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A minha m3e,
A quem devo tudo.



“A morte da interpretacdo é o crer que ha simbolos
gue existem primariamente, originalmente,
realmente como marcas coerentes, pertinentes e
sistematicas. A vida da interpretacdo, pelo
contrario, é o crer que ndo ha mais do que
interpretacées.”

Michel Foucault
Nietzsche, Freud e Marx/TheatrumPhilosoficum

“Tudo pode ser recriado, se acharmos que assim
deve ser...”

Jurandir Freire Costa
Sem Fraude Nem Favor (1998)
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Resumo

O proteassomo é o componente do sistema Ubiquitina-Proteassomo (UPS),
responsavel pela degradagdo de proteinas intracelulares marcadas com cauda de ubiquitina.
No entanto, a unidade catalitica do proteassomo (20SPT), destituida de unidades
regulatdrias, é capaz de degradar proteinas de maneira ubiquitina-independente. Diversas
modificacGes pds-traducionais ja foram descritas para o 20SPT, incluindo a S-glutatiolacao.
De acordo com Demasi e col., (2003) o 20SPT da levedura Saccharomyces cerevisiae possui a
atividade tipo-quimiotripsina modulada por glutationa e o mecanismo de glutatiolagdo
implica na formagdo do intermedidrio acido sulfénico. No presente trabalho, identificamos
por espectrometria de massas (MS/MS) um total de sete residuos diferentes de cisteina
glutatiolados no 20SPT, sendo seis in vitro por incubacdo com GSH e trés in vivo, extraido de
células crescidas até atingir fase estacionaria tardia em meio rico. Analisando a estrutura 3D
do 20SPT, observou-se que os residuos de cisteina glutatiolados ndo estdo localizados na
entrada da camara catalitica nem préximos aos sitios-ativos, indicando um mecanismo
alostérico da modulacdo da atividade proteassomal. O proteassomo glutatiolado extraido de
leveduras é capaz de degradar proteinas oxidadas de maneira mais eficiente que o
proteassomo reduzido por DTT, e ainda, esta degradacdao gera perfis peptidicos
diferenciados por utilizar distintamente as atividades sitio-especificas, como visualizado por
andlises de HPLC e MS/MS. Por microscopia eletronica verificamos a conformacdo aberta da
camara catalitica do proteassomo glutatiolado, sendo esta imediatamente fechada pela
remocao da glutationa do 20SPT na presenca de DTT. Caracterizamos ainda, enzimas
reponsaveis pela desglutatiolacido do 20SPT, capazes de recuperar as atividades
proteassomais que haviam sido diminuidas pela glutatiolagdo: as oxidoredutases
glutarredoxina 2 e as tiorredoxinas citosolicas. O mecanismo ainda inclui a hidrdlise dessas
oxidorredutases, fendbmeno também verificado para diversas proteinas da suprafamilia
tiorredoxina, provavelmente devido a propriedades estruturais desta familia. A glutatiolacao
do proteassomo apresenta-se como uma nova modificacdo pds-traducional de ocorréncia
fisioldgica dependente do estado redox celular. Esta modificacdo promove aumento da
atividade proteolitica, sugerindo uma funcdo antioxidante atuante na remocao de proteinas

oxidadas durante desafios oxidativos.
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Abstract

The proteasome is the protease of the Ubiquitin-Proteasome System (UPS)
responsible for the breakdown of intracellular ubiquitin-tagged proteins. However, the
catalytic particle of the proteasome (20SPT) is capable of hydrolyzing some substrates in an
ubiquitin-independent fashion. The S-glutathiolation of the 20SPT was described among
several post-translational modifications and according to Demasi et. al. (2003), the
chymotrypsin-like activity of proteasome from yeast Saccharomyces cerevisiae is regulated
by glutathione. The mechanism of S-glutathiolation is dependent on the formation of the
sulfenic acid intermediate in the cisteine residues of the 20SPT. In this present work, we
identified in vitro and in vivo, a total of seven different S-glutathiolated proteasomal cysteine
residues by mass spectrometry studies (MS/MS) and, by analyzing the 3D structure of the
20SPT, the modified cysteine residues are not located either on the entrance of the catalytic
core or near to the active sites, indicating an allosteric mechanism of proteasomal
modulation. During protein degradation, the natively S-glutathiolated 20SPT produces
different patterns of peptide products when compared to the DTT-reduced particle through
distinct site-specific cleavage of the protein substrates, as herein demonstrated by HPLC and
MS/MS analyses. Furthermore, by electron microscopy, we showed that the entrance of the
natively glutathiolated 20SPT is in the open conformation that immediately shifts to the
closed conformation in the presence of DTT. We have also characterized the deglutathiolase
role of the oxidoreductases Glutaredoxin 2 and Citosolic Thioredoxins 1 and 2 which recover
the partially inhibited 20SPT activities. The deglutathiolation mechanism also includes the
oxidoreductase degradation dependent on the 20SPT activation. The proteasome S-
glutathiolation emerges as a new physiological post-translational modification correlated to
the cellular redox state. Moreover, the S-glutathiolation of the 20SPT increases its
proteolytic activity suggesting an antioxidant role by removing oxidized proteins generated

during oxidative challenges.
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Abreviaturas e Siglas

19SPT
20SPT
26SPT
BSA
BSAx
ChT-L
cTpx
Cys
Cys-SOH
DTNB
DTPA
DTT
ESI
GSH
GSSG
Glr
Grx

LC (HPLC/UPLC)
MALDI
MS
Ohr
Ova
PA
PDB
PiPs
PT-YPD
PT-SG
PT-SH
PTM
Q-TOF
T-L
TFA
Trr

Trx
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Proteassomo 19S — unidade regulatéria

Proteassomo 20S — unidade catalitica

Proteassomo 26S — unidade regulatéria acoplada a catalitica
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Albumina do soro bovino oxidada por H,0,

Atividade tipo-quimiotripsina do proteassomo
Tiorredoxina peroxidase citosdlica

Residuo de cisteina

Residuo de cisteina oxidado a acido sulfénico
5,5’-ditio-bis-(2-nitrobenzdico) ou reagente de Ellman
Acido dietileno triamino pentacético

1,4-Ditiotreitol

lonizagdo por Electrospray

Glutationa

Glutationa oxidada

Glutationa redutase

Glutarredoxina

Cromatografia liquida (Alto/Ultra Desempenho)
lonizagao por dessorgao a laser auxiliada por matriz
Espectrometria de massas
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Atividade pés-acidica do proteassomo

Banco de dados de estuturas de proteinas - Protein Data Bank
Proteinas que interagem com o proteassomo
Proteassomo nativamente glutatiolado extraido de YPD
Proteassomo glutatiolado in vitro

Proteassomo reduzido com DTT

Modificagdo pds-traducional

Quadrupolo-Tempo de V6o

Atividade tipo-tripsina do proteassomo

Acido trifluoracético

Tiorredoxina redutase
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Sistema Ubiquitina-Proteassomo
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l. Introducao

O Proteassomo e a protedlise intracelular

As células eucaridticas possuem os mais diferentes mecanismos de regulacdo dos
processos fisiolégicos. Uma enormidade de vias pode ser regulada a partir da transcri¢ao de
genes ou da traducdo de proteinas efetoras, entretanto, diversos eventos celulares sdo
modulados na esfera da degradacdo de proteinas pelos sistemas intracelulares de protedlise.
Além da regulagdo de processos celulares, a protedlise intracelular estd envolvida no
controle de qualidade, removendo proteinas aberrantemente sintetizadas assim como as
que tenham sido danificadas durante o metabolismo. A protedlise também se faz
importante na manutencdo do conteddo de aminodcidos e na geracdo de peptideos ativos.
Outro aspecto da protedlise engloba a degradacao de proteinas que variam a concentracao
ao longo do tempo, comumente relacionadas com vias regulatérias especificas. Entre os
eventos celulares em que ocorre a participagao do proteassomo podemos citar o controle do
ciclo, divisdo e diferenciacdo celular, controle da expressao génica pela degradacdo de
fatores de transcricdo, regulacdo de oncoproteinas, geracdao de peptideos para a
apresentacdo antigénica, entre outros (Fanasaro e col., 2010; Gasparian e col., 2009; Chen e
col., 1998; Jariel-Encontre, 1995; Kloetzel, 2004). O primeiro sistema descrito de protedlise
intracelular foi o endossémico-lisossémico, no qual as proteinas endocitadas ou contidas em
vesiculas citoplasmaticas eram degradadas pelas proteases existentes no interior do
lisossomo (de Duve e col., 1955; de Duve, 1983). Entretanto, esse sistema ndo era capaz de
responder as questdes sobre a especificidade protéica, diferencas de meia-vida intracelular
e, principalmente, a observacdao de que algumas proteinas eram degradadas por processo
dependente de ATP.

Somente no final da década de 70 que se iniciou a caracterizacdo de uma via
alternativa de degradacdo de proteinas que respondesse as questdes apresentadas sobre a
especificidade dos substratos. Esta via dependente de ATP foi descrita primeiramente em
reticulécitos de coelho, eritrécitos imaturos, desprovidos de nucleo e organelas como os

lisossomos (Etlinger e Goldberg, 1977). Esta nova via proteolitica denominada Sistema
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Ubiquitina-Proteassomo (UPS — Ubiquitin Proteasome System) é composta por uma série de
enzimas capaz de marcar proteinas, sinalizando-as para degradacao. Esta marcagao confere
a especificidade aos substratos que posteriormente serdo reconhecidos por um complexo
protéico que promoverd a degradagao destas proteinas (revisto por Nandi e col., 2006). A
proteina responsdvel pela marcacdo dos substratos para degradacdo foi denominada
ubiquitina, uma pequena proteina de 8,5 kDa, altamente conservada evolutivamente,
considerada ubiqua nos diversos reinos durante sua caracterizacdo (Schlensinger e col.,
1975, Wilkinson e col., 1980). A ubiquitinacdo de uma proteina como sinalizagdo para
degradacdo envolve uma cascata de reag¢bes que compreendem trés enzimas. A E1 (enzima
ativadora da ubiquitina) que, a custa de ATP, ativa a molécula de ubiquitina, transferindo-a
para as E2’s (enzima conjugadora). As E2’s interagem com diversas E3’s (ubiquitina ligase),
complexando a ubiquitina direta ou indiretamente em lisinas N-terminais dos substratos
protéicos. Apds a adicdo da primeira ubiquitina, novas moléculas de ubiquitina sao inseridas
nas moléculas ja existentes, formando uma cadeia de poli-ubiquitina que atuard como sinal
de reconhecimento para degradacdo (Revisto por Hershko e Ciechanover, 1998) (Fig. 1).

A via de ubiquitinacdo protéica foi descoberta praticamente uma década antes da
caracterizacdo da protease responsavel pela hidrélise das proteinas ubiquitinadas
(Ciechanover e col., 1978; Hershko e col., 1979; Hershko e col., 1983.). Em 1987, Hough e
colaboradores caracterizaram um complexo proteolitico de alto peso molecular encarregado
da degradacdo de proteinas poli-ubiquitinadas, que, por Arrigo e col. (1988), foi nomeado
Proteassomo (Proteasome).

Apds a descricao no final da década de 80, muito se foi investido na caracteriza¢ao
deste complexo de alto peso molecular e no seu envolvimento com este novo sistema
proteolitico intracelular. Em 1993, Jap e colaboradores conseguiram obter os primeiros
cristais para decifrar a estrutura tridimensional do proteassomo de arqueobactéria, que em
1995, pelo mesmo grupo, foi finalmente elucidada (Lowe e col. 1995). Estes trabalhos
abriram diversas frentes para a caracterizacdo desta protease e a compreensdo funcional
nos mais diversos organismos. Morimoto e col. (1995) caracterizaram a primeira estrutura
3D de um 20SPT de eucarioto e finalmente em 1997, foi resolvida a estrutura do 20SPT da

levedura Saccharomyces cerevisiae (Groll e col., 1997).
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Figura 1. Via de ubiquitinagao
protéica.

A molécula de ubiquitina (Ub) é
ativada a custa de ATP pela enzima
ativadora (E1) e transferida para a
enzima conjugadora (E2). A
conjugadora transfere a ubiquitina
diretamente para residuos de lisinas
(Lys) do substrato, associada a ligase
(E3 - Ring) ou transfere para a E3 da
classe HECT que reconhecerda o
substrato, ubiquitinando-o. Novas
moléculas de ubiquitina sdo
adicionadas a partir de residuos de
lisina e da glicina76 C-terminal das
moléculas subseqiientes. Proteinas
fusionadas a cadeias de poli-ubiquitina
baseadas na lisina 48 da ubiquitina
serdo preferencialmente reconhecidas
para degradacdo pelo proteassomo
26S.

Estruturalmente, a unidade catalitica 20S do proteassomo (20SPT) é composta por

guatro anéis heptaméricos empilhados em forma de barril. Os dois anéis idénticos externos

alfa (o) contém sete subunidades distintas (de a1 a a7) formando um portdo que controla o

acesso de substratos a camara catalitica. Ja cada anel interno beta () também heptamérico,

possui trés subunidades cataliticamente distintas, responsaveis pela hidrélise dos substratos

(Coux e col., 1996; Jung e col., 2009). Um estreito canal isola a célula dos sitios cataliticos

voltados para a face interna da cdmara, evitando degradacdes ndo especificas. A estrutura

tridimensional do proteassomo 20S estd demonstrada na figura 2, assim como a disposicao

das subunidades nos anéis heptameéricos.
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Figura 2. Estrutura tridimensional do proteassomo 20S - (A) Vista longitudinal da camara catalitica
apresentando os quatro anéis na disposicdo simétrica afBo. (B) Vista frontal do proteassomo 20S
demonstrando centralmente a porta de entrada da camara catalitica. (C) A vista frontal
apresentando a disposicdo de cada uma das sete subunidades constituintes do anel a coloridas
distintamente. PDB Id: 1RYP. Imagens graficas geradas pelo software Pymol (Delano Scientific).

As trés subunidades cataliticas (B1, f2 e B5) sdo expressas na forma de pré-proteinas
e, apds seu autoprocessamento, possuem o residuo de treonina 1 (Thrl) como sitio-ativo
(Groll e col., 1999). A hidrdlise da ligacdo peptidica dos substratos ocorre pela acdo da
hidroxila da cadeia lateral da Thrl que age como nucledéfilo, no entanto, devido a
caracteristicas especificas do bolsdo de cada sitio ativo, as trés subunidades possuem
atividades diferentes entre si. A subunidade 1 possui atividade pds-acidica (PA), clivando
majoritariamente apos residuos acidos como aspartato e glutamato; a subunidade 32 possui
atividade tipo-tripsina (T-L), clivando apds residuos de aminodcidos bdsicos como lisina e
arginina; e a subunidade 35 tida como a mais ativa e importante, possui atividade do tipo-
quimiotripsina (ChT-L), hidrolisando cadeias peptidicas apds aminodcidos hidrofdbicos
(Arendt e Hochstrasser, 1997; Groll e col., 1999; Heinemeyer e col., 1997; Dick e col., 1998;
Nussbaum e col., 1998).

Em relacdo a localizacdo subcelular, o proteassomo é abundante no nucleo e no
citoplasma de células eucaridticas, co-localizado a filamentos intermediarios na membrana
do reticulo endoplasmatico e associado ao centrossomo (Rivett e col., 1992; Palmer e col.,
1996, Soza e col., 1997, Wigley e col.,, 1999). Estudos em levedura demonstraram altas

concentracdOes citoplasmaticas de proteassomo ao redor da rede de membranas formada
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pelo envelope nuclear e pelo reticulo endoplasmatico (Wilkinson e col., 1998; Enenkel e col.,

1998).

Regulagao da atividade catalitica do 20SPT

Juntamente a unidade catalitica central 20S (20SPT), complexos protéicos
regulatorios podem se associar por interacdo com as subunidades alfa, modulando a
atividade do proteassomo. Um importante complexo regulatério denominado proteassomo
19S (19SPT) ou PA700 é composto por 19 subunidades diferentes entre si, relacionado com o
reconhecimento de substratos poli-ubiquitinados, desdobramento das proteinas-alvo,
desubiquitinacdo do substrato, abertura da cdmara catalitica e a translocacdo de substrato
para o interior do 20SPT (Glickman e col., 1998 e 1999; Navon e Goldberg, 2001; Smith e
col., 2006). A particula regulatdria 19SPT acoplada ao anel alfa da unidade catalitica formam
o proteassomo 26S, protease essencial do UPS, necessdria para o reconhecimento e
degradacdo de proteinas poli-ubiquitinadas.

Outros complexos regulatdrios descritos mais recentemente sdo o proteassomo 11S
ou PA26, envolvido na geracao de peptideos para a apresentagdo antigénica em associacao
ao imunoproteassomo (Li e Rechsteiner, 2001; Hill e col., 2002.) e o PA200 envolvido na
estabilidade e no reparo de DNA (Ustrell e col., 2002; Blickwedehl e col., 2008). O
proteassomo 11S é formado também por anéis heptaméricos que estimulam a hidrdlise de
peptideos via estabilizacdo da conformacgdo aberta do 20SPT (Forster e col., 2003 e 2005).
Em levedura ainda ndo foi descrita a identificacdo do 11SPT, porém, outro sistema
regulatério do 20SPT é o BIm10, relacionado ao PA200 de mamiferos. O BIm10 é uma
proteina de aproximadamente 250 kDa sem funcdo fisiolégica conhecida, entretanto,
guando associada ao proteassomo, promove a estimulacdo da degradacdo de peptideos,
mas ndo estimula a degradacao de proteinas (Sadre-Bazzaz e col., 2010). Diversos complexos
regulatodrios ja foram caracterizados nos mais diferentes organismos como capazes de
estimular a abertura da camara catalitica e propiciar uma maior degradacao dos substratos.
O dinamismo da abertura da cdmara catalitica devido ao acoplamento de complexos

regulatodrios pode ser visualizado na figura 3.
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Figura 3. Efeito da abertura da camara catalitica por complexos regulatodrios. (A) Vista frontal das
estruturas tridimensionais demonstra em verde, a camara catalitica do proteassomo 20S de
Saccharomyces cerevisiae (PDB Id: 1RYP) em sua conformacdo fechada e, em azul, o proteassomo de
Trypanosoma brucei (PDB Id: 1FNT) acoplado ao complexo regulatério PA26 em sua conformacdo
aberta. (B) Vista longitudinal evidenciando o complexo PA26 externamente ao 20SPT em azul.
Imagens graficas geradas pelo software Pymol (Delano Scientific).

O sistema proteassomo é encontrado em todos os organismos eucaridticos, de
fungos a mamiferos. Diversas eubactérias apresentam um sistema tipo-proteassomo
denominado HslUV, no qual a protease HslV possui baixa atividade peptidadsica e é regulada
pelos anéis ATPasicos do complexo HslU, assemelhando-se a ativacdo do 20SPT pelo anel
ATPasico do 19SPT. Com relagdo a arquitetura, a HsIV é composta por dois anéis
hexaméricos e analises estruturais demonstraram analogia funcional com as subunidades 3
do 20SPT. Por outro lado, as arqueobactérias, evolutivamente mais préximas aos eucariotos,
apresentam um protdétipo de proteassomo que também possui a organizacdo heptamérica
ofpPoa, porém, cada anel é homo-oligomérico, possuindo somente uma isoforma de
subunidade alfa e uma de beta (Groll e Clausen, 2003).

Apesar da existéncia de diversas proteinas e complexos regulatdrios, e de também
possuir arquitetura, funcdo e regulacdao extremamente conservadas, as células de mamiferos
possuem mais de 30 % do proteassomo destituido de subunidades regulatérias, nao sendo,

portanto, capaz de reconhecer e degradar proteinas poli-ubiquitinadas (Tanahashi e col.,
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2000; Hendil e col.,, 1998). Em leveduras, a parcela correspondente ao 20SPT ainda é
altamente representativa, sendo ao redor de 20 a 25 % (Babbitt e col., 2005).

Comumente é relatado que o 20SPT somente é capaz de lentamente degradar
peptideos, sendo ativo proteoliticamente apenas na presenca de ativadores como SDS e
cardiolipina (Coux e col., 1996, Shibatani e Ward, 1995; Yamada e col., 1998; Ruiz de Mena e
col., 1993). Embora ndo sejam conhecidos os substratos degradados in vivo pelo 20SPT, a
grande parcela desse complexo de proteases desprovido de subunidades regulatérias deve
desempenhar uma importante fungao intracelular. Cada vez mais na literatura sdo descritos
exemplos de proteinas degradadas pelo proteassomo independente de ubiquitinacdo. Entre
essas proteinas podemos citar o fator de transcricao c-Jun (Jariel-Encontre e col., 1995), a
proteina ligadora de célcio calmodulina (Tarcsa e col., 2000), troponina C (Benaroudj e col.,
2001), a oncoproteina p53 (Asher e col., 2002), a alfa-sinucleina (Tofaris e col., 2001) e a
ornitinia descarboxilase (Asher e col., 2005; Takeuchi e col., 2008). Essas proteinas, de
alguma forma ainda ndo bem identificada, devem interagir com as subunidades alfa do
proteassomo e adentrar a camara catalitica para a degradacao (Benaroudj e col., 2001;
Baugh e col.,, 2009). Mais ainda, Baugh e col. (2009) analisando lisados de células de
mamiferos, descreveram que o 20SPT é capaz de degradar especificamente, sem a
necessidade de ubiquitinacdo, mais de 20 % das proteinas celulares.

Apesar da fungao intracelular do 20SPT nao estar bem caracterizada, uma importante
atividade atribuida ao 20PT é a de degradacdo de proteinas desnaturadas, com erros de
traducdo ou dobramento, e também, das proteinas danificadas. Estas modificacdes incorrem
em perda de estrutura secunddria e tercidria, assim como em aumento de hidrofobicidade
superficial, fatores responsaveis pelo reconhecimento das proteinas-alvo pelo 20SPT (Pacifici
e Davies, 1990; Davies, 2001; Ferrington e col., 2001, Varshavsky, 2005, Jung e col., 2009).
Entre as proteinas danificadas, uma importante parcela corresponde as proteinas
danificadas oxidativamente. O processo de oxidacdo de proteinas é um fen6meno
constante, presente em todas as células. As proteinas podem ser oxidadas durante o ciclo
catalitico de enzimas, nos processos sinalizadores, e, principalmente, durante condi¢des de
desafios e estresses oxidativos (Davies, 2000). O acumulo de proteinas oxidadas tanto
devido ao aumento do processo oxidativo quanto ao decréscimo de sua remocgao estd

fortemente associado ao envelhecimento (Stadtman, 2006).
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As condi¢Ges ndo reguladas de oxidacdo levam ao dano protéico com possivel
desestruturacdo e perda de fungdo. Caso a remogao destas proteinas nao ocorra
corretamente, seu acumulo pode acarretar em grande citotoxicidade, levando a morte
celular (Costa e col., 2007; Dunlop e col., 2009). Shringarpure e col. (2003) demonstraram
qgue células contendo a enzima E1, ativadora de ubiquitina, termolabil foram capazes de
promover uma degradac¢ao de proteinas oxidadas de forma ATP-independente, degradacao
esta bloqueavel por inibidores especificos do proteassomo. Consistente com as propostas do
20SPT ser o responsavel pela remoc¢do de proteinas danificadas, Inai e Nishikimi, (2002)
descreveram uma linhagem de levedura deficiente em 26SPT, mais eficiente que a
respectiva linhagem selvagem na remoc¢do de proteinas oxidadas. Mais ainda, o 26SPT
apresenta sua atividade peptidasica completamente abolida apds o tratamento com 1 mM
de H,0,, enquanto o 20SPT ndo sofre nenhuma modificacdo de atividade ou estrutural
mesmo apds o tratamento com 5 mM de H,0,, sendo capaz de manter sua atividade
catalitica durante desafios oxidativos (Reinheckel e col., 1998 e 2000). Esta inativacdo do
26SPT provavelmente se da pela oxidacdo de residuos especificos do 19SPT, responsavel
pela protedlise ATP-dependente. A via de ubiquitinacdo (ativacdo e conjugacdo) também é
inativada durante desafios oxidativos, por mecanismos que provavelmente envolvem a
glutatiolacdo de residuos especificos de cisteina dessas proteinas (Shang e Taylor, 1995;
Jahngen-Hodge e col., 1997). Esses dados reunidos reforcam a hipdétese do 20SPT como
principal responsavel pela degradacdo de proteinas oxidadas intracelularmente. Teoh e
Davies (2004) hipotetizaram ainda, que as proteinas oxidadas durante o metabolismo celular
e desafios oxidativos seriam responsaveis por parte dos peptideos expostos na membrana
celular pelas proteinas codificadas a partir do complexo de histocompatibilidade do tipo |
(MHC-1); hipdtese cunhada como PrOxl — Protein Oxidation and Immunoproteasome
Hypothesis. Estes dados indicam que apesar do proteassomo estar envolvido na regulacdo
de muitos eventos celulares e possuir diversos complexos regulatérios modulando seus
processos proteoliticos, o proteassomo 20S também deve necessitar de processos
regulatdrios dentro da célula.

Dois interessantes processos de regulacdo da atividade do 20SPT sdo a expressao do
imunoproteassomo e do timoproteassomo. O imunoproteassomo tem suas subunidades
cataliticamente ativas (B1, B2 e B5) substituidas por outras (LMP2, MECL-1 e LMP7;

respectivamente), expressas via regulagao por interferon-y (Tanaka, 1994; Rivett e Hearn,
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2004; Kloetzel e Ossendorp, 2004; Strehl e col., 2005). A expressao do imunoproteassomo
estd intimamente relacionada ao sistema imune e a geragao de peptideos especificos para a
apresentacdo antigénica. Recentemente, uma nova isoforma do proteassomo foi
identificada em células do timo. Denominado timoproteassomo, esta isoforma apresenta
substitui¢ao da subunidade hidrofébica 5 por uma subunidade de caracteristica hidrofilica
B5t, capaz de produzir um conjunto de peptideos préprios completamente diferente do
proteassomo tradicional. Este diferente perfil peptidico parece ser necessario na selegao de
linfocitos T CD8(+) (Murata e col., 2007 e 2008; Tomaru e col., 2009). Além da expressdo de
proteassomos alternativos, outras modulagées da atividade do 20SPT se dao no ambito de

modificacdes pds-traducionais.

ModificagOes pos-traducionais do proteassomo 20S

Uma série de modificagdes pds-traducionais (PTMs) ja foi descrita para o
proteassomo 20S de diversos organismos, porém, a maior parte das modificacOes
identificadas in vivo foi descrita em baixas concentracdes, necessitando técnicas sensiveis
para a deteccdo (Zong e col., 2008; Kikuchi e col., 2010). Apesar de identificadas, muitas
destas modificacdes ainda ndo possuem funcdo fisioldgica conhecida. Existem
interpretacdes e alguns dados indiretos de que essas modificagdes estejam correlacionadas
com a modulacdo da atividade proteolitica, manutencdo da meia-vida da unidade 20S e no
processo de associacdo das subunidades para a montagem do 20SPT (processo de assembly).

Entre as modificacOes descritas para o proteassomo 20S esta a acetilacdo N-terminal
de subunidades. Apesar da incerteza sobre a fungdo desta PTM, a acetilacdo N-terminal de
proteinas tem sido descrita como uma modificacdo capaz de afetar a estabilidade, funcdo e
degradacdo de proteinas (Polevoda e Sherman, 2000). As subunidades a2, a5, a7, B3, e B4
foram descritas como acetiladas em células de mamiferos (Gomes e col., 2006) e em
Saccharomyces cerevisiae, Kimura e col. (2000 e 2003) descreveram a acetilacdo do 26SPT
além das enzimas responsaveis por essa acetilacdo. Todas as subunidades alfa e as
subunidades 33 e B4 sdo acetiladas no N-terminal. A conservagdo em leveduras e mamiferos
da acetilagdo N-terminal destas duas subunidades 3, assim como as das subunidades a2, a5

e o7 indicam um possivel papel funcional, no qual estes autores sugerem ser a associacao
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entre as subunidades do 20SPT. Além disso, a auséncia de acetilacdo em linhagens mutantes
para a N- acetiltranferase 1 (Natl) é capaz de aumentar a atividade tipo-quimiotripsina de
maneira significativa (Kimura e col., 2003).

Gomes e col. (2006) também identificaram a fosforilagdo da subunidade a7 do centro
catalitico. A fosforilacdo da subunidade o7 é mais bem estudada entre as PTM’s do 20SPT e
apesar de ndo ser essencial na montagem do 26SPT, a fosforilacdo desta subunidade parece
estar envolvida na estabilizacdo do complexo. A fosforilacdo da subunidade o7 é regulada
negativamente por acao de interferon-y, diminuindo a quantidade de 26S e aumentando os
niveis do imunoproteassomo (Bose e col., 2004). lwafune e col. (2002, 2004) caracterizaram
em levedura a fosforilagdo das subunidades do 20SPT. As subunidades o2, a4 e o7
apresentaram-se em multiplos spots em analise por eletroforese bidimensional sendo
reduzidas a um Unico spot apds o tratamento com fosfatase-alcalina. Foram identificados no
proteassomo de levedura trés residuos de serinas (Ser258, Ser263, and Ser264) fosforilados
na subunidade o7 do 20SPT (lwafune e col., 2004). O tratamento do proteassomo com a
fosfatase-alcalina aumentou ainda, o valor da constante cinética Km para a atividade tipo-
quimiotripsina, indicando a fosforilagdo como detentora de um papel regulatério da
atividade proteassomal (lwafune e col., 2002).

Modificacdes pds-traducionais como glicacdo (adicdo ndo enzimdtica de
carboidratos) e conjugacdo de 4-hidroxi-2-nonenal, um importante subproduto de
peroxidacdo lipidica, diminuem a atividade tipo-quimiotripsina do proteassomo. Em
humanos, estas informacdes se tornaram bastante importantes, pois, além de estarem
positivamente correlacionadas com o aumento da idade dos individuos, estdo também

vinculadas a quadros patolégicos (Carrard e col., 2003; Dahlmann, 2007).

Glutationa e glutatiolacao de proteinas

Outra modificacdo pds-traducional sofrida pelo 20SPT é a adicdo de glutationa nos
residuos de cisteina das subunidades constituintes. A glutationa (GSH) é um tri-peptideo (y-
Glu-Cys-Gly) encontrado em algumas eubactérias e em todos os organismos eucaridticos,
incluindo vegetais e fungos. A alta concentracdo intracelular se encontra na ordem de 1 a 10

mM dependendo do tecido e da organela (Sies, 1999). A glutationa é responsdavel pela
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manutencdo da homeostase redox, sendo um dos principais tamp0des redox intracelulares.
Estd envolvida no seqliestro de radicais livres e espécies reativas de oxigénio e nitrogénio,
servindo de equivalente redutor para diversas enzimas como glutationa peroxidase (Gpx) e
glutarredoxinas (Grx), além da ribonucleotideo redutase envolvida na sintese de DNA (Pocsi
e col., 2004; Meyer e Hell, 2005, Avval e Holmgren, 2009). A razdo entre a forma reduzida
(GSH) e a forma oxidada (GSSG) é um dos fatores determinantes do estado redox
intracelular (Jones e col., 2002). O metabolismo de GSSG envolve ainda sua reducdo pela
acdao da enzima Glutationa Redutase (GIrl) que utiliza NADPH como equivalente redutor,
recuperando o conteldo de GSH.

A adicdo de glutationa em proteinas, amplamente descrita na literatura mediante
desafios oxidativos, era considerada apenas um processo antioxidante no qual as sulfidrilas
protéicas seriam protegidas de hiperoxidacdes irreversiveis através da formacdo de
dissulfetos mistos com a glutationa. A célula, ao se recuperar do estresse, reduziria os
dissulfetos mistos por processos enzimaticos regenerando as sulfidrilas protéicas (Gilbert,
1995). Por sua vez, o conteudo de glutationa intracelular também estaria protegido contra
oxidacoes durante o processo, ja que o excesso de glutationa oxidada é exportado das
células (LeMoan e col., 2006). No reticulo endoplasmatico onde a razdo GSH/GSSG ndo é
superior a trés, mais da metade da glutationa presente estd na forma de dissulfeto misto
com proteinas (Bass e col., 2004). Atualmente, a glutatiolagdo protéica é vista ndo somente
como um processo protetor dos residuos de cisteina, mas também como uma importante
modificagao pds-traducional, atuando de maneira regulatéria sobre a atividade de diversas
enzimas (Giustarini e col., 2004; Ghezzi, 2005).

A formacao do dissulfeto misto entre proteinas e glutationa pode ocorrer de diversas
maneiras. Os mecanismos mais frequentemente apontados estao demonstrados na figura 4.
A glutatiolacdo pode ocorrer pela reacdo direta do dissulfeto GSSG com Cys protéicas
reduzidas, mecanismo que supostamente ocorre quando a razdo GSH/GSSG intracelular
diminui a niveis criticos (Fig.4, reacdo 1). No entanto, em trabalho recentemente publicado
por nosso grupo ficou demonstrada a glutatiolacdo da proteina Thimet oligopeptidase 24.15,
pelo mecanismo acima citado em concentragdes fisioldgicas de GSSG (Demasi e col., 2008).
Alternativamente, os residuos de Cys protéicos no estado reduzido podem se oxidar através
de fontes enddgenas ou exdgenas de oxidantes como, por exemplo, pela acao de perdxidos,

levando a formacdo do intermediario acido sulfénico (Fig. 4, reacdo 2). Apesar de poder ser
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estabilizado em algumas proteinas, o acido sulfénico é altamente reativo, sendo susceptivel
a tiolagdes, incluindo a S-glutatiolagdo. (Claiborne e col., 2001; Netto e col., 2007 — revisao

apresentada como anexo VI)

Figura 4. Principais mecanismos de S-glutatiolagdo e desglutatiolacdo de proteinas - Residuos de
cisteina protéicos podem se glutatiolar por diferentes vias. A cisteina reduzida (-SH) pode se
glutatiolar via reagdo com glutationa oxidada GSSG (reacdo 1). Ja a glutatiolagdo por glutationa
reduzida (GSH) pode ocorrer apds a oxidagdo da sulfidrila por espécies reativas do oxigénio (ROS)
formando intermediarios ndo radicalares como o acido sulfénico (-SOH, reagdo 2) ou intermediarios
radicalares (-S°, reacdo 3). No Ultimo caso, a adicdo de glutationa gera um intermediério radicalar
(PSSG"") que pode decair a dissulfeto. A glutatiolagdo por GSH também pode ocorrer pela reagdo com
a cisteina na forma de nitrosotiol (-SNO, reacdo 4) ou ainda pela reducdo de ligacdes dissulfeto inter
ou intraprotéicas (reagdo 5). O dissulfeto misto com glutationa (-S-SG) é posteriormente reduzido por
tiol-dissulfeto oxidorredutases, como glutarredoxinas (Grx), que utiliza GSH como equivalente
redutor (reagdo 6), revertendo a sulfidrila a sua forma reduzida.

Baseado nos mecanismos de glutatiolacdo citados, a literatura tem destacado
diversos trabalhos envolvendo a glutatiolacdo protéica como modulador da atividade e

funcdo de proteinas. Proteinas de diversas vias metabdlicas e das mais diferentes funcdes
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celulares sdo moduladas por glutatiolacdo. Exemplificando, a proteina quinase dependente
de cAMP em situagdes de estresse oxidativo tem sua atividade prontamente inibida pela
glutatiolacdo da Cys199, localizada préxima ao sitio-ativo (Humphries e col., 2002). A tirosina
hidroxilase, enzima passo-limitante da sintese de dopamina é inibida por glutatiolagdo,
sendo esta inibicdo completamente revertida por DTT ou por glutarredoxina. (Borges e col.,
2002). A proteina S100A1 da familia de proteinas ligantes de cdlcio do tipo EF-Hand, quando
glutatiolada, aumenta em 10 vezes a afinidade do loop-C a cdlcio e quatro ordens de
grandeza as constantes de ligagcdo do loop-N (Goch e col., 2005). Em trabalho recente, Ghezzi
e col. (2006) identificaram a glutatiolacdo in vivo da ciclofilina A de linfécitos T humano apds
ativacdo mitogénica. Mais ainda, demonstraram por estudos de dicroismo circular um
grande impacto na estrutura secundaria da proteina glutatiolada. Acredita-se que estas
modificacGes estruturais promovidas pela glutatiolacdo estejam correlacionadas com a
modulac¢do da atividade das proteinas descritas.

A descricdo que o proteassomo sofre o processo de S-glutatiolacdo se deu
primeiramente em células de mamifero (epitélio hepdtico de ratos) incubadas com
inibidores irreversiveis e especificos deste complexo protéico como lactacistina, NLVS e -
lactona (Demasi e col., 2001). Nesse trabalho, foi verificado também que preparacdes de
20SPT purificadas de eritrécito humano e de eritroblasto de coelho possuiam atividade tipo-
quimiotripsina (ChT-L), porém ndo a tipo-tripsina (T-L), moduldvel pela incuba¢cdo com GSH,
GSSG e cisteina. A modulacdo da atividade do proteassomo por GSH e GSSG in vitro, foi
interpretada como fenémeno conseqliente da glutatiolacdo do proteassomo 20S (Demasi e
col., 2001).

Descrevemos em Demasi e col. (2003 - Anexo IV) que o proteassomo de levedura
também responde a incubacbes com diversos reagentes tidlicos, inclusive GSH. O
mecanismo de glutatiolagcdo do 20SPT inclui a formacao do intermediario acido sulfénico em
suas sulfidrilas e esta modificacdo causa diminui¢ao da atividade tipo-quimiotripsina in vitro.
Células de levedura desafiadas com perdxido de hidrogénio revelaram a presenca de
glutationa incorporada ao 20SPT, demonstrando a provavel ocorréncia do fenémeno in vivo,
dependente do estado redox celular. Em trabalho publicado em 2005 por Dixon e seus
colaboradores, foi descrito em escala protedmica a glutatiolacdo de diversas proteinas
mediante estresse oxidativo em células vegetais de Arabidopsis thaliana. Neste trabalho, as

células foram submetidas a estresse oxidativo por incubacdo na presenca de terc-
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butilhidroperdxido e utilizando glutationa biotinilada como isca, foi possivel isolar e
identificar inUmeras proteinas glutatioladas, dentre as quais, diversas subunidades do 20SPT.

Niture e col. (2005) desenvolveram técnicas para mimetizar a S-glutatiolacdo e dessa
forma identificaram proteinas contendo cisteinas reativas purificadas por cromatografia de
afinidade a glutationa. Utilizando células de meduloblastoma humano, este grupo foi capaz
de identificar subunidades do proteassomo e ainda posteriormente utilizar subunidades do
20SPT como controle positivo de proteina nativamente glutatiolada. Trabalhos como o de
Zong e col. (2008) identificaram diversas PTM’s no proteassomo de camundongo, inclusive
modificagdes oxidativas e nitrosativas. O tratamento do 20SPT com 10 uM paraquat levou
ao aumento da oxidacao de sulfidrilas em diversas subunidades, assim como o aumentou
também o teor de carbonilas protéicas formadas. No entanto, todos os cldssicos protocolos
de purificacdo do proteassomo utilizam redutores tidlicos em seus tampdes, excluindo a
possibilidade da identificacdo da glutatiolacdo como modificacdo do 20SPT. Devido a este
fato, é restrito o numero de publicagbes envolvendo a descricdo de subunidades
glutatioladas do 20SPT. O estudo da glutatiolacdo do proteassomo tem se mostrado
interessante devido a sua conservacdo em diversos organismos (se estendendo de levedura
a mamiferos, passando por plantas) e também devido ao fato de ser uma modificacdo que
possui um importante papel funcional. Faz-se entdo crucial, entender a dindmica de
reducdo, oxidagao e glutatiolagdo dos residuos de cisteina envolvidos na regulacdo da

atividade do proteassomo 20S.

O proteassomo 20S e a geragao de peptideos intracelulares

O proteassomo é o grande responsavel pela geracdo de peptideos intracelulares, os
quais ndao sao destinados exclusivamente a manuten¢do do conteldo intracelular de
aminodcidos para a sintese de novas proteinas. Em mamiferos, estes peptideos podem
apresentar as mais diversas fungdes e uma destas fungdes envolve a apresentacao destes
peptideos como antigenos na superficie celular (Kloetzel, 2004). Outra funcdo reconhecida é
a geracao de peptideos livres com papel bioativo no interior das células. Essas moléculas
podem atuar na sinalizacdo celular, modulando atividades enzimaticas, regulando a

transcricdo génica, entre outras funcoes (Ferro e col., 2004 e Cunha e col., 2008). Além disso,
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estes peptideos ainda podem ser substratos de peptidases intracelulares, levando ao
surgimento de novos peptideos e possivelmente novas fun¢des celulares (Saric e col., 2004).
Tendo em vista a importancia dos peptideos funcionais, a geracdo de um novo conjunto
peptidico intracelular distinto dos perfis existentes em condi¢Ges basais, representaria uma
interessante resposta as modificacdes metabdlicas de diversas origens. Além da expressao
de proteassomos alternativos como o timo e o imunoproteassomo, capazes de clivar os
substratos de maneira diferenciada, ja foram descritos mecanismos alternativos de
processamento polipeptidico pelo proteassomo entre os diversos fatores que podem alterar
a geracao de peptideos. Entre estes mecanismos, podemos citar a atividade endoproteolitica
do proteassomo, na qual a degradagdo ocorre a partir regides desestruturadas na porg¢ao
interna da proteina, liberando fragmentos terminais intactos da proteina (Liu e col., 2003;
Qing e col., 2007). Outro mecanismo é a capacidade do proteassomo em realizar o “splicing
peptidico”, gerando peptideos que contém uma seqiiéncia de aminoacidos ndo contigua a
seqlUéncia primdria da proteina. Durante a hidrdlise, ocorre a remocdao da porcao
intermediaria de um determinado peptideo e por transpeptidagdio um novo fragmento é
formado (Vigneron e col., 2004; Warren e col., 2006; Dalet e col., 2010). Warren e col. (2006)
inclusive descreveram o “splicing reverso” no qual o peptideo gerado foi unido na ordem
inversa a seqliéncia original da proteina.

A complexidade dos processos proteoliticos, a relagdo com o metabolismo redox e a
fungdo intracelular do 20SPT ainda ndo estao completamente caracterizadas e tornam esse
sistema proteolitico um interessante alvo de estudos. Dessa forma, compreender o papel
fisioldgico da glutatiolagdo como moduladora da atividade proteolitica do proteassomo pode
elucidar alguns mecanismos do processamento dos polipeptideos, a especificidade dos
substratos hidrolizados e a fun¢ao do conteldo peptidico produzido, desencadeando as mais

diversas respostas intracelulares.
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II. Objetivos

O objetivo geral deste projeto consistiu em caracterizar o processo de S-glutatiolagao
e desglutatiolagdo da unidade catalitica do proteassomo 20S da levedura Saccharomyces
cerevisiae. Dentre os objetivos especificos, investigar a ocorréncia in vivo desta modificacao
e identificar as subunidades e os residuos especificos de cisteina do 20SPT susceptiveis a S-
glutatiolacdo. Mais ainda, estudar sistemas enzimaticos responsaveis pela desglutatiolacdo
do proteassomo, entender a maneira pela qual a glutatiolacdo modula a atividade catalitica

da protease, além de compreender as implica¢des fisioldgicas deste fen6meno.
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Ill. Materiais e Métodos

Reagentes - BSA, [-caseina, DTPA, DTNB, DTT, HED, GSH, GIr, MCA, NBD, NEM, e
Ovalbumina foram adquiridos junto a SIGMA-Aldrich (St. Louis, Missouri, EUA). Substratos
fluorogénicos (z-LLE-MCA, z-ARR-MCA e s-LLVY-MCA) foram comprados da Calbiochem (San
Diego, CA, EUA). Anticorpo anti-glutationa nos foi vendido pela Arbor Assays (Ann Arbor,
Michigan, EUA). Todos os reagentes utilizados para os ensaios de eletroforese bidimensional
eram da GE Healthcare (Chalfont St. Giles, Reino Unido) e a Tripsina Gold utilizada para a
digestdo de proteinas para espectrometria de massas foi obtida da Promega Corporation

(Madison, Wisconsin, EUA). Todos os demais reagentes ndo citados eram de grau analitico.

Crescimento celular, extracdo e purificacdo do proteassomo 20S de levedura — Para a
extracdo do proteassomo 20S, utilizamos a linhagem RJD1144 (MATa his3_200 leu2-3,112,
lys2-801 trpl_63 ura3-52 PRE1 ™" ::YIplac211 URA3) de Saccharomyces cerevisiae derivada
da linhagem JD47-13C, que nos foi gentilmente cedida pelo Dr. Raymond Deshaies da
Divisdo de Biologia, Caltech, Pasadena, CA-EUA. Esta linhagem dispde de uma cauda de poli-
histidina e a seqliéncia do peptideo FLAG (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) fusionadas a
subunidade Prel (34) do proteassomo. As leveduras foram crescidas em meio rico padrdo
YPD, contendo 4 % de glicose (1 % de extrato de levedura, 2 % de peptona e 4 % de glicose)
e coletadas apds 60 horas de incubacdo a 30 °C sob agitacdo. As células foram
ressuspendidas em tampao Tris-HCl (50 mM Tris-HCI pH 7,5, 5 mM de MgCl, e 20 mM KCl)
contendo 500 mM NaCl e 20 mM de imidazol. As células foram rompidas por agitacdo
vigorosa com pérolas de vidro a 4 °C e o extrato celular obtido foi centrifugado a 15000 rpm
por 45 minutos a 4 °C. O proteassomo contido no extrato protéico foi purificado em colunas
de afinidade a niquel HisTrap™ FF (GE Healthcare) de acordo com o manual do fabricante. A
eluicio do proteassomo foi realizada em gradiente linear de imidazol no sistema AKTA
purifier (GE Healthcare). Apds a determinacdo da atividade proteolitica, as aliquotas ativas
foram concentradas em filtros Amicon Ultra YM-100 e dessalinizadas em colunas PD-10
Desalting (GE Healthcare) para Tampao Padrdo (20 mM Tris-HCl pH 7,5, 5 mM de MgCl, e 20
mM KCl).
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Ensaio de atividade do proteassomo 20S - A atividade catalitica do proteassomo foi
determinada utilizando-se peptideos fluorogénicos como substrato. Para cada atividade
proteolitica, um substrato diferente foi utilizado: O peptideo s-LLVY-MCA foi o substrato
responsavel pela quantificacdo da atividade tipo-quimiotripsina (ChT-L), o substrato z-LLE-
MCA foi o substrato para a atividade pds-acidica (PA) e os substratos z-ARR-MCA para a
determinagdo da atividade tipo-tripsina (T-L). Aliquotas de proteassomo (1-5 pg) foram
incubadas com 25-100 uM dos substratos fluorogénicos em tampao padrdo por 60 minutos
a 30 °C e entdo, a emissao de fluorescéncia foi capturada a 440 nm (excitacdo a 365 nm). A
quantidade de MCA (amino metilcumarina) liberada foi calculada a partir de uma curva

padrdo de MCA livre.

Reducao e glutatiolagdo in vitro do proteassomo — Para a reduc¢dao, amostras do 20SPT
purificado foram tratadas com 300 mM de DTT por 16 h a 4 °C. A dessalinizacdo para
remocao do DTT foi realizada em colunas PD-10 Desalting, com a coleta da proteina em
tampao padrao. As aliquotas recolhidas foram monitoradas espectrofotometricamente a
412 nm para excluir a presenca de DTT residual mediante reacdo com 0,75 mM de DTNB.
Para a glutatiolacdo in vitro, o 20SPT foi tratado com 1-10 mM de glutationa reduzida (GSH)
por 30 min a temperatura ambiente. O excesso de glutationa foi removido por ciclos de

filtracdo e rediluicdo em microfiltros YM-100 (Amicon Ultra - Millipore).

Determinagao de glutationa — O ensaio para a dosagem de glutationa foi realizado em
tampado 0,1 M fosfato de potassio pH 7,0 contendo 1 mM EDTA, seguido da adi¢do de 0,2
mM NADPH, 80 uM de DTNB e 120 mU de glutationa redutase. Os reagentes foram
aclimatados a 37 °C por 2 minutos e a reacdo foi iniciada com a adicdo da amostra,
acompanhando a absorbancia do tionitrobenzonato (TNB) formado a 412 nm por 3 minutos.
A guantificacdo da glutationa foi realizada de acordo com uma curva padrdo de glutationa

oxidada (GSSG).

Eletroforese bidimensional — Para a padronizagao da técnica, utilizamos primeiramente a
plataforma de focalizacdo e eletroforese horizontal Multiphor Il. Um volume de amostra de
50 a 150 pg de proteina foi diluido na solugdo de reidratagdo (Uréia 8 M, 2 % CHAPS, 0,5 %

Pharmalytes, e 0,007 % azul de bromofenol) e aplicado no cassete de reidratacdo sob tiras
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de 11 cm. As tiras foram reidratadas por 16 h a temperatura ambiente. As tiras reidratadas
foram retiradas do cassete e transferidas para o sistema de focalizagao isoelétrica. Apds a
montagem do aparelho Multiphor Il segundo o manual do fabricante, as tiras foram
focalizadas e mantidas a -80 °C até o momento da corrida da segunda dimensdo. Os géis
SDS-PAGE 12,5 % para a segunda dimensdo foram corridos imediatamente apds duas
rodadas de equilibrio das tiras por 12,5 min em Tampao de Equilibrio (50 mM Tris-HCI pH
6,8, 6 M uréia, 30 % glicerol e 1 % SDS). Para as amostras que seriam reduzidas e alquiladas
com iodoacetamida (IAA), adicionou-se 50 mM DTT na primeira rodada de equilibrio e 120
mM de IAA na segunda. A deteccdo das proteinas foi realizada através de coloragdo com
Coomassie blue G-250 coloidal conforme descrita por Neuhoff e col. (1988). Utilizamos
posteriormente a plataforma IPGphor3 que possibilitou a focalizacdo de tiras de até 24 cm e
para a segunda dimensdo a cuba vertical DaltSix (ambos GE Healthcare), de acordo com o
manual do fabricante. Os gradientes de voltagem para a focalizacdo isoelétrica seguiram os

protocolos fornecidos pelo software Ettan IPGphor 3 Control Software (GE Healthcare).

Imunomarcagdo anti-GSH - Para realizacdo dos experimentos de Western Blotting, as
amostras protéicas foram aplicadas em gel de poliacrilamida 12,5 % (SDS-PAGE) e
submetidas a eletroforese. As amostras foram transferidas para membrana de nitrocelulose
de 0,22 um (Hybond-ECL da GE Healthcare) por 2 h mantendo a corrente elétrica constante
em 125 mA. A imunomarcagao foi realizada utilizando o aparelho SNAP I.d. (Protein
Detection System — Millipore) com anticorpo primario anti-GSH (Arbor Assay) diluido de 1:
333, conforme manual do fabricante. O ensaio utilizou anticorpo secundario anti-lgG de
camundongo ligado a peroxidase HRP (Horse Radish Peroxidase), as solugdes de deteccdo e o
agente bloqueador, todos fornecidos pelo kit ECL™ Western Blotting Systems (GE
Healthcare). O sinal quimioluminescente liberado apds incubacdo da membrana com as

solucdes de revelacao foi captado por sensibilizacdo de filme radiolégico.

Processamento dos spots para espectrometria de massas - Todos os procedimentos, desde
a excisdo dos spots do gel até a digestdo com tripsina, foram realizados em fluxo laminar
para se minimizar a contaminacdo com queratina. Os pedacgos de gel contendo as proteinas
de interesse foram retirados, cortados em pedacos menores e transferidos para tubos de

polipropileno (LoBind — Eppendorf). Os spots excisados foram descorados por duas vezes em
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tampdo 100 mM bicarbonato de amonio pH 7,8 contendo 50 % acetonitrila (ACN) por 45
minutos a 37 °C. Os fragmentos de gel foram desidratados por cinco minutos a temperatura
ambiente com 100 % ACN e os géis foram secos no Speed-Vac por 15 minutos para remover
a ACN residual. Os fragmentos secos foram reidratados por uma hora a 4 °C em solugao de
tripsina (Trypsin Gold — Promega) para espectrometria de massa a 20 ug/ml em 40 mM de
bicarbonato de amoénio contendo 10 % de ACN. Posteriormente, adicionou-se tampao de
digestdo ndo contendo tripsina até cobrir os pedacos de gel e as amostras foram incubadas
por 18 h a 37 °C. Para a recuperagdo dos peptideos, o gel foi incubado com 150 ul de dgua
Milli-Q por 10 minutos sob agitacdo. O volume foi recolhido em tubo novo e os peptideos
foram extraidos por duas incubagdes sucessivas de 60 min com 50 pl de solugdo 50 % ACN e
5 % TFA, agitando-se ocasionalmente. As duas solugdes contendo os peptideos foram

reunidas e secas em Speed-Vac.

Fingerprinting por MALDI-TOF — A analise dos peptideos foi feita no espectrometro de
massas do tipo MALDI-TOF modelo Ettan (GE Healthcare) em parceria com Clécio Klitzke.
Apos a digestdao in-gel, os peptideos foram resolubilizados em 10 pl de 0,1 % TFA e as
amostras foram dessalinizadas em colunas C18 ZipTip (Millipore), de acordo com as
instrugdes do fabricante. Os peptideos foram eluidos em duas etapas. Na primeira com 5 pl
de 50 % ACN, 0,1 % TFA e na segunda com 5 pl de 80 % ACN, 0,1 % TFA. As amostras foram
secas mais uma vez e ressuspendida em volume minimo (1-2 pl) para a aplicagdao nos slides
do espectrémetro. Utilizamos como matriz o acido a-ciano-4-hidroxicinamico (solucao
saturada em ACN:4gua, 1:1 contendo 0,1 % de TFA). Os espectros foram obtidos no modo
positivo com uma voltagem de aceleracdo de 20 kV. Os espectros finais foram resultantes da
somatdria de 200 espectros acumulados obtidos no modo reflectron. O equipamento foi
previamente calibrado com um padrado de peptideos (Angio Il [M+H]" 1046,54 e P14R [M+H]"
1533,86).
O

CN
HO

Acido a-ciano-4-hidroxicindmico
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Deteccdo de S-glutatiolagdo por LC-MS/MS — As analises para identificagdo das subunidades
e residuos glutatiolados foram realizadas em espectrometro de massa Waters SYNAPT HDMS
(geometria Q-TOF) acoplado ao sistema nanoAcquity Waters UPLC. O sistema de UPLC foi
equipado com uma coluna de dessalinizagdo Waters Symmetry C18 (20 mm x 180 id um; 5
um de tamanho de particula), seguido por uma coluna analitica C18 Waters BEH130 (100
mm x 100 id um; 1,7um de tamanho de particula). Apds o processamento dos spots, as
amostras tripsinizadas foram ressuspendidas em 8 ul de agua deionizada e injetadas no
sistema. Os peptideos foram dessalinizados na coluna trap por 3 min com fluxo de 5 pl/ min
de 97:3 H20:ACN com 0,1% (v/v) de acido férmico. Em seguida, a eluicdo dos peptideos da
coluna trap foi realizada direcionando-os para a coluna analitica BEH130 C18 (Waters)
utilizando um fluxo de 1,0 pl/ min com gradiente linear de 97:3 para 30:70 H20:ACN, com
0,1 % (v/v) de acido férmico durante um total de 60 min de analise. Os dados espectrais
foram processados por deconvolugdo utilizando o algoritmo (MaxEnt3) do software
MassLynx v.4.1. Apds a corrida das amostras, os arquivos RAW foram processados utilizando
ProteinLynx Global Server versao 2.2 (Waters) e analisados utilizando o programa de busca
MASCOT versdo 2.2 (MatrixScience Ltd.). Para cada subunidade previamente identificada,
utilizamos também listas preferenciais de inclusdo contendo a relagdo m/z dos ions
glutatiolados (+305,1). Caso a relagdo m/z do ion precursor fosse detectada, este ion seria
preferencialmente selecionado para andlise de MS/MS. As massas constituintes da lista de
inclusdo foram adquiridas a partir da digestdo in silico de cada subunidade do 20SPT com

tripsina, utilizando o software Protein Prospector (prospector.ucsf.edu).

Linhagens Bacterianas:

e DH5q; [endAl, hsdR17 (ri my'), supE44, thi-1, recAl, gyrA (Na 1'), relAl, A (lacZYA-
argF)uies (M80lacZAM15)]
e BL21(DE3); [F,amp T, hsdSy, (rs my ), gal, dcm] (DE3) (Novagen)

Clonagem do gene GRX2 - O grupo do Prof. José A. Barcena do Departamento de Bioquimica
e Biologia Molecular da Universidade de Cdrdoba, Espanha, gentilmente nos cedeu a
linhagem bacteriana transformada com plasmidio contendo o gene codificante da Grx2. O

protocolo de clonagem estd descrito em Pedrajas e col. (2002). Suscintamente, o gene foi
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amplificado por PCR a partir do DNA genémico de S. cerevisiae. Foram utilizados primers
especificos contendo sitios de restricdo para Ndel e BamHI baseados no banco de dados
“Saccharomyces Genome Databank”. O produto amplificado por PCR foi clonado no vetor
pPGEM-T Vector System (Promega), seqiiénciado e subclonado no vetor de expressdao pET-
15b (Novagen). A proteina recombinante foi fusionada no N-terminal a um peptideo de 20
residuos de aminodcidos contendo uma cauda de poli-histidina e um sitio de clivagem por
trombina. Bactérias E. coli da linhagem BL21(DE3) da Novagen foram transformadas para a

inducdo e a expressao do gene.

Indugdo e expressdo do gene GRX2 — A linhagen bacteriana BL21(DE3) transformada com o
plasmideo pET15b-GRX2 foi inoculada em meio Luria—Bertani (LB — 1 % triptona, 0,5 %
extrato de levedura e 1 % NaCl) contendo 100 pg/ml do antibidtico ampicilina utilizado
como marca de selecdo. As células foram deixadas sob agitacdo a 37 °C em shaker orbital até
atingirem ODggo= 0,8. A induc¢do do gene foi realizada por 4 horas apés a adicdo de 0,5 mM
de isopropil B-D-tiogalactosideo (IPTG) ao meio de cultura. As células foram entdo coletadas

e congeladas a -20 °C até o momento da purificagao.

Purificacdo e ensaio de atividade enzimatica da Grx2 — Para a purificacdo da Grx2, as
células foram ressuspendidas em tampao 50 mM Tris-HCl pH 7,5 contendo 150 mM NaCl e
1 mM do inibidor de protease fenil-metil-sulfonil-fluoreto (PMSF). O sonicador Unique
Ultrasonic foi utilizado para a ruptura celular e o extrato foi tratado com 1 % de sulfato de
estreptomicina por 20 minutos a 4 °C sob agitacdo. A amostra foi entdo centrifugada a
15000 rpm por 45 minutos a 4 °C com subseqliente filtracdo do sobrenadante em filtros de
45 pm (Amicon - Millipore). A Grx2 foi purificada do extrato celular por cromatografia de
afinidade a cobalto em colunas contendo resina TALON® (Clontech) de acordo com o
manual do fabricante. A eluicdo da proteina ocorreu a partir de um gradiente de imidazol.
Posteriormente, a proteina foi dessalinizada para o tampdao 20 mM Tris-HCI pH 7,5 em
colunas PD-10 Desalting (GE Healthcare). A atividade oOxido-redutora da Grx2 foi
determinada a partir da reducdo de 0,5 mM de 2-hidroxietil dissulfeto (HED), utilizando 0,5
mM de GSH, na presenca de 0,2 U/ml de glutationa redutase de levedura (SIGMA) e 0,4

mM de NADPH como equivalente redutor. O consumo do NADPH foi monitorado
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espectrofotometricamente a 340 nm. O ensaio foi realizado no volume final de 1 ml de

tampado 0,1 M Tris-HCI pH 7,4 contendo 1 mM EDTA.

Oxidagao de proteinas — As amostras de albumina foram oxidadas por 5 mM H,0, durante
30 min a temperatura ambiente. Para prevenir oxidacdes inespecificas e a geracdo de
radicais livres via rea¢dao de Fenton, as amostras foram previamente incubadas por 5 min
com o quelante de metais DTPA (100 uM). Apds a oxidacdo, as amostras foram filtradas e
ressuspendidas trés vezes para a remogao do excesso de perdxido. A ovalbumina (Ova) foi
oxidada na presenca de 100 mM H,0, e 1 % SDS por 2 h a temperatura ambiente.
Posteriormente, Ova.y foi incubada a 90 °C na presenga de 50 mM DTT. Apds o tratamento, a
Ova foi filtrada e rediluida extensivas vezes para a remoc¢do dos reagentes utilizados. A
concentracdo protéica das amostras foi quantificada por Bradford (Biorad) e as proteinas

oxidadas foram submetidas aos demais ensaios.

Andlise da degradacdo de proteinas por SDS-PAGE - Aliquotas das proteinas foram
incubadas na presenca do 20SPT de levedura em tampdo padrdao a 30 °C. O tempo de
incubacdo variou dependendo da caracteristica da proteina e do interesse do experimento.
Apds a incubacdo, separamos o proteassomo do substrato e seus fragmentos por filtracao
em microfiltros de 100 kDa (Amicon Ultra). Ao filtrado recuperado, adicionamos tampao de
amostra (10 % de glicerol, 1 % SDS, 0,02 % de azul de bromofenol em 100 mM de tampao
Tris-HCl pH 6,8). Quando as proteinas utilizadas como substrato ndao possuiam massa
molecular préxima as das subunidades do proteassomo (entre 20 e 32 kDa), o proteassomo
também foi aplicado no gel e suas bandas aparecem destacadas acima das demais proteinas.
As amostras foram aplicadas em gel de poliacrilamida (12,5 a 20 %) e submetidas a
eletroforese. Os géis foram posteriormente corados com Coomassie Blue ou Nitrato de

Prata.

Determinacgao do perfil de fragmentagdo de proteinas por HPLC — Para a andlise do perfil de
fragmentagdo de proteinas pelo 20SPT, 150 a 300 pg das proteinas substrato (Ovalbumina
oxidada e Grx2) foram incubados na presenca de 30 pg de 20SPT por 16 h a 30 °C. As
amostras hidrolisadas foram separadas das fracdes protéicas por microfiltracdo em 10 kDa.

O material filtrado foi imediatamente analisado por HPLC (Shimadzu Corporation). As
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separacOes foram realizadas em coluna C18 de fase reversa (ODS Hypersil 150 mm
comprimento, ID 4.6 mm, tamanho de particula 5um - Thermo) com um volume maximo de
injecdo de 1 ml em fluxo de 1 ml/min. Os tampdes da fase movel utilizados foram: Solugdo A
(0,1 % de TFA) e solugdo B (0,1 % de TFA, 90% de acetonitrila). A eluicdo dos peptideos foi
monitorada a 214 nm (UV-VIS detector Shimadzu SPD-10A). Como padrado de corrida dos
produtos de Ovalbumina, 3 pmol do peptideo sintético SIINFEKL (MW 963,1 Da) foram
injetados para identificacdo do tempo de retencdo e o isolamento do pico. Os métodos de

corrida contendo os gradientes utilizados para cada substrato estdo destacados abaixo.

SIINFEKL e Ovalbumina Glutarredoxina 2
Tempo de corrida Solucdo B Tempo de corrida Solucdo B

0 min 0% 0 min 0%

30 min 30% 40 min 80 %

40 min 60 % 50 min 100 %

50 min 100 %

Anadlise do proteassomo 20S por microscopia eletronica - Um volume de 12 pul de
proteassomo (0,1- 0,5 pg/ul) foi aplicado sobre grades de cobre (300-400 meshs) recobertas
com filme de parlddio e carbono. Apds 1 minuto, o excesso do liquido foi removido com
auxilio de papel de filtro e imediatamente adicionou-se 12 pl de solugao aquosa de 2% acido
fosfotungstico pH 7,2. Novamente com o auxilio de um papel de filtro, removemos por
completo a solucdo contrastante apés 10 segundos. As grades foram entdo examinadas no
Microscépio Eletronico de Transmissdo LEO 906E (Zeiss, Alemanha) do Laboratério de
Biologia Celular do Instituto Butantan com voltagem de aceleracao de 100 kV. As imagens
foram capturadas por cdmera integrada Megaview Il utilizando o software iTEM - Universal

TEM Imaging Platform (Olympus Soft Imaging Solutions GMBh, Alemanha).
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V. Resultados

Glutatiolagao da unidade catalitica do proteassomo

O proteassomo e a caracterizacdo do processo de glutatiolacdo deste complexo tém
sido objeto de estudo do nosso grupo ha quase uma década. Com a descrigdo do mecanismo
bioquimico de glutatiolacdo do proteassomo 20S (Demasi e col., 2003 — Anexo 1V) passamos
a investigar as condigdes fisioldgicas de glutatiolagdo do 20SPT, bem como o mecanismo
pelo qual esta modificagcdo pds-traducional altera a atividade proteolitica do complexo. Para
compreender este mecanismo, fez-se essencial a caracterizacdo de condi¢cdes nas quais a
glutatiolagdo ocorra in vivo, assim como identificar os sitios de glutatiolagdo na unidade
catalitica 20S. O 20SPT foi purificado a partir de células de levedura (linhagem RJD1144)
mantidas sob nossa condi¢dao padrdo (YPD, contendo 4 % de glicose por 60 h de incubagdo a
30 °C), com as células sendo coletadas entre a transicdo diduxica e a fase estacionaria de
crescimento. O 20SPT contendo cauda de poli-histidina foi purificado por cromatografia de
afinidade e eluido em gradiente linear de imidazol. A figura 5 apresenta o cromatograma de
uma purificacdo padrao do 20SPT monitorado espectrofotometricamente a 280 nm,
evidenciando o pico de eluicdo da proteina em aproximadamente 60 % de solugdao B. O
excesso de NaCl e imidazol utilizados durante a purificacdo foi removido por dessalinizacdo
em colunas do tipo PD-10 Desalting (GE Healthcare) e a pureza da preparacao foi analisada
em gel SDS-PAGE, evidenciando o padrdo de distribuicdo de bandas das 14 diferentes
subunidades (Fig. 6).

Demasi e col. (2001, 2003) descreveram que a atividade tipo-quimiotripsina (ChT-L)
do 20SPT é modulada por glutationa reduzida (GSH) tanto em levedura quanto em células de
mamiferos. Diferentemente do proteassomo de mamifero, a atividade do 20SPT de levedura
ndo responde a incubacdes na presenca de glutationa oxidada (GSSG). No 20SPT de
leveduras, a via de glutatiolacdo envolve a formacdo do intermediario acido sulfénico nos
residuos de cisteina da proteina, tornando-os susceptiveis a reagir com a forma reduzida da

glutationa (Demasi e col., 2003).
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Figura 5. Cromatograma da purificagdo do proteassomo 20S — A purificacdo do proteassomo 20S
por cromatografia de afinidade a niquel foi realizada em colunas HisTrap FF (GE Healthcare) no
sistema de FPLC AKTA purifier (GE Healthcare). A cromatografia foi monitorada a 280 nm e o pico do
proteassomo eluido foi verificado a partir de 60 % do tampdo B (tampdo padrdo contendo 400 mM
de imidazol). A presenca de proteassomo foi posteriormente confirmada nas aliquotas por
determinacdo da atividade peptidasica.

SDS - PAGE

Figura 6. Verificacdo da pureza do proteassomo 20S
por SDS-PAGE - A pureza das preparagdes do 20SPT

50 kDa —> foi verificada em gel 12,5 % SDS-PAGE evidenciando
40 kDa —> o perfil de separagdao das 14 subunidades. 20SPT,
representa 15 pg do proteassomo 20S purificado e
30 kDa —> MW, o padrdo de peso molecular Bench Mark
Protein Ladder (Invitrogen) em gel corado com
20 kDa > Coomassie Brilliant Blue.

MW 20SPT

Para identificarmos a presenca de glutationa ligada ao 20SPT, realizamos tratamentos
com concentragdes crescentes de GSH. Apds analisar a modulacdo da atividade catalitica,
liberariamos a GSH associada ao proteassomo por reducdo do dissulfeto misto formado. O
excesso de GSH ndo reagido foi eliminado da preparacgao por ciclos de filtracdo e re-diluicao.

Subsequente a filtracdo do 20SPT, aliquotas foram retiradas para quantificar a atividade
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tipo-quimiotripsina (ChT-L) e conjuntamente determinar os niveis de glutationa
incorporados. Para a dosagem de GSH, as aliquotas do 20SPT foram desnaturadas por
fervura, reduzidas na presenca de 100 mM de borohidreto de sddio (NaBH,4) e apds sua
eliminagdo, reagidas com 80 UM de DTNB. As concentragdes de GSH utilizadas e a atividade
ChT-L correspondente estao apresentadas na tabela 1. A inibicao de aproximadamente 70 %
da atividade ChT-L foi alcancada em altas concentracdes (10 mM) de GSH e foi interessante
notar que mesmo a amostra ndo incubada com GSH (purificada diretamente de YPD) possuia
consideravel quantia de GSH, evidenciando a glutatiolagdo in vivo do proteassomo. Esses
dados foram corroborados por ensaios de imunomarcacdo utilizando anticorpo anti-GSH, no
qual o proteassomo purificado de YPD (PT-YPD) e o proteassomo tratado com 10 mM GSH
(PT-SG) foram imunomarcados contra GSH. A imunomarcacdo anti-GSH confirmou a
presenca de glutationa no 20SPT extraido diretamente de YPD e um intenso aumento apds a
incubacdo com GSH (Fig. 7). Para a realizacdo do ensaio, a proteina aplicada foi quantificada
pelo ensaio de Bradford e confirmada com a coloragdo Ponceau-S (Fig. 7), demonstrando
que as diferencas apresentadas devem-se exclusivamente a quantidade de glutationa

incorporada ao proteassomo.

Tabela 1. Quantificacdo de GSH liberada do proteassomo e determinag¢do da atividade
tipo-quimiotripsina (ChT-L) correspondente.

GSH GSH liberada Atividade Cht-L (%)
(nmol/mg PT20S)

Sem adicao 8,5 100+ 12
7,5 mM GSH 33+10 89 +18
10 mM GSH 30,5 28 +11

Proteassomo purificado de células crescidas em meio rico contendo 4% de glicose foi incubado com
as concentracbes referidas de glutationa e apds a lavagem do excesso de GSH, foi feita a
determinacdo da atividade Cht-L do PT20S. As mesmas amostras foram reduzidas com 100 mM de
NaBH, para liberagcdo da glutationa e o teor de GSH liberado foi dosado conforme descrito em
Materiais e Métodos.
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Anti-GSH Ponceau-S
: Figura 7. Identificacao da glutatiolagdo do 20SPT por

imunomarcacao - O proteassomo purificado (20 pug) de
“ YPD (PT-YPD) foi incubado com 10 mM de GSH (PT-
. GSH) e ambas as amostras foram imunomarcadas com
anticorpo anti-GSH conforme descrito em Materiais e
Métodos. A membrana corada com Ponceau-S
demonstra que ndo hd discrepancia na aplicagao
protéica das duas amostras. O ensaio demonstrou a
glutatiolacdo do 20SPT in vivo intensificada pelo
tratamento in vitro com GSH.

PT  PT PT  PT
YPD GSH  YPD GSH

A partir dos dados obtidos na figura 7, estabelecemos estes dois modelos para
investigar quais seriam as subunidades modificadas do 20SPT e quais os possiveis
mecanismos que propiciam a modulacdo da atividade catalitica: o proteassomo nativamente
glutatiolado extraido de YPD (PT-YPD) e o proteasomo extraido de YPD tratado com GSH in
vitro (PT-SG). Somente a imunomarcacdao a partir de gel SDS-PAGE ndo seria capaz de
fornecer resolucdo suficiente para identificarmos cada subunidade glutatiolada, ja que as
massas moleculares das 14 subunidades do proteassomo variam somente em 10 kDa (Tabela
2). Padronizamos com o auxilio da Dra. Mari Sogayar e do Dr. Marcos Demasi do Instituto de
Quimica da USP, a separacdo das subunidades do proteassomo por eletroforese
bidimensional (2-DE). Esta técnica proporcionou o isolamento de cada proteina componente
do 20SPT tanto por sua massa molecular quanto por ponto isoelétrico (pl). De acordo com as
informacdes obtidas no banco de dados “Saccharomyces Genome Database”
(www.yeastgenome.org), definimos a utilizacdo de tiras de ampla faixa de pH (3 a 10) ja que
o ponto isoelétrico tedrico das subunidades do proteassomo varia entre 4,5 e 7,5 (Tabela 2).

Buscamos inicialmente identificar as subunidades glutatioladas por andlises de
migracdo diferencial dos spots modificados comparando a amostra purificada de YPD (PT-
YPD) em gel redutor e ndo redutor (baseado em Kimura e col.,, 2000). A adicdo do
tripeptideo GSH que contém um glutamato conferiria um carater acido a proteina, reduzindo
seu ponto isoelétrico. No entando, em nossos ensaios, nao foi possivel verificarmos
nenhuma migracdo notavel de spots entre as condi¢des reduzidas e glutatioladas (Fig. 8, A e

B respectivamente).
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Tabela 2. Descrigao das subunidades do proteassomo 20S da levedura S. cerevisiae.

Subunidade Gene - Locus Massa pl Numero aa N-term C-Term
ALFA1 SCL1 - YGLO11C 28001 6,17 252 MSGAAAA VAIAEQD
ALFA2 PRES8 - YML092C 27162 5,50 250 MTDRYSF NDRLEAL
ALFA3 PRE9 - YGR135W 28714 491 258 MGSRRYD EADEDMK
ALFA4 PREG6 - YOLO38W 28439 7,37 254 MSGYDRA KKKKSNH
ALFA5 PUP2 - YGR253C 28617 4,49 260 MFLTRSE EADVEMS
ALFA6 PRES - YMR314W 25604 7,43 234 MFRNNYD EAVAKYI
ALFA7 PRE10 - YOR362C 31536 4,90 288 MTSIGTG EGDIHLE
Subunidade Gene - Locus Massa pl Numero aa N term CTerm
BETA1 PRE3 - YJLOO1W 23547 5,73 215 MNGIQVD PDEYEQL
BETA2 PUP1 - YOR157C 28268 6,60 261 MAGLSFD EQVDITA
BETA3 PUP3 - YER094C 22605 4,87 205 MSDPSSI YLKMRQD
BETA4 PRE1 - YERO12W 22516 6,15 198 MDIILGI VDDFQAQ
BETAS PRE2 - YPR103W 31636 6,17 287 MQAIADS SFNNVIG
BETA6 PRE7 - YBLO41W 26871 5,99 241 MATIASE FYELKRD
BETA7 PRE4 - YFRO50C 29443 5,81 266 MNHDPFS GYGTQKI

A tabela descreve as 14 subunidades do proteassomo de levedura de acordo com o banco de dados
“Saccharomyces Genome Database” (www.yeastgenome.org). O nome do gene e o respectivo locus,
assim como a massa molecular e o ponto isoelétrico (pl) de cada subunidade estdo identificados. As
seqliéncias C e N-terminal de cada proteina também estdo destacadas, assim como o nimero de
aminodacidos (aa) que consititui cada cadeia.

Como ndo obtivemos sucesso na identificacdo das subunidades glutatioladas por
analise migracional dos spots, decidimos empregar a utilizacdo do anticorpo anti-GSH para a
imunomarcac¢ao das subunidades isoladas por 2-DE, porém, necessitavamos previamente
identificar cada spot para correlacionar com a subunidade correspondente. Padronizamos
entdo, a melhoria das condi¢cdes de separa¢ao das subunidades do 20SPT por 2-DE para a
identificacdo por fingerprinting dos peptideos por espectrometria de massas. A utilizacdo do
sistema de focalizacdo isoelétrica IPGphor3 em cuba de eletroforese DaltSix (26 x 20 cm)
(ambos GE Healthcare) possibilitou aumentar o tamanho das tiras e o tamanho dos géis
utilizados, fato que permitiu ndo somente um aumento na resolu¢cdo de separacdao dos

spots, como também aplicacdo de maior massa protéica.
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Figura 8. Andlise por eletroforese bidimensional (2-DE) do proteassomo 20S de levedura
Saccharomyces cerevisiae - Aliquotas (50 pg) do 20SPT purificado de YPD (PT-YPD) foram submetidas
a eletroforese bidimensional conforme descrito em Materiais e Métodos na presenca de DTT (A) ou
na auséncia (B), evidenciando a separac¢do das subunidades do proteassomo.

Devido a maior capacidade de aplicacdo protéica, conseguimos pela primeira vez
visualizar subunidades que apareciam menos intensas em nossos experimentos. Apesar da
equimolaridade das subunidades do 20SPT, trabalhos da literatura ja apresentaram
dificuldades para a visualizacdo de algumas subunidades, como a subunidade o7 e as
subunidades 2 e B5 (Chouduri e col., 2008; Kimura e col., 2000). A padronizagdo e a
melhoria da resolucdo do perfil de separacao variando inclusive a faixa de pH utilizada, pode
ser verificada na figura 9, onde a regido ao redor do pH 6,0 assinalada em azul apresenta
uma grande separacdo dos spots, assim como a regido de pH mais acido assinalada em
vermelho. O aumento na quantidade de proteina aplicada a cada tira também foi um fator
importante, ja que, como essas subunidades apresentaram-se melhor representadas nos

géis, elas puderam ser excisadas para a correta identificacdo por espectrometria de massa.

43



Figura 9. Incremento na resolu¢do da separagdo das subunidades do 20SPT por 2-DE - Para melhor
isolar as subunidades do 20SPT nos ensaios de eletroforese bidimensional, modificamos diversos
parametros da focalizacdo isolétrica, entre eles: (A), tiras de 11 cm, pH 3 a 10; (B) tiras de 18 cm, pH
3 a 10; (C) tiras de 18 cm, pH 4 a 7; até atingir uma separacdo ideal dos spots, na qual ndo haja
sobreposicdo. A regido préxima ao pH 6,0 (assinalada em azul) possui diversos spots com pl e massa
molecular préximos, aparecem mais destacados em C, assim como os spots assinalados na regido
mais 4cida em vermelho, evidenciando o ganho em resolugao.

Para a identificacdo das proteinas constituintes de cada spot, contamos com a
colaboracdo de Clécio Klitzke, entdo pesquisador do Centro de Toxinologia Aplicada do
Instituto Butantan. Cada spot excisado foi digerido in-gel com solu¢ao de tripsina e os

produtos peptidicos foram analisados em um espectrometro de massas tipo Maldi-TOF
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(Ettan - GE Healthcare). O aparelho foi calibrado com dois padrdes peptidicos e o espectro
destes calibrantes esta apresentado na figura 10. A partir da calibragdo do aparelho, cada
digestdao triptica foi adicionada ao slide do aparelho e recoberta com dacido a-ciano-4-
hidroxicinamico utilizado como matriz. As andlises foram realizadas até acumularem 200
espectros e a figura 11 apresenta um espectro resultante representativo da digestdo de uma
das subunidades do 20SPT (a6). A lista de massas obtida a partir de cada espectro foi
adicionada ao programa de busca Mascot (Matrix Science) utilizando um algoritmo baseado
em MOWSE (MOlecular Weight Search algorithm) segundo o banco de dados da levedura
Saccharomices cerevisiae. Uma tabela contendo os respectivos scores (pontuacdes), indices

de cobertura e peptideos identificados para cada subunidade encontra-se no Anexo |.
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Figura 10. Espectro de MS representativo dos padroes externos de calibragdo - Previamente as
anadlises por Maldi-TOF-MS, o aparelho foi calibrado utilizando como padrdo externo a angiotensina Il
[M+H]* 1046,54 e o peptideo sintético P14R [M+H]" 1533,86. O espectro demonstra a pureza dos
calibrantes utilizados.

45



*

964.495

=
&
42.495

1516.661
5

Intensity
©
8
*
*

1130.589

* : i *

1408640

T526.70

*

i*

o
e
&
=
o
&

1308.717

1113.547

ﬁé—mze.eag

; ‘ *

1 : x| i s

) JL t 'ﬂ d ﬂ il J J J

° ?‘M‘\ﬁ ﬂ"J /N,m W!w,m,w ijw]] i) U N VeV ) 4'*«’~ww».>¢wunwwvm\ »-m"“ AL IO | T A

1,000 1,200 1,400 1,600 1,800 2, OOD 2,200 2,400 2600 2,800
miz

Figura 11. Espectro de massas representativo da digestao da subunidade a6 do proteassomo 20S -
Apds a separacdo das subunidades por eletroforese bidimensional, os spots foram excisados do gel e
digeridos com tripsina segundo Materiais e Métodos. Apds a dessalinizacdo e purificacdo dos
peptideos em colunas Zip-Tip (Millipore), as amostras foram adicionadas aos slides do espectrometo
e cobertos com matriz até a completa cristalizacdo. As razdes massa/carga destacadas (*)
correspondem aos peptideos tripticos posteriormente identificados como componentes da
subunidade a6.

Com a identificacdo das subunidades por espectrometria de massas, na figura 12
apresentamos o perfil de separacao do 20SPT por 2-DE. Alguns spots apresentam-se em
formas multiplas principalmente devido a modificacbes pds-traducionais e a diferentes
estados de oxidacdo (metionina e cisteina) que promovem mudanca de mobilidade por
alteracdo do ponto isoelétrico. Juntamente com as 14 subunidades do 20SPT, diversas
outras proteinas foram identificadas em nossos estudos. Estas proteinas poderiam estar co-
purificando com a fracdo proteassomal, contaminando nossas amostras, no entanto, a
utilizacdo de 500 mM de NaCl durante todo o processo de purificacdo, filtracbes em
membranas de poros de 100 kDa e dessalinizacdo em colunas de exclusdo molecular
deveriam reduzir essa possibilidade. Por outro lado, diversas proteinas denominadas PiPs
(Proteasome interacting Proteins) ja foram identificadas como capazes de interagir com

26SPT (Verma e col., 2000; Scanlon e col., 2009; Bardag-Gorce e col., 2010).
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Figura 12. Identificacdo das subunidades do proteassomo 20S de levedura por 2-DE - Uma aliquota
de 150 pg de proteassomo foi submetido a eletroforese bidimensional em tiras de 18 cm com
gradiente de pH variando entre 4 e 7. Os spots corados com Coomassie coloidal foram excisados e
tratados segundo Matérias e Métodos. Os spots tiveram seu conteudo protéico digerido com tripsina
e os peptideos analisados por espectrometria de massas do tipo MALDI-TOF para a identificagdo
correta de cada subunidade.

Em andlises por ESI-Q-TOF a partir de uma amostra de proteassomo purificado
digerido em solucdo com tripsina, caracterizamos diversas proteinas que poderiam estar
associadas, interagindo com a unidade catalitica 20S. Concluimos que parte destas proteinas
estaria associada ao proteassomo e ndo somente co-purificando pela identificacdo de
proteinas envolvidas no metabolismo de ubiquitina como Hbtl e Bull Ubp3. Entre as
proteinas identificadas em nossos estudos, uma em especial possui ponto isoelétrico e
massa molecular semelhante as subunidades do proteassomo. Esta proteina foi identificada
como a nicotinamidase Pncl estando também representada na figura 12. Esta enzima

converte nicotinamida a acido nicotinico como parte da via de recuperacao de NAD(+) e
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ainda é requerida para a extensdo da longevidade de leveduras induzida por restricdo
caldrica (Ghislain e col., 2002; Anderson e col., 2003). A expressao de Pncl responde a todos
os estimulos que expandam o tempo de vida replicativo da levedura e provavelmente esteja
expressa em nossa condicdao devido a fase estacionaria de crescimento na qual as células
foram submetidas. Outras proteinas identificadas que estdo correlacionadas com a condicdo
de crescimento celular sdo a alcool desidrogenase 3 (Adh3) e a gliceraldeido-3-fosfato
desidrogenase (Tdh1). O gene nuclear ADH3 tem sua expressdo reprimida na presenca de
glicose e codifica para a isoforma da matriz mitocondrial da alcool desidrogenase, descrita
como envolvida na manutengao do balango redox mitocondrial durante o crescimento
anaerobico (Bakker e col., 2000 e 2001). Ja a Tdh1 é responsavel por catalisar a reacdo de
gliceraldeido-3-fosfato a 1,3-bisfosfoglicerato, gerando NADH na glicdlise (Delgado e col.,
2001). Identificamos também a quinase responsavel pela expressao de genes reprimidos por
glicose, a Snfl (Sucrose Non Fermenting). Esta proteina tem um papel central durante a
desrepressao catabdlica, fosforilando ativadores e repressores transcricionais necessarios ao
crescimento em fontes de carbono alternativas (Celenza e Carlson, 1984; Wilson e col., 1996;
Sanz, 2003). Compreender o mecanismo pelo qual essas proteinas metabdlicas estdo
envolvidas com o proteassomo e em especial com a fase estaciondria de crescimento
poderia facilitar o entendimento da funcdo da protease durante transicdes metabdlicas.
Investigar também as propriedades de proteinas de fun¢do desconhecida pela dtica do
proteassomo poderia fornecer informacdes sobre a funcdo destas proteinas e sua relacdo
com o metabolismo e a degradacdo de proteinas. A lista completa das proteinas co-
purificadas e/ou que interagem com o 20SPT esta apresentada no Anexo |l.

Com a definicdo do perfil de separacdo das subunidades do 20SPT, passamos a
buscar a glutatiolacdo das subunidades comparando o perfil apresentado na figura 12 aos
ensaios de imunomarcagao anti-GSH. Analisando o ensaio anti-GSH do PT-SG isolado por 2-
DE, uma subunidade nitidamente imunomarcada foi a subunidade a7, que possui ponto
isoelétrico e peso molecular muito distinto das demais (Fig. 13). Diversos spots
imunomarcados geram duvidas quanto a sua real equivaléncia, principalmente devido a
presenca de subunidades em spots multiplos e devido ao fato de spots minoritarios

desconhecidos ndo terem sido identificados.
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Figura 13. Imunomarcagao anti-GSH do 20SPT
isolado por eletroforese bidimensional - O
20SPT purificado e tratado com 10 mM de
GSH foi separado em tiras de 7 cm, com a
faixa de pH variando de 4 a 7. Apds a
finalizacdo da segunda dimensdo, o gel foi
transferido para membrana de nitrocelulose e
submetido imunomarca¢do anti-GSH (Arbor
Assay) conforme descrito nos Materiais e
Métodos. Os spots circulados correspondem a
subunidade a7 identificada como glutatiolada.

Apesar da subunidade a7 estar glutatiolada, é notdvel que esta abordagem
subestimou o numero de subunidades modificadas, uma vez que diversos outros spots
apresentam-se imunomarcados. Além disso, a subunidade a7 possui trés residuos de
cisteina e a correta identificacdo de qual residuo estaria modificado seria importante para o
entendimento do mecanismo pelo qual a glutationa regula a atividade catalitica do
proteassomo. Para isso, uma nova abordagem foi utilizada: A partir do 2-DE, analisamos os
fragmentos tripticos por espectrometria de massa em um equipamento de alta sensibilidade
e resolucdo, que possibilita a analise sequiencial (MS/MS) e a atribuicdo de seqtiencia dos
peptideos encontrados. Contamos entdo com a colaborac¢do do Dr. Fabio Gozzo do Instituto
de Quimica da Universidade Estadual de Campinas (Unicamp) e com o apoio do doutorando
Luiz Fernando Santos e do Dr. Eduardo Jorge Pilau de seu laboratério. Com a utilizagdo de
um espectrémetro de massas de geometria Q-TOF (Synapt HDMS Ultima, Waters, Milford)
acoplado ao sistema nanoAcquity de UPLC foi possivel analisarmos ndo somente a massa dos
peptidos tripticos do proteassomo 20S, mas também, os ions gerados apds a fragmentacao

do ion precursor na camara de colisdo, atribuindo seqliencia cada ion fragmento.
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Para determinarmos se com esta técnica seria possivel identificar e atribuir a
seqliencia os peptideos glutatiolados, utilizamos primeiramente como uma abordagem mais
extensiva, o proteassomo glutatiolado in vitro na presenca de 10 mM de GSH (PT-SG). Outro
fator importante foi a alquilagdo dos residuos de cisteina livres com iodoacetoamida (IAA)
para impedir que estas sulfidrilas reduzam as Cys glutatioladas e evitar a formacdo de
ligagdes dissulfeto durante a preparagdao das amostras. Os spots selecionados tiveram suas
proteinas digeridas e os produtos peptidicos foram injetados via UPLC na coluna analitica de
fase reversa, sendo imediatamente ionizados na fonte electrospray. Os espectros resultantes
de cada corrida foram processados e analisados no software Mascot (Matrix Science). Alguns
peptideos esperados pela digestdo in silico tiveram sua corrente i6nica tracada no software
MassLynx (Waters) para uma identificagdo mais acurada. Esta anadlise permitiu a
identificacdo de trés diferentes subunidades glutatioladas (a5, a6 e a7) e um total de seis
residuos de cisteina distribuidos entre elas.

A figura 14 apresenta o espectro de MS gerado contendo diversos peptideos que
possuem o mesmo tempo de retencdo, incluindo um dos peptideos de interesse de 1752,8
Da. Este peptideo possui uma diferenca de massa de +305 Da (relagdo m/z 585,28 para o ion
com trés cargas [M+3H]**) quando comparado com a espécie n3o glutatiolada do mesmo
peptideo (m/z 724,84 duplamente carregado [M+2H]**, 1447,67 Da). O espectro
representativo de MS/MS de um dos peptideos glutatiolados (Cys221 da subunidade a5),
exibe a atribuicdo de seqiéncia do peptideo LDENNAQLSCITK e sua respectiva série de
fragmentacdo, demonstrando os ions detectados contendo a adicdo de glutationa (Fig. 15).
A identificacdo do peptideo triptico + 305,1 Da na analise de MS e a identificacdao dos ions
y4-13 e do ion b1l2 contendo a modificacdo por MS/MS mostram inequivocamente a
presenca da glutationa incorporada a cisteina deste peptideo. Como controle, apresentamos
na figura 16 o mesmo peptideo LDENNAQLSCITK, extraido de uma amostra reduzida por
DTT.
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Figura 14. Espectro de MS do peptideo glutatiolado m/z 585,28 [M+3H]** da subunidade a5 do
proteassomo 20S - Em (A) todos os ions detectados juntamente com o peptideo de interesse (m/z
585) e em (B), o padrdo de distribuicdo isotdpico do ion 585,28 demonstrando estar triplamente

carregado.
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Figura 15. Espectro de MS/MS do peptideo LDENNAQLSCITK S-glutatiolado - Espectro
representativo da atribuicdo de seqléncia do peptideo triptico da subunidade a5 do 20SPT
contendo a Cys221 glutatiolada. A identificacdo de diversos ions da série y e b (anotados em
vermelho na série de fragmentacdo) comprovam a adi¢cdo de + 305,1 Da no residuo de cisteina (+103
Da), corroborando a presenga de glutationa no proteassomo. A seqliéncia do peptideo e a série de

fragmentagdo com os ions identificados estdo assinalados na figura.
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Figura 16. Espectro de MS/MS do peptideo LDENNAQLSCITK reduzido - Espectro representativo da
atribuicdo de seqliéncia do peptideo triptico da subunidade a5 do 20SPT contendo a Cys221
reduzida. A identificacdo de diversos ions da série y e b (anotados em vermelho na série de
fragmentagdo) comprovam a presenca da cisteina em sua forma reduzida (+ 103 Da). A seqiiéncia do

peptideo e a série de fragmentacdo com os ions identificados estdo assinalados na figura.
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A partir destes resultados passamos a investigar a glutatiolacdo in vivo do 20SPT, com
énfase nas subunidades glutatioladas ja identificadas in vitro. Utilizando o proteassomo
purificado a partir de nossa condicdo padrdo (PT-YPD), identificamos trés residuos de
cisteina glutatiolados sendo um deles diferente dos identificados previamente in vitro. Estes
resultados apontam que somente uma pequena parcela (3 de 36) dos residuos de cisteina
foram susceptiveis a glutatiolagao in vivo nas nossas condi¢Oes, sugerindo ser altamente
especifico, o processo de regulacdo redox do 20SPT. A tabela 3 apresenta uma compilacdo
de todos os residuos de cisteina glutatiolados in vitro e in vivo, assim como as respectivas

subunidades, peptideos e razdes massa/carga (m/z) detectadas.

Tabela 3 — Residuos de cisteina glutatiolados identificados por LC-MS/MS

Subunidade Residuo Seqliéncia do Peptideo MS ion MS/MS Delta
Posicdo  Glutatiolado +GSH fon + GSH
PT-SG
Alfa 5
73-86 Cys76 R.HIGCAMSGLTADAR.S 1707,72 569,91 -0,03
94-122 Cys117 R.TAAVTHNLYYDEDINVESLTQSVCDLALR.F 3558,63 890,41 -0,04
212-224 Cys221 K.LDENNAQLSCITK.Q 1753,77 585,262 -0,02
Alfa 6
66-82 Cys66 K.CDEHMGLSLAGLAPDAR.V 2060,88 687,63 -0,02
Alfa7
42-52 Cys42 K.CNDGVVFAVEK.L 1485,63 743,32 -0,01
73-86 Cys76 R.HIGCVYSGLIPDGR.H 1791,81 597,94 -0,02
PT-YPD
Alfa 4
40-48 Cys4l K.NCVVLGCER.R 1353,66 677,83 +0,11
Alfa 5
73-86 Cys76 R.HIGCAMSGLTADAR.S 1706,81 569,94 -0,09
206-224 Cys221 K.QVMEEKLDENNAQLSCITK.Q 2513,10 1257,62 -0,09

O proteassomo nativamente glutatiolado purificado de YPD (PT-YPD) e o proteassomo glutatiolado in
vitro (PT-SG) tiveram suas subunidades isoladas por eletroforese bidimensional, digeridas com
tripsina e os produtos peptidicos analisados por espectrometria de massa ESI-Q-TOF-MS. A tabela
apresenta as subunidades e os residuos de Cys glutatiolados do 20SPT.
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Tomando por base os ensaios de imunomarcagao, provavelmente outras
subunidades ainda possam ser identificadas como modificadas. Apesar das limitacdes de
ambas as técnicas que utilizamos, é interessante notar que somente as subunidades alfa do
proteassomo estdo glutatioladas. Como a glutatiolagdo promove alteragao da atividade do
proteassomo, nossos dados sugerem que os sitios cataliticos sejam regulados por alteracao

em por¢Oes estruturalmente distantes.

Desglutatiolacao do proteassomo 20S

Uma modificacdo pds-traducional para ser considerada regulatéria, necessita uma
diversidade de fatores: ocorréncia fisiolégica, modulacdo das caracteristicas da proteina,
especificidade de sitios e ser reversivel. A ocorréncia, a especificidade e modulacdo da
atividade catalitica do 20SPT foram demonstradas tanto in vitro quanto in vivo, restando
apenas ser demonstrada a reversibilidade do processo. Presume-se que as enzimas
responsaveis pela reducdo de dissulfetos mistos entre proteina e glutationa sdo as
oxidorredutases Glutarredoxinas (Grx) e Tiorredoxinas (Trx). Em levedura ja foram descritas
oito isoformas de glutarredoxinas divididas em duas classes de acordo com o numero de
cisteinas envolvidas no mecanismo catalitico (Luikenhuis e col.,, 1998; Rodriguez-
Manzaneque e col.,, 1999; Mesecke e col.,, 2008, Eckers e col., 2009). O mecanismo
monotidlico é responsavel pela reducdo de dissulfetos mistos entre proteina e glutationa ou
tidis de baixo peso molecular enquanto o ditidlico pela redugdo de ligacdes dissulfeto em
proteinas (Fernandes e Holmgren, 2004). Entre as Grxs ditidlicas que estdo relacionadas com
a desglutatiolagcdo de proteinas, a Grx1l e a Grx2 possuem alta similaridade de seqliéncia
primaria (76 %). A linhagem mutante do gene GRX1 é sensivel a estresse oxidativo induzido
pelo radical dnion superéxido enquanto a linhagem Agrx2 é sensivel a estresse oxidativo
induzido por perdxido de hidrogénio (Luikenhuis e col., 1998).

De acordo com os dados de expressdo protéica (Ghaemmaghami e col., 2003),
localizagdo celular e provaveis vias metabdlicas envolvidas, a Grx2 era a proteina mais
indicada a se buscar uma atividade desglutatioladora sobre o 20SPT. Além disso, Grx2 é duas
ordens de grandeza mais eficiente no mecanismo monotiélico do que Grx1 (Discola e col.,

2009). Com a obtencdo do clone bacteriano de expressdao da Grx2 de levedura, ensaios in
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vitro foram realizados demonstrando a recuperacdo das atividades ChT-L e PA que se
apresentavam parcialmente inibidas. Além disso, a desglutatiolacdo pela Grx2 estava
correlacionada a ativacdo do 20SPT, o que ficou comprovado pela maior eficiéncia da Grx2
sobre o 20SPT ativado por cardiolipina. Interessantemente, o mecanismo envolve a posterior
degradacdo da oxidorredutase. Em nossos estudos cristalograficos para a elucidacdo da
estrutura tridimensional da Grx2 (Discola e col., 2005; trabalho apresentado como Anexo V)
foi possivel determinar que todas as mensuracdes da proteina (18 x 30 x 40 A) s3o maiores
ou se aproximam ao didmetro da abertura da cdmera catalitica do 20SPT (4 A no estado
latente e 17 A no estado ativado por 11S, por exemplo — Forster e Hill, 2003), no entanto,
apesar desta aparente incompatibilidade, a Grx2 é capaz de adentrar a camara e ser
degradada. Resultados similares sobre a desglutatiolacdo do 20SPT foram obtidos com as
tiorredoxinas citosdlicas. Este conjunto de dados sobre a desglutatiolacio da cdmara
catalitica do proteassomo 20S resultaram em um trabalho publicado sob o titulo de “Role of
glutaredoxin 2 and cytosolic thioredoxins in cysteinyl-based redox modification of the 20S

proteasome” (Silva e col., 2008) e esta apresentado na forma de anexo (Anexo VII).

Modulag¢ao da protedlise e mecanismo de hidrélise

Apds a demonstracdo da glutatiolacdo (Demasi e col., 2003, Anexo IV) e da
desglutatiolacdo do proteassomo (Silva e col., 2008, Anexo VII) passamos a investigar os
mecanismos pelo qual esta modificagcdo pds-traducional regula a atividade proteolitica do
20SPT. Estudar a maneira pela qual a glutatiolacdo altera a protedlise realizada pelo 20SPT
era um dos objetivos especificos a serem abordados neste projeto. Ja4 era de nosso
conhecimento que esta modificacdo pds-traducional causa modulacdo das atividades sitio-
especificas (utilizando peptideos ligados a fluoréforos como substrato), mas nada ainda
havia sido demonstrado quanto ao efeito proteolitico. Iniciamos esses estudos a partir de
proteinas classicamente conhecidas por serem hidrolisadas pelo 20SPT de forma ubiquitina-
independente.

Devido ao fato do 20SPT extraido de nossa condicdao padrdo (PT-YPD) estar
nativamente glutatiolado, como controle, reduzimos o proteassomo purificado com DTT e

este proteassomo serd tratado daqui em diante como PT-SH. Para analisar o efeito da
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glutatiolacdo sobre a degradacdo de proteinas, utilizamos caseina e a albumina bovina
oxidada como substratos degradaveis pelo 20SPT. Nestes primeiros ensaios acompanhamos
o perfil de degradacao destas proteinas e o surgimento de fragmentos peptidicos por SDS-
PAGE. Para confirmar a degradacao pelo proteassomo, as amostras ainda foram incubadas
na presenca do ativador SDS (+SDS) demonstrando a integridade da protease e a
intensificacdo da hidrélise apds o tratamento (Fig. 17). Estes ensaios demonstraram que o

PT-YPD é capaz de degradar os substratos de forma mais eficiente que o PT-SH.
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Estes dados sugerem um aparente paradoxo no qual a presenca de glutationa inibe
parcialmente as atividades sitio-especificas determinadas com fluoropeptideos e, ainda
assim, é capaz de promover uma degradacdo mais intensa de substratos protéicos.
Entretanto, temos que levar em consideracdo que diversos fatores podem influenciar a
degradacdo de proteinas, ndo somente a atividade sitio-especifica peptidasica aparente. Um
substrato protéico possui diversas caracteristicas que o difere de um substrato peptidico ao
ser degradado por uma protease. Uma proteina substrato necessita interagir com a
protease, atingir e se acomodar no sitio ativo para que seus aminodcidos especificos sofram

o processo de hidrdlise (Someya e Takeda, 2009; Patterson-Ward e col., 2009). Ressaltamos
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gue o 20SPT é uma protease e ndo uma peptidase, sendo mais relevantes fisiologicamente
os fendmenos destacados para a atividade proteolitica em detrimento a atividade
peptidasica. Os dados publicados previamente por nosso grupo (Demasi e col., 2003) sobre o
efeito da glutiolagdo na atividade catalitica do 20SPT envolviam basicamente a atividade
tipo-quimiotripsina (ChT-L), tida como a mais importante atividade proteassomal. Dados
crescentes na literatura tém reforgado a idéia de que as demais atividades (tipo-tripsina e
pos-acidica) e a interacdo entre elas sdo também de alta relevancia quando analisamos a
protedlise. Somente com a inibicdo de multiplos sitios é possivel reduzir drasticamente a
degradacdo de proteinas-alvo (Kisselev e col., 2006). Além disso, as propriedades estruturais
da proteina-substrato e a composi¢cdo de aminoacidos constituintes sdo fatores crucias para
determinar a importancia relativa de cada atividade catalitica sobre degradacdo de proteinas
(Kisselev e col., 2006).

Tendo em mente os fatores apontados por Kisselev e os dados que demonstraram
que a Grx2 é degradavel pelo 20SPT (Silva e col., 2008) decidimos verificar se 0 mesmo
fendbmeno visualizado com Caseina e BSA,, seria reprodutivel com Grx2. Primeiramente
incubamos a Grx2 com o PT-SH e PT-YPD e verificamos a degradacdo em gel SDS-PAGE. O PT-
YPD também degradou a Grx2 de maneira mais eficiente que PT-SH, confirmando o efeito

anteriormente visualizado para as demais proteinas (Fig. 18).

Grx2

Figura 18. Degrada¢ao diferencial da Grx2 pelo

20SPT 20SPT glutatiolado e reduzido - Amostras do

proteassomo nativamente glutatiolado (PT-YPD) e

reduzido (PT-SH) foram incubadas com

Glutarredoxina 2 (Grx2) na presenga e na ausénciade

- - .. 0,0125 % de SDS (+SDS) por 2 horas, demonstrando
uma maior taxa de degradag¢do pelo PT-YPD. O

proteassomo (20SPT) nao foi removido do ensaio

previamente a aplicacdo no gel evidenciando também

a equivaléncia da concentragdo de 20SPT.

c PT-YPD PT-YPD PT-SH PT-SH
+SDS +SDS

A degradacao diferencial de Grx2 pelo 20SPT foi posteriormente verificada também

por espectrometria de massas, ensaio no qual variando os tempos de incubacdo, vimos que
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o PT-YPD é capaz de gerar um perfil peptidico muito mais rico que o PT-SH (Fig. 19). O pico
de relagdo massa/carga aproximada em 14 kDa corresponde a Grx2 integra monocarregada

e o pico de m/z de aproximadamente 7 kDa a proteina integra duplamente carregada.
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(C) PT-SH 120 min

5,000 6,000 7,000 8,000 9,000 10,000 11,000 12,000 13,000 14,000 15,000 16,000

4,000

miz

59

a
““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ | 8
@
o
““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ 1 8
o
o
2=
=
o
.................................................................................................................... 1 8
a
a
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 18
S
8 =
““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ = o
b4+ m
.................................................................................................................... L8 n o~
az1'8e86—q 2 ;
N ]
£20°88E6- D ““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ |
626' €026
................................................................................................................. s o
@ Y
o
- T vE9'8808~=]
“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ | 8
o —
° a
—
B — 65004
o £16'6060
B R R e R A e e e s e A e pe S e e 860°900 =1 8
£l0'g = £68'0599
99699 662'8970
960°3959 925'1929
959092 S e eSSl E
a
................................................................................................................... ==
A3
BLLEVIG
“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ & T S ———— |
& 8.7 0y9p~——SLES0LE
S g9t gypy—203
o
=
g oot m.ogvlwwzi
........................................................................................................ s 2 EEEPEBE
. ¥ (] N
EPRE0E 157725 %
JE— T
L BIpESt———
PP
559385 RRSAREARARRRIARATEEERIREES 58 8 8 E % 8§ 83 9§88 08 8 8 88
Aysuap] Aysuaqy|



Figura 19. Espectros de massa (Maldi-TOF) analisando o perfil de degradacdo de Grx2 pelo 20S em
diferentes estados redox - Os espectros foram obtidos em modo linear positivo empregando acido
sinapinico como matriz. Amostras de 100 ug de Grx2 foram incubadas na presenca do proteassomo
nativamente glutatiolado (PT-YPD) ou do proteassomo reduzido com DTT (PT-SH). Os espectros
representam a Grx2 incubada com (A) PT-SH por 30 min; (B) PT-YPD por 30 min; (C) PT-SH por 120
min e; (D) PT-YPD por 120 min. Posteriormente a incubagdo, as amostras foram filtradas para
remover o 20SPT e aplicadas no espectrometro de acordo com Materiais e Métodos.

Um dado interessante foi o surgimento de um unico peptideo de grande massa
gerado a partir da degradacdo da Grx2 apds 30 minutos de incubacdo com PT-YPD (Fig. 19b).
A perda de exatiddo do MALDI-TOF (calibrado com padrdes peptidicos) para grandes
relacbes m/z nd3o nos permitiu identificar o grande peptideo corretamente
(aproximadamente 4850 kDa), porém, este peptideo teve sua seqliéncia atribuida
posteriormente por analises do tipo MS/MS. Estas andlises revelaram que este fragmento
correspondia a porcdo C-terminal da proteina de massa 4889,65 kDa, contendo 44 residuos
de aminodcidos, cuja sequéncia é
D.ALEEISGQKTVPNVYINGKHIGGNSDLETLKKNGKLAEILKPVFQ.

O proteassomo é conhecido por clivar proteinas em peptideos que variam entre 4 a
25 residuos de aminoacidos, com o padrao mais comum de 7 a 9 residuos (Akopian e col.,
1997; Kisselev e col., al., 1998 e 1999a). Sendo assim, a gera¢cdo de um peptideo contendo 44
residuos de aminoacidos ndo é usual em uma digestao proteassomal. Ja foram descritos
mecanismos nos quais a proteina ndao necessariamente adentra linearmente a camara
catalitica através do N ou C-terminal para ocorrer a degradacdo. Os estudos conduzidos por
Liu e col. (2003) descreveram a habilidade do proteassomo em clivar de forma
endoproteolitica determinados substratos. Alcas desestruturadas flanqueadas por dominios
estruturados seriam capazes de adentrar a cdmara catalitica na forma de grampo e atingir os
sitios-ativos, liberando os dominios estruturados intactos. Devido a grande massa do
peptideo Grx2gs5.109 € sendo este um dos primeiros a serem gerados pelo 20SPT, sugerimos
um mecanismo de degradacao da Grx2 pelo 20SPT no qual a porcdo C-terminal da proteina
seria clivada e mantida do lado de fora da cdmara. Esta clivagem inicial desestruturaria o
restante da proteina, levando a sua degradacgao por completo.

Apesar de estar contido em uma alfa hélice, o residuo de aspartato (Asp64) clivado

pelo proteassomo para produzir o peptideo Grx2gs.109 se localiza bem externamente na
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estrutura 3D da Grx2 (assinalado em amarelo, Fig. 20), o que corroboraria nossa hipdtese da
Grx2 interagir com o proteassomo e ser clivada, deixando este grande peptideo externo a
camara catalitica. Estes resultados indicam que este peptideo ndo adentrou a camara
catalitica, caso contrdrio, seria intensamente processado até liberacdo dos peptideos
caracteristicos de até 25 residuos de aminodcidos gerados pelo 20SPT (Akopian e col., 1997;
Kisselev e col., al., 1998, 1999a). Mutar este residuo de aspartato e investigar sua correlagdo
com a degradacdo da Grx2 pelo 20SPT forneceriam informagdes importantes sobre o

mecanismo de hidrélise da Grx2 pelo proteassomo.

Figura 20. Andlise estrutural do sitio de
clivagem da Grx2 de Saccharomyces cerevisiae -
A estrutura tridimensional da Grx2 (PDB Id:
3D4M) foi gerada utilizando o software PyMOI
(DelLano Scientific), evidenciando em amarelo a
posicdo superficial a estrutura do sitio de
clivagem inicial (Asp64) da Grx2. Em vermelho
estd demonstrado o grande peptideo Grx2gs.199,
identificado por espectrometria de massa.

A Grx2 é uma oxidorredutase integrante da Suprafamilia Trx, familia de proteinas
que, apesar da diferenca de seqliéncia primaria e de fungdo, compartilham grande
similaridade estrutral (Atkinson e Babbitt, 2009). Entre as proteinas dessa familia
encontram-se oxidorredutases como as glutarredoxinas e tiorredoxinas, peroxidases
dependente de tiol como as peroxirredoxinas, tioltransferases como glutationa S-transferase
e até proteinas ligadoras de calcio como calsequestrinas (Copley e col., 2004). Copley e col.
(2004) sugerem ainda que estas proteinas tenham evoluido a partir de um ancestral comum
gue continha o dobramento tiorredoxina canénico, sofrendo posteriormente extensdes e
insercGes, porém, mantendo o mesmo nucleo estrutural. O enovelamento Tiorredoxina
(Trx), consiste em uma folha 3 central, composta geralmente por quatro fitas, rodeada por
o-hélices na conformagdo afafoafBpac (Pan e Bardwell, 2006).

Considerando a semelhancga estrutural e o mecanismo proposto de degradacao da

Grx2, testamos a degradacdo de diversas proteinas disponiveis em nosso laboratdrio
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possuidoras do dobramento tiorredoxina (Trx). Apesar de variar a intensidade de
degradacgdo, todas as proteinas testadas foram degradadas pelo 20SPT. Incluimos neste
ensaio a Grx1 de Saccharomyces cerevisiae, que compartilha 64 % de identidade e 85 % de
similaridade com Grx2 (Fig. 21a), Tiorredoxina peroxidases citosélicas (cTpxs — Fig. 21b) e as
Tiorredoxina citosdlicas (Trxs — Fig. 21c), que possuem um motivo Trx. Apesar da falta de
identidade de seqliéncia primaria destas proteinas, todas possuem cisteinas ativas em sua
estrutura e esta poderia ser a chave da interacdo destas proteinas com o 20SPT. Entretanto,
o ensaio de degradagao com a proteina Ohr (Organic Hydroperoxide Resistance protein)
gentilmente cedida pelo Dr. José Renato Cussiol trouxe uma importante resposta para as
nossas questdes. Esta proteina clonada de Xylella fastidiosa, funcionalmente relacionada
com as tiorredoxina peroxidases, decompde preferencialmente perdxidos organicos a custa
de redutores tidlicos (Cussiol e col., 2003 e 2010). Apesar de ser uma proteina pequena (17
kDa), o que poderia facilitar sua degradacdo e mesmo apresentando cisteinas reativas no
sitio-ativo, a Ohr possui uma nova estrutura tridimensional nao relacionada com o
dobramento tiorredoxina (Oliveira e col., 2006). Mesmo apds seis horas de incubagdo com o
proteassomo, essa proteina se mostrou resistente a degradacdo pelo 20SPT (Fig. 21d). Estes
dados reforcaram a observacdo de que a estrutura tiorredoxina (Trx) e/ou alguma
particularidade desta estrutura terciaria, tornariam as proteinas desta familia susceptiveis a
degradacdao pelo 20SPT. A figura 22 destaca as caracteristicas estruturais de algumas

proteinas que possuem o enovelamento Trx e da Ohr.
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Figura 21. Ensaio de degradacdo de proteinas - Diversas proteinas contendo o dobramento Trx
foram incubadas na presenca (+) do proteassomo e a degradacdo pdode ser visualizada tanto pela
diminuicdo da banda original quanto pelo surgimento de fragmentos. Em (A) temos a incuba¢do com
a glutarredoxina 1 (Grx1), em (B) a incubacdo das tiorredoxina peroxidases citosélicas (cTpxl, Il e Ill)
por 2h; (C) as tiorredoxinas citosdlicas (Trx1 e Trx2) também por 2 h; e em (D) a proteina Ohr, ndo
sendo possivel visualizar qualquer degradacdo mesmo apds 6h de incubacdo do 20SPT com esta
proteina ndo relacionada a suprafamilia Trx. MW representa o padrado de peso molecular.

Ohr

Trx Grx2 PDI

Figura 22. Enovelamento de proteinas da suprafamilia Tiorredoxina e Ohr - O enovelamento de
proteinas da familia Trx consiste em uma folha beta central de 4 ou 5 fitas (amarelo) rodeada por alfa
hélices (em vermelho). As extensGes de Gtt2 estdo mostradas em lilds. O dimero funcional da
proteina Ohr em azul e preto ndo apresenta o enovelamento Trx. Tiorredoxina - Trx (PDB Id: 3F3Q);
Glutarredoxina 2 — Grx2 (PDB Id: 3D4M); Proteina Dissulfeto Isomerase — PDI (PDB Id: 3BOA),
Glutationa S-tranferase - GTT2 (PDB Id: 3ERF), Organic Hydroperoxide resistence protein — Ohr (PDB
Id: 1ZB8). Imagens graficas geradas pelo software Pymol (Delano Scientific).

O 20SPT é capaz de degradar diversas proteinas independentemente de ubiquitinagdo
(Benaroudj e col., 2001; Jariel-Encontre e col., 2008; Baugh e col., 2009). Descrevemos nesse
trabalho uma nova classe de proteinas que sdo degradadas pelo 20SPT sem a necessidade de

complexos regulatérios ou ativadores. As proteinas da suprafamilia Trx possuem
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caracteristicas estruturais que possibilitam o acesso dessas proteinas, mesmo estruturadas,
a camara catalitica para degradacao. As glutarredoxinas possuem por volta de 14 kDa e
volume maior que da abertura da camara, porém, provavelmente interajam com as
subunidades alfa do proteassomo possibilitando o acesso ao sitios-ativos, como mostraram
os resultados acima. Apesar do grande peso molecular, a oligopeptidase Thimet EP24.15 que
possui aproximadamente 80 kDa, também é capaz de ser degradada pelo 20SPT de maneira
ubiquitina-independente (dados ndo mostrados). Estes dados reforcam que ndo somente
proteinas desnaturadas e danificadas, mas também familias estruturais e inclusive proteinas
de alto peso molecular, sdo substratos do 20SPT. A correta identificacdo das estruturas e das
caracteristicas especificas que possibilitam que estas proteinas sejam degradadas pode
contribuir para a compreensdo (ou aumentar a lista) dos substratos in vivo do 20SPT.

Nossos resultados até entdo apontam para uma possivel via de interacdo e
degradacdo da Grx2 e das proteinas da suprafamilia Trx, porém ainda restava compreender
o mecanismo pelo qual a glutatiolacdo da unidade 20S do proteassomo alterava a atividade
proteolitica. Utilizando substratos peptidicos, a glutatiolacdo afeta tanto a atividade tipo-
quimiotripsina (ChT-L) quanto a pds-acidica (PA), porém sem grandes efeitos sobre a
atividade tipo-tripsina (T-L). Kisselev e col. (1999b) propuseram um interessante modelo de
degradacdo protéica denominado “Bite and Chew”, no qual sucintamente a atividade ChT-L
seria a responsavel por primeiramente “morder” as proteinas-alvo, gerando peptideos
capazes de ativar a PA e de inibir temporariamente a ChT-L. Esta etapa possibilita que as
atividades T-L e PA possam “mastigar” esses peptideos previamente gerados, liberando os
produtos finais de digestdo. Quando a clivagem pela atividade PA n3ao é mais possivel, a
atividade ChT-L é reativada, iniciando uma nova rodada de “mordidas e mastigadas”.

Na condicdo de glutatiolacdo do 20SPT, estando a atividade ChT-L parcialmente
inibida, os demais sitios poderiam estar mais acessiveis ao substrato, segundo o modelo,
clivando a proteina de maneira diferenciada. Esta seria uma das possibilidades de entender
o paradoxo da modulacdo da atividade proteassomal mediante glutatiolacdo. Para
solucionar esta questdo, primeiramente analisamos por HPLC, o perfil dos peptideos de Grx2
gerado por PT-SH e PT-YPD. Como existe uma diferenca significativa entre as velocidades de
degradacdo do PT-YPD e do PT-SH (Figs. 17-19), decidimos identificar os peptideos finais
gerados apds incubacdo da Grx2 por 16 h com o 20SPT. Ao término deste periodo, as

proteinas integras foram separadas dos peptideos utilizando microfiltros e o material filtrado
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foi submetido a cromatografia de fase reversa em coluna C18 ODS Hypersil (Thermo). A
corrida foi acompanhada a 214 nm e o cromatograma obtido esta apresentado na figura 23.
Este cromatograma evidenciou a presenca de picos distintos entre as duas condicbes e,
mesmo 0s picos comuns, apresentaram-se em diferentes proporg¢des, indicando que o

proteassomo glutatiolado é capaz de degradar as proteinas de maneira diferenciada.

W= PT-YPD

Figura 23. Degradacao diferencial da Grx2 pelo 20SPT - 300ug de Grx2 foram incubados na presenca
de 30 pg do proteassomo nativamente glutatiolado (PT-YPD, azul) ou reduzido com DTT (PT-SH,
vermelho) por 16 h a 30 °C. Apds a incubagdo, as amostras foram filtradas para remover as proteinas
integras e os peptideos recuperados foram analisados por HPLC. A cromatografia em coluna de fase
reversa C18 foi monitorada a 214 nm, realizada segundo Materiais e Métodos.

As diferencas de degradacao apresentadas nos motivaram a investigar quais seriam
as atividades que estariam envolvidas no fen6meno da geracdo de peptideos diferenciados
dependente da glutatiolagcdo do 20SPT. Para isso, atribuimos a seqliéncia por espectrometria
de massas dos peptideos gerados nas duas condi¢cdes estudadas para inferirmos quais
atividades cataliticas do proteassomo estariam envolvidas no processo. Neste ensaio, ap0ds a
degradacdao da Grx2, os peptideos foram concentrados e injetados diretamente no
espectréometro. Os cromatogramas com a contagem total de ions para PT-YPD e PT-SH estd
apresentado na figura 24 (azul e vermelho, respectivamente) demonstrando a quantidade

de peptideos detectados em nossos ensaios.

65



9401038 17.02

b 785 1Ay B8 figas
A f 1539 [l
‘L“ U™ 1 i f | " 1865
636\‘ | \A ‘.J ) x“ % 1995
[ R \ h!
1
# I \ L 3962
\I 1
W 2344 3983
59 ‘ Vi, 2462 (
N VA [
Jg7 389 M o,
Vo N § .. SO I
o '] W\ N I T
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
920
1007 16.92
720813 1017 7
Yol (" sz0fl 1791
LAY A0 LA
704\‘ WA R s \._,‘.(13 77
\i: | ‘ | | | n‘ U " |0 A 4573
ssf | YA
=] 3 ¢ J '
, 6.28 . ; i
N \ 3497
3| \ 3528
120 | ' ‘
\ | . \
0 —_—mnm-A - -
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 §5.00 60.00

Figura 24. Cromatogramas expressando a contagem total de ions gerados pela degradag¢do de Grx2
- Apés a incubagdo de Grx2 com o proteassomo nativamente glutatiolado (PT-YPD; azul) e o
proteassomo reduzido com DTT (PT-SH; vermelho), os peptideos gerados foram analisados por
espectrometria de massas do tipo ESI-Q-TOF-MS. O cromatograma apresenta a contagem total de
fons para cada condigdo demonstrando a grande geragdo de peptideos a serem analisados.

Analisando todos os peptideos gerados utilizando o software Mascot (Matrix
Science), verificamos que existe uma produc¢do de aproximadamente 30 % de peptideos
préprios a cada condicdo (PT-YPD e PT-SH). Outro dado interessante é que, apesar de grande
parte dos peptideos serem comuns as duas condi¢des, existe variacdo na proporgao destes
ions, refletindo a diferenca das intensidades dos picos vista por HPLC. Com a identificacdo
dos peptideos, analisar os sitios de clivagem de cada peptideo gerado corresponderia a
verificar a participacdo de cada atividade especifica na degradacdo do substrato. A tabela 4
apresenta o numero total de peptideos que contém cada residuo especifico de aminoacido
imediatamente anterior ao sitio de clivagem (posicdo P1), para as duas condi¢bes. As
maiores diferencas entre os sitios de clivagem estdo evidenciadas em azul na tabela 4. Estes
dados mostram que a clivagem das proteinas ndo é simplesmente mais eficiente pelo PT-
YPD, mas também ocorre de uma maneira diferenciada, gerando peptideos distintos.
Importante ainda verificar que na clivagem pelo PT-YPD, o sitio T-L pareceu mais ativo, uma
vez que foi encontrada uma grande prevaléncia de peptideos clivados em lisina (K). A Grx2 é
uma proteina rica em lisinas e isto é um fator importante devido ao fato da atividade T-L do

PT-YPD ndo estar comprometida pela glutatiolacdo, sendo um substrato facilmente
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degradavel. Uma tabela representativa das analises de MS/MS contendo os peptideos
gerados a partir da Grx2 e as proporg¢des relativas de cada fragmento produzido pelo

proteassomo nativamente glutatiolado e o reduzido estd apresentada como o Anexo lll.

Tabela 4. Sitios de clivagem de Grx2 reconhecidos pelo proteassomo 20S.

Clivagem C-term

K L A \" N Q T M S F H D E I G | Total

PT-SH 13 16 5 [ 17 4 3 1 1 1 1 2 5 2 6 0 77
PT-YPD |24 18 4 4 8 3 1 4 4 3 0 3 1 2 2 81

A Grx2 foi incubada por 16 h com o proteassomo reduzido por DTT (PT-SH) e o proteassomo
nativamente glutatiolado (PT-YPD). Os peptideos gerados pelas duas condigdes tiveram suas
seqléncias atribuidas por analises de MS/MS e os sitios de clivagem foram separados de acordo
com o residuo de aminodcido reconhecido na posi¢do P1. As maiores diferencas estdo destacadas em
azul e a quantidade total de ions detectados estd marcada em vermelho.

A geracdo diferencial de peptideos ja foi demonstrada ser importante em processos
celulares. Tal qual o timo e o imunoproteassomo sdo capazes de gerar um perfil peptidico
diferente do 20SPT padrao, a glutatiolacdo da unidade catalitica parece exercer uma funcao
semelhante ao modificar a degradacao de proteinas pelo 20SPT. Decidimos entdo investigar
a geracdo diferenciada de peptideos visando verificar a influéncia que esta modificacdo pds-
traducional poderia ter no sistema imune. Apesar da levedura ndao apresentar sistema
imunolégico, Niedermann e col. (1997) estudaram o processamento de um fragmento de
ovalbumina (Ovajzsg2s1) pelo 20SPT de diversos organismos, importante por gerar um
epitopo imunodominante (SIINFEKL - Ovays7.264). Este grupo descreveu que o processamento
de polipeptideos pelo proteassomo parece ser altamente conservado ao longo da escala
evolutiva e possivelmente influenciou a evolugao das moléculas do MHC de classe I. Nesse
trabalho foi caracterizado que a geracdo de peptideos pelo 20SPT purificado a partir de
diferentes organismos (inclusive o proteassomo de leveduras e de drosodfilas) seria
compativel com os sistemas de apresentacdo antigénica, de forma altamente comparavel
aos peptideos gerados pelo 20SPT de mamiferos. A geracdo de Ovaysyoes pelo 20SPT
somente se torna mais optimizada para a apresentacdo antigénica na presenca do ativador
PA28. Utilizamos o proteassomo de levedura como modelo passivel de extrapolacao para o

sistema imune de vertebrados devido a trés principais fatores: (1) o 20SPT de Saccharomyces
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cerevisiage tem a capacidade de gerar peptideos de forma compardvel ao 20SPT de
mamiferos; (2) a glutatiolagdo do proteassomo ndo é uma modificagdo pds-traducional
exclusiva de levedura, ocorrendo também em plantas e mamiferos (Dixon e col., 2005;
Niture e col., 2005; Demasi e col., 2001); (3) A glutatiolagdo modifica o perfil peptidico
gerado pelo 20SPT, o que poderia acarretar uma resposta imunoldgica diferencial.

Estes fatores nos levaram a investigar se a glutatiolagdo do 20SPT influenciaria na
degradacdo da ovalbumina (Ova), proteina importante por gerar peptideos apresentaveis na
superficie celular pelas proteinas expressas pelo complexo MHC de classe | (Niedermann e
col., 1997; Bem-Shahar e col., 1997; Craiu e col.,, 1997). Entretanto, a ovalbumina ndo é
hidrolisada em sua forma nativa pelo 20SPT. Para a degradag¢ao de Ova padronizamos um
tratamento com o qual tornamos possivel seu acesso a camara catalitica do 20SPT.
Protocolos na literatura descrevem a degradacdo de Ova apds oxidacdo na presenca de
acido férmico (Michalek e col., 1996), porém, somente foi possivel conseguir resultados
satisfatorios apds oxidar Ova na presenca de H,0, e SDS. A degradacdo de ovalbumina

oxidada pode ser visualizada em SDS-PAGE, como verificada na figura 25.

Ov

Figura 25. Degradag¢ao de Ovalbumina pelo 20SPT - Na
amostra sem tratamento verificamos as duas bandas

a Ova,
v constituintes da Ovalbumina comercial, na qual, apds a
o oxidagdo por H,0, (Ova,, — ver Materiais e Métodos) foi

possivel visualizar o surgimento dos produtos de
hidrélise decorrente da incubacdo com o 20SPT (+).
Apds a incubacdo com 25 pg de Ova,,,o0 20SPT foi
removido das amostras por filtracao.

-+ 20SPT

Com a padronizagdo do tratamento que proporcionou a degradacao de Ova,
verificamos o perfil dos peptideos gerados por PT-YPD e PT-SH por HPLC, assim como feito
anteriormente para Grx2. A degradacdao de Ova gerou um perfil diferenciado de peptideos
comparando as duas condicbes analisadas (Fig. 26). Esta diferenca indica uma habilidade do
proteassomo glutatiolado em gerar conjuntos peptidicos distintos do PT-SH, ndo somente

para Grx2.

68



Além de verificar a diferenca entre os perfis peptidicos obtidos, buscamos em
seguida, mensurar a geracdo do peptideo imunocompetente SIINFEKL localizado entre a
posicdo 257 e 264 da seqliéncia da Ova. Apesar de o epitopo SIINFEKL ser no final do
processo exposto na superficie celular, segundo relatos na literatura, este peptideo nao é
gerado diretamente em grandes proporc¢des durante a degradacdo de Ova, sendo que varios
pré-peptideos com extensdes N-terminal ja foram descritos (Cascio e col., 2001; Goldberg e
col., 2002). Estes peptideos provavelmente seriam clivados por peptidases antes de serem
expostos na superficie celular. Embora ja esperdssemos uma baixa quantidade deste
peptideo em nossas amostras, pudemos rastred-lo por HPLC apds a aquisicdo do peptideo
SIINFEKL sintético. Para tanto, padronizamos um método de corrida no qual fosse possivel
isolar o peptideo SIINFEKL dos demais peptideos de Ova e posteriormente comparar os
tempos de retencdo do pico com os produtos de digestdo de Ova incubada com 20SPT
glutatiolado e reduzido.

Apesar da pequena intensidade do pico de SIINFEKL, somente foi possivel visualizar o
pico correspondente nas amostras incubadas com PT-SH (Fig. 26b). Este resultado foi
confirmado em trés experimentos independentes, corroborando a hipotese da degradacdo
diferencial de proteinas pelo proteassomo glutatiolado. Como a glutatiolagdo do 20SPT
poderia ainda promover uma degradacdo diferencial do prdprio SIINFEKL o que seria
responsavel pelas diferencas visualizadas na figura 26, como controle incubamos o peptideo
sintético com o proteassomo nas mesmas condicoes. A figura 27 demonstra que ambos os
proteassomos modificam o peptideo na mesma intensidade, produzindo um novo pico com
um ligeiro aumento no tempo de retencdo, que supomos seja o0 mesmo pico identificado
com uma seta na figura 26. Dessa forma ainda podemos concluir que existe uma geracao
diferencial de peptideos entre as duas condi¢des. Ensaios de espectrometria de massas
ainda serdo conduzidos para confirmar e quantificar a geracdo de SIINFEKL (e deste
subproduto) nestas condicGes. Nossos dados sugerem que esta modificacdo possui uma
importante funcdo celular, gerando conjuntos diferentes de peptideos dependente do

estado redox da célula.
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Figura 26. Degradagao diferencial de ovalbumina pelo 20SPT - 300 pg de Ova oxidada foram
incubados na presenga do proteassomo nativamente glutatiolado (PT-YPD; azul) e do reduzido (PT-
SH; vermelho). Os produtos de digestdo foram aplicados em HPLC utilizando coluna C18 de fase
reversa, eluidos por um gradiente de ACN. Em (A) temos o cromatograma completo contendo os
produtos de Ova gerados pelo PT-YPD e pelo PT-SH. Em cinza esta representado o peptideo sintético
SIINFEKL eluido aos 30 min de corrida. Em (B) o cromatograma destaca o tempo de retencdo do
peptideo SIINFEKL (cinza) demonstrando a presenca do peptideo SIINFEKL somente na amostra
hidrolisada pelo PT-SH (vermelho). Cromatograma representativo de trés experimentos
independentes. A seta indica um possivel peptideo fruto da hidrélise do SIINFEKL pelo proteassomo.
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Figura 27. Controle da hidrdlise de SIINFEKL pelo proteassomo — O peptideo sintético SIINFEKL (azul)
foi incubado em duplicata na presenca do proteassomo nativamente glutatiolado (preto e verde) e
do reduzido (vermelho e rosa), e os produtos gerados foram aplicados em HPLC utilizando coluna
C18 de fase reversa, eluidos por um gradiente de ACN. Neste ensaio controle evidenciamos que
ambos os proteassomos modificam o peptideo na mesma intensidade.

Dinamica de abertura da camara catalitica

Apesar de sua complexa arquitetura protéica, o 20SPT ndo apresenta uma estrutura
rigida. Trabalhos como o de Osmulski e Gaczynska, (2000) demonstraram o dinamismo da
estrutura 3D do proteassomo dependente da presenca de substratos quando analisado por
microscopia de forca atdbmica. Neste trabalho foi descrito que o 20SPT pode oscilar entre
duas conformacgdes diferentes verificadas pela abertura e fechamento da camara catalitica.
Decidimos investigar se a glutatiolacdo do proteassomo poderia acarretar em modifica¢Oes
estruturais na abertura da camara catalitica do 20SPT, fato este que estaria relacionado com
a maior eficiéncia e a diferenca do perfil peptidico gerado na degradacdo de proteinas. Além
disso, os dados obtidos nos experimentos de espectrometria de massas apontaram somente
residuos de cisteina glutatiolado nas subunidades alfa do 20SPT.

As subunidades alfa estdo intimamente relacionadas com a abertura e fechamento
da cadmara catalitica (Groll e col., 2000; Bajorek e col., 2003). Com a colaborac¢do da Dra.
Sylvia Carneiro do Laboratdrio de Biologia Celular do Instituto Butantan, passamos a analisar

0 20SPT por microscopia eletronica de transmissado. Diversos trabalhos (Cascio e col., 2001;
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Nickell e col., 2009; Effantin e col., 2009) adotaram a microscopia eletrénica como técnica de
visualizagdo do proteassomo 20S e de seus complexos regulatdrios. Padronizamos o ensaio
para que pudéssemos verificar o 20SPT em sua vista frontal para analise da abertura da
camara catalitica. Para confirmar a integridade do 20SPT, visualizamos a proteina também

em sua vista lateral apresentando o formato de barril esperado (Fig. 28).

Figura 28. Microscopia eletrénica do proteassomo 20S - Amostras do 20SPT foram analisadas em
microtelas recobertas com carbono contrastadas negativamente com 2 % de fosfotungstato de
potassio segundo Materiais e Métodos. No quadro superior a esquerda temos uma visao frontal do
proteassomo, evidenciando a abertura da camara catalitica e no quadro inferior, uma vista
longitudinal da camara catalitica.

A partir da padronizagdo, foi possivel visualizar as modificagdes de abertura da
camara catalitica dependente do estado redox dos residuos de cisteina. O ensaio mais
interessante estd demonstrado na figura 29, no qual o PT-YPD foi purificado e analisado no
microscopio, apresentando uma alta porcentagem da camara catalitica na sua conformacao
aberta (Fig. 29a). Uma aliquota do mesmo PT-YPD foi tratada com 20 mM de DTT por 30 min
a temperatura ambiente e levada imediatamente ao microscépio. A reducdo do
proteassomo com DTT levou ao fechamento de diversas unidades, demonstrando o
interessante dinamismo desta estrutura (Fig. 29b). A porcentagem de estruturas abertas
apos tratamento com DTT caiu de 85 % para 20 %, para um total de 500 moléculas
analizadas por condicdo. A plasticidade da estrutura do proteassomo, dependente do estado

redox de suas sulfidrilas, pode fornecer respostas esclarecedoras sobre o mecanismo de
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modulac¢do da atividade catalitica, que, juntamente com os ensaios proteoliticos, descrevem
mais um interessante modelo de regulagdo deste importante complexo protéico envolvido

nas mais diversas vias metabdlicas celulares.

Figura 29. Microscopia eletronica do proteassomo 20S - Amostras do 20SPT foram analisadas em
microtelas recobertas com carbono contrastadas negativamente com 2 % de fosfotungstato de
potassio segundo Materiais e Métodos. Em (A) estd apresentado o PT-YPD evidenciando a maioria
(aproximadamente 85 %) das moléculas na conformagdo aberta. A mesma amostra foi tratada com
20 mM DTT por 30 min a temperatura ambiente e visualizada em (B), demonstrando o fechamento
das unidades cataliticas, restando ao redor de 20 % de unidades abertas. Em destaque uma imagem
ampliada de cada condigao.
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V. Discussao

O proteassomo é responsdvel pela degradacdo de mais de 80 % das proteinas
intracelulares. Por estar envolvido nas mais diversas vias metabdlicas, um fino sistema de
regulacdo se faz necessdrio. Descrita nos mais diversos organismos, a S-glutatiolacdo surge
como mais uma modificacdo pds-traducional capaz de regular a atividade proteassomal
(Dixon e col., 2005; Niture e col., 2005; Demasi e col., 2001 e 2003; Silva e col., 2008). Neste
trabalho caracterizamos duas condicGes experimentais nas quais detectamos a glutatiolacdo
do proteassomo por imunomarcag¢do anti-GSH e por andlises de MS/MS. Uma condigdo in
vivo, na qual o proteassomo foi purificado a partir de células crescidas até fase estacionaria
em meio rico (PT-YPD) e outra condi¢do na qual o proteassomo foi incubado in vitro com
GSH (PT-SG). Entre os objetivos deste projeto estava a identificacdo das subunidades
glutatioladas do proteassomo para a compreensao do mecanismo de modulacdao de sua
atividade catalitica.

Com as técnicas de imunomarcagdo anti-GSH e analises por LC-MS/MS, identificamos
diversas subunidades e residuos de cisteina glutatiolados in vitro e in vivo. Entre as 14
subunidades do 20SPT, trés delas ndo possuem residuos de cisteina em sua seqliéncia
primaria (a2, a3 e 7). As demais subunidades contém entre um e cinco residuos de cisteina
por subunidade num total de 36 Cys diferentes, representando 72 residuos por molécula de
proteassomo. Apesar do alto numero de residuos de cisteina, apenas sete foram
identificadas contendo a adicdo de glutationa, somando nossas duas condigdes
experimentais. O mais interessante é que a modificacdo ocorreu somente nas subunidades o
do 20SPT.

A subunidade o3 é tida como a subunidade mais importante nos processos de
abertura e fechamento da camara catalitica. E ainda, diversas intera¢des de van der Waals e
ligacbes de hidrogénio se fazem necessdrias entre as subunidades a2, a3 e a4 para a
manutencdo da conformacdo fechada do 20SPT (Whitby e col., 2000). A delecdo de nove
residuos de aminoacidos da cauda N-terminal da subunidade o3 promove a desestruturacao
das caudas das demais subunidades levando a abertura da camara catalitica, o que acarreta
uma velocidade de hidrélise de peptideos comparavel com a do 20SPT ativado por SDS (Fig.

29; extraida de Groll e col., 2000). A subunidade o3 ndo possui residuos de cisteinas que
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pudessem ser modificados diretamente por glutationa, porém, nada exclui a possibilidade da
desestruturagcdo das caudas N-terminal das subunidades alfa ser desencadeada por
modificagbes em outras subunidades que ndo a3. Ou ainda, que a glutatiolagcdo possa
promover um mecanismo diferenciado de abertura devido a modificacbes em outras
subunidades.

Segundo Forster e col. (2005) somente a desestruturacao desta cauda ndo é
suficiente para a ativacdo do 20SPT. Um mecanismo ordenado da estabilizacdo da forma
aberta também se faz necessario. Os mesmos autores em estudos com ativadores que
promovem a abertura sugerem que a manutencdo da forma aberta se da pela interacdo com
diversos residuos das subunidades alfa distantes da entrada da camara. Um segundo
trabalho do mesmo grupo (Bajorek e col., 2003) mostrou que a delecdo da cauda N-terminal
da subunidade o7 ndo era suficiente para promover a abertura e a ativacdo do 20SPT,
porém, associada a delecdo da cauda da a3, observou-se um efeito sinergistico na abertura
provavelmento pelo fato dessas duas subunidades estarem diametralmente opostas na
estrutura 3D (Fig. 30). Uma das hipdteses seria que a glutatiolacdo da subunidade o7
poderia ter um importante papel na regulacdo da atividade do 20SPT, principalmente por
interagir com a3, desencadeando um processo no qual participariam posteriormente as

demais subunidades ou ainda mantendo a estabilidade da cdmara na conformacdo aberta.

Figura 30. Abertura da camara catalitica do 20SPT por delegdo da cauda N-terminal da subunidade
a3. A delecdo de nove residuos N-term (GSRRYDSRT) da subunidade a3 foi suficiente para promover
a abertura da camara catalitica do 20SPT da linhagem a3A4N em comparacdo com a estrutura da
linhagem selvagem (WT). Extraido de Groll e col. (2000).
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A localizacdo das cisteinas glutatioladas na estrutura 3D do proteassomo ndo condiz
com nenhum mecanismo de regulagao direta, ndo estando presente na entrada da camara
catalitica nem préoximo aos sitios-ativos (Fig. 31). Diversos trabalhos demonstram regulacées
alostéricas da atividade catalitica do proteassomo, nos quais os mais diversos ligantes
interagem em sitios distantes das treoninas cataliticas modulando a atividade proteolitica do
20S (Jankowska e col., 2009; Gaczynska e col., 2003; Kisselev e col., 2002 e 2003). Apesar da
identificacdo de sete residuos glutatiolaveis, ndo podemos descartar que outros residuos
ainda possam estar glutatiolados no 20SPT, ja que cada técnica utilizada apresenta

limitagdes.

Figura 31. Localizagdao das cisteina glutatioladas no 20SPT. Todos os residuos de cisteina
identificados como glutatiolados nas subunidades alfa do 20SPT estdo destacados nas imagens. Em
amarelo é possivel verificar a posicdo das sulfidrilas. Para facilitar a visualizacdo, apenas um anel alfa
estd sendo demonstrado na figura. Em (A) temos a vista frontal do 20SPT e em (B) e (C) uma vista
lateral. Em (C) temos ainda a representacdo da estrutura de superficie do anel alfa do proteassomo,
evidenciando em amarelo o tiol exposto ao solvente da cisteina 221 da subunidade o5. PDB Id: 1RYP.
Imagens graficas geradas pelo software Pymol (Delano Scientific).

Os ensaios por imunomarcacdao dependem da correta correlacdo entre o spot
imunomarcado e o perfil de separacdo das subunidades do 20SPT. A unica subunidade
indubitavelmente glutatiolada, identificada por imunomarcacao, foi a subunidade o7, devido
principalmente a seu ponto isoelétrico e massa molecular altamente distinta das demais. Os
demais spots imunomarcados na figura 13 foram de dificil correspondéncia com o perfil

previamente obtido, principalmente devido a presenca de multiplos spots e a
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heterogeneidade da populacdo do 20SPT. Assinalar uma destas subunidades como
modificada poderia acarrretar em uma série de erros. Como exemplo, podemos citar a
subunidade a6 que foi encontrada glutatiolada somente como um spot minoritario de pl
mais acido, co-migrante com o spot da subunidade B6. Isso nos levaria erroneamente a
considerar o spot de PB6 glutatiolado por imunomarcacdo, quando na realidade o spot
imunomarcado provavelmente era uma forma minoritdria de a6. Espectrometria de massas
foi uma importante ferramenta para a confirmacdo da presenca da glutationa modificando
as subunidades imunoidentificadas.

Os ensaios de espectrometria de massas confirmaram a glutatiolagcdo da subunidade
o7 assim como das subunidades a4, o5 e a6. Embora a andlise por espectrometria de
massas tenha sido capaz de identificar diversos residuos glutatiolados, esta técnica também
conta com suas limitagdes. Ndo sdo muito bem descritas as caracteristicas de ioniza¢cdo de
peptideos glutatiolados e nem a manutencdo da integridade desta modificacdo peptidica no
processo de fragmentacdo dos peptideos na camara de colisdo. Diversos trabalhos que
caracterizaram a glutatiolacdo de proteinas na literatura apenas identificaram a modificacao
por MS ou utilizando glutationa biotinilada, identificaram por fingerprinting as proteinas
imunoprecipitadas, porém sem a necessidade da ionizacdo de peptideos contendo
glutationa. Embora a andlise de S-glutatiolagdo por MS/MS n3o seja das mais simples por
envolver inumeras variaveis, alguns trabalhos atuais ja demonstram a glutatiolagdo de
proteinas por MS/MS (Regazzoni e col., 2009; Palmieri e col., 2010; Kambe e col., 2010).
Anteriormente aos ensaios com o 20SPT, testamos a manutencdao da integridade da
modificacdo e a capacidade de ionizacdo de peptideos modificados, analisando a
glutatiolacao da oligopeptidase Thimet EP. 24.15. Esta enzima possui 15 residuos de cisteina
em sua seqliéncia primaria e foi caracterizada como glutatioldvel na presenca de GSSG
(Demasi e col., 2008). A superexpressao desta proteina em bactérias e a obtencdo de grande
massa protéica facilitaram as condicdes experimentais. Embora nem todos os residuos de
cisteina tenham sido identificados em nossas analises (provavelmente devido a formacdes
de dissulfetos intra e intermoleculares), foi possivel confirmar que a glutationa poderia se
manter intacta durante a fragmentacdo na camara de colisdo, possibilitando a atribuicdo de
seqliéncia do peptideo contendo o residuo de cisteina modificado por MS/MS (dados nado
mostrados). Entre as dificuldades metodoldgicas encontradas, vale a pena destacar a

necessidade de indices de cobertura préoximos a 100 % para identificar todos os peptideos
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possiveis, a intensidade e capacidade de ionizacdo de cada peptideo, a separacdo dos
peptideos por UPLC para a sele¢do dos ions para MS/MS e o tamanho dos fragmentos
gerados pela digestdo com tripsina. Apesar da alta capacidade das andlises por
espectrometria de massas de identificar a glutatiolagdo, cabe ainda destacar que o niumero
de spots imunomarcados com o anticorpo anti-GSH é muito maior que o de subunidades
identificadas no total, indicando que nossos estudos ainda podem estar subestimando as
subunidades e Cys glutatioladas.

Durante nossas analises, diversos peptideos foram encontrados ndo somente
glutatiolados, mas também reduzidos na mesma amostra (dados ndo mostrados). Este dado
indica que a glutatiolacdo ndo ocorre na totalidade das moléculas do 20SPT intracelular. A
heterogeneidade da populacdo do 20SPT pode ser explicada devido a sublocalizacdo celular
e a auséncia de sincronia de ciclo celular das células de levedura, fator que pode alterar a
capacidade redutora da célula (Aon e col., 2007; Lloyd e col., 2003).

Analisando a localizagdo dos residuos de cisteina glutatiolados, apenas a Cys221
contida na subunidade a5 apresenta a sulfidrila totalmente exposta ao solvente (Fig. 31 e
32). Dados estruturais reforcam que esta Cys possui volume tedrico suficiente para abrigar
uma molécula de glutationa. Este residuo é o mais acessivel a glutationa, o que esta de
acordo com a maior quantidade detectada deste ion tanto in vitro quanto in vivo.

E intrigante que mesmo os demais residuos, apesar de n3o tdo expostos ao solvente,
também se apresentem glutatiolados em nossas andlises. Uma possivel hipdtese é de que a
glutatiolagao possa ocorrer de forma seqiiencial no 20SPT. A cisteina 221 da subunidade a5,
devido a sua alta exposicdao ao solvente, seria a primeira a se modificar e a glutatiolacdo
deste residuo acarretaria em mudangas estruturais que exporiam os demais residuos de
cisteina tornando-os também susceptiveis a glutatiolacdo. Dois mecanismos surgiriam para a
regulacdo da atividade catalitica do 20SPT. A glutatiolacdo da a5Cys221 poderia atuar como
um gatilho, no qual ao ser ativado causaria mudancas estruturais que alterariam a atividade
catalitica do proteassomo com as demais glutatiolacdes sendo consequéncias deste disparo.
Outra hipdtese é que a glutatiolacdo da a5Cys221 atuaria como um sensor redox do
proteassomo iniciando as modificacdes estruturais até a glutationa alcangar os residuos

responsaveis pela modulacdo da atividade catalitica.
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Figura 32. Imagem tridimensional destacando a localizacdo da Cisteina 221 da subunidade a5 do
proteassomo - A figura representa a localizagdo da Cys221 da subunidade a5 passivel de
glutatiolacdo. A acessibilidade do tiol (amarelo) ao solvente indica a facilidade deste residuo em
reagir com GSH, além disso, a andlise estrutural demonstra volume suficiente para abrigar uma
molécula de glutationa. PDB Id: 1RYP. Imagens gréficas geradas pelo software Pymol (Delano
Scientific).

O proteassomo da arqueobactéria M. thermophila possui somente 14 residuos de
cisteina e ndo responde a incubagao com GSH mesmo na concentragdao de 10 mM (Demasi e
col., 2003). A pressdao evolutiva sobre as subunidades do 20SPT pode ter selecionado
residuos de cisteina especificos que atuem como gatilhos ou sensores, respondendo a
diferentes condicdes redox em eucariotos. Mutac¢les sitio-dirigidas para os residuos de
cisteina glutatiolados sdao as novas propostas para a continuidade deste projeto,
possivelmente gerando um proteassomo insensivel a glutationa.

Por outro lado, a insercao de cisteinas especificamente posicionadas no 20SPT de
levedura (analisando a localizacdo das Cys glutatioladas por GSSG no proteassomo de
mamiferos), poderia levar aos efeitos ativadores e a resposta a GSSG vistas para o
proteassomo de mamiferos (Demasi e col., 2001). Entender este fino mecanismo de
regulacdo e a importancia de cada Cys no processo de modulacdo da atividade catalitica
daria uma importante contribuicdo para a caracterizacdo do processo. Estas Cys poderiam se
tornar alvos de inibidores ou ativadores especificamente desenhados para o proteassomo,
importante alvo para tratamentos de tumores e doengas neurodegenerativas (Montagut e

col., 2006; Matsuda e Tanaka; 2009; Petrucelli e Dawson, 2004).
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Outro fato interessante é que dois dos peptideos identificados como glutatiolados
em duas diferentes subunidades (a5 e a7) compartilham identidade de seqiiéncia primaria
(DRHIGC). Uma busca nos bancos de dados de proteinas glutatioladas e analises estruturais
dos residuos de aminoacidos envolvidos na estabilizacdo da molécula de glutationa nas
cisteinas de proteinas poderdao gerar informac¢des importantes, estabelecendo novos
motivos protéicos correlacionados a modificagdes pds-traducionais especificas, dependente
do estado redox intracelular.

A glutatiolagao de proteinas ndo é somente uma modificagdo pds-traducional que
ocorre em resposta a desafios oxidativos. Para ser caracterizada como uma modificacdo
regulatdria, além de ocorrer em condicdes fisioldgicas, o processo modulatdrio necessita ser
reversivel. Caracterizamos neste trabalho dois sistemas enzimaticos capazes de
desglutatiolar o proteassomo (Anexo VII; Silva e col., 2008). Os sistemas glutarredoxina e
tiorredoxina sdo conhecidos por serem extremamente redundantes dentro das células e,
interessantemente, o sistema glutarredoxina foi caracterizado por reduzir a ribonucleotideo
redutase em linhagem deficientes do sistema tiorredoxina (Holmgren, 1976). Verificamos in
vitro que a desglutatiolacdo da unidade catalitica do proteassomo recupera as atividades
sitio-especificas parcialmente inibidas (ChT-L e PA) e o mecanismo de desglutatiolacao é
dependente da ativacdo do 20SPT, o que acarreta em grande protedlise das oxidorredutases.
Cabe agora, investigar o papel destas oxidoredutases in vivo na desglutatiolacdo do
proteassomo, analisando o nivel de glutatiolacdo e a atividade do 20SPT em linhagens
mutantes para glutarredoxinas e tiorredoxinas ou ainda de glutationa redutases e
tiorredoxina redutases. Estudos sendo conduzidos em nosso laboratério investigam os
mecanismos de desglutatiolacdo do 20SPT pela Grx1 e Grx2 de levedura. A utilizacdo de Grx
mutante para a cisteina de resolugcdao podera proporcionar a formag¢ao de uma ligacao
dissulfeto estdvel entre a Grx e as cisteinas do proteassomo, indicando por imunomarcacao
em 2-DE ou espectrometria de massas as cisteinas glutatioldveis passiveis de
desglutatiolacdo pelas Grxs. Embora ambas Grx possuam alta similaridade de seqliéncia
primaria, a Grx2 possui atividade especifica 15 vezes maior que Grx1l. As caracteristicas
estruturais de cada Grx refletem na diferenca da atividade catalitica relatada (Discola e col.,
2009). Estas diferencas estruturais podem determinar a especificidade dos substratos das
Grx e analisar o efeito sobre o proteassomo como possivel substrato endégeno pode

comprovar esta hipdtese.
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Outro dado importante obtido neste trabalho foi que a glutatiolacdo do 20SPT é
capaz de alterar a atividade proteolitica promovendo uma hidrélise diferenciada dos
substratos. Foi possivel verificar que o PT-YPD é capaz de degradar diversas proteinas de
forma mais eficiente que o PT-SH e ainda, analisando o perfil peptidico gerado pelo PT-YPD e
pelo PT-SH, foi possivel concluir que essas diferengas nao se ddo somente na velocidade de
catdlise, mas também na participacdo diferencial de cada sitio catalitico. Os dados de HPLC e
espectrometria de massas de degradacdo protéica (Figs. 23 e 26; tabela 4; Anexo lll)
demonstraram que cada 20SPT gerou uma parcela de aproximadamente 30 % de peptideos
Unicos, e que, mesmo entre os peptideos comuns as duas condicdes, as propor¢des variaram
enormemente. E importante frisar que apés o longo periodo de incubagdo dessas proteinas
com o 20SPT (16 h) podemos afirmar com certa confiabilidade que as diferencgas
apresentadas sdo devido a diferencas de clivagem e ndo por estarmos analisando diferencas
intermediarias do mesmo processamento proteolitico. Dados ndo mostrados revelaram que
nas condicOes trabalhadas, apds 6 horas de incubacdo com Grx2, ndo foi possivel verificar
diferenca significativa de protedlise. Mais ainda, identificando os ions produzidos apds esta
longa incubacdo (Anexo lll), ndo foi possivel identificar uma geracao significante de grandes
peptideos como o Grx2es.1099, €stando de acordo com o padrdo de peptideos gerados pelo
proteassomo. Ressaltamos que os resultados poderiam ser ainda mais contrastantes se
estivéssemos analisando uma populagdao homogénea de proteassomo glutatiolado.

A importancia das andlises qualitativas realizadas é que mesmo uma propor¢do de
20SPT glutatiolado contida na amostra PT-YPD foi capaz de gerar peptideos de forma distinta
e estes peptideos puderam ser detectados, evidenciando sitios preferenciais de clivagem.
Andlises quantitativas ainda ndo puderam ser realizadas ja que a fracdo nao glutatiolada do
PT-YPD pode estar suprimindo a real atividade do 20SPT modificado. Estudos preliminares
ainda ndo foram conclusivos sobre a diferenca dos parametros cinéticos para cada sitio-ativo
entre as duas condicdes. Utilizando substratos fluoropeptidicos especificos para cada
atividade, buscaremos a obtencdo de parametros que envolvam velocidade maxima de
catdlise, constantes de afinidade pelo substrato e de eficiéncia catalitica. Apesar disso, a
glutatiolacdo pode ndo afetar nenhum destes parametros para a atividade peptidasica e
somente estar relacionada com a degradacdo de proteinas, contudo, acreditamos que estas
diferencas serdo evidenciadas quando padronizarmos condi¢des nas quais a glutatiolacao

esteja presente em todas as moléculas do proteassomo. Esta homogeneidade do 20SPT
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evidenciard todas as diferencas (proteoliticas e peptidasicas) entre a forma reduzida e
glutatiolada.

Pretendemos estudar condicbes de estresse oxidativo, assim como realizado por
Dixon e col., (2005), na tentativa de homogeneizar a populagdao do proteassomo. Ensaios
neste sentido também poderdo ser realizados in vitro, glutatiolando moderadamente o
proteassomo para a determinagdo dos parametros cinéticos, ja que um intenso tratamento
com GSH aboliria por completo a atividade proteassomal. A presenca intracelular de uma
populacdo heterogénea do proteassomo 20S muito provavelmente estd associada as
diferencas redox entre citoplasma e nucleo onde o proteassomo é abundante e, acreditamos
que essas diferencas também determinam a eficiéncia proteolitica e especificidade de
substratos.

Embora os estudos que visaram demonstrar a modulacdo dos sitios-ativos especificos
por glutationa ainda ndao serem conclusivos, investigamos se a diferenca de degradacgao
poderia estar correlacionada com modificacdes estruturais na cdmara catalitica. Diversos
trabalhos publicados pela dupla Osmulski e Gaczynska (2000, 2002 e 2008) haviam
demonstrado o dinamismo da estrutura tridimensional do proteassomo 20S por microscopia
de forga atobmica. Visualizando nossas amostras por microscopia eletrénica de transmissao,
foi possivel correlacionar um interessante efeito de fechamento da camara catalitica na
presenca de DTT (Fig. 29). Este fenOmeno pode ser juntamente com os mecanismos
alostéricos de regulacdo, um dos responsaveis pela degradacdo diferencial de proteinas
obtida em nossos experimentos. A glutatiolacdo, por promover a abertura da camara,
poderia retirar o 20SPT do seu estado de laténcia, acarretando numa maior degradacao de
proteinas oxidadas. Esta abertura permitiria um maior aporte de substrato aos sitios
cataliticos intensificando a degradacdao destas proteinas. Mais ainda, uma série de
experimentos que envolvem a estrutura do 20SPT estd sendo realizada em nosso
laboratério, na qual além de verificar o dinamismo da estrutura 3D do proteassomo, envolve
a participacdo do proteassomo 19S. A hipdtese é que o efeito da glutatiolacdo e
conseqiiente abertura da camara catalitica (modificacdes dependentes do estado redox
intracelular) poderiam promover diferencas de cinética de acoplamento e desacoplamento
entre a unidade catalitica e a regulatéria. Especulamos ainda, baseando-nos em ensaios
preliminares, que a forma glutatiolada do 20SPT encontra-se desacoplada de unidades

regulatdrias, o que permitiria uma degradacdao mais eficiente das proteinas oxidadas.
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O conjunto de dados obtidos até o momento refor¢ca uma importante atividade do
20SPT sobre a degradagdo de proteinas por uma via independente de poli-ubiquitinacdo,
estando em desacordo com as descri¢Ges sobre sua laténcia (Coux e col., 1996; Groll e col.,
2000). A glutatiolagdo promove sensiveis modificagdes de atividade e estrutura do
proteassomo, sendo um processo regulado por residuos especificos de cisteina. Demasi e
col. (2003) descreveram o efeito do tratamento das células de levedura com H,0; na
atividade proteassomal, indicando que esta modificacdo tende a ocorrer dependente do
balanco redox celular. Coincidentemente, o 20SPT glutatiolado é capaz de degradar de
forma mais eficiente as proteinas-substrato, incluindo proteinas oxidadas cuja ocorréncia em
condicdes de estresse oxidativo estd aumentada. Esta via de regulacdo é condizente com o
fato do 26SPT e a enzima ativadora de ubiquitina (E1) serem mais sensiveis, e estarem
inativadas, em condicdes de estresse oxidativo em comparacao ao 20SPT (Reinheckel e col.,
1998 e 2000). Portanto, ndo seria possivel creditar ao 26SPT inativo, a degradacao das
proteinas oxidadas. O 20SPT destituido de subunidades regulatdrias representa uma
importante porcentagem do proteassomo total intracelular. Sendo mais resistente aos
desafios oxidativos, o 20SPT desponta como principal candidato a degradacdo de proteinas
oxidadas intracelularmente, e ainda, a glutatiolacdo de residuos especificos de cisteina
possuiria importante papel nesta transicao funcional.

Embora muito ainda se tenha a explorar neste vasto campo que se abre em relagao a
modificacdo da atividade catalitica do proteassomo, a glutatiolacdo do 20SPT surge como
uma modificacdo pds-traducional capaz de combater o excesso de proteinas danificadas
oxidativamente, sugerindo uma fung¢do antioxidante para o 20SPT. Cessando o desafio
oxidativo, as oxidorredutases da familia Grx e Trx seriam capazes de desglutatiolar o 20SPT,
recobrando sua atividade catalitica basal, na qual acoplado ao 19SPT atuaria de forma

regulada na selecdo de substratos para degradacao via sistema ubiquitina-proteassomo.
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VI. ConclusoOes

A caracterizagdo do processo de glutatiolacdo e desglutatiolagdo da unidade catalitica
20S do proteassomo da levedura Saccharomyces cerevisiae foram os principais objetivos
durante a execuc¢do deste projeto. Dentre as principais conclusdes extraidas podemos citar
que:

e Foi demonstrado que o proteassomo 20S purificado de leveduras crescidas até
atingir fase estaciondria apresenta-se nativamente glutatiolado.

e Apds o isolamento das 14 subunidades componentes do 20SPT por eletroforese
bidimensional, identificamos in vitro e in vivo, as subunidades e os residuos de
cisteina glutatiolados por analises de imunomarcacdo anti-GSH e por estudos de
espectrometria de massa.

e Considerando as duas condicdes estudadas, apenas sete dos 36 residuos de
cisteina da camara catalitica apresentaram-se modificados por glutationa,
sugerindo um mecanismo especifico da regulacdo da atividade proteassomal.

e Os residuos de cisteina identificados como glutatiolados concentram-se
exclusivamente nas subunidades alfa do 20SPT. Analisando a disposicdo das Cys
glutatioladas na estrutura 3D da protease, verificamos que estes residuos ndo se
localizam proximos a entrada da camara catalitica, nem prdéximos aos sitios-
ativos, indicando um mecanismo alostérico de regulacdo.

e A glutatiolagdo da camara catalitica do 20SPT promove uma hidrélise mais
eficiente das proteinas degraddveis independentemente de ubiquitinacdo. Mais
ainda, a presenca de glutationa altera o perfil peptidico gerado pela forma
reduzida do proteassomo, por utilizar as atividades sitio-especificas de maneira
diferenciada.

e A geracdo diferencial de peptideos pode ter uma grande relevancia em diversos
eventos celulares, inclusive no sistema imune. Somente a forma reduzida do
proteassomo foi capaz de gerar o epitopo imunodominante SIINFEKL a partir da
degradacdao de ovalbumina. Este dado é interessante visto que, apesar da
levedura ndo possuir sistema imune, as vias de processamento polipeptidico sdo
altamente conservadas na escala evolutiva e o proteassomo de mamiferos
também possui sua atividade modulada por glutationa.

e Um dos possiveis mecanismos pelo qual a glutatiolacdo altera a atividade do
proteassomo pode estar correlacionado com a dinamica de abertura e
fechamento da camara catalitica. Analises da vista frontal da unidade catalitica
demonstraram que o proteassomo nativamente glutatiolado encontra-se em sua
conformacao aberta, sendo imediatamente fechado na presenga do redutor DTT.
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Caracterizamos ainda uma via de desglutatiolacdo do 20SPT capaz de recuperar
as atividades comprometidas pela presen¢a de glutationa demonstrando a
reversibilidade desta modificagdo. A desglutatiolacdo ocorre enzimaticamente
pela acao da glutarredoxina 2, com resultados similares para as tiorredoxinas
citosdlicas. O mecanismo ainda envolve a degradacdao das oxidoredutases
provavelmente devido a propriedades estruturais desta familia de proteinas.

Os dados obtidos até entdo sugerem um interessante papel antioxidante do
20SPT durante desafios oxidativos. Nestas condi¢des ocorreria a glutatiolagao da
unidade catalitica, modulando a atividade proteassomal, removendo mais
eficientemente as proteinas oxidadas geradas durante o desafio.

Este trabalho abre uma série de perspectivas para o entendimento da
modulacdo da atividade proteassomal por glutatiolacdo e para o envolvimento
desta modificacdo pods-traducional com o metabolismo redox intracelular.
Devido a conservacado desta protease e do mecanismo de glutatiolacdo nos mais
diversos organismos eucaridticos, estes estudos tornam-se cada vez mais
importantes para a compreensao da fungao intracelular do proteassomo 20S.
Compreender o papel de cada residuo glutatioldvel e investigar o mecanismo
alostérico de modulagao da atividade sdo os mais novos objetivos deste grupo.
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Anexo |.

Identificagao das subunidades do proteassomo 20S por MALDI-TOF.

Subunidade a1 Score 68 Cobertura 42 %

Posigdo m/z M. Tedrica M. Delta Miss Sequencia
Calculada
15-24 1156,61 1155,61 1155,60 0,00 0 R.HITIFSPEGR.L
34-46 1401,63 1400,62 1400,74 -0,11 0 K.ATNQTNINSLAVR.G
49-57 992,36 991,35 991,50 -0,15 0 K.DCTVVISQK.K
63-77 1727,95 1726,94 1726,90 0,05 0 K.LLDPTTVSYIFCISR.T
78-91 1439,80 1438,79 1438,76 0,03 0 R.TIGMVVNGPIPDAR.N
99-105 793,26 792,25 792,38 -0,12 0 K.AEAAEFR.Y
121-131 1324,75 1323,74 1323,66 0,08 0 R.MANLSQIYTQR.A
175-187 1601,78 1600,78 1600,78 -0,01 0 K.QQEITTNLENHFK.K
231-244 1698,90 1697,89 1697,83 0,06 1 K.DKFFTLSAENIEER.L
233-244 1455,63 1454,62 1454,70 -0,08 0 K.FFTLSAENIEER.L
Subunidade a2 Score 62 Cobertura 22 %
Posicdo m/z M.Tebrica M. Delta Miss Seqliencia
Calculada
5-17 1421,78 1420,77 1420,69 0,09 0 R.YSFSLTTFSPSGK.L
18-29 1291,80 1290,79 1290,72 0,08 0 K.LGQIDYALTAVK.Q
64-83 2111,24 2110,23 2110,04 0,19 0 K.VSLLTPDIGAVYSGMGPDYR.V
99-108 1223,78 1222,77 1222,63 0,13 1 K.RIYGEYPPTK.L
100-108 1067,63 1066,63 1066,53 0,08 0 R.YGEYPPTK.L
Subunidade a3 Score 106 Cobertura 69 %
Posicdo m/z M. Tedrica M. Delta Miss Sequencia
Calculada
6-18 1528,76 1527,75 1527,73 0,02 1 R.YDSRTTIFSPEGR.L
10-18 1007,54 1006,53 1006,51 0,02 0 R.TTIFSPEGR.L
51-65 1679,81 1678,81 1678,86 -0,06 1 R.KVTSTLLEQDTSTEK.L
73-92 1982,16 1981,15 1981,12 0,03 0 K.JAVAVAGLTADAEILINTAR.I
93-100 986,51 985,50 985,53 -0,03 0 R.IHAQNYLK.T
101-113 1560,87 1559,87 1559,82 0,05 0 K.TYNEDIPVEILVR.R
114-119 731,46 730,46 730,43 0,02 1 R.RLSDIK.Q
144-161 2099,01 2098,00 2097,94 0,06 0 R.YGYQLYTSNPSGNYTGWK.A
162-181 2082,01 2081,01 2081,05 -0,04 0 K.AISVGANTSAAQTLLQMDYK.D
182-195 1575,77 1574,76 1574,79 -0,02 1 K.DDMKVDDAIELALK.T
200-210 1229,63 1228,62 1228,56 0,06 0 K.TTDSSALTYDR.L
200-217 2060,12 2059,12 2059,02 0,09 1 K.TTDSSALTYDRLEFATIR.K
211-217 849,50 848,49 848,48 0,02 0 R.LEFATIR.K
218-228 1208,65 1207,64 1207,58 0,06 1 R.KGANDGEVYQK.!
229-241 1570,98 1569,97 1569,95 0,02 1 K.IFKPQEIKDILVK.T
248-258 1341,68 1340,67 1340,46 0,22 0 K.DEDEEADEDMK*
Subunidade a4 Score 74 Cobertura 46 %
Posigcdo m/z M. Tedrica M. Delta Miss Sequencia
Calculada
5-27 2590,48 2589,47 2589,36 0,11 1 R.ALSIFSPDGHIFQVEYALEAVKR.G
65-81 1816,93 1815,92 1815,91 0,01 0 K.IDSHVVLSFSGLNADSR.I
87-95 1053,59 1052,58 1052,55 0,04 1 K.ARVEAQSHR.L
96-109 1648,88 1647,87 1647,87 0,00 0 R.LTLEDPVTVEYLTR.Y
110-117 920,50 919,49 919,49 0,01 0 R.YVAGVQQR.Y
118-139 2325,30 2324,29 2324,19 0,10 0 R.YTQSGGVRPFGVSTLIAGFDPR.D
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145-164 2244,16 2243,16 2243,09 0,07 0 K.LYQTEPSGIYSSWSAQTIGR.N
Subunidade a5 Score 91 Cobertura 52 %
Posicao m/z M. Tedrica M. Delta Miss Seqtiencia
Calculada
1-12 1461,73 1460,72 1460,67 0,05 1 -.GSMFLTRSEYDR.G
13-22 1036,52 1035,51 1035,50 0,01 0 R.GVSTFSPEGR.L
23-34 1439,75 1438,74 1438,77 -0,03 0 R.LFQVEYSLEAIK.L
46-55 1085,58 1084,57 1084,62 -0,05 1 K.EGVVLGVEKR.A
55-68 1545,77 1544,76 1544,80 -0,05 1 K.RATSPLLESDSIEK.I
69-74 744,34 743,33 743,42 -0,08 0 K.IVEIDR.H
75-88 1402,63 1401,62 1401,65 -0,03 0 R.HIGCAMSGLTADAR.S
89-95 859,28 858,28 858,40 -0,12 0 R.SMIEHAR.T *
125-134 1038,48 1037,48 1037,44 0,04 0 R.FGEGASGEER.L
173-196 2498,40 2497,39 2497,24 0,14 0 K.AIGSGSEGAQAELLNEWHSSLTLK.E
232-237 781,20 780,19 780,37 -0,18 0 K.IYDNEK.T
249-262 1493,54 1492,53 1492,59 -0,06 0 K.EAAESPEEADVEMS.-
Subunidade o6 Score 114 Cobertura 73 %
Posicdo m/z M. Tedrica M. Delta Miss Seqiencia
Calculada
3-17 1643,71 1642,70 1642,72 -0,02 0 R.NNYDGDTVTFSPTGR.L
18-29 1423,71 1422,70 1422,78 -0,07 0 R.LFQVEYALEAIK.Q
30-38 916,43 915,43 915,51 -0,09 0 K.QGSVTVGLR.S
39-50 1308,72 1307,71 1307,77 -0,05 1 R.SNTHAVLVALKR.N
65-81 1755,82 1754,82 1754,81 0,01 0 K.CDEHMGLSLAGLAPDAR.V
82-88 864,43 863,43 863,49 -0,06 0 R.VLSNYLR.Q
89-100 1458,64 1457,63 1457,67 -0,04 0 R.QQCNYSSLVFNR.K
118-138 2271,16 2270,15 2270,17 -0,01 0 K.NTQSYGGRPYGVGLLIIGYDK.S
139-163 2588,33 2587,32 2587,30 0,02 0 K.SGAHLLEFQPSGNVTELYGTAIGAR.S
191-201 1130,73 1129,72 1129,61 0,11 0 K.AGVEAISQSLR.D
191-207 2785,62 2784,62 2784,49 0,13 1 K.AGVEAISQSLRDESLTVDNLSIAIVGK.
218-231 1526,68 1525,67 1525,67 -0,06 0 K.DTPFTIYDGEAVAK.Y
Subunidade a7 Score 60 Cobertura 22 %
Posicdo m/z M. Tedrica M. Delta Miss Seqliencia
Calculada
63-68 729,40 728,40 728,42 -0,02 0 K.IQVVDR.H
69-82 1486,79 1485,78 1485,74 0,04 0 R.HIGCVYSGLIPDGR.H
101-111 1197,68 1189,67 1196,66 0,01 0 K.TPIPIPAFADR.L
175-186 1330,71 1329,71 1329,68 0,03 0 K.LVDHHPEGLSAR.E
229-241 1447,77 1446,76 1446,74 0,03 0 K.GDLLQEAIDFAQK.E
Subunidade 1 Score 66 Cobertura 44 %
Posi¢do m/z M. Tedrica M. Delta Miss Sequencia
Calculada
7-16 1002,45 1001,44 1001,51 -0,07 0 K.DGVILGADSR.T
17-26 1067,51 1066,50 1066,54 -0,04 0 R.TTTGAYIANR.V
27-33 832,33 831,32 831,48 -0,16 1 R.VTDKLTR.V
81-102 244,19 2443,18 2443,16 0,03 1 K.ELCYENKDNLTAGIIVAGYDDK.N
103-118 1698,82 1697,81 1697,91 -0,10 1 K.NKGEVYTIPLGGSVHK.L
105-118 1456,69 1455,68 1455,77 -0,00 0 K.GEVYTIPLGGSVHK.L
162-171 1033,48 1032,48 1032,50 -0,02 0 K.WDGSSGGVIR.M
172-182 1161,55 1160,54 1160,62 -0,08 0 R.MVVLTAAGVER.L *
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Subunidade 32 Score 74 Cobertura 14 %

Posicdo m/z M. Tedrica M. Delta Miss Seqliencia
Calculada
8-19 1276,73 1275,72 1275,66 0,06 0 K.FNNGVVIAADTR.S
183-188 766,36 765,36 765,37 -0,01 0 K.DAEYLR.N
189-196 976,56 975,55 975,51 0,04 0 R.NYLTPNVR.E
202-207 797,42 796,41 796,42 -0,01 1 K.SYKFPR.G

Subunidade B3 Score 59 Cobertura 24 %

Posicdo m/z M. Tedrica M. Delta Miss Seqliencia
Calculada
28-41 1493,83 1492,82 1492,79 0,04 1 R.LGSQSLGVSNKFEK.|
80-97 2070,17 2069,16 2069,03 0,13 0 R.AIEPETFTQLVSSSLYER.R
98-114 1808,08 1807,07 1806,98 0,09 1 R.RFGPYFVGPVVAGINSK.S
99-114 1651,91 1650,91 1650,88 0,03 0 R.FGPYFVGPVVAGINSK.S

Subunidade B4 Score 87 Cobertura 29 %

Posicdo m/z M. Tedrica M. Delta Miss Seqliencia
Calculada
71-85 1726,61 1725,60 1725,82 -0,22 0 R.EDYELSPQAVSSFVR.Q
96-109 1621,63 1620,63 1620,86 -0,24 0 R.RPYQVNVLIGGYDK.K
96-110 1749,74 1748,73 1748,96 -0,23 1 R.RPYQVNVLIGGYDKK.K
112-125 1681,64 1680,63 1680,87 -0,24 0 K.NKPELYQIDYLGTK.V
171-177 924,33 923,33 923,44 -0,11 1 K.RMPMDFK.G
183-190 915,42 914,42 914,52 -0,10 1 K.IVDKDGIR.Q

Subunidade B5 Score 89 Cobertura 32 %

Posicdo m/z M. Tedrica M. Delta Miss Sequencia
Calculada
1-7 809,43 808,42 808,44 -0,02 0 - TTTLAFR.F
8-19 1261,70 1260,69 1260,68 0,01 0 R.FQGGIIVAVDSR.A
82-91 1240,68 1239,68 1239,69 -0,02 0 K.ILSNLVYQYK.G
92-106 1517,68 1516,67 1516,68 -0,01 0 K.GAGLSMGTMICGYTR.K

107-121 1700,87 1699,87 1699,81 0,06 1 R.KEGPTIYYVDSDGTR.L
108-121 1572,78 1571,77 1571,71 0,06 0 K.EGPTIYYVDSDGTR.L
159-167 994,63 993,62 993,58 0,03 1 K.RSILAAAHR.D
160-167 838,47 837,46 837,48 -0,02 0 R.SILAAAHR.D

Subunidade 6 Score 63 Cobertura 50 %

Posi¢cdo m/z M. Tedrica M. Delta Miss Sequiencia
Calculada

29-38 1182,66 1181,65 1181,57 0,09 0 R.NITDYSINSR.Y

39-66 2962,13 2961,12 2961,35 -0,23 1 R.YEPKVFDCGDNIVMSANGFAADGDALVK.R

74-83 1389,47 1388,47 1388,63 -0,16 1 K.WYHFDHNDKK.L

84-91 831,48 830,47 830,46 0,01 0 K.LSINSAAR.N

92-100 1085,66 1084,65 1084,60 0,05 0 R.NIQHLLYGK.R

101-119 2241,34 2240,34 2240,13 0,21 1 K.RFFPYYVHTIIAGLDEDGK.G
102-119 2084,87 2083,86 2084,03 -0,17 0 R.FFPYYVHTIIAGLDEDGK.G
120-133 1546,84 1545,83 1545,71 0,12 0 K.GAVYSFDPVGSYER.E
138-157 2063,89 2062,88 2063,05 -0,17 0 R.AGGAAASLIMPFLDNQVNFK.N
186-194 1013,54 1012,53 1012,45 0,09 0 R.DSFTSATER.H
195-209 1634,80 1633,79 1633,94 -0,15 0 R.HIQVGDGLEILIVTK.D
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Subunidade 37 Score 86 Cobertura 47 %

Posicdo m/z M. Tedrica M. Delta Miss Seqliencia
Calculada
1-15 1589,68 1588,67 1588,85 -0,18 0 - TQQPIVTGTSVISMK.Y

16-35 2110,92 2109,91 2110,07 -0,16 0 K.YDNGVIIAADNLGSYGSLLR.F

42-65 2581,13 2580,12 2580,29 -0,16 0 R.LIPVGDNTVVGISGDISDMQHIER.L *
107-128 2443,02 2442,01 2442,25 -0,24 0 K.MNPLWNAIIVAGVQSNGDQFLR.Y
168-182 1631,73 1630,72 1630,83 -0,12 0 K.TTVQVAEEAIVNAMR.V
168-182 1647,71 1646,71 1646,83 -0,12 0 K.TTVQVAEEAIVNAMR.V *
183-187 713,36 712,35 712,39 -0,04 0 R.VLYYR.D
194-202 1020,47 1019,46 1019,57 -0,10 0 R.NFSLAIIDK.N

Score de proteina maior que 56 foi significativa (p < 0,05) para o algoritmo MOWSE Score do software Mascot
(Matrix Science), (*) representa o residuo de metionina oxidado a forma de metionina sulféxido, m/z é a relagdo
massa/carga obtida, Miss significa a quantidade sitios de digestdo ignorados pela tripsina, M. Tedrico é a massa
tedrica esperada e M. Calculada corresponde a massa calculada a partir de nossas analises.
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Anexo Il.

Proteinas identificadas por espectrometria de massas ESI-Q-ToF que interagem com o proteassomo (PiPs).
O proteassomo 20S integro foi digerido em solugdo e aplicado diretamente no espectrémetro. Destacadas estdo todas as subunidades do proteassomo 20S de levedura.

Gene Score Massa Matches Seq. emPAl Descri¢ao

PNC1 SGDID:S000003005, Chr VII from 427953-427303, reverse complement, Verified ORF, "Nicotinamidase

1 YGL0O37C 2937 24978 107 (80) 10 (9) 4.12 that converts nicotinamide to nicotinic acid as part of the NAD(+) salvage pathway, required for life span
extension by calorie restriction”.

2 YDL223C 1227 113548 46 (32) 22 (14) 0.49 BT'1 S§PII?:SOOOOO?382, Chr IV' from 60406—5726§, rever§e com'pler.nen’t,, Verified ORF, "Substrate of the Hub1lp
ubiquitin-like protein that localizes to the shmoo tip (mating projection)”.

3 YMR314W 874 25588 39 (31) 10(10) 2.40 PRE5 SGDID:S000004931, Chr XIll from 901708-902412, Verified ORF, "Alpha 6 subunit of the 20S proteasome".
SCL1 SGDID:S000002979, Chr VII from 475252-474494, reverse complement, Verified ORF, "Alpha 1 subunit of

4 yeLozic 786 27983 =2 R Ly 3.83 the 20S proteasome involved in the degradation of ubiquitinated substrates”.

5 YOR362C 643 31517 23(17) 3(3) 035 PRE10 SGDID:SOOOOOS?SQ, Chr XV from 1018744-1017878, reverse complement, Verified ORF, "Alpha 7 subunit
of the 20S proteasome".
PRE9 SGDID:S000003367, Chr VII from 761397-762173, Verified ORF, "Alpha 3 subunit of the 20S proteasome,

6 YGR135W 469 28697 30 (20) 7 (6) 0.93 the only nonessential 20S subunit; may be replaced by the alpha 4 subunit (Pre6p) under stress conditions to
create a more active proteasomal”.

7 YOLO38W 454 28422 17 (11) 7 (4) 0.56 PRE6 SGDID:S000005398, (.Zhr XV from 255336-256109,. Verified ORF, "Alpha 4 s.ubunlt of the ZQS protefsome;
may replace alpha 3 subunit (Pre9p) under stress conditions to create a more active proteasomal isoform”.

3 YPRI03W 446 31617 47 (27) 5(5) 065 PRE2 SQDID:5000006307, Chr ).(VI fr.o.m 732347-733210, Vt?‘rlfled ORF, "Beta 5 subunit of the 20S proteasome,
responsible for the chymotryptic activity of the proteasome".

9 YFRO50C 333 29425 14 (12) 5(5) 071 PRE4 SGDID:SOOE)001946, Chr VI from 249853-249053, reverse complement, Verified ORF, "Beta 7 subunit of the
20S proteasome".
ADH3 SGDID:S000004688, Chr Xlll from 434787-435914, Verified ORF, "Mitochondrial alcohol dehydrogenase

10 YMRO83W 314 40344 33 (16) 8(7) 0.88 isozyme |II; involved in the shuttling of mitochondrial NADH to the cytosol under anaerobic conditions and
ethanol production”.

1 YOL139C 310 24239 18 (14) 44 117 CDC3§§ S.GDID:500.0005499, Chr.XV from §1024-60383, rt,e,verse complement, Verified ORF, "Cytoplasmic mRNA
cap binding protein and translation initiation factor elF4E”.

12 YILOOIW 236 23533 27 (14) 10 (8) 1.90 PRE3 SGDID:5000003§38, Chr X from 435156.—4‘35229,435337—435.9191, Verified ORF, "Beta 1 subunit of the 20S
proteasome, responsible for cleavage after acidic residues in peptides".

13 YNLI54C 213 62041 10 (5) 5(2) 011 YCK2 SGDID:S000005098, ChrAXI\./ from.345278"-343638, reverse complement, Verified ORF, "Palmitoylated
plasma membrane-bound casein kinase | isoform”.

14 YER094C 161 22590 14 (8) 7(4) 0.74 PUP3 SGDID:S000000896, Chr V from 349342-348725, reverse complement, Verified ORF, "Beta 3 subunit of the

20S proteasome involved in ubiquitin-dependent catabolism; human homolog is subunit C10".
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Gene Score Massa Matches Seq. emPAl Descri¢ao

15 YGR253C 129 28599 11.(7) 3(3) 0.39 PUP2 SGDID:SOOOOOE?485, Chf Vi f.ron.n.999145—998363, revgrse complement, Ver{fled ORf, Alp"ha 5 subunit of
the 20S proteasome involved in ubiquitin-dependent catabolism; human homolog is subunit zeta".
FOL2 SGDID:S000003499, Chr VII from 1025741-1025010, reverse complement, Verified ORF, "GTP-

16 YGR267C 114 27751 2(3) 402 0.25 cyclohydrolase |, catalyzes the first step in the folic acid biosynthetic pathway".

17 YBLO41W 111 26854 12 (6) 5 (4) 0.60 PRE7 SGDID:S000000137, Chr Il from 141250-141975, Verified ORF, "Beta 6 subunit of the 20S proteasome".

18 YMLOSOW 109 35954 a4 101) 019 AIM32 SGDIP:SQOOOO4514Z Chr XIIl from 173139-174074,.Ver|f|ed QRF, Putative ;I)‘roteln of unknown function;
null mutant is viable and displays elevated frequency of mitochondrial genome loss".

E1 DID: 1 1 -1 ifi "B i 2 K

19 YEROI2W 102 22503 13 (5) 5(2) 032 PR . SGDID:S000000814, Chr V from 177834 "78430, Verified ORF, "Beta 4 subunit of the 20S proteasome;
localizes to the nucleus throughout the cell cycle".
TDH1 SGDID:S000003588, Chr X from 338265-339263, Verified ORF, "Glyceraldehyde-3-phosphate

20 YJLO52W 98 35728 15 (5) 7 (3) 0.30 dehydrogenase, isozyme 1, involved in glycolysis and gluconeogenesis; tetramer that catalyzes the reaction of
glyceraldehyde-3-phosphate to 1,3 bis-phosphoglycerate”.
RPL20A SGDID:S000004855, Chr Xlll from 754219-754219,753741-753224, reverse complement, Verified ORF,

21 YMR242C 92 20424 11 (6) 5(2) 0.36 "Protein component of the large (60S) ribosomal subunit, nearly identical to Rpl20Bp and has similarity to rat
L18a ribosomal protein".

2 YMLO92C 39 27145 16 (7) 5(2) 0.26 PRE8 SGDID:SOOE)004557, Chr XIll from 86739-85987, reverse complement, Verified ORF, "Alpha 2 subunit of the
20S proteasome".

23 YOLOSTC 84 125304 11 (5) 10 (5) 014 ‘\I(OL087C SGDIP:SOOOOOS447, Chr. X\”/ from 158637-155287, reverse complement, Uncharacterized ORF,

Putative protein of unknown function”.

24 YGROIOW 66 44881 12 3) 702) 0.24 NMA2 SGDID:SOOOOF)3242, (.Zhr VIl from 511549-512736., Verified ?RF' Nicotinic acid mononucleotide
adenylyltransferase, involved in de novo and salvage synthesis of NAD(+)".
NMA1 SGDID:S000004320, Chr XII from 784913-786118, Verified ORF, "Nicotinic acid mononucleotide

25 YLR328W 64 45830 12 (2) 6 (1) 0.15 adenylyltransferase, involved in pathways of NAD biosynthesis, including the de novo, NAD(+) salvage, and
nicotinamide riboside salvage pathways".
CAF20 SGDID:S000005802, Chr XV from 841332-841817, Verified ORF, ""Phosphoprotein of the mRNA cap-

26 YOR276W 55 18212 4(1) 2 (1) 0.19 binding complex involved in translational control, repressor of cap-dependent translation initiation, competes
with elF4G for binding to elF4E".

27 YDL237W 54 44355 9(2) 4(1) 0.07 AIM§ SGDID:SOOQOOZ396, Chr"IV from 30657-31829, Verified ORF, "Putative protein of unknown function,
required for respiratory growth”.

28 YPL216W 52 128052 5(2) 3(1) 0.03 YPLZ%GW SGDID:SOQ0006137, Chr )fVI from”143820—147128, Uncharacterized ORF, "Putative protein of unknown
function; YPL216W is not an essential gene".

29 YDRASIC 52 62965 5(2) 5(2) 011 PHO%I3 SGDID:S000002889, Chr IV. from .1420243-1418543, reverse complement., Verlflfed ORF, Re,;,)re55|ble
alkaline phosphatase, a glycoprotein localized to the vacuole regulated by levels of inorganic phosphate”.
PUP1 SGDID:S000005683, Chr XV from 631752-630967, reverse complement, Verified ORF, "Beta 2 subunit of

YOR157 47 282 2(2 2
=2 ke Pl Bl 2) s the 20S proteasome; endopeptidase with trypsin-like activity that cleaves after basic residues”.
31 YMR275C 45 109107 11.(1) 6(1) 0.03 BUL1 SGDID:S000004888, Chr XllII from 818580-815650, reverse complement, Verified ORF, "Ubiquitin-binding

component of the Rsp5p E3-ubiquitin ligase complex, functional homolog of Bul2p”.
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Gene Score Massa Matches Seq. emPAl Descri¢ao
BBC1 SGDID:S000003557, Chr X from 402404-398931, reverse complement, Verified ORF, "Protein possibly
32 YJLO20C 38 128218 5(1) 3(1) 0.03 involved in assembly of actin patches; interacts with an actin assembly factor Las17p and with the SH3 domains
of Type | myosins Myo3p and Myo5p”.
AMD1 SGDID:S000004498, Chr XIII from 208860-206428, reverse complement, Verified ORF, "AMP deaminase,
33 YMLO35C 36 93244 2(1) 2(1) 0.04 tetrameric enzyme that catalyzes the deamination of AMP to form IMP and ammonia”.
34 YKL129C 36 142419 702) 5(2) 0.05 MYO?? SGDID:.50000016.12, Chr XI from 20:)163—196348, reverse complement, Verified ORF, "One of two type |
myosins; localizes to actin cortical patches”.
35 YHRO97C 31 40639 3(1) 2(1) 0.08 YHR097C S.GDID:SOOIC')0011.39, Chr. VIl from 298.612"-298488,298363-297388, reverse complement,
Uncharacterized ORF, "Putative protein of unknown function”.
UPC2 SGDID:S000002621, Chr IV from 889749-892490, Verified ORF, ""Sterol regulatory element binding
YDR213W 31 100277 2(1 2(1 0.03
36 (1) &) protein, induces transcription of sterol biosynthetic genes and of DAN/TIR gene products; Ecm22p homolog”.
UGP1 SGDID:S000001518, Chr XI from 369534-371033, Verified ORF, "UDP-glucose pyrophosphorylase
37 YKLO35W 30 55953 2(1 2(1 0.06
(1) (1) (UGPase), catalyses the reversible formation of UDP-Glc from glucose 1-phosphate and UTP”.
ATM1 SGDID:S000004916, Chr XIIl from 869626-867554, reverse complement, Verified ORF, "Mitochondrial
38 YMR301C 30 77473 4(1) 2 (1) 0.04 inner membrane ATP-binding cassette (ABC) transporter, exports mitochondrially synthesized precursors of
iron-sulfur (Fe/S) clusters to the cytosol".
39 YLR371W 29 152501 2(1) 2(1) 0.02 ROM2 SGDID:SOOE,),OO4363, Chr XIl from 862713-866783, Verified ORF, "GDP/GTP exchange protein (GEP) for
Rholp and Rho2p
40 YDRA30C )8 112110 10 (1) 4(1) 0.03 CYM1 SGDID:500000283§, Chr IV f:ror"n 1328463-1325494, reverse complemfen't, \(erlflet'J C”)RF, Lysine-specific
metalloprotease of the mitochondrial intermembrane space, member of the pitrilysin family”.
ANP1 SGDID:S000000762, Chr V from 84552-83050, reverse complement, Verified ORF, "Subunit of the alpha-
41 YELO36C 26 58146 3(1) 3(1) 0.06 1,6 mannosyltransferase complex; type Il membrane protein; has a role in retention of glycosyltransferases in
the Golgi”.
KIN4 SGDID:S000005759, Chr XV from 775847-778249, Verified ORF, "Serine/threonine protein kinase that
42 YOR233W 26 90033 7() 2(1) 0.04 inhibits the mitotic exit network (MEN) when the spindle position checkpoint is activated”.
a3 YGR173W 2% 40980 28 (1) 2(1) 0.08 RBG2 SGPID:SOOOOO3405, Chr VIl from 84385.9—844965., "Uncharacterlzed ORF, "Protein with similarity to
mammalian developmentally regulated GTP-binding protein".
YKL0O91C SGDID:S000001574, Chr XI from 270294-269362, reverse complement, Verified ORF, "Putative
44 YKLO91C 26 36050 1(1) 1(1) 0.09 homolog of Secl4p, which is a phosphatidylinositol/ phosphatidylcholine transfer protein involved in lipid
metabolism; localizes to the nucleus".
UBP3 SGDID:S000000953, Chr V from 472419-469681, reverse complement, Verified ORF, ""Ubiquitin-specific
45 YER151C 25 101854 1(1) 1(1) 0.03 protease that interacts with Bre5p to co-regulate anterograde and retrograde transport between endoplasmic
reticulum and Golgi compartments”.
AFG2 SGDID:S000004389, Chr XII from 914892-912550, reverse complement, Verified ORF, "ATPase of the
46 YLR397C 25 84695 1(1) 1(1) 0.04 CDC48/PAS1/SEC18 (AAA) family, forms a hexameric complex; may be involved in degradation of aberrant
mRNAs".
a7 YMR306W 2 207349 7(1) 3(1) 0.02 FKS3 SGDID:S000004923, Chr XIll from 881158-886515, Verified ORF, "Protein involved in spore wall assembly,

has similarity to 1,3-beta-D-glucan synthase catalytic subunits Fks1p and Gsc2p”.
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Gene Score Massa Matches Seq. emPAl Descri¢ao
PSA1 SGDID:S000002213, Chr IV from 356759-355674, reverse complement, Verified ORF, "GDP-mannose
48 YDLO55C 21 0 2(1) 2 (1) 0.08 pyrophosphorylase (mannose-1-phosphate guanyltransferase), synthesizes GDP-mannose from GTP and
mannose-1-phosphate in cell wall biosynthesis”.
SIR3 SGDID:S000004434, Chr XIl from 1022248-1019312, reverse complement, Verified ORF, "Silencing protein
49 YLR442C 20 0 7 (1) 5(1) 0.03 that interacts with Sir2p and Sirdp, and histone H3 and H4 tails, to establish a transcriptionally silent chromatin
state”.
50 YDR205W 20 30526 101) 101) 0.04 MS(?Z SGDI[?:5000002613, Chr IV from ?59344—861518, Ve"rified ORF, "Member of the cation diffusion facilitator
family, localizes to the endoplasmic reticulum and nucleus”.
51 YML109W 19 105432 27 (1) 3(1) 0.03 ZDSZ'SGDID:SOOOOO4S77,. Chr XII'I from 5.1640-544.68, .Vel:,ified ORF, "Protein that interacts with silencing
proteins at the telomere, involved in transcriptional silencing”.
ATP2 SGDID:S000003882, Chr X from 647597-649132, Verified ORF, "Beta subunit of the F1 sector of
52 YJRI121W 18 54760 4(1) 2 (1) 0.06 mitochondrial F1FO ATP synthase, which is a large, evolutionarily conserved enzyme complex required for ATP
synthesis".
AVT4 SGDID:S000005045, Chr XIV from 435001-437142, Verified ORF, "Vacuolar transporter, exports large
53 YNL10IW 18 0 3(1) 1(1) 0.04 neutral amino acids from the vacuole; member of a family of seven S. cerevisiae genes (AVT1-7) related to
vesicular GABA-glycine transporters".
54 VDL160C 16 57508 3(1) 3(1) 0.06 DHH1 SGDID:S000002319, Chr IV from 171931-170411, reverse complement, Verified ORF, "Cytoplasmic

DExD/H-box helicase, stimulates mRNA decapping, coordinates distinct steps in mRNA function and decay’.
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Anexo Ill.

Peptideos de Grx2 gerados pelo 20SPT identificados por espectrometria de massas

ESI-Q-ToF.

A Grx2 foi incubada com o proteassomo nativamente glutatiolado PT-YPD e com o proteassomo
reduzido PT-SH por 16 h. A porcentagem relativa de cada peptideo identificado esta identificada na
tabela. Destacado em azul estdo os peptideos gerados preferencialmente pelo PT-YPD e em laranja os
peptideos gerados majoritariamente pelo PT-SH. Em vermelho estdo assinalados os peptideos
identificados somente em uma das condigdes.

% ions

Posicdo Peptideo PT-YPD PT-SH

36-45 VSQETVAHVK 0,16 0,24
37-45 SQETVAHVK 0,96 1,91
37-51 SQETVAHVKDLIGQK 0,16 0,48
37-56 SQETVAHVKDLIGQKEVFVA 0,16 0,24
37-57 SQETVAHVKDLIGQKEVFVAA 0,00 0,48
38-45 QETVAHVK 0,16 0,48
39-45 ETVAHVK 0,32 0,24
40-45 TVAHVK 0,48 0,48
40-56 TVAHVKDLIGQKEVFVA 0,16 0,00
42-54 AHVKDLIGQKEVF 0,00 0,24
42-55 AHVKDLIGQKEVFV 0,00 0,24
42-56 AHVKDLIGQKEVFVA 0,32 0,48
43-51 HVKDLIGQK 0,00 0,24
43-54 HVKDLIGQKEVF 0,16 0,24
43-56 HVKDLIGQKEVFVA 0,48 0,24
44-55 VKDLIGQKEVFV 0,00 0,24
44-56 VKDLIGQKEVFVA 0,16 0,24
44-57 VKDLIGQKEVFVAA 0,00 0,24
45-51 KDLIGQK 0,00 0,24
45-54 KDLIGQKEVF 0,16 0,24
45-55 KDLIGQKEVFV 0,16 0,24
45-56 KDLIGQKEVFVA 0,32 0,48
45-57 KDLIGQKEVFVAA 0,16 0,24
46-54 DLIGQKEVF 0,00 0,48
46-55 DLIGQKEVFV 0,16 0,48
46-56 DLIGQKEVFVA 9,49 3,58
46-57 DLIGQKEVFVAA 1,61 0,48
46-58 DLIGQKEVFVAAk 0,32 0,00
47-54 LIGQKEVF 0,16 0,24
47-55 LIGQKEVFV 0,00 0,24
47-56 LIGQKEVFVA 0,16 0,48
48-56 IGQKEVFVA 0,16 0,00
48-58 IGQKEVFVAAK 0,16 0,00
49-58 GQKEVFVAAK 0,16 0,00
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52-56 EVFVA 3,86 3,58
53-57 VFVAA 0,32 0,24
57-68 AKTYCPYCKATL 0,16 0,24
57-69 AKTYCPYCKATLS 0,16 0,00
58-68 KTYCPYCKATL 0,16 0,24
66-71 ATLSTL 0,16 0,00
66-75 ATLSTLFQEL 0,16 0,00
66-81 ATLSTLFQELNVPKSK 0,64 0,00
66-83 ATLSTLFQELNVPKSKAL 0,16 0,00
68-75 LSTLFQEL 0,80 0,24
69-75 STLFQEL 2,73 3,10
69-81 STLFQELNVPKSK 0,48 0,48
69-82 STLFQELNVPKSKA 0,00 0,48
69-83 STLFQELNVPKSKAL 0,00 0,24
69-85 STLFQELNVPKSKALVL 0,32 0,48
69-98 STLFQELNVPKSKALVLELDEMSNGSEIQD 0,00 0,24
70-81 TLFQELNVPKSK 0,16 0,00
70-83 TLFQELNVPKSKAL 0,16 0,00
70-85 TLFQELNVPKSKALVL 0,16 0,00
72-81 FQELNVPKSK 0,64 0,24
72-82 FQELNVPKSKA 0,16 0,48
72-83 FQELNVPKSKAL 0,16 0,48
72-85 FQELNVPKSKALVL 0,16 0,00
72-88 FQELNVPKSKALVLELD 0,16 0,00
72-90 FQELNVPKSKALVLELDEM 0,16 0,24
72-98 FQELNVPKSKALVLELDEMSNGSEIQD 0,16 0,24
73-85 QELNVPKSKALVL 0,32 0,48
73-90 QELNVPKSKALVLELDEM 0,16 0,00
76-81 NVPKSK 0,00 0,24
76-83 NVPKSKAL 0,00 0,24
76-90 NVPKSKALVLELDEM 0,16 0,24
76-98 NVPKSKALVLELDEMSNGSEIQD 0,16 0,24
76-107 NVPKSKALVLELDEMSNGSEIQDALEEISGQK 0,16 0,00
82-86 ALVLE 0,96 0,24
82-88 ALVLELD 0,32 0,24
82-89 ALVLELDE 0,00 0,24
82-98 ALVLELDEMSNGSEIQD 8,84 4,77
82-107 ALVLELDEMSNGSEIQDALEEISGQK 0,96 0,00
82-115 ALVLELDEMSNGSEIQDALEEISGQKTVPNVYIN 0,32 0,00
82-117 ALVLELDEMSNGSEIQDALEEISGQKTVPNVYINGK 0,16 0,00
83-88 LVLELD 0,16 0,00
84-88 VLELD 0,16 0,00
84-98 VLELDEMSNGSEIQD 0,16 0,24
84-106 VLELDEMSNGSEIQDALEEISGQ 0,32 0,00
84-107 VLELDEMSNGSEIQDALEEISGQK 1,13 0,00
84-109 VLELDEMSNGSEIQDALEEISGQKTV 0,32 0,00
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84-115 VLELDEMSNGSEIQDALEEISGQKTVPNVYIN 0,16 0,00
84-117 VLELDEMSNGSEIQDALEEISGQKTVPNVYINGK 0,16 0,00
86-106 ELDEMSNGSEIQDALEEISGQ 0,48 0,00
86-107 ELDEMSNGSEIQDALEEISGQK 2,89 0,72
86-109 ELDEMSNGSEIQDALEEISGQKTV 0,48 1,19
86-111 ELDEMSNGSEIQDALEEISGQKTVPN 0,16 0,00
86-115 ELDEMSNGSEIQDALEEISGQKTVPNVYIN 0,16 0,00
87-107 LDEMSNGSEIQDALEEISGQK 0,16 0,24
87-109 DEMSNGSEIQDALEEISGQK 0,16 0,24
87-115 LDEMSNGSEIQDALEEISGQKTVPNVYIN 0,16 0,00
88-107 DEMSNGSEIQDALEEISGQKTV 0,00 0,24
89-107 EMSNGSEIQDALEEISGQK 0,16 0,24
89-109 EMSNGSEIQDALEEISGQKTV 0,16 0,24
90-107 MSNGSEIQDALEEISGQK 0,16 0,24
90-109 MSNGSEIQDALEEISGQKTV 0,16 0,24
91-106 SNGSEIQDALEEISGQ 0,16 0,00
91-107 SNGSEIQDALEEISGQK 4,66 2,39
91-109 SNGSEIQDALEEISGQKTV 2,41 2,63
91-111 SNGSEIQDALEEISGQKTVPN 0,16 0,24
91-113 SNGSEIQDALEEISGQKTVPNVY 0,16 0,24
91-114 SNGSEIQDALEEISGQKTVPNVYI 0,16 0,00
91-115 SNGSEIQDALEEISGQKTVPNVYIN 1,45 0,95
91-117 SNGSEIQDALEEISGQKTVPNVYINGK 0,16 0,24
93-107 SEIQDALEEISGQK 0,16 0,24
93-109 GSEIQDALEEISGQKTV 0,00 0,24
94-107 SEIQDALEEISGQK 0,16 0,00
95-107 EIQDALEEISGQK 0,16 0,00
95-109 EIQDALEEISGQKTV 0,16 0,24
95-115 EIQDALEEISGQKTVPNVYIN 0,16 0,00
97-109 QDALEEISGQKTV 0,00 0,24
98-109 DALEEISGQKTV 0,00 0,72
99-103 ALEEI 0,00 0,72
99-106 ALEEISGQ 0,00 0,24
99-109 ALEEISGQKTV 1,29 6,21
99-111 ALEEISGQKTVPN 0,16 0,24
99-113 ALEEISGQKTVPNVY 0,32 0,72
99-114 ALEEISGQKTVPNVYI 0,16 0,24
99-115 ALEEISGQKTVPNVYIN 5,47 3,58
99-117 ALEEISGQKTVPNVYINGK 0,16 0,00
99-128 ALEEISGQKTVPNVYINGKHIGGNSDLETL 0,00 0,24
100-109 LEEISGQKTV 0,16 0,00
101-109 EEISGQKTV 0,16 0,24
101-115 EEISGQKTVPNVYIN 0,16 0,24
102-109 EISGQKTV 0,00 0,24
102-115 EISGQKTVPNVYIN 0,16 0,24
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104-113  SGQKTVPNVY 0,00 0,24
104-115 SGQKTVPNVYIN 0,16 0,48
107-115 KTVPNVYIN 0,16 0,48
108-113 TVPNVY 0,00 0,24
108-115  TVPNVYIN 0,00 0,24
110-114  PNVYI 0,00 0,24
110-115 PNVYIN 0,32 0,24
110-117 PNVYINGK 0,16 0,00
110-124  PNVYINGKHIGGNSD 0,00 0,24
114-128 INGKHIGGNSDLETL 0,00 0,24
115-128 NGKHIGGNSDLETL 0,00 0,24
115-143 NGKHIGGNSDLETLKKNGKLAEILKPVFQ 0,00 0,24
116-128 GKHIGGNSDLETL 1,45 3,82
116-131  GKHIGGNSDLETLKKN 0,00 0,24
116-137 GKHIGGNSDLETLKKNGKLAEI 0,16 0,24
116-138  GKHIGGNSDLETLKKNGKLAEIL 0,16 0,00
116-139 GKHIGGNSDLETLKKNGKLAEILK 0,32 0,24
116-143  GKHIGGNSDLETLKKNGKLAEILKPVFQ 8,68 1,67
117-128 KHIGGNSDLETL 0,16 0,48
118-128 HIGGNSDLETL 0,16 0,24
118-131 HIGGNSDLETLKKN 0,00 0,24
118-134  HIGGNSDLETLKKNGKL 0,00 0,24
118-135 HIGGNSDLETLKKNGKLA 0,00 0,24
118-136 HIGGNSDLETLKKNGKLAE 0,16 0,24
118-139 HIGGNSDLETLKKNGKLAEILK 0,16 0,00
118-143 HIGGNSDLETLKKNGKLAEILKPVFQ 1,77 1,19
120-143 GGNSDLETLKKNGKLAEILKPVFQ 0,16 0,24
121-143  GNSDLETLKKNGKLAEILKPVFQ 0,16 0,00
125-137 LETLKKNGKLAEI 0,32 0,24
125-143 LETLKKNGKLAEILKPVFQ 0,32 0,48
126-143 ETLKKNGKLAEILKPVFQ 0,32 0,72
129-137 KKNGKLAEI 0,00 0,48
129-142 KKNGKLAEILKPVF 0,16 0,00
129-143 KKNGKLAEILKPVFQ 4,18 4,77
130-143 KNGKLAEILKPVFQ 0,00 0,48
131-143 NGKLAEILKPVFQ 0,48 1,43
132-139 GKLAEILK 0,16 0,00
132-143  GKLAEILKPVFQ 7,23 8,83
133-143 KLAEILKPVFQ 0,48 0,72
134-143 LAEILKPVFQ 3,54 5,25
135-143  AEILKPVFQ 0,16 3,34
136-143 EILKPVFQ 0,16 0,95
137-143 ILKPVFQ 0,16 0,48
138-143 LKPVFQ 0,16 1,67
Total 100 % 100 %
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20 S proteasome from Saccharomyces cerevisiae is responsive to
redox modifications and is S-glutathionylated.
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Abstract

The 20 S proteasome core purified from Saccharomyces cerevisiae is inhibited by reduced glutathione
(GSH), cysteine (Cys), or the GSH precursor gamma-glutamylcysteine. Chymotrypsin-like activity was
more affected by GSH than trypsin-like activity, whereas the peptidylglutamyl-hydrolyzing activity
(caspase-like) was not inhibited by GSH. Cys-sulfenic acid formation in the 20 S core was demonstrated
by spectral characterization of the Cys-S(O)-4-nitrobenzo-2-oxa-1,3-diazole adduct, indicating that 20 S
proteasome Cys residues might react with reduced sulfhydryls (GSH, Cys, and gamma-glutamylcysteine)
through the oxidized Cys-sulfenic acid form. S-Glutahionylation of the 20 S core was demonstrated in vitro
by GSH-biotin incorporation and by decreased alkylation with monobromobimane. Compounds such as N-
ethylmaleimide (-S-sulfhydril H alkylating), dimedone (-SO sulfenic acid H reactant), or 7-chloro-4-
nitrobenzo-2-oxa-1,3-diazole (either -SH or -SOH reactant) highly inhibited proteasomal chymotrypsin-like
activity. In vivo experiments revealed that 20 S proteasome extracted from H(2)O(2)-treated cells showed
decreased chymotrypsin-like activity accompanied by S-glutathionylation as demonstrated by GSH release
from the 20 S core after reduction with NaBH(4). Moreover, cells pretreated with H(2)O(2) showed
decreased reductive capacity assessed by determination of the GSH/oxidized glutathione ratio and
increased protein carbonyl levels. The present results indicate that at the physiological level the yeast 20 S
proteasome is regulated by its sulfhydryl content, thereby coupling intracellular redox signaling to

proteasome-mediated proteolysis.
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The 20 S proteasome core purified from Saccharomy-
ces cerevisiae is inhibited by reduced glutathione (GSH),
cysteine (Cys), or the GSH precursor y-glutamylcys-
teine. Chymotrypsin-like activity was more affected by
GSH than trypsin-like activity, whereas the peptidylglu-
tamyl-hydrolyzing activity (caspase-like) was not inhib-
ited by GSH. Cys-sulfenic acid formation in the 20 S core
was demonstrated by spectral characterization of the
Cys-S(0)-4-nitrobenzo-2-oxa-1,3-diazole adduct, indicat-
ing that 20 S proteasome Cys residues might react with
reduced sulfhydryls (GSH, Cys, and y-glutamylcysteine)
through the oxidized Cys-sulfenic acid form. S-Glutahio-
nylation of the 20 S core was demonstrated in vitro by
GSH-biotin incorporation and by decreased alkylation
with monobromobimane. Compounds such as N-ethyl-
maleimide (-S-sulfhydril H alkylating), dimedone (-SO
sulfenic acid H reactant), or 7-chloro-4-nitrobenzo-2-
oxa-1,3-diazole (either -SH or -SOH reactant) highly in-
hibited proteasomal chymotrypsin-like activity. In vivo
experiments revealed that 20 S proteasome extracted
from H,0,-treated cells showed decreased chymotryp-
sin-like activity accompanied by S-glutathionylation as
demonstrated by GSH release from the 20 S core after
reduction with NaBH,. Moreover, cells pretreated with
H,0, showed decreased reductive capacity assessed by
determination of the GSH/oxidized glutathione ratio
and increased protein carbonyl levels. The present re-
sults indicate that at the physiological level the yeast 20
S proteasome is regulated by its sulfhydryl content,
thereby coupling intracellular redox signaling to pro-
teasome-mediated proteolysis.

The proteasome is an essential proteolytic complex in eu-
karyotic cells where it is responsible for the degradation of
many cellular proteins. It plays an important role in cell-cycle
regulation, cell signaling, including apoptosis, and elimination
of abnormal proteins generated by mutation (1, 2) and oxida-
tive damage (3-5).

In recent years, many publications have reported the revers-
ible S-glutathionylation of a discrete number of proteins (6).
Protein S-glutathionylation seems to play an essential role in
redox regulation. This form of regulation has direct effects on
both enzyme activity and the ability of transcription and rep-
lication factors to bind DNA targets. The mechanism of protein
glutathionylation has evolved in recent years from the strict
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belief that this event would take place solely when intracellular
GSSG! levels increased upon oxidative stress, with the forma-
tion of mixed disulfides between protein Cys-SH residues and
GSSG (7, 8), to the present and more complete understanding
of protein sulfthydryl chemistry and evidence showing forma-
tion of protein-Cys-SOH derivatives (9) that are prone to S-
glutathionylation by reduced GSH (10).

Either individual enzyme activity or global cellular re-
sponses can be rapidly controlled by the oxidation of protein-
Cys-SH residues (reviewed in Ref. 6) generating Cys-SOH,
Cys-SO,H, and Cys-SO3H acid forms (11), where Cys-SOH is
susceptible to S-thionylation and reversibly reduced to Cys-SH
(11-14). Cys-SOH formation and S-glutathionylation during
enzyme catalysis and redox signaling are novel cofactors in the
context of redox regulation (14).

In a recent publication (15) it was demonstrated that the
reduced and oxidized forms of GSH modulate the chymotryp-
sin-like activity of purified 20 S proteasome extracted from
mammalian cells. In the present report we show that the ac-
tivity of the 20 S proteasome purified from the yeast Saccha-
romyces cerevisiae is also sensitive to GSH, though in a differ-
ent way from that observed in the mammalian proteasome. The
20 S proteasome extracted from yeast is inhibited by reduced
GSH and S-glutathionylated in vitro, as well as in vivo, when
cells are submitted to oxidative challenge. Considering that the
proteasome plays important role in cell signaling regulation by
hydrolysis of many proteins involved in cascade events of the
cellular regulatory pathways, it is not surprising that its activ-
ity may be regulated by its Cys-SH residues redox status.

MATERIALS AND METHODS

Chemicals and Reagents—Diethylenetriaminepentaacetic acid
(DTPA), dimedone (5,5-dimethyl-1,3-cyclo-hexanedione), dinitrophenyl-
hydrazine, dithionitrobenzoic acid (DTNB), N-ethylmaleimide (NEM),
fluorogenic substrates succinyl-Leu-Leu-Val-Tyr-MCA (s-LLVY-MCA)
and ¢-butoxycarbonyl-Gly-Lys-Arg-MCA, y-glutamylcysteine (GC), and
streptavidin immobilized on 4% beaded agarose were purchased from
Sigma. The fluorogenic substrate carbobenzoxy-Leu-Leu-Glu-MCA, the
proteasome inhibitors lactacystin and tri-leucine vinyl sulfone, and
monobromobimane (mBrB) were purchased from Calbiochem. 7-Chloro-
4-nitrobenzo-2-oxa-1,3-diazole (NBD) was purchased from Aldrich. All
other reagents used were of analytical grade, and the water was puri-
fied with the Milli-Q system.

Yeast Strains and Growth—S. cerevisiae BY4741 strain (MATa his3A1
leu2A0 met15A0 ura3A0) was obtained from Euroscarf, Frankfurt,

! The abbreviations used are: GSSG, oxidized glutathione; Cys-SH,
reduced cysteine; Cys-SOH, Cys-sulfenic acid; Cys-SO,H, Cys-sulfinic
acid; Cys-SO;H, Cys-sulfonic acid; DTNB, dithionitrobenzoic acid;
DTPA, diethylenetriaminepentaacetic acid; DTT, dithiothreitol; GC,
y-glutamylcysteine; GSH, reduced glutathione; mBrB, monobromobi-
mane; MCA, 4-methylcoumarin-7-amide; NBD, 7-chloro-4-nitrobenzo-
2-oxa-1,3-diazole; NEM, N-ethylmaleimide; s-LLVY-MCA, succinyl-
Leu-Leu-Val-Tyr-MCA; HPLC, high pressure liquid chromatography;
ANOVA, analysis of variance.
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Germany, and RJD1144 (MATa his3A200 leu2-3,112, lys2-801 trp1A63
ura3-52 PRE1¥%::YIplac211 URA3) derived from strain JD47-13C was
kindly donated by Dr. Raymond Deshaies, Division of Biology, Caltech,
Pasadena, CA. This strain has the 20 S proteasome PRE1 subunit
tagged with the FLAG peptide sequence and a polyhistidine tail (16).
Cells were cultured in YPD medium (2% glucose, 2% peptone, and 1%
yeast extract) or as otherwise specified at 30 °C with reciprocal shaking.
Log phase cells were harvested at the optical density of the culture at
600 nm (Agy,) of 0.6—0.8. Stationary phase cells were harvested at A,
higher than 1.5.

Extraction and Purification of the 20 S Proteasome—Yeast cells were
disrupted according to the protocol described in Ref. 16. The 20 S
proteasome from untagged strain was purified by sequential chromato-
graphs on DEAE-Sepharose, Sephacryl™ S-400 column (Amersham
Biosciences), and a monoQ column in an HPLC system. The purification
was performed according to a method described previously (17), except
that gel filtration was used instead of a sucrose gradient, and the
monoQ column was used in the HPLC instead of the fast protein liquid
chromatography system. The 20 S proteasome core from the RJD1144
strain with a FLAGHiss-tagged PRE1 subunit was purified by affinity
chromatography or, when specified, by immunoprecipitation. Affinity
chromatography was performed using a HiTrap™ chelating HP column
(Amersham Biosciences) attached to a P1 peristaltic pump (Amersham
Biosciences) according to the manufacturer’s protocol. The proteasome
was eluted from the column with 300 mM imidazole. Active fractions
from all steps of all preparations were assayed by the degradation of the
fluorogenic peptide s-LLVY-MCA and confirmed by inhibition with
tri-leucine vinyl sulfone. Final enriched fractions were pooled, concen-
trated, and rediluted twice in a Centricon CM-30 apparatus (Amicon).
Purification by immunoprecipitation was performed according to the
protocol described in Ref. 16 with the anti-FLAG® M2 affinity gel
freezer-safe antibody (Sigma) immobilized on agarose beads. The 20 S
proteasome was eluted from the agarose beads, when specified, by
incubation with the FLAG® peptide (Sigma) according to the manufac-
turer’s protocol. The final preparations were analyzed by SDS-PAGE
and by electrophoresis on a 5% non-denaturing polyacrylamide gel
according to the protocol described in Ref. 17. The three different 20 S
proteasome preparations described here were used for the assays. The
results shown below (in vivo and in vitro) refer to the preparations
obtained from strains containing FLAGHisg-tagged PRE1; however, we
did not observe any difference compared with preparations from strains
containing untagged PRE1 (data not shown).

Hydrolysis Assay of Fluorogenic Peptides—20 S proteasome (0.5-3
ng) or cell extracts (400-500 ug protein/ml) were incubated at 37 °C in
10 mM Tris/HCI buffer, pH 7.8, containing 20 mm KCl and 5 mm MgCl,,
here referred to as standard buffer. Incubation was started by the
addition of 25—-50 uM of the peptides (other additions are specified in the
legends to the figures). The reaction was stopped by adding 4 volumes
of 0.1 M sodium borate, pH 9, containing 7.5% ethanol. Fluorescence
emission was recorded at 430 nm (excitation at 365 nm). MCA liberated
from the substrates was calculated from a standard curve of free MCA.

Oxidation of 20 S Proteasome with H,0,—When specified, purified
20 S proteasome preparations were treated with H,O,. Proteasome
concentration in these experiments was typically 50 ug or as otherwise
specified, and the preparation was incubated for 30 min at room tem-
perature in the presence of 5 mM H,0, with or without 100 um DTPA in
standard buffer. After incubation, excess H,O, was removed by three
cycles of centrifugation and redilution with standard buffer through
Microcon CM-10 filters (Amicon). Aliquots of the 20 S proteasome were
taken for further incubation or for hydrolysis assay after determination
of protein concentration.

Reduction of 20 S Proteasome with NaBH —After isolation of the 20
S core with the anti-FLAG antibody, as described above, the agarose
beads were washed three times according to the manufacturer’s proto-
col. NaBH, reduction was performed with the 20 S proteasome bound to
the anti-FLAG-agarose bead complex incubated in the presence of 20
mM NaBH, buffered in 50 mm Tris/HCl, pH 8.6, for 40 min at 37 °C.
After incubation, the suspension was centrifuged, the supernatant was
utilized for GSH determination (described below), and the beads were
washed twice with standard buffer. The proteolysis assay, when spec-
ified, was performed with the 20 S proteasome still bound to the beads.

GSH Determination—Intracellular GSH was extracted by lysing the
cell pellets in 1 volume of glass beads and 2 volumes of 3.5% sulfosal-
icylic acid. The suspension was vortexed for 20 min at 4 °C in a multi-
fold vortex and centrifuged at maximum speed in a microcentrifuge.
This procedure was repeated twice, and the supernatants were com-
bined. Total GSH, as well as GSSG, was assayed according to a protocol
described previously (15). The determination was performed by reaction

Yeast 20 S Proteasome S-Glutathionylation

with DTNB in the presence of glutathione reductase and NADPH.
Samples for GSSG measurement were incubated previously for 1 h with
NEM after adjusting the pH to 7. GSH released from 20 S proteasome
was detected as follows: 20 S proteasome isolated by immunoprecipita-
tion was reacted with NaBH, as described above. The supernatant
recovered was filtered through a Microcon CM-10 filter. The filtrate was
acidified to remove remaining NaBH, (reaction with NaBH, was per-
formed at pH 8.6), and the pH was adjusted to 7 prior to the addition of
DTNB, glutathione reductase, and NADPH. GSH detection was in-
creased in the presence of glutathione reductase and NADPH compar-
ing to detection in the presence of DTNB only. GSH concentration was
calculated from standard curves of GSSG. Intracellular reduced GSH
was determined by the difference between total GSH and GSSG.

GSH-Biotin Preparation—GSH-biotin derivative was achieved as de-
scribed in Ref. 18. GSH was reacted with sulfo-NHS-biotin (EZ-Link™
NHS-LC-Biotin; Pierce) at 1/1 molar ratio in 50 mm NaHCO,, pH 8.5,
for 1 h at room temperature. The reaction was stopped by the addition
of 5X excess NH,CO; compared with initial biotin concentration.

Proteasome S-Modification by the GSH-Biotin Derivative—H,0,-
treated or untreated 20 S proteasome (450 ug) was incubated with 5 mm
GSH-biotin for 20 min at room temperature. Excess GSH-biotin was
removed by filtration through a Microcon CM-10 filter followed by
redilution three times in standard buffer. After washing, protein was
diluted in standard buffer, mixed with streptavidin-agarose beads (100
ul/mg protein), and incubated for 60 min at 4 °C. The beads were
washed by four cycles of centrifugation/redilution in standard buffer
containing 150 mM NaCl, and the remaining protein was eluted from
the beads by incubation for 30 min in standard buffer containing 0.1%
SDS and 10 mm DTT, followed by centrifugation at maximum speed for
15 min. The supernatants were submitted to 12.5% SDS-PAGE after
determination of protein concentration.

Cell Viability—Aliquots of the cell suspension were diluted to an A,
of 0.2 immediately after the treatments, followed by a further 5,000
redilution. Aliquots of 100 ul of the final suspension were spread on
YPD-agar plates (five per sample) and incubated at 30 °C for 48 h. After
incubation, colonies were counted manually. Cell viability assays were
repeated at least five times.

Assay for the Protein Carbonyl Group—Carbonyl group formation in
the proteins was determined by derivatization with dinitrophenylhydr-
azine and quantified by spectrophotometry as described in Ref. 19.

Protein Determination—Protein concentration was determined with
Bradford® reagent (Bio-Rad).

RESULTS

Yeast 20 S Proteasomal Activity Is Inhibited by Sulfhydryl
Compounds—Purified 20 S proteasome core isolated from S.
cerevisiae was assayed for hydrolysis with the s-LLVY-MCA
substrate in the presence of GSH, GSSG, and Cys (Fig. 1).
GSSG had a slight effect on 20 S proteasomal activity at any
concentration tested. However, GSH or Cys strongly inhibited
the proteasomal activity at 5 mm concentration. The GSH pre-
cursor GC also inhibited chymotrypsin-like activity in a pat-
tern similar to that obtained by Cys treatment (results not
shown). The trypsin-like activity determined by the hydrolysis
of the fluorogenic substrate ¢-butoxycarbonyl-Leu-Lys-Arg-
MCA was 50% decreased in the presence of 10 mm GSH (results
not shown). The trypsin-like specific activity (umol MCA/min/
mg) represented less than 5% of the chymotrypsin-like activity
measured under the experimental conditions described here
(the same protocols were used for both determinations). The
peptidylglutamyl-hydrolizing activity assayed by the hydrolysis
of the fluorogenic peptide carbobenzoxy-Leu-Leu-Glu-MCA was
not affected by any of the sulfhydryl compounds tested (GSH, GC,
or Cys) at any concentration or by GSSG (result not shown).

One question raised by these results was how the reduced
form of GSH and other thiols tested (Cys and GC), but not
GSSG, inhibited 20 S proteasomal activity. Our working hy-
pothesis was that Cys-SH residues in the 20 S proteasome
structure are probably oxidized to the Cys-SOH form, suscep-
tible to S-glutathionylation by GSH, as described elsewhere (6,
20), but not by GSSG, according to the reaction,

GSH + proteasome—S—OH — proteasome —SSG + H,0
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Fic. 1. Chymotrypsin-like activity of the 20 S proteasome ex-
tracted from yeast determined in the presence of GSH, GSSG,
and Cys. The 20 S proteasome (1-3 pg/ml) isolated from S. cerevisiae,
as described under “Materials and Methods,” was preincubated in
standard buffer for 10 min at room temperature in the presence of 0-5
mM Cys, GSH, or GSSG, followed by a further 1-h incubation at 37 °C
with 10 um s-LLVY-MCA. Results are expressed as means *= S.D. of
four independent experiments.

To test this hypothesis, purified 20 S proteasome preparations
were incubated in the presence of 5 mm H,0, and 100 um
DTPA. The iron chelator DTPA was used to prevent the Fenton
reaction and consequently the generation of the very reactive
hydroxyl radical, which may produce nonspecific protein oxi-
dation, in addition to iron-catalyzed thiol oxidation and gener-
ation of several protein-sulfur derivatives (21). Thus, in the
absence of iron or another transition metal, sulfhydryl oxida-
tion to Cys-SOH may prevail, though further oxidation of Cys-
SOH to Cys-SO,H and Cys-SO3H is expected (11). According to
our results, 20 S proteasome treatment with Hy,O, in the pres-
ence of DTPA decreased chymotrypsin-like activity to 80% of
the original level (Fig. 24), whereas when H,0, treatment was
performed in the absence of DTPA the activity was reduced to
60% (data not shown). When 20 S proteasome was pretreated
with H,O, plus DTPA the chymotrypsin-like activity was much
more affected by GSH (Fig. 2A). In fact, after H,O,/DTPA
pretreatment, inhibition by GSH occurred at concentrations as
low as 0.01 mm (35% inhibition), and GSH at 1 mm promoted
stronger inhibition (60%; see Fig. 2A) than that verified with-
out pretreatment (Fig. 1). In contrast, GSSG did not affect 20 S
proteasome activity (Fig. 2A4). These results are in agreement
with our hypothesis in the reaction shown above.

In contrast to H,O,, DTT treatment enhanced proteasomal
activity by about 15-20% (Fig. 2B). Moreover, it sensitized the
proteasome to GSH incorporation after H,O, treatment. When
20 S proteasome samples were treated with 10 mm DTT, fol-
lowed by incubation with H,O,/DTPA, the chymotrypsin-like
activity was even more sensitive to GSH when compared with
samples not preincubated with DTT (Fig. 2A). In this condition,
proteasomal activity was decreased to 50 and 5% in the pres-
ence of 0.5 or 1 mm GSH, respectively (Fig. 2B), whereas when
the same GSH concentrations were employed without DTT
pretreatment, chymotrypsin-like activity was decreased only to
60 and 40%, respectively (Fig. 2A). Cys-SOH already present in
20 S proteasome was probably reduced to Cys-SH by DTT, with
the consequent prevention of hyperoxidation of Cys-SOH to
Cys-SO,H or Cys-SO;H by H,0, treatment.

As expected according to our hypothesis described in the
reaction shown above, when the 20 S core was pretreated only

681

A IR N o t(reatment
@HZOJDTPA pretreatment
EZZZ2 G SHM after H,0,/ DTPA
S 6886 after HO,/DTPA

100 4

M CA liberation (%)
=
=3
1

N
§
N
N
N
N
X
N
N
X
N
N
N
N
N
§
N

Y

V
o
Z
Z
/
Z
Z
Z
Z
Z
Z
Z

AN ZR A

= A TRy

0 - Z

e
e
=)

0
GSH or GSSG (m M)

>
)
n
tn

B BDTT 10 mM
7 H,0.,/DTPA
120
£ 100
- ]
2 80
« g
b
2 60
<
o 40
s 4
20 -
0

GSH (mM)

Fic. 2. A, H,0,/DTPA pretreatment of 20 S proteasome sensitizes
chymotrypsin-like activity to GSH inhibition. 20 S proteasome was
pretreated with H,O, in the presence of DTPA, as described under
“Materials and Methods.” Aliquots of H,0O,-treated samples (1-3 ug)
were taken and incubated with GSH or GSSG, as described in the
legend for Fig. 1, followed by a hydrolysis assay with s-LLVY-MCA. B,
DTT preincubation followed by oxidation with H,O,/DTPA increases 20
S core sensitization to GSH inhibition. 20 S proteasome (100 ng) was
preincubated for 30 min at room temperature in standard buffer in the
presence of 10 mm DTT. After incubation, DTT was washed out by
filtration through Microcon CM-10 filters. Protein recovered from the
filter was treated with H,O,/DTPA, as described under “Materials and
Methods.” Aliquots of H,O,-treated samples (1-3 ug) were taken and
incubated with GSH or GSSG, as per the legend for Fig. 1, followed by
a hydrolysis assay with s-LLVY-MCA. Results are represented as per-
centage of control samples (no treatment) set as 100 and are expressed
as means *= S.D. of four independent experiments.

with DTT, no alteration by GSH was observed in its activity
(Fig. 2B). Also, proteasome reduced by DTT was not inhibited
by GSSG (result not shown) as could be expected, because
GSSG is able to react with sulfhydryl groups to form mixed
disulfides (7, 8). Reduced Cys-20 S might be prevented from
reacting with GSSG by structural constraints imposed by
nearby groups.

Proteasomal Activity Is Inhibited by Cys-SH and Cys-SOH
Reactants—To demonstrate that modification of Cys-20 S core
residues is responsible for the inhibition of chymotrypsin-like
activity, we next tested this activity in the presence of Cys-SH
and Cys-SOH reactants, such as NBD, dimedone, and NEM
(Table I). We observed that chymotrypsin-like activity was
inhibited 40 and 30% by 50 um NBD and 1 mm NEM, respec-
tively. NEM alkylates Cys-SH whereas NBD is incorporated
into both Cys-SH and Cys-SOH. This might be, at least in part,
the reason why NBD is more potent than NEM in terms of
chymotrypsin-like activity inhibition. After inhibition by NBD,
20 S proteasomal activity was recovered by incubation with 5
mM DTT (result not shown). Because DTT treatment leads to
NBD release (9), this result indicates that inhibition was pro-
moted by Cys conjugation.

The specific Cys-SOH reagent dimedone (9) produced low
inhibition when compared with the former reagents. Dimedone
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TABLE 1
Effect of Cys-SH and Cys-SOH reactants on proteasomal activity
The 20 S proteasome (1-3 pg/ml) was preincubated, as per Fig. 1, for 30 min at room temperature in the presence of NBD, NEM, or dimedone,
at the indicated concentrations, followed by a further 1-h incubation at 37 °C with 10 uM s-LLVY-MCA. H,0,/DTPA-treated samples, prior to the
hydrolysis assay or dimedone incubation, samples were treated with 5 mMm H,O, and 100 um DTPA, as described under “Materials and Methods,”
followed by incubation with dimedone and the assay with the fluorogenic substrate. The s-LLVY-MCA hydrolysis assay is described under
“Materials and Methods.” Results are means = S.D. of three independent experiments.

Proteasome incubation

MCA release

wmol X min~! X mg~!

Control (no addition) 254+ 14
H,0,/DTPA-treated samples 20.3 = 1.5%
NBD 50 puMm 15.7 = 0.8
Dimedone 1 mMm 241 +1.1
5 mMm 226+ 1.8
10 mMm 19.6 £ 1.8¢
H,0,/DTPA-treated samples plus 10 mM dimedone 11.6 + 1.0°
NEM 1 mm 17.6 £ 1.0¢
5 mM 10.4 = 0.8¢
10 mm 7.6 = 0.6°
“p = 0.0001 (ANOVA).
promoted 23% inhibition only at 10 mm concentration. On the
other hand, when purified 20 S proteasome preparations were 04 e 5.NBD ey
pretreated with H,O,/DTPA prior to incubation with dime- 040

done, we observed increased proteolytic inhibition compared
with the inhibition observed in the absence of H,O,/DTPA
pretreatment followed by dimedone incubation (results shown
in italics in Table I). Upon H,0, pretreatment, 10 mm dime-
done decreased chymotrypsin-like activity to 50% of that ob-
served in H,0, control samples.

Taken together, the results reported thus far indicate that
any group located in Cys residues of the 20 S core decreases its
hydrolytic activity, at least the chymotrypsin-like activity,
which is considered the strongest of its activities (1). It seems
that Cys residues in the 20 S proteasome must be reduced as
much as possible to allow maximum activity. Nevertheless,
these residues appear to oxidize easily to Cys-SOH.

Cys-SOH Formation and S-Glutathionylation—To demon-
strate that Cys residues in the 20 S proteasome structure are
oxidized to Cys-SOH, 20 S proteasome preparations were incu-
bated with NBD. This compound reacts with Cys-SH, as well as
with Cys-SOH. NBD adducts of Cys-SOH and Cys-SH can be
distinguished by their spectra (9). The proteasome-Cys-S(O)-
NBD adduct was generated by 20 S proteasome pretreatment
with H,O,/DTPA followed by NBD incubation (Fig. 3, dashed
line spectrum). This adduct showed maximum absorbance at
345 nm whereas the purified 20 S core not oxidized by Hy,0,
yielded the NBD adduct with a maximum absorbance at 420
nm (Fig. 3, solid line spectrum).

We also reacted denatured 20 S proteasome preparations
with the —SH reactant mBrB (22). Denatured 20 S proteasome
samples were preincubated with DTT or GSH. After incuba-
tion, DTT and GSH were removed, and the samples were
treated overnight with 150 um mBrB. Proteasome-Cys-bimane
conjugates were detected by fluorescence emission recorded
after removal of mBrB. DTT-reduced samples showed fluores-
cence emission at least twice as high as control samples,
whereas GSH-treated samples showed reduced fluorescence,
probably because 20 S proteasome mixed disulfides could not
conjugate with mBrB (Fig. 4). This result indicates that GSH
does not play the role of a reducing compound as DTT, but
probably GSH was incorporated into the protein structure by
S-conjugation.

To demonstrate effectively that the effect of GSH on protea-
somal activity is because of S-glutathionylation, 20 S protea-
some preparations were incubated with the GSH-biotin deriv-
ative according to the protocol described in the literature (18).
This method allows the direct determination of protein S-glu-
tathionylation, because biotinylated GSH-proteasome com-

Absarbance
-SO)-NBD

0,10

005

wavelenght qun)

Fic. 3. NBD-modified 20 S proteasome UV-visible spectra. The
Cys-S(0)-NBD conjugate (dashed line) was generated by incubating
denatured 20 S proteasome (40 ug) in standard buffer with H,O,/DTPA,
as described under “Materials and Methods,” followed by incubation
with 100 uM NBD for 30 min. All reagents were washed out by filtration
through Microcon CM-10 filters prior to absorbance measurements. The
Cys-S-NBD conjugate (solid line) was generated by incubating dena-
tured 20 S proteasome (40 ug) in standard buffer with 100 um NBD.
Proteasome was denatured by preincubation in 5 M guanidine solution
buffered in 50 mM Tris/HCl, pH 7.5. Spectra were recorded with a
Hitachi spectrophotometer.

plexes can be isolated by the streptavidin affinity procedure. 20
S proteasome pretreatment with H,O, increased GSH incorpo-
ration (Fig. 5). The protein concentration determined after
protein elution from the streptavidin-agarose beads was 4-fold
higher in samples pretreated with H,0,. Protein recovered
from control and H,O,-treated samples after elution from the
streptavidin beads was 10 and 40.5 pug, respectively (the
amount of protein reacted with GSH-biotin was the same in
both samples, i.e. 300 wg). This result is direct proof that 20 S
proteasome is susceptible to S-glutathionylation by means of
GSH addition to Cys-SOH. Because a significant amount of
S-glutathionylated 20 S proteasome was detected in the control
sample, part of its Cys residues were probably already oxidized
to Cys-SOH (Fig. 5). It should be emphasized that the reaction
with GSH-biotin was performed under non-denaturing condi-
tions. The preparation was brought to denaturing conditions
only after incubation with and removal of GSH-biotin to dis-
place the 20 S core from the streptavidin-agarose beads. Thus
the results described in Fig. 5 do not allow us to predict how
many or which subunits of the 20 S core were S-glutathiony-
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Fic. 4. mBrB incorporation into the 20 S core after DTT and
GSH preincubation. 20 S proteasome (10 pg) was incubated in stand-
ard buffer for 30 min with DTT or for 10 min with GSH at room
temperature at the indicated concentrations. GSH or DTT was re-
moved, and protein samples were washed in standard buffer by filtra-
tion. The Cys-mBrB conjugate was generated by overnight incubation
with 150 uM mBrB at 4 °C in the dark. After incubation, 20 S protea-
some was precipitated with 20% trichloroacetic acid followed by wash-
ing three times with 10% trichloroacetic acid. The protein was dissolved
in 5 M guanidine buffered in 0.1 M Tris/HCl, pH 7.5. Fluorescence
emission was recorded at 476 nm (excitation at 400 nm). Results are
expressed as means = S.D. of three independent experiments. *, p <
0.000025. **, p at least 0.001 (ANOVA).
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Fic. 5. 20 S proteasome S-glutathionylation by GSH-biotin.
Glutathionylated 20 S proteasome was purified from control (300 pg)
and H,O,-treated (300 ug) samples after incubation with GSH-biotin
followed by SDS-PAGE. The complete experimental procedure is de-
scribed under “Materials and Methods.” The gel shown is representa-
tive of three independent experiments. The left lane refers to 5 pug of a
standard preparation of 20 S proteasome, and the middle and right
lanes refer to the GSH-biotin-incubated control (10 ug) and to H,O,-
treated samples (40.5 pg), respectively.

lated. We tried to denature the proteasome just after incuba-
tion with GSH-biotin and prior to the streptavidin incubation
to determine approximately how many and which subunits
would be S-glutathionylated. However, under these conditions,
the proteasome concentration of control and H,O,-treated sam-
ples recovered from the agarose beads was not sufficient to be
detected on the gel by Coomassie Blue staining. This is an
indication that perhaps very few or even only one subunit
might be S-glutathionylated.

Comparative Catalytic Regulation by GSH among 20 S Pro-
teasome Structures—Chymotrypsin-like activity of 20 S protea-
some from Methanosarcina thermophila, an Archaeon bacte-
rium, was assayed in the presence of GSH and NEM for
comparison to its counterpart, the yeast 20 S proteasome. The
Archaeon proteasome was not affected by GSH and was inhib-
ited slightly by NEM (Table II). In the case of mammalian 20 S

683

TaBLE IT
Effect of Cys modification on Archaeon proteasome activity

Archaeon proteasome was purchased from ICN Biomedical Research
Products. 25-50 pg/ml was preincubated for 10 or 30 min at room
temperature in the presence of GSH or NEM, respectively, at the
indicated concentrations, followed by a further 1-h incubation at 37 °C
with 10 um s-LLVY-MCA. Hydrolysis determination was described
under “Materials and Methods.” Results are means * S.D. of three
independent experiments.

s-LLVY-MCA hydrolysis

mm MCA umol X min~! x mg™!
No addition 8.8 0.5
GSH 5 9.0+ 0.5
10 10.2 £ 0.9
NEM 1 8.7+ 0.6
5 7.5 +0.7
10 6.2 = 0.4¢

“p = 0.001 (ANOVA).

proteasome, both GSH and GSSG at micromolar concentra-
tions activated the chymotrypsin-like activity, whereas it was
inhibited by millimolar concentrations (15). Moreover, 20 S
mammalian proteasomal activity was inhibited strongly by
NEM. On the other hand, the yeast 20 S core is inhibited only
by reduced GSH (Fig. 1) and is inhibited strongly by NEM
(Table I) whereas the Archaeon proteasome is not affected by
any GSH form and is only affected slightly by NEM (Table II).

These results indicate a possible role of Cys residues inside
the 20 S core controlling its catalytic activity. Comparing Cys
residue content among archaeon, yeast, and mammalian (hu-
man) 20 S proteasomes, 28, 74, and 100 (108 total Cys) reduced
Cys residues are found, respectively. Most likely the differen-
tial effect of GSH addition on proteasome activity is related to
non-conserved Cys residues. Our belief is that the 20 S protea-
some core has evolved as an important sensor of cellular redox
status by modification in its catalytic activity brought about by
changes in its Cys residues, promoting the cellular response to
redox alterations.

In Vivo 20 S Proteasome Glutathionylation—Our next ap-
proach was to search for in vivo 20 S proteasome S-glutathio-
nylation. Our hypothesis was that proteasome would be sensi-
tive to intracellular reductive capacity, being more active as the
cell reductive environment is maximized. This might be an
additional way for cells to trigger the signaling response to
oxidative alterations. To test this hypothesis, we treated cells
with increasing H,0, concentrations. After treatment, the hy-
drolysis of the fluorogenic substrate s-LLVY-MCA was deter-
mined in preparations of 20 S proteasome isolated from the cell
extract with the anti-FLAG system and in the proteasome-free
cell extract obtained after 20 S proteasome extraction. The 20
S core-anti-FLAG antibody complex bound to agarose beads
was assayed for the hydrolysis of the fluorogenic peptide s-
LLVY-MCA before and after incubation in the presence of 20
mM NaBH, to reduce the S-S bridges formed by mixed disul-
fides or to reduce Cys-SOH to Cys-SH. NaBH, can also reduce
carbonyl groups or Schiff bases formed by the oxidation of some
specific amino acid residues to alcohol derivatives (23). Our
purpose in using NaBH, was to reduce oxidized Cys residues
inside the 20 S core, thereby recovering proteasome sulthydryls
and promoting GSH release from the core. GSH was assayed in
the supernatant recovered after reduction with NaBH,, as
described under “Materials and Methods.”

The reductive cellular capacity was evaluated by the deter-
mination of the GSH/GSSG ratio. We also determined cell
viability and the formation of carbonyl protein as a marker of
oxidative stress (Table III).

H,0, treatment leads to a significant increase in the forma-
tion of protein carbonyl when added to the culture medium at
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TasLE IIT
Proteasomal activity and redox parameters upon H,0, cell treatment
Cells were grown in YPD medium to Agy, of 0.6-0.8 followed by a further 1-h incubation with H,O, added to the medium at the final
concentrations shown. After incubation, aliquots were taken for cell viability assay. The remaining cells were harvested by centrifugation and
washed twice with water. Cell extract preparation, 20 S proteasome purification by immunoprecipitation, reduction with NaBH,, and measure-
ments of proteolysis, total and oxidized glutathione, GSH released from 20 S proteasome, and carbonyl proteins are described under “Materials and

Methods.” ND, not determined.

H,0,
No addition
0.1 0.5 1
mMm
Cell viability, no. of colonies 62 £ 2 62 =2 28 + 2% 19 = 1
s-LLVY-MCA hydrolysis, %
20 S proteasome fraction®®
Before NaBH, reduction 100 = 6 102 =3 50 = 37 36 = 2¢
After NaBH, reduction 110 £ 7 ND 70 = 4¢ ND
Proteasome-free cell extract®® 100 + 4 128 = 97 160 + 7¢ 165 + 87
GSH, nmol/mg*® Not detected ND 1.40 = 0.05 ND
GSH/GSSG 54 +3 66 + 2¢ 37 £ 9 29 + 1¢
Protein carbonyl formation, nmol/mg” 20 = 2 24 + 2 27 + 18 ND

“p = 0.00027 (ANOVA).

® Results are expressed as percentage of control samples (No addition), set as 100.
¢ 20 S proteasome was purified from the cell extract by immunoprecipitation and assayed for proteolysis before and after reduction with NaBH,.
< Proteolysis was determined in the cell extract, free of the 20 S proteasome particle, recovered after incubation two times with anti-FLAG

antibody.

¢ GSH was released from samples of 20 S proteasome after reduction with NaBH,, as described in footnote c.
#The protein fraction from cell extracts was precipitated with 20% trichloroacetic acid. All results are means * S.D. of four to five independent

experiments.
&p = 0.027 (ANOVA).

a concentration of at least 0.5 mm (Table III). At this concen-
tration, H,O4-promoted oxidative stress was accompanied by
decreased reductive capacity of the cell, as evaluated by the
GSH/GSSG ratio, which dropped to 68.5% compared with that
found in control cells. Under the same conditions, proteasomal
activity decreased 50% before incubation with NaBH, and was
partially recovered after reduction with NaBH, to 70% of con-
trol samples (Table III). Hydrolysis of the fluorogenic peptide
s-LLVY-MCA, determined in the proteasome-free extract, in-
creased by 60%. Reports in the literature (24—26) show that
mammalian cells under oxidative stress show increased prote-
olysis. The cited authors assume that increased proteolysis is
because of increased proteasomal activity such as that seen in
vitro when oxidized substrates show increased hydrolysis lev-
els by purified 20 S proteasome preparations from mammalian
cells (3). However, our results show that yeast 20 S proteasome
is highly affected by oxidative stress whereas hydrolysis not
dependent on proteasome is increased (Table III).

The reason for the partial recovery of proteasome activity
after NaBH, treatment (Table III) is probably the reduction of
Cys-SOH or Cys-SSG to Cys-SH. However, other oxidative
processes are responsive to reduction by NaBH,, e.g. formation
of carbonyl and Schiff bases (19), but in this case the original
amino acid structures are not regenerated as expected for Cys-
SOH and Cys-SSG. GSH release from the 20 S core after
reduction with NaBH, (Table III) is strong evidence that pro-
teasomal activity might be regulated by S-glutathionylation
under intracellular oxidative conditions, and consequently de-
creased reductive capacity, here attested by a reduced GSH/
GSSG ratio upon H,0, cell treatment.

Taken together, results obtained in vivo after cell treatment
with H,0, indicate that loss of reductive cellular capacity,
according to GSH/GSSG ratios and protein carbonyl levels, is
associated with loss of 20 S proteasomal activity and with its
S-glutathionylation. These data are an indication of redox mod-
ulation of 20 S proteasome activity.

DISCUSSION

It is becoming increasingly apparent that many oxidant-
sensitive proteins are S-glutathionylated in response to intra-
cellular redox status (6, 18, 27) (reviewed in Ref. 28). Cys-SOH

is an intermediate form involved in redox regulation and ca-
talysis by protein sulthydryl groups (reviewed in 6). Distinct
fates for protein Cys-SOH have been considered (11, 14)
whereby S-glutathionylation would be one of the mechanisms
modulating protein activity. Protein S-glutathionylation is a
reversible process, and there is considerable evidence that GSH
release is controlled enzymatically, probably by glutaredoxin
(29).

In this manuscript we describe the mechanism by which 20
S proteasome is glutathionylated in vitro. Taken together,
those results indicate that during moderate oxidative stress
Cys residues inside the 20 S proteasome core might be oxidized
to Cys-SOH, reversibly protected by S-glutathionylation, and
most likely deglutathionylated after cellular recovery from ox-
idative stress.

From the data in Table III we calculated that one to two
molar GSH was released per mol of 20 S proteasome, consid-
ering that the molecular mass of the yeast protease is ~700
kDa. GSH was not detected in 20 S proteasome samples ob-
tained from control cells, probably because of the sensitivity of
the assay utilized for GSH detection. The low GSH concentra-
tion released from the 20 S core is a suggestion that S-gluta-
thionylation of 20 S proteasome at the physiological level is
highly specific; probably very few Cys residues in the core are
prone to S-glutathionylation during metabolic processes. Our
hypothesis is that S-glutathionylation of the 20 S proteasome is
coupled to the oxidation of sulfhydryls, according to the reac-
tion shown above.

Comparing the results described here about the effect of
GSH and GSSG on proteasomal activity from yeast (see Figs. 1
and 2) and M. thermophila (Table II) to earlier results (15)
obtained for mammalian 20 S proteasome, it is clear that the 20
S proteasome homologues respond differentially to changes in
redox conditions. In this regard, it is important to observe that
the mammalian counterpart has either long- or short-lived
proteins as substrates, and its localization inside cells is wide-
spread; it is found in the cytoplasm and nucleus (30). On the
other hand, the yeast proteasome is associated with the degra-
dation of short-lived proteins and localized mainly inside the
cell nucleus, and perhaps not more than 20% occurs in the
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cytoplasm associated with the nuclear endoplasm reticulum
network (31).

It is interesting to point out that GSH distribution inside
yeast cells is still not clear. Although it has been demonstrated
already that GSH is distributed inside the mammalian nucleus
at concentrations as high as in the cytoplasm (32), its presence
inside the yeast nucleus is not clear, neither is the distribution
of glutarredoxin isoforms inside yeast cells clear thus far. A
mammalian nuclear isoform was described already (33, 34)
whereas information on yeast nuclear isoforms is still lacking.
Because glutaredoxin activity is coupled to direct GSH con-
sumption, its presence inside the nucleus would be strong
evidence of GSH distribution in the nucleus. Considering pro-
teasome distribution and its role in the yeast cell, as discussed
above, elucidation of GSH distribution inside yeast cells is an
important matter to corroborate the findings discussed here.

Another important difference suggested in the literature (30,
31) is that yeast proteasome is always capped by the 19 S
regulatory unit in contrast to the finding that its counterpart,
the mammalian 20 S proteasome, is found in 3—4-fold excess
over the 19 S regulatory unit. In our opinion, even if it is true
that the yeast proteasome is always capped with the 19 S
regulator, this does not rule out the possibility that the cata-
Iytic unit represented by 20 S proteasome is regulated inde-
pendently of either protein ubiquitinylation or substrate recog-
nition by the 26 S proteasome. Our results indicated that redox
regulation by glutathionylation is important in vivo (Table III).
Other examples of redox regulation and S-glutathionylation
have been described for other metabolic processes (27, 35, 36).
Our results lead us to speculate that 20 S proteasomal activity
can be modulated by S-glutathionylation through the increased
presence of oxidants, which would be used in signaling pro-
cesses. Besides, transient 20 S proteasome inhibition would
decrease the hydrolysis of proteins responsible for redox sig-
naling, e.g. AP-1-like factors. AP-1-like proteins are sensors of
the redox state of the cell (37) and, as already demonstrated in
mammalian cells, are degraded by the proteasome (38). The
metabolic advantage of protein S-glutathionylation in redox
signaling is the prevention of irreversible oxidation of the Cys
thiol group to Cys-SO,H or Cys-SO3H, permitting protein re-
activation by reduction. Such mechanism might work in paral-
lel to the main mechanism controlling proteasome-mediated
proteolysis, i.e. ubiquitinylation. The relationship between pro-
teasome glutathionylation and ubiquitinylation of substrates
remains to be established.
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Crystallization and preliminary X-ray crystallographic studies of
glutaredoxin 2 from Saccharomyces cerevisiae in different oxidation
states.
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Abstract

Glutaredoxins are small (9-12 kDa) heat-stable proteins that are highly conserved throughout evolution;
the glutaredoxin active site (Cys-Pro-Tyr-Cys) is conserved in most species. Five glutaredoxin genes have
been identified in Saccharomyces cerevisiae; however, Grx2 is responsible for the majority of
oxidoreductase activity in the cell, suggesting that its primary function may be the detoxification of mixed
disulfides generated by reactive oxygen species (ROS). Recombinant Grx2 was expressed in Escherichia
coli as a 6xHis-tagged fusion protein and purified by nickel-affinity chromatography. Prior to crystallization
trials, the enzyme was submitted to various treatments with reducing agents and peroxides. Crystals
suitable for X-ray diffraction experiments were obtained from untreated protein and protein oxidized with t-
butyl hydroperoxide (10 mM). Complete data sets were collected to resolutions 2.15 and 2.05 A for
untreated and oxidized Grx2, respectively, using a synchrotron-radiation source. The crystals belong to

space group P4(1)2(1)2, with similar unit-cell parameters.
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Crystallization and preliminary X-ray
crystallographic studies of glutaredoxin 2 from

Saccharomyces cerevisiae in different oxidation

states

Glutaredoxins are small (9-12 kDa) heat-stable proteins that are highly
conserved throughout evolution; the glutaredoxin active site (Cys-Pro-Tyr-
Cys) is conserved in most species. Five glutaredoxin genes have been identified
in Saccharomyces cerevisiae; however, Grx2 is responsible for the majority of
oxidoreductase activity in the cell, suggesting that its primary function may be
the detoxification of mixed disulfides generated by reactive oxygen species
(ROS). Recombinant Grx2 was expressed in Escherichia coli as a 6 x His-tagged
fusion protein and purified by nickel-affinity chromatography. Prior to
crystallization trials, the enzyme was submitted to various treatments with
reducing agents and peroxides. Crystals suitable for X-ray diffraction
experiments were obtained from untreated protein and protein oxidized with
t-butyl hydroperoxide (10 mM). Complete data sets were collected to
resolutions 2.15 and 2.05 A for untreated and oxidized Grx2, respectively, using
a synchrotron-radiation source. The crystals belong to space group P4,2,2, with
similar unit-cell parameters.

1. Introduction

Glutaredoxins (Grx) are small (9-12 kDa) heat-stable proteins with
at least one cysteine in their active site that are highly conserved
throughout evolution (reviewed by Holmgren, 1989). The ubiquitous
distribution of glutaredoxins is probably related to the fact that these
proteins are involved in many cellular processes, including protein
folding, regulation of protein activity, reduction of dehydroascorbate,
repair of oxidatively damaged proteins and sulfur metabolism
(Holmgren, 1989; Rietsch & Beckwith, 1998).

There are five glutaredoxin genes (GRXI-5) in the yeast
Saccharomyces cerevisiae. The Grx1 and Grx2 isoforms are dithiol
proteins with a Cys-Pro-Tyr-Cys motif in their active site, whereas
Grx3, Grx4 and Grx5 are monothiol proteins that contain Cys-Gly-
Phe-Ser in their active site (Rodriguez-Manzaneque et al., 1999; Belli
et al., 2002). The importance of glutaredoxin is related to the fact that
these proteins possess the ability to reduce disulfide bonds
(Holmgren, 1989). Changes in the thiol-disulfide redox status of
proteins are important not only for the reactivation of enzymes and
for protein folding and stability, but also for the control of protein
function (Ritz & Beckwith, 2001). In vitro studies have shown that
both Grx1 and Grx2 can reduce mixed disulfides. However, despite
the homology between Grx2 and Grxl (64% identity and 85%
similarity), Grx2 is responsible for the majority of oxidoreductase
activity in the cell (Luikenhuis et al, 1998; Grant, 2001). Grx2
performs the reversible disulfide-bond exchange reaction between its
active site and the active site of the substrate protein via a monothiol
mechanism, initiated by the nucleophilic N-terminal cysteine residue
(Luikenhuis et al, 1998; Collinson & Grant, 2003; Ritz & Beckwith,
2001).

It was recently proposed that Grx2 also possesses peroxidase and
glutathione S-transferase activities (Collinson et al., 2002; Collinson
& Grant, 2003). Accordingly, the resistance of yeast to oxidative
stress induced by hydroperoxides is affected by changes in the levels
of glutaredoxins among other factors (Collinson et al., 2002). Yeast
strains with deletions in either the GRXI or GRX2 genes are sensi-
tive to hydroperoxides; however, the GRX2 null mutant has higher
hydrogen peroxide sensitivity, showing that Grx2 is probably the
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main glutaredoxin involved in the detoxification of this oxidant in the
cell (Collinson et al., 2002; Wheeler & Grant, 2004). Both dithiolic
glutaredoxins are capable of reducing hydroperoxides directly in a
catalytic manner: their active sites act as an electron-transfer site and
undergo a reversible oxidation of two vicinal protein thiol groups to a
disulfide bridge (Collinson et al, 2002). The resulting oxidized
glutaredoxin is reduced by two GSH molecules and the resulting
GSSG is reduced back by NADPH in a reaction catalyzed by
glutathione reductase (Jordan et al., 1997). Preliminary results from
our group have indicated that Grx2 is also involved in another
process: the deglutathionylation of the 20S proteasome. The converse
process of deglutathionylation, glutathionylation, occurs avoiding the
irreversible oxidation of the proteasome (Demasi et al., 2003).

Recently, two different isoforms of Grx2 have been identified, one
with a molecular weight of 15.9 kDa and the other of 11.9 kDa. Both
isoforms are localized in the mitochondria, but the shorter isoform is
also detected in the cytosolic fraction (Pedrajas et al., 2002). The
multitude of Grx2 functions can probably be related to the fact that
this protein possesses these two isoforms.

At present, three-dimensional structures of glutaredoxins from
only four sources have been determined: Escherichia coli Grxl
(Sodano et al., 1991), Grx2 (Xia et al., 2001) and Grx3 (Nordstrand et
al., 1999), bacteriophage T4 Grx (Eklund et al., 1992), Sus scrofa Grx
(Katti et al., 1995) and Homo sapiens Grx (Sun et al., 1998). These
proteins share the same thioredoxin overall fold, despite variations in
amino-acid sequences (Stefankova et al., 2005). The glutaredoxin 2

)

Figure 1

Crystals of Grx2 from S. cerevisiae. (a) Untreated protein, (b) oxidized protein.
Both Grx2 crystals were grown using 30% PEG 4000, 0.1 M sodium acetate pH 4.6
and 0.2 M ammonium acetate.

from E. coli, the only Grx2 of known three-dimensional structure, is
an atypical glutaredoxin with a molecular weight of 24 kDa,
compared with the typical molecular weight of 9-12 kDa for other
known glutaredoxins (Xia et al, 2001). In this work, we present
preliminary X-ray crystal analysis aiming towards the three-dimen-
sional structure determination of the shorter S. cerevisine Grx2
isoform, which may be helpful in comprehension of the molecular
mechanisms by which Grx2 operates.

2. Methods
2.1. Cloning

The 432 bp GRX2 gene was PCR amplified from S. cerevisiae
genomic DNA of strain W303 using primers which, in addition to the
open reading frame, contained cloning adaptors (Ndel and BamHI
restriction sites) to favour the gene transfer to expression plasmids.
The PCR product and the expression vector pET15b were first
digested with Ndel and then with BamHI. The fragments generated
by Ndel/BamHI digestion containing the GRX2 gene and pET15b
were extracted from agarose gel by the Rapid Gel Extraction Concert
kit (Invitrogen). After purification, the GRX2 gene was ligated to the
digested pET15b expression vector. The cloned gene sequence was
confirmed by automated DNA sequencing and the resulting pET15b/
GRX?2 was used to transform E. coli BL21 (DE3).

2.2. Expression and purification

E. coli BL21 (DES3) strain harbouring the pET15b/GRX2 plasmid
was grown (50 ml) overnight in LB medium containing 100 pug ml™"
ampicillin at 310 K and transferred to 11 fresh LB/amp medium and
cultured further at 310 K until the ODg reached 0.6-0.8. Expression
was induced with 0.5 mM isopropyl-B-p-thiogalactopyranoside and
the cells were harvested after 4 h incubation at 310 K.

After cell lysis, the protein was purified by cobalt-affinity chro-
matography with an imidazole gradient (Talon metal-affinity resin
from Clontech). We have obtained approximately 50 mg pure protein
from 1 1 cell culture. Protein purity was confirmed by SDS-PAGE and
the purified protein was concentrated to 10 mg ml~" in 5 mM Tris—
HCI pH 7.5.

2.3. Crystallization

Crystallization trials were executed using the hanging-drop vapour-
diffusion method. Prior to crystallization, enzyme samples were
submitted to treatment for 1 h at 310 K with hydrogen peroxide,
t-butyl hydroperoxide, diamide and DTT. Initial screening was
performed at 293 K using the commercially available Crystal Screen
and Crystal Screen II kits from Hampton Research. The drops were
prepared by mixing equal volumes (2 pl) of protein solution and
reservoir solution. Promising crystals were identified in four condi-
tions of the Crystal Screen kit: condition Nos. 10, 28, 32 and 47. The
conditions were optimized by variation of precipitant or salt
concentrations and pH. Crystals suitable for X-ray diffraction
experiments were obtained from the untreated protein and from
protein after oxidation with 10 mM ¢-butyl hydroperoxide. In both
cases, the optimal condition was obtained with a reservoir solution
consisting of 30% PEG 4000, 0.1 M sodium acetate pH 4.6 and 0.2 M
ammonium acetate. The crystals grown from the untreated sample
reached dimensions of ~0.10 x 0.15 x 0.9 mm after one week
(Fig. 1a), while crystals grown from the oxidized protein reached
~0.10 x 0.15 x 0.8 mm in about the same time (Fig. 1b).
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Table 1

Data-collection parameters and crystallographic data statistics.

Values in parentheses refer to the highest resolution shell.

Untreated protein Oxidized protein

Wavelength (A) 1.431 1.431
Temperature (K) 110 110
Space group P4.2,2 P4,2,2
Unit-cell parameters (A) a=b=47.66, a=>b=47.63,
¢ =95.00 ¢ =94.59
Resolution range (A) 42.60-2.15 (2.27-2.15) 42.56-2.05 (2.16-2.05)
Total reflections 68434 90136
Unique reflections 6439 7295
Completeness (%) 100.0 (100.0) 99.8 (99.3)
Multiplicity 10.6 (10.7) 123 (112)
Ry (%) 103 (31.2) 8.0 (29.4)
Average I/o(I) 23.5(7.3) 289 (7.8)

i Rsym = lekl Z, Wi — <1>hk1|/z [ -

2.4. Data collection and processing

The crystals, cryoprotected by a solution consisting of 30% PEG
4000, 0.1 M sodium acetate pH 4.6, 0.2 M ammonium acetate and
20% glycerol, were cooled to 110 K in a nitrogen-gas stream and
X-ray diffraction data were collected using synchrotron radiation at
the protein crystallography beamline D03B of the Laboratério
Nacional de Luz Sincrotron (LNLS), Campinas, Brazil. LNLS D03B
is a monochromatic beamline with maximum photon flux between 1.3
and 1.6 A. The wavelength of the incident X-ray was set to 1.431 A A
MAR CCD detector was used to record the oscillation data with
Ag = 1°. Data sets were processed using the programs MOSFLM
(Leslie, 1992) and SCALA (Evans, 1993) from the CCP4 package
(Collaborative Computational Project, Number 4, 1994).

3. Results and discussion

Glutaredoxin 2 from S. cerevisiae was submitted to crystallization
trials after treatment with hydrogen peroxide, ¢-butyl hydroperoxide,
diamide and DTT. Microcrystals were obtained from all samples, but
to date crystals suitable for X-ray diffraction experiments only grew
from the untreated protein and the sample after oxidation with
10 mM ¢-butyl hydroperoxide.

A crystal of untreated Grx2 diffracted to 2.15 A resolution and
belonged to space group P4,2,2, with unit-cell parameters a =b =47.66,
¢=95.00 A. The oxidized Grx2 crystal diffracted to 2.05 A resolution
and also belongs to space group P4,2,2, with similar unit-cell para-
meters. Table 1 summarizes the data-collection statistics. In order to
estimate the number of molecules in the asymmetric unit, the
Matthews coefficient V), was calculated (Matthews, 1968). Both
crystals presented one molecule per asymmetric unit with
Vm =23 A®Da! and solvent contents of 45.8 and 45.0% for the
native and oxidized protein, respectively.

Application of the molecular-replacement method using the
program AMoRe (Navaza, 2001) indicated a probable solution when
a polyalanine theoretical model constructed with the program
MODELLER (Claude et al., 2004) was used as the search model. The
theoretical model was built based on the coordinates of a thiol-

transferase from S. scrofa (Katti et al., 1995; PDB code lkte; 36%
sequence identity). Previous attempts to solve the structure using the
1kte coordinates as the search model for molecular replacement had
failed. Currently, structure refinement is in progress.

We expect that knowledge of the three-dimensional structure of
Grx2 in different redox states will contribute to the understanding of
the catalytic mechanism of the enzyme, which is involved in several
biological processes.

This work was supported by grant 01/07539-5, the Structural
Molecular Biology Network (SMOLBnet), from the Fundacdo de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP), by the
Brazilian Synchrotron Light Laboratory (LNLS) under proposal
DO03B-1795 and by Spanish MCyT, grant BFI2002-00755.
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Anexo VI.
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Reactive cysteine in proteins: protein folding, antioxidant defense,
redox signaling and more.

Netto LE, de Oliveira MA, Monteiro G, Demasi AP, Cussiol JR, Discola KF, Demasi M, Silva GM, Alves

SV, Faria VG, Horta BB.

Departamento de Genética e Biologia Evolutiva, Instituto de Biociéncias, Universidade de S&o Paulo, Sao

Paulo-SP, Brazil. nettoles@ib.usp.br

Abstract

Cysteine plays structural roles in proteins and can also participate in electron transfer reactions, when
some structural folds provide appropriated environments for stabilization of its sulfhydryl group in the
anionic form, called thiolate (RS(-)). In contrast, sulfhydryl group of free cysteine has a relatively high pK(a)
(8,5) and as a consequence is relatively inert for redox reaction in physiological conditions. Thiolate is
considerable more powerful as nucleophilic agent than its protonated form, therefore, reactive cysteine are
present mainly in its anionic form in proteins. In this review, we describe several processes in which

reactive cysteine in proteins take part, showing a high degree of redox chemistry versatility.

PMID: 17045551 [PubMed - indexed for MEDLINE]
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Abstract

Cysteine plays structural roles in proteins and can also participate in electron transfer reactions, when some structural folds provide appropriated
environments for stabilization of its sulthydryl group in the anionic form, called thiolate (RS"). In contrast, sulthydryl group of free cysteine has a
relatively high pK, (8,5) and as a consequence is relatively inert for redox reaction in physiological conditions. Thiolate is considerable more
powerful as nucleophilic agent than its protonated form, therefore, reactive cysteine are present mainly in its anionic form in proteins. In this review,
we describe several processes in which reactive cysteine in proteins take part, showing a high degree of redox chemistry versatility.
© 2006 Elsevier Inc. All rights reserved.
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process: transcription and translation. Proteins need to adopt
proper tertiary and quaternary structures to perform their bio-
logical functions. Because most proteins spontaneously fold
into their native conformation under physiological conditions,
the central dogma also implies that protein’s primary structure
dictates its tertiary structure.

Our interest is on proteins that have the ability to participate
in electron transfer reactions. Most proteins rely on organic and
on inorganic redox cofactors (NAD", FAD, heme, Cu, Fe and
other transition metals) for redox activity. In contrast, for other
proteins, amino acids, mainly cysteines, are responsible for this
property. Free cysteine possesses low reactivity to undergo
redox transitions (Wood et al., 2003b). However, protein
folding can generate environments in which cysteine residues
are reactive. The reactivity of a sulfhydryl group is related to its
pK,, since its deprotonated form (thiolate = RS™) is more
nucleophilic and reacts faster with oxidants than the protonated
form (R-SH). The sulthydryl groups of most cysteines (linked to
a polypeptide backbone or free cysteine) possess low reactivity,
which is related to the fact that their pK, is around 8,5 (Benesch
and Benesch, 1955). In contrast, some redox proteins possess a
reactive cysteine that is stabilized in the thiolate form by a basic
residue, in most cases a lysine or an arginine residue (Copley
et al., 2004). In conclusion, reactive cysteines in proteins are
kept in a reactive form (thiolate = RS ™) by structural interactions
with other amino acids. These reactive cysteines residues are
compounds with very versatile redox chemistry because its
sulfur atom can undergo redox transitions into any oxidation
state between +6 and —2 (Jacob et al., 2003). Several proteins
took advantage of this versatility to perform various biological
functions as will be discussed below.

2. Roles of reactive cysteine in biology
2.1. Reduction of disulfide bonds

Many proteins with reactive cysteines are involved in
controlling thiol/disulfide exchange reactions (Fig. 1A), a
central theme in biology. Thiol/disulfide-exchange reactions
are nucleophilic substitutions. A thiol or thiolate (RSH or RS™)
acts as a nucleophilic agent on a disulfide bond (RS—SR). These
reactions are, for example, used to form and reversibly destroy
structural disulfides in proteins and peptides, to regulate enzyme
activity and to maintain cellular redox balance. The rate of this
reaction is dependent on the pK, of the sulthydryl compound
that is the nucleophilic agent. The lower the pK,, higher is the
amount of deprotonated form of sulthydryl group (thiolate) and
faster are the reactions at physiological pH. The tri-peptide
glutathione (y-Glu—Cys—Gly, GSH) is the most abundant thiol
in cells and is vital for the maintanance of the intracellular redox
balance, among other functions (reviewed by Jacob et al.,
2003). Glutathione is almost completely protonated at physi-
ological pH because its pK, is 9,2 (Jung et al., 1972) which
disfavor its reaction with disulfides. However, it should be also
considered that glutathione levels in cells are very high, which
should favor disulfide reduction, since rate of a reaction depend
also on the concentration of substrates.

Besides glutathione, thiol proteins such as thioredoxin,
glutaredoxin (also known as thioltransferase) and protein
disulfide isomerase are also involved in the regulation of the
intracellular redox balance and, therefore, they are also known
as thiol/disulfide oxido-reductases. Thioredoxin appears to be a
very ancient protein since it is widespread among all the living
organisms. These small proteins (12—13 kDa) possess disulfide
reductase activity endowed by two vicinal cysteines present in a
CXXC motif (typically CGPC), which are used to reduce target
proteins that are recognized by other domains of thioredoxin
polypeptide. The reduction of target proteins results in a
disulfide bridge between the two cysteines from the thioredoxin
CXXC motif, which is then reduced by thioredoxin reductase
that utilizes reducing equivalents from NADPH. Some of the
target proteins of thioredoxin include ribonucleotide reductase
(important for DNA synthesis), methionine sulfoxide reductase,
peroxiredoxins and transcription factors such as p53 and NF-kB
(reviewed by Powis and Montfort, 2001).

Since thioredoxin plays multiple roles, it was surprising to
observe that deletion of their genes in Escherichia coli resulted
in a viable bacteria, capable to synthesize desoxyribonucleo-
tides, among other processes. Holmgren (1976) showed that
glutaredoxin was the backup for thioredoxin in the reduction of
ribonucleotides. Like thioredoxin, glutaredoxin possess a
CXXC motif in their active site (typically CPYC) and most of
them are low molecular weight proteins (12—13 kDa). Glutar-
edoxin can also catalyze the reduction of disulfide bond in target
proteins like thioredoxin through thiol/disulfide exchange
reactions (Fig. 1A).

Furthermore, glutaredoxin also catalyzes the reduction of
mixed disulfides with glutathione in a process that only the N-
terminal cysteine thiolate participates (reviewed by Fernandes
and Holmgren, 2004). Interestingly, some glutaredoxin iso-
forms possess only the N-terminal cysteine and are only capable
to reduce mixed disulfides with glutathione. Thioredoxins
reduce a wider range of disulfides in proteins than glutaredox-
ins, but cannot reduce mixed disulfides with glutathione. The
disulfide form of glutaredoxin is reduced by glutathione, which
is then reduced by NADPH in a reaction catalyzed by glu-
tathione reductase.

The thioredoxin system (NAPDH +thioredoxin reductase+
thioredoxin) and the glutathione system (NADPH +glutathione
reductase + glutathione) are the major thiol dependent redox
pathways present in the cells. Glutathione systems may or may
not contain glutaredoxin, depending on the process considered.
Several enzymes and other effectors can be reduced by both
systems but many processes are reduced by either thioredoxin or
by glutathione system. Interestingly, in platyhelminths, the
thioredoxin and glutathione systems are linked in only one
pathway. This worm possesses a seleno-cysteine containing
enzyme named thioredoxin-glutathione reductase, which pos-
sess thioredoxin reductase, glutathione reductase and glutar-
edoxin activities (Sun et al., 2001).

The two electron redox potential of the cysteine/cystine
couple in thiol/disulfide oxido-reductases is influenced by
several factors. Thioredoxin and glutaredoxin are strong re-
ducing agents and therefore possess a very negative redox



182 L.E.S. Netto et al. / Comparative Biochemistry and Physiology, Part C 146 (2007) 180—193

/\ R R,
= e’ g ~ =
A_ Rn—s + ,S(—,S _— S—S\ + HES
nucleophilic R leaving group
agent
/_\ R R,
~ _ 7 g N
B. R+S + ,O(}O — S—OH + HEOH
nucleophilic leaving group
agent
l:1\ \
C. Rn_s-/—:\/sao == R;S—5-0 R7S—OH + methionine
nucleophilic R leaving group
agent

Fig. 1. Nucleophilic substitutions and reactive cysteines. (A) Thiol-disulfide exchange reaction. This reaction is faster when the sulthydryl group is deprotonated
(thiolate). Therefore, rate of this reaction is given by V'=k[R,—S ] [RSSR,4]. The same rationale applies for the other reactions depicted here. (B) Peroxide reduction,
resulting in a sulfenic acid derivative (Cys-SOH) and an alcohol corresponding to the peroxide. The sulfenic acid derivative can have different outcomes depending on
the kind of peroxiredoxin considered (see Fig. 4) and on the environment where it is located. (C) Sulfoxide reduction, resulting in methionine regeneration and sulfenic
acid formation in methionine sulfoxide reductase, which is reduced back to its sulthydryl from by thioredoxin (reviewed by Weissbach et al., 2002). Abbreviations: 1g =

leaving group; n = nucleophilic agent.

potential. In contrast, protein disulfide isomerases (PDI) and
DbsAs (bacterial PDI counterparts) possess much lower
negative potentials (Table 1). Therefore reduction potential of
the best oxidant (DsbA) is 146 mV higher than the best reductant
(thioredoxin), corresponding to a ratio of 105 in thermodynamic
stability of the dithiol/disulfide equilibrium (Xiao et al., 2005).
This diversity in potentials reflects the biological roles of these
thiol proteins. Thioredoxins and glutaredoxins preferentially
reduce disulfide bridges, whereas protein disulfide isomerase
and DbsAs preferentially generate disulfide bonds in proteins
(Jacob et al., 2003).

It is interestingly to observe that in spite of these great
differences in redox properties all these oxido-reductases share
several similarities: (1) Sy atom is mostly deprotonated in
N-terminal cysteine residue of the CXXC motif at physiological
conditions. Therefore, the most N-terminal cysteine is more

Table 1
Properties of Thiol/disulfide oxido-reductases

Oxido-reductase Motif in Redox Potential rKa
active site (E°, mV)
Thioredoxin Cys—Gly—Pro—Cys ~ —270° 6.3-7.5"
Glutaredoxin Cys—Pro—Tyr—Cys 198 to —233° 3.5-3.8%
Tryparedoxin Cys—Pro—Pro—Cys —249¢ 7.2
Protein Disulfide Cys—Gly—His—Cys —127¢ 3.5-6.7"
Isomerase (PDI)
DbsA Cys—Pro—His—Cys —125° 3.5

2 __ Miranda-Vizuete et al. (1997), Nishinaka et al. (2001). ® — Aslund et al.
(1997). © — Reckenfelderbaumer et al. (2002). ¢ — Lundstrom and Holmgren
(1993). © — Collet and Bardwell (2002). f — Holmgren (1972), Kallis and
Holmgren (1980), Reutimann et al. (1981), Dyson et al. (1997), Li et al. (1993),
Chivers et al. (1997), Dillet et al. (1998), Vohnik et al. (1998). ® — Gan et al.
(1990), Yang and Wells (1991), Mieyal et al. (1991), Jao et al. (2006).
b __ Reckenfelderbaumer and Krauth-Siegel (2002); ' — Darby and Creighton
(1995), Hawkins and Freedman (1991); 3 — Nelson and Creighton (1994),
Grauschopf et al. (1995).

nucleophilic and more exposed than the second cysteine. The
most C-terminal cysteine is usually protonated and more buried
in the polypeptide chain; (2) global fold of five stranded 3-sheet
flanked by four helices, the so-called thioredoxin fold (Fig. 2A);
(3) the active site that contains the CXXC motif is located
on a surface loop at the end of strand 32 and followed by a long
a-helix (Fig. 2A).

Several reasons have been raised to explain this variation of
the reducing capabilities, such as the composition of the amino
acids in the CXXC motif (Table 1), network of charged amino
acids and structural factors, such as the dipole property of the
a-helix where the buried cysteine is located (reviewed by
Carvalho et al., 2006). These different redox properties among
thiol/disulfide oxido-reductases appear not to be related with the
stability of the disulfide bonds, since their lengths are very
similar among these proteins (reviewed by Carvalho et al.,
2006). In any case, for all of these enzymes, the pK, of the
reactive cysteine is considerably lower than the pK, of free
cysteine (Table 1), but the mechanism by which the thiolate is
stabilized varies.

The stabilization of the thiolate anion in thioredoxin is
relatively well characterized and was taken as an example for
thiol/disulfide oxido-reductases. It depends on: (i) a network of
charged residues, especially on specific aspartate and lysine
residues (Fig. 2B); (ii) dipole character of the a-helix where the
C-terminal cysteine is located and (iii) hydrogen bonding
between the reactive and the C-terminal cysteine residues
(reviewed by Carvalho et al., 2000).

Interestingly, mutations of Asp26 and Lys57 of thioredoxin
affect only the pK, of the active site thiol, but not the structure
of the protein (Dyson et al., 1997). For the other oxido-re-
ductases the network of charged residues is different and
involves Glu 30 for PDI (PDB ID=1MEK), Glu 24 for DsbA
(PDB ID=1A23) and Glu30, Asg26 and Lys27 for glutaredoxin
(PDB ID=1KTE).
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Fig. 2. Structural characteristics of thiol/disulfide oxido-reductases. Thioredoxin
from Escherichia coli (PDB ID = 1XOB) was chosen as a model to describe
several features common to thiol/disulfide oxido-reductases. (A) General view
of thioredoxin fold: B-sheet composed of five strands (yellow) flanked by four
o-helixes (red). Both main and side chains of the two cysteine residues
belonging to the CXXC motif are showed (gray). The reactive cysteine (Cys 32)
is the most exposed one. (B) View of the active site, showing the network of
amino acids involved in the stabilization of reactive cysteine in the thiolate form.
Residues involved in the network of charged amino acids are represented with
colors and with dots representing their electronic densities (Asp 26 — magenta,
Cys 32 — green, Cys 35 — cyan, Lys 57 — magenta). Pro76 (yellow) is not
involved in the network of charged residues that stabilize the thiolate form of
reactive cysteine, but its main and side chains are shown here because this
residue plays a central role in the recognition of thioredoxin substrates. Figures
were generated by the Pymol software (www.pymol.org). (For interpretation of
the reference to colour in this figure legend, the reader is referred to the web
version of this article.)

We are interested in the functional and structural character-
ization of proteins belonging to thioredoxin and glutathione
systems form the yeast Saccharomyces cerevisiae. In this
regard, we solved the structure of thioredoxin reductase I
(Oliveira et al., 2005) and preliminary data indicated that the
two thioredoxin systems are not completely redundant.

2.2. Formation of disulfide bonds

The formation of disulfide bonds stabilizes the most active
conformation of proteins that will be secreted. One would

expect that PDI and DsbA would be more suitable to catalyze
the formation of disulfide bond given their reduction potential
(Table 1). In fact, the search for the enzymatic catalyst of
oxidative folding led to isolation of PDI (Goldberger et al.,
1963). PDI can catalyze the formation, reduction or isomeri-
zation of disulfide bonds depending on the redox conditions of
the assay and on the nature of the substrate protein. However,
the environment in which PDI is found (endoplasmic reticu-
lum), favors only the formation and isomerization of disulfide
bonds. Both, the formation of disulfide bond and isomerase
activities occur by thiol/disulfide exchange reactions (Fig. 1A).
Like thioredoxins and glutaredoxins, the ability of PDI to
catalyze thiol/disulfide exchange reactions is given by a CXXC
motif (typically CGHC) among other factors (Aslund et al.,
1997). When the cysteines in the active site are present in the
disulfide form, PDI can directly oxidize thiol groups of target
proteins into disulfide bridges (dithiol oxidase activity). In
contrast, the isomerase activity of PDI relies on the dithiol
(reduced) configuration state of the active site cysteines,
suitable for disulfide reshuffling (reviewed by Frand et al.,
2000).

In spite of the different redox properties among all these
oxido-reductases, they can catalyze both reduction and for-
mation of disulfide bonds in vifro, depending on the experi-
mental conditions. In fact, Grx1 from E. coli is even more
efficient than PDI to catalyze disulfide bond formation (Xiao
etal., 2005), indicating that kinetic parameters should also to be
taken into account. Therefore, it is important to consider the
environment in which the thiol oxido-reductase is located to
analyze its function. In eukaryotic cells, protein disulfide bond
formation takes place within the lumen of the endoplasmic
reticulum. Proteins that will be secreted to the extracellular
space are processed inside this organelle. The redox state of the
endoplasmic reticulum is more oxidizing than that of cytosol, a
difference that favors the formation of disulfide bonds, which is
important to maintain the structure of the exported protein in the
harsh extracellular environment. The major redox buffer in the
cytosol as well as in the lumen of ER is the couple GSH/GSSG.
However, GSH/GSSG ratios are quite different: 1:1 to 3:1 for
the lumen of endoplasmic reticulum and 30:1 to 100:1 for the
cytosol and mitochondrial matrix. Therefore, the ability of
thioredoxin and glutaredoxin to catalyze reduction of disulfide
bond in protein and of PDI to catalyze the reverse process is
consequence of several factors such as redox potentials of
vicinal sulthydryl groups in these proteins and redox balance of
the environment.

2.3. Protein S-glutathionylation

Another thiol/disulfide exchange process that deserves
special consideration here is S-glutathionylanion of cysteine
residues in proteins. In resting state, levels of S-glutathionylated
proteins in cells are around 1%, but upon oxidative stress a
significant increase is observed. Therefore, initially, the meaning
of the S-glutathionylation was thought to be the protection of
cysteine residues against overoxidation to sulfinic (RSO,H) or
sulfonic (RSO5H) acids, which can lead to protein inactivation
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(Thomas et al., 1995). Later, it was shown that for some
enzymes, protein S-glutathionylation affects enzyme activities,
suggesting a regulatory role for this process (Chrestensen et al.,
2000; Davis et al., 1997; Demasi et al., 2003). If S-glutathiony-
lation is in fact a regulatory event, it is expected the occurrence
of proteins capable to catalyze the addition and removal of
glutathione from target proteins. Glutaredoxins, especially those
containing only one cysteine in their active site, have been most
frequently implied as dethiolases (Molina et al., 2004). The yeast
S. cerevisiae has five glutaredoxins, three monothiolic and two
dithiolic, distributed in different compartments and performing
similar, but not completely redundant roles (Wheeler and Grant,
2004). We have recently solved the crystal structure of gluta-
redoxin 2 (Discola et al., 2005) and unpublished results have
demonstrated its role on the removal of GSH from S-gluta-
thionylated 20S proteasome extracted from yeast cells. We hope
that with the elucidation of glutaredoxin 2 structure it will be
possible to obtain insights into the mechanisms by which this
thiol/disulfide oxido-reductase act as a dethiolase in the yeast S.
cerevisiae.

2.4. Antioxidant defense

Proteins with reactive cysteine considered so far, catalyze
thiol/disulfide exchange reactions. In contrast, thiol-dependent
peroxidases have evolved the ability to cleave a peroxide bond
that is a more difficult process than the reduction of a disulfide
bond (Fig. 1B). Copley et al. (2004) elegantly hypothesized that
peroxiredoxins, a class of thiol-dependent peroxidases, present

Fig. 3. Structure of peroxiredoxin active site. Reactive cysteine in peroxiredoxins
corresponds to the C-terminal cysteine of CXXC motifs in thioredoxins (Copley et
al., 2004). Therefore, they are located in an a-helix as the C-terminal cysteine of
thioredoxin is. Structure of human peroxiredoxin 5 (PDB ID = 1HD2) is shown as
an example. Electronic density of arginine residue (Argl27) involved in the
stabilization of the thiolate is represented with dots, as well as reactive cysteine
(Cys47). Thiolate function (RS") of Cys 47 is brown. Main and side chains of a
threonine residue (Thr44 that corresponds to the N-terminal cysteine in
thioredoxin) that plays a role in stabilization of thiolate is shown in green, as
well as the chains of Pro 40 (yellow) that is involved in protection of peroxiredoxin
from overoxidation. Finally, main and side chains of histidine 51 (purple), forming
a salt bridge with Arg 127 (cyan) is also shown here. Figure was generated by the
Pymol software (www.pymol.org). (For interpretation of the reference to colour in
this figure legend, the reader is referred to the web version of this article.)

several amino acids substitutions from the more ancient thiol/
disulfide oxido-reductases, which make them capable to reduce
0O bonds through a reactive cysteine.

Both hydrogen and organic hydroperoxides can be decom-
posed by peroxiredoxins and in most of cases they utilize
reductive equivalents from thioredoxins (Netto et al., 1996).
Therefore, the majority of peroxiredoxins are also called
thioredoxin peroxidases. Recently, it was shown that some
peroxiredoxins can also decompose peroxynitrite (Bryk et al.,
2000; Dubuisson et al., 2004; Trujillo et al., 2004; Wong et al.,
2002). These reactions catalyzed by peroxiredoxins have been
implied in both peroxide detoxification and cellular signaling as
will be discussed below. Like other thiol/disulfide oxido-
reductases, peroxiredoxins are widespread in nature and are
found in several cell compartments such as cytosol, mitochon-
dria, nucleus and chloroplast (Rhee et al., 2005a).

As described for the thiol/disulfide oxido-reductases, the high
reactivity of the active site cysteine in peroxiredoxins is related
to the fact that the thiol group of this residue possesses very low
pK.. In the case of peroxiredoxins, the presence of a guanidine
group from a fully conserved arginine residue (Wood et al.,
2003b) is a key factor for the stabilization of the thiolate.
Interestingly, the reactive cysteine from peroxiredoxins is
homologous to the C-terminal cysteine of the CXXC motif in
oxido-reductases, which is not the most nucleophilic. The
reactive cysteine (the most N-terminal and most solvent exposed
seen in Fig. 2) in oxido-reductases was replaced by a threonine
residue in peroxiredoxins and the other cysteine acquired high
nucleophilicity due to several structural features and amino acids
interactions, such as the hydrogen bonding with an arginine
residue mentioned above (Fig. 3).

Other peroxide-removing enzymes evolved other strategies
to decompose peroxides. Catalase and mammalian glutathione
peroxidase utilize heme or seleno-cysteine to decompose pero-
xides, whereas peroxiredoxins have a very reactive cysteine in
their active site. Initially, these differences in the active sites was
thought to reflect the fact that peroxiredoxins would have
moderate catalytic efficiency (~10° M~ s™ '), (Hofmann et al.,
2002) when compared with catalases (~10° M~ ' s~ ") (Hillar
et al., 2000) and glutathione peroxidases (~10° M~' s 1)
(Hofmann et al., 2002). Recently, however, some reports have
described higher rate constants (10°~10" M™' s™') for the
reaction of reduced peroxiredoxins with different kinds of
peroxides (Akerman and Muller, 2005; Baker and Poole, 2003;
Dubuisson et al., 2004; Parsonage et al., 2005). In any case, it is
important to emphasize that peroxiredoxins are abundant in
aerobic cells. For example: (i) peroxiredoxins are among the ten
most abundant proteins in E. coli (Link et al., 1997); (ii) pero-
xiredoxins are the second or third most abundant protein in
erythrocytes (Moore et al., 1991) and (iii) compose 0.1—0.8% of
the soluble proteins in other mammalian cells (Chae et al., 1999).
Furthermore, it was demonstrated that peroxiredoxin, but not
catalase, was responsible for protection of bacteria against
endogenously generated hydrogen peroxide (Costa Seaver and
Imlay, 2001).

There are several kinds of peroxiredoxins and several
classifications were proposed based on different criteria.


http://www.pymol.org

L.E.S. Netto et al. / Comparative Biochemistry and Physiology, Part C 146 (2007) 180—193 185

Generally, every aerobic cell possesses several different kinds of
peroxiredoxins. The most frequently used criteria for classifi-
cation is the presence or absence of additional conserved
cysteines (Wood et al., 2003b). Peroxiredoxins that contain two
conserved cysteines are called 2-Cys Prx, whereas those that
possess only one conserved cysteine are referred as 1-Cys Prx.
In both cases, the reactive cysteine attacks the hydroperoxide
and is oxidized to sulfenic acid (Cys-SOH), while the cor-
responding alcohol is released (Fig. 4). Because the reactive
cysteine is the one that directly interact with peroxides it is
called peroxidatic cysteine and is located at the N-terminal part
of the protein. Three peroxiredoxin classes can be recognized
based on the next step of the catalytic cycle (1-Cys Prx; typical
2-Cys Prx and atypical 2-Cys Prx). The 1-Cys Prx presents the
simplest mechanism: they are oxidized to a stable sulfenic acid
and then reduced back by a reductant. The biological electron
donors of most 1-Cys Prx are still unknown. One exception is
the 1-Cys Prx from yeast, whose electron donor is mitochon-
drial thioredoxin (Pedrajas et al., 2000). Furthermore, mamma-
lian 1-Cys Prx can form heterodimer complexes with

ROOH ROH

=
<

RSSR 2 RSH

C. ROOH

SH

RSSR

2 RSH

Glutathione S-transferase w, being capable to accept electrons
from glutathione (Ralat et al., 2000).

The enzymatic mechanism of 2-Cys Prx differs from the 1-
Cys Prx’s mechanism because these proteins have a second
conserved cysteine, also called resolving cysteine, which is also
involved in the catalytic cycle. The sulfenic acid formed in the
peroxidatic cysteine reacts with the resolving cysteine of other
protein, generating an intermolecular disulfide bridge. In the
case of atypical 2-Cys Prx, the resolving cysteine belongs to the
same polypeptide backbone of the peroxidatic cysteine,
therefore an intramolecular disulfide bond is generated. For
the majority of the typical and atypical 2-Cys Prx proteins,
disulfide bonds are reduced by thioredoxins (Fig. 4).

Alternatively, peroxiredoxins can be classified according to
their amino acid sequence, which is very variable among five
different groups (Trivelli et al., 2003). In spite of the fact that
peroxiredoxins groups share very low amino acid sequence
similarity, they have residues that are very conserved among all
members (Wood et al., 2003b): (1) A proline that limits solvent
and peroxide access in the active site and therefore probably

B. RooH ROH

S HS SOH HS
SH S- SH S-
RSSR
S—=S
_ o
SH S
2 RSH H20
ROH
SOH
SH
H2O

Fig. 4. Catalytic mechanism of Prxs. As described in Fig. 1B reduction of peroxides by reactive cysteines generated a sulfenic acid derivative in all kinds of
peroxiredoxins. (A) In 1-Cys peroxiredoxins the sulfenic acid derivative is stabilized by the polypeptide backbone and is directly reduced by a thiol reductant. (B) In
typical 2-Cys peroxiredoxins, the sulfenic acid interacts with another thiol group from other subunit, generating an intermolecular disulfide bond, which is then
reduced by a biological substrate, in most cases thioredoxin. (C) In atypical 2-Cys peroxiredoxins, the catalytical mechanism is very similar to 2-Cys typical, with the

exception that an intramolecular disulfide bond is formed.
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shields the cysteine sulfenic acid from overoxidation; (2) an
arginine residue that is involved in the stabilization of
peroxidatic cysteine in the thiolate form and (3) an threonine
residue that also interacts with the sulfur atom of peroxidatic
cysteine (Fig. 3). Besides these similarities, all peroxiredoxins
possess a common structural feature: the thioredoxin fold, which
was described before. Interestingly, all other thiol/disulfide
oxido-reductases presented here (thioredoxin, glutaredoxin and
protein disulfide isomerase) also possess the thioredoxin fold
(Fig. 2A). Differently than the thiol/disulfide oxido-reductases,
peroxiredoxins contain central insertions, N-terminal and
C-terminal expansions to the thioredoxin fold that are different
for different groups of these thiol dependent peroxidases. Due to
these structural similarities and through a motif analysis, it was
proposed that all these thiol proteins might have a common
ancestor (Copley et al., 2004).

The yeast S. cerevisiae, which has been used as model for
higher eukaryotes, possesses five peroxiredoxins belonging to
four different sub-groups (Park et al., 2000). Our studies have
demonstrated that although all five yeast peroxiredoxins have
the same biochemical activity (thioredoxin dependent peroxi-
dase); their cellular functions are not completely redundant. For
example, cytosolic thioredoxin peroxidase I (Tsal/YML028W)
is specifically important for the defense of yeast with dys-
functional mitochondria (Demasi et al., 2001; Demasi et al.,
2006), whereas mitochondrial thioredoxin peroxidase I (Prxl/
YBLO064C) is more important in conditions where yeast obtain
ATP preferentially by respiration (Monteiro et al., 2002;
Monteiro and Netto, 2004). Finally, cytosolic thioredoxin
peroxidase II (cTPxII/Tsa2/YDR453C) appears to be an im-
portant backup for cTPxI for the defense against organic
peroxides, independently of the functional state of mitochondria
(Munhoz and Netto, 2004). Interestingly, mitochondria are
protected not only by the mitochondrial isoform (PrxI/
YBL064C) but also by cytosolic isoforms and in cooperation
with mitochondrial pool of glutathione against Ca*" induced
stress (Monteiro et al., 2004). This partial redundancy observed
among yeast peroxiredoxins probably parallels the roles that
these peroxidases play in mammalian cells.

Recently, a new kind of peroxidase that also operates through
a reactive cysteine was described (Lesniak et al., 2002; Cussiol
et al., 2003). Initially, it was demonstrated that the deletion of
genes encoding these peroxidases rendered Xanthomonas
campestris specifically sensitive to organic peroxides, but not
to hydrogen peroxide (Mongkolsuk et al., 1998). Therefore, this
gene was named organic hydroperoxide resistance (Ohr) and
was later shown to be exclusively present in bacteria, most of
them pathogenic. Interestingly, only dithiols support the
peroxidase activity of Ohr and it is considerably more efficient
in the removal of organic peroxides than in the decomposition
of hydrogen peroxide (Cussiol et al., 2003). It was noteworthy
to observe that differently than other thiol-dependent perox-
idases (glutathione peroxidases and peroxiredoxins), Ohr does
not possess the thioredoxin fold. Instead, Ohr is a dimer
composed of two six-strand B-sheet and two central a-helixes
(Lesniak et al., 2002; Meunier-Jamin et al., 2004; Oliveira et al.,
2006). Contrary to the other thiol/disulfide oxido-reductases

Fig. 5. Ohr structure with hidden cysteines residues. Overall view of Xylella
fastidiosa quartenary structure (PDB = 1ZB9). Contrary to peroxiredoxins and
thiol/disulfide oxido-reductases, reactive cysteine (Cys61 in pink) is buried in
the polypeptide backbone (two B-sheet composed of six strands). The side chain
of Arg 19 (magenta) that is involved in the stabilization of thiolate form of Cys
61 and GluS1 (red) that forms a salt bridge with Argl9 are also shown in dark
color. Cys 125 (in yellow), involved in the formation of an intramolecular
disulfide bond, is also represented with black color. Figure was generated by the
Pymol software (www.pymol.org). (For interpretation of the reference to colour
in this figure legend, the reader is referred to the web version of this article.)

and peroxidases described so far, the reactive cysteine is located
in a very hydrophobic environment (Fig. 5). Due to these
differences and because Ohr are exclusively present in bacteria,
these peroxidases might represent interesting targets for drug
design.

Finally, antioxidant proteins also make use of reactive
cysteine to repair oxidative damage. Methionine sulfoxide
reductase has a reactive cysteine capable to cleave an S=0
bond, also by a nucleophilic substitution mechanism (Weiss-
bach et al., 2002), (Fig. 1C).

2.5. Redox signalling

Since reactive cysteines can decompose peroxides yielding
products that can be reduced back to the sulthydryl form,
several proteins containing this kind of residues are in principle
adapted to participate in redox signaling mediated by hydrogen
peroxide. Although hydrogen peroxide has been classically
associated with oxidative stress, there is a growing amount of
evidences about the role of this mild oxidant as a cell messenger
(Rhee et al., 2005b). Hydrogen peroxide can cross membranes
and is relatively stable, two features suitable for a cell
messenger in analogy to nitric oxide (Stone, 2004). This idea
was strengthened by the discovery that non-phagocytic cells
also possess NADPH oxidase, a source for hydrogen peroxide
(Bokoch and Knaus, 2003). In fact, there are numerous reports
about the effect of hydrogen peroxide in terms of both cellular
responses and signaling pathways activated (reviewed by Stone,
2004).

The best characterized mediator of peroxide induced stress is
OxyR, a transcription activator found only in bacteria. Genes
regulated by OxyR includes enzymes involved in peroxide
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decomposition (catalase, peroxiredoxin, thioredoxin, glutathi-
one reductase and glutaredoxin) and cell signaling (small RNA
molecule). The mechanism by which OxyR senses H,O,
involves a reactive cysteine that once again is stabilized in the
thiolate form by a conserved arginine among other amino acids
(Choi et al., 2001). The oxidation of this cysteine generates a
disulfide bond that causes a conformational change in the
protein. Both the oxidized and reduced forms of OxyR can
bind DNA, but only the oxidized form is capable to recognize
specific elements in the promoters of target genes and activate
their transcription (Fig. 6A). The reactive cysteine of OxyR
possesses a relatively high rate constant 2x10° M~ ' 57, see
Aslund et al., 1999) and can activate transcription when intra-
cellular concentrations of hydrogen peroxide are as little as
100 nM (Costa Seaver and Imlay, 2001). The activation of
OxyR is reversed by reduction of reactive cysteine by GSH and
glutaredoxin 1 (Fig. 6).

Response of bacteria to oxidative stress is mediated by other
transcriptional regulators besides OxyR. OhrR is a transcrip-
tional repressor that is also capable to sense peroxides through a
reactive cysteine (Mongkolsuk and Helmann, 2002). The only
one known target of OhrR so far described is Ohr that is
specifically induced by organic peroxides, the preferable
substrate of this dithiol-dependent peroxidase. Therefore, Ohr/
OhrR is a pathway specifically involved in the oxidative stress
response to organic, but not to hydrogen peroxide (Klomsiri
et al., 2005). In vitro, reduced OhrR binds tightly to its target
DNA and therefore blocks the transcription of ohr (Fuangthong
et al., 2001). Oxidation of a conserved and reactive cysteine in
OhrR by peroxides leads to derepression of ohr transcription,
which is reversed by a reducing agent such as DTT. Differently
than OxyR, OhrR is oxidized to a sulfenic acid (CysSOH)
instead of a disulfide (Fuangthong and Helmann, 2002).

Another transcriptional repressor of bacteria that was implied
in peroxide sensing in bacteria through reactive cysteines is
PerR (Mongkolsuk and Helmann, 2002). PerR belongs to a
family of transcriptional regulators that are dimeric proteins and

S SH s
- SH \ / /SSH s S'=Cys 199
—~

N,
SH

+ GSH/grx

S-S =Cys 199- Cys 208

that contain two metal sites per monomer. One binds zinc and
appears to play mainly structural roles, whereas the second site
can bind both iron and manganese and has a regulatory role.
PerR complexed with either Mn*? or Fe* can bind DNA and
repress transcription of its target genes such as catalase and
peroxiredoxin. However, only when PerR is complexed with
Fe'? there is derepression of gene expression and lack of DNA
binding ability (Herbig and Helmann, 2001). Because DNA
binding of PerR is restored by thiol reductants and because PerR
has a CXXC motif, it was proposed that peroxide sensing might
involve a reactive cysteine being oxidized to a disulfide bond.
Very recently, however, the same group has shown that PerR
senses hydrogen peroxide by a Fenton-like reaction mediated
by Fe™ complexed with histidines. This process provokes
oxidation of histidine residues (His37 and His91) to 2-oxo-
histidines. This is the first description of a metal catalyzed
protein oxidation process involved with redox signaling (Lee
and Helmann, 2006).

Besides transcriptional regulators, bacteria also possess a
chaperone (Hsp33), whose activity is redox regulated through
reduction/oxidation cycles that involve a reactive cysteine
(Janda et al., 2004). In this case, cysteines residues in the
reduced state can bind zinc but after oxidation to disulfide
bonds, Hsp33 loses this ability but acquires high affinity for
unfolded proteins (chaperone holdase activity). Thioredoxin (or
glutaredoxin) can then reduce the reactive cysteine of Hsp33,
restoring its ability to bind zinc. This ensures that proteins with
transient exposed hydrophobic surfaces do not form insoluble
aggregates. Upon return to non stress conditions other chap-
erone systems are available to interact with the partially
unfolded proteins released by Hsp33 (reviewed by Winter
and Jakob, 2004). Interestingly, Hsp33 appears to be active in
severe oxidative stress, condition in which other chaperones are
inactive (Winter et al., 2005).

Another level of regulation was possible in eukaryotes with
the appearance of cellular compartments. In fact, the control of a
transcriptional regulator’s activity by regulated nuclear

Binds specifically
promotor of target genes

— Activates
Transcription

(catalase, AhpCF, gorA, grxA...)

Fig. 6. Redox regulation by OxyR. Each OxyR subunit is represented here by an elliptical symbol. The darker symbols represent the reduced tetramer and the lighter
the oxidized (disulfide) tetramer that assumes different conformations. Only the oxidized formed is capable to recognize specific sequences (elements) repeated four
times in the promoters of targets genes and as a consequence stimulate their transcription.
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accumulation is a common theme in biology. Therefore, the
higher the amount of a transcriptional regulator in the nucleus,
the higher is its activity (repression or induction of gene
expression). The best characterized mechanism of a redox
signaling process in an eukaryotic cell through a reactive
cysteine is that mediated by Yapl (reviewed by Paget and
Buttner, 2003).Yap1 belongs to the AP-1 family of proteins that
includes the proto-oncogenes Jun and Fos, all of them
possessing a Leu zipper involved in the dimerization of these
proteins (Fig. 7A). Yapl also possesses a nuclear export signal
(NES) that in basal conditions is recognized by Cmrl that then
transport this transcriptional activator from the nucleus to the
cytosol (Fig. 7B i). Therefore, in basal conditions Yapl is
preferentially located in the cytosol, does not interact with target
promoters and consequently does not induce gene expression.
Upon oxidation, Yap1 cysteine residues are oxidized and NES
adopt a different conformation, not recognizable by Crml.
Therefore, Yapl accumulates in the nucleus, being capable to
physically interact with target promoters.

Yapl can be oxidized into two products: (1) a disulfide
between cysteines residues of the C-terminal cysteine rich
domain (Fig. 7B ii) or (2) a disulfide between one cysteine

of the N-terminal and the other of the C-terminal rich domain
(Fig. 7B v). Mode (1) of Yapl oxidation is the simplest and is
mediated by thiol oxidizing agents such as diamide (Fig. 7B ii).
The mode (2) is a pathway that involves other proteins be-
sides Yapl. In this case, the oxidant is a peroxide molecule
that is sensed by a protein, homologous to the selenium-
dependent glutathione peroxidase (Gpx3/Orpl) from mamma-
lian cells (Delaunay et al., 2002). Gpx3/Orpl is oxidized to a
sulfenic acid derivative (Fig. 7B iii), which condenses with a
reactive cysteine of Yapl, generating a mixed disulfide bond
(Fig. 7B 1iv). Finally a thiolate group from the N-terminal
cysteine rich domain attacks the mixed disulfide, generating an
intra-molecular disulfide bond in Yap1, which is not recognized
by Crml and accumulates in the nucleus (Fig. 7B v). Besides
Yapl, other transcriptional regulators are involved in the re-
sponse of yeast to oxidative stress which is a very complex
phenomenon. As an example, the regulation of mitochondrial
thioredoxin peroxidase I involves Hapl (YLR256W), Msn2/4
(YMRO37C/YKL062W) and Yapl among other regulators
(Monteiro et al., 2002; Monteiro and Netto, 2004).

The mechanisms by which hydrogen peroxide is sensed in
mammalian cells are much more controversial. Much attention
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Fig. 7. Yapl activation by nuclear accumulation dependent on oxidation. (A) Yapl domains. Leu-ZIP = leucine rich domain; N-CRD = N-terminal cysteine rich
domain; C-CRD = C-terminal cysteine rich domain. NES= Nuclear Export Signal. (B) The names of cellular compartments with capitol letters indicate the location
where Yapl accumulates. The arrow represents exportation of Yap! out of the nucleus and the symbols of arrows with an axis represent inhibition of this process by
oxidation of Yapl cysteines. (i) Yapl in the ground state is reduced and, therefore, its NES is recognized by Cmrl, leading to its exportation out of the nucleus.
(ii) Thiols oxidizing agents, such as diamide, oxidize thiolate groups of the C-CRD, provoking inhibition of its exportation. After consumption of the oxidant,
thioredoxin can reduce Yapl back to the reduced state (i). (iii) Gpx3/Orpl is oxidized by peroxide, generating a sulfenic acid derivative. (iv) Sulfenic acid form of
Gpx3/Orpl condenses with a thiolate group from C-CRD generating a mixed disulfide bridge, which is attacked by a thiolate from N-CRD, generating an intra-
molecular disulfide bridge between cysteines of different domains (v). After consumption of the peroxide this disulfide can be reduced back to the ground state (i).
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Fig. 8. Nrf2 activation by nuclear accumulation dependent on oxidation of
Keapl. (A) Under basal conditions, Keapl is in the reduced state and sequester
Nrf2 in the cytoplasm. Keapl is also connected to the cell cytoskeleton. In this
condition, Keap1 also induces ubiquitination of Nfi2 that is then degraded by
proteasome. (B) Under oxidative stress, thiolate groups of keapl are oxidized,
leading to Nrf2 release that can then accumulate in the nucleus and activate
transcription in the target genes.

is given to protein tyrosine phosphatases (PTP) as biological
sensors of hydrogen peroxide. Hydrogen peroxide can react
with cysteines from the active site of PTP, generating sulfenic
acids, which was proposed to be a redox regulatory event (Lee
et al., 1998). Later, two groups have shown independently that
sulfenic acids in PTP are converted to sulfenyl-amide by
reaction of sulfenic acids with backbone amide of a serine
residue (Salmeen et al., 2003; Van Montfort et al., 2003). The
sulfenyl-amide form of PTP is inactive; therefore this process
should provoke an increase in the levels of tyrosine phosphor-
ylation. As a consequence, PTP targets such as MAP kinases
should be phosphorylated in higher levels. Besides sulfenyl-
amides, reactive cysteines were also found in the sulfinate
(RSO5) and sulfonate (RSO3) forms in the crystal structure of
PTP, when these proteins were treated with large excess of
hydrogen peroxide (Van Montfort et al., 2003). Contrary to the
sulfinate and sulfonate forms, sulfenyl-amides can be reduced
back by classical reductants such as DTT and thioredoxin
(Salmeen et al., 2003; Van Montfort et al., 2003). Therefore,
because their formation is reversible, sulfenyl-amides were
proposed as an important step in the redox signaling by PTPs.

However, redox regulation by PTP is controversial, mainly
because the reaction of these phosphatases with hydrogen
peroxide is slow (reaction constant is around 10 M ' s~ 1),
(Stone, 2004). Considering that intracellular concentration of
hydrogen peroxide is in between 1 to 700 nM and that the levels
of glutathione are around 1-10 mM, a target for redox
regulation should react faster with this mild oxidant than PTP
does. In fact, as mentioned before, one biological sensor of
hydrogen peroxide in bacteria, the transcriptional factor OxyR

possesses a reaction constant of 2x10° M~ ' s™! (Aslund et al.,
1999). OxyR, like other thiol proteins mentioned here, pos-
sesses a very reactive cysteine, which is deprotonated at
physiological pH. Therefore, the hydrogen peroxide sensor in
mammalian cells should be in principle a protein that possesses
a reaction constant with hydrogen peroxide in this range.

Peroxiredoxins are good candidates as biological redox
sensors in mammalian cell, since their reaction constants with
hydrogen peroxide are around 10° M™' s ' or even higher
(Akerman and Muller, 2005; Baker and Poole, 2003; Parsonage
et al., 2005). In fact, there are many suggestions that peroxire-
doxins could be the biological sensors of hydrogen peroxide
(Wood et al., 2003a,b). In this regard, it was shown that bacterial
2-Cys Prx are one hundred times more resistant to hydrogen
peroxide inactivation than some of their counterparts in
eukaryotic cells (Wood et al., 2003a). In both cases, the
inactivation by hydrogen peroxide occurs due to oxidation of
sulfenic acid (Cys-SOH) in the reactive cysteine to sulfinic acid
(Cys-SO,H). Interestingly, the all 2-Cys Prx that are sensitive to
inactivation possess two common motifs: GGLG and YF (Wood
et al., 2003a). Therefore, it seems very probable that the high
sensitivity of these peroxiredoxins to peroxide inactivation it is
not a limitation in the mechanism of catalysis, but instead a
property that was selected during evolution of eukaryotes (Wood
et al., 2003a).

In support to this hypothesis, it was shown that sulfinic acids
in 2-Cys Prx are reduced in vivo in sensitive 2-Cys Prx (Woo
et al., 2003). This was a quite surprising result, since it is well
established that sulfinic acids in peroxiredoxins and in any other
protein are not reducible in vitro by classical reducing agents,
such as DTT and thioredoxin. The enzymatic system responsible
to regenerate sulthydryl groups from sulfinic acids in 2-Cys Prx
was first identified in the yeast S. cerevisiae and was named
sulfiredoxin (Biteau et al., 2003). Sulfiredoxin is a low mole-
cular weight protein (13 kDa) that possesses homologues in
higher eukaryotes including human, but its physiological role
was unknown. The proposed mechanism of catalysis involves
phosphotransferase and thiol transferase activities through a
reactive cysteine and it is dependent on ATP. The basis of this
mechanism was confirmed by biochemical and crystallographic
studies (Jonsson et al., 2005). Biteau et al. (2003) suggested that
sulfinic acid formation in 2-Cys Prx could represent an
additional level of redox regulation for peroxiredoxins. The
sulfiredoxin homologue in mammalian cells was also identified
and in this case it was shown that sulfinic acid regeneration is
exclusive for 2-Cys Prx (Chang et al., 2004; Woo et al., 2005).
Recently, Budanov et al. (2004) have shown that another class of
proteins can also reduce sulfinic acids specifically of mamma-
lian peroxiredoxins. Like sulfiredoxins, sestrin possesses a
conserved cysteine that is responsible for the catalytic mechan-
ism. Moreover, the reduction is also dependent on ATP. How-
ever, sestrins do not share homology with sulfiredoxins. Sestrin
expression is regulated by p53 indicating that this process
possesses high physiological relevance.

The importance of sulfinic acids generated in the peroxidatic
cysteines of 2-Cys Prx was further strengthened by the
observation that peroxiredoxins from yeast also possess
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chaperone activity. Interestingly, the chaperone activity is inde-
pendent of peroxidatic and resolving cysteines. Both peroxides
and high temperatures induce chaperone activity, which is
dependent on the oligomerization of peroxiredoxin polypep-
tides. Remarkably, under oxidative and thermal stresses these
protein form very high molecular weight complexes that can be
visualized by electron microscopy. Therefore, peroxidatic
cysteines of these yeast peroxiredoxins are important not only
for the decomposition of peroxides but also to induce protein
oligomerization and consequently chaperone activity. In fact,
sulfinic acid formation was suggested as a trigger event for the
formation of a superchaperone that possesses a molecular weight
of more than 1000 kDa (Jang et al., 2004). This dual chaperone/
peroxidase activities of yeast 2-Cys Prx was implied with the
observation that it specifically protects cells with dysfunctional
mitochondria from peroxide insult (Demasi et al., 2000).
Recently, the chaperone activity was also described for
peroxiredoxins from mammals and bacteria (Moon et al.,
2005; Chuang et al., 2006).

The versatility of peroxiredoxin function can be further
demonstrated by the observation that addition of single amino
acid (Phe) close to the reactive cysteine converts a bacterial
peroxiredoxin into a disulfide reductase (Ritz et al., 2001). This
appears to be a relevant phenomenon, since bacteria lacking
both thioredoxin reductase and glutathione reductase are viable
only if cells possess peroxiredoxin with disulfide reductase
activity (Ritz et al., 2001).

Recently, a novel redox mechanism for regulation of gene
expression was demonstrated in mammals (Venugopal and
Jaiswal, 1996; Itoh et al., 1997). As the redox regulation of Yap1
activity, the regulation of Nfr2, also a leucine zipper transcrip-
tional activator, involves control of its nuclear localization.
However, differently than Yapl, Nfr2 is not directly redox
regulated, but instead reactive cysteines of a cytoplasmatic
anchor (Keapl) are susceptible to oxidation by peroxides and
electrophiles. Under basal conditions, Nfi2 is sequestered from
the nuclei by Keapl through non-covalent interactions (Itoh
et al., 1999). Because Keapl is bound to actin, Nrf2 is also
connected to the cell cytoskeleton (reviewed by Motohashi and
Yamamoto, 2004). These protein—protein interactions also
induced ubiquitination of Nfr2 and consequently proteolytic
digestion by proteasome (Fig. 8A). When mammalian cells are
exposed to peroxides and electrophiles, reactive cysteines of
Keapl are oxidized to disulfide bonds, it suffers a conforma-
tional change and consequently Nfi2 is released and accumu-
lates in the nucleus, being capable to recognize its target
promoters (Fig. 8B).

3. Conclusions

The majority of the cysteine residues in proteins play no role
in electron transfer reaction, because their pK, make them
appear mainly in the protonated form in physiological
conditions. In contrast, some protein foldings create environ-
ments in which the deprotonated form of cysteine (RS~ =
thiolate) is stabilized, being susceptible to oxidation. Thiol/
disulfide reactions are the most frequently considered, but thiol/

sulfenic acid reactions have also been implicated in some
biological processes a long time ago. Recently, thiol/sulfinic
redox chemistry has received attention in terms of redox
signaling. Therefore, the versatile redox chemistry of thiolate in
proteins has served to various biological roles as described in
this review and should be a promising research field.
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Role of glutaredoxin 2 and cytosolic thioredoxins in cysteinyl-based
redox modification of the 20S proteasome.
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Abstract

The yeast 20S proteasome is subject to sulfhydryl redox alterations, such as the oxidation of cysteine
residues (Cys-SH) into cysteine sulfenic acid (Cys-SOH), followed by S-glutathionylation (Cys-S-SG).
Proteasome S-glutathionylation promotes partial loss of chymotrypsin-like activity and post-acidic cleavage
without alteration of the trypsin-like proteasomal activity. Here we show that the 20S proteasome purified
from stationary-phase cells was natively S-glutathionylated. Moreover, recombinant glutaredoxin 2
removes glutathione from natively or in vitro S-glutathionylated 20S proteasome, allowing the recovery of
chymotrypsin-like activity and post-acidic cleavage. Glutaredoxin 2 deglutathionylase activity was
dependent on its entry into the core particle, as demonstrated by stimulating S-glutathionylated
proteasome opening. Under these conditions, deglutathionylation of the 20S proteasome and glutaredoxin
2 degradation were increased when compared to non-stimulated samples. Glutaredoxin 2 fragmentation
by the 20S proteasome was evaluated by SDS-PAGE and mass spectrometry, and S-glutathionylation
was evaluated by either western blot analyses with anti-glutathione 1gG or by spectrophotometry with the
thiol reactant 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole. It was also observed in vivo that glutaredoxin 2 was
ubiquitinated in cellular extracts of yeast cells grown in glucose-containing medium. Other cytoplasmic
oxido-reductases, namely thioredoxins 1 and 2, were also active in 20S proteasome deglutathionylation by
a similar mechanism. These results indicate for the first time that 20S proteasome cysteinyl redox

modification is a regulated mechanism coupled to enzymatic deglutathionylase activity.
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Oxidation of protein cysteine residues into sulfenic
acid (Cys-SOH) and the subsequent S-glutathionyla-
tion of these residues during enzyme catalysis and
redox signaling have been increasingly accepted as
commonly occurring events in redox regulation [1-9].

Abbreviations

The yeast 20S proteasome is subject to sulfhydryl redox alterations, such as
the oxidation of cysteine residues (Cys-SH) into cysteine sulfenic acid (Cys-
SOH), followed by S-glutathionylation (Cys-S-SG). Proteasome S-glutath-
ionylation promotes partial loss of chymotrypsin-like activity and
post-acidic cleavage without alteration of the trypsin-like proteasomal
activity. Here we show that the 20S proteasome purified from stationary-
phase cells was natively S-glutathionylated. Moreover, recombinant glut-
aredoxin 2 removes glutathione from natively or in vitro S-glutathionylated
20S proteasome, allowing the recovery of chymotrypsin-like activity and
post-acidic cleavage. Glutaredoxin 2 deglutathionylase activity was depen-
dent on its entry into the core particle, as demonstrated by stimulating
S-glutathionylated proteasome opening. Under these conditions, degluta-
thionylation of the 20S proteasome and glutaredoxin 2 degradation were
increased when compared to non-stimulated samples. Glutaredoxin 2 frag-
mentation by the 20S proteasome was evaluated by SDS-PAGE and mass
spectrometry, and S-glutathionylation was evaluated by either western blot
analyses with anti-glutathione IgG or by spectrophotometry with the thiol
reactant 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole. It was also observed
in vivo that glutaredoxin 2 was ubiquitinated in cellular extracts of yeast
cells grown in glucose-containing medium. Other cytoplasmic oxido-reduc-
tases, namely thioredoxins 1 and 2, were also active in 20S proteasome
deglutathionylation by a similar mechanism. These results indicate for the
first time that 20S proteasome cysteinyl redox modification is a regulated
mechanism coupled to enzymatic deglutathionylase activity.

This reversible mechanism is believed to play a regula-
tory role in enzyme catalysis and binding of transcrip-
tion factors to DNA targets, among other processes.
The first step in protein-Cys-SH oxidation generates
Cys-SOH, which is prone to S-glutathionylation by

20S PT, 20S proteasome core; AMC, 7-amido-4-methylcoumarin; CDL, cardiolipin; Cys-SOH, cysteine sulfenic acid; GR, glutathione
reductase; Grx2, recombinant glutaredoxin 2; Grx2C30S, mutant glutaredoxin 2; GSH, glutathione; HED, hydroxyethyldisulfide; NBD,
7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; n-PT, natively S-glutathionylated 20S proteasome; PT-SG, in vitro S-glutathionylated 20S proteasome;
PT-SH, dithiotreitol-treated 20S proteasome; RS, reductive system for Grx2 containing 2 mm NADPH, 0.3 U'mL™" GR and 0.5 mm GSH;
s-LLVY-AMC, succinyl-Leu-Leu-Val-Tyr-AMC; Trr1, recombinant thioredoxin reductase 1; z-ARR-AMC, carbobenzoxy-Ala-Arg-Arg-AMC;

z-LLE-AMC, carbobenzoxy-Leu-Leu-Glu-AMC.
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sulfhydryls, e.g. glutathione (GSH); otherwise, the oxi-
dation continues to further generate the cysteine sulfi-
nic (Cys-SO,H) and cysteine sulfonic (Cys-SOj3) acid
forms [5,10]. Glutaredoxins [9,11,12], as well as thiore-
doxins [13], are postulated to be directly responsible
for deglutathionylation in yeast cells. The first function
assigned to glutaredoxins was the reduction of intra-
molecular disulfide bonds in the ribonucleotide reduc-
tase of thioredoxin-deleted Escherichia coli strains [14].
Since then, biochemical and genetic approaches have
provided evidence for a protective role of glutaredox-
ins under oxidative conditions and during redox signal-
ing, e.g. GSH-dependent reduction of protein-mixed
disulfides by means of its so-called deglutathionylase
activity in various eukaryotic cells [9,11,12,15-17].

Yeast possesses two dithiolic (Grx1 and Grx2) and
five monothiolic glutaredoxins. These isoforms differ
in their location and response to oxidative stress,
among other factors [9,11,18-22]. Evidence indicates
that Grx2 is the main glutathione-dependent oxido-
reductase in yeast, whereas Grxl and Grx5 may be
required during certain stress conditions or after the
formation of particular mixed disulfide substrates
[11,12].

We have shown previously that yeast Cys-20S prote-
asomal residues are S-glutathionylated in vitro by
reduced glutathione if previously oxidized to Cys-SOH
[8]. Moreover, this mechanism was shown to be
responsible for a decrease in proteasomal chymotryp-
sin-like activity. Here, we show that the 20S protea-
some core purified from stationary-phase cells is also
S-glutathionylated under basal conditions, and that
Grx2 was able to dethiolate the 20S core. Another
interesting finding is that the resulting deglutathionyla-
tion process restores proteasomal chymotrypsin-like
activity and post-acidic cleavage concomitant with
Grx2 degradation by the 20S particle. We also show
that cytoplasmic thioredoxins 1 and 2 play similar
roles. Both isoforms were able to deglutathionylate the
20S core, allowing rescue of proteasomal activities.

Results

20S proteasome is natively S-glutathionylated

We demonstrated previously that the 20S proteasome
core (PT) is S-glutathionylated when cells are chal-
lenged with H,O, [8]. We began the present investiga-
tion by verifying whether the 20S PT is also natively
S-glutathionylated. Remarkably, the 20S core purified
from cells grown to stationary phase in glucose-
enriched medium was natively S-glutathionylated, as
assessed by western blotting using anti-GSH (Fig. 1A,

Cysteinyl-based modification of the 20S proteasome
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Fig. 1. Anti-GSH blotting of 20S proteasome preparations. After
proteasome purification, samples (30 pg) were dissolved in gel
loading buffer containing 10 mm N-ethylmaleimide and applied to
SDS-PAGE. (A) Representative blots of natively (n-PT) and in vitro
S-glutathionylated (PT-SG) proteasomal preparations. (B) 20S pro-
teasome preparations obtained from cells grown to stationary
phase in glycerol/ethanol- (Gly) or glucose-containing (Glu) media.
DTT, sample of the n-PT preparation treated with 300 mm dithio-
threitol. Anti-FLAG, loading control performed as described in
Experimental procedures on the same membranes utilized for anti-
GSH blotting.

n-PT). By comparing the in vitro proteasome S-glu-
tathionylation (PT-SG) to that observed in prepara-
tions obtained from cells grown to stationary phase
(n-PT), we observed that the 20S particle was not fully
S-glutathionylated in vivo when compared to the
in vitro process (Fig. 1A). The in vitro assay results
indicated that the potential for S-glutathionylation of
20S proteasome subunits is much higher than that
observed inside cells (Fig. 1A). Moreover, the 20S core
purified from cells grown to stationary phase in glu-
cose-containing medium was more greatly S-glutath-
ionylated when compared to preparations obtained
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from cells grown in glycerol/ethanol-containing med-
ium (Fig. 1B, lanes Glu and Gly, respectively). As a
control, samples purified from cells grown in glucose
were treated with 10 mm dithiothreitol dithiothreitol
before loading onto the gel utilized for the immuno-
blot assay (Fig. 1B, lane dithiothreitol). After dithio-
threitol treatment, 20S proteasome S-glutathionylated
bands were completely absent. The purified 20S PT
SDS/PAGE profile is shown in supplementary Fig. S1
(lane 2).

As shown previously [23] and confirmed in our labo-
ratory, intracellular reductive ability is higher when
yeast cells are grown in glycerol/ethanol-enriched med-
ium (data not shown). Glucose is known to repress
expression of genes related to antioxidant defenses and
mitochondrial biogenesis [24,25], but glycerol/ethanol
growth conditions only support respiratory growth
and maintain antioxidant defenses at increased levels
[23]. Together with increased antioxidant parameters,
we found that the chymotrypsin-like activity of puri-
fied 20S proteasome obtained from cells grown in glyc-
erol/ethanol was five times that of preparations
obtained from cells grown in glucose-containing med-
ium, with no alteration of 20S proteasome levels (data
not shown). These results suggest that proteasomal
activity might be modulated according to intracellular
redox modifications.

20S proteasome deglutathionylation by Grx2

The observation that the 20S core purified from sta-
tionary-phase cells was already S-glutathionylated,
together with our data showing that S-glutathionyla-
tion of the 20S core particle varies according to the
metabolic conditions of yeast cells (Fig. 2 and Demasi
M & Silva GM unpublished results), provide strong
evidences that this redox alteration plays an important
physiological role. Our next goal was to identify an
enzymatic mechanism that is able to modulate the pro-
teasomal activity by redox modifications, e.g. deglu-
tathionylation. Based on reports in the literature, Grx2
is one of the enzymes responsible for GSH-dependent
deglutathionylase activity in yeast cells [11], and, in
addition, Grx2 co-localizes with the proteasome in the
cytosol. Thus, recombinant Grx2 was evaluated for its
ability to deglutathionylate PT-SG obtained through a
multi-step procedure as described in Experimental pro-
cedures. Preparations from each step (oxidized, in vitro
S-glutathionylated and Grx2-treated samples) were
reacted with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole
(NBD), a sulfhydryl and sulfenic acid reagent [1], and
the formation of Cys-S-NBD and Cys-S(O)-NBD ad-
ducts or their disappearance was followed by spectral
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Fig. 2. Recombinant Grx2 deglutathionylase activity on S-glutath-
ionylated 20S PT. (A) Assay with the sulfhydryl and sulfenic acid
reactant 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD). The Cys-
S(O)-NBD conjugate (solid line) or NBD-reacted S-glutathionylated
20S core (dotted line) were generated by reaction of 100 um NBD
with H,O,- or GSH-treated proteasome preparations (described in
Experimental procedures) denatured using 5 M guanidine. The Cys-
S-NBD conjugate (dashed line) was generated by incubation of
S-glutathionylated 20S PT with Grx2 in the presence of the RS
(2 mm NADPH, 0.3 U'mL™" GR and 0.5 mm GSH), followed by reac-
tion with NBD. Excess NBD was removed by filtration as described
previously [8]. Spectra were recorded as indicated. (B) Anti-GSH
blotting. The in vitro S-glutathionylated 20S PT was prepared as
described in Experimental procedures. Samples (20 pg PT-SG) were
incubated for 30 min at 37 °C under the indicated conditions in a
final volume of 40 puL and applied to 12.56% SDS-PAGE for immu-
noblot analysis. RS, sample incubated in the presence of 0.5 mm
GSH, 2 mm NADPH and 0.3 U'mL™" GR without Grx2; PT-SG, sam-
ple incubated without the RS or Grx2; Grx2-incubated, samples
incubated in the presence of the RS plus Grx2 at the indicated
concentrations. Anti-FLAG, loading control performed as described
in Experimental procedures on the same membranes utilized for
anti-GSH blotting.

measurement. When the 20S core was oxidized with
H,0,, sulfenic acid was formed (Fig. 2A, solid line).
However, the sulfenic form of the 20S core cysteine
residues completely disappeared when H,O,-oxidized
20S preparations were treated with GSH (Fig. 2A,
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dotted line). This result is consistent with the idea that,
under these conditions, cysteine residues of the 20S
core are protected from NBD modification by S-glu-
tathionylation. The S-glutathionylated 20S core was
reduced to Cys-SH after incubation with recombinant
Grx2 (Fig. 2A, dashed line), indicating that this thiol
disulfide oxido-reductase is capable of removing GSH
residues from the core. Similar S-glutathionylated 20S
PT samples were also analyzed by immunoblot with
anti-GSH IgG (Fig. 2B). PT-SG was incubated with
two concentrations of recombinant Grx2 in the pres-
ence of the GSH-dependent reductive system, as
described in Experimental procedures. As seen in
Fig. 2B, S-glutathionylated bands of the 20S core
(PT-SG) significantly decreased after incubation in the
presence of Grx2 (Grx2-incubated), and incubation
with 10 pg Grx2 increased proteasome deglutathiony-
lation when compared to the incubation with 5 pg
Grx2. The molar ratios of PT : Grx2 were 1 : 10 and
1 : 20, respectively. To evaluate the effect of the GSH-
dependent reductive system on deglutathionylation,
proteasomal preparations were incubated in standard
buffer containing the reductive system but not Grx2
(Fig. 2B, RS). The reductive system had no effect on
20S PT deglutathionylation.

Taken together, the results shown in Fig. 2 provide
direct evidence that Grx2 is capable of partly deglu-
tathionylating the 20S proteasome.

Grx2 increases chymotrypsin-like activity and
post-acidic cleavage of the S-glutathionylated
20S proteasome

To demonstrate to what extent S-glutathionylation
interferes with proteasomal activity, site-specific activi-
ties were determined using n-PT and in vitro S-glutath-
ionylated PT-SG and PT-SH preparations (Fig. 3).
Chymotrypsin-like proteasomal activities from n-PT
and PT-SG preparations were 62% and 45% of that
observed in the PT-SH preparation, respectively,
whereas the post-acidic cleavage in the n-PT and PT-
SG preparations was 50% and 35%, respectively, of
that in PT-SH preparations (Fig. 3; samples indicated
by —). As observed previously [8], the trypsin-like
activity was not modified by any redox modification of
the core. The results shown in Fig. 3 (samples indi-
cated by —) demonstrate that proteasomal activities are
inversely correlated to the extent of S-glutathiony-
lation.

As discussed above, chymotrypsin-like activity and
post-acidic cleavage were decreased by S-glutathionyla-
tion. Next, our goal was to verify whether reduction of
S-glutathionylated proteasome by Grx2 would increase
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Fig. 3. Effect of Grx2 on proteasomal hydrolytic activities. To test
for the recovery of proteasomal chymotrypsin-like activity and post-
acidic cleavage after pre-incubation with Grx2, the indicated prote-
asomal preparations (50 pg-200 uL™") were immobilized on anti-
FLAG affinity gel as described previously [8]. Grx2 (1 pg) plus the
GSH-dependent reductive system (RS) were mixed with immobi-
lized proteasome preparations, and the samples were incubated for
30 min at 37 °C with shaking. After incubation, control (-) and
Grx2-incubated samples (+) were washed three times by centrifu-
gation (8000 g x 15 mins at room temperature) and redilution with
standard buffer through Microcon YM-100 filters. Final immobilized
proteasome preparations were transferred to 96-well plates in
100 pL standard buffer. Indicated substrates (ChT-L, chymotrypsin-
like; T-L, trypsin-like; PA, post-acidic) were added to a final concen-
tration of 50 um. Hydrolysis was followed for 45 min at 37 °C, and
fluorescence (440 nm; excitation 365 nm) was recorded every
5 min. All results are means + SD and are expressed as nmol AMC
released per pug proteasome per min. Asterisk indicate a P value of
< 0.0003 (anOvA) compared to PT-SH samples.

modified proteasomal activities to the levels of the
PT-SH preparation. As expected, Grx2 pre-incubation
with S-glutathionylated forms of the 20S proteasome
(n-PT and PT-SG) resulted in increased chymotrypsin-
like activity and post-acidic cleavage (Fig. 3; samples
indicated by +). The activities in the PT-SH prepara-
tion did not change after incubation with Grx2. If the
dithiothreitol-reduced proteasomal activity (PT-SH) is
taken as the maximum attainable (100%), chymotryp-
sin-like activity for n-PT was 63% recovered after
incubation with Grx2, whereas the recovery was 48%
for PT-SG. Post-acidic cleavage for the PT-SG and
n-PT preparations was totally recovered after incubation
with Grx2. Again, trypsin-like proteasomal activity
was not modified by any of the treatments performed
here. Taken together, the results presented so far indi-
cate that S-glutathionylation and Grx2 modulate post-
acidic cleavage and chymotrypsin-like activity by
modifying the redox state of proteasomal cysteine
residues.

Similar experiments to those described above were
performed using cytosolic thioredoxins, and they also
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exhibited deglutathionylase activity towards 20S PT as
evaluated by both anti-GSH probing and NBD assay
of similar proteasome preparations (Fig. 4A,B, respec-
tively). An immunoblot analysis performed after

G. M. Silva et al.

Fig. 4. Deglutathionylation of 20S proteasome preparations by
recombinant Trx1 and Trx2. (A) n-PT preparations (20 pg) were
mixed with Trx1 (3 pg) plus 2 mm NADPH and 0.5 pg Trr1 and incu-
bated at 37 °C for 15 or 30 min (lanes indicated by 15 and 30,
respectively) or kept on ice (lane indicated by 0). Samples were
analyzed by western blotting with anti-GSH as described in Fig. 1.
St, control n-PT preparation incubated for 30 min at 37 °C in the
absence of Trx1. Anti-20SPT, loading control performed with the
same membranes utilized for anti-GSH blotting. (B) PT-SH, PT-SOH
(PT-SH after treatment with hydrogen peroxide) and PT-SG prepara-
tions were generated as described in Experimental procedures. The
Cys-S-NBD (solid line), Cys-S(O)-NBD (dashed line) conjugates and
the NBD-reacted S-glutathionylated 20S core (dashed/dotted line)
were generated from 100 pg PT-SOH or PT-SG preparations. The
Cys-S-NBD conjugate (dotted line) was obtained after incubation of
PT-SG (100 pg) with Trx1 or Trx2 (1 pg) in the presence of 2 mm
NADPH and 0.5 pg Trr1 per 100 ulL (final concentration), followed
by dilution in 5 M guanidine and reaction with NBD. Results shown
are representative of three independent experiments. (C) Effect of
Trx1 and Trx2 on the recovery of chymotrypsin-like proteasomal
activity. One microgram of PT-SH, PT-SOH or PT-SG, as indicated,
was assayed for hydrolysis of the fluorogenic peptide s-LLVY-AMC
(10 um), as described in Experimental procedures. PT-SG samples
(50 pg) were incubated for 30 min in the presence of Trx1 (1 pg) or
Trx2 (1 pg) plus 2 mm NADPH and 0.5 pg Trr1 per 100 pL. Aliquots
(1 ng) of Trx1- and Trx2-treated PT-SG were removed for the
hydrolytic assay. The results shown are means + SD and represent
six independent experiments. Asterisks indicate P values of
< 0.000012 (aNOvA) compared to PT-SG samples.

incubation of n-PT preparations with Trxl revealed
that the time course of proteasomal deglutathionyla-
tion was as short as 15 min, and 30 min incubation
did not change the extension of deglutathionylation
when these blots (Fig. 4A, 15 and 30) were compared
to the control sample of n-PT (Fig. 4A, St).

Figure 4B shows results obtained for an NBD
assay performed with both Trxl and Trx2. The molar
ratio between thioredoxins and the in vitro S-glutath-
ionylated core (PT-SG) was 10:1. As shown in
Fig. 4B, incubation of PT-SG (Fig. 4B, Cys-S-SG)
with either Trx1 or Trx2 promoted the appearance of
the reduced Cys-S—-NBD adduct. However, formation
of proteasomal intraprotein sulfur bonds is expected
during treatment with H,O,, as in vitro S-glutathiony-
lation of proteasomal preparations occurs through
formation of cysteine sulfenic acid, as described in
supplementary material Doc. S1. To rule out the pos-
sibility that the Cys-S—-NBD adduct formed after
incubation of S-glutathionylated proteasome prepara-
tions with thioredoxins was formed by reduction of
sulfur bonds instead of deglutathionylation, protea-
some preparations were incubated with Trx1 just after
treatment with H,O, (molar ratio 20S PT : Trxl of
1 : 20), followed by reaction with NBD. The results
did not indicate formation of the Cys—NBD adduct
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(data not shown). The proteasome concentration in
the assays was five times the concentration utilized in
the experiments shown in Fig. 4B. Thus, we con-
cluded from this set of experiments that formation of
the Cys-NBD adduct after incubation of PT-SG
preparations with thioredoxins (as shown in Fig. 4B)
most likely occurred through deglutathionylation.

Next we performed assays to test whether thioredox-
ins could recover the hydrolytic activity of S-glutath-
ionylated proteasome preparations. Recovery of the
chymotrypsin-like activity of the in vitro S-glutathiony-
lated core (PT-SG) by Trx1 and Trx2 was very similar
(Fig. 4C). The chymotrypsin-like activity of PT-SG
preparations compared to that obtained from dithio-
threitol-reduced preparations (PT-SH) was 71% and
77% after incubation with Trx1 and Trx2, respectively.
These results were very close to those obtained with
Grx2 (63%), as described above.

Mechanism of deglutathionylation

One question raised during the experiments described
above was whether the oxido-reductases exerted their
effects by reducing only mixed disulfides located on
the surface of the 20S core particle, or whether they
were also able to enter the latent 20S PT to reduce
cysteine residues inside the catalytic chamber. By ana-
lyzing structural features of yeast 20S PT from the
Protein Data Bank (PDB identification 1RYP), we
determined that only a few cysteine residues among
the total of 72 are exposed to the environment: 10 sol-
vent-accessible cysteines were determined to be present
on the surface, with some of them being totally
exposed and others slightly buried but still solvent-
accessible. All of the other cysteine residues are either
buried in the skeletal structure or exposed to the inter-
nal catalytic chamber environment. Therefore, we
investigated whether Grx2 enters the core particle.
Assuming that Grx2 must be at least partially
degraded to reach inside the proteasome, we first eval-
uvated Grx2 degradation using SDS-PAGE (Fig. 5A).
Degradation of Grx2 was achieved by incubating n-PT
with Grx2 in standard buffer for 2 h (Fig. 5A, lane 2)
or by proteasomal stimulation with 0.0125% SDS
(Fig. 5A, lane 4). As a control, proteasomal prepara-
tions were heated to 100 °C (Fig. 5A, lane 3) prior to
incubation with Grx2 and compared to standard Grx2
incubated in standard buffer lacking proteasome
(Fig. 5A, lane 1); no proteolysis was seen. Degradation
by the proteasome was determined by the decreased
intensity of Grx2 bands as evaluated by measurement
of optical density. When incubated in standard buffer,
n-PT was able to degrade about 70% of Grx2
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Fig. 5. Degradation of Grx2, Trx1 and Trx2 by n-PT preparations.
(A) Grx2 (5 pg) was incubated in the presence of 2.5 ug n-PT for
2 h at 37 °C and afterwards applied to 20% SDS-PAGE. Lane 1
represents standard Grx2 (ST-Grx2) incubated in standard buffer
without n-PT, and lanes 2-4 represent of Grx2 incubation in the
presence of n-PT in standard buffer (Tris), heated at 100 °C or acti-
vated by 0.0125% SDS before addition of Grx2. M, molecular mass
markers. (B) Optical density measurement of Grx2 bands. Grx2
bands shown in (A) were quantified using IMAGEQUANT software. Val-
ues are means + SD from three independent experiments. The
results are expressed as a percentage of the ST-Grx2 band, which
was set as 100. (C) Trx1 and Trx2 aliquots (5 and 10 pg, respec-
tively) were incubated with 2.5 ng 20SPT (+) in standard buffer for
30 min at 37 °C. After incubation, samples were applied to 20%
SDS-PAGE. (=), Trx1 and Trx2 samples incubated under the same
conditions in the absence of natively S-glutathionylated 20S PT. M,
molecular mass markers.

(Fig. 5B). It is well established that 20S PT is activated
by SDS at low concentrations [26]. When 0.0125%
SDS was added to the buffer (Fig. 5A, lane 4), Grx2
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Fig. 6. Stimulation of Grx2-dependent proteasome deglutathionyla-
tion by cardiolipin. (A) Increased degradation of Grx2 in the pres-
ence of cardiolipin (CDL). 20% SDS-PAGE representative of n-PT
preparations (2.5 ng) incubated for 2 h at 37 °C in standard buffer
with Grx2 (5 pg). Lane 1, purified Grx2 incubated without n-PT;
lane 2, Grx2 plus n-PT; lane 3, Grx2 plus CDL-activated n-PT (pre-
incubation in the presence of 1.75 ng CDL per pg n-PT for 5 min
at 37 °C). (B) Optical density quantification of Grx2 bands. Values
are means = SD for three independent experiments represented
in (A). The results are expressed as a percentage of the ST-Grx2
band, which was set as 100%. (C) Anti-GSH immunoblot. N-PT
(20 pg) samples were incubated with Grx2 in a final volume of
40 pL (10 pug; +Grx2) in the presence or absence of CDL (Grx2+
CDL) for the indicated durations. N-PT, 20S PT preparation incu-
bated under the same conditions without Grx2 or CDL. Anti-FLAG,
loading control performed as described in Experimental proce-
dures on the same membranes utilized for anti-GSH blotting.
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degradation was increased to 98% when compared to
the standard band for Grx2. The same results were
obtained with the other deglutathionylases assayed,
Trx1 and Trx2. As shown in Fig. 6C, both Trx1 and
Trx2 were degraded by the proteasome (molar ratios
for n-PT: Trxl and n-PT: Trx2 were 1:10 and
1 : 20, respectively).

To evaluate whether Grx2 degradation was a
non-specific process, Grx2, commercially available
cytochrome ¢, recombinant peroxidase Ohr (organic
hydroperoxide resistance protein), ovalbumin and
bovine casein at similar concentrations were incubated
with n-PT (supplementary Fig. S2). We selected cyto-
chrome ¢ because of its well-known resistance to degra-
dation by the latent form of the 20S particle [27,28],
and because its molecular mass (12 kDa) is close to
that of recombinant Grx2 (14.1 kDa), eliminating the
possibility of size- or protein diameter-specific degrada-
tion. The organic hydroperoxide resistance protein Ohr
(17 kDa) was tested because of its cysteinyl-based
active site [29,30]. Ovalbumin is a larger protein
(44 kDa) that known to be degraded in vitro by 20S PT
only when denatured [31,32]. Moreover, we compared
the degradation of all proteins with that of casein,
which has a low secondary structure content and is eas-
ily hydrolyzed by the 20S core. After incubation and
prior to application to SDS-PAGE, n-PT was removed
by filtration. The only two proteins degraded by 20S
PT were Grx2 and casein (supplementary Fig S2), indi-
cating a specific proteolytic process, probably corre-
lated to the structural characteristics of Grx2 and its
interaction with 20S PT. All of the other proteins tested
here were resistant to degradation, in agreement with
the view that the latent form of the 20S PT recognizes
specific features in target proteins. These results gave
further support to the notion that Grx2 deglutathiony-
lase activity plays a regulatory role in 20S PT activities.

We next analyzed Grx2 fragmentation using mass
spectrometry, by incubating Grx2 in standard buffer
for 30 min or 2 h in the presence of n-PT. After incu-
bation, standard Grx2 and fragments recovered by fil-
tering the incubation mixture through 100 kDa cut-off
micro filters were processed for MS analysis, as
described in Experimental procedures. Grx2 degrada-
tion by the core, as shown by SDS-PAGE (Fig. 5A),
was confirmed by the MS analysis (Table 1 and sup-
plementary Fig. S3). As expected, Grx2 fragmentation
by 20S PT was increased after 2 h incubation com-
pared to the 30 min incubation (supplementary
Fig. S3B,C, respectively). MS analysis of purified
recombinant Grx2 not incubated with the proteasome
confirmed the high degree of purity and absence of
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Table 1. Peptides derived from in vitro degradation of Grx2 by the 20S proteasome and identified by mass spectrometry. Samples were
prepared as described in Experimental procedures. Results shown were obtained as described for supplementary Fig. S3.

Peak® Residues Parention mass Peptide sequence

VSQETVAHVKDLIGQKEVFVAAKTY*’CPYC® KATLSTLFQELNVPK
47cpPYC KATLSTLFQELNVPKSKALVLELDEMSNGSE IQDALEE I SGQKTVPNVY INGK
LIGOKEVFVAAKTY*’CPYC®*KATLSTLFQELNVPKSKALVLE

a 22-65  4898.75 + 0.19
b 47-103  6255.05 = 0.32

c 33-72 444530 + 0.31

d 41-75 3887.68 + 020 VAAKTY*'CPYC*'KATLSTLFQELNVPKSKALVLELDE
e 33-65 370395+ 065 LIGQKEVFVAAKTY*'CPYC®>'KATLSTLFQELNVPK

f 45-75  3517.84+ 042 TY*’CPYC®*KATLSTLFQELNVPKSKALVLELDE

g 66-93  3032.25 + 0.29  SKALVLELDEMSNGSEIQDALEEISGQK

@ Peaks shown in supplementary Fig. S3.

any fragmentation after 2 h incubation in standard
buffer at 37 °C (supplementary Fig. S3A). As shown
in supplementary Fig. S3B, after 30 min incubation
with the proteasome, a 4898 kDa Grx2 fragment was
generated (Table 1). Although Grx2 fragmentation was
greatly increased after the 2 h incubation when com-
pared to the 30 min incubation (supplementary
Fig. S3C and Table 1), the 4898 kDa peptide remained
intact. It is noteworthy that almost all the fragments
detected after the 2 h incubation, possess the active site
(47CPYC51; Table 1). Most probably, these N-termi-
nal fragments are correctly structured and retain oxi-
do-reductase activity as the CPYC domain appears in
the inner core of most of them.

To corroborate the results shown above, we tested
whether deglutathionylation by Grx2 is increased when
its entry into the catalytic chamber is stimulated. Car-
diolipin is a well-established proteasome activator that
is capable of stimulating 20S core particle entry [33].
Our hypothesis was that cardiolipin would have a syn-
ergistic effect on Grx2-dependent deglutathionylation
by increasing Grx2 core entry. Therefore, after incuba-
tion of 20S PT with cardiolipin and Grx2, samples
were analyzed by SDS-PAGE (Fig. 6A,B) and western
blot using antibody against GSH (Fig. 6C), in parallel
with proteasomal activity measurement in order to
confirm catalytic recovery (Table 2).

It was found that activation of the 20S core by car-
diolipin increased Grx2 degradation by 30% according
to optical density measurements when compared to its
degradation by the 20S PT but not stimulated by car-
diolipin (Fig. 6A, lanes 3 and 2, respectively, and
Fig. 6B). In parallel, deglutathionylation by Grx2
(evaluated by anti-GSH blotting analysis) in the pres-
ence of cardiolipin was greatly enhanced (Fig. 6C). It
is noteworthy that, with increasing incubation time,
the effect of cardiolipin was much more pronounced
when compared to proteasome samples solely incu-
bated with Grx2 for the same duration of incubation
(Fig. 6C). These results strongly suggest that protea-

Table 2. Effect of Grx2 on chymotrypsin-like activity and post-
acidic cleavage of the natively and in vitro S-glutathionylated 20S
PT pre-incubated with cardiolipin. Natively (n-PT) and in vitro (PT-
SG) S-glutathionylated proteasome preparations in 20 mm Tris/HCl,
pH 7.5 (20 pg-100 pL™") were pre-incubated for 5 min with cardioli-
pin (1.75 pg'1 pg~" proteasome) followed by addition of Grx2 plus
the RS. After 30 min at 37 °C, samples were filtered through YM-
100 microfilters and washed three times with standard buffer. Pro-
teasome recovered on the microfilter membrane was incubated
(1 ug:100 pL~") with the indicated substrates (each at 50 pm). Fluo-
rescence emission (440 nm; excitation 365 nm) was determined
after 45 min incubation at 37 °C. All results are means + SD and
are expressed as nmol AMC released per pg proteasome per min.
As controls, n-PT preparations were incubated in standard buffer in
the absence of Grx2 or pre-treatment with cardiolipin (CDL), or pre-
incubated with CDL in the absence of Grx2. Asterisks indicate a P
value < 0.00034 compared to same proteasomal samples incu-
bated in the presence of Grx2 without CDL (ANOVA).

Chymotrypsin-like Post-acidic
(s-LLVY-AMC) (z-LLE-AMC)
n-PT 28 £ 2 14 +1.1
Pre-incubated with CDL 30+1.8 1565+ 0.9
n-PT/Grx2 40 + 1.6 19+07
+ CDL 50 + 4 305+ 1.5
PT-SG/Grx2 37 +25 18+1.0
+ CDL 61+ 45 36 + 3.5

some deglutathionylation is dependent on Grx2 entry
into the catalytic chamber. The results shown in
Table 2 confirm the cardiolipin stimulatory effect on
20S PT deglutathionylation, showing increased chymo-
trypsin-like activity and post-acidic proteasomal clea-
vage after simultaneous incubation of proteasome
preparations with cardiolipin and Grx2. The results
obtained showed 25% and 65% increased chymotryp-
sin-like activity and 61% and 100% increased post-
acidic cleavage of n-PT and PT-SG preparations,
respectively, when compared to samples incubated
solely in the presence of Grx2. In all of the experi-
ments described, after a 30 min pre-incubation with
20S core particle, Grx2 and cardiolipin were removed
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by cycles of filtration and re-dilution, as described in
the legend to Table 2, immediately prior to hydrolytic
activity measurement. This procedure ensured that the
increased post-acidic cleavage and chymotrypsin-like
activity observed after 20S PT incubation with Grx2 in
the presence of cardiolipin were due to increased de-
glutathionylation rather than cardiolipin-dependent
proteasomal-stimulated activity, as previously reported
when 20S PT activity was determined during incuba-
tion with cardiolipin [33]. To control the cardiolipin
washing procedure, proteasomal catalytic activity was
determined with samples not incubated with Grx2.
Under these conditions, proteasomal activity was not
increased after washing cardiolipin from the reaction
mixture when compared to proteasomal activity deter-
mined in samples of untreated 20S PT (Table 2). Our
conclusion from this set of experiments was that car-
diolipin-stimulated Grx2 entry into the core increased
20S PT deglutathionylation. These results suggest that
cysteine residues located inside the core are critical for
redox regulation through S-glutathionylation.

Glutaredoxins with two cysteines in the active site
possess two activities: mono- and dithiolic [9]. There-
fore, we performed experiments with the Grx2C30S
mutant, which lacks the C-terminal cysteine residue
and retains only monothiolic activity. Grx2C30S activ-
ity determined using hydroxyethyldisulfide (HED) as a
substrate, as described in the Experimental procedures,
was 70% of that with the wild-type protein (data not
shown). Monothiolic Grx2C30S was also able to
deglutathionylate n-PT, although to a lesser extent
than wild-type Grx2 (supplementary Fig. S4, C30S and
WT, respectively). The active C30S mutant was also
degraded by the 20S PT (data not shown). Therefore,
monothiolic glutaredoxins should be considered as
potential proteasomal deglutathionylases.

Grx2 is ubiquitinated in vivo

To determine whether Grx2 ubiquitination takes place
at the physiological level, we next analyzed the pres-
ence of Grx2-ubiquitin complexes in crude cellular
extract from yeast grown to stationary phase in glu-
cose-enriched medium. During ubiquitination, up to
six molecules of ubiquitin (8.5 kDa) can be added to
form a polyubiquitin chain. We performed the experi-
ments by immunoprecipitating Grx2 from the crude
cellular extracts, followed by anti-ubiquitin and anti-
Grx2 western blotting analyses (Fig. 7). Blotting with
anti-Grx2 serum under reducing conditions showed the
short (11.9 kDa) and long (15.9 kDa) forms of Grx2
(Fig 7, anti-Grx2). The band at 20 kDa is compatible
with the size of mono-ubiquitinated short Grx2 iso-
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Fig. 7. In vivo Grx2 ubiquitination. Grx2 was immunoprecipitated
with anti-Grx2 from crude a cellular extract of yeast cells grown to
stationary phase in glucose-enriched medium, followed by blotting
with anti-Grx2 (Anti-Grx2) or anti-ubiquitin (Anti-ub) as indicated.
Immunoprecipitated samples were treated with 100 mm dithiothrei-
tol prior to western blotting analyses. The molecular masses shown
were deduced from a molecular mass standard ladder (Kaleido-
scope; GE Biosciences, Piscataway, NJ, USA) by overlapping the
membrane and overexposed blotted films (data not shown). LC and
HC, light and heavy chains of IgG immunoglobulin.

forms (cytosolic and mitochondrial matrix) [34], as the
same band was seen in the anti-ubiquitin blot (Fig. 7,
anti-Ub). Blotting of the same samples with anti-
ubiquitin revealed the presence of higher molecular
mass complexes (above 50 kDa), compatible with poly-
ubiquitinated Grx2 isoforms (Fig. 7, anti-Ub). These
bands were not visualized in the anti-Grx2 blotting,
most probably because they represent poly-ubiquitinat-
ed isoforms with a low concentration of Grx2. These
results are the first demonstration that Grx2 is ubiqui-
tinated in vivo.

Discussion

Sulfhydryl groups play a critical role in the function of
many proteins, including enzymes, transcription factors
and membrane proteins [35]. In a previous report, we
concluded that oxidative stress induced proteasome
glutathionylation and loss of chymotrypsin-like activity
[8]. Now, we show that the S-glutathionylation and de-
glutathionylation processes represent biological redox
regulation of 20S PT under basal conditions. We also
showed the existence of regulatory mechanisms (best
characterized in the case of Grx2) that are able
to deglutathionylate the core particle, leading to
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concomitant recovery of proteolytic activities. Our
data show that two cytosolic thioredoxins also have
the same effects on the 20S particle (Fig. 4). Further-
more, in principle, monothiolic glutaredoxins might
also dethiolate the core, based on the ability of mutant
Grx2C30S to perform this activity (supplementary
Fig. S4). The existence of multiple pathways to dethio-
late 20S PT may represent a highly tuned process to
regulate this protease complex.

The data present in Figs 5 and 6 indicate that either
Grx2, Trx1 and Trx2 must enter the latent 20S core to
deglutathionylate proteasomal cysteine residues and
recover proteasomal activities (Figs 3 and 4C). More-
over, as Grx2 entry into the 20S core particle
increased, deglutathionylation and recovery of prote-
asomal activities were significantly improved (Fig. 6C
and Table 2). Therefore, a question to be raised is
whether these oxido-reductases undergo catalytic cycles
during proteasomal deglutathionylation since they are
degraded by the core. We do not have a definitive
answer so far. Based on the results obtained by mass
spectrometry analysis, a considerable proportion of
Grx2 was not cleaved even after 2 h incubation (sup-
plementary Fig. S3C). Furthermore, as noted above, it
is possible that the 4898 kDa peptide detected after
30 min incubation that contains the conserved CXXC
motif retains dethiolase activity. Nevertheless, the cen-
tral point addressed here is that Grx2 is involved in
redox regulation of the proteasome, either by an enzy-
matic or chemical reaction. The details of this process
will be further investigated.

As already demonstrated in mammals, some proteins
are able to enter the 20S core particle, whereas, for
others, only partial structural loss or the existence of
poorly structured domains allow free entry [36,37].
Crystallographic modeling shows that the molecular
architecture of Grx2 consists of a four-stranded, mixed
B-sheet and five a-helices. The B-sheet forms the central
core of the protein, with helices 1 and 3 located on one
side of the sheet and helices 2, 4 and 5 located on the
other side [38] (Discola KF & Netto LES, unpublished
results). Most probably, a specific interaction of particu-
lar domains of these oxido-reductases stimulates 20S PT
opening to allow their entry. Additionally, glutaredoxins
and thioredoxins share a common fold, the so-called
thioredoxin fold [39], and isoforms of both oxido-reduc-
tase families (Grx2, Trx1 and Trx2) are able to deglu-
tathionylate the 20S PT. The recognition of structural
features in Grx2, Trxl and Trx2 by 20S PT indicates
that the deglutathionylase activity reported here repre-
sents a relevant signaling event. We are presently investi-
gating whether that common feature is related to their
easy entry into the latent 20S particle.

Cysteinyl-based modification of the 20S proteasome

According to our data, Grx2 is ubiquitinated inside
cells (Fig. 7). Although Grx2 degraded by the 20S PT
in vitro, the present findings show that degradation of
Grx2 might be controlled by ubiquitination at the
physiological level. Reports in the literature raise the
possibility that proteins that can freely enter the 20S
PT can be degraded by both ubiquitin-dependent and -
independent processes [37].

Experimental procedures

Materials

Anti-FLAG IgG, cardiolipin (CDL), dithionitrobenzoic acid,
diethylenetriaminepentaacetic acid, dithiothreitol, N-ethyl-
maleimide, GSH, glutathione reductase (GR), NaBH,; and
Tris(2-carboxy-ethyl) phosphine hydrochloride were pur-
chased from Sigma (St Louis, MO, USA). Anti-20S PT
serum, cytochrome ¢ from equine heart and the fluorogenic
substrates carbobenzoxy-Leu-Leu-Glu-AMC (z-LLE-AMC),
carbobenzoxy-Ala-Arg-Arg-AMC (z-ARR-AMC) and succi-
nyl-Leu-Leu-Val-Tyr-AMC (s-LLVY-AMC) were obtained
from Calbiochem (Darmstadt, Germany). Molecular mass
markers for SDS-PAGE and Protein A-Sepharose 4B Fast
Flow were obtained from Amersham Biosciences (Piscat-
away, NJ, USA). NBD and HED were purchased from
Aldrich (St. Louis, MO, USA). AMC (7-amido-4-methyl-
coumarin) was purchased from Fluka (Buchs Switzerland).
Anti-GSH serum was obtained from Invitrogen (Carlsbad,
CA, USA). Anti-ubiquitin monoclonal serum was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Bradford protein assay reagent was purchased from Bio-Rad
(Hercules, CA, USA). Sinapinic acid (matrix) and myoglobin
(MS standard) were part of the ProteoMass kit (Sigma).

Yeast strain and growth

Saccharomyces cerevisiae RID1144 (MATa his3A200 leu2-
3,112 1ys2-801 trplA63 ura3-52 PREI™::Ylplac211 URA3)
derived from strain JD47-13C was kindly donated by
R. Deshaies (Division of Biology, Caltech, Pasadena, CA,
USA). In this strain, the 20S proteasome Prel subunit is
tagged with the FLAG peptide sequence and a polyhisti-
dine tail, which allows single-step purification [40]. Cells
were cultured in glucose-enriched YPD medium (4%
glucose, 1% yeast extract and 2% peptone) at 30 °C with
reciprocal shaking, and harvested after 60 h incubation.

Extraction and purification of the 20S
proteasome

The 20S PT was purified by nickel-affinity chromatography
or by immunoprecipitation with anti-FLAG® M2 affinity
gel freezer-safe (Sigma) as described previously [8].
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Non-tagged 20S PT was purified by conventional multi-step
chromatography as described previously [8]. 20S protea-
some preparations obtained by affinity chromatography
were utilized in all experiments. Preparations obtained by
conventional chromatography were utilized as controls for
the tagged 20S particle. The purity of 20S PT preparations
was confirmed by SDS-PAGE and non-denaturing PAGE
as described previously [8].

Proteasome activity determination by hydrolysis
of fluorogenic peptides

Fluorogenic peptides (AMC, 7-amido-4-methylcoumarin as
the fluorescent probe) were utilized for determination of
proteasomal activity, as described elsewhere [41]. s-LLVY-
AMC was utilized as a standard peptide to assess the chy-
motrypsin-like activity of the core, z-LLE-AMC for the
post-acidic cleavage and z-ARR-AMC for the trypsin-like
activity [41]. 20S PT (0.5-3 pg) was incubated at 37 °C in
20 mm Tris/HCI buffer, pH 7.5, herein referred to as stan-
dard buffer. Incubation was started by the addition of
10-50 um of peptide. Fluorescence emission was recorded
at 440 nm (excitation at 365 nm). The amount of AMC
released from the substrates was calculated using a stan-
dard curve of free AMC.

Reduction, oxidation and S-glutathionylation of
the 20S proteasome

Preparations of purified 20S PT (500-1000 pg) extracted
from cells grown in glucose-containing medium were incu-
bated overnight at 4 °C in 20 mM Tris buffer, pH 7.5, con-
taining 300 mM  dithiothreitol. ~ Then,  proteasome
preparations were passed through a HiTrap desalting col-
umn to remove dithiothreitol, according to the manufac-
turer’s protocol (Amersham Biosciences). Eluted protein
fractions were tested for the presence of dithiothreitol by
reaction with dithionitrobenzoic acid. Enriched protein frac-
tions, identified by reactivity to Bradford reagent and for
which dithiothreitol reactivity was decreased, were selected
for further use. Combined fractions were filtered and con-
centrated through Microcon YM-100 filters (Millipore, Bill-
erica, MA, USA). These preparations are referred to here as
dithiothreitol-reduced 20S proteasome (PT-SH). Aliquots of
these preparations were oxidized by incubation in standard
buffer in the presence of 5 mMm H,O, and 100 pum diethylene-
triaminepentaacetic acid for 30 min at room temperature.
After incubation, excess H,O, was removed by two cycles of
centrifugation at 8000 g for 15 mins at room temperature,
and re-dilution through Microcon YM-100 filters. S-glutath-
ionylated 20S core (PT-SG) was obtained by incubation of
oxidized 20S proteasome (PT-SOH) aliquots (100 pg) at
room temperature for 20 min in the presence of 5-10 mm
GSH. Afterwards, GSH was removed by four cycles of cen-
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trifugation at 8000 g for 15 mins at room temperature, and
re-dilution through Microcon filters. The S-glutathionylated
core used for the assays described here was either the
natively S-glutathionylated proteasome(n-PT) purified from
cells grown to stationary phase in glucose-enriched medium
or the in vitro S-glutathionylated core (PT-SG), as described
above. After determination of protein concentration, aliqu-
ots of PT-SH, n-PT or PT-SG preparations were used for
further incubation, immunoblot analyses, SDS-PAGE and
hydrolytic assays.

Cloning and expression of yeast GRX2

Cloning of the yeast GRX2, its expression in E. coli, and
Grx2 purification have been described previously [20]. The
recombinant protein is tagged with an N-terminal polyhisti-
dine sequence. Purified Grx2 was analyzed by SDS-PAGE.
Grx2 activity was determined spectrophotometrically by
measuring the reduction of 0.5 mMm HED in the presence of
0.5mM GSH, 0.1 mM NADPH and 0.3 UmL™' GR at
37 °C, and following the disappearance of NADPH at
340 nm. All of the experiments with Grx2 were controlled
by assaying non-tagged protein (thrombin-treated Grx2).
No difference between tagged and non-tagged Grx2 was
observed.

Cloning, expression and purification of yeast
thioredoxin reductase 1 (Trr1)

Cloning of the yeast TRRI, its expression in E. coli, and
Trrl purification have been described previously [42]. The
recombinant protein was tagged with an N-terminal poly-
histidine sequence.

Cloning, expression and purification of yeast Trx1
and Trx2

The trxI and trx2 genes were amplified by PCR from yeast
genomic DNA (Research Genetics, Invitrogen), as described
previously [43]. PCR products were cloned into the Ndel
and Spel restriction sites of pET17b expression vector
(Novagen, Darmstadt, Germany). E. coli BL21 (DE3) cells
were transformed with pET17b/trx! or pET17b/trx2 vec-
tors. Protein purification was performed as described previ-
ously [43].

Incubation of S-glutathionylated 20S proteasome
with Grx2 and thioredoxins

S-glutathionylated 20S PT (20-50 pg), obtained either by
growing cells to stationary phase in 4% glucose (n-PT) or
by in vitro S-glutathionylation (PT-SG), was incubated at
37 °C for 15-120 min in the presence of Grx2 (5-15 pg) in
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0.1 mL standard buffer containing 0.5 mmM GSH, 2 mm
NADPH and 0.3 UmL™' GR, herein referred to as the
reductive system (RS). Incubation with thioredoxins was
performed under the same conditions with standard buffer
containing 2 mM NADPH and 0.5 pg Trrl per 100 pL (final
concentration). When specified, 1.75 pg CDL per pg 20S PT
was added to the mixture. After incubation, samples were
filtered by four cycles of centrifugation at 8000 g for 15
mins at room temperature, and re-dilution through YM-100
Microcon filters. Control samples were incubated in the
presence of all reagents except Grx2, Trx1, Trx2 or CDL.

SDS-PAGE analysis of proteins

SDS-PAGE was performed as described previously [44].
Protein preparations, after incubation under the indicated
conditions (described in figure legends), were mixed with
gel loading buffer (60 mm Tris/HCI, pH 6.8, containing
25% glycerol, 2% SDS and 0.1% bromophenol blue) and
frozen until applied to the gel. Gels were stained either by
Coomassie brilliant blue or by the silver staining method,
as described previously [44].

Immunoprecipitation with anti-Grx2 serum

Grx2 immunoprecipitation from yeast cell lysates was per-
formed as follows: pellets (150-200 mg) of yeast cells were
disrupted by vortexing cells mixed with 1 volume of glass
beads and 2 volumes of standard buffer, containing 500 mMm
NaCl plus 1 pL protease inhibitor cocktail (Calbiochem) per
20 mg cellular pellet. After 10 cycles of 2 min vortexing and
1 min resting on ice, the cell lysate was centrifuged at
15 000 g for 40 min. The supernatant was used for immuno-
precipitation. After pre-clearing the cell lysate (1 mg pro-
tein) in 200 pL of pre-treated Protein A—Sepharose, the
supernatant obtained after centrifugation was used for incu-
bation with anti-Grx2 serum (1 : 50 dilution). Incubation
was performed for 1 h in a cold room at 8°C on a rotary
shaker and transferred to 200 puL Protein A—Sepharose for a
further 15 h incubation. Samples were then centrifuged at
10 000 g, and the Protein A—Sepharose beads were washed
five times with 500 pL Tris/NaCl buffer. After removing the
final supernatant, 100 uL. SDS-PAGE sample buffer was
added to the immunoprecipitate, and samples were heated
for 10 min at 100 °C. After centrifugation, at 15 000 g for
10 mins at room temperature samples were applied to
12.5% SDS-PAGE. Grx2 immunoprecipitates were immu-
noblotted with anti-Grx2 and anti-ubiquitin serum.

Immunoassays

Immunoblotting was performed using the ECL™ western
blotting system (Amersham Biosciences) according to the
manufacturer’s protocol. Membranes were incubated with

Cysteinyl-based modification of the 20S proteasome

horseradish peroxidase-conjugated secondary antibodies
and protein signals were detected using enhanced chemilu-
minescence western blotting detection reagents (Amersham
Biosciences). Proteasome samples analyzed using anti-GSH
serum were mixed with gel loading buffer containing
10 mMm N-ethylmaleimide. As a control, samples of PT-SH
were run in parallel to all experiments shown and no back-
ground signal was observed. The loading control was evalu-
ated by anti-FLAG blotting, as follows: the same
membranes utilized for anti-GSH blotting were incubated
overnight with 10 mM Tris(2-carboxy-ethyl) phosphine
hydrochloride in NaCl/P; (100 mm Tris, pH 7.5 containing
200 mmM NaCl). Next, membranes were washed five times
with NaCl/P; followed by the anti-FLAG blotting. Dilu-
tions of antibodies were as follows: 1 : 200 (anti-ubiquitin),
1:1000 (anti-GSH and anti-20S PT) and 1 : 2000 (anti-
Grx2 and anti-FLAG).

Optical density measurements

When specified, optical density measurements were per-
formed wusing IMAGEQUANT software from Molecular
Dynamics (Sunnyvale, CA, USA).
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The following supplementary material is available
online:
Fig. S1. SDS/PAGE profile of 20S PT preparations.
12.5% SDS-PAGE of 20S PT stained with Coomassie
brilliant blue (lane 2). Lane 1 contains molecular mass
markers.
Fig. S2. In vitro degradation of standard proteins by
the 20S PT. Five micrograms of each protein, except
casein (10 pg), were incubated for 2 h at 37 °C in stan-
dard buffer with 2.5 pg n-PT.
Fig. S3. MALDI-TOF analyses of Grx2 after incuba-
tion with natively S-glutathionylated 20S PT.
Fig. S4. Comparative 20S PT deglutathionylation by
Grx2C30S and wild-type Grx2.
Doc. S1. MALDI-TOF analyses of Grx2.

This material is available as part of the online article
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SUPPLEMENTAL DATA

FIGURE S1

12.5% SDS-PAGE pattern of 20S PT stained with Coomassie Brilliant Blue is shown (lane 2)
and a molecular weight marker (lane 1).
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FIGURE S2

Five micrograms of each protein, except casein (10 pg), were incubated for 2 h at 37°C in
standard buffer with 2.5 pg n-PT (+, even samples). The odd bands (-) correspond to standard
protein samples incubated at the same conditions without n-PT. After incubation, n-PT was
removed by filtration prior to application to a 15% SDS-PAGE gel. Protein samples were Grx2,
Cytochrome C (CytC), Organic hydroperoxide resistance protein (Ohr), Ovalbumin (Ova) and

Casein (Cas).
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FIGURE S3

MALDI-TOF analyses of Grx2 after incubation with natively S-glutathionylated 20S PT.
All incubations were performed in standard buffer at 37°C. Molar ratio (n-PT:Grx2) was 1:20.
After incubation, proteasome was removed by filtration, and Grx2 samples were utilized for
MALDI-TOF analyses as described in Materials and Methods. (A) purified Grx2 incubated for
2h in the absence of proteasome and in the presence of n-PT (B) for 30 minutes or (C) 2 hours

incubation. The fragments generated during incubation (ordered by letters) are shown in Table 1.
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FIGURE S4

Comparative 20S PT deglutathionylation by Grx2C30S and wild type Grx2. 20 pug n-PT was
incubated (final volume of 40 uL standard buffer containing 2 mM NADPH, 0.3 U/ml GR and
0.5 mM GSH) in the presence of 10 png Grx2C30S (C30S) or 10 ng wild type Grx2 (WT) for 30
minutes. C, n-PT samples incubated under the same conditions in the absence of the oxido-
reductases. Anti-FLAG, loading control performed as described in Materials and Methods on the

same membranes utilized for the anti-GSH blotting.
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Doc. S1. MALDI-TOF analyses of Grx2

Prior to incubation with the 20S PT, Grx2 samples were filtered through YM-30 Microcon filters,
and the protein recovered on the membrane was diluted into standard buffer. After incubation in
the presence of the 20S core, the samples were filtered through 100 kDa cutoff microfilters to
separate the proteasome from intact and fragmented Grx2. Total Grx2 obtained in the filtrate was
used for MS determination. Samples were desalted through reverse-phase Cig Zip-Tips
(Millipore), according to the manufacturer’s protocol. MS analyses were performed on an Ettan
MALDI/ToF-Pro instrument (Amersham Biosciences) under linear mode using sinapinic acid as
the matrix. Briefly, 1 pl Zip-Tip processed samples were mixed with 1 pL saturated matrix
solution (50% ACN containing 0.1% TFA) and 0.4 ul were deposited onto the sample slide and
allowed to dry. Data acquisition and processing were performed using Ettan MALDI software.

External calibration was performed with myoglobin

Cloning and expression of Grx2-C30S

Site-directed mutagenesis was employed to mutate the Grx2 cysteine 30 to a serine
residue. The GRX2 gene was PCR-amplified from S. cerevisiae genomic DNA (strain W303).
Forward and reverse primers (mutated sequence is underlined), respectively, were
5 cgcgatccatatgatggtatcccaggaaacagttgctcacgtaaaggatctgattggecaaaaggaagtgtttgttgcagcaaagacatac
tgcccttacagcaaagetactttgl , containing the Ndel restriction site, and
5 cgcaagcttggatcectattgaaataccggettc3 , containing the BamH restriction site. The gene sequence
was confirmed with an automated DNA sequencer. The E. coli BL21 (DE3) strain was

transformed with the resulting pET15b/grx2-C30S construct. Expression was induced with 1 mM



isopropyl-beta-D-thiogalactopyranoside (IPTG) for 3 hours. The protein was purified by cobalt-

affinity chromatography, and purity grade was confirmed by SDS-PAGE.
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