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RESUMO

Xylella fastidiosa é uma bactéria gram-negativa, colonizadora do xilema de plantas
economicamente importantes, sendo responsavel por diversas patogenias como a doenca
de Pierce em videiras e a clorose variegada dos citros (CVC). Plantas, ao serem infectadas
por patdgenos, dispdem de um maquinario de defesa que inclui a geragdo de espécies
reativas de oxigénio (ROS). Peréxidos de lipidios podem ser formados pelo ataque de ROS
a membrana bacteriana ou pela acdo de lipoxigenases. O sistema da AhpR (alquil
hidroperéxido redutase) foi inicialmente caracterizado como o principal responsavel pela
defesa contra hidroperdxidos organicos em bactéria. Recentemente, foi descrito um gene
em muitas bactérias patégenas no qual a sua delecdo conferia a célula uma maior
susceptibilidade a hidroperéxidos organicos, mas ndo a H,O, ou a geradores de superéxido
(Mongkolsuk et al., 1998 e Ochsner et al., 2001). Por esta razéo, este gene foi denominado
ohr (organic hydroperoxide resistance gene). O objetivo desse trabalho foi caracterizar
funcionalmente a proteina Ohr de X. fastidiosa. Inicialmente, demonstramos que Ohr possui
atividade peroxidase dependente de ti6l sendo que sua capacidade de reagir com
hidroperéxidos é devida & presenca de um par de cisteinas conservadas em seu sitio ativo.
Também mostramos que Ohr possui um enovelamento alfa/beta Unico, ndo observado nas
estruturas de outras peroxidases dependentes de tiél como peroxirredoxinas e glutationa
peroxidases. Andlises do sitio ativo de Ohr mostraram que seus provaveis substratos sédo
moléculas hidrofébicas e alongadas. Corroborando esta hip6tese, demonstramos que
enzimas lipoiladas, classicamente relacionadas com o metabolismo intermediario, interagem
fisica e funcionalmente com Ohr, enquanto que os sistemas tiorredoxina e glutationa,
classicamente relacionados a tidis peroxidases, ndo sustentam a atividade peroxidasica de
Ohr. Este resultado representa a primeira descricdo de uma peroxidase que é diretamente
reduzida por grupos lipdicos de enzimas. Também fornecemos evidéncias que indicam que

Ohr atua na reducdo de hidroperédxidos derivados de &cidos graxos insaturados. De fato,



andlise cinética de estado estacionario por bi substrato mostra que Ohr decompdem
hidroperéxidos organicos com alta eficiéncia (Kea/ Ky ~ 10° M*.s™) através de um mecanismo
ping-pong, sendo aproximadamente dez mil vezes mais eficiente do que na presenca de
H.O,. Esses dados em conjunto mostram que Ohr é central na resposta bacteriana contra o
estresse induzido por hidroperéxidos organicos, mas nao por H,O, e define uma nova classe
de enzimas antioxidantes com propriedade Unicas: peroxidases dependentes de grupos
lipbicos.

Outro objetivo desse trabalho foi estudar a via de regulacéo génica de ohr em Xylella
fastidiosa. Na maioria dos organismos, ohr é regulada por uma proteina repressora
denominada OhrR (Sukchawalit et al., 2001), mas em algumas bactérias foi descrito que a
expressdo de ohr era regulada positivamente por um fator sigma alternativo (o%) de funcéo
extra citoplasmatica (Gourion et al., 2008). Nossos resultados mostraram que ohr de X.
fastidiosa ndo estd sob controle de nenhuma dessas proteinas, sendo provavelmente
expressa constitutivamente. Analises por northern blot ndo mostraram alteragdes nos niveis
de ohr em células submetidas a estresse oxidativo ou etandlico. Esses resultados, ainda que
preliminares, indicam que possivelmente o controle da expressdo génica de ohr em X.

fastidiosa € distinto daqueles descritos até 0 momento na literatura para outras bactérias.



ABSTRACT

Xylella fastidiosa is a gram-negative bacterium, which colonizes the xylem from
economically important plants, being responsible for several diseases such as Pierce
disease (PD) in gravepines and citrus variegated clorosis (CVC). Plants, when infected by
pathogens, are able to defend themselves through several mechanisms which include the
generation of reactive oxygen species (ROS). Lipid hydroperoxides can be generated from
the attack of ROS to the bacterial membrane or by the action of lipoxygenases. The alkyl
hydroperoxide reductase system (AhpR) was initially characterized as the main responsible
for the detoxification of organic hydroperoxides in bacteria. Recently, it was also
characterized another gene in many pathogenic bacteria, whose deletion renders cells
susceptibility to organic hydroperoxide treatments but not by H,O, or by superoxide
generators (Mongkolsuk et al., 1998 and Ochsner et al., 2001). For this reason, it was named
ohr (organic hydroperoxide resistance gene). The goal of this work was to functionally
characterize Ohr, the product of ohr gene from Xylella fastidiosa. Initially, we demonstrated
that Ohr possesses Cys-based thiol-dependent peroxidase activity. Later, we showed that
Ohr possesses a unique alpha/beta fold not observed in the structures of other thiol
peroxidases such as peroxiredoxins and glutathione peroxidases. Analyses of Ohr active site
showed that its likely substrates are elongated and hydrophobic molecules. Furthermore, we
showed that lipoylated enzymes, classically related with the intermediary metabolism,
interacts physically and functionally with Ohr while classical thiol-dependent pathways, such
as thioredoxin and glutathione, failed to support Ohr activity. This finding represents the first
evidence of a peroxidase that is directly reduced by lipoyl groups of enzymes. Also, we
obtained evidences indicating that Ohr acts in the detoxification of peroxides derived from
unsaturated fatty acids. In fact, steady-state kinetics using bi-substrate analysis showed that
Ohr decomposes organic peroxides with high efficiency (Kea/Kw ~ 10° M™.s™) through a ping-
pong mechanism, at least ten thousand times more efficiently than hydrogen peroxide

(H20,). All these results together shows that Ohr is central in the response of bacteria to the



stress induced by organic hydroperoxides but not by H,O, and defines a new class of
antioxidant enzymes with unique properties such as lipoyl-dependent peroxidase activity.
Another goal of this work was to study the regulation of ohr expression in Xylella
fastidiosa. ohr expression is regulated in most bacteria by a repressor protein named OhrR
(Sukchawalit et al., 2001) but, in some bacteria, ohr expression is positively regulated by an
alternative sigma factor (cF) with extracitoplasmatic function (Gourion et al., 2008). Our
results showed that ohr from X. fastidiosa was not under the control of none of these
regulators, probably being constitutively expressed. Through northern blot analysis, we did
not observed any changes in ohr levels in cells submitted to oxidative or ethanolic stress.
These results, indicates that ohr expression probably differs from that previously described

on literature for other bacteria.
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1. INTRODUCAO

1.1. Xylella fastidiosa

Xylella fastidiosa € uma bactéria gram-negativa, fastidiosa, colonizadora do xilema,
conhecida por causar doencas em diversas plantas monocotileddneas e dicotiledéneas de
grande importancia econémica (Hopkins, 1989). A maioria dessas doencas é observada em
plantas que séo exdticas as Américas, enquanto varias plantas nativas sdo hospedeiras
tolerantes, ou seja, que suportam a colonizagdo pela bactéria ndo mostrando sintomas,
sugerindo que X. fastidiosa € endémica no continente Americano desde antes da introdugéo
de espécies exoticas (Redak et al., 2004). As doengas causadas por este fitopatdgeno
incluem a doenca de Pierce em videiras e a clorose variegada dos citros (CVC). A
transmisséo de X. fastidiosa é feita obrigatoriamente por insetos conhecidos popularmente
como cigarrinhas ou “sharpshooter leafhoppers” (ordem Hemiptera, subordem Homoptera,
familia Cicadellidae, subfamilia Cicadellinae). A bactéria se aloja no trato digestivo, o qual é
parte do exoesqueleto do inseto composto basicamente por quitina e outros polissacarideos
derivados de quitina (Almeida et al., 2006). Aparentemente, ndo ha especificidade entre o
vetor e a cepa de X. fastidiosa, sendo assim, todas as espécies de vetores sdo capazes de
transmitir todas as cepas do patdgeno. A transmissao de X. fastidiosa do vetor para a planta
€ Unica entre os fitopatégenos, ja que a bactéria pode ser transmitida sem necessitar de um
periodo de laténcia no vetor. Outra caracteristica dessa bactéria, € que ela interage com
superficies ricas em polissacarideos de vetores e hospedeiros (Chatterjee et al., 2008). Nas
plantas, Xylella fica confinada em vasos compostos de polissacarideos como celulose e
pectina. Ao contrario de outras bactérias fitopatogénicas, X. fastidiosa coloniza
exclusivamente o xilema de plantas. Ainda ndo se conhece o exato mecanismo de
patogenicidade das doencgas causadas por X. fastidiosa, mas propfe-se que seja através da
disfuncdo do sistema de conducéo de agua ou producdo de fitotoxina. A coloniza¢do do
xilema da planta causa uma oclusdo do vaso impedindo assim que o transporte de agua
ocorra naturalmente. Apesar do aumento consideravel nos estudos realizados em X.
fastidiosa, pouco se sabe ainda sobre os mecanismos de ades&do, movimentacdo entre os
vasos, translocacdo sistémica e expressdo dos sintomas em plantas, além do seu
comportamento inseto-vetor. A doenga CVC, também conhecida popularmente como

amarelinho, foi primeiramente descrita em 1987 e afeta praticamente todas as variedades
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comerciais de citros. Os sintomas da doenca incluem variegacdes (zonas de coloracéo)
conspicuas em folhas velhas com areas cloréticas na superficie superior e material em
forma de goma na superficie inferior. Os frutos afetados sdo pequenos e de pouco valor
comercial. A clorose variegada dos citros (CVC) tem sido considerada como a mais
importante doencga citricola no Brasil, sendo o estado de S&o Paulo o estado de maior
producdo de laranja do pais. Estima-se que de um total de 205 milh6es de plantas no
estado, aproximadamente 12 milhdes estdo infectadas com algum nivel de sintoma de CVC
(Amaro et al., 1997). As perdas anuais causadas pela doenca CVC estdo na ordem de US$
100 milhées. Como ainda ndo ha uma forma especifica de combate a Xylella fastidiosa, os
citricultores devem implantar em seus pomares as estratégias de manejo da doenca. Devido
a importancia econdmica da cultura de citros para o pais, o0 genoma dessa bactéria foi
sequenciado (Simpson et al., 2000). Através do processo de anotacdo génica foi possivel
analisar as proteinas constituintes dessa bactéria propiciando uma importante ferramenta
aos grupos de pesquisa na tentativa de elucidar os mecanismos de patogenicidade dessa
bactéria.

1.2. Espécies Reativas do Oxigénio

Uma das primeiras hipéteses formuladas para explicar a toxicidade do oxigénio,
defendia que O, era capaz de inativar diretamente enzimas essenciais a sobrevivéncia dos
organismos (Balentine, 1982). Entretanto, contrario a essa hipotese, sabe-se que a maior
parte das enzimas em aerébios nao é afetada por O,. A hip6tese mais aceita até entdo é de
que a maioria dos danos provocados pelo O, sao devido aos seus derivados radicalares e
nao radicalares, comumente denominados como “Espécies reativas do oxigénio (ROS)”.

As células estdo continuamente sendo expostas as ROS tanto de fontes exégenas
quanto de fontes enddégenas. Uma das maiores fontes produtoras de ROS em eucariotos é a
cadeia de transporte de elétrons mitocondrial. Normalmente, a citocromo oxidase €
responsavel por repassar quatro elétrons (4e’) provenientes de quatro moléculas de

citocromo c para o O, reduzindo-o a duas moléculas de agua
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Figura 1. Etapas de reduc¢do do oxigénio molecular (O,).

O complexo da citocromo ¢ oxidase repassa um a um os elétrons e impede que
espécies parcialmente reduzidas (ROS) escapem. Entretanto, esse vazamento pode ocorrer
em uma etapa anterior em 0,1 a 0,01% das vezes, principalmente no sitio da ubiquinona
gerando radical anion superoxido (O,7). Cadeias de transporte de elétrons de procariotos
também sdo responsaveis pela formacdo de ROS. Dentre outros processos comumente

relacionados a producdo de ROS podemos incluir:
e radiacgéo ionizante (UV)

e Producao por enzimas como NADPH oxidase; 6xido nitrico sintetase; lipoxigenases;
cicloxigenases; xantina oxidase entre outras. A producdo de ROS por essas enzimas
esta envolvida diretamente com a sua atividade atuando em diversos processos
como na defesa contra patégenos invasores de plantas e animais, resposta

inflamatdria, metabolismo de drogas e xenobiéticos.

O balanco entre a presenca de ROS e antioxidantes na célula compde o balanco
redox celular. Alteragbes no balanco redox com o aumento de ROS levam a eventos de
sinalizacdo que ativam genes de resposta antioxidante e de reparo. Uma alta exposicdo das
células a ROS (estresse oxidativo) ou uma baixa presenca de espécies antioxidantes pode
levar a alteracdes criticas a constituintes da célula sendo em ultima instancia citotoxico
estando implicadas no envelhecimento celular e em uma série de patologias como cancer,
doencas cardiovasculares, inflamatérias e degenerativas (Stadtman, 1990). No entanto,
sabe-se que mesmo em células ndo expostas a condicdes de estresse oxidativo, ROS
(como H,O, e NO’) podem atuar como segundos mensageiros para receptores agonistas
como fatores de crescimento e horménios sinalizando proliferagdo ou mudancas
metabdlicas associadas a esses compostos (revisado por Winterbourne & Hampton, 2008).

Radical hidroxila é capaz de reagir com quase todas as moléculas existentes
encontradas em sua vizinhanca devido ao seu alto potencial redutor (+2.31v), incluindo

biomoléculas como DNA, proteinas e lipidios de membranas. Pode ser formado pela reacéo
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de Fenton (Figura 2) onde metais de transicdo (como Fe*?) s8o oxidados na presenca de
H,O, ou entdo por reacdo de fissdo homolitica da dgua promovida por luz UV. Devido a sua

alta reatividade, o radical hidroxila ndo deve atuar como molécula sinalizadora.

DNA/ RNA
/

Fe*2 + H,0, = Fe*® + OH + ———> Proteinas

T~ Lipideos

Figura 2. Reacdo de Fenton.

0, é muito menos reativo que o radical hidroxila ndo reagindo com a maioria das
moléculas biologicas em solug¢éo aquosa e pH fisioldgico. No entanto, sua forma protonada,
o radical hidroperéxido, além de ser mais reativo, € mais hidrofébico que O, podendo
penetrar nas membranas celulares onde pode dar inicio a conversao de acidos graxos em
peroxidos de lipidios muito téxicos (Grant & Loake, 2000). O,” pode levar também a
formacao de peroxinitrito, uma espécie mais reativa e citotoxica, através da rapida reacdo de
0O,” com NO'. Peroxinitrito € rapidamente decomposto através de isomerizacdo a nitrato e
anion hidroxila ou, quando protonado, a radicais nitrito e hidroxila ambos mais reativos que
0s precursores do peroxinitrito em uma via independente de metal (Pfeiffer et al., 1997 e
Coddington et al., 1999). Peroxinitrito também pode reagir rapidamente com CO, gerando
uma mistura de nitrato (65%), radical carbonato e diéxido de nitrogénio (35%). Sabe-se que
o0 par bicarbonato/CO, constitui o principal tampao fisiologico da célula estando presente em
altas concentragfes (na escala de milimolar). Dessa forma, radical carbonato é um oxidante
com alta relevancia fisioldgica visto que este pode ser gerado em altas concentracdes
(revisado por Medinas et al., 2007).

Tanto O," quanto a sua forma protonada podem ser convertidos por dismutacdo em
H,O,. Essa molécula é toxica para a maioria das células em concentracfes na faixa de 10-
100 uM. Em concentragbes menores, pode atuar como molécula sinalizadora devido a sua
baixa reatividade com a maioria das moléculas. Muito de seus efeitos citotoxicos observados
ocorre de forma indireta. Por atravessar facilmente as membranas celulares, pode reagir
com ions ferro e cobre via reacdo de Fenton gerando ROS mais toxicas como radical
hidroxila. Em macréfagos, H,O, pode reagir com a enzima mieloperoxidase na presenca de

ions cloreto gerando &cido hipocloroso, um potente microbicida (revisado por Winterbourne,
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2008). Apesar de possuir um alto potencial redutor, a maioria de suas rea¢cfes possui uma
alta energia de ativagcdo e sdo lentas. Tidis (SH), quando presentes em sua forma
desprotonada de anion tiolato (S°), estdo entre as poucas biomoléculas capazes de reagir
diretamente com H,O..

Oxidacao e reducao de proteinas tidlicas é visto como um importante mecanismo no
qual oxidantes se integram nas vias de transducdo de sinal celulares. No entanto, parece
haver uma hierarquia dentro da célula dentre os compostos que podem reagir diretamente
com H,0O, levando-se em conta parametros cinéticos. Estudos recentes indicam que as
peroxirredoxinas, uma classe de proteinas tiélicas de funcdo peroxidasica (caracterizadas
mais abaixo), provavelmente sdo 0s sensores primarios de H,O, na célula reagindo
diretamente com essa molécula devido a sua alta reatividade e concentragdo. A oxidagéo de
seu grupo tiélico facilitaria a transmisséo do sinal para outras proteinas alvo menos reativas
com H,0, e, portanto, improvaveis de reagir diretamente com esta molécula (revisado por
Winterbourne & Hampton, 2008).

1.3.Peroxidacgéo Lipidica

Acidos graxos insaturados sdo espécies que contém ao menos uma dupla ligacio
em sua cadeia carbdnica. S&o os principais alvos de peroxidagéo lipidica da célula por
serem mais facilmente oxidados do que &cidos graxos saturados. Quanto maior o namero
de insaturagfes conjugadas no &cido graxo, maior sera a sua suscetibilidade a ataques por
ROS, visto que as duplas ligagbes enfraquecem a energia de ligacdo da ligagdo C-H. As
membranas que circundam as células contém grandes quantidades de acidos graxos
insaturados. Muitos radicais tais como hidroxila, HO," e radical alcoxil (RO") sédo capazes de
oxidar esses lipidios de membrana. A iniciacdo da peroxidacdo lipidica se da através do
ataque a um lipidio que é suficientemente reativo para extrair um atomo de hidrogénio (H°)
de um lipidio insaturado (LH). O radical de lipidio centrado no carbono formado (L"), pode
reagir com O, para formar outro radical peroxil (LOO"). Este Ultimo propaga a peroxidacao
lipidica abstraindo o hidrogénio de um lipidio insaturado vizinho enquanto é convertido a um
hidroperéxido (LOOH) (Figura 3).

26



ROOH T RO* LH LOOH L® === Propagagdo
OH-
ROH L* TPLOO' LH

02
Adaptado de Girotti, 2008

Figura 3. Propagacao da peroxidacdo lipidica.

Hidroperdxidos de lipidios formados podem também reagir com ions de ferro ou
cobre, gerando radical alcoxil de maneira semelhante a formagéo de radical hidroxila por
H,O, na reagdo de Fenton. O radical alcoxil, por sua vez, pode propagar a peroxidacéo
lipidica para outras moléculas de acidos graxos (Figura 4).

ROOH + Fe*? === Fe*3+ OH + RO*
RO°*+ LH b ROH + L°

ROOH + ROe® === ROO°® + ROH

Figura 4. Formag&o de radical alcoxil na presenca de ions ferro.

A peroxidacao lipidica induzida por estresse esté relacionada em muitos casos com
arteriosclerose, neurodegeneracdo, cancer e outras desordens (Halliwell & Gutteridge,
2007). A presenca de LOOH em membranas altera a fluidez destas devido ao aumento em
sua hidrofilicidade modificando suas propriedades fisico-quimicas. Na presenca de agentes
redutores ou ions metalicos cataliticos, hidroperéxidos de lipidios podem ser oxidados por
reacdes de transferéncia de um elétron gerando radicais oxil (LO") extremamente reativos
(revisado por Girotti, 2008).

Estudos demonstraram que a meia vida de hidroperoxidos de lipidios € muito maior
guando comparada a precursores ou produtos de radicais livres. Essa caracteristica em
conjunto com a sua maior hidrofilicidade quando comparada a seus lipidios precursores,
permite a esses perdxidos translocar rapidamente de suas membrana de origens para
outros compartimentos de membrana (Vila et al., 2000). Sendo assim, hidroperéxidos de

lipidios podem atuar tanto em processos de transdugdo de sinais como de maneira toxica,
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podendo migrar para o nucleo das células onde o DNA gen6émico pode ser danificado pelos
produtos radicalares desses peroxidos (Ouedraogo et al., 2003). Além da peroxidacdo
lipidica mediada por ROS, em plantas, peroxidacdo de &cidos graxos pode ocorrer pela
acao de lipoxigenases (LOX). Estas enzimas atuam geralmente sob acidos graxos
incorporando oxigénio molecular nas posi¢des 9 e 13 da cadeia carbbnica de acidos graxos
insaturados 18:2 e 18:3. Esses perodxidos de acidos graxos formados podem dar origem a
metabdlitos secundarios como oxidolipinas e &cido jasménico importantes para o
desenvolvimento da planta (Blee, 1998). Esses &cidos graxos de cadeia insaturada sao
gerados de fosfolipidios de membrana pela acdo da enzima Fosfolipase A, (Gobel et al.,
2001).

1.4.Interagdo Planta-Patogeno

As plantas, devido ao fato de estarem confinadas ao local onde cresceram reagem
quimicamente a uma série de ameacas vindo do ambiente ao seu redor. Desta maneira,
elas desenvolveram uma ampla variedade de respostas de defesa para protecdo contra
estresses bidticos ou abiodticos. InfecgBes por fungos, bactérias e virus estdo entre as mais
perigosas com a qual a planta tem que lidar.

Barreiras quimicas e fisicas pré-formadas constituem a primeira linha de defesa da
planta. Dentre as estratégias empregadas pelas plantas para se defender de uma invaséo
temos: reforco da parede celular para impedir a entrada do patégeno, producao de
fitoalexinas, proteinas microbicidas e morte celular programada limitando o estabelecimento
e propagacédo do patdgeno (revisado por Abramovitch & Martin, 2004). A regulacéo espacial
e temporal desses processos ird determinar o resultado da interagdo planta-patégeno:
susceptibilidade ou resisténcia a doenca. Em iniUmeras interacdes nado-compativeis essas
reacfes estdo associadas com a morte de um pequeno numero de células no local da
infeccdo, conhecido como Resposta Hipersensitiva (Hypersensitive Response — HR) (Dangl
et al., 1996). O desencadeamento de respostas de resisténcia requer o reconhecimento de
moléculas sinalizadoras, produzidas tanto pelo organismo invasor como liberadas pela
parede celular da planta. Essas moléculas sinalizadoras sdo denominadas como “elicitores”,
podendo ser oligossacarideos, glicoproteinas e glicopeptideos. Essa resisténcia é
caracterizada pela rapida ativacdo do sistema de defesa da planta principalmente na
superficie celular e é baseada mais na ativagdo de componentes pré-existentes do que no

envolvimento da maquinaria biossintética da célula (Dangl et al., 1996). Dentre as respostas
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envolvidas ja caracterizadas temos: aumento na permeabilidade da membrana
citoplasmética, geracado de ROS, mudanca no potencial de membrana e no pH extracelular,
fluxo i6nico, mudangcas no padrao de fosforilagdo protéica e imobilizagdo oxidativa de
proteinas da parede celular (revisado por Wojtaszek, 1997).

Uma das primeiras respostas desencadeadas durante a HR € a rpida e transiente
producdo de enormes quantidade de ROS no local da infeccdo pelo patdgeno. ROS séo as
moléculas elicitoras mais bem estudadas na literatura e reconhecidamente responsaveis por
orquestrar a HR (Levine et al., 1994). A primeira hipétese de que ROS estavam envolvidas
na HR foi demonstrado em tecidos de tubérculo de batata que produziam O, quando
inoculadas com uma linhagem avirulenta de Phytophthora infestans enquanto uma linhagem
virulenta ndo gerava a mesma producédo (Doke, 1983). Estudos posteriores demonstraram
que a principal enzima envolvida na producgdo de O,” é a NADPH oxidase (NOX) localizada
na membrana plasmatica em um sistema analogo ao de neutréfilos (Torres et al., 2002 e
Yoshioka et al., 2003). Durante a geragédo de ROS, genes de defesa antioxidante da planta
séo inibidos aumentando assim o0 estresse oxidativo na area afetada levando em dultima
instdncia a morte celular programada (revisado por Pitzchke et al., 2006). Peroxidases
secretadas extracelularmente (POX) sédo outra fonte de ROS bem documentada durante a
HR. A producdo de ROS por essas peroxidases tem como funcéo principal o fechamento
dos estbmatos, impedindo assim a entrada do patégeno por essa via (Kawano et al., 2003).
0O, gerado pode ser dismutado a H,O, ou gerar radical peroxil podendo levar a peroxidacéo
lipidica. Muitos autores demonstraram que peroxidacao lipidica ocorre durante HR podendo
ser um dos principais eventos que levam a morte celular programada (May et al., 1996;
Kenton et al., 1999).

Como visto na sessao acima a producao de peréxidos de lipidios pode acontecer por
um processo ndo-enzimatico ou enzimatico devido a acdo das lipoxigenases.
Diferentemente de ROS, lipoxigenases abstraem o préton de insaturacdes especificas da
cadeia carbdnica de acidos graxos insaturados. Dessa forma, foi observado que durante a
HR elicitada por Xanthomonas campestris pv. malvacearum em algodéo, foram encontrados
peroxidos derivados de acidos graxos gerados exclusivamente por lipoxigenases (Jalloul et
al., 2002), questionando o papel das ROS como maior fonte geradora de peréxidos de
lipidios. Foi ainda demonstrado que lipoxigenases tém a sua expressdo aumentada durante
a HR (Porta e Rocha-Sosa, 2002).

Estudos tém demonstrado que a produgdo de ROS pode servir ndo somente como
uma protecao direta contra o ataque do patégeno, mas também como um sinalizador para a
ativacdo de respostas posteriores a HR nas células infectadas (Tenhaken et al., 1995).

Nessa resposta, temos o estabelecimento de uma imunidade nos tecidos sistémicos a
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infecgBes secundarias denominada resisténcia sistémica adquirida (SAR) (Grant & Loake,
2000).

As plantas, por conviverem intimamente com estes produtos altamente toxicos,
dispdem de um maquinéario capaz de amenizar os efeitos citotoxicos das ROS produzidas
endogenamente através dos processos metabdlicos ou durante a interagéo planta-patégeno.
Os patdgenos, da mesma maneira, para se defenderem dos efeitos toxicos das ROS e de
seus subprodutos, dispdem de enzimas antioxidantes capazes de ajudar o patégeno a
superar a barreira oxidante imposta pela planta, possibilitando assim a infeccdo. Evidéncias
mostram, por exemplo, que a acdo de enzimas antioxidantes ajuda a atrasar ou prevenir HR

provocada pela planta hospedeira (revisado por Mur et al., 2008).

1.5. Defesa antioxidante

Antioxidante pode ser definido como “qualquer substancia que quando presente em
concentracbes menores que a de um substrato oxidavel, atrasa, previne ou remove
significativamente a oxidacdo deste” (Halliwell & Gutteridge, 2007). Reagcdo de remocao de
ROS so0 é definida como protetora quando o produto da reacdo é menos reativo ou toxico

gue a espécie inicial. Dentro dessa classificagdo podemos incluir:

e Substancias que previnem a formacao de ROS, diminuindo a disponibilidade de pré
oxidantes como ions ferro e cobre, inibindo assim reacdes catalisadas por metais
(reacdo de Fenton). Exemplos incluem quelantes de metais como a desferrosiamina

e proteinas como metalotioneina e transferrina.

o Agentes que cataliticamente removem ROS como as enzimas Superoéxido dismutase

(SOD), catalase e tidis peroxidases.

o Agentes “sequestrantes” de ROS, isto &, capazes de reagir preferencialmente com
as ROS preservando biomoléculas mais importantes. Temos como exemplos
compostos de baixo peso molecular como glutationa (GSH), ascorbato (Vitamina C),
a-tocoferol (Vitamina E), acido dihidrolipdico (DHLA) e enzimas como albumina
(BSA).
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e Proteinas que protegem contra as lesdes oxidativas através de outros mecanismos,

como chaperonas.

e Sistemas de reparo as lesdes oxidativas como enzimas de reparo de DNA, proteina
(metionina sulféxido redutase) e lipidio (glutationa peroxidase) funcionando como
ultima linha de defesa do organismo (revisado por Netto, 2001).

As definicdes para ROS e antioxidantes abrangem um universo de compostos, cada
um com caracteristicas Unicas. Portanto, é inapropriado generalizar tais espécies, pois
apresentam diferentes reatividades a diferentes compostos sendo que fatores
termodinamicos (a possibilidade de uma reacao ocorrer) e cinéticos (a velocidade com que
essa reacao ocorre) entram no computo final (revisado por Winterbourne, 2008).

Em minha tese de doutorado, demos énfase ao estudo do &cido lipéico e de seu
derivado de amida, lipoamida, como doadores de elétrons para um sistema de defesa
antioxidante envolvido na detoxificacédo de peroxidos organicos em bactérias.

Acido lipéico e seu derivado de amida, lipoamida, sdo compostos redox ativos
amplamente caracterizados devido a sua capacidade de servir como cofator de complexos
multienzimaticos que catalisam a descarboxilagdo oxidativa de um a-cetoacido com a
transferéncia do grupamento acil resultante para coenzima A com concomitante liberacéo de
CO,. Em organismos aerobicos, glicose e outros agucares, acidos graxos e a maioria dos
aminoacidos sédo em ultimo passo oxidados a CO, e agua no ciclo de Krebs. Antes que eles
possam entrar no ciclo, os esqueletos carbdnicos de aglcares e acidos graxos devem ser
degradados ao grupo acetil da acetil-CoA para entrada no ciclo de Krebs. A degradagéo do
piruvato, derivado da glicélise, a acetil-CoA e CO, é catalisada por um complexo enzimatico
composto por trés enzimas denominado piruvato desidrogenase (PDH) que esta localizado
na mitocondria de células eucaridticas e no citossol de procariotos. Este complexo faz parte
da familia multienzimatica 2-oxo acido desidrogenase que compreende também a-
cetoglutarato desidrogenase (KDH), pertencente ao ciclo de Krebs, e o a-cetoacido
desidrogenase de cadeia lateral envolvido na degradacao oxidativa de alguns aminoacidos
como isoleucina, leucina e valina (revisado por Perham et al., 2002). S&o compostos por
multimeros das subunidades E1 (piruvato/a-cetoglutarato  desidrogenase), E2
(dihidrolipoamida acil transferase) e E3 (dihidrolipamida desidrogenase). A enzima E2, com
atividade dihidrolipoamida acil transferase, é similar entre os complexos possuindo ao
menos uma molécula de acido lipdico covalentemente ligada a um residuo de lisina através

de uma ligagdo amida em seu sitio ativo. A enzima E3, com atividade dihidrolipamida
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desidrogenase, catalisa processos redox entre as enzimas E2 lipoiladas (com &cido lipdico
covalentemente ligado) e NADH/NAD" (revisado por Reed, 2001; Bunik, 2003).

Acido lipdico livie em sua forma reduzida, acido dihidrolipdico (DHLA), foi proposto
como um sequestrador de radicais livres e outros oxidantes. Foi visto que DHLA pode
interromper a propagacdo em cadeia de reagdes radicalares iniciadas por diversas ROS
(revisado por Moini et al., 2002), detoxificar peroxinitrito (Trujillo et al., 2005) e também
prevenir o estresse induzido por peroxidacéo lipidica (Akpinar et al., 2008). Entretanto, acido
lipbico ndo acumula extensivamente na célula, sendo rapidamente metabolizado (Schupke
et al., 2001). Como consequéncia, a disponibilidade celular de acido lipbico livre é
significantemente menor do que a de outros compostos antioxidantes de baixo peso
molecular como glutationa e ascorbato que sdo encontrados em concentracdes na faixa de
milimolar. Sendo assim, tem sido questionado na literatura se DHLA livre pode funcionar

como um sequestrador de ROS in vivo.

1.6.Enzimas antioxidantes

Superoxido dismutase (SOD) foi uma das primeiras enzimas antioxidantes descritas.
Essa enzima catalisa a reacao de dismutagéo de O,” a H,O, e O,. A descoberta de que uma
enzima era capaz de remover um radical livre mostrou que estes eram importantes produtos
metabdlicos, pois até entdo eram considerados de pouca importancia biolégica (McCord &
Fridovich, 1969).

H,O, formado por reacdo de dismutacdo, pode ser decomposto por duas classes de
enzimas antioxidantes: catalases e peroxidases. Catalases catalisam a decomposi¢éo direta
de H,0, a O, através de um agrupamento Heme - Fe™ que faz parte do sitio ativo da
enzima (Kirkman & Gaetani, 1984). Peroxidases catalisam a remocdo de H,O, e outros
peréxidos na presenca de agentes redutores.

Enzimas antioxidantes, assim como outras proteinas, participam de reacfes redox
catalisando a remocao de ROS em reacgdes de transferéncia de elétrons. Para desempenhar
essa funcéo, utilizam-se de cofatores redox como NAD®, FAD, Heme, Selénio (Se), ions
ferro e outros metais de transicdo. Em contraste, algumas proteinas utilizam aminoacidos de
sua propria cadeia polipeptidica em reacdes de transferéncia de elétrons, principalmente
cisteina. Cisteina € um aminoacido ndo essencial, hidrofébico que tem como caracteristica
principal possuir um grupamento ti6l (RSH) em sua cadeia lateral. A reatividade das
cisteinas esta relacionada com o pK, da sulfidrila pois sua forma desprotonada é um agente

nucleodfilo, capaz de participar de uma série de reacbes de transferéncia de elétrons.
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Cisteina livre possui pouca reatividade para desencadear reacdes redox pois seu pK, esta
em torno de 8.5 (Benesch & Benesch, 1955). O mesmo ocorre com a maioria dos residuos
de cisteinas presentes em proteinas, portanto em pH fisiolégico a maior parte das sulfidrilas
est4 na forma protonada, muito menos nucledfila do que sua forma desprotonada (&nion
tiolato). Em algumas proteinas, o enovelamento protéico pode gerar regides que favorecem
a reatividade das cisteinas. Muitas proteinas envolvidas em processos redox possuem
cisteinas reativas que sdo estabilizadas em sua forma desprotonada por um residuo de
aminoacido basico, geralmente lisina ou arginina. Cisteinas reativas estdo envolvidas em
uma série de reacfes redox como reducdo e formacao de pontes dissulfeto, glutationilacdo

protéica e reducao de peréxidos (revisado por Netto et al., 2006 anexo III).

1.6.1. Peroxidases dependentes de tidis

Dentre os diversos sistemas antioxidantes conhecidos, nossos estudos estdo
centrados na compreensao da funcéo bioldégica de uma classe de enzimas denominadas
peroxidases dependente de tidis. S&o enzimas capazes de detoxificar diferentes peréxidos
como H,0, e alquil hidroperéxidos. Tém como caracteristica, o fato de ndo necessitarem de
cofatores e grupos prostéticos no seu ciclo catalitico. Ao invés disso, possuem um residuo
de cisteina conservado em seu sitio ativo que reage com os peréxidos detoxificando-os ao

seus respectivos alcodis (Figura 5).

2 RISH + RZOOH === RISSR! + R20H + H,0
Figura 5. Reacdo de redugdo de peroxidos catalisada por tiois peroxidases.

Exemplos de peroxidases dependentes de tidis incluem as peroxirredoxinas,

glutationa peroxidases e a superfamilia Ohr/OsmcC.
Peroxirredoxinas

As peroxirredoxinas foram descritas recentemente quando comparada a outras
enzimas antioxidantes como catalase e SOD. Foi observado que extrato de S. cerevisiae era

capaz de proteger a enzima glutamina sintetase (GS) da inativacdo pelo sistema
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Fe™/O,/tidis. A proteina responsavel pela protecio a GS foi isolada e caracterizada como
uma enzima antioxidante. (Kim et al., 1988). Devido ao fato dessa enzima somente proteger
GS da inativagdo na presenca de tiéis como ditiotreitol (DTT) e glutationa (GSH) e ndo na
presenca de outros agentes redutores ndo-tidlicos (como ascorbato), foi denominada TSA
(Thiol specific antioxidant). Estudos demonstraram que o gene codificante de TSA né&o
apresentava homologia com nenhuma catalase, SOD ou peroxidase conhecidas (Chae et.
al., 1993). Foi demonstrando que Tsal de S. cerevisiae era capaz de reduzir diferentes
hidroperéxidos e alquilhidroperéxidos a custa de um composto tidlico, responsavel por
regenerar a forma oxidada dessas proteinas (Netto et al., 1996). O sistema da tiorredoxina
(Trx) e tiorredoxina redutase (TrxR) foi identificado como o redutor biol6gico de TSA,
responsavel por carregar os elétrons do NADPH para a TSA oxidada. Foi observado que a
atividade especifica das TSA na presenca do sistema Trx/TrxR/INADPH aumentava
consideravelmente em comparagdo a outros compostos tidlicos tais como DTT e B-
mercaptoetanol. Estas enzimas foram entdo renomeadas como tiorredoxinas peroxidases
(TPx) (Chae et al., 1994a; Netto et al.,, 1996). S&o enzimas conservadas, distribuidas nos
mais diversos grupos taxonémicos, como bactérias, protozodrios, fungos, invertebrados,
plantas e mamiferos. Desta maneira foi proposto agrupar estas enzimas em uma familia
denominada peroxirredoxinas (Prx) (Rhee et al., 1998). Sdo proteinas abundantes estando
entre as dez proteinas mais abundantes em Escherichia coli (Link et al., 1997). A maioria
das Prxs exibe atividade tiorredoxina peroxidasica. No entanto, algumas das enzimas
encontradas nesta familia ndo funcionam no sistema TRx/TR/NADPH, nao podendo desta
maneira, receber esta designacao.

Tiorredoxina € um polipeptideo de aproximadamente 12 kDa, com dois grupos
sulfidrilas adjacentes (duas cisteinas separadas por dois aminoacidos, CXXC) que, quando
oxidados, formam uma ponte dissulfeto intramolecular. A tiorredoxina esta envolvida em
varios processos fisiol6gicos devido a sua capacidade de reduzir pontes dissulfeto em
proteinas alvo (atividade dissulfeto redutase). Além das peroxirredoxinas, tém como alvos
biol6gicos as enzimas ribonucleotideo redutase (importante para sintese de DNA), metionina
sulféxido redutase e fatores de transcricdo como p53 e NF-kB (revisado por Powis &
Montfort, 2001). As cisteinas da tiorredoxina séo regeneradas a forma reduzida pela enzima
tiorredoxina redutase a custa de elétrons provenientes do NADPH (Holmgren, 1985).
Tiorredoxina redutase (TrxR) € um membro da familia das flavoenzimas com atividade
piridina nucleotideo-dissulfeto oxidorredutases. Esta classe de enzimas incluem também
glutationa redutase, lipoamida desidrogenase, NADH peroxidase entre outras. Tem como
caracteristicas, a presenca de um centro redox composto por um par de cisteinas além de

um dominio protéico responsavel pela ligacdo covalente de uma molécula de FAD. O fluxo
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de elétrons ocorre do NADPH para a molécula de FAD, para o centro redox e finalmente
para o dissulfeto da tiorredoxina (revisado por Williams, Jr., 1985)

Em bactérias, as peroxirredoxinas também podem ser reduzidas por outros sistemas
sendo que um dos mais bem descritos € o sistema da alquil hidroperédxido redutase (AhpR),
responsavel pela reducdo de alquilhidroperoxidos a seus correspondentes alcodis. Este
sistema é composto de duas subunidades: (1) AhpC (alquil hidroperoxido redutase
subunidade C), uma peroxirredoxina com alta similaridade a Tsal de S. cerevisiae (Storz et
al., 1989); e (2) AhpF (alquil hidroperéxido redutase subunidade F), uma flavoenzima que
possui dominios funcionalmente similares a tiorredoxina e tiorredoxina redutase (Chae et al.,
1994b). O mecanismo catalitico do sistema AhpR de S. typhimurium envolve a reducéo do
hidroperéxido pela AhpC, com subseqlente regeneracdo da AhpC reduzida pela AhpF, a
custa de elétrons provenientes do NAD(P)H (Tartaglia et al., 1990). Além de metabolizar
hidroperéxidos orgéanicos e H,0, (Ellis & Poole, 1997), AhpC decompde peroxinitrito (Bryk et
al., 2000). Na maioria dos organismos que ndo possuem AhpF, a proteina AhpC tem como
doador de elétrons o sistema tiorredoxina (tiorredoxina e tiorredoxina redutase). Entretanto,
recentemente foi demonstrado que AhpC de M. tuberculosis era capaz de reduzir peréxidos
na presenca de AhpD, uma dissulfeto redutase que possui um motivo Cys-X-X-Cys igual ao
das tiorredoxinas, porém sem similaridade de sequéncia com a mesma (Bryk et al., 2002).
Diferentemente dos sistemas redutores propostos até o momento, foi demonstrado que a
reducdo de AhpD era acoplada as enzimas do metabolismo intermediario celular. Nesse
sistema, dihidrolipoamida desidrogenase (Lpd) e dihidrolipoamida aciltransferase (SucB),
componentes do complexo multienzimatico da 2-oxoacido desidrogenase do metabolismo
intermediario celular participam da defesa antioxidante de M.tuberculosis juntamente com
AhpC e AhpD. Esses resultados mostraram pela primeira vez o papel de proteinas do
metabolismo intermediario celular atuando na defesa antioxidante em uma via de reducao
de peréxidos (Bryk et al., 2002).

As peroxirredoxinas podem ser subdivididas em 3 diferentes grupos de acordo com o
mecanismo de catalise envolvido. Todas apresentam uma cisteina na regido N-terminal,
responsavel direta pela atividade peroxidasica da enzima, denominada cisteina peroxidasica
(Cysp). Esta sulfidrila € oxidada a um acido sulfénico havendo liberacdo de agua, caso o
peroxido envolvido seja H,O, ou do 4&lcool correspondente, no caso de um

alquilhidroperéxido. As etapas seguintes sao caracteristicas para cada subtipo:

* 1-cys-Prx: este subtipo apresenta somente um residuo de cisteina N-terminal
conservado. O &cido sulfénico gerado é estabilizado pela estrutura protéica sendo entéo

reduzido por um ti6l exdégeno, tal como DTT. O seu redutor biolégico era até recentemente
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desconhecido para a maioria das proteinas. Estudos anteriores deram indicagbes de que
peroxirredoxina mitocondrial de S. cerevisiae podia ser reduzida por uma tiorredoxina
mitocondrial (Pedrajas et al., 2000). Estudos recentes de nosso grupo demonstraram que as
1-cys-Prx de diversos grupos taxonémicos também podem ser reduzidas por ascorbato,
quebrando o paradigma vigente até entdo de que as peroxirredoxinas s6 podem ser
reduzidas por compostos tiélicos (Monteiro et al., 2007).

» 2-cys-Prx tipicas: apresentam duas cisteinas conservadas. A cisteina mais C-
terminal, ndo envolvida diretamente na reducdo de peroxidos, € a cisteina de resolucao
(Cys;). O é&cido sulfénico gerado reage com a cisteina de resolucdo do outro mondmero

havendo a formag&do de um homodimero, apresentando uma ou duas pontes dissulfeto.

* 2-cys-Prx atipicas: também possuem duas cisteinas, porém o dissulfeto formado é
intramolecular sem a homodimerizagdo das cadeias polipeptidicas por interacdo covalente

entre as cisteinas de cada monémero.

Outra classificacdo das Prx é baseada na estrutura primaria, podendo ser divididas
em 5 subgrupos (Trivelli et al., 2003)

* subgrupo A: as enzimas pertencentes a este subgrupo apresentam dois residuos
de cisteina conservados localizados em motivos VCP (Valina-Cisteina-Prolina). AhpC de S.

typhimurium e E. coli e cTPxI de S. cerevisiae fazem parte deste subgrupo.

* subgrupo B: possuem similaridade com o subgrupo A, porém possuem somente um
residuo de cisteina conservado na regido N-terminal localizado em um motivo VCT (Valina-
Cisteina-Treonina). A auséncia do residuo de cisteina C-terminal parece ter relacdo com a
incapacidade de interacdo com a tiorredoxina (Chae et al., 1994b). Possuem atividade

catalitica do tipo 1-cys-prx.

* subgrupo C: possuem também um residuo Cys conservado na regidao N-terminal,
porém apresentam baixa similaridade com as enzimas dos subgrupos A e B. Foram
denominadas peroxirredoxinas Q (PrxQ) ou BCP (“Bacterioferitin comigratory protein”)
devido ao fato de co-migrarem com bacterioferritina. Essas proteinas possuem dois residuos
de cisteina na regido N-terminal separados por poucos aminoacidos (aproximadamente
quatro) e tendem a formar ponte dissulfeto intramolecular com o intermediario oxidado

estavel, semelhante ao mecanismo catalitico do tipo 2-cys-prx atipico.
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» subgrupo D: inicialmente caracterizadas em S. cerevisiae, as proteinas deste
subgrupo sdo denominadas de peroxirredoxinas do tipo Il (Verdoucq et al.,, 1999). As
proteinas deste subgrupo apresentam baixa similaridade com as dos subgrupos A, Be C. A
maioria das proteinas deste subgrupo possui apenas uma cisteina conservada, situada em
motivos TCT (Treonina-Cisteina-Treonina) ou TCS (Treonina-Cisteina-Serina). Essas
proteinas podem utilizar tiorredoxina como substrato e apresentam grande heterogeneidade
funcional, podendo apresentar ciclo catalitico do tipo 1-cys-prx (bactérias ou plantas,
Rouhier et al., 2002), 2-cys-prx (Ahpl de S. cerevisiae, Jeong et al.,, 1999) ou 2-cys-prx

atipica (prxV de mamiferos, Seo et al., 2000).

» subgrupo E: € composto de proteinas de bactérias que contém cerca de 40
residuos de aminoéacidos entre as duas cisteinas. Possuem atividade catalitica do tipo 2-cys-

prx atipica.

Glutationa peroxidase

As glutationa peroxidases (Gpx) compreendem uma familia de tiél peroxidases
capazes de detoxificar diferentes perdxidos a custa de elétrons provenientes da glutationa
(GSH), um tripeptideo de baixa massa molecular (Gly-Cys-Glu). De maneira similar as
peroxirredoxinas, o hidroperédxido € reduzido ao alcool correspondente. A maioria das GPx
tém como caracteristica peculiar a presenca em seu sitio ativo de um atomo de selénio (Se).
Selénio é um elemento pertencente do grupo IV da tabela periédica e a sua quimica se
assemelha a do enxofre (S). Esta presente no sitio ativo das Gpx como selenocisteina,
cisteina na qual o 4tomo de enxofre (R-SH) é substituido por selénio (R-SeH). A presenca
de selénio esta relacionada com um aumento da atividade catalitica da enzima. A eficiéncia
catalitica das Gpx que possuem selénio esta em torno de 10° M. s* (Hofmann et al., 2002).
Além de H,0O,, Gpx também catalisa a reducdo de hidroperéxidos de acidos graxos,
hidroperéxido de colesterol, hidroperéxidos de timina e outros hidroperéxidos sintéticos,
como hidroperoxido de cumeno (CHP) e terc-butilhidroperoxido (t-BHP). Em S. cerevisiae
(Avery & Avery, 2001) e E. coli (Fisher et al.,, 1999), essas enzimas ndo possuem uma
selenocisteina em seu sitio ativo, mas sim um residuo de cisteina conservado e aceitam
como substrato hidroperoxidos de fosfolipidios. Dessa forma essas enzimas foram
denominadas de glutationa peroxidase de hidroperéxidos de fosfolipidios (PHGpx).

Hidroperoxidos de fosfolipidios s&o intermediarios centrais na cadeia de reacfes de
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peroxidagdo lipidica. Portanto as PHGpx estdo envolvidas no reparo de lipidios sendo
geralmente reconhecidas como a principal linha de defesa do organismo contra danos
oxidativos & membrana (Ursini et al., 1995).

Seu redutor fisiolégico, GSH, esté presente em animais, plantas e bactérias aerébias,
frequentemente em concentracdes na escala milimolar. Na sua forma oxidada (GSSG), duas
moléculas de glutationa estdo unidas através de uma ponte dissulfeto intermolecular entre
os dois grupos sulfidrilas de suas cisteinas. Além de atuar como substrato para Gpx, tém
como funcao vital a manutencdo do balanco redox intracelular atuando com um tampéao
redox. Alteracdes no balanco redox (na razdo GSH/GSSG) geram eventos de sinalizacédo
gue levardo, no caso de um estresse oxidativo, a transcricdo de enzimas antioxidantes. Em
pH fisiol6gico, GSH esta presente em grande parte na forma protonada devido ao seu pK,
estar em torno de 9.2. Isso desfavorece sua reagdo com dissulfetos, pois a forma protonada
ndo é um bom nucledfilo. Entretanto, as suas altas concentracdes intracelulares tornam a
reacdo favoravel cineticamente. No citossol de células normais, a relacdo de glutationa
reduzida e oxidada (GSH/GSSG) é alta. Isso se deve, em parte, a reducdo de GSSG para
GSH pela enzima glutationa redutase (GR), que catalisa a reacao de reducdo de GSSG a
custa da oxidag&o de NADPH (Halliwell & Gutteridge, 2007).

Mais recentemente foi descrito uma proteina de funcdo antioxidante presente
somente em bactérias e que ndo conservava semelhanca de seqUéncia primaria com
nenhuma enzima antioxidante conhecida. Essa enzima, denominada Ohr, serd descrita mais

detalhadamente no tépico seguinte, visto que é o objeto de trabalho de meu doutorado.

1.6.2. A familia Ohr/OsmC

Em 1998, foi descrito um gene em Xantomonas campestris que quando deletado
tornava a bactéria mais suscetivel a tratamentos com hidroperédxidos organicos como t-BHP
e CHP mas nao a H,0O, e geradores de O, como paraquat (Mongkolsuk et al., 1998). Em
Pseudomonas aeruginosa, linhagens Aohr mostraram aumento da sensibilidade a
hidroperéxidos organicos em ensaios de disco de inibicdo de crescimento (Ochsner et al.,
2001). Andlises de expressao génica vieram a corroborar com esses dados visto que
tratamentos com hidroperéxidos organicos como t-BHP (Mongkolsuk et al., 1998) induziam
fortemente a transcricdo de ohr enquanto H,O, induzia fracamente e nenhuma inducéo era
observada quando as células eram expostas a outras fontes geradoras de ROS como

menadiona (Mongkolsuk et al., 1998. Figura 6).
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Figura 6. Indugdo da expressdo de ohr na presenca de ROS.

Anélise por northern blot de RNA total isolado de Xanthomonas campestris
pv phaseoli ndo induzida (UN) e induzida com 100uM de menadiona (MD),
H,O, e t-BHP. Adaptado de Mongkolsuk et al., 1998.

Até entédo, postulava-se que o sistema da alquil hidroperéxido redutase (AhpR) era o
anico sistema responsavel pela redugéo de alquilhidroperoxidos em procariotos (Jacobson
et al., 1989). Através de ensaios de complementagéo foi demonstrado que este novo gene
restaurava a resisténcia de linhagem de E. coli AahpCF a hidroperéxidos orgéanicos
(Mongkolsuk et al., 1998). Estudos posteriores indicaram que o produto de ohr exercia papel
fundamental na resposta bacteriana a hidroperdxidos organicos, em especial aqueles
derivados de é&cidos graxos de cadeia insaturada visto que a mesma resposta ndo era

observada em ahpC (Klomsiri et al., 2005 Figura 7).

A LOOH tBOOH

1 r

UN 10 50 100 10 50 100 uM

.- -

B LOOH tBOOH

r Y T

UN 10 0 100 10 50 100 pM

e 15

Figura 7. Inducdo da expressdo de ohr e ahpC por northern blot em

h

Xanthomonas campestris.
Hidroperdxido de acido linoléico (LOOH) leva a uma maior indugéo de ohr
que t-BHP enquanto a mesma resposta ndo é observada para ahpC. Adaptado

de Klomsiri et al., 2005.
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Este gene foi denominado ohr (organic hydroperoxide resistance gene) devido a
resisténcia que ele conferia a hidroperoxidos orgéanicos. Este gene, estd presente
exclusivamente em bactérias sendo que a maioria desses organismos sdo patdogenos de
animais e plantas como Actinobacillus pleuropneumoniae, Bacillus subtilis, Deinococcus
radiodurans, Enterococcus faecalis, Xanthomonas campestris e Xylella fastidiosa (Shea &
Mulks, 2002; Fuangthong et al., 2001; Atichartpongkul et al., 2001; Rince et al., 2001,
Mongkolsuk et al., 1998 e Cussiol et al., 2003 respectivamente). Interessantemente, nao foi
observada similaridade de seqiiéncia com outras proteinas procaridticas e eucaribticas
conhecidas. A identidade de seqUéncia dentro da familia Ohr, o produto do gene ohr, esta
entre 40-70%. Além disso, Ohr possui cerca de 20% de similaridade com o gene osmC de
Escherichia coli, também presente em diversas bactérias. Diferentemente de ohr, foi
observado que a transcricdo de osmC era induzida quando a célula era exposta a uma
condicdo de choque osmotico (Gutierrez & Devedjian, 1991). Analises filogenéticas
mostraram que Ohr e OsmC sdo duas subfamilias de uma mesma familia de proteinas
denominada entdo Ohr/OsmC (Atichartpongkul et al., 2001).

No entanto, a atividade enzimatica de Ohr, o produto do gene ohr, ndo havia sido

caracterizada até o momento.

1.7. Regulacgéo génica modulada por mudangas REDOX em procariotos

Muitos fatores de transcricao exploram a quimica do enxofre presente em residuos
de cisteinas ou como parte de clusters metal-enxofre para mudar de um estado de oxidagao
para outro quando expostos a ROS (revisado por Paget & Buttner, 2003).

OxyR foi o primeiro fator de transcrigdo sensivel a mudancas redox caracterizado.
Foi observado em E. coli que tratamentos com H,O, ativavam um regulon que compreendia
mais de vinte genes de defesa antioxidante como catalase (katG), peroxirredoxinas (sistema
AhpR), glutationa redutase (gor), glutarredoxina (grxA) e tiorredoxina (trxC) (revisado por
Storz & Zheng, 2000). As bases moleculares de sua regulacdo redox foram elucidadas
através de uma combinacdo de estudos estruturais, bioquimicos, fisioldgicos e genéticos.
OxyR é uma proteina de ligacdo ao DNA tetramérica, onde cada monémero possui uma
cisteina reativa (Cys199 em E. coli) capaz de reagir com H,O, formando um &cido sulfénico
gue rapidamente reage com outro residuo de cisteina (Cys208 em E. coli) formando um
dissulfeto intramolecular. A formacdo da ponte dissulfeto leva a um reenovelamento do

dominio regulatério, que levam a alteracbes estruturais entre OxyR e o DNA. Essas
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alteragfes, permitem com que a RNA polimerase transcreva os genes alvos (revisado por
Mongkolsuk & Helmann, 2002).

PerR € outro fator de transcricdo responsavel pela resposta adaptativa a H,O, em
Muitos organismos procariotos. Atua como repressor da transcricdo em genes alvos
possuindo um dominio N-terminal de ligacdo ao DNA e um dominio C-terminal que
geralmente contém dois ions metélicos coordenados por quatro residuos de cisteinas. Um
dos fons metalicos é obrigatoriamente Zn*?, enquanto o outro sitio regulatério tende a ser
mais promiscuo, porém ocupado na maioria das vezes por fon Fe*? e em outras ocasides
por fon Mn*?. Isto acaba implicando em mudancas na regulacéo dos genes alvos (revisado
por Paget e Buttner, 2003). PerR foi identificado como sendo o maior regulador da resposta
induzida por estresse peroxidativo em B. subtilis e protétipo para um grupo de repressores
sensiveis a hidroperéxidos relatados em bactérias gram-positivas e negativas. PerR reprime
a expressdo de catalase, AhpR, proteina de ligacdo ao DNA (MrgA), o operon de
biossintese de heme, a prépria PerR assim como Fur (Ferric uptake regulator), o principal
regulador da homeostase de ferro (Herbig & Hellmann, 2002). Recentemente, foi proposto
um novo mecanismo de acao para PerR. Em condi¢bes de exposicdo a H,0,, a oxidacao do
Fe*? do sitio regulatério leva a formacdo de radical hidroxila via reacdo de Fenton. Esse
radical, reage com dois residuos de histidina que coordenam o cofator metalico
desreprimindo a regido promotora dos genes alvos. PerR oxidada € posteriormente
degradada. Interessantemente, nessa hipétese ndo ha o envolvimento dos residuos de

cisteina como sensores do peroxido.

1.7.1. Regulacéo redox de Ohr

Foi observado em Pseudomonas aeruginosa através de estudos de gene reporter,
que uma linhagem AoxyR ndo alterava o padrdo de expressdo do promotor de ohr,
indicando que a expressdo génica de Ohr ndo estava sobre controle de OxyR. Sabe-se que
OxyR controla a expressao de diversas tidis peroxidases que séo altamente induzidas por
peroxidos organicos (Loprasert et al., 2000; Mongkolsuk et al., 1997 e Choi et al., 2001).

Foi descrito em Xanthomonas campestris que a transcricdo de ohr est4 sobre o
controle de um regulador negativo da transcricdo denominado OhrR (Sukchawalit et al.,
2001) cujo gene se localiza adjacente ao gene ohr. OhrR possui moderada identidade de
sequiéncia com a familia de reguladores negativos da transcricdo MarR (Multiple antibiotic
resistance protein regulatory family). Nesse estudo, foi mostrado que altos niveis de

expressdo de OhrR reprimiam a transcricdo do gene ohr enquanto tratamentos com
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hidroperéxidos organicos levavam a ativagdo da transcricdo de ohr, indicando que esses
peroxidos organicos agem provavelmente inativando OhrR, liberando assim a regido
promotora para transcricdo de ohr. De fato, foi demonstrado em Bacillus subtillis que OhrR
inibe a transcricdo de ohr se ligando a duas regiées adjacentes de sequéncias repetidas na
regido promotora de ohr e, portanto, bloqueando a transcricdo génica. Exposicdo a
hidroperdxidos organicos leva a oxidagdo de um unico residuo de cisteina conservado na
regido N-terminal de OhrR a 4cido sulfénico ou a estados mais elevados de oxidacao, o que
leva a desrepressao de OhrR e transcri¢cdo de ohr. Foi observado que mutacéo sitio dirigida
do residuo de cisteina por serina ou glicina néo alterava a capacidade de OhrR de se ligar a
regido promotora do DNA, porém nédo havia inducdo da expresséo de ohr em tratamentos
com peréxidos organicos. Esses dados mostraram que a cisteina N-terminal de OhrR era
fundamental para o mecanismo de desrepressao sensivel a alteragdes redox (Fuangthong &
Helmann, 2002). Resultados similares foram obtidos em Xanthomonas campestris
(Panmanee et al., 2002) e Streptomyces coelicolor (Oh et al.,, 2007). Estudos recentes
ajudaram a elucidar o mecanismo de acdo de OhrR em diferentes organismos.
Primeiramente, através da estrutura de OhrR complexada a regido operadora de ohr foi
possivel observar que OhrR é um homodimero de aproximadamente 17KDa que contém
dois dominios funcionais em cada subunidade: dominio de dimerizacdo e o dominio de
ligacdo ao DNA (Figura 8). Ao todo, aproximadamente 44 residuos fazem cerca de 60
contatos com 22 bases do DNA. Foi observado que o pK, do residuo de cisteina conservado
esta proximo de cinco, o que tornaria a sulfidrila desprotonada em pH fisiol6gico. Como néo
héa residuos basicos proximos da cisteina, o tiolato é estabilizado por ligagdes de hidrogénio
com dois residuos de tirosina que quando substituidos por alanina abolem a expresséo de
ohr. A oxidag&o da cisteina com a formacédo de uma molécula de 4cido sulfénico ocasionaria
um impedimento estéril na estrutura, sendo necessario um rearranjo conformacional para
impedir esse fendbmeno com a consequente liberacdo de OhrR do DNA (Hong et al., 2005)
Estudos posteriores demonstraram que 0 mecanismo de acdo de OhrR € ainda mais
complexo. Aparentemente, a formacao do acido sulfénico nédo leva a liberacdo de OhrR do
DNA. A perda de atividade estd correlacionada tanto com a formacdo de um dissulfeto
misto, através de reagfes com tidis em um processo de S-tiolagdo, como com a ciclizagdo
do acido sulfénico com um grupo amina da cadeia principal, formando uma molécula de
sulfenamida (Lee & Helmann, 2007). Aparentemente, o processo de S-tiolacdo protegeria a
cisteina de processos de superoxidacdo enquanto, na auséncia de tidis bioldgicos,
acarretaria a formagdo da sulfenamida. No entanto, OhrR de muitos organismos (como
Xanthomonas campestris), contém duas cisteinas conservadas. Estas formam um dissulfeto

intramolecular substituindo o fendmeno de S-tiolagdo documentado em Bacillus subtilis e
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outras bactérias como Oceanobacillus iheyensis, Streptomyces coelicolor, Sinorhizobium
meliloti e Rhodopseudomonas palustris (Lee & Helmann, 2007). Todavia, 0 mecanismo de
acao geral de OhrR deve ser bastante semelhante para todos os organismos.

Figura 8. Estrutura de OhrR complexada a regido operadora de ohrA em Bacillus subtillis.
OhrR esta representada como um homodimero com suas cadeias polipeptidicas nas cores azul e

cinza. Figura foi gerada através do programa PyMol (PDB ID: 1Z9C).

Pouco se sabe a respeito da quimica envolvida no processo de superoxidagdo ou
reducdo dessa molécula. Entretanto, estudos cinéticos demonstraram que o acido sulfénico
de OhrR pode ser superoxidado por hidroperéxido de &cido linoléico (LAOOH) cem vezes
mais rapido do que por hidroperoxido de cumeno indicando que, dependendo do agente
oxidante, OhrR pode ser reversivelmente oxidada ou funcionar como um “sacrificial
regulator” (Soonsanga et al., 2008). De fato, a presenca de residuos aromaticos e apolares
proximos da cisteina reativa proporciona um ambiente hidrofébico e alongado, ideal para o
ancoramento de oxidantes lipofilicos (Hong et al., 2005). No entanto, resultados obtidos em
Agrobacterium tumefaciens mostram que ohr é mais induzida nesse organismo por
hidroperéxido de cumeno (CHP) do que por hidroperéxido de acido linoléico (LAOOH)

indicando que a sensibilidade do sistema regulatério na resposta a diferentes hidroperéxidos
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organicos ndo é unica em todos os organismos, variando de espécie para espécie (Chuchue
et al., 2006).

Um fato a ser considerado, é que muitos organismos que possuem Ohr ndo possuem
genes codificantes para OhrR, indicando que o mecanismo de regulagdo de Oh nesses
organismos deve ser diferente. De fato, em Methylobacterium extorquens, Ohr parece ser
regulada por PhyR, um ativador da transcricdo de inUmeros genes de resposta a estresse
gue contém no dominio N-terminal um fator sigma alternativo (RpoE) de funcéo extra
citoplasmética (Gourion et al., 2006; Gourion et al., 2008). Em Mycoplasma gallisepticum a
expressao de ohr ndo € aumentada na presenca de peroxidos organicos e outras ROS, mas
sim na presenca de estresse etandélico enquanto estresse osmotico provoca diminuicdo da
expressao génica. Postula-se nessa bactéria que ohr também esteja sobre controle do fator
sigma alternativo o (codificado pelo gene rpoE) baseado em similaridades de uma
sequéncia de bases da regido promotora de ohr com a seqiiéncia consenso do sitio de
ligacéo de oF (Jenkins et al., 2008).

Em eubactérias, a RNA polimerase dependente de DNA é uma enzima com mdltiplas
subunidades responsavel pela transcricdo de todas as moléculas de RNA da célula
(Borukhov & Nudlery, 2003). O cerne da enzima (subunidades a,fpf w) contem toda a
magquinaria catalitica necesséaria para sintese de RNA, mas para iniciar a transcricao
necessita associar-se a subunidade sigma (o), formando a holoenzima (o,BB wa). A
subunidade dissociavel o participa de todos os eventos da iniciacdo da transcri¢ao, incluindo
o reconhecimento de seqliéncias especificas da regido promotora, o posicionamento da
holoenzima e a abertura da dupla fita de DNA. Os elementos das regifes -10 e -35 do
promotor s&o os principais determinantes reconhecidos por regides altamente conservadas
dos fatores sigma (Browning & Busby, 2004). Neste processo, conhecido como ciclo do
sigma, o fator sigma associa-se ao cerne da RNA polimerase para iniciacdo da transcri¢éo e
dissocia-se ap0s a transcricdo para o complexo de elongagdo. Apdés o término da
transcricdo, o cerne da RNA polimerase esta livre para associar-se ao sigma e iniciar novo
ciclo de transcricdo. Muitas bactérias contem diferentes tipos de fatores sigma e, portanto,
multiplas holoenzimas. Entretanto, evidéncias recentes mostram que o fator sigma também
esta envolvido na regulacdo do processo de elongacéo (revisado por Mooney et al., 2005).
Em E. coli, o fator sigma primario ¢ denominado ¢, sendo necessario para a transcri¢io da
maioria dos genes, incluindo aqueles que desempenham fungdes essenciais como genes de
housekeeping. Fatores o alternativos sdo aqueles que controlam genes de fungao
especializada, necessarios geralmente para desempenhar funcdes especificas (e.g.
motilidade) ou sobre condicdes de estresse (e.g. choque térmico, estresse oxidativo). O fator

of, faz parte do grupo de fatores sigma de funcdo extra citoplasmatica responsavel por
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transcrever genes capazes de manter a integridade do envelope bacteriano. Esse fator é
induzido em condicbes de estresse que afetam a célula inteira como choque térmico,
etandlico e a estresses do envelope como mutagbes que inativam chaperonas
periplasmaéticas (revisado por Paget & Helmann, 2003). Foi observado que ¢t regula a
expressao de muitos genes relacionados com patogenicidade (Rhodius et al., 2006). Em
Streptomyces coelicolor, a oxida¢do do fator anti-oc RsrA por H,O, ou diamida leva a
formacdo de ponte dissulfeto que resulta na ativacdo do regulon o® resultando na inducéo
genes alvos correspondentes (Kang et al., 1999).

Em X. fastidiosa, ndo foram encontrados genes que apresentassem similaridade com
OhrR de outras bactérias. Também nao foi encontrada em proteinas da familia MarR de
Xylella fastidiosa, a presencga de cisteinas conservadas. Deste modo, podemos supor que o
controle da transcrigcdo de ohr em X. fastidiosa é realizado por outro mecanismo diferente do

realizado pela OhrR.

2. OBJETIVOS

Ohr é uma das principais enzimas atuantes na resposta da bactéria a detoxificagdo
de hidroperéxidos orgénicos. Dessa maneira, essa enzima deve desempenhar papel
importante na defesa antioxidante de Xylella fastidiosa, especialmente durante a interacédo
planta-patégeno.

O objetivo dessa tese é entender o papel fisioldgico de Ohr em X. fastidiosa através
de sua caracterizagdo funcional, buscando elucidar suas vias de reducdo, oxidacdo e os

mecanismos de regulagéo génica.

3. MATERIAIS E METODOS

3.1. Materiais e Reagentes

Acido lipbico, Acrilamida, Adjuvante de Freund completo e incompleto, agarose,
ampicilina, BHT (hidroxitolueno butilado), bis-acrilamida (N,N’-metilenobis-acrilamida), BSA
(albumina bovina sérica), canamicina, citrato sintetase, diamida, DTNB [acido 5,5’-ditiobis(2-

nitrobenzoéico)], DTT (1,4-ditiotreitol), Hepes (acido 4-(2-hidroxietil)piperazina-1-
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etanosulfénico), Lipoamida, NADH (b-nicotinamida adenina dinucleotideo reduzido), NADPH
(b-nicotinamida adenina dinucleotideo 2’-fosfato reduzido), PMSF (fluoreto de
fenilmetilsulfonila), sulfato de estreptomicina, sulfato ferroso, t-BHP (terc-butilhidroperdxido),
TCA (acido tricloroacético), tetraciclina, Tris (tris(hidroximetil) aminometano), uréia e xilenol
orange foram obtidos da Sigma-Aldrich Co. (St. Louis, Missouri, USA). CHP (hidroperoxido
de cumeno), H,O, e B-mercaptoetanol foram obtidos da Merck KGaA (Darmstadt,
Alemanha). Proteina A Sepharose e Full-Range Rainbow Molecular Weight Marker foi obtida
da GE Healthcare (Pittsburgh, Pensilvania, USA). Brometo de etideo, imidazol, e SDS
(dodecil sulfato de sédio) foram obtidos da USB Corporation (Cleveland, Ohio, USA).
Marcadores de massa molecular (BenchMark Protein Ladder, Low DNA Mass Ladder, 1 Kb
Plus DNA Ladder e | DNA/Hind Ill Fragments) foram obtidos da Invitrogen Corporation
(Carlsbad, California, USA). T4 DNA ligase e as enzimas de restricdo BamHI, EcoRlI, Hindlll,
Ndel, Nhel e Xhol foram obtidas da New England BiolLabs, Inc. (Ipswich, Massachusetts,
USA). Taqg DNA polimerase, Hi-Fidelity Tag DNA polimerase e dNTPs foram obtidos da
Fermentas Inc. (Glen Burnie, Maryland, USA). Coomassie brilliant blue G-250 foi obtido da
Bio-Rad Laboratories, Inc. (Hercules, California, USA). Peptona e extrato de levedura foram
obtidos da Oxoid Ltd. (Basingstoke, Hampshire, Inglaterra). Todos os demais reagentes
empregados eram grau analitico. Todas as solu¢gdes foram preparadas em agua tratada no
sistema Milli-Q (Millipore Corporate, Billerica, Massachusetts, USA).

3.2. Linhagens bacterianas de clonagem e expressao

e DH5a: E. coli [endAl, hsdR17 (r, m,’), supE44, thi-1, recAl, gyrA (Na 1", relAl, A
(laczYA-argF)uise  (MB0lacZAM15)] linhagem de clonagem (Novagen EMD
Biosciences, Inc., Merck KgaA).

e XL1-Blue: E. coli recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F* proAB
laclZDM15 Tn10 (Tet)]: linhagem de clonagem (Stratagene, Agilent Technologies,
Inc., Santa Clara, Califérnia, USA).

e BL21(DE3): E. coli [F, amp T, hsdS, (rg= my), gal, dcm (DE3)] linhagem de
expressao (Novagen EMD Biosciences, Inc.).

e Origami(DE3): E. coliA(ara—leu)7697A lacX74 A phoA Pvull phoR araD139 ahpC
galE galk rpsL FT[lac* lacl® pro] (DE3) gor522::Tnl0 trxB (Kan®, Str<, Tet®):

linhagem de expresséo (Novagen EMD Biosciences, Inc.).
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e AD494(DE3): E. coli A (ara leu)7967 A lacX74 A phoA Pvull phoR A malF3 F'[lac’
lacl® pro] trxB:kan (DE3) (Kan%): linhagem de expressdo (Novagen EMD
Biosciences, Inc.).

e Rosetta(DE3): E. coli [ F~ ompT hsdSg(rs~ mg) gal dcm (DE3)] pRARE? (Cam®):

linhagem de expresséo (Novagen EMD Biosciences, Inc.).

3.3. Vetores de clonagem e expressao

e TOPO: vetor de clonagem (Invitrogen) linearizado. Possui em sua extremidade 3’ um
residuo de deoxitimidina (T) na qual estd ligada covalentemente a enzima
topoisomerase |.

e pET15b: vetor de superexpressao (Novagen) cuja expressdo do gene de interesse é
controlada pelo promotor viral T7lac que é desreprimido por IPTG. Possui sitio de
clonagem (com as enzimas de restricdo Ndel, BamHI e Xhol) e uma seqiiéncia de
bases que codifica para uma cauda de poli histidina que sera incorporada a enzima
na porgcado N-terminal. Possui também um sitio para clivagem por trombina caso haja
necessidade de remocéo posterior da cauda de histidina.

e pET28a: vetor de superexpressado (Novagen), cuja expressao do gene de interesse é
controlada pelo promotor viral T7 lac que é desreprimido pelo composto IPTG.
Possui um sitio de clonagem (contendo seqtiéncias reconhecidas por varias enzimas
de restricdo) e uma sequéncia de bases codificadoras de cauda poli histidina para a
porcdo N e C-terminal. Também possui seqiiéncia de bases que codificam para uma

cauda T7 interna e um sitio de clivagem por trombina.

3.4. Meios e condi¢des para cultivo de E. coli

LB: 1% triptona; 0.5% cloreto de sodio; 0.5% extrato de levedura e 2% agar (quando
sélido), pH 7.4

3.5. Meios e condi¢des para cultivo de X. fastidiosa

PWG: Fitona Peptona 4g/l; tripticase peptona 1g/l; cloreto de hemina 0,001%;
KoHPO, 1.2g/l; MgS0,4.7H,0 0.49/1; glutamina 0,4%; glicose 0,5%
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O cultivo de Xylella fastidiosa J1al2 (Monteiro et al., 2001) foi realizado em meio de
cultura PW (Davis et al., 1981), sem albumina de soro bovino (BSA) e sem vermelho fenol,
suplementado com 0,5% de glicose (PWG). Para manutencéo das culturas foi feito cultivo
em placa (PWG solido com agar 1.2%). Em meio liquido, o cultivo foi feito em 50 ml de PWG
em frascos de 250 ml a temperatura ambiente sem agitagcdo. As linhagens mutantes rpoN e
rpoE foram cultivadas com ampicilina 10 pg/ml. As bactérias foram cultivadas até fase

logaritmica por aproximadamente sete dias.

3.6. Construcédo de vetores de superexpressao

Os genes de interesse foram amplificados a partir de cosmideos contendo genes de
X. fastidiosa disponibilizados pelo Projeto Genoma deste organismo ou a partir de DNA
gendmico de Xylella fastidiosa das linhagens 9a5c (obtido do laboratério da Prof* Dr* Aline
Maria Silva do Instituto de Quimica da USP) e J1al2 (obtido do laboratério da Prof* Dr?
Marilis do Vale Marques do Instituto de Ciéncia Biomédicas da USP). Para a execucao de
todas as reacdes de PCR descritas utilizamos o termociclador Perkin-Elmer 9700 (Applied
Biosystems) e a enzima Taq DNA polimerase. A amplificagdo dos genes de interesse foi
confirmada por eletroforese em gel de agarose. Os oligonucleotideos desenhados para a
amplificacéo dos respectivos genes estéo descritos na Tabela 1.

Apbés a amplificacdo, os produtos de PCR e seus respectivos vetores de
superexpressdo foram submetidos a digestdo com enzimas de restricdo. Os produtos da
digestdo foram submetidos a eletroforese em gel de agarose (0.8%) e os fragmentos
correspondentes foram extraidos do gel utilizando o kit Wizard SV Gel and PCR Clean-up
system (Promega Corporation), segundo o protocolo do fabricante. Produto de PCR e o
vetor de expressdo foram ligados utilizando a enzima T4 DNA ligase e o produto da ligagéo
foi inserido em linhagem DH5-a de E. coli por eletroporacéo. Apos crescimento em meio
sélido (LB) contendo os respectivos antibiéticos (Ampicilina 100ug/ml para pET-15b e
Canamicina 15ug/ml para pET-28a) transformantes foram selecionados para confirmacgéo do
inserto por reacdo de PCR a partir da coldnia, seguido de eletroforese em gel de agarose. A
colbnia selecionada (na qual houve amplificacao do inserto) foi crescida em meio liquido LB
com o respectivo antibiético e o produto da ligacdo gene/vetor de superexpressao foi isolado
utilizando o kit Perfectprep-Plasmid mini (Eppendorf AG, Hamburgo, Alemanha), segundo o
protocolo sugerido pelo fabricante. Apés a confirmacdo da presenca do vetor por
eletroforese em gel de agarose, inserimos o vetor em linhagens bacterianas de

superexpressao para a producdo de proteinas recombinantes. Novamente, plagueamos a
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transformacéo e algumas colbnias crescidas foram selecionadas para o teste de expressao.

Todas as linhagens transformadas foram estocadas em glicerol 8% a —70°C.

Tabela 1. Oligonucleotideos utilizados para amplificagdo dos respectivos genes alvos.

Gene Produto Sentido Sequéncia (5’ 3)
Ipd Lpd Forward | GGGAATTCCATATGACGTTGC Ndel
Ipd Reverse | CCGCTCGAGTCAGTTTGCTTTATG Xhol
IpdA LpdA Forward | GGGAATTCCATATGACGGTGATTG Ndel
IpdA Reverse | CCGCTCGAGTTACTTTGCTGAAG Xhol
sucB SucB Forward | CTAGCTAGCATGACCATCGAAG Nhel
sucB Reverse | CGCGGATCCTTATAAGCC BamHI
pdhb PDHB Forward | GGGAATTCCATATGACCGAAATCAAGGAAG Ndel
pdhb Reverse | CGGGATCCTCAACGGGCCTTAC BamHI
tsnc Tsnc Forward | CCGGAATTCATGAGCGACTATGTTCTAC EcoRl
tsnc Reverse | CCCAAGCTTTGAGTCGGTGTTTGC Hindlll
ybbn Ybbn Forward CGCCATATGCATGGTTTTTACTC Ndel
ybbn Reverse | CGCGGATCCTCAAAACAAC BamHI
trxa TrxA Forward GGAATTCCATATGCAGATCATTACCGCTACG Ndel
trxa Reverse CGGGATCCTTAAAGATACGTCTGTACAGC BamHI
trxr TrxR Forward | CGCCATATGAGCGATTATCCTGC Ndel
trxr Reverse | CGCGGATCCTCAGTTAC BamHI

3.7. Transformacao de bactérias eletrocompetentes por eletroporacao

O vetor de interesse e a bactéria eletrocompetente foram colocados numa cubeta de
eletroporacdo e sujeitos a um pulso de voltagem no eletroporador Gene Pulser I
Electroporation System (Bio-Rad Laboratories), ajustado em 2.5 kV de voltagem e 25 uF de
capacitancia. Apés o pulso de voltagem, as células foram ressuspendidas em 1 ml de LB
sem ampicilina e deixadas sob agitacdo a 37°C por 1 hora. Apds esse periodo, foram
plagueadas em meio solido seletivo LB na presenca do respectivo antibidtico e incubadas

overnight a 37°C, para o crescimento das bactérias transformadas com o vetor.

3.8. Superexpressédo em E. coli dos genes clonados

As colbnias transformantes foram crescidas em 50 ml de LB na presenca dos
antibiéticos especificos para cada linhagem superexpressante até atingir a densidade 6ptica

desejada (entre 0.6-1.0).No passo seguinte, foi adicionado IPTG ao meio de cultura de
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modo a ativar o promotor T7 presente no vetor de expresséo, desencadeando assim a
transcricdo dos genes alvos e consequente superexpressao da proteina de interesse. As
condi¢cbes de expressdo como concentracdo de IPTG, temperatura, tempo de inducéo e
concentracdo dos respectivos antibioticos utilizados esta descrito na Tabela 2.

Tabela 2. Condigdes de clonagem e expressdo de genes alvos.

Gene Vetor Linhagem Antibidticos Condig¢oes de indugao
Ipd pET-15b AD494(DE3) Ampicilina (100 pg/ml) 0.5 mM IPTG, overnight, 20°C
+ Canamicina (15 ug/ml
IpdA pET-15b AD494(DE3) Ampicilina (100 pg/ml) 0.1 mM IPTG, 4cido lipdico
+ Canamicina (15 pg/ml (300ug/ml), overnight, 20°C
sucB pET-28a BL21(DE3) Canamicina (15 ug/ml) 0.1 mM IPTG, 4cido lipdico
(300ug/ml), overnight, 20°C
pdhb pET-15b BL21(DE3) Ampicilina (100 ug/ml) 0.1 mM IPTG, &cido lipdico
(300ug/ml), overnight, 20°C
tsnc pET-15b AD494(DE3) Ampicilina (100 pg/ml) 0.5 mM IPTG, overnight, 20°C
+ Canamicina (15 ug/ml
trr pET-15b BL21(DE3) Ampicilina (100 ug/ml) 0.5 mM IPTG, overnight, 20°C
ohr (WTe | pET-15b BL21(DE3) Ampicilina (100 pg/ml) 1 mM IPTG, 3h, 37°C
mutantes)

3.9. Purificacdo das proteinas recombinantes por cromatografia de

afinidade a metal

Apbs o periodo de inducéo, as células foram centrifugadas (5000 RPM por 10 min.),
ressuspendidas em tampao de lise celular ( 20 mM tampao fosfato de sédio pH 7.4, 500 mM
NaCl e 20 mM imidazol) na presenca de 100 uM PMSF e submetidas a diversos ciclos de
sonicacdo no aparelho Branson Digital Sonifier 450 (Branson Ultrasonics Corporation,
Danbury, Connecticut, USA) em amplitude 35% por 25 segundos seguidos de 50 segundos
de descanso em gelo (para ndo superaquecer a amostra desnaturando a proteina de
interesse). O lisado celular foi tratado com sulfato de estreptomicina 1% por 30 minutos, de
modo a precipitar acidos nucléicos presentes na amostra. A amostra foi submetida a
centrifugacéo (14000 RPM por 50 min. a 4°C).

Para verificar a existéncia da proteina de interesse em corpos de inclusédo, os
precipitados foram analisados por SDS-PAGE. O precipitado foi ressuspendido em agua (1
ml para cada 100 ml de meio de cultura utilizado no crescimento) e em 2 pl dessa
suspensdo adicionou-se 10 yl de tampao de solubilizagdo (60 mM tampéao Tris-HCI pH 6.8,
B-mercaptoetanol 1%, glicerol 10%, SDS 1% e azul de bromofenol 0.01%). Apdés 10 minutos

a 95°C, as amostras foram analisadas por SDS-PAGE.
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Apdés a obtengdo do extrato protéico, as proteinas foram submetidas a purificagéo
utilizando uma coluna de afinidade a niquel His-TrapTM HP (GE Healthcare) 1 ml ou 5 ml
(para 50-200 ml ou 1 L de cultura bacteriana respectivamente) e uma bomba peristéltica
P1TM (GE Healthcare). As amostras foram purificadas com as seguintes solu¢des: Tampéao
de ligacdo (20mM Tampéao Fosfato de sédio; 500 mM NaCl e 20 mM Imidazole) e de elui¢éo
(20mM Tampéao Fosfato de sédio; 500 mM NaCl e 500 mM Imidazole). As etapas anteriores
a purificacdo consistem em lavagem da coluna em agua (5 volumes de coluna); aplicacédo
de niquel 0.1 M (0.5 volume de coluna); lavagem em &gua (5 volumes de coluna); lavagem
com tampao de ligacdo (10 volumes de coluna). ApGs estas etapas, a amostra € aplicada e
em seguida lavada novamente com tampdao de ligagdo para remover proteinas que estdo
interagindo fracamente com a coluna. Por ultimo, aplica-se o tampéao de eluigédo (5 volumes
de coluna) e as fragbes sdo coletadas em eppendorfs. As etapas foram feitas sobre fluxo
constante de 1 ml/min. De modo a refinar o grau de pureza das proteinas, realizamos
purificacdes em gradiente de Imidazole. Nesse procedimento, entre as etapas de lavagem
com tampdao de ligacao e eluicdo, ha lavagens da coluna com concentragdes crescentes de
Imidazole (50, 100, 150 e 200mM em 20 mM tampéo Fosfato de sédio e 500 mM NacCl).

3.10. Purificacdo de proteinas em corpos de incluséo

Resumidamente, pellet celular resultante do processo de sonicacdo foi
ressuspendido no reagente BugBuster® Protein Extraction (Novagen). Foi adicionado ao
pellet ressuspendido lisozima (1KU/ml) seguido de vortexacdo e incubagdo por 5 minutos a
temperatura ambiente. Ap6s o periodo de incubacdo foi adicionado reagente BugBuster
(diluido 1:10) e a mistura de reacéo foi misturada por vortexacdo por 1 minuto. A suspensao
foi entdo centrifugada a 5000 x g por 15 min. a 4°C e o sobrenadante foi removido. Os
corpos de inclusdo foram ressuspendidos em metade do volume da cultura original com
BugBuster (diluido 1:10) seguido de vortexacdo e nova centrifugacdo nas mesmas
condi¢cbes da anterior. Esta etapa foi repetida duas vezes seguida de nova ressuspensao,
porém a amostra foi centrifugada a 16000 x g por 15 minutos a 4°C. Pellet final foi
ressuspendido em tampao de ligacao (vide tépico anterior) na presenca de 6 M Uréia. Para

purificagdo foi adicionado 6 M de uréia em todos os tampdes.
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3.11. Mutagdes sitio-dirigido em Ohr de Xylella fastidiosa

Para realizar as mutaces foi utilizado o kit QuikChange® Site-Directed Mutagenesis
(Stratagene). Foram sintetizados dois oligonucleotideos (cada um complementar a sua fita

oposta) contendo a mutagéo de interesse (Tabela 3).

Tabela 3. Oligonucleotideos utilizados para a construgao de mutantes de Ohr.

Ohr Sentido Sequéncia (5= 37)
V36S Forward GTCAAGCTATCCTICACCACAGGGA
Reverse AATCCCTGTGGTIGAGGATAGCTTGAC
L40T Forward GTTCCACAGGGAACAGGTGGCCCG
Reverse CGGGCCACCIGTTCCCTGTGGAAC
Fe8Y Forward GGCGCCCTGAAGTATGTTGCTAATAAGG
Reverse CCTTATTAGCAACATACTTCAGGGCGCC
G95S Forward GAAATCCCTGGTTCCTTCGGCCTAGTC
Reverse GACTAGGCCGAAGGAACCAGGGATTTC
Fo6Y Forward GAAAT CCTGGTGGTTATGGCCTAGTCGTAG
Reverse CTACGACTAGGCCATAACCACCAGGGATTTC
P126H Forward GCATCGTGTTTGTCATTACTCTAATGCAAAC
Reverse GTTTGCATTAGAGTAATGACAAACACGATGC

A polimerase presente no kit (PfuTurbo®) é capaz de estender ambas as fitas de um
plasmideo contendo o inserto de interesse com alta fidelidade e processividade. A extenséo
dos primers gera um plasmideo mutante. Dessa forma, os mutantes foram gerados
utilizando como molde os vetores de expressdo com 0s respectivos genes selvagens
clonados. As mutacdes foram realizadas utilizando o protocolo padréo do Kit QuikChange
Site-directed Mutagenesis (Stratagene, Agilent Technologies, Inc., Santa Clara, Califérnia,
USA) e os primers contendo a mutagéo de interesse. Em 50 pl de reacéo foram adicionados:
vetor molde 30 ng, cada oligonucleotideo 12.5 pmol, dNTPs 200 uM e Pfu Turbo polimerase
2.5 U. Apos amplificacdo e digestdo do DNA molde com Dpnl, uma endonuclease que
somente reconhece a fita parental metilada digerindo-a, os produtos de mutagénese foram
transformados em células XL1-Blue por eletroporacéo e plaqueadas em meio sélido seletivo
LB/Amp. Colbnias resultantes foram selecionadas para confirmacdo do inserto por reacédo
de PCR. As colénias no qual foi confirmado o inserto foram crescidas em meio liquido
LB/Amp e o vetor com o gene foi isolado (como indicado anteriormente). A regido codificante
do vetor isolado foi sequienciada para verificacdo da geracdo das mutacées e os vetores
com as respectivas mutagdes confirmadas foram transformados em linhagens de E. coli de
expressao. Na tabela 3, podemos ver os oligonucleotideos utilizados para geracédo de

mutacgdes sitio-dirigido em Ohr.

52



Os mutantes de Ohr C61S e C125S foram gerados através do método de PCR
megaprimer e estd descrita detalhadamente no paper em anexo (Cussiol et al., 2003, anexo

).

3.12. Quantificacdo de proteinas

Para a quantificacdo das proteinas recombinantes e comerciais disponiveis
utilizamos duas técnicas de medicéo. A primeira, consiste na utilizacdo do reagente Bradford
(Kruger, 1994). E um método colorimétrico medido no comprimento de onda de 595 nm
utilizando uma curva de calibragdo com BSA (Cf BSA x Abs).

O segundo método baseia-se na leitura de absorbancia direta da proteina a 280nm
baseando-se na predicdo do peso molecular e coeficiente de extingdo (¢) da proteina
através da ferramenta de bioinformatica Protparam Tool (ExPASy http://www.expasy.ch).

Em ambos os protocolos de medicao, as proteinas foram quantificadas em triplicata a 25°C.

3.13. Gel SDS-PAGE

As proteinas recombinantes purificadas tiveram o seu grau de pureza analisado por
SDS-Page em condi¢des redutoras. O gel de separagéo foi feito com 10% ou 14% de
poliacrilamida e o de empacotamento com 5%. O tampdao de corrida utilizado foi: MES-SDS
1X (a solugéo estoque 20X continha MES (1M), SDS (69.3 mM), 2-(N-morpholino) ethane
sulfonic acid Tris Base (1M), EDTA (20.5 mM, pH 7.3). As condi¢bes da corrida foram:
voltagem 130V, corrente 110 - 125 mA, 90 minutos. Na aliquota a ser aplicada no gel, foi
adicionado tampdo de amostra 1x na presenca de DTT (10mM). As amostras foram

incubadas em banho seco a 100°C por cinco minutos e aplicadas no gel.

3.14. Quantificacdo de cisteinas livres pelo ensaio de DTNB

O produto resultante da reacdo do ti6l ou tiolato com DTNB gera o composto
tionitrobenzonato (TNB), que pode ser quantificado espectrofotometricamente a 412 nm.
Neste ensaio, 170 ug de proteina foi precipitado com 1 volume de TCA 20% por 30 minutos
no gelo. Em seguida, a amostra foi centrifugada em velocidade maxima por 20 minutos e
lavada duas vezes com TCA 2%. O pellet resultante foi ressuspendido em 400 p de tampéo
Tris-HCI 30 mM pH 7.0, EDTA 1 mM e uréia 8 M. Destes, 370 pl foram transferidos para
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placa de ELISA e a absorbancia medida a 280 nm num leitor de placas Zenyth 200st
(Anthos Labtec Instruments GmbH, Wals, Austria). Apds determinagdo da concentracdo de
proteina, DTNB foi adicionado para concentragao final de 100 uM e a placa foi incubada no
escuro por uma hora a temperatura ambiente. A absorbancia do TNB foi lida a 412 nm e o
coeficiente de extingdo molar de 13600 M™.cm™ foi utilizado para determinar a concentragéo
de TNB em condicdo desnaturante. A quantificacdo também foi realizada em solugbes, sem
necessidade de precipitacdo com TCA, pela adicdo direta de DTNB em condi¢c8es nativa ou
desnaturante. Neste caso, 170 ug de proteina foi adicionada a um volume final de 370 ul de
tampdo Tris-HCI 30 mM pH 7.0, EDTA 1 mM, com ou sem uréia 8 M, e o procedimento foi
realizado conforme descrito acima. Agentes oxidantes e redutores, quando utilizados, foram
removidos por ultrafiltracdo ou cromatografia de exclusdo molecular. Para amostras nativas

(sem adic&o de uréia), o coeficiente de extingdo molar do TNB é 14150 M*.cm™.

3.15. Deteccéao da formacédo de acido sulfénico em proteinas

Determinacdo da presenca de acido sulfénico em proteinas foi realizada pelo método
do anion TNB descrito por Ellis & Poole (1997). Resumidamente, TNB foi preparado através
de incubacdo com uma mistura praticamente equimolar de DTNB e DTT (1 DTNB: 0.9 SH).
Proteinas pré-incubadas ou ndo com peroxidos foram tratadas com um excesso de vinte
vezes de TNB. Esse composto reage com acido sulfénico numa razéo de 1:1 (Ellis & Poole,
1997) gerando um dissulfeto misto entre TNB e um residuo de cisteina. Excesso de TNB foi
removido através de coluna de exclusdo molecular PD-10 desalting. Os dissulfetos mistos
foram entdo tratados com um excesso de dez vezes de DTT e a quantidade de TNB liberado
(que ¢é igual a quantidade de &cido sulfénico formado) foi determinado

espectrofotometricamente.

3.16.Reducéo de lipoamida por borohidreto de sodio

Lipoamida foi incubada com borohidreto de s6dio (10 lipoamida:1 NaBH,) por 1 hora
a 37°C. Em seguida, foi adicionado HCI (1-2 M) para reagir com o excesso de borohidreto na
reacdo. Diclorometano foi adicionado (1 volume) para separar as fases organica e aquosa
(15 minutos apés mistura por vortexacao). Apos esse tempo, a fase organica foi coletada e
misturada com Sulfato de sédio (Na,SO,) em p6 para desidratar a solugdo. O sobrenadante

foi transferido para tubo limpo e a solucéo foi secada através de borbulhamento por N,. O
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pellet resultante foi ressuspendido em etanol absoluto e a concentracdo de lipoamida

resultante foi estimada através de reagdo com DTNB.

3.17. Solubilizacdo de acido lipéico pelo método do pH alcalino

Acido lipéico foi solubilizado em tampé&o fosfato de sédio pelo método do pH alcalino
(Suzuki et al., 1994). Resumidamente, 300 mg de &cido lipdico foi adicionado em 50 mM
tampdo fosfato de sddio pH 7.4. Nesse pH, acido lipbico é insoluvel, portanto foi adicionado
hidréxido de sddio (NaOH) 5M até a total solubilizacdo. De modo a corrigir o pH da solucéo
para 7.4, foi adicionado HCI 1M. Acido lipdico solubilizado em tamp&o fosfato pH 7.4 foi
utilizado para enriqguecer o meio de cultura no processo de inducdo de modo que as
enzimas recombinantes com sitio de ligacéo a acido lipdico estivessem 100% lipoiladas.

3.18. Producéo de anticorpo anti-Ohr

A producdo do anticorpo anti-Ohr foi realizada em colaboracdo com a Prof®. Dr?,
Mariz Vainzof do Instituto de Biociéncias da USP, Prof. Dr. José Roberto Kfoury Janior da
Faculdade de Medicina Veterinéria da USP e o Dr. Victor Genu Faria.

Duas coelhas fémeas foram escolhidas para a imunizagdo. Na primeira imunizacao,
foi misturado 350 pl de Ohr (1 mg/ml) em 150 ul de PBS 1X. A esta mistura, foi adicionado o
adjuvante de Freund completo (1 Adjuvante : 1 Ohr) em PBS. A solugdo foi homogeneizada
até que o liquido se tornasse branco de uma consisténcia pastosa. A injecdo contendo a
mistura foi aplicada no dorso do animal. Aliquotas de sangue foram coletadas apos as
imunizagBes como controle negativo. Entre cada imunizacéo, era respeitado um intervalo de
duas semanas, sendo que as imunizacbes posteriores foram feitas com adjuvante de
Freund incompleto. ApGs trés imunizagdes, os coelhos foram sedados, e através de uma
seringa, o sangue dos animais foi coletado. O soro das amostras foi recolhido, aliquotado
em eppendorfs e armazenado a -80°C.

A gualidade e a especificidade do anticorpo anti-Ohr foi atestada conforme se pode
observar pela figura 9. O anticorpo anti-Ohr se mostrou bastante especifico visto que reage
com Ohr recombinante de X. fastidiosa em concentracbes pequenas além de ndo marcar
extrato protéico de E. coli e S. cerevisiae. Interessantemente, anticorpo anti-Ohr ndo reage
com a proteina OsmC que esta presente em E. coli. Como visto anteriormente, essa enzima
possuia homologia com Ohr. Portanto, anti-Ohr parece ser altamente especifico para a

proteina Ohr.
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Figura 9. Especificidade anticorpo anti-Ohr.

Ohr foi incubada com anti-Ohr (1:100 em TBS-T) conforme descrito na
sessdo “Western Blot” abaixo. Raias 1-7. Ohr recombinante (0.5; 1; 2.5;
5; 10 e 50 pg respectivamente; Raia 8. extrato de E.coli DH5-a (50 pg);
Raia 9. Extrato de S. cerevisiae BY4741 (10pg).

3.19.Western Blot

Células de Xylella fastidiosa cepa J1al2 e Escherichia coli DH5-a foram crescidas
até atingirem densidade Optica em torno de 0.5 — 0.6 (fase logaritmica). Células foram
incubadas com os respectivos tratamentos, centrifugadas e ressuspendidas em tampéo de
lise 2X sendo entéo fervida por 3 minutos e congeladas. As amostras foram entédo aplicadas
em gel SDS-Page 10% e submetidas a eletroforese no sistema Mini Protean Il (BioRad).
Apo6s o periodo de corrida, as amostras foram transferidas do gel para uma membrana de
nitrocelulose (1 hora; 250mA) como descrito pelo fabricante (BioRad). Completada a
transferéncia foi utilizado o reagente Ponceau para checar a qualidade da transferéncia. A
membrana foi bloqueada com TBS/Leite 5% por uma hora a temperatura ambiente,
incubada com anticorpo primério overnight a 4°C e lavada 3x com TBS-Tween 0.1% por 10
minutos. Anticorpos secundarios conjugados com fosfatase alcalina (1:1000 em TBS-T)

foram utilizados para revelar a membrana.
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3.20.Imunoprecipitacdo de extrato protéico

Lisados de Xylella fastidiosa e Escherichia coli (1 mg de proteina total dosada pelo
reagente de bradford) foram incubados com Proteina A Sepharose (pré-lavada 2 vezes em
Tampéo Tris-HCI 20mM, pH 7.5) por 30 minutos apés agitagdo por inversdo a 4°C. Apoés
término da incubacdo sobrenadante foi coletado ap6s spin em microcentrifuga.
Sobrenadante foi incubado na presenca de anti-acido lipdico (1:50) overnight a 4°C sob
agitacdo moderada. Pré-cleaning é importante para remover do extrato protéico, proteinas
que se ligam inespecificamente as beads (Proteina A Sepharose). Apés o periodo de
incubacao, sobrenadante na presencga do anticorpo foi transferido para 100 ul de beads pré-
lavada e incubado por 4 horas sob agitacdo leve a 4°C. Apos esse periodo, o sobrenadante
foi descartado ap6s spin em microcentrifuga. Imunoprecipitado foi lavado 5 vezes em 20 mM
tampéo Tris-HCI, pH 7.5, 300 mM NaCl e entdo fervido por 5 minutos em tampédo de
amostra 1x contendo 10 mM DTT. Eletroforese, transferéncia e bloqueio da membrana foi
executado conforme descrito nas respectivas sessfes acima e depois incubada com
anticorpo anti-Ohr (1:1000) overnight a 4°C. A membrana foi subseqientemente incubada
com anticorpo de coelho contra fosfatase alcalina por uma hora e as proteinas foram
detectadas ap0s incubagdo com substrato BCIP/NBT da fosfatase alcalina. (Kirkegaard and

Perry laboratories).

3.21. Separacao e deteccao de proteinas da fracdo extracelular de Xylella

fastidiosa

Para isolar proteinas secretadas assim como proteinas que interagem fracamente
com a membrana celular, nés usamos um protocolo modificado de Smolka et al., 2003.
Resumidamente, 50 ml de cultura de X. fastidiosa foi centrifugada e o pellet foi lavado duas
vezes com tampéo contendo 10 mM Tris-HCI (pH 8.8), 3 mM KCI; 50 mM NaCl, 5 mM EDTA
e 1 mM PMSF. O sobrenadante de cada etapa de lavagem foi precipitado com mistura
gelada de etanol:acetona:acido acético (50:50:0.1 v/v/v) a 4°C por 30 minutos e solubilizado
em 50 pl de 10 mM tris-HCI (pH 8.8), 0.5% SDS, 5 mM EDTA e 1 mM PMSF. Apos as
etapas de lavagem, as células foram entéo lisadas com 200 ul de solucdo de lise [10 mM
Tris-HCI (pH 8.8, 0.5% (p/v) SDS, 5 mM EDTA e 1 mM PMSF]. Apds a adicdo de 100 mM
DTT, as proteinas (da fracdo celular e do sobrenadante) foram fervidas por trés minutos e

aplicadas em gel SDS-PAGE 14% em condi¢cBes redutoras. Apds etapa de eletroforese, o

57



gel foi transferido para membrana de nitrocelulose e incubado com anti-Ohr (1:1000) ou anti-

acido lipdico (1:5000) por uma hora a temperatura ambiente.

3.22. Determinacédo da concentracao de hidroperoxidos

A concentracdo da solucao estoque de H,O, foi medida pela absorbancia a 240 nm
(€240nm = 43.6 Mt.cm™). A concentracéo das solucdes estoques de t-BHP e CHP foram
determinadas espectrofotometricamente a 340 nm seguindo a oxidacdo de NADPH a 37°C,
numa reacdo contendo volume conhecido de hidroperéxido, glutationa 500 uM, glutationa
redutase 6 ug/ul, glutationa peroxidase 15 ng/ul e NADPH 200 uM, em 20 mM tampéao Tris-
HCI pH 8.0 e 0.1 mM DTPA. A concentracao dos hidroperéxidos de lipidios foi determinada
por iodometria. Nesta andlise, é construida uma curva padrdo utlizando-se um
hidroperéxido comercial (no caso foi utlizado t-BHP) a qual sera utilizada para a
quantificacdo do hidroperoxido de lipidio recém sintetizado. Para isto, utilizam-se tubos de
ensaio ambar com tampa e procede-se da seguinte maneira: primeiramente, é adicionado o
hidroperéxido (como branco é utilizado apenas o solvente), acido acético: CHCI; (3:2) e
lodeto de potassio (40 mM, dissolvido em agua previamente borbulhada com N,). Aos tubos
de ensaio é adicionado N, por cinco segundos, sendo entdo incubados por cinco minutos.
Apo0s este tempo, € adicionado acetato de cadmio 5% (m/v). Ao final, os tubos séo agitados
e a absorbancia da fase menos densa (superior) é lida em espectrofotdbmetro a 353 nm. A
partir da curva padrdo criada, podemos estabelecer a quantidade de hidroperéxido

sintetizado.

3.23. Ensaio FOX (Ferrous oxidation in xylenol orange assay)

As concentracdes de hidroperoxidos no meio de reagdo foram determinadas através
do ensaio FOX como descrito por Jiang et al., 1992. Brevemente, 0 ensaio se baseia ha
oxidacdo de Fe'? a Fe™ na presenca de peréxidos. Xylenol orange é um quelante de Fe*®
que, ao se ligar a este, absorve no comprimento de onda de 560 nm. Desse modo, quanto
maior for a quantidade do hidroperéxido presente no meio de reacdo, maior sera a oxidacéo
a Fe™ com conseqiiente aumento de absorbancia a 560 nm. A concentracio remanescente
de hidroperéxido foi determinada em comparacao com a absorbancia a 560 nm de uma
amostra padrdo de hidroperoxido. O ensaio é realizado nas seguintes condi¢gdes: 50 mM
tampéao Hepes (pH 7.4), 0.1 mM DTPA e 1 mM Azida. As concentragdes de Ohr, perdxido e

tiél redutor variaram nos ensaios. As reacdes foram iniciadas apds a adicdo do composto
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tilico e interrompida em diferentes intervalos de tempo pela adigdo de HCI (200 mM). A
mistura de reagéo é incubada com FOX (sulfato ferroso 25 mM, xilenol orange 100 uM, BHT
4 mM e &cido sulftrico 250 mM, pH ~ 1.6) na propor¢do de 9 FOX : 1 Reacdo. Incuba-se a
37°C por trinta minutos e, em seguida, se faz a leitura em espectrofotémetro. O ensaio foi
realizado na presenca e auséncia de Ohr, medindo com isso a atividade peroxidasica de
Ohr na presenca de ti6is.

3.24. Ensaio de atividade dissulfeto redutase

A atividade dissulfeto redutase dos sistemas redutores lipoamida e tiorredoxina foi
determinada através do composto DTNB (reagente de Elman). As reagbes foram
monitoradas espectrofotometricamente a 412 nm como resultado da absorgdo do composto
TNB (€412nm = 14100 Mt.cm™). A mistura de reacdo contém 50 mM tampé&o fosfato de sodio
(pH 7.4), 1 mM DTPA, 0.5 mM DTNB e 0.2 mM NAD(P)H. As concentra¢gBes dos tidis
redutores e das enzimas recombinantes utilizadas variaram entre 0s ensaios e estdo

indicadas nas legendas de cada figura.

3.25. Ensaio de atividade peroxidasica da proteina Ohr pelo sistema

lipoamida

No ensaio, lipoamida ou grupo lip6ico de enzimas é reduzido por Lpd a custa de
elétrons provenientes do NADH (modificado de Bryk et al., 2002). A reacéo € iniciada com a
adicdo do hidroperéxido e monitorada através do consumo de NADH (€340nm = 6290 M™ cm’
1). O ensaio é realizado nas seguintes condi¢des: 50 mM tampao fosfato de sédio (pH 7.4),
0.1 mM DTPA e 0.2 mM NADH a 37°C. As concentracdes das enzimas, lipoamida livre e
perdxidos utilizadas no ensaio variaram conforme o experimento e estdo indicadas nas

legendas das figuras.

3.26.Determinacdo do pK,de cisteinas reativas

No intuito de determinar o pK, da cisteina peroxidasica de Ohr foram utilizadas trés

técnicas diferentes:
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1. Absorcédo do tiolato a 240nm

Esse ensaio se baseia ha absorcéo do tiolato (S°) na faixa do UV a 240nm (€240nm =
4000 M. cm™, Nelson & Creighton, 1994). Uma aliquota de Ohr foi oxidada com diamida
em excesso (10:1) enquanto outra aliquota foi reduzida com DTT (100mM) por duas horas a
temperatura ambiente. Diamida e DTT foram removidos em coluna de exclusédo molecular
PD-10 em 5 mM tampao fosfato de sodio, 25mM NaCl. A enzima (reduzida e oxidada) foi
incubada em diversos tampdes (100 mM) com faixas de pH entre 4 — 11 (Tampéao Acetato
de Sdodio para pHs 4; 4.5; 5; 5.5. Tampao MES-NaOH para pHs 6; 6.5. Tamp&ao Tris-HCI
para pHs 7; 7.5; 8; 8.5; 9. Tampé&o Carbonato-Bicarbonato para pHs 9.5; 10; 10.5; 11)
contendo NaCl 200mM e DTPA 1mM. Como tirosina e triptofano absorvem no comprimento
de onda de 240nm, a absorbancia do anion tiolato foi detectada pela comparagédo com o
espectro da Ohr na forma oxidada onde somente o tiolato esta ausente.

2. Modificacdo quimica por Monobromobimano (MB)

Monobromobimano é um reagente quimico estavel, ndo fluorescente, capaz de reagir
com compostos tidlicos tais como glutationa e sulfidrilas de proteinas alvo em sua forma
desprotonada, formando um aduto fluorescente (Aexe 396 Nm, Ae, 482nm) capaz de ser
detectado por um fluorimetro (Kosower et al., 1979). Ohr foi reduzida com excesso de DTT
(100mM) por duas horas a temperatura ambiente que foi posteriormente removido em
coluna de exclusdo molecular PD-10 com 5 mM tamp&o Hepes pH 7.4. Em seguida, Ohr (10
MM) foi incubada com MB (2 uM) em tampdes (50 mM) a diferentes pHs (3.0 a 7.0) por 20
minutos a temperatura ambiente. A forca ibnica da solugéo foi ajustada pela adicdo de NacCl
(500 mM). As velocidades de alquilagdo por MB foram determinadas pela extrapolagédo da
inclinacdo maxima das cinéticas. Os valores de pK, foram determinados utilizando a
equacdo de Henderson-Hasselbach no programa GraphPad®Prism4. Como controle da
reacdo, uma amostra de Ohr previamente reduzida por DTT foi alquilada com MB (2 yM) por
20 minutos em 50 mM tampédo Fosfato de sddio pH 7.4; 500 mM NaCl e seu excesso
removido em coluna desalting. A amostra foi eluida em 5 mM tampédo Hepes pH 7.4 e
posteriormente a fluorescéncia da amostra foi determinada em diferentes pHs (3.0 a 7.0).
Dessa maneira, foi mostrado que ndo ha diferenca na fluorescéncia de Ohr alquilado com
MB para diferentes pHs, indicando que o pH nao interfere na fluorescéncia do aduto Ohr-
MB.

A utilizacdo desse composto como método de deteccdo do pKa de grupos tibis foi

proposta pelo Dr. Gerardo Ferrer-Sueta (Universidad de la Republica, Montevidéu, Uruguai).
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3. Modificacdo quimica por lodoacetamida (IAM)

Ohr recombinante de X. fastidiosa foi reduzida com 100 mM DTT por 1 hora a
temperatura ambiente. DTT foi removido em coluna de exclusdo molecular PD-10 na
presenca de 5 mM de tampéo Tris-HCI pH 7.4. Ohr (20 yM) foi entdo incubada com 300 yM
de IAM na presenca de tampdes (100 mM) em diferentes faixas de pH por 3 minutos a T.A
em um volume final de reacao de 10 ul. Apds o periodo, mistura de reacao foi colocada em
banho de gelo (quenching) e diluida 100 x na reagéo para dosar a atividade peroxidasica de
Ohr ( tépico 3.21). Foi feito um controle da incubag&o nos respectivos tamp&es na auséncia
de IAM.

3.27. Preparacao de RNA e Northern Bloting

Células de Xylella fastidiosa Jlal2 foram crescidas a temperatura ambiente na
auséncia de agitacdo por aproximadamente sete dias em meio PWG. Os respectivos
tratamentos realizados nas células durante esse periodo estdo detalhados na legenda das
respectivas figuras. De modo geral, as células foram coletadas ainda na fase log de
crescimento e centrifugadas a 4°C, 4000 x g e mantidas no freezer até o momento da
extracdo do RNA. Como experimento controle, linhagem BL21(DE3) de E. coli capaz de
superexpressar Ohr através do vetor de expressédo pET-15b foi crescida a 37°C até atingir
densidade oOptica (OD) em torno de 0.6-1.0. ApGs esse periodo, foi adicionado 1mM de IPTG
para a expressdo de Ohr. Em determinados tempos, indicados nas legendas das
respectivas figuras, as células foram coletadas através de centrifugacdo conforme descrito
acima.

Células de todas as linhagens testadas foram coletadas por centrifugacao a frio, com
os devidos ajustes de volume para obtencdo da mesma quantidade de células de todas as
amostras. A extracdo do RNA de todas as células foi feita pelo método do Trizol (Invitrogen).
As células congeladas foram lisadas imediatamente em 1 ml de Trizol, incubadas a 65°C por
10 minutos e em seguida foi adicionado 0.2 ml de cloroférmio. A mistura foi homogeneizada
invertendo os tubos por 15 segundos seguido de incubacdo a temperatura ambiente por 5
minutos e centrifugacado por 15 minutos a 12000 x g. A fase aquosa foi coletada e o RNA foi
precipitado por 1 hora a -70°C, através da adi¢do de isopropanol. Os tubos foram entdo
centrifugados a 12000 x g por 20 minutos a 4°C, o sobrenadante foi descartado e o
precipitado lavado em etanol 70%. O precipitado foi seco em uma bomba de vacuo por 5
minutos a temperatura ambiente e solubilizado por 10 minutos a 60°C em 50 ul de agua

milliQ autoclavada e filtrada. A qualidade e a quantidade de RNAs foram avaliadas
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espectrofotometricamente (Ao NM) e eletroforese em gel de agarose 1.2% desnaturante
(MOPS 1x, formaldeido 6.5%).

Apés a etapa de eletroforese, RNA em gel de agarose foi transferido para membrana
de nitrocelulose Hybond-N* (Amershan Biosciences) por capilaridade, utilizando-se solugédo
SSC (cloreto de sédio 3M, citrato de sédio 0,3M). RNA foi fixado na membrana através de
exposicao a luz ultravioleta por dois minutos. Apos a secagem da membrana por duas horas
em estufa a 80°C, esta foi submetida a pré-hibridizacdo em forno Isotemp (Fisher Scientific)
a 40°C por 4 horas em solucéo de hibridizacdo, contendo 5X SSPE (20X: NaCl 3,6M, fosfato
de sédio 0,2M, EDTA 0,02M), solugcdo Denhardt’'s 5X (100X: BSA 2%, Ficoll 2%, PVP 2%),
SDS 0.5%, formamida 50% e excesso de DNA de salmdo desnaturado. As hibridizactes
com a sonda marcada radioativamente (descrita na préxima sessao) foram realizadas com a
adicdo das sondas previamente desnaturadas (100°C por 10 minutos seguido de banho de
gelo por 10 minutos) através de incubagéo overnight a 42°C. A membrana foi entdo lavada
2x com solucdo de SDS + SSC por quinze minutos a temperatura ambiente. Apos as
lavagens, foi conferido através de contador geiger se a membrana incorporou radioatividade,

e em seguida a membrana foi exposta ao filme de raios-X a -80°C.

3.28. Marcacdo radioativa de DNA por oligonucleotideos iniciadores

aleatérios (Random Primed Synthesis). Obtencao de sondas

DNA purificado de fragmento do gene alvo foi desnaturado a 100°C por 10 minutos
seguido de banho de gelo por 10 minutos. Apds etapa de desnaturagdo, DNA foi incubado
em mistura de reacdo contendo desoxirribonucleotideos, exceto ATP, hexanucleotideos (1
ug/ pl) (Boehringer), a enzima klenow (Invitrogen) com o respectivo tampao e [***P] dATP
(Perkin Elmer® Boston, MA, USA). A reacdo de polimerizacdo ocorreu a temperatura
ambiente por vinte minutos seguido de inativacdo da Klenow a 95°C por cinco minutos
(Ausubel et al., 1994). Amostra foi aplicada em uma coluna SC300 HR (Amersham
Biosciences) e centrifugada por dois minutos a 3000 RPM. Por ultimo, novamente amostra
foi incubada a 100°C por 10 minutos seguido de banho de gelo por 10 minutos.

Sonda para ohr e rRNA 16s foi obtida por reacdo de PCR utilizando primers
especificos e DNA gendmico de Xylella fastidiosa como molde. Os produtos de PCR foram
purificados através de kit Wizard® Plus SV (Promega, Madison, WI, USA).
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4. RESULTADOS

4.1. Caracterizacdo da atividade enzimatica de Ohr

Os resultados apresentados nesse topico (4.1) foram obtidos durante a minha
iniciacdo cientifica e inicio do meu doutorado sendo que dessa maneira resolvi apresenta-
los conjuntamente em uma forma resumida, pois maiores detalhes estdo presentes em dois
artigos cientificos na sessédo de anexos da tese.

Através do processo de anotagdo das ORFs (Open Reading Frame) do
sequenciamento do genoma de Xylella fastidiosa (Simpson et al., 2000), observamos que
uma das ORFs codificava para um gene que possuia alta similaridade com o gene ohr de
Xanthomonas campestris. Foi observado que este gene esta envolvido na defesa
antioxidante contra peréxidos organicos mas nao a H,O, e outras fontes geradoras de ROS
(Mongkolsuk et al., 1998). Analise da sequéncia priméaria de aminoacidos mostrou que Ohr
possui dois dominios altamente conservados: um mais amino(N)-terminal e outro carboxi(C)-
terminal sendo que em cada um desses dominios estd presente um residuo de cisteina
(Cys61 e Cysl1l25) que é conservado em todos os representantes da familia Ohr/OsmC
(Figura 10).

Além disso, a cisteina do dominio carboxi-terminal est4 presente em um motivo VCP
(valina-cisteina-prolina) e ¢é caracteristico de algumas proteinas da familia das
peroxirredoxinas (Rhee et al., 1998). Dessa forma, postulamos que Ohr poderia atuar como
uma peroxidase detoxificando diretamente hidroperéxidos através da reagdo com sua

cisteina reativa.
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Figura 10. Dominios da proteina Ohr no qual estdo presentes as cisteinas conservadas.

As sequiéncias apresentadas nesse esquema foram o consenso obtido pelo método do Clustal W do software
MegAlign 5.01 (DNAstar inc.). As letras em cinza representam os residuos que estdo presentes na seqiiéncia
consenso. Modificado de Cussiol et al., 2003 anexo I.

De fato, ap6s a obtengéo de Ohr recombinante de X. fastidiosa, observamos que Ohr
era capaz de detoxificar hidroperéxidos através de ensaio de atividade FOX. Ohr era capaz
de detoxificar tanto hidroperéxidos organicos como H,0O,, porém a eficiéncia de remocéao de
peroxidos orgénicos, como cumeno hidroperoxido (CHP) era muito maior do que H,O,
(Figura 11). Em ambos os casos, Ohr era ativa somente quando o ditiol DTT (e n&o
monotidis como B-mercaptoetanol) estava presente na mistura de reagéo.

Vimos que a habilidade de Ohr em detoxificar hidroperéxidos era dependente de
seus residuos de cisteinas, pois Ohr previamente tratada com NEM, um alquilante de
sulfidrilas (SH), perdia sua atividade. Além disso, Ohr mostrou atividade antioxidante de
protecdo a glutamina sintetase (GS) contra inativacéo pelo sistema oxidante Fe*3/O,/DTT ou
Fe**/0,/DHLA, mas ndo pelo sistema Fe*}/O,/ascorbato indicando que Ohr possui atividade
peroxidasica dependente de tidl, ou seja, € necessario compostos tidlicos tais como DTT ou
DHLA para reduzir as cisteinas de Ohr (dados mostrados em Cussiol et al., 2003, anexo ).
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Figura 11. Atividade peroxidéasica dependente de tiél de Ohr.

A concentra¢do dos peroxidos foi determinada em diferentes periodos de tempo através do ensaio
FOX como descrito em “Materiais e Métodos”. As reagdes foram iniciadas pela adi¢do de DTT (0.5
mM) a 37°C. “A” representa a cinética da decomposi¢do de H,0, na presenca de Ohr (100 ng/ul) e
“B” representa a cinética de CHP na presenga de Ohr (10 ng/pl). m (em vermelho) representa a
mistura de reagdo sem Ohr (DTT + per6xido) e 4 (em azul) representa o sistema completo (DTT +

peroxido + Ohr). Modificado de Cussiol et al., 2003 anexo .

Interessantemente, compostos ditidlicos como DTT e DHLA foram capazes de
suportar a atividade peroxidasica de Ohr no ensaio FOX. O mesmo efeito ndo foi observado
para compostos monoatiélicos, como GSH e B-mercaptoetanol, mesmo quando utilizados em
concentracdes de até 5 mM (Figura 12), uma concentracdo dez vezes maior do que as
concentracdes utilizadas para DTT e DHLA. Além disso, tiorredoxina de Saccharomyces
cerevisiae e de Spirulina, também n&o foram capazes de suportar a atividade de Ohr (dados

mostrados em Cussiol et al., 2003, anexo ).
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Figura 12. Especificidade de tidl da atividade peroxidéasica de Ohr.

A concentracdo de t-BHP foi determinada em diferentes periodos de tempo através do ensaio
FOX como descrito em “Materiais e Métodos”. As reacdes foram iniciadas pela adi¢do de
compostos tidlicos na presenga de Ohr (5 ng/ul) a 37°C. Os simbolos representam as rea¢fes com
0s seguintes compostos tiélicos. © (GSH = 5 mM), m (2-mercaptoetanol = 5 mM), A (DTT =0.5
mM) e € (DHLA = 0.5 mM). Modificado de Cussiol et al., 2003 anexo |.

Andlise por mutacdo sitio-dirigida, na qual as cisteinas foram substituidas por
residuos de serina (C61S e C125S), mostrou que a cisteina que reage diretamente com o
peroxido (peroxidasica) € a N-terminal (Cys,61) visto que somente no mutante C125S
observamos a formacéao de acido sulfénico (SOH) pelo ensaio do TNB (Figura 13).
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Figura 13. Formag&o de &cido sulfénico em Ohr C125S.

Acido sulfénico em Ohr C125S foi medido através de sua reagdo com TNB. Ohr C125S (100 uM)
sem nenhum pré-tratamento foi incubada com TNB (4 mM) por 15 minutos a temperatura
ambiente. O dissulfeto misto foi preparado como descrito na sessio “ “Material e Métodos”.
Liberacdo do TNB do dissulfeto misto foi monitorada ap6s 1,3,5 e 10 minutos apés adi¢do de DTT
em excesso molar de dez vezes o que corresponde aos espectros de 2-6. Espectro 1 corresponde ao

dissulfeto misto anterior a adi¢do de DTT. Modificado de Cussiol et al., 2003 anexo I.
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Provavelmente, Cys 125 é responsavel pela resolucéo do acido sulfénico da Cys,61
a uma ponte dissulfeto, sendo portanto denominada como a cisteina de resolucao (Cys;125).
Andlises por SDS-PAGE néo redutor de Ohr tratada com diferentes peréxidos ndo mostrou a
formacdo de dimero mesmo apés tratamentos com H,O, e t-BHP em altas concentracoes.
Ao contrario, foi observada a presenca de duas bandas que migravam préximas uma da

outra em Ohr sendo portanto conformacdes diferentes do mesmo monémero (Figura 14).

DTT + - + -
+-BHP - + + -
CHP - - - +
H,0, - - - -
DIAMIDA - - - - - - - + +
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1
1
1
]

50kDa W
40 kDa

30 kDa
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1 2 3 4 5 6 7 8 9 10

Figura 14. Analises por SDS-PAGE ndo redutor da migracdo de Ohr recombinante de Xylella fastidiosa.

Raia 1. Padrdo de peso molecular, 2. Ohr tratada com 100 mM DTT por 90 minutos. Todos os oxidantes adicionados nas
amostras correspondentes as bandas de 3-10 foram utilizados na proporgéo de 17:1 (300 uM Ohr: 5.1 mM oxidante) e foram
incubados overnight a temperatura ambiente. Em alguns casos (bandas 4,6,8 e 10), ap6s oxidacdo de Ohr, 0 excesso de
oxidante foi removido por eluicdo em coluna desalting PD-10 e tratadas com 100 mM DTT a temperatura ambiente.
Modificado de Oliveira et al., 2006 anexo II.

Tratamento de Ohr com diamida, um indutor de pontes dissulfeto, faz com que haja
aumento de intensidade da banda “a”, de forma similar a tratamentos com H,O, (Figura 14,
bandas 7 e 9 respectivamente). Ohr pré-tratada com H,O, ou diamida e depois tratada com
DTT (bandas 8 e 10 respectivamente) migra preferencialmente para a posi¢cao “b” como
esperado para a reducdo de uma ponte dissulfeto intramolecular. Interessantemente, Ohr
tratada com t-BHP e CHP (bandas 3 e 5 respectivamente) ndo induz a formagéo da banda
“a” mas sim da banda “b” indicando que nesses casos a cisteina provavelmente esteja
sendo superoxidada (SO,H ou SOsH) apresentando a mesma migracdo que a forma
reduzida. Através da reacdo de Ohr com o composto DTNB (Figura 15), foi observado que

DTT conseguia regenerar a forma reduzida de Ohr somente quando esta era previamente
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oxidada por H,O, ou diamida mas ndo por peroxidos organicos como t-BHP e CHP,
mostrando que o dissulfeto intramolecular é de fato um intermediario do ciclo catalitico. E
importante ressaltar que a superoxidagdo da cisteina reativa de Ohr foi observada somente
apos longos tratamentos com peroxido em excesso molar (17 peréxido : 1 Ohr).
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Figura 15. Andlise dos intermediarios do ciclo catalitico de Ohr.

As sulfidrilas de Ohr foram quantificadas por reacdo com o composto DTNB. Ohr foi
incubada com vérios oxidantes durante uma semana a 4°C. Agentes redox foram
fixados na proporcéo de 17:1 de Ohr. As colunas mostrando dois nomes designa que
apos o tratamento com o agente oxidante, este foi removido por eluicdo em coluna
desalting PD-10 e a proteina foi tratada com 100 mM de DTT (uma hora e meia a

temperatura ambiente) na tentativa de regenerar a sulfidrila de Ohr.

Baseado nesses resultados, foi proposto um mecanismo catalitico para a enzima Ohr
onde o tiol da Cys,61 é oxidado a acido sulfénico sendo posteriormente condensado com a
Cys125, gerando uma ponte dissulfeto intramolecular. Essa ponte dissulfeto é reduzida por
agentes ditiélicos tais como DTT ou DHLA Como Ohr ndo aceita GSH e tiorredoxina
(principais redutores biol6gicos de tibis peroxidases como glutationa peroxidases e
peroxirredoxinas) como substrato, a descoberta de um mecanismo de reducéo in vivo de
Ohr se mostrou um caminho interessante a se seguir.

Durante o inicio do meu doutorado, publiquei ainda como co-autor um artigo, onde
através da resolucdo da estrutura de Ohr de X. fastidiosa pelo entdo p6s-doutor Marcos
Antonio de Oliveira, associado com dados bioquimicos muitos dos quais obtidos por mim,
permitiu o aprofundamento do conhecimento do mecanismo da agdo catalitica de Ohr

(Oliveira et al., 2006 anexo Il). Esse artigo esta presente na sessao dos anexo a tese.
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Ohr é um homodimero de forma eliptica composto por duas folhas B composta por
seis fitas cercando duas alfa hélices centrais formando uma estrutura em forma de barril
(Figura 16).

Figura 16. Estrutura tridimensional do homodimero de Ohr de Xylella fastidiosa.
Mondmeros de Ohr (PDB ID: 1ZB9) estdo representados pelas cores azul e verde. Figura gerada pelo programa PyMOL

(www.pymol.org).

Além das cisteinas do sitio ativo, dois outros residuos desempenham papel
importante no ciclo catalitico. Um residuo de arginina (Arg 19) faz uma ligacéo de hidrogénio
com a cisteina peroxidasica (Cys 61) e uma ponte salina com um residuo de glutamato (Glu
51) abaixando o pK, da Cys 61 estabilizando assim o anion tiolato (Figura 17). Este, por ser
nucleodfilo, reage rapidamente com oxidantes como hidroperoxidos. De fato, mutacdo no
residuo de arginina na Ohr de P. aeruginosa diminui consideravelmente a atividade da
enzima. Apesar dos residuos de cisteina estarem distantes na sequéncia priméria de
aminoacidos, podemos observar pela figura que na estrutura quaternéria eles estdo bem
proximos. Dessa maneira, a formacao de uma ponte dissulfeto intramolecular é viavel de
acontecer sem que haja um grande rearranjo do sitio ativo. Além disso, podemos supor que
Ohr deve provavelmente estar presente fisiologicamente como um homodimero pois os

residuos Arg 19 e Glu 51 que interagem com a Cys,61 pertencem ao outro mondémero.
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Figura 17. Interacdes polares entre aminodcidos do sitio ativo de Ohr de Xylella fastidiosa.

Nas representacOes estruturais estdo destacados as cadeias laterais dos residuos de aminoacidos componentes do sitio ativo de
Ohr (PDB ID: 1ZB9). Os atomos destes aminoacidos estéo representados por bastdes e seguem as cores: branco (carbono),
amarelo (enxofre), vermelho (oxigénio) e azul (nitrogénio). Linhas tracejadas representam as interacdes polares entre o0s
aminoacidos. Figura gerada pelo programa PyMOL (www.pymol.org).

Durante o refinamento da estrutura tridimensional de Ohr, foi observado uma
densidade eletrbnica ndo esperada localizada no sitio ativo de Ohr. Essa densidade
eletrdnica era compativel com a presenca de uma molécula de polietileno glicol (PEG)
usada comumente no processo de cristalizagdo como um agente precipitante. Analises
mostraram que a cadeia carbbnica de PEG realizava interag6es hidrofébicas com diversos
aminoacidos de Ohr ajudando a posicionar essa molécula dentro do sitio ativo. Trabalhamos
com a hipotese de que a molécula de PEG ndo é um mero artefato de cristalizagéo,
podendo mimetizar a ligagédo de algum substrato endégeno, possivelmente hidroperoxidos e
redutores hidrofobicos, pois diferentemente de outras tidis peroxidases (Gpx e Prx), a
cisteina reativa de Ohr esta localizada em um ambiente altamente hidrofébico e enterrada
na estrutura, sendo, portanto, de dificil acesso a moléculas hidrofilicas, mas favorecendo a
interacdo de Ohr com substratos hidrofébicos e alongados.

De fato, alguns trabalhos mostram que moléculas de PEG podem ocupar sitios e
canais normalmente pertencentes a acidos graxos de cadeia longa (Delker et al., 2004;
Barrett et al.,, 2004; Ambrosio et al., 2005). Outras estruturas de Ohr pertencentes a

Pseudomonas aeruginosa (Lesniak et al., 2002) e Deinococcus radiodurans (Meunier-Jamin
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et al.,

um mecanismo catalitico para Ohr (Figura 18).

2004) corroboram com estes resultados. De posse desses resultados, propusemos
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Figura 18. Mecanismo proposto do ciclo catalitico de Ohr na reducao de perdxidos de lipidios.
Modificado de Oliveira et al., 2006 anexo 1.

Como se pode observar na figura (em i e ii), o loop que contém o residuo Arg 19 esta
fechando o sitio ativo e seu grupo guanidina esta interagindo através de uma ponte salina
com o residuo Glu 51 que é altamente conservado. Arg 19 também faz uma ligacao de
hidrogénio com a Cys,61. Em seguida, um substrato hidrofébico (representado por um
perbxido de lipidio) se liga ao sitio ativo, sendo estabilizado pela cadeia lateral do residuo de
arginina assim como por inUmeras interacdes hidrofébicas com diferentes aminoécidos
hidrofébicos (Val 36; Leu 40; Phe 68; Gly 95; Phe 96 e Pro 126). O peréxido, reage com a
sulfidrila da Cys61 sendo reduzido ao seu alcool correspondente e a uma molécula de agua.
Cysp61 é oxidada a uma molécula de acido sulfénico que reage rapidamente com a Cys,125
devido a proximidade entre esses dois residuos (1.8 A) formando uma ponte dissulfeto
intramolecular e liberando uma molécula de agua. O loop que contém a Arg 19 se desliga,
adotando uma conformacgéo aberta e liberando o alcool formado (em iii). Em uma ultima
etapa, Ohr é reduzida por um redutor bioldgico trazendo de volta o loop contendo a Argl9

para proximo do sitio ativo (em iv).
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4.2.Caracterizacdo do sistema redutor bioldgico de Ohr

Como observado pela figura 12 atraves do ensaio FOX, acido dihidrolipéico (DHLA) é
capaz de reduzir a cisteina de Ohr, sustentando assim a sua atividade peroxidasica. Como
DHLA é uma molécula bioldgica, diferentemente de DTT que é um ditiél sintético,
comecamos a investigar a possibilidade de essa molécula ser o redutor fisiol6gico de Ohr.
Interessantemente, DHLA possui uma estrutura alongada e hidrofobica, semelhante a
molécula de PEG que co-cristalizou no sitio ativo de Ohr. No entanto, grande parte do acido
lipdico/dihidrolipdico da célula esta ligado covalentemente via ligacdo amida a residuos de
lisina presentes em dominios conservados de proteinas. O grupo do Dr. Carl Nathan (em
Brik et al., 2002) mostrou pela primeira vez em M. tuberculosis que uma enzima lipoilada,
dihidrolipoamida aciltransferase, componente E2 do complexo da piruvato desidrogenase
participa na via de reducdo de hidroperoxidos, atuando na redugédo de AhpD, uma dissulfeto
redutase que reduz AhpC, uma peroxirredoxina. A enzima E2, por sua vez, € reduzida por
uma dihidrolipoamida desidrogenase, componente E3 deste complexo a custa de elétrons
provenientes do NADH. Sendo assim, testamos a possibilidade de um sistema semelhante
atuar na reducédo de Ohr de X. fastidiosa visto que esta pode ser reduzida por DHLA em
ensaio FOX. De fato, observamos que Ohr era capaz de ser reduzida por uma molécula de
lipoamida livre (o derivado amida do &cido lipbico) na presenca da enzima dihidrolipoamida
desidrogenase (Lpd bovina) e NADH (dados mostrados em Oliveira et al., 2006 anexo II).
Nesse sistema heter6logo (adaptado de Brik et al., 2002), as cisteinas de Ohr sdo
regeneradas a forma reduzida pelo ditiél lipoamida que por sua vez é reduzido pela enzima

Lpd através de elétrons provenientes do NADH conforme ilustracdo abaixo:

NADH === |Lpd == Lipoamida » Ohr » ROOH

Figura 19. Fluxo de elétrons no sistema lipoamida heterélogo.

Esses dados forneceram evidéncias de que o sistema lipoamida pode desempenhar
o papel de redutor fisiol6gico de Ohr. Utilizamos no ensaio, Lpd bovina e lipoamida livre,
porém, € controverso na literatura se existe lipoamida livre na célula. A biossintese de acido
lipbico e a sua insercdo em enzimas alvos via ligagdo amida a um residuo de lisina
conservado envolve duas vias. Na primeira, acido lipdico de fonte exdgena ou &cido
octanodico (o precursor direto do acido lipdico) é substrato para a proteina LplA (lipoato
ligase) que a custa de ATP modifica acido lipéico (ou octandico) a lipoil-AMP. LplA catalisa
entdo a reacao de ligacdo de lipoil-AMP aos dominios lipdicos através de ligagdo amida com

liberacdo de AMP. Entretanto, foi observado que mutantes para IplA ndo apresentam
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deficiéncia nas enzimas lipoiladas devido a outra via biossintética. Essa via, se mostrou
dependente de lipB e envolve a enzima octanoil-[acil carrier protein]-N-lipoiltransferase. Esta
enzima, transfere acido octandico enddgeno, que estd ligado via ligacdo tioéster com o
cofator 4" -fosfopanteteina da proteina ACP (acyl carrier protein) da sintese de &cido graxos,
em dominios lipbicos. Esses dominios octanoilados, sdo convertidos em derivados lipoilados
pela acdo da enzima LipA (lipoil sintetase), que catalisa a inser¢cdo de dois atomos de
enxofre nas posicoes 6 e 8 dos acidos graxos respectivos. Essa segunda via, ndo requer a
presenca de acido lipbico captado do meio. Essas vias foram bem descritas em uma série
de bactérias como E. coli (Jordan & Cronan Jr., 2003) e M. tuberculosis (Ma et al., 2006).
Finalmente, 4cido lipdico covalentemente ligado a proteinas alvos via ligacdo amida pode
ser clivado pela enzima lipoamidase, liberando &cido lipdico no meio (Jiang & Cronan,
2005).

Dessa forma, provavelmente néo se encontra lipoamida livre na célula, mas somente
ligada aos dominios lipoilados de enzimas ou na forma de acido lipéico livre. De fato, uma
busca nos bancos de dados de Xylella fastidiosa encontrou os genes codificantes para as
proteinas LipA (XF1050), LipB (XF1051) e ACP (XF0672), envolvidas na biossintese de
acido lipdico de fonte enddégena. N&o foi encontrado nenhum gene que codificasse para
lipoato ligase (LplA), responséavel pela lipoilacdo de enzimas por acido lipdico de fonte
exdgena. Sequéncia priméria de LplA de E. coli foi comparada com banco de dados de X.
fastidiosa, porém nao foi encontrada similaridade com nenhuma proteina de Xylella. Nao ha
na literatura estudos sobre as vias de biossintese de acido lipéico em Xylella fastidiosa, mas
provavelmente esta bactéria utiliza a via enddégena de lipoilacdo ndo dependendo de acido
lipdico (ou octandico) do meio externo ou do hospedeiro. Esse fato se torna relevante , pois
Xylella coloniza um ambiente pobre em nutrientes. Encontramos também no banco de
dados do genoma de Xylella fastidiosa, genes que codificavam para os componentes E2 e
E3 dos complexos da piruvato desidrogenase (PDH) e a-cetoglutarato desidrogenase (KDH)
(Tabela 4).

Tabela 4. Anotagado dos genes pertencentes aos complexos PDH e KDH de Xylella fastidiosa.

ORF-ID Gene Enzima Complexo

XF0710 IpdA LpdA Piruvato desidrogenase
XFO711 acef/pdhB AceF/PDHB (PDH)

XF1285 Ipd Lpd a-cetoglutarato desidrogenase
XF1286 sucB SucB (KDH)
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A partir de DNA genbémico de X. fastidiosa clonamos os genes em vetores de

expressao de modo a produzir enzimas recombinantes.

4.2.1. Expressao e purificacdo de produtos de genes do metabolismo

intermediario de Xylella fastidiosa

Dihidrolipoamida desidrogenase (Lpd e LpdA)

Apos a insergdo de pET15b/Ipd em linhagem BL21(DE3) de E. coli, foram realizados
testes de expressao (indugdo por 1 mM de IPTG por 3 horas a 37°C) seguido de purificacao
em gel SDS-PAGE redutor (Figura 20).
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Figura 20. Presenga de Lpd recombinante em corpo de inclus&o.

Lisado celular de E. coli BL21(DE3) assim como etapas de purificacdo estdo descritos na
secdo “Materiais ¢ Métodos”. Raia 1. Bench Mark® ladder; 2. Fragdo purificada; 3-4.
Fragdes eluidas com 20 e 50 mM de Imidazole respectivamente; 5. Fragdo correspondente

as proteinas precipitadas.

Lpd recombinante ndo estava presente na fragdo eluida (Raia 2) nem nas lavagens
anteriores (Raias 3-4), mas sim no precipitado celular (Raia 5) obtido apés as etapas de lise
celular por sonicagdo, mostrando que Lpd estava presente em grandes quantidades em
corpos de inclusdo. Corpos de inclusdo sédo agregados protéicos inativos presentes na
forma insoluvel. Sabe-se que muitas proteinas quando superexpressas em E. coli vao para

corpos de inclusdo devido as altas concentracdes (chegando a escala de milimolar)
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presentes no citossol durante a etapa de indugcdo. Além disso, muitas proteinas para se
manterem na forma solGvel necessitam de pontes dissulfeto estaveis para se enovelar
corretamente em uma conformacédo nativa. Essas condi¢cfes sao dificultadas devido ao alto
potencial redutor do compartimento citossalico.

Em uma primeira etapa, Lpd foi purificada dos corpos de inclusao (Figura 21), porém

ndo conseguimos renatura-la apropriadamente.
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Figura 21. Purificacdo de Lpd recombinante de corpos de inclusao.

Amostra foi corrida em gel SDS-PAGE redutor. Raia 1. Bench Mark®

ladder; 2. Fracéo purificada.

Sabe-se que diminuir a temperatura durante a etapa de inducao (Schein & Noteborn,
1989) assim como diminuir as concentracdes do agente indutor (neste caso IPTG) pode
levar a uma maior quantidade de proteina sollvel. Entretanto, ndo conseguimos Lpd no
extrato soluvel apoés tentativa de inducdo a 20°C overnight com metade da concentracéo de
IPTG (0.5 mM) utilizada em condigcbes normais. Dessa maneira, transformamos as
linhagens AD494(DE3) e Origami(DE3) com o vetor pET-15b/lpd. Essas linhagens possuem
delecdes em genes com atividade dissulfeto redutase(trxB em AD494; trxB e gor em
Origami), diminuindo assim o potencial redox do citossol facilitando assim a formacédo de
pontes dissulfeto. Aliando essa estratégia, em conjunto com inducdo overnight a 20°C,
conseguimos obter Lpd soluvel em altas quantidades, principalmente na linhagem AD494
(Figura 22).
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Figura 22. Purificacdo de Lpd soltvel em linhagem AD494(DES3).
Amostra foi corrida em gel SDS-PAGE redutor. Raia 1. Bench Mark®
ladder; 2. Fracéo purificada.

O vetor pET-15b/IpdA foi transformado em linhagem AD494(DE3) e os
transformantes foram primeiramente induzidos & 20°C para garantir produgdo de enzima na

fracao soluvel celular (Figura 23).

¢==== | pdA (67KDa)

Figura 23. Purificagdo de LpdA sollvel em linhagem AD494(DE3).
Amostras foram corridas em gel SDS-PAGE redutor. Raia 1. Bench Mark®

ladder; 2-6. Fracdes purificadas.
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Dihidrolipoamida aciltransferase (SucB e PDHB)

SucB e PDHB foram anotadas no banco de dados do genoma de X. fastidiosa
(www.xylella.Incc.br) como o0s componentes E2 (com atividade dihidrolipoamida
aciltransferase) dos complexos da a-cetoglutarato e piruvato desidrogenase
respectivamente,

N&o foi possivel clonar sucB em pET-15b pois 0 gene possui sitios de restricdo para
as enzimas Ndel e BamHI, Unicos sitios de restricdo disponiveis em pET-15b para
clonagem. Dessa maneira, sucB foi clonado no vetor pET-28a que possui uma maior
variedade de sitios de restricdo para clonagem. Esse vetor, tem marca de selecdo para o
antibidtico canamicina, ndo sendo compativel com as linhagens AD494 ou Origami. Andlise
da sequéncia primaria de aminoacidos de SucB mostrou que essa enzima nhao possui
cisteinas, portanto, sem necessidade da formacdo de pontes dissulfeto para garantir a
solubilidade da proteina. Portanto, o vetor pET-28a/sucB foi transformado em linhagem
BL21(DE3) e os transformantes foram submetidos a expressao e purificados com alto grau

de pureza (Figura 24).
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Figura 24. Purificagdo de SucB solivel em linhagem BL21(DE3).
Amostras foram corridas em gel SDS-PAGE redutor. Raia 1. Bench Mark® ladder; 2. Frag&o eluida 100mM

Imidazole; 3-10. Fragdes purificadas.
PDHB, ao contrario, possui cisteinas em sua estrutura primaria. Sendo assim,

clonamos a construcdo pET-15b/pdhB em AD494(DE3) conseguindo assim expressar PDHB

na forma soltvel permitindo sua purificacdo com alto grau de pureza (Figura 25).
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Figura 25. Purificagdo de PDHB soltvel em linhagem AD494(DE3).
Amostras foram corridas em gel SDS-PAGE redutor. Raia 1. Bench Mark® ladder; 2-9. Fracdes

purificadas.

Andlises in silico utilizando o PROSITE, um banco de dados da EXPASy
(http://ca.expasy.org) para dominios, familias e sitios funcionais de proteinas, mostrou que
SucB e PDHB possuem dominios de ligagéo a acido lipdico (um em SucB e dois em PDHB).
Curiosamente, foi encontrado na porgdo N-terminal de LpdA de Xylella fastidiosa, um
dominio de ligagdo a &cido lipdico além do dominio de ligagédo a flavina e as cisteinas do
centro redox. Em Streptococcus pneumoniae, foi encontrado uma dihidrolipoamida
desidrogenase (também denominada LpdA) com um dominio de ligacdo a acido lipdico N-
terminal, e foi mostrado nesse trabalho que esse dominio era funcional (Hakansson et al.,
2007). Portanto, enzimas LpdA séo dihidrolipoamida desidrogenases que também abrigam
seu produto: lipoamida.

Como visto anteriormente, a reagdo de incorporacdo do acido lipéico ou do seu
precursor no residuo de lisina de enzimas alvos é um processo enzimatico de varias etapas.
Visto que as enzimas necessarias nesse processo ndo sdo superexpressas, elas se tornam
passo limitante da reagdo. Portanto, para garantir lipoilagdo completa, suplementamos
linhagens de E. coli superexpressando LpdA, SucB e PDHB com &cido lipéico (300 pg/ml)
durante a etapa de inducdo em baixa temperatura (20°C) e com baixas concentracbes de
IPTG (0.1 mM), proporcionando uma expressdo mais lenta e, garantindo assim,

incorporacao total de acido lipdico nas enzimas pela enzima lipoato ligase (LplA) de E. coli.

4.2.2. Expresséo e purificagcdo de produtos de genes do sistema tiorredoxina

de Xylella fastidiosa
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Foram clonados dois genes anotados como codificantes para Tiorredoxina Redutase:
TrxR (~ 36.7 kDa com cauda de poli-histidina) e YBBN, e dois genes que codificavam para
duas tiorredoxinas: TsnC (~14.7 kDa com cauda de poli-histidina) e TrxA (~14.1 kDa com
cauda de poli-histidina ).Os genes trxr (963 pb) e tsnc (339 pb) foram inseridos no vetor de
expressdo pET15b e expressos nas linhagens de E. coli BL21(DE3) e AD494(DE3),
respectivamente. A condicdo Otima de inducdo da expressdo foi a realizada a 20°C
overnight com IPTG 0.5 mM. Todos esses genes foram primeiramente inseridos em
linhagem BL21(DE3). No entanto, somente conseguimos obter TrxR sollvel e desta forma

purificd-la com alto grau de pureza (Figura 26).
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Figura 26. Purificagdo de TrxR soltvel em linhagem BL21(DE3).
Amostras foram corridas em gel SDS-PAGE redutor. Raia 1. Bench Mark®

ladder; 2. Fraco purificada.

Dessa maneira, transformamos as linhagens AD494(DE3) e Origami(DE3) com os
vetores pET15b/tsnc pET-15b/trxA; pET-15b/ybbn porém somente conseguimos obter
guantidades significativas de TsnC soluvel (Figura 27).

Infelizmente, ndo conseguimos obter as proteinas recombinantes TrxA e YBBN no
presente estudo. Tentamos outras linhagens de expressdo como Rosetta™ (que expressa
tRNA possibilitando a traducédo de proteinas que contenham codons raros em seu mMRNA),
Tuner™ (que contém muta¢do em uma permease dificultando a entrada de IPTG nas células

permitindo assim uma expressdo mais controlada) porém sem sucesso.
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Figura 27. Purificacdo de TsnC soltvel em linhagem AD494(DE3).
Amostras foram corridas em gel SDS-PAGE redutor. Raia 1. Bench Mark® ladder;
2. Fracdo purificada.

4.2.3. Lpd de Xylella fastidiosa sustenta a atividade peroxidasica de Ohr no

sistema lipoamida

Mostramos anteriormente que lipoamida livre era capaz de reduzir Ohr em um
sistema heterélogo composto por Lpd bovina e NADH, levando assim a reducdo de
hidroperéxidos orgéanicos (Oliveira et al., 2006 anexo ). Ap6s clonarmos, expressarmaos e
purificarmos Lpd recombinante de Xylella fastidiosa testamos a capacidade dessa enzima
em sustentar a atividade peroxidasica de Ohr na presenca de lipoamida livre. Contrario ao
esperado, nenhuma atividade peroxidasica foi detectada no ensaio, indicando que Lpd
poderia estar inativa.

Entretanto, ensaio de atividade dissulfeto redutase mostrou que Lpd estava ativa,
sendo capaz, portanto, de reduzir lipoamida. Interessantemente, a atividade dissulfeto
redutase de Lpd era consideravelmente maior que a determinada para Lpd bovina em
concentracdes similares (Figura 28). Na auséncia de lipoamida, ndo foi detectada atividade
enzimatica indicando que Lpd de certa maneira esta ciclando mais rapidamente lipoamida e

nao reduzindo diretamente DTNB.
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Figura 28. Comparacéo da atividade dissulfeto redutase de Lpd WT bovina e mutante de X. fastidiosa.
Mistura de reacdo continha Lpd bovina (A) ou Lpd de X. fastidiosa (B) (100 ng/ul); lipoamida (1uM) e DTNB (0.5 mM). A
reacdo foi iniciada com adicdo de NADH (0.2 mM) & 37°C e monitorada a 412nm. Para descri¢do detalhada do método vide

se¢do “Materiais e Métodos.

Sequienciamento da construgcdo pET-15b/lpd mostrou que Lpd continha mutagdes em
dois cddons (posi¢cdes 1154 e 1355). No primeiro caso ocorreu uma mudanca de AAC
(Asparagina) para AGC (Serina) e no segundo uma mudanca de GGT (Glicina) para GAT
(Aspartato) (Figura 29). A primeira mutagdo ndo alterou a carga do aminoacido (ambos
polares sem carga), no entanto, na segunda mutacdo houve um incremento de uma carga

negativa (Aspartato). Ambas as mutagdes ocorreram no dominio de dimerizacéo de Lpd.
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TTGATCGCGGEGLCETGECCAGGCCACGTGAGCTT TGOGAAMAACCAT CCCATGGGT HMaj
T T T T T

1160 1170 1180 1150 1200

1126 Lpd
Lpd
Lpd
Lpd

AGCGCATGCGGAALAACTGACCGCGTGTTAGATTT TACAT CTGAT CGGETGT G A Maj
T T T T T

1360 1370 1380 1390 1400

1326 Lpd

Lpd
Lpd
Lpd

Figura 29. Triagem de mutagdes na seqiiéncia de Lpd recombinante de Xylella fastidiosa.

Figura de alinhamentos de proteinas foram geradas com a utilizagdo do programa Lasergene MegAlign v.5.01 (DNASTAR,
Inc., Madison, Wisconsin, USA) pelo método Clustal W.

Nota-se a presenca de muta¢do em dois sitios com alteragdo no aminoécido codificado. Na posi¢do 1154 (AAC para AGC) e
na posic¢ao 1355 (GGT para GAT).

Partimos entdo para uma nova construcdo utilizando Taq Platinum Hi-fidelity®
(Invitrogen) que exibe atividade de proofreading, diminuindo assim as chances da
polimerase incorporar erros causando uma mutag¢do. Dessa forma conseguimos a proteina

Lpd sem muta¢Bes, como confirmado por seqiienciamento (Figura 30).

TGCCAGGCCACGT GAACTTTGAAMBCCAT CCCATGGEGTCEAT CTACACAGATG !
T T T T T

11a0 1170 1180 1190 1200
1139

TGGTACATGAAGGGGTATTGOGGCTATGGAAT T TAGTGGECTCAGCETGACGAT ]
T T T T T

1410 14z0 1430 1440 1450
P
1338

Figura 30. Auséncia de mutagao na seqiiéncia da nova Lpd recombinante de Xylella fastidiosa.
Figura de alinhamentos de proteinas foram geradas com a utilizacdo do programa Lasergene MegAlign v.5.01 (DNASTAR,
Inc., Madison, Wisconsin, USA) pelo método Clustal W. Nota-se que na nova constru¢do ndo ha mutacdes nas duas posicoes

observadas na Lpd mutante.

Lpd obtida da nova construcdo foi capaz de sustentar a atividade peroxidasica de
Ohr na presenca de lipoamida e NADH. Aparentemente, parece paradoxal que Lpd mutante
possua uma atividade lipoamida redutase expressivamente aumentada (como observado no
ensaio de reducédo do DTNB), porém ndo sustente a atividade de Ohr, visto que em ambos
0s ensaios Lpd esta reduzindo lipoamida. Recentemente a estrutura tridimensional de Lpd

de M. tuberculosis foi elucidada (Rajashankar et al., 2005). Lpd consiste de um homodimero
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que contém um dominio N-terminal de ligacdo ao FAD, um dominio de ligacdo a NADH, um
dominio central e dois segmentos da estrutura que mediam a formag¢do do homodimero.
Além de FAD, Lpd possui um centro redox composto por dois residuos de cisteinas vicinais
(Cys 41 e Cys 46 em M. tuberculosis). Esse centro redox é acessado através de um canal
de aproximadamente 15 A de profundidade no qual se sabe ocorre a interagcdo com a cadeia
lateral de enzimas lipoiladas onde se encontra covalentemente ligada uma molécula de
lipoamida. Sabe-se que residuos do dominio de dimeriza¢ao interagem com o dominio onde
estdo as cisteinas responsaveis pelas reacdes de troca tidl/dissulfeto (Brautigam et al.,
2005). Portanto, podemos especular que as mutacdes em Lpd podem ter alterado a
capacidade de dimerizacéo de Lpd (aumentando ou diminuindo) influenciando, portanto, na
atividade da enzima.

Outra hipétese é a de que Lpd além de interagir com lipoamida também interage
diretamente com Ohr durante o ciclo catalitico, formando um complexo ternario. Sendo
assim, as mutagfes podem ter afetado a interagédo e formacgéo desse complexo, diminuindo
a interacdo de Ohr com Lpd. Além disso, as mutagdes podem ter aumentado de alguma
forma a afinidade ou o turnover com lipoamida explicando assim a maior atividade de
reducdo de lipoamida e a abolicao total da capacidade de sustentar a atividade peroxidasica
de Ohr.

De modo a testar essa hipétese, comparamos a atividade de Lpd bovina com Lpd de
Xylella (obtida da nova construcdo) no sistema dependente de lipoamida. Visto que essas
enzimas sdo de organismos muito distintos, talvez Lpd de Xylella possua uma atividade
aumentada no ensaio de reducdo de perédxidos devido a uma interacdo direta com Ohr,
enquanto Lpd bovina, por pertencer a um organismo filogeneticamente distante, talvez tenha
perdido aminoacidos importantes para a interacao fisica com Ohr. De fato, foi mostrado em
Lpd de M. tuberculosis que residuos conservados em procariotos mas nao em eucariotos
eram essenciais para a modulacdo da atividade da enzima tanto em vias de reducdo quanto
em vias de oxidagdo da lipoamida. Interessantemente, algumas mutagbes mapeadas
afetavam somente uma das atividades n&o interferindo na outra (Rajashankar et al., 2005).

Primeiramente, realizamos o ensaio de atividade dissulfeto redutase em
concentracdes crescentes de Lpd de X. fastidiosa e bovina. Calculamos a concentracdo por
unidades enzimaticas, ou seja, onde as enzimas exibiam a mesma atividade de reducéo de
lipopamida e dessa forma, realizamos o ensaio de reducdo de peroxidos dependente de
NADH. No entanto, ndo observamos diferenca significativa na velocidade de consumo de
NADH entre as Lpd (Figura 31).
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Figura 31. Comparacéo da atividade peroxidasica de Ohr dependente de lipoamida na presenga de Lpd bovina e de X.
fastidiosa.

Todos os pontos foram feitos em duplicatas nas seguintes condi¢es: Ohr (0.1 pM); lipoamida (0.2 mM); NADH (0.3 mM) e
t-BHP (0.2 mM). A reacéo foi iniciada com a adi¢do de t-BHP e monitorada & 37°C a 412 nm. As concentragdes de Lpd

utilizada no ensaio foi aquela na qual as duas enzimas apresentaram a mesma atividade no ensaio de atividade dissulfeto
redutase.

No entanto, este resultado, ndo descarta completamente a nossa hipétese, pois pode
ser que Lpd bovina também interaja diretamente com Ohr visto que a enzima Lpd é
altamente conservada nos diferentes grupos taxondmicos. Como um dos objetivos principais
do meu projeto era determinar os mecanismos de redugédo de Ohr, ndo nos aprofundamos
nas provaveis causas do “‘comportamento” de Lpd mutante ficando aberto para uma
investigacao futura.

Visto que Lpd era capaz de sustentar a via de reducdo de peroxidos mediada por
Ohr, testamos a capacidade de outras tidis peroxidases de X. fastidiosa em reduzir
perdxidos na presenga do mesmo sistema. As peroxirredoxinas AhpC e PrxQ foram cedidas

pelo Dr. Bruno Brasil Horta e testadas no sistema lipoamida (Figura 32).
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Figura 32. Comparacao da atividade peroxidasica dependente de lipoamida entre Ohr e peroxirredoxinas.

Ensaio foi monitorado pela oxidagdo de NADH & 37°C a 340 nm (¢ = 6290 M .cm™). Mistura de reagdo continha: NADH
(0.2 mM), lipoamida (0.2 mM), Lpd (0.5 uM), tidl peroxidases (0.1 pM) e t-BHP (0.2 mM) em 50 mM de tampdo fosfato de
sodio (pH 7.4), 50 mM NaCl, 1 mM DTPA. ¥ (Ohr), A (AhpC), B (PrxQ), @ (sem adicdo de peroxidase). A reacdo foi
iniciada pela adi¢do de t-BHP. O resultado é a média de trés experimentos independentes. Dados sdo a média + s.d.

O resultado mostra que somente Ohr aceita lipoamida como substrato, indicando
gue, possivelmente, esse sistema pode atuar exclusivamente na redugédo de Ohr in vivo.
Aumento em até dez vezes na concentracdo de AhpC e PrxQ néo acarretou em aumento da

atividade peroxidasica (dados ndo mostrados).

4.2.4. Caracterizacdo da atividade peroxidasica de Ohr dependente de grupos

lipbdicos

Ohr possui uma preferéncia em detoxificar peréxidos organicos, tais como t-BHP e
CHP, quando comparado com H,0O,. No entanto, pouco se sabe a respeito da cinética de
remocao destes perdxidos. Até esse momento, tinham sido realizados ensaios de atividade
com concentragfes pontuais dos substratos, o que tornava a comparacdo da eficiéncia
catalitica de Ohr frente a esses peroxidos muito dificil, ja que a obtencdo de velocidades era
complicada.

Dessa forma, utilizando em um primeiro momento lipoamida livre como substrato
redutor, calculamos os parametros cinéticos de Ohr no sistema lipoamida, utilizando
equacdes de cinética de estado estacionario (steady state kinetic). Durante o ciclo catalitico,

Ohr interage com dois substratos: o hidroperdoxido que sera reduzido e o ti6l que ird
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regenerar suas cisteinas. Portanto, as analises cinéticas devem ser feitas por bi substrato,
ou seja, onde a velocidade inicial da reacdo seja determinada em diferentes concentragbes
de ambos os substratos.

Primeiramente, através do ensaio de atividade peroxidasica mediada por lipoamida,
variamos as concentra¢cfes de t-BHP e lipoamida no ensaio. A transferéncia de elétrons na
reacdo se dad do NADH para o sistema Lipoamida/Ohr/peréxido, sendo realizada pela
enzima Lpd. De modo que essa enzima ndo seja passo limitante na reacdo, ocasionando
parametros cinéticos subestimados, Lpd foi adicionada em excesso molar (dez vezes) as
outras enzimas do sistema. Os graficos de velocidade inicial X concentracdo do substrato
mostraram um comportamento Michaeliano. Sendo assim, obtivemos os duplos reciprocos

(inverso da velocidade inicial x inverso da concentracdo do substrato, Figura 33).
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Figura 33. Plotes de Lineweaver-Burk da atividade peroxidasica de Ohr dependente de lipoamida.

Primeiramente, as velocidades iniciais foram determinadas pela taxa de oxidacdo de NADH (0.2 mM) em diferentes
concentracbes de t-BHP e lipoamida conforme descrito na sessdo “Materiais e Métodos”. Concentragbes de lipoamida: ®
(7.5 pM), A (10 uM) e o (15 uM). Apos a obtencédo das curvas Michaelianas foi feito o duplo reciproco obtendo assim as

respectivas retas.

A presenca de retas paralelas para cada concentracdo de lipoamida indica que o
mecanismo catalitico de Ohr é do tipo Bi-Bi Ping Pong, sem a formac¢do de um complexo

ternério Ohr/peroxido/lipoamida, conforme esquematizado na Figura 34 abaixo.
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Figura 34. Representa¢do esquematica do mecanismo catalitico de Ohr (Bi Bi Ping Pong).

Ohr

Para calcular a eficiéncia catalitica de Ohr na remocédo de t-BHP e H,0,, nao
utilizamos o plote de Lineweaver-Burk, mas sim regressao nao-linear a partir do gréafico de vq

x [s] (Figura 35) utilizando o software Graph Pad Prism®.

" 1.004 + 7.5 uM Lipoamida
Ed. B 10 pM Lipoamida
T 0.754 ® 15 uM Lipoamida
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Figura 35. Atividade peroxidasica de Ohr e a especificidade por substrato.
A. Curvas de Michaelis-Menten da atividade de consumo de NADH pela concentracdo de t-BHP (A) e H,O, (B) no sistema
lipoamida. As concentracBes de lipoamida para cada curva estdo representadas no lado direito do grafico. Os pontos no

grafico correspondem a média de trés experimentos independentes representado pelas barras de erro (desvio padréo).

Em seguida, através dos plotes secundarios de 1/Vmaxap, € 1/Kmgg, pelo inverso da
concentracdo de lipoamida (Segel, 1993) foram obtidos os valores de K, e Vmax para t-BHP
e lipoamida (Figura 36; Tabela 5). Para obtencdo dos parametros com H,0O,, foi utilizada

lipoamida em uma concentrac¢do saturante (Tabela 5).
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Figura 36. Obtencdo dos plotes secundarios para célculo dos parametros enzimaticos de Ohr

Tabela 5. Parametros cinéticos de Ohr para diferentes substratos

Substrato K, (LM) Kear (s) Keat/Km (M . 57")
t-BHP 1451 +0.15 17.95+7.25 2.06 x 10° + 0.08
H,0, 41720.00 = 6530.00 9.53+0.56 2.30x 10 +0.20
Lipoamida* 44.46 £ 0.98 90.9+4.70 2.06 x 10° £ 0.08

Parametros para H,0, foram obtidos através de regressdo ndo-linear usando concentracdo saturante de lipoamida (0.1 mM).
Parametros para t-BHP e lipoamida foram obtidos através de plotes secundarios de 1/VmaXa,, & 1/Kmjp, versus 1/[Lipoamida]
por cinética de bi substrato (Segel, 1993). Os resultados representam trés experimentos independentes e sdo a média + desvio

padréo.

Ohr reduz t-BHP pelo menos dez mil vezes mais eficiente do que H,O, como pode
ser observado pela eficiéncia catalitica (ke.o/Krnm) mostrada na tabela 5. Essa diferenca pode
ser atribuida a baixa afinidade de Ohr (alto K,) por H,O,, pois sao necessarias
concentracdes na escala milimolar para saturar a enzima, enquanto concentracdes na
escala micromolar sdo necessarias para t-BHP e lipoamida. Ndo conseguimos analisar os

parametros de Ohr com H,O, pelo modelo de bi substrato, pois devido a baixa eficiéncia
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catalitica de Ohr na reducao desse substrato, essa etapa da reacdo se torna passo limitante
ndo se alterando em concentrac¢des crescentes de lipoamida.

Visto que grande parte do &cido lipéico da célula estd covalentemente ligado a
enzimas lipoiladas e que ndo ha lipoamida livre, caracterizamos também a cinética com as
enzimas recombinantes lipoiladas, SucB, PDHB e LpdA em sustentar a atividade
peroxidasica de Ohr. Primeiramente, a atividade dessas enzimas foi confirmada através do
ensaio de atividade dissulfeto redutase (Figura 37).

0.6 .
[ ]
[ ]
[ ]
[ ]
[y [ ]
S 0.4+
< . !!!
- . 55
S !
N . 5! A
S 0.2 .« _ K
< [ ) ! A
e ¥l
i
00 AABdAABOAOBS OB R
' 10 20 30 40 50 60

Time (s)

Figura 37. Atividade dissulfeto redutase das enzimas lipoiladas.

Reacdes foram monitoradas & 412 nm através da redugdo do DTNB (0.5 mM). @ (1 uM LpdA + 0.5
UM PDHB), 4 (1 uM Lpd + 1 uM SucB), B (1 uM lipoamida + 1 UM Lpd), A (1 uM LpdA), O (1
UM LpdA™), A (1 uM Lpd + 1 uM SucB™). —LA corresponde as proteinas na qual a etapa de
expressao ndo foi suplementada com écido lipdico (LA). Para descricdo detalhada do método vide

sessdo “Materiais ¢ Métodos”.

SucB na presenca de Lpd (), e PDHB na presenca de LpdA (®) mostraram
atividade no ensaio indicando que houve incorporacao de acido lipéico. Como experimento
controle, SucB (A) e LpdA (), expressas na auséncia de acido lipéico na etapa de
inducdo, ndo mostraram atividade dissulfeto redutase indicando que a presenca de acido
lipéico é fundamental para a reducéo do dissulfeto do DTNB. LpdA (A) sozinha, também
demonstrou atividade dissulfeto redutase, mostrando que seu dominio de ligacdo a &cido
lipbico é funcional.

Em seguida, foi testada se essas enzimas lipoiladas eram capazes de reduzir Ohr.

Como visto pela figura 38, SucB e PDHB promoveram reducdo de peroxido dependente de
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Ohr na presenca de Lpd. LpdA sozinha ou em combinagdo com SucB ou PDHB também

suportou a atividade peroxidasica de Ohr.
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Figura 38. Enzimas recombinantes lipoiladas de X. fastidiosa suportam a atividade de Ohr.

Mistura de reagdo continha: NADH (0.2 mM), Lpd (2 uM), Ohr (0.1 uM), LpdA (2 uM), SucB (2 pM),
PDHB (1 uM). ReacGes foram iniciadas pela adigdo de t-BHP (0.2 mM) e acompanhadas pela oxidagao
do NADH. Os resultados representam trés experimentos independentes e as barras de erro sdo a média

desvio padrdo.

Através desses resultados reconstituimos trés possiveis vias envolvidas na
decomposigéo de peroxidos organicos.

Utilizando lipoamida livre foi demonstrado que a eficiéncia catalitica de Ohr na
decomposicéo de t-BHP é alta estando na ordem de 10° M™. s™ (Tabela 5). Dessa forma, é
importante determinar se a transferéncia de elétrons dos grupos lipéicos de enzimas é
cineticamente favoravel quando comparado aos dados obtidos na presenca de lipoamida
livre. Portanto, calculamos os parametros cinéticos por analise de bi substrato de PDHB e
SucB na presenca de t-BHP através dos plotes secundarios (Figura 39) também de acordo

com o modelo descrito por Segel, 1993.
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Figura 39. Cinética enzimatica para Ohr na presenca de enzimas lipoiladas.

Taxas de oxidacdo de NADH (0.2 mM) em vérias concentracdes de t-BHP e enzimas lipoiladas (PDHB em A e SucB em B)
foram determinadas com as seguintes concentracdes de enzimas: Ohr (0.1 pM), Lpd (1 uM). Os gréficos maiores mostram a
taxa da reacdo dos grupos lipdicos das enzimas lipoiladas em vérias concentragdes plotado contra concentragdes de t-BHP.
Em A: @ (15 uM PDHB), ¥ (10 uM PDHB), A (5 uM PDHB). Em B: ¥ (10 uM SucB), ¢ (7.5 uM SucB), A (5 uM
SucB), B (2.5 uM SucB). Vmax,,, & Km,,, foram determinados através de regresséo néo linear pela equagéo de Michaelis-
Menten. Os graficos menores mostram os plotes secundarios de 1/Vmaxa,, € 1/Kmg,, versus 1/[LA] onde LA representa as

enzimas lipoiladas. Os plotes secundarios foram criados para calcular o K, e V., para ambos os substratos.

Os parametros cinéticos de Ohr determinados relativos a SucB e PDHB foram

similares em comparacado aos obtidos com lipoamida livre (Tabela 6).
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Tabela 6. Parametros cinéticos de Ohr para diferentes substratos

Substrato K., (LM) Kear (s™) Keat/Km (M*.s?
t-BHP 14.51+0.15 17.95+7.25 2.06 x 10° + 0.08
H,0, 41720.00 + 6530.00 9.53+0.56 2.30x10*+0.20
Lipoamida 44.46 £ 0.98 90.9+4.70 2.06 x 10°+ 0.08
PDHB 10.93+0.15 9.510.20 0.87 x10°+0.01
SucB 38.51+14.12 17.95+7.25 0.46 x 10° + 0.02

Utilizando concentracdes saturantes de t-BHP foi possivel analisar a dependéncia da

reacao de reducao de peroxidos na presenca de diferentes concentracdes de LpdA (Figura
40).
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Figura 40. Dependéncia da atividade de Ohr em concentragdes de LpdA.

Mistura de reagdo continha Ohr (0.1 pM) em 50 mM de tampéo fosfato de sddio (pH 7.4), 50 mM NacCl,
1 mM DTPA. ReacOes foram iniciadas pela adicdo de t-BHP (0.2 mM) e acompanhadas pela oxidacao do
NADH (0.2 mM) a 37°C. Os resultados representam trés experimentos independentes e sdo a média +
desvio padrdo.

Os valores de K, determinados para LpdA (13.5 £ 1.9 yM) também foram muito
similares aqueles obtidos para SucB e PDHB (Tabela 6). No entanto, comparar os valores
de K., € complicado visto que os parametros relativos & SucB e PDHB foram obtidos em
uma concentragdo fixa de flavoenzima (Lpd = 1 pM), enquanto que para LpdA a
concentracdo de flavoenzima presente na mistura de reacdo varia de acordo com o valor
indicado no eixo das abscissas, pois esta enzima possui tanto o dominio de ligagéo a flavina
quanto o dominio de ligacdo a &cido lipdico. Para testar se 0o aumento na atividade

peroxidasica pode também ser influenciada pelo aumento na concentragdo de flavina,
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realizamos o ensaio de atividade peroxidasica com SucB em diferentes concentracdes de
Lpd (Figura 41).
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Figura 41. Atividade peroxidasica de Ohr em concentragdes crescente de Lpd.

Atividade peroxidasica foi monitorada pela oxidacdo de NADH a 340 nm (¢ = 6290 Mtcm?) em
incubacdes contendo Ohr (0.1 uM), SucB (2.5 pM), t-BHP (0.2 mM) e NADH (0.2 mM). O ensaio foi
realizado como descrito na sessdo “Materiais e Métodos”. Os resultados representam trés experimentos

independentes e sdo a média + desvio padréo.

Como podemos ver pelo grafico, concentragdes crescentes de Lpd néo influenciam
na atividade do sistema, mostrando que essas concentragfes ndo sédo passo-limitante da
reacao.

NoOs também investigamos se outros sistemas classicos redutores, descritos na
literatura como redutores de outras tidis peroxidases (peroxirredoxinas e glutationa
peroxidase) poderiam atuar como doadores de elétrons alternativos para Ohr. A atividade
dissulfeto redutase de tiorredoxina e tiorredoxina redutase recombinante de Xylella

fastidiosa (TsnC e TrxR respectivamente) foi dosada mostrando que essas enzimas
estavam ativas (Figura 42).
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Figura 42. Atividade dissulfeto redutase do sistema tiorredoxina de X. fastidiosa.

Reagdes foram monitoradas 4 412 nm (e = 14100 M™%, cm™) através da reducdo do DTNB em 50 mM tampéo fosfato de sédio
(pH 7.4); 1 mM DTPA e 0.2 mM NADH a 37°C. Simbolos representam: @ (5uM TsnC), € (5uM TrxR), A (5uM TrxR + 5
UM TSNC).

No entanto, o sistema tiorredoxina de X. fastidiosa falhou em suportar a atividade
peroxidasica de Ohr mesmo utilizando altas concentracdes de TsnC e TrxR. Nas mesmas

condigbes, PrxQ de Xylella fastidiosa foi capaz de remover t-BHP (Figura 43).
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Figura 43. Atividade peroxidéasica de Ohr e PrxQ no sistema tiorredoxina de X. fastidiosa.

Mistura de reacdo continha NADPH (0.2 mM) e t-BHP (0.2 mM). ¥ (5uM TrxR + 5 uM TsnC + 5 uM PrxQ), @ (5 uM
TrxR + 5 UM TsnC + 10 uM Ohr). Reag8es foram monitoradas pela oxidagio do NADPH 4 340 nm (¢ = 6220 M. cm™) a
37°C.
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Outras tidis peroxidases apresentam atividade peroxidasica na presenca de
glutationa ou glutarredoxina (Rouhier et al., 2002; Bréhelin et al., 2003). Previamente, ja
haviamos demonstrado que GSH néo suporta atividade peroxidasica de Ohr mesmo em
concentracdes muito altas em ensaio FOX (Figura 12 e Cussiol et al., 2003, anexo 1). Nos
agora mostramos que glutarredoxina 1 e 2 de S. cerevisiae (cedidas pela Dr* Karen Fulan
Discola) e glutarredoxina 1 de E. coli na presenca de GSH e glutationa redutase (GR) de S.
cerevisiae ndo suportam a atividade peroxidasica de Ohr. Nao foi observado consumo
algum de NADPH mesmo na presenca de GSH na concentracdo de 1 mM. Dado o fato de
que 2 UM de lipoamida covalentemente ligada a enzimas lipoiladas é suficiente para
suportar a atividade peroxidasica de Ohr (Figura 38), provavelmente o sistema glutationa

nao é o redutor fisiolégico de Ohr.

4.2.5. Ohr interage com proteinas lipoiladas in vivo

De modo obter evidéncias de que o sistema lipoamida suporta a atividade
peroxidasica de Ohr in vivo, fizemos uso de anticorpos policlonais anti-Ohr e anti acido-
lipéico. Primeiramente, imunoprecipitamos lisado celular de Xylella fastidiosa com anticorpo
anti-acido lipdéico. Consistente com a nossa hip6tese, observamos que Ohr co-

imunoprecipitava com enzimas lipoiladas (Figura 44).

1 2

Ohr

Figura 44. Ohr co-imunoprecipita com enzimas lipoiladas em Xylella fastidiosa.
Proteinas de lisado de Xylella fastidiosa foram imunoprecipitadas com anti-acido lipdico e analisadas por western blot com

anti-Ohr. Raia 1, imunoprecipitado protéico nas beads (30 ul) e Raia 2, Ohr recombinante sem His-Tag (0.1 pg).
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No mesmo imunoprecipitado, também foi realizado western blot com anticorpo anti
acido-lipdico (1:5000), onde nao foi observada banda migrando na posi¢cao correspondente
a Ohr. Esse experimento controle refor¢ca a suposicdo de que a banda observada na figura
44 corresponde a Ohr. E importante ressaltar que este experimento foi repetido e os
mesmos resultados foram obtidos, indicando que Ohr interage fisicamente com enzimas
lipoiladas em Xylella fastidiosa.

Evidéncias imunoquimicas mostraram que todas as enzimas lipoiladas pertencentes
aos complexos da 2-oxoacidos desidrogenase (preditas na anotacdo do genoma de Xylella

fastidiosa) estavam presentes no lisado celular (Figura 45, raias 5-7).
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Figura 45. Imunodetec¢do de enzimas lipoiladas em Xylella fastidiosa.

Raia 1, Padrdo de massa molecular Rainbow™; raia 2, PDHB (0.1 pg); raia 3, SucB (0.1 pg); raia 4, LpdA (0.1 ug); raias 5-
7, lisados de Xylella fastidiosa (15, 10 e 5 pg, respectivamente). Apds etapa de transferéncia, membrana foi incubada com
anti-acido lipoico (1:5000) overnight a 4°C e revelada através de reagdo com fosfatase alcalina conforme descrito na sessdo

“Materiais € Métodos”.

Como visto anteriormente pelos dados cinéticos, todas as enzimas detectadas por
anti-4cido lipdico sdo capazes de suportar a atividade peroxidasica de Ohr. O gene gcvH
(XF 0181) de Xylella fastidiosa codifica para uma enzima lipoilada denominada Proteina H,
pertencente ao sistema de clivagem da glicina. Sua massa molecular foi predita em 15.8
kDa, porém ndo conseguimos detectad-la em nenhum de nossos experimentos utilizando
anticorpo anti-acido lipdico. Além disso, sua massa molecular € muito menor do que a de

todas as outras enzimas lipoiladas, evitando assim uma interpretagdo equivocada da Figura
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45. Através de andlises semi quantitativas por imagem, pudemos estimar a concentracdo
intracelular dessas enzimas. SucB é a proteina lipoilada mais abundante, presente no
extrato em concentracfes de micromolar (0.9 uM aproximadamente). LpdA e PDHB estéo
presentes em menores concentragdes (0.07 e 0.13 uM respectivamente).

Encontramos Ohr tanto na fragéo intracelular (Figura 46 raia 2) quanto na fracdo
extracelular (Figura 46 raias 3,4). Além disso, foi encontrado na fragdo extracelular
juntamente com Ohr, uma proteina reativa com anti-acido lipéico que co-migrava com SucB
(o componente E2 do complexo da a-cetoglutarato desidrogenase) (Figura 46, raias 9,10).

LpdA foi detectada somente na fracdo intracelular (Raia 8) de Xylella.

anti-Ohr anti-LA
1 2 3 4 5 6 7 8 9 10

— e

Figura 46. Deteccdo de Ohr e enzimas lipoilada nas fragdes intra e extracelular

Fragdes contendo proteinas extracelulares foram obtidas lavando as células duas vezes com tampdo Tris. Raias 1-4
correspondem a anti-Ohr (1:1000), e Raias 6-10 correspondem a anti-acido lipdico (1:5000). Raia 1, Ohr (0.1 ug); Raia 2,
lisado de X. fastidiosa, raia 3, primeira lavagem do sobrenadante; raia 4, segunda lavagem do sobrenadante; raia 5, Padréo de
peso molecular Rainbow™; raia 6, LpdA (0.1 pg); raia 7, SucB (0.1 pg); raia 8, lisado de X. fastidiosa; raia 9, primeira

lavagem do sobrenadante; raia 10, segunda lavagem do sobrenadante.

Como mostrado pelos ensaios de co-imunoprecipitacdo, Ohr é capaz de interagir
fisicamente com proteinas lipoiladas em extrato celular de X. fastidiosa. Além disso, LpdA,
PDHB e SucB sustentam a atividade peroxidasica de Ohr com alta eficiéncia como atestado
pelos experimentos cinéticos. Sendo assim, a habilidade do extrato de X. fastidiosa de
sustentar a atividade de Ohr deve diminuir drasticamente se proteinas lipoiladas forem
imunodepletadas. De fato, imunodeplecdo de proteinas lipoiladas em extratos de X.
fastidiosa e E. coli, utilizando anti-acido lipoico reduziu drasticamente a taxa de oxidagéo de

NADH quando comparada a mesma preparacao que nao sofreu imunodeplecao (Figura 47)
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Figura 47. Habilidade dos imunodepletados de E. coli (Ec) e X. fastidiosa (Xf) de suportar a atividade de Ohr.
Lisados bacterianos (0.5 mg/ml) foram incubados com NADH (0.2 mM), Ohr (1 uM), Lpd (2.5 uM) e t-BHP (0.2 mM) e

monitorados através do consumo de NADH a 340 nm conforme descrito em “Materiais ¢ Métodos”.

A atividade residual detectada nos extratos imunodepletados (Figura 47, Raia 3 e 6)
se correlaciona com a presenca de proteinas lipoiladas que ndo foram completamente

removidas na etapa de imunoprecipitacdo como podemos comprovar pela figura 48.
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Figura 48. Imunodeplecéo do lisado de E. coli.

Amostras foram analisadas por western blot com anti-acido lipéico (1:5000). Raia 1, lisado de E. coli; Raia 2, lisado
imunodepletado (10 ug); Raia 3, imunocomplexos nas beads (10 ul). Setas indicam as proteinas lipoiladas SucB (44 kDa;
nimero de acesso do gene ECKO114, subunidade E2 do complexo da a-cetoglutarato desidrogenase) e AceF (66 kDa;

ntmero de acesso do gene ECK0715, subunidade E2 do complexo da piruvato desidrogenase) da linhagem K12 de E. coli.
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Em conjunto, os resultados apresentados aqui corroboram a hipGtese de que
proteinas lipoiladas (SucB, PDHB e/ou LpdA) sdo os redutores bioldgicos de Ohr.

Estes resultados geraram um artigo cientifico que atualmente esta em processo de
submisséo e esta na sessdo de anexos da tese (anexo V).

4.2.6. OsmC de Escherichia coli é reduzida por enzimas lipoiladas de X.
fastidiosa

Como visto anteriormente, OsmC é uma proteina da familia Ohr/OsmC relacionada
ao estresse induzido por choque osmético. OsmC é uma tiél peroxidase com preferéncia por
hidroperéxidos organicos e possui uma estrutura quaternaria muito similar a das proteinas
da subfamilia Ohr (Lesniak et al., 2003). Seu mecanismo catalitico é idéntico ao presente na
subfamilia Ohr. Como em Ohr, seu mecanismo de reducéo é até o momento desconhecido.
No trabalho de mestrado da Ms. Telma Regina Sugimoto, foi demonstrado que o sistema
heterélogo composto por lipoamida/Lpd bovina/NADH suportava a atividade peroxidasica de
OsmC de E. coli (Sugimoto, 2006). De posse desses dados, e possuindo enzimas
recombinantes do metabolismo intermediario, observamos que Lpd de X. fastidiosa assim
como visto para Ohr suportava a atividade de OsmC na presenca de lipoamida livre. Em
colaboracdo com o aluno de mestrado Tiago Geronimo Pires Alegria, foram calculados os
parametros cinéticos de OsmC recombinante de E. coli (clonada pela Ms. Telma Regina

Sugimoto) na presenca de peroxidos organicos (Figura 49 e Tabela 7).
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Figura 49. Cinética enzimatica para OsmC recombinante de E. coli.
Parametros foram calculados através de uma curva de regressio ndo linear utilizando o software Graph Pad Prism®.
Atividade peroxidasica foi monitorada através de consumo de NADH a 340 nm (e = 6290 M. cm™®) em incubag@es contendo

OsmC (0.2 uM); Lpd (2 uM); lipoamida (30 uM) e peréxidos nas concentracOes especificadas na figura. Os resultados
representam trés experimentos independentes e s&o a média + desvio padrdo.
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Tabela 7. Parametros cinéticos de OsmC para diferentes substratos.

Per6xido Km (MM) Keat/ Ky (M.
t-BHP 453 + 0.46 13.89 + 0.55 3.07x 10°+ 0.19
CHP 1.11 + 0.15 12.02 + 0.66 1.08 x 10*+ 0.09

Parametros para t-BHP e CHP foram obtidos através de regressdo ndo-linear usando lipoamida (30 uM). Os resultados
representam trés experimentos independentes e sdo a média + desvio padrao.

Nao foi possivel calcular os par&metros na presenca de H,O,, pois ndo foi
encontrado uma concentracdo saturante de peréxido mesmo em concentragcdes acima de
100 mM. Dados na tabela 7 indicam que OsmC reduz cumeno hidroperéxido (CHP)
aproximadamente uma ordem de grandeza mais eficiente que t-BHP. Embora o turnover
(k.ar) de Ohr para os dois substratos seja praticamente o mesmo, CHP possui uma maior
afinidade (K,,) do que t-BHP.

Comparativamente, OsmC possui uma menor eficiéncia catalitica do que Ohr (de
aproximadamente duas ordens de grandeza). Essa menor eficiéncia é devido ao alto K,
para ambos os peréxidos (na faixa de milimolar) enquanto para Ohr observamos valores na
faixa de micromolar (14.5 uM para t-BHP). No entanto, € provavel que na presenca de
provaveis hidroperéxidos biolégicos (CHP é um hidroperdxido sintético) a eficiéncia catalitica
de OsmC aumente consideravelmente. Nao conseguimos calcular os parametros de OsmC
por uma analise de bi substrato provavelmente devido ao mesmo fendmeno observado para
Ohr na presenga de H,O,. A baixa eficiéncia catalitica de Ohr na reducéo desses substratos
(alto K, faz com que essa etapa da reacdo se torne passo limitante ndo se alterando em
concentracdes crescentes de lipoamida.

Visto que lipoamida é capaz de doar elétrons para OsmC, investigamos a
possibilidade das enzimas lipoiladas recombinantes de X. fastidiosa sustentarem a atividade
de OsmC. SucB, PDHB e/ou LpdA foram capazes de regenerar OsmC a forma reduzida.
Ohr em concentragdes equimolares a OsmC possui uma atividade peroxidasica

consideravelmente maior (Figura 50).
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Figura 50. Atividade comparada de Ohr e OsmC na presenga de enzima lipoiladas de X. fastidiosa.

Os ensaios foram realizados em tampéo fosfato de sédio 50mM pH 7,4; NaCl 50mM; DTPA 1mM; NADH 0,2mM; t-BHP
0,2mM a 37°C. As concentrages das enzimas para cada condicdo foram: 1. (Lpd 2uM; SucB 2uM e OsmC 0.5uM); 2.
(LpdA 2uM; PDHB 1uM e OsmC 0.5uM); 3. (LpdA 2uM, OsmC 0.5uM); 4. (Lpd 2uM, SucB 2uM e Ohr 0.5uM); 5.
(LpdA 2 puM, PDHB 1uM e Ohr 0.5uM); 6. (LpdA 2uM e Ohr 0.5uM). Os resultados representam trés experimentos
independentes e sdo a média + desvio padrdo.

No entanto, esse dado ndo é muito conclusivo, pois foi utilizado t-BHP no ensaio
numa concentracdo de 200 uM que embora para Ohr ja esteja saturante (K, = 14.5 uM),
para OsmC ainda n&o atingiu o ponto de saturacdo devido ao K, elevado de OsmC (K, =
4.5 mM) para este hidroperéxido. Além disso, OsmC estd sendo usada em um sistema
heterélogo de X. fastidiosa. Sabe-se que Ohr e OsmC apesar de compartilharem
semelhangas estruturais possuem diferengas na cavidade do sitio ativo (Jenkins et al.,
2008). Portanto, a apresentacdo do grupo lipdico pelas enzimas lipoiladas de Xylella pode
ser menos eficiente para OsmC.

4.3.0hr é capaz de reduzir peroxidos derivados de lipidios

Estudos anteriores por modelagem molecular mostraram que hidroperéxido de acido
oléico se encaixava perfeitamente no sitio ativo de Ohr com sua fung&o peroxido voltada
para a cisteina peroxidasica de Ohr (Oliveira et al., 2006 anexo Il). Dessa forma, foi proposto

que hidroperéxidos derivado de &cidos graxos insaturados deveriam ser 0s substratos
biol6gicos de Ohr.
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Através do ensaio de reducdo de perdéxidos monitorado pelo consumo de NADH,
observamos inicialmente que Ohr possuia atividade na presenca de hidroperéxido de &cido
linoléico. Esse peroxido foi sintetizado e cedido gentilmente pelo laboratério do Prof. Dr.
Paolo Di Mascio e da Prof® Dr* Sayuri Miyamoto (Instituto de Quimica — USP). Através de
grafico cinético de consumo de NADH pela concentracdo de peroxido, observamos uma
inibicdo da atividade em concentracdes relativamente baixas de peroxido de acido linoléico
(= 200 uM, Figura 51). Fisher et al., 1999, demonstrou que peréxidos derivados de lipidios
formam agregados micelares a partir de uma concentragdo critica, escondendo seu grupo
polar e deste modo ficando inacessivel a enzima. Foi observado que a atividade de reducéo
de peréxidos organicos de uma “non-selenium” glutationa peroxidase (NSGPx) era 40%
menor na auséncia de Triton X-100 (0.1%).
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Figura 51. Reducéo de perdxido linoléico por Ohr.
A solucéo de peroxido solubilizada em etanol foi adicionada no meio de reagdo de modo que a concentracéo final de etanol
ficasse para todos os pontos em 1%. Os ensaios foram realizados em duplicatas nas seguintes condi¢des: Ohr (0.1 pM); Lpd

(0.5 uM); lipoamida (200 pM). A reagdo foi iniciada com a adi¢do do perdxido e monitorada a 340 nm a 37°C.

Dessa forma, repetimos 0s ensaios anteriores adicionando Triton X-100 (0.1%) ao
meio de reacdo Observamos que para uma determinada condi¢cdo a auséncia de Triton X-
100 diminui a atividade da enzima em até 90% (Figura 52). Esses estudos estdo sendo

finalizados pelo mestrando Thiago Geronimo Pires Alegria de nosso grupo.
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Figura 52. Atividade de reducdo de hidroperdxido de &cido oléico no sistema lipoamida.
Os ensaios foram realizados em duplicatas nas seguintes condi¢des: Ohr (0.1 uM); Lpd (0.5 uM); lipoamida (200 uM);
OLOOH (300 uM). A reagdo foi iniciada com a adigdo do perdxido e 0 consumo de NADH foi monitorado a 340 nm a 37°C.

4.4, Caracterizacdo de residuos de aminoéacidos envolvidos na catalise de
Ohr

Como mencionado anteriormente, através de analise da estrutura de Ohr,
observamos que uma série de aminoacidos presentes no sitio ativo realizavam interacdes
hidrofébicas com uma molécula de PEG co-cristalizada no sitio ativo, provavelmente
mimetizando um substrato bioldgico de Ohr. Postulamos que esses residuos eram
importantes para a atividade de Ohr posicionando e/ou estabilizando o perdéxido ou o grupo
lipéico de enzimas lipoiladas no sitio ativo (Oliveira et al., 2006 anexo II).

Dessa forma, conseguimos clonar, expressar e purificar seis mutantes de Ohr: V36S;
L40T; F68Y; G95S; FI96Y e P126H. Todos os mutantes foram clonados em linhagem
BL21(DE3) e as mutac¢des foram triadas por sequenciamento de nucleotideos conforme
descrito na sessao “Materiais e Métodos”. As amostras foram purificadas por cromatografia
de afinidade a metal e 0 seu grau de pureza atestado por gel SDS-PAGE redutor (Figura
53).
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Figura 53. Purifica¢do de mutantes de Ohr recombinante em gel SDS-Page redutor.
Raia 1. Bench Mark® Ladder; Raias 2-3. Fracdes eluidas de Ohr VV36S; Raias 4-5. Frages eluidas de Ohr L40T; Raias 6-7.
Ohr F68Y; Raia 8. Ohr G95S; Raia 9-10. Ohr F96Y; Raia 11: Ohr P126H.

ApOs a obtencdo dos mutantes, comparamos a atividade peroxidésica destes com
Ohr selvagem (WT) (Figura 54).
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Figura 54. Atividade peroxidasica de Ohr WT e mutantes no sistema lipoamida.
A atividade peroxidasica de Ohr WT e mutantes foi monitorada através de consumo de NADH & 340nm (s = 6290 M. cm™)
em incubagdes contendo Ohr (0.2 uM); Lpd (2 pM); SucB (2 pM) e t-BHP (200 uM). Mistura de reagdo continha 50 mM

tampdo fosfato Sddio (pH 7.4); 50 mM NaCl e 1 mM DTPA. Os resultados representam trés experimentos independentes e
sdo a média + desvio padrao.

Houve perda significativa de atividade nos mutantes V36S; G95S e P126H. Os dados
de atividade corroboram os dados estruturais obtidos anteriormente, indicando que dos
mutantes estudados, os residuos Val-36; Gly-95 e Pro-126 séo importantes para a atividade
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catalitica de Ohr. No entanto, analisando a substituicdo do amino&cido feita na posicao 126
vemos que houve uma substituicdo de um aminoacido alifatico e, portanto, hidrofébico por
um aminodcido de carga positiva. Esse incremento de carga pode gerar interacdes
eletrostaticas com residuos vizinhos alterando assim as caracteristicas do sitio ativo.

Diferentemente dos residuos Arg-19 e Glu-51 que interagem diretamente com a
cisteina peroxidasica (Cysy61) estabilizando sua sulfidrila na forma de anion tiolato, os
residuos de aminoacidos analisados por mutacdo sitio-dirigida parecem interagir
diretamente com o substrato de Ohr e ndo com as cisteinas do sitio ativo conforme dados
de estrutura (Oliveira et al.,, 2006 anexo IlI). De modo a determinar se esses residuos
também estdo envolvidos na estabilizacdo do tiolato de Ohr, calculamos o pK, para cada
mutante e comparamos com o pK, da proteina selvagem.

Em uma primeira tentativa, tentamos determinar o pK, através de modificacdo
gquimica com lodoacetamida (IAM). Esse composto alquila mais rapidamente a sulfidrila em
sua forma anionica (tiolato). Consequentemente, a determinacdo da velocidade da reagéo
em funcé@o do pH pode ser usado para medir o valor de pK, do grupo ti6l de uma cisteina
(Snyder et al., 1987). O ensaio foi feito conforme descrito em “Materiais e Métodos”. No
entanto, ndo obtivemos nenhum resultado, pois iodoacetamida ndo reagiu com a cisteina de
Ohr em nenhuma das faixas de pH testadas. Aparentemente, como iodoacetamida € um
composto hidrossoluvel, este ndo teria acesso a cisteina peroxidasica que esta enterrada na
propria estrutura protéica em um ambiente altamente hidrofébico.

Por essa razdo, partimos para a determinacdo do pK, por um método que nao
necessitasse de modificacdo quimica. De fato, conseguimos determinar o pK, através da
absorcao do tiolato a 240nm (Nelson & Creighton, 1994). No entanto, esse método néo se
mostrou reprodutivel, pois so6 foi possivel calcular o pK, da proteina selvagem (Figura 55). O
pK, calculado para a cisteina de Ohr foi de aproximadamente 5.8, 0 que esta préximo ao

pK, calculado para outras tidis peroxidases como as peroxirredoxinas.
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Ex10° (M om)

Figura 55. lonizagdo do grupo tiél da Cys 61 de Ohr.

Através de absorbancia a 240 nm em func¢8o do pH a temperatura ambiente foi determinado o valor de pK, do grupo tiél da
Cys 61 de Ohr. No ensaio foi utilizado Ohr (15uM) na presenca dos respectivos tampdes (100mM) para cada faixa de pH;
NaCl (200mM) e DTPA (1mM).

Através de ensaio FOX, determinamos a atividade peroxidasica de Ohr em diferentes
pHs (Figura 56). Como podemos observar, o pico de atividade é observado em pH préximo
do fisiolégico (7.4). De acordo com os dados de pK, Cys,61 de Ohr esta em maior
propor¢do em sua forma desprotonada. Em pH proximo de 4.0, quase ndo ha atividade
peroxidasica visto que a maior parte da cisteina esta na forma protonada menos reativa. A
gqueda de atividade observada em pHs mais alcalinos pode ser causado pela perda de
estrutura terciéria devido a instabilidade nessa faixa de pH ou entdo devido a desprotonacgéo
de outros grupos de residuos de aminoacidos que contribuem para a atividade catalitica de
Ohr. Esse perfil de atividade de Ohr em funcao do pH esta de acordo com o pK, equivalente

a 5.8 determinado na figura 55.
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Figura 56. Efeito do pH na atividade de Ohr.

Ohr (0.1uM) foi incubada a 37°C na presenca de DTPA (0.1mM), Azida (ImM), t-BHP (0.2mM), DTT (0.5mM) na presenca

de tampdo (50mM) em diferentes faixas de pH. A reacdo foi interrompida com a adi¢cdo de HCI (0.2M) e o consumo de

peréxido foi determinado através de reacdo com o composto Xylenol Orange na presenca de Fe*?. Para maiores detalhes

experimentais vide sessdo “Materiais e Métodos™.

Finalmente, através do método de alquilagdo pelo composto monobromobimano

(Discola et al., 2009 anexo V), conseguimos calcular o pK, de Ohr WT e mutantes. Através

da equacao de Henderson-Hasselbalch obtivemos valores de pK, (Tabela 8), calculados no

programa GraphPad®Prism4 (Figura 57).

Tabela 8. Valores de pK, da cisteina peroxidasica de Ohr WT e mutantes.

WT
V36S
L40T
Fe8Y
G95S

5.81+0.10
5.34+0.18
5.71+£0.08
5.81+0.19
5.55+0.10
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Figura 57. lonizagdo do grupo tidl da Cys 61 de Ohr.

Atraveés da alquilagdo da Cys 61 por monobromobimano em fungéo do pH foi determinado o valor de pK, do grupo tiol da
Cys 61 de Ohr. No ensaio foi utilizado Ohr (10uM) previamente reduzida na presenga de monobromobimano (2.8 uM) e dos
respectivos tampdes (50 mM); NaCl (500 mM). Foi realizada uma cinética por 20 minutos a 37°C e os resultados foram

analisados utilizando a equacdo de Henderson-Hasselbach conforme descrito em “Materiais ¢ Métodos”.

Primeiramente, observamos que o pK, calculado para Ohr WT esta de acordo com o
obtido pelo método de absorcédo do tiolato (Figura 55) que foi de aproximadamente 5.8.
Podemos observar também que ndo ha uma diferenca significativa nos pK, calculados para
0s outros mutantes principalmente V36S e G95S que apresentaram menor atividade
peroxidasica que WT. Sendo assim, podemos afirmar que esses residuos ndo estdo
envolvidos na estabilizacdo do &anion tiolato da cisteina peroxidasica de Ohr, mas sim
interagem diretamente com o0s substratos, corroborando assim os dados estruturais obtidos
anteriormente. Nao foi possivel calcular o pK, do mutante P126H, pois ndo obtivemos uma
curva sigmoidal que se ajustasse a equacdo de Henderson-Hasselbach. Provavelmente o
incremento de carga com a presencga de um residuo de histidina na posicdo 126 gerou um
aumento do pK, da cisteina peroxidasica tornando-a assim menos reativa explicando porque

esse mutante (P126H) perdeu completamente a atividade (Figura 54).

4.5. Regulagao génica de ohr em Xylella fastidiosa
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Sabe-se que a expressdo de Ohr em muitas bactérias esta sobre o controle do
repressor da transcricdo OhrR (Sukchawalit et al., 2001 e Fuangthong et al., 2001). Esse
repressor possui uma cisteina N-terminal reativa que € oxidada na presenca de
hidroperéxidos organicos, o que gera uma mudanca na interacdo com o promotor de ohr
liberando-o para transcricdo. No entanto, nao foi encontrado na anotacdo do genoma de
Xylella fastidiosa um gene que conserve similaridade com OhrR de outros organismos. Por
isso, a regulacdo da transcricdo de ohr pode estar sobre o controle de outro fator de
transcricdo em X. fastidiosa.

Primeiramente, de posse de anticorpo anti-Ohr, realizamos testes de expressao da
enzima Ohr em culturas de X. fastidiosa cepa J1al2. Meios de cultura contendo X. fastidiosa
foram tratados com uma série de perdxidos em diferentes tempos e o extrato celular foi
submetido a western blot utilizando anticorpo anti-Ohr (Figura 58). No entanto, ndo

observamos diferencas no nivel de expressdo em nenhuma das condi¢des testadas.

Figura 58. Western Blot utilizando anticorpo anti-Ohr.

X. fastidiosa J1a12 foi submetida a diversos tratamentos e o extrato obtido foi submetido a eletroforese em gel SDS-Page e
transferido para membrana de nitrocelulose e incubado com anti-Ohr conforme descrito na sessdo “Material € Métodos”. A:
Banda 1. Bench Mark® Ladder ; 2-5. H,0, (200uM) 0, 15, 30 e 60 respectivamente; 6-9. t-BHP (200uM) 0, 15, 30 ¢ 60’
respectivamente e 10. 0.5 pg de Ohr recombinante. B: Banda 1. Bench Mark® Ladder; 2-5. Cumeno (200uM) 0, 15, 30 e 60°
respectivamente; 6-9. LAOOH (200uM) 0, 15, 30 e 60’ respectivamente e 10. 0.5ug de Ohr recombinante.

Pela figura, ha uma expressdo de Ohr mesmo sem tratamento com peréxido
indicando que Ohr provavelmente também esta sendo expressa em uma condi¢éo basal.
Como nao podemos observar uma resposta visivel, tentamos aumentar o tempo de
incubagdo com peréxidos em até 5 horas. De maneira semelhante, nado foi possivel
visualizar diferencas no padrao de expresséo entre os tratamentos. Recentemente, Jenkins
et al., 2008, mostraram por northern blot que Ohr de Mycoplasma gallisepticum era expressa
constitutivamente diferentemente de outras bactérias onde o gene ohr esta sobre o controle

do repressor OhrR. Também foi observado que a transcricdo de ohr ndo aumentava apos
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tratamentos com peréxidos organicos, mas que o gene era induzido apés tratamento com
etanol e reprimido na presenca de NaCl. Esses dados langcaram a possibilidade de que o
gene ohr de X. fastidiosa também poderia ser induzido por outros tipos de estresse. Sabe-se
para M. gallisepticum que o consumo de oxigénio é aumentado na presenga de etanol (Abu-
Amero et al., 2000) assim como a producéo de H,O, (Abu-Amero et al., 2005). Sendo assim,
novamente por western blot e utilizando anticorpo anti-Ohr, tratamos as células com

peréxidos, etanol e NaCl (Figura 59).

25KDa —p

15KDa —»

Figura 59. Western Blot utilizando anticorpo anti-Ohr.

X. fastidiosa J1lal2 foi submetida a diversos tratamentos e o extrato obtido foi submetido a eletroforese em gel
SDS-Page e transferido para membrana de nitrocelulose e incubado com anticorpo anti-Ohr conforme descrito
na sessdo “Material e Métodos”. A: Banda 1. Tempo 0’; 2-3. EtOH (2%) 1h e 2h30’; 4-5. EtOH (4%) 1lh e
2h30’; 6-7. NaCl (1%) 1h e 2h30’; 8-9. NaCl (2%) 1h e 2h30’ e 10. Bench Mark® Ladder. B: Banda 1. Bench
Mark® Ladder; 2. Tempo 0’; 3-4. H,0, (0.5 mM) 1h e 2h30’; 5-6. CHP (0.5 mM) 1h e 2h30’; 7-8. t-BHP (0.5
mM) 1h e 2h30° e 9-10. t-BHP (ImM) 1h e 2h30".

Como podemos observar pela figura 59, ndo houve aumento visivel nos niveis de
Ohr em nenhuma das condicdes testadas. As marcag¢des acima de 15kDa possivelmente
estdo relacionadas com formas diméricas e oligoméricas de Ohr.

Foi proposto que a transcricdo de ohr em M. gallisepticum estaria sobre o controle de
um fator sigma alternativo de funcdo extra citoplasmatica denominado sigma E (cF). Esse
fator sigma, esta relacionado, na maioria das vezes, com a resposta ao estresse global.
Sabe-se que em Pseudomonas syringae, & desempenha papel crucial na resisténcia
mediada por ROS (Keith et al, 1999). Andlises feitas pelo pés-doutor José Freire da Silva
Neto (ICB-USP), mostraram que oF esta relacionado com a resposta a choque térmico em
X. fastidiosa (da Silva Neto et al., 2007). Andlise de genes regulados por 6 em Xylella
fastidiosa mostrou que a sequiéncia consenso para o sitio de ligacdo desse fator sigma é:

(6AACNN-[N]6.17-c TcnhnA). Essa sequiéncia consenso € similar aos respectivos ortélogos de
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E. coli e Pseudomonas aeruginosa. Analise da regido promotora de ohr encontrou pouca
similaridade com o consenso para o, no entanto, especula-se que a seqiiéncia de bases
AAC na regido -35 e as bases T e A flanqueando a regido -10 devem constituir um
requerimento minimo para a ligacdo desse fator sigma. Além disso, foi proposto que
bactérias com poucos genes codificantes de fatores sigma de funcao extracitoplasmética (o
caso de Xylella fastidiosa) permitem uma maior variacdo na sequiiéncia de bases da regido
promotora de seus genes regulados. Sendo assim, néo foi possivel descartar a priori que
ohr poderia estar sendo regulada por 6 em Xylella fastidiosa somente por anélise da regido
promotora.

Para testar essa hipétese, obtivemos com o Dr. José Freire da Silva Neto, linhagem
mutante de Xylella fastidiosa para o gene rpoE que codifica o fator ot. Anteriormente,
observou-se que essa mutagéo (gene nocauteado) conferia & célula maior suscetibilidade a
choque térmico e osmoético (da Silva Neto et. al., 2007). Como controle utilizamos um
mutante ArpoN de Xylella fastidiosa. Esse gene codifica para o fator sigma 54 (6°%) que esta
envolvido na regulagé@o de genes envolvidos em diversos processos tais como transporte e
metabolismo de diferentes fontes de carbono e nitrogénio, fixacdo do nitrogénio, sintese do
flagelo e pili, patogenicidade e producédo de alginatos (revisado por Potvin et. al, 2007). Em
Xylella fastidiosa, recentemente foi demonstrado que este fator sigma esta envolvido na
regulacédo de genes envolvidos na biogénese das proteinas da fimbria tipo | e IV (da Silva
Neto et. al, 2008). Caso ohr estivesse sob o controle de o, esperariamos ndo encontrar
expressao de ohr nessa linhagem mutante, visto que o fator sigma exerce uma regulacéo
positiva sendo necessario para que a RNA polimerase reconhega a regido promotora e inicie
a transcricdo génica. Entretanto, observamos uma banda correspondente a Ohr de mesma

intensidade que a da linhagem selvagem e do mutante ArpoN (Figura 60)

Figura 60. Expressdo de Ohr em linhagem WT e mutantes de Xylella
fastidiosa.

Extrato obtido das linhagens selvagem e mutantes foi submetido a
eletroforese em gel SDS-Page e transferido para membrana de nitrocelulose e
incubado com anticorpo anti-Ohr conforme descrito na sessdo ‘“Material e

ohr — (b el S
Métodos”. Banda 1. X. fastidiosa WT; 2. ArpoE; 3. ArpoN .
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Por ndo conseguirmos observar diferencas nos niveis protéicos de Ohr, partimos
para experimentos de northern blot, pois em muitos casos, os niveis de RNA podem se
alterar muito mais drasticamente do que os de proteina, devido a diferencas de turnover de
RNA e proteinas. Especialmente para algumas proteinas abundantes (como
peroxirredoxinas, ver Demasi et al., 2006), os niveis de proteinas pré-existentes (anteriores
a inducéo) podem ser muito elevados, dificultando a detecc¢édo de sua indugdo em situagdes
de estresse.

Conseguimos extrair RNA de X. fastidiosa tratada em condicbes de estresse
oxidativo, osmotico e salino como podemos atestar pela Figura 61, entretanto, ndo foi

possivel detectar mRNA de ohr.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figura 61. Anélise por eletroforese de RNA total de Xylella fastidiosa.
Banda 1-4. 500 uM H,0, por 0, 15, 30 e 60 minutos respectivamente. 5-8. 500 uM t-BHP por 0, 15, 30 e 60 minutos
respectivamente. 9-12. EtOH 4% por 0, 15, 30 e 60 minutos respectivamente. 13-16. NaCl 1.5% por 0, 15, 30 e 60 minutos

respectivamente.

Anteriormente, mostramos que Ohr é capaz de reduzir peréxidos derivados de
lipidios como peroxido de &cido oléico (OLOOH) e &cido linoléico (LAOOH) (Figuras 47 e 48)
sendo provavelmente seus substratos biolégicos. Também, foi mostrado em Xanthomonas
campestris e Bacillus subtillis que a expressao de ohr é altamente induzivel por LAOOH.
Dessa forma, tratamos linhagem de X. fastidiosa com peréxidos de lipidios, t-BHP, H,0O, e

etanol de modo a determinar se ohr somente é induzivel por hidroperéxidos de lipidios.
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Novamente, ndo conseguimos detectar mMRNA de ohr em nenhum dos tratamentos. De
modo a testar se havia algum problema na técnica, construimos uma sonda para rRNA 16S
e hibridizamos com a membrana previamente utilizada para detectar mRNA de ohr. rRNA
16S é um bom controle experimental visto que € constitutivamente expresso em altissimas
quantidades. rRNA 16S foi detectado em todas as amostras na qual ohr ndo pode ser
detectada (Figura 62).

rRNA

rRNA1l6s . - o

Figura 62. Experimento controle da expressdo de rRNA 16S em Xylella fastidiosa.
Células foram tratadas por 30 minutos com o0s seguintes tratamentos. Banda 1. Sem tratamento; 2. H,0O, (0.5 mM); 3.t-BHP
(0.5 mM); 4. LAOOH (0.5 mM); 5. OLOOH (0.5 mM); 6. EtOH (4 %); 7. Metanol (0.1 %).

Aparentemente, houve degradacdo de RNA nos tratamentos com peréxidos de
lipidios (Bandas 4 e 5) o que indica que a concentracdo utilizada (0.5 mM) provavelmente
esta sendo deletéria para a célula. Foi feito um tratamento controle com metanol (Banda 7)
pois os peréxidos de lipidios estdo diluidos em metanol. Portanto, a mesma concentragéo de
metanol presente nos tratamentos com peréxidos de lipidios foi utilizada no experimento
controle. Nao foi observada degradacdo de RNA nesse tratamento provando que
hidroperéxidos de lipidios estdo exercendo efeito citotoxico nas concentragdes utilizadas.

De modo a determinar se o problema era que a sonda de ohr ndo estava
hibridizando com o RNA, induzimos linhagem de E. coli que superexpressava ohr (clonada
no plasmideo pET-15b) com IPTG e ap0s extracdo de RNA total realizamos experimento de
northern blot (Figura 63). mMRNA de ohr foi detectado em niveis altos excluindo a

possibilidade da sonda de ohr n&o hibridizar com o RNA.
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ohr

Figura 63. Experimento controle da expresséo de ohr em linhagem BL21(DE3) de E. coli contendo pET 15b/ohr.
Células foram induzidas com IPTG (0.1 mM) nos seguintes tempos: Banda 1. 57; 2. 10"; 3. 15”; 4. 30".

Finalmente, Xylella fastidiosa foi tratada diariamente com concentra¢des baixissimas
de peroxidos e outros agentes indutores de estresse por uma semana. Apés esse periodo,
RNA total foi extraido e hibridizado com sonda para ohr (Figura 64). Conseguimos detectar
MRNA de ohr em todos os tratamentos, porém também detectamos ohr em células ndo
tratadas (banda 1), indicando que néo foi o tratamento que proporcionou expressao de ohr
mas sim, uma maior hibridizacdo da sonda e/ou uma maior exposicdo do filme a solucéo
reveladora.

rRNA

ohr

Figura 64. Expressdo de ohr em Xylella fastidiosa.
Células foram tratadas por uma semana com os seguintes tratamentos: Banda 1. Sem tratamento; 2. H,O, (10 uM); 3.
LAOOH (10 uM); 4. OLOOH (10 uM); 5. EtOH (0.5 %); 6. E. coli induzida com IPTG (0.1 mM) por 10 minutos.

Células de X. fastidiosa foram crescidas at¢é OD de 0.3 antes de iniciar os
tratamentos. OD medida ao final dos tratamentos estava em torno de 0.5 - 0.6 para todos os

tratamentos menos para H,O, e OLOOH que OD continuou em 0.3. Podemos ver pela
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Figura 64 que rRNA foi degradado nesses tratamentos indicando que houve morte celular.
Parte da cultura celular ao fim dos tratamentos foi coletada para analise dos niveis de Ohr
por western blot (Figura 65). Embora tratamentos com H,O, e OLOOH tenham ocasionado
morte celular, conseguimos detectar niveis de Ohr parecidos com o presente nos outros

tratamentos corroborando a hip6tese de que Ohr é uma proteina muito estavel.
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Figura 65. Niveis de Ohr em Xylella fastidiosa ap6s tratamentos por uma semana.

X. fastidiosa J1a12 foi submetida a diferentes tratamentos e o extrato obtido foi submetido a eletroforese em gel SDS-Page,
transferido para membrana de nitrocelulose e incubado com anticorpo anti-Ohr conforme descrito na sesséo “Material e
Métodos™. 1. Padrio de massa molecular Rainbow ™, 2. Sem tratamento, 3. H,0, (10 uM), 4. LAOOH (10 uM), 5. OLOOH
(10 M), 6. EtOH (0.5 %).

5. DISCUSSAO

Vias de reducédo e oxidacao de Ohr de Xylella fastidiosa

Através de evidéncias estruturais, cinéticas e fisiologicas mostramos que Ohr
interage fisica e funcionalmente com grupos lipoicos de enzimas lipoiladas dos complexos
do metabolismo intermediario celular de Xylella fastidiosa. A possibilidade de &acido
dihidrolipdico (DHLA) e seu derivado lipoamida serem o redutor fisiolégico de Ohr foi

proposta primeiramente pelo nosso grupo (Figura 12, Cussiol et al., 2003, anexo I) assim
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como lipoamida acoplada a lipoamida desidrogenase e NADH suportava a atividade
peroxidasica de Ohr (Oliveira et al., 2006 anexo Il). Outros grupos também levantaram a
possibilidade de DHLA ser o redutor fisiologico de Ohr. Meunier-Jamin e colaboradores,
2004 observaram que uma molécula de DHLA se encaixava perfeitamente no sitio ativo de
Ohr de Deinococcus radiodurans.

Tradicionalmente, proteinas lipoiladas séo vistas como aceptores de elétrons em vias
oxidantes, embora também possam atuar em vias de reducéo (Bunik et al., 2003). Proteinas
lipoiladas de M. tuberculosis reduzem uma dissulfeto redutase (AhpD), sustentando assim
indiretamente a atividade peroxidasica de AhpC (Brik et al.,, 2002). Curiosamente, X.
fastidiosa ndo possui um gene que codifica para AhpD, sendo AhpC diretamente reduzida
pelo sistema da AhpF (Horta, 2009). Ao contrario, M. tuberculosis ndo possui um gene que
codifica para AhpF. Além disso, também foi proposto que a forma reduzida de proteinas
lipoiladas poderiam doar elétrons para a ribonucleotideo redutase via Grx1 (Beckwit, 2009).
Interessantemente, o estado redox do complexo ligado a &cido lipdico € um indicador da
disponibilidade dos substratos da reacédo (2-oxoacidos, CoA e NAD") e do status dos
dissulfetos tidlicos do meio (Bunik et al., 2003).

Os resultados observados nas tabelas 5 e 6 mostram que a eficiéncia catalitica de
Ohr na detoxificacdo de perdxidos organicos como t-BHP e CHP (10° M™.s™) na presenca
de enzimas lipoiladas é similar ou até mesmo mais alta que outras peroxidases dependentes
de tiél (Poole, 2005; Fourquet et al., 2008; Winterbourn & Hampton, 2008). Além disso, Ohr
€ altamente especializada na detoxificacdo de hidroperéxidos organicos, pois a sua
eficiéncia catalitica na presenca de H,O, diminui em até dez mil vezes. Essa baixa eficiéncia
catalitica € devido a baixa afinidade (alto K,,) de Ohr por este peréxido e corrobora com
nossos dados estruturais que mostram que a cisteina peroxidasica de Ohr esta presente em
um dominio altamente hidrofobico. Esta alta diferenca de afinidade entre hidroperéxidos
nunca havia sido descrita antes para uma ti6l peroxidase. Ahpl de Saccharomyces
cerevisiae é a principal enzima relacionada com a detoxificacdo de hidroperéxidos organicos
em leveduras. No entanto, essa enzima também catalisa a reducdo de H,O, na mesma
ordem de grandeza (Park et al., 2000). A defesa antioxidante contra H,O, deve ser realizada
em conjunto por catalases, peroxirredoxinas, como AhpC e PrxQ e glutationa peroxidase em
Xylella fastidiosa.

E relevante salientar que os niveis dos componentes pertencentes ao sistema
lipopamida sdo capazes de sustentar a atividade peroxiddsica de Ohr in vivo porque a
concentracdo das enzimas lipoiladas em Xylella fastidiosa estdo na faixa dos valores de K,
obtidos pelas analises cinéticas de estado estacionario. Corroborando com esses dados, em

Escherichia coli, onde as células foram crescidas em meio minimo, E1, E2 e E3 foram
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identificadas como trés das dezenove proteinas mais induzidas por crescimento aerdbico
apés anaerobiose. Para E3 houve uma indugédo de 4.5 vezes, com 0s niveis de proteina
alcancando 6.7 pug/mg de proteina total (Pedersen et al., 1978 e Smith et al., 1983). Niveis
de &cido lipdico no citossol também sdo abundantes (Noll et al., 1988 e Reed et al., 1993)
tornando a sua capacidade de sustentar a atividade peroxidasica de Ohr passivel de se
ocorrer in Vvivo.

Esse sistema de reducédo é exclusivo de Ohr, visto que outras tidis peroxidases de X.
fastidiosa como PrxQ e AhpC ndo apresentaram atividade peroxidasica dependente de
lipoamida (Figura 32). Recentemente o Dr. Bruno Brasil Horta mostrou em sua tese de
doutorado que a peroxirredoxina PrxQ é reduzida pelo sistema tiorredoxina de X. fastidiosa
(TsnC/TrxR) possuindo eficiéncia catalitica na redugéo de peréxidos organicos como t-BHP
e CHP na mesma ordem de grandeza que H,O, enquanto AhpC é reduzida pelo sistema da
AhpF (Horta, 2009). Em contraste, o sistema tiorredoxina/tiorredoxina redutase de X.
fastidiosa ndo suporta a atividade peroxidasica de Ohr (Figura 43). Comparando com dados
de literatura, € evidente que as concentracdes de tiorredoxina e tiorredoxina redutase
utilizadas nesse experimento foram altas o suficiente para suportar a atividade peroxidasica
de outras tiél peroxidases. Como exemplo, quantidades consideravelmente menores de
enzimas do sistema tiorredoxina de Saccharomyces cerevisiae (0.225uM de tiorredoxina 2 e
0.075uM de tiorredoxina redutase 1) sustentaram a atividade peroxidasica de Tsal e Tsa2
do mesmo organismo (Munhoz & Netto, 2004).

Obtivemos evidéncias de que Ohr, além de estar presente na fracdo intracelular,
também é encontrado na fracdo extracelular podendo interagir com a membrana celular
juntamente com a enzima SucB, capaz de regenerar a forma reduzida de Ohr (Figura 46).
Evidéncias encontradas em literatura suportam esses dados. Analises protedmicas em
Xylella fastidiosa mostraram que Ohr é uma das principais proteinas encontradas na fragédo
extracelular de X. fastidiosa (Smolka et al., 2003). Neste estudo, também foi encontrada na
fracdo secretada a enzima LpdA, uma dihidrolipoamida desidrogenase com um dominio de
ligagdo a &cido lipdico (substrato dessa enzima). LpdA também é capaz de sustentar a
atividade peroxidasica de Ohr (Figura 38 e 40). Em outro artigo, estudos de fracionamento
celular combinado com analises estruturais, demonstraram que Ohr esta presente tanto na
fracdo intracelular quanto na fracdo de membrana (Jenkins et al.,, 2008). No modelo
proposto, Ohr estaria orientada na membrana celular com as porcdes N e C terminal
expostas a superficie intra e extracelular, enquanto as duas longas a-hélices centrais
estariam embebidas na membrana. Dessa forma, Ohr estaria atuando tanto na detoxificacdo

de peroxidos exdgenos e enddgenos.
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E controverso se Ohr pode ser uma proteina de membrana visto que Ohr é
extremamente sollvel. No entanto, pode ser que Ohr esteja interagindo fracamente com a
membrana plasmatica e ndo como uma proteina integrante de membrana.
Interessantemente, Smolka et al., 2003 também detectaram outras proteinas antioxidantes
na fracdo extracelular como SOD (Mn) e AhpC. Dessa forma, temos uma proteina
responsavel pela detoxificagcdo de radical anion superéxido (O,*), outra especializada na
detoxificacdo de H,O, enquanto Ohr seria o principal responsavel pela detoxificacdo de
hidroperéxidos orgénicos.

Esta é a primeira descricdo de uma proteina com atividade peroxidasica dependente
de grupos lipbicos apresentados por enzimas do metabolismo intermediario. A habilidade de
utilizar equivalentes redutores de grupos lipdicos, somado a sua estrutura Unica e devido ao
fato de estar presente em muitas bactérias patdbgenas deve representar um nicho ndo
explorado para o desenvolvimento de moléculas inibidoras. Notavelmente, grupos lipbicos
sdo essenciais para a viabilidade dos patdogenos no hospedeiro. Em Listeria
monocytogenes, uma linhagem mutante para LplA (lipoato ligase) tem a sua habilidade de
crescer no citossol do hospedeiro comprometida e € menos virulenta em animais devido a
sua deficiéncia em captar acido lipéico do hospedeiro. LipB parece ser essencial para a
viabilidade de M. tuberculosis visto que mutantes para lipB se tornam inviaveis (Sassetti et
al., 2003). Outro trabalho, mostrou que DlaT (dihidrolipoamida aciltransferase), componente
E2 do complexo PDH de M. tuberculosis, também é essencial para a patogenicidade da
bactéria visto que linhagem AdlaT se torna mais suscetivel a estresse nitrosativo e a morte
por macréfagos (Shi et al., 2006).

Mostramos que Ohr é capaz de detoxificar hidroperéxido de acido oléico e linoléico
(Figura 51 e 52). Aparentemente, a inibicdo da atividade peroxidasica vista na Figura 50 n&o
€ somente um efeito de formacao de micelas pois resultados feitos pelo aluno de mestrado
Thiago Geronimo Pires Alegria (dados ndo publicados) em nosso laboratério mostram que
também ha inibicdo da atividade peroxidasica de Ohr na presencga de Triton X-100 e outros
detergentes como Tween 20. De fato, concentra¢cdes equimolares de LAOOH e OLOOH sé&o
capazes de superoxidar a cisteina reativa de Ohr (dados ndo publicados) enquanto o
mesmo efeito ndo é observado para os hidroperoxidos sintéticos como t-BHP e CHP
indicando que LAOOH e OLOOH devem possuir uma maior afinidade pelo sitio ativo de Ohr.
Interessantemente, Ohr ndo foi capaz de detoxificar hidroperoxido derivado de colesterol
(dados ndo mostrados). Esse hidroperéxido possui uma cadeia carb6nica longa formada por
muitos anéis o que aumenta a sua densidade eletrbnica tornando menos propicia a sua

acomodacao no sitio ativo de Ohr.
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Esses dados s&o corroborados por analises da cavidade do sitio ativo de Ohr onde
uma molécula de PEG co-cristalizada apresentava interagc6es hidrofobicas com aminoéacidos
e, portanto, mimetizava a ligacdo de um possivel substrato bioldgico alongado e hidrofobico
de Ohr. Foi possivel modelar uma molécula de hidroperoxido de &cido oléico no sitio ativo
de Ohr sendo que sua funcéo peréxido estava orientada em dire¢do a cisteina peroxidasica
(Oliveira et al., 2006 anexo ).

DHLA e seu derivado lipoamida, possiveis redutores bioldgicos de Ohr, conservam
semelhancas estruturais com os acidos graxos. De fato, € a partir destes que ocorre a
biossintese de acido lipéico (Jordan & Cronan Jr, 1997). Estudos por espectroscopia de
ressonéncia magnética nuclear mostraram que Xylella fastidiosa possui grandes
gquantidades de hidroperéxido de acido oléico (18:1) e outros acidos graxos
monoinsaturados como palmitoléico (16:1) e vacénico (18:1) em sua membrana (Osiro et al.,
2004). Como Ohr se encontra tanto na fracdo intracelular quanto na fragcéo
extracelular,juntamente com seu sistema redutor, podemos especular que esta enzima atua
tanto na defesa exdgena quanto enddgena contra hidroperdxidos derivados de acidos
graxos insaturados como acido oléico e linoléico (principalmente o primeiro). O fitopatégeno
Xylella fastidiosa estd comumente sofrendo acdo dos mecanismos de defesas de seus
vetores e hospedeiros. Dentre esses mecanismos de defesa, o estresse oxidativo promovido
pela planta pode gerar direta ou indiretamente, ROS capazes de iniciar a peroxidacao
lipidica. Além desse processo ndo enzimatico, a peroxidacao lipidica pode ser catalisada por
enzimas como lipoxigenases e dioxigenases durante a resposta planta patégeno (Gobel et
al., 2003). Além de alterar a fluidez da membrana alterando suas propriedades assim como
a de proteinas que interagem com ela, peréxidos de lipidios podem sofrer o fendmeno de
translocacdo, passando para a fase aquosa intracelular podendo danificar DNA e outros
processos enzimaticos. Hidroperoxidos de lipidios também podem também se translocar
para a fase aquosa (Girotti, 2008). Dessa forma, a detoxificacdo de hidroperéxidos de
lipidios é crucial para a sobrevivéncia do organismo.

Visto que Ohr provavelmente reduz hidroperoxidos derivado de &cidos graxos
insaturados a custa de elétrons provenientes de enzimas lipoiladas do metabolismo
intermediario celular, propusemos um mecanismo catalitico de Ohr (Figura 66) que vem a

complementar aquele proposto na figura 18.
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Figura 66. Esquema proposto para a via de reducéo de Ohr.

(@). O dissulfeto de Ohr é reduzido por uma proteina lipoilada (LP). (b). Reducdo de Ohr por proteinas lipoiladas. As setas
representam o fluxo de elétrons vindo do NADH.

Ohr reduz um hidroperéxido de lipidio (LOOH) através da reagdo com, o tiolato (S’)
da cisteina reativa (Cys,61). Esta se oxida a é&cido sulfénico (SOH) que devido a
proximidade com a cisteina de resolucédo Cys,;125 reage rapidamente formando uma ligacédo
dissulfeto intramolecular. O ditiél do grupo lipéico de enzimas lipoiladas reduz a ligacéo
dissulfeto formada restaurando a forma reduzida da enzima Ohr para mais um ciclo de
reducdo de peroxidos. O grupo lipdico oxidado das enzimas lipoiladas,é reduzido pela
enzima dihidrolipoamida desidrogenase (Lpd) através de elétrons provenientes de uma
molécula de NADH (Figura 66A).

Ohr pode ser reduzida diretamente por LpdA, ou pode ser reduzida por SucB e
PDHB na presenca de Lpd em Xylella fastidiosa (Figura 66B). SucB e/ou LpdA podem ser
os redutores de Ohr tanto intracelularmente quanto extracelularmente. O papel fisiologico de
LpdA ainda n&do é claro. Como seu gene esta localizado proximo a genes codificantes de
proteinas do complexo da piruvato desidrogenase, ele foi anotado como seu componente

E3. No entanto, em Streptococcus pneumoniae, LpdA néo estd associado com nenhum dos
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complexos da 2-oxoécido desidrogenase. Desta forma, de modo semelhante, LpdA pode
estar atuando em Xylella fastidiosa exclusivamente como participante da via de reducdo de
perdxidos organicos por Ohr.

A utilizacdo de proteinas lipoiladas para a reducao de Ohr representa uma area de
investigacdo emergente visto que proteinas especificas sdo capazes de desempenhar
fungbes cataliticas multiplas promovendo meios de regular processos divergentes através
de um simples gatilho molecular.

Vindo a complementar o esquema proposto acima, obtivemos evidéncias de que os
aminodcidos valina 36 e glicina 95 contribuem para a atividade peroxidasica de Ohr
interagindo diretamente com o0s substratos da reagdo. Analises do sitio ativo de Ohr
mostram que esses dois residuos realizam interagdes hidrofébicas com uma molécula de
PEG (Figura 67). A estrutura dessa molécula se assemelha muito aos substratos biol6gicos
de Ohr, portanto podemos inferir que as mesmas interagées ocorrem na presenca dessas

moléculas.

Figura 67. Interacdes hidrofobicas de residuos do sitio ativo com uma molécula de PEG.

Na estrutura esta mostrado as cadeias laterais de residuos de aminoacidos do sitio ativo e uma molécula de PEG. Os atomos
destes aminoacidos e da cadeia do PEG estdo representados por bastfes e bolas e seguem as cores: verde (carbono), amarelo
(enxofre) e vermelho (oxigénio). As linhas tracejadas representam as interagdes hidrofébicas entre atomos de carbono da

cadeia lateral de V36 e G95 com carbonos da molécula de PEG.
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Através de alinhamento de sequéncia primaria de Ohr de varias bactérias (Figura 68)
podemos observar que o residuo de valina (posicdo 36 em Xylella) ndo é totalmente
conservado, estando presente também em Ohr de Agrobacterium tumefaciens e
Deinococcus radiodurans. Em outras bactérias o residuo de valina é substituido por
residuos polares mais hidrofilicos como treonina (em Xanthomonas campestris,
Pseudomonas aeruginosa e Methylobacterium extorquens) ou polar hidrofébico como
metionina (em Bacillus subtillis). O residuo de glicina (posicdo 95 em X. fastidiosa), no
entanto, € bem conservado entre as bactérias sendo substituido em poucos casos por
alanina (Actinobacillus pleuropneumoniae, Deinococcus radiodurans e Mycoplasma

gallisepticum), outro aminoacido hidrofébico muito semelhante a glicina.

= . amm ] mim

——————— HEVLYTATATATGGRDGSAVSSDGVLDVDLSVP -KELGGAGGDGT

Xylella fastidiosa

Xanthomonas campestris pv phaseoli
Pseudomonas aeruginosa
Agrobacterium tumefaciens
Bacillus subtillis

Actinobacillus pleuropneumoniae
Deinococcus radiodurans
Hethylobacterium extorquens
Hycoplasma gallisepticum

NPEQ A B G : XV A G P G Xylella fastidiosa
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NPEQ C A { AGAQ K . G Q P G Pseudomonas aeruginosa

NPEQ A A AC . A G K K ) ] G G Agrobacterium tumefaciens

NPEGQ A A C 5 { A G Bacillus subtillis

NPEAQ A C 2 V A 3 G Q Actinobacillus pleuropneumoniae
NPEAQ F A AAC G A ki A § Q Deinococcus radiodurans
NPEQLFAA C G A 3 V T A G G Methylobacterium extorquens
NPEQ AAGYAERIC A AV v F Mycoplasma gallisepticum

Xylella fastidiosa

Xanthomonas campestris pv phaseoli
Pseudomnonas aeruginosa
Agrobacterium tumefaciens
Bacillus subtillis

Actinobacillus pleuropneumoniae
Deinococcus radiodurans
Hethylobacterium extorquens
Hycoplasma gallisepticum

Figura 68. Alinhamento de aminoacidos da proteina Ohr de diferentes bactérias.

Residuos de aminoacidos e motivos conservados estdo destacados em azul. Circulo em vermelho esta destacando os
aminodcidos valina 36 e glicina 95 de X. fastidiosa. Figura de alinhamentos de proteinas foi gerado com a utilizagdo do
programa Lasergene MegAlign v.5.01 (DNASTAR, Inc., Madison, Wisconsin, USA) e inclui Ohr de: Actinobacillus
pleuropneumoniae  (GI:157837295); Deinococcus radiodurans(G1:15806857); Bacillus subtilis (GI:16078381);
Agrobacterium tumefaciens (G1:15888188); Xanthomonas campestris pv. phaseoli (GI:7531169); Pseudomonas aeruginosa
(G1:15598046); Xylella fastidiosa (GI:15838425); Methylobacterium extorquens (Gl:254561629) e Mycoplasma
gallisepticum (G1:31544491).
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Como esses aminoécidos ndo sado totalmente conservados na subfamilia Ohr,
diferentemente daqueles responséaveis pela estabilizagéo do tiolato (Arg-19, Glu-51, Cys-61
e possivelmente Pro-126 em X. fastidiosa), podemos inferir que as substituicbes de
amino&cidos podem levar a alteragbes no sitio ativo gerando diferencas na especificidade
pelos substratos que cada Ohr pode detoxificar. Substituicdo de um aminoéacido hidrofébico
por um polar mais hidrofilico ird implicar em alteracbes nas interacBes hidrofdbicas.
Bactérias possuem diferentes componentes em sua membrana celular e, portanto,
peroxidacao lipidica deve gerar um “pool” de diferentes hidroperéxidos de lipidios de acordo
com a sua composicao lipidica. Durante a evolucdo, devem ter sido selecionadas bactérias
na qual a composicdo dos aminoacidos do sitio ativo de Ohr interagia melhor com os
peroxidos de lipidios formados, garantindo assim uma maior eficiéncia na remocao destes.
Através de andlise por alinhamento e sobreposicdo da estrutura de Ohr de Xylella fastidiosa
e Pseudomonas aeruginosa tentamos compreender melhor o papel dos residuos Valina 36 e
Glicina 95 na atividade de Ohr (Figura 69). O residuo Valina 36 presente em Xylella esta
substituido por um residuo de treonina em Pseudomonas. Podemos ver pela estrutura que
esses residuos quase se sobrepde. A presenca de um residuo de treonina nessa posicao
confere uma maior hidrofilicidade devido ao grupo hidroxila capaz de realizar ligagdo de
hidrogénio com a molécula de PEG (3.4 A). No mutante V36S, o residuo de valina também
foi substituido por serina, um aminoécido polar com um grupo hidroxila na cadeia lateral
muito semelhante a treonina. Como PEG mimetizaria um provavel peroxido de acido graxo
de cadeia insaturada, postulado em Xylella como sendo de acido oléico, é provavel que Ohr
de Pseudomonas nao seja tao eficiente na remoc¢éo deste peréxido, pois a presenca desse

aminodcido acarretaria uma maior hidrofilicidade.
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Figura 69. Interacéo e posicdo de aminoacidos de X. fastidiosa e P. Aeruginosa com uma molécula de PEG.

Foi feito alinhamento da estrutura terciaria de Ohr de X. fastidiosa (em branco, PDB ID: 1ZB9) com Ohr de P. Aeruginosa (
em ciano, PDB ID: 1N2F) obtendo r.m.s.d. de 1.11 A. As cadeias laterais dos residuos de aminoacidos estdo representadas
por bolas e bastdes. Carbonos da estrutura de X. fastidiosa e P. aeruginosa estdo representados em branco e em ciano
respectivamente. Enxofre (amarelo) e oxigénio (vermelho). Reta tracejada representa ligacdo de hidrogénio.

Anadlise da cavidade do sitio ativo de Ohr na presenca de PEG mostra que 0s
residuos de Valina 36 e Glicina 95 estdo localizados bem na entrada da cavidade que da

acesso a cisteina peroxidasica (Figura 70).

Figura 70. Analise da superficie de Ohr de X. fastidiosa.
A cadeias laterais da cisteina 61 e da molécula de PEG estdo representadas por bolas e bastdes. Carbono (branco), enxofre

(amarelo), oxigénio (vermelho) e nitrogénio (azul).
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E vasta a literatura mostrando que a estabilizaco do tiolato € vista como a principal
responsavel pela atividade peroxidasica de muitas proteinas. Entretanto, tiorredoxinas,
glutarredoxinas e dissulfeto isomerases ndo possuem capacidade de reduzir ligacbes
per6xido mas sim reduzir ou formar pontes dissulfeto e apresentam cisteinas reativas com
valores de pK, iguais ou até mesmo menores do que Ohr e outras tidis peroxidases
(revisado por Netto et al.,, 2006 anexo lll). Desta forma, nossos resultados mostram que
outros residuos, além daqueles relacionados com a estabilizacdo do tiolato sdo também
importantes para a atividade peroxidasica de Ohr, devendo existir mecanismos semelhantes
para outras tidis-peroxidases.

Nessa tese, também fornecemos evidéncias que apontam que OsmC de Escherichia
coli também reduz hidroperéxidos na presenca de enzimas lipoiladas (Figura 50). Estudos
anteriores, mostraram que OsmC de E. coli possui atividade peroxidasica sobre peréxidos
organicos em um mecanismo catalitico idéntico a Ohr. As duas subfamilias protéicas
compartilham o mesmo enovelamento protéico, mesmo possuindo baixa identidade de
sequéncia primaria (Lesniak et al., 2003). Embora OsmC seja induzida em condi¢cdes de
estresse osmoético, existem evidéncias de que choque osmaético pode levar a geracao de
ROS (Price & Hendry, 1991). Algumas bactérias como Bacillus subtillis e Deinococcus
radiodurans expressam tanto Ohr quanto OsmC, o que pode parecer numa primeira analise
um contra senso, visto que séo funcional e estruturalmente similares. No entanto, embora
Ohr e OsmC tenham preferéncias por hidroperoxidos orgéanicos, dados estruturais mostram
gue ha uma distribuicéo diferente de aminoacidos hidrofébicos entre Ohr e OsmC (Lesniak
et al., 2003). O formato tridimensional da cavidade do sitio ativo difere nas duas estruturas.

Interessantemente, um residuo de fenilalanina da Hise-Tag de OsmC recombinante
de E. coli co-cristalizou ligado a entrada do sitio ativo dessa enzima, indicando que OsmC
provavelmente tem uma preferéncia por hidroperdxidos aromaticos (Shin et al., 2004). Como
exemplos de hidroperéxidos aromaticos fisiolégicos, temos aqueles derivados de bases
nitrogenadas do DNA (Prado et al., 2009). De fato, nossos dados cinéticos por estado
estacionario mostram que OsmC, diferentemente de Ohr, possuem uma eficiéncia catalitica
dez vezes maior na presenca de hidroperéxidos aromaticos como cumeno hidroperoxido
(CHP) do que por t-BHP. Essa diferenca € devida a maior afinidade (menor K,)) de OsmC
por CHP. Interessantemente, em bactérias que expressam tanto Ohr quanto OsmC, a ultima
s6 € induzida em condi¢cbes de estresse osmético enquanto que bactérias que possuem
somente OsmC, esta também € induzida em condicbes de estresse oxidativo
(Atichartpongkul et al., 2001).
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A familia Ohr/OsmC compreende na verdade trés subfamilias sendo OsmC a
subfamilia do tipo I, Ohr a subfamilia do tipo Il e a subfamilia do tipo Ill compreendem
proteinas de fung¢do ainda desconhecida. Sabe-se por andlise comparativa de estrutura
entre as trés subfamilias que Ohr e OsmC sdo mais semelhantes enquanto o grupo llI
possui caracteristicas mais peculiares como uma maior abertura da cavidade catalitica,
assim como a auséncia de um residuo de arginina conservado no sitio ativo o que poderia

impossibilitar sua funcdo como uma tiél peroxidase (Shin et al., 2004).

Regulacdo génica de ohr em Xylella fastidiosa

Também investigamos os mecanismos de regulagdo génica de Ohr. Infelizmente,
ndo conseguimos determinar precisamente o mecanismo de regulagdo génica de ohr. No
entanto, julgamos que fornecemos importantes evidéncias de que, diferentemente da
maioria dos organismos estudados até agora, ohr aparentemente € expressa
constitutivamente, ndo sendo regulada positiva ou negativamente por ¢© ou OhrR
respectivamente. Esses dados ndo permitem afirmar que ohr ndo esta sob o controle de
fatores de transcricdo, pois estudos adicionais precisam ser realizados.

Devido aos baixos niveis de mRNA de ohr detectados por northern blot, podemos
fazer algumas suposi¢fes. Na primeira, MRNA de ohr € muito instavel, sendo rapidamente
degradado. Outra hipétese, ndo mutuamente exclusiva em relacao a primeira é a de que a
proteina Ohr é muito estavel, possuindo uma meia vida altissima.. A segunda hipo6tese esta
de acordo com experimentos de dicroismo celular, onde Ohr comeca a perder sua estrutura
secundaria somente a temperaturas acima de 65°C (dados ndo mostrados). De fato, Ohr
recombinante conserva sua atividade peroxidasica em tampao fosfato meses apo6s a
purificacdo. Dessa maneira, talvez seja possivel detectar diferencas nos niveis de RNA
entre os diferentes tratamentos pela técnica de RT-PCR quantitativo que é muito sensivel.

O fato de Ohr ser expressa mesmo na auséncia de tratamentos indutores de
estresse, pode indicar que essa bactéria esteja sujeita a condicdes de estresse tanto no

vetor quanto na planta hospedeira.

Ohr ndo € uma peroxirredoxina

E importante ressaltar que apesar das semelhancas nos mecanismos de catélise de
Ohr com as peroxirredoxinas julgamos ser errdneo classificar Ohr como uma
peroxirredoxina. Alguns grupos de pesquisa vém classificando Ohr nessa superfamilia

protéica (Lee et al., 2007).
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Das semelhancas, podemos destacar que ambas as enzimas necessitam de
compostos tidlicos para regenerar as cisteinas do sitio ativo através da mesma reacdo
global onde a taxa de consumo de tiél pelo consumo de peroxido estd em torno de dois
(Figura 5, Cussiol et al., 2003 anexo I). Assim como nas peroxirredoxinas, Ohr remove
hidroperéxidos através de um residuo de cisteina que esta presente em um ambiente
favoravel para a estabilizagéo de sua sulfidrila na forma desprotonada (anion tiolato) em pH
fisiolégico. Tanto em Ohr quanto nas peroxirredoxinas, a presenca de um grupo guanidina

de um residuo de arginina & um fator chave para a estabiliza¢do do tiolato (Figura 71).

Figura 71. Comparagéo do mecanismo de estabiliza¢&o do tiolato entre Ohr e PrxV

Em A. PrxV de Homo sapiens (PDB ID: 2VL3); B. Ohr de Xylella fastidiosa (PDB 1D: 1ZB9). Nas representacdes estruturais
estdo destacados as cadeias laterais dos residuos de aminoacidos componentes do sitio ativo. Os atomos destes aminoacidos
estdo representados por bastdes e seguem as cores: branco (carbono), amarelo (enxofre), vermelho (oxigénio) e azul

(nitrogénio). Linhas tracejadas representam as interagdes polares entre 0s aminoacidos.

Em Ohr, um residuo de arginina (R19) forma uma ligacdo de hidrogénio com a
cisteina peroxidasica (C61) e uma ponte salina com um residuo de glutamina (E51)
abaixando o pK, da C61 (Figura 71A). Nas peroxirredoxinas, como AhpC, um residuo de
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arginina e um residuo de treonina conservados fazem liga¢des de hidrogénio com a cisteina
peroxidasica estabilizando o tiolato (Figura 71B). Um residuo de prolina esté relacionado
com a protecao do sitio ativo das peroxirredoxinas contra a superoxidacao (revisado por
Netto et al., 2006 anexo ).

Entretanto, uma série de evidéncias contrarias a esta classificacdo podem ser
apontadas. Primeiramente, apesar do mecanismo de estabilizac&o do tiolato ser semelhante
entre as duas classes de peroxidases, os residuos envolvidos ndo sdo conservados entre 0s
duas familias protéicas. Ohr ndo apresenta identidade de sequéncia primaria com nenhuma
peroxirredoxina conhecida mesmo com as presentes em bactérias (Cussiol et al., 2003
anexo 1). Além disso, Ohr ndo compatrtilha 0 mesmo enovelamento com as peroxirredoxinas
(Figura 72).

Figura 72. Comparagéo das estruturas quaternarias de tidis peroxidases.
Em A, Ohr de Xylella fastidiosa (PDB ID: 1ZB9) e B. AhpC de Mycobacterium tuberculosis (PDB ID: 2BMX).
Residuos representados por bolas e bastfes sdo aqueles componentes do sitio ativo responséveis pela estabilizacdo do tiolato

da cisteina reativa.
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Enquanto a estrutura de Ohr € composta por duas folhas 3 de seis fitas englobando
duas alfa hélices centrais formando uma estrutura em forma de barril (Figura 72A), as
peroxirredoxinas compartilham um enovelamento protéico presente em uma série de outras
proteinas com diferentes atividades enzimaticas, denominado como enovelamento
tiorredoxina (Copley et al., 2004). O enovelamento tiorredoxina consiste em uma folha
formada por quatro ou cinco fitas B que estéo flanqueadas por quatro a hélices (Figura 72B).
Ao contrario das peroxirredoxinas, onde a cisteina peroxidasica esta presente
superficialmente na estrutura em um ambiente de facil acesso ao solvente ( Figura 73A), a
cisteina peroxidasica de Ohr esta enterrada na estrutura, estando presente em uma

cavidade cercada por residuos de aminoacidos hidrofébicos (Figura 73B).

Figura 73. Analise comparativa da superficie protéica de tidis peroxidases.
Em A. AhpC de Mycobacterium tuberculosis (PDB ID: 2BMX) e B. Ohr de Xylella fastidiosa (PDB ID: 1ZB9). As cores
representam os atomos de carbono (branco), enxofre (amarelo), oxigénio (vermelho) e nitrogénio (azul). As cisteinas de

AhpC e Ohr estéo localizadas nas posicdes onde esta presente o atomo de enxofre em amarelo.
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Nossos resultados apontam que Ohr ndo aceita como redutores 0s sistema
tiorredoxina e glutationa, responsaveis pela reducdo da maioria das peroxirredoxinas
caracterizadas até entdo. Interessantemente, foi caracterizado em Mycoplasma
gallisepticum uma proteina de superficie celular designada MGA1142 com homologia a
familia Ohr/OsmC. Esta bactéria € um patdégeno aviario que causa doenca respiratéria
cronica em galinhas. A atividade dessa proteina (MGA1142) foi descrita primeiramente néo
devido a sua capacidade de detoxificar peroxidos, mas sim devido a sua capacidade de
ligacdo a heparina (Jenkins et al., 2007). A ligacdo da heparina esta relacionada com o
estabelecimento da doenca visto que estd presente na matriz extracelular do hospedeiro.
Dessa forma, a bactéria € capaz de se ligar ao trato respiratério do hospedeiro. Essa
proteina foi caracterizada mais tarde como pertencente a subfamilia Ohr apresentando
atividade peroxidase sobre hidroperéxidos organicos (Jenkins et al., 2008).

Visto que Ohr esta presente exclusivamente em bactérias, sendo a maioria delas
patdgenas e ndo conserva henhuma homologia com outras peroxidases, podemos
especular que estas proteinas podem ter se originado de uma proteina ancestral com
atividade parecida com a de Ohr de Mycoplasma gallisepticum. Muta¢gbes em residuos do
sitio ativo desta enzima propiciaram um ambiente propicio para a reatividade da cisteina
sobre peroxidos. Analise da cavidade do sitio ativo dessa proteina mostrou que embora
pertencente ao grupo | (Ohr), esta conserva maiores semelhancas com as proteinas do
grupo lll. As proteinas do grupo Il ndo possuem o residuo de arginina responséavel por
estabilizar o tiolato da cisteina. Como a atividade desse grupo ainda é desconhecida,
podemos especular que as proteinas dessa classe assim como Ohr de M. gallisepticum
tenham atividade de ligacdo a glicosaminoglicanos como heparina. Estudos recentes
indicam que Xylella fastidiosa tem como caracteristica importante o fato de interagir com
polissacarideos da superficie celular do vetor e da planta hospedeira (Chatterjee et al.,
2008). Dessa forma, o estudo da participagdo de Ohr nesse processo em Xylella e outras
bactérias pode se mostrar um caminho promissor a se seguir de modo a entender os
mecanismos de patogenicidade e a evolucdo de novas atividades enziméticas em uma
familia protéica.

Esses dados em conjunto, apontam que provavelmente ocorreu uma convergéncia

de funcgéo entre as peroxirredoxinas e Ohr/OsmC.
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6. CONCLUSOES

Este trabalho representou uma caracterizacdo bastante completa de Ohr de Xylella
fastidiosa, membro de uma nova classe de enzimas antioxidantes.

Inicialmente, associamos pela primeira vez uma atividade bioquimica a genes da
familia Ohr/OsmC: peroxidase dependente de diti6l, baseada em uma cisteina reativa.
Posteriormente, realizamos correlagbes entre estrutura e fungdo, mostrando que o
enovelamento estrutural de Ohr é distinto das demais enzimas antioxidantes (catalase,SOD,
GPx e Prx).

Identificamos também a via biolégica de reducdo de Ohr de Xylella fastidiosa:
enzimas lipoiladas. Essa é a primeira descricdo de uma proteina antioxidante que utiliza
diretamente equivalentes redutores de sulfidrilas de grupos lipéicos complexados a
proteinas.

Em relacdo a oxidacdo de Ohr, mostramos que Ohr reduz perdxidos organicos
aproximadamente quatro ordens de grandeza mais eficientemente do que H,0O,. Esta
diferenca na especificidade por peréxidos como substratos nunca havia sido observada na
literatura para uma tiél peroxidase. Além disso, mostramos que Ohr é capaz de reduzir
peréxidos derivados de acidos graxos de cadeia insaturada como hidroperéxido de acido
oléico e linoléico. Sendo assim, fornecemos evidéncias adicionais que corroboram a
hip6tese de que esses peroxidos sejam os substratos bioldgicos de Ohr.

O pK, da Cys,61 de Ohr esta em torno de 5.8, demonstrando que em pH fisiolégico o
grupo tiél desse aminoacido est4d em sua maior parte na forma desprotonada, e portanto,
capaz de reagir com peroxidos. No entanto, obtivemos evidéncias de que aminoacidos
(Valina 36 e Glicina 95) que nédo contribuem para a estabilizagéo do tiolato, sédo importantes
para a reatividade de Ohr. Esses residuos parecem interagir diretamente com o substrato de
Ohr posicionando e/ou estabilizando a molécula no sitio ativo.

Finalmente, através de estudos de regulacdo génica, mostramos que o gene ohr
aparentemente ndo esta sob controle de um ativador ou repressor da transcricdo conhecido.
Possivelmente, ohr de Xylella fastidiosa é expressa constitutivamente diferentemente de
ortélogos de outros organismos filogeneticamente préximos como Xanthomonas campestris

que é regulada negativamente por OhrR.

7. PERSPECTIVAS

Como perspectivas imediatas geradas pelos resultados dessa tese pretendemos:
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e Determinar os parametros cinéticos de Ohr de X. fastidiosa na presenca de
diferentes hidroperdxidos de lipideos. Este trabalho ja esta sendo realizado

em colaboracao com o aluno de mestrado Thiago Geronimo Pires Alegria.

o Determinar os parametros cinéticos por analise de bi substrato dos mutantes
de Ohr V36S e G95S, na presenca de hidroperéxidos de lipideos e enzimas
lipoiladas, tentando compreender em qual das etapas do ciclo catalitico

(reducédo e/ou oxidagao) esses aminoacidos sdo importantes.

e Analisar a expresséo génica de ohr por RT-PCR quantitativo sob diferentes

condi¢cbes de estresse com o intuito de detectar altera¢des nos niveis de ohr.

e Detectar se Ohr de X. fastidiosa possui atividade de ligagdo a heparina ou a

outro glicosaminoglicano.
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ohr (organic hydroperoxide resistance gene) is pres-
ent in several species of bacteria, and its deletion ren-
ders cells specifically sensitive to organic peroxides.
The goal of this work was to determine the biochemical
function of Ohr from Xylella fastidiosa. All of the Ohr
homologues possess two cysteine residues, one of them
located in a VCP motif, which is also present in all of the
proteins from the peroxiredoxin family. Therefore, we
have investigated whether Ohr possesses thiol-depend-
ent peroxidase activity. The ohr gene from X. fastidiosa
was expressed in Escherichia coli, and the recombinant
Ohr decomposed hydroperoxides in a dithiothreitol-de-
pendent manner. Ohr was about twenty times more ef-
ficient to remove organic hydroperoxides than to re-
move H,0,. This result is consistent with the organic
hydroperoxide sensitivity of Aohr strains. The depend-
ence of Ohr on thiol compounds was ascertained by
glutamine synthetase protection assays. Approximately
two thiol equivalents were consumed per peroxide re-
moved indicating that Ohr catalyzes the following reac-
tion: 2RSH + ROOH — RSSR + ROH + H,0. Pretreat-
ment of Ohr with N-ethyl maleimide and substitution of
cysteine residues by serines inhibited this peroxidase
activity indicating that both of the Ohr cysteines are
important to the decomposition of peroxides. C125S still
had a residual enzymatic activity indicating that Cys-61
is directly involved in peroxide removal. Monothiol com-
pounds do not support the peroxidase activity of Ohr as
well as thioredoxin from Saccharomyces cerevisiae and
from Spirulina. Interestingly, dithiothreitol and dyhy-
drolipoic acid, which possess two sulfhydryl groups, do
support the peroxidase activity of Ohr. Taken together
our results unequivocally demonstrated that Ohr is a
thiol-dependent peroxidase.

The infection of both plants and animals induces a defense
response that results in an oxidative burst with the increased
generation of ROS? (1). Lipid hydroperoxides can be generated
from the attack of ROS to the bacterial membrane. Organic
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hydroperoxides can also be formed during metabolism of cer-
tain drugs or during oxidation of n-alkanes (2). These peroxides
can then react with metals or with metalloproteins leading to
the production of secondary free radicals (3, 4), which may be
related to the fact that organic peroxides possess bactericidal
activity (5).

The alkyl hydroperoxide reductase (AhpR) is frequently con-
sidered the main enzyme responsible for the conversion of
organic peroxides to the corresponding alcohols in bacteria (6,
7). This enzyme comprises two subunits, AhpF and AhpC.
AhpC is a thiol-dependent peroxidase that belongs to the per-
oxiredoxin family (8). A cysteine residue of AhpC is oxidized to
sulfenic acid (R-SOH) by peroxides. NADH reduces the sulfenic
acid back to its sulfhydryl (R-SH) form in a reaction catalyzed
by AhpF. AhpF is a flavo-enzyme that shares homology with
thioredoxin reductase (9).

Recently a gene was isolated in Xanthomonas campestris pv.
phaseoli because its deletion rendered cells highly sensitive to
killing by organic peroxides but not to Hy,O, or superoxide
generators (10). Therefore, it was named organic hydroperoxide
resistance (ohr) gene. ohr gene expression was highly induced
by ¢-bOOH, weakly induced by H,0,, and not induced at all by
superoxide (10). Recently, homologues of this gene were also
characterized in other bacteria such as Bacillus subtilis and
Pseudomonas aeruginosa (11, 12) among others. Interestingly,
Ohr, but not AhpR, appears to play a significant role in Cu-
OOH resistance in B. subtilis (12). In Enterococcus faecalis, ohr
deletion rendered the cells more sensitive to t-bOOH and also
to ethanol (13). Sequence analysis has shown that ohr homo-
logues are widely spread among different bacteria genera,
many of them pathogenic (14). Ohr also shares similarities
with OsmC, which is involved in bacterial defense against
osmotic stress (14).

All the Ohr and OsmC homologues have two cysteine resi-
dues located in motifs that are also very conserved. One of the
cysteine residues is part of a VCP motif that is also found in
peroxiredoxins. Therefore, it was postulated that Ohr could
decompose peroxides directly, similarly to AhpC, a peroxire-
doxin found in bacteria (14). In fact, AhpC complement ohr
deletion in Escherichia coli and in X. campestris (10). In P.
aeruginosa, the deletion of ohr rendered the cells more sensi-
tive to organic peroxide than ahpC deletion, and the double
mutant ohr, ahpC is more sensitive than the single mutants
(11). Finally, media from mutants for Ohr contain higher levels
of organic peroxides than the correspondent wild-type cells (11,
15).

Despite the suggestions that Ohr might directly detoxify
organic hydroperoxides, it was not possible to rule out the
possibility that Ohr is involved in other processes such as the
transport of organic molecules (10) or in yet undefined signal-
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ing pathways that lead to activation of secondary molecules
that would then inactivate organic peroxides. Here, for the first
time, the biochemical activity of Ohr was elucidated: Ohr from
Xylella fastidiosa possesses a thiol-dependent peroxidase activ-
ity, which is probably responsible for the hypersensitivity of
Aohr mutants to treatment with organic hydroperoxides.

MATERIALS AND METHODS

Materials—All the reagents were purchased with the highest degree
of purity. DHLA was purchased in the reduced form from Sigma
(T8620). DHLA is a yellow oil, and its stock solution was prepared by
dilution to 50 mM concentration in 20 mm phosphate buffer, pH = 7.5
and heated at 45 °C for 30 min. DHLA concentration was ascertained by
the use of the Ellman’s reagent as described bellow.

Nucleic Acid Extraction, Cloning, and Nucleotide Sequencing—The
ohr gene was PCR-amplified from the cosmid XF-07F02 that was used
in the X. fastidiosa sequencing genome project (16). The following
forward 5-CGCGGATCCCATATGAATTCACTGGAG (Xfol) and re-
verse 5'-CGCAAGCTTGGATCCTTAGTCAATCAG (Xfo2) primers were
used. The underlined bases represent the Ndel and BamHI sites, re-
spectively. The PCR product was cloned into the pGEM-T easy vector
(Promega) resulting in the pGEM/ohr plasmid. An E. coli DH5-«a strain
was transformed with pGEM/ohr, and white colonies were selected from
LB-ampicillin-5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal)
medium. Plasmid extraction was performed using the Rapid Plasmid
Miniprep System Concert kit (Invitrogen). The plasmid PGEM/ohr was
used to generate the two individually ohr mutant proteins, C61S and
C1258S, in which cysteines Cys-61 and Cys-125 were replaced by serines
through PCR megaprimer methods (17, 18). In the case of the C61S
construct, PCR was performed first with the mutagenic primer XfoC1l
forward 5'-TTATTCTGCCTCTTTCATTGG-3' and Xfo2 reverse, where
the bold letters denote the mutation performed. A single band of 277 bp
was eluted out from the agarose gel and used as a primer (megaprimer)
along with the primer Xfol to the second PCR step to amplify the rest
of Ohr gene. In the case of the C125S construct, replacement was
performed in one-step PCR using the primers Xfol and a large terminal
mutagenic primer XfoC2 5'-CGCAAGCTTGGATCCTTAGTCAATCAG-
AATCAAAACGACGTCGATATTTCCACGGGTTGCATTAGAGTACG-
GAGAAACACGATGC-3’, where the boldface typing represents the
codon mutation and the underlined bases represents the BamHI re-
striction site. The final mutated PCR products were ligated in pGEMT
easy vector to produce PGEM/C61S and PGEM/C1258S, independently.

pET15b, pGEM/ohr, PGEM/ohrC61S, and PGEM/C125S were first
digested with Ndel and after by BamHI. The fragments generated by
Ndel/BamHI digestion of plasmids derived from pGEMs were extracted
from agarose gel by the Rapid Gel Extraction Concert kit (Invitrogen)
and were individually ligated to the digested pET-15b expression vec-
tor. The resulting pET15b/oAr, PET15b/C61S, and PET15b/C125S plas-
mids were sequenced in an Applied Biosystems ABI Prism 377 96 to
confirm that the constructions were correct. An E. coli DH5-a strain
was transformed with the expression vectors and cultured to increase
plasmid production. Another plasmid extraction was performed, and E.
coli B121(DE3) cells were transformed with the same constructs. The
resulting strains were used for expression and purification of Ohr,
C618S, and C125S.

Protein Expression and Purification—E. coli BI21(DE3) strains
transformed with pET15b/ohr, pET15b/C61S, and pET15b/C125S were
cultured (50 ml) overnight in LB + ampicillin medium, transferred to 1
liter of fresh LB + ampicillin (100 pg/ml) medium, and cultured further
until the Ag4,, reached 0.6—0.8. Isopropyl-1-thio-B-D-galactopyranoside
was then added to a final concentration equivalent to 1 mm. After 3 h of
incubation, cells were harvested by centrifugation. The pellet was
washed and suspended in the start buffer (phosphate buffer, 20 mm, pH
7.4). Seven cycles of 30 s of sonication (35% amplitude) following 30 s in
ice were applied to cell suspension. The cell extracts were kept in ice
during streptomycin sulfate 1% treatment for 15 min. The suspension
was centrifuged at 31,500 X g for 30 min to remove nucleic acid
precipitates. Finally cell extract was applied to a nickel affinity column
(Hi-trap from Amersham Biosciences). The conditions of protein puri-
fication were optimized using the gradient procedure for imidazole
concentration described by the manufacturer.

Determination of Peroxide Concentration—Peroxide concentration
was determined by the ferrous oxidation xylenol (FOX) assay as previ-
ously described (3). Reactions were initiated by the addition of thiol
compounds and stopped at different intervals by addition of 20 ul of HC1
(1m) into 100-ul reaction mixtures. No peroxide consumption was de-
tected in the absence of thiols. H,O, concentration in stock solutions
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was checked by its absorbance (€540 n, = 43.6 M~ 2ecm ™).

Determination of Sulfhydryl Groups Concentration—The amount of
thiol groups remaining in solution was determined by the Ellman’s
reagent (DTNB), using the €,,5,, = 13,600 M *-cm ' for 2-nitro-5-
thiobenzoic acid (TNB) (19). As described above, reactions were stopped
at different intervals by addition of 20 ul of HCI (1 M) into 100-ul
reaction mixtures. Samples were neutralized by dilution (1:10) in a
solution containing Hepes (1 M, pH 7.4) and DTNB (5 mMm). Absorbance
at 412 nm was immediately recorded.

Glutamine Synthetase Protection Assay—Antioxidant activities of
Ohr, OhrC61S, OhrC125S, and ¢TPxI were measured by their ability to
protect glutamine synthetase from oxidative inactivation. Several
H,0,-removing enzymes such as GSH peroxidase, catalase, and ¢TPxI
can protect glutamine synthetase (20). The procedure used to determine
glutamine synthetase activity was the same described by Kim
et al. (20).

Ohr Inactivation by NEM Treatment—Recombinant Ohr (2 mg/ml)
was treated with NEM (1 mm) for 1 h at room temperature and then was
dialyzed against phosphate buffer (20 mm), pH 7.4. The concentration of
histidine-tagged Ohr was determined using the extinction coefficient
€50 nm = 3960 M '-cm ™!, which was determined using the software
of ExPASy proteomics from Swiss Institute of bioinformatics
(ca.expasy.org/tools/protparam.html).

Thrombin Proteolysis of Ohr—Histidine tag of recombinant Ohr was
digested with thrombin (0.01 units/ul) using the thrombin cleavage
capture kit from Novagen. The digestion was carried out for 16 h at
25 °C. The concentration of the recombinant protein without histidine
tag was determined spectrophotometrically, using the same extinction
coefficient €50,y = 3960 M~ Yem ™! determined above because the his-
tidine tag does not contain optically active residues.

Sulfenic Acid Formation—Determination of sulfenic acid (R-SOH) in
wild-type as well as in mutant proteins was performed by the TNB
anion method described by Ellis and Poole (21). In summary, TNB was
prepared by incubation of an almost equimolar mixture of DTNB and
DTT (1 DTNB:0.9 SH). Proteins preincubated or not with peroxides
were treated with a 20-fold excess of TNB. As described before (21),
TNB reacts with sulfenic acids in a 1:1 stoichiometry, generating a
mixed disulfide between TNB and a cysteine residue. Excess of TNB
was removed by PD-10 desalting column (Amersham Biosciences).
Mixed disulfides were then treated with 10-fold excess of DTT, and the
amount TNB released (which was equal to the amount sulfenic acid
formed) was determined spectrophotometrically.

RESULTS

Genetic and Biochemical Analysis of Ohr—Ohr from X. fas-
tidiosa possesses a very high degree of similarity with proteins
from various bacteria such as X. campestris pv. phaseoli and P.
aeruginosa (14). In general, the ohr gene is present in a single
copy, but in some cases such as B. subtilis, Mesorhizobium loti,
and Ralstonia solanacearum two copies of ohr are present (12,
22, 23). In Streptomyces coelicolor, three copies of ohr appear to
be present (24). A blastp analysis on the X. fastidiosa genome
using the tools available at the site aeg.lbi.ic.unicamp.br/xf/
detected only one copy of ohr in this bacteria located between
coordinates 1,742,868 and 1,743,299 with 432 nucleotides. The
predicted amino acid sequence possesses 143 residues and a
molecular mass equivalent to 14.9 kDa. Among other charac-
teristics Ohr proteins have two conserved cysteine residues
that are at positions 61 and 125 in the homologue from X
fastidiosa. Based on sequence homology two domains of Ohr
can be defined: domain 1, which contains cysteine 61 and a high
number of hydrophobic residues, and domain 2, which has
cysteine 125 in a VCP motif (Fig. 1A). The VCP motif is also
present in the peroxiredoxin family, whose proteins are thiol-
dependent peroxidases (25). The two proposed domains are
highly conserved among Ohr homologues, especially domain 1
(14) (Fig. 1A). Because ohr deletion renders cells very sensitive
to organic peroxide treatment, a hydrophobicity analysis of Ohr
protein was carried out (26). Our data indicated that cysteine
61 is in a highly hydrophobic environment, whereas cysteine
125 is in a hydrophilic environment (Fig. 1B).

To investigate whether Ohr possesses thiol-dependent per-
oxidase activity, ohr gene from X. fastidiosa was expressed in
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Fic. 1. Domains of Ohr proteins that contain cysteine resi-
dues. A, the sequences represented in this scheme were the consensus
obtained by the Clustal W method from the MegAlign 5.01 software
(DNAstar Inc.) including the Ohr proteins from: Deinococcus radio-
durans (Ohr Dr = GI:15806857); Caulobacter crescentus (Ohr Cc GI:
13422184); Mesorhizobium loti (Ohr M1 = GI:14024371; Ohr MI2 =
GI:13475574); Vibrio cholerae (Ohr Ve = GI:15601759); Mycoplasma
genitalium (Ohr Mg GI:1723166); Mycoplasma pneumoniae (Ohr Mp =
GI:13508407); B. subtilis (Ohr Belor YknA = GI:16078381, Ohr Bc2 =
GI:16078379); Staphylococcus aureus ssp. aureus Mu50 (Ohr Sa =
GI1:15923818); Lactococcus lactis ssp. lactis (Ohr L1 = GI:15672574);
Listeria monocytogenes EGD-e (Ohr L1 = GI:16804238); Listeria in-
nocua (Ohr Li = GI:16801366); S. coelicolor (Ohr Scl = GI:6562797,
Ohr Sc2 = GI:7546676, Ohr Sc3 = GI:9885209); Agrobacterium tume-
faciens (Ohr At GI:15888188); Sinorhizobium meliloti (Ohr Sm1l =
GI1:16263744, Ohr Sm2 = GI:15964715); Bradyrhizobium japonicum
(Ohr Bj = GI:8708902); Acinetobacter calcoaceticus (Ohr Ac = GI:
7531260); Pseudomonas aeruginosa (Ohr Pa = GI:15598046); Ralstonia
solanacearum (Ohr Rsl = GI:17549328, Ohr Rs2 = GI:17548547);
Xanthomonas campestris pv. phaseoli (Ohr Xc = GI1:7531169); Xylella
fastidiosa (Ohr Xf = GI:15838425). The letters in shade represent
residues that match the consensus. The histogram shows the strength
of the residues belonging to the two domains. B, hydrophilicity plot
according to Ref. 26. In this scheme, the amino acid sequence of Ohr
from X. fastidiosa is displayed in the x-axis,whereas hydrophilicity
values are displayed in the y-axis. According to this method, hydrophilic
residues have positive values, whereas hydrophobic residues have neg-
ative values. The arrows show the positions of cysteines in Ohr
sequence.
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=

E. coli and purified by nickel affinity chromatography (see
“Materials and Methods”). A histidine tag recombinant Ohr
was obtained with high degree of purity as ascertained by
SDS-PAGE (Fig. 2). Two bands corresponding to Ohr were
observed, both of which migrate closely to 17 kDa, as expected
for a monomer (Fig. 24). Removal of histidine tag by thrombin
proteolysis also resulted in two bands both of which migrated
at ~15 kDa (data not shown). The abundance of each band was
dependent on the oxidative condition to which Ohr was exposed
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Fic. 2. SDS-PAGE analysis of purified recombinant Ohr from
X. fastidiosa. Recombinant Ohr was expressed in E. coli and purified
as described under “Material and Methods.” Treatments were carried
out for 1 h at room temperature. A, lane 1, molecular mass standard
(BenchMark™ Protein Ladder, Invitrogen); lane 2, untreated Ohr;
lanes 3-6 represent Ohr treated with the following concentrations of
DTT: 60 uM, 1 mMm, 10 mM, and 100 mMm, respectively. B, lane 1, molec-
ular mass standard (BenchMark™ Protein Ladder, Invitrogen); lanes
2-5 represent Ohr treated with the following concentrations of H,O,: 60
uM, 0.5 mM, 1 mm, and 10 mM, respectively; lanes 6-9 represent Ohr
treated with the following concentrations of +-bOOH: 60 um, 0.5 mm, 1
mM, and 10 mM, respectively. Letters ¢ and b denote the lower and
upper band, respectively.

(Fig. 2) and was independent of the presence of the histidine
tag (data not shown). Bands corresponding to dimers did not
appear even after treatments of Ohr with H,0, or organic
hydroperoxide at various concentrations (Fig. 2B) indicating
that no disulfide bond was formed between two Ohr molecules.
Since the two bands observed in Fig. 2 have approximately the
monomer size, they should represent different configurations of
Ohr monomers. The lower band (band a) should correspond to
an oxidized state of Ohr, which is generated after H,O, treat-
ment or at mild concentrations of t-bOOH (Fig. 2B). On the
other side, the upper band (band b) may represent a mixture of
reduced and oxidized states of Ohr. This is because Ohr treat-
ment with increasing concentrations of DTT provoked augment
of band b intensity (Fig. 24) as well as Ohr treatment with high
organic peroxide concentrations (Fig. 2B). The meanings of
these two bands are further discussed below, after the descrip-
tion of results with Ohr site-specific mutants. In any case, it is
important to emphasize that different monomeric configura-
tions were also observed before for ¢TPxI, a thiol-dependent
peroxidase from Saccharomyces cerevisiae (27).
Thiol-dependent Peroxidase Activity of Ohr—Recombinant
Ohr decomposed peroxides only if DTT was also present in the
reaction mixture (Fig. 3). Because the substrates were present
in a 350-4100-excess over the protein, it is reasonable to think
that Ohr was acting catalytically. In the conditions described in
Fig. 3, the specific activity of Ohr was 20.0, 17.0, and 1.3
uM/min/ng when, respectively, -bOOH, Cu-OOH, and H,O,
were considered the substrates. This indicates that Ohr was
10-20 times more efficient in the removal of organic peroxides
than in the removal of H,0,. These results are consistent with
the high susceptibility of Aohr mutants to organic peroxides
but not to Hy,O, (Ref. 14 and references cited herein). In any
case, Ohr did decompose H,0, when DTT was present in the
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Fic. 3. Thiol-dependent peroxidase activity of Ohr. Peroxide concentration was determined at different periods by FOX assay as described
under “Material and Methods.” The reactions were carried out in Hepes buffer 50 mm, pH 7.4, in the presence of azide (1 mm) and DTPA (0.1 mm).
The concentration of peroxides at time zero was 500 uM. Reactions were initiated by the addition of DTT (0.5 mM). A represents the kinetics of H,O,
decomposition in the presence of Ohr (100 ng/ul). B and C represent the kinetics of Cu-OOH and ¢-bOOH decomposition, respectively, in the
presence of Ohr (10 ng/ul). @ represents the reaction mixture without Ohr (DTT + peroxide); A represents the full system (DTT + peroxide + Ohr).
Reaction mixtures without DTT did not show any decomposition of peroxides even in the presence of Ohr. The symbol B in C represents Ohr whose

cysteine residues were previously alkylated with NEM.

reaction mixture. This ability of Ohr to decompose peroxides
was dependent on the integrity of its cysteine residues because
pretreatment of Ohr with NEM inhibited its peroxidase activ-
ity (Fig. 3C). Therefore, it is reasonable to think that Cys-61,
Cys-125, or both are directly involved in the decomposition of
peroxides by Ohr.

Ohr also possesses antioxidant property as demonstrated by
its capacity to protect glutamine synthetase from inactivation
by thiol-containing oxidative system composed of DTT/Fe3*/0,
or composed of DHLA/Fe®*/0,, (Fig. 4A). Probably, this protec-
tion was due to the thiol-dependent peroxidase activity of Ohr
because other thiol-dependent peroxidase such as GSH perox-
idase and cTPxI also protect glutamine synthetase from inac-
tivation (20). In fact, the glutamine synthetase protection assay
has been used to investigate whether proteins possess perox-
ide-removing activity (28, 29). Ohr did not protect glutamine
synthetase against the ascorbate/Fe3*/O, system, indicating
that this protein is a thiol-specific antioxidant protein (Fig. 4A).
The protective activity of Ohr was dependent on the concentra-
tion of protein and is comparable to the ¢cTPxI activity (Fig. 4B).
Removal of histidine tag by thrombin treatment did not alter
the enzymatic characteristics of Ohr nor its ability to protect
glutamine synthetase (data not shown).

When H,0, was used as substrate, the specific activity of
Ohr (Fig. 3) was similar to ¢TPxI (data not shown). These
results are consistent with the glutamine synthetase assays
(Fig. 4B) where these two proteins were also equally protective.
The oxidative inactivation of glutamine synthetase is depend-
ent on H,0, formation by metal catalyzed oxidation systems
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Fic. 4. Ohr protected glutamine synthetase from oxidative in-
activation. Glutamine synthetase (GS) protection assay was per-
formed as described under “Material and Methods.” All reaction mix-
tures contain: Fe®* = 1 uM; glutamine synthetase 1 mg/ml; azide = 1
mM in Hepes buffer 50 mm, pH 7.4. A, the symbols represent: ¢ (DTT 10
mM addition); A (DTT 10 mM + Ohr 100 ng/ul addition); ¢ (ascorbate
10 mm addition); M (ascorbate 10 mM + Ohr 100 ng/ul addition); A
(DHLA 10 mMm addition); O (DHLA 10 mM + Ohr 100 ng/ul addition). B,
reactions were carried out for 15 min. The symbols represent: A = Ohr
and B = cTPxI at the concentrations described in the x-axis.
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and by its posterior conversion to hydroxyl radical through the A i 5 5 5 5 & 5
Fenton reaction (30). Therefore protection of glutamine synthe-
tase from inactivation probably occurs through the removal of S0KDa —+ el
H,0, by antioxidant enzymes (31). 40KDa —» d

Analysis of Cysteine Replacements on Ohr Activity—The role
of Ohr cysteines in peroxide reduction was strongly suggested 30KDs —
since treatment of Ohr with NEM lead to protein inactivation 25KDs —»
(Fig. 3). To specifically investigate the roles of Cys-61 and 20KDa —» _ N
Cys-125 on Ohr catalysis these two residues were individually ﬂ & — - b
replaced by serine generating, respectively, C61S and C125S. ki — - a
Initially, the capacity of the mutant proteins to decompose : WwT C1258
hydroperoxides was investigated. C61S and C125S had no de-
tectable peroxidase activity when t-bOOH was used as a sub- B 1 2 3 4 5 6 7
strate (Fig. 5A). When H,0, was the substrate, C125S had a S0KDa —+
residual activity, whereas C61S did not decompose any perox- A0KDE —e | S
ide (Fig. 5B). These results indicated that both cysteine resi-
dues are important for catalysis. Replacement of either Cys-61 30KDa —+ .-,
or Cys-125 also provoked great decreases in the ability of Ohr 25 KDa
to protect glutamine synthetase from oxidative inactivation WKDa —»

(Fig. 5C). C61S only showed some protective effect at very high b
g y p y hig — - W
doses, which might be attributable to nonspecific activity. In- - a

terestingly, replacement of two of the cysteines of human per- 13RIy == wT C618

oxiredoxin V (prx V), which forms a stable intramolecular di-
sulfide intermediate during its catalytic cycle, produced similar
effects (32). Therefore, the results described in Fig. 5 repre-
sented an initial suggestion that an intramolecular disulfide is
also a reaction intermediate of wild-type Ohr. Further evi-
dences are presented below.

The migration of Ohr mutants was also analyzed by SDS-
PAGE (Fig. 6) under both reducing and non-reducing condi-
tions to understand the meaning of the two monomeric bands
observed in Fig. 2. As standards for mutant proteins, wild-type
Ohr was treated with peroxides (60 um) and with DTT (100
mM), which provoked the appearance of the monomeric lower
(band a) and upper band (band b) respectively. Interestingly,
neither C61S nor C125S, in any condition tested, migrated at
the same position that the wild-type protein treated with per-
oxides (60 uM) (band a) (Fig. 6). Therefore, band a observed for
the wild-type protein (Fig. 2) should represent an intramolec-
ular intermediate since any of the mutants can form an in-
tramolecular disulfide bond. This was expected since an in-
tramolecular disulfide bond should lead to a more compact

FiG. 6. Migration of mutant proteins in SDS-PAGE. Treatments
were carried out for 1 h. A, lane 1, molecular mass standard (Bench-
Mark™ Protein Ladder, Invitrogen); lanes 2—4 represent wild-type Ohr
treated with DTT (100 mm), t-bOOH (60 uMm) and H,O, (60 uM), respec-
tively; lanes 5-7 represent C125S treated with DTT (100 mm), ¢-bOOH
(60 pMm), and H,O, (60 um), respectively; B, lane 1, molecular mass
standard (BenchMark™ Protein Ladder, Invitrogen); lanes 2—4 repre-
sent wild-type Ohr treated with DTT (100 mm), ¢-bOOH (60 pm), and
H,0, (60 um), respectively; lanes 5-7 represent C61S treated with DTT
(100 mm), ¢-bOOH (60 um), and H,O, (60 uM), respectively. Letters a, b,
¢, and d refer to the bands described under “Results.”

protein configuration that would migrate faster than the other
REDOX states.

Interestingly, two other bands, named ¢ and d, could also be
observed in C125S exposed to oxidative conditions (Fig. 6A).
Band d was detected in non-treated C125S (data not shown) as
well as in C125S submitted to mild oxidative conditions (Fig.
6A, lane 7). Under stronger oxidative conditions, band ¢ became
predominant and band d disappeared (Fig. 6A, lane 6 and data
not shown). Sometimes a band of ~30 kDa was observed in
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Fic. 7. Sulfenic acid formation in C125S. Sulfenic acid in C125S
was measured by its reaction with TNB. C125S (100 um) with no
pretreatment was incubated with TNB (4 mwm) for 15 min at room
temperature. A mixed disulfide C125S-TNB was prepared as described
under “Material and Methods.” Release of TNB from the mixed disulfide
was recorded after 1, 3, 5, 10, and 30 min after addition of 10-fold excess
of DTT, which corresponds to the spectra 2—6. Spectrum 1 corresponds
to the mixed disulfide before DTT addition.

substitution of band c after C125S treatment with organic
peroxides (data not shown). The meaning of band ¢ is unknown
and could be attributed to proteolysis or to generation of cross-
links in the dimer.

Since band d should correspond to a dimer of two C125S
proteins bound through their Cys-61, it appears that this sulf-
hydryl group is relatively reactive toward peroxides. As ex-
pected for a dimer exposed to reducing condition, when C125S
was treated with DTT in denaturing conditions, only a mono-
meric band (band b) was detected (Fig. 64, lane 5).

On the contrary, C61S migrated preferentially as a monomer
(Fig. 6B). Only after treatment of cells with very high peroxide
concentrations could a dimer be observed (data not shown),
indicating that Cys-125 is not very oxidizable by peroxides.

The possible formation of stable sulfenic acid intermediates
(R-SOH) in Ohr, C125S, and C61S was also analyzed. Using
the compound TNB, we could only clearly detect sulfenic acid
intermediates in C125S protein (Fig. 7). This result further
indicated that Cys-61 but not Cys-125 is very reactive.

Thiol Substrate Specificity—The possibility that other thiol
compounds besides DTT support the peroxidase activity of Ohr
was also analyzed. No decomposition of -bOOH by Ohr was
detected when DTT was replaced by monothiols such as GSH,
2-mercaptoethanol (Fig. 84), and cysteine (data not shown). It
is important to note that even when GSH was added at a
concentration 10-fold higher than DTT no peroxidase activity
could be observed (Fig. 8A4). Therefore, Ohr does not possess
GSH peroxidase activity.

To check if thioredoxin could be the biological substrate for
Ohr, thioredoxin was added to the reaction mixture containing
DTT, ¢-bOOH, and Ohr. In the case of ¢TPxI, addition of thi-
oredoxin to the reaction mixture increased the specific activity
of this protein (28). The addition of thioredoxin from Spirulina
or from S. cerevisiae did not increase significantly the ability of
Ohr to decompose t-bOOH, taking into account the decomposi-
tion of peroxides by thioredoxin itself (Fig. 8B). The peroxidase
activity of Ohr may be specific for thioredoxin from X. fastid-
iosa. Alternatively, other thiol compound than thioredoxin can
be the reducing agent of Ohr.

Interestingly, Ohr was also capable of decomposing perox-
ides (Fig. 8A) and protecting glutamine synthetase from inac-
tivation (Fig. 44) if DHLA was present in the reaction mixture.
Like DTT, DHLA is also a dithiol compound. Enzymes required
for DHLA biosynthesis are present in X. fastidiosa (XF1269,
XF1270) in an operon configuration indicating that this thiol
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Fic. 8. Thiol specificity of the Ohr peroxidase activity. t-bOOH
concentration was determined by the FOX assay as described under
“Material and Methods.” Reactions were initiated by addition of thiol
compounds and terminated by addition of 20 ul of HCI (1 M) into 100-ul
reaction mixtures. Reactions were carried out in Hepes buffer 50 mwm,
pH 7.4 in the presence of azide (1 mM) and DTPA (0.1 mm). A, symbols
represent the reactions with the following thiol compounds: e (GSH =
5 mm), B (2-mercaptoethanol = 10 mm), A (DTT = 0.5 mm), and 4
(DHLA = 0.5 mM). B, the symbols represent: ® (no further addition); B
(thioredoxin 80 ng/ul); A (Ohr 5 ng/ul); and X (thioredoxin + Ohr).

compound should be present in this bacteria. The possibility
that DHLA is the in vivo reducing power of Ohr is discussed
below.

Because the ability of Ohr to decompose peroxides is depend-
ent on the presence of DTT, the stoichiometry of the reaction
catalyzed by this protein was investigated as described before
for ¢cTPxI (31). The data described in Table I indicated that the
ratio of thiol consumption per peroxide consumption is around
2, which is consistent with the same reaction catalyzed by
proteins belonging to the peroxiredoxin family: 2RSH + ROOH
— RSSR + ROH + H,0. Therefore, Ohr is a thiol-dependent
peroxidase.

DISCUSSION

The present report attribute for the first time a biochemical
function for a protein belonging to the Ohr/OsmC family. Taken
together, our results demonstrate unequivocally that Ohr from
X. fastidiosa possesses thiol-dependent peroxidase activity.
This biochemical activity is consistent with the increased sen-
sitivity to organic peroxides observed for several bacterial spe-
cies in which this gene is deleted (10-13, 15).

Ohr possesses a very high specific activity for organic perox-
ides in comparison with peroxiredoxins. In our hands, the
specific activity of Ohr is approximately 10—20 times higher
than the specific activity of ¢TPxI when organic peroxides were
used as substrates (data not shown). AhpC is the other thiol-
dependent peroxidase present in X. fastidiosa and in several
other bacteria. AhpC belongs to the peroxiredoxin family like
c¢TPxI, and therefore they are expected to behave similarly.
Results showing that mutation of ohr renders cells more sen-
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TaBLE 1
Stoichiometry of the reaction catalyzed by Ohr
Kinetics were started by addition of peroxide and were stopped by
HCI as described under “Materials and Methods.” Assays for determi-
nation of peroxide and sulfhydryl concentrations are also described
under “Materials and Methods.”

Reaction mixture = Time f:;)(f\j gg -SH consumed —SHfgetrigxide
(MIN) (um) (um)

H,0, (500 um) 5 283.6 547.2 1.93

DTT (500 um)

OHR (24 ng/pl)

H,0, (500 um) 10 382.4 756 1.98

DTT (500 um)

OHR (24 ng/pl)

t-BHP (500 pm) 5 435.4 799.2 1.83

DTT (500 um)

OHR (2 ng/pl)

t-BHP (500 pm) 10 465.9 892.8 1.91

DTT (500 )
OHR (2 ng/ul)

sitive to organic peroxide killing than ahpC deletion (11, 12)
lead us to speculate that this probably occurs because Ohr has
higher specific activity toward organic peroxides than
peroxiredoxins, but this suggestion awaits experimental
confirmation.

The relationship between Ohr and AhpCF proteins has been
studied in other bacteria. AhpC acts in concert with AhpF (a
thioredoxin reductase homologue) to reduce peroxides to the
corresponding alcohols at the expense of NADH (9). It is well
known that the expression of aApC and ahpF are regulated by
OxyR, a transcriptional regulator that is activated by H,O,
(33). This should also occur in X. fastidiosa because ahpC,
ahpF, and oxyR genes are contiguous and therefore probably
belong to the same operon (aeg.lbi.ic.unicamp.br/xf/). On the
other hand, the expression of ohr genes in B. subtilis and X.
campestris are not regulated by OxyR but by OhrR (12, 34).
OhrR is a member of the MarR family of transcriptional re-
pressors. No OhrR homologue was found in a search through
the site of X. fastidiosa genome suggesting that ohr is regulated
by a different mechanism in this microorganism.

X. fastidiosa contains several peroxide-removing enzymes as
analyzed by the bioinformatic tools available at aeg.lbi.ic.
unicamp.br/xf/and using the sequencing data generated by the
genome project supported by FAPESP (16). Besides ahpC
(XF1530), two other genes codify for proteins that contain AhpC/
TSA domains as defined by the pFAM analysis. Additionally, one
catalase and one GSH peroxidase homologue are also present.
Each one of these peroxide-removing enzymes may utilize differ-
ent substrates or may act during specific stress conditions.

Ohr is also capable of decomposing H,0, although with a
lower efficiency compared with the removal of organic perox-
ides (Fig. 3). Probably Ohr does not play an important role in
the defense of X. fastidiosa against this oxidant. In other re-
lated bacteria, Aohr mutants are not hypersensitive to H,0,
(10, 11, 15). Moreover, in X. campestris pv. phaseoli and in B.
subtilis ohr expression is not regulated by OxyR, which is
activated by H,0, (12, 34). Catalases appear to be the primary
defense of Xanthomonas against exogenous H,0, (35, 36). X.
fastidiosa possesses at least one catalase (XF2232), similar to
HPI, (katG) from E. coli, which is OxyR-regulated (33) and
should be a key component of the antioxidant defense against
exogenous H,0,. On the other side, several studies indicate
that AhpR should be an important component in the removal of
H,0, endogenously generated in bacteria (37-39).

The reduction of peroxides by Ohr requires at least one of its
cysteine residues because NEM pretreatment abolishes its per-
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Fic. 9. Proposed scheme for the enzymatic mechanism of Ohr.
The reduced form of Ohr (A) can react with peroxides leading to the
formation of Cys-61-SOH intermediate (B), which can then be rapidly
converted to an intramolecular disulfide intermediate after reaction
with Cys-125 (C). The intramolecular disulfide can be reduced back to
(A) by DTT or DHLA. In the presence of high amounts of organic
peroxides, Cys-61-SOH can be further oxidized to Cys-61-SO,H (E) or
Cys-61-SO;H (F), which co-migrates with the reduced form of Ohr in the
position corresponding to the band b in the gels of Figs. 2 and 6.

oxidase activity (Fig. 3C). Ohr has two cysteine residues that
are present in all of its homologues (Fig. 1A) and therefore
potentially could be involved in peroxide reduction. Substitu-
tion of Cys-61 or Cys-125 by serine dramatically reduces the
ability of Ohr to decompose peroxides (Fig. 5), indicating that
both cysteine residues are important for the catalytic activity.
However, it is important to note that C125S, but not C618S, still
has a residual peroxidase activity, suggesting an essential role
for Cys-61. In fact, Cys-61, but not Cys 125, was easily oxidized
by any of the peroxides (Fig. 6), and it appears that Cys-61 is
directly involved on peroxide reduction, whereas Cys-125 is the
resolving cysteine. Our data fit very well in the scheme de-
scribed in Fig. 9. At low concentrations of organic peroxides,
Cys-61 could be oxidized to sulfenic acid, which should be
rapidly converted to the intramolecular disulfide intermediate
(electrophoretic band a). In support with this model, we could
only detect sulfenic acid intermediate in C125S protein (Fig. 7).
Cys-61-SOH should be more stable in C125S than in wild-type
Ohr because the mutant protein lacks Cys-125 to react with
Cys-61-SOH. At high levels of organic peroxides, sulfenic acid
of Cys-61 should react first with another peroxide molecule and
not with Cys-125 sulthydryl group, leading to the formation of
a cysteine sulfinic acid (R-SO,H). Further reaction of Cys-61-
SO,H with another organic peroxide molecule can provoke the
formation of Cys-61 sulfonic acid (R-SO3H). Both Cys-61-SO,H
and Cys-61-SO;H should correspond to the electrophoretic
band b observed in Fig. 2 when Ohr was exposed to high
concentrations of organic peroxides.

Disulfide intermediates are stable compounds among other
factors because they can not be overoxidized as sulfenic acids
can be (40). Therefore is tempting to speculate that Cys-125
prevents Ohr inactivation by avoiding Cys-61 overoxidation to
sulfinic or sulfonic acids. It is well described that overoxidation
of peroxiredoxin provoked their inactivation (41). In the case of
the mutant protein C125S, in addition to overoxidation of Cys-
61, dimer formation (Fig. 6A) could represent another pathway
of protein oxidation.
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Band b was never observed when Ohr was treated with H,O,
(Fig. 2), indicating that this peroxide has lower capacity than
organic peroxides to overoxidize Cys-61 to sulfinic or sulfonic
acids. In fact, H,0, had lower ability than organic peroxides to
induce dimer formation in the mutant protein C125S (data not
shown). Cys-61 is located in a very hydrophobic environment
(Fig. 1B), which is probably ideal to accommodate an organic
peroxide but not H,0,. This hypothesis would explain the
higher specific activity of Ohr toward organic peroxides in
comparison with H,O, (Fig. 3).

The biological-reducing substrate of Ohr is still unknown.
GSH should be present in X. fastidiosa because this bacteria
contains homologues for the two genes (gsi 1 and gsh2) involved
in its biosynthesis (aeg.lbi.ic.unicamp.br/xf/). However, this
thiol was not capable of reducing peroxides in the presence of
Ohr, even when it was present in a concentration ten times
higher than DTT concentration (Fig. 8A). Thioredoxin from
neither Spirulina (data not shown) nor from S. cerevisiae (Fig.
8B) increased the rate of peroxide removal by Ohr. We can not
exclude, however, the possibility that thioredoxin or glutare-
doxin systems of X. fastidiosa specifically reduces Ohr.

In addition to DTT, DHLA supported the peroxidase activity
of Ohr (Figs. 4A and 8A). Therefore, Ohr utilized only dithiols,
but not monothiols, as substrate. Dithiols such as DTT and
DHLA have very negative redox potentials, which indicate that
these compounds have very high reducing power. The redox
potentials for dithiols are in the range from —0.31 to —0.33,
whereas for monothiols such as GSH and cysteine the redox
potentials are in the range of —0.24 to —0.25 (42). Probably the
intramolecular disulfide bond of Ohr is very stable, and only
very strong reducing agents are able to convert them to the
reduced form. Another possibility is related to possible struc-
tural constrains of the Ohr active site. According to our results,
the active site of this protein is very hydrophobic and may not
be capable of accommodating two monothiols but can interact
with only one dithiol molecule. This is because in the case of
dithiols only one molecule would be enough to reduce Ohr back
to the dithiol configuration according to Reaction 1.

Ohr(—SS-)+R-(SH),—Ohr—[Cys-61]-SSR-SH—Ohr—(SH),+RSSR
ReacTioN 1

In the case of monothiols, two molecules would be required to
fully reduce Ohr. First, a mixed disulfide between Ohr and the
monothiol would be generated (Reaction 2), which would then
be reduced to the Ohr dithiol configuration by other monothiol
molecule and the release of a disulfide compound (Reaction 3).

Ohr(—SS-)+R-SH—Ohr—SSR
REACTION 2

Ohr—SSR+R-SH—Ohr—SH+RSSR
REAcTION 3

The possibility that DHLA is the biological substrate of Ohr
is supported by the fact that its biosynthetic pathway is present
in X. fastidiosa (XF 1269,XF1270). Interestingly, Bryk et al.
(43) characterized a peroxidase system dependent on lipoic acid
in Mycobacterium tuberculosis. Bryk et al. (43) demonstrated
that lipoic acid utilized came from a thiol linked through an
amide linkage dihydrolipoamide succinyltransferase, a compo-
nent of a-ketoacid oxidases, and was reduced by NADH in a
reaction catalyzed by dihydrolipoamide dehydrogenase. Both
dihydrolipoamide succinyltransferase (XF1549) and dihydroli-
poamide dehydrogenase (XF1548) enzymes are also present in
X. fastidiosa (aeg.lbi.ic.unicamp.br/xf/). Several reducing sys-
tems from X. fastidiosa are in the process to be expressed to
find the reducing substrate of Ohr. In any case, our data sug-
gest that Ohr may be a dihydrolipoic acid peroxidase.
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Contrary to peroxiredoxins, GSH peroxidase, and catalases,
Ohr belongs to a family of proteins that are present only in
bacteria, most of them pathogenic to plants or mammals. Thus
Ohr may be promising as a target for drug development in
agriculture and medicine, considering the fact that plant and
mammal defenses against pathogens involves generation of
oxidative burst (1).
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Organic hydroperoxide resistance proteins (Ohr) belong to a family of
proteins that possess thiol-dependent peroxidase activity endowed by
reactive cysteine residues able to reduce peroxides. The crystal structure of
Ohr from Xylella fastidiosa in complex with polyethylene glycol, providing
insights into enzyme-substrate interactions is described herein. In
addition, crystallographic studies, molecular modeling and biochemical
assays also indicated that peroxides derived from long chain fatty acids
could be the biological substrates of Ohr. Because different oxidation states
of the reactive cysteine were present in the Ohr structures from X. fastidiosa,
Pseudomonas aeruginosa and Deinococcus radiodurans it was possible to
envisage a set of snapshots along the coordinate of the enzyme-catalyzed
reaction. The redox intermediates of X. fastidiosa Ohr observed in the
crystals were further characterized in solution by electrospray ionization
mass spectrometry and by biochemical approaches. In this study, the
formation of an intramolecular disulfide bond and oxidative inactivation
through the formation of a sulfonic acid derivative was unequivocally
demonstrated for the first time. Because Ohr proteins are exclusively
present in bacteria, they may represent promising targets for therapeutical
drugs. In this regard, the structural and functional analyses of Ohr
presented here might be very useful.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Ohr crystal structure; fatty acid peroxide; organic peroxide;
thiols; sulfonic acid

Introduction

Oxidative burst is an important component of the
host response against bacterial infection in plants

and animals. Oxidants can cause damage to
macromolecules such as DNA, lipids and pro-
teins."? In response to this oxidative burst, several
complex mechanisms have evolved in bacteria to
detox1fy H,0,, superoxide anion radicals and
organic hydroperoxides (OHP).> Lipids are

Abbreviations used: AhpC, alkyl hydroperoxide
reductase subunit C; AhpF, alkyl hydroperoxide
reductase subunit F; AhpR, alkyl hydroperoxide
reductase; OHP, organic hydroperoxides; DrOhr, organic
hydroperoxide-resistance protein from Deinococcus
radiodurans; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid);
Ohr, organic hydroperoxide-resistance protein; Ohryy,,
mildly oxidized Ohr; Ohry,, fully oxidized Ohr; PaOhr,
organic hydroperoxide-resistance protein from Pseudo-
monas aeruginosa; PEG, polyethylene glycol; ESI, electro-
spray ionization; --BOOH, tert-butyl hydroperoxide.

E-mail address of the corresponding author:

nettoles@ib.usp.br

major targets during oxidative burst as free radicals
can directly attack unsaturated and polyunsatu-
rated fatty acids in membranes and initiate lipid
peroxidation. In addition to the non-enzymatic
process, lipid peroxidation may also be catalyzed
by enzymes such as lipoxygenases and d1oxy—
genases in response to pathogen infection.® A
primary effect of lipid peroxidation is a decrease
in membrane fluidity, which alters membrane
properties and can s1gn1f1cantly alter the properties
of membrane-bound proteins.”® Therefore, lipid
peroxidation is an extremely deleterious process

0022-2836/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
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and the detoxification of its products is crucial to
bacterial survival and proliferation in the host.*
OHP is one of the most toxic products of hpld
peroxidation that possesses bactericidal propertles

Alkyl hydroperoxide reductase (AhpR) is com-
monly considered the most 1mp0rtant defense
protein in OHP detoxification.” AhpR is capable of
converting OHP into their respective alcohols at the
expense of NADH or NADPH. This enzyme system
consists of two subunits: alkyl hydroperoxide
reductase F (AhpF) and alkyl hydroperoxide
reductase C (AhpC).> AhpC is a thiol-dependent
peroxidase that belongs to a large family of
enzymes named peroxiredoxins.

In addition to AhpR, organic hydroperoxide
resistance protein (Ohr) has also been implicated
in the defense of bacteria against OHP-induced
stress. The first description of Ohr came from
studies of the phytopathogen Xanthomonas campes-
tris pv. phaseoli.* The deletion of the Ohr gene from
X. campestris rendered the mutants highly sensitive
to OHP but not to other oxidants. Additionally, ohr
expression was highly induced by OHP, but not by
a superoxide generator and was only weakly
induced by H>O,. Furthermore, Ohr but not AhpR
seems to play a 51gn1f1cant role in OHP resistance in
Bacillus subtilis'® and ohr overexpression in Escher-
ichia coli double mutant dahpC/AahpF reverted the
phenotype of hypersensrtlve to OHP.* Recently,
Klomsiri et al."' showed that the Ohr and not AhpC
is required for the adaptive response of X.cam-
pestris pv. phaseoli to alkyl hydroperoxide derived
from linoleic acid. Collectively, these results indi-
cate that Ohr plays a primary role in OHP
detoxification.

Ohr proteins are only present in bacteria, most of
which are pathogenic to plants and animals.'* Ohr
from Xylella fastidiosa (XfOhr), the causative agent of
crops and citrus diseases, is a thiol-dependent
peroxidase that catalyzes the following reaction:
2RSH +ROOH —RSSR+ROH +H,O. The enzyme
is able to decompose OHP at least one order of
magnitude more efficiently than H,O,. Addition-
ally, in vitro XfOhr only decomposes peroxides in
the presence of dithiols such as DTT. No decompo-
sition of peroxides is detected when DTT is replaced
by monothrols such as GSH, 2-mercaptoethanol or
cysteme

Analysis of Ohr-protein sequences from several
bacteria showed that all homologues possess two
conserved cysteine residues.'” The replacement of
cysteine for serine residues abolishes the peroxidase
activity of Ohr showing that both cysteine residues
are essential for the peroxidase activity of Ohr.'>'*
The Ohr family of proteins also comprises OsmC,
which are proteins that share moderate levels of
identity with Ohr. OsmC and Ohr proteins cluster
in two subfamilies based on thelr sequences,
function and pattern of expressron Long ago,
OsmC proteins were implied in the response of
bacteria against osmotic stress,'® and more recently
OsmC was also involved in defense against OHP
due to its thiol dependent peroxidase activity.'®'”

Two crystal structures of Ohr from X. fastidiosa
are reported here. In the first structure (1.8 A
resolution), the reactive cysteine is oxidized to a
sulfonic acid (Cys-SO3;H), which has never been
described before. The second structure (2.4 A
resolution) corresponds to a mixture of different
oxidation states, as confirmed by mass spectro-
metry experiments. Structural analyses together
with biochemical approaches provide a detailed
characterization of the redox intermediates and the
catalytic cycle of Ohr proteins. We also describe that
sulfonic acids in XfOhr are only formed after long
periods of incubation with OHP in large excess and
that this reaction leads to oxidative inactivation.
Finally, these multiple approaches provided
insights into enzyme—substrate interactions.

Results
The crystal structures of X. fastidiosa Ohr

Structures of X. fastidiosa Ohr were determined in
different oxidative states from two crystals, whose
proteins were fully oxidized (XfOhry,) in one case,
and mildly oxidized (XfOhry,,) in the other. In both
cases, the final atomic models include two crystallo-
graphically independent monomers (referred to as
A and B) forming a homodimer. The XfOhr, model
was refined at 1.8 A resolution (R¢,ctor=0.196) and
the quality of the electron density allowed model-
ing of amino acid residues 2 to 143 (out of 143) in
monomer A and 3 to 143 in monomer B. The
XfOhr,,, model was refined at 2.4 A resolution to a
crystallographic R factor of 0.192. Amino acid
residues 3 to 143 were modeled in both monomers.
As expected, both models present very similar
tertiary and quaternary structures. The overall rms
deviation for 276 C* positions between XfOhry, and
XfOhr,,, dimers is 0.22 A. Analy51s of the packing
shows that residues involved in crystal contacts are
different in monomers A and B. Superposition of
XfOhrg, and XfOhr,,, structures shows that the
contacts involving monomer A are almost identical
in both structures. In the case of monomer B,
crystallographic neighbors are slightly closer in the
XfOhry, structure (a rigid body displacement) but
no significant conformational change is observed in
the contact regions (data not shown). Global
structural analysis and comparisons with homo-
logous structures were performed using the high
resolution XfOhry, structure. A superposition of the
structures of X. fastidiosa Ohr and its counterparts
frorn Pseudomonas aeruginosa (PaOhr, 66% iden-
tity)'* and Deinococcus radiodurans (DrOhr, 50%
1dent1ty) results in overall rms deviations of
1.00 A (268 C* aligned) and 1.31 A (262 C* aligned),
respectively (Figure 1). As expected, no significant
differences were found m the global structure. As
previously described,'*'® Ohr is an elliptically
shaped homodimer wrth the two monomers tightly
intertwined. Two six-stranded B-sheets surround
a two-helix central core forming a barrel-like
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Figure 1. Overall structural comparison between Ohr from different species. Stereo ribbon diagram illustrating the
superposition of Ohr from X. fastidiosa (red), P. aeruginosa (green) and D. radiodurans (blue). X. fastidiosa Ohr catalytic

cysteine residues are represented in CPK.

structure. Each B-sheet is composed of three strands
from one monomer and three from the other. Four
short helices complete the dimer organization. The
two conserved cysteine residues that compose the
active site come from the same monomer, the two
active site pockets being located on opposite sides
of the dimer.

Active site comparisons and basis for the
substrate binding

Despite the overall similarity of their structures,
PaOhr, DrOhr and the two forms of X. fastidiosa Ohr
show interesting differences in their active sites. In
the structure of PaOhr, the catalytic cysteine
residues are in the reduced state (Cys-SH) and a
bound DTT molecule was found in the two active
site pockets. The conserved Argl8 (N™) from one
subunit forms a hydrogen bond with the reactive
Cys60 (S*) from the other subunit and also forms a
salt bridge with the invariant Glu50. Argl8 appears
to play an important role in the catalytic mechanism
by lowering the pK, value of the Cys60 thiol, since
the R18Q mutation severely compromises the
enzyme activity.'* In the structure of DrOhr the
distance between the Cys (S") atoms of the two
catalytic cysteine residues (Cys57 and Cysl21) is
2.8 A, which is consistent with a mixture of a
disulfide bond (2.2 A) and dithiol configuration
(3.7 A). In this structure, the loop containing the

Argl5 (equivalent to Argl8 in PaOhr) adopts a
conformation that moves the arginine away from
the active site pocket."®

In the XfOhry, structure the electron density maps
clearly showed the Cys61 (equivalent to Cys60 in
PaOhr and Cys57 in DrOhr) fully oxidized to a
sulfonic acid group (Cys-SO3;H) (Figure 2(a)). On
the other hand, in the XfOhr,, structure the
electron density maps suggested that the reactive
cysteine was present in more than one oxidative
state, similarly to DrOhr. The F,—F. electron
density map clearly showed the presence of
additional atoms when a Cys-SH was modeled
(Figure 2(b)), nevertheless a sulfonic acid group also
did not fit well to the electron density after
refinement. Setting the occupancies of the oxygen
atoms to 0.4 we were able to model the SO; group.
An additional peak in the F,—F. electron density
map suggesting a disulfide form was also observed
(Figure 2(c)). These results indicated that a mixture
of different oxidation states was present in the
crystal. In fact, mass spectrometry experiments
performed under conditions where XfOhry,, crys-
tals grew showed that Cys61 is in a mixture of
sulthydryl, disulfide and overoxidized forms (see
Supplementary Data). Since different enzyme redox
intermediates were present in the XfOhr,,, crystal,
the resolution of this structure provided important
information on the catalytic intermediates, as will
be further discussed below.
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Figure 2. Oxidation states of the reactive cysteine in the XfOhr, and XfOhry,, structures. 2F,— F. maps are shown in
blue and contored at 1.5¢ while F,—F. maps are shown in red and contoured at 2.8c. (a) XfOhr, shows Cys61 fully
oxidized to sulfonic acid. (b) XfOhr,,, refinement with the cysteine in the reduced form clearly shows the presence of
additional density. (c) A sulfonic acid group could be modeled when the occupancies of the oxygen atoms were set to 0.4.
Final refinement of XfOhr,,, also shows an additional peak in the F,—F_ electron density map suggesting a disulfide

form.

Interestingly, in XfOhrg, and XfOhry,, structures
the loop containing Argl9 (equivalent to Argl8 in
PaOhr and Argl5 in DrOhr) follows the confor-
mation found in reduced PaOhr structure, bringing
the arginine side-chain close to the active site
(Figure 3). In XfOhrg, Argl9 conformation is further
stabilized by a number of interactions with the
SOz;H group of the overoxidized Cys61, in addition
to the salt bridge with the conserved Glu51 (see
Supplementary Data, Figure S1A). The catalytic
cysteine residues are engulfed and surrounded by
several hydrophobic amino acids (see Figure S1B of
Supplementary Data).

During the last refinement cycles, the Fourier
difference maps clearly showed an elongated
electron density in the entrance of both active site
pockets. The electron density was interpreted as
corresponding to a polyethylene glycol (PEG)
molecule derived from the crystallization solution
(see Materials and Methods). An ethylene glycol
polymer with 17 non-hydrogen atoms could be
modeled, which corresponds to a PEG molecule of
approximately 400 Da (Figure 4(a)). It is well known
that commercially available PEG reagents contain a
mixture of molecules of different molecular masses,
which could explain the electron density for a lower
molecular mass PEG than that used for crystal-
lization. Another possibility is that only a portion of
the molecule is ordered in the crystal and thus
visible in the electron density maps.

The XfOhr active site pocket perfectly accommo-
dates a PEG molecule that lies above the Arg19 side-
chain and is involved in several hydrophobic
contacts (Figure 4(b)). Notably, side-chains of
residues Phe68, Phe96*, Val36* and Pro126 undergo
significant displacement when compared to equi-
valent residues in PaOhr and DrOhr structures
(Figure 4(c)). Furthermore, the entire loop Gly90-
Phe96 undergoes a displacement upon PEG binding
(not shown).

Very similar electron density was found in both
active sites of both structures (XfOhr¢, and
XfOhr,,,), the position and conformation of the

modeled PEG molecules being essentially the same
(not shown). Monomers A and B are involved in
different crystal contacts and the entrance of both
active sites is highly exposed to the solvent, their
structures not being stabilized by the crystal
packing. These results suggest that the PEG binding
is not a mere artifact induced by crystallization, but
it may mimic the binding of the endogenous
substrates. In fact, recent works have shown that
PEG molecules can occupy sites and channels that
naturally belong to long chain fatty acids.”™'
Interestingly, a peroxide molecule derived from
oleic acid can be easily modeled into the PEG
electron density with the peroxide function falling
very close to Cys61 (Figure 5 and Figure S1C of
Supplementary Data). Therefore, we propose here
that physiological substrates of Ohr proteins may

Cys125 —

Figure 3. Active site of X. fastidiosa Ohr. In X. fastidiosa
Ohr the loop containing the Arg19 (equivalent to Argl8in
PaOhr and Argl5 in DrOhr) adopts a conformation as in
the reduced PaOhr structure (Ohrg, is shown in red,
Ohryy, in yellow, PaOhr in green and DrOhr in blue). The
DrOhr atomic coordinates (PDB code 1USP) does not
include the side-chain atoms of Argl5. We modeled a
rotamer to illustrate the loop movement.
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Figure 4. PEG binding in the X. fastidiosa Ohry, active site pocket. (a) Final 2F,— F. map contoured at 1.5¢ showing the
PEG electron density. (b) Protein-PEG hydrophobic interactions according to LIGPLOT analysis.*> Hydrophobic
interactions are shown in green. (c) Stereo image of active site residues superposition of XfOhry, (red), PaOhr (green) and
DrOhr (blue). The asterisk (*) refers to residues from the other monomer.

possess an elongated shape, such as peroxides
derived from long chain fatty acids and lipoamide.
Accordingly, XfOhr was able to reduce hydro-
peroxides derived from long chain fatty acids
such as oleic acid, as observed by preliminary
experiments (data not shown). Unfortunately, we
could not establish enzymatic parameters for the
decomposition of peroxide derived from oleic acid
among other reasons because the solvents used to
solubilize this oxidant, inhibited XfOhr activity.

We are working on the establishment of a suitable
protocol to determine the catalytic constants.

Characterization of Ohr catalytic intermediates

As described in the previous section, Cys6l of
XfOhry, is in the sulfonic acid form, which is not
reducible by standard reducing agents such as DTT
and thioredoxin. It is well known that when thiol-
dependent peroxidases have their reactive cysteine

Figure 5. Model of binding of a fatty acid hydroperoxide to X. fastidiosa Ohr. A hydroperoxide derived from oleic acid
(OP =cis-hydroperoxide octadec 10 enoic acid) was manually modeled based on the PEG electron density. Note that the
oxygen atoms of the peroxide function (PF) fall nearby the reactive cysteine side-chain (Cys61).
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residues over oxidized they are rendered inactive®
unless sulﬁredoxm is present in the reaction
mixture.”> Thus, we decided to verify whether
XfOhr is susceptible to oxidative inactivation by
treatment with a large excess of perox1des Since
XfOhr can accept electrons from lipoic acid,"® XfOhr
activity can be followed by decay in Azsp nm due to
NADH absorption according to the pathway
described below. A similar approach was described
for a thiol- dependent peroxidase from Mycobacter-
ium tuberculosis.**

NADH — lipoamide dehydrogenase (bovine)

— lipoamide — Ohr — peroxide

Initially, XfOhr activity was determined in the
presence of various concentrations of peroxides and
no inactivation was observed even when large
excess of peroxides were employed (Figure 6(a)).
Next, we decided to analyze the kinetics of
inactivation after pre-incubation of XfOhr with
amounts of peroxides equivalent to those employed
in the crystallization trials (17--BOOH:1XfOhr and
1t-BOOH:1XfOhr). After various intervals of incu-
bation (indicated in the X-axis of Figure 6(b)), the
excess of peroxide was removed by ultra-filtration
and XfOhr activity was determined. Considerable
inactivation was achieved only after 3h of pre-
incubation and only when XfOhr was incubated
with large excess of +-BOOH (Figure 6(b)). Rever-
sely, XfOhr was highly resistant to inactivation by
H,0,, even under a condition where this peroxidase
was extensively inactivated by ¢t-BOOH
(Figure 6(c)).

These findings are consistent with our previous
observation that only OHP, but not H,O,, can over
oxidize XfOhr."> This observation was based on the
fact that in non-reducing SDS-PAGE the disulfide
intermediate of XfOhr migrates faster than the other
states. In fact, it is well known that proteins with an
intra-molecular disulfide bond migrate faster in
non—reducmg SDS-PAGE than the other oxidation
states.?” Therefore, we decided to mix XfOhr and
peroxides in the same proportion (17 peroxides:1
XfOhr) used to obtain the XfOhr¢, crystals
(Figure 7(a)). Two bands were detected for the
non-treated XfOhr, which probably corresponds to
the dithiol (band b) and the intra-molecular
disulfide bond (band a), (Figure 7(a)). XfOhr treated
with DTT migrated preferentially to position b
(lane 2), whereas H,O, induced formation of band a
(lane 7), as described.™® XfOhr treated with diamide
also provoked the formation of band a (lane 9).
XfOhr pretreated with H,O, or diamide and then
treated with DTT migrated preferentially at pos-
ition b (lanes 8 and 10, respectively), as would be
expected for an intra-molecular disulfide reduction.
These results represent further experimental evi-
dence that an intramolecular disulfide is a redox
intermediate of XfOhr because diamide induces
only a disulfide bridge as an oxidation product.*®

—_—
O
—

i =t
o o
PR

I\P’I/I\E—I\_

0.4 4
0.3 1
0.2 4

0.1 T T
0 5 10

[~—BOOH] (mM)

Initial rate (uM/s)

0.4

—_
(=2
~

0.3

0.2

Rate (uM/s)

0.1

0 50 100 150 200 250 300

Time ( min)
(c) 0.87
Q)
% 0.6 1 I I I
.
© 0.4-
8
T 0.2
> v >
{\'60 Q\s\') ":\\(0 oo%
[+)
< & ®

Figure 6. Determination of XfOhr activity. (a) NADH
consumption assay. Reaction mixtures contained NADH,
lipoamide, bovine dihydrolipoamide dehydrogenase,
XfOhr and t-BOOH as described in Materials and
Methods. (b) XfOhr inactivation kinetics after pre-
incubation with t-BOOH. The amounts of peroxides
were equivalent to those employed in the crystallization
trials (17 t-BOOH:1XfOhr and 1 t-BOOH:1XfOhr). After
various intervals of incubation (indicated in the X-axis of
(b)), the excess of peroxide was removed by ultra-
filtration and XfOhr activity was determined by NADH
consumption. (c) Oxidative inactivation of XfOhr by
peroxides. XfOhr (300 uM) was pre-incubated with H,O,
(5.1 mM) or with 5.1 mM t-BOOH for one week at 4 °C.
Excess of peroxides was removed and afterwards, NADH
consumption was followed in the conditions described
for (a), except that for H,O,, XfOhr was added at 5.9 pM
(ten times higher). Reactions were initiated by 300 pM
peroxide addition. Initial rates were obtained from the
linear portion of the curve.

Interestingly, treatment of XfOhr with a large
excess of OHPs did not induce the formation of
band a (lanes 3 and 5), suggesting again that in this
case XfOhr is over oxidized. In fact, no alteration in
XfOhr migration was detected for the samples
previously oxidized with OHPs and then treated
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Figure 7. Analysis of intermediates in the Ohr catalytic
cycle. (a) Non-reducing SDS-PAGE. Lane 1 corresponds
to molecular mass standard and lane 2 corresponds to
XfOhr treated with 100 mM DTT for 90 min. All oxidants
added in the samples corresponding to lanes 3-10 were
used in the 17:1 proportion (XfOhr =300 uM, oxidant =
5.1 mM) and were incubated overnight at room tempera-
ture. In some cases (lanes 4, 6, 8 and 10), after oxidation of
XfOhr, the excess of the oxidant was removed by elution
in PD-10 columns and finally treated with 100 mM DTT
for 90 min at room temperature. (b) Ellman’s assay.
Sulfhydryl groups quantification by reaction with
DTNB. Ohr was incubated with various oxidants during
a week at 4 °C. Redox agents were fixed at the proportion
17:1 of XfOhr. The columns presenting two names of
substances designate that after treatment with oxidizing
agent, their excess was eliminated by molecular exclusion
chromatography and the protein was then treated with
100 mM DTT in an attempt to regenerate their sulfhydryl
groups.
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with DTT (lanes 4 and 6), which is consistent with
the fact that the sulfonic acids are not reducible by
DTT. It is important to emphasize here that OHPs
induce formation of band a, but only when added at
stoichiometric amounts.

Since reduced and over oxidized forms of Ohr are
expected to mlgrate to the same position (band b) in
SDS-PAGE,"” we decided to investigate the for-
mation of sulfhydryl groups in this anti-oxidant
protein after treatment of Ohr with various redox
compounds. Formation of sulthydryl groups in
XfOhr was monitored by reaction with DTNB, the
Ellman’s reagent. About 60% of XfOhr sulfhydryl
groups reacted with DTNB after reduction with
DTT (Figure 7(b)). These results probably reflect the
fact that XfOhr cysteine residues are embedded in
the polypeptide structure (see Figure S1B of
Supplementary Data) and therefore their accessi-
bility to DTNB would be difficult. In fact, all the

XfOhr sulfhydryl groups reacted with DTNB when
reduction by DTT was carried out with protein
denatured by 1% (w/v) SDS (data not shown).
Again, the crystallization conditions used to obtain
XfOhrg, were simulated and oxidants were added
in large excess over XfOhr. As expected, all of the
oxidants decreased the amount of XfOhr sulthydryl
groups (Figure 7(b)). After elimination of the excess
of these oxidants, XfOhr was treated with DTT in an
attempt to regenerate their sulfhydryl groups.
Regeneration of sulfhydryl groups only occurred
when XfOhr was treated with oxidants under
conditions expected to generate the intramolecular
disulfide intermediate: that is H,O, and diamide.
Regeneration of sulthydryl groups did not occur for
XfOhr treated with OHP, which is consistent with
the observation that only these compounds can over
oxidize and inactivate XfOhr when added in large
excess. The fact that H,O, and diamide-treated
XfOhr were reducible by DTT is further experimen-
tal evidence that an intra-molecular disulfide bond
is in fact an intermediate of the catalytic cycle
(Figure 7(b)). Accordingly, isoeletrofocusing gels
indicated that more acidic forms of XfOhr were
formed only when this protein was exposed to OHP
for long intervals (data not shown).

In the structure of DrOhr, reactive cysteine is
present as a mixture of oxidative states, among
them an intramolecular disulfide form,'® which is
consistent with our proposal that this intermediate
is only generated under mild oxidative conditions.
So far, we have presented results that further
indicate that this intermediate is in fact formed in
solution. To unequivocally demonstrate the identity
of redox intermediates of XfOhr in solution, mass
spectrometry experiments with native and trypsin-
digested enzyme were carried out (see Supplemen-
tary Data, Figures 52 and S3 and explanatory text
for experimental details). In agreement with our
biochemical assays, we observed intramolecular
disulfide bond formation by mass spectrometry
experiments when XfOhr was treated with H,O,
and diamide (Table 1). +-BOOH also induced
intramolecular disulfide bond formation but only
when added at much lower doses (1 -BOOH: 1
XfOhr). Contrary to the differential reactivity
towards cysteine residues, both H,O, and +-BOOH
oxidized methionine residues (Table 1).

Discussion

A detailed characterization of the molecular
mechanism of a protein belonging to the Ohr family
was performed using multiple approaches.
XfOhry,, structure and biochemical assays have
unequivocally shown that an intramolecular dis-
ulfide is a redox intermediate of XfOhr in solution
(Table 1). Furthermore, the elucidation of XfOhr
structure in complex with PEG and comparisons
with Ohr from other species, which are in different
oxidative states, provides a set of snapshots along
the coordinate of the enzyme-catalyzed reaction
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Table 1. Characteristics of Ohr protein under various redox conditions

Inactivation -SH recovery Products detected by mass
Ligand (%)? (%)° Gel migration®  spectra® Crystallographic structure
H,0, (@] 70 -RSSR- (intra) -RSSR- (intra) C(SO)C ND
(Met. sulfoxide)
Diamide ND 70 -RSSR-(intra) -RSSR-(intra) ND
t-BOOH 84 0 -CysSO;H -CysSSCys-(intra)® CysSSCys-(intra)
-CysSOsH -CysSOsH
Met-C(SO)C (Met. sulfoxide) Met-C(SO)C (Met. sulfoxide)
Cu-OOH ND 0 -CysSO;H ND ND
DTT 0 100 2Cys-SH 2Cys-SH 2Cys-SH*

ND, not determined.

? Control Ohr activity (without any pre-treatment) was considered to be 100%, therefore, 0% of inactivation. The values described in
this column were obtained by the difference between control activities minus the activity after Ohr treatment by high doses (17 oxidant:1

XfOhr) of oxidants (see the legend to Figure 6(c)).

b Recovery of sulfhydryl groups after exposure of XfOhr to high doses of oxidants (17 oxidants:1 XfOhr). Experimental details are
described in the legend to Figure 7(b). Recovery was calculated considering the amount of sulfhydryl group in the protein reduced by

DTT as 100%.

¢ Redox states described in this column were proposed based on the fast migration on intra-molecular disulfide bond relative to the
other oxidative states."® Again, XfOhr was treated with high doses of oxidants (17:1).
4 Oxidative states determined by native and trypsin digested XfOhr under various conditions. See Supplementary Data for

experimental details.

¢ Disulfide was only observed when XfOhr was mildly oxidized (1 XfOhr:1 -BOOH).

f Structure described by Lesniak et al.™*

(Figure 8). In the reduced form (Figure 8(i)), the
Argl9 containing loop is closed and the respective
guanidine group is stabilized by a salt bridge with
conserved Glu51 and an H-bond with Cysé61 (5Y), as
seen in PaOhr structure.'* Arg19 is likely to make a
major contribution to the stabilization of the Cys61

thiolate anion. In the next step (Figure 8(ii)), the
substrate binds to the active site. In vitro, different
types of peroxides can be reduced by Ohr,'>'* but
according to the structure of XfOhr-PEG complex,
the active site can better accommodate elongated
molecules which interact with the hydrophobic

-

z; + @
i 'M

Release of alcohol derived
from fatty acid and water

—
P

Arg {
g [ Cysg
E : 7 i

Disulfide

Reduced form

iv

Biological reductant Oxidized form

Figure 8. Proposed molecular mechanism of lipid hydroperoxides reduction by Ohr. (i) Reduced form of the enzyme
(Cys61-S7). The guanidine group of Argl9* is stabilized by a salt bridge with conserved Glu and an H-bond with S” of
Cys61. (ii) The lipid hydroperoxide (LHP) binds to the active site, standing over the hydrophobic moiety of the Arg19*
side-chain and is stabilized by a number of hydrophophic interactions (see Figures 4(c) and 5(a)). (iii) After peroxide
reduction, Cys61 is oxidized to sulfenic acid (SOH), which is quickly attacked by the sulfhydryl group of Cys125,
forming an intra-molecular disulfide. The loop containing Arg19* detaches, releasing the lipid with an alcohol function.
(iv) The last step involves the reduction of the disulfide by a biological reductant (dithiol) and a rearrangement of the
loop bringing the Arg back to the active site.
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moiety of the Argl9 side-chain, stabilized by a
number of additional hydrophophic interactions
(Figure 4). Remarkably, the oxygen atoms of the
peroxide function of modeled fatty acid peroxide
appear nearby Cys61l (Figure 5). After peroxide
decomposition (Figure 8(iii)), Cys61 is oxidized to
sulfenic acid (Cys-SOH), which is quickly attacked
by the sulthydryl group of the resolving cysteine
(Cys125) forming an intra-molecular disulfide. The
loop containing Argl9 detaches, releasing the
product (an alcohol derivative) and consequently,
Ohr adopts the open conformation, as seen in
DrOhr structure.'® Finally, the last step
(Figure 8(iv)) involves the reduction of the disulfide
by a redox partner and a rearrangement of the
loop, bringing the Argl9 side-chain back to the
active site. The detailed molecular mechanism
involved in this step remains to be elucidated,
since the biological partner of Ohr protein is not
known, althouéh lipoamide has been considered as
a candidate.'”

According to this model, Ohr can be over-
oxidized to sulfonic acid (Cys- SO;H) if the sulfenic
acid (Cys-SOH) intermediate reacts with two
peroxide molecules, probably in two steps. Since
the sulfenic acid of Cys61 is probably very reactive
towards Cys125, its over oxidation to sulfonic acid
should occur only when very high concentrations of
peroxide are employed, which is consistent with
our data obtained through several biochemical
assays (Table 1).

At this point, it is elucidative to compare Ohr and
OsmC structures. Four structures from three
different proteins belonging to different species
(E. coli, Mycoplasma pneumoniae and Thermus thermo-
philus) were reported.'®'”*”® The overall quarten-
ary structures are very similar, but variations can be
observed specially in the N-terminal region corre-
sponding to the loop where arginine 19 is located in
XfOhr. The N-terminal loops in OsmC proteins are
longer and contain a more extended B-strand.
Whereas Glu51 is conserved in all OsmC structures,
the function of Argl9 of XfOhr is replaced by a non-
conserved arginine residue that is located farther
away (Arg39 in E. coli).'*'”* Furthermore, other
residues in the active site of Ohr are replaced in
OsmC. As an example, OsmC presents a higher
content of aliphatic amino acids (e.g. Phe) and other
substitutions, such as tyrosine 58 and 127 of XfOhr
are replaced in OsmC for His and Val residues,
respectively. These differences, among others, are
reflected in the different shapes of OsmC and Ohr
active sites.'®'”%’

Interestingly, in the case of OsmC protein from
T. thermophilus, the reactive cysteine is also over
oxidized but in a sulfinate gCys-SOZH) instead of a
sulfonate state (Cys-SO;H). 7 In this case, one of the
oxygen atoms of the sulfinate is stabilized by two
hydrogen bonds with N" of arginine 37. In the case
of XfOhr, no evidence of sulfinic acid formation
was obtained by crystal structure and by mass
spectrometry experiments (see Supplementary
Data, Figures S1A, S2 and S3 and explanatory

text). Instead, our results indicate that the formation
and stabilization of a sulfonate is strongly favored.
Two oxygen atoms (OD1 and OD2) of the sulfony-
lated cysteine in XfOhrg, structure form H-bonds
with the N®and N™ of arginine 19, respectively. The
third oxygen atom (OD3) interacts with the sulfur of
Cys125 (Figure S1A of Supplementary Data).
Further experimental support for the strong stabil-
ization of sulfonylated cysteine came from mass
spectrometry experiments. In fact, peaks corre-
sponding to the XfOhr dimer during mass
spectrometry experiments were detected only
when this enzyme was pre-treated under con-
ditions in which the sulfonylated cysteine is
expected to form (data not shown).

The hydrophobicity of the active site (see Figure
S1B of Supplementary Data) might prevent
cysteine residues from being exposed to high
concentrations of hydrophilic peroxides, such as
H,0,, and consequently avoid over oxidation of
this residue to sulfonate state In fact, all of the
reduced cysteine residues in XfOhr were only
detected when this protein was previously
denatured by SDS (data not shown). The hydro-
phobicity of the XfOhr active site may be related to
the fact that this peroxidase is only reduced by
dithiols like DTT and DHLA but not by mono-
thiols,> because these reductants are hydrated.
Since the reduction of a disulfide bond by a
monothiol requires two molecules of reductants
whereas reduction by a dithiol requires only one
molecule, less water might need to be removed,
when compounds with two sulfhydryl groups are
utilized as substrates by XfOhr. In any case,
apparently there is no steric restraint for the
accommodation of two monothiol molecules into
the XfOhr active site as shown by molecular
modeling (data not shown). It is also possible
that this specificity relies on the higher
redox potentials of dithiols in comparison with
monothiols.

In addition to hydrophobicity, our studies also
suggested that the biological Ohr substrate/
partner can be molecules of elongated shape. In
this regard, the heterologous system containing
NADH, bovine lipoamide dehydrogenase and
lipoamide, was shown to efficiently support
XfOhr peroxidase activity. In a similar approach
described for a thiol-dependent peroxidase from
Mycobacterium turbeculosis, Bryk et al.** utilized a
system containing lipoamide bound through an
amide linkage to dihydrolipoamide succinyltrans-
ferase, which was more efficient than the heter-
ologous one. This kind of structural organization
situates the lipoamide molecule in a manner to
construct an elongated shaped arm-like structure.
The genome analysis shows that the lipoamide
containing enzymes are present in X. fastidiosa and
thus it may be a possible XfOhr reductant
systern.13

The results presented here also support the
hypothesis that peroxides derived from long chain
fatty acids can be substrates of Ohr (Figures 4
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and 5). These insights into enzyme-substrate
interaction came in part from the analysis of
XfOhr structures in complex with PEG (Figure 5).
Interestingly, electron density from a PEG molecule
was only observed in XfOhr amongst all OsmC and
Ohr structures described. DrOhr crystallization
condition contains PEG 4000,'® the same PEG
used to obtain XfOhr crystals. We believe that
because in the DrOhr structure the N-terminal Arg
loop adopts an open conformation that corresponds
to the situation of substrate release (Figure 8(iv)),
this should avoid PEG/substrate binding. In the
case of PaOhr, the catalytic cysteine residues are in
the reduced state (closed conformation), suitable for
PEG/substrate binding (Figure 8(ii)). However, the
presence of a DTT molecule in the active site might
have avoided the accommodation of a PEG
molecule, even when this precipitant was present
in the mother liquor. Finally, the absence of PEG
molecules in the OsmC structures might be related
with the differences in the shapes of their active
sites. It is noteworthy the fact that in E. coli OsmC, a
phenylalanine residue is bound to the entrance of
the active site, suggesting that the substrate of these
enzymes might be aromatic hydroperoxides,”
instead of elongated and hydrophobic molecules.
Finally, the exclusive presence of PEG in the active
site of XfOhr among all OsmC/Ohr described
structures perhaps is somehow related with the
fact that only this enzyme possesses their reactive
cysteine residues in the sulfonate state which
provoked a stronger stabilization of the closed
conformation of the Arg loop (Figure S1A of
Supplementary Data).

In cells, OHPs should be generated by oxidation
of double bonds in both mono and polyunsaturated
fatty acids. Despite that the majority of the bacterial
fatty acids are saturated, a considerable fraction of
these biomolecules are monounsaturated in certain
pathogenic bacteria.””>'. Recently, nuclear mag-
netic resonance spectroscopy studies revealed that
X. fastidiosa also possesses a large amount of oleic
(18:1), palmitoleic (16:1) and vaccenic (18:1) fatty
acids in its membrane.”” We are currently investi-
gating the reduction of peroxides derived from
unsaturated fatty acids by Ohr. Nevertheless,
preliminary results indicate that peroxide derived
from linoleic acid is reduced by XfOhr with
efficiency comparable with -BOOH, therefore, at

Table 2. Crystal parameters and data collection statistics

least one order of magnitude higher than H,O,.
Furthermore, the finding that Ohr play a central role
in the adaptive response of Xanthomonas to linoleic
hydroperoxide supports the idea that elongated
fatty acid peroxides might be the substrate of this
peroxidase."

Because Ohr proteins are exclusively present in
bacteria, most of them causative agents of disease in
animals and plants, thus they may represent
promising targets for therapeutical drugs. In this
regard, the detailed characterization of Ohr catalytic
intermediates presented here would probably be
very useful.

Materials and Methods

Crystallization and data collection

X. fastidiosa Ohr was expressed, purified and crystal-
lized as described.® In an attempt to obtain the crystal
structure of XfOhr in different oxidative states, after
purification, XfOhr was incubated with several redox
agents such as H,O,, tert-butyl hydroperoxide (t-
BOOH), diamide and DTT at different concentrations.
Afterwards, crystallization trials were performed using
the hanging-drop vapor diffusion method and crystals
were obtained from protein samples incubated with
10 mM or 0.58 mM of t-BOOH at 310K for 1h. These
treatments correspond to molecular proportions of 17
t-BOOH to 1 XfOhr and 1 t-BOOH to 1 XfOhr,
respectively. The optimal crystallization condition was
obtained with the reservoir solution consisting of 25%
(w/v) PEG 4000 and 0.1 M Tris-HCl buffer (pH 8.7).
The crystals obtained from samples treated with 10 mM
t-BOOH (XfOhrg,) reached 0.25 mmX0.25 mm X
0.05 mm after two weeks. The crystals obtained from
samples treated with 0.58 mM t-BOOH (XfOhr,,)
reached 0.20 mm X 0.20 mm X 0.05 mm after eight weeks.

The crystals, cryo-protected by 25% glycerol, were
cooled to 110 K and X-ray diffraction data were collected
using synchrotron radiation at the protein crystallo-
graphy beamline D03B at the Brazilian Synchroton
Light Laboratory. Data sets were indexed using the
program MOSFLM>* and the resulting intensities were
scaled and merged using the program SCALA*® from
the CCP4 package.” Unit cell parameters and data
collection statistics are shown in Table 2. The data for
XfOhry, have been reported by Oliveira et al.>® and are
repeated here for comparison.

Ohr crystals Ohrg,?

Ohr,,

Space group .
Unit-cell parameters (A)
Resolution limits (A)

P6522

Total no. reflections 370,764
No. unique reflections 34,330
Completeness (%) 99.9 (99.9)
Multiplicity 10.8 (11.1)
Reym (%) 7.4 (32.8)
{/a(D)) 6.2 (2.2)

a=b=287.6 and c=160.2
34.30-1.80 (1.90-1.80)

P6522

a=b=91.5 and c=157.6
79.31-2.40 (2.53-2.40)
117,837

15,924

99.9 (99.9)

7.4(7.1)

6.1 (26.7)

10.3 (2.8)

2 Qliveira et al.®
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Table 3. Refinement statistics of X. fastidiosa Ohr crystals

Ohr crystals Ohrg, Ohr,,,
Reflections
Working 32,616 15,130
Test 1714 794
Non-hydrogen atoms (except 2342 2294
waters)
No. of water molecules 256 182
Riactor/ Reree (%) 19.6/21.4 19.2/24.3
rm.s.d. values
Bonds 0.005 0.012
Angles 1.8 17
Average B factor
Main-chain 19.7 27.2
Side-chains and water molecules 24.6 28.6
Ramachandran analysis (%)
Favored regions 94.1 95.6
Additionally, allowed regions 59 44
PDB code 1ZB9 1ZB8

Structure determination and refinement

The structures were solved by molecular replacement
using the program AMoRe.*® The XfOhr, structure was
solved using the atomic coordinates of P. aeruginosa Ohr
(PDB code 1N2F) as the search model. Crystallographic
refinement was carried out using the CNS package.”
Initial model for XfOhr,,, was obtained from the XfOhrg,
coordinates. Structure refinement was performed using
the program REFMAC 5.0.° In both cases, refinement
cycles were alternated with visual inspection of the
electron density maps and model rebuilding with the
program O.*! During the final cycles water molecules
were introduced using the program Water Pick from the
CNS package for the XfOhrg, structure and ARP/wARP*
in the case of XfOhr,,, At this stage of the XfOhrp,
refinement, the F,—F. electron density map clearly
showed the presence of additional atoms when the
reactive cysteine was modeled in the reduced form
(Cys-SH), nevertheless a sulfonic acid (Cys-SO;H) also
did not fit well to the electron density after refinement.
The Cys-SOzH oxygen atoms were then refined with
occupancies varying from 0.0 to 1.0. Based on careful
analysis of the Fourier difference maps, their final
occupancies were fixed at 0.4, as the best model for the
mixture of the different oxidation states present in the
crystal (see Results). After fixing occupancies to 0.4, B
values of OD1, OD2 and OD3 were refined to 15.0, 16.0
and 17.6 A% respectively, while protein atoms around
present B-factors varied from 18.0 A> to 22.0 A% The
final models present an Rg,cior Of 0.196 (Rgree=0.214) and
Riactor Of 0.192 (Rgee=0.243) for XfOhrg, and XfOhr,,,,
respectively, with good overall stereochemistry. As
defined by the program PROCHECK® all non-glycine
and non-proline residues fall in the most favored or
additionally allowed regions of the Ramachandran plot.
Further details of refinement are presented in Table 3.
Molecular graphic Figures were generated using the
program Pymolf.

Determination of XfOhr activity by lipoamide system

An assay to measure XfOhr activity was developed
based on the ability of this enzyme to utilize lipoic acid as

t http:/ /www.pymol.org

substrate.** Using recombinant bovine lipoamide dehy-
drogenase (L-6777) and lipoamide (T-5875) from Sigma
Co. (St. Louis, MO), decay in Azsnm due to NADH
absorbance was followed in reaction mixtures that
contained 50 mM Kpi (pH 7.0), 100 pM EDTA (pH 8.0),
0.2 mM NADH, 50 pM lipoamide, 0.4 unit dihydrolipoa-
mide dehydrogenase and 0.59 uM XfOhr. Reactions were
carried out at 25°C and were initiated by addition of
peroxide at various concentrations.

The experiments that simulate the conditions to obtain
XfOhry, crystals were carried out by pre-treatment of
300 pM XfOhr with 5.1 mM t-BOOH (equivalent to 17
molecules of peroxide to 1 molecule of protein) for one
week at 4 °C. Excess of peroxide was removed by elution
in PD-10 desalting columns (Amersham Biosciences).
XfOhr was also submitted to similar pre-treatment with
H,0,. XfOhr activity was then measured by NADH
consumption under the conditions described above using
the lipoamide assay system.

Determination of sulfhydryl groups content in XfOhr

XfOhr aliquots (300 M) were pretreated for one week
at 4 °C with the following oxidants: diamide, H,O, or
t-BOOH at 17:1 stoichiometry (oxidant/protein). The
excess of oxidants was removed by PD-10 desalting
columns (Amersham Biosciences) and the amount of thiol
groups remaining in XfOhr was determined by Ellman’s
reagent (DTNB) assay, in the presence of 1% SDS.** In
addition to these measurements, sulfhydryl groups in
XfOhr were also determined after removal of the oxidants
and subsequent treatment with DTT (100 mM) for 90 min
at room temperature, to verify possible regeneration of
sulfhydryl groups in XfOhr. As a control, XfOhr was also
reduced by 100 mM DTT for 90 min at room temperature
and the excess of DTT was removed by elution in PD-10
desalting columns (Amersham Biosciences) prior to
DTNB measurements.

Electrospray ionization mass spectrometry

Protein sample solutions in 5mM Tris—-HCIl buffer
(pH 7.5) were treated with redox agents as described
above at the same concentrations for 90 min or one
week. After treatment the samples were diluted to
0.58nM and mass spectrometric experiments were
performed in a ESI quadrupole time of flight mass
spectrometer (Q-Tof Ultima API, Micromass) coupled
with a capillary HPLC system (CapLC; Micromass, UK).
For protein mass measurement experiments, the
samples (6 pl, corresponding to 3.5 nmol) were desalted
on-line using a C18 trap column (Optipak C18; Waters).
The protein was eluted from the trap column using
a 1:1 water/acetonitrile+0.1% (v/v) formic acid
solution. The protein spectra were deconvoluted
using the MaxEnt 1 program as supplied by the
manufacturer.

For the LC-MS/MS analysis, the samples were
digested with trypsin for 4h at 37°C in 50 mM
NHHCO;. The peptides (6 pl) were desalted on-line
and eluted using a gradient of 0-60% (v/v) acetonitrile
for 1h. The spectra were acquired using the Data
Directed Analysis, selecting the doubly and triply
charged peptides for MS/MS experiments. All the
MS/MS spectra were processed using the Proteinlynx
Global Server software and the MASCOT search engine
(Matrix Science, Boston).
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Protein Data Bank accession codes

The atomic coordinates have been deposited with the
RCSB Protein Data Bank and are available under
accession codes 1ZB9 (Ohry,) and 1ZB8 (Ohr,,,).
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Abstract

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

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

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

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

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

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

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

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

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

leaving group; n = nucleophilic agent.

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

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

Table 1
Properties of Thiol/disulfide oxido-reductases

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

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

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

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

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

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

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

2.2. Formation of disulfide bonds

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

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

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

2.3. Protein S-glutathionylation

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

2.4. Antioxidant defense

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

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

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

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

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

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

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

=
<

RSSR 2 RSH

C. ROOH

SH

RSSR

2 RSH

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

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

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

B. RooH ROH

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

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

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

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

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

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

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

2.5. Redox signalling

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

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

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

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

S SH s
- SH \ / /SSH s S'=Cys 199
—~

N,
SH

+ GSH/grx

S-S =Cys 199- Cys 208

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

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

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

Binds specifically
promotor of target genes

— Activates
Transcription

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

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

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

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

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

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

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

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

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

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

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

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

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

3. Conclusions

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

sulfenic acid reactions have also been implicated in some
biological processes a long time ago. Recently, thiol/sulfinic
redox chemistry has received attention in terms of redox
signaling. Therefore, the versatile redox chemistry of thiolate in
proteins has served to various biological roles as described in
this review and should be a promising research field.
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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 yGrxl, 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 yGrxl 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 yGrx1l 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.”” It 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 muotif (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).'"” 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+8SG (€) 27[~S
— | + GSH
30-SH 30FSH 30-S
e T
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.®

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 yGrxl 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 yGrx1 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 yGrx1 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 p-ME-SG (Table 2).*'*° B-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 V.« values were
determined by non-linear regression of Michaelis—
Menten plots (see Supplementary Data). yGrxl
presented higher affinity (lower apparent Ky
values) for B-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
(keat/Kpg in M1 s71) 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 p-ME-SG formation in the pre-
incubation reaction is nonenzymatic.”"*

We built secondary plots with the reciprocal
values of ViEX 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-S23A,
yGrx1-523A-Q52E, yGrx2-C30S, yGrx2-A23S and yGrx2-A23S-E52Q

pK, Cys27%
Specific activity Monobromobimane Todoacetamide

Protein (umol min ! mg B 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-S23A 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-A23S-E52Q 5442 N.D N.D

* The reaction mixture for the determination of specific activities contained 100 mM Tris-HCl pH 7.4, 6 png/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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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 y-Glu residue. The secondary-structure
elements of yGrx2 are indicated at the bottom of the figure (arrows representing p-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™ (1) [GSH] (mM) K\iPP (mM) keat (57
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 42

The reaction mixture contained 100 mM Tris-HCI, pH 7.4, 6 ng/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).'*%%2°
Nevertheless, the specific activity of yGrx2-C30S
decreased to 38+2 pmol min ' mg~ ', 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.!32829

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
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Fig. 3. Secondary plots (reciprocal values of Vit
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/ ViEE, versus
1/[GSH]

GSH
Protein Ky (mM) ket 571 keat/Kng (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 (k... 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 Grx1l
using the same approach.'>'* 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 yGrxl,
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 sulthydryl moiety should be
present mostly as thiolate under physiological
conditions.

Thiol-disulfide exchange reactions are expected to
proceed as Sn2-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,

SRpuc + 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 pM of monobromobimane at different pH
values, as described in Materials and Methods.

the lower the pK, of the leaving sulfur (SRyg), the
faster the rate will be, according to the Brensted
equation: IOg k=c+ BnucpKa(nuc) + BcpKa(c) + Blnga(lg)/
where Pn., B and Pig are the Brensted base
coefficients for the nucleophile, central group and
leaving group, respectively.g’12 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*?) 3172 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

(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 Bronsted equation applies
quite well to low molecular weight thiols,”* some
deviation occurs in proteins,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-SG
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 9.0.1* 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 yGrxl in the
reduced and glutathionylated forms (named here
as yGrxl,.q 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 [tert-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.y
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 -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 (yGrx2y)

Glutathionylated (yGrx2ss)

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)

P2,242¢
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)
{1/ o(I) 28.9 (7.8) 23.6 (4.5)
Refinement statistics

Reactor 0.198 0.196
Réree 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 4.2

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 obtained, 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 Rgee=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 +y-sulfur atoms of

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

The yGrx2,, and yGrx2gs models have very
similar tertiary structures (Fig. 5). The alignment of
the yGrx2,, and yGrx2gs 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
yGrxl and yGrx2 showing the structural alignment of
yGrxlgs (a-carbon atoms in violet; PDB code 2JAC),*
yGrx2,y (a-carbon atoms in gray) and yGrx2gg (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 B1 and the helix «2. Several residues
changed their conformation in the yGrx2gs struc-
ture, in comparison to the yGrx2,y 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,x 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.

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 yGrx2gs 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 yGrx2ss and yGrxlggs 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 yGrx2gs.
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 yGrxlgs 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 yerl22 (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,'’ Ser14 (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 yGrx1lgs. The more buried conformation of Ser30
in the yGrx2¢g 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
yGrx1l 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-S23A 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 yGrx1-523A 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 yGrx1l 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-A235-Q52E double
mutant, but not in yGrx1-S23A-E52Q (Table 1).
Consequently, it is not clear if GlIn/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 yGrx1gs 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

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
GRX1-523A, 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 GRX1-523A); 5'-CGTACTGTCCATAC-
TCTCATGCAGCCCTAAAC-3’ (forward GRX1-C30S); 5'-
GAAGTGTTTGTTGCATCCAAGACATACTGCCC-3’ (for-
ward GRX2-A23S). The mutants GRX1-S23A-Q52E and
GRX2-A235-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 TTIG 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-S23A, 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 mixed
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, yGrx1-
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-HCI, 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).2! 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 Vi values were determined by non-linear
regression of Michaelis-Menten plots. The reciprocal values
of ViEE 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 pM 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-HCI,
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 (Nexc 396 NM, Nep, 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-HCI, 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 (eygrx1=6085, €yGrxo=4470). yGrx1l and

yGrx2 (10 pM) 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 DO3B 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 t-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),** 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,y) 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. cerevisize Grx2 oxidized
and glutathionylated structures have been deposited in
the RCSB PDB with the accession codes 3D4M and 3D5J,
respectively.
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ABSTRACT

The Organic Hydroperoxide Resistance (Ohr) family of 15-kDa Cys-based, thiol-dependent peroxidases
is central to the bacterial response to stress induced by organic hydroperoxides, but not by hydrogen
peroxide. Ohr is unique in its structure and the requirement of dithiol, but not monothiols, to support its
activity. However, the physiological reducing system of Ohr has not yet been identified. Here we show
that lipoylated enzymes interact physically and functionally with this Cys-based peroxidase, whereas
thioredoxin and glutathione systems failed to support Ohr peroxidase activity. These results represent the
first description of a peroxidase that is directly reduced by lipoylated enzymes.

Keywords: cys based thiol-dependent peroxidases, antioxidant defense, organic hydroperoxide, lipoic

acid, phytopathogenic bacterium

INTRODUCTION



Release of oxidants is one of the main responses of a host against pathogens. During host-pathogen
interactions, in an attempt to kill the pathogen, plant or animal hosts generate various oxidants by
enzymatic systems (Tenhaken et al; Janssen et al, 2003; Huang et al, 2009). For instance, organic
hydroperoxides are other oxidants that can be formed by the reaction of molecular oxygen with
unsaturated fatty acids catalyzed by lipoxygenases in response to pathogen infection (Jalloul et al 2002;
Gobel et al, 2003; Montillet et al, 2002; Maeng et al, 1996). To counteract this oxidative stress,
pathogens have developed various antioxidant pathways (Wang et al, 2006; Poole, 2005). Organic
Hydroperoxide Resistance Protein (Ohr) is a Cys-based, thiol-dependent peroxidase that plays a central
role in the response of bacteria against organic peroxide-induced insult (Atichartpongkul et al, 2001). Ohr
is exclusively present in bacteria (most of them pathogenic) and possesses a unique alpha/beta fold that is
not observed in the structures of peroxiredoxin and glutathione peroxidase (Oliveira et al, 2006; Lesniak
et al, 2002). Ohr peroxidase activity requires reduction of the enzyme’s disulfide group formed upon
catalytic reduction of the organic hydroperoxide (Cussiol et al, 2003). However, the enzyme’s
physiological reducing agent has not yet been identified.

Because only dithiols, but not monothiols, can be utilized by Ohr, we and others hypothesized that lipoate
may act as a natural reducing agent of Ohr (Oliveira et al, 2006; Cussiol et al, 2003; Meunier-Jamin et al,
2004). Lipoate is a dithiol/disulfide redox compound well known to play important roles in metabolic
pathways due to its capacity to serve as a cofactor in the multienzyme complexes that catalyze the
oxidative decarboxylation of alpha-keto acids (Reed, 2001). Besides lipoylated E2 subunits, 2-ox0 acid
dehydrogenase multienzyme complexes also contain E3 subunits with dihydrolipoamide dehydrogenase
(Lpd) activity that can catalyze the redox processes between lipoylated E2 enzymes and NADH/NAD in
both reductive and oxidative directions (Bunik, 2003). Free dihydrolipoate, the reduced form of lipoate,
has also been reported to scavenge free radicals and other oxidants (Moini et al, 2002). However, the
cellular availability of lipoate is significantly lower than that of other endogenous low molecular weight
antioxidants such as GSH and ascorbic acid (Schupke et al, 2001). Here, we show that peroxidase activity
of Ohr from Xylella fastidiosa is supported by lipoylated proteins, but not by thioredoxin and glutathione

systems.



RESULTS AND DISCUSSION

Ohr interacts with lipoylated enzymes in vivo

Lipoylated proteins from X. fastidiosa, a bacterial phytopathogen, were immunoprecipitated utilizing a
polyclonal antibody specific for lipoic acid (anti-LA). Consistent with our hypothesis, we observed that
Ohr co-precipitated with lipoylated enzymes (Fig. 1a). Moreover, we observed that Ohr is present in the
extracellular fraction (or weakly attached to the cell surface) along with a protein reactive to anti-LA that
co-migrated with SucB, the E2 subunit of the a-ketoglutarate dehydrogenase complex (Fig. 1b, lanes 3, 4,
9, 10). Furthermore, another study detected Ohr and LpdA in the extracellular environment through
proteomic analyses of X. fastidiosa (Smolka et al, 2003). LpdA is an enzyme harboring its own substrate,
a lipoyl group (Hakansson & Smith, 2007).

Ohr was also found in the intracellular fraction of X. fastidiosa (Fig. 1lb, lane 2). Therefore, we
investigated whether any other lipoylated proteins were present in this compartment. Immunochemical
evidence indicated that all three lipoylated enzymes (LpdA, PDHB and SucB) predicted by the annotation
of the X. fastidiosa genome (www.xylella.Incc.br) are present in the cell lysates (Fig. 1c). Thus, in
principle, all of these proteins could support Ohr peroxidase activity in the intracellular compartment. If
this is the case, then the ability of X. fastidiosa lysates to support Ohr activity should be decreased if
lipoylated proteins were immunodepleted. In fact, the removal of lipoylated proteins from X. fastidiosa
and Escherichia coli lysates reduced the rate of NADH oxidation compared to the same preparation that
was not immunodepleted with anti-LA (Fig. 1d). The residual activity detected in the immunodepleted
lysates correlated with the presence of lipoylated proteins that were not completely removed during the

immunoprecipitation step (Supplementary Fig.1).

Lipoyl-dependent peroxidase activity of Ohr

Next, we investigated the ability of Lpd from X. fastidiosa to alternatively function as a physiological

reductant of Ohr instead of their classical function as oxidants during alpha-keto acid oxidative

3



decarboxylation. Initially, the disulfide reductase activity of recombinant Lpd from X. fastidiosa in the
presence of free lipoamide was demonstrated (Fig. 2a). We then showed that this lipoamide-dependent
system supported the peroxidase activity of Ohr (Fig. 2b). Interestingly, only Ohr, but not the other two
Cys-based peroxidases from X. fastidiosa (PrxQ and AhpC) presented lipoyl-dependent peroxidase
activity (Fig. 2b). Parallel lines were obtained in Lineweaver-Burk plots, indicating a ping-pong reaction
mechanism (Fig. 2c), as expected for other Cys-based peroxidases (Trujillo et al, 2007; Tosatto et al,
2008). Using a bi-substrate kinetic approach (Segel, 1993), K, values in the micromolar range for
lipoamide and t-BHP were obtained (Table 1, first lane; Supplementary Fig. 2). In contrast, millimolar
amounts of H,0O, are required to saturate Ohr (Fig. 2d) under non-limiting amounts of lipoamide.
Therefore, Ohr reduced t-BHP at least ten thousand times more efficiently than H,0O, (Table 1). The Ohr
active site pocket is surrounded by several hydrophobic residues (Oliveira et al, 2006; Lesniak et al,
2002), which may explain the very high K, value for H,O,. This large difference in affinities for
hydroperoxides has never been described before for other Cys-based peroxidases. Furthermore, the
catalytic efficiency of Ohr to detoxify t-BHP (10° M™. s is similar or even higher than other Cys-based
thiol peroxidases (Poole, 2005; Fourquet et al, 2008; Winterbourn & Hampton, 2008). This is the first

detailed enzymatic characterization of a Cys-based peroxidase belonging to the Ohr family of proteins.

Reconstitution of the Ohr physiological reducing system

Initially, we cloned and expressed enzymes from X. fastidiosa predicted to have lipoyl binding domains
(Supplementary Fig. 3), which include: SucB (the E2 component of 2-oxoglutarate dehydrogenase
complex), PDHB (the E2 component of pyruvate dehydrogenase complex) and LpdA. The physiological
role of LpdA is still unclear. Since its gene is located closed to genes encoding proteins of pyruvate
dehydrogenase complex, it was annotated as its E3 component. However, LpdA in Streptococcus
pneumonia is not associated with any 2 oxo-acid dehydrogenase complexes (Hakansson & Smith, 2007).
In any case, recombinant SucB, PDHB and LpdA presented disulfide reductase activity (Fig. 2a).

Then, we tested whether these lipoyl-dependent reducing systems were capable of supporting Ohr
peroxidase activity. Both SucB and PDHB promoted Ohr-dependent peroxide removal in the presence of
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Lpd. Besides that, LpdA alone or in combination with SucB or PDHB also supported Ohr peroxidase
activity (Fig. 3a). Therefore, we have reconstituted three possible pathways involved in the
decomposition of organic hydroperoxides. Traditionally, protein-associated lipoyl groups are viewed as
electron acceptors in oxidative pathways, but they can also act in reductive processes (Bunik, 2003). For
instance, lipoylated E2 from Mycobacterium tuberculosis reduces a thioredoxin-like protein (AhpD),
thereby indirectly supporting the peroxidase activity of a peroxiredoxin (AhpC) (Bryk et al, 2002).
Besides, it was also proposed that the reduced form of lipoylated enzymes could donate electrons to
ribonucleotide reductase via Grx1(Beckwith, 2009). Interestingly, the redox state of the complex-bound
lipoate is an indicator of the availability of the reaction substrates (2-oxo acid, CoA and NAD™) and thiol-
disulfide status of the medium(Bunik, 2003).

We also investigated whether other classical thiol-containing systems, well known reductants for other
Cys-based thiol peroxidases (peroxiredoxins and glutathione peroxidases), could act as alternative
electron donors to Ohr. Recombinant thioredoxin and thioredoxin reductase from X. fastidiosa (TSNC
and TRR, respectively) were obtained, and they presented disulfide reductase activity (Fig. 3b). However,
Ohr presented no peroxidase activity, even with the use of high concentrations of thioredoxin and
thioredoxin reductase (Fig. 3c). Under the same conditions, PrxQ from X. fastidiosa was active (Fig. 3c).
In fact, taking into account data from the literature, it is evident that the concentrations of thioredoxin and
thioredoxin reductase employed here were high enough to support the enzymatic activity of other Cys-
based peroxidases. (Munhoz & Netto, 2004). Some Cys-based peroxidases display peroxidase activity
supported by glutathione or glutaredoxin (Rouhier et al, 2002; Bréhelin et al, 2003). Therefore, it was
relevant to investigate whether Ohr would present such activities. We previously observed that GSH does
not support Ohr activity, even at very high concentrations (Cussiol et al, 2003). We have now verified
that glutaredoxin 1 and glutaredoxin 2 from Saccharomyces cerevisiae and glutaredoxin 1 from E. coli in
the presence of GSH and glutathione reductase (GR) do not support Ohr peroxidase activity. We did not
observe any NADPH consumption even using millimolar concentrations of GSH. Given the fact that 2
UM of lipoamide is sufficient to support Ohr peroxidase activity (Fig. 3a), the glutathione system is
probably not its physiological reductant. In conclusion, Ohr is highly specific for lipoylated enzymes
among other biological reducing systems.
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To gain further insight into the physiological relevance of the interactions of Ohr with lipoylated
enzymes, we performed bi-substrate kinetic analysis (Supplementary Fig. 2). The catalytic parameters of
Ohr that were determined relative to SucB and PDHB were similar in comparison with free lipoamide
(Table 1, Supplementary Fig. 2). Moreover, using saturating concentrations of t-BHP, we were able to
analyze the dependence of the reaction on LpdA concentration (Fig. 3d). The K, value for LpdA (13.5 =
1.9 uM) was also very similar to that obtained for SucB and PDHB (Table 1). Comparison of K, values is
difficult because the parameters for SucB and PDHB (Table 1) were calculated in a fixed concentration of
flavoenzyme (Lpd =1 uM), whereas for LpdA, the concentration of flavoenzyme present in the reaction
mixture varies according to the value indicated on the x-axis (Fig. 2d) because this enzyme possesses both
an Lpd and a lipoyl binding domain (Hakansson & Smith, 2007). To test whether the increase in
peroxidase activity could also be influenced by an increase in Lpd concentration, we performed the assay
in the presence of SucB and various concentrations of Lpd (Supplementary Fig.4). Increasing
concentrations of Lpd did not influence the activity of the system, showing that the concentration of Lpd
used in these assays was not rate-limiting.

Finally, to determine whether lipoylated enzymes are present in the cell at concentrations that make Ohr-
dependent hydroperoxide reduction Kinetically favorable, we employed semi-quantitative western blot
analysis using anti-LA. SucB was the most abundant lipoyl protein, present at micromolar concentrations
(0.9 uM). LpdA and PDHB could also be detected, although at lower concentrations (0.07 uM and 0.13
uM, respectively) (Fig. 1c). Therefore, we determined that lipoylated enzymes are present at
concentrations capable of efficiently supporting Ohr peroxidase activity in vivo since these concentrations
were in the range of the K. values determined by bi-substrate kinetic analyses. In fact, in another bacteria
(E. coli), whose cells were grown in minimal media, E1, E2 and E3 were identified as three out of the
nineteen proteins most induced by aerobic growth after anaerobiosis (Pedersen et al, 1978; Smith &
Neidhardt, 1983). Levels of lipoic acid in bacterial cytosols are also abundant (Noll, K.M. & Barber,
1988; Reed, K.E. & Cronan, 1993), making their ability to support Ohr peroxidase activity feasible.

The results presented here indicate that lipoylated proteins (SucB, PDHB and/or LpdA) are the biological
reducing agents for Ohr (Fig. 1). This is the first description of a protein endowed with lipoyl-dependent
peroxidase activity. The ability of Ohr to utilize reducing equivalents from lipoyl sulfhydryls, its unique
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structure and the fact that it is exclusively present in many types of pathogenic bacteria might represent an
unexplored microbial niche for new molecular scaffolds. This finding is relevant since antibiotic-resistant
strains of pathogenic bacteria are increasingly prevalent (Fischbach & Walsh, 2009) and several major
classes of bactericidal antibiotics operate through the production of highly deleterious hydroxyl radicals
in both Gram-negative and Gram-positive bacteria (Kohanski et al, 2007). Remarkably, lipoyl groups are
essential for parasite survival in host cells (O'Riordan et al, 2003; Allary et al, 2007) and for virulence
(Smith et al, 2002). Indeed, the utilization of lipoylated proteins for Ohr reduction represents an emerging
area of investigation (Bunik, 2003) into the likelihood that specific proteins perform multiple catalytic

functions to provide a means to regulate divergent processes with a single molecular switch.

METHODS

Disulfide reductase activity assay

The disulfide reductase activities of the reducing systems were determined using the DTNB [5, 5'-
dithiobis-(2-nitrobenzoic acid), Elman’s reagent] assay (Luthman & Holmgren, 1982). The reaction
mixtures contained 50 mM sodium phosphate (pH 7.4), 1 mM diethylenetriamine pentaacetic acid
(DTPA), 0.5 mM DTNB and 0.2 mM NAD(P)H and were carried out at 37°C and were initiated by the

addition of NADH.

Ohr peroxidase-coupled lipoamide system assay

Using recombinant Lpd or LpdA from X. fastidiosa, lipoamide or recombinant E2 enzymes from X.
fastidiosa (PDHB or SucB), decay due to NADH consumption was measured by Ass (€ = 6290 M™*.cm™).
The reaction mixtures contained 50 mM sodium phosphate (pH 7.4), 50 mM NaCl, 1 mM DTPA (pH 7.4)
and 0.2 mM NADH. All reactions were performed at 37°C and were initiated by the addition of peroxide

at various concentrations.



Immunoprecipitation of lipoic acid

Immunoprecipitation was performed as follows: 1 mg of X. fastidiosa lysate (previously
incubated for 30 min with Protein A Sepharose) were incubated with an anti-LA antibody (1:50)
overnight at 4°C. Immune complexes were then incubated with Protein A Sepharose for 4 h at 4°C
followed by centrifugation. The immunoprecipitate was washed five times with Tris-HCI buffer (20 mM),
NaCl (300 mM) and boiled with 40 uL of sample buffer containing DTT (10 mM). Electrophoresis and
transfer were performed. Blotted membranes were incubated with an anti-Ohr antibody (1:1000 in PBS-
T) overnight at 4°C. The membrane was subsequently incubated with an anti-phosphatase rabbit antibody
for one hour and proteins were detected following incubation with the BCIP/NBT phosphatase substrate

(Kirkegaard and Perry laboratories).

Supplementary information is available at EMBO reports online.
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FIGURE LEGENDS

Figure 1 In vivo interaction of Ohr with lipoylated proteins. (a) Ohr co-immunoprecipitated with
lipoylated enzymes. Proteins were precipitated with anti-LA and analyzed by western blot with anti-Ohr.
Lane 1, immunoprecipitated proteins on beads (30 pL) and lane 2, recombinant Ohr (0.1 pg). (b)
Fractions containing extracellular proteins were obtained by washing cells twice with Tris buffer. Lanes
1-4 correspond to anti-Ohr (1:1000), and lanes 6-10 correspond to anti-lipoic acid (1:5000). Lane 1, Ohr
(0.1 pg); lane 2, X. fastidiosa lysate; lane 3, supernatant first wash; lane 4, supernatant second wash; lane
5, Rainbow™ MWM; lane 6, LpdA (0.1 pg); lane 7, SucB (0.1 pg); lane 8, X. fastidiosa lysate; lane 9,
supernatant first wash; lane 10, supernatant second wash. (¢) Immunodetection of lipoate enzymes in X.
fastidiosa lysates. Lane 1, Rainbow™ MWM; lane 2, PDHB (0.1 pg); lane 3, SucB (0.1 pg); lane 4,

13



LpdA (0.1 pg); lanes 5-7, X. fastidiosa lysates (15, 10 and 5 pg, respectively). (d) Ability of
immunodepleted E. coli (Ec) and X. fastidiosa (Xf) lysates to support Ohr peroxidase activity. Bacterial
lysates (0.5 mg/ml) were incubated with NADH (0.2 mM), Ohr (1 uM), Lpd (2.5 uM) and t-BHP (0.2

mM).

Figure 2 Characterization of lipoyl-dependent peroxidase activity. (a) Disulfide reductase activity of
lipoamide systems. ® (1 uM LpdA + 0.5 uM PDHB), ¢ (1 uM Lpd + 1 uM SucB), B (1 uM lipoamide
+ 1 pM Lpd), A (1 pM LpdA), O (1 pM LpdA™), A (1 uM Lpd + 1 uM SucB™). —LA denotes
proteins whose expression was not enriched with lipoic acid. (b) Lipoamide-dependent peroxidase
activity of Cys-based thiol dependent peroxidases (0.1 uM) in the presence of free lipoamide (0.2 mM),
Lpd (0.5 uM) and t-BHP (0.2 mM). ¥ (Ohr), A (AhpC), ® (PrxQ), @ (no further addition). (c)
Lineweaver—Burk plot of the lipoamide-dependent peroxidase activity of Ohr. Lipoamide concentrations:
H (7.5 uM), A (10 uM) and ¥ (15 pM). (d) Henri-Michaelis-Menten plot for Ohr catalysis in reactions
containing Ohr (1 uM), Lpd (5 uM) and lipoamide (0.1 mM). The result is the average of three

independent experiments. Data are means + s.d.

Figure 3 Reconstitution of the Ohr physiological reducing system. (a) Ohr peroxidase activity measured
in the presence of lipoylated recombinant proteins [LpdA (2 uM), SucB (2 uM), PDHB (1 uM)] or free
lipoamide (2 puM)]. Reaction mixtures contained NADH (0.2 mM), Lpd (2 uM), Ohr (0.1 uM). (b)
Disulfide reductase activity of the thioredoxin system from X. fastidiosa. ® (5uM TSNC), € (5uM
TRR), A (5uM TRR + 5 pM TSNC). (c) Peroxidase activity of Ohr and PrxQ in the presence of the
thioredoxin system from X. fastidiosa. ¥ (5uM TRR + 5 uM TSNC + 5 uM PrxQ), ¢ (5 uM TRR + 5
MM TSNC + 10 uM Ohr). (d) Dependence of Ohr activity on LpdA concentration. Reaction mixtures as
described in “Methods” section contained Ohr (0.1 uM). The results presented in (a) and (d) are the

average of three independent experiments. Data are means + s.d.
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Figure 4 Proposed scheme for the Ohr reduction pathways. (@) The Ohr disulfide is reduced by a
lipoylated protein (LP). (b) Ohr reduction by lipoylated proteins. The arrows represent the flow of

electrons coming from NADH.
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Figure 4.
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Table 1 Kinetic constant for different Ohr substrates.

Substrate

t-BHP 14.51+0.15 17.95+7.25 2.06 x 10° + 0.08
H,0, 41720.00 + 6530.00 9.53+0.56 2.30x10° +0.20
Lipoamide 44.46 £ 0.98 90.9+4.70 2.06 x 10° + 0.08
PDHB 10.93+£0.15 9.5+0.20 0.87 x 10°+ 0.01
SucB 38.51+14.12 17.95+7.25 0.46 x 10° £ 0.02

Parameters for H,O, were obtained through a non-linear regression fit using saturating concentrations of
lipoamide. Parameters for all other substrates were obtained with the secondary plots of 1/ Vmax,,, and
1/Kmyy, versus 1/[LA]. In the case of lipoylated enzymes SucB and PDHB, LA represents the lipoic acid
covalently attached to the enzyme (1 mol of LA: 1 mol of SucB and 2 moles of LA: 1 mol of PDHB). *
indicates that parameters for t-BHP and H,O, were calculated using free lipoamide. The results are the

average of three independent experiments and represent mean + standard deviation (SD).
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