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Abstroct

Cytosolic thioredoxin peroxidase 1 (cTPxl) is a Saccharomyces cerevisiae
antioxidant enzyme that belongs to peroxiredoxins family, conserved from bacteria to
humans, able to reduce hydroperoxides in the presence of a thiol substrate. Our study
concerning its role in yeast cells demonstrated that CTPXT is highly expressed in cells
exposed to different HyO, concentrations. Further results revealed that ¢TPx I is essential
for the antioxidant defense of respiratory deficient celis, demonstrated by high sensitivity to
HyO: of ctpxi mutant cells with dysfunctional mitochondria. In addition, we have shown
that lack of mitochondrial DNA or COXI0 deletion, gene required for cytochrome ¢
oxidase assembly, lead to H;O; increased generation. Regardiess where or how
mitochondrial function is perturbed, endegenous ROS production seems to be necessary {o
increase sensitivity of cfpx/ cells to oxidative stress. This phenomenon was demonstrated
by viability tests and by sulfhydryl content determinations. Accordingly, CTPXT expression
was high in conditions where the corresponding protein was essential to antioxidant
defense. Finally, we have obtained evidences suggesting that cTPxI specifically protects
respiratory deficient cells against RGOS, since deletion of genes encoding other peroxidases
did not alter the sensitivity of cells with mitochondrial dysfunction to HyOs. Therefore,
cTPxI seems to be remarkably important in the protection of celis exposed simultaneously
1o ROS generated by endogenous and exogenous sources.

Respiratory deficiencies are frequently associated with cancer, neurodegenerative
diseases and aging in human cells. Our results suggest that peroxiredoxins, specially those
with high similarity to yeast ¢TPxI, could exert decisive role in the destiny, survival or

death, of cells affected by these disorders.
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Tiorredoxina peroxidase citoplasmatica 1 (¢TPxI) € uma enzima antioxidante de
Saccharomyces cerevisiae pertencente & familia das peroxirredoxinas, conservada desde
bactérias até humanos, capaz de reduzir hidroperdxidos as custas de um subsirato contendo
tiol. Nossos estudos a respeito de sua funcio em leveduras demonstraram que CTPXT é
altamente expressc em cé€lulas expostas a diferentes concentracdes de perdxido de
hidrogénio. Resultados posteriores revelaram que ¢TPxI € essencial para a defesa
antioxidante de celulas com defici€ncias respiratérias, demonstrado pela elevada
sensibilidade ao H;0; de células mutantes em CTPX! (Acipxl) com disfungdes
mitocondriais. Alem disso, mostramos que a remogio de DNA mitocondrial ou a delegio
do gene COX10, necessério para a montagem de citocromo ¢ oxidase, induzem a formacggo
de H;0.. Independentemente de comoc ¢ onde a fungdo mitocondrial € perturbada, a
produglo enddgena de EROs parece ser necessaria para ¢ aumento da sensibilidade zo
estresse oxidativo de células Acipx] Este fenbmeno foi demonstrado por testes de
viabilidade e por determinacdes dos niveis de grupos sulfidrila protéica e ndo protéica. Em
acordo, a expressdo de CTPXJ ¢ bastante elevada nas condigBes em que a proteina
correspondente € essencial para a defesa antioxidante. Finalmente, obtivemos evidéncias de
que ¢TPx] especificamente protege células com deficiéncia respiratéria contra EROs, uma
vez que delecOes de genes que codificam outras peroxidases ndo promoveram alteragdes de
sensibilidade de células com mitocOndrias funcionalmente defeituosas ac H;O;. Portanto,
¢TPxi parece ser especialmente importante na proteciic de células expostas
simultaneamente a fontes de EROs endogenas e exdgenas.

Deficiéncias respiratorias s#io freqiientemente associadas ao processo de
envelhecimento, doengas neurodegenerativas ¢ cAncer em células humanas. De acordo com
nossos resultados, peroxuredoxinas, especialmente aquelas que apresentam elevada
similaridade a c¢IPxl de levedura, poderiam exercer papel decisivo no destino,

sobrevivéncia cu morte, de células afetadas por estas desordens.
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INTRODUCAO GERAL

1. Espécies reativas de oxigénio em sistemas bioldgicos

1.1. O que sdo ¢ fontes

Espécies reativas de oxigénio (EROs), incluindo radical dnion superdxide (0.™),
perdxido de hidrogénio (HpO,) e radical hidroxila (HO"), consistem em produtos
intermediarios da redugfio do oxigénio molecular (1), predisposto a redugBes univalentes
devido a sua estrutura eletrénica (Fridovich, 1999). As espécies radicalares, 4nion
superéxido e hidroxila, possuem um elétron desemparelhado em sua Gltima camada de

distribuigdo eletrdnica, sendo extremamente instiveis. J4 o peroxido de hidrogénio, que nfio

¢ um radical livre, é relativamente estavel e livremente difusivel.

€ e e &
D G2 -0y — Hy0; —» OH +HO" - 2H0
i 2H

ERQOs sio geradas inevitavelmente em células que se desenvolverm em ambientes
aer¢bicos, como subprodutos de processos metabélicos normais que ocorrem na
mitocdndria {respiragdo) ¢ nos peroxissomos {B-oxidagio de 4cidos graxos), bem como em
sistemas enzimaticos no citoplasma (lipoxigenases, NADPH oxidases, citocromo Pas).

Além da geragho intracelular, ainda existem fomtes exdgenas de EROs, como luz



ultravioleta, radiagdo ionizante, agentes quimioterapicos, citocinas inflamatérias e certas
toxinas (Finkel ¢ Hollbrook, 2000},

A mitocOndria € responsavel pela maior produgic enddgens de EROs nas células
(Boveris e Chance, 1973, Hallywell ¢ Gutteridge, 1989), a partir de dois pontos da cadeia
de transporte de elétrons - Complexos I (NADH desidrogenase) e I (ubiquinona-
citocrome ¢ Oxido-redutase) — em que transferéncias monoeletrénicas diretas ac oxigénio
molecular levam & formacfio do radical dnion superdxido (2). Uma vez formado, este
radical pode ser dismutado & perdxido de hidrogénio através da acfio da enzima superdxido
dismutase (SOD) ou espontaneamente (3). O perdxido de hidrogénio, na presenca de metais

de transicio (Fe** ou Cu'), pode ainda produzir radical hidroxila (4, 5 e 6), de reatividade

elevada.

(2) Oy+e — 05

3) 20, +2H — H0,+0;

4 H,0; +Fe* — HO® + OH + Fe*™ Reacdo de Fenton

(5) F& +0;" — O, +Fe*

(6) H20,+ 07" — 0+ HO+ OH Reagdo de Harber-Weiss



1.2 Efeitos em sistemas biologicos

1.2.1. Danos oxidaiivos

Os efeitos de EROs em sistemas bioldgicos tém sido amplamente estudados desde sua
descoberta, hé cerca de 50 anos atrds. Inicialmente foram demonstrados os efeitos
deletérios, aleatérios e cumulativos sobre as biomoléculas (DNA, lipideos, proteinas), € a
relagio destes com o desenvolvimento de patologias (aterosclerose, diabete, cincer, artrite,
mal de Parkinson, Alzheimer) e processos degenerativos como envethecimento (Halliwell e
Gutteridge, 1989).

Em proteinas, EROs podem levar a formagio de ligacbes cruzadas proteina - proteina,
oxidagdo do “esqueleto” protéico resultando em fragmentagdo e ainda oxidagio de residuos
de aminoacidos de suas cadeias laterais (Berlett e Stadman, 1997). Os residuos de
aminoacidos cisteina e metionina s&o particularmente sensiveis 4 oxidagio por EROs,
sendo convertidos em dissulfetos e sulfoxidos de metionina, respectivamente (Berlett e
Stadman, 1997}. A formagdo de carbonilas pode ocorrer pela oxidacio direta dos residuos
de aminoacidos lisina, arginina, prolina ¢ treonina, ou ainda pela fragmentacio da cadeia
polipeptidica nos residuos prolina, glutamato ou aspartato (Berlett ¢ Sttadman, 1997).

Peroxidag&o lipidica consiste em um processo degenerativo cujo alvo so fosfolipideos,
glicolipideos e colesterol insaturados de membranas celulares e de outras estruturas
contendo lipidecs, oxidados via radicais hidroxila, levando 2 producio de lipoperéxidos.
Estes lipoperéxidos, sendo mais polares do que os lipideos precursores, podem perturbar a

estrutura e a fun¢do de membranas. Além disso, lipoperéxidos podem ainda sofrer posterior



redugdo monoeletrOnica mediada por Fe*' | levando a (7} abstracio direta de H e inicio da

peroxidagio da cadeia, (7i) cisio-B com formaciio de aldeidos e radicais alquil, e (@5}
reairanjo e oxigenagio formando radicais peroxil- epoxialilicos, alternativa mais
favorecida. Uma vez formados, estes radicais disparam sucessivas reagles de peroxidacio
lipidica mediadas por radicais livres, amplificando os efeitos deletérios da peroxidacio
inicial (Girotti, 1998). Além disso, como lipoperéxidos apresentam maior estabilidade do
que os radicais precursores, sd0 capazes de migrar espontaneamente ou através de proteinas
transportadoras de lipideos de seus pontos de origem até regides de maior sensibilidade,
onde a citotoxicidade mediada por ferro pode ser pronunciada (Girotti, 19983,

A oxidaglo de acidos nucléicos gera danos em bases e aglicares, quebras de fita Unica
ou dupla, formaglo de sitios abasicos e de ligaces cruzadas DNA-proteina. 8-oxoguanina
constitui uma importante lesio oxidativa a bases do DNA devido ao seu potencial

mutagénico {Gilchrest e Bohr, 1997).

1.2.2. Papéis fisiologicos e de sinalizacdo celular

Estudos posteriores demonstraram funges fisiologicas essenciais como a geracio de
EROs por células fagociticas promovendo a defesa do hospedeiro no combate 3 infecgles,
bem como EROs produzidas no citoplasma em resposta ao estimulo de fatores de
crescimento, regulando proliferaciio celular (Finkel e Holbrook, 2000). Evidéncias mais
recentes destacam o papel de EROs como mensageiros celulares, regulando metabolismo
{Nemoto e col., 2000}, ciclo celular (Shackelford e col., 2000), expressdo de genes, bem

como participando de vias de sinalizacdo sensiveis ao estado redox de moléculas {Allen e



Tresini, 2000, Finkel ¢ Holbrook, 2000, Droge, 2002). Portanto, os seres vivos nio so se
adaptaram para a.éetoxiﬁcagéo de EROs, impedindo seus efeitos danosos, como também
desenvolveram estratégias para utilizé-las como estimulos biclogicos (Allen e Tresini,
2000, Droge, 2002). C balango finamente regulado entre os efeitos benéficos e deletérios de

EROs influencia diversos processos biolégicos e a sobrevivéncia celular.
1.2.2.1. Sinalizacdo celular em mamiferos

Entre as principais vias de sinalizacfo e mediadores centrais ativados em resposta ao
danc oxidative estio as cascatas de sinalizacBo ERK (“extracellular signal-regulated
kinase”), INK (“c-Jun amino-terminal kinase) e MAPK (“p38 mitogen-activated kinase™), a
via PI(3)K/Akt (“phosphoinositide 3-kinase”), o fator nuclear NF-kB, p53 e a via de
resposta ao choque térmico (Finkel e Holbrook, 2000, Droge, 2002, Martindale ¢ Holbrook,
2002). Cabe lembrar que a ativacio destas vias nio se deve apenas ao estresse oxidativo j4
que estdo envolvidas na regulacio do crescimento, do metabolismo e de respostas a outros
tipos de estresse. Em geral, as vias de sinalizac3o de resposta ao choque térmico, ERK,
P(3)K/Akt e NF-kB exercem uma influéncia pré-sobrevivéncia, enquanto que ativacdo de
p33, JNK ou p38 esta mais relacionada & apoptose (Finkel e Holbrook, 2000, Martindale e
Holbrook, 2002). Ac nivel molecular, os mecanismos da regulacio redox de fatores de
transcricdo e vias de transdugdo de sinal nio s#o completamente compreendidos, mas, em
geral, s8o mediados por oxidagdo ou reducio de grupos sulfidrilas de proteinas. Mudangas
no estade redox destes grupos levam a alteragBes conformacionais que, dependendo da

proteina, podem aumentar ou diminuir lgacfo ao DNA, liberar subunidades inibitérias ou



promover formac3o de complexos protéicos (Allen e Tresini, 2000 e referéncias citadas).

Em analogia ao processo de fosforilagio/defosforilagio, oxidaciio e reducBic de grupos
sulfidrila de proteinas promovem importanie mecanismo de regulacio das mesmas (Cai
col., 2000).

Existem diversas evidéncias de que EROs podem amar como moléoulas
sinalizadoras na apoptose, fendmenc enddgeno de morte celular programada, em que
células indesejaveis ou severamente lesadas s3o removidas, e que desempenha importante
fungio no desenvolvimento ¢ homeostase de organismos multicelulares, B um processo
extremamente regulado e coordenado, que origina mudangas morfologicas tipicas, distintas
das ocorridas por necrose, como exposicdo de fosfatidilserina na superficie celular,
fragmentagic do DNA, condensagdo da cromatina e formago de corpos apoptoticos
(Madeo e col., 1997, Hengartner, 2000). A maior parte das alteragbes morfologicas
ocorridas, deve-se a atuagBo de proteases especificas, as caspases (Hengartner, 2000},
Citocromo ¢, um dos componentes da cadeia de transporte de elétrons, em adi¢do a proteina
adaptadora Apaf-1, desempenha papel fundamental na ativacio da procaspase-9. Caspase-9
ativa, ent8o, desencadeia a cascata de caspases que funcionam como efetores subseqlientes
do programa de morte celular (1i e col,, 2000). Qutras proteinas mitocondriais funcionam
como reguladores deste processo, como as da familia Bel-2, induzindo-o (Bax), ou
reprimindo-o (Bel-2 e Bel-X1) (Madeo e col., 1997, Hengartner, 2000).

A adicio de oxidantes ou deplecio de antioxidantes enddgenos podem promover
apoptose, enquanto antioxidantes podem retardar ou imibir este processo;, aumentos nos
niveis intracelulares de EROs estdo associados a apoptose e Bel-2, proteina que previne

apoptose tem sido descrita com capacidade antioxidante (Jiang e col,, 1999, Cai e Jones,



1998, Zhang e <ol.,1997). Embora seja reconhecida a participacdo de EROs na apoptose,

ainda nio foi bem estabelecido em que passo ou passos esta participagdo é decisiva para o
processo. Alteragdes no estado redox podem gerar sinais que levam a mitocndria a iniciar
apoptose, por outro lado, 2 liberagdo de citocromo ¢ a partir desta organela eleva 2
formagio de EROs, tormando as células ainda mais oxidadas. EROs podem ainda ativar a
transicio da permeabilidade mitocondrial ou a quinase sinalizadora de apoptose (ASK-1).
Por fim, a acentuada oxidagdo celular pode estar envolvida na degradacio final dos corpos

apoptoticos (Cai e Jones, 1999).

1.2.2.2.8inalizacdo celular em Saccharomyces cerevisiae

A exposigiio de celulas de S. cerevisiage a EROs leva a uma resposta adaptativa que
consiste em mudangas na expressdo de genes, afetando niveis de enzimas antioxidantes,
proteinas de estresse (chaperonas e proteases) ¢ ainda de enzimas do metabolismo celular
(revisado por Costa e Moradas-Ferreira, 2001).

Os fatores de transcrigio Yapl, Skn7, Hsfl e Msn2/4 sio os reguladores da resposta de
leveduras a EROs. Em presenca de glicose e conseqiientes niveis elevados de cAMP, estes
fatores so reprimidos pela via de sinalizagio Ras/proteina quinase A (PKA), que promove
crescimento celular. Nesta situacdo, as células s#o menos resistentes a oxidantes De fato,
muitos, sendo todos os genes que codificam funcdes respiratorias , estdo submetidos 2
repressdo por glicose como, por exemplo, os antioxidantes C777 (catalase citossélica),
CTAI (catalase peroxissomal), CCP/ (citocromo ¢ peroxidase) e SODI (superdxido

dismutase citossolica) (Jamieson, 1998). Por outro lado, a exaustfio da glicose e redugio



dos niveis de cAMP, leva 2 inibigHo da via Ras/PKA e diferentes fatores de transcricio sZo

ativades por vias de transdugfio de sinal especificas. Ocorre uma transformagio no
metabolismo celular que passa de fermentativo para respiratério, levando ao estimulo de
biogénese de mitocSndrias e de proteinas da cadeia de transporte de elétrons, bem 2
indugiio de genes gue codificam enzimas antioxidantes, para combafer o aumento da
produgdo de EROs ocasionado pela maior atividade mitocondrial.

Embora seja discutivel a ocorréncia de apoptose em organismos unicelulares, e ndo
tenham sido encontradas em leveduras proteinas similares aos reguladores apoptéticos
classicos de mamiferos, vérios frabalhos t8m demonstrado que leveduras podem constituir
importantes modelos para o estudo da apoptose. Estes estudos argumentam que tal processo
corresponderia a uma vantagem evoluciondria, em que células severamente danificadas
interromperiam seu crescimento e consumo de nutrientes em favor de seus parentes clonais
(Madeo e col., 1997). Alguns autores demonstraram que a expressdo de genes humanos que
codificam Bax ou p-53 induz parada de crescimento e morte celular em leveduras, com
algumas alteragbes morfolégicas cléssicas da apoptose, enquanto que a co-expressio de
Bel-2 ou de Bel-X;, reverte esta toxicidade (Gross e col., 2000, Madeo e col., 1699, Manon
¢ col, 1997, Longo e col., Madeo e col, 1997, Greenhalf e col., 1596).Tais trabalhos
indicam a presenga da magquinaria basal essencial do processo apoptético neste organismo
unicelular. Evidéncias experimentais revelaram a atuagfio de EROs como reguladores da
apoptose em levedura. A expressio de BAX, bem como a mutaciio do gene CDC48, que
codifica uma ATPase envolvida em fusdio vesicular, estimulam a produgiic de EROs e
apoptose, sendo que hipdxia e deple¢iio de oxidantes impedem o desenvolvimento deste

processo (Madeo e col, 1999). Ao contrario do que ocorre em mamiferos, o efeito letal da



expressio de BAX em leveduras néio involve a liberagiio de citocrome ¢ da mitocndria para

o citoplasma celular (Gross e col., 2000, Roucou e col., 2000). Recentemente, Madeo ¢
colaboradores (2002} descreveram uma proteina estruturaimente homéloga s caspases de
mamiferos, Yorl97w. Estes autores demonstraram que o processo de apoptose
desencadeado pela exposiglo ao perdxide de hidrogénio ocorre nos padrdes da atividade
enzimatica proteolitica das caspases, que esta resposta ¢ eliminada completamente apds
disrrupgdo e fortemente estimulada apés overexpressio de Yor197w. Estas observacdes
levaram & conclusfo de que esta proteina atua realmente como uma caspase, passando 2 ser

chamada de YCAI ("Yeast caspase-17").

L.3. Defesas celulares

Para que pudessem se beneficiar do alto rendimento da respiracdo aerdbica, os seres
vivos desenvolveram um sofisticado sistema de defesa contra EROs, incluindo enzimas
como superdxide dismutase (SOD), catalase (CAT) e glutationa peroxidase (GSH-Px).
50D acelera a conversdo de radical 4nion superdxido a peréxido de hidrogénio, enquanto

CAT e GSH-Px transformam este ultimo em agua.

SOD

20, +2H — HaOs + Oy

CAT

2H:0; —» ZH,0+ 0,



GSH-Px

2GSH+ROOH — GSSG+ROH+H0

A glutationa reduzida (GSH) € mantida em niveis fisiolégicos pela sua sintese via
glutationa sintetase ¢ pela reducio da glutationa oxidada (GSSG) através da acio da
glutationa redutase, que utiliza NADPH como redutor (Hallywell e Gutteridge, 1989).

Varias outras moléculas nfio enzimaticas de baixo peso melecular sio importantes
na remocgdo de EROs, como ascorbato, flavondides, carotendides e moléculas contendo
tidis {glutationa e tiorredoxina). Metalotioneinas, proteinas que ligam ions metélicos

envolvidos nz geracio de EROs, constituem mais uma linha de defesa.

1.3.1. Peroxirredoxinas, uma nova familia de peroxidases

Peroxirredoxinas (Prx) constituem uma familia de enzimas antioxidantes presentes
em todos os reinos bioldgicos, capazes de reduzir hidroperdxidos 3s custas de um substrato
doador de eléetrons contendo tiol (Netto e col., 1996). Estas enzimas no possuem nenhum

grupo prostético e utilizam um ou dois residuos de cisteina para reduzir perdxidos.

Prx

ZRSH + H;0; — RSSR+2HO
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Peroxirredoxinas podem ser divididas em quatro grupos. As que possuem duas

cisteinas conservadas (2-cis-prx} foram as primeiras proteinas desta familia 2 serem
descritas emn bacterias e leveduras (Rhee e col, 1999). Em §. cerevisige, duas 2-Cis-prx
estdo presentes: ¢IPxl e ¢TPxIl. Como em todos os membros do grupo, uma destas
cisteinas € essencial para a capacidade de decompor peréxidos, ou seja, a substituicio desse
amino acido por uma serina leva a perda da atividade enzimatica. O residuc de cisteina
responsavel pela atividade enzimatica estd localizado na regiio N-terminal e, no caso de
cTPxl e ¢TPxI], encontra-se na posicio 47, em um motive VCP (Chae e col,, 1994). A
segunda cisteina conservada de 2-cis-prx estd na regific C-terminal, que se localiza ao redor
da posigEo 170, também em um motivo VCP. Esta cisteina nio & essencial para a atividade
enzimatica, mas € importante para a interagdo com o sistema tiorredoxina (Rhee e col,
1999). Peroxirredoxinas que utilizam tiorredoxina como substrato doador de elétrons sio
chamadas tiorredoxina peroxidases (Chae e col., 1994),

Tiorredoxina ¢ uma proteina de baixo peso molecular (12-13kDa) que contém duas
cisteinas vicinais. Tiorredoxina estd envolvida na reducic de pontes dissulfeto de vérias

proteinas (esquema 1}.

. alvo L, alvo
Ny trx
‘ -k &
Cys35.SH szi . Cy33§ 5] . Cys35-’8 s
Cys32:S ‘VVS,‘LE Cys3t ;S 7 y2S S
H

Esquema 1 — Mecanismo de acio de tiorredoxina.
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A tiorredoxina oxidada pode ser regenerada (reduzida) por NADPH, em uma reacio

catalizada por tiorredoxina redutase que € uma flavoenzima de acordo com a reacio:

NADPH + trx (-88-) - NADP + trx (-28H)

A segunda classe de peroxirredoxinas € composta por proteinas que possuem somente
um residuo de cisteina conservado {(I-cis-prx}, também situado na regifo MN-terminal, em
um dominio gue em geral contém um motivo VCTT (Tabela I). I-cis-prx e 2-cis-prx
apresentam alta similaridade entre si. A terceira classe de proteinas também contém 2
cisteinas conservadas mas em motivos distintos como TCT ¢ TCS (Tabela I}. Também
neste caso, a cisteina do sitio ativo estd localizada na regific N-terminal ac redor da posicio
60. Proteinas desta classe sfo denominadas peroxirredoxinas do tipo I {tipo 1 prx) ¢ tém
baixa similaridade com as duas outras classes. Finalmente, a quarta classe é composta por
proteinas que tém duas cisteinas conservadas na regifio N-terminal, ambas essenciais para
atividade enzimatica, e que formam um ponte dissulfeto intramolecular. A isoforma de
levedura se localiza no niicleo e estd envolvida com a atividade de teldmeros (Park e col.,
2000;. Essas proteinas s&o conhecidas também comoe BCP (bacterio comigraiory protein)
ou prxQ e tém baixa similaridade com as proteinas das outras trés classes (tabela I). Como
pode ser observado na tabela I, apesar das proteinas de cada sub-grupo serem altamente

conservadas, a localizac8o celular difere muito entre diferentes grupos taxondmicos.
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Tabela I ~ Caracteristicas de sub-grupos de peroxirredoxinas

Sub-classe | Motive 1 |Motivo 2 | Localizacio Forma oxidada | Isoformas
Nerminal | Cqerming! | celular estavel* de
levedura
2-cis-prx VP v P Citoplasma (leveduras, -55- ¢1Pxl,
mamiferos) {mtermolecular) | cTPxH
MitocOndria (rmamiferos)
Cloroplasto (plantas)
1-cis-prx VCIT Nio possui | mitocdndria (Jevedura) -SOH mTPxI
citoplasma (mamiferos)
nucleo {plantas)
Tipo 11, TCT Nio possul | peroxissomo, citoplasma -58- ¢TPxIlE
AHP pmp TCS (evedura) - {intermolecular)
cloroplasto, secrecio?
(plantas)
citoplasma ? (mamiferos)
BCP . prxQ | GCTVQA | Nfo possui | nicleo (leveduras) B8 nTPxi
C cloroplasto (plantas) .
citoplasma, mitocdndria e (intramolecular)
peroxissomos (mamiferos)

* A forma oxidada estavel € aquela que pode ser detectada por métodos cromatograficos ou

espectrometricos. (?) Apresentam indicios ainda nfio confirmados experimentalmente.

O mecanismo de catélise de 1-cis e 2-cis peroxirredoxinas envolve a formagdo de
acido sulfénico a partir da reaco com hidroperéxidos. Em I-cis-prx, o acido sulfénico
reage com uma molécula de ti6! gerando um dissulfeto misto com a proteina. A
regeneracdo do estado reduzido da enzima ¢ realizada pela reagio com um segundo tiol
com a ponte dissulfeto (esquema 2). Ji o mecanismo das 2-cis-prx parece ser mais
complicado. A cisteina proximal oxidada (pela reaciio com hidroperoxido) reage com 2
distal, proveniente de uma segunda subunidade invertida da enzima oligomérica, formando
a ponte dissulfeto inter-subunidades. Entfo o substrato redutor, tipicamente um ditiol, reage
com esta ponte dissulfeto, regenerando o estado reduzido da enzima (Hofmann e col., 2002)

{esquema 2}.
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47 §~ & H 70 47 BOH H 176

RS8R
RSH
ROOH ROH
47 & HS 170 47 —~8CH HS 170
170 8H 8§ 47 170 8H S 47
RSSR
RSH HO
RSH
47 S8R HS 170 f 47 & § 17¢
176 SH 5t 47 170 SH §— 47

Esquema 2 -~ Mecanismo enzimatico de I-cis-prx (A) e 2~cis-prx (B).
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Tiorredoxina peroxidase citoplasmatica I (¢TPxI) fol a primeira peroxirredoxina

isolada de uma célula eucaridtica, de 5. cerevisige (Kim e col., 1988), corresponde 4 cerca
de 0,7% do total de proteinas soluveis das células (Kim e col., 1989) e apresenta niveis de
transcrigio abundantes durante todas as fases de crescimento (Kim e col, 1585, Godon e
col., 1998, Park e col, 2000). Este fato sugere uma funcio de peroxidase tipo
“housekeeping” para ¢TPxI, que poderia regular niveis intracelulares de H;O,. Além disso,
¢TPxI tem importante papel na defesa de mitocOndrias contra a permeabilizagio induzida
por calcio (Kowaltowski e col., 2000). Por outro lado, ¢TPxII (que € 96% similar a ¢TPxI)
aparece em baixos niveis basais e € altamente induzivel, podendo interferir em proliferagio
celular (Park e col., 2000; Wong e col., 2002). J4 ¢TPxIII parece ter maior especificidade
para alquil hidroperoxidos, sendo mais abundante na fase estacionaria, em que 4cidos
graxos sdo utilizados como fonte de energia para as células (Jeong e col., 1999; Verdoucq €
col., 1999; Park e col, 2000). ¢TPxI e ¢TPxIII sdo as isoformas de peroxirredoxinas
predominantes em S. cerevisiae (Park e Col, 2000). Assim como cTPxIl, mTPxI €
altamente induzivel por peréxidos e por exaustfo de glicose do meic de cultura (Monteiro ¢
col., 2002), sendo responsével pela decomposiciio de EROs produzidas durante ¢ processo
de respiragio mitocondrial (Pedrejas e col., 2000). Finalmente, nTPx parece ter papel na
protecio de teldmeros (Singer e col., 1998) e poderia proteger o DNA nuclear contra danos
oxidativos {Park e col., 2000). A extrema conservacfio destas enzimas e a quantidade de
isoformas, sugerem um importante papel das mesmas para as células.

Recentes buscas em bases de dados demonstraram a existéncia de 320 sequéncias de
peroxirredoxinas de diferentes reinos bioldgicos submetidas (Hofmann e col, 2002). Em

mamiferos, pelo menos seis isoformas de peroxirredoxinas foram descritas, tendo sido
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envolvidas em diversos processos biologicos, como diferenciaclio e proliferacio celulares

(Rhee e Chae, 1994), em citotoxicidade de “Natural Killers” (Rhee e Chae, 1994), apoptose
{(Zhang e col, 1997) e transicdo da permeabilidade mitocondrial (Kowaltowski e col.,
1998}. Outras, encontradas em microorganismos, constituem antigenos espécie-especificos
(E. hystolytica, H. pylori e M. avium) (Rhee e Chae, 1994 e referéncias citadas).

Hofmann e colegas (2002) sugerem que peroxirredoxinas podem apresentar funcgdes
diferentes em trés grupos de seres vivos: (1) em bactérias, leveduras e tripanossomas, que
ndo possuein peroxidases de alta eficiéncia (seleno-peroxidases), peroxirredoxinas podem
representar a principal linha de defesa das células contra danos oxidativos; (2) em plantas,
elas estéo implicadas na protegdo contra subprodutos oxidantes provenientes da fotossintese
; {3) em mamiferos, a menor eficiéncia enzimatica de peroxirredoxinas em relagio a
catalases ¢ seleno-peroxidases poderia descarti-las do cenario de defesa contra estresse
oxidativo, mas sua abundincia, nimero de isoformas e e sua elevada afinidade por
peréxido de hidrogénio {acima de 1000 vezes maior do que 2 da catalase) poderiam sugerir
uma fungdo moduladora regulatéria, removendo baixas concentragdes de perdxidos,

produzidos como mensageiros celulares (Lee e col., 2001).
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2.. Estado funcional da mitocondria e a producio de EROs

2.1. Mitocondria funcional - Prodiegio de energia: oxidacio fosforilativa e o

“vazamento” de elétrons a partir da cadeia respiraioria

Na mutocondria funcional, ocorre a fosforilacio oxidativa. A cadeia respiratoria é
alimentada com elétrons provenientes de substratos reduzidos. Grandes complexos
enzimaticos ligados 2 membrana, como NADH-Q dxido-redutase {Complexo 1) ou
succinato-0 Oxide-redutase (Complexo I3, transferem os elétrons através de um gradiente
de potencial redox at€ a ubiquinona (Q), um transportador lipossolivel. A partir da Q, os
elétrons prosseguem através da Q-citocromo ¢ dxido-redutase {Complexo 1), citocromo ¢
{um outro transportador mével, hidrossoltivel) e citocromo ¢ oxidase (Complexo IV) até o
aceptor final, o oxigénio. Conforme os elétrons fluem através de seu gradiente quimico, 0s
Complexos I, IIf e IV efetuam o bombeamento de protons da matriz mitocondrial para ¢
espaco entre as membranas, contra seu gradiente eletro-quimico. Este bombeamento gera
uma for¢a préton motriz que consiste em um gradiente elétrico {potencial de membrana),
acompanhado por um pequeno gradiente quimico (diferenca de pH). A for¢a proton motriz,
entfo, impulsiona os prétons de volta & matriz através da ATP sintetase mitocondrial,
resultando na sintese de ATP {esquema 3).

Em S. cerevisiae nio existe o Complexo I que, em mamiferos, ¢ constituide de 43
subunidades distintas, contém pelo menos cinco grupos ferro-enxofre e FMN como cofator,
sendo passivel de inibigAo por rotenona (Seo e col, 1998 e referéncias citadas).

Substituindo este complexo, trés NADH desidrogenases alternativas, duas externas (NDE1
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e NDEZ2) e uma interna (NDI1), existem em S. cerevisiae (Joseph-Home e col, 2001)

{esquema 3). Todas s#o insensiveis a rotenona ou pericidina, sfio constituidas por uma
unica cadeia polipeptidica, sendo FAD seu cofator, € nfo possuem grupos ferro-enxofre.
Estas NADH desidrogenases representam uma via alternativa ao complexo I na
transferéncia de equivalentes reduzidos 4 cadeia de transporte de elétrons, no entanto, sio
incapazes de efetuar o bombeamento de prétons (Vries e Marres, 1987, Seo e col., 1998,
Joseph-Horne ¢ col,, 2001). NADH desidrogenases alternativas foram também descritas em
mitocdndrias de plantas, fungos, Tryparnosoma brucei, bem como em membranas de
bactérias {revisado por Fang e Beattie, 2002).

Embora a cadeia de transporte de elétrons constitua um sistema bastante eficiente, a
natureza das reagles de oxido-redug8o monoeletrdnicas que catalisa predispde cada
transportador de elétrons a reagdes secundarias com oxigénio molecular (Cadenas e Davies,
2000). Isto € o que ocorre durante o ciclo da ubiquinona que, entre os estados quinona
(totalmente oxidada), semiquinona (produto da redugio monoeletrdnica) e quinol
(totalmente reduzida por 2 elétrons), apresenta tendéncia a doar um elétron diretamente ac
oxigénio, gerando radical anion superdxido, ao invés de passi-lo ao transportador de
elétrons seguinte da cadeia. Neste ciclo (esquema 3B), 2 oxidagio do quinol ocorre em uma
reagéo bifurcada. O primeiro elétron € transferido para proteina ferro enxofre (ou proteina
Rieske), citocromo ¢; e citocromo ¢, com a formagio de uma semiquinona no centro Q..
Esta semiquinona doa o segundo elétron através de citocromos 5 até a semiquinona situada
no centro ;, em que quinona € reduzida a quinol. Para fornecer os dois elétrons necessarios

para a reduc@io da quinona no centro Q, dois equivalentes de quinol sic oxidados no centro
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Q. em sucessivos ciclos (Raha e Robinson, 2000). A semiguinona gerada no centro Q, € a
principal responsavel pela formacio de radicais O, .

NAD desidrogenases também est3o sujeitas a reagdes com oxigénio gerando O,
através da formacfo de semiquinonas relacionadas as flavinas contidas nestas enzimas
(Raha ¢ Robinson, 2000) (esquema 3B). Diversos grupos ferro-enxofre presentes na cadeia
respiratéria também podem ser considerados sitios de geracio de radicais superdxido
{Cadenas e Davies, 2000). Portanto, geralmente se assume que a mitocondria representa a
maior fonte de EROs sob condigbes fisioldgicas, com estimativas de que 1 a 2% do
consumo de oxigénio diano seja desviado para a geragio de radical 4nion superéxido.

Recentemente, foi demonstrado gue NADH desidrogenase alternativa insensivel a
rotenona de 7. brucei € também uma fonte de superdxido (Fang and Beattie, 2002).

A oxidase alternativa, que atua em paralelo ao complexo bc/ para a oxidagio de
ubiquinol em muitos fungos, ndo esta presente em . cerevisiae (Joseph-Home ¢ col., 2001)
e, portanto, nfo pode ser considerada como fator que influencia a geracfio de EROs nesse
MiCrorganisimo.

As taxas de produgio de Op e H0; associadas 2 cadeia respiratéria dependem do
estado metabolice mitocondrial, refletido pelo potencial de membrana mitocondrial A%,
{ou forga préton-motiva) (Nicholis € Budd, 2000). O estade 4, de repouso, é caracterizado
por elevado A, respiracio lenta e nenhuma disponibilidade de ADP, sendo associado a
altos niveis de produgdo de O, e Hy0,, provavelmente em conseqiiéneia ao elevado grau
de redugfo dos componentes da cadeia respiratéria. Por outro lado, o estado respiratério

mitocondrial ative, estado 3, com reduzido A¥,, alto consumo de oxigénio e ampla
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disponibilidade de ADP, gera niveis relativamente baixos de Oy e H,0: devido ao grau de

oxidacdo dos componentes da cadeia de transporte de elétrons (Cadenas e Davies, 2000,
Wicholls e Budd, 2000).

Em adigSic & produglc de energia {(ATP), as atividades mitocondriais incluem
modulagio do estado redox celular, regulacio osmotica, controle de pH, regulacio da

concentracdo de cdlcio intracelular , termogénese (Pedersen, 1999) ¢ sintese de compostos

ferro —enxofre (Muhlenhoff e col., 2002}

2.2. Mitocdndria disfuncional e producdo de EROs

2.2.1. Disfuncdes provocadas por agentes quimicos

Como mencionado anteriormente, A%, ¢ ¢ parimetro central na regulacio da
geracio de EROs pela cadeia respiratéria, além de regular também sintese de ATP e
segitestro de Ca®" mitocondrial. A%, por sua vez, é controlado pela disponibilidade de
substratos, demanda de ATP, estado funcional da cadeia de transporte de elétroms,
condutincia de protons e seqiiestro mitocondrial de Ca** (Nicholls e Budd, 2000).
Interferéncias nestes parAmetros desencadeiam alteragdes na produgfio de EROs a partir da
cadeia respiratoria, podendo causar aumento ou mesmo diminuico.

Desacopladores, como FCCP e DNP, sfo substincias lipofilicas capazes de
dissociar o transporte de elétrons da oxidacfio fosforilativa através da transferéncia de

prétons do exterior para o interior da matriz mitocondrial, promovendo colapso do A ¥,

Com isto, o transporie de elétrons € acelerado e a geragdo de O, ¢ inibida devido 20 grau
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de oxidagio dos transportadores de elétrons e ao elevado consumo de O, diminuindo sua
disponibilidade ao redor da mitocdndria (MNicholls e Budd, 2000, Brand, 2000). A energia
que seria utilizada para 2 sintese de ATP ¢ dissipada na forma de calor. Além disso, a
atividade reversa da ATP sinietase ¢ estirpulada, conduzindo a répida hidrélise do ATP
citoplasmatico (IMNicholls e Budd, 2000). Parz uma célula garantir suz sobrevivéneia na
presenga de um desacoplador, sua capacidade de produzir ATP pela via glicolitica deve
exceder 2 quantidade requerida pelo seu metabolisme mais a consumida pela atividade
reversa da ATP sintetase, que parece ser possivel apenmas em células com limitada
populacio de mitocdndrias (Nicholls e Budd, 2000).

Mesmo na ausénecia de desacopladores artificiais, uma pequena fragio da energia
proveniente da oxidacio dos substratos € perdida na forma de calor, devido ac “vazamento”
natural de protons através da membrana interna mitocondrial (Korshunov e col.,1997,
Brand ¢ col., 2000). Este “vazamento” € aumentado em condicdes de elevado A ¥, sendo
que vanos autores sugerem que este possa ser um mecanismo de redugdo da formagio de
EROs (Korshunov e col,1997, Brand e col., 2000). Em adicio a conduténcia basal de
protons, mitocdndrias possuem proteinas desacopladoras induziveis, que ocorrem no tecido
adiposo marrom (UCPs), responsaveis pela termogénese necesséria na protegio de recém-
nascidos e na recuperagfo da temperatura normal de animais em hibernacio (Brand, 2000).

Existe uma variedade de blogueadores do transporte de elétrons, seletivos para cada
complexo da cadeia respiratéria (rotenona, antimicina A, mixotiazol, cianeto). A inibicio
de qualquer complexo leva ao bloqueio da transferéncia de elétrons ao longo de toda a
cadeia, inibicio do bombeamento de prétons, redugiio do AY, e bloqueio da sintese de

ATP, permitindo atividade reversa da ATP sintetase. A hidrélise resultante de ATP
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citoplasmatico ocorre mais lentamente em relagio & promovida por desacopladores, uma

vez que a rmembrana interna mantém sua baixa permeabilidade a protons, e € suficiente
para garantir niveis de A¥, pouco mais baixos do que na auséncia de inibidores {Nicholis e
Budd, 200C). Embora provoguem queda do AY,, estes inibidores levam ac aumento da
geragdo de radicais superéxido devido ac actmuio das formas reduzidas de proteinas
transportadoras de elétrons (flavinas relacionadas 20 Complexo I e ubiquinena) localizadas
anteriormente ac sitio bloqueado, o que favorece a doaclio de elétrons ao oxigénio
(esquema 1) {Boveris e Chance, 1973, Korshunov e col, 1997, Starkov e Fiskum, 26013

Rotenona blogueia o transporte de elétrons no Complexo L sendo um inibidor
bastante utilizado em estudos que utilizam mitocondrias de células de mamiferos O
tratamento de mitocondrias de mamifero com rotenona estimula a formagio de superoxido
pela enzima NADH desidrogenase (Turrens, 1997).

Antimicina A e mixotiazol s3o inibidores do Complexo III da cadeia respiratona,
sendo amplamente utilizados por realizarem seus efeitos em diferentes sitios e por
apresentarem interferéncias contrarias na formacio de radicais supercxido neste complexo
(esquema 3B). Antimicina A inibe a transferdncia de elétrons do citocromo para
ubiquinona, © que favorece o acimulo de semiquinona no centro @, e estimula a producio
de 0, . J4 o mixotiazo! impede o transporte de elétrons do quinol para a proteina Rieske
ferro-enxofre {ISP), prevenindo a formacio de semiquinona no centro Qo e
conseqlientemente, a produgdo de superdxido pelo Complexo HI. Varios estudos
demonstraram que mixotiazol diminui a formagio de EROs , mas apenas quando outro
inibidor do transporte de elétrons estd presente, frequientemente antimicina A (Gardner e

col., 1995, Korshunov e col, 1997, Starkov e Fiskum, 2001, Young ¢ col., 2002). Alguns
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destes mesmos trabalhos revelaram que mixotiazol, quando tnico agente blogueador da
cadeia respiratéria, estimula 2 producio de EROs, embora em niveis mais baixos do que os
observados ¢Om antimicinga A. Flavinas do complexo NADH desidrogenase sio as
principais geradoras de EROs em mitocSndrias inibidas por mixotiazol, sendo que ¢ grupos
ferro-enxofre da cadeia também poderiam contribuir para este efeito (Young e col., 2002).

Cianeto e azida s@o bloqueadores do Complexo IV da cadeia respiratoria por se
ligarem a grupos heme de citocromos. A adigio desses inibidores provoca o aumento da
geragdo de EROs provavelmente devido a um aumento nas formas reduzidas de flavinas e
quinonas dos Complexos I ¢ Il (Bandy e Davinson, 1990).

Oligomicina € um inibidor do componente F, da ATP sintetase mitocondrial. Este
inibidor previne tanto a sintese quanto a hidrdlise de ATP ¢, como a mitocondria nio
consome ATP citoplasmatico, a capacidade glicolitica da célula deve suprir apenas ATP
para a manutencio de seu metabolismo. A ¥, nfo 56 é mantido, como também aumentado
(hiperpolariza¢@io) na presenga de oligomicina, devido 2 inibigio da entrada de prétons pela
ATP sintetase. Conseqiientemente, a geragio de O, " é estimulada (Korshunov e col., 1997,

Nicholls e Budd, 2000).

2.2.2. Disfungdes provocadas por mutagdes : vulnerabilidade do genoma mitocondrial

MitocOndrias sdo organelas de funcionamento semi-auténomo, que contém um
genoma residente e replicam, transcrevem e traduzem seu proprio DNA (Penta e col,
2001). O DNA mitocondrial (DNAmt) ¢ uma molécula circular, dupla-fita e super

espiralada, contendo genes que codificam (2 minoria) dos polipeptidecs que compdem a



cadeia respiratona, tRNAs e rRNAs necessarios para a sintese dos polipeptideos. Ao

contréario do DINA nuclear, DNAmt pode replicar mais de uma vez durante o ciclo celulas,
podendo ainda sofrer replicagio em células que nfo estdo se dividindo.

Comparado ac DNA nuclear, o DNAmt € mais susceptivel a danos oxidativos e
apresenta maior taxa de mutacio (Ferguson e Borstel, 1992, Penta e col.,, 2001}, Esta maior
vulnerabilidade do DNAmt deve-se a pelo menos 4 fatores: (1) localizagio proximal
cadeia de transporte de elétrons, na membrana interna mitocondrial, onde EROs sio
continuamente geradas, (2} a mitocOndria possui mecanismos de reparo de DNA limitados,
(3) auséncia da protegiio conferida pelas histonas e pela estrutura da cromatina e (4)
auséncia de introns, tornando praticamente todo DNAmt codificador (Bandy e Davison,
1990, Penta € col., 2001).

Quando uma mutagdio aparece, as cdlulas contém inicialmente uma mistura de
DNAmts selvagens e mutados, estado conhecido como heteroplasmia. Durante a divisgo de
uma célula heteroplésmica, os DNAmts sHo distribuidos as células filhas ac acaso, de modo
que, apds muitas geragBes, o gendtipo do DNAmt de uma linhagem celular pode se tornar
predominantemente mutado ou selvagem (homoplasmia), um processo conhecide como
segregagdo replicativa. Conforme a porcentagem de DNAmts mutados aumenta, a
capacidade energética das células diminui até que atinja um limiar além do qual sintomas
patologicos aparegam € se fornem progressivamente piores (Wallace, 1999).

MutacBes em regides do DNA mitocondrial ou nuclear codificadoras de
polipeptidecs que participam na transferéncia de elétrons na cadeia respiratoria podem
conduzir a perda de func@io dos complexos respiratorios correspondentes, gerando efeitos

similares a0s dos bloqueadores do transporte de elétrons. Estas mutacdes podem entdio
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impulsionar um ciclo de eventos levando a malor produglo de EROs, seguido por

posteriores mutagdes, amplificando cada vez mais a formacdc de EROs, criando uma
situaglo de estresse oxidativo permanente.

Poyton ¢ McEwen {1996) sugeremn que EROs produzidas pela cadela respiratdria
poderiam constituir mensageiros da mitocdndria para o nicleo, que entfo promoveria ©
ajuste de deterrminadas funcgBes celulares para o restabelecimentc da homeostase. A
produgiio alterada de EROs refletiria mudancas no fluxo de elétrons através da cadeia
respiratbéria ocasionadas por variagBes nas condigles fisioldgicas, como alteracio da
conceniragio de oxigénio, mutacBes no genoma mitocondrial acumuladas com a idade,

chogue térmico, ou ainda exposicio a éxido nitrico.
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Objetivoy

Células eucaribticas possuern varias vias para detoxificaclic de perdxidos. Nosso
grupo esté particularmente interessado no papel de peroxirredoxinas na defesa antioxidante
de células. Tivemos como objetivo nessa tese avaliar em que condicBes ¢TPxl apresenta um

papel de destague na proteciio de leveduras contra o esiresse oxidativo induzido por

percxidos.
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Abstract  The specific role of cytosclic thieredoxin peroxidase ¥
{£TPx I}, eocoded by FSA7 (thicl-specific antiexidant), was
investigated in the oxidative siress response of Saccharomyces
cerevisize. In most cases, deletion of 7547 has showed only a
slight effect on hydroges peroxide sensitivity. However, when the
functional state of the mitochondria was compremised, the
necessity of T547 in cell protection agaisst this oxidant was
much more evident. ANl the procedures wsed to disrupt the
mitochondrial respiratory chein promoted imeresses in the
geperation of HoD; in cells, whick conld be related to their
elevated sensitivity fo oxidative stress. In fact, 7547 is highiy
expressed when cells with respiratory deficiency are exposed te
H70;. In conclusion, owr resulis indieate that ¢TPx 1 is 2 key
component of the antioxidant defense In respiratory-deficient
cells. © 2001 Published by Kisevier Scence B.V. on behalf of
the Federation of European Biochemics! Societies.

Key words: Thioredoxin peroxidase; Oxidative stress; Gene
expression; Mitochondrion; Respiratory deficiency

1. introduction

Living in an aerobic environment has required the develop-
ment of sophisticated mechanisms to detect and detoxify re-
active oxygen species {ROBS), generated as by-products of nor-
mal biological reactions, specially oxidative phosphorylation
f1]. The maintenance of the redox homeostasis &s erucial for
many biological processes such as differentiation, regulation
of specific genes and signaling pathways {237, cell cycle regu-
lation [4], programmed cell death [5} and aging {3). The pro-
tective system against ROS includes enzymatic scavengers
such as SOD, catalase and glutathione peroxidase, and non-
enzymatic ones, like vitamms C and E, thiol-containing mol-
ecules {glutathione, thicredoxin) and transition metals chela-
tors [i1.

Peroxiredoxins constitute 2 group of thiol-dependent per-
oxidases ubiquitously distributed. In humans, these proteins
have been implicated in many different processes such as pro-
liferation [8], differentiation [9], natural killer eytotoxicity [10].
apoptosis [11] and mitochondrial permeability transition {12].

*Corresponding author. Fax: {(35)}-19-37886235.
Ewmail address; goncalo@unicamp by {GAG. Pereira).

Abbrevigtions: ROS, reactive oxygen species; ¢TPx 1, cytosolic thio-
sedoxin peroxidase i; TSA, thiokspecific antiowidant; HRP, horse-
radish peroxidase

Diespite the demonstration that this protein decomposes per-
oxides at the expense of sulfydryl compounds [7], the zela-
tionship between cellular processes and its enzymatic activity
remains unknown.

Saccharomyces cerevisige cytosolic thioredoxin peroxidase I
{(cTPx I was the first peroxiredoxin isolated from an eukary-
otic cell [6). During the mvestigation about the rofe of ¢TPx 1
in yeast oxidative stress response, we found thar it gess,
TEAT {thiol-specific antioxidant), is {renscriptionally activaied
in differsnt situations where cells were exposed to high H,0,
eonceniration. The mitochondrial respiratory chein was dis-
rupied by several means and in all cases the generation of
ROS was ipcreased. Moreover, a comparison between a
T5AI deletion mutant and its corresponding wild-type isogen-
ic strain indicated that this deletion renders cells more sensi-
tive 1o HyO», remarkably when the functiopal state of the
miochondria is compromised. Our results indicate that
¢TPx I has 2 fundamental importance in the oxidative stress
response of cells with dysfunctional mitochondria.

2. Materials apd methods

2.f. Yeast strains and growth conditions

The S cerevisioe strains used in this study were JD7-7C (MATg
urad-52 keul mpA K+) [13], sse/AMATeerad-52 leu? trpA K+
tsadnLEUZ) {13}, W303-la (MAToade2-1 trpl-l canl-100 lew2-
3,112 his3-11 ura®d) and coxfOAMATo adel-1 trpi-1 canl-100 leu2-
3,112 his3-11 ura3 coxlG::HIS3) [14]. Cells were grown at 30°C on
¥ P medium (1% yeast extract, 2% bacto-peptone) with 2% glucose
{XPDj} or 2% glycerol pius 2% ethanot (YPYE} or even 2% raffinose
{YPR). For most analysis, cells were harvested by centrifugation at
mid-logarithmic phase, usually at an ODgygom between 0.8 and 1.4,
The rho” {p®) derivatives of the strains JD7-7C and #sa/A were ob-
tained by growing cells for approximately 14 k in YPD medium con-
tajping ethidium bromide at 10 pg/ml The respiratory deficiency of
rho” cells were verified by plating isolated colonies on YPYE medium,
whereas the absence of mitochondrial DNA was visualized by epi-
fluorescence microscopy, after staiming with DAPI {496 diamidino-
2-phenylindole, dihydrochloride} in Vectashield aniifading solution
(Vector Laboratory).

2.2. Plasmids and DN A manipulation

For probe preparation, a 600 bp EcoRL Xbal fragment containing
the T4/ coding sequence was isolated from plasmid pBS-C1708 [13].
Plasmidial DNA preparation, gel electrophoresis and purification
were all performed using standard methods as described in [16].

2.3. RNA isolation and analysis

Total yeast RNA was extracted by the method of kot acid phenol
and MNorthern blotting was performed as previously described [16].
The T54{ Pp-izheled probe was prepared by random primed
syithesis [16]. Probed membianes were exposed to Kodak flms

O014-5793701/320.00 © 2001 Published by Elsevier Science B.Y. on beha¥ of the Federation of European Bicchemical Societies.
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(X-OMAT). Ribosomal RMA, whose abundance is fairly constant
ander different growth conditions or among the strains derivatives,
was used as control of the various total RMNA samples loaded into the
gels. In some cases, actin was also used as loading control and no
significant difference was found {not shown). Quantitation of TS84/
expression relative to rRNA bands were performed by dosimetry us-
ing Image Master VIIS software. Normalized results of Northera
blotting experiments are graphically represenied at the bottom of
the cosvesponding Sgures.

4. Determination of H;05 wolerance

Spot test: cells were frst grown in YPD media untf] 2 concentration
of approximately 107 <ells per mL and then diluted fo Ol am = 6.2,
Four subsequent 145 dihstions of these cel suspensions were realized
and a 12 pi droplet of each was plated on YPD-agar or YPR.-agar
medium containing 1.2 mb HyOy, or 0.1 gg/mi antimycin A or even
both agents. Plates were then incubated 2 {YPD) or 4 days {¥PR).

The HaOy tolerance was also evaluated by the colony assay where
cells were grown oo ¥YPD, 230°C ustl  exponential  phase
(OB am = 1.0}, treated with 0,1 agfml antimycin A alone or associ-
ated to 0.5 mM HyO4, during 1 h. Cells were then diluted and plated
onto YPD-agar. Colonies were counted after 48 h of growth at 30°C.

2.3, Determination of H;02 generation

HzCp produced by 3. cerevisige cells was detected by the horse-
radish peroxidase {HRP)-scopoletin method [17], Yeast cells from
different strains were grown in YPD medium as described previously,
harvested, suspended in appropriate buffer (0.1 M Tris-HCI pH 7.5,
1 mM glucoss, 137 mdd MaCl, 2.7 mM KC)) containing 0.1% digito-
nim and incubated at room {emperature for 30 min for permeabiliza-
tion. Cells at the concentration of approximately 7.2% 10° cells/mi
were added to the same buffer contalning 1 gM HRP, 1 uM scopo-
letin, 5 mM ATZ and, only in the positive control reaction mixture,
0.1 pgfmi antimycin A. Fluorimetric measurement of scopeletin oxi-
dation was assessed on a Hitachi 4500 spectrofluorimeter with excita-
tion and emission wavelengths of 380 and 465 nm, respectively.

3. Results

3.1. ROS induces TSAI transcription

Studies performed in cell-free systems have demonsirated
that ¢TPx I possesses thiol peroxidase activity [7.18]. To learn
more about the physiological role of ¢TPx 1in whole cells, the
transceription of T8AJ gene was analyzed by Northern blot,
Initdally, it was investigated the effect of H,0, on TS47 tran-
scription. When cells were grown in YPD (glucose}, the max-
imum IS4 mRNA levels were observed 38 min after H,0,
addition, at the concentration of 1 mM, reaching around two-
to five-fold the basal levels. Therefore, the time course of
7541 induction after HpO; exposition is closely related to
the periods required for the adaptation of yeast to oxidative
stress [19].

Glucose represses the expression of genes in S cerevisiae
involved in mitochondrial biogenesis, respiratory metabolism
and antioxidant defense [20]. Therefore, it was also analyzed
the effect of HyO, induction in cells growing in non-fermen-
tative carbon source, glycerolethanol. The maximum increase
in 7541 expression occurred faster (15 min) than in cells
growing in glucose and after 60 min of treatment returned
to the basal levels. These results indicate that TSAJ is respon-
sive to HyO; treatment in all the situations analyzed.

3.2. Participation of cTPx 1 in the oxidative stress response of
cells with dysfunctional mitechondria

It is well established that the majority of intracellular ROS

production is derived from the leaking of electrons from the

mitochondrial transport chain, mainly at complex T (NADH

dehydrogenase) and at complex HI {ubiguincne-cytochrome ¢
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Fig. 1. Effect of HyOy on TS4! expression. Northern blot analysis
of RMNA isolated from mid-legarithmic yeast strain JD7-7C exposed
to  mM HaO; during times {min) and carbon sources indicated in
the figure.

reductase) {3}, and several antioxidant enzymes may act in
their detoxification. On the other hand, mitochondrial fune-
tion has been demonstrated to improve resistance to oxidative
stress in veast [21]. Here it was evaluated the participation of
¢TPx I in the antoxidant response of cells with normal or
impaired mitechondrial function growing under repressing
{glucose} or derepressing {raffinose) conditions {Fig. 2).

In glucose-containing medium, the rho* strain with 7547
defetion was only slightly more sensitive to HoO» than the
corresponding wild-type (Fig. 2A). Andmycin A, a3 drug
that inhibits respiratory complex IT1, alone did not interfere
with growth of any strain. Flowever, association of antimycin
A with H0; led to severe growth retardation of rsel4 strain
relative to wild-type, indicating a prominent role of ¢TPx I in
ROS detoxification under respiratory deficiency, To confirm
this trend, the same experiment was performed using rkd”
cells, an alternative method to disrupt mitochondriaf function.
It was repeatedly observed that deletion of 754/ led to a
faster growth of the rio” cells in YEPD (glucose). Addition
of H20; reverted the relative growth between the two strains:
wild-type cells grew faster than the fsal4 cnes. As expected
and in contrast to respiratory-competent strains, presence of
antimycin A did not have any additional effect on the growth
rates of the rho” cells under any treatment.

The same experiment was performed in medium containing
raffinose as the sole carbon source, a sugar that dees not
repress respiration. In contrast to the results obtained with
cells grown in glucose, deletion of 78547 did not reduce resis-
tance to Hy0; in respiratory-competent cells, indicating that
other mitochondrial-related defenses overcome ¢TPx I role in
this case. Treatment of antimycin A alone led to a growth
retardation independent of ¢TPx 1, however addition of
HyO; under this condition clearly showsd the requirement
of ¢TPx I for growth.

The importance of cTPx T on yeast defense against oxida-
tive stress when mitochondria were aot functional was con-
firmed by the cell colony assay (Fig. 2B). Deletion of TS4J
provoked a remarkable sensitivity to oxidation when cells
were simultaneously treated with antimycin A and H,0.. In
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Fig. 2. H; 0y tolerance of respiratory-competent and respiratory-incompetent yeast cells. A: Spot test. HzO;p tolerance was svaluated by differ-
ent growth rates of cells of the strains ID7-7C (WT) asd f5ei4 on ¥YP agar plates contalning the agents deseribed in the figure. B: Colony as-

say. HzO; tolerance was reflected by the number of colonies of the strains JIYT.9C {WT) and rsala, counted after 48 h of growth on YPI-
agar plates. Cells were treated before plating. Percentage survival is expressed related fo the mumber of colonies at the beginning of the experi-
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conclusion, our resuits showed that ¢TPx I has a key role in
the defense of cells with dysfunctional mitochondria against
a0

3.3. TSAI transcription in cells with dysfunetionat
mitochondria exposed to H;0;

Since respiratory-deficieat cells presented high dependence
on ¢TPx 1 for detoxification of Ho(,, it was evaluated
whether this condition raised signals for the regulation of
the 7547 gene. Therefore, TSAJ transeription was analyzed
under the same situations described in Fig. 2.

In glucose-containing media, additon of M0, increased
TSAT transcription independently of the functional state of
mitochondria. However, when cells were grown on raffinose,
TS5AI induction after HyO5 treatment was considerably higher
in respiratory-incompetent cells than in those where Tespira-
tory capacity was preserved {Fiz. 3). This fact indicates that
absence of functional mitochondria may generate 2a addition-
al signal that triggers TS47 induction beyond the level
achieved by the presence of H;O; alone. This signal could
be the H;O; concentration itself.

3.4, Celfular generation of H2Q; in cells with dysfunetional
mitochondria

It is well established that the generation of ROS by normal
mitochondriz is significanily enhanced when terminal steps of
the respiratory chain are blocked {22}, Hence #t was investi-
gated whether respiratory-deficient cells could present in-
creased Hp(h internal levels, which could contribiute to the
lower oxidative siress resistance (Fig. 2} and additional in-

crease in TSA7 transeription (Fig. 3} of these cells. Antimycin
A treatment or COX/0 deletion led to higher H,O, formation
levels than their corresponding control or wild-type cells
{(Fig, 4) according to previous studies [22-26]. However, little
is known about ROS generation in ri” cells. These cells have
normal levels of flavoproteins and ubiquinone (247 and refer-

0o, - 4 - -+
AntiA - - + - - B S

rRNA
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] 1+ o [ P P |
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&
5
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Fig. 3. Effect of HaO4 on TSA4/ expression in respiratory-competent
and incompetent yeast cells, Northern blot agalysis of RNA isolated
from mid-logarithmic yeast strains JD7-7C {p) and its p® deriva-
tive, following treatment with T mM H;O; alone or associated with
6.1 pg/mi antimycin A. All the freatmenis were parforimed during
1h
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ences cited herein), which can donate glecirons to oxygen
leading to superoxide generation, but cannot donate electrons
to cytochrome oxidase, which is dysfunctional in these ceils
due to the fack of subunits encoded by mitochondria [27]. In
fact, rho” celis generated more HyO, than their corresponding
rho* ealls, although in an apparent slower rate, compared to
antimycin A treatment (Fig 4). These experhments were also
performed in the fsafd strain. Deficlency of ¢TPx I did not
alter significantly the release of HyOs (data not shown). This
is in agreement with the results described in Fig. 2 showing
that deietion of 7547 gene do pot alter considerably the tol
erance of cells for disruption of respiratory chain. Jiang et al.
{28}, have also detected more ROS generation in mammalian
rhe cells. The increased production of ROS was attributed to
increased activity of enzymes such as nitrde oxide synthase,
xantine oxidase and lipoxygenases [28]. Regardless where or
how ROS are produced in i’ cells, they are reaily elevated
in comparison to rho’ cells, Therefore, cTPx I had an impor-
tant protective role in cells with dysfunctional mitochondria
where the levels of ROS are high.

4. Discussion

The antioxidant defense system of yeast comprises many
different anticxidant enzymes, among other components. Be-
sides ¢TPx I, yeast has other enzymes that decompose perox-
ides such as catalase A, catalase T, cytochrome ¢ peroxidase
and glutathione peroxidase (reviewed in [20]). Tt is not knowa
what are the specific roles for these enzymes; each one may be
responsible for the decomposition of peroxide at a particular
compartment or at a particular situation. In order to obtain
some cines about the physiological role of ¢TPx I in yeast, we
have measured the transcription of TS47 gene and evaluated
the effect of the absence of ¢TPx I in cell survival in different
conditions.

Our results indicated that ¢TPx T has an important antioxi-
dant role in 5. cerevisiae. In fact, when cells were exposed to
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Fig. 4. HoGy generated by 5. cerevisiae cells by the HR P—scopaoletin
method. Fluorimetric measurement of scopoletin oxidation due to
the HpQ, generated by cells of the strains JD7-7C {1 and 3,
pPIDTIC (2}, W303-1a {4) and coxl0A {5). Antimycin A at 0,1 ugf
ml was added only in {3} (Section 2.5).
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high I.{» concenizations TSA7 was transcriptionally acti-
vated {Fig. 1} and cells were slightly more sensitive to this
oxidant (Fig. 2). All the procedures used in this study to
distupt electron trassport chain fed to small augments in
ROS production (Fig. 4), which were not accompanied by
an increase in cell mormlity (Fig. 2) and were independent
of the presence of ¢IPx I {not shown). However, when the
loss of mitochondrial function was associzied with Ha (G,
ireatment both the sensitivity of msel4d cells {(Fig. 2) and
FSAT expression in wild-type strain (Fig. 3} were increased
considerably. It appears that the sugment in ROS production
by disruption of mitochondrial electron transport can be
coped by any of the several antioxidant enzymes present in
yeast. However, when Ho0; conceniration is further increassd
by external addition of this oxidant, the survival of respira-
tory-incompetent cells seems to be very dependent on ¢TPx I

Respiratory-deficient cells present increased sensitivity to
oxidative stress {21,291, but are still able to mount an induc-
ible adaptive response to HaO; [21]. The reason for this in-
creased sensitivity is not clear, but Grant et al, {217 proposed
that it could be due to a defect in energy-requiring processes,
like detoxification of ROS or repair of oxidatively damaged
molecules. Alternatively, it could be related to the higher fev-
els of HyOp generated by rho® cells or by réo™ cells ireated
with aptimyein A (Fig. 4). Anocther suggestion to explain this
phenomenon could involve mitochoadrial functions related 1o
the metabolis of varions compounds with signaling proper-
ties, such as heme [30], Ca® [31] or even ROS [2,3,32}. The
loss of function of this organclle could alter the concenira-
tious of these species which could lead to alterations in the
expression profile of antioxidant penes, electing ¢TPx ¥ as a
major enzyme to counteract the oxidizing environment.

Recently, two genome-wide studies of cell responses to mi-
tochondrial dysfunction were published, one performed on
glucose medium [33] and other on rafinose [34]. Alterations
i the expression of genes involved in metabolic remodeling
were found but no significant differences in the expression of
antioxidant genes were observed. However, these studies were
performed without any exposition of cells to an oxidant,
hence the oxidative stress response of respiratory-deficient
cells could not be evaluated appropriately. We are currently
mvestigating this response in a genome-wide scale.

Mitochondrial defects occur in a wide variety of human
degenerative diseases, aging and cancer [21~231 Understand-
ing how cells with these defects respond to environmental
changes or stress situations should provide significant insight
io improve trearment of these disorders, aiming replacement .
of defective functions in the case of preserving cell life (dis-
eases), or even taking advantages of these defects to selectively
destroy the cells {cancer). Our resulis indicate that peroxire-
doxins, specially those with high similarity te yeast cTPx I,
could be important targets for these studies.
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Abstract

Cytosolic Thioredoxin Peroxidase I {cTPxI) is essential for the antioxidant defense
of yeast with dysfunctional mitochondria (Demasi ef af, 2001) Here, the mechanism of this
phenomenon was investigated. Exposure of veast cells to different mitochondnal function
inhibitors, including those that intensify (antimycin A, myxothiazol, cvanide and
oligomycin) as well as those that inhibit (FCCP and anaerobic growth) ROS generation,
indicated that, regardiess where or how mitochondrial function is perturbed, endogenous
ROS production seems to be necessary to enhance cfpx/ mutant cells sensitivity to HyOy. In
agreement, CTPXT expression was very high in conditions where the correspondent protein
was essential for yeast cell protection against oxidative stress. These results indicate that
¢TPx I is particularly important in situations where cells are exposed simultaneously to
ROS added exogenously and generated by defective mitochondria. Finally, this protective
role seems to be specific for ¢TPxl, since deletion of genes encoding other peroxide
removing enzymes did not result in elevated sensitivity. Mitochondrial defects are
associated with several diseases. We suggest that peroxiredoxins could exert decisive role

in the destiny of cells affected by these defects.



1. Introduction

Mitochondria electron transport chain sccounts for the majority of the unavoidable
ROS generation in aerobic cells (Hallywell and Guttridge, 1989). Reduced flavins
associated with Complex I and reduced forms of cosnzyme Q can be autoxidized to release
superoxide radicals. This effect can be intensified by mutations or drugs that block the
terminal steps of the respiratory chain (Boveris and Chance, 1973, Poyton and McEwen,
1996).

ROS can cause a broad spectrum of effects, from activation of redox sensitive
signaling pathways and regulation of gene expression, to accumulation of oxidative damage
of celiular macromolecules that can lead to development of pathologies, aging and cell
death (Allen and Tresini, 2000, Finkel and Holbrook, 2000, Droge, 2002, Barja, 2002). The
occurrence and the extent of oxidative damage will depend on ROS concentration and the
activation of cellular antioxidants and repair mechanisms.

Cells possess multiple enzymes to detoxify peroxides, such as catalases, glutathione
peroxidases and cytochrome ¢ peroxidases. Peroxiredoxins are abundant peroxidases that
are independent of heme and require an N-terminal cysteine for their enzymatic activity.
These ubiquitously distributed proteins reduce hydroperoxides at expense of thiol
compounds, such as glutathione, dithiotreitol and thioredoxin (Chae ef ¢, 1994, Netto ef al,
1996). cTPxI was the first peroxiredoxin characterized in an eukaryotic cell (Kim e 4/,
1988). We have shown previously that ¢TPx I actively participates in the antioxidant
defense of yeast cells with dysfunctional mitochondria (Demasi ef o, 2001). Now, we

report results indicating that increased ROS levels generated by impaired mitochondria are
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necessary to enhance semsitivity of respiratory deficient cells lacking ¢TPx I to oxidative
stress. This effect seems to be specific for ¢TPx I, since absence of other peroxide
removing enzymes did not change significantly the sensitivity of respiratory deficient veast
cells to oxidative stress. Therefore, ¢TPx I is remarkably important in cell protection when

there are endogenous and exogenous sources of ROS acting together.

2. Materials and methods

2.1 Yeast strains and growth conditions.
The 5. cerevisiae strains used in this study were JD7-7C (MATo wra3-52 leu? trpd K+) and
cipxIA (MATow wura3-52 leul rpd K+ tsad:1LEU2), obtained from Chae (1993);, BY4741
(MAT a; his3.A41; leu2 AQ; metl5A0; ura3.40), YO4287 (MAT a; his3A1; leu2AO; met]5A0;
ura3A0; YDRAS3C : : Kan Mx4), YO3090 (MAT a; his3AIL; leu2A0; metl5A0; ura3Ao,
YBLO64C : : Kan Mxd4) and YOO0545 (MAT a; his341; leulAO; metl3A0; ura3ao,
YMLO28W : : Kan Mx4), obtained from EUROSCARF and YPH250 (MATa op-47 his3-
4200 lys2-801 leu2-Al ade2-101 ura3-32), YTT7 (MATa trp-Al his3-A200 lys2-801 leu2-
Al ade2-101 crtl::URA3), YIT2 (MATa his3-A200 lys2-801 leu2-Al ade2-10] ura3-52
ctal::TRPD), YWT1 (QMATa his3-A200 Iys2-801 leul-Al ade2-101 ctal::TRPI
ctti::JRA3), obtained from Izawa (1996).

Cells were grown at 30°C on YPD medium (1% yeast extract, 2% bacto-peptone,

2% ghucose). For most analysis, cells were harvested by centrifugation at midlogarithmic
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phase, usually at an ODeoonm between 0.8 and 1.4, Anaerobic growth was performed in an

appropriated jar, with Anaerogen (Oxovd) addition.

2.2. Plasmids and DNA manipulation.

For probe preparation, 2 600 bp ZcoRUXbal fragment containing the CTPXT coding
sequence was isolated from plasmid pBS-C1708 (Chae ef a/, 1993). Plasmidial DNA
preparation, gel electrophoresis and purification were all performed using standard methods

as described i Ausubel e7 af (1994).

2.3. RNA isolation and analysis.

Total yeast RNA was extracted by the method of hot acid phenol and Northern
biotting was performed as previously described (Ausubel ef al, 1994). The CTPXI 2P -
labeled probe was prepared by random primed synthesis (Ausubel ef i, 1994). Probed
membranes were exposed to Kodak films (X-OMAT). Ribosomal RNA, whose abundance
is fairly constant under different growth conditions or among the strains derivatives, was
used as control of the various total RNA samples loaded into the gels. In some cases, actin

was also used as loading control and no significant difference was found. Bands were

quantified by dosimetry using Image Master VDS software.

2.4 Determination of H>0; iolerance.
Spot test: cells were first grown in YPD media until a concentration of
approximately 107 cells per mi, and then diluted to ODgoonm™= 0.2. Four subsequent 1/5

dilutions of these cell suspensions were realized and a 12 ul droplet of each was plated on
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YPD-agar medium containing 1,2 mM Hp0;, or 0,1 pg/ml antimycin A, 80 pg/mi
myxothiazol, 0,5 mM potassium cyanide, 5 pg/ml oligomyein and 1 pg/ml FCCP. Plates

were then incubated Z days (except when indicated in the figure).

2.5 Determination of sulfivdry! groups

Protein bound sufhydryl (PB-SH) levels were measured according to the method of
Sediak and Lindsay (1968}, by subtracting the nonprotein sulfhydryl (NP-SH) content from
the total sulfhydryl (T-SH) content. Cells of the strains JD7-7C and ctpxi4 were cultured,
diluted t0 ODgoonm 0,2 and, after overnight treatments with 1,5 mM H;O,, 0,1 ug/mi
antimycin A and 1,0 ug/m! FCCP separately or in association (as described in the figure),
approximately 2 x 10° cells from each culture were collected. Protein extracts were
obtained in 0,02 M EDTA pH 4,7 with glass beads addiction followed by centrifugation at
13000 rpm for 15 minutes. The T-SH concentrations were determined by absorption levels
at 412 nm after incubating 200 ul aliquots of protein extracts supernatants with 780 ul 0.2
M Trns pH 8,2 and 20 ul 5 mM DTNB for 30 minutes. The NP-SH contents were
determined in the supernatant, after proteins precipitation with 5% TCA (final
concentration) by incubating 450 ul supernatant, 900 ul 0,4 M Tris pH 8,9 and 26 ul 5 mM

DTNB for 5 minutes. Absorption levels were measured at 412 nm.
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3. Results

3.1 Participation of cTPx [ in the oxidative stress response of cells with different defects on

mitochondrica function

We have shown before that ¢TPx I is essential for the antioxidant defense of yeast
with dysfunctional mitochondria (Demasi er af, 2001). Compounds with signaling
properties, such as heme (Zhang and Hach, 1999), Ca*" (Halachmi and Filam, 1993) or
even ROS (Poyton and McEwen, 1996, Allen and Tresini, 2000, Finkel and
Holbrook,2000) could be associated to this phenomenon since their metabolism are closely
related to mitochondria. The loss of function of this organelle could alter the concentration
of these species which could lead to alterations in the expression profile of antioxidant
genes, electing ¢TPx I as a major enzyme to counteract the oxidizing environment.
Therefore, the dose response to H;O; in cells with impaired mitochondrial function was
analyzed. Wild-type cells could handle with elevated H;O, doses, even with dysfunctional
mitochondria. In contrast, sensitivity of crpx/ mutant cells was directly related to HyO-
concentration, being in all cases further increased when antimycin A was added in
association to each H,O; dose (figure 1).

Antimyein A promotes several effects in mitochondria, such as potential loss, lack
of phosphorylation capacity and increase in ROS generation (Nicholls and Budd, 2000). To
analyze which of these effects accounted for the elevated sensitivity of ctpx/ cells to HzOs,
mitochondrial function was disrupted by several agents: antimycin A (blockage electron

flow at Complex III, from cytochrome & to ubiquinone), myxothiazol {inhibition of electron

41



C a@ LAl

transfer from ubiquinol to Rieske iron-sulfur protein, at Complex III}, cyanide (blockage
electron transport at Complex IV}, oligomyein (direct binding to the mitochondrial ATP
synthase, inhibiting ATP production), FCCP {an uncoupler of oxidative phosphorylation
that can carry protons across the mitochondrial inner membrane promoting proton gradient
collapse), and anaerobic growth (absence of Oy}

Treatment with mitochondrial function inhibitory agents that were known to
increase ROS generation, such as antimycin A (Boveris, 1973), myxothiazol (Starkov and
Fiskum, 2001, Young ef ai, 2002, Muller er g/, 2002) and oligomycin (Korshunov ef g,
1997), led to slight or no interference in cell growth, independently of the presence of ¢TPx
I {figure ZA). However, association of these compounds to H,O; caused, in all cases, severe
growth retardation of cipxid strain, relative to wild type (figure 2A). This indicate a
prominent role of ¢TPx Iin ROS detoxification under any respiratory deficiency.

In contrast, when mitochondrial function was perturbed by FCCP, an agent that
decreases ROS generation (Machida e Tanaka, 1999, Brand, 2000), no alteration in growth
rates of both strains was observed, even with external addition of H;0, (figure 2A).
Moreover, cells of wild type and cipx/4 strains, grown under O, absence, lost respiratory
capacity and were similarly sensitive to H,0, (figure 2B). In this case, ROS generation is
totally blocked, since no O; is present to accept electrons.

These results may indicate that endogenous ROS generated by defective
mitochondria could be essential to enhance sensitivity of cells to exogenous oxidative

stress, specially whose that are deficient in ¢TPx L
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3.2. CIPXI transcription in cells exposed to diverse mitochondrial function inhibitors and
H50>

Our results obtained so far indicated that when respiratory deficiency is
accompanied by augmented ROS generation, cells presented high dependence on ¢TPxI for
HyO; detoxification. Next, CTPX7 expression was analyzed.

As described befors (Demasi er «/, 2001), treatment of veast cells with HyOs
increases C7PX] expression (figure 3A). The mitochondrial inhibitors antimycin A,
oligomycin and cyanide did not alter significantly CTPX7 mRNA levels. In contrast, FCCP
treatment led to a dramatic reduction of this transcript (figure 3A).

CTPXI expression afier HyO; treatment was considerably higher in respiratory-
deficient cells than in those where respiratory capacity was preserved, when this deficiency
was generated by oligomycin or by cyanide (figure 3A). With antimycin A, this effect was
slight. As described above, what is common to them is the stimulation of ROS production.
In contrast, when FCCP is the agent of mitochondrial function perturbation, CTPX7
expression after H;O; addition was similar to the level achieved with H,O, alone in cells
with respiratory competence. Accordingly to the decrease in ROS production in cells
treated with FCCP alone, C7PX7 transcription is reduced (figure 3A). Another way to
reduce or even abolish ROS generation can be achieved through anaerobic growth and,
under this condition, CTPXT expression undergoes time-dependent decrease {figure 3B).
Despite this decrease, cells under anaercbic growth were still able to induce CTPX7

transcription after HpO; treatrent (figure 3B).
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Finally, it is important to emphasize that in conditions where cells appear to be very
dependent on cTPxI m owdative stress defense, its gene presented high transcription levels

{figure 3A, wells 8 to 10}.

3.3 Oxidation of sulfvdryl groups

To determine whether cells lacking ¢TPx I could be more sensitive to oxidative
damage than the corresponding wild-type, oxidative stress was evaluated as depletion of
protein sulthydryl content.

Exposition to HzO, promoted only a slight loss in sulfhydryl groups, both NP-SH
and PB-SH, and cipx/ mutant cells were barely more sensitive than wild-type to this loss
{figure 4). Antimycin A treatment alone caused little or no effect on sulfhydryl groups
content in both strains, however, its asscciati(;n to HyO, led to a huge depletion in NP-SH
as weil as PB-SH levels only in cells lacking ¢TPx I (figure 4). Despite the partial loss of
sulfhydryl groups content in both strains followed by FCCP treatment alone, what should
be pointed out is that there was no additional decrease in these groups concentration after
association with H20», even in cells lacking ¢TPx I (figure 4).

These results indicate that cfpx/ mutant cells with dysfunctional mitochondria are
more sensitive to protein oxidative damage when this dysfunction is accompanied to

increased endogenous ROS production {antimycin A treatment).
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3.4. Specificity of cIPxi jfor antioxidant defense in yeast cells with dysfunctional

mitochorndric:

In order to evaluate whether other enzymes that decompose H Oz, such as cytosolic
thioredoxin peroxidase I {cTPx I}, mitochondrial thioredoxin peroxidase (mTPx), catalase
A and catalase T, would be also able to protect respiratory deficient cells against oxidative
stress, we performed viability tests using yeast strains with deletions in these enzymes
corresponding genes. Lack of any other peroxidase mentioned sbove did not lead to
alterations in cell growth rates of mutant cells neither after isolate treatment with H.O, or
antimycin A {data not shown), nor afier the association of both, contrary to the severe
retardation observed in ¢TPxI deficient celis (figure 5).

These results remarkably demonstrate the exclusive participation of ¢TPx I, among
many other antioxidant enzymes, in the defense of respiratory deficient cells to oxidative

stress.

4, Discussion

Wild type and cipx/A cells exposure to differemt mitochondrial function inhibitors
indicated that, regardless where or how mitochondrial respiratory chain is perturbed,
endogenous ROS production seems to be necessary to enhance sensitivity of cells lacking
cTPx I to H,O»,. Treatment with mitochondrial inhibitors known to intensify ROS

generation (antimycin A, myxothiazol, cyanide and oligomycin) led to retardation on
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growth rate (figure 2) as well as increased oxidative damage (figure 4) in czpx] mutant cells
exposed to HzO2, when compared with their wild-type counterparts.

Although 1t would be expected a decrease of mitochondrial ROS generation by
myxothiazol treatment, since this compound inhibits quinol oxidation to semiquinone
radical, this effect does not occur. In fact, several reports showed that myxothiazol leads to
increase in superToxide generation by mitochondrial complex 1 {(Gardner ef af, 1995, Raha er
al, 2000, Starkov and Fiskum, 2001, Young ef af, 2002, Muller ef af, 2002). These same
studies demonstrated that myxothiazol only provokes decrease in superoxide generation
when antimyein A is added together. As S. cerevisice, Trypanosoma brucei also possess a
rotenone-insensitive NADH dehydrogenase which consists in a single polypeptide with a
flavin cofactor, providing an alternative pathway to complex I in transferring reducing
equivalents to respiratory chain (Fang and Beattie, 2002). Recently, Fang and Beattie
(2002) have shown that rotenone-insensitive NADH dehydrogenase accounts for the
majority of superoxide radicals produced by trypanosome mitochondria. Considering the
similarities, it could be inferred that any of the three S. cerevisiae NADH dehydrogenases
could also be potent Oz generators in cells treated with myxothiazol. This effect correlates
to the higher sensitivity to HyO, of cells deficient in ¢TPxI exposed to this inhibitor (figure
2).

In contrast, when mitochondrial dysfunction was accompanied by diminished ROS
levels (treatment with FCCP or growth under anaerobiosis), absence of ¢TPx I did not alter
neither cell growth rate (figure 2), nor protein sulfhydryl content after H,O; exposition
{figure 4). Therefore, cTPx I is remarkably essential in cell protection when there are

endogenous and exogenous sources of ROS acting together.
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In agreement, CTPA7 mRNA levels determined in our Northern blot analysis (figure
3) were closely reiated to the requirement of cTPxl in cell antioxidant defense. High
expression levels of this gene were obtained when cells were exposed to antimyein A/FLO,,
or oligomycin/H,0C,, or even cyanide/H2O,, conditions where cells demonstrated extreme
dependence on ¢TPxl {0 protect themselves against oxidative stress (figure 2).

The importance of this protective role of ¢TPx] also emerges when it is considered
that cells with dysfunctional mitochondria are more sensitive to oxidative stress (Grant e?
al, 1997). This increased sensitivity to oxidants is probably not related to decrease in
antioxidant comntent, because microarray studies did not show a markedly change in the
expression of enzymes required for ROS detoxification (Epstein ef af, 2001; Traven ef oi.,
2001), although without any exposition to oxidants. Grant ef ol. (1997) suggested that the
oxidant sensitivity could be due to a defect in an energy-requiring process. Josse and
colleagues (1998) reported in their study with Jukart cells a tremendous drop in ATP level
when both oligomycin and H,0O, were added together, below 10% of the normal value.
These appears not to be the case in this study, because when ghucose is present, most of the
ATP synthesis does not come from mitochondrial respiration, but from glycolysis
(Lagunas, 1986 ). Moreover, altered ATP levels appear not to influence respiratory deficient
yeast antioxidant defense because wild-type cells, subjected to the associated treatment
oligomycin plus H0,, could protect themselves competently from oxidative stress (figure
2A). In addition, it would be expected a higher cytoplasmic ATP hydrolysis rate after
FCCP than following antimycin A exposition (Nicholls and Budd, 2000), leading to a

pronounced energy failure in cells treated with this uncoupler. However, cells exposed 0
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the associated treatment FCCP + H,0,, did not present alteration in HO, sensitivity, even
cipx! mutants, contrary to the effect observed after antimycin A plus H0» exposition.

Among other peroxidases, only ¢'TPxI assures protection against oxidative stress to
respiratory deficient celis (figure 5). Although inducibilities of ¢TPxII and mTPx were
shown to be greater than that of ¢TPxI, the levels of these former enzymes afier H0s
exposition were found to be still much lower than that of ¢TPxI (Park ef al, 2000). These
observations could explain why only ¢TPxI exerts influence in cell protection and other
peroxiredoxins can not replace ¢TPxI in this role. Finally, we could suggest an involvement
of the giﬁcas& repressor effect. Msn2p/Msndp regulate ¢TPxIl (Hong er af, 2002) and
mTPx (Monteiro ef al, 2002}, These factors are repressed in the presence of glucose
through Ras/PKA pathway. It is still unknown whether these factors also regulates ¢TPxL
Our results could imply that ¢TPxI could undergo a smaller glucose repressor effect than
the other peroxidases tested, being the main enzyme in ROS detoxification under this
condition.

Taken together, augment in endogenous ROS production by dysfunctional
mitochondria, repression of alternative antioxidant genes by glucose, external addition of
H20; and lack of ¢TPxI could not give other choice to cells but die.

The possibility of the involvement of mitochondrial functions related to the
metabolism of compounds with signaling properties, such as heme (Zhang and Hach,
1999), or Ca®” (Halachmi and Eilam, 1993) in this phenomenon still remains. Further
investigations would be necessary to clarify whether there could be alterations in these

compounds levels.
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Many of the ROS-mediated responses actually protect cells against oxidative stress
and reestablish redox homeostasis (Droge, 2002). Since thiol containing molecules, such as
thioredoxin and glutathione, greatly influence the regulation of this redox homeostasis
(Arrigo, 1999), ¢TPx I presence could be really essential in signaling pathways.

Respiratory deficiencies are frequently associated with cancer, neurodegenerative
diseases and aging in human cells (Wallace ef al, 1997, Wallace, 1999, Cassarino ef al,
1999, Wickens, 2001 Penta ef af, 2001, Salvioli er @, 2001, Bara, 2002). Qur results
suggest that peroxiredoxins, specially those with high similarity to veast ¢TPx], could exert
decisive role in the destiny, survival or death, of cells affected by these disorders. In fact,
some recent reports have shown that peroxiredoxins are overexpressed in different types of
tumor cells and participate in their antioxidant defense (Shen and Natan, 2002, Kinnula et

al, 2002, Noh ef al, 2001).
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Figure legends

Figure 1. Dose-dependent H, (O, tolerance of yeast cells. Growth rates of the strains JD7-
7C (WT) and cipx/A exposed to crescent doses of Hy O, alone or associated with 0,1 pg/mi

antimyein , as indicated, after 5 days incubation at 30°C

Figure 2. H20: tolerance of respiratory-competent and respiratory-inhibited yeast
cells. Growth rates of the strains JD7-7C (WT) and cipx/A exposed 1o 1,2 mM Hz04, 0,1
pg/ml antimycin A (anti A), 8,0 pg/ml myxothiazol {myxo}, 5,0 pg/ml oligomycin (oligo),
1,0 pg/ml FCCP and 0,5 mM potassium cyanide . (A) aerobic growth and {B) anaerobic

growth. Incubation of 2 days at 30°C.

Figure 3. Effect of H;0: on CTPXI expression in yeast cells exposed to different
mitochondrial function inhibitors . Northern blot analysis of RNA isolated from yeast
cells of strain JD7-7C (WT) exposed to 1,2 mM Hy0,, 0,1 pg/ml antimycin A (anti A), 5,0
ug/ml oligomycin {oligo), 1,0 pug/mi FCCP and 0,5 mM potassium cyanide, during 1 h. (A)
Aerobic growth and exposition. {(B) Crescent periods of anaerobic growth except lane 1
{aerobic). Bottom panels: proportions of CTPX7 transcripts relative to corresponding rRNA

levels,

Figure 4. Determination of sulfthydryl groups of respiratory-competent and
respiratory-inhibited cells exposed to H20,. Cell protein extracts of strains JD7-7C (WT)

and cipx/A were assayed as previously described for thiol groups after exposition to 1,2
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mM H0, isclately or in association with 0,1 pg/m! antimycin A or 1,0 ug/ml FCCP .

Results are represented relative to the concentration of these groups in control cells (100%),

that were not exposed to any agent.

Figure 5. H20: tolerance of respiratory-competent and respiratory-inhibited yeast

cells deficient in peroxidases. Growth rates of cells deficient in mitochondrial thioredoxin
peroxidase (mipxA), cytosolic tioredoxin peroxidase II {cipxliA), cytosolic thioredoxin
peroxidase I {crpxld), peroxisomal catalase {cigi4), cyiosolic catalase {c##/4} and in both
catalases {(crildciald}, relative to their corresponding wild-type cells, exposed to 1,5 mM

H:0; and 0,1 ug/ml antimycin A,
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CAPITULO 3
Resultados suplementares
3.1.  Efeiio da fase de crescimento na expressdo de CTPXT

A fase de crescimento de células de leveduras afeta a expressio de muitos genes
antioxidantes, que geralmente sfio induzidos quando as células atingem a fase estacionéria
(Jamieson, 1998). CTPA7 ¢ altamente expresso durante todas as fases de crescimento das

células, apresentando leve aumento em fases mais tardias (figura 1), resultados também

obtidos por Park e colegas (2000), sugerindo possivel papel “housekeeping” para ¢TPxL

i 2 3 4858

Figura 1. Efcite da fase de
crescimento na expressio de
CTEXI. (&) Andlise via “Northern
blot”™ de RNA isolado de oéhulas da
linhagem JD7-7C, cultivadas em
YEPD, nas seguintes densidades
oticas (0D, © 0,6 (coluna 1), 1,0
{columa 23, 2,3 {coluna 3), 5.5
{(coluna 4) e 9.1 (coluna 5). (B)
Cuamtificacic dos transcritos de
7541 2m relagio aos nivels de
RINA, obtida por densitomefria. As
colunas correspondem #s descritas
o {A).

rRNA

CTPXI
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3.2. Efeito da fonte de carbono na expressédo de CTPXI

Muitos, sendo todos 0s genes que codificam funcSes respiratérias, estio submetidos
a repressdo por ghcose. Além disso, a maioria das enzimas antioxidantes, como catalase
citossdlica (C777), catalase peroxissomal (CTAJ), citocromo ¢ peroxidase (CCPI) e
superdxido dismutase citossdlica (SODJ) também sfo reprimidas por glicose (Jamieson,
1998). Para verificar possivel efeito de repressdo do gene C7PXJ por glicose, células foram
cultivadas em meie de cultura contendo esta fonte de carbono (YEPD) ou contendo glicerol
(2%) mais etanol (2%) (YPYE). Além disso, algumas células foram tratadas com H,O; para
a avaliagdo da inducdo deste gene nas diferentes fontes de carbone.

Os niveis basais de transcritos correspondentes a CTPX7 apresentam-se levemente
aumentados quando as células utilizam glicerol como fonte de carbono, em relagio aos
obtidos com glicose (figura 2). No entanto, os niveis de mRNA de CTPX7 apresentados
apés indugdo com HyO; foram superiores em meio de cultura contendo glicerol (figura 2),
indicando que este gene também sofre repressio por glicose, embora menos pronunciada do
que outros genes antioxidantes. Além disso as cinéticas de indugio de CTPX7 em resposta
ao HyO, sdo distintas em meios de cultura contendo glicose {axima ao redor de 30 a 60
minutos de tratamento) ou glicerol (méxima ac redor de 15 e 30 minutos, voltando a niveis

basais apos 1 hora) (figura 1, capitulo 1).
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Figura 2. Efeito da fonte de
carbono na  expressio de
CIPXI  (A)  Anglise  via
“MNorthern blot” de RNA isolado
de células da linhagem JD7.7C,
cultivadas em YEPD, fase
expopencial {colunas 1, 4 e 3) ou
YPYE (colunas 2 ¢ 3), sendo que
cohmas 3 ¢ 5 correspondem 4s
células tratadas com H,(, 10
mM durante 15 {3} ou 30 min
5% @) Quantificaglo  dos
transeritos de {7TPX] em relacio
aos niveis de TRNA, obtida por
densitometria, As  colunzs
comespondem A descritas em
(A},

rRNA

CTPXT

3.3. Lfeito da exposicdo a concentragdes crescentes de H205 na expressdo de CTPXT

Como demonstrado através da figura 3, niveis maximos de inducdo de C7PXT sdo
obtidos a baixas concentragbes de HyO; ¢ se mantém com aumentos de dose significativos.
Godon e colaboradores (1998), através de analise comparativa de proteinas em géis
bidimensionais, também descreveram uma curva dose-resposta similar para ¢TPxI, embora
tenham utilizado apenas as concentrages 0,2, 0,4 e 0,8 mM de H;0,. Tiorredoxina
redutase, tiorredoxinas 1 e 2, e SOD citoplasmatica apresentaram o mesmo perfil de curva
dose-resposta a0 H20; que ¢TPxI. {(Godon ¢ col, 1998). Ja concentragBes muito elevadas
de HzO levam 2 diminuvi¢do da expressio de CTPX7 | provavelmente por serem

concentragbes muito toxicas (figura 3).
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rRNA Figura 3. Efeito de concentracfss
crescentes de H O, na expresafio de
CTPXI. (A) Anglise via “Northern
blot™ de RNA isolado de oélulas da
linhagem JD7-7C, cultivadas em
YEPD, fase cxponencizl, traladas
durante 50 min com H,0,. 0,5 mM
(23 1.0 mM (3}, 2.0mM (4}, 40 mM
(33, 6,0 mM (6) e B0 M (), ousem
nenhwm  {ratzmento {f). (B}
Quantificacic  dos tranmscritos  de
CTPXI em relacBo aos niveis de
IRNA, obtida por demsitometria. As
colunas cormespondem s descritas em
(A3

CTPXT

3.4. Curvas de crescimento de células de leveduras expostas a diferentes condigdes

Observando as curvas de crescimento (figura 4 A e B) podemos verificar que
células deficientes em ¢TPxI crescem similarmente ds selvagens, com ligeira diminui¢do da
proliferagio em fases tardias. O tratamento com H,0, provocou um intenso retardo do
crescimento de células mutantes cfpx/, que n3o foi observado nas selvagens. Entretanto,
apos 30 horas de crescimento, as densidades Oticas alcancadas por estas células se
aproximaram bastante, revelando uma recuperagio das mutantes ctpxl. J& o tratamento com
antimicina A ndo provocou alteragBes significativas de crescimento das células selvagens
nem mesmo das mutantes em C7PX7 nas fases iniciais, sendo notadas ligeiramente apds 20

horas de desenvolvimento. No entanto, quando antimicina A foi associada ao H20,, células
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selvagens sofreram imtenso retardo do crescimento, com posterior recuperacgio, ja as cipx/
nfo apresentaram ¢rescimento nenhum. A exposigio ac FCCP nfo provocou alteracdes nas
taxas de crescimento das células das duas linhagens, mas a sua associacio ao HpO» sim,
sendo muito mais proeminente o retardo de crescimento observado nas células deficientes
em ¢TPxl. Analisando todas as curvas, os periodos de retardo de crescimento foram, tanto
para células mutantes cipx/ como para as selvagens, maior quando antimicina A foi o
agente da disfungio mitocondrial, sendo que as mutantes cipx/ foram capazes de responder
ao duplo tratamente FCCP + Hy;O,, mas ndo 3 antimicina A + HoO». Estas observagies

reforcam o papel de EROs produzidas endogenamente na toxicidade das células mutantes

ctpx.
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