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RESUMO

Glutarredoxinas (Grxs) sdo pequenas oxidorredutases que possuem pelo menos um
residuo de cisteina conservado em seus sitios ativos e tém atividade dissulfeto redutase
dependente de tiol. Embora Grxs estejam envolvidas em diversos processos celulares,
como enovelamento protéico e protecdo contra espécies reativas de oxigénio, poucos
substratos biolégicos dessas enzimas sdao conhecidos. Na levedura Saccharomyces
cerevisiae, oito Grxs foram identificadas (ScGrx1-8); destas ScGrx1-2 sido ditidlicas e
possuem o motivo Cys-Pro-Tyr-Cys em seus sitios ativos. Ambas Grxs ditidlicas s@o
citosdlicas, embora ScGrx2 também seja encontrada na mitocondria. Neste trabalho,
mostramos que ScGrx2 possui atividade especifica como oxidorredutase quinze vezes
maior do que ScGrx1, embora estas enzimas compartilhem 64% de identidade e 85% de
similaridade de seqiiéncia. A andlise cinética bi-substrato mostrou que ScGrx2 possui tanto
um menor Ky para glutationa quanto um maior furnover que ScGrx1. Com o intuito de
compreender melhor estas diferengas bioquimicas, determinamos os valores de pK, da
cisteina N-terminal (Cys27) dos sitios ativos destas duas proteinas e demonstramos que
estes parametros ndo justificam a diferenca de atividade observada. Tentando identificar
caracteristicas estruturais relacionadas a essa diferenca de atividade, determinamos as
estruturas cristalograficas de ScGrx2 na forma oxidada e do mutante ScGrx2-C30S ligado a
glutationa a 2.05 e 1.91 A de resolucdo, respectivamente, e comparamos estas estruturas
com as estruturas de ScGrx1 descritas por Hakansson & Winther, 2007. As analises
estruturais nos permitiram formular a hipétese de que substitui¢des dos residuos Ser23 e
GIn52 de ScGrx1 por Ala23 e Glu52 em ScGrx2 poderiam modificar a capacidade da
cisteina C-terminal do sitio ativo de atacar o dissulfeto misto formado entre a cisteina N-
terminal e glutationa. Nossa hipdtese foi testada através de ensaios enzimdticos com
proteinas mutantes. Acreditamos que as diferencas funcionais e estruturais observadas
entre ScGrx1 e ScGrx2 possam refletir em variagdes na especificidade por substratos e

indicam que estas enzimas possuem fungdes bioldgicas ndo redundantes em S. cerevisiae.



ABSTRACT

Glutaredoxins (Grxs) are small thiol-dependent oxidoreductases with disulfide
reductase activity endowed by at least one cysteine at their active sites. Although Grxs are
implicated in many cellular processes, including protein folding and protection against
reactive oxygen species, few of their targets are known. In the yeast Saccharomyces
cerevisiae, eight Grxs isoforms were identified (ScGrx1-8). Two of them (ScGrx1-2) are
dithiolic, possessing a conserved Cys-Pro-Tyr-Cys motif. Both dithiol glutaredoxins are
cytosolic, however ScGrx2 is also located at the mitochondria. In spite of the fact that
ScGrx1 and ScGrx2 share 85% of amino acid sequence similarity, we have shown that
ScGrx2 i1s fifteen times more active as oxidoreductase than ScGrxl. Further
characterization of the enzymatic activities through two-substrate kinetics analysis
revealed that ScGrx2 possesses both a lower Ky for glutathione and a higher turnover than
ScGrx1. To better comprehend these biochemical differences, the pK, of the N-terminal
active site cysteines (Cys27) of these two proteins were determined. Since the pK, values
of ScGrx1 and ScGrx2 Cys27 residues are very similar, these parameters cannot account
for the difference observed between their specific activities. In an attempt to better
understand the mechanisms and differences between yeast dithiol Grxs activities, we
elucidated the crystallographic structures of ScGrx2 in the oxidized state and of the
ScGrx2-C30S mutant with a glutathionyl mixed disulfide at resolutions of 2.05 and 1.91 A,
respectively. Comparisons among these structures and those of ScGrx1 (Hékansson &
Winther, 2007) provided insights into the remarkable functional divergence between these
enzymes. We hypothesize that the substitutions of Ser23 and GIn52 in ScGrx1 by Ala23
and Glu52 in ScGrx2 can modify the capability of the active site C-terminal cysteine to
attack the mixed disulfide between the N-terminal active site cysteine and the glutathione
molecule. Mutagenesis studies supported this hypothesis. The observed structural and
functional differences between ScGrx1 and ScGrx2 may reflect variations in substrate

specificity and non-redundant biological functions.
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I- INTRODUCAO
L.1 - Trxs e Grxs

O meio intracelular € geralmente um ambiente redutor em grande parte devido a
altas concentragdes de glutationa ()-glutamylcistenyglycine), da ordem de milimolar
(Penninckx, 2002). Entretanto, espécies reativas de oxigénio (EROs) e outros oxidantes
podem alterar o balango redox celular. A glutationa atua como um tampao do estado redox
da célula, ja que este tiol de baixa massa molecular é prontamente oxidado por diversas
enzimas antioxidantes e radicais livres. Por isso, a razdo glutationa reduzida/glutationa
oxidada (GSH/GSSG) tem sido largamente utilizada como indicador do estado de oxidag¢ao
celular (Schafer & Buettner, 2001).

O balango redox também € mantido por sistemas antioxidantes dependentes de
tiorredoxina (Trx) e glutarredoxina (Grx) (Garrido & Grant, 2002). Grx e Trx sdo
oxidorredutases de baixa massa molecular (9-12 kDa), que possuem residuos de cisteina
altamente conservados em seus sitios ativos (Holmgren, 1989). O sitio ativo de Trx &
composto pelo motivo Cys-Gly-Pro-Cys, enquanto o de Grxs cldssicas é composto por
Cys-Pro-Tyr-Cys (Garrido & Grant, 2002). Ambas as proteinas sdo amplamente
distribuidas entre os seres vivos e sdo reduzidas por nicotinamida adenina dinucleotideo
fosfato (NADPH), mas por diferentes vias metabdlicas. A Trx oxidada € reduzida por
NADPH em reacdo catalisada pela flavo-enzima tiorredoxina redutase (Trr) (Figura 1). Por
outro lado, a Grx oxidada é reduzida pela GSH, gerando glutationa oxidada (GSSG).
GSSG, por sua vez, € reduzida por NADPH em uma reacdo catalisada pela flavo-enzima

glutationa redutase (GR) (Trotter & Grant, 2003; Holmgren, 1989) (Figura 1).



a) Trx b) G

NADPH /N NADP+ 2GSH /\
S—S s—s

Trr GR
Trx Grx
NADP* / \ NADPH GSSG /\
SH & SH s

Figura 1: Reducao de tiol/dissulfeto oxidorredutases. (a) Reducao de Trxs: a Trr catalisa a
reducdo por NADPH da Trx oxidada. (b) Redugdo de Grxs: Grxs sdo reduzidas por duas
moléculas de GSH, gerando GSSG, a qual é reduzida por NADPH em uma reagdo
catalisada pela GR.

A funcdo classica atribuida a Trx e Grx € como fonte de elétrons para processos que
envolvem a reducdo de pontes dissulfeto em proteinas alvos. Como pontes dissulfetos sao
ligacdes quimicas importantes para a estrutura, estabilidade e fun¢do de vdrias proteinas
(Riestch & Beckwith, 1998), Trx e Grx tém papel muito central na fisiologia celular. O
mecanismo de acdo de Trx e Grx envolve a interconversao tiol-dissulfeto entre seus sitios
ativos e os sitios ativos de proteinas alvos (Ritz & Beckwith, 2001).

Grxs foram descobertas inicialmente como doadores de elétrons para a enzima
ribonucleotideo redutase em um mutante de Escherichia coli sem Trxs (Holmgren, 1985).
Neste caso, a linhagem mutante sem Trxs € viavel porque Grxs atuam como redutores na
conversdo de ribonucleotideos a desoxirribonucleotideos, possibilitando a sintese de DNA.

O fato de os sistemas Grx e Trx apresentarem fun¢des similares na manuten¢do do
estado redox celular de proteinas é suportado pela observagdo de que a funcdo de
glutationa redutase é essencial para o crescimento celular do duplo mutante Atrx/trx2 de
Saccharomyces cerevisiae (Muller, 1996). Isso provavelmente devido ao acimulo de
GSSG no triplo mutante ArrxlItrx2girl, ji que, na auséncia de Trxs, as Grxs estdo
reduzindo substratos e gerando GSSG, a qual ndo pode ser reduzida por GR. Porém, a
perda das Grxs ditidlicas ndo afeta o estado de oxidagdo ou os niveis de GSH na célula
(Muller, 1996).

Além da atividade de oxidorredutase, outras atividades bioquimicas foram

atribuidas as Grxs: peroxidase dependente de tiol, redutor da forma oxidada do ascorbato



(deidroascorbato) e glutationa S-transferase (Collinson et al., 2002; Wells et al., 1990;
Collinson & Grant, 2003).

Outra atividade bioquimica de Grxs pode estar relacionada com a prevencdo da
oxidacdo irreversivel de cisteinas em proteinas. Residuos de cisteina estdo entre os que sao
mais facilmente oxidados em proteinas. O mecanismo de oxidacdo de cisteinas pode
envolver a formacdo de 4cido sulfénico (Cys-SOH). Cys-SOH pode reagir com outras
moléculas de perdxidos, originando 4cido sulfinico (Cys-SO,H) ou sulfénico (Cys—SO;H),
os quais nao podem ser reduzidos por ditiotreitol (DTT), ou Trxs e Grxs (Poole et al.,
2004). Dessa forma, enzimas com Cys—SO,H ou Cys—SO;H, em geral, sdo inativadas
oxidativamente (Poole et al., 2004). Alternativamente, Cys—SOH pode reagir com outra
sulfidrila (Cys-SH), originando um dissulfeto que pode ser reduzido por DTT, Trxs e Grxs.

Estas oxidagoes irreversiveis podem também ser evitadas através da glutatiolacao de
proteinas (Figura 2), na qual os grupos -SOH de proteinas formam dissulfetos mistos com
GSH (Proteina-SG, proteina glutatiolada). A reacdo de glutatiolagdo € reversivel, e a
desglutatiolacdo pode ocorrer pela reducdo direta de GSH, ou em reacdo catalisada por
Grxs (Gallogly & Mieyal, 2007). Diversos outros mecanismos foram propostos para a
glutatiolacdo protéica (revisado por Shelton et al., 2005), alguns deles sdo mostrados na

Figura 2.

GSSG + Proteina-SH Proteina-SSG + GSH

GSH + Proteina-SOH Proteina-S5G + H,O

GSOH + Proteina-SH

N
S

GS" + Proteina-§ - Proteina-SSG
- Proteina-SSG + H,O
N

GSNO + Proteina-S Proteina-SSG + NO’

GSNO + Proteina-S~ - Proteina-SSG + NO~

Figura 2: Possiveis mecanismos para a glutatiolacdo de proteinas. Esta figura foi feita
baseando-se no esquema apresentado por Shelton et al., 2005.



A glutatiolagdo afeta a funcdo de diversas proteinas, de modo que a glutatiolagdao
reversivel de proteinas especificas tem sido implicada na regulacdo da homeostase celular
(revisado por Gallogly et al., 2009). E importante ressaltar que a reducio de substratos
glutatiolados € a principal atividade atribuida as Grxs (revisado por Lillig et al., 2008). A
manipulagcdo dos niveis de Grxs tem demonstrado afetar o status da glutatiolacdo protéica

(revisado por Gallogly et al., 2009).

1.2 - Mecanismos de catalise de Grxs

Grxs podem catalisar reacdes por dois mecanismos. Um deles é conhecido como
mecanismo monotidlico, pois apenas um dos residuos de cisteina do sitio ativo estd
envolvido: a cisteina N-terminal (Cys27 em ScGrx1 e ScGrx2). O outro é conhecido como
mecanismo ditiélico, pois ambos o0s residuos de cisteina do sitio ativo de Grx sdo
necessarios. Reacoes de reducdo de dissulfetos mistos entre glutationa e proteinas, ou entre
glutationa e ti6is de baixa massa molecular (exemplo: HED), se processam pelo
mecanismo monotidlico de Grxs, enquanto reagdes de redugdo de ligacdes dissulfeto em
proteinas se processam pelo mecanismo ditidlico (Fernandes & Holmgren, 2004).

E importante ressaltar que todas as Grxs ditilicas (que possuem dois residuos de
Cys em seus sitios ativos) estudadas até o momento catalisam reagdes de desglutatiolacao
pelo mecanismo monotidlico, mas nem todas elas catalisam a reducdo de dissulfetos em
proteinas através do mecanismo ditiélico (revisado por Lillig et al., 2008).

No mecanismo ditidlico, a cisteina N-terminal do sitio ativo, que se encontra mais
exposta ao solvente na superficie da estrutura protéica, inicia o ataque sobre um dos dtomos
de enxofre da ligacdo dissulfeto da proteina alvo (Figura 3, reagdo a). Conseqiientemente,
um dissulfeto misto € formado entre a cisteina N-terminal de Grx e a proteina alvo. A
cisteina C-terminal do sitio ativo € desprotonada e ataca a cisteina N-terminal de Grx
(Figura 3, reacdes b, c¢), gerando Grx oxidada (com uma ligag@o dissulfeto intramolecular) e
a proteina alvo na forma reduzida (Fernandes & Holmgren, 2004). A regeneracao da forma
reduzida de Grx, como descrito anteriormente, se dd através de reagdes seqiienciais com

duas moléculas de GSH (Figura 3, reagdes d, €).
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Figura 3: Mecanismos de catdlise de Grxs. No mecanismo de agdo ditidlico, a Cys N-
terminal de Grxs atacam o dissulfeto da proteina alvo (reacdo a), formando um dissulfeto
misto entre Grx e a proteina alvo. Este dissulfeto misto é reduzido pelo ataque da Cys C-
terminal desprotonada (reagdo c), liberando a proteina reduzida e Grx oxidada com um
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dissulfeto intramolecular. Esta forma de Grx oxidada é reduzida por duas reacdes
consecutivas com moléculas de glutationa (reacdes d, e). No mecanismo de agdo
monotidlico, o dissulfeto misto Proteina-SG € reduzido por Grx, ocorrendo, entdo, a
formacgdo do intermedidrio Grx-SG (reacdo f), o qual é reduzido por outra molécula de
GSH (reacdo g).

No mecanismo monotidlico, Grx utiliza apenas a cisteina N-terminal de seu sitio
ativo, interagindo especificamente com o motivo glutationa da proteina ou tiol glutatiolado,
através do seu sitio de ligacdo para glutationa (Figura 3, reacao f) (Bushweller ez al., 1992:
Bushweller et al., 1994). Forma-se um intermedidrio que consiste em um dissulfeto misto
entre Grx e glutationa (Grx-SG), e a molécula alvo € liberada na forma reduzida. Entdo
uma segunda molécula de GSH reduz o intermedidrio Grx-SG, produzindo Grx reduzida e
glutationa oxidada (GSSG, Figura 3, reacdo g), a qual € reduzida pela GR, a custa de
elétrons do NADPH (Fernandes & Holmgren, 2004).



Como pode ser observado na Figura 3, o intermedidrio Grx-SG é comum a ambos
os mecanismos mono e ditiélico. A reducdo do dissulfeto misto Grx-SG por uma segunda
molécula de GSH (Figura 3, reacdes e, g) € a etapa lenta e determinante da velocidade da
reacdo global (Srinivasan et al., 1997). Se o ataque nucleofilico da cisteina C-terminal
sobre Grx-SG € favorecido (Figura 3, reacdo d), a reacdo se processa pelo mecanismo
ditidlico, mas se a reducdo de Grx-SG por um nucledfilo externo (como GSH) é favorecida
(Figura 3, reacdo g), a reacdo se processa pelo mecanismo monotidlico (Nordstrand et al.,
1999; Jao et al., 2006).

Em reagdes de desglutatiolacdo, que se processam pelo mecanismo monotidlico, a
ocorréncia da reacdo secunddria de ataque da cisteina C-terminal do sitio ativo sobre o
intermedidrio Grx-SG (Figura 3, reacdo d) leva a um decréscimo na velocidade da reagdo
global, provavelmente por que parte das moléculas de Grx e de glutationa fica envolvida
em reagdes de intercambio tiol-dissulfeto desnecessdrias (Yang et al., 1998).

A especificidade da primeira etapa da reacdo do mecanismo monotidlico (Figura 3,
reacdo f) € dependente da ligagdo nao-usual formada pela cadeia lateral do y-carboxilato do
Glu N-terminal e o grupo a-amino da Cys presente na molécula de GSH (Peltoniemi et al.,
2006). A reagdo de Grxl de Escherichia coli (EcGrx1) com um peptideo glutatiolado
resulta apenas na formacdo do dissulfeto misto Grx-SG, enquanto que a reacdo de EcGrx1
com um peptideo ligado a ECG (glutamil-cisteinil-glicina, andlogo da GSH com ligacdo
peptidica normal entre Glu e Cys) produz apenas o dissulfeto Grx-peptideo (Peltoniemi et
al., 2006). Essa especificidade para o motivo glutationa na primeira etapa da reacdo
também foi descrita para Grxl humana (HsGrx1) e Grx de porco (Yang et al., 1998;

Rabenstein & Millis, 1995).



1.3 - Grxs de Saccharomyces cerevisiae

A levedura Saccharomyces cerevisiae possui oito Grxs. As glutarredoxinas ScGrx1
e ScGrx2 sao ditidlicas cléssicas, enquanto ScGrx3-7 sdo isoformas monotidlicas. ScGrx8
foi caracterizada recentemente, é uma isoforma ditidlica, porém apresenta caracteristicas
bioquimicas e estruturais que a diferem de ScGrx1 e ScGrx2. A Tabela 1 resume algumas

informagdes sobre as Grxs de levedura.

Tabela 1: Localizacao celular, massa molecular e residuos dos sitios ativos das Grxs de S.
cerevisiae.

Localizagéo Celular Massa Molecular (kDa) Sitio Ativo
ScGrx1 Citosol 12,38 CPYC
ScGrx2 Citosol/Mitocdndria 11,96/ 15,86 CPYC
ScGrx3 Niucleo 32,48 CGFS
ScGrx4 Nicleo 27,49 CGFS
ScGrx5 Mitocondria 16,93 CGFS
ScGrx6 Reticulo endoplasmaético/cis-Golgi 25,78 CSYS
ScGrx7 Reticulo endoplasmatico/cis-Golgi 22,56 CPYS
ScGrx8 Citosol 12,52 CPDC

As Grxs monotidlicas de levedura apresentam extensdes na regido N-terminal, mas
tém similaridade significativa com as Grxs ditidlicas na regido C-terminal (Figura 4).
ScGrx6 e ScGrx7 sdo mais similares as Grxs ditidlicas do que ScGrx3-5 o sdo, uma vez
que ndo possuem uma inser¢ao antes da cisteina N-terminal do sitio ativo, ou o motivo

WP, anterior ao sitio TXP de ligagdo a glutationa (Mesecke et al., 2008b).
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Figura 4: Alinhamento das seqiiéncias das Grxs de S. cerevisiae. Em laranja escuro, estdo
destacados os aminodcidos mais conservados entre as Grxs de levedura; e, a medida que
diminui o grau de conservacao, o tom de laranja se torna mais claro. As cisteinas dos sitios
ativos de ScGrx1 e ScGrx2 (isoforma de 11.9 kDa) estdo indicadas pelas setas vermelhas, e
os residuos destas proteinas que interagem com glutationa estdo indicados pelas setas
azuis. O alinhamento foi feito utilizando o programa Multalin versdao 5.4.1 (Corpet, 1988),
e a representacdo, com o programa Jalview (Clamp et al., 2004).



1.3.1 - Grxs ditidlicas S. cerevisiae

Na levedura S. cerevisiae, foram identificados dois genes de Grxs ditidlicas,
denominados Scgrxl e Scgrx2, que apresentam 40-52% de identidade e 61-76% de
similaridade com Grxs de bactérias e mamiferos (Luikenhuis et al., 1998). ScGrx1 e
ScGrx2 fazem parte da subfamilia das Grxs classicas que possuem dois residuos de cisteina
no sitio ativo. Apesar do alto grau de identidade (64%) e similaridade (85%) entre ScGrx1
e ScGrx2, ensaios com extrato de leveduras mutantes Agrxl, Agrx2 e AgrxIgrx2
mostraram que ScGrx2 € a maior responsavel pela atividade como oxidorredutase na
célula, sendo que uma de suas principais fungdes pode ser a redugdo de dissulfetos mistos
formados como resultado de danos causados por EROs (Luikenhuis et al., 1998). Além
disso, a diferenca de atividade como oxidorredutase observada por estes autores ndo €
devida a uma diferenca na expressdo dos dois genes.

ScGrx1 € citosdlica, enquanto ScGrx2 apresenta duas diferentes isoformas com
pesos moleculares de 11.9 e 15.9 kDa que se localizam ambas na mitocondria, porém a
menor isoforma de ScGrx2 também € encontrada no citosol (Pedrajas et al., 2002). Neste
projeto, estudamos a isoforma de 11.9 kDa de ScGrx2. As isoformas de ScGrx2 (11.9 e
15.9 kDa) sdo sintetizadas a partir de dois c6dons de inicia¢do de transcri¢do localizados
in-frame. A 1soforma citosolica € sintetizada a partir do segundo AUG (Figura 5, setas 4 e
5), ndo possuindo a extensdo N-terminal, enquanto a isoforma longa, que carrega a
seqiiéncia de enderecamento mitocondrial, é resultado da traducdo do primeiro AUG
(Figura 5, seta 3; Porras et al., 2006). A isoforma contendo a extensdo N-terminal tem dois
destinos: uma parte € importada para a mitocondria e tem a cauda N-terminal cortada por
uma peptidase, gerando a isoforma de 11.9 kDa que permance na matriz (Figura 5, seta 6),
enquanto outra parte ndo € processada e permanece ligada a porcdo externa da membrana

mitocondrial externa (Figura 5, seta 7).
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Figura 5: Esquema retirado de Porras et al., 2006, mostrando a origem das duas isoformas
de Grx2 encontradas em S. cerevisiae.

A glutationa redutase (GlIrl) de S. cerevisiae se localiza tanto no citosol quanto na
mitocondria (Outten & Culotta, 2004), permitindo a redu¢do de GSSG, produzida no ciclo
catalitico de Grxs, em ambos os compartimentos celulares. Como para ScGrx2, as
isoformas de Glrl s@o sintetizadas a partir de dois cdédons de iniciacdo de transcri¢dao
localizados in-frame. A isoforma citosélica € sintetizada a partir do segundo AUG e a
isoforma mitocondrial € resultado da tradu¢do do primeiro AUG (Outten & Culotta, 2004).

A resisténcia de células de levedura ao estresse oxidativo induzido por perdéxidos é
afetada por delecdes nos genes de Grxs ditidlicas. O duplo mutante Agrx/grx2 é muito
sensivel ao estresse oxidativo, e o mutante Agrx/ € bastante sensivel ao anion superéxido.
Ambos os mutantes Agrx/ e Agrx2 sdo sensiveis a HO,, sendo que o mutante Agrx2 é
mais sensivel a este oxidante que o mutante Agrx/. A super expressdo de grxl e grx2
aumenta a resisténcia a H,O, e a peréxidos organicos, como tert-butil hidroperéxido (-

BOOH) e hidroperéxido de cumeno (Luikenhuis et al., 1998).
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ScGrx8 € uma isoforma ditidlica que foi descrita e caracterizada recentemente
(Mesecke et al., 2008a; Eckers et al., 2009). ScGrx8 se localiza no citosol e é pouco
abundante na célula. Além disso, ScGrx8 apresenta atividade bastante baixa no ensaio de
reducdo do dissulfeto misto formado entre HED e glutationa (B-ME-SG), sendo que sua
atividade s6 € detectada neste ensaio quando usadas concentragdes de enzima da ordem de
micromolar, enquanto ScGrx1 e ScGrx2 sdo ativas em concentragcdes da ordem de
nanomolar (Eckers et al., 2009; Discola et al., 2009 - anexo 1). Aparentemente, a baixa
atividade de ScGrx8 no ensaio de reducdo do dissulfeto B-ME-SG se deve ao fato de sua
reducdo por GSH ser lenta (Eckers et al., 2009).

ScGrx8 apresenta baixa identidade com ScGrxl (30% identidade e 47%
similaridade) e ScGrx2 (24% identidade e 49% similaridade) e, diferentemente das Grxs
ditidlicas cléssicas, apresenta a seqiiéncia CPDC em seu sitio ativo € ndo possui 0s
residuos do motivo de ligacdo a glutationa conservados (Figura 4). Além disso, ScGrx8
apresenta um residuo de triptofano anterior ao sitio ativo que nao é encontrado em Grxs,
mas ¢é conservado em Trxs (Eckers et al., 2009).

Por ter sido descrita recentemente e por apresentar propriedades bioquimicas e
estruturais distintas das outras duas Grxs ditidlicas de levedura, ScGrx8 ndo foi objeto de

estudo deste trabalho.

1.3.2 - Grxs monotidlicas de S. cerevisiae

Apesar de apresentarem a seqiiéncia CGFS conservada em seus sitios ativos e 29%
de identidade entre si (que aumenta para 71% quando consideradas apenas ScGrx3 e
ScGrx4; Figura 4), ScGrx3-5 parecem ter funcdes celulares diferentes. A perda das
enzimas ScGrx3, ScGrx4 e ScGrx5 resulta em um decréscimo na atividade de
oxidorredutase em extratos celulares, e o mutante triplo € invidvel (Rodriguez-Manzaneque
etal., 1999).

ScGrx3 e ScGrx4 sao nucleares (Lopreiato et al., 2004; Molina et al., 2004) e
possuem um dominio Trx N-terminal, fusionado ao dominio Grx (Belli et al., 2002; Vilella

et al., 2004), que € necessario para o enderecamento destas Grxs ao nucleo (Molina et al.,
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2004). ScGrx3 e ScGrx4 estdo envolvidas na inibi¢do, dependente de ferro, do fator de
transcricdo Aftl, o qual regula a transcri¢cdo de genes envolvidos na homeostase de ferro
(Ojeda et al., 2006; Pujol-Carrion et al., 2006). Este fator de transcri¢do induz a expressao
de genes do regulon do ferro em células de levedura deficientes em ferro, mas € inativado
em condi¢des nas quais a concentracdo de ferro intracelular € suficiente. Células sem
ScGrx3 e ScGrx4 apresentam expressdo constitutiva dos genes do regulon do ferro (Ojeda
et al., 2006; Pujol-Carrion et al., 2006).

A auséncia de ScGrx5 induz uma série de defeitos de crescimento. Mutantes sem
ScGrx5 ndo sdo capazes de crescer na presenca de fontes ndo fermentdveis de carbono,
acumulam ferro na mitocondria e mostram uma diminui¢do nas atividades de enzimas que
contém grupamentos ferro-enxofre (Rodriguez-Manzaneque et al., 2002). Recentemente,
foi demonstrado que ScGrx5 é uma proteina mitocondrial envolvida na biogénese de
proteinas ferro-enxofre (Rodriguez-Manzaneque et al., 2002). A perda de ScGrx5 também
causa um aumento na sensibilidade a oxidantes e acimulo de proteinas carboniladas na
célula (Rodriguez-Manzaneque et al., 1999).

O duplo mutante de levedura Agrx2grx5 € invidvel (Rodriguez-Manzaneque et al.,
1999), indicando a necessidade de ao menos uma Grx na mitocondria para a manuten¢ao
da atividade de oxidorredutase sobre substratos glutatiolados, uma vez que foi descrito que
ambas, ScGrx2 e ScGrx3, sdo capazes de desglutatiolar substratos protéicos (Silva et al.,
2008 - anexo 2; Shenton et al., 2002). Porém, ScGrx2 parece nao compensar a auséncia de
ScGrx5 na biogénese de proteinas ferro-enxofre (Molina et al., 2004).

As isoformas monotidlicas de levedura ScGrx6 e ScGrx7 foram identificadas
recentemente e diferem das demais Grxs monotidlicas estudadas até o momento por
apresentarem atividade como oxidorredutases no ensaio padrdo para Grxs na reducdo do
dissulfeto B-ME-SG (Meseck et al., 2008b). Além disso, ScGrx6 e ScGrx7 apresentam
residuos diferentes em seus sitios ativos (CSYS e CPYS, respectivamente) em comparacao
as outras trés Grxs monotidlicas de S. cerevisiae (Tabela 1).

Ambas, ScGrx6 e ScGrx7, contém um dominio transmembrana N-terminal que
permite que elas se associem as membranas das vesiculas do reticulo endoplasmatico e cis-

Golgi na face do lumen (Izquierdo et al., 2008; Mesecke et al., 2008a). Os mutantes Agrx6
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e Agrx7 de levedura apresentam defeitos de crescimento e sensibilidade aumentada frente a
agentes oxidantes como H,0O, e diamida (Mesecke et al., 2008a). Estes autores propdem
que ScGrx6 e ScGrx7 ndo devem estar relacionadas ao enovelamento oxidativo de

proteinas, mas devem se contrapor a oxidacao de tidis especificos de substratos protéicos.

1.4 - Caracteristicas gerais de Grxs

1.4.1 - Estrutura

Grxs possuem o conhecido enovelamento Tiorredoxina (Trx), que consiste em uma
folha B central, geralmente composta por 4 fitas, rodeada por a-hélices (afafappac; Figura
6; Pan & Bardwell, 2006). Outras proteinas também apresentam este enovelamento basico,
em alguns casos, com insercdes ou extensdes, como as proprias Trxs, as Proteinas
Dissulfeto Isomerases (PDI; Kemmink ef al., 1997), Peroxirredoxinas (Prx; Wood et al.,
2003), Glutationa-Peroxidases (Epp et al., 1983) Glutationa-S-Transferases (GST; Martin,
1995), DsbA (Martin et al., 1993), entre outras.

Figura 6: Enovelamento de proteinas da familia Tiorredoxina, retirado de Pan & Bardwell,
2006. O enovelamento de proteinas da familia Trx consiste em uma folha B central de
quatro ou cinco fitas (em vermelho) rodeada por a-hélices (em azul).

Dentre as enzimas que apresentam o enovelamento Trx, algumas delas, como PDI,
DsbA, Trx e Grxs, apresentam o motivo CXXC conservado em seus sitios ativos apesar de
nao compartilharem uma alta similaridade de seqiiéncia. A localizacdo do sitio ativo
também € conservada entre estas proteinas, sendo que, em todas, a Cys N-terminal se
encontra exposta na superficie da estrutura em um loop que conecta a segunda fita beta e

uma hélice longa, enquanto a Cys C-terminal se encontra mais enterrada na estrutura
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(Carvalho et al., 2006). E adjacente ao loop do sitio ativo, encontra-se outro loop que
contém um residuo de prolina conservado com configuracao cis, o qual estd relacionado ao
reconhecimento de substratos nos membros da familia Trx (Copley et al., 2004).

Todas estas enzimas estao envolvidas em reacdes de isomeriza¢dao (PDI), formacao
(DsbA) ou quebra (Trx e Grx) de ligagdes dissulfeto (Carvalho et al., 2006). Os
aminoécidos XX variam bastante entre elas (Trxs: Gly-Pro; PDIs: Gly-His; DsbA: Pro-His;
Grxs: Pro-Tyr) e ja foram descritos como os principais determinantes das diferentes
propriedades redox destas enzimas (Huber-Wunderlich & Glockshuber, 1998; Mossner et
al., 1998). Mais recentemente, foi descrito que o residuo que ocupa a posi¢do anterior a
cis-prolina também modula as propriedades redox e a capacidade de interagir com

substratos destas proteinas (Ren et al., 2009).

1.4.2 - pK, da cisteina reativa

A maioria das cisteinas (ligadas a uma cadeia polipeptidica ou livres) possui baixa
reatividade, uma vez que suas sulfidrilas possuem um alto valor de pK, (em torno de 8,5;
Benesch & Benesch, 1955) e, portanto, encontram-se preferencialmente protonadas (SH)
em pH fisiolégico. Ao contrdrio, a forma desprotonada da sulfidrila, conhecida como
tiolato (S°), € mais nucleofilica e reage mais rapidamente com espécies oxidadas do que a
forma protonada. O enovelamento protéico pode gerar um ambiente que promove a reducdo
do pK, das sulfidrilas, deixando-as preferencialmente desprotonadas em pH fisiolégico, e
ativos os residuos de cisteina. Essa reducao do pK, de cisteinas ocorre, por exemplo, em
proteinas da familia Tiorredoxina, como as préprias Trxs, Grxs, Prxs, entre outras (Mossner
et al., 1998; Discola et al., 2009; Ogusucu et al., 2007).

Em Grxs, o pK, da cisteina N-terminal de seus sitios ativos € geralmente bastante
baixo, e este residuo se encontra predominantemente na forma de tiolato em pH fisiolégico,
enquanto a cisteina C-terminal de seus sitios ativos se encontra geralmente protonada. A
forma de tiolato da cisteina N-terminal de Grxs contribui para o ciclo catalitico como um
bom nucleéfilo na primeira reacdo (Figura 3, reacdes a, f) e, principalmente, como um bom

grupo de saida (Figura 3, reacdes e, g).
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Reacdes de intercambio tiol-dissulfeto catalisadas por Grxs sdo substituicdes
nucleofilicas de um tiol ou tiolato (nucle6filo) em uma ligacdo dissulfeto que levam a
oxidacd@o do nucledfilo e a reducdo do grupo abandonador ou de saida (Jacob et al., 2003).
A velocidade destas reagdes depende do grupo abandonador. Bons grupos de saida sdo
geralmente bases conjugadas de dcidos fortes, como o tiolato. E importante lembrar que
quanto mais estabilizada € a densidade eletrOnica negativa ou carga negativa do grupo de
saida, menor € a energia do estado de transicdo, e mais rdpida é a reacdo (Streitwieser &
cols, 1998). Portanto, o pK, baixo caracteristico da cisteina N-terminal de Grxs estd
relacionado a estabilizacao da forma anidnica do enxofre na proteina.

Diversos fatores t€ém sido propostos para a estabilizacdo do tiolato da cisteina N-
terminal de Grxs e proteinas da familia Trx:

- Interacdes com residuos de carga positiva proximos ao sitio ativo (Yang & Wells,

1991);

- potencial eletrostético positivo na regido do sitio ativo, resultante da composi¢do do

ambiente local e ndo por interacdes de cargas diretas (Sun et al., 1998);

- interacdo com o dipolo positivo da regido N-terminal da o-hélice na qual se

encontra o sitio ativo (Kortemme & Creigthon, 1995);

- ligacdo de hidrogénio entre o tiolato e o grupo amida da cisteina C-terminal (Eklund

et al., 1992; Katti et al., 1995);

- ou ligacao de hidrogénio entre o SH da cisteina C-terminal do sitio ativo e o tiolato

da cisteina N-terminal (Jeng et al., 1995; Jao et al., 2006).
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IT - OBJETIVOS

O objetivo geral deste projeto € a caracterizacdo funcional e estrutural das
glutarredoxinas ditidlicas Grx1 e Grx2 de Saccharomyces cerevisiae, uma vez que, em
comparacdo com outras vias de 6xido-reducdo, pouco se sabe sobre mecanismo de agdo e
alvos bioldgicos desta classe de proteinas.

Para atingir esse objetivo, tentamos obter as estruturas de ScGrx1 e ScGrx2 em
diferentes estados de oxidagdo, por meio da técnica de Cristalografia de proteinas, e
analisar estas estruturas comparativamente. Hipdteses geradas podem ser testadas através
de mutagénese sitio-dirigida, sendo possivel a identificacdo de aminodcidos importantes

para a catdlise e/ou interacdo com substratos.
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III - MATERIAIS E METODOS
II1.1 - Reagentes

Triptona, extrato de levedura, NaCl, dgar, etanol, isopropanol, 4dcido acético, acido
sulfarico, glicose, H,O,, brometo de etideo, acrilamida, bis-acrilamida, persulfato de
amoOnia, TEMED, GSH, Glutationa redutase, BSA, Insulina de pancreas bovino, diamida e
azida de sddio, adquiridos junto a Sigma e Merck. Enzimas de restricdo (BamHI e Ndel),
marcadores de massa molecular, agarose, Taq DNA polimerase, T4 DNA ligase,
adquiridos junto a Invitrogen e Amersham. HED adquirido junto a Aldrich. EDTA e
NADPH adquiridos junto a ICN Biomedicals Inc. IPTG, DTT, PMSF, imidazol, Hepes e
SDS, adquiridos junto a USB. Monobromobimano, adquirido junto a Calbiochem.
“QuickChange Site-Directed Mutagenesis Kit” da Stratagene. Kits de cristalizacdo
“Crystal Screen 1 e 27, “Index 1 e 2” e “Additive Screen 1, 2 ¢ 3” da Hampton Research,
“Wizard 1 e 2” da Emerald Biostructures. Oligonucleotideos, adquiridos junto a IDT

(Integrated DNA Technologies).

I11.2 - Meio de Cultura para bactérias
LB: (1% triptona, 0,5% extrato de levedura e 1% NaCl).

*Qs meios de cultura foram solidificados com a adi¢io de 4gar em uma concentracdo final de 2%.

ITL.3 - Linhagens e plasmideo

Linhagens de Escherichia coli:

BL2I(DE3); [F-, amp T, hsdSb (rB- mb-), gal, dcm (DE3) (Novagen).

+

DH5oF :F’ (Z80dlacZ (lacZ)M15)_(lacZY A-argF)U169 recAl endA1 hsdR17 (rk_,mk ).
XLI-Blue: recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F” proAB laclqZAM 15 Tnl0 (Tetr)].

Plasmideo
Expressdo: pET-15b (Novagen). A proteina recombinante resultante da expressdao desse
vetor apresenta uma cauda de histidina na regido N-terminal. Outras caracteristicas estao

representadas abaixo.
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T7 promoter primer #69348-3

Bglll T7 promoter ) lac operator Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAAT TGTGAGCGGATAACAATTCCCCTCTAGARATAATTTIGTTTAACTTTAAGAAGGAGA
Neoll HiseTag Ndel Xhol BamH |
ATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGECTGGTGCCGCGCGGCAGCCATATGCTCCAGGATCCGGCTGCTAACAAAGCCCGA
MetGlySerSerHisHisHisHisHisHisSerSerGlyLeuValProArgGlySerHisMetLeuGlubspProdlchAlalsnlyshlalrg
Bpu'102 | thrombin ' T7 terminator
AAGGAAGCTGAGTTGECTGCTECCACCECTCAGCAATAACTACCATAACCCCTTGEEECCTCTAAACCGEGTCTTGAGEBGETTTTITTG

luGInEnd

LysGlublaeGluLeualadladlaThral

TT terminator primer #69337-3

Figura 7: Seqiiéncia de bases de nucleotideos da regido de clonagem e expressdo do vetor
pET-15b.

I11.4 - Oligonucleotideos
Os oligonucleotideos (Tabela 2) foram desenhados de acordo com as seqii€ncias
dos genes presentes no banco de dados especifico para Saccharomyces cerevisiae

(Saccharomyces Genome Database: http://genome-www4.stanford.edu/SGD) e suas

propriedades foram analisadas no website da “Integrated DNA Technologies”

(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/). Os oligonucleotideos

utilizados para mutagénese sitio-dirigida, com excecao daqueles para a mutagdo Scgrx2-
C30S, foram desenhados de acordo com as instrucdes do “QuickChange Site-Directed
Mutagenesis Kit” da Stratagene. As enzimas de restricio a serem utilizadas em cada
constru¢do foram escolhidas apds verificarmos se os genes ndo possuiam sitios de
clivagem para as mesmas, utilizando a ferramenta disponivel no website:

wwWw.restrictionmapper.org.
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Tabela 2: Oligonucleotideos utilizados. Os sitios de restri¢do estdo sublinhados e os
co6dons mutados estdo destacados em negrito e italico.

Restricao | Seqiiéncia
Scgrx1/YCLO35C Ndel e F: 5 CGCGATCCATATG ATG GTATCTCAAGAAAC 3’
BamHI R: 5 CGCAAGCTTGGATCCTTAATTTGCAAGAATAGG 3’

Scgrx1-S23A* F:5° GAG ATC TTC GTC GCA GCA AAA ACG TACTGT CC 3’
R: 5" GG ACA GTA CGT TTT TGC TGC GAC GAA GAT CTC ¥’
ScgrxI-C308* F:5° CGTAC TGT CCA TAC TCT CAT GCA GCC CTA AAC 3
R: 5" GTT TAG GGC TGC ATG AGA GTATGG ACAGTACG ¥
ScgrxI-Q52E* F:5° GTT CTG GTT TTG GAG TTG AAT GAC ATG AAG ¥’

R: 5’ CTT CAT GTC ATT CAA CTC CAA AAC CAG AAC ¥’
Scgrx1-D89S* F: 5" CAT ATT GGA GGC AAC TCT GAC TTG CAG GAATTG ¥’
R: 5" CAATTC CTG CAA GTC AGA GTT GCC TCC AAT ATG 3’
Scgrx2-A23S* F:5° GAA GTG TTT GTT GCA TCC AAG ACATACTGC CC 3’
R:5” GG GCA GTA TGT CTT GGA TGC AAC AAA CACTTC ¥

Scgrx2-C308 Ndel e F: 5 CGCGATCCATATG ATG GTA TCC CAG GAA ACA GTT
BamHI GCT CAC GTA AAG GAT CTG ATT GGC CAA AAG GAA GTG

TTT GTT GCA GCA AAG ACA TAC TGC CCT TAC AGC AAA
GCT ACTTTG 3

R: 5 CGCAAGCTTGGATCCCTATTGAAATACCGGCTTC 3’

Scgrx2-E520Q% F: 5 G GCC CTT GTG TTG CAG TTA GAT GAA ATG AGC 3’
R:5° GCT CAT TTC ATC TAA CTG CAA CAC AAGGGCC3
Scgrx2-S89D* F: 5 CAC ATT GGT GGT AAC GAT GAT TTG GAA ACT TTG ¥
R: 5> CAA AGT TTC CAA ATCATC GTT ACC ACC AAT GTG ¥

* Oligonucleotideos que foram usados para mutagénese sitio-dirigida utilizando o “QuickChange Site-
Directed Mutagenesis Kit” da Stratagene.

IIL5 - Preparacao de bactérias eletrocompetentes

As bactérias foram crescidas em 1L de meio LB até atingirem ODg entre 0,6 e 0,8.
Entdo o frasco contendo as bactérias foi mantido em gelo por 30 minutos. Depois as células
foram centrifugadas (15min/4°C/5000rpm) e o sobrenadante foi descartado. O pellet
resultante foi ressuspendido em 1L de 4gua gelada, centrifugado, e o sobrenadante
removido. Novamente, o pellet foi ressuspendido em 500 mL de 4dgua gelada, centrifugado

e ressuspendido em 20 mL de glicerol 10% gelado. Posteriormente, foi feita uma nova
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centrifugacdo, o sobrenadante foi removido e o pellet remanescente foi ressuspendido em 2
mL de glicerol 10% gelado. Fracdes de 40 pL foram aliquotadas em gelo seco e estocadas
em freezer -80°C. Todo o processo de manipulacdo foi realizado em ambiente estéril. Este

procedimento foi realizado seguindo o protocolo descrito por Ausebel & cols, 1987.

I11.6 - Mini preparacao plasmidial

Para obter o plasmideo das coldnias desejadas foi utilizada a mini preparacdo
plasmidial (mini-prep), seguindo o método da hidrélise alcalina, de acordo com Sambrook
& cols, 1989. O pellet de uma cultura de 1,5 mL, crescida a 37°C overnight, foi
ressuspendido em 100 pL de solu¢do GTE (Tris-HCI 25 mM, glicose 50 mM, EDTA 10
mM / pH 8,0) e deixado por 5 minutos no gelo. Entdo foram adicionados 200 uL de solucdo
NaOH 0,2 M/SDS 1%, misturou-se por inversdo, € a mistura foi deixada por 5 minutos no
gelo. Apoés este intervalo, foram adicionados 150 pL de acetato de potdssio S M pH 4.8,
misturou-se por inversdo, e a mistura foi deixada por 5 minutos no gelo. O material foi
centrifugado (10min/4°C/15000rpm), e o sobrenadante contendo o DNA plasmidial foi
transferido para outro tubo. Entdo foram adicionados 800 uL de isopropanol resfriado e
misturou-se por inversdao. O material foi novamente centrifugado, e o sobrenadante foi
removido. O DNA plasmidial precipitado foi lavado com etanol 70% resfriado,
centrifugado (10min/4°C/15000rpm) e seco sob véacuo. Finalmente, o DNA plasmidial foi
ressuspendido em dgua e tratado com ribonuclease A (0,3 pg/uL), por 15 minutos a 37°C,

para digestao de RNA de alta massa molecular.

I11.7 - Transformacao bacteriana por eletroporaciao

Para transformar as bactérias, adicionamos cerca de 30 ng do plasmideo em 40 uL de
células eletrocompetentes (em fluxo laminar), previamente preparadas como descrito na
secdo II1.5. Entdo as bactérias foram colocadas em uma cubeta (Bio-rad, 0,2 cm), a qual foi
introduzida em um eletroporador (Gene pulser II - Bio-rad), e sobre a mesma foi aplicado
um pulso (1,5 kV, 25 uF). Ap6s este pulso, as células foram recuperadas em 1 mL de meio
LB estéril e incubadas a 37°C por 1 hora sob agitacdo. Finalmente, o meio LB com as

células foi plaqueado, em meio solido contendo 100pug/mL de Ampicilina, e incubado
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overnight a 37°C. Este procedimento foi realizado seguindo o protocolo descrito por

Ausebel & cols, 1987.

I1L.8 - Clonagem génica e mutagénese sitio-dirigida

Os genes de interesse (Scgrx1/YCLO35C, Scgrx2-C30S) foram amplificados por
PCR a partir do DNA gendmico da linhagem W303 de Saccharomyces cerevisiae, usando
os oligonucleotideos especificos mostrados na Tabela 2. Os produtos amplificados de cada
gene e o vetor de expressdo pET-15b foram digeridos com as enzimas de restricdo Ndel e
BamHI. Os fragmentos gerados, dos genes e do vetor, foram ligados, utilizando a enzima
T4 DNA Ligase. Os plasmideos resultantes (pET15b-grx/, pET15b-grx2-C30S) foram
usados para transformar a bactéria eletrocompetente de Escherichia coli DH5a para a
obtencdo de um maior nimero de cépias dos mesmos.

Para determinar quais transformantes possuiam o inserto, foram feitas reacdes de
PCR com algumas das colonias obtidas. As colonias que continham o inserto desejado
foram utilizadas para a mini preparacao plasmidial. Os plasmideos obtidos foram
sequenciados para verificar se as construgdes estavam corretas, € em caso positivo, usados
para transformar, por eletroporagdo, a linhagem de expressdao BL21 (DE3) de E. coli.

A construcdio pET15b-grx2 nos foi enviada pelo Dr. José Antonio Barcena
(Departamento de Bioquimica y Biologia Molecular, Universidade de Cérdoba, Espanha) e
transformada em BL21 (DE3) de E. coli.

As construcdes pET15b-grxl-C30S, pET15b-grxI1-S23A, pET15b-grxI-Q52E,
pET15b-grx1-D89S, pET15b-grx2-A23S, pET15b-grx2-E52Q e pET15b-grx2-S89D foram
obtidas utilizando o “QuickChange Site-Directed Mutagenesis Kit” da Stratagene, os
oligonucleotideos mostrados na Tabela 2 e os plasmideos pET15b-grx/ e pET15b-grx2, os
quais contém os genes que codificam as isoformas selvagens de ScGrx1l e ScGrx2. Os
duplos mutantes pET15b-grx1-S23A-Q52E e pET15b-grx2-A23S-E52Q foram construidos
utilizando o mesmo kit, porém foram usados como molde os plasmideos pET15b-grx/-
S23A e pETI15b-grx2-A23S e os oligonucleotideos para as mutacdes ScgrxI-Q52E e
Scgrx2-E52Q, respectivamente. Com este kit de mutagénese os mutantes desejados

puderam ser obtidos em poucas etapas, como esquematizado na Figura 8.
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Etapal

Preparagao do plasmideo

Etapa 2

Ciclos de temperatura

Etapa 3
Digestao

Figura 8: Etapas necessdrias para a obtencdo da mutagao utilizando o “QuickChange Site-

Etapad
Transformacao

Plasmideo com gene a ser mutada.

Denaturagao do plasmideo e
anelamento dos primers contendo a
mutacao desejada.

Extenséo e incorporacéo dos primers
com mutagéo, utilizando a Pfu Turbo
DNA polimerase.

Digestao do molde de DNA sem
mutagao (metilado) com Dpnl.

Transformagao bactéria competente
XL1-Blue com o plasmideo mutado.

Depois da transformagao as células

| XL1-Blue reparam as falhas no

plasmideo mutado.

Directed Mutagenesis Kit” da Stratagene.

obtidos por mini-prep, foram seqiienciados, e aqueles que continham a mutacio desejada

Ap6s realizar as reacOes descritas acima, os plasmideos dos transformantes,

= Plasmiden molde
4/ Primers com rmutagdo

— Plasmideo mutado

foram usados para transformar a linhagem de expressdo BL21 (DE3) de E. coli.

Humano da Universidade de Sdo Paulo. As reacOes de sequenciamento foram realizadas
utilizando o “DYEnamic ET Dye Terminator Kit” (com Thermo Sequenase™ II DNA

Polimerase). As sequéncias foram analisadas pelo software MegAlign, dentro do pacote

Os sequenciamentos dos plasmideos foram realizados utilizando o sistema de

andlise de DNA MegaBACE 1000 (GE Healthcare) do Centro de Estudos do Genoma

DNAstar.
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II1.9 - Expressao

As células foram inoculadas em meio LB com 100ug/mL de Ampicilina e
cultivadas por 16 horas a 37°C em agitador orbital. Apds este periodo, as culturas foram
diluidas para ODggo = 0,2 em 1L de meio LB com 100pg/mL de Ampicilina e cultivadas
até ODgoo = 0,8. Entdo foi adicionado IPTG para induzir o promotor viral T7, que ativa a
expressdo génica no vetor construido. A expressdo de ScGrx1, ScGrx2 e de seus mutantes
foi feita com 1 mM IPTG, por 3 horas a 37°C em agitador orbital. Apds o periodo de
inducdo, as células foram decantadas por meio de centrifugacdo 20min/4°C/5000rpm. O
pellet de células obtido foi lavado com dgua MilliQ e novamente centrifugado
(20min/4°C/5000rpm). O pellet final foi armazenado a -20°C até a purificagdo das

proteinas.

II1.10 - Purificacao

Para a purificagdo das proteinas, o pellet de células foi ressuspendido em tampao
Fosfato de S6dio 20mM pH 7,4/ 500 mM NaCl/ 20 mM imidazol pH 7,4. O rompimento
das células foi feito por meio de sonicagdo, ap6s a adicdo de 1 mM do inibidor de proteases
PMSF. Depois o extrato celular foi tratado por 20 minutos, em gelo, com 1% de sulfato de
estreptomicina (com agitacdo) e centrifugado por 45min/4°C/15000rpm. O precipitado
contendo os restos celulares foi descartado, e o sobrenadante foi filtrado em membrana de
0,45 pm (Millipore).

Uma vez que todas as proteinas recombinantes construidas possuem uma cauda de
histidina N-terminal, as proteinas foram purificadas em coluna de afinidade a niquel
(HiTrap Chelating HP - Amersham Biosciences), ou afinidade a cobalto (Talon - BD
Biosciences Clontech), com gradiente de imidazol, seguindo as orientagdes dos

fabricantes.

111.10.1 - Purificacdo em coluna de afinidade a niquel

As proteinas ScGrx 1, ScGrx2 e todos os seus mutantes foram purificados em coluna

de afinidade a niquel com volume de 5 mL (HiTrap Chelating HP - Amersham
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Biosciences), seguindo o protocolo descrito a seguir. Foi utilizada uma bomba peristaltica
(Amersham Pharmacia) para a passagem das solucdes pela coluna, na seguinte ordem:
1) 50 mL 4gua MilliQ;

2) 2,5 mL NiSO4 0,1M;

3) 50 mL agua MilliQ;

4) 50 mL Fosfato de s6dio 20mM pH 7,4/ 500 mM NaCl/ 20 mM imidazol pH 7.4;

5) Extrato (preparado como descrito anteriormente);

6) 15 mL Fosfato de sédio 20mM pH 7,4/ 500 mM NaCl/ 50 mM imidazol pH 7.4;

7) 10 mL Fosfato de s6dio 20mM pH 7,4/ 500 mM NaCl/ 100 mM imidazol pH 7,4;
8) 5 mL Fosfato de sédio 20mM pH 7,4/ 500 mM NaCl/ 150 mM imidazol pH 7.4;

9) 15 mL Fosfato de sédio 20mM pH 7,4/ 500 mM NaCl/ 500 mM imidazol pH 7.4;
10) 50 mL Fostato de s6dio 20mM pH 7,4/ 500 mM NaCl/ 50 mM EDTA;

11) 50 mL dgua MilliQ.

A coluna foi carregada com niquel nas etapas 2 e 3. Depois de carregada, a coluna
foi equilibrada com o mesmo tampao no qual o extrato foi preparado (etapa 4), entdo o
extrato foi passado para a ligacdo das proteinas a coluna (etapa 5). As lavagens das etapas
6, 7 e 8 foram necessarias para a remocdo de proteinas contaminantes. A proteina de
interesse foi eluida com 500 mM de imidazol (etapa 9) e coletada em tubos eppendorf. O
niquel foi retirado da coluna com uma solu¢@o contendo o quelante EDTA (etapa 10), e a
coluna foi limpa com agua.

Para verificar quais fracOes eluidas da coluna continham proteina, utilizamos o
método de deteccao por Bradford, adicionando 5 puL da fragdo coletada em 500 uL da
solucdo de Bradford (Bollag et al., 1996). A solucdo de Bradford possui coloragdo cinza e
a reacdo com proteinas provoca uma alteracdo da coloracdo para o azul. As fracdes que
continham proteina foram aplicadas em Gel SDS-Page com o intuito de verificar se a

massa molecular da proteina estava correto € se a mesma se encontrava pura.

111.10.2 - Purificacio em coluna de afinidade a cobalto

ScGrx1 também foi purificada em coluna de afinidade a cobalto de 4 mL (Talon -

BD Biosciences Clontech). O extrato foi preparado como descrito anteriormente, porém,
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neste caso, o pellet foi ressuspendido no tampao Tris-HCI 50 mM pH 7,5/ 100 mM NaCl.
Utilizamos uma bomba peristéltica para a passagem das solucdes pela coluna, na seguinte
ordem:
1) 40 mL dgua MilliQ;
2) 40 mL Tris-HCI 50 mM pH 7,5/ 100 mM NacCl;
3) Extrato (preparado como descrito anteriormente);
4) 40 mL imidazol 20 mM pH 7,4/ Tris-HC1 50 mM pH 7,5/ 100 mM Na(l;
5) 4 mL imidazol 100 mM pH 7,4/ Tris-HC1 50 mM pH 7,5/ 100 mM Na(l;
6) 12 mL imidazol 200 mM pH 7,4/ Tris-HCI 50 mM pH 7,5/ 100 mM NaCl;
7) 40 mL EDTA 200 mM;
8) 40 mL agua MilliQ;
9) 40 mL CoCl, 50 mM;
10) 28 mL 4dgua MilliQ;
11) 12 mL NaCl 0,3 M;
12) dgua MilliQ;
13) 40 mL Etanol 20%.
A coluna Talon - BD Biosciences Clontech foi armazenada em geladeira com
etanol 20%, ja carregada com cobalto. Entdo retiramos o etanol da coluna (etapa 1) e
equilibramos a coluna com o tampao no qual o extrato foi preparado (etapa 2). Depois
passamos o extrato na coluna (etapa 3) para a ligacdo das proteinas na mesma. As etapas 4
e 5 foram necessdrias para eliminar proteinas contaminantes, e, na etapa 6, eluimos a
proteina de interesse com 200 mM de imidazol. Entdo retiramos o metal da coluna com o
quelante EDTA (etapa 7) e lavamos a coluna com dgua (etapa 8). As etapas 9-13 foram
realizadas para carregar a coluna com cobalto e deixd-la com etanol para armazenamento.
Novamente, foi utilizado o método de Bradford para identificar as fracdes eluidas

que continham proteina, e aplicamos estas fracdes em gel SDS-Page.
II1.11 - Clivagem da cauda de histidina com Trombina

A cauda de histidina fusionada a ScGrx1 e ScGrx2 foi clivada utilizando o

“Thrombin Clean Cleave Kit” da Sigma, seguindo as orientacdes do fabricante. Apés 16
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horas de clivagem, a trombina foi removida e as proteinas foram passadas novamente na
coluna de niquel para retirar possiveis proteinas que ndo tiveram a cauda clivada. Os
representantes que ainda continham cauda ficaram ligados na coluna, enquanto aqueles,

cujas caudas foram clivadas, passaram direto pela coluna e foram coletados.

II1.12 - Gel desnaturante de poliacrilamida (SDS-PAGE)
Os géis desnaturantes de poliacrilamida, utilizados para verificar pureza e

tamanho das proteinas, foram feitos seguindo o protocolo (Bollag et al., 1996):
Separating gel (14%): Misturou-se 2,5 mL da solucdo 30% Acrilamida/ 0,8% Bis-
Acrilamida e 2,8 mL Tris 1M pH 8,8. E antes de despejar a mistura entre as placas, foram
adicionados 50 pl de persulfato de amoénio 10% e 10 ul TEMED para que a polimerizagao
ocorresse.
Stacking gel (5%): Misturou-se 0,5mL da solucdo 30% Acrilamida/ 0,8% Bis-Acrilamida,
0,4mL de Tris 1M pH 6,8 e 2,1 mL de dgua destilada. Para que houvesse polimerizacao,
antes de despejar a mistura entre as placas, foram adicionados 50 ul de persulfato de
amonio 10% e 10 ul TEMED.

A amostra foi colocada no tampao 60 mM Tris-HCI pH 6,8/ 25% glicerol/ 2%
SDS/ 0,1% bromofenol blue/ 30 mM DTT, e fervida por 15 minutos antes de ser aplicada
no gel. O tampao de corrida utilizado foi 45 mM MES/ 50 mM Tris-HCI1 pH 7,3/ 0,1%
SDS/ 0,8 mM EDTA. O padrao de massa molecular utilizado foi o Bench Mark Protein
Ladder (Invitrogen). As corridas foram realizadas no sistema BioRad (Mini Protean II), e

os géis foram corados com Coomassie Blue depois da eletroforese.

I11.13 - Determinacao da concentraciao das proteinas

As fracdes que continham as proteinas puras foram concentradas por
ultracentrifugagdo em Microcon YM-10. Com o intuito de eliminar o imidazol, que
interfere nas medidas espectrofotométricas a 280 nm, trocamos os tampdes das proteinas
por gel-filtracdo para Tris ou Hepes 5 mM, através de duas passagens consecutivas da
amostra por uma coluna desalting PD10 (GE-Healthcare). Entdo determinamos as

concentracdes das enzimas espectrofotometricamente a 280 nm, utilizando os coeficientes
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de extingdo molar (¢) mostrados na Tabela 3, de acordo com a Lei de Beer-Lambert. Os

valores de € e massa molecular das Grxs de levedura (considerando a cauda de histidina)

foram calculados com a ferramenta ProtParam do “Expasy Proteomics Server”

(WWW.expasy.org).

Tabela 3: Coeficientes de extincdo molar a 280 nm e massa molecular (considerando a

cauda de histidina) das Grxs de levedura.

Proteina € Cys reduzidas €Cys oxidadas Massa molecular (kDa)
M .em™) M’ .em™)
ScGrx1 5960 6085 14,67
ScGrx1-S23A 14,66
ScGrx1-C30S 5960 14,66
ScGrx1-Q52E 6085 14,67
ScGrx1-S23A-Q52E 14,66
ScGrx1-D89S 14,65
ScGrx2 4470 4595 14,13
ScGrx2-A23S 14,14
ScGrx2-C30S 4470 14,11
ScGrx2-E52Q 4595 14,13
ScGrx2-A23S-E52Q 14,14
ScGrx2-S89D 14,16

II1.14 - Ensaio de reducao do dissulfeto misto p-ME-SG

A atividade como oxidorredutase das Grxs de levedura foi determinada no ensaio

de reducdo do dissulfeto misto B-ME-SG, formado entre GSH e B-hidroxietil dissulfeto
(HED) (Holmgren & Aslund, 1995).

O volume final utilizado em cada reacdo foi de 1,0 mL, e foram necessarios 0s

seguintes reagentes nas concentragdes finais de: 0,1 M Tris-HCI pH 7.4; 2mM EDTA; 0,1
mg/mL BSA; ImM GSH; 6 pg/ml GR; 0,7 mM HED e 0,2 mM NADPH.
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Todos os reagentes acima, exceto o NADPH, foram misturados e deixados em um
banho a 30°C por 3 minutos para que se formasse o dissulfeto misto B-ME-SG. Passado o
tempo de incubagdo, foi adicionado o NADPH. Em seguida, foi adicionada a Grx,
iniciando a reagdo, a qual foi acompanhada pela queda na absorbancia a 340 nm, devido a
oxidacdo do NADPH. O esquema abaixo mostra a seqiiéncia de transferéncia de elétrons
no sistema:
NADPH — GR — GSH — Grx — B-ME-SG; Grx reduz o substrato B-ME-SG e se oxida
nesta reacdo, sendo reduzida por duas moléculas de GSH e gerando GSSG, a qual é
reduzida por GR a custa dos elétrons do NADPH

Ao branco foram adicionados os mesmos reagentes descritos acima, exceto o
NADPH e a Grx purificada, e o controle foi feito sem a adicdo de Grx ao sistema
reacional. Também foi feito outro controle adicionando Grx a rea¢do sem o substrato f3-
ME-SG. As concentracdoes de Grxs, da ordem de nanomolar, foram variadas para a

determinacdo de suas atividades especificas. Todas as reacdes foram realizadas a 30°C.

II1.15 - Determinacio dos parametros cinéticos

Para determinar os valores de Ky e k. para as Grxs de levedura, medimos a
atividade destas enzimas variando a concentracdo de HED entre 0,03 e 2,2 mM em
concentracdes fixas de GSH, a 30°C (Mesecke et al., 2008b; Mieyal et al., 1991). Os
ensaios foram feitos como aqueles para a determinacdo da atividade especifica, utilizando
as mesmas concentragdes, descritas anteriormente, dos demais reagentes necessarios. A
concentracdo de enzima utilizada nos ensaios estd entre parénteses: ScGrx1 (500 nM),
ScGrx1-S23A (150 nM), ScGrx1-C30S (148 nM), ScGrx1-S23A-Q52E (200 nM), ScGrx2
(50 nM), ScGrx2-A23S (100 nM), ScGrx2-C30S (150 nM) e ScGrx2-A23S-E52Q (200
nM). As atividades medidas foram corrigidas subtraindo a medida da reagcdo controle sem
enzima. As velocidades iniciais das reacdes foram tratadas de acordo com Michaelis-

Menten e Lineweaver-Burk.
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I11.16 - Determinacao do pk, das cisteinas reativas

Os valores de pk, da cisteina mais reativa (N-terminal, Cys27) dos sitios ativos de
ScGrx1, ScGrx2 e seus mutantes foram determinados por dois métodos independentes:
inativagdo por alquilagdo com iodoacetamida (IAM) (Jao et al., 2006; Gan et al., 1990;
Mieyal et al., 1991) e alquilagdo com o reagente fluorescente mono-bromobimano (MBB)

(Kosower et al., 1979).

1I1.16.1 - Inativacdo com IAM

Esse método se baseia no fato de que IAM reage preferencialmente com a forma
desprotonada das cisteinas, conhecida como tiolato, e também no fato de que a alquilagao
da cisteina N-terminal das Grxs leva a inativagdo da enzima.

As proteinas foram reduzidas com 100 mM DTT por 2 horas a temperatura
ambiente. Depois o excesso de DTT foi removido por gel-filtracdo, através de duas
passagens consecutivas da amostra por uma coluna desalting PD10 (GE-Healthcare) com 5
mM Tris-HCI pH 8,5 (ScGrx1) e 5 mM Tris-HCI pH 7,5 (ScGrx2). A concentracdo das
enzimas foi determinada espectrofotometricamente a 280 nm, como descrito
anteriormente.

As enzimas pré-reduzidas (250 nM ScGrx1 e 20 nM ScGrx2) foram incubadas por
3 minutos com 300 uM IAM, em diferentes pHs, a temperatura ambiente. Depois as
enzimas foram deixadas em banho de gelo por 1 min e diluidas 100 vezes na solug¢do do
ensaio de atividade para parar a reacdo com I[AM. As atividades das Grxs foram
determinadas no ensaio de redugcdo do dissulfeto misto B-ME-SG, como descrito
anteriormente. As atividades das Grxs também foram medidas depois da incubagdo nos
diferentes pHs, mas sem a adi¢do de IAM. Por fim, para determinar o pK, das cisteinas das
Grxs construimos gréficos de atividade remanescente versus pH. A atividade remanescente
foi calculada considerando a atividade da Grx incubada no pH sem IAM igual a 100%:
% atividade remanescente = atividade Grx no pH com IAM x 100/ atividade Grx no pH.
A curva obtida é uma sigmdide, que pode ser descrita pela equacao de Hill. Uma vez que o
valor do pK, de uma dada espécie € igual ao valor de pH no qual 50% da espécie se

encontra protonada e 50% desprotonada, o pK, neste grafico corresponde ao pH no qual
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temos 50% de atividade remanescente (ponto de inflexdo da curva). Fizemos a regressdo de
todas as curvas utilizando um valor de coeficiente de Hill igual a 1,0, no programa
GraphPad Prism 4.

Os seguintes tampdes foram utilizados na concentracdo de 10 mM nas incubagdes
das Grxs com e sem IAM: KCI-HCI, pH 1,0 e 1,5; citrato-fosfato, pH 2,0; 2,5; 3,0; 3.5, 4,0;

5,0 e 6,0. A forca i0nica das incubagdes foi ajustada com o acréscimo de 0,5 M NaCl.

1I1.16.2 - Alquilacido com MBB

A alquilacdo com MBB também ¢é especifica para o tiolato e gera um produto
fluorescente com Acxcitagio = 396 NM € Aemissao = 482 nm. Se acompanharmos a velocidade
de formacdo deste produto fluorescente em diferentes pHs podemos determinar o pK, da
cisteina N-terminal das Grxs, uma vez que a velocidade da reacdo serd proporcional a
concentracdo de Grxs com suas cisteinas na forma desprotonada nos diferentes pHs.

Inicialmente, as Grxs foram pré-reduzidas como descrito anteriormente e tiveram
suas concentracdes determinadas. Entdo as Grxs (10 uM) foram incubadas com 2 uM de
MBB em diferentes pHs, e as rea¢des foram acompanhadas por 15 minutos a 37°C em um
fluorimetro SPECTRAmax Gemini XPS (Molecular Devices), no laboratério da Dra.
Marilene Demasi do Instituto Butantan. Os seguintes tampOes foram utilizados na
concentracdo de 50 mM: KCI-HCI, pH 1,0 e 1,5; citrato-fostato, pH 2,0; 2,5; 3,0; 3,5; 4,0;
4,5; 5,0; e a forga idnica foi ajustada com a adicao de 0,5 M NaCl. A velocidade da reacdo
de alquilagdo com MBB foi obtida a partir da regressao linear da curva, que representava a
formacao do produto fluorescente com o tempo, no seu trecho de maior inclinacdo. Por
fim, construimos um grafico das velocidades de alquilacio com MBB versus pH, e
novamente o pK, pdde ser obtido no ponto de inflexdo da curva. Neste caso, a curva obtida

¢ também uma sigmoide, descrita pela equacdo de Hill (coeficiente de Hill igual a 1,0).
I11.17 - Determinacao da atividade peroxidasica

A atividade peroxiddsica de ScGrx1 e ScGrx2 foi medida com hidroperéxido de

cumeno (CHP), tert-butil hidroperéxido (--BOOH) e H,O;, espectrofotometricamente a 340
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nm, devido ao consumo de NADPH: NADPH — GR — GSH — Grx — peréxido
(Collinson et al., 2002).

O volume final utilizado em cada reacdo foi de 1,0 mL e foram necessarios 0s
seguintes reagentes nas concentragdes finais de: 0,1 M Tris-HCI pH 7,4; 1mM GSH; 6
pg/ml GR; e 0,2 mM NADPH.

Todos os reagentes acima, exceto o NADPH, foram misturados e deixados em um
banho a 30°C por 3 minutos para termostatizar. Passado o tempo de incubacgdo, foi
adicionado o NADPH, depois o perdxido, e, por fim, foi adicionada a Grx purificada,
iniciando a reacdo. Todas as reacdes foram realizadas a 30°C. Ao branco ndo foram
adicionados NADPH e a Grx. Ao controle foram adicionados todos os reagentes, com
exce¢do de Grx. Nas nossas primeiras tentativas utilizamos 20 nM de Grx e variamos a
concentracdo dos perdxidos entre 0,1 e 2,5 mM para medir a atividade peroxiddsica
(Collinson et al., 2002), como ndo conseguimos detectar atividade, utilizamos depois 50

uM de proteina e 0,1 mM de perdxido.

I11.18 - Reducdo de ScGrx1 e ScGrx2 pelas ScTrrs

Com base no ensaio de reducdo do dissulfeto misto B-ME-SG, resolvemos testar se
ScGrx1 e ScGrx2 poderiam ser reduzidas por ao menos uma das Tiorredoxinas Redutases
de levedura, substituindo o sistema redutor das Grxs (GSH, GR e NADPH) por S¢Trrl ou
ScTrr2 e NAPDH, de modo que terfamos:
NADPH — ScTrr1/S¢Trr2 — ScGrx1/S¢Grx2 — B-ME-SG,

A reacdo foi acompanhada pelo decréscimo na absorbancia a 340 nm. Foram
utilizados os reagentes: 0,1 M Tris-HCI pH 7,4, 2mM EDTA, 0,7mM GSH, 0,7 mM HED
e 0,2 mM NADPH. Aos brancos ndo foram adicionados as enzimas e o NADPH. A
concentracao utilizada de ScGrx1 e ScGrx2 foi de 2 uM, e de ScTrrl e ScTrr2 foi 0,5 pM.

As reagdes foram realizadas a 30°C e o volume reacional foi de 1,0 mL.
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II1.19 - Reducao do dissulfeto da Insulina

Para verificar se ScGrx1 e ScGrx2 sao capazes de reduzir as pontes dissulfeto da
insulina de pancreas bovino, a insulina foi solubilizada em 20 mM de tampdo citrato-
fosfato pH 3,0, e o ensaio foi realizado como aquele descrito para o dissulfeto misto B-ME-
SG, substituindo o HED por 30 uM de insulina (Vlamis-Gardikas et al., 1997): NADPH —
GR — GSH — Grx — insulina.

Ao branco foram adicionados todos os reagentes, exceto o NADPH e a Grx
purificada, e o controle foi feito sem a adi¢do de Grx ao sistema reacional. Foram utilizadas
concentracdes de ScGrx1 e ScGrx2 entre 10 nM e 10 uM. A reagdo foi acompanhada pela

queda da absorbancia a 340 nm, devido a oxida¢do de NADPH.

I11.20 - Preparacao do mutante ScGrx2-C30S ligado a glutationa

Construimos a proteina mutante ScGrx2-C30S com o intuito de obter a estrutura
desta proteina ligada a glutationa, ja que a cisteina C-terminal (Cys30) foi substituida por
uma serina, impossibilitando o rompimento do dissulfeto misto entre a cisteina N-terminal
(Cys27) de ScGrx2-C30S e glutationa na auséncia de um redutor externo.

Para obter o dissulfeto misto entre ScGrx2-C30S e glutationa, a proteina mutante
foi tratada inicialmente com 50 mM DTT a temperatura ambiente por lhora para reduzir
completamente toda a amostra. Depois o excesso de DTT foi removido por gel-filtracdo,
através de duas passagens consecutivas da amostra por uma coluna desalting PD10 (GE-
Healthcare). Em seguida, tratamos a proteina reduzida com 25 mM GSSG por 1 hora a
temperatura ambiente. O excesso de GSSG também foi removido por gel filtracao,
passando a amostra duas vezes na coluna PD10. Seguindo esta seqii€éncia de reagdes,

esquematizada na Figura 9, conseguimos obter o dissulfeto misto ScGrx2-SG na forma

soluvel.
Cys2? —— » Cys27-5° ——— » Cys27-55G
2xPD10 2xPD10

Figura 9: Esquema do procedimento realizado para a obten¢do do dissulfeto misto entre
ScGrx2-C30S e glutationa.
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I11.21 - Cristalizacdo e refinamentos

Foram realizados os ensaios iniciais de crescimento de cristais com ScGrx1, ScGrx2
e ScGrx2-SG utilizando os kits “Crystal Screen 1 e 2” e “Index 1 e 2” da Hampton
Research e “Wizard 1 e 2” da Emerald Biostructures, seguindo as orientacdes dos
fabricantes.

A concentragdo da proteina utilizada nos ensaios de cristalizacdo foi 10 mg/mL
em tampao Tris-HCl SmM pH 8,5 para ScGrx1, 10 mg/mL em Tris-HCI 5 mM pH 7,4 para
ScGrx2 e 13 mg/ml para ScGrx2-SG em tampao Hepes 5 mM pH 7.4. Foram realizados
ensaios de cristalizacdo com ScGrx1 e ScGrx2 sem tratamento e tratadas com 10mM ¢-
BOOH, ImM H;0;, 10mM DTT, 3mM Diamida, 10 mM GSH, e com ScGrx2-C30S ligada
a glutationa (como descrito anteriormente) e também reduzida com 10 mM DTT e 10 mM
GSH. Antes de adicionar os reagentes oxidantes e redutores as proteinas foram
centrifugadas por 5 minutos a 10000 rpm/4°C. As proteinas, depois de tratadas, foram
mantidas a temperatura ambiente por uma hora. Exceto durante os tratamentos, as
proteinas foram mantidas em banho de gelo até o término dos experimentos de
cristalizacdo. A temperatura de cristalizacdo foi de 20°C. Com o intuito de obter a estrutura
de ScGrx2 na forma reduzida adicionamos nas gotas com cristais de ScGrx2 ja formados
50 mM DTT ou 10 mM GSH algumas horas ou dias antes das coletas de dados de difracao.

Os ensaios foram realizados com o método da gota pendurada. O volume final das
gotas foi 4ul (2ul da solucdo de proteina e 2ul da solugdo de cristalizacdo), e o volume
utilizado da solugdo de cristalizacdo no pogo foi de 300ul; nos refinamentos das condi¢des
de cristalizacdo foram feitas gotas com um volume final de até 10 pl com o intuito de obter
cristais maiores. Apds os experimentos de cristalizacdo, todas as placas foram observadas
periodicamente com o auxilio de uma lupa.

Quando encontrados cristais em uma determinada condicio de cristalizac¢do, foram
feitos refinamentos desta condi¢@o, variando o pH, e a concentracdo de sal, proteina e
precipitante, com o intuito de obter cristais adequados aos experimentos de difracao.

Para tentar obter cristais melhores de ScGrx1 e ScGrx2 também foram usados os
kits de aditivos “Aditive Screen 1, 2 e 3” da Hampton Research. Neste caso, a gota com

um volume total de 10 pl era composta por 4,5 pl da solucdo protéica, 4,5 ul da solucao de
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cristalizacdo (a mesma na qual haviam crescido os melhores cristais obtidos até o

momento) e 1,0 ul da solucdo de aditivo do kit.

1I1.21.1 - Microseeding

A técnica de microseeding também foi utilizada na tentativa de melhorar os
cristais de ScGrx1 e ScGrx2. Nesta técnica, cristais previamente nucleados sao triturados, e
as sementes microscopicas geradas sdao introduzidas em gotas novas, equilibradas até
baixos niveis de supersaturacdo, de modo que o crescimento de cristais seja possivel, mas
ndo seja possivel a formagdo de novos nucleos (Bergtfors, 2003).

Cristais da proteina foram colocados em 100 pl da solucdo de cristalizagdo e
vortexados por tempo suficiente para que ndo se observasse mais pedacos de cristais na
solu¢do (~10 minutos). As solugdes estoque com os nicleos dos cristais das Grxs foram
diluidas 10, 100, 1000 e 10.000 vezes. Gotas contendo 4,5 ul da solucdo de cristalizagao
(idéntica aquela que foram retirados os cristais para fazer a solu¢do com as sementes) e 4,5
ul da proteina foram feitas e deixadas equilibrando por 8 horas; foram feitas também gotas
com concentracoes menores, em relacdo a condi¢do inicial, de proteina e de precipitante.
Depois deste tempo, 1,0 pl das solucdes com sementes, nas diferentes diluicdes, foi

adicionado as gotas.

II1.22 - Coleta e processamento de dados de difracao de raios-X

Com a obtencdo de cristais apropriados, foram realizados os experimentos de
difracdo de raios-X, utilizando a radiacdo gerada pela Luz Sincrotron. Todos os
procedimentos de cristalizagdo, coleta e andlise dos dados de difracdes de raios-X foram
realizados no Laboratério Nacional de Luz Sincrotron (LNLS), com auxilio dos
pesquisadores: Dra. Beatriz Gomes Guimardes e Dr. Marcos Antonio de Oliveira.

Os cristais foram mergulhados em solugdes crio-protetoras antes dos experimentos
de difracdo com raios-X. As solucdes crio-protetoras foram feitas com base na composi¢ao
da solugao de cristalizag@o, com acréscimo de 20, 25 e 30% de glicerol.

Todos os experimentos de difracdo de raios-X foram realizados na linha DO3B-

MXI1 do LNLS. As medidas foram feitas em temperatura criogénica (110 K) através do
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fluxo de nitrogénio liquido sobre a amostra. O comprimento de onda utilizado foi 1.427 A,
e os dados de difracdo de raios-X foram coletados em detector MARCCD.

Os dados foram processados utilizando os programas MOSFLM (Leslie, 1992) e
SCALA (Kabush, 1998; Blessing, 1995) do pacote CCP4. O nimero de moléculas por
unidade assimétrica foi determinado através do cdlculo do coeficiente de Matthews

(Matthews, 1968).

II1.23 - Resolucio e refinamento das estruturas de ScGrx2
A estrutura de ScGrx2 na forma oxidada (obtida com o tratamento de 10 mM ¢-
BOOH) foi resolvida por substitui¢do molecular com o auxilio do programa AmoRe
(Navaza, 1994), utilizando um modelo tedrico construido pelo programa Modeller (Claude
et al., 2004), a partir das coordenadas atomicas da Grx de Sus scrofa (c6digo PDB: 1KTE;
Katti et al., 1995) e a seqiiéncia de aminodcidos de ScGrx2. As demais estruturas de
ScGrx2 e do mutante ScGrx2-C30S ligado a glutationa foram resolvidas por substitui¢io
molecular com o auxilio do programa Phaser (Read, 2001), utilizando as coordenadas
atdmicas da estrutura refinada de ScGrx2 oxidada.
Para os refinamentos das estruturas foi utilizado o programa Refmac 5
(Murshudov et al., 1997). Utilizamos também modelos gerados por analises TLSMD
(translation/libration/screw/motion/determination;

http://skuld.bmsc.washington.edu/~tlsmd) para tentar melhorar os valores de Ryacior € Riree

nos ultimos ciclos de refinamento da estrutura do mutante ScGrx2-C30S (Winn et al.,
2001). Os programas O (Jones et al., 1991) e Coot (Emsley & Cowtan, 2004) foram
utilizados para visualizacdo, substituicdo de aminodcidos e ordena¢do da molécula no
interior do mapa de densidade eletronica. A andlise estereoquimica dos modelos refinados
foi realizada utilizando o programa PROCHECK (Laskowski et al, 1993). As
representacOes graficas foram criadas com o programa PyMOL (Delano, 2002). Os
alinhamentos das estruturas de ScGrx2 foram realizados utilizando o programa Coot

(Emsley & Cowtan, 2004).
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IV - RESULTADOS E DISCUSSAO
IV.1 - Expressao e purificacdo de ScGrx1, ScGrx2 e ScGrx2-C30S

Todos os ensaios enzimdticos e de cristalizacdo com ScGrx1, ScGrx2 e com o
mutante ScGrx2-C30S foram realizados com as proteinas recombinantes, purificadas como
descrito em “Materiais e Métodos”. A Figura 10 mostra o gel SDS-Page contendo as Grxs
purificadas. A expressdo destas proteinas apresenta bom rendimento, sendo obtidos em
média 50 mg/L de cultura de ScGrx1, e cerca de 25 mg/L de cultura de ScGrx2 e ScGrx2-
C30S.

30 kDa —»

20 kDa— s

15 kDa —» .-.

10 kDa —»

Figura 10: Gel SDS-Page mostrando as Grxs ditidlicas de levedura e o mutante ScGrx2-
C30S purificadas em coluna de afinidade a Niquel.

Obtivemos ScGrx1, ScGrx2 e ScGrx2-C30S puras através de um gradiente de
imidazol feito em coluna de afinidade a niquel, como descrito em “Materiais e Métodos”.
Para determinar a concentracio das proteinas e trabalhar com elas em ensaios de atividade
e cristaliza¢do, procuramos um tampdo sem imidazol (para evitar interferéncia na medida
de concentragdo a 280 nm) e pouco sal (para evitar que se formassem cristais de sal nos
ensaios de cristalizagdo), no qual as Grxs permanecessem soliveis na maior concentragcao
possivel. O tampao escolhido para ScGrx1 foi Tris-HCI 5 mM pH 8,5, para ScGrx2, Tris-
HC1 5 mM pH 7.4, e para o mutante ScGrx2-C30S, Hepes 5 mM pH 7.4.
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IV.2 - Atividades especificas de ScGrx1 e ScGrx2

O ensaio de reducdo do dissulfeto misto formado entre HED e GSH (B-ME-SG) foi
utilizado para a determinacdo das atividades especificas das Grxs de levedura como
oxidorredutases. Com este intuito, foram feitas medidas de velocidade inicial em
concentracoes  crescentes de  Grx. As  reagdes foram  acompanhadas
espectrofotometricamente a 340 nm, devido a oxidagdo do NADPH. A Figura 11 mostra a
varia¢do da absorbancia a 340 nm em funcdo do tempo para uma reacao controle, sem Grx,
e para uma reacdo na qual foi adicionada ScGrx2. As velocidades das reacdes foram
determinadas a partir da regressao linear das curvas de absorbancia versus tempo nos
trechos de maior inclinagdo, utilizando o programa Origin 6.1. A velocidade da reacdo

controle foi subtraida das demais medidas feitas na presencga de Grx, em triplicata.

------ NADPH — GR — GSH — HED-GSH

1.0- — NADPH — GR — GSH — Grx — HED-GSH
DB | T '. - ;-« et
-‘ & adigdo Grx
® 0.6
O
<C
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Figura 11: Gréfico de absorbancia (A = 340 nm) versus tempo da reagdo de reducdo do
dissulfeto misto B-ME-SG sem Grx (linha pontilhada) e com a adi¢do de ScGrx2 (linha
continua).

Para calcular a velocidade inicial (V) da reacdo em nimero de mols de NADPH

consumidos por minuto, utilizamos a expressao:

Vo = dAbs/dt x V/e, onde dAbs/dt € a variagdo da absorbancia com o tempo, V é o volume
final da reacdo (1,0 mL) e € é o coeficiente de extin¢gdo molar do NADPH a 340 nm (6290
M'l.cm'l).
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Para obter a atividade especifica, foi construido um grifico de velocidade
(nmol/min) versus a quantidade de Grx (pmol) adicionada. O coeficiente angular da reta
obtida corresponde a atividade especifica da enzima. Os graficos foram construidos
utilizando o programa Origin 6.1, e os coeficientes angulares foram obtidos através da
regressdo linear dos dados feita pelo mesmo programa (Figura 12).
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Figura 12: Gréficos de velocidade de consumo de NADPH (nmol/min) versus quantidade

de Grx (pmol) adicionada, usados para a determinac¢do das atividades especificas de ScGrx1

e ScGrx2.

o

ScGrx2 apresenta uma atividade especifica como oxidorredutase de 125 + 7
pumol.min".mg”, enquanto ScGrx1 apresenta uma atividade especifica de 8,2 + 0,3
pmol.min'l.mg'l. Portanto, ScGrx2 € cerca de quinze vezes mais ativa neste ensaio do que
ScGrx1 (Tabela 4). Apesar de ter sido sugerido que ScGrx2 poderia ser mais ativa como
oxidorredutase do que ScGrx1, através de observacdes obtidas em experimentos com
extratos de levedura (Luikenhuis et al., 1998), essa grande diferenca de atividade ndo era
esperada, uma vez estas proteinas compartilham 64 % de identidade e 85% de similaridade
de seqiiéncia de amino4cidos.

Para verificar se as caudas de histidina N-terminais poderiam interferir na
atividade de ScGrx1l e ScGrx2, estando relacionadas a grande diferenca observada,
medimos a atividade de ScGrx1 e ScGrx2 sem as caudas de histidina, clivando as mesmas
com Trombina. A Figura 13 mostra as formas de ScGrx1 e ScGrx2 com e sem cauda de
histidina; as formas cujas caudas foram clivadas (ScGrx1c e ScGrx2c) apresentam tamanho

menor. Como pode ser observado na Tabela 4, as enzimas sem cauda sdo um pouco mais
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ativas que suas formas fusionadas, porém ScGrx2c continua sendo muito mais ativa que

ScGrxlc.
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Figura 13: Gel SDS-Page com as amostras de ScGrx1 e ScGrx2 com cauda e sem a cauda
de histidina (ScGrx1c e ScGrx2c).

Tabela 4: Atividades especificas de ScGrx1, ScGrx2 com cauda e sem cauda (ScGrxlc e
ScGrx2c) no ensaio de reducdo do dissulfeto misto B-ME-SG, e a relacdo entre as
atividades de ScGrx2 e ScGrx1 das formas com cauda e sem cauda.

Atividade especifica (umol.min".mg™") atividade ScGrx?2/ atividade ScGrx1
ScGrx1 82+0,3 15,2
ScGrx2 1257
ScGrxlce 10,0 +0,2 17,0
ScGrx2c 170 £ 10

Considerando que uma possivel contaminacdo de ScGrx1 com metal (niquel)
durante o processo de purificacdo poderia interferir na atividade de ScGrx1, testamos a
atividade de ScGrx1 purificada na coluna de cobalto. O cobalto se liga mais fortemente a
coluna do que o niquel, de modo que ndo haveria desprendimento de Co da coluna e
contaminacdo da proteina durante o processo de purificagdo. Porém atividade de ScGrx1 € a

mesma, sendo purificada em coluna de niquel ou cobalto (Tabela 5).

Testamos também se o tampdao no qual deixamos ScGrx1 (Tris 5 mM pH 8,5)
poderia ndao manté-la estdvel, levando a desnaturacdo e, conseqiientemente, a uma
diminuicdo de atividade. E importante lembrar que o tampéo utilizado no ensaio com HED

foi Tris-HCI 100 mM pH 7,4, em todos as medidas. Como mostrado na Tabela 5, a variagcdo
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de pH entre 7,4 e 8,5 no tampao em que ScGrx1 é mantida ndo altera sua atividade. ScGrx1

nao ¢ estavel em pHs inferiores a 7,0, sofrendo precipitacao.

Tabela 5: Atividade de ScGrx1 purificada em coluna de niquel (Ni) ou cobalto (Co)
mantida em diferentes tampoes.

Tampao/coluna V (Aabs/min) V (Aabs/min)

10 nM ScGrx1 150 nM ScGrx1
Fosfato K 5 mM pH 7,0/ Co 0,000243 0,00169
Fosfato Na 5 mM pH 7,4/ Co 0,000322 0,00232
Tris 5 mM pH 8,0/ Co 0,000317 0,00234
Tris 5 mM pH 8,5/ Co 0,000327 0,00237
Tris 5 mM pH 8,5/ Ni - 0,00228

ApOs estes testes, concluimos que ScGrx2 realmente € mais ativa do que ScGrx1, ja
que a cauda de histidina e o tampao ndo alteram significativamente a atividade de ScGrx1 e

que ndo ha interferéncia no ensaio de atividade devido a contamina¢cdo com metal.

IV.3 - Cinética Bi-substrato

Para caracterizar melhor as atividades de ScGrx1 e ScGrx2 como oxidorredutases no
ensaio de redugdo do dissulfeto misto B-ME-SG e entender se a diferenca de atividade
observada entre estas enzimas se deve a uma diferenca de afinidade pelo substrato
(diferenca no Ky) ou a uma diferenca no turnover (k.4), resolvemos fazer experimentos de
cinética bi-substrato e determinar seus parametros cinéticos.

Como temos dois substratos para Grx no ensaio de reducao do dissulfeto misto -
ME-SG (B-ME-SG e GSH), € necessdrio realizar a variagdo da concentracdo de um dos
substratos, em diferentes concentragdes fixas do outro substrato, para determinar os valores
de Ky para ambos os substratos e a velocidade médxima real (Vp,x) da reacdo. O esquema

geral da reacdo deste ensaio: NADPH — GR — GSH — Grx — B-ME-SG,
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mostra que Grx reage primeiro com o dissulfeto misto B-ME-SG e que depois é reduzida
por GSH. Entdo podemos variar a concentracdo de HED em concentragdes fixas de GSH

HED real, e

(Figura 14), determinar as constantes aparentes da reacdo (Tabela 6) e o Ky
depois, com base nestas constantes, construir um grafico secundério (Figura 16) e
determinar o KMGSH e a Vi real da reacdo (Tabela 7), como descrito por Segel, 1975.

Cada curva mostrada para ScGrx1 e ScGrx2 nas Figuras 14 e 15 corresponde a
média de trés experimentos. Para todas as medidas de velocidade em diferentes
concentragdes de substrato foi subtraida a velocidade da reacdo controle que ndo continha
Grx. A partir da regressdo ndo-linear das curvas de Michaelis-Menten (Figura 14),
determinamos as constantes aparentes para o substrato HED nas diferentes concentracdes

de GSH (Tabela 6), utilizando o programa GraphPad Prism4. Anteriormente, foram feitos

testes para verificar que a concentragdo de GR usada ndo era limitante.

4000-
20004 ScGrx1 ScGr2
1600- 2,0 MM GSH 3000+ 1.5 mM GSH
& 1.5 mM GSH ©
= 1200 ’ 2 2000- 1,0 mM GSH
o | 1,0 mM GSH ° 5
> 900 & - 0.5 mM GSH
1000-
400- 0,5 mM GSH
O - T T T T 1 0 T T T T 1
000 025 050 075 100 125 0.0 05 1.0 15 20 25
[HED] (mM) [HED] (mM)

Figura 14: Gréificos de velocidade inicial versus a concentracdo de HED para ScGrx1 e
ScGrx2 em concentragdes diferentes de GSH. A concentragdes de ScGrxl e ScGrx2
utilizadas foram de 500 e 50 nM, respectivamente.
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Tabela 6: Constantes cinéticas aparentes para a redugdo do dissulfeto misto B-ME-SG por
ScGrx1 e ScGrx2, determinadas através da regressdao ndo-linear de graficos de Michaelis-
Menten.

ScGrx1 ScGrx?2
oty | K |k O R M) |k )
0,5 0,12 £0,02 1,3+0,1 0,5 09+ 0,1 47 +4
1,0 0,12 £0,01 2,2+0,1 1,0 0,7+ 0,1 66 +2
1,5 0,14 £ 0,01 3,5+0,1 1,5 0,6+ 0,1 85+2
2,0 0,13 +0,01 42+0,1

As constantes aparentes para o HED também podem ser obtidas a partir dos gréficos
de duplo reciproco, segundo o tratamento de Lineweaver-Burk (Figura 15). Esse tratamento
de dados produziu valores de constantes muito semelhantes aos mostrados na Tabela 6.
Além disso, o Ky real para o HED pode ser calculado a partir do ponto no qual as trés retas

HED alculado para ScGrx1 € 0,2 mM

se cruzam, neste ponto temos que X = —1/KMHED. O Ku
e para ScGrx2 é 1,1 mM, indicando que ScGrx1 tem maior afinidade pelo primeiro
substrato da reagdo (Tabela 7). Por outro lado, os valores de k., """ mostram que ScGrx2

cicla muito mais rapidamente do que ScGrx1.

0.0025+ 0.004-
ScGrx1 ScGrx2
T 0.0020 |
£ 00015 - - 0,5 mM GSH
z . @ 0.002-
- [=] i
0.0005 1 g 0 /
1,5 mM GSH
0.0000 . i . ; . ?Z
00 25 50 75 100 125 -2 - 1 2 3 4 5 6 7
1/[HED] (mM™") 0.001- 1/[HED] (mM™")

Figura 15: Grificos representando os duplos reciprocos (Lineweaver-Burk): 1/V versus
1/[HED] para trés concentrac¢des diferentes de GSH.
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Considerando que o mecanismo desta reacdo € seqiiencial ordenado (veja discussdo
a seguir), podemos, a partir dos pardmetros aparentes (Vmax/7), fazer um segundo grafico
de 1/ V™ versus 1/[GSH], e determinar o Ky real e a V. real da reacdo (Segel,
1975). Nestes gréficos secunddrios temos: quando y = 0, x = -1/Ky ™", e quando x = 0, y =

1/ Vmax; 0s valores obtidos estio mostrados na Tabela 7.
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Figura 16: Graficos secundarios de 1/ V™" versus 1/[GSH] para ScGrx1 e ScGrx2.

Tabela 7: Constantes cinéticas reais para a reducdo do dissulfeto misto B-ME-SG por
ScGrx 1 e ScGrx2, obtidas através de graficos secunddrios de 1/V " versus 1/[GSH].

Enzima Ky EP (mM) Ky (mM) Kear (s Kead Kn (M.s)!
ScGrx1 02+0,1 6,2+25 17+7 2,7+1,5x 10°
ScGrx2 1.1+04 0,9+0.2 129 + 20 (1,5+0,4)x 10°

Os dados da Tabela 7 mostram que a afinidade de ScGrx1 por GSH € muito menor
que a afinidade de ScGrx2, o que pode ser observado nos seus respectivos valores de
K. Considerando que a etapa limitante de velocidade da reacdo global é a de redugdo
do dissulfeto misto Grx-SG por GSH (Srinivasan et al., 1997), o fato de ScGrx1 possuir
uma afinidade maior pelo primeiro substrato da reacdo € sobrepujado pela maior afinidade
de ScGrx2 por GSH. Além disso, ScGrx2 apresenta um maior furnover (maior k..;) que
ScGrx1 na reacdo, de modo que a eficiéncia catalitica de ScGrx2 (k../Ky) € cerca de duas
ordens de grandeza superior a de ScGrx1. Corroborando o alto Ky encontrado para

ScGrx1, resultados recentemente publicados mostram que ScGrx1 apresenta maior
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especificidade pelo tripeptideo ECG, andlogo a GSH que contém apenas ligacdes a, do que
por GSH na etapa limitante de velocidade de reducdo do dissulfeto Grx-SG (Saaranen et
al., 2009).

E importante salientar aqui que estamos sempre nos referindo 2 afinidade de
ScGrx1 ou ScGrx2 glutatioladas (Grx-SG) por GSH, em relacdo a reacdo na qual o
dissulfeto misto Grx-SG € reduzido por uma molécula de GSH, e ndo a afinidade destas
Grxs reduzidas por GSH.

Outro interesse em se obter os graficos de duplo reciproco (Figura 15) era analisar o
perfil das curvas nas diferentes concentragdes de GSH, o que possibilitaria fazer inferéncias
a respeito do mecanismo no qual a reacdo se processa. Reacdes catalisadas que envolvem
dois substratos (reagdes bi-substrato) sdo geralmente classificadas em dois grandes grupos,
de acordo com o mecanismo pelo qual se processam (Voet & Voet, 2004):

Reacdes Seqiienciais: reagdes nas quais todos os substratos se combinam com a enzima,

formando um complexo terndrio, antes de a reacdo ocorrer e os produtos serem liberados.
Reacdes que se processam segundo este mecanismo podem ser reconhecidas através dos
graficos de duplo reciproco no quais as retas (correspondentes a concentragdes diferentes
de um dos substratos, no nosso caso, as retas referentes a diferentes concentracoes de GSH)
se cruzam a esquerda do eixo 1/V.

Reacdes Ping Pong: reacdes nas quais um ou mais produtos sao liberados antes que todos

os substratos tenham sido combinados a enzima. Reacdes que se processam segundo este
mecanismo podem ser reconhecidas através dos graficos de duplo reciproco no quais as
retas sdo paralelas.

Como pode ser observado na Figura 15, para ScGrx2 € muito claro que as curvas se
interceptam a esquerda do eixo 1/V, o que indica que a reacdo deve ter mecanismo
Seqiiencial. As retas para ScGrx1 também se interceptam a esquerda de 1/V, porém como o
Ku' TP ¢ bastante pequeno neste caso, as retas se interceptam longe deste eixo.

A principio, era esperado que o mecanismo para Grxs neste ensaio fosse o Ping-
Pong. Como mostrado na Figura 3, no mecanismo proposto, primeiro Grx atacaria o
dissulfeto misto B-ME-SG, liberando B-mercaptoetanol e permanecendo ligada a GS, e

depois outra molécula de GSH reduziria o dissulfeto misto Grx-SG. Portanto, um produto
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seria liberado antes que todos os substratos tivessem se combinado a enzima, o que
caracteriza o mecanismo do tipo Ping-Pong. Ensaios com outros substratos glutatiolados,
como por exemplo, Cys-SG (dissulfeto misto entre Cys e glutationa), mostram que Grxs
apresentam mecanismo do tipo Ping-Pong nestas reagcdes (Gallogly et al., 2008; Gravina &
Mieyal, 1993). O motivo desta diferenga de comportamento pode estar relacionado ao fato
de que o dissulfeto misto B-ME-SG ¢ formado em uma pré-incubacgdo. Quando a reacdo é
iniciada com a adi¢do de Grx, ndo se sabe ao certo quanto do dissulfeto misto B-ME-SG
realmente foi formado. No caso do substrato Cys-SG, que pode ser obtido comercialmente,
o dissulfeto misto j4 estd previamente formado. E importante ressaltar que o HED é o
substrato cldssico usado na literatura para medir a atividade de Grxs, e como o principal
interesse de nosso estudo € a comparagdo entre ScGrx1 e ScGrx2 e todos os ensaios sdao
feitos em condicdes idénticas para ambas, estas ressalvas a respeito do HED ndo devem

comprometer nossas andlises.

IV.4 - pK, das cisteinas reativas de ScGrx1 e ScGrx2

Grxs de outros organismos, como porco (Gan & Wells, 1987) e humano (Jao et al.,
2006; Gallogly et al., 2008), tiveram os valores de pK, das cisteinas reativas (N-terminal)
determinados. Em todos os casos, o valor de pK, destas cisteinas é bastante inferior ao de
cisteinas livres (8,4) e situa-se entre 3,5 e 4,6. Devido a este baixo valor de pK,, as cisteinas
N-terminais de Grxs estdo predominantemente desprotonadas em pH fisiolégico, na forma
de tiolato, possuindo, portanto, uma reatividade maior que cisteinas livres.

Resolvemos determinar os valores de pK, da Cys27 de ScGrxl e ScGrx2,
considerando que uma diferencga significativa de pK, entre elas implicaria em uma diferente
reatividade, explicando a diferenca de atividade observada para estas enzimas. No nosso
caso, esperariamos que o pK, da Cys27 de ScGrx1 fosse significativamente maior do que de
ScGrx2.

O método experimental freqlientemente utilizado para a determinacdo do pK, de
cisteinas de Grxs consiste na inativacdo destas proteinas por alquilacio da cisteina N-

terminal com iodoacetamida (IAM). Este método j4 foi utilizado para HsGrx1 (Jao et al.,
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2006; Mieyal et al., 1991) e HsGrx2 (Gallogly et al., 2008) e ScGrx2 (Gan et al., 1990) e,
portanto, permite comparagdes. Porém, existem criticas sobre este método, uma vez que é
necessario medir a atividade da enzima incubada em diferentes pHs e sabe-se da influéncia
do pH sobre a atividade enzimatica. A principio, essa influéncia é eliminada, pois o pK, é
determinado a partir da atividade remanescente, que € calculada comparando-se as
atividades da enzima alquilada e ndo alquilada, medidas no mesmo pH. De qualquer forma,
achamos mais confidvel determinar o pK, também por outro método, sugerido pelo
pesquisador Dr. Gerardo Ferrer-Sueta da Universidad de la Republica (Uruguai), no qual
acompanhamos a velocidade de alquilacdo da cisteina com o reagente fluorescente
monobromobimano (MBB; Kosower et al., 1979).

Os valores obtidos com o método de inativacio com IAM sdo muito similares
aqueles determinados previamente para ScGrx2 (Gan et al., 1990) e HsGrx1 (Jao et al.,
2006), usando o mesmo método. Os resultados obtidos com o método de alquilacdo com
MBB sao mais baixos (Tabela 8), porém para nossas andlises o ponto importante destes
resultados € que os valores de pK, da Cys27 de ScGrx1 e ScGrx2 sdo bastante baixos, como

os descritos para outras Grxs, e proximos entre si.

Tabela 8: Valores de pK, da cisteina N-terminal (Cys27) dos sitios ativos de ScGrx1 e
ScGrx2, determinados pelos métodos de inativagdo com IAM e alquilacio com MBB.

pK, Cys27 (MBB) pK, Cys27 (IAM)
ScGrx1 32+0,2 4,0+£0,2
ScGrx2 3,1+£0,2 35+0,2
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Figura 17: Grificos utilizados para a determinacdo do pK, de ScGrx1 e ScGrx2 pelos
métodos de inativagao com IAM (a esquerda) e de alquilacdo com MBB (a direita).

Reagdes de intercambio tiol-dissulfeto sdo do tipo Sn’ (substituicdo nucleofilica
binuclear) e suas velocidades dependem, portanto, da basicidade (pK,) do nucledfilo e do
grupo de saida (Gilbert, 1990; Szajewski & Whitesides, 1980). Para estas reacdes, quanto
menor o pK, do enxofre, o qual é o grupo de saida, mais rdpida € a velocidade da reacao
(Srinivasan et al., 1997). Para rea¢des de intercambio tiol-dissulfeto de um mesmo tipo, a
constante de segunda ordem da reagdo aumenta por um fator de quatro com o decréscimo
de uma unidade no pK, do grupo de saida (ka/kg = 4PKaB —PKaAy Gilbert, 1990 Szajewski
& Whitesides, 1980). Assumindo que a redug¢do do intermedidrio Grx-SG por uma
molécula de GSH ¢ a etapa limitante da reacdo no ensaio com HED, de modo que o pK, do
tiolato da Cys27 é determinante na velocidade da reagdo, a diferenga nos valores de pK, da
Cys27 de ScGrx1 (B) e ScGrx2 (A) resultaria em uma constante de segunda ordem 2 vezes
maior para a reagdo catalisada por ScGrx2 em comparagdo a catalisada por ScGrxl,
considerando os valores obtidos com IAM, e 1,15 vezes maior, considerando os resultados
com MBB (Tabela 8). Entretanto, a razdo entre as constantes de segunda ordem observadas
para ScGrx1 e ScGrx2 (Tabela 7) € muito maior do que a prevista devido a pequena
diferenca do pK, da Cys27 destas enzimas, sugerindo que outros fatores sdo responsaveis
pela diferenca de atividade entre ScGrx1 e ScGrx2.

Embora a equacdo de Brgnsted se aplique muito bem a tidis de baixa massa

molecular (Szajewski & Whitesides, 1980), alguns desvios podem ocorrer quando sdo
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consideradas moléculas complexas como proteinas (Trujillo et al., 2007), indicando que
caracteristicas estruturais podem ser mais importantes do que o pK, das cisteinas reativas
no controle da velocidade de reagdes de troca tiol-dissulfeto (Jao et al., 2006).

E importante mencionar que, neste trabalho, foi assumido que a etapa limitante da
reacdo no ensaio com HED para Grxs € a reducdo do dissulfeto misto Grx-SG por uma
molécula de GSH, como descrito para a HsGrx1 (Srinivasan et al., 1997). Isto por que as
atividades de ScGrx2 e ScGrx1 apresentam uma dependéncia em relacdo ao pH (Figura 18)
similar aquela apresentada por HsGrx1, com um pH 6timo préximo a 9,0. E também, os
residuos de Cys27 de ScGrx1 e ScGrx2 apresentam valores de pK, similares ao de HsGrx]1,
sugerindo que o pK, do segundo substrato (GSH; pK,Cysgs = 8,5) estd envolvido na etapa
limitante da reacdo (Srinivasan et al., 1997; Gallogly et al., 2008). Considerando todas
estas informacoes, pode-se concluir que os valores de pK, para a Cys27 de ScGrx1 e

ScGrx2 nao sdo um fator determinante na diferenca de atividade observada entre estas

enzimas.
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Figura 18: Atividade de ScGrx1 e ScGrx2 em fungdo do pH.

Se considerdssemos que a etapa limitante da reacdo fosse a primeira (Figura 3,
reacdo f), na qual o tiolato da Cys27 ataca a ligagcdo dissulfeto de B-ME-SG, a velocidade
da reacdo seria principalmente dependente da porcentagem de cisteinas de ScGrx1 e
ScGrx2 que estariam na forma desprotonada no pH do ensaio de atividade (7,4). Com base

na equacao de Henderson-Hasselbalch: pH = pK, + log [S]/[SH] (Po & Senozan, 2001) e
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os valores de pK, das Cys27 de ScGrx1 e ScGrx2, podemos calcular a porcentagem das
cisteinas que estariam na forma de tiolato em pH 7.4 para ScGrx1 e ScGrx2. Considerando
os valores obtidos com MBB, temos que 99,99% das Cys27 de ScGrx1 e ScGrx2 estdo
desprotonadas neste pH, e considerando os valores obtidos com IAM temos 99,96% das
Cys27 de ScGrx1 e 99,98% das Cys27 de ScGrx2 estdo na forma de tiolato em pH 7.4.
Mesmo considerando a primeira etapa da reacao como limitante de velocidade, nao haveria
uma diferencga significativa de desprotonacdo entre as Cys27 de ScGrx1 e ScGrx2 no pH
usado nos ensaios de atividade, e conseqiientemente, ndo deveria haver significativa
diferenca de reatividade entre as mesmas. Portanto, os valores de pK, da Cys27 de ScGrx1

e ScGrx2 nao explicam a grande diferenca de atividade entre estas duas enzimas.

IV.5 - Atividade peroxidasica

A préxima etapa foi avaliar se ScGrx1 e ScGrx2 também apresentavam diferencas
para outras atividades enzimdticas. Uma vez que essas enzimas apresentam valores de pK,
bastante baixos e esse fator tem sido associado a reatividade com peréxidos (Ogosucu et
al., 2007; Trujillo et al., 2007), decidimos analisar se essas enzimas apresentavam atividade
peroxidasica.

A capacidade de ScGrx2 catalisar a redugdo direta de peroxidos foi acompanhada
através da queda na absorbancia a 340 nm, devido a oxidacdo do NADPH (Collinson et al.,
2002). Porém observamos que ScGrx2 ndo € eficiente na degradacdo de perdxidos. A
velocidade da reagdo catalisada por ScGrx2 € a mesma que a da reducdo dos peréxidos no
sistema reacional sem a enzima, pois GSH reduz peréxidos. A Figura 19 mostra os graficos
de velocidade versus concentracdo de perdxido para H,O, e hidroperéxido de cumeno

(CHP).
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Figura 19: (a) Gréfico de velocidade de reducao de H,O, versus concentracao de H,O,. os
quadrados representam o controle sem ScGrx2, e os tridngulos, as reagdes com 20 nM de
ScGrx2. (b) Grafico de velocidade de reducdo de CHP versus concentragdo de CHP; as
cruzes representam o controle sem ScGrx2, e os circulos, as reacdes com 20 nM de ScGrx2.

As peroxirredoxinas (Prxs) de levedura catalisam a redug¢do de hidroperéxidos
quando presentes em concentracdes da ordem de micromolar (Jeong et al., 1999; Munhoz
& Netto, 2004). Nestes ensaios utilizamos ScGrx2 em concentracdes da ordem de
nanomolar, como usado no ensaio de reducdo do dissulfeto misto B-ME-SG. Talvez nao
tenhamos detectado a atividade peroxidasica de ScGrx2 devido a baixa concentragdo de
enzima utilizada. Entdo resolvemos tentar medir a atividade peroxidasica e ScGrx1 e
ScGrx2 usando concentragdes de 50 uM de proteina e 0,1 mM de peréxido (H,O,, --BOOH
e CHP). As velocidades das reagdes de reducdo de peroxidos por ScGrx1 e ScGrx2 estdao

mostradas na Tabela 9. As velocidades foram determinadas a partir da por¢do do gréfico de

absorbéncia versus tempo que apresentava inclinacdo méaxima.
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Tabela 9: Velocidade da redugdo de peréxidos por ScGrx1 e ScGrx2.

Reacdo v (dA/min) | v (dA/min) | v (dA/min)
H,0, ~-BOOH CHP

ScGrx1

A) NADPH — GR — GSH — peroxido 0,056 0,036 0,013

B) NADPH — GR — GSH — ScGrx1 0,230 0,227 0,233

C) NADPH— GR— GSH— ScGrx1 — peroxido 0,224 0,223 0,230

ScGrx2

A) NADPH — GR — GSH — peroxido 0,053 0,040 0,015

B) NADPH — GR — GSH — ScGrx2 0,157 0,158 0,153

C) NADPH— GR— GSH— ScGrx2 — peroxido 0,155 0,150 0,150

Os resultados mostram que ScGrx1 e ScGrx2 ndo sdo eficientes como peroxidases,
nem mesmo quando a concentragdo destas enzimas nos ensaios € da ordem de micromolar.
Na verdade, o consumo de NADPH observado deve-se ao fato de que parte das moléculas
de ScGrx1/ScGrx2 em solugdo devem estar oxidadas e parte da GSH € consumida na
reducdo destas moléculas oxidadas, pois as reacdes B e C apresentam velocidades muito
proximas. Se Grxs fossem capazes de reduzir os per6xidos teriamos observado um aumento
na velocidade da reacdo C em relacdo a reacdo B. Quando utilizamos concentragdes de
Grxs da ordem de nanomolar, como no ensaio com HED, ndo observamos consumo de
NADPH devido a reducdo de moléculas de Grx oxidadas, uma vez que a concentragdo de
Grx € muito menor.

E importante mencionar que foi descrito na literatura que ScGrx1 e ScGrx2 possuem
atividade peroxiddsica mesmo quando utilizadas em concentracdes da ordem de nanomolar
(Collinson et al., 2002). Os parametros cinéticos de ScGrx1 e ScGrx2 frente a per6xidos
determinados por estes autores podem ser obtidos se ndo forem consideradas as reagdes
controle, nas quais observamos a reducdo de peréxidos por GSH.

A alta reatividade de Prxs na reducdo de perdxidos € atribuida parcialmente ao
baixo pK, da Cys peroxidasica de seus sitios ativos (Trujillo et al., 2007). Considerando
este fator, teoricamente, Grxs poderiam ter atividade peroxiddsica, pois possuem um

residuo de Cys com pK, até um pouco menor em seus sitios ativos (Discola et al., 2009 -
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anexo 1), em comparagcdo as Prxs (Trujillo er al., 2007). Porém, nossos resultados e
resultados de Pedrajas et al., 2002 mostram que Grxs ndo apresentam atividade
peroxidasica.

A quebra da ligagdo O-O (1,49 A) de peréxidos, catalisada por Prxs, é mais dificil
do que a de ligacdes dissulfeto S-S (2,05 A), catalisadas por Trxs e Grxs, uma vez que a
primeira ligacdo € mais curta e mais forte do que a segunda (Lazzeretti & Zanasi, 1997).
Além do baixo pK, da Cys reativa, outras caracteristicas estruturais parecem estar
relacionadas a alta reatividade das Prxs frente a peréxidos. Foi proposto que a substituicao
da Cys N-terminal do motivo CXXC por uma Thr e a utilizagdo da Cys C-terminal como
nucledfilo em Prxs, confere a estas proteinas um maior controle sobre a orientagdo do

substrato no sitio ativo, favorecendo a clivagem da ligacdo O-O (Copley et al., 2004).

IV.6 - Interacao entre as ScGrxs e ScTrrs

Foi descrito na literatura que EcGrx4 e HsGrx2 sdo reduzidas pelas Tiorredoxinas
Redutases (Trr) dos respectivos organismos (Fernandes et al., 2005; Johansson et al.,
2004). Uma vez que em nosso laboratério sdo expressas ScTrrl (citos6lia; Chae et al.,
1994) e ScTrr2 (mitocondrial; Pedrajas et al., 1999), resolvemos testar se estas enzimas
seriam capazes de reduzir ScGrx1 e ScGrx2. Para isso, repetimos o ensaio de reducdo do
dissulfeto misto B-ME-SG, substituindo o sistema redutor de Grxs (NADPH, GR e GSH)
pelas ScTrrs e NADPH.

Os resultados mostraram que ScTrrl e ScTrr2 ndo reduzem ScGrx1 e ScGrx2
(Figura 20). Utilizamos as Trrs na concentracdo de 0,5 uM, sendo que estas enzimas
catalisam a reducdo de seus substratos, Trxs, em concentragdes 20 vezes menores (25 nM).
E utilizamos ScGrx1 e ScGrx2 na concentragdo de 2 uM, sendo que estas enzimas
catalisam a reacdo de redugdo de B-ME-SG quando presentes em concentracdes da ordem
de nanomolar (Figura 11). Mesmo utilizando concentragdes bastante altas de Grxs e Trrs,

nao observamos a reducdo de ScGrxs pelas ScTrrs.
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Figura 20: Ensaio teste da redugdo de ScGrx1 e ScGrx2 pelas Trrs (ScTrrl e ScTrr2) de
levedura.

IV.7 - Reducio do dissulfeto da Insulina

A reducdo de pontes dissulfeto em proteinas € realizada pelas Grxs através do
mecanismo ditidlico, envolvendo, portanto, as duas cisteinas dos sitios ativos das Grxs. Ao
contrdrio, a reducdo de dissulfetos mistos entre GSH e proteinas ou outros compostos de
baixa massa molecular, como o HED, é realizado por Grxs através do mecanismo
monotidlico, o qual envolve apenas a Cys N-terminal do sitio ativo. Como discutido
anteriormente, ScGrx1 é muito menos ativa que ScGrx2 na redugdo do dissulfeto misto -
ME-SG, porém ndo sabemos se estas enzimas também apresentam diferenca de atividade
em reacdes que se processam pelo mecanismo ditidlico. Para verificar isso, seria importante
medir as atividades de ScGrx1 e ScGrx2 na reducao de um dissulfeto protéico.

Até o momento, nenhum substrato passivel de reducao pelo mecanismo ditiélico foi

descrito para ScGrx1 e ScGrx2. De modo geral, € atribuida as Grxs e Trxs a redugdo do
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dissulfeto da Ribonucleotideo Redutase (RR) durante a sintese de desoxirribonucleotideos,
porém foi descrito para S. cerevisiae, que os principais redutores da RR sdo as Trxs
(Camier et al., 2007). Além disso, a RR de levedura nao € disponivel comercialmente, o
que torna dificil a realizacdo de ensaios in vitro para determinar se ScGrx1 e ScGrx2 sao
capazes de reduzi-la através do mecanismo ditidlico. Uma vez que nio temos RR, e que foi
descrito que EcGrx1 € capaz de reduzir pontes dissulfeto da insulina (Holmgren & Aslund,
1995), resolvemos testar se as Grxs de levedura também reduziriam insulina. Para isso
foram realizados ensaios como aquele descrito para a reducdo do dissulfeto misto B-ME-
SG, substituindo apenas o HED por 30 uM de insulina de pancreas bovino (Vlamis-
Gardikas et al., 1997).

Ao branco foram adicionados todos os reagentes, exceto o NADPH e a Grx
purificada, e o controle foi feito sem a adi¢do de Grx ao sistema reacional. Foram utilizadas
concentracdes de ScGrx1 e ScGrx2 entre 10 nM e 10 uM. No ensaio de reducdo do
dissulfeto misto B-ME-SG, € possivel medir a atividade de ScGrx1 e ScGrx2 usando estas
enzimas em concentragdes da ordem de nanomolar. Como nenhuma atividade foi observada
no ensaio com insulina usando concentracdes de ScGrx1 e ScGrx2 desta ordem, testamos
também concentracdes maiores (ordem de micromolar). Como pode ser observado na
Figura 21, ScGrx1 e ScGrx2 ndo foram capazes de reduzir as pontes dissulfeto da insulina

mesmo quando usadas em altas concentracdes na reagao.
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Figura 21: Gréficos de absorbancia (A = 340 nm) versus tempo (s) da reacdo de reducdo
das pontes dissulfeto da insulina por ScGrx1 e ScGrx2.
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Até o momento, ndo encontramos um substrato para testar a atividade de ScGrx1 e
ScGrx2 no mecanismo ditidlico. E importante lembrar que todas as Grxs ditidlicas
estudadas até o momento catalisam reacdes que se processam através do mecanismo
monotidlico, mas nem todas catalisam reacdes pelo mecanismo ditidlico (Lillig et al.,
2008). Um aspecto importante a ser considerado nesse sentido seria interagdes proteina-

proteina de Grxs com alvos bioldgicos, as quais devem envolver aspectos estruturais.

IV.8 - Cristalizacao de ScGrx1

Foram feitos ensaios de crescimento de cristais com ScGrx1 sem tratamento e
com a proteina tratada com diamida, -BOOH, H,0O, e DTT, usando os kits “Crystal Screen
1 e?2”e “Wizard 1 e 2”. Cresceram cristais apenas da proteina tratada com diamida na
condicdo 3 do kit Wizard 2 (WII-3: 20% PEG 8000/ 0,1 M Tris-HCI pH 8,5/ 0,2 M
MgCl), e de ScGrx1 sem tratamento na condicdo 31 do kit Wizard 1 (WI-31: 20% PEG
8000/ 0,1 M Fosfato-Citrato pH 4,2/ 0,2 M NaCl); Figuras 22A e 22B, respectivamente.
Como pode ser observado na Figura 22A, conseguimos apenas microcristais de ScGrx1 na
condicio WII-3, e na condicdo WI-31 conseguimos cristais aparentemente mais

promissores (Figura 22B).
A B

Figura 22: Cristais de ScGrx1 obtidos. A) Microcristais de ScGrx1 tratada com diamida,
obtidos na condi¢do WII-3. B) Cristais de ScGrx1 sem tratamento, obtidos na condi¢do WI-
31.

Foram feitos refinamentos de ambas as condicdes de cristalizacdo de ScGrx1,
variando o pH (entre 4,0 e 9,5), e as concentracdes de proteina (5, 10 e 15 mg/mL),

precipitante (5 a 20% PEG 8000) e sal (0,05 a 0,2 M). Tentamos também a técnica de
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microseeding e aditivos com os kits “Aditive Screen 1, 2 e 3”, porém ndo conseguimos
obter cristais maiores e bem formados para os experimentos de difracdo de raios-X.
Enquanto tentdvamos melhorar os cristais de ScGrx1, foi publicado um artigo (Hakansson
& Winther, 2007), descrevendo as estruturas cristalograficas de ScGrx1 nas formas
reduzida e ligada a glutationa. Dessa forma, concentramos nossos estudos na resolugdo de

estrutura de ScGrx2.

IV.9 - Estruturas de ScGrx2

IV.9.1 - Determinacio da estrutura de ScGrx2 na forma oxidada

Cristalizacdo e difracao

Inicialmente, foram feitos ensaios de crescimento de cristais de ScGrx2 com os
kits “Crystal Screen 1 e 2”. Foram obtidos diversos cristais de ScGrx2 tratada com t-
BOOH, H,0,, diamida e com a proteina sem tratamento, todos, na solu¢do de cristalizagao:
0,2 M de acetato de amodnio/ 30% PEG 4000/ 0,1M acetato de sédio pH 4,6 (solugdo 10 do
kit Crystal Screen 1: CS1-10).

Foram feitos refinamentos, variando-se o pH (entre 4,0 e 9,5), a concentragdo de
PEG 4000 (entre 12 e 30%) e a concentragdo de acetato de amonio (entre 0,05 e 0,2M)
com o intuito de obter cristais melhores para a coleta de dados de difracdo. Observamos
cristais entre pH 4 e pH 4,6, em concentragdes de acetato de amonio entre 0,1 e 0,2 M, e
entre 25 e 30% de PEG 4000, porém os cristais eram iguais nestas faixas de varia¢do
(semelhantes ao da Figura 23). Cristalizamos também a proteina a 4°C, mas novamente 0s
cristais obtidos eram muito semelhantes aos obtidos a 20°C. Outras tentativas foram feitas
para obter cristais melhores: utilizamos os kits “Additive Screen 1, 2 e 3” e também a
técnica de microseeding, porém nao conseguimos melhorar os cristais.

Cristais de ScGrx2 tratada com ~-BOOH e com diamida e também de ScGrx2 sem
tratamento difrataram até resolucdes de 2,05 A, 2,2 Ae 2,15 A, respectivamente. Estes
cristais foram imersos em uma solucdo crio-protetora com 20% glicerol antes do inicio da
coleta dos dados de difracdo de raios-X. O detector foi mantido a uma distancia de 90 mm,

e foram coletadas 180 imagens com A¢p=1°.
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Figura 23: Cristal de ScGrx2 sem tratamento. Todos os cristais de ScGrx2 obtidos eram
agulhas semelhantes a mostrada acima.

Como ndo conseguimos obter cristais da proteina reduzida previamente com DTT
ou GSH, novas placas de cristalizacdo foram feitas com a proteina sem tratamento na
condi¢ao CS1-10, e nas gotas nas quais cresceram cristais adicionamos DTT (50 mM) ou
GSH (10 mM). Os cristais permaneceram intactos apds a adi¢do destes agentes redutores.
Coletamos conjuntos de dados, com 180 imagens cada (A$=1°), de diferentes cristais de
ScGrx2 tratados com DTT (que difrataram até resolucdes de 2,12 10%, 2,3 10%, e 2,5 A), e
conjuntos de dados de cristais de ScGrx2 tratados com GSH (que difrataram a 2,65 A, 2,8
A e 3,1 A). As estatisticas de alguns destes conjuntos de dados estio mostradas na Tabela
10.

Foram feitos também outros ensaios de crescimento de cristais com o kits “Index
1 e2”e “Wizard 1 e 2” com a proteina tratada por 1 hora a temperatura ambiente com 10
mM DTT e com 10 mM GSH. As placas de cristalizacdo foram observadas
periodicamente, porém apenas um cristal da proteina tratada com DTT foi observado na
condi¢dao 8 do kit Wizard 1 (2,0M sulfato de amonio/0,1M citrato pH 5,5). Este cristal
difratou até 2,5 A de resolugdo; como para os demais conjuntos de dados, foram coletadas

180 imagens com A¢d=1°.

Processamento dos dados e substituicdo molecular

Todos os conjuntos de dados foram processados com o auxilio dos programas
MOSFLM (Leslie, 1992) e SCALA (Kabush, 1998; Blessing, 1995) do pacote CCP4. O
nimero de moléculas por unidade assimétrica foi determinado calculando-se o coeficiente

de Matthews (Matthews, 1968), cujo valor encontrado foi 2,3 A’/Da para todos os
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conjuntos de dados coletados. A porcentagem de solvente nos cristais variou entre 45,5 e
45,8%, e, em todos os casos, havia apenas uma molécula na unidade assimétrica. As
estatisticas dos dados de difracdo de raios-X coletados estdo mostradas na Tabela 10. As
estatisticas dos dados de difracdo de raios-X coletados para os primeiros cristais de ScGrx2
(proteina sem tratamento e tratada com -BOOH) constam no trabalho publicado na secao

F da revista Acta Crystallographica (Discola et al., 2005 - anexo 5).

Tabela 10: Estatisticas dos dados de difracdo coletados. Os valores entre parénteses

correspondem aos dados da ultima camada de resolucgdo.

t+-BOOH Sem Diamida DTT1 DTT2 DTT3 * GSH
tratamento

Grupo eSpaCial P412]2 P4]212 P4|212 P4|2]2 P4|212 P4|212 P4]212
Parametros de a=b= a=b= a=b= a=b= a=b= a=b= a=b=
cc;:la unitaria 47,6341 47,6595 47,7749 47,6998 47,3719 47,2429 48,3563
(A) ¢c=94,5919 | ¢=95,0028 | c=94,6508 | ¢ =95,1715 ¢c=94,8469 ¢c=94,9426 ¢=95,5466
Resolugio A 2,05 2,15 2,20 2,12 2,30 2,50 3,10
Numero de 90136 68434 87346 184740 166187 141962 43787
reflexoes
totais
Nuamero de 7295 6439 6046 6703 5332 5201 2316
reflexdes
Unicas
Completeza 99,8 (99,8) | 100 (100) 100 (100) 96,6 (96,6) 98,6 (98,6) 100 (100) 99,2 (99,2)
(%)
Multiplicidade | 12,3 (11,2) | 10,6 (10,7) | 14,4 (14,9) | 13,1 (12,0) 14,5 (13,5) 7,8 (8,1) 6,4 (6,7)
(%)
Roym 0,080 0,103 0,100 0,064 0,058 0,085 0,089

(0,294) (0,328) 0,322) (0,293) (0,272) (0,387) 0,351)
<I/o(I)> 6,3 (2,1) 5,52,2) 6,5(2,2) 9,1 (2,6) 9,9 (2,7) 7,9 (2,0) 7,3 (2,4)

* Cristal de ScGrx2 tratada com DTT na condi¢do 8 do kit Wizard 1. Os demais conjuntos de dados foram
coletados a partir de cristais obtidos na condi¢io 10 do kit Crystal Screen 1.

Inicialmente, foi feita uma tentativa de substitui¢do molecular com as coordenadas

da Grx de Sus scrofa (c6digo PDB: 1KTE; Katti et al., 1995), utilizando o programa
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AmoRe (Navaza, 1994). No momento, esta era a proteina com estrutura determinada que
apresentava maior identidade seqiiencial com ScGrx2 (36% de identidade e 58% de
similaridade). Porém, nao foi encontrada nenhuma solu¢@o para a proteina sem tratamento
e nem para a proteina tratada com -BOOH. A segunda tentativa de substituicio molecular
foi realizada com um modelo tedrico criado pelo programa Modeller (Claude et al., 2004),
a partir das coordenadas atdomicas de 1KTE e da seqiiéncia de aminoécidos de ScGrx2.
Neste caso, o programa AmoRe indicou uma solu¢@o para ambos cristais.

A estrutura da ScGrx2 tratada com -BOOH foi refinada com o auxilio do programa
Refmac5 (Murshudov et al, 1997). Quando terminado o refinamento desta estrutura,
utilizamos suas coordenadas como modelo para substituicdo molecular para os demais

conjuntos de dados coletados de cristais de ScGrx2 com outros tratamentos.

Refinamento das estruturas

A primeira estrutura resolvida por substituicio molecular usando o modelo tedrico
foi a de ScGrx2 tratada com ~-BOOH. O primeiro ciclo de refinamento do modelo gerou
Riactor = 0,496 € Ry = 0,600; ao final do refinamento do modelo obtivemos Ryyeior = 0,194
e Reee = 0,227. Nesta estrutura, as cisteinas 27 e 30 do sitio ativo de ScGrx2 se encontram
na forma oxidada, formando uma liga¢do dissulfeto. Este modelo foi usado para resolver as
fases dos demais conjuntos de dados coletados de ScGrx2, por substituicdo molecular. Os
primeiros ciclos de refinamento das demais estruturas de ScGrx2 geraram valores mais
baixos de Rycior € Riree (aproximadamente 0,2 e 0,3, respectivamente) em comparacao aos
obtidos para a primeira estrutura resolvida com o modelo tedrico; as cadeias estavam bem
posicionadas dentro dos mapas de densidade eletronica e ja era possivel verificar o estado
de oxidagdo das cisteinas. Como ja haviamos determinado a estrutura de ScGrx2 na forma
oxidada, nosso objetivo era obter a estrutura de ScGrx2 na forma reduzida. Porém, as
demais estruturas também apresentavam as cisteinas oxidadas e ndo foram observadas
mudancas ao final dos refinamentos. Entdo, as ultimas estruturas determinadas (DTT3 e
GSH) passaram apenas pelo primeiro ciclo de refinamento e, por esta razao, os parametros

estatisticos destas duas moléculas ndao constam na tabela 11.
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Os modelos foram refinados (com excecao dos mencionadas acima), e foi utilizado
o programa PROCHECK (Laskowski et al., 1993) para analisar a estereoquimica dos
mesmos. As estatisticas dos refinamentos e a andlise da estereoquimica sao mostradas na
Tabela 11. A Figura 24 mostra o diagrama de Ramachandran da estrutura de ScGrx?2
tratada com -BOOH; os diagramas das demais estruturas ndo sdo mostrados por serem

semelhantes. Nenhum aminodcido de ScGrx2 foi localizado em regido proibida.

Tabela 11: Estatisticas dos refinamentos das estruturas de ScGrx2 e analise
estereoquimica.

t+-BOOH Sem Diamida DTTI1 DTT2
tratamento
Reactor 0,194 0,193 0,191 0,214 0,209
Riree 0,227 0,255 0,248 0,254 0,251
Rmsjigacio 0,012 0,014 0,012 0,011 0,011
Rmsanguto 1,332 1,441 1,340 1,33 1,33
B factor médio (A?)

Cadeia principal 18,716 19,507 20,583 29,9332 25,733
Cadeias laterais 22,240 23,597 23,971 30,850 27,128

Analises Ramachandran (%)

Regides 97,9 97,9 96,9 96,8 95,8
favorecidas
Regides 2,1 2,1 3,1 3,2 4,2
adicionalmente
permitidas

Regides ndo 0 0 0 0 0
permitidas
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Figura 24: Diagrama de Ramachandran da estrutura de ScGrx2 tratada com -BOOH.

1V.9.2 - Determinacio da estrutura de ScGrx2-C30S ligada a glutationa

Cristalizacdo e difracao

Construimos a proteina mutante ScGrx2-C30S, na qual a Cys30 (C-terminal) foi
substituida por uma serina, com o objetivo de determinar sua estrutura na forma ligada a
glutationa (Sc¢Grx2-SG) e na forma reduzida. Uma serina no lugar da Cys30 C-terminal
permitiria a formagao de um dissulfeto misto estdvel entre a Cys27 N-terminal e a molécula
de glutationa, uma vez que a Cys27 nio seria atacada pela Cys30 para liberar a glutationa e
formar o dissulfeto intramolecular (Figura 3, reacdo d). O dissulfeto misto com glutationa,
no mutante ScGrx2-C30S, pode ser reduzido apenas por um agente redutor externo. Além
disso, neste mutante ndo ocorre a formacdo do dissulfeto intramolecular no sitio ativo,
sendo possivel, entdo, obter em principio a estrutura de ScGrx2 na forma reduzida.

O dissulfeto misto entre o mutante ScGrx2-C30S e glutationa (ScGrx2-SG) foi
obtido com o tratamento da proteina (pré-reduzida) com GSSG, como descrito em

“Materiais € Métodos”. Realizamos ensaios de crescimento de cristais de ScGrx2-SG e de
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ScGrx2-C30S tratada com 10 mM DTT ou 10 mM GSH com os kits “Crystal Screen 1 e 2”
e “Wizard 1 e 2”. Obtivemos os cristais de ScGrx2-SG, mostrados na figura 25A, na
condi¢do 22 do kit “Crystal Screen 17 (CS1-22: 30% PEG 4000/ 0,1 M Tris-HCI pH 8,5/
0,2 M acetato de s6dio). Um dos cristais desta gota foi submetido a experimentos de
difracdo de raios-X e difratou a 2,9 A. Foi coletado um conjunto de dados de difracdo deste
cristal com 220 imagens com A¢=1°, usando solucdo crio-protetora com 20% glicerol. Este
conjunto de dados foi processado, porém ndo apresentava boa qualidade (estatisticas
mostradas na Tabela 12), entdo resolvemos tentar melhorar os cristais para realizar novos
experimentos de difracdo.

Foram feitos refinamentos desta condi¢do de cristalizacao (CS1-22), variando o
pH (entre 4,0 € 9,5), as concentracdes de sal (0,05 a 0,2 M acetato de s6dio) e precipitante
(15 a 30% PEG 4000). Conseguimos obter cristais de ScGrx2-SG em quase todas as
condicdes testadas nos refinamentos e submetemos os melhores a experimentos de difragao
de raios-X. Coletamos um conjunto de dados a 1,9 A de resolucao de um cristal obtido na
condi¢do 30% PEG 4000/ 0,1 M acetato de sddio pH 5,4/ 0,2 M acetato de sédio (Figura
22B). Foram coletadas 240 imagens com A¢=1°, usando solucdo crio-protetora com 20%
glicerol.

Nao conseguimos obter cristais do mutante ScGrx2-C30S tratado com DTT ou

GSH.

Figura 25: Cristais de ScGrx2-SG. A) Cristais obtidos no screening inicial, na condi¢io
CS1-22. B) Cristais obtidos apds o refinamento da condicdo CS1-22; a diferenca desta
condicdo em relacdo a inicial é o tampao, neste caso foi usado 0,1 M acetato de s6dio pH
5,4, e nao Tris pH 8,5.
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Processamento dos dados e substituicio molecular

Os conjuntos de dados foram processados com o auxilio dos programas MOSFLM
(Leslie, 1992) e SCALA (Kabush, 1998; Blessing, 1995) do pacote CCP4. O ndmero de
moléculas na unidade assimétrica foi determinado através do célculo do coeficiente de
Matthews (Matthews, 1998). As estatisticas dos conjuntos de dados coletados a 2,9 Aea

1,91 A de resolugdo sdo mostradas na Tabela 12.

Tabela 12: Estatisticas dos dados de difracdo dos cristais de ScGrx2-SG.

ScGrx2-SG (figura 25A) ScGrx2-SG (figura 25B)
Grupo espacial P4,2,2 P2,2,2,
Parﬁmetrczs de cela a=b= 44,2581, c= 105,4259 a= 37,0076, b= 45,2051, c=
unitéria (A) 105,0348
Resolugio (A) 2,90 1,91
A (A) 1,427 1,427
Numero de reflexdes 231652 247826
totais
Nudmero de reflexdes 6277 14326
Unicas
Completeza (%) 100 (100) 99,7 (99,7)
Multiplicidade (%) 9,8 (9,7) 8,6 (8,2)
Reym 0,096 (0,501) 0,070 (0,389)
<Vo()> 25,9 (4,6) 23,6 (4,5)

Como pode ser observado na Tabela 12, as estatisticas do primeiro conjunto de
dados coletado a 2,9 A de resolugc@o ndo estdo muito boas. Tentamos fazer a substituicao
molecular com estes dados, usando como modelo as coordenadas da estrutura de ScGrx2
oxidada, porém ndo encontramos uma solugdo para o problema das fases.

O processamento do segundo conjunto de dados, coletado a 1,91 A de resolugio,
mostrou que a qualidade do mesmo era superior a do primeiro conjunto coletado (Tabela
12). Foram encontradas duas moléculas na unidade assimétrica, a porcentagem de solvente

no cristal era de 33%, e o coeficiente de Matthews igual a 1,83 A’/Da. Utilizando o
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programa Phaser (Read, 2001) e as coordenadas da estrutura de ScGrx2 oxidada (resolvida
e refinada anteriormente a 2,05 A de resolucdo) para a substituicdo molecular, encontramos

uma solugao para as fases de ScGrx2-SG.

Refinamento da estrutura de ScGrx2-SG

O refinamento do modelo da ScGrx2-SG foi feito com o programa Refmac5
(Murshudov et al, 1997). Utilizamos também modelos gerados por andlises TLSMD

(translation /libration/ screw/ motion/ determination; http://skuld.bmsc.washington.edu/~tlsmd)

para tentar melhorar os valores de Rgycior € Riree NOs dltimos ciclos de refinamento. TLSMD
analisa os movimentos entre dominios da estrutura cristalina, fragmentando a cadeia e
gerando multiplos segmentos que sdo modelados como corpos rigidos sofrendo
movimentacdo vibracional TLS (translation/libration/screw) (Winn et al., 2001). O programa
PROCHECK (Laskowski et al., 1993) foi usado para analisar a estereoquimica do modelo.
O primeiro ciclo de refinamento do modelo gerou Re,cior = 0,399 € Rgee = 0,431, a0
final do refinamento chegamos a Ryycior = 0,196 € Rgee = 0,262. Idealmente, o valor de Ry
alcancado ao final do refinamento deveria ser mais baixo, em torno de 0,22-0,2. Porém nao
conseguimos baixa-lo além de 0,26, mesmo utilizando fragmentos gerados por analises
com TLSMD ou rodando ciclos de refinamento no programa CNS (Brunger et al., 1987,
Brunger et al., 1990), o qual simula o aquecimento das moléculas, de modo a possibilitar a
saida de um minimo local de energia para o minimo global. As estatisticas do refinamento
da estrutura de ScGrx2-SG estdo mostradas na Tabela 13. Logo nos primeiros ciclos de
refinamento, foi possivel distinguir as densidades eletronicas das duas moléculas de

glutationa ligadas, uma a cada molécula de proteina.
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Tabela 13: Estatisticas do refinamento da estrutura de ScGrx2-SG e andlise estereoquimica.

Reactor 0,196

Riree 0,262

Rmsjigacio 0,012

Rms;neuio 1,392
B fator médio (A?)

Cadeia principal 13,084

Cadeias laterais 16,943

Analises Ramachandran (%)

Regides favorecidas 95,8
Regides adicionalmente permitidas 4,2
Regides nao permitidas 0

A Figura 26 mostra o diagrama de Ramachandran para o modelo da estrutura de
ScGrx2-SG; 95,8% dos residuos estdo em regides mais favorecidas e 4,2% dos residuos
estdo em regides adicionalmente permitidas; ndo ha residuos de aminoacidos em regides

ndo permitidas.

2180 -135 90 45 0 45 90 135 180
Phi (degrees)

Figura 26: Diagrama de Ramachandran da estrutura de ScGrx2-SG.
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1V.9.3 - Anadlise das estruturas de ScGrx2

Enovelamento e sitio ativo

Inicialmente esperdvamos obter estruturas de ScGrx2 em dois estados de oxidacao
diferentes: proteina tratada com DTT/GSH (cisteinas reduzidas) e proteina tratada com
diamida/r-BOOH/H,0, (cisteinas oxidadas, formando ligacdo dissulfeto). Porém, todas as
estruturas de ScGrx2 resolvidas, mesmo sob diferentes tratamentos, apresentavam as
cisteinas do sitio ativo oxidadas, formando uma ligacdo dissulfeto intramolecular (Figura
28A). A sobreposicdo destas estruturas mostrou que todas eram idénticas, sendo
observadas apenas ligeiras diferencas nas posi¢des de algumas cadeias laterais mais
moéveis que se localizam na superficie da proteina, como lisinas e dcidos glutimicos
(Figura 27). Como obtivemos vdrias estruturas de ScGrx2 na forma oxidada, resolvemos
fazer nossas andlises utilizando apenas a estrutura de ScGrx2 obtida com o tratamento com
t-BOOH, j4 que o modelo apresentava melhor qualidade. Mesmo com o mutante ScGrx2-
C30S, ndo conseguimos obter a estrutura de ScGrx2 reduzida, porém obtivemos a estrutura
de ScGrx2 ligada a glutationa por um dissulfeto misto formado entre a Cys27 de ScGrx2 e

a cisteina da glutationa (Figura 28B).

Figura 27: Alinhamentos entre as
sete estruturas de ScGrx2 oxidada
(t-BOOH em azul, sem tratamento
em vermelho, diamida em verde,
DTT1 em amarelo, DTT2 em rosa,
DTT3 em laranja e GSH em preto).
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Figura 28: Mapas de densidade eletronica (2Fo — Fc, contorno de 1.0 &) dos sitios ativos
de A) ScGrx2 oxidada e B) ScGrx2-SG. A continuidade da densidade eletr6nica entre os
atomos de enxofre da Cys27 e Cys30, e Cys27 e cisteina da glutationa mostram as ligacdes
dissulfeto.

ScGrx?2 € uma proteina globular e possui o conhecido enovelamento Tiorredoxina,
que consiste em uma folha-f no centro da estrutura, rodeada por a-hélices (Figura 29). A
folha-f central possui quatro fitas: B1, B3 e B4 sdo antiparalelas entre si, enquanto a fita 32
¢ paralela a B1. As a-hélices al e a3 se localizam de um lado da folha-B3, enquanto o2, a4
e ad estdo do outro lado da mesma. As hélices a4 e a5 sdo continuagdo uma da outra em
seqiiéncia, mas posicionam-se quase perpendicularmente uma em relagdo a outra. A Gly98
que se localiza entre as hélices a4 e a5 € a responsavel pela mudanga abrupta de dire¢ao
(este residuo de glicina € conservado em Grxs). Os elementos estruturais secundérios estao
ligados por alcas e voltas. E mesmo estes segmentos de cadeia ndo regulares sdao
firmemente posicionados devido a fortes interagdes, geralmente mediadas por dtomos da

cadeia principal.
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Figura 29: Enovelamento da
ScGrx2: folha-f com quatro fitas-3
ao centro da estrutura, rodeada por
a-hélices. ScGrx2, (cinza) e
ScGrx2-SG  (azul claro); a
molécula de glutationa é mostrada
em amarelo.

A Cys27 localiza-se no final do loop que precede a segunda a-hélice, e a Cys30
localiza-se na primeira volta desta hélice. Deste modo, a Cys27 encontra-se mais exposta
ao solvente na superficie da estrutura, enquanto que a Cys30 encontra-se mais enterrada no
interior da molécula (Figura 29). A localizacdo da Cys27 na superficie da molécula explica
o fato de que nestas proteinas a cisteina N-terminal é a mais reativa, pois seu tiol fica
acessivel a glutationa e outros substratos. As posi¢Oes das cisteinas sdo caracteristicas
bastante conservadas em oxidorredutases tilicas.

Na vizinhanca do sitio ativo de ScGrx2, existem dois residuos carregados
positivamente, Lys24 e Lys31, os quais podem interagir e estabilizar o tiolato da Cys27,
favorecendo a reducdo do pK, do mesmo. Além disso, o sitio ativo de ScGrx2 se localiza
na por¢ao N-terminal da segunda a-hélice, de modo que a interacdo do tiolato com o pdlo
positivo da regiao N-terminal da hélice pode também ser um fator relacionado ao baixo

pK. de ScGrx2.

Estrutura de ScGrx2-C30S ligada a glutationa

O cristal de ScGrx2-SG apresentava duas moléculas na unidade assimétrica. As
estruturas dos dois mondmeros sdo ligeiramente diferentes devido ao diferente
empacotamento das moléculas no cristal. O alinhamento de 106 residuos dos monomeros A

e B resulta em um rmsd de 0,5 A. Além disso, a cadeia do mondmero A estd completa com
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os 109 residuos de aminodcidos, enquanto a cadeia do mondmero B se inicia no segundo
residuo e apresenta densidade eletronica um pouco fraca para os dltimos dois residuos. Ha
uma molécula de glutationa ligada a cada um dos monomeros.

A molécula de glutationa ligada ao mondmero A estd mais exposta ao solvente,
enquanto a glutationa ligada ao mondmero B estd proxima a uma das faces do mondmero A
(Figura 30). Além disso, as moléculas de glutationa ligadas apresentam duas conformagdes
diferentes: a glicina da glutationa (Glygs) tem diferentes orientagdes em cada um dos

monomeros (Figura 31).

Figura 30: Arranjo das duas moléculas na unidade assimétrica do cristal de ScGrx2-SG. O
monomero A estd representado em laranja, e a molécula de GSH a ele ligada, em verde. O
mondmero B estd representado em azul claro, e a molécula de GSH a ele ligada, em rosa.

Figura 31: Superficie da estrutura de ScGrx2-SG. A) Superficie do mondmero A (4tomos
de C em branco) e sua molécula de GSH (dtomos de C em verde). B) Superficie do
mondémero B (atomos de C em azul claro) e sua molécula de GSH (atomos de C em
branco). As setas indicam as diferentes configuracdes adotas pela Glygs em cada um dos
monomeros.
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As interagdes entre os residuos das moléculas de glutationa e os residuos dos
monomeros A e B sdo as mesmas, com excecao da Glygs ligada ao monémero B, que nio
estabelece interacdes com nenhum residuo da cadeia polipeptidica. A Figura 32 mostra as
interagdes observadas entre a molécula de glutationa e o mondmero A da estrutura de
ScGrx2-SG. No mondmero A, o grupo a-carboxilato do residuo C-terminal da glutationa
(Glygs) estabelece interacao elestrostitica com o grupo amino da cadeia lateral da Lys24 e
faz uma ligacdo de hidrogénio com o grupo amino da cadeia lateral da GIn63. O grupo
amino do y-glutamato da glutationa (y-Glugs) estabelece uma ligacdo de hidrogénio com a
hidroxila da Ser89, enquanto seu grupo carboxilato estabelece ligacdes de hidrogénio com
os grupos amino da cadeia principal da Ser89 e da Asn88. Em ambos mondmeros, a Cys da
glutationa (Cysgs) estd covalentemente ligada a Cys27, através de uma ligacao dissulfeto, e
seus grupos amino e carbonila estabelecem ligacdes de hidrogénio com os grupos carbonila
e amino da Val75, respectivamente. O residuo de Val75 precede a Pro76 com configuracao

cis, a qual deixa a carbonila da Val75 exposta na superficie da proteina.

Glyes

1263 . 564 || 589

2.89",

Figura 32: Residuos de ScGrx2 (azul claro) envolvidos em interacdes com a molécula de
glutationa (amarelo) na estrutura de ScGrx2-SG. As ligacdes de hidrogénio e as pontes
salinas estdo indicadas por linhas pontilhadas azuis, com as distincias entre os &tomos em
angstrom.

Além das ligacdes de hidrogénio e das pontes salinas, interacdes de van der Waals
também sdo importantes para a ligacdo da molécula de glutationa na superficie da
glutarredoxina. Os residuos de ScGrx2 envolvidos em interagdes de van der Waals com

glutationa sao: Pro28, Tyr29, Ser30, Thr74, Val75 e Pro76 (Figura 33).
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Figura 33: Representacao dos residuos Pro28 (rosa), Tyr29 (azul escuro), Ser30 (verde),
Thr74 (azul claro), Val75 (laranja) e Pro76 (roxo) de ScGrx2 que estabelecem interacdes de
van der Waals com a molécula de glutationa (amarelo) na estrutura de ScGrx2-SG.

Comparacao entre ScGrx2q € ScGrx2-SG

A sobreposi¢do das estruturas de ScGrx2,x e ScGrx2-SG foi feita com o
programa Coot (Emsley & Cowtan, 2004). As estruturas de ScGrx2. e ScGrx2-SG sdo
bastante similares (Figura 29); o alinhamento de ScGrx2,x com o mondémero A de ScGrx2-
SG resulta em um rmsd de 0.59 A para todos os 109 Co, enquanto o alinhamento de
ScGrx20, com o mondmero B resulta em um rmsd de 0.54 A para 106 Co. Apesar da
grande semelhanga estrutural, algumas mudancas conformacionais podem ser observadas
entre ScGrx2, e ScGrx2-SG, principalmente no loop que contém o sitio ativo, situado entre
a fita-B1 e a hélice-a2 (Figura 34). Quando apenas os residuos do loop do sitio ativo destas
estruturas sao alinhados, o rmsd aumenta para 1.69A. Devido s interagdes entre a molécula
de glutationa e o residuo de Val75, o loop do sitio ativo na estrutura de ScGrx2-SG esta
mais préximo ao loop que conecta o3 e B3 (onde Val75 estd localizada), em comparagdo a

sua posi¢do na estrutura de ScGrx2y.
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Figura 34: Mudanca conformacional do loop do sitio ativo entre ScGrx2. (cinza) e
ScGrx2-SG (azul claro); a molécula de glutationa estd representada em amarelo.

Além disso, podem ser observadas diferencas conformacionais entre os residuos de
cisteinas do sitio ativo de ScGrx2,x e ScGrx2-SG. A cadeia lateral da Cys27 estd mais
exposta ao solvente na estrutura glutatiolada do que na oxidada, e a cadeia lateral da Ser30,
que substitui a Cys30 no mutante ScGrx2-C30S, possui uma conformagdo desfavordvel ao
ataque sobre o dissulfeto misto entre a Cys27 e a glutationa na estrutura de ScGrx2-SG. A
hidroxila da Ser30 forma, em ScGrx2-SG, uma rede de ligagdes de hidrogénio com o grupo
carboxilato do Glu52, através de duas moléculas de dgua (Figura 35a). Esta rede de
ligacdes de hidrogénio parece estar relacionada com a configuracdo mais enterrada da
Ser30 em ScGrx2-SG. Na estrutura de ScGrx2,x, 0 carboxilato do Glu52 forma uma ligacao
de hidrogénio com uma molécula de dgua, a qual forma uma ligacdo de hidrogénio com a
carbonila da Lys24 (Figura 35a). Em ScGrx2-SG, a carbonila da Lys24 faz uma ligacdo de
hidrogénio com o grupo amino da Cys27 (Figura 35a). Esta ultima interacao provavelmente
é responsavel por posicionar corretamente o residuo de Lys24 e permitir, assim, a interagdo
entre sua cadeia lateral e a molécula de glutationa (Figura 32). Na estrutura de ScGrx2q a

cadeia lateral da Lys24 estabelece ligacdo de hidrogénio com a carbonila da cadeia lateral

da GIn63.
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Outro residuo que muda sua conformacao da estrutura de ScGrx2. para ScGrx2-SG
¢ a Tyr29. Na estrutura de ScGrx2-SG, a Tyr29 estd mais proxima da molécula de

glutationa e a estabiliza por contatos de van der Waals (Figura 35b).

Figura 35: Visdo estereoscopica representando as alteracdes conformacionais locais entre
ScGrx2. (cinza) e ScGrx2-SG (azul claro). A molécula de glutationa estd representada em
amarelo e as ligacdes de hidrogénio sdo indicadas por linhas azuis pontilhadas, com as
distancias atdmicas em angstrom. As moléculas de dgua da estrutura de ScGrx2, sio
mostradas em amarelo, e as moléculas de dgua da estrutura de ScGrx2-SG sdo mostradas
em vermelho. (a) Alteracdes conformacionais entre os residuos de Cys27, Cys/Ser30,
Lys24, e a rede de ligacOes de hidrogénio entre Ser30 e Glu52 mediadas por moléculas de
agua. (b) Alteragdes conformacionais dos residuos Thr25, Lys31, Tyr29 e Ser89.

Adicionalmente, a Ser89 também sofre alteragdes conformacionais entre as duas

estruturas de ScGrx2. Na estrutura de ScGrx2-SG, a hidroxila da Ser89 estabelece uma

ligacdo de hidrogénio com o grupo a-amino do y-Glugs (Figura 35b), enquanto na estrutura

73



oxidada, a hidroxila da Ser89 estabelece uma ligacdo de hidrogénio, mediada por uma
molécula de 4gua, com a carbonila da cadeia lateral da Asn88.

A carbonila da Thr25 sofre um “flip” quando comparadas suas configuracdes nas
estruturas de ScGrx2.x € ScGrx2-SG, passando a estabelecer interacdo com a cadeia lateral
da Lys31, mediada por uma molécula de agua, em ScGrx2-SG (Figura 35b). Na estrutura
de ScGrx2., a cadeia lateral da Lys31 estd mais distante da Thr25, de modo que nao sio
observadas interacOes entre estes residuos. Analisando outros rotameros possiveis para a
Lys31 em ScGrx2-SG, observamos que seria possivel a interacdo direta da cadeia lateral da
Lys31, em uma conformacao diferente, com a carbonila da Thr25, por uma ligacdo de
hidrogénio. Estas mudancas conformacionais entre as estruturas glutatiolada e oxidada,
observadas com Thr25 e Lys31, parecem ser importantes para orientar apropriadamente o
loop do sitio ativo e os residuos envolvidos na ligagdo da molécula de glutationa durante o
ciclo catalitico. Alteragdes similares com os residuos que precedem a cisteina N-terminal
do sitio ativo ja foram observadas em outras estruturas de Grxs, quando comparados
diferentes estados de oxidagdo (Bacik & Hazes, 2007). Isto sugere que estas mudancas

conformacionais podem ser uma estratégia geral adotada por Grxs durante a catalise.

1V.9.4 - Comparacao das estruturas de ScGrx2 com outras Grxs

Outras estruturas de Grxs foram determinadas e depositadas no PDB em diferentes
estados de oxidagdo. Para verificar quais Grxs possuiam maior semelhanca estrutural com
ScGrx2, submetemos as coordenadas das estruturas de ScGrx2 ao Dali Server

(http://ekhidna.biocenter.helsinki.fi/dali_server/) para compara-las a estruturas disponiveis

no PDB. Também realizamos o alinhamento da seqiiéncia de aminoacidos de ScGrx2 com
as seqiiéncias de proteinas cujas estruturas 3D ja foram depositadas no PDB, utilizando a
ferramenta BLAST (Basic Local Alignment Search Tool;

http://blast.ncbi.nlm.nih.gov/Blast.cgi/). A Tabela 14 mostra as Grxs que apresentavam

maior semelhanca estrutural com ScGrx2.
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Tabela 14: Relacao de estruturas de Grxs determinadas em diferentes estados de oxidacao
e que apresentam similaridade estrutural com ScGrx2. As estruturas de Grxs na forma
glutatiolada foram alinhadas com ScGrx2-SG, e as estruturas nas formas reduzida e oxidada
foram alinhadas com ScGrx2,x O valor de rmsd obtido estd angstrom, e, entre parénteses,
estd o numero de residuos de ScGrx2 alinhados (ScGrx2 possui 109 residuos). Para as
estruturas que possuiam mais de um monOmero, foi feito o alinhamento utilizando o

monOmero A.

Grx (identidade de | Estado Cédigo | rmsd (A) (nimero | Referéncia
seqiiéncia com | oxidacdo PDB residuos alinhados)
ScGrx2)
ScGrx1 (64% | reduzida 2JAD 0,7 (108) Hékansson & Winther,
identidade) olutatiolada | 2JAC 0,7 (108) 2007,
oxidada 3CIR 0,7 (109) Yu et al., 2008.
glutatiolada | 3CI1S 0,7 (106)
ScGrx2 oxidada 3D4AM 0(109) Discola et al., 2009.
glutatiolada | 3D5J 0,6 (A, 109);
0,5 (B, 106) *
HsGrx1 reduzida 1JHB 1,591) Sun et al., 1998.
(35% identidade) glutatiolada | 1B4Q 1,7 (99) Yang et al., 1998.
HsGrx2 glutatiolada | 2FLS 1,2 (97) Johansson et al., 2007.
(35% identidade)
Grx S.scrofa (porco) oxidada 1KTE 1,491 Katti et al., 1995.
(36% identidade)
EcGrx1 oxidada 1EGO 1,8 (67) Xia et al., 1992.
(25% identidade) reduzida 1EGR 2,0(72) Sodano et al., 1991.
glutatiolada | 1GRX 2,1 (64) Bushweller et al., 1994.
EcGrx3 oxidada 1FOV 1,7 (83) Nordstrand et al., 2000.
(34% identidade) glutatiolada | 3GRX 1,7 (79) Nordstrand et al., 1999.
Grx poxviral oxidada 2HZE 1,8 (94) Bacik & Hazes, 2007.
(27% identidade) reduzida 2HZF 2,0 (93)
Grx Cl1  Populus holo 2E7P 1,3 (104) Rouhier et al., 2007.
;ZZZ;‘O’Z s X" Reduzida | 1z7P 1,3 (103) Feng et al., 2006.
(46% identidade)

*Alinhamento entre a estruturas de ScGrx2,, (3D4M) e os monoémeros A e B de ScGrx2-SG (3D5J).
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A sobreposi¢do das estruturas de ScGrx2 com as estruturas das Grxs da Tabela 14
mostrou que a ScGrx2 é mais similar estruturalmente a ScGrx1 e as Grxs de mamifero,
planta e poxviral do que as Grxs de E. coli (Figura 36). Podemos observar na Figura 36 que
todas as Grxs analisadas, com excecdo de EcGrxl e EcGrx3, possuem 0s mesmos
elementos estruturais secunddrios, apesar de haver diferengas no tamanho das a-hélices e
fitas-B. EcGrx1 e EcGrx3 ndo possuem a primeira a-hélice presente nas demais Grxs, e
EcGrx1 n2o possui também a ultima a-hélice. Ainda ndo foi descrito o papel destas a-

hélices em Grxs.

Figura 36: Alinhamentos das estruturas de ScGrx2 (cinza) e as estruturas de outras Grxs.
As formas reduzida e oxidada das Grxs foram alinhadas a ScGrx2,x, enquanto as formas
glutatioladas foram alinhadas a ScGrx2-SG.
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Como pode ser observado na Tabela 14, outras Grxs tiveram suas estruturas
determinadas na forma glutatiolada. A comparacdo destas estruturas mostra que as
interacdes entre Grx e glutationa sdo conservadas (Figura 37). Entretanto, o sitio de ligacao
a glutationa de ScGrx2 é mais similar ao de Grxs de mamiferos do que de Grxs de bactéria
(Figura 37b), assim como o enovelamento de ScGrx2 € mais similar ao de Grxs de

mamiferos (Figura 36).

(a)

i P %
yeast_Gm2 1MVSQETVAHVKDLIGQKEVFVAARTY i " KATLSTLFQELNVPKSKALVLELDEMSNG 59
yeast_Gmx 1 1 MVSQET I KHVKDL |AENE I FVASIHT Y2 -;HAALNTLFEKLI{VPRSKVLVLQLNDMI(EG 50
human_Gix 1 1 -- NP TIHASHRRAQ-EILSQLPIKQGLLEFVDITATNHT 54
Ecoli_Gmc3 L I R R X HATHHRAK - ALLSSKGVS - - - - - FQELPIDGNA 38

human_Gme2 L L 'ETMAI( -KLFHDMNVN- - - YKVVELDLLEYG 50
Ecoli_Gm1 1 G "WVRAK-DLAEKLSNERDDFOQYQYVDIRAEG 42

yeast_Gm2 60 SE| 100

yeast_Gme! 60 AD I 110
human_Grc1 55 NE | 106
Ecoli_Gm3 380 AKR a3
human_Gme2 51 NQF 100
Ecoli_Gix1 43 1 TK 83

(b)

Figura 37: Alinhamento das Grxs que tiveram suas estruturas glutatioladas determinadas.
(a) O alinhamento das seqiiéncias foi feito com o programa ClustalW (Chenna et al., 2003),
e a representacdo, com o programa Jalview (Clamp et al., 2004). Os residuos do sitio ativo
estdo em laranja, e os residuos em azul estdo envolvidos em interagdes com Glygs. Em
verde estdo os residuos do motivo TVP, que interagem com o residuo de Cysgs, € em roxo,
os residuos que interagem com y-Glugs. Os elementos estruturais secundarios de ScGrx2
sdo mostrados na parte de baixo do alinhamento (setas indicam fitas-B, e os cilindros, a-
hélices). (b) Alinhamento das estruturas glutatioladas de ScGrx2 (azul claro), ScGrx1
(cinza) e HsGrx2 (rosa). Os residuos envolvidos em interagdes com a molécula de
glutationa (cinza) estdo identificados com o nimero da seqiiéncia de ScGrx2 e com as
mesmas cores usadas no alinhamento de seqiiéncia.

77



Em todas as Grxs que tiveram suas estruturas glutatioladas determinadas, a cadeia
principal do residuo de Cysgs estabelece pontes de hidrogénio com a cadeia principal de um
residuo de Val conservado no motivo TVP (Figura 37), como mostrado para a Val75 de
ScGrx2 (Figura 32). E em todas elas, a Pro com configuracdo cis deixa a carbonila do
residuo de Val exposta na superficie.

A Ser89 de ScGrx2, responsdvel pelas ligacdes de hidrogénio com o grupo
carboxilato de y-Glugs, € conservada na HsGrx1 (Ser84), mas é substituida por Asp89,
Thr80, Thr73 e Asp66 em ScGrx1, HsGrx2 e EcGrx1 e EcGrx3, respectivamente. As
cadeias laterais destes residuos de Asp e Thr, que substituem a Ser89 de ScGrx2,
estabelecem as mesmas interacdes com o carboxilato do y-Glugs, uma vez que possuem um
grupo OH (doador de hidrogénio).

Em relacdo aos residuos que interagem com o grupo o-carboxilato da Glygs, um
residuo com carga positiva (na maioria Lys) é conservado na posi¢do que corresponde a
Lys24 de ScGrx2. A GIn63 é conservada nas Grxs de humano e levedura, sendo substituida
por Glu em EcGrx1 e EcGrx3. Em todas as Grxs analisadas, o residuo de carga positiva
(Lys24 em ScGrx2) interage com grupo o-carboxilato da Glygs, porém so sdao observadas
interagdes de Glygs com a Gln nas Grxs de levedura e HsGrx2. Em EcGrx1 e EcGrx3, esta
segunda interacdo com a Glygs € feita com os residuos de Lys45 e Arg4l, respectivamente,
0s quais ocupam a posi¢do anterior ao residuo equivalente a GIn63 em ScGrx2 (Figura
37a). Em HsGrx1, a segunda interagdo com a Glygs € feita com o residuo de Arg73, que
ocupa a posi¢do anterior a Thr do motivo TVP. Podemos observar que nas Grxs de levedura
e humano um residuo de carga positiva é conservado nesta posi¢do, e possivelmente pode
estar envolvido em interacOes com a glutationa durante o ciclo catalitico destas Grxs. Nas
estruturas de ScGrx2, ndo hé densidade eletronica para a cadeia lateral da Lys73, anterior
ao motivo TVP, pois este residuo estd bastante exposto ao solvente e €, provavelmente,

muito moével.
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IV.10 - Comparacoes estruturais entre ScGrx1 e ScGrx2

Recentemente, foram determinadas as estruturas cristalograficas do mutante
ScGrx1-C30S nas formas reduzida e glutatiolada (cdédigos PDB: 2JAD e 2JAC,
respectivamente; Hakansson & Winther, 2007). Realizamos, entdo, a comparacdo das
estruturas de ScGrxl e ScGrx2 com o intuito de identificar possiveis caracteristicas
estruturais destas enzimas que pudessem estar relacionadas a grande diferenca de atividade
observada.

ScGrx1 e ScGrx2 possuem enovelamentos muito similares, o que pode ser
evidenciado pelos valores de rmsd resultantes dos alinhamentos de suas estruturas,
mostrados na Tabela 14. Porém, hd uma diferenga clara entre as conformagdes adotadas
pela Ser30 nas estruturas de ScGrx1-SG e ScGrx2-SG. Na estrutura de ScGrx1-SG, a cadeia
lateral da Ser30 esta voltada em direcdo a Cys27, enquanto na estrutura de ScGrx2-SG, a
cadeia lateral da Ser30 estd voltada para o lado oposto (Figura 38). De fato, a distancia
entre o oxigénio do grupo hidroxila da Ser30 e o enxofre da Cys27 é de 3,47 A em ScGrx1-
SGe de 5,14 A em ScGrx2-SG. Assumindo que um residuo de cisteina na posi¢do 30 teria
configuragdo similar a serina nos mutantes C30S em ambas estruturas, a Cys30 em ScGrx1-
SG seria capaz de atacar a Cys27 e formar um dissulfeto intramolecular, enquanto a Cys30
em ScGrx2-SG estaria em uma conformacdo desfavordvel ao ataque sobre o dissulfeto
misto entre a Cys27 e glutationa. Se a formacao do dissulfeto intramolecular € desfavoravel
em ScGrx2, a reducdo do dissulfeto misto ScGrx2-SG por um nucleéfilo externo, como
GSH, ¢, entdo, favorecida (ver Figura 3). Conseqiientemente, o0 mecanismo monotidlico,

pelo qual a reagdo se processa no ensaio com HED, € favorecido.
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Figura 38: Conformagdes das cadeias laterais de Ser30 nas estruturas dos mutantes C30S
de ScGrx1 (branco) e ScGrx2 (azul claro), ligados a glutationa.

Corroborando a nossa hipdtese, na estrutura de EcGrx3 na forma glutatiolada
(c6digo PDB: 3GRX; Nordstrand et al., 1999), a Serl4 (que substitui a cisteina C-terminal
do sitio ativo no mutante EcGrx3-C14S) apresenta uma conformacdo mais enterrada,
similar a apresentada pela Ser30 de ScGrx2. Em todas as demais estruturas de Grxs
descritas na forma glutatiolada (todas obtidas com mutantes, nos quais a cisteina C-terminal
do sitio ativo foi substituida por uma serina), incluindo EcGrx1-SG (Bushweller et al.,
1994), a conformacao desta serina € similar aquela encontrada na estrutura de ScGrx1-SG.
A conformagd@o mais enterrada da Ser30 na estrutura de ScGrx2-SG parece estar
relacionada a interacdo com o grupo carboxilato do residuo Glu52, mediada por duas
moléculas de dgua. (Figura 38). A distancia entre um dos dtomos de O do grupo carboxilato
do Glu52 e o grupo hidroxila da Ser30 é 5.02 A na estrutura de ScGrx2-SG. EcGrx3 possui
o residuo Glu30, cujo grupo carboxilato tem um de seus dtomos de O distante 5.74 A da
hidroxila da Serl4 na estrutura glutatiolada. O residuo Glu30 de EcGrx3 nio ocupa a
mesma posi¢cdo que o Glu52 ocupa em ScGrx2-SG, embora as distancias entre seus grupos
carboxilatos e as hidroxilas das Ser14 e Ser30, respectivamente, sejam proéximas em ambas
estruturas. Além disso, em ambas as estruturas, a Ser estd voltada para o lado oposto em
relacdo ao dissulfeto misto formado entre a cisteina N-terminal e glutationa, ao contrario do
observado nas outras estruturas de Grxs glutatioladas. E, coincidentemente, EcGrx3 possui

atividade (no ensaio com HED) monotidlica maior que EcGrx1, embora a diferenca de
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atividade entre EcGrx1 e EcGrx3 seja de apenas duas vezes, € ndo quinze como observado
entre ScGrx1 e ScGrx2.

Outras Grxs, como a Grx de porco (Katti et al., 1995) e HsGrx1 (Yang et al.,
1998), possuem um residuo de Asp na posicao equivalente ao Glu52 de ScGrx2. Entretanto,
nestas Grxs ha um residuo de Ile, que pode bloquear o contato (direto ou indireto) entre o
Asp e a Cys C-terminal do sitio ativo. Em ScGrx2, na posi¢ao equivalente ocupada por esse
residuo de Ile das Grxs de mamiferos, existe o residuo de Ala23 que, devido a sua cadeia
lateral curta, ndo impede a interac@o entre a Ser30 e o Glu52 (Figura 38). EcGrx3 também
nao possui um residuo volumoso que poderia impedir interacdes entre Serl4 e Glu30.
ScGrx1 possui um residuo de GIn52 substituindo o Glu52 de ScGrx2, entretanto a GIn52
estabelece ligacOes de hidrogénio com a hidroxila da Ser23 (em ScGrx2: Ala23) e ndo
interage com a Ser30.

Em resumo, nossas andlises sugerem que a conformacgdo desfavordavel da Cys30 de
ScGrx2 ao ataque sobre o dissulfeto misto Cys27-SG pode estar relacionada a interagdes
estabelecidas com o residuo de Glu52, as quais sao possiveis devido a nao interferéncia da
cadeia lateral da Ala23. Em contraste, a conformagdo favoravel da Cys30 de ScGrx1 ao
ataque sobre o dissulfeto misto Cys27-SG, possivelmente, se deve ao fato de que aquelas
interagdes observadas em ScGrx2 ndo sdo possiveis em ScGrx1, devido a substituicdo da
Ala23 de ScGrx2 pela Ser23 em ScGrx1, que forma uma ligagdo de hidrogénio com a
GIn52, impedindo a interacdo entre Cys30 e GIn52.

Finalmente, uma diferenca no sitio de liga¢ao do y-Glugs poderia também contribuir
para a diferenca de atividade entre ScGrx1 e ScGrx2. Em ScGrx2-SG, o grupo hidroxila da
Ser89 forma uma ligacdo de hidrogénio com o grupo a-amino do y-Glugs (Figura 32),
enquanto em ScGrx1-SG, o carboxilato do Asp89 forma uma ligagdo de hidrogénio com o
grupo o-amino do y-Glugs. Entdo ScGrx1 poderia apresentar uma atividade menor que
ScGrx2, devido a repulsdo entre as cargas negativas do carboxilato do y-Glugs e do
carboxilato do Asp89, durante a aproximagdo do substrato B-ME-SG. De fato, foi descrito
para a Grx do bacterifago T4, que a substituicdo de um Asp por uma Ser nessa posi¢cdo leva

a um aumento da atividade como oxidorredutase da enzima (Nikkola et al., 1991).
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IV.11 - Mutantes de ScGrx1 e ScGrx2

Com o intuito de testar nossas hipdteses, construimos os seguintes mutantes:
ScGrx1-S23A, ScGrx1-Q52E, ScGrx1-S23A-Q52E, ScGrx1-C30S, ScGrx1-D89S, ScGrx2-
A23S, ScGrx2-E52Q, ScGrx2-A23S-E52Q e ScGrx2-S89D, utilizando o kit de mutagénese
da Stratagene, conforme descrito em “Materiais e Métodos”. Conseguimos expressar €
purificar todos os mutantes (Figura 39) seguindo os mesmos protocolos ji estabelecidos
para ScGrx1 e ScGrx2 selvagens.

E possivel observar na Figura 39 que os mutantes ScGrx2-S89D e ScGrx2-A23S-
E52Q apresentam duas bandas, uma com o tamanho esperado (aproximadamente 15 kDa),
e outra menor. Esta banda de tamanho menor corresponde a proteina sem a cauda de
histidina N-terminal. O aparecimento desta segunda banda ja foi observado anteriormente
com ScGrx1l e ScGrx2; aparentemente, alguns dias apOs a purificacdo estas proteinas
comecam a perder suas caudas de histidina. Observamos que ScGrx1 e ScGrx2 ndo se
ligam na coluna de Niquel quando sdo passadas novamente alguns dias depois de ja terem
sido purificadas. Como também j4 testamos as atividades destas proteinas com e sem a
cauda de histidina e verificamos que, em ambos os casos, a atividade é semelhante, este
comportamento ndo parece comprometer a utilizacdo das enzimas. De qualquer forma,

sempre testamos as atividades das proteinas logo apds sua purificagao.

+— 30 kDa
| «—20kDa

<+<—15kDa
«—10kDa

Figura 39: Gel SDS-Page mostrando os mutantes de ScGrx1 e ScGrx2.
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O ensaio de redugdo do dissulfeto misto B-ME-SG foi utilizado para a determinagao

das atividades especificas dos mutantes de ScGrx1 e ScGrx2 (Figuras 40 e 41), assim como

descrito para as proteinas selvagens. Os resultados sdo mostrados na Tabela 15.

Tabela 15: Atividades especificas de ScGrx1, ScGrx2 e seus mutantes no ensaio de redugdo
do dissulfeto misto B-ME-SG.

Atividade especifica (umol.min™.mg™)

ScGrx1 82+0,3 ScGrx2 125+7
ScGrx1-S23A 28,2+0,3 ScGrx2-A23S 67 +1
ScGrx1-C30S 39+1 ScGrx2-C30S 382
ScGrx1-Q52E 12,2+0,2 ScGrx2-E52Q 132+9
ScGrx1-S23A-Q52E 24,5+04 ScGrx2-A23S-E52Q 54+2
ScGrx1-D89S 16,6 £0,4 ScGrx2-S89D 1155
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Figura 40: Grificos de velocidade de consumo de NADPH (nmol/min) versus quantidade
de Grx (pmol) adicionada, usados para a determinacdo das atividades especificas dos

mutantes de ScGrx1.
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Figura 41: Gréficos de velocidade de consumo de NADPH (nmol/min) versus quantidade
de Grx (pmol) adicionada, usados para a determinacdo das atividades especificas dos
mutantes de ScGrx2.

Como pode ser observado na Tabela 15, ScGrx1-S23A e ScGrx1-S23A-Q52E

apresentam atividades especificas 3,4, e 3,0 vezes maiores que a ScGrxl selvagem,
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respectivamente. Enquanto, os mutantes ScGrx2-A23S e ScGrx2-A23S-E52Q exibem

atividades especificas 1,7, e 2,3 vezes menores que ScGrx2, respectivamente.

A maior atividade apresentada por ScGrx1-S23A e a menor atividade de ScGrx2-
A23S, em comparag@o a suas respectivas isoformas selvagens, indicam que estes residuos
estdo, de alguma forma, relacionados a diferenca de atividade observada entre ScGrx1 e
ScGrx2. Mas para reforcar nossas hipéteses, as atividades especificas dos duplos mutantes
ScGrx1-S23A-Q52E e ScGrx2-A23S-E52Q deveriam ser maior € menor, respectivamente,
que a dos mutantes ScGrx1-S23A e ScGrx2-A23S, indicando que os residuos Ser/Ala23 e
GIn/Glu52 possuem um efeito conjunto sobre a atividade das Grxs ditidlicas de levedura.
Entretanto, este efeito conjunto dos residuos Ser/Ala23 e Gln/Glu52 pdde ser observado
apenas com o duplo mutante ScGrx2-A23S-Q52E, e ndao com ScGrx1-S23A-Q52E (Tabela
15). Conseqiientemente, nao ficou claro se os residuos Gln/Glu52 tém realmente influéncia

sobre a atividade de ScGrx1 e ScGrx2, ou se apenas Ser/Ala23 t€ém.

Também os resultados obtidos com os mutantes simples ScGrx2-E52Q e ScGrx1-
Q52E geram duvidas a respeito das influéncias de GIn/Glu52 sobre as atividades das Grxs
ditidlicas. O mutante ScGrx2-E52Q possui a mesma atividade que sua isoforma selvagem,
enquanto o mutante ScGrx1-Q52E € 1,5 vezes mais ativo que ScGrx1 selvagem. Na
verdade, era esperado que ambos estes mutantes simples ndo apresentassem diferenca de
atividade em relacdo as suas isoformas selvagens, mas que nos duplos, a interacdo mais ou
menos efetiva da Cys30 com GIn52 ou Glu52 resultasse em atividades diferentes. Pois em
ScGrx2-E52Q, a GIn52 poderia interagir com a Cys30 do mesmo modo que o Glu52 o
fazia, ja que Ala23 permite esta interacdo. Deste modo, em ScGrx2-E52Q, a conformacio
do residuo de Cys30 ndo seria alterada em comparacdo a ScGrx2. E em ScGrx1-Q52E, a
Ser23 poderia estabelecer ligagdes de hidrogénio com o Glu52, assim como mantinha com
a GIn52, evitando a interagcdo deste residuo com a Cys30, de modo que a conformacgado da

Cys30 nao seria alterada.

A alteracdo da carga neutra da GIn52 para a carga negativa do Glu52 pode ter
causado outras alteragdes na estrutura, as quais levaram ao pequeno aumento da atividade

de ScGrx1-Q52E em comparacdo a proteina selvagem. Ainda estamos procurando
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caracteristicas estruturais que expliquem o fato de termos dois mutantes simples (ScGrx1-
S23A e ScGrx1-Q52E) mais ativos e um duplo (ScGrx1-S23A-Q52E) nao mais ativo que
um dos simples (ScGrx1-S23A), e um mutante duplo (ScGrx2-A23S-Q52E) menos ativo
que o simples (ScGrx2-A23S), sendo que a segunda mutacdo (ScGrx2-E52Q) parece nao

alterar a atividade da enzima.

Outra possibilidade seria que a Ser23 em ScGrxl poderia agir com uma base,
retirando o préton da Cys30, favorecendo a formagdo do tiolato e, conseqiientemente, o
ataque da Cys30 sobre o intermedidrio ScGrx1-SG. Desta forma, a formagdo do dissulfeto
intramolecular seria favorecida em ScGrx1, ocorrendo, entdo, uma mudanga do mecanismo
monotidlico para o ditidlico, o que levaria a uma diminui¢do da velocidade da reacdao no
ensaio com HED. No caso de ScGrx2, a cadeia lateral do residuo Ala23, com seu carater
hidrofébico, ndo influenciaria a reatividade da Cys30 sobre o intermedidrio ScGrx2-SG,
permitindo a reducdo do mesmo por uma segunda molécula de GSH e dessa forma,

favoreceria o mecanismo monotidlico.

Esta dltima proposi¢ao estd de acordo com a observagao de que ScGrx1 apresenta
um valor de Kj; maior para GSH e um menor k., em comparaciao a ScGrx2 e também com
os resultados de atividade dos mutantes. A substitui¢do da Ala23 por Ser em ScGrx2-A23S
provoca uma diminui¢do da atividade especifica, quando comparada com a proteina
selvagem, enquanto que a substituicdo da Ser23 por Ala em ScGrx1-S23A causa um
aumento na atividade especifica em comparacdo a ScGrx1 selvagem (Tabela 15).

Como descrito anteriormente na literatura, a substitui¢do da cisteina C-terminal do
sitio ativo de Grxs ndo leva a perda de atividade como oxidorredutase no ensaio de reducao
do dissulfeto misto B-ME-SG, uma vez que o mesmo se processa segundo 0 mecanismo
monotidlico (Bushweller et al., 1992; Yang & Wells, 1991; Yang et al., 1998). Foi descrito
para a HsGrx1 que a velocidade global da reacdo no ensaio com HED é determinada pela
velocidade da redugdo do intermedidrio glutatiolado Grx-SG (Srinivasan et al., 1997). A
ocorréncia da reacdo secunddria, que resulta na formagdo do dissulfeto intramolecular
(Figura 3, reacdo c), provoca uma diminuicdo da velocidade global da reacgdo,

provavelmente por que parte da enzima e da GSH ficam envolvidas em reagcdes intercambio
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tiol-dissulfeto desnecessérias (Yang et al., 1998). Entdo, a substituicdo da cisteina C-
terminal do sitio ativo por uma serina em Grxs ditidlicas elimina a possibilidade de esta
reacdo secunddria ocorrer e, em principio, deveria levar a um aumento da velocidade da
reacdo. De fato, este comportamento € observado para os mutantes da Grx de porco,
HsGrx1 e HsGrx2, além do mutante ScGrx1-C30S (Yang & Wells, 1991; Yang et al., 1998;
Johansson et al., 2004). Entretanto, para ScGrx2-C30S e os mutantes C14S de EcGrx1 e
EcGrx3, a mesma mutacdo leva a um decréscimo na velocidade da reacao (Bushweller et
al., 1992; Nordstrand et al., 1999). As razdes para este efeito ndo estdo claras até o
momento, mas caracteristicas estruturais especificas destas Grxs devem estar relacionadas a
este comportamento. Dados cinéticos, apresentados a seguir, indicam que Cys30 poderia ter
papel na interagdo de GSH com ScGrx2 glutatiolada.

Como descrito para a Grx do bacteriofago T4 (Nikkola et al., 1991), a substitui¢do
do Asp89 por uma serina no mutante ScGrx1-D89S dobrou a atividade deste mutante em
relacdo a ScGrx1 selvagem. O carboxilato do Asp89 interage com o grupo o-amino do y-
Glugs na estrutura de ScGrx1-SG. Esta interacdo € relativa ao intermedidrio Grx-SG que foi
formado ap6s a reagdo com o primeiro substrato (B-ME-SG). A mutagdo D89S elimina a
possivel repulsdo entre as cargas dos carboxilatos do Asp89 e do y-Glugs, 0 que pode
implicar em uma maior afinidade de ScGrx1-D89S por B-ME-SG, e levar ao observado
aumento de atividade. Porém, o mutante ScGrx2-S89D ndo apresentou alteracio
significativa de atividade em comparacdo a ScGrx2 selvagem. Provavelmente, a diferente
composi¢do de aminodcidos ao redor do residuo 89 em ScGrx1 e ScGrx2 provoque o
comportamento diferente para estes dois mutantes. Também neste caso, ainda estamos
estudando as estruturas de ScGrx1 e ScGrx2 para tentar entender melhor o papel de

Asp/Ser89 nestas enzimas.

IV.12 - Analise cinética dos mutantes de ScGrx1 e ScGrx2
Com o objetivo de entender melhor o papel dos residuos Cys30, Ser/Ala23 e
GIn/Glu52 em ScGrx1l e ScGrx2, realizamos estudos de cinética bi-substrato com os

mutantes ScGrx1-S23A, ScGrx1-S23A-Q52E, ScGrx1-C30S, ScGrx2-A23S, ScGrx2-C30S
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e ScGrx2-A23S-E52Q. As Figuras 42-47 mostram os graficos de Michaelis-Menten e os
grificos secunddrios usados para determinar as constantes cinéticas aparentes e reais
(Tabelas 16 a 21) dos mutantes de ScGrx1 e ScGrx2. Estes dados cinéticos ainda sdo
preliminares e precisam ser reproduzidos. Através deles, ainda n3o conseguimos
determinar o Ky real, mas conseguimos estimar o KMGSH real e o k., real. Os erros
mostrados foram gerados pelo programa GraphPad Prism4, de acordo com a congruéncia
dos dados em relacdo as respectivas equacdes das curvas. Como para ScGrx1 e ScGrx2
selvagens, obtivemos as constantes cinéticas aparentes dos mutantes a partir da regressao
nao-linear dos graficos de Michaelis-Menten e usamos estas constantes para fazer os

graficos secunddrios e determinar os parametros cinéticos reais (Segel, 1975).

a) b)
30004 ScGrx1-S23A 1,5 mM GSH 0.000754 ScGrx1-S23A
1.2 mM GSH =
= 2000- S 0.00050
s =
= — 3
= 0.8 mM GSH £
o a
> 1000 §  0.00025-
2
o T T T T 1 Oom T T T T T T
0.0 05 1.0 15 20 25 000 025 050 075 100 125 150
[HED] (mM) 1/[GSH] (mM™")

Figura 42: (a) Gréficos de velocidade inicial versus a concentracdo de HED para ScGrx1-
S23A em concentracdes diferentes de GSH. A concentracdo de ScGrx1-S23A utilizada foi
150 nM. (b) Gréfico secundario 1/V " versus 1/[GSH] para ScGrx1-S23A.

Tabela 16: Constantes cinéticas aparentes e reais para a redugdo do dissulfeto misto 3-ME-
SG por ScGrx1-S23A.

[(cr}nsin)] Ky (M) | ko 61y | KuS M) | ka8 kel (ML)
0,8 0,13£0,01 11,7£0,2 4,3+£0,2 752 (1,73 £0,07) x
1,2 0,13+0,01 17,1 £0,4 1o’

L5 0,13£0,02 | 19,2+0,6
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Figura 43: (a) Graficos de velocidade inicial versus a concentragao de HED para ScGrx1-
C30S em concentracoes diferentes de GSH. A concentracdo de ScGrx1-C30S utilizada foi
148 nM. (b) Grifico secundario 1/V " versus 1/[GSH] para ScGrx1-C30S.

Tabela 17: Constantes cinéticas aparentes e reais para a reducao do dissulfeto misto B-ME-
SG por ScGrx1-C30S.

[GSH] anp ap 1y | Ku®TmM) | kear (81 | keadKy (Mis)?!
(mM) KM (mM) kcat (S )
0,5 0,26 +0,03 10,4 +0,4 3,2+0,2 78 +4 2,1+£0,2)x 10*
1,0 0,33 +£0,02 18,5+0,5
1,2 0,27 £0,02 21,0+0,5
a) b)
40001 ScGrx1-523A-Q52E 0.00075 ScGrx1-S23A-Q52E
el ‘1.0 mM GSH T
Q) 0,8 mM GSH 3 0000501
T 2000+ y
> 0.5 mM GSH § 000025
1000 2
0 T T T T 1 040w00 T T T T T T T 1
00 05 10 15 20 25 050 0.75 1.00 125 1.50 1.75 200 225 2.50
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Figura 44: (a) Graficos de velocidade inicial versus a concentracdo de HED para ScGrx1-
S23A-Q52E em concentragdes diferentes de GSH. A concentracdo de ScGrx1-S23A-Q52E
utilizada foi 200 nM. (b) Gréfico secundario 1/V " versus 1/[GSH] para ScGrx1-S23A-

QS2E.
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Tabela 18: Constantes cinéticas aparentes e reais para a reducao do dissulfeto misto B-ME-
SG por ScGrx1-S23A-Q52E.

GSH 1 1
[GSH] KM app (mM) kcmapp (s—l) I<M (mM) kcat (S ) kcat/KM (MS)
(mM)
0,5 0,13 +0,01 9,0+0,2 5,3+0,5 86+9 (1,6 £0,3) x 10*
0,8 0,20 +£ 0,02 15,2 +0,5
1,0 0,27 +0,02 20,2 +0,4
a) b)
— ScGrx2-A23S 1.2 MM GSH 0.0004- ScGrx2-A23S
4000 ] : % 0.0003-
= . 1,0 MM GSH 2
- ¥ [=
R , , F 00002
> 2000+ 3 " 0,5mMGSH g8
k < 0.0001
1000 1 -
G T T T T 1 00000 T T T T 1
0.0 05 1.0 15 20 25 00 05 1.0 15 20 25
(HED] (M) 1[GSH] (mM™)

Figura 45: (a) Gréficos de velocidade inicial versus a concentragdo de HED para ScGrx2-
A23S em concentragdes diferentes de GSH. A concentracao de ScGrx2-A23S utilizada foi
100 nM. (b) Gréfico secundario 1/V.x“” versus 1/[GSH] para ScGrx2-A23S.

Tabela 19: Constantes cinéticas aparentes e reais para a reducdo do dissulfeto misto -
ME-SG por ScGrx2-A23S.

[GSHI | ¢ am gy | ko (sy | KT M) | ke (87| Keal K (ML9)'
(mM)
0,5 0,73 £0,05 34+£2 22+0,2 124 +£13 | (8,2+£0,8)x 10*
1,0 0,57 £0,05 56 £2
1,2 0,64 £0,04 65+2
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Figura 46: (a) Graficos de velocidade inicial versus a concentracdo de HED para ScGrx2-
C30S em concentracdes diferentes de GSH. A concentragao de ScGrx2-C30S utilizada foi
150 nM. (b) Gréfico secundario 1/V " versus 1/[GSH] para ScGrx2-C30S.

Tabela 20: Constantes cinéticas aparentes e reais para a redu¢do do dissulfeto misto -ME-
SG por ScGrx2-C30S.

[GSH] ap a1y | KO M) | ke (871 | kead/Km (ML)
0,5 0,75 £ 0,04 12,8 +0,3 45+0,5 125+14 | 2,8+0,5x 10*
1,0 0,79 + 0,04 23,6 £ 0,5
1,2 0,78 = 0,05 26,5 +0,8
1,5 0,82 + 0,04 31,8 £0,8
b)
a) - ScGne-A23S-ES2Q ,, osH_ 0.000351 ScGnR-A23S-E52Q
_ 0.00030
_ = 1,0 mM GSH @ 0.000251
3"’ 4000- E 0.00020-
£ 30004 s . & J
2 o2 0,5 mM GSH &2 A
2000+ “’2 0.00010-
1000- T 0.00005-
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Figura 47: (a) Gréaficos de velocidade inicial versus a concentracdo de HED para ScGrx2-
A23S-E52Q em concentragdes diferentes de GSH. A concentragdo de ScGrx2-A23S-E52Q
utilizada foi 200 nM. (b) Gréfico secundario 1/V " versus 1/[GSH] para ScGrx2-A23S-

E520Q.
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Tabela 21: Constantes cinéticas aparentes e reais para a reducao do dissulfeto misto B-ME-
SG por ScGrx2-A23S-E52Q.

[GSHI | ¢ am gy | g (sy | KT M) | ke (87| KealK (ML)
(mM)
0.5 041£0.06 | 181 27£02 | 11929 | (44£05)x 10
1,0 043£0.04 | 321
1.2 042+003 | 391

A Tabela 22 mostra os resultados de atividade especifica e cinética bi-substrato
obtidos para ScGrx1 e ScGrx2 e seus mutantes para facilitar a comparacao. As constantes
cinéticas obtidas para essas proteinas seguem a tendéncia indicada pelos resultados de

atividade especifica, indicando que ndo hd incongruéncia nos dados.

Tabela 22: Dados de atividade especifica e constantes cinéticas reais para ScGrx1, ScGrx2
€ seus mutantes.

Atividade especifca | Ky“*" (mM) Kear (s™) e/ Ky (MLs)!
(umol.min'l.mg'l)
ScGrx1 8,2+0,3 6,2+25 17+7 (2,7+1,5) x 10°
ScGrx1-S23A 28,2+0,3 43+0,2 75+2 (1,73 £0,07) x 10*
ScGrx1-C30S 39+1 32+0,2 78 £4 (2,1+0,2) x 10*
ScGrx1-S23A-Q52E 245+0,4 5,3+0,5 86+9 (1,6 +0,3) x 10*
ScGrx2 125+7 0,9+0,2 129 £ 20 (1,5+04) x 10’
ScGrx2-A23S 67+1 2,2+0,2 124 £ 13 (8,2+0,8) x 10*
ScGrx2-C30S 38+2 4,5+0,5 125+ 14 (2,8+0,5) x 10*
ScGrx2-A23S-E52Q 54+2 2,7+£0,2 119+9 (4,4 +0,5)x 10*

Podemos observar que todos os mutantes de ScGrx1 analisados apresentam,
considerando os erros, um mesmo valor de k., 0 qual € cerca de 4,5 vezes maior do que o
obtido para ScGrx1 selvagem. Em relacdo aos valores de Kn®*, dados os erros, podemos
afirmar que apenas o mutante ScGrx1-C30S possui uma afinidade maior por GSH em
comparacdo a ScGrx1 selvagem. Deste modo, a maior eficiéncia catalitica de ScGrx1-

C30S (kco/Ky) deve ser resultado tanto de um maior turnover, quanto de uma maior
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afinidade por GSH. J4 para os mutantes ScGrx1-S23A e ScGrx1-S23A-Q52E, a maior
eficiéncia catalitica apresentada, em relacdo a isoforma selvagem, deve ser determinada
principalmente por um tfurnover maior. Lembrando mais uma vez, nos referimos a
afinidade do intermedidrio Grx-SG por GSH, e ndo a afinidade de Grx reduzida por GSH.

Era esperado que os mutantes ScGrx1-C30S, ScGrx1-S23A e ScGrx1-S23A-Q52E
apresentassem maior k.., que ScGrx1, uma vez que a reacdo secunddria de ataque da Cys30
sobre o dissulfeto misto Cys27-SG € abolida em ScGrx1-C30S, e deve ocorrer com
freqiiéncia menor em ScGrx1-S23A e ScGrx1-S23A-Q52E, ja que a Cys30, supostamente,
adota uma conformacdo desfavordvel ao ataque, ou ndo tem mais sua desprotonagdo
favorecida nestes mutantes. Conseqiientemente, a redu¢do do intermedidrio Grx-SG por
GSH ¢ favorecida, a enzima cicla mais rapidamente e € necessiaria uma concentragao
menor de GSH para atingir metade da velocidade méxima da reacdo, uma vez que
moléculas de GSH ndo sao desviadas para reduzir o dissulfeto intramolecular, que ndo esta
mais sendo formado.

Comparando as constantes cinéticas obtidas para os mutantes de ScGrx2 e aquelas
obtidas para ScGrx2 selvagem, observamos que os mutantes ScGrx2-A23S, ScGrx2-C30S
e ScGrx2-A23S-E52Q apresentam todos Ky®" maior que a isoforma selvagem e,
considerando os erros, valores de k., iguais. Portanto, a queda de atividade observada para
estes mutantes estd relacionada a uma menor afinidade destes por GSH, e ndo a um
furnover menor.

Esperdvamos que os mutantes ScGrx2-A23S e ScGrx2-A23S-E52Q apresentassem
uma queda no turnover, pois segundo nossa hipétese, a presenga da Ser23 favoreceria a
desprotonacdo da Cys30 ou permitiria a sua alteracdo de conformacio, favorecendo a
reacdo secunddria, que resulta na formagdo do dissulfeto intramolecular e retarda a
ciclagem da enzima (Figura 3, reacdo c). Porém, esses mutantes ndo apresentaram uma
modificac@o no turnover em relagdo a ScGrx2 selvagem, mas sim uma menor afinidade por
GSH. E claramente, ScGrx2-C30S € o mutante que possui menor afinidade por GSH.

Como descrito anteriormente, esperivamos um aumento da atividade especifica de
ScGrx2 ao substituirmos a Cys30 por uma serina, pois dessa forma, a ocorréncia do

mecanismo ditidlico ndo seria possivel. Os resultados cinéticos apresentados aqui
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possibilitaram elaborar uma possivel explicacdo para o fato da eliminacdo da cisteina C-
terminal diminuir a atividade monotidlica: a interacdo de ScGrx2-SG com glutationa
poderia ser afetada, como serd discutido a seguir.

Havia sido mostrado para EcGrx1, HsGrx1 e Grx de porco que a especificidade por
substratos glutatiolados, na primeira etapa da reacao no mecanismo monotidlico (Figura 3,
reacdo f), é dependente da ligacdo do tipo y entre o Glugs e a Cysgs (Peltoniemi et al.,
2006; Yang et al., 1998; Rabenstein & Millis, 1995). Mais recentemente, foi descrito para
EcGrx1 que a especificidade por GSH, na segunda etapa da reacdo no mecanismo
monotidlico (redu¢do do intermedidrio Grx-SG; Figura 3, reacdo g), também depende da
ligacdo do tipo y presente em GSH. E que a Cysl4, C-terminal, estd relacionada a
especificidade pela ligacdo do tipo y da GSH na segunda etapa da reagcdo, uma vez que a
mutagdo C14S leva a perda desta especificidade (Saaranen et al., 2009).

O mutante EcGrx1-C14S apresenta um comportamento similar ao mutante ScGrx2-
C30S, mantendo ambos apenas cerca de 30% da atividade de suas isoformas selvagens.
Considerando esta semelhanca e o fato de que o mutante ScGrx2-C30S apresenta um

aumento de KMGSH

, podemos levantar a hip6tese de que em ScGrx2, o residuo de Cys30
poderia também estar envolvido na especificidade por GSH, dependente da ligag¢do do tipo
Y, na segunda etapa da reacdo no mecanismo monotidlico. Ja os mutantes ScGrx2-A23S e
ScGrx2-A23S-E52Q podem apresentar uma menor afinidade por GSH, possivelmente, por
que estes residuos influenciam a conformagdo adotada pela Cys30, como proposto

anteriormente.

IV.13 - Determinacao do pK, da Cys27 dos mutantes de ScGrx1 e ScGrx2

Como mostrado anteriormente, ndo foi constatada uma diferenca nos valores de
pK, da Cys27 de ScGrx1 e ScGrx2 que correspondesse a diferenca de atividade observada
entre essas proteinas. Porém foram identificados residuos de aminoécidos que modificam
as atividades destas enzimas como oxidorredutases, conforme discutido nas se¢des IV.10 e
IV.11. Entao resolvemos verificar se estas substitui¢des alteram o pK, da Cys27 dos

mutantes ScGrx1-S23A, ScGrx1-Q52E, ScGrx1-S23A-Q52E, ScGrx1-C30S, ScGrx2-
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A23S, ScGrx2-E52Q e ScGrx2-A23S-E52Q, de modo que as mudancas nas atividades
destes mutantes esteja relacionada a uma diferenca de pK, em relacdo as proteinas
selvagens. Neste caso, utilizamos apenas o método de alquilacio com MBB, como descrito
em “Materiais e Métodos”.

Na Tabela 23 sdo mostrados os valores de pK, obtidos para os mutantes, e a razao
esperada para as constantes de segunda ordem da reagdo, a partir da variacdo do pK, da
proteina mutante (A) em relacdo ao da selvagem (B), como discutido anteriormente na
secio IV.4 (kp/kg = 4P ~ PKa%) (Gilbert, 1990; Szajewski & Whitesides, 1980). Para
comparacao, calculamos a razio entre a eficiéncia catalitica de cada mutante e a efici€ncia
catalitica de suas respectivas isoformas selvagens, levando em consideracdo a aproximagao

de que a constante de segunda ordem da reagdo corresponde a k.q./Kwm.

Tabela 23: Valores de pK, obtidos para a Cys27 de ScGrx1, ScGrx2 e seus mutantes, € a

razdo esperada entre as constantes de segunda ordem da reacdo catalisada por estes

mutantes em comparagdo as suas enzimas selvagens, calculada com base na diferenga de
K, e com base na eficiéncia catalitica.*

pK. ka/kg esperado ka/kg obtido
ScGrx1 32+0,2 - -
ScGrx1-S23A 3,5+£0,2 0,7 6,4
ScGrx1-C30S 3,7£0,2 0,5 7,7
ScGrx1-Q52E 3,8+£0,2 0,4 -
ScGrx1-S23A-Q52E 3,7£0,2 0,5 5,9
ScGrx2 3,1+0,2 - -
ScGrx2-A23S 3,7£0,2 0.4 0,5
ScGrx2-C30S 4,0+0,2 0,3 0,2
ScGrx2-E52Q 3,5+£0,2 0,6 -
ScGrx2-A23S-E52Q 3,3+£0,2 0.8 0,3

. . 4 = KaB — pKaA . :
* Kka/kp esperado foi determinado através da equacdo 4P**® ~ PX*Y como descrito anteriormente

(Gilbert, 1990; Szajewski & Whitesides, 1980). ka/kg obtido foi determinado pelas eficiéncias
cataliticas das proteinas mutante e selvagem [(k../Ky)a/(k.o Kn)sl, respectivamente.

Comparando os valores de pK, para a Cys27 obtidos para os mutantes de ScGrx1 e

ScGrx2, vemos que todos os mutantes apresentaram um pequeno aumento no pK, em
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relacdo as isoformas selvagens. Em todos os casos, este aumento de pK,, de acordo com a

praB = pkad) “leva a predi¢do de uma diminui¢do da constante de segunda

equacdo ka/kg = 4
ordem da reacdo (Tabela 23). Porém, todos os mutantes de ScGrx1 apresentam atividade
maior do que ScGrx1 selvagem, indicando que outros fatores além do pK, do tiol devem
estar afetando a reatividade da enzima.

Porém, para os mutantes de ScGrx2, quando comparamos a variagdo predita,
baseada na diferenca de pK,, para a constante de segunda ordem da reacdo e a variacdo
estimada pelos valores de k./Ky, observamos que estes valores sdo proximos entre si.
Entdo, € possivel que a queda de atividade dos mutantes de ScGrx2 esteja a0 menos
parcialmente relacionada ao maior pK, da Cys27 nestes mutantes em comparagdo ao pK,
da Cys27 da proteina selvagem.

Portanto, nossas andlises indicam que, no caso das Grxs ditidlicas de levedura,
residuos de aminodcidos especificos de ScGrx1 e ScGrx2, como Ser/Ala23 e Cys30, estdao
intimamente relacionados a reatividade destas enzimas no mecanismo monotiélico. Outros
residuos como GIn/GIn52 e Asp/Ser89 também parecem ter influéncia sobre a atividade
destas Grxs, mesmo que em menor propor¢do. O pK, da cisteina reativa é claramente
importante para a reatividade de ambas Grxs ditidlicas, uma vez que € bastante baixo nas
duas, mas ndo parece ser um fator que esteja relacionado com as diferencas de atividade
entre ScGrx1 e ScGrx2.

Ja foram descritos diversos fatores que podem determinar a reatividade de
oxidorredutases. Os mais estudados sdo: pK, da cisteina reativa, potencial redox, e
interacdes com substratos e proteina-proteina, determinadas por caracteristicas estruturais e
residuos de aminodcidos especificos de cada enzima. Porém, os estudos realizados até o
momento indicam que a reatividade de oxidorredutases resulta de um balanco entre este
conjunto de fatores e possivelmente outros ainda nao estudados, sendo dificil analisd-las
observando cada fator isoladamente.

As diferengas estruturais e funcionais entre ScGrx1 e ScGrx2, mostradas nesse
trabalho, podem refletir variacdes em termos de afinidade a diferentes substratos. Nesse
contexto, € importante mencionar que recentemente mostramos que a desglutatiolagdo do

proteassoma 20S de levedura é modulado por ScGrx2 (Silva et al., 2008 - anexo 2).
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Figura 48: Graficos utilizados para a determinacdo do pK, dos mutantes de ScGrx1 e
ScGrx2 através do método de alquilacio com MBB (u.a.: unidades arbitrérias).
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V - CONCLUSOES E PERSPECTIVAS

O principal objetivo deste trabalho foi caracterizar funcional e estruturalmente as
Grxs ditidlicas de S. cerevisiae e encontrar caracteristicas relacionadas a diferenca de
atividade observada entre elas como oxidorredutases. Nossas principais conclusdes estao

listadas abaixo, seguidas de perspectivas para novos estudos.

- ScGrx1 e ScGrx2 ndo possuem atividade peroxiddsica frente a perdxido de
hidrogénio, tert-butil-hidroperéxido e hidroperéxido de cumeno. Em estudos futuros, seria
interessante fazer mutagdes em ScGrx1 e ScGrx2, como, por exemplo, a substitui¢do da
Cys N-terminal por uma Thr, e verificar se estas Grxs adquirem atividade peroxidasica,

uma vez que em Prxs a Cys N-terminal do motivo CXXC foi substituida por uma Thr.

- As Tiorredoxinas Redutases de levedura ScTrrl e ScTrr2 ndo sdo capazes de
reduzir ScGrx1 e ScGrx2.

- ScGrx1 e ScGrx2 nao reduzem as pontes dissulfeto da insulina de pancreas
bovino. Futuramente, pretendemos encontrar um substrato protéico com dissulfeto para
ScGrx1 e ScGrx2, e medir suas atividades no mecanismo ditidlico para verificar se a
diferenca de atividade observada para estas enzimas no mecanismo monotidlico também

existe para o mecanismo ditiélico.

- ScGrx1 e ScGrx2 sdo ativas no ensaio cldssico de redugdo do dissulfeto misto
formado entre HED e glutationa, e apresentam uma diferenca de eficiéncia catalitica neste
ensaio de cerca de 55 vezes, sendo que ScGrx2 apresenta Ky real menor e turnover

maior que ScGrx1.

- A cisteina reativa N-terminal (Cys27) do sitio ativo de ScGrx1, ScGrx2 e seus
mutantes possui um valor de pK, bastante baixo (entre 3,1 e 4,0), caracteristico de Grxs.
Porém, neste trabalho, ndo foi encontrada uma relacdo clara entre o valor de pK, da Cys27

e a atividade destas enzimas.
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- Os residuos Ser/Ala23 estdo relacionados a diferenca de atividade observada entre
ScGrx1 e ScGrx2, ou por permitirem a orientagdo da Cys30 por Gln/Glu52 em relagcdo ao
dissulfeto Cys27-SG, ou por promoverem, ou nio, a desprotonagdo da Cys30. Ainda ndo
temos certeza do papel dos residuos GIn/Glu52. Para caracterizar melhor a questdo da
orientagdo da Cys30 por Gln/Glu52 seria interessante, futuramente, construir mutantes nos
quais ndo seria possivel haver interacdo com a Cys30 (substituindo Gln/Glu52 por Leu, por
exemplo), independentemente dos residuos Ser/Ala23. E para verificar se Ser23 pode estar
envolvida na desprotonacdo da Cys30, seria interessante determinar o pK, da Cys30 nos
mutantes ScGrx1-S23A e ScGrx2-A23S. A determinacdo das estruturas dos mutantes
ScGrx1-S23A e ScGrx2-A23S também poderia esclarecer a questdo da influéncia de

Ser/Ala23 sobre a orientacao da Cys30.

- A Cys30 em ScGrx2 parece estar relacionada ao reconhecimento da segunda
molécula de GSH no mecanismo monotidlico, dada a menor afinidade do mutante ScGrx2-
C30S por GSH. O mesmo ndo pode ser dito sobre a Cys30 de ScGrx1, uma vez que o
mutante ScGrx1-C30S apresenta maior afinidade por GSH. Independentemente do papel
especifico desempenhado pela Cys30 nestas Grxs, fica claro que estas cisteinas t€m um

papel modulador importante na atividade destas proteinas.

- A mutacdo D89S em ScGrx1 promove um aumento de atividade, enquanto a
mutacao S89D em ScGrx2 parece ndo ter influéncia sobre a atividade desta enzima. Em
estudos futuros, a determinacdo dos parametros cinéticos para os mutantes ScGrx1-D89S e
ScGrx2-S89D seria interessante para verificar se ha diferenca de afinidade pelo primeiro

substrato da reacdo do mecanismo monotidlico.

- Todos os resultados deste trabalho indicam que ScGrx1 e ScGrx2 sdo enzimas
com propriedades bastante distintas, sendo dificil fazer generalizacdes sobre elas.
Acreditamos que as diferencas observadas entre ScGrx1 e ScGrx2 devem refletir em
variacOes na especificidade por substratos nos diferentes compartimentos celulares nos
quais estas enzimas se localizam: citosol e mitocOndria, respectivamente; e indicam que

estas enzimas possuem funcdes bioldgicas nao redundantes em S. cerevisiae.
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Glutaredoxins (Grxs) are small (9-12 kDa) heat-stable proteins that are ubi-
quitously distributed. In Saccharomyces cerevisiae, seven Grx enzymes have
been identified. Two of them (yGrx1 and yGrx2) are dithiolic, possessing a
conserved Cys-Pro-Tyr-Cys motif. Here, we show that yGrx2 has a specific
activity 15 times higher than that of yGrx1, although these two oxido-
reductases share 64% identity and 85% similarity with respect to their
amino acid sequences. Further characterization of the enzymatic activities
through two-substrate kinetics analysis revealed that yGrx2 possesses a
lower Ky for glutathione and a higher turnover than yGrxl. To better
comprehend these biochemical differences, the pK, of the N-terminal
active-site cysteines (Cys27) of these two proteins and of the yGrx2-C30S
mutant were determined. Since the pK, values of the yGrx1 and yGrx2
Cys27 residues are very similar, these parameters cannot account for the
difference observed between their specific activities. Therefore, crystal
structures of yGrx2 in the oxidized form and with a glutathionyl mixed
disulfide were determined at resolutions of 2.05 and 1.91 A, respectively.
Comparisons of yGrx2 structures with the recently determined structures
of yGrx1 provided insights into their remarkable functional divergence.
We hypothesize that the substitutions of Ser23 and GIn52 in yGrx1 by
Ala23 and Glu52 in yGrx2 modify the capability of the active-site C-
terminal cysteine to attack the mixed disulfide between the N-terminal
active-site cysteine and the glutathione molecule. Mutagenesis studies
supported this hypothesis. The observed structural and functional
differences between yGrx1 and yGrx2 may reflect variations in substrate
specificity.
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Introduction

Glutaredoxins (Grxs) are small, heat-stable oxido-
reductases with conserved cysteine residues present
in CXXC motifs." These oxidoreductases are
reduced by glutathione (GSH), producing gluta-
thione disulfide (GSSG) that is then reduced by
NADPH in a reaction catalyzed by glutathione
reductase (GR)." Grxs were first discovered in
Escherichia coli as dithiol, GSH-dependent hydrogen
donors for ribonucleotide reductase in a mutant
lacking thioredoxin.? Later, it was described that
Grxs can also reduce mixed disulfides between
proteins or low molecular weight thiols and GSH in
reactions that require only their N-terminal active-
site cysteine.>” Tt is important to note that the
reduction of glutathionylated substrates through the
monothiol mechanism seems to be the major activity
of Grxs; all dithiol Grxs described so far catalyze
these reactions, but not all dithiol Grxs catalyze the
reduction of protein disulfides by the dithiol mecha-
nism.® Therefore, Grxs are receiving increasing
attention in redox regulation processes due to their
ability to catalyze the reduction of disulfides.”

In the monothiol mechanism, Grxs specifically
interact with the GSH moiety of the protein-SG
mixed disulfide target, using only the N-terminal
cysteine of the CXXC motif (Fig. 1, reaction a).”” A
covalent Grx-SG mixed intermediate is formed and
the target protein is released in its reduced form.
Then, a second molecule of GSH reduces the Grx-
SG mixed intermediate, generating reduced Grx
and GSSG (Fig. 1, reaction b).10 GSSG is then
reduced by GR at the expense of NADPH.

The reduction of the Grx-SG mixed disulfide by
the second GSH molecule (Fig. 1, reaction b) is the
rate-determining step of the overall process.® If the

Prot Prot
’—sse |—SH
@ =
Grx Grx Grx
7FS 27+SSG (C) 27[S
— | + GSH
30-SH 30FSH 308
=
GSSG GSH

Fig. 1. Scheme of Grx monothiol mechanism. (a) The
N-terminal cysteine of the Grx active site interacts with the
GSH moiety of the protein-SG mixed disulfide target, then
a covalent Grx-SG mixed intermediate is formed and the
target protein is released in its reduced form. (b) A second
molecule of GSH reduces the Grx-SG mixed intermediate,
generating reduced Grx and glutathione disulfide (GSSG).
(c) The oxidized form of Grx with an intramolecular
disulfide bond can be formed by the nucleophilic attack of
Cys30 and is reduced back by two GSH molecules.
Adapted from Srinivasan et al.®
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reduction of the Grx-SG by an external nucleophile
such as GSH is favored, the reaction tends to pro-
ceed by the monothiol mechanism. However, if the
nucleophilic attack of the C-terminal cysteine on the
Grx-SG is favored, a side reaction can occur and
produce oxidized Grx with an intramolecular disul-
fide bond (Fig. 1, reaction c). In this case, the reaction
proceeds through the dithiol mechanism, and the
disulfide bond of Grx is reduced by two GSH
molecules.'"'?

Another common feature of Grxs is that the pK,
of their N-terminal active-site cysteine thiol is
generally very low (around 3.0 to 4.0). Therefore,
most of these cysteine residues are deprotonated at
physiological pH, whereas the C-terminal active-
site cysteine is usually protonated.'** The thiolate
form of the N-terminal cysteine of Grx appears to
contribute to its catalytic activity because it is a
good leaving group (Fig. 1, reaction b) rather than a
good nucleophile (Fig. 1, reaction a), which is in
line with the observation that reaction b is the rate-
limiting step.®'?

In Saccharomyces cerevisiae, seven Grx genes have
been identified (GRX1-7). Glutaredoxin 1 and 2
from yeast (yGrxl and yGrx2) are dithiolic Grxs,
which contain the conserved CPYC motif in their
active sites."” yGrx2 is present in two molecular
weight isoforms (11,900 and 15,900), each synthe-
sized by one of two in-frame translation initiation
start sites.'® The cytosolic isoform is synthesized
from the second AUG and lacks an N-terminal
extension, while the long isoform that carries a
mitochondrial targeting presequence is translated
from the first AUG."” The latter is translocated to the
mitochondria where it is either processed by the
mitochondrial processing peptidase to a short solu-
ble isoform that localizes to the matrix or left
unprocessed and retained in the outer mitochon-
drial membrane.'” yGrx3, yGrx4 and yGrx5 are
monothiol isoforms that contain the motif CGFS in
their active sites.'® yGrx3 and yGrx4 are required for
Aftl iron regulation in the nucleus, whereas yGrx5
is thought to be involved in iron-sulfur cluster
metabolism and assembly.'”?’ Recently, two other
monothiolic enzymes, yGrx6 and yGrx7, were
described in S. cerevisiae.?!

The current work is focused on the two dithiolic
enzymes, yGrxl and the short isoform of yGrx2.
These proteins are highly similar (64% identity and
85% similarity), although single deletions of their
genes have rendered yeast mutants with distinct
phenotypes.'> AGRX1 is sensitive to oxidative stress
caused by superoxide anion, whereas AGRX2 is
sensitive to stress induced by hydrogen peroxide.'®
Furthermore, studies with yeast knockouts have
indicated that yGrx2 accounts for most of the GSH-
dependent oxidoreductase activity in the cell.!®
Since yGrx1 and yGrx2 expression levels are simi-
lar,'> the exhibited phenotypes in knockout strains
could reflect that yGrx2 is a more efficient enzyme
than yGrx1.

We compared recombinant dithiolic Grxs from
yeast and observed that the specific activity of yGrx2
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was 15 times higher than that of yGrx1 in the stan-
dard p-hydroxyethyl disulfide (HED) assay, despite
their high amino acid sequence similarity. Bisub-
strate kinetics analysis indicated that both Ky
toward GSH and turnover rate account for this
enzymatic difference. In an attempt to better under-
stand the functional differences between yGrx1 and
yGrx2, we elucidated the crystallographic structure
of yGrx2 in the oxidized state and of the yGrx2-
C30S mutant in complex with GSH through a mixed
disulfide. Comparisons between these structures
and those of yGrx1** revealed that residues near the
active-site region could be directly implicated in the
functional differences of yGrx1l and yGrx2. Muta-
genesis studies supported this hypothesis.

Results and Discussion

yGrx2 is more active as an oxidoreductase
than yGrx1

Yeast cell-free extracts from AGRX2 but not from
AGRX1 lose most of their GSH-dependent oxido-
reductase activity,'” indicating that yGrx2 accounts
for the majority of this enzymatic activity. Based on
this observation, we measured the specific activities
of pure recombinant yeast dithiolic Grxs, using the
standard assay of reduction of the mixed disulfide
formed between HED and GSH (glutathionylated
p-mercaptoethanol, B-ME-SG).*> yGrx2 was appro-
ximately 15 times more active than yGrx1 (Table 1,
Supplementary Data), although they share a high
level of sequence similarity (Fig. 2a).

To eliminate any artifacts due to metal contamina-
tion, which could result from leaching of nickel
during affinity chromatography, we compared the
activity results of yGrx1l and yGrx2 purified with
cobalt-affinity chromatography. Although cobalt
binds more strongly to a Talon affinity column
(Clontech) than nickel to a Hi-Trap affinity column
(GE Healthcare), the specific activities were essen-

tially the same. Furthermore, we also removed the
N-terminal his-tag from the yGrx1l and yGrx2
recombinant proteins, but their oxidoreductase
activities remained the same. Therefore, yGrx2 is
intrinsically more active than yGrx1, which explains
results of previous studies on yeast knockout
strains.'®

Two-substrate kinetics for yGrx1 and yGrx2

In order to better characterize the activity of
yeast dithiol Grxs, we varied the concentration of
HED at different concentrations of GSH and deter-
mined the apparent Ky and k. of yGrxl and
yGrx2 for B-ME-SG (Table 2).*** p-ME-SG was
formed during a 3-min preincubation and the reac-
tions were started with the addition of Grx. We
confirmed in separate experiments that the GR
concentration used was not rate limiting (data not
shown). The apparent Ky and Vi values were
determined by non-linear regression of Michaelis—
Menten plots (see Supplementary Data). yGrxl
presented higher affinity (lower apparent Ky
values) for pB-ME-SG than yGrx2, but a lower
turnover number (lower k., values) than yGrx2
(Table 2). These parameters are related to the
formation of the Grx-SG mixed disulfide (Fig. 1,
reaction a). As a consequence, the catalytic efficiency
(kear/ Kngin M1 571 of yGrx1 is approximately five
times lower compared with yGrx2.

Kinetic data linearization by Lineweaver-Burk
resulted in intersecting lines on double-reciprocal
plots (data not shown), which indicates a sequential
mechanism for both yGrxl and yGrx2. Similar
patterns were obtained for yGrx7 and human Grx
from red blood cells in the HED assay, which
confirm that the B-ME-SG formation in the pre-
incubation reaction is nonenzymatic.”'*°

We built secondary plots with the reciprocal
values of V3K, versus the reciprocal of GSH concen-
trations to obtain the “true” kinetics parameters (Fig.
3a and b).% yGrx2 has a lower Ky; for GSH than
yGrx1 and a higher turnover number, resulting in a

Table 1. Values of specific activity* and pK, of Cys27 for yGrx1, yGrx2, and the mutants yGrx1-C30S, yGrx1-523A,
yGrx1-S23A-Q52E, yGrx2-C30S, yGrx2-A23S and yGrx2-A235-E52Q

pK, Cys27°
Specific activity Monobromobimane Iodoacetamide

Protein (nmol min ™’ mg 1 alkylation inactivation
Grx1 8.2+0.3 3.2+0.2 4.0+0.2
Grx1-C30S 38.7+0.5 N.D. N.D.
Grx1-523A 27.8+0.5 N.D. N.D.
Grx1-523A-Q52E 24.5+0.4 N.D. N.D.
Grx2 125+7 3.1+0.2 3.5+0.2
Grx2-C30S 38+1 N.D. 3.2+0.2
Grx2-A23S 74+5 N.D N.D
Grx2-A235-E52Q 5442 N.D N.D

* The reaction mixture for the determination of specific activities contained 100 mM Tris-HCl pH 7.4, 6 pg/ml GR, 1 mM GSH, 0.7 mM
HED, 0.1 mg/ml BSA, 0.2 mM NADPH and 2 mM EDTA. For more details, see Materials and Methods. N.D., not determined.
# pK, values were obtained from inflection points in sigmoidal dose-response curves with Hill slope equal to 1 as described in

Materials and Methods and Supplementary Material.
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yeast_Grx2 1 MVSQETVAHVKDL IGQKEVFVAARTY = KATLSTLFQELNVPKSKALVLELDEMSNG 59
yeast_Gmx1 1 MVSQET IKHVKDLIAENEIFVAS[NTY =  HAALNTLFEKLKVPRSKVLVLQLNDMKEG 59
human_Gnx1 1----MAQEFVNCKIQPGKVVVFI[UPT -  RRAQ-EILSQLPIKQGLLEFVDITATNHT 54
Ecoli_Gm3 L LI I I I MANVEIYTHET . HRAK-ALLSSKGVS-=.--.- FQELPIDGNA 38
human_Gm2 1 - - - - - PVNQIQETISDONCVVIFSHTS TMAK-KLFHDMNVN- - -YKVVELDLLEYG 50
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yeast_Grx2

yeast_Gmx1

human_Gnx1

Ecoli_G3

human_Gmc2

Ecoli_Gx1

(b)

Fig. 2. Alignment of Grxs with glutathionylated structures. (a) Sequences were aligned using ClustalW?* and the
alignment representation was produced with Jalview.” The active-site residues of Grxs are highlighted with an orange
rectangle and residues within the blue rectangles are involved in interactions with the Gly residue from GSH. The green
rectangle indicates residues that form the TVP motif involved in interactions with the Cys residue from GSH, and within
the violet rectangle are the residues participating in interactions with the GSH v-Glu residue. The secondary-structure
elements of yGrx2 are indicated at the bottom of the figure (arrows representing B-sheets and cylinders for a-helices). (b)
Structural superposition of yGrx2 (cyan), yGrx1 (gray) and human Grx2 (pink) glutathionylated structures. The residues
involved in interactions with the GSH moiety are identified with the sequence number of yGrx2, and residues highlighted
in (a) are shown in the same colours.

catalytic efficiency 2 orders of magnitude higher
than that of yGrx1 (Table 3). Since these parameters
are related to the rate-limiting step (Fig. 1, reaction b)
of the overall monothiol mechanism, both the lower
Ky for GSH and higher turnover number are
responsible for the high specific activity of yGrx2
(Table 3).

Properties of the yGrx1-C30S and yGrx2-C30S
mutants

As previously described, the substitution of the
C-terminal active-site cysteine by a serine residue in
dithiolic Grxs does not abolish the GSH-dependent
oxidoreductase activity in the HED assay because it

Table 2. Apparent kinetic constants for the reduction of the mixed disulfide formed between GSH and HED by yGrx1

and yGrx2, determined from Michaelis-Menten plots

yGrx1 yGrx2
[GSH] (mM) Kyi*P (mM) keai™ (s71) [GSH] (mM) Kpi*P (mM) keat 67
0.5 0.12 1.3 0.5 0.9 47
1.0 0.12 22 1.0 0.7 66
15 0.14 3.5 15 0.6 85
2.0 0.13 4.2

The reaction mixture contained 100 mM Tris-HCl, pH 7.4, 6 pg/ml GR, 0.1 mg/ml BSA, 0.2 mM NADPH and 2 mM EDTA. The
concentration of HED was varied from 0.03 to 2.2 mM at fixed concentrations of GSH, and the reactions were started by the addition of

500 or 50 nM of yGrx1 or yGrx2, respectively.
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proceeds via the monothiol mechanism.”'**® The
yGrx1-C30S mutant presented higher specific activ-
ity than wild-type yGrx1, similarly to the mutants
for the C-terminal active-site cysteine of human
Grxl and Grx2 and pig Grx (Table 1).1328:29
Nevertheless, the specific activity of yGrx2-C30S
decreased to 38+2 pumol min ! mg_l, which cor-
responds to 30% of the wild-type yGrx2 activity
(Table 1). This observation is very consistent with
data previously reported for C14S mutants of Grx1
and Grx3 from E. coli.>"!

As mentioned before, it was described for human
Grx1 that the overall reaction rate in the HED
assay is determined by the rate of Grx-SG inter-
mediate reduction.® The occurrence of the side
reaction (Fig. 1, reaction c), which results in the
formation of the intramolecular disulfide bond, is
implicated in a decrease in the reaction rate, pro-
bably because part of the enzyme and GSH are
involved in a nonproductive exchange reaction.”®
The substitution of the C-terminal active-site cys-
teine by a serine residue in dithiolic Grxs elim-
inates the possibility of this side reaction and in
principle should increase the reaction rate. This
was the case for yGrx1-C30S, pig Grx and the
human Grx1 and Grx2 mutants.1328:29

However, for yGrx2-C30S and E. coli Grx1 and
Grx3, the same mutation causes a decrease in spe-
cific activity.”!" The reasons for this effect are not

(a)
0.001759
= Grx1
0.001504
0.00125+
0.001004
0.000754

0.00050

1V ™ (M)

0.00025

0.00000 T T T
0.0 05 1.0 15 2.0 25

1[GSH] (mM™)

(b)
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* Grx2
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0.0003 -
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Vo™ (NMs)

0.00014

0.0000 T T T
0.0 0.5 1.0 1.5 2.0 25

1/[GSH] (mM™")

Fig. 3. Secondary plots (reciprocal values of ViR
versus the reciprocal of GSH concentration) used for the
determination of the kinetic constants of yGrx1 (a) and
yGrx2 (b) for GSH.

Table 3. Kinetic constants for the reduction of the mixed
disulfide formed between GSH and HED by yGrx1 and
yGrx2, obtained with the secondary plots of 1/ VER, versus
1/[GSH]

GSH
Protein Kyt (mM) koat (571 Kear/Kn (M.s) !
Grx1 6.2 17.1 2.75x10°
Grx2 0.9 129 1.43x10°

clear but might be related to differential structural
features among different Grx isoforms. Future
studies are necessary in order to better understand
the particularities of these enzymes.

The pK, of reactive cysteines cannot explain the
difference between the oxidoreductase activities
of the dithiolic yGrxs

In the previous sections, it was demonstrated that
yGrx2 possesses higher activity than yGrx1, which is
related to both a lower Ky, for GSH and higher
turnover (ko). It is well known that the N-terminal
active-site cysteine residue of Grxs possesses a very
low pK, value and that this feature is important for
catalysis.>'** Therefore, a significant difference in
the pK, values of yGrx1 and yGrx2 might explain
the variation in the reactivities between these two
enzymes.

The pK, relative to the thiol group of the N-terminal
active-site cysteine (Cys27) of both yGrx2 and yGrx1
were determined by two independent methods
(Table 1, Fig. 4). The values obtained by iodoaceta-
mide inactivation are very similar to those pre-
viously determined for yGrx2 and human Grxl
using the same approach.!24 The substitution of the
C-terminal cysteine to a serine in the yGrx2-C30S
mutant resulted in a slight decrease (not significant)
in the pK, value of Cys27 (Table 1, Fig. 4a). Fur-
thermore, analysis by specific thiolate monobromo-
bimane alkylation (which generates a fluorescent
adduct)® indicated that the pK, values of Cys27
from yGrx1 and yGrx2 are even more similar if not
identical (Table 1, Fig. 4b). In the case of yGrx1,
although the pK, values for yGrxl Cys27 deter-
mined by the independent approaches presented
some divergence (Table 1), both of them indicated
that the corresponding sulfhydryl moiety should be
present mostly as thiolate under physiological
conditions.

Thiol-disulfide exchange reactions are expected to
proceed as Sy2-type, in which the rate is dependent
on the basicity (pK,s) of the nucleophile and the
leaving groups®'32 and the reactive specie is the
ionized thiolate.”® For a thiol-disulfide exchange
reaction where the thiolate anion (SR,,.) attacks one
of the two sulfur atoms of the disulfide bond, the
central sulfur (SR.) will have the higher pK, value '?
As described by the following reaction,

SRpue + SRigSR: —SRpucSR. + SRyg
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Fig. 4. Determination of pK, values for reactive cys-
teines. (a) Iodoacetamide inactivation. yGrx1 (filled
squares), yGrx2 (filled triangles) and yGrx2-C30S (open
circles). The enzymes (250 nM yGrx1, 20 nM yGrx2, or
100 nM yGrx2-C30S) were incubated with 300 uM iodoa-
cetamide at different pH values for 3 min at room tem-
perature and then assayed using the standard assay for
Grxs after a 100-fold dilution. The percentage of remaining
activity at each pH was determined by comparing the
activity of the enzyme incubated with and without
iodoacetamide. All buffers were used at a concentration
of 10 mM and ionic strength was adjusted with the
addition of 0.5 M NaCl. (b) Monobromobimane alkylation.
yGrx1 (filled squares) and yGrx2 (filled triangles). The
prereduced yGrxl and yGrx2 enzymes (10 pM) were
alkylated with 2 uM of monobromobimane at different pH
values, as described in Materials and Methods.

the lower the pK, of the leaving sulfur (SRy;), the
faster the rate will be, according to the Brensted
equation: log k=c + PrucPKamue) + BPKa(e) + BigPKag),
where Py, Pe and Py, are the Brensted base
coefficients for the nucleophile, central group and
leaving group, respectively.*'*> Accordingly, for a
given homologous set of thiol-disulfide exchange
reactions, the second-order rate constant increases by
a factor of four for each unit decrease in the pK, of the
leaving group (Ak=4AP%) 332 Assuming that GSH-
mediated reduction of the Grx-SG intermediate is the
rate-limiting step in the HED assay,” the difference in
the pK, values of yGrx1 and yGrx2 Cys27 residues
would result in an increase of the rate constant of
yGrx2 by 2.0-fold relative to that of yGrx1 when the
results from iodoacetamide inactivation are con-
sidered, and an increase of 1.15-fold when the results
from monobromobimane alkylation are considered
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(Table 1). However, the difference observed in the
enzymatic activities is much higher than expected
due to the difference in the pK, values, suggesting
the involvement of other factors, possibly structural
features. Although the Brensted equation applies
quite well to low molecular weight thiols,*> some
deviation occurs in pro’ceins,12 further indicating that
structural features besides pK, values are important
in controlling thiol-disulfide exchange rates.

It is important to mention that in this work we
have assumed that the rate-limiting reaction in the
HED assay for yGrxs is the reduction of the Grx-5G
mixed disulfide intermediate, as described for
human Grx1.” This is because yGrx2 activity presen-
ted a pH dependence similar to that of human Grx1,
with a pH optimum value near 9.0.' Also, Cys27
from yGrx1 and yGrx2 presented pK, values similar
to that of human Grx1, suggesting that the thiolate
pK, of the second substrate (GSH) is involved in the
rate-determining step.””® Therefore, when all the
information are taken together, pK, values for yGrx1
and yGrx2 Cys27 should not be an important factor
in the control of the overall reaction rate.

Crystal structures of yGrx2

Since the pK, values of the reactive cysteines did
not correlate with their intrinsic activities, we deci-
ded to compare the structural features of yGrx1 and
yGrx2. The crystal structures of yGrx1l in the
reduced and glutathionylated forms (named here
as yGrxl,eq and yGrxlgs, respectively) were re-
cently reported,”” and to perform comparisons, we
crystallized yGrx2 and solved its structure in two
different forms.

Before crystallization, yGrx2 was subjected to
treatments with oxidizing [fert-butyl-hydroper-
oxide (--BOOH), diamide and hydrogen peroxide]
and reducing (DTT and GSH) agents in an attempt
to obtain its structure in different oxidation states.
The first structure was solved and refined at 2.05 A
resolution, corresponding to yGrx2 pretreated with
t-BOOH (named herein as yGrx2,y). The yGrx2,
structure was used as a search model to solve the
other structures of yGrx2 under different treat-
ments. After structure solving and refinement of all
data sets, we observed that in all cases (even in
proteins treated with reductants), the two cysteines
in the active site were oxidized, forming an in-
tramolecular disulfide bond. The alignment of
these structures showed that they were identical,
and electron density map analyses indicate that no
oxidation of any other residue, except the active-
site cysteines, was observed, not even in the
structure of yGrx2 pretreated with t-BOOH. We
then performed analysis on the oxidized structure
obtained from the data set that presented the best
resolution and statistics (Table 4). Other attempts
were made to obtain yGrx2 structure in the
reduced form, but all of them failed.

In another attempt to obtain the reduced structure
of yGrx2, we constructed the yGrx2-C30S mutant,
which was also used to obtain the yGrx2 structure
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Table 4. Diffraction and refinement statistics of oxidized and glutathionylated yeast Grx2

Oxidized (yGrx2oy)

Glutathionylated (yGrx2gs)

Diffraction data statistics
Space group
Unit cell dimensions (A)
Resolution range (A)

P4,2,2
a=b=47.63, c=94.59
42.56-2.05 (2.16-2.05)

P2,2:2¢
a=37.0076, b= 45.2051, c=105.0348
37.01-1.91 (2.01-1.91)

Measured reflections 90,136 247,826
Unique reflections 7295 14,326
Completeness (%) 99.8 (99.3) 99.7 (98.3)
Multiplicity (%) 12.3 (11.2) 8.6 (8.2)
Reym 0.08 (0.294) 0.070 (0.389)
(I/o(I)) 28.9 (7.8) 23.6 (4.5)
Refinement statistics

Rfactor 0.198 0.196
Rfree 0.230 0.262
No. of nonhydrogen atoms 899 1829
No. of water molecules 65 137
rmsd .

Bond lengths (A) 0.012 0.012

Bond angles (A) 1.450 1.392
Average B-factor (A%

Main chain 18.7 13.0

Side chain 222 16.9
Ramachandran analysis (%)

Favored regions 97.9 95.8

Additionally allowed regions 2.1 42

The data for oxidized yGrx2 crystal were previously published and are shown here again for completeness.*

in a complex with GSH. Crystals of yGrx2-C30S
with a glutathionyl mixed disulfide (yGrx2gs)
were cobtained, and the structure was refined at
1.91 A resolution (Table 4). However, again, we
could not obtain crystals of reduced yGrx2-C30S
after several trials.

yGrx2,, crystallizes in space group P4,2;2, with
one molecule in the asymmetric unit, whereas
glutathionylated yGrx2-C30S crystallizes in space
group P2,2,2,, with two molecules in the asymme-
tric unit (referred to as chains A and B). Structures
were refined to final R values of R-factor=0.198
and Ryee=0.230 (yGrx2.,) and R-factor=0.196 and
Rfree=0.262 (yGrx2gs). The high quality of the
electron density maps allowed an accurate assign-
ment of the entire polypeptide chain of yGrx2,,
(109 residues). Chain A of yGrx2gs and residues 2
through 108 of yGrx2ss chain B were also assigned.
Molecules of GSH were modeled as bound to each
of the chains A and B in the yGrx2gs structure.
Ramachandran analyses showed that 97.9% of the
residues in the yGrx2,, and 95.8% of the residues
in the yGrx2gs structures were in the most favored
regions and that no residues were in disallowed
regions.

The overall yGrx2 structure is similar to previously
determined Grx structures with a central mixed four-
stranded p-sheet flanked by five a-helices (Fig. 5).
The active site is localized to the second a-helix and
the loop that precedes it. The N-terminal active site
cysteine, Cys27, is solvent exposed and the C-
terminal Cys30 is buried one turn later along the
helix a2 in the interior of the molecule. The distance
between the y-sulfur atoms of Cys27 and Cys30 in
the intramolecular disulfide bond is 2.07 A (Fig. 6a)
and the distance between the v-sulfur atoms of

Cys27 and the glutathione cysteine (Cysgs) in the
mixed disulfide bond is 2.08 A (Fig. 6b).

The yGrx2,, and yGrx2ss models have very
similar tertiary structures (Fig. 5). The alignment of
the yGrx2,, and yGrx2¢gs structures results in an
overall rmsd of 0.59 A for all 109 C* atoms. Despite

Fig. 5. Cartoon representation of the overall fold of
yGrx1 and yGrx2 showing the structural alignment of
yGrxlgs (a-carbon atoms in violet; PDB code ZJAC)
yGrx2,x (a-carbon atoms in gray) and yGrx2gs (a-carbon
atoms in cyan). The GSH molecule bonded to the yGrx2-
C30S mutant is shown in yellow.
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the global similarity between yGrx2,, and yGrx2gs,
local conformational changes between structures of
yGrx2 in the oxidized and glutathionylated forms
occur in the active-site loop that is situated between
the strand p1 and the helix «2. Several residues
changed their conformation in the yGrx2gs struc-
ture, in comparison to the yGrx2, structure, and
interact with the GSH moiety (Fig. 7).

Both yGrx2 structures are very similar to those
determined for yGrx1 in the reduced [Protein Data
Bank (PDB) code 2JAD] and glutathionylated (PDB
code 2JAC) forms (Fig. 5).2 The alignment of
yGrx2gs with yGrxlgs results in an rmsd of 0.7 A
for 108 C* atoms of yGrx2, and the interactions be-
tween these proteins and the GSH moiety are very
similar (see Supplementary Data). Other Grx struc-
tures have been determined with a glutathionyl
mixed disulfide: human Grx1 (PDB code 1B4Q),?8
human Grx2 (PDB code 2FLS),35 E. coli Grx1 (PDB
code 1GRX)” and E. coli Grx3 (PDB code 3GRX)."
Comparison of these structures shows that the Grx
residues that interact with the GSH moiety are highly

Fig. 6. Electron density maps (2F,—F., contoured at
1.00) for the active site of (a) yGrx2,4 and (b) yGrx2gs. The
continuous electron density between the sulfur atoms of
Cys27 and Cys30 and Cys27 and the GSH cysteine residue
show the disulfide bonds. The bond lengths of the intra-
molecular disulfide and the mixed disulfide with GSH are
2.07 and 2.08 A, respectively.
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Fig. 7. yGrx2 interactions with GSH in the yGrx2gs
structure. yGrx2 residues involved in interactions with
the GSH moiety are represented in cyan and the GSH is
shown in yellow. The hydrogen bonds and salt bridges
are indicated by blue dashed lines, with the atomic
distances in angstroms.

conserved (Fig. 2a and b). Nevertheless, there are
differences among Grx enzymes and also between
yGrx1 and yGrx2 (see below).

The alignment of the yGrx2gg structure with the
glutathionylated structures of human Grx1, human
Grx2, E. coli Grx1 and E. coli Grx3 resulted in an
overall rmsd of 1.67 A (for 99 C* atoms of yGrx2),
1.20 A (for 97 C* atoms of yGrx2), 2.08 A (for 64 C*
atoms of yGrx2) and 1.68 A (for 79 C* atoms of
yGrx2), respectively. Therefore, the overall struc-
ture of yGrx2 is more similar to the yGrxl and
human Grxl and Grx2 structures than to the
bacterial counterparts. These eukaryotic Grx struc-
tures have the same secondary structural elements,
whereas E. coli Grx structures do not possess the
first helix found in the eukaryotic Grxs, and E. coli
Grx1 does not possess the last helix found in the
other Grxs.

Comparison between yGrx2 and yGrx1
structures

Although the overall structures of yGrxl and
yGrx2 are very similar, an evident difference
between the yGrx2gs and yGrxlgg structures is the
conformation adopted by Ser30. In yGrxlgs, the
Ser30 side chain is directed toward Cys27, whereas
in yGrx2gs the Ser30 side chain is turned to the
opposite side (Fig. 8). In fact, the distance between
the Ser30 hydroxyl oxygen and the sulfur atom of
Cys27 is 3.47 Ain yGrxlgs and 5.14 Ain yGrx2¢s.
Assuming that a cysteine at position 30 could have a
side-chain conformation similar to that of serine in
the C30S mutants of both yGrxlgs and yGrx2gs,
Cys30 of yGrx1gs would be able to attack the Cys27
and form an intramolecular disulfide bond, whereas
the Cys30 of yGrx2gs would be in an unfavorable
configuration for an attack on the corresponding
mixed disulfide between Cys27 and GSH. If the
formation of the intramolecular disulfide bond is
disfavored in yGrx2, reduction of the glutathionyl
mixed disulfide by an external nucleophile, such as
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Fig. 8. Side-chain conformation of Ser30 in the struc-
tures of the C30S mutants of yGrx1** (gray) and yGrx2
(cyan) in their glutathionylated forms. It is clear that the
distances from the Cys27 sulfur atoms (yellow) to the Ser30
oxygen atom (red) are very different between yGrx1 and
yGrx2, indicating that the conformation of a Ser30 residue
in yGrx2 is less favorable to attack the mixed disulfide.

GSH, is then favored (Fig. 1). Consequently, the
monothiol mechanism (involved in the HED assay)
is also favored.

Corroborating the above interpretation, in E. coli
Grx3 glutathionylated structure,'’ Serl4 (which
replaces the C-terminal active-site cysteine in this
structure) presents a more buried conformation
similar to that of yGrx2gs Ser30. In all other Grx
structures reported in the glutathionylated form (all
obtained with mutations of the C-terminal active-
site cysteine to serine), including the E. coli Grx1,”
the conformation of this Ser is similar to that found
in yGrxlgs. The more buried conformation of Ser30
in the yGrx2s structure appears to be related to the
interaction with the Glu52 carboxylate via two water
molecules (Fig. 8). The distance between the oxygen
of the carboxylate of Glu52 and the hydroxyl of
Ser30 is 5.02 A in yGrx2gs. Similarly, E. coli Grx3
possesses the Glu30 residue, and an oxygen atom of
its carboxylate group is located at 5.74 A from the
hydroxyl of Serl4 in its glutathionylated structure.
Glu30 of E. coli Grx3 does not occupy the same
position as yGrx2 Glu52, although the distances be-
tween the carboxylate groups of these Glu residues
and the hydroxyl of the Ser are similar in both
structures. Also, in both structures, the Ser adopts a
more buried conformation than that adopted in
other Grx glutathionylated structures. Remarkably,
like yGrx2, E. coli Grx3 possesses higher monothiolic
activity than E. coli Grx1, although to a much lower
extent (twofold).

Other Grxs, such as pig Grx and human Grx1,
possess an Asp residue at the equivalent position of
yGrx2 Glu52. In these Grxs, however, there is an Ile
residue that prevents the contact (direct or indirect)
between the Asp and the C-terminal active-site resi-
due. In the equivalent position of the mammalian
Grx isoleucine residue, yGrx2 possesses an alanine
residue (Ala23), which, due to the short side chain,

does not prevent interaction between Ser30 and
Glu52 (Fig. 8). E coli Grx3 also does not possess
bulky residues that could prevent interactions
between Serl4 and Glu30. Yeast Grx1 possesses a
GIn52 replacing Glu52; however, this residue makes
a hydrogen bond with the hydroxyl of Ser23 (yGrx2
Ala23) and does not interact with Ser30 (Fig. 8).

Our analyses suggest that the unfavorable con-
formation of yGrx2 Cys30 to form intramolecular
disulfide could be related to interactions established
with Glu52, which are possible due to the non-
interfering side chain of Ala23. In contrast, the
favorable conformation of yGrx1 Cys30 to attack the
Grx-SG is probably related to the fact that those
interactions present in yGrx2 are not possible in
yGrx1 due to the substitution of Ala23 by Ser23,
which forms a hydrogen bond with GIn52, avoiding
the interaction between Cys30 and GIn52.

In order to test this hypothesis, we constructed
mutants of both yGrxl and yGrx2 (yGrx1-S23A,
yGrx1-523A-Q52E, yGrx2-A23S and yGrx2-A23S-
E52Q). yGrx1-523A and yGrx1-S23A-Q52E pre-
sented specific activities 3.4- and 3.0-fold higher
than that of the wild-type yGrx1, respectively, where-
as yGrx2-A23S and yGrx2-A23S-E52Q mutants exhi-
bited specific activities 1.7- and 2.3-fold lower than
that of the wild-type yGrx2, respectively (Table 1).

The higher activity of yGrx1-S23A and the lower
activity of yGrx2-A23S compared with the activities
of their respective wild-type isoforms indicated that
these residues are in fact involved in the variation in
the activities between dithiolic yGrxs. To further
corroborate our hypothesis, the yGrx1 and yGrx2
double mutants should have higher and lower spe-
cific activities, respectively, than the single mutants
yGrx1-S523A and yGrx2-A23S, indicating that the
residues Ser/ Ala23 and GIn/Glu52 have an additive
effect in the activity of dithiolic yGrxs. However, this
additive effect of Ser/Ala23 and GIn/Glu52 can be
observed only in the yGrx2-A23S-Q52E double
mutant, but not in yGrx1-S23A-E52Q (Table 1).
Consequently, it is not clear if Gln/Glu52 is really
related with the variation in the specific activity of
dithiolic yGrxs.

Another possibility is that only Ser/Ala23 but not
GIn/Glu52 exerts influence on yGrxl and yGrx2
activities. In this case, Ser23 in yGrx1 could act as a
base, taking away the proton from Cys30, favoring
thiolate formation and, consequently, the attack of
Cys30 on the Grx-SG intermediate (Fig. 1, reaction c).
As a result, the formation of the intramolecular
disulfide bond would switch the mechanism from
the monothiol to the dithiol, which would result in a
lower reaction rate in the HED assay, as discussed
before. In the case of yGrx2, the more inert character
of Ala23 should not influence the reactivity of Cys30
in the Grx-SG intermediate, allowing the reduction
of the mixed disulfide by an external GSH molecule,
therefore favoring the monothiol mechanism. This
feature is consistent with the observation that yGrx1
presented higher Ky, for GSH and lower k., values
compared to yGrx2. This hypothesis is also in agree-
ment with the mutagenesis experiments, since the
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substitution of Ala23 by Ser in yGrx2-A23S mutant
provokes a decrease in its specific activity compared
with the yGrx2 wild-type enzyme, whereas the
substitution of Ser23 by Ala in yGrx1-S23A causes
an increase in its specific activity compared with the
yGrx1 (Table 1).

It is important to mention here that in the structure
of yGrxlgs the N-terminal active-site Cys27 residue
is not bonded to the cysteine of GSH,?? whereas in
the yGrx2gs structure the glutathionyl mixed dis-
ulfide is observed (Fig. 6b). This difference mightbe a
complicating factor for the comparison of these two
structures, because it could have relevant conse-
quences with respect to local structural conforma-
tions. However, as mentioned by the authors, the
disulfide bond of yGrx1-SG was probably broken
upon exposure to synchrotron radiation, and the
orientation of GSH and yGrx1 residues probably was
not affected, since the interactions with the GSH
moiety were similar to those found in other gluta-
thionylated Grx structures.?>**% Furthermore, there
are structures available in the PDB where the gluta-
thionyl mixed disulfide is present and the serine
residues equivalent to yGrx1 Ser30 presented the
same conformation as in the yGrxlgs structure.”?®
Additionally, the hypotheses raised here from
structural comparisons were strengthened by bio-
chemical assays with mutant proteins (Table 1).

Another aspect that is probably related to the
different biochemical activities of yGrx1 and yGrx2
is their redox potential. In fact, Grx1 and Grx3 from
E. coli also share high amino acid sequence and
overall structure similarity, although they possess
very distinct redox potentials (AE®’=35 mV).** In
contrast, Grx1 and Grx2 from humans possess more
similar redox potentials (AE®' =11 mV),*” although
they do not share the same degree of similarity. In
this case, it is important to mention that human Grx2
presents several unusual features such as an addi-
tional disulfide bond with a very negative redox
potential (317 mV).’® Several aspects of the
relationships between redox potential and protein
structure remain to be established.

In conclusion, the great enzymatic difference
observed between yGrx1 and yGrx2 appears not to
be related to the pK, of their reactive cysteines, but
to specific structural features of these enzymes.
Considering the conformation of Ser30/Cys30 in
dithiolic yGrxs glutathionylated structures and the
influence of Ser23 and Ala23 in the yGrx1 and yGrx2
activities, respectively, we hypothesize that yGrx2
could be more specially adapted than yGrx1 to the
monothiol mechanism. These structural and func-
tional differences between yGrx1 and yGrx2 might
reflect variations in substrate specificity.

Materials and Methods

Cloning, expression and purification

Wild-type yeast GRX2 gene was cloned into the
PET15b expression vector, expressed in E. coli and
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purified by cobalt-affinity chromatography as previously
described.*

Site-directed mutagenesis was employed to mutate the
cysteine 30 residue of Grx2 to a serine residue. The GRX1
and GRX2 genes were PCR amplified from S. cerevisiae
genomic DNA of the strain W303 with the primers 5'-
CGCGATCCATATGATGGTATCTCAAGAAAC-3' (forward
GRX1), 5-CGCAAGCTTGGATCCTTAATTTGCAAGAA-
TAGG-3" (reverse GRX1), 5-CGCGATCCATATGATGG-
TATCCCAGGAAACAGTTGCTCACGTAAAGGATCT-
GATTGGCCAAAAGGAAGTGTTTGTTGCAGCAAAGA-
CATACTGCCCTTACAGCAAAGCTACTTTG-3' (forward
GRX2-C30S, mutated sequence underlined), 5-CGCAA-
GCTTGGATCCCTATTGAAATACCGGCTTC-3' (reverse
GRX2-C30S). The forward primers contain Ndel restric-
tion sites and the reverse primers contain BamHI
restriction sites. The PCR products and the expression
vector pET15b were first digested with Ndel and BamHI,
and then the products were ligated into the pET15b. The
GRX1-S23A, GRX1-C30S and GRX2-A23S mutants were
prepared with the QuickChange Site-Directed Mutagenesis
Kit from Stratagene according to the manufacturer’s
recommendations. The pET15b/GRX1 and pET15b/GRX2
plasmids were used as templates with two complementary
primers containing the desired mutation (underlined): 5'-
GAGATCTTCGTCGCAGCAAAAACGTACTGTCC-3’
(forward GRX1-S23A); 5'-CGTACTGTCCATAC-
TCTCATGCAGCCCTAAAC-3' (forward GRX1-C30S); 5'-
GAAGTGTTTGTTGCATCCAAGACATACTGCCC-3' (for-
ward GRX2-A23S). The mutants GRX1-S23A-Q52E and
GRX2-A23S-E52Q) were also prepared using the same
strategy, with the pET15b/GRX1-S23A and the pET15b/
GRX2-A23S plasmids as templates and the following
primers: 5'-GTT CTG GTT TTG GAG TTG AAT GAC
ATG AAG-3' (forward GRX1-Q52E); 5'-G GCC CTT GTG
TTG CAG TTA GAT GAA ATG AGC-3' (forward GRX2-
E52Q). The gene sequences were confirmed by automated
DNA sequencing and the resulting plasmids were used to
transform E. coli BL21(DE3). Protein expression was
induced by the addition of 1 mM IPTG to cultures grown
in LB medium at 310 K to ODgyp=0.8. The cells were
harvested after 3 h of incubation at 310 K.

Cell pellets were resuspended in 20 mM sodium
phosphate buffer, pH 7.4, 500 mM NaCl, 20 mM imidazole
and 1 mM PMSF and lysed by sonication. Subsequently,
the cell extract was kept on ice for 20 min during a 1%
streptomycin sulfate treatment. The extract was centri-
fuged at 16,000g for 45 min to remove cell debris, and the
supernatant was further clarified by filtration. The pro-
teins were purified by metal-affinity chromatography
(Nickel-Hi-trap from GE Healthcare or Cobalt-Talon
metal-affinity resin from Clontech) with imidazole gra-
dients. Protein purity was confirmed by SDS-PAGE.

Yeast Grxl and Grx2 his-tag fusion proteins were
digested with the Thrombin Clean Cleave Kit by Sigma,
following the manufacturer’s protocol.

Assay for Grx activity

Specific activities of yGrx1, yGrx2 and of the mutants
yGrx1-523A, yGrx1-C30S, yGrx1-S23A-Q52E, yGrx2-
A23S, yGrx2-C30S and yGrx2-A23S-E52Q were measured
with the standard assay for Grxs, at 30 °C, using a rmxed
disulfide between HED and GSH as the substrate.”> Con-
centrations of yGrx1, yGrx2 and yGrx2-C30S were varied
from 50 to 400, 5 to 35 and 10 to 200 nM, respectively, and
the concentrations of the mutants yGrx1-S23A, yGrxl1-
S23A-Q52E, yGrx1-C30S, yGrx2-A23S and yGrx2-A23S-
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E52Q were varied from 10 to 100 nM. The reaction mix-
ture, containing 100 mM Tris-HCl, pH 7.4, 6 pg/ml GR,
1 mM GSH, 0.7 mM HED, 0.1 mg/ml bovine serum
albumin (BSA), 0.2 mM NADPH and 2 mM ethylenedia-
minetetraacetic acid (EDTA) in a volume of 1 ml, was
incubated at 30 °C for 3 min for the formation of the mixed
disulfide between GSH and HED. The reaction was started
by the addition of Grx and followed by the decrease in the
absorbance at 340 nm due to the oxidation of NADPH.
Measured activities in all assays were corrected by
subtracting the velocities of the control reactions without
the enzyme, and three independent experiments were
performed at each substrate concentration.

Two-substrate kinetics

Two-substrate kinetics were performed at 30 °C, varying
the concentration of HED from 0.03 to 2.2 mM at fixed
concentrations of GSH (0.5, 1.0, 1.5 and 2.0 for yGrx1; 0.5, 1.0
and 1.5 for yGrx2).?! The reaction mixture contained the
same components at the same concentrations as described
for the measurement of Grx-specific activities. In this case,
we also waited for 3 min for the formation of the mixed
disulfide between GSH and HED before starting the
reaction with the addition of Grx. The concentrations of
yGrx1 and yGrx2 used in these assays were 500 and 50 nM,
respectively. Measured activities in all assays were corrected
by subtracting the velocities of the control reactions without
the enzyme. Three independent experiments were per-
formed at each substrate concentration, and the apparent
Ky and V. values were determined by non-linear
regression of Michaelis-Menten plots. The reciprocal values
of VitE were plotted versus the reciprocal of the GSH
concentration to provide the kinetic parameters for GSH.*

pK, determination of N-terminal cysteine

To determine the pK, of the N-terminal active-site
cysteine of yGrx1, yGrx2 and the yGrx2-C30S mutant, the
prereduced enzymes were incubated at different pH
values with or without 300 uM iodoacetamide for 3 min
at room temperature.'>'*** After incubation, a 100-fold
dilution in an ice-cold bath quenched the reaction mixture,
and the protein was assayed for activity with the standard
assay for Grx, described in Materials and Methods. The
percentage of remaining activity at each pH was deter-
mined by comparing the activity of the enzyme incubated
with and without iodoacetamide at the same pH. The
concentration of enzyme used in the assays was 250, 20
and 100 nM for yGrx1, yGrx2 and yGrx2-C30S, respec-
tively. Buffers for incubation of enzymes were used at
10 mM concentration (KCI-HCI, pH 1.0 and 1.5; citrate—
phosphate, pH 2.0, 2.5, 3.0, 3.5, 4.0, 5.0 and 6.0; Tris—-HCl,
pH 7.0 and 8.0), and for the assay, 100 mM Tris-HCl
buffer, pH 7.4, was used. The ionic strength was adjusted
to 0.5 M by the addition of NaCl.

In a second, independent approach, the pK, of the
N-terminal active-site cysteine residues was determined
by monobromobimane alkylation that generates a fluores-
cent product (Nexe 396 nm, N 482 nm).*° yGrx1 and yGrx2
were previously reduced by excess DTT (100 mM) for 2 hin
the presence of 0.1 mM diethylenetriamine pentaacetic
acid at room temperature. Excess DTT was removed by
size-exclusion chromatography (PD-10 columns, GE
Healthcare), with 5 mM Tris-HCl, pH 7.5 (Grx2) or pH
8.5 (Grx1), as elution buffer. Protein concentration was
determined by absorbance at 280 nm and specific extinc-
tion coefficient (eycrx1=6085, €yce=4470). yGrx1l and

yGrx2 (10 uM) were incubated with monobromobimane
(2 M) at various pH values in 96-well plates in triplicate.
All buffers used in the alkylation reactions were at 50 mM
concentration (KCI-HCI], pH 1.0 and 1.5; citrate-phos-
phate, pH 2.0 to 5.0) and reactions proceeded at 37 °C with
shaking. The ionic strength was adjusted to 0.5 M by the
addition of NaCl. The rates of monobromobimane alkyla-
tion were determined by extrapolation of the maximum
inclination in the kinetics. As a control, it was verified that
the fluorescence of the same protein-monobromobimane
adduct does not change as a function of pH.

The plots displayed in Fig. 4a and b were fitted by non-
linear regression to sigmoidal dose-response curves with
GraphPad Prism4 software. The Hill slope utilized was
equal to 1.00. The pK, values were obtained from the
inflection point, in this case, log ECs.

Crystallization and X-ray data collection

In an attempt to obtain the crystal structure of yGrx2 in
different oxidative states, prior to crystallization, yGrx2
samples (10 mg/ml in 5 mM Tris-HCIl, pH 7.4) were
submitted to treatment for 1 h at 310 K with 1 mM hydro-
gen peroxide, 10 mM t-BOOH, 3 mM diamide, 10 mM
DTT or 10 mM GSH. We also subjected freshly grown
yGrx2 crystals to soaking experiments with 10 mM DTT
and 10 mM GSH in an effort to obtain the structure of
reduced yGrx2. Furthermore, to obtain yGrx2-C30S with a
glutathionyl mixed disulfide for crystallization, the
purified protein was first incubated with 50 mM DTT for
1 h at room temperature. Excess DTT was removed by gel-
filtration chromatography using a PD10 column (GE
Healthcare). Then, the reduced protein was treated with
25 mM GSSG for 1 h at room temperature followed by gel-
filtration chromatography. The glutathionylated sample of
yGrx2-C30S was concentrated to 13 mg/ml in 5 mM
Hepes, pH 7.4.

Crystallization trials for yGrx2 were performed with the
hanging-drop vapor-diffusion method, as previously
described.* Crystals of yGrx2 suitable for X-ray diffrac-
tion measurements were obtained under all the treatments
in condition 10 of the Crystal Screen kit [30% polyethylene
glycol (PEG) 4000, 0.1 M sodium acetate, pH 4.6, and 0.2 M
ammonium acetate]. Crystals of yGrx2-C30S with a gluta-
thionyl mixed disulfide were obtained in condition 22 of
the Crystal Screen kit; after optimization, we obtained
crystals suitable for X-ray diffraction experiments under
the following conditions: 30% PEG 4000/0.1 M sodium
acetate, pH 5.4/0.2 M sodium acetate.

Crystals were produced from samples subjected to all
treatments described and different data sets were col-
lected. The crystals, cryoprotected by 20% glycerol, were
cooled to 110 K and X-ray diffraction data were collected
using synchrotron radiation at the protein crystallography
beamline D03B MX1 at the Brazilian Synchroton Light
Laboratory.

Data processing, structure solution and refinement

All data sets were indexed and integrated with
MOSFLM™ and scaled and merged using SCALA®*
from the CCP4 suite.! The first structure of yGrx2
(oxidized with --BOOH) was solved by molecular replace-
ment with the program AMORE,*? using as a search
model a polyalanine theoretical model constructed with
the program MODELLER*® and the coordinates of a thiol-
transferase from Sus scrofa (PDB code 1KTE),44 as pre-
viously described.® The other structures of yGrx2 and
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glutathionylated yGrx2-C30S were solved by molecular
replacement with the refined structure of oxidized yGrx2
(yGrx2,,) using the programs AMORE and PHASER.***

Refinements of all yGrx2 structures were performed
with REFMAC 5.0,% "and a TLS atomic displacement
model”” was used in the later stages of the structure
refinement of yGrx2-C30S with a glutathionyl mixed
disulfide. The programs O** and COOT* were used for
visual inspection and manual model building between the
refinement cycles. The stereochemical quality of the final
models was assessed by PROCHECK.>® Structural align-
ments were performed with the programs O*® or COOT.*’
Molecular gra}ghics figures were generated with the pro-
gram PyMOL.”!

Protein Data Bank accession numbers

Atomic coordinates of the S. cerevisine Grx2 oxidized
and glutathionylated structures have been deposited in
the RCSB PDB with the accession codes 3D4M and 3D5],
respectively.
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Figure 1. Specific activities of yGrx1 (black squares) and yGrx2 (red balls) in the HED

assay.
Figure Sup2.
20001 Grx1 .
16001 2UmM GSH
2 %
= 1200 1.5 mM GSH
£ 3004 1.0 mM GSH
400 %7
0 1 1 1 1 1
0.00 0.25 050 0.75 1.00 125
[HED] (mhM)
4000+
Gn2 B
3000 M 5 i GSH
@ A
% 2000- 1.0 MM GSH
= 0.5 mM GSH
1000
0 B T T T T 1
0.0 0.5 1.0 15 20 25

[HED] (mM)

Figure 2. Michaelis-Menten plots from the reduction of the mixed disulfide between
glutathione and HED by yGrx1 (a) and yGrx2 (b), at fixed concentrations of

glutathione.
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Figure Sup3.

Figure 3. yGrx1 interactions with glutathione in the yGrx1gs structure. yGrx1 residues
(carbon atoms in cyan) involved in interactions with the glutathione moiety are
represented in pink, and glutathione is shown in green. The hydrogen bonds are
indicated by blue dashed lines, with the atomic distances in angstroms. Cys27 of yGrx1
does not form a disulfide bond with the Cys residue of glutathione; the distance between
their sulphur atoms is 2.88A.
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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 sulthydryl 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 mmM 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-SOj) 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 (Grxl 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

G. M. Silva et al.
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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 12.5% 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

Cysteinyl-based modification of the 20S proteasome
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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 plL (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 pum), 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-
uated 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

Cysteinyl-based modification of the 20S proteasome
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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 ng 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 ug 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 pg) 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 1.756 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 pg; +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 Trxl 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
47cPYC' KATLSTLFQELNVPKSKALVLELDEMSNGSE IQDALEE I SGQKTVPNVY INGK
LIGQOKEVFVAAKTY*’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/HCI,
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 15.5 + 0.9
n-PT/Grx2 40 + 1.6 19 +0.7
+ CDL 50 + 4" 305+ 15
PT-SG/Grx2 3725 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 PREITH::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 mMm 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 mm 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 mMm
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 mM HED in the presence of
0.5mmM 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 mM 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 pL 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
membranes utilized for anti-GSH blotting were incubated
overnight with 10 mMm Tris(2-carboxy-ethyl) phosphine
hydrochloride in NaCl/P; (100 mMm Tris, pH 7.5 containing
200 mM 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).

same

Optical density measurements

When specified, optical density measurements were per-
formed wusing IMAGEQUANT software from Molecular
Dynamics (Sunnyvale, CA, USA).
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Supplementary material

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 pug 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
from http://www.blackwell-synergy.com

Please note: Blackwell Publishing are not responsible
for the content or functionality of any supplementary
materials supplied by the authors. Any queries (other
than missing material) should be directed to the corre-
sponding author for the article.

FEBS Journal 275 (2008) 2942-2955 © 2008 The Authors Journal compilation © 2008 FEBS

146


kdiscola
Rectangle

kdiscola
Text Box
146


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).

FIGURE 1S
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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

FIGURE S2

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.

FIGURE 38

Grx2 Gre2

3000 4000 SO00 6000 7000 3000 9000 10000 11000 12000 13000 14000 15000 16000
mir

149


kdiscola
Text Box
149


FIGURE 35

Grx2

10

o

95

20

5

30

w

70
%\ss a

60
8= Gx2
E 50 | |

" \

40

» \

o

25

20

15

v l‘n‘h“ ,

] ‘mu"\'!'iu-..“. i P I- ) R

4000 5000 6GOO0 7000 3000 9000 410000 11000 12000 13000 14000 15000 16000 17000

miz

150


kdiscola
Text Box
150


Intensity

FIGURE 35

e
| f
° Grx2
o a
% ‘ ‘ Grx2
allll ]| , |
*allagl
o [
x i| T il
3: yg'-*lk‘-‘llvl\.l.'ll.;,;.'iw.,-‘.l Iy }l I
zg 4000 S000 GOOO 7000 3000 9000 1:"-;211@ 12000 13000 14000 15000 16000

151


kdiscola
Text Box
151


FIGURE S4

Comparative 20S PT deglutathionylation by Grx2C30S and wild type Grx2. 20 pug n-PT was
incubated (final volume of 40 pL standard buffer containing 2 mM NADPH, 0.3 U/ml GR and
0.5 mM GSH) in the presence of 10 pg Grx2C30S (C30S) or 10 pg 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 C;s 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 ul Zip-Tip processed samples were mixed with 1 uL 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 cgcgatccatatgatggtatcccaggaaacagttgetcacgtaaaggatctgattggecaaaaggaagtgtttgttgcagcaaagacatac
tgcecttacagcaaagetactttg3 , containing the Ndel restriction site, and
5’cgcaagcttggatccctattgaaataccggcttc3’, containing the BamHI 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
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1sopropyl-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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Crystallization and preliminary X-ray analysis of a
decameric form of cytosolic thioredoxin peroxidase

1 (Tsal), C47S mutant, from Saccharomyces
cerevisiae

Saccharomyces cerevisiae cytosolic thioredoxin peroxidase 1 (cTPxI or Tsal) is a
bifunctional enzyme with protective roles in cellular defence against oxidative
and thermal stress that exhibits both peroxidase and chaperone activities.
Protein overoxidation and/or high temperatures induce great changes in its
quaternary structure and lead to its assembly into large complexes that possess
chaperone activity. A recombinant mutant of Tsal from S. cerevisiae, with Cys47
substituted by serine, was overexpressed in Escherichia coli as a Hiss-tagged
fusion protein and purified by nickel-affinity chromatography. Crystals were
obtained from protein previously treated with 1,4-dithiothreitol by the hanging-
drop vapour-diffusion method using PEG 3000 as precipitant and sodium
fluoride as an additive. Diffraction data were collected to 2.8 A resolution using
a synchrotron-radiation source. The crystal structure was solved by molecular-
replacement methods and structure refinement is currently in progress.

1. Introduction

Thioredoxin peroxidases (TPx) belong to a family of enzymes called
peroxiredoxins that are able to reduce H,0,, peroxynitrites and a
wide range of organic peroxides using a very reactive cysteinyl
residue present in their active sites (Chae, Robison et al., 1994; Chae,
Chung et al., 1994; Netto et al., 1996; Park et al., 2000; Nordberg &
Arner, 2001; Bryk et al., 2002). In this process, the catalytic cysteine
residue of TPx become oxidized. Thioredoxins and in a few cases
glutaredoxins are directly involved in the reduction of TPx. While
glutaredoxins are reduced by glutathione, thioredoxins are reduced
by systems involving thioredoxin reductase (Trr) and nicotinamide
adenine dinucleotide phosphate (NADPH; reviewed by Rouhier et
al., 2001; Rouhier & Jacquot, 2005). In addition to their protective
roles in oxidative or nitrosative stress, TPxs may regulate peroxide-
mediated signalling cascades. Furthermore, TPx overexpression is
observed in several cancers and is correlated with cellular resistance
to apoptosis induced by radiation or chemotherapy-induced apop-
tosis (reviewed in Kang et al., 2005).

TPxs are ubiquitous proteins found from archaea to man (Park et
al., 2000; Bryk et al., 2002; Herbette et al., 2002; Jung et al., 2002). In
eukaryotes, TPxs can be located in the cytosol as well as in organelles
such as chloroplasts, mitochondria and even in nuclei (Park ef al.,
2000; reviewed in Jang et al., 2006). In Saccharomyces cerevisiae, five
isoforms have been described: three are cytosolic (Tsal, Tsa2 and
Ahpl), one is mitochondrial (Prx1) and another is nuclear (Dot5).
The distinct or overlapping subcellular localizations create a complex
network and may reflect particular physiological roles of each
isoform (Park et al., 2000). In fact, yeast cells which have the Tsal
gene deleted are specifically sensitive to oxidative stress when the
mitochondrial function is inhibited (Demasi et al., 2006), accumulate
aggregated proteins (Rand & Grant, 2006) and are more prone to
accumulate mutations (Huang et al., 2003; Huang & Kolodner, 2005).

All TPxs use a highly conserved cysteine residue called the
peroxidatic cysteine (Cysp) to reduce hydroperoxides. After nucleo-
philic attack, the Cysp is oxidized to a cysteine sulfenic acid 157
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(Cysp-SOH). When TPx is exposed to high doses of peroxides, this
sulfenic acid can be further oxidized to a sulfinic acid (Cysp-SO,H).
Initially, this overoxidized state was believed to be a dead end in the
catalytic cycle, since this form is inactive and cannot be reduced by
thioredoxin (Chae et al., 1999). However, Biteau et al. (2003) iden-
tified an enzyme that is able to reduce yeast sulfinic acid-overoxidized
Tsal and Tsa2 in an ATP-dependent process.

Tsal and Tsa2 were characterized as homodimers of approxi-
mately 43 kDa molecular weight. Nonetheless, exposure of yeast cells
to heat shock or oxidative stress triggers an intense oligomerization
of Tsal and Tsa2 dimers, resulting in the formation of [(®,)s] and
high-molecular-weight complexes (Fig. 1). This structural change is
correlated with a transition of the protein function from thiol
peroxidase to molecular chaperone, but the molecular mechanisms
by which TPx quaternary structures assemble and dissociate are not
well understood (Jang et al., 2004).

Tsal and Tsa2 are both cytosolic enzymes that present a high
primary structure homology (86% identity and 96% similarity) and
exhibit peroxidatic and chaperone activities. Despite their structural
and functional similarities, Ogusucu et al. (2007) showed that the pK,
of the peroxidatic cysteines differ considerably between the two
thioredoxin peroxidases (5.4 for Tsal and 6.3 for Tsa2). The differ-
ence in the peroxidatic reactivity probably relies on slight differences
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Figure 1

Molecular switching of thioredoxin peroxidases. At low H,O, concentrations, Cysp
(Cys47 in yeast Tsal) is oxidized to Cysp-SOH, which reacts with the resolving
cysteine (Cysg; Cys170 in Tsal) of the other subunit in the homodimer to form an
intermolecular disulfide. Under physiological conditions, the enzyme is reduced by
the thioredoxin system (represented by Trx, Trr and NADPH). The peroxidase
inactivation is the result of heat shock or oxidative stress. In the case of oxidative
stress the overoxidation occurs at Cysp (Cys47 in yeast Tsal), resulting in
Cysp-SO,H. After re-establishment of homeostasis, peroxidase activity is restored
by reduction of the Cysp-SO,H moiety in a reaction that requires ATP hydrolysis
and is catalyzed by Srx, with reducing equivalents being provided by physiological
thiols (RSH) such as Trx.

in the two protein structures, which may have consequences for their
intrinsic peroxidatic and chaperone activities. Accordingly, human
TPx cytosolic isoforms Prx1 and Prx2 (also named TPxA and TPxB,
respectively), which share a very high degree of amino-acid sequence
homology as in their yeast counterparts (78% identity and 91%
similarity), present differences in their intrinsic chaperone and
peroxidase activities. Prx1 is more efficient as a molecular chaperone,
while Prx2 is a better peroxidase. A cysteine residue in Prx1 (Cys83)
that is positioned at the decamer interface and is not found in Prx2
plays a critical role in these differences, since the Prx1°**S mutant
presents chaperone and peroxidase activities that are very similar to
those of Prx2 (Lee et al., 2007). Sequence alignment of yeast Tsal and
Tsa2 with human Prx1 and Prx2 shows that the yeast proteins do not
possess an equivalent cysteine residue but that the amino-acid resi-
dues composing the putative dimer—dimer interface differ only
slightly between yeast and human TPx (Fig. 2).

Here, we report preliminary X-ray diffraction analysis of Tsal
from S. cerevisiae carrying the Cys47Ser substitution. The structure
was solved by molecular-replacement methods using the atomic
coordinates of human Prx2 (TPxB) as the search model. The
comparison of the structure of Tsal with those of its human coun-
terparts may help in comprehending the oligomerization process of
TPx proteins and consequently in understanding the molecular
mechanisms underlying their peroxidase and chaperone activities.

2. Methods
2.1. Tsa1l cloning and site-directed mutagenesis

The yeast YML0O28C gene encoding Tsal was amplified by PCR
using forward primer 5'-Tsal (5'-CGAGAATTCACAATGGTCGC-
TCAA-3') containing an EcoRI site (bold) and reverse primer
3'-Tsal (3'-GTTTATTCTGCGAACGGGCCCAT-5') containing an
Smal site (bold) from genomic DNA. The PCR product was cloned
into the pGEM-T Easy vector (Promega), resulting in the pGEM/tsal
plasmid. Escherichia coli DHS« strain cells were transformed with
pGEM/tsal and white colonies were selected from LB/ampicillin/
5-bromo-4-chloro-3-indolyl B-p-galactopyranoside (X-gal) medium.
Plasmid extraction was performed using the Concert kit (Invitrogen).
The plasmids were digested with EcoRI and Smal, separated on a
low-melting-point agarose gel, purified and introduced into pET15b
expression vector. The resulting pET15b/tsal was transferred to
E. coli BL21 (DE3) cells. Mutation of the active cysteines (Tsal“*’S
and Tsal“'"%) was performed using the QuikChange Site-Directed
Mutagenesis kit (Stratagene), plasmid pET15b/tsal and the muta-
genic primers TsaMut47 (5-TTCACTTTCGTCTCTCCAACCGA-
AATC-3 and 5-GATTTCGGTTGGACAGACGAAAGTGAA-3')
and TsaMutl70 (5-ACTGTCTTGCCACTGGACTCCA-3 and
5" TGGAGTCCAGTTAGATGGCAAGACAGT-3). The plasmids
pET15b/tsal, pET15b/tsal S and pET15b/tsal <’”*S were sequenced
using an Applied Biosystems ABI Prism 377 96 in order to confirm
the constructions.

2.2. Expression and purification

E. coli BL21 (DE3) cells harbouring pET15b/sal S plasmid were
grown overnight in 50 ml Luria-Bertani medium containing
50 pg ml~" ampicillin (LB/amp) at 310 K, transferred to 11 fresh LB/
amp medium and cultured further until the ODygq, reached 0.6-0.8.
Expression was induced with 1 mM IPTG and the cells were
harvested after 4 h incubation at 310 K. The cell pellet was resus-
pended in 20 mM sodium phosphate pH 7.4. Cells were lysed by
sonication and the cell extract was kept on ice during streptomycin
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Figure 2

19

Alignment of the amino-acid sequences of yeast Tsal and Tsa2 and the human counterparts Prx1 and Prx2. The secondary-structure assignment corresponds to the human
Prx2 structure. Sequence alignment was performed using ClustalW (Thompson et al., 1994). Identical residues are highlighted in green; black boxes indicate residues involved
in the dimer—dimer interface in the human Prx2 structure and their equivalents in Prx1 and yeast Tsal and Tsa2. Black asterisks show nonconserved residues in the dimer—
dimer interface region and yellow boxes show the catalytic cysteines. The red asterisk denotes Cys83 of human Prx1.

sulfate (1%) treatment for 15 min. The suspension was centrifuged at
31 500g for 30 min at 277 K in order to remove nucleic acid preci-
pitate. The resulting supernatant was filtered and applied onto a
nickel affinity column (Hi-Trap, GE Healthcare). Bound protein was
eluted with a linear imidazole gradient from 0 to 0.5 M. Protein purity
was confirmed by SDS-PAGE. The purified protein was concentrated
to 10 mg ml™" in 5 mM Tris—HCI pH 7.5 for crystallization trials.

2.3. Crystallization and data collection

Protein samples were treated with H,O,, diamide or 1,4-dithio-
threitol (DTT) (10 mM) at 310 K for 1 h and used directly in hanging-
drop vapour-diffusion crystallization experiments. Initial screenings
were performed at 293 K using Crystal Screen and Crystal Screen 11
from Hampton Research, and Wizard I and II from Jena Biosciences.
Drops containing equal volumes (1.0 ul) of protein solution
(10 mg ml™" in 5 mM Tris-HCI pH 7.5) and reservoir solution were
equilibrated against 0.3 ml reservoir solution. Several conditions
from the initial screenings produced thin plate-shaped crystals.
Promising crystals were identified in five conditions: conditions 16, 11
and 28 from Crystal Screen and conditions 16 and 31 from Crystal
Screen II. All initial hits consisted of low-pH buffers with PEG as
precipitant. Crystals suitable for diffraction experiments were
obtained by slight variation of these conditions, such as the
temperature of the assays (293 or 277 K). An additive search was also
performed using Additive Screens 1, 2 and 3 from Hampton
Research.

The best crystals were cryoprotected using reservoir solution
supplemented with 25%(v/v) PEG 400 and cooled to 110K in a
nitrogen-gas stream. X-ray diffraction data were collected using
synchrotron radiation at the D03B-MXI1 protein crystallography
beamline of Laboratério Nacional de Luz Sincrotron (LNLS),
Campinas, Brazil. D03B-MX1 is a monochromatic beamline with
maximum photon flux between 1.3 and 1.6 A. The wavelength of the
incident X-rays was set to 1.431 A and a MAR CCD detector was
used to record the oscillation data with Ag = 1.0°. The data set was
processed using the program MOSFLM (Leslie, 1992) and the
resulting intensities were scaled and merged using the program

SCALA (Evans, 1993) from the CCP4 package (Collaborative
Computational Project, Number 4, 1994).

3. Results and discussion

Extensive attempts to determine the crystal structure of wild-type
S. cerevisiae Tsal failed owing to the poor quality of the diffraction
(maximum resolution ~6-7 A) We believe that partial oxidation of
cysteines and/or nonspecific disulfide bridges may result in non-
homogeneous samples that yield poorly diffracting crystals. In order
to overcome this problem, two approaches were adopted. Firstly,
enzyme samples were treated with H,O,, diamide or DTT prior to
crystallization. However, crystals obtained after this protein treat-
ment still presented poor diffraction quality. Subsequently, two Tsal
mutants carrying cysteine-to-serine substitutions (Tsal“’® and
Tsal“"’%) were constructed. Microcrystals of both mutants were

—

0.2 mm

Figure 3

Crystal of yeast Tsa obtained by hanging-drop vapour diffusion in the
presence of sodium citrate pH 4.2, 10 mM sodium chloride and 10%(w/v) PEG
3000 with 100 mM sodium fluoride as an additive.

1C47S

Acta Cryst. (2007). F63, 665—668

de Oliveira et al. + Cytosolic thioredoxin peroxidase 1 159


kdiscola
Text Box
159


crystallization communications

Table 1
Crystal parameters and crystallographic data statistics.

Values in parentheses are for the highest resolution shell.

Space group . 2
Unit-cell parameters (A, ©) a =239.98, b =51.96,
c=19235, =923

Resolution range (A) 42.60-2.8 (3.2-2.8)

Total reflections 230659
Unique reflections 58102
Completeness (%) 97.7 (97.7)
Multiplicity 4.0 (3.8)
Ryym' (%) 10.5 (42.4)
Average I/o(I) 13.7 (3.2)

T Rym = 2on 20 My — (I)1/2 -0 21 (I,), where Iy is the Ith observation of reflection h
and (/) is the weighted average intensity for all observations / of reflection h.

obtained, but only Tsal“*’S

diffraction experiments.

The best Tsal“’S crystals were obtained from a DTT-treated
sample with a drop volume of 8.0 pl. 3.6 pl reservoir solution [sodium
citrate pH 4.2, 10% (w/v) PEG 3000] was mixed with an equal volume
of protein solution and 0.8 pl 0.1 M sodium fluoride was used as an
additive. The best crystals of Tsal“*’® reached dimensions of 0.5 x 0.3
x 0.05mm after 72h (Fig. 3) and diffracted to 2.8 A resolution.
Crystals belong to the monoclinic space group C2, with unit-cell
parameters a = 239.98, b = 51.96, ¢ = 192.35 1&, B = 92.3°. Table 1
summarizes the data-collection statistics.

The atomic coordinates of one monomer of the Homo sapiens Prx2
decamer (Schroder er al., 2000) were used as the search model in
molecular-replacement protocols (66% sequence identity; PDB code
1gmv). The orientations and positions of the molecules in the
asymmetric unit were found using MOLREP (Vagin & Teplyakov,
1997). The molecular-replacement solution showed ten monomers in
the asymmetric unit and preliminary analysis of the S. cerevisiae
Tsal“’S structure revealed the quaternary organization to be similar
to those observed in other previously reported crystal structures of
decameric TPxs: a toroid-shaped pentamer of homodimers. Model
completion and refinement are currently in progress. However, visual
inspection of the initial Fourier difference maps shows that the
C-terminal region of yeast Tsal (amino acids 167-196), which
contains the resolving cysteine (Cys170), differs significantly from the
human coordinates used in the molecular-replacement protocols,
probably because the Cysp of the human model is overoxidized to
Cysp-SO,H.

produced crystals suitable for X-ray

4. Conclusions

Here, we report the production, crystallization and preliminary X-ray
analysis of the decameric form of yeast Tsal“*’S at 2.8 A resolution.
We expect that knowledge of the tertiary and quaternary structures of
S. cerevisiae Tsal will contribute to the understanding of the mole-
cular mechanism of peroxide decomposition and the process involved
in the switch from peroxidase to chaperone activity, which may be
involved in fundamental processes of cellular homeostasis. Addi-
tionally, the refined Tsal structure may be helpful in the construction
of a good-quality theoretical model of Tsa2. It may shed light on the
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differences between the pK, of the peroxidatic cysteines from the two
TPs cytosolic isoforms and contribute to the understanding of the
molecular basis of the functional switch among thioredoxin perox-
idases from different organisms.

This work was supported by grant 01/07539-5, the Structural
Molecular Biology Network (SMOLBnet), from the Fundagao de
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Milénio Redoxoma, and by the Brazilian Synchrotron Light
Laboratory (LNLS) under proposal DO3B-MX1-5541.
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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 sulfhydryl 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.
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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 sulthydryl 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.
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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
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Fig. 1. Nucleophilic substitutions and reactive cysteines. (A) Thiol-disulfide exchange reaction. This reaction is faster when the sulfhydryl group is deprotonated
(thiolate). Therefore, rate of this reaction is given by V'=k[R,—S ] [RSSR.]. 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: g =

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 pK.

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° 7.2h

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). ¥ — 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). 8 — 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); ¥ — 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 «-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., 20006).

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). 165
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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
a-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
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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 vitro, depending on the experi-
mental conditions. In fact, Grx1 from E. coli is even more
efficient than PDI to catalyze disulfide bond formation (Xiao
et al., 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 (RSO;H) 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~ 1), (Hofmann et al.,
2002) when compared with catalases (~10° M™' s 1) (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.
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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

o
<

RSSR 2 RSH

C. ROOH

SH

RSSR

2 RSH

Glutathione S-transferase w, being capable to accept electrons
from glutathione (Ralat et al., 2006).

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
_ S
SH S
2 RSH Hz0
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 (PrxI/
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/
YBLO064C) 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 (3-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 [3-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—O
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,0O,
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 ' s™ !, 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

SH S SH s .
L SH o

Sy
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, Yapl 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

C303 C310C315

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/YKL0O62W) 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) Yap! 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, Keap! also induces ubiquitination of Nfr2 that is then degraded by
proteasome. (B) Under oxidative stress, thiolate groups of keap! 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
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possesses a reaction constant of 2x 10° 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 sulfhydryl 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, Nfi2 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, Nfr2 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. 8§B).

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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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 6x 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 er 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 ez 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 ez 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

(b)

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. cerevisiae 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 pg ml~"
ampicillin at 310 K and transferred to 1 I fresh LB/amp medium and
cultured further at 310 K until the ODygq, 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 1h 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) 1431 1431
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 (11.2)
Ryym™ (%) 10.3 (31.2) 8.0 (29.4)
Average I/o(I) 23.5(7.3) 28.9 (7.8)

T Roym = 2w 2o Mt — (Dl /22 KD -

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 Laboratdrio
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, t-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 t-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 Vy; 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 1kte; 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 Sdo Paulo (FAPESP), by the
Brazilian Synchrotron Light Laboratory (LNLS) under proposal
D03B-1795 and by Spanish MCyT, grant BFI12002-00755.
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Crystallization and preliminary X-ray diffraction
analysis of NADPH-dependent thioredoxin
reductase | from Saccharomyces cerevisiae

Thioredoxin reductase 1 (Trrl) from Saccharomyces cerevisiae is a member of
the family of pyridine nucleotide-disulfide oxidoreductases capable of reducing
the redox-active disulfide bond of the cytosolic thioredoxin 1 (Trx1) and
thioredoxin 2 (Trx2). NADPH, Trrl and Trx1 (or Trx2) comprise the thioredoxin
system, which is involved in several biological processes, including the reduction
of disulfide bonds and response to oxidative stress. Recombinant Trrl was
expressed in Escherichia coli as a Hisg-tagged fusion protein and purified by
nickel-affinity chromatography. The protein was crystallized using the hanging-
drop vapour-diffusion method in the presence of PEG 3000 as precipitant after
treatment with hydrogen peroxide. X-ray diffraction data were collected to a
maximum resolution of 2.4 A using a synchrotron-radiation source. The crystal
belongs to the centred monoclinic space group C2, with unit-cell parameters
a=12797,b=135.41, c="75.81 10\, B=289.95°. The crystal structure was solved by
molecular-replacement methods and structure refinement is in progress.

1. Introduction

In the cytoplasm of the majority of cell types, proteins are in a
reduced state, in contrast to extracellular proteins where disulfide
bonds are commonly found and help to maintain their structure in a
very harsh environment. Thioredoxins and glutaredoxins are heat-
stable proteins capable of reducing disulfide bonds in target proteins.
These oxidoreductases contain two vicinal cysteines at their active
sites that after reduction of the target disulfide become oxidized to a
disulfide bond. The thioredoxin disulfide is reduced by nicotinamide
adenine dinucleotide phosphate (NADPH) in a reaction catalyzed by
thioredoxin reductase (Ritz & Beckwith, 2001).

Thioredoxin reductases are important flavoenzymes that belong to
a family of proteins that includes lipoamide dehydrogenase and
glutathione reductase. These proteins play a critical role in main-
taining the redox status of cytoplasm. All these flavoenzymes contain
two redox centres: a flavin adenine dinucleotide (FAD) and a dithiol/
disulfide group (reviewed by Williams et al., 2000).

Because the reduction of disulfide bonds is a biochemical event
involved in several processes, the thioredoxin system (comprised of
NADPH, thioredoxin reductase and thioredoxin) is implicated in
several phenomena, such as synthesis of deoxyribonucleotides, acti-
vation of transcription factors, regulation of the cell cycle, reduction
of methionine sulfoxide, assimilation of sulfur and photosynthesis
(Mustacich & Powis, 2000; Williams et al., 2000) (Fig. 1).

NADP FADyy -SH S -SH
-SH -5 -SH
-5 -SH -8
NADPH FADg -5
! hED S SH S
Trr Trx Target
Figure 1

Electron transfer between Trr, Trx and protein targets. Reducing equivalents from
NADPH are transferred to the Trr FAD, then to enzyme disulfide. These
equivalents are transferred to oxidized Trx, which finally reduces the target
proteins.

185

Acta Cryst. (2005). F61, 387-390

doi:10.1107/5174430910500758X


kdiscola
Text Box
185

kdiscola
Rectangle


crystallization communications

Another important aspect of the thioredoxin system is its capacity
to regenerate the reduced form of thiol-dependent peroxidases
belonging to the peroxiredoxin family. Because of their enzymatic
activity, these enzymes were named thioredoxin peroxidases (Chae et
al., 1994). Thioredoxin peroxidases are able to reduce H,O, or
organic peroxides to water and alcohols, respectively (Chae, Chung et
al., 1994; Chae, Robison et al., 1994; Park et al., 2000; Nordberg &
Arner, 2001; Yoshida er al., 2003). This antioxidant system is
conserved from prokaryotes to mammals and plants. In eukaryotes
there are several counterparts in the cytosol and in organelles such as
chloroplasts, mitochondria and even in the nucleus (Waksman et al.,
1994; Dai et al., 1996; Park et al., 2000; Hofmann et al., 2002). The fact
that the Saccharomyces cerevisiae trrl null mutant is not viable
(Giaever et al., 2002) probably reflects the fact that thioredoxin
reductase 1 is implicated in several processes.

Two types of thioredoxin reductases appeared during evolution
(Mustacich & Powis, 2000; Williams et al, 2000). Both are homo-
dimeric proteins that catalyze the transfer of electrons through their
FAD and a redox-active disulfide. In prokaryotes, lower eukaryotes
and plants, each thioredoxin reductase subunit has a molecular
weight of about 35 kDa. Thioredoxin reductases from higher eukar-
yotes possess a molecular weight of about 55 kDa and the active site
contains a selenocysteine (Luthman & Holmgren, 1982; Buettner et
al., 1999; Zhong & Holmgren, 2000).

Crystallographic studies have revealed that the location of the
NADPH-binding and FAD-binding domains differ significantly in
these two enzyme types. In higher eukaryotes, the distance between
these domains and their orientation allows electron transport from
NADPH to the disulfide of Trx without the need for a large alteration
in protein conformation (Sandalova et al., 2001). On the other hand,
Waksman et al. (1994) showed that in Escherichia coli Trr, the
NADPH-binding and FAD-binding domains are located on distinct
sides of the molecule, with the nicotinamide ring at a distance of more
than 17 A from the flavin ring. Moreover, the reactive cysteines of
thioredoxin reductase are inaccessible for interaction with thio-
redoxin.

Lennon et al. (2000) explained the catalytic mechanism of this
enzyme by describing the structure of a complex formed by E. coli
Trr, Trx and AADP* (3-aminopyridine dinucleotide phosphate),
which is an analogue of NADPH. These authors showed that a large
conformational change takes place to permit electron transport. The
complex possesses a disulfide connecting Cys32 of Trx to Cys138 of
Trr. In order to stabilize the complex, Cys35 of Trx and Cys135 of Tir
were replaced by serines. Under these conditions, NADPH and FAD
domains undergo a large rotation of 67° with respect to each other,
which is necessary for electron transfer. This rotation places the
nicotinamide ring of AADP" and the disulfide bond close to the flavin
ring and exposes the cysteine residues to reaction with thioredoxin.
This twist of the two domains permits FAD reduction by NADPH
and oxidation of the enzyme dithiol by thioredoxin (Lennon et al.,
2000).

To date, Arabidopsis thaliana Trr (Dai et al., 1996) and E. coli Trr
are the only low-molecular-weight thioredoxin reductases to have
had their three-dimensional structures reported. Here, we report the
preliminary X-ray diffraction analysis of Trrl from S. cerevisiae in an
oxidized state that represents the first Trr structure described in
yeasts. The yeast Trrl shares a sequence identity of 50 and 63% with
its counterparts in E. coli and A. thaliana, respectively.

The structure was solved by molecular-replacement methods using
the atomic coordinates of A. thaliana Tir as the search model.
Analysis of the Trrl structure should provide insights into the
evolution and enzymatic mechanism of this protein and may also

provide reasons for the specificity of the protein towards cytosolic
thioredoxins.

2. Methods
2.1. Cloning

The 960-base-pair trrl gene (YDR353W) was amplified by PCR
from genomic DNA of S. cerevisiae (Invitrogen, catalogue No. 40802)
and cloned in pPROEX-1 vector (Invitrogen) using BamHI-Ndel
restriction sites. The resulting pPROEX/frrl was sequenced in an
Applied Biosystems ABI Prism 377 96 to confirm that the construc-
tion was correct.

2.2. Expression and purification

E. coli DHS5« strain harbouring the pPROEX/trrl plasmid was
grown (50 ml) overnight in Luria-Bertani (LB) medium containing
50 pg ml~" ampicillin at 310 K and transferred to 11 of fresh LB/amp
medium and cultured further at 310 K until the ODyg, reached 0.6—
0.8. Expression was induced with 1 mM IPTG and the cells were
harvested after 4 h incubation. The cell pellet was resuspended in the
starting buffer (20 mM sodium phosphate pH 7.4). The cells were
lysed by sonication and the cell extract was kept on ice during
streptomycin sulfate (1%) treatment for 15 min. The suspension was
centrifuged at 31 500g for 30 min at 277 K to remove nucleic acid
precipitate. Finally, the resulting supernatant was applied onto a
nickel-affinity column (Hi-Trap from GE Healthcare). Bound protein
was eluted with a linear gradient of 0-0.5 M imidazole. Protein purity
was confirmed by SDS-PAGE. The purified protein was concentrated
to 10 mg ml™" in 5 mM Tris—-HCI pH 7.5 for crystallization trials.

2.3. Crystallization and data collection

After H,O, treatment (1 mM) at 310 K for 1 h, the samples were
used to perform crystallization experiments using the hanging-drop
vapour-diffusion method. Initial screenings were performed at 293 K
using Crystal Screen and Crystal Screen 2 from Hampton Research.
The drops, containing equal volumes (2.0 pul) of protein solution
(10 mg ml™" in 5 mM Tris-HCI pH 7.5) and reservoir solution, were
equilibrated against 0.3 ml reservoir solution. From the initial
screenings, several conditions produced thin plate-shaped crystals.
Promising crystals were identified in five conditions: condition Nos.
10, 20 and 37 from Crystal Screen and condition Nos. 12 and 47 from
Crystal Screen 2. All initial hits contained low-pH buffers and PEG as
precipitant. Crystals suitable for diffraction experiments were
obtained by slight variation of these conditions, such as the
temperature of the assays (293 or 277 K). An additive search was also
performed using Additive Screens 1, 2 and 3 from Hampton
Research.

The best crystals, cryoprotected with the reservoir solution
supplemented with 25% glycerol, were cooled to 110 K in a nitrogen-
gas stream and X-ray diffraction data were collected using synchro-
tron radiation at the protein crystallography beamline DO3B of the
Laboratorio Nacional de Luz Sincrotron (LNLS), Campinas, Brazil.
LNLS DO03B is a monochromatic beamline with a maximum photon
flux between 1.3 and 1.6 A. The wavelength of the incident X-ray was
set to 1.431 A and a MAR CCD detector was used to record the
oscillation data with Ag = 1.0°, covering a total oscillation range of
240°. The data set was processed using the program MOSFLM
(Leslie, 1992) and the resulting intensities were scaled and merged
using the program SCALA (Evans, 1993) from the CCP4 package
(Collaborative Computational Project, Number 4, 1994).
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3. Results and discussion

The optimal yeast Trrl crystallization condition was obtained with a
drop volume of 6.0 pl. 2.7 pl reservoir solution (sodium citrate pH 4.0,
12% PEG 3000) was mixed with an equal volume of protein solution
and 0.6 pl 0.1 M trimethylamine hydrochloride was used as an addi-
tive. The best Tirl crystals reached dimensions of 0.3 x 0.3 x
0.05 mm after four weeks (Fig. 2). Despite the presence of ice rings in
the diffraction pattern (Fig. 3), data processing yielded a good quality
data set to 2.4 A resolution. A total of 297 954 measured reflections
were merged into 48 181 unique reflections with an Ry, of 9.9%. The
crystal belongs to the monoclinic space group C2, with unit-cell
parameters a = 127.97, b = 13541, ¢ = 75.81 A, B = 89.95°. Table 1
summarizes the data-collection statistics.

The protein structure was solved by molecular-replacement
methods with the program AMoRe (Navaza, 2001) using the atomic
coordinates of A. thaliana Trr (Dai et al., 1996) as the search model

Figure 2

Tirl crystal from S. cerevisiae. Crystals were obtained by vapour-diffusion
equilibration against a reservoir consisting of sodium citrate pH 4.0, 12% PEG
3000 and 0.1 M trimethylamine hydrochloride.

Figure 3

X-ray diffraction pattern obtained from a Trrl crystal on beamline D03B at LNLS.
The exposure time was 45 s and the oscillation range per frame was 1°. Despite the
presence of ice rings, data processing yielded a good-quality data set to 2.4 A
resolution.

Table 1

Data-collection parameters and crystallographic data statistics.

Values in parentheses refer to the highest resolution shell.

Temperature (K)
Wavelength (A)
Space group

Unit-cell parameters (A, °)

Resolution limits (A)
Total No. of reflections

110

1431

2

a=12797, b=13541,
¢=7581, B=89.95

46.6-2.4 (2.53-2.4)

297954

No. of unique reflections 48181
Completeness (%) 99.6 (99.7)
Multiplicity 6.1 (6.0)
Ry (%) 9.9 (32.5)
(Ilo(I)) 17.6 (4.3)

(63% sequence identity; PDB code 1vdc). The molecular-replace-
ment solution shows four monomers in the asymmetric unit, in
agreement with the Matthews coefficient calculation (Matthews,
1968), the best result giving Vy; = 2.3 A®Da™! and a solvent content
of 45.5%. The molecular-replacement protocol resulted in an R factor
and correlation factor of 51.0 and 33.3%, respectively, for the first
solution and 53.1 and 27.7%, respectively, for the second solution.
Initial rigid-body refinement was carried out using AMoRe, yielding
an R factor of 0.459. Model completion and refinement are currently
in progress.

Here, we report the X-ray diffraction data collection from yeast
thioredoxin reductase crystals. Trr enzymes play important roles in
cellular redox homeostasis and are present from archaea to mammals.
Because the protein structure and mechanism of catalysis of Trr from
higher eukaryotes differ substantially from those of its counterparts
in plants and lower eukaryotes, an evolutionary divergence is
suggested (Sandalova et al., 2001; Waksman et al., 1994). At present,
only two Trrl structures from lower organisms have been described:
E. coli Trr and A. thaliana Trr (Waksman et al., 1994; Dai et al., 1996).
The comparison of the yeast Trrl structure with the bacterial and
plant homologues should provide valuable information concerning
the evolution of Tir and its enzymatic mechanism.

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) and by the
Brazilian Synchrotron Light Laboratory (LNLS) under proposal
DO03B-CPR-2197.
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