM). Samas UPF peptiidid elimineerisid DPPH radikakiliremini ning see asjaolu
andis tulemuseks parema antiradikaalse efektiivsys&, 1/EGoTecsg VOrreldes
glutatiooniga. Nii hudroksuulradikaali kui ka DPRé&dikaali eliminatsiooni tulemusi kokku
vottes voib 6elda, et karboksuulrihma asendamiter@inaalses otsas amiidgrupiga pigem
halvendas UPF peptiidide vdimet elimineerida vabadikaale ning L-aminohapete
asendamine vastavate D-enatiomeeridega ei muutrulisett antiradikaalset toimet.
Glutatioonile omase-glutamaadi asendamine ahelaglutamaadiga parandas oluliselt nii
hadroksudlradikaalide eliminatsiooni kui ka antikadilset efektiivsust DPPH vaba radikaali
suhtes.

UPF peptiidide stabiilsuse seisukohalt on kdigatiksem kahe molekuli Ghinemine
neis sisalduvate sulfidriadlrihmade kaudu dimeerseksiks. Markimisvaarse protsendi

dimeerse vormi tekkeks (vastavalt 27,5% ja 17,9%buk kaks nadalat, sealjuures
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glutamaati sisaldava UPF1 (Tyr(MeXslu-Cys-Gly) vesilahus dimeriseerus kiiremini ki
glutamaati sisaldava UPF17 vesilahus (Tyr(Me&}u-Cys-Gly). Mdlema Uthendi korral oli
dimerisatsioon 0.9% NaCl lahuses kiirem kui vesikds. Kéesolevas t66s ei naidanud UPF
peptiidid toksilisi efekte katsetes inimese K568terleukeemia rakkudega: nad ei avaldanud
200 uM kontsentratsioonis parssivat mdju rakkude eludisusele ega hairinud 1M
kontsentratsioonis rakumembraanide terviklikkust.

Kdrge antiradikaalne aktiivsus ja mittetoksilisusdinmaldavad UPF peptiide
potentsiaalselt kasutada protektormolekulidena gélihenditena nende disainis. Seda
kinnitavad ka juba UPF1 sooritatud katsed roti nhiteld30,32].
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SUMMARY

Glutathione 1{-L-Glu-L-Cys-Gly) is the most important intraceldul low-molecular
antioxidant in human body. This thiol group coniainsubstance is represented in millimolar
concentration range in most cells. Considering the of oxidative stress in a large number of
pathologies (cardiovasvular diseases, neurodederemiseases, cancer, complications of
surgical operations), the searches of new glutathianalogues, which would be more
effective than glutathione in the case of exogeramministration, have a clinical perspective.
In this work, library containing seventeen UPF gt were designed and synthesized. UPF
peptides are tetrapeptides with additional amind aked to glutathione or to a glutathione-
like backbone with purpose to achieve better amativity and stability. The purpose of this
study was to estimate the free radical eliminataimlity of UPF peptides, explain the
structure-activity relations, stability and toxictb cell culture.

UPF peptides withy-glutamate in their backbone had &®f hydroxyl radical
elimination in the range of 17-38M, respective value af-glutamate containing molecules
was remarkably better and was in nhanomolar ran@e5@ nM). It means that all designed
peptides were better hydroxyl radical scavengeas tilutathione (E€; 1231.0 + 311.8M ).
ComparingECso values, glutathione was slightly better in elimioat of DPPH radicals
(GSH: EGp 23.6uM; UPF peptides: Efg 28.1 - 36.4uM). But UPF peptides scavenged free
radicals faster (dcso was smaller), which results in better antiradiedliciency (AE,
1/EGsoTecsg. DPPH and hydroxyl radical scavenging assays sHdowhat changing C-
terminal carboxyl group to amide rather decreasetlraplacing the L-amino acid with its D-
enantiomer did not affect the free radical elimioatability of UPF peptides. The critical
aspect of the stability of UPF peptides is the tieacbetween two molecules via sulphydryl
group resulting in dimeric form. It took a coupleveeeks until the quantity of dimeric form
reach up to 27.5% in the case of UPF1 (Tyr(M&tu-Cys-Gly) and for UPF17 up t017,9%
(Tyr(Me)-a-Glu-Cys-Gly). Both of the molecules had quickemdrization in saline solution
(0.9% NaCl) than in water. UPF peptides did notwshoxic effects on human K562
erythtoleucemia cells: they affect neither viapilitor integrity of the cell membranes in
concentrations 200M and 100uM respectively.

High antiradical efficiency and non-toxicity make#F peptides possible to use as

protector molecules or as leads in their furthesigte
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Abstract

Glutathione (GSH) is the major low-molecular weight antioxidant in mammalian cells. Thus, its analogues carrying similar
and/or additional positive properties might have clinical perspectives. Here, we report the design and synthesis of a library of
tetrapeptidic GSH analogues called UPF peptides. Compared to cellular GSH our designed peptidic analogues showed
remarkably higher hydroxyl radical scavenging ability (ECso of GSH: 1231.0 = 311.8 uM; EC5, of UPF peptides: from 0.03
to 35 M) and improved antiradical efficiency towards a stable a,a-diphenyl-B-picrylhydrazyl (DPPH) radical. The best of
UPF peptides was 370-fold effective hydroxyl radical scavengers than melatonin (ECsq: 11.4 = 1.0 puM). We also found that
UPF peptides do not influence the viability and membrane integrity of K562 human erythroleukemia cells even at 200 puM
concentration. Dimerization of GSH and UPF peptides was compared in water and in 0.9% saline solutions. The results,
together with an earlier finding that UPF1 showed protective effects in global cerebral ischemia model in rats, suggest that
UPF peptides might serve both as potent antioxidants as well as leads for design of powerful non-peptidic antioxidants that
correct oxidative stress-driven events.

Keywords: Oxidative stress, glutathione, free radicals, hydroxyl radical, DPPH

Abbreviations: DCC, dicyclohexylcarbodiimide; DCM, dichloromethane; DIEA, N,N-ditsopropylethylamine; DMF, N,N-
dimethylformamide; DMSO, dimethylsulphoxide; DPPH , «,a-diphenyl-B-picrylhydrazyl; EDT, 1,2-ethanedithiol; EMS,
ethylmethylsulfide; Fmoc, 9-fluorenylmethoxycarbonyl; GGT, y-glutamyltransferase; GSH, reduced (monomeric) form of
glutathione; GSSG, oxidized (dimeric) form glutathione; GST, glutathione S-transferase; HE, hydrofluoric acid; HKR,
HEPES-buffered Krebs-Ringer solution; HOBt, 1-hydroxybenzotriazole; LDH, lactate dehydrogenase; MALDI-TOF, matrix-
assisted laser desorption tonization time-of-flight; MAR model amphipathic peptide; MBHA, 4-methylbenzhydrylamine; MTX,
methotrexate; TBTU, 2-(1H-benzsotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate; tert-Boc, tert-butyloxycarbo-
nyl; TFEA, trifluoroacetic acid; THA, terephthalic acid; TIS, trisopropylsilane; UPFs, UPF peptides

Introduction prominent low-molecular weight thiol that occurs in

millimolar range in cells. GSH is a tripeptide composed
Glutathione (GSH) carries an important role in the of amino acids glutamate, cysteine and glycine (y-L-
human body antioxidant defense system, asitisthemost  Glu-L-Cys-Gly) and it has two characteristic structural
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features: a vy-glutamyl linkage and a sulphydryl
group. GSH as a nucleophile reacts with endogenous
and exogenous electrophile compounds, a majority of
these detoxification reactions are mediated by gluta-
thione S-transferases (GST) [1]. In addition GSH helps
to maintain the sulphydryl groups of many proteins in
the functional, reduced form. GSH oxidizes to dimeric
form (GSSG) via reacting non-enzymatically with
certain reactive species (hydroxyl radical, hypochlorous
acid and peroxynitrite) or during the elimination of
peroxides being a co-factor in glutathione peroxidase
[2,3]. GSH depletion changes the GSH redox status in
the cell, which is defined as the GSH/GSSG ratio (at
normal conditions 100 or more) [4,5]. This redox ratio
is involved in the regulation of most cellular metabolic
processes and in the activation of the redox-sensitive
transcriptional elements [6].

Both GSH depletion and the high-grade oxidative
stress occur in a wide variety of conditions. It includes
several chronic diseases (cardiovascular diseases, neuro-
degenerative diseases, cancer formation and HIV) and
acute clinical conditions (inflammation, infarction,
stroke, organ transplantation, ischemia/reperfusion
injury, renal failure, lung injury and complications of
surgical operations). Stress, aging and strenuous
physical exercises have also been considered [7-11].
Participation of high grade oxidative stress in many
pathological events creates a requirement for new
molecules with improved antioxidant activities.

Due to the versatile role of GSH, different strategies
have been applied to maintain the functionality of the
GSH system. One of the research objectives is how to
restore the intracellular GSH level that may be
potentially useful in different clinical conditions
named above. Reaching the sufficient cellular GSH
concentration (up to some millimolar) by administering
GSH itself is complicated, because of its rapid
degradation in the digestive system and the difficulties
with direct uptake into different cell types. Some positive
results with administering of exogenous GSH have been
shown, like the preservation of the renal function after
ischemic renal injury [12]. The bioavailability of
cysteine has been determined as the main limiting
factor of the de novo synthesis of GSH. As the application
of high doses of cysteine has toxicity problems [13], the
cysteine precursors, for example, N-acetyl-L-cysteine
have been used [14,15]. Due to versatile roles of GSH,
the great number of GSH analogues with extremely
different properties have been synthesized [16].

Various modifications of GSH molecule have been
performed to improve its stability and cellular uptake. A
GSH analogue YM737 [N-(N-r-L-glutamyl-L-
cysteinyl) glycine 1-isopropyl ester sulfate mono-
hydrate] has been shown to have protective qualities in
rats cerebral ischemia by inhibiting lipid peroxidation
[17]. Substitution of the amino group at the
GSH molecule N-terminus with pyrrole ring gives
new antioxidants that due to steric hindrance do not

inhibit the GSH reductase nor the glutathione
peroxidase [18]. Replacing the native y-glutamyl moiety
with the cis- or trans-4-carboxyl-L-proline residue gives
conformationally-rigid skeleton and makes this GSH
analogue resistant to <y-glutamyltransferase (GGT)
degradation [19]. The outstanding group of GSH
analogues are cysteine-substituted S-nitroso-
glutathiones that have been investigated based on
physiological roles of both GSH and nitric oxide, for
review see Ref. [20].

In some clinical situations like cancer therapies,
diminishing the GSH level is the goal. Over-
expression of GST has been reported to be one of
the responsible biochemical mechanisms of drug
resistance in cancer cells. GST plays an important
role in the deactivation of a number of alkylating
agents used in cancer therapies [21]. In this way, a
large number of GSH analogues have been designed
to inhibit different GST isoenzymes: the phosphono
analogues [22] and the peptidometic analogues that
are stable towards GGT, the main enzyme of GSH
breakdown [23]. One of the latest and more successful
GSH analogues in cancer therapy TLK 286, is in
clinical trials [24]. Some designed GSH analogues act
as glyoxalase inhibitors and have shown potent anti-
proliferative and anti-tumour activity [25]. Still, the
improvement of GSH analogues stability towards
peptidases and proteases stands as general problem.
One possible solution to overcome this problem is
through the cyclization of GSH molecule. Such
analogues have been tested for antitumor activity [26].

Previously, we have designed UPF1 peptide by
adding the non-coded amino acid O-methyl-L-
tyrosine (Tyr(Me)) to the N-terminus of GSH
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Figure 1. General structure of UPF1 (a) and UPF17 (b).
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(Figure 1(a)). We have shown that UPF1 is 60-fold
better hydroxyl radical scavenger than GSH [27] and
may also act as a modulator of G proteins in
frontocortical membrane [28]. UPF1 has been already
investigated in different iz vivo experimental models in
rats: global brain ischemia [27], Langendorff model
with isolated heart [29], 5/6 nephrectomia model
(unpublished data), and it has been shown to have
protective effect. On the basis of gathered information
the aim of the present study was to design a small
library of more powerful antioxidants than GSH, find
structural features of compounds that are responsible
for increase in antioxidativity and investigate stability
and toxicity of the UPF peptides, to find the most
promising analogues for the i vivo experiments. By
determining the reactivity of UPF peptides n witro,
this study is the first stage to create presumption for
following functional studies using animal models.

Materials and methods
Reagents and solvents

9-Fluorenylmethoxycarbonyl (Fmoc)-Gly—Wang
resin, Rink Amide MBHA ( p-methylbenzhydrylamine)
resin, Fmoc-protected amino acids, Boc-protected
amino acids, dicyclohexylcarbodiimide (DCC), 1-
hydroxybenzotriazole (HOBt), 2-(1H-benzotriazole-1-
yD-1,1,3,3-tetramethyluronium tetrafluoroborate
(TBTU) were purchased from Novabiochem, Switzer-
land; N,N-dimethylformamide (DMF), dichloro-
methane (DCM), dimethylsulphoxide (DMSO), N,N-
diisopropylethylamine (DIEA), acetonitrile from BDH
Laboratory Supplies, England; trifluoroacetic acid
(TFA), ethylmethylsulfide (EMS), triisopropylsilane
(TIS) from Fluka; hydrofluoric acid (HF) from AGA,
Sweden; 1,2-ethanedithiol (EDT), terephthalic acid
(THA), CuS0O,4'5H,0, disodiumphosphate, hydrogen
peroxide 30% (w/w, water solution), a,a-diphenyl-3-
picrylhydrazyl (DPPH radical) from Sigma-Aldrich,
Germany. Methotrexate (MTX) was from Amersham
Biosciences AB (Uppsala, Sweden), model amphipathic
peptide (MAP) was from AC Scientific Inc. (Duluth,
GA, USA). DMF and DCM were stored on molecular
sieves (JJ 4 A, Merck, Germany).

Peptide synthesis

The GSH analogues were synthesized manually using
Fmoc-chemistry and by machine using terr-Boc-
chemistry [30,31]. For the manual peptide synthesis
we used Gly—Wang resin or on Rink Amide MBHA
resin. Couplings of Fmoc protected amino acids were
carried out in a stepwise manner using the standard
TBTU and HOBt activation in DMF. The peptides
were removed from the resin and simultaneously
deprotected with TFA in the presence of scavengers,
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water 2% (v/v), EDT 2% (v/v) and TIS 2.5% (v/v) for
90 min at room temperature.

The automated synthesis of UPF peptides was
carried out in a stepwise manner in a 0.1 mmol scale
on an Applied Biosystem Model 431A peptide
synthesizer on a solid support using DCC/HOBt
activation strategy. tert-Butyloxycarbonyl (zerr-Boc)
amino acids were coupled as hydroxybenzotriazole
esters to a phenylacetamidomethyl-resin (0.6 mmol/g,
Novabiochem, Switzerland) to achieve the C-terminal
free carboxylic acid or to a p-methylbenzylhydryl-
amine (MBHA) resin (1.1 mmol/g, Bachem,
Switzerland) to obtain C-terminally amidated pep-
tides. The peptides were finally cleaved from the resin
with liquid HF at 0°C for 30 min. Deprotection of the
side chains, cleavage of the peptides and purification
on HPLC have been described in detail earlier [32].

The purity of the peptides was >99% as demon-
strated by HPLC on an analytical Nucleosil 120-3
C18 reversed-phase column (0.4 X 10cm). The
molecular masses of the peptides were determined
by a matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass-spectrometry (Voyager
DE Pro, Applied Biosystems) and the calculated
values were obtained in each case.

Hydroxyl radical scavenging abiliry

The hydroxyl radical scavenging ability of UPF
peptides was measured as described by Barreto et al.
using THA as a chemical dosimeter [33]. The final
concentration of THA was 10mM and hydroxyl
radical was generated via Fenton-like reaction
between CuSO,4 and H,0O, with final concentrations
of 10 uM and 1 mM, respectively. All the solutions
used were prepared in 14.75 mM sodium phosphate
buffer at pH 7.5. The hydroxyl radical suppression
was measured by a spectrofluorescence method at
312 nm excitation and at 426 nm emission (Perkin-
Elmer LLS50B). The hydroxyl radical elimination was
expressed in EC5, values determined by sigmoid dose-
response (viable slope) analysis.

DPPH radical scavenging assay

The scavenging effect of the peptides on DPPH
radical was measured spectrophotometrically (Jenway
6405 UV/Vis spectrophotometer, Jenway Ltd.,
England). 0.1 ml of peptide solution in saline (0.9%
NaCl) in a concentration range from 2.5 to 200 pM
was added to 0.1ml of 0.1mM DPPH in 95%
ethanol. The mixture was shaken. Absorbances at
517 nm were recorded from 0.5 min up to the time
when a steady state was reached. A lower absorbance
represented a higher DPPH’ scavenging activity. The
percentage of remaining DPPH" against the peptide
concentration was plotted to obtain the amount of
antioxidant necessary to decrease by 50% the initial
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DPPH' concentration (ECsq). The time needed to
reach the steady state to ECs5q concentration (Tgcso)
was calculated graphically. The scavenging effect was
expressed as antiradical efficiency (AE). AE is
1/EC5¢Tgcs0 [34,35].

Dimerization of UPF peptides

The dimerization rate of UPF1 and UPF17 as the
representatives of UPF peptides with the two different
GSH backbones containing y- and a«-glutamate,
respectively, was followed in water and in saline
(0.9% NaCl) solutions. 1 mM solutions of peptides
were kept at room temperature and at certain time
points during 14 days, 100 pl samples were taken and
analysed on analytical HPLC (ZORBAX 300 SB-C18
4.6mm X 15cm) using a linear acetonitrile—water
gradient from 20 to 90% acetonitrile (v/v) (0.1%
TFA) at a flow rate of 2 ml/min. The wavelength of
peak detection was 220 nm. Peak areas were calcu-
lated by the ChemStation software of Hewlett Packard
HPLC system (model 1100). The quantities of
reduced and oxidized forms of studied analogues in
the sample were expressed in percents. Summarized
areas of the peaks of monomeric and dimeric forms of
UPF peptides were constant and were considered as
100% through all experiments. Fractions were
collected and molecular masses of peptides (mono-
meric and dimeric forms) were determined by a
MALDI-TOF mass-spectrometry (Voyager DE Pro,
Applied Biosystems).

Cell culture

The cells were cultured at 37°C in 5% CO,. The
plastic labware (Corning®™) was from Labdesign AB
(Téaby, Sweden) and cell culture reagents (GIBCO™)
from Invitrogen AB (Liding6, Sweden).

K562 human erythroleukemia cells (a kind gift from
Dr T. Land, Department of Neurochemistry and
Neurotoxicology, Stockholm University, Stockholm,
Sweden) were propagated in suspension using RPMI-
1640 medium supplemented with GlutaMAX™I,
penicillin (100 units/ml), streptomycin (100 pg/ml)
and heat-inactivated foetal bovine serum (7.5%). Cell
density was kept between 10° and 10° cells/ml.

Effects of UPF1, UPF6, UPF17, UPF19 on viability of
K562 cells

CellTiter-GloTM Luminescent Cell Viability Assay
(Promega, Madison, WI, USA) was used to estimate
effects of UPF1, UPF6, UPF17 and UPF19 on K562
cell viability via the quantification of ATP production.

K562 cells were suspended into wells of a 48-well-
plate: 37,500 cells in 0.25ml medium. Then 5 pl of
drug stock solution was added. Stock solution
concentrations were as follows: 10 mM in water for

UPF1, UPF6, UPF17, UPF19 and 1mM in
DMSO:H,O (10/90) for MTX. The final concen-
trations were as follows: 200 wM for UPFs, 20 uM for
MTX. After 24h of exposure in the cell culture
incubator, the plate was removed from the incubator
and equilibrated to room temperature for approxi-
mately 30 min. Then 0.25 ml CellTiter-Glo™ reagent
(prepared according to manufacturer’s instructions)
was added to each well. After 10 min of gentle shaking,
400 .l of the content from each well was transferred to
respective well on a white polypropylene LumiNunc™
plate (Nunc A/S, Roskilde, Denmark) and the
luminescence was recorded on a dual-scanning
microplate spectrofluorometer SPECTRAmax®
GEMINI XS from Molecular Devices (Sunnyvale,
CA, USA).

Effects of UPF1, UPF6, UPF17 and UPF19 on the
membrane integriry of K562 cells

CytoTox-One™ Homogenous Membrane Integrity
Assay (Promega) was used to estimate the effects of
UPF1, UPF6, UPF17 and UPF19 on the membrane
integrity of K562 cells. This assay is based on the
measurement of lactate dehydrogenase (LDH) release
from cells with a damaged membrane. About 15 ml of
cells (= 10%°cells/ml) were centrifuged for 5min
at 500g. The cell pellet was washed twice with
10 ml HEPES-buffered Krebs-Ringer solution (HKR:
5.5mM HEPES, 138 mM NaCl, 2.7 mM KCl, 2mM
MgCl,, 1.8 mM CaCl,, 5.6 mM glucose, pH 7.4).
The cells were then resuspended at a density of
1 X 10°cells/ml (counted with hemacytometer).
About 200 pl of this suspension was transferred to a
vial which already contained 200 pl of peptide or
Triton X-100 solution in HKR. The final concen-
trations were as follows: 100 uM for UPFs, 10 uM for
MAP and 0.1% for Triton X-100. After 10 min of
incubation at 37°C at 300rpm in a Thermomixer
(Eppendorf AG, Hamburg, Germany) the vials were
centrifuged for 2min at 500g. Then 100 ul of the
supernatant was transferred to a black polypropylene
FluoroNunc™ plate (Nunc A/S, Roskilde, Denmark).
About 100 pl of CytoTox-One™ Reagent (prepared
according to the manufacturer’s instructions) was
added to each well. After 10 min of incubation at room
temperature, 50 wl of stop solution was added to each
well and the fluorescence was recorded on a dual-
scanning microplate spectrofluorometer SPE-
CTRAmax® GEMINI XS from Molecular Devices
(Sunnyvale) using following wavelengths: 560 nm
excitation and 590 nm emission.

Data analysis

All the data was analysed using GraphPad Prism
version 4.00 for Windows (GraphPad Software,
San Diego, CA, USA). The results in the tables are
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presented as the mean * standard error of the mean
(SEM).

Results
Solubility of peprides

All the synthesized peptides were readily soluble in
water solutions up to 1 mM, except the biotinylated
analogue, UPF7. UPF7 was designed to study
intracellular interactions of UPF1 but hydrophobic
biotinyl moiety significantly decreased solubility of the
analogue in water solutions and therefore UPF7 was
not used in the following experiments.

Hydroxyl radical scavenging assay

The hydroxyl radical scavenging assay was used as the
first estimation criteria of the antioxidative activity of
the designed peptides. The hydroxyl radicals were
generated via reaction between Cu®>* and H,0, and
detected with a fluorescence method using THA as a
probe. The EC5, of the hydroxyl radical scavenging
reaction for UPF peptides are shown in Table 1. The
results showed that all designed peptidic molecules
were remarkably stronger hydroxyl radical scavengers,
than GSH (Table I). Peptides with y-peptide linkage
in backbone showed the ECs, between 17 and 35 pM
compare to GSH 1231.0 = 311.8 uM, respectively.
The substitution of the all or only N-terminal L-amino
acid to D-enantiomer did not change the hydroxyl
radical scavenging abilities. The comparison of radical
scavenging properties of free acid and amidated form
in the next pairs of peptides—UPF1 and UPF 8, UPF
14 and UPF10, UPF6 and UPF27, UPF 17 and UPF
25 revealed a tendency that peptide amides were
slightly weaker hydroxyl radical scavengers than free
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acids. Surprisingly, the substitution of cysteine with
serine residue in UPF26 sequence did not reduce the
hydroxyl radical scavenging ability, suggesting that not
only SH group is involved in radical depletion
reaction.

Most powerful antioxidants in the hydroxyl radical
scavenging assay turned out to be the sequences were
v-glutamate residue was replaced with a-glutamate
residue (UPF17-UPF25) (Figure 1b). These ana-
logues showed ECs, of scavenging reaction in the
submicromolar range (ECsy was between 30 and
50 nM) and peptide solution with concentration 1 pM
achieved approximately 80% from the maximal
inhibiting effect (Figure 2). Exact EC5, measurements
in case of a-glutamate containing peptides were
disturbed by a slight elevation of the radical
production in the end of the run if concentrations
below 0.5 M were used, probably caused by
extremely small amount of peptides.

DPPH radical scavenging assay

This assay is based on the reduction of DPPH/, a
stable free radical. DPPH’ has a strong absorption at
517nm and upon reduction by a free radical
scavenging antioxidant, this absorption is decreased.
We studied the effects of the most interesting GSH
analogues and we found that they all exhibited free
radical scavenging activity against the stable free
radical DPPH. Table II summarizes the ECs,
concentrations, the time needed to reach the steady
state ECs5y concentrations (Tgcs0) and antiradical
efficiency (AE, 1/EC5¢,Tgcs50). Compared to GSH all
designed molecules have similar approximately 1.2-
fold greater ECs5q concentrations required to scavenge
50% of the DPPH stable free radical. Although GSH
was a slightly better DPPH radical scavenger by

Table I. Library of designed and synthesized GSH analogues and their hydroxyl radical scavenging ability.

Nr. Sequence MW ECs50 £ SEM (uM)
UPFI1 H,N-Tyr(Me)—(y-Glu)—Cys—Gly—COOH 4845 20.5+ 1.3
UPF2 H,N-(y-Glu)—Cys—Gly—Tyr(Me)—COOH 484.5 19.8 = 0.8
UPF5 H,N-D-Asp—(y-Glu)—Cys—Gly—COOH 421.4 34.7 £ 0.9
UPF6 H,N-D-Ser—(y-Glu)—Cys—Gly—COOH 394.4 21.2+0.4
UPF7 Biotinyl-Tyr(Me)—(y-Glu)—Cys—Gly—COOH 710.5 ND*
UPF8 H,N-Tyr(Me)—(y-Glu)—Cys—Gly—CONH, 483.5 244+ 0.4
UPF10 H,N-D-Tyr(Me)—D-(y-Glu)—D-Cys—Gly—CONH, 483.5 255+ 0.6
UPF14 H,N-D-Tyr(Me)—D-(y-Glu)—D-Cys—Gly—COOH 484.5 19.6 = 0.8
UPF15 H,oN-Tyr—(y-Glu)—Cys—Gly—COOH 469.4 19.0 £ 1
UPF16 H,N-Ser—(y-Glu)—Cys—Gly—COOH 394.4 17.3 = 1.1
UPF17 H,N-Tyr(Me)—Glu—Cys—Gly—COOH 484.5 0.038 = 0.003
UPF18 H,N-D-Tyr(Me)—Glu—Cys—Gly—COOH 484.5 0.044 = 0.007
UPF19 H,N-D-Ser—Glu—Cys—Gly—COOH 394.4 0.031 = 0.004
UPF24 H,;N-Ser—Glu—Cys—Gly—COOH 394.4 0.046 = 0.003
UPF25 HoN-Tyr(Me)—Glu—Cys—Gly—CONH, 483.5 0.032 = 0.006
UPF26 H,N-Tyr(Me)—Glu—Ser—Gly—COOH 468.5 21.1 £ 0.9
UPF27 H,N-D-Ser—(y-Glu)—Cys—Gly—CONH, 393.4 22.1 £ 0.9
GSH (y-Glu)—Cys—Gly—COOH 307.3 1231.0 = 311.8

*ND, not determined.
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Figure 2. Concentration dependent hydroxyl radical scavenging
effects of UPF1 (M), UPF6 (@), UPF17 (), UPF19 (O) and GSH
(A) in vitro.

comparing ECs, values, all designed molecules
achieved their steady state EC5, with shorter time
(Tgcs0) and thereby gave better antiradical efficiency
than GSH. Peptides with a-glutamate in backbone
(UPF17 and UPF19) gave the highest antiradical
efficiencies, whereas UPF17 was the best. The Tgcso
of GSH was ten times higher than for UPF17 and the
antiradical efficiency of UPF17 was 8.3-fold greater
than GSH. Comparison of Tgcso in pairs of peptides
UPF1 and UPF8, UPF17 and UPF25 revealed that
amidated peptides need about 2-fold more time to
reach steady state than the similar free acid peptides,
Tgcso 10 and 20, 4 and 7 min, respectively.

Dimerization of UPF peptides

We studied the rate of dimerization of the selected
UPF peptides (UPF1 and UPF17) in water and in
saline solutions to clarify the state of molecules in our
other experiments. In water and physiological solution
analogues showed different dimerization rate at 1 mM
concentration (Figure 3). Performing MALDI-TOF
analysis, we found the first signs of dimerization in the
solution on the 2nd-day of incubation. For all peptides
studied dimerization occurred quicker in the saline

Table II. DPPH stable free radical scavenging capacity—anti-
radical efficiencies (AE). AE is 1/EC5¢Tgcso.

ECsy Trcso AE
Compounds (LM) (min) (X107
GSH 23.6 £ 2.1 40 1.06
UPF1 28.1 = 1.6 10 3.56
UPF6 29.0 1.5 21 1.64
UPF17 28.3 + 1.7 4 8.83
UPF19 27.0 0.9 9 4.12
UPFS8 (UPF1 amide) 293 +2.0 20 1.71
UPF25 (UPF17 amide) 36.4 = 1.8 7 3.89
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Figure 3. Dimerization of UPF1 and UPF17 in water and in 0.9%
NaCl solution at room temperature. Content of monomeric (®) and
dimeric (O) form of UPF1 and of monomeric (l) and dimeric ((7J)
form of UPF17 in water (a) and in 0.9% NaCl solution (b).

solution than in water. For example, after the 14th-
day, 27.5% of UPF1 was dimerized in water when in
saline the same amount of UPF1 dimer was detected
on the 4th-day. On the 14th-day UPF17 showed
17.9% of dimers in water solution whereas the same
amount of dimer in saline was detected on the 7th-day.

Effects of UPF peptides on the viability and membrane
wntegrity of K562 erythroleukemia cells

We have previously shown that UPF1 did not affect
viability of primary cerebellar granule cells at 100 pM
concentration. To study further toxic effects of UPF
peptides we choose to work with K562 human
erythroleukemia cells. K562 cells are widely used in
differentiation studies and are often selected for
studies of anticancer drugs. We compared the effects
of different UPF peptides on the viability and on the
membrane integrity of K562 cells (Figure 4). In the
viability experiments, we compared effects of 200 pM
solutions of peptides and 20 pM MTX on K562 cells
after 24 h. UPF1, UPF6, UPF17 and UPF19 did not
show any toxic effects on the viability of K562 cells,
whereas only 35% of cells survived MTX treatment.
Furthermore, we studied the effects of the same set
of peptides on the integrity of K562 cells membrane in
LDH leakage assays. In these experiments we compared
the effects of UPF peptides with the effect of MAP.
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Figure 4. The toxicity test. The influence of UPF1, UPF6, UPF17
and UPF19 to K562 human erythroleucemia cells. (a) UPF
200 pM, MXT 20 uM; (b) UPF 100 pM, MAP 10 pM.

The effects of MAP have been previously studied [36].
When the background fluorescence (“no drug”) was
taken as 0% and the Triton X-100-induced signal was
taken as 100%, the total cellular LDH leaked from K562
cells after MAP treatment was 25%. None of the UPF
peptides caused significant LDH leakage from K562
cells. Interestingly, UPF17 and UPF19 disturbed
membranes more than peptides with y-peptide linkage
(UPF1 and UPF6).

Discussion

Various low-molecular antioxidants, including mela-
tonin, carvedilol and its metabolite SB211475, have a
methoxy moiety in their aromatic structures. It has
been shown that the methoxy group increases the
antioxidative activity of different compounds [37].
To study the effect of the methoxy moiety we
first designed the tetrapeptide UPF1, where we
added O-methyl-L-tyrosine to the N-terminus of
GSH. We have shown that this change increased the
hydroxyl radical scavenging ability 60-fold compared
to GSH itself in vizro [27]. Taken that into account and
to investigate the structure-related effects on activities
of UPF1 we prepared a series of UPF peptides
(Table I). Different amino acids were added to a GSH
molecule via a peptide bond, resulting in tetrapep-
tides. Mainly, the additional unit was added to the
N-terminus, but positioning in the C-terminus
was also investigated (UPF2). Part of the library
was synthesized so that a-glutamate was used instead
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of vy-glutamate (UPF17-UPF25). In the case of
several peptides, all L-amino acids (UPF10 and
UPF14) or only the first N-terminal L-amino acid
were substituted with their D-analogues (UPFS5,
UPF6, UPF18, UPF19 and UPF27) to both control
stereoisomeric impact on antioxidative properties
and to improve their resistance towards endogenous
peptidases. The amidation of the C-terminus (UPFS8,
UPF10, UPF25 and UPF27) was used with the same
purpose. UPF26 was the only peptide where cysteine
was replaced with serine to observe the influence
caused by the removal of the sulphydryl group.

The ability of GSH and UPFs to scavenge hydroxyl
radicals suggests that UPFs are electron donors,
which can react with free radicals to convert them to
more stable products and terminate a radical chain
reaction. Radical scavenging assays revealed very
interesting results—the addition of different moieties
to the N- or C-terminus of GSH, the exchange of L-
amino acids to D-forms, the amidation of peptides or
even the change of Cys to Ser did not influence
drastically hydroxyl radical scavenging properties of
peptides compared to UPF1. All these analogues had
ECs5qo values between 17 and 35 M whereas the
change of y-glutamate to the a-glutamate drastically
decreased ECs5, by approximately 100 times. Such a
remarkable elevation of antioxidant activity can be
explained by the participation of the more available
carboxylic acid group in the active state complex,
between the peptide and the radical. When compar-
ing ECsy values of hydroxyl radical elimination
measured by THA method, UPF peptides with a-
glutamate in their backbone exceeded even the
respective property of an exhaustively tested anti-
oxidant melatonin (N-acetyl-5-methoxytryptamine;
ECs5011.4 = 1 pM) [38].

We also tested the ability of GSH and UPF peptides
to scavenge DPPH radicals. We determined the
scavenging activity of UPF1, UPF6, UPFS8, UPF17,
UPF19 and UPF25 in cell free systems using DPPH’
and compared their activity with that of GSH. Based
on the Tgcs9 Sanchez-Moreno et al. classified the
kinetic behaviour of the antioxidant compound as
follows: <5min (rapid), 5-30min (intermediate),
and >30min (slow) [34]. According to this classifi-
cation UPF17 was rapid; UPF1, UPF6, UPFS,
UPF19 and UPF25 were intermediate; and GSH
was a slow antioxidant. The comparison of times
required for half reaction, Tgcs9, of the tested
compounds showed that Tgcso for UPF1 was 4-fold
and for UPF6 2-fold shorter than that required for
GSH. Tgcs for UPF17 and UPF19 were 2.5-fold
shorter than UPF1 and UPF6, respectively. The
DPPH radical was scavenged by GSH and UPF
peptides through donation of hydrogen to form the
stable DPPH-H. The results showed that the methoxy
group makes the compounds more likely to react with
free radicals [37].
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As expected only reduced forms of GSH and UPF
peptides can react with other compounds/radicals.
Previously we have studied the stability of UPF
peptides by capillary electrophoresis [39,40]. All
active analogues showed slow dimerization kinetics
in water and saline solution. We found that dimeriza-
tion is slow (days) process, but occurs faster in
presence of salt.

We also studied the toxicity of designed peptides.
UPF peptides did not show any influence on the
viability of K562 cells even at 200 wM concentration.
Also they practically did not disturb the plasma
membrane structure of the cells. For disturbance of
membranes, our designed peptides are too short, but
again, slightly more effect had the peptides which
included a-peptide bond in the structure. At the same
time, addition of more hydrophobic moiety into the
sequence did not influence the membrane pertur-
bance. The non-toxic influence of UPF peptides is
also confirmed with the results of previous work:
UPF1 was not toxic to nervous tissue up to 100 pM
concentration [27].

The action mechanism of UPF peptides still need to
be clarified. In addition to the proven qualities like the
free radical scavenging effect as well as the modulation
of the G proteins in frontocortical membrane, their
ability to increase the intracellular GSH level and
normalize the GSH/GSSG ratio will be investigated in
the near future. In conclusion, we have designed and
synthesized the library of novel nontoxic antioxidants,
which showed very potent antioxidativity when
compared with GSH and they have impact both as
potent antioxidants and provide promising leads for
design of powerful non-peptidic antioxidants for
correction of oxidative stress-driven events.
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