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RESUMO: Em infecc¢Bes causadas por fungos patogénicos, o estresse oxidativo/nitrosativo promovido por
células de defesa do hospedeiro e/ou pela acdo de fungicidas, é utilizado para controlar a progressdo do
patégeno. Entretanto, em individuos imunocomprometidos, infec¢gdes invasivas e linhagens resistentes aos
principais fungicidas, como por exemplo, a anfotericina B (AMB), representam um grave problema de salde
publica. A resisténcia destes patdgenos esta relacionada com difersos fatores, dentre eles, a presenca de
enzimas antioxidantes de alta eficiéncia, capazes de neutralizar os oxidantes produzidos pelo hospedeiro e pela
administracdo de fungicidas. Neste contexto, um grupo de peroxidases denominadas Peroxirredoxinas 2-Cys
tipicas (Prx 2-Cys tipicas) se destacam por decompor uma grande variedade de hidroperdxidos com alta
especificidade e eficiéncia (k = 10° — 108 M1s%), estarem distribuidas nos mais diversos ambientes celulares e
possuirem uma cisteina altamente reativa denominada cisteina peroxidasica (Cp). Apesar das Prx 2-Cys tipicas
de fungos patogénicos serem um alvo bastante atraente para o combate de infec¢6es fungicas, nenhum inibidor
de Prx 2-Cys tipicas foi caracterizado para estes organismos. Por outro lado, ja foram descritos inibidores
destas enzimas para mamiferos, dentre eles, diterpendides naturais como a Adenantina (Adn) e o JDA-202,
gue sdo capazes de inibir isoformas citosolicas das Prx 2-Cys tipicas de humanos (Prx1 e Prx2), levando a
remissdo de tumores com baixa toxicidade para células sadias. E importante ressaltar que estudos que
investigam inibidores de Prx 2-Cys tipicas nunca atentaram para uma avaliagdo comparativa com enzimas de
outros organismos. Nosso grupo de pesquisa demonstrou que a Adn é capaz de inibir as isoformas citosolicas
Tsal e Tsa2 de Saccharomyces cerevisiae, um organismo modelo para estudos bioguimicos e genéticos.
Investigacdes realizadas no &mbito deste trabalho revelaram que Tsal apresenta alta identidade com isoformas
citosolicas de leveduras patogénicas dos géneros Candida e Cryptococcus, revelando que esta levedura é um
bom modelo para estudo destes micro-organismos. Os objetivos deste trabalho residiram na busca por
compostos naturais da biota costeira de Sdo Paulo com atividade inibitoria sobre Prx 2-Cys tipicas de fungos,
utilizando como modelo Tsal de S. cerevisiae de forma comparativa com Prx2, a isoforma mais abundante de
Prx 2-Cys tipicas de humano e na utilizacdo desta levedura para ensaios in vivo do potencial fungicida dos
compostos identificados como inibidores de Tsal, assim como inibidores + fungicidas amplamente utilizados
em tratamentos clinicos (ex: AMB). Neste contexo, foram avaliadas as propriedades inibitorias da Adn, assim
como de terpendides ent-cauranos e lactonas sesquiterpenicas da biota brasileira. Nossos resultados revelaram
gue a Adn, como esperado, é capaz de inibir eficientemente a Prx2 humana e redeterminamos seu I1Csp como
2 £ 0.13 uM. Em relagcdo aos compostos naturais, nossos resultados revelaram que os compostos NC-EK2,
NC-LS1, NC-LS5, NC-HP1 e NC-ABP1 foram capazes de exercer atividade inibitéria sobre as Prx 2-Cys
tipicas por mecanismos aparentemente distintos. Também demonstramos que NC-LS5 é capaz de execer
atividade inibitoria sobre o crescimento de células de levedura. Evidéncias obtidas por SDS-PAGE indicam
que NC-LS1 é capaz de impedir a formacao de dissulfetos, o que pode ser atribuido aos sistemas carbonilicos
o, B-insaturados presentes em sua estrutura, capazes de efetuar uma adicdo de Michael com tidis das enzimas,
indicando uma inibigdo irreversivel a exemplo de Adn. Por outro lado, o composto NC-EK2 ndo possui estes
sistemas sugerindo uma inibig¢&o do tipo competitiva, entretanto, analises adicionais sdo necessarias para se
chegar a qualquer observagdo mais conclusiva. Foram realizados procedimentos de docking molecular sobre
as estruturas de Tsal e Prx2, visando um melhor entendimento das intera¢cbes moleculares entre os compostos
identificados como inibidores. Inicialmente, efetuamos as simulagdes utilizando Tsal e os inibidores Adn e
NC-LS1, onde Adn foi utilizada por ja existirem dados comparativos de docking utilizando Prx1 de humanos
e ambos sdo capazes de bloguear as cisteinas. Desta forma, para ambos 0s compostos, se esperaria resultados
positivos em regides proximas as cisteinas. Os resultados obtidos indicam que o posicionamento dos
compostos ocorreu integralmente na regido do sitio ativo proximo a Cp e que as interacdes para estabiliza¢do
dos ligantes sdo majoritarimante de carater hidrofébico envolvendo atomos das cadeias laterais dos residuos
Leu*!, Phe®, Leu'*?, Val'®’, Pro'® e Tyr’” e também das cadeias principais de Phe*, Leu!*2. A maioria dos
residuos identificados em Tsal sdo equivalentes aos residuos j& relatados na literatura, identificados por
docking em Prx1 de humanos, assim como aos residuos que interagem com um ligante cristalizado juntamente
com Tsal pelo nosso grupo de pesquisa (PDB: 3SBC), o que gera uma maior confiabilidade dos dados obtidos.
De forma geral, os resultados obtidos neste projeto representam a primeira abordagem comparativa da
atividade inibitéria de compostos naturais sobre 2-Cys Prx tipicas humana e de fungo incluindo a identificacdo
de novos compostos da biota costeira brasileira.

Palavras-chave: Peroxirredoxinas. Inibidores. Leveduras. Humanos.
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ABSTRACT: In infections caused by pathogenic fungi, oxidative/nitrosative stress promoted by host defense
cells and/or by the action of fungicides is used to control pathogen progression. However, in
immunocompromised individuals, invasive infections and strains resistant to the main fungicides, such as
amphotericin B (AMB), represent a serious public health problem. The resistance of these pathogens is related
to several factors, among them the presence of antioxidant enzymes of high efficiency, capable of neutralizing
the oxidants produced by the host and by the administration of fungicides. In this context, a group of
peroxidases called Typical 2-Cys Peroxiredoxins (Typical Prx 2-Cys) stand out for breaking down a wide
variety of hydroperoxides with high specificity and efficiency (k = 10% — 108 M-s%), being distributed in the
most diverse cellular environments and possessing a highly reactive cysteine called peroxidase cysteine (Cp).
Although the typical Prx 2-Cys of pathogenic fungi is a very attractive target for fighting fungal infections, no
inhibitors of typical Prx 2-Cys have been characterized for these organisms. On the other hand, inhibitors of
these enzymes have been described for mammals, among them natural diterpenoids such as Adenantine (Adn)
and JDA-202, which are able to inhibit cytosolic isoforms of the typical human Prx 2-Cys (Prx1 and Prx2),
leading to tumor remission with low toxicity to healthy cells. Importantly, studies investigating inhibitors of
typical Prx 2-Cys have never paid attention to a comparative evaluation with enzymes from other organisms.
Our research group has demonstrated that Adn is able to inhibit the cytosolic isoforms Tsal and Tsa2 of
Saccharomyces cerevisiae, a model organism for biochemical and genetic studies. Investigations performed
as part of this work revealed that Tsal shows high identity with cytosolic isoforms of pathogenic yeasts of the
genera Candida and Cryptococcus, revealing that this yeast is a good model for studying these microorganisms.
The objectives of this work were in the search for natural compounds from the coastal biota of Sdo Paulo with
inhibitory activity on Prx 2-Cys typical of fungi, using as model Tsal of S. cerevisiae in a comparative way
with Prx2, the most abundant isoform of Prx 2-Cys typical of human and in the use of this yeast for in vivo
assays of the fungicidal potential of the compounds identified as Tsal inhibitors, as well as inhibitors +
fungicides widely used in clinical treatments (e.g. AMB). In this context, the inhibitory properties of Adn, as
well as ent-cauranic terpenoids and sesquiterpene lactones from Brazilian biota, were evaluated. Our results
revealed that Adn, as expected, is able to efficiently inhibit human Prx2 and we redetermined its ICso as 2 +
0.13 uM. Regarding natural compounds, our results revealed that compounds NC-EK2, NC-LS1, NC-LS5,
NC-HP1 and NC-ABP1 were able to exert inhibitory activity on typical Prx 2-Cys by apparently distinct
mechanisms. We also demonstrated that NC-LS5 is able to exert inhibitory activity on yeast cell growth.
Evidence obtained by SDS-PAGE indicates that NC-LS1 is able to prevent the formation of disulfides, which
can be attributed to the carbonyl a-B-unsaturated systems present in its structure, able to effect a Michael
addition with thiols of the enzymes, indicating an irreversible inhibition like Adn. On the other hand, the NC-
EK2 compound does not have these systems suggesting a competitive type inhibition, however, further
analysis is needed to arrive at any more conclusive observation. Molecular docking procedures were performed
on the structures of Tsal and Prx2, aiming at a better understanding of the molecular interactions between the
compounds identified as inhibitors. Initially, we performed the simulations using Tsal and the inhibitors Adn
and NC-LS1, where Adn was used because there are already comparative docking data using Prx1 from
humans and both are able to block cysteines. Thus, for both compounds, one would expect positive results in
regions near the cysteines. The results obtained indicate that the positioning of the compounds occurred
entirely in the region of the active site near the Cp and that the interactions for stabilization of the ligands are
mostly of hydrophobic character involving atoms of the side chains of residues Leu*, Phe®®, Leu#?, Val'®’,
Pro'®! and Tyr’” and also of the main chains of Phe*, Leu'*2. Most of the residues identified in Tsal are
equivalent to residues already reported in the literature, identified by docking in human Prx1, as well as to
residues interacting with a ligand crystallized together with Tsal by our research group (PDB: 3SBC), which
generates a higher reliability of the obtained data. Overall, the results obtained in this project represent the first
comparative approach to the inhibitory activity of natural compounds on human and fungal 2-Cys Prx
including the identification of new compounds from the Brazilian coastal biota.

Keywords: Peroxiredoxins. Inhibitors. Yeasts. Humans.
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1. INTRODUCAO

1.1 Infeccdo por patdgenos e espécies reativas de oxigénio e nitrogénio

Quando um micro-organismo infecta seu hospedeiro, uma das estratégias de defesa contra o
patogeno é a elevada geracao de espécies reativas de oxigénio (EROs) e de nitrogénio (ERNS) por
células fagociticas, fazendo com que o patdégeno se depare com um estresse oxidativo/nitrosativo
promovido pelas células de defesa (Gutiérrez-Escobedo et al., 2020; Rocha et al, 2018). Nesta
circunstancia, ocorre a ativacdo da NADPH oxidase, também denominada fagdcito oxidase, que oxida
o NADPH e, no processo, reduz o oxigénio molecular (Oz) a radical anion superoxido (O2™)
(Halliwell e Gutteridge, 2015; Moghadam et al., 2021). O O™ sofre dismutacdo espontaneamente
com taxas de 10° M?s, ou pela enzima superdxido dismutase (Sod) com constantes de 108 M1s?,
produzindo peréxido de hidrogénio (H20.), uma molécula com grande poder de difusdo em
membranas bioldgicas, capaz de desencadear mecanismos potencialmente tdxicos para as células
(Brown et al., 2012; Halliwell e Gutteridge, 2015; Underhill e Ozinsky, 2002). Sua importancia em
processos bioldgicos também pode ser exemplificada pelo fato que recentemente foi identificado o
primeiro receptor de H>O> indicando sua participacdo em processos de sinalizacdo relacionados a
homeostase celular (Wu et al., 2020).

De fato, 0 H202 por si s6 ndo é capaz de destruir eficientemente o patdgeno, entretanto,
granulos azurofilos dos neutréfilos contém a enzima mieloperoxidase (MPO), que catalisa a reacao
entre 0 H>O: e haletos (CI"), produzindo acido hipocloroso (HOCI), um potente agente microbicida
(Winterbourn e Kettle, 2013). Adicionalmente, o H20> tambeém é convertido em radical hidroxila
(HO"), outro agente altamente microbicida, por meio de reacdes quimicas como as de Fenton e de
Haber-Weiss (Fig. 1), podendo atingir e destruir membranas celulares, proteinas e causar mutacdes

em acidos nucléicos (Halliwell e Gutteridge, 2015).

A) Reacoes de Fenton: Fe** + O,* - Fe?* + O, (reacdo 1)

Fe?* + H,0, > Fe3* + OH + HO*® (reacéo 2)
B) Reag&o de Haber-Weiss: H202 + 02" > Oz + OH + HO®

Figura 1: Representacao das reac@es de Fenton e de Harber-Weiss, capazes de promover a formacao de HO". A)
Reacdes de Fenton, onde a interagdo entre uma molécula de Fe®* com um O™ resulta na formagéo de Fe?* que, ao reagir
com H20», produz HO". B) Representacdo da reacdo de Haber-Weiss, originando HO" a partir da reacdo entre H,O2¢ O

Outra forma de defesa contra micro-organismos invasores ocorre pela producdo do radical
oxido nitrico (NO"). O NO" é gerado pela oxidagdo da arginina (Arg) na presenca da molécula de
oxigénio (0O.), sendo esta reagdo catalisada pela enzima oxido nitrico sintetase (NOS) (Fritzsche et

al., 2010; Prolo et al., 2014). Elevadas concentra¢cdes de NO* podem originar uma serie de compostos
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reativos, as ERNs. Por exemplo, a reagdo NO" com o O™ promove a formacdo de peroxinitrito
(ONOO"), um potente agente oxidante, capaz de promover danos a biomoléculas como proteinas e
DNA (Calcerrada et al., 2011; Niles et al., 2006; Saini et al., 2019).

Adicionalmente, as EROs e ERNs podem atacar diretamente &cidos graxos insaturados e
iniciar a peroxidacao lipidica (Chang e Abbott, 2006; Manevich et al., 2002; Ramana et al., 2019),
que além de gerar produtos citotoxicos (Sottero et al., 2018), atacam membranas bioldgicas,
ocasionando perda de fluidez, queda do potencial de membrana, aumento da permeabilidade ao H" e
outros ions que podem resultar na ruptura e extravasamento do contetdo celular (Alegriaet al., 2017).
Portanto, este € um processo extremamente deletério e a reducdo dos perdxidos de lipideos por
enzimas antioxidantes € um processo fundamental para a sobrevivéncia do micro-organismo (Alegria
et al., 2017; Mongkolsuk et al., 1998; Sottero et al., 2018). Neste contexto, para decompor 0s
diferentes hidroperdxidos, os patdgenos utilizam enzimas altamente eficientes como as glutationa
peroxidases (Gpx), catalases (Cat) e peroxirredoxinas (Prx) (Broxton e Culotta, 2016; Jaeger e Flohé,
2006; Oliveira et al., 2021; Rocha et al, 2018; Soares et al., 2017; Staerck et al., 2017; Upadhya et
al., 2013). No entanto, as Prx merecem destaque, pois possuem distribuicdo ubiqua entre o0s
organismos, multiplas isoformas, grande variedade de substratos, elevada eficiéncia catalitica e
abundancia intracelular, aspectos estes que serdo abordados a seguir.

1.2 Peroxirredoxinas: variedade de substratos, eficiéncia catalitica, abundéancia e classificacdo

Em contraste com as Cat, que sdo aptas a decompor somente 0 H>O>, as Prx sdo capazes de
reduzir o H2O5, peroxidos de lipideos (Lp-OOH) e peroxinitrito (Bryk et al., 2000; Netto et al., 1996;
Jacobson et al., 1989), com alta especificidade e eficiéncia (k = 10° — 108 M s1) (Cox et al., 2009;
Horta et al., 2010; Parsonage et al., 2005; Peskin et al., 2007, Truzzi et al., 2019). Em especial, 0s
Lp-OOH possuem uma estrutura mais volumosa do que os outros hidroperoxidos citados e s@o
acomodados na cavidade hidrofobica do sitio ativo das Prx, sendo decompostos eficientemente pelas
Prx (Baker et al., 2001; Longo et al., 2020; Reyes et al., 2011). Em eucariotos, estas enzimas sao
amplamente distribuidas nos compartimentos celulares, o que indica que desempenham importante
funcdo na homeostase celular. Como exemplo, em Saccharomyces cerevisiae foram descritas cinco
isoformas de Prx, distribuidas no nucleo (nTpx), mitocéndria (Prx1) e citosol (Tsal, Tsa2 e Ahpl)
(Park et al., 2000). A abundancia das Prx também merece atengdo, novamente como exemplo, Tsal
é uma das proteinas mais expressas nesta levedura contando com aproximadamente 378.000
moléculas por célula, o que representa 0.7% de todas suas proteinas soliveis (Ghaemmaghami et al.,
2003; Loberg et al., 2019).
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Estas enzimas utilizam para a decomposicdo de hidroperoxidos, um residuo de cisteina
reativo, denominado de cisteina peroxidasica (Cp) (Horta et al., 2010; Netto et al, 1996; Parsonage et
al., 2005), o que as difere das Gpx ou Cat, as quais utilizam selenocisteina ou um grupamento
prostético para a decomposi¢do dos substratos. A maioria das Prx apresenta-se como homodimeros,
porém, algumas apresentam somente a Cp, enquanto outras possuem um segundo residuo apto a
formar um dissulfeto com a Cp no decorrer do ciclo catalitico, denominado cisteina de resolucéo (Cr)
(Kang et al., 2005; Wood et al., 2003). Neste contexto, as Prx podem ser classificadas como 1-Cys, a
qual utiliza somente Cp no ciclo catalitico ou 2-Cys, quando ha a presenca da Cr. H4, ainda, uma
subdivisdo quanto as 2-Cys em tipicas e atipicas, quando o dissulfeto formado é intermolecular (entre
as cisteinas dos diferentes monémeros do dimero) ou quando o dissulfeto formado € intramolecular
(entre as cisteinas presentes na mesma cadeia polipeptidica), respectivamente (Chae et al., 1994;
Oliveira et al., 2021; Rhee, 2016).

As Prx 2-Cys tipicas representam a classe de Prx mais estudada e, normalmente, mais
abundante na célula (Kang et al., 2017). Analisando as estruturas terciaria e quaternaria destas
enzimas, pode-se observar que a Cp Se encontra na porcao terminal de uma a-hélice, favorecendo sua
desprotonacdo (tiolato, Cp-S°), estando proxima a um residuo de Arg e um de treonina/serina
(Thr/Ser), conservados universalmente entre as Prx ja descritas até 0 momento (Tairum et al., 2016).
Estes trés residuos de aminoécidos (AA) (Cp, Thr/Ser e Arg) sdo denominados de triade catalitica
(Fig. 2A) e todos apresentam grande importancia na realizacdo da catalise e manutencdo de Cp em
sua forma desprotonada (Flohé et al., 2011; Tairum et al., 2016). Durante o ciclo catalitico, a atividade
peroxidasica das Prx se inicia com o ataque de Cp-S™ a um atomo de oxigénio de um hidroperéxido,
resultando em uma clivagem heterolitica da ligagdo O-O, liberando uma molécula de 4gua (H20) no
caso do H202, com uma oxidacéo simultanea de Cp-S & Cp-SOH (cisteina &cido sulfénico) (Dalla
Tiezza et al., 2020; Ferrer-Sueta et al., 2011; Hall et al., 2010). Em seguida, ocorre uma condensacao
de Cp-SOH com Cgr-SH, no caso das Prx 2-Cys, levando a formacéo de um dissulfeto (Cp-S-S-Cr) €
liberacdo de H,O (West et al., 2018).

Em Prx 2-Cys tipicas, a distancia entre essas cisteinas é de ~10 A, sendo necessario o
desenovelamento parcial de uma a-hélice para que seja formado o dissulfeto (Fig. 2B e 2C). Neste
contexto, quando a Cp estd reduzida, a a-hélice se encontra enovelada em uma conformagéo
denominada de fully folded (FF) e, ap6s a reagdo com um hidroperoxido, ocorre o desenovelamento
parcial da a-helice e formacéo de dissulfeto, em uma conformacédo denominada locally unfolded (LU)
(Kriznik et al., 2020; Wood et al., 2003). Para que seja efetuado um novo ciclo catalitico, apds

oxidagdo de Cp, o dissulfeto formado necessita ser reduzido e esta funcdo é normalmente
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desempenhada pelo sistema Trx, composto pelas enzimas tiorredoxina (Trx) e tiorredoxina redutase
(TrxR), que utilizam elétrons provenientes do nicotinamida adenina dinucleotideo fosfato (NADPH),
a partir de uma molécula de flavina adenina dinucleotideo (FAD). A reducéo pelo sistema Trx restaura
a atividade peroxidasica das Prx, tornando-as aptas a decomposi¢do de uma nova molécula de
hidroperdxido (Discola et al., 2008; Oliveira et al., 2010; Jaeger e Flohé, 2006).

Figura 2: Triade catalitica e representacdo das alteracdes estruturais entre o estado reduzido (FF) e oxidado (LU).
A) Representacéo da triade catalitica de Prx 2-Cys tipicas composta pela Cp, Thr e Arg (Tsal de S. cerevisiae; PDB =
3SBC), onde a proteina esté representada em cartoon (vermelho) e os residuos de AA da triade catalitica por balls e sticks
e coloridos por CPK (C: rosa; O: vermelho, N: azul e S: amarelo escuro). As linhas amarelas tracejadas representam
interacBes polares com Thr e Arg responsaveis por manter o Sy de Cp desprotonado em tiolato (S°). B) Representacdo do
estado FF com as cisteinas reduzidas da proteina AhpC (Salmonella typhimurium: codigo PDB = 4MA9). C)
Representacéo do estado LU com as cisteinas oxidadas em dissulfeto intermolecular (AhpC de S. typhimurium: PDB =
1YEP). Em B e C, o dimero esta representado em cartoon com um mondmero em vermelho e o outro em verde, Cpe Cr
sdo representadas por esferas e coloridas da seguinte forma C: amarelo claro e S: amarelo escuro. As figuras foram geradas
utilizando o programa PyMOL (www.pymol.org).

1.3 Transicdes da estrutura gquaternaria

Normalmente, as Prx 2-Cys tipicas sdo consideradas como homodimeros (c2), entretanto,
diversos trabalhos demonstram que estas enzimas podem se apresentar, também, como decameros
o2(5), através da associacdo de cinco dimeros por meio da interacdo entre as interfaces diméricas
(interface D) (Fig. 3A) (Parsonage et al., 2005; Tairum et al., 2016). Ja foi demonstrado que as Prx
2-Cys tipicas se encontram como decameros quando suas cisteinas estdo reduzidas e aptas para
decompor hidroperéxidos (Fig. 3A), ao passo que a formagéo do dissulfeto resulta na dissociagcdo dos
decadmeros em dimeros (Fig. 3B) (Nelson et al., 2018; Parsonage et al., 2005; Pastor-Flores et al.,
2020; Tairum et al., 2016). Uma das possibilidades aventadas para esta associa¢do seria de uma
interacdo cooperativa entre 0os dimeros para aumentar a eficiéncia catalitica na decomposicéo de
hidroperoxidos (Parsonage et al., 2005), entretanto, existem evidéncias que estas transi¢des tambem
podem estar envolvidas com a participacdo em vias de sinalizagéo (Nelson et al., 2018; Stocker et al.,
2018).

Determinadas condi¢des podem alterar o grau oligomérico das Prx 2-Cys tipicas, a exemplo

de guando estas enzimas sdo submetidas ao estresse oxidativo, onde ocorre a hiperoxidacado de Cp-
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SOH a Cp-SO2H (cisteina &cido sulfinico), em decorréncia do ataque de uma segunda molécula de
hidroperdxido antes da formacao do dissulfeto. Neste estado, as Prx 2-Cys tipicas sdo capazes de se
associar em estruturas de alto peso molecular (High Molecular Weight - HMW) (Fig. 3C). Esta
alteracdo da estrutura quaternaria esta relacionada ao switch de funcdo peroxidase — chaperona
molecular, a qual, além de proteger a agregacéo proteica ocasionada por estresse oxidativo, também
estd envolvida na transducéo de sinal (Aran et al., 2011; Bolduc et al., 2018; Jang et al., 2004; Pastor-

Flores et al., 2020; Saccoccia et al., 2012; Tairum et al., 2021; Truzzi et al., 2019). Cabe ressaltar que

essa alteragdo estrutural so6 foi descrita para as Prx do grupo 2-Cys tipicas.

Figura 3: Diferentes estruturas quaternarias apresentadas por Prx 2-Cys tipicas. A) Estrutura de Prx 2-Cys tipica
em seu estado reduzido representado pela unido de cinco dimeros formando a estrutura do decdmero. No dimero superior
um monomero estd colorido em verde e outro em amarelo. O restante dos dimeros estdo representados em vermelho e a
interface D é evidenciada pela linha tracejada. B) Dimeros de Prx 2-Cys tipica em seu estado oxidado. C) Estrutura
esférica de complexos HMW de Prx 2-Cys tipica hiperoxidada. Para as representac@es graficas foi utilizada a coordenada
cristalograficas de Tsal de S. cerevisiae (PDB = 3SBC). As imagens foram elaboradas com o auxilio do programa PyMOL
(www.pymol.org).

1.4 Fungos patogénicos e defesas antioxidantes

Nos ultimos anos, grande atencédo é dada as infeccdes de origem viral e bacteriana, colocando
infeccBes fungicas em segundo plano (Fisher et al., 2017; Houldcroft et al., 2017; Rodrigues &
Nosanchuk, 2020). No entanto, estudos recentes demonstram que infeccdes causadas por fungos
patogénicos possuem grande impacto e representam graves riscos para as mais diversas especies de
organismos, incluindo animais e plantas, e, portanto, para cultivares, ecossistemas e a propria
biodiversidade (Doehlemann et al.,2017; Fisher et al., 2017; Géralska et al.,2018; Kohler et al., 2017,
von Lilienfeld-Toal et al., 2019). No que tange a satde humana, infecc¢des fungicas de baixa gravidade
atingem até 1.7 bilhdes de pessoas anualmente, em todo o0 mundo (Brown et al., 2012). Entretanto,
estima-se que infeccBes invasivas podem levar a morte de até um milhdo e meio de pessoas por ano
(Kim, 2016; Warris e Ballou, 2019). Estudos recentes relatam que a aspergilose pulmonar invasiva,

comumente causada pelo fungo Aspergillus fumigatus, esta associada a uma das complicacdes de
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pacientes com COVID-19, em estado grave, que necessitam de cuidados em unidades de terapia
intensiva, podendo piorar o quadro destes pacientes e suas chances de sobrevivéncia, o que revela um
grave problema de saude publica (Arastehfar et al., 2020; Bartoletti et al., 2020; Ghazanfari et al.,
2021).

Dentre os fungos patogénicos existem diversas leveduras, grupo que se apresenta
predominantemente sob forma unicelular, que muitas vezes pertencem ao microbioma saudavel, mas
que em determinadas condigfes, se comportam como agentes infecciosos de diversas doencas de
importancia para saude humana e animal (Mayer et al., 2013). De fato, mais de 90% das infec¢des
fangicas em humanos séo causadas por leveduras do género Candida (Castanheira, 2013; Pfaller et
al., 2010; Spivak et al., 2018; Turner e Butler, 2014) e ja foi demonstrado que peroxidases sao
importantes para a infeccdo e o estabelecimento destes patdgenos (Gutiérrez-Escobedo et al, 2020;
Hromatka et al., 2005; Martchenko et al., 2004). A seguir, daremos énfase ao papel das Prx 2-Cys
tipicas destes micro-organismos.

Em Candida albicans, a Prx CaTsal € altamente expressa no citosol, como ocorre em S,
cerevisiae, mas, em contraste, também é presente na superficie celular e esta envolvida com a
resisténcia ao estresse oxidativo e com o crescimento de hifas (Urban et al., 2005). Foi demonstrado
que a localizacdo extracelular de Tsal também é comum a quatro espécies patogénicas de Candida
(C. albicans, C. glabrata, C. krusei e C. parapsilosis), revelando um mecanismo comum de protecao
nestas leveduras (Ramirez-Quijas et al., 2015). Ainda, em C. glabrata, a diminuicdo da expressao de
CgTsal leva a diminuicéo significativa da viruléncia em camundongos (Saijo et al., 2010) e ja foi
demonstrado que CgTsal e CgTsa2 sdo requeridas para sobrevivéncia dos patégenos em neutréfilos
humanos e, também, que a expressao destas Prx € induzida nestas condicdes, indicando a importancia
das mesmas no processo de resisténcia as defesas do hospedeiro (Gutiérrez-Escobedo et al, 2020).

Cryptococcus neoformans e Cryptococcus gattii também representam leveduras patogénicas
a mamiferos e sdo agentes etiologicos de doencas como, por exemplo, formas de pneumonia
frequentemente fatal (criptococose), meningite basal e lesdes cerebrais denominadas de criptococoma
(Chen et al., 2014; Springer et al., 2014). Em C. neoformans, CnTsal é induzida sob estresse
oxidativo, sendo essencial para a resisténcia ao estresse gerado por H>O2, uma vez que linhagens de
C. neoformans Acntsal possuem sua viruléncia diminuida (Missall et al., 2004; Upadhya et al., 2013).
Cabe ressaltar que a delecdo do sistema redutor de CnTsal também interfere na viruléncia em cultura
de macrofagos, indicando indiretamente a importancia da Prx para a sobrevivéncia do patdgeno no

hospedeiro (Missall e Lodge, 2005), o que estd de acordo com dados recentes que indicam que
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CnTsal é capaz de elevar a expressao de seu proprio sistema redutor, aumentando a resisténcia ao
estresse oxidativo promovido pelo hospedeiro (Leipheimer et al., 2020).

Dentre os patogenos emergentes, a levedura Rhodotorula mucilaginosa é amplamente
distribuida nos mais diversos ambientes terrestres e esta relacionada a infec¢cdes como fungenemia,
peritonite, endocardite e meningite em individuos imunocomprometidos, sendo isolada, inclusive, de
pacientes com cancer (Cabral et al., 2017; Troska et al., 2017). Até o presente momento, ndo foi
demonstrado o envolvimento de ERNs ou EROs na resposta a infeccdo por R. mucilaginosa,
entretanto, em um trabalho envolvendo transcriptoma sob estresse nutricional, realizado em nosso
laboratdrio, identificamos um gene altamente expresso com grande homologia com Tsal de S.
cerevisiae (85% de identidade).

S. cerevisiae é outra levedura que merece destaque como patdgeno emergente e oportunista
(Maleb et al., 2017). Também conhecida como levedura do pdao, cerveja e vinho, é amplamente
distribuida na natureza e largamente utilizada na inddstria de panificacdo, bebidas alcoolicas,
biocombustiveis e biotecnologia (Llanos et al., 2006; Parapouli et al., 2020). Esta levedura também
é um modelo de estudos genéticos e bioquimicos em eucariotos, em razdo da facilidade de sua
manipulacéo, capacidade de utilizagdo de diferentes fontes de carbono para o crescimento de suas
células e similaridades bioquimicas e genéticas com células de mamiferos (Nielsen, 2019). Em razdo
destas caracteristicas, cinco prémios Nobel no século XX foram concedidos a pesquisadores que a
utilizaram como organismo modelo (trés em fisiologia/medicina e dois em quimica) (Hohmann,
2016).

Em diversos organismos, incluindo humanos, S. cerevisiae é encontrada na microbiota
saudavel dos tratos gastrointestinal e respiratorio e nas mucosas (Mufioz et al., 2005; Popiel et al.,
2015; Salonen et al., 2000). No entanto, nas Gltimas décadas, as infecc@es flngicas invasivas causadas
por esta levedura em humanos, normalmente em individuos imunocomprometidos, aumentaram
significativamente, incluindo linhagens resistentes aos farmacos (Davies et al., 2019; Enache-
Angoulvant e Hennequin, 2005; Johnson et al., 2008; Moraes et al., 2020; Parapouli et al., 2020;
Richardson e Lass-Florl, 2008; Tiballi et al., 1995). As condig¢des clinicas ocasionadas por esta
levedura podem variar de infecgdes superficiais simples a infecgdes sistémicas, onde a manifestacéo
mais importante € a fungemia, que se caracteriza pela presenca de fungos na corrente sanguinea, pois
geralmente é a mais grave (Belet et al., 2005; Mufioz et al., 2005; Souza et al., 2013).

S. cerevisiae possui patogenicidade inerentemente baixa, com capacidade limitada de aderir
ou romper a barreira intestinal, o que sugere que o dano local € um requisito para ocorréncia de

infecgdes sistémicas (Davies et al., 2020; Popiel et al., 2015). Alguns fatores de risco descritos para
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infeccdo sdo a imunossupressdo, 0 uso de dispositivos intravasculares, tratamento com antibidticos
de amplo espectro, cirurgias abdominais e transplantes (Belet et al., 2005; Enache-Angoulvant e
Hennequin, 2005; Hamoud et al., 2011; Olver et al., 2012; Pillai et al., 2014; Popiel et al., 2015;
Smith et al., 2002; Souza et al., 2013). Mufioz e colaboradores em 2005 relataram uma taxa de
mortalidade de 28% em pacientes imunocomprometidos com contato direto ou indireto com
probidticos a base de S. cerevisiae. Novamente, a importancia de enzimas antioxidantes em resposta
as defesas do hospedeiro também foi evidenciada em trabalho envolvendo transcriptoma de linhagens
virulentas de S. cerevisiae quando incubadas com sangue humano, onde os resultados revelam um
grande aumento da expressao de diversos genes de enzimas antioxidantes, incluindo Tsal e enzimas

de seu sistema redutor (Llopis et al., 2012).

1.5 Farmacos fungicidas levam a formacdo de EROs

Estudos recentes tém apontado que farmacos antifingicos utilizados no tratamento de
infeccdes induzem danos oxidativos que resultam na morte dos patogenos (Belenky et al., 2013; Jee
et al., 2016; Kohanski et al., 2008; Kohanski et al., 2010; Nyerges et al., 2018). De fato, farmacos
amplamente utilizados em protocolos terapéuticos para o combate aos fungos patogénicos, como a
anfotericina B (AMB) e azoles (AZL), que impedem a biossintese de ergosterol e o crescimento
celular, também induzem danos oxidativos (Ostrosky-Zeichner et al., 2010). Belenky e colaboradores
demonstraram que o tratamento com AMB ou miconazol (MCZ) eleva os niveis intracelulares de
EROs, o que esta fortemente relacionado com a morte celular de C. albicans e S. cerevisiae (Fig. 4A),
corroborando com o estresse oxidativo gerado por fagdcitos (Fig. 4B). Os autores demonstraram

também que a adicdo de H>O> é capaz de acentuar a morte celular (Ostrosky-Zeichner et al., 2010).
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Figura 4: Modo de acdo dos antifingicos comumente usados contra infecgdes invasivas e sistémicas e explosdo
oxidativa em fagocitos. A) A AMB e o MCZ sao capazes de causar distirbios metabélicos que geram o acimulo de
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EROs, que tém multiplos efeitos téxicos nas células fungicas. B) Explosdo respiratdria gerada em fagécitos como
mecanismo de defesa na eliminacdo de patégenos, onde na presenca de ions de ferro, 0 HO® pode ser formado através da
reacdo de Fenton e/ou de Haber-Weiss.

Posteriormente, foi demonstrado que a estimulacdo do aumento intracelular de O>™, utilizando
linhagens cujo os genes sod foram deletados ou através da inibicdo da enzima Sod por N-N'-
dietilditiocarbamato, eleva significativamente a morte celular de C. albicans em reposta ao tratamento
com AMB (De Cremer et al., 2016). Analises transcriptdmicas demonstraram que o tratamento de S.
cerevisiae com AMB leva a reducdo da expressao de genes de enzimas relacionadas a assimilagéo de
enxofre e enzimas de combate ao estresse oxidativo, como a Tsal (Pang et al., 2017). Além disso, a
delecdo do gene AHP1 de C. albicans diminuiu significativamente a resisténcia dessa levedura a
AMB (Truong et al., 2016) e, em fungos fitopatogénicos como o Alternaria alternata, a mutagédo
Atsal gerou uma maior sensibilidade aos fungicidas utilizados, indicando que a capacidade de
resisténcia ao estresse oxidativo corrobora para a viruléncia desse fungo (Ma et al., 2018).

De forma geral, os resultados apontam a necessidade de enzimas capazes de decompor O, e
H>02, uma vez que s&o importantes para evitar a formagao de espécies radicalares como HO’, através
de reacBes quimicas como as de Fenton e Harber Weiss (Fig. 1).Neste contexto, o blogueio de
enzimas antioxidantes por agentes quimicos € capaz de acentuar a morte celular dos patdgenos
quando submetidos a estresse oxidativo ou tratamento com antibioticos e, a utilizacdo de inibidores
destas enzimas antioxidantes € uma abordagem que tem sua importancia cada vez mais reconhecida
(Birben et al., 2012; Edlich e Lyr, 1992; Shekhova et al., 2017). No entanto, 0s hospedeiros, incluindo
0s humanos, possuem enzimas extremamente semelhantes as dos patdgenos e os inibidores acabam
sendo toxicos também para as células dos hospedeiros (Benov e Fridovich, 1994; Brennan et al.,
2015; Mishra e Imlay, 2012; Roberts e Hirst, 1996; Sugadev et al., 2011). Neste cenario, um
importante alvo seriam as Prx 2-Cys tipicas, uma vez que a identidade entre as Prx 2-Cys tipicas de
leveduras patogénicas e humanos é < 60%, possuindo diferencas, inclusive, de AA envolvidos na
ligacdo com substratos. Acreditamos que pequenas diferencas estruturais podem levar a diferencas

importantes na interacdo enzima-ligante, topico este que sera abordado a seguir.

1.6 Similaridade e identidade de Prx 2-Cys tipicas nao correspondem a redundancia funcional

S. cerevisiae possui duas isoformas citosélicas de Prx 2-Cys tipicas, denominadas Tsal e
Tsa2, que compartilham em sua estrutura primaria 86% de identidade e 96% de similaridade. Devido
a esta caracteristica, alguns autores sugerem que elas possuem funcdes redundantes (Chae et al., 1993;

Ross et al.,, 2000). Ainda que apresentem alta similaridade e identidade, existem diferencas
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significativas como abundancia (Tsal ~378.000; Tsa2 ~4.800 cdpias por célula) (Ghaemmaghami et
al., 2003), padrdo de expressao (Tsal = constitutiva; Tsa2 = induzivel) (Kim et al., 1988; Munhoz e
Netto, 2004) e pKa da Cp (Tsal = 5.4; Tsa2 = 6.3) (Ogusucu et al., 2007). No caso do pKa, cabe
ressaltar que isto significa que Tsal possui uma reatividade sobre hidroperdxidos ~10x superior a de
Tsa2. Outra diferenca fundamental, que existe entre as duas proteinas, € que em Tsal existe uma Thr
como parte da triade catalitica, a qual é naturalmente substituida por Ser em Tsa2 (Tairum et al.,
2016; Tairum et al., 2021). Entretanto, este fato sempre foi negligenciado pois ambos AA possuem
um Oy que pode estabilizar o tiolato de Cp.

No entanto, demonstramos que a substitui¢do natural de Thr por Ser em Tsal e Tsa2 é capaz
de afetar as transi¢Oes estruturais destas enzimas, uma vez que a enzima que possui naturalmente a
Thr (Tsal) transita entre decameros (reduzida) e dimeros (oxidada), enquanto que Tsa2, a qual possuli
naturalmente Ser como parte da triade catalitica, se apresenta constitutivamente decameérica. Cabe
ressaltar que substituicdes reciprocas (Thr—Ser ou Ser—Thr) revertem as caracteristicas
oligoméricas das mesmas (Tairum et al., 2016). Analises estruturais e moleculares nos levaram a
postular que uma vez que Thr se encontra intimamente associada a interface D, efetuando uma
interacdo do tipo CH--n com o residuo de Tyr’” do dimero adjacente (Fig. 5C), a transi¢do FF para
LU leva a ruptura das interacdes entre as interfaces D, levando a dissociacdo do decadmero. Por sua
vez, a presenca de uma Ser como parte da triade catalitica, em Tsa2, ndo € capaz de efetuar esta
interacdo (Fig. 5F), o que permitiria a transicdo FF—LU sem a dissociagdo do decAmero (Tairum et
al., 2016). Posteriormente, foi demonstrado que a substituicdo Thr—Ser também exerce 0 mesmo
efeito em transicdes estruturais de Prx 2-Cys tipicas de bactérias (Nelson et al., 2018). Em acordo
com nossas observacdes, a determinacdo da estrutura de Tsa2 revelou que a Ser possui maior
liberdade de movimento apresentando diferentes rotdmeros (Nielsen et al., 2016), interferindo na
desprotonacéo de Cp e influenciando nas diferencas de pKa observados entre Tsal e Tsa2.

Recentemente demonstramos que essa substituicdo €é capaz de conferir elevada
resisténcia/suscetibilidade a hiperoxidacdo de Cp e afinidade por substratos (H202 e perdxido de
cumeno - CHP) (Tairum et al., 2021). Curiosamente, esta caracteristica ndo aparenta ser conservada
em mamiferos, uma vez que ndo sdo encontradas enzimas contendo Ser na triade catalitica. Estes
resultados demonstram que diferengas estruturais aparentemente sutis podem levar a contrastes

funcionais entre as Prx 2-Cys tipicas.
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Figura 5: InteracgOes Tsal e Tsa2 na interface D. A) Homodimero Tsal representado em cartoon com um mondmero
colorido em verde e o adjacente em vermelho (PDB = 3SBC). B) Decamero de Tsal. C) Interagdo entre Thr*¢ e Tyr’" na
interface D do decamero de Tsal. Neste caso, é efetuada uma ligacdo CH--n entre os d&tomos de carbono dos AA. D)
Homodimero Tsa2 representado em cartoon com um mondmero colorido em verde e o adjacente em azul (PDB =5DVB).
E) Decamero de Tsa2. F) Interface D do decdmero, onde ndo ocorrem interagdes moleculares entre Ser* e Tyr”". Os
atomos representados por esferas foram coloridos como segue: O = vermelho, N = azul e S = laranja, os atomos de carbono
seguem a mesma tonalidade da cadeia adjacente. As representagdes gréficas foram geradas utilizando o programa PyMOL
(www.pymol.org).

1.7 Inibidores de Prx e potenciais moléculas inibitérias oriundas da biota costeira brasileira

Em humanos, a expressdo aumentada das Prx 2-Cys tipicas citosdlicas, Prx1 e Prx2, esta
relacionada com doencas genéticas como, por exemplo, o cancer (Hou et al., 2014; Lee et al., 2019;
Liu et al., 2013; Shi et al., 2017) e a busca por inibidores para estas proteinas desperta interesse
crescente (Brindisi et al., 2015; Haraldsen et al., 2009; Liu et al., 2013; Shi et al., 2017; Yang et al.,
2016; Zhao et al., 2015). Até o presente momento, doze moléculas capazes de inibir as Prx 2-Cys
tipicas foram descritas: adenantina (Adn), conoidina A, N-N-dissubstituido 3-aminometil quinolona,
triptolide, celastrol, withaferina A, AMRI-59, H7, JDA-202, frenolicina B, parvifolina AA (PAA) e
um ruténio organometalico (Fig. 6) (Brindisi et al., 2015; Haraldsen et al., 2009; Lin et al., 2019; Liu
et al., 2012; Shi et al., 2017; Wei et al., 2016; Yang et al., 2016; Ye et al., 2019; Zhu et al., 2019).
Dentre eles, 0 JDA-202 e a Adn sédo diterpendides pertencentes a classe dos ent-cauranicos, mas

somente a Adn esta disponivel comercialmente.
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Figura 6: Estruturas quimicas de inibidores de Prx2 2-Cys tipicas. Adn (A), Conoidina A (B), N-N-disubstituido 3-
aminometil quinolona (C), Triptolide (D), Celastrol (E), Withaferina A (F), AMRI-59 (G), JDA-202 (H), H7 (I), PAA
(J), Frenolicina B (K) e ruténio organometalico (L3).

Resultados promissores revelam que o tratamento com Adn, diterpendide natural isolado de
Isodon adenanthus, in vitro em células tumorais de leucemia miel6ide aguda, € capaz de induzir a
diferenciacdo de células neoplasicas em células miel6ides pela via de H20,-ERK1/2-C/EBPb, ou
mesmo promover a apoptose das células tumorais (Liu et al., 2012). Estudos posteriores in vitro,
demonstraram que a utilizacdo da Adn é capaz de promover apoptose de hepatocarcinomas, e sua
administracao in vivo em camundongos contendo xenoenxertos de hepatocarcinomas humanos leva
a regressdo tumoral, com reduzidos efeitos colaterais (Hou et al., 2014). Mais recentemente, foi
demonstrado que Adn é capaz de atuar sobre células tumorais pulmonares, causando apoptose e/ou
promovendo a diferenciacdo de células leucémicas (Hu et al., 2019; Mo et al., 2019), e, também,
promove efetivamente a morte de linhagens celulares de leucemia linfoblastica aguda precursora de
células B (Fidyt et al., 2019).

O composto JDA-202, diterpenoide natural isolado de Isodon rubescens, possui forte
atividade antiproliferativa em linhagens tumorais de células de eséfago (Shi et al., 2017), inibindo a
atividade de Prx1 in vitro e induzindo significativamente a morte celular. Adicionalmente, os
pesquisadores demonstraram que JDA-202 inibiu consideravelmente o crescimento de xenoenxerto
(38.3%) de tumor na linhagem em camundongos, sem a perda significativa de massa corporal e
toxicidades aos 6rgdos no final do tratamento com JDA-202 (Shi et al., 2017). Foi demonstrado que
tanto JDA-202 quanto Adn se ligam as cisteinas de Prx 2-Cys tipicas, atuando como aceptores de

Michael em uma reacdo de adigdo entre um sistema carbonilico o,p-insaturado da Adn e o Sy das
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cisteinas de Prx1 e Prx2, impedindo a formacéo do dissulfeto intermolecular (Liu et al., 2012; Liu et
al., 2013; Shi etal., 2017; Soethoudt et al., 2014). E importante ressaltar que a Prx1 e Prx2 de humanos
(e de mamiferos de forma geral) sdo altamente semelhantes, apresentando 91% de similaridade e 78%
identidade. No entanto, ocorre a inibigdo diferencial de Prx1 e Prx2, tanto por JDA-202, quanto Adn.
Ainda, os resultados obtidos revelam que o 1Cso do composto JDA-202, possui uma afinidade ~10x
mais acentuada para Prx1, quando comparado com Prx2 (5.3 £ 0.7 e 49.2 £ 1.7 uM, respectivamente),
similar ao determinado para Adn (1.5 e 15 pM, respectivamente) (Liu et al., 2012; Shi et al., 2017).

Recentemente, outro composto natural pertencente a classe dos ent-cauranos foi relatado
como inibidor de Prx1/Prx2 de humanos, a PAA, diterpendide também isolado de Isodon rubescens
(Zhu et al., 2019). Foi demonstrado que a PAA ao inibir a atividade de Prx1 e Prx2 se ligando
covalentemente a cisteina, ativa a via ROS/ERK e aumenta a lise tumoral mediada por células Natural
Killer (NK), por regulacio positiva dos ligantes NKG2D em células de carcinoma hepatocelular. E
importante ressaltar que os ensaios foram realizados in vivo e ndo foram observados niveis
aumentados de NKG2D em células sadias do figado, indicando uma especificidade de PAA com as
células tumorais. Além disso, também foi investigada a acdo da Adn na regulacdo da expressdo dos
ligantes NKG2D em células de hepatocarcinoma celular e os resultados demonstraram efeitos
semelhantes a PAA, sugerindo um papel importante da classe dos ent-caurédnos na regulacdo da
resposta imune mediada por células NK (Zhu et al., 2019).

Apesar de inibidores terem sido identificados para Prx 2-Cys tipicas de humanos, nenhum
deles havia sido utilizado para avaliar a inibicdo sobre enzimas de leveduras. Neste contexto, durante
0 mestrado de Melina C. Santos (pesquisadora de nosso grupo), foi investigada a possibilidade de
Adn inibir diferencialmente Tsal, que possui Thr como parte da triade catalitica, e Tsa2, que possui
Ser. Os resultados demonstraram que Tsa2 sofre inibicdo significativamente maior quando
comparada com Tsal e, ao utilizar o mutante Tsal™4S, para avaliar se a substituicio Thr—Ser estava
envolvida nestas diferencas, os resultados revelaram que a enzima se tornou muito mais suscetivel a
inibicdo por Adn.

E importante ressaltar que estudos envolvendo a inibi¢do de Prx 2-Cys tipicas de leveduras
ndo estdo disponiveis na literatura e, estudos comparativos avaliando a inibicdo de enzimas de
levedura e humanos ainda ndo foram efetuados. De fato, existe a possibilidade que uma mesma
molécula identificada para a remissao de tumores (e.g. Adn), possa apresentar propriedades inibitérias
mais acentuadas para Prx 2-Cys tipicas de outros organismos (e.g. patogenos), devido a

peculiaridades estruturais das proteinas, o que tornaria sua utilizacdo possivel para outras finalidades
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terapéuticas. Além disso, a identificacdo de potenciais moléculas inibitorias oriundas da biota

floristica brasileira valoriza a nossa biodiversidade.
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2. OBJETIVOS

Os objetivos deste trabalho residem na avaliagdo comparativa do potencial inibitorio de
moléculas naturais pertencentes a classe dos terpendides ent-cauranicos e lactonas sesquiterpénicas
oriundas da biota floristica brasileira, sobre a Prx 2-Cys tipica fungica Tsal de S. cerevisiae e Prx2
de Homo sapiens, uso de ferramentas in silico para analisar a ligacdo dos potenciais inibidores as
enzimas e analise de seus efeitos citotoxicos em cultura de células de levedura.
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3. MATERIAIS E METODOS

3.1 Reagentes: Os reagentes utilizados no presente trabalho foram adquiridos junto a Merck

Millipore, Sigma Aldrich, Thermo Scientific e GE Helthcare.
3.2 Moléculas para avaliacdo da atividade inibitoria sobre Tsal e Prx2: As moléculas utilizadas

neste trabalho foram obtidas da biodiversidade floristica do estado de Sdo Paulo através da extracao,
purificacdo e selecdo realizada pelas equipes dos professores Dr. Jodo Henrique Guilhardi Lago e Dr.
Rodrigo L.O.R. Cunha do CCNH da Universidade Federal do ABC. Em sintese, apds coleta e
processamento do material vegetal, as substancias foram purificadas através de técnicas
cromatograficas e suas estruturas definidas através de analise espectral envolvendo RMN
(ressonancia magnética nuclear) e EM (espectrometria de massas). O grau de pureza dos compostos
foi de 95%.

3.3 Meios de cultura: Bactérias: Meio de cultura Luria-Bertani (LB): 1% triptona; 0,5% extrato de
levedura (YE);0,5% NaCl; meio de cultura Super Optimal Broth (SOC): 2% triptona; 0,5% YE;
0,058% NaCl; 0,018% KCI; [glicose] final de 20mM; pH 7; ampicilina (Amp) 100 pg/mL;
Leveduras: YPD: extrato de levedura 1%, peptona 2% e glicose 2%; Meio Sintético: 0.17 % de YNB,
0.5% de (NH4)2S0a4, 2% de glicose e 1.3g/L de “dropout powders”. SC: 0.67% yeast nitrogen base
(sem AA e com sulfato de amonia), 2% da fonte de carbono (e.g. glicose ou rafinose), 0.01% (adenina,

Arg, cisteina, leucina, lisina, Thr, triptofano, uracila), 0.005% (acido aspartico, histidina, isoleucina,
methionina, fenilalanina, prolina, Ser, tirosina, valina). SD (Sabouraud Dextrose): Para 1 L de cultura
40 g de glicose e 10 g de peptona (pH = 5.6). *Os meios de cultura sélidos foram preparados
adicionando-se &gar para concentracdofinal de 2%.

3.4 Linhagens: E. coli DH5aF’ - F’ (Z80dlacZ (lacZ)AdnS5) (lacZYA-argF)U169 recAl endAl
hsdR17 (r’, mc*); DH10B — Fmcrd A (mrr-hsdRMS-mcrBC) f80dlacZAAdn5 AlacX74 deoR recAl
endAl araA139 D (ara, leu) 7697 galK1 rpsLnupG; BL21(DE3) - [F",amp T, hsdSp (rs'my’), gal, dcm
(DE3) (Novagen); B84 DE3 [F, metamp T-, hsdSp (rs'mp’), gal, dcm (DE3); S. cerevisiae BY4741 -
Mat a; His3A1; Leu2A0; Met15A0:Ura3A0.

3.5 Mini preparacdo plasmidial: A metodologia utilizada para extra¢do de todos os plasmideos deste

estudo foi por lise alcalina, descrita Ausubel e colaboradores (Ausubel et al., 1998).

3.6 Plasmideos de expressdo e genes de proteinas alvo: Os genes das proteinas alvo deste estudo

foram clonados em plasmideos para expressdo em bactérias como segue: pET28pp/tsal,
pET28a/prx2, pPPROEX/trrl e pET17b/trx1.
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3.7 Preparacdo e transformacdo de bactérias eletrocompetentes: Os procedimentos para a

preparacdo e transformacédo de bactérias eletrocompetentes foram realizados de acordo Ausubel e
colaboradores (Ausubel et al., 1998).
3.8 Expressao e purificacdo de proteinas recombinantes: Inicialmente, linhagens de E. coli com 0s

plasmideos de expressdo contendo os genes de interesse foram cultivadas em 20 mL de meio LB
contendo 200pg/ml de Amp ou 30ug/ml de canamicina (Kan) a 37°C/16hs/250rpm em agitador
orbital. Em seguida, a cultura foi transferida para 500 ml de meio LB e cultivada até ODsoo = 0,6.
Nesse estagio, foi adicionado IPTG a fim de atingir a concentracéo final de 300 uM, desejada na
cultura celular. Apds o periodo de inducdo, o cultivo foi centrifugado a 4°C/20min/5000rpm e
ressuspendido em tampdo Tris 50 mM — NaCl 500 mM, pH = 7.4. As células foram rompidas por 15
ciclos de sonicacdo com 30% de amplitude e tratadas com sulfato de estreptomicina para a remocao
dos acidos nucléicos (concentracao final = 10%) por 20 minutos. Posteriormente, foi efetuada nova
centrifugacdo (45min/4°C/12000rpm), o precipitado foi descartado e foram coletados somente 0s
extratos celulares proteicos livres de acidos nucléicos. As proteinas de S. cerevisiae (Tsal e TrxR1)
e de H. sapiens, (Prx2), contendo cauda de histidina (inseridas pelos plasmideos de expressao) foram
purificadas por cromatografia de afinidade em colunas Hi-Trap (Amersham - GE Healthcare) ou
TALON (Amersham - GE Healthcare) em gradiente de imidazol. Para a proteina Trx1 de S.
cerevisiae, expressa no plasmideo pET17b, que ndo insere cauda de histidinas, foi utilizada a
purificacdo através de fervura (boiling method) descrito por Porqué e colaboradores (Porqué et al.,
1977).

3.9 Quantificacdo __de proteinas: As proteinas purificadas foram quantificadas

espectrofotometricamente, a 280 nm, utilizando o coeficiente de extingdo molar especifico de cada
uma, sendo 24075 Mt cm™? para Tsal e 21555 M cm™ para Prx2, obtido através da ferramenta

ProtParam (http://web.expasy.org/protparam/).

3.10 Determinacdo_da atividade antioxidante: Para a determinacdo de inibicdo por moléeculas

bioativas da atividade tiol peroxidasica de Tsal e Prx2, utilizou-se o0 ensaio de oxidacdo do NADPH,
onde a Prx é incubada com H20> e o sistema Trx, composto por Trx1, TrxR e NADPH. A enzima Prx
decompde o H20,, levando a oxidacdo do NADPH por TrxR para que possa haver um novo ciclo
catalitico, e essa oxidacdo pode ser medida espectrofotometricamente a 340 nm. Para a realizacdo
deste ensaio seguimos protocolos previamente determinados pelo nosso grupo (Tairum et al., 2012).

3.11 Determinacao da I1Cso: Para moléculas que apresentaram atividade inibitdria sobre Tsal e Prx2

foi definido o 1Cso (concentragéo inibitoria dos compostos necessaria para reduzir em 50% a atividade

enzimatica), baseado na dose-resposta utilizando o programa GraphPadPrism 4.02.
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3.12 Analise da ligacdo de compostos as enzimas por SDS-PAGE: A ligacdo dos compostos as

cisteinas cataliticas de Tsal e Prx2, evidenciada pela inibicdo da formacdo do dissulfeto
intermolecular, foi avaliada através de anélise em SDS-PAGE néo redutor. Para tanto, as proteinas
foram inicialmente reduzidas com 5 mM de DTT por 1 hora a temperatura ambiente. A seguir, 0
excesso de DTT foi retirado atraves de dessalinizacdo em coluna PD-10 (GE Healthcare) e as
proteinas foram quantificadas a 280 nm pelo coeficiente de extingdo molar. Posteriormente, 10 uM
da enzima foi incubada com concentracbes crescentes dos compostos por 1 hora a temperatura
ambiente e entdo, tratada com 2 equivalentes molares de H>O2 por mais 30 minutos. As reagdes foram
paralisadas pela adicdo de stop buffer (50 MM N-etilmaleimida em solugdo 4% SDS; glicerol 10%;
62,5 mM tris-HCI pH 6,8) e aplicadas em SDS-PAGE.

3.13 Analises computacionais da estrutura primaria e terciaria/quaternaria de Prx 2-Cys tipicas:

Os alinhamentos de AA foram efetuados pelo programa Clustal Q (Sievers et al., 2011), utilizando
sequéncias depositadas no banco de dados Uniprot (www.uniprot.org), e as representacdes graficas
utilizando o programa Jalview (Waterhouse et al., 2009). As coordenadas de estruturas proteicas
foram obtidas junto ao Protein Data Bank (www.rcsbh.pdb.org) e as analises de estruturas foram

efetuadas utilizando os programas Coot (Emsley et al., 2010) e PyMOL (www.pymol.org).

3.14 Ensaios de citotoxicidade sobre células de levedura: Foram utilizados métodos de diluicdo em

placa para testar niveis inibitorios de compostos bioativos através da inoculacdo de cultura (10°
células de células de levedura/mL) em meio YPD com dilui¢bes em série das moléculas (Belenky et
al., 2013). Também foi testado o efeito de compostos identificados como inibidores de Tsal de
levedura em conjunto com o farmaco AMB (Sigma Aldrich, cat. num. A9528), largamente utilizado
no combate a fungos patogénicos.

A AMB foi testada em combinagdo com cada molécula identificada como inibidor de Tsal para
inibicdo do crescimento de S. cerevisiae em culturas liquidas. Linhagens de S. cerevisiae (BY4741)
foram estriadas em meio YPD-4gar por 42 horas a 30°C. Em seguida, colénias morfologicamente
semelhantes foram diluidas em salina 0.9% e a suspenséo de célula foi diluida para ODegoo= 0,4. Em
microplaca foram feitas as dilui¢Bes seriais de YPD + compostos e, em seguida, a suspensao celular
foi adicionada a uma concentragdo final de 10® UFC/mL. Todas as drogas foram adicionadas em
concentragdes iguais as de MIC2s (concentracgdo inibitoria minima capaz de aniquilar 25% dos micro-
organismos) e as taxas de crescimento foram medidas na presenca e auséncia de compostos bioativos
ou em combinagdo com o farmaco antifangico. A densidade celular foi acompanhada de 0 a 21 horas
para monitorar as taxas de crescimento pela determinacdo da absorbancia a 600 nm em leitora de
microplaca (Carry60 - Agilent Technologies). A inibicdo em cada concentracdo de farmaco foi
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monitorada em triplicata.

Uma vez que todos os agentes antifungicos utilizados foram dissolvidos em DMSO, a mesma
quantidade foi utilizada no controle negativo. Contagens de células vidveis foram monitoradas pela
técnica de pour-plate moléculas (Belenky et al., 2013).

3.15 Docking molecular_dos compostos naturais com Tsal e Prx2: As analises da ligacdo dos

compostos as estruturas de Prx2 e Tsal, foram executadas por meio de docking molecular utilizando
0 programa AutoDock Vina (Trott & Olson, 2010) em uma adaptacdo da metodologia proposta por
Forli e colaboradores (2016). As estruturas cristalogréaficas de ambas as enzimas utilizadas como
modelo de estudo neste trabalho ja foram determinadas e as coordenadas cristalograficas foram
obtidas junto ao Protein Data bank (codigos de PDB: Tsal=3SBC e Prx2=1QMYV). As coordenadas
dos compostos (CID: Adn = 15011073 e NC-LS1 = 66551442) foram obtidas pelo PubChem
(https://pubchem.ncbi.nim.nih.gov/) e dos compostos NC-EK2 e NC-ABP1 foram construidas

utilizando o software MolView (https://molview.org/). Uma vez que para 0os procedimentos de
docking é necessario utilizar as coordenadas para proteina nativa (sem mutagdes ou modificacdes pds
traducionais), foram executadas alteracdes tanto pra Tsal, cuja a estrutura determinada é de um
mutante onde Cp foi mutada por Ser, quanto para Prx2, onde nesta estrutura Cp se encontra
hiperoxidada (sulfinilada = Cp-SO3). Portanto, os AA modificados foram substituidos por cisteinas

com o auxilio do programa PyMOL (www.pymol.org). Adicionalmente, em razdo das limitacGes de

processamento de dados devido ao tamanho das proteinas (os decdmeros possuem cerca de 2.000
residuos de AA), as proteinas foram submetidas ao docking na forma de tetrameros, uma vez que
estudos estruturais demonstram que o sitio ativo das Prx 2-Cys tipicas se localiza na interface dos
dimeros do decadmero (Schroder et al., 2000; Tairum et al., 2012; Tairum et al., 2016). Para 0s
procedimentos de docking, os tetrameros foram previamente preparados utilizando o programa

Chimera (www.cgl.ucsf.edu/chimera) e para analises de resultados e representacfes graficas das

interacdes foram utilizados os programas PyMOL (https://pymol.org/2/), e Discovery Studio
(BIOVIA, DS, 2015).
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4. RESULTADOS E DISCUSSAO

4.1 Compostos naturais

Os compostos naturais utilizados neste estudo sdo oriundos de espécies vegetais coletadas na
mata atlantica paulista e foram fornecidos pelos professores Dr. Jodo Henrique Ghilardi Lago e Dr.
Rodrigo L.O.R. Cunha do CCNH da Universidade Federal do ABC. Foram isolados compostos
naturais (ent-cauranos e lactonas) de Baccharis retusa, Pentacalia desiderabilis, Nectandra cupidata
e Porcelia macrocarpa (Fig. 7), onde a presenca de um esqueleto cauranico similar a Adn ou a
presenca de sistemas conjugados carbonilicos o,B-insaturados nortearam a selecdo dos compostos
utilizados neste trabalho. Portanto, parte dos compostos sdo capazes de efetuar reacdo de Michael
com Cp de Prx, como descrito para a Adn e JDA-202 (Liu et al., 2012; Shi et al., 2017), enquanto
outras ndo possuem a presenca de sistemas conjugados carbonilicos a,B-insaturados, de forma a
avaliar a importancia de aspectos como hidrofobicidade, na inibicdo de Prx 2-Cys tipicas. Apesar de
possuirem, em comum, anéis aromaticos, 0s compostos apresentam estruturas distintas, o que auxilia

em um maior entendimento da ligacdo de inibidores nas Prx 2-Cys tipicas.
A) HC

ch/i H
07 “OH

Figura 7: Estrutura dos compostos naturais, isolados da biota floristica de Sdo Paulo, selecionados para o
desenvolvimento do estudo. A) &cido caurendico de Baccharis retusa (NC-EK1) (MW=302.7); B) acido 15-senecioloxi-
caurendico de Baccharis retusa (NC-EK2) (MW=400.4); C) caleina C de Calea pinnatifidae (NC-LS1) (MW=420.4); D)
acetogenina de Porcelia macrocarpa (NC-LS2) (MW=425.0); E) NC-HP1 (hidroquinonina prenilada — MW = 260
g/mol); F) NC-ABP1 (&cido benzoico prenilado — MW = 288 g/mol); G) NC-LS5 (lactona sesquiterpénica — MW = 234
g/mol); H) NC-LG1 (lignana — MW = 326 g/mol); I) acido cdstico de Nectandra cupidata (NC-CA1) (MW=234.3) e J)
jacaranona de Pentacalia desiderabilis (NC-LS3) (MW=182.1).

4.2 Padronizacdo da expressao e purificacao de Tsal e Prx2

As proteinas Tsal de S. cerevisiae e Prx2 de H. sapiens foram expressas e purificadas por

cromatografia de afinidade por ions metalicos imobilizados (IMAC) em gradiente de imidazol (se¢ao

33



UNIVERSIDADE ESTADUAL PAULISTA jpunesp

AVA
AVAVAY ’
uneSp it «JULIO DE MESQUITA FILHO” &*"ﬁ IB-CLP

Instituto de Biociéncias
Campus do Litoral Paulista

Materiais e Métodos). A partir de um litro de cultura, foi possivel obter em média ~14.0 mg para Tsal

e ~5.0 mg para Prx2, todas com alto grau de pureza (> 95%) (Fig. 8).

N S, oS8

L & 58

S L LS 4y

97,4 kDa ==

66,2 kDa s -~
45 kDa W g
31 kDa s -

Figura 8: SDS-PAGE contendo os resultados da purificagdo de Tsal de S. cerevisiae e Prx2 de H. sapiens pelo
método de IMAC. As aliquotas da purificagdo foram obtidas em gradiente de imidazol (0-500 mM), aplicadas em gel de
poliacrilamida 12% e coradas com coomassie blue. Marcador de peso molecular aplicado: molecular weight marker (Bio-
Rad), representado por MPM; FPS = fragdo proteica soltvel; FPI = fragdo proteica insolGvel. A) Tsal de S. cerevisiae
clonada em pET-28pp e expressa na linhagem de E. coli Tuner (DE3) e B) Prx2 de H. sapiens clonada em pET28b e
expressa em BL21 (DE3).

4.3 Avaliacdo da inibicdo e ligacdo de compostos naturais a Prx 2-Cys tipicas de S. cerevisiae e H.

sapiens

Uma vez que as enzimas foram expressas e purificadas, iniciamos a padronizacao das metodologias
para avaliacdo do potencial inibitério dos compostos naturais. Inicialmente, utilizamos a metodologia
do ensaio de oxidacdo do DTT, tendo como controle de inibicdo a iodoacetamida (IAA), um
alquilante amplamente utilizado para bloquear cisteinas e neutralizar a formacéo de dissulfetos ou a
atividade enzimatica (Hansen et al., 2009) e o inibidor Adn, na mesma concentragdo utilizada por Liu
e colaboradores de 20 equivalentes molares (Liu et al., 2012). Nas condicdes testadas, nossos
resultados indicam que Adn possui maior potencial inibitério sobre a Tsal (47.7 + 2.1% de inibicéo,
Fig. 9) quando comparada com Prx2 (28.4% =+ 5.5%, Fig. 9), este resultado nos parece importante,
uma vez que a baixa citotoxicidade de Adn em células sadias de mamiferos pode permitir sua
utilizacdo para o tratamento de infecgégs fangicas.

¥
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Figura 9: Ensaio de oxidagdo do DTT para avaliagdo comparativa inibitéria da Adn sobre Tsal de S. cerevisiae e
Prx2 de H. sapiens. A atividade peroxidasica foi monitorada através da oxidagdo do DTT, que absorve a 310 nm, e 0s
dados foram plotados apds 10 minutos de reacdo. Nas reacdes, as enzimas foram previamente reduzidas com 5 mM de

34



UNIVERSIDADE ESTADUAL PAULISTA jpunesp

AVA
AVAVAY P
uneSp it «JULIO DE MESQUITA FILHO” »‘rqﬁ IB-CLP

Instituto de Biociéncias
Campus do Litoral Paulista

DTT/1h/30°C e o DTT foi removido por filtracdo em gel utilizando a coluna PD10 (GE heathcare). Em seguida, as
enzimas Tsal e Prx2 foram tratadas com 20 equivalentes molares de IAA e Adn por 1h e dessalinizadas, para a remogéo
do excesso de ligante. As reacfes consistiram de: DTT 10 mM, CHP 2 mM e tampdo HEPES 50 mM e foram executadas
a 30 °C. Barras azuis = Prx2 e vermelhas = Tsal; CP = controle positivo (sem adicdo de compostos).

Embora o ensaio de oxidacdo do DTT seja um método relativamente rapido e simples para se
obter uma avaliagdo da capacidade inibitdria dos compostos, hd algumas limitacGes na técnica, onde
o DTT néo reduz somente as Prx, este composto também reduz o hidroperoxido utilizado, apesar
deste artefato estar sendo minimizado com o uso de hidroperédxido organico (CHP) (Tairum et al.,
2012). Além disso, no inicio da reacdo hd uma variacdo de absorbancia abaixo da faixa de
confiabilidade do espectro (< 0,1), dificultando a credibilidade dos dados obtidos de comparacéo
entre as velocidades iniciais da reagdo. Uma vez que muitos estudos publicados sobre inibidores das
Prx 2-Cys tipicas utilizaram a metodologia do ensaio acoplado de oxidacdo do NADPH (Liu et
al.,2012; Wei et al., 2016; Yang et al., 2016; Zhu et al., 2019), optamos por padroniza-la para fins
comparativos, pois apesar de ser mais trabalhosa, no sentido de necessitar da expressdo de trés
enzimas distintas, € mais confidvel, com uma variacdo da absorbancia significativamente maior do
que o ensaio de oxidacdo do DTT. Neste contexto, novamente a Adn foi utilizada para a padronizacao
da metodologia (Fig. 10), utilizando o sistema redutor de S. cerevisiae para Prx2 e Tsal e, como
controle de inibicdo, utilizamos o N-etilmaleimida (NEM), um composto reativo aos tiois,
amplamente utilizado para bloguear (alquilar) cisteinas e neutralizar a formacéo de dissulfetos ou a

atividade enzimaética (Gorin et al., 1966).

A) s B)
o 150
140
2 B9 = 100
: 20 —
T 120 E
% 110 Z
=z V0 Prx2 = 0,191 (£0,019) S 509 VoTaal - 0.648 (:0.013)
100 Vo prx2 + Adn 30 eq. - 0,012 (<0,002) V0 Tsal + Adn 30 eq. = 0,107 (£0,025)
90| YO P2+ Adn 10 eq= 0,014 (=0.011) V0 Tsal + Adn 10 eq= 0,245 (£0,013)
T T T T T 0 T T T T T
0 1 2 3 4 5 0 1 2 3 4 S
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Figura 10: Ensaio de oxidagdo de NADPH com Prx2 e Tsal pré-tratadas com Adn. Prx2 (A) e Tsal (B) reduzidas
foram tratadas com 10 (A ) e 30 (V) equivalentes molares de Adn por uma hora a temperatura ambiente, e posteriormente
dessalinizadas para a retirada do excesso do ligante. As reacdes contendo 0,6 pM da proteina tratada, ScTrx1 (5 uM),
ScTrxR (0,08 uM), NADPH (150 pM), HEPES (50 mM, pH=7.0), DTPA (100 uM) e azida sodica (1 mM) foram pré-
incubadas a 30°C por 3 minutos, iniciadas pela adi¢do de 100 pM de H,O, (Prx2) ou 500 pM de H,O, (Tsal) e monitoradas
espectrofotometricamente a 340nm, 30°C, por 5 minutos. Controle positivo (A): proteinas sem tratamento prévio com os
compostos. Controle de inibigdo (O): proteinas previamente tratadas com N-Etilmaleimida (30 eq. molares). Controle
negativo ([J): reacfes sem adicdo da Prx.
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Nossos resultados revelaram uma inibicdo diferencial entre as Prx humana e fungica, onde
para Prx2 10 equivalentes molares de Adn inibiram totalmente a atividade enzimatica (Vo prx2 + Adn 10
eq.= 0,014 £ 0,011), enquanto para Tsal foram necessarios 30 equivalentes molares para que fosse
inibida a atividade da enzima de forma semelhante ao controle de inibigdo (NEM) (Vo Tsa1 + Adn 30 eq.=
0,107 £ 0,025). Nestas condicdes testadas, notamos uma divergéncia quanto ao que foi observado por
Liu e colaboradores, onde o 1Cso para Prx2 foi determinado como 15uM (Liu et al., 2012), pois nossos
dados indicaram uma inibicdo total com 10 equivalentes molares (~6pM) de Adn para Prx2. Neste
contexto, ainda ndo esté claro se o excesso de Adn utilizada no tratamento das enzimas foi retirado
neste trabalho (Liu et al., 2012) e, dados posteriores demonstram que Adn também pode se ligar ao
seu sistema redutor, que € utilizado no ensaio acoplado de oxida¢do do NADPH (Muchowicz et al.,
2014). Portanto, redeterminamos o 1Cso para Prx2 como 2.00 £ 0.13 uM (Fig. 11), sempre retirando

0 excesso de Adn antes de iniciar a reagdo com o sistema Trx.

_ ) IC5,_Prx2 = 2.00 pM (£ 0.13) |
2 130- g i o P
= !‘::if"‘::::—!,n_ S
é 120 N = I

b S 50
Z 110 g }
100+
T T T T T 0 T 1 1 T T
0 1 2 3 4 5 0 1 2 3 4 5
Time (min) Adn (molar equivalent)

Figura 11: Determinacdo do ICso de Prx2 + Adn pelo ensaio acoplado de oxidacdo de NADPH. A) Ensaio de
oxidacdo do NADPH foi realizado para avaliar a atividade peroxidasica de Prx2, apds tratamento com concentracdes
crescentes de Adn (0.125 (®)—-0.25(m)-05(A)-1(V)-25(#)e5 (@) equivalentes molares). As reagdes contendo
0,6 uM da proteina tratada, ScTrx1 (5 uM), ScTrxR (0,08 uM), NADPH (150 uM), HEPES (50 mM, pH=7.0), DTPA
(100 uM) e azida sédica (1 mM) foram pré-incubadas a 30°C por 3 minutos, iniciadas pela adi¢éo de 100 uM de H2O; e
monitoradas espectrofotometricamente a 340nm, 30°C, por 5 minutos. Controle positivo (0): Prx2 sem tratamento prévio
com Adn. Controle negativo ([1): reagdes sem adi¢do de Prx2. B) O ICso para Prx2 foi determinado, nessas condicdes,
em 2uM, utilizando as velocidades iniciais para os célculos necessarios e o programa GraphPadPrism 4.02.

Apo0s padronizada a metodologia do ensaio acoplado de oxidacdo do NADPH, iniciamos a
avaliagdo do potencial inibitorio dos compostos naturais com caracteristicas distintas, oriundos de
plantas do estado de Sao Paulo, selecionados para este estudo, sobre nossas enzimas de interesse (Fig.
12 e 13).
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Figura 12: Ensaio de oxidacdo do NADPH utilizando a proteina Prx2 pré tratada com compostos naturais. O ensaio
de oxidacdo do NADPH foi realizado para avaliar a atividade peroxidasica de Prx2 ap6s tratamento com 30 equivalentes
molares dos compostos naturais (¥) NC-EK1, NC-EK2, NC-LS1, NC-LS2, NC-LS3, NC-LS5, NC-HP1, NC-ABP1,
NC-CA1 e NC-LG1. As reagdes contendo 0,6 uM da proteina tratada, ScTrx1 (5 uM), ScTrxR (0,08 pM), NADPH (150
uM), HEPES (50 mM, pH=7.0), DTPA (100 uM) e azida sodica (1 mM) foram pré-incubadas a 30°C por 3 minutos,
iniciadas pela adicdo de 100 uM de H,0, e monitoradas espectrofotometricamente a 340nm, 30°C, por 5 minutos.
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Controle positivo (A): proteinas sem tratamento prévio com os compostos. Controle de inibicdo (®):proteinas
previamente tratadas com NEM (30 eq. molares). Controle negativo (M): reacGes sem adicdo de Prx2.
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Figura 13: Ensaio de oxidacdo do NADPH utilizando a proteina Tsal pré tratada com compostos naturais. O ensaio
de oxidacdo do NADPH foi realizado para avaliar a atividade peroxidasica de Tsal ap6s tratamento com 30 equivalentes
molares dos compostos naturais (¥) NC-EK1, NC-EK2, NC-LS1, NC-LS2, NC-LS3, NC-LS5, NC-HP1, NC-ABP1,
NC-CAL1l e NC-LGL1. As reacgdes contendo 1 uM da proteina tratada, ScTrx1 (2 uM), ScTrxR (0,3 uM), NADPH (150
uM), HEPES (50 mM, pH=7.0), DTPA (100 uM) e azida sodica (1 mM) foram pré-incubadas a 30°C por 3 minutos,
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iniciadas pela adicdo de 500 uM de H,O, e monitoradas espectrofotometricamente a 340nm, 30°C, por 5 minutos.
Controle positivo (A): proteinas sem tratamento prévio com os compostos. Controle de inibicdo (@): proteinas
previamente tratadas com NEM (30 eq. molares). Controle negativo (M): reacGes sem adicdo de Tsal.

Nossos resultados demonstram, nas condigdes testadas, que os compostos NC-EK2 e NC-HP1
apresentaram uma inibicdo diferencial entre as enzimas, inibindo significativamente a atividade
peroxidasica de Prx2, mas ndo de Tsal (Fig. 12B e 13B) e, em contraste, 0 composto NC-LS1
apresentou uma alta taxa de inibicéo para Tsal (decréscimo de ~79% na velocidade inicial da reacdo
- Tabela 1) e nenhuma alteracdo na atividade de Prx2. Por Gltimo, o composto NC-ABP1 apresentou
uma taxa de inibicdo significativa para ambas as enzimas, que p6de ser mensurada por dois métodos:
calculo da velocidade inicial da reacdo (Tabela 1) e calculo da porcentagem relativa do consumo de
NADPH (Fig. 14).

Tabela 1. Velocidade inicial (vo) das reagdes das enzimas Tsal e Prx2 tratadas com os compostos naturais da biota
floristica brasileira. Foram utilizados os dados do ensaio acoplado de oxidagdo do NADPH para obter as velocidades
iniciais das reacdes pelo software GraphPad Prism. As varia¢Ges correspondem ao valor dos tratamentos das enzimas
com 0s compostos, retirando o valor de vo da enzima sem tratamento. Os ensaios foram feitos em triplicata e com
repeticdes independentes.

Vo (uM/s)

Tratamento

Tsal

Variacdo (Tsal)

Prx2

Variacéo (Prx2)

Sem composto

1,114 (+ 0,035)

0,052 (+ 0,035)

0,198 (x 0,010)

0 (£0,010)

NEM 0,039 (+ 0,004) 1,127 (+ 0,004) 0,009 (+ 0,001) 0,189 (+ 0,001)
NC-EK1 1,108 (+ 0,020) 0,058 (+ 0,020) 0,212 (+ 0,014) -0,015 (+ 0,014)
NC-EK2 1,152 ( 0,025) 0,014 (+ 0,025) 0,175 (+ 0,008) 0,023 (+ 0,008)
NC-LS1 0,233 (+0,022) 0,934 (+0,022) 0,205 (+ 0,016) -0,007 (+ 0,016)
NC-LS2 1,0743 (£0,022) 0,092 (+ 0,022) 0,170 (+ 0,008) 0,028 (+ 0,008)
NC-LS3 1,168 (£0,033)  -0,002 (+0,033) 0,191 (+ 0,003) 0,007 (+ 0,003)
NC-LS5 0,811 (+ 0,009) 0,355 (+ 0,009) 0,208 (+ 0,007) -0,011 (+ 0,007)
NC-HP1 1,0461 (£0,122) 0,120 (0,122) 0,138 (+ 0,009) 0,059 (+ 0,009)

NC-ABP1 0,615 (0,050) 0,551 (+ 0,050) 0,109 (+ 0,018) 0,089 ( 0,018)
NC-CA1L 1,181 (£0,013)  -0,015 (+0,013) 0,173 (+ 0,006) 0,024 (+ 0,006)
NC-LG1 1,099 (+0 ,026) 0,067 (+ 0,026) 0,164 (+ 0,003) 0,033 (+ 0,003)

Para avaliar a ligacdo desses compostos as cisteinas das Prx foi utilizado SDS-PAGE néo redutor
(sem adicdo de DTT as amostras), onde o tratamento com um inibidor capaz de se ligar
covalentemente a Cp ou Cr pode ser detectado atraves do monitoramento da forma dimérica e
monomérica das Prx 2-Cys por meio do SDS-PAGE (Liu et al., 2012). De fato, estas enzimas se
apresentam em solucdo como decdmeros, mantidos por interagdes fracas de carater polar e

hidrofobica, as quais sdo rompidas pelas propriedades denaturantes do SDS. A forma reduzida da
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proteina é detectada em SDS-PAGE néo redutor como mondmeros de ~23 kDa (Fig. 15). Quando a
proteina é oxidada por hidroperoxidos ha formacao de dimeros mantidos por ligacao dissulfeto entre
Cp e Cr de diferentes monémeros (CpS-SCr), portanto nessas condi¢Oes ocorre um predominio das

formas diméricas (Fig. 15).
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Figura 14: Consumo relativo do NADPH apés tratamento das enzimas 0os com compostos naturais. Foram utilizados
os dados finais das reacfes do ensaio acoplado de NADPH com as enzimas tratadas, para plotar o grafico comparativo de
consumo relativo do NADPH de acordo com a atividade maxima de cada enzima. Em rosa e azul estdo representados os
dados referentes a Tsal e Prx2, respectivamente.

Por fim, quando ocorre uma ligagdo covalente (formacdo de espécies CpS-Inibidor ou CrS-Inibidor)
podem ser observadas duas diferentes formas em SDS-PAGE: dimérica e monomérica. Na forma
dimérica ocorre a ligacdo do inibidor somente a uma subunidade do dimero, sendo que o tratamento
com hidroperoxidos leva a formagdo de dissulfeto na outra subunidade. Esta espécie possui
resisténcia aumentada de migragdo no SDS-PAGE fazendo com que a proteina apareca levemente
superior a forma oxidada. Quando um inibidor reage com ambas as cisteinas do dimero ocorre o
aparecimento de formas monoméricas. Os resultados com 0s compostos naturais sdo apresentados na

figura 16.
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Figura 15: Diagramas de formas reduzidas, oxidadas e contendo um inibidor ligado a Cp de Prx 2-Cys tipicas. A
esquerda é representado um inibidor pelo quadrado vermelho e um mon6mero de Prx 2-Cys tipica com a localizagdo de
Cp na posicdo N-terminal. A direita esta representado um diagrama de gel de poliacrilamida, sendo que a banda 1, lane
1, corresponde a proteina reduzida a qual é detectada como monémero em SDS-PAGE. A banda 2, na lane 2, representa
um dimero totalmente oxidado, situagdo que ocorre apds tratamento com H»0.. Na lane 3 esté representado o resultado
de uma proteina tratada com inibidor e em seguida oxidada com H,O,, em que somente parcela de Cp reagiu com o
inibidor gerando a banda 3 (vermelho), a qual possui migracdo mais lenta em SDS-PAGE quando comparado com a
forma mais compacta que possui dois dissulfetos, novamente representada pela banda 2. Por fim, na lane 4, esta
representado o resultado esperado em uma situagdo em que o inibidor reage totalmente com as Cp, € um posterior
tratamento com H;O, ndo é capaz de produzir dissulfetos intermoleculares em razdo do bloqueio das cisteinas
peroxidasicas pelo inibidor.
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Figura 16: Resultado de SDS-PAGE néo redutor para avaliacdo da ligagcdo dos compostos naturais com as cisteinas
de Tsal de S. cerevisiae e Prx2 de H. sapiens. As aliquotas foram aplicadas em gel de poliacrilamida 12% e coradas
com coomassie blue. Para a ligagéo dos compostos as cisteinas envolvidas na catéalise de Tsal (A) e Prx2 (B), as proteinas
foram reduzidas com DTT e uma aliquota contendo DTT foi diretamente aplicada ao gel de poliacrilamida (lanes 1). Para
o restante das amostras, 0 excesso de DTT foi removido por cromatografia de filtracdo em gel, e uma aliquota foi aplicada
no gel (lanes 2) e outra aliquota foi tratada com H,0, para formacéo de dissulfetos (lanes 3). Em seguida, as amostras
foram submetidas a tratamentos com NEM (controle de ligacdo a cisteinas) ou com os compostos naturais. O excesso das
moléculas foi removido por filtracdo em gel e a amostra foi tratada com H,0, para formagao de dissulfetos (lanes 4).

Os resultados revelaram que quando o DTT é mantido na amostra, as enzimas sao detectadas
essencialmente como monémeros (Fig. 16, lane 1). No entanto, quando o DTT é removido por
filtracdo em gel, parcela da enzima reduzida é detectada como dimero (Fig. 16, lane 2). Este resultado
é explicado pela oxidagdo de Cp pelo O2 atmosférico ou por sua reacdo com diminutas quantidades
de H202 que podem estar presentes no tampao utilizado (Cox et al., 2010). Este fenbmeno ja foi
observado previamente por nosso grupo para Tsal (Cox et al., 2009; Tairum et al., 2012) e por outros
pesquisadores para Prx2 humana (Low et al., 2008).
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Apds tratamento com 0s compostos naturais e retirada do excesso dos mesmos, foi verificado
que o composto NC-LS1 foi capaz de produzir espécies monoméricas em Tsal, indicando bloqueio
das cisteinas da Prx, assim como o controle (NEM). Entretanto, os compostos NC-EK2 e NC-HP1
que apresentaram uma atividade inibitdria sobre Prx2 (Fig. 12) ou NC-ABP1 que apresentou
atividade inibitoria para ambas as enzimas, aparentemente inibem por mecanismos distintos, uma vez
que ndo foram detectadas espécies monomeéricas no SDS-PAGE, o que indica uma provavel ligacdo
do tipo reversivel, que s6 pode ser investigada através de ensaios bioquimicos de competicdo
enzimatica entre substrato e inibidor. Por altimo, foi evidenciado para ambas as proteinas que o
composto NC-LS5 sugere uma alteracdo na estrutura da proteina, uma vez que ndo sao detectadas
espécies diméricas ou monoméricas, e sim, uma banda acima de 97,4 kDa, curiosamente, para Prx2,
onde o evento de repete, ndo ha nenhuma inibicdo aparente da atividade peroxidasica.

Em conjunto, nossos resultados indicam que os compostos naturais NC-EK2, NC-LS1, NC-
HP1 e NC-ABP1 sdo promissores, dentre as moléculas selecionadas neste trabalho, para avaliacédo do
potencial inibitorio diferencial entre as Prx, atuando aparentemente de formas distintas.

4.4 Tsal de S. cerevisiae como modelo biolégico para a inibicdo de Prx 2-Cys de leveduras

patogénicas
Nosso grupo de pesquisa foi o primeiro a determinar a estrutura de uma Prx 2-Cys tipica

contendo um ligante no sitio ativo (Oliveira et al., 2007; Tairum et al., 2012). A estrutura determinada
foi a de Tsal decamérica (Fig. 17A-C) ligada a uma molécula de ditiotreitol (DTT) (Fig. 17E).
Anaélises realizadas no ambito deste estudo revelam que o sitio ativo esta localizado na regido de
juncéo entre os dimeros do decamero e a Thr* faz interagdes CH--n com Tyr’’ (Fig. 17E). Também
determinamos quais sdo 0os AA responsaveis pela estabilizacdo do ligante (Fig. 17F). Os residuos
Pro*0, Leu, Phe®, Val*, Pro* Val'®" e Pro®! estdo envolvidos em uma rede de interacoes
hidrofobicas que permitem acomodar o ligante no bolséo do sitio ativo de Tsal. Adicionalmente,
atomos das cadeias principais dos residuos Leu*! e Leu'#?, e das cadeias laterais de Thr**, Cys*’ (Cp),
Tyr’" e Arg'?3, respondem por interagdes polares. E importante ressaltar que os residuos que compde
a triade catalitica (Thr*, Cp e Arg*?®) realizam interac@es polares diretas ou indiretas com o ligante,
e que a Tyr’” efetua uma ligagdo polar com um atomo de S da molécula de DTT, o que evidencia a
importéancia deste residuo na interagdo com substratos.

Em seguida, avaliamos a conservagéo dos residuos responsaveis pela estabilizagdo do ligante
no sitio ativo de Tsal em leveduras patogénicas. Os resultados revelam que no género Candida (com
excecdo de C. krusei que apresenta a substituicio Leu*’—Met*?) e em R. mucilaginosa, todos os AA
envolvidos na estabilizacdo do substrato em Tsal de S. cerevisiae séo totalmente conservados, o que

sugere fortemente que Tsal de S. cerevisiae, bem como o proprio organismo, possa ser utilizado
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como modelo biologico para o estudo de inibidores de Prx 2-Cys tipicas de leveduras patogénicas
(Fig. 18).

Iy &

Figura 17: Superficie molecular e interacfes de residuos de AA do sitio ativo de Tsal de S. cerevisiae. A-C)
Diferentes orienta¢Ges do decdmero de Tsal de S. cerevisiae (PDB = 3SBC), onde cada mondmero do dimero obrigatorio
esta colorido em branco ou azul. Os AA da triade catalitica estdo coloridos em vermelho (Thr), laranja (Cp) e azul (Arg).
O residuo de Tyr”” que faz interagdo CH--n com Thr esta representado em lilas. D) Detalhe do sitio ativo de Tsal onde a
molécula de DTT foi omitida. E) DecAmero de Tsal com molécula de DTT representada em esferas (C = verde; O =
vermelho; N = azul e S = laranja). F) AA envolvidos na estabilizacdo do ligante (DTT) no sitio ativo da enzima. As linhas
cinzas representam interacOes de carater apolar e as linhas azuis claro, interacGes polares. Os residuos estdo representados
pelo cédigo de uma letra. As cores das fontes para os residuos da triade catalitica bem como da Tyr’” seguem as cores
estabelecidas nas figuras de A-E.

Rm_Tsal/1-200 1 --MVARVQQP ETVKBEQ

Bb_Tsal/1-195 1------ MTLTIEKP
Cn_Tsal/1-197 1--MATYTL PQI.KP
Cgt Tsal/1-197 1 --MATYALPQIQKP
Rd_Tsal/1-201 1---MVIQIARVQKP

KTVSlsD
EE| KEND
EE| KBAD
KD/I's BKD

PDLKLTE 105
PDLRLTL 105
QKLGCNVMVAASICES- - - - - S-VKIPIE 98

Sc_Tsal/1-196 1------MVAQVQKQEET| DENS K EEQGAQIIFA 5 100
Sc_Tsa2/1-196 1 ------MVAEVQKQUBP EE|S K EDQGAQVLF A 5 100
Ca_Tsal/1-196 1 ------MAPVVQQP&Bs EEVT 3 AEKDAQ 100
Cau_Tsal/1-196 1 --MTAI1QKP&BS EEVS K AD KD VQ 100
Cg_Prx/1-198 1 - -MVAQVQK P &BIT| EEVS 13 EALDAQ 100
Cgu_Tsal/1-196 1 ------MVALIQKPEBS EELS K| 100
Ck_Tsal/1-196 1 -MVVPS1QKPEBA EEVS K 101
Cl_Tsal/1-196 1 --MAAI1QKP&BS EEVS K| 100
Cp_Prx/1-196 1 ------MAPQI QK PEBA| EEVS K| 100
Ct_Tsal/1-196 1 - -MAPVVQQP &R S EEVTHEQ K 100

Al K|

Al Q

N K

D K|

S [3

\l Y
Sc_Tsal/1-196 101 TNH s LSRD LWEEE@VA VIRH [T N Bl P DEA Q THCBENETPE - - AA P} TVEDS KEFMBE AANK--- -~~~ 196
Sc_Tsa2/1-196 101 KNH S LS RD| LINE KE@IA | ERH 1T N Bl NEA Q TMLBICNWTPG - - AA P 196
Ca_Tsal/1-196 101 TNH S LS RD! LIEEE@BVA VLRQITINBIEP EEs Q EMCRANMH PG - -DE P 196
Cau_Tsal/1-196 101 TNHTLSRD LIEEE@VA VLRQjl TN DI P DEs Q EMCRANWQEG--SE P 196
Cg_Prx/1-198 101 TNHKLSRD LIEDE@IA | VIRH 1T 1N BIll P EEs Q TMLBICNWTPG - -5 A P 198
Cgu_Tsal/1-196 101 TNH TLSRD! LEEEE@BVA TLRQI TINBIP EEs Q EMCRANMQPG--SE P 196
Ck_Tsal/1-196 102 R HSLS.D LEEEE D T QTN P EBS Q EMC! N TP.——AD P 196
Cl_Tsal/1-196 101 TNHS LS KD LINE EABIVA VILRQTINDEP DEs Q EMCRANWQEG--SE P 196
Cp_Prx/1-196 101 TNH S LS RD! LEEDE@VA 1 LRQI TiIN DIBP DES Q EMCBANMQPG - -SD A 196
Ct_Tsal/1-196 101 T) HTLS.D LWEEE A T QTN P DET Q EMIC N QP.——AE P 196
Rm_Tsal/1-200 102 KNIMK I S RD| LEEEABVA TLRQITINBEP DET Q EMCRANWDDS KNN A P 200
Bb_Tsal/1-195 101 RNHS LS KD LIPEE@ID, INLRIQI TN BIlP DES Q EMCRANMH PG - - AD P 195
Cn_Tsal/1-197 106 R HAAA.A LEPEE A T AMHVH P ERT Q EMC! G EE.KD—— DT---SAPSA| 197
Cgt_Tsal/1-197 106 RNHAAAK A LEPEE@VA TLRA HIH P EET Q EMCRAGWE EGKD - -llDT---SKPSA Q 197
Rd_Tsal/1-201 99 KEKE | AKM) YUlE EQ@I'S TVRIQITINDIEP DET K EMCBANMKKG - -DKIMlKP -DVSASEEMBAS LTSGEAPVSL 201

Figura 18: Alinhamento das sequéncias de AA de Tsal de S. cerevisiae e Prx 2-Cys tipicas de leveduras patogénicas.
O alinhamento das sequéncias de AA foi executado utilizando o Clustal Q e as figuras foram geradas com o programa
Jalview. Residuos idénticos estdo realgados em vermelho e tons mais claros representam a conservagao entre as espécies.
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As setas indicam AA conservados necessarios para estabilizacdo do ligante no sitio ativo de Tsal de S. cerevisiae, sendo
as pretas para interacdes hidrofobicas e as azuis para interacdes polares. AA da triade catalitica sdo descriminados pelo
asterisco (*) sendo azul para Arg, vermelho para Thr e laranja para Cpe. As caixas verdes denotam AA conservados entre
S. cerevisiae e todos as espécies de Candida e de R. mucilaginosa. As abreviagdes utilizadas e codigos de acesso ao
Uniprot (www.uniprot.org) sdo: Tsal de S. cerevisiae = Sc_Tsal (Uniprot: P34760); Tsal de C. albicans = Ca_Tsal
(Uniprot: Q9Y7FO0); Tsal de C. auris = Cau_Tsal (Uniprot: AOAOLOPOEL); Tsal de C. glabrata = Cg_Tsal (Uniprot:
Q6FMP9); Tsal de C. guilliermondii = Cgu_Tsal (Uniprot: ASDHNO); Tsal de C. krusei = Ck_Tsal (Uniprot:
AOA099NYV6); Tsal de C. parapsilosis = Cp_Tsal (Uniprot: G8BJ65); Tsal de C. tropicalis = Ct_Tsal (Uniprot:
C5M09R4); Tsal de Clavispora lusitaniae = Cl_Tsal (Uniprot: C4Y612); Tsal de Brettanomyces bruxellensis = Bb_Tsal
(Uniprot: 12JY42); Tsal de C. neoformans = Cn_Tsal (Uniprot: AOA225Y4R0); Tsal de C. gattii = Cgt_Tsal (Uniprot:
AOAQ095CIF1); Tsal de Rhizopus delemar = Rd_Tsal (Uniprot: ILCHP1); Tsal de R. mucilaginosa = Rm_Tsal (obtido
pelo transcriptoma da levedura realizado por nosso grupo de pesquisa).

No caso de C. lusitaniae, C. neoformans e C. gattii, dos doze AA identificados somente dois
sdo substituidos em C. lusitaniae (Leu*’>—Met*?; Tyr’"—Phe’’) e trés sdo substituidos em C.
neoformans e C. gattii (Leu*”>—Met*?; Tyr'’—Phe’’; Pro8'—»Thr!8), Para R. delemar, ocorre a
substituicdo Leu**—Met* e a delecio de cinco AA que exclui Tyr’’. Neste contexto, as diferencas

ainda sdo sutis e podem resultar em uma maior/menor afinidade de ligacdo de inibidores de Prx 2-

Cys tipicas de fungos.

4.5 Avaliacao das interacdes enzima-inibidor in silico

Para avaliar a interacdo entre os compostos com potencial inibitério e as proteinas alvo do
trabalho, foi utilizado o docking molecular, utilizando o programa AutoDock (secdo Materiais e
Métodos). Tanto Tsal, quanto Prx2, possuem estrutura cristalografica resolvida (Schroder et al.,

2000; Tairum et al., 2012), disponiveis no Protein Data Bank (https://www.rcsb.org/), sendo

utilizadas as coordenadas 3SBC e 1QMV, respectivamente (Fig. 19A e 19B) preparadas de acordo
com os procedimentos descritos na secao Materiais e Métodos. Inicialmente, foram selecionados 0s
compostos Adn e NC-LS1, pois demonstraram inibicdo sobre atividade peroxidasica das enzimas
(Fig. 12 e 13) e interferem na formagé&o de dissulfeto em ensaio de SDS-PAGE ndo redutor (Fig. 15).
Posteriormente, foi realizado o estudo com o composto NC-EK2, também pertencente a classe dos
ent-cauranos e identificado como inibidor de Prx2. As estruturas foram obtidas através do PubChem
(www.pubchem.ncbi.nlm.nih.gov) para Adn e NC-LS1 e construidas utilizando o MolView
(https://molview.org/) para NC-EK2 (Fig. 19C, 19D e 19E).

Uma vez que ha limitagcbes computacionais em razdo do tamanho das proteinas (0s decameros

possuem cerca de 2.000 residuos de AA), foram submetidos ao docking as proteinas na forma
tetramérica, para que pudessem ser analisadas as interagdes que também ocorrem na interface D, pois
estudos anteriores revelaram que o sitio ativo destas enzimas se encontra nessa interface D do

decamero (Schroder et al., 2000; Tairum et al., 2016), realizando interacdo com residuos do dimero
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adjacente (Fig. 19A e 19B, inserto) e, ressaltam a importancia do decamero para a decomposicao
catalitica do substrato (Wood et al., 2002; Wood et al., 2003). Portanto, para as simulacGes de
docking, os tetrdmeros foram previamente preparados utilizando o programa Chimera

(www.cgl.ucsf.edu/chimera).

Figura 19: Estruturas cristalograficas de Tsal de S. cerevisiae e Prx2 de H. sapiens e estruturas tridimensionais
dos compostos que apresentaram atividade inibitoria sobre as proteinas deste estudo. Superficie molecular do
decamero de Tsal (A) e Prx2 (B) em que os dimeros do decamero estdo representados por diferentes cores (rosa, cinza,
verde e purpura claro). Os AA da triade catalitica estdo colorizados da seguinte forma: Cp = laranja, Arg = azul e Thr =
vermelho) Em preto esta representada a Tyr’’ de Tsal (ou equivalente de Prx2) que foi demonstrado que é essencial para
a atividade e switching oligomérico dimero-decamero (Tairum et al., 2016). O inserto representa 0 microambiente do sitio
catalitico. Estruturas moleculares da Adn (C), NC-LS1 (D) e NC-EK2 (E) representadas por sticks e colorizadas da
seguinte forma: C = verde/azul; O = vermelho; H = branco. As representagdes gréficas foram geradas utilizando o
programa PyMOL.

Inicialmente foram padronizadas as analises, onde os resultados de docking molecular
geraram resultados positivos independentes, distribuidos em 16 moléculas individuais do composto,
posicionadas em locais energeticamente favoraveis para a estabiliza¢do do inibidor, assim como um
maior nimero de interagdes para estabilizagdo da molécula no sitio de ligagdo. Para selecéo e anélise
das melhores solugdes, foram aplicados 3 critérios de selegdo, onde, primeiramente, foram escolhidos,
de forma geral, os clusters localizados proximos as cisteinas (Cp e Cr) visto que Adn e NC-LS1
impedem a formacgédo de dimeros em SDS-PAGE (Fig. 15). Em seguida, foram selecionadas as
orientacfes adequadas dos grupos reativos dos compostos, onde para NC-LS1 haviam 3 possiveis
grupos reativos (Fig. 20D) e, para Adn, o grupo reativo ja foi descrito como um Ca-f insaturado que
atua como aceptor de Michael para interagir com Sy de Cp ou Cr (Fig. 20F) (Liu et al., 2012;
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Muchowicz et al., 2014). Por ultimo, foram apuradas as solu¢des com distancias de até 7A entre o

Co-p insaturado e 0 Sy de Cp ou Cr.

Figura 20: Distribui¢do dos compostos pelo tetrdmero de Prx2 e interacfes entre grupo funcional dos compostos e
Sy de Cr. (A-B) Representacdo dos resultados de Adn disponiveis para andlise representados em lines com coloracdes
distintas, sobre o tetrdmero representado por superficie e colorizado de acordo com as cadeias de AA distintas. (C, E e
G) Selegdo de moléculas de NC-LS1, Adn e NC-EK2, respectivamente, préximos a Cp ou Cr da interface D, indicando
uma tendéncia maior para Cp. (D) Possiveis grupos funcionais de NC-LS1, com uma seta vermelha indicando C19. (F)
Grupo funcional da Adn o-f insaturado que atua como aceptor de Michael. (H) Estrutura do composto NC-EK2. As
representacdes graficas foram geradas com o programa PyMOL (www.pymol.org).

Apos andlise dos resultados obtidos em tetrameros distintos das enzimas e selecdo das
solucdes que atenderam aos 3 critérios estabelecidos previamente, os resultados revelaram que todas
as solucdes favoraveis, para todos 0s compostos, se encontram proximas a Cp localizada na interface
D (Fig. 20C, 20E e 20G) e que, entre os possiveis grupos reativos de NC-LS1, o que recebe um
destaque esta colorido em vermelho envolvendo o C19 (Fig. 20D) sendo 0 mais recorrente nas
respostas, orientado para o Sy de Cp. Em seguida, foram analisados os residuos de AA envolvidos na
estabilizacdo dos compostos no sitio ativo de Tsal e Prx2 e os tipos de interacdes que ocorrem,
utilizando os programas PyMOL e Discovery Studio (Fig. 21).
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Figura 21: Residuos de AA de Tsal e Prx2 que estabilizam os inibidores no sitio ativo. Sdo representadas as estruturas
de Adn (A, B), NC-EK2 (C, D) e NC-LS1 (E, F) por lines, com os residuos de AA que estabilizam 0s compostos
representados por circulos, onde os residuos pertencentes ao mondmero onde se encontra a Cp de interagdo estdo
colorizados em verde, 0 mondmero complementar em amarelo e 0os AA pertencentes ao dimero adjacente, colorizados
em vermelho. Todos os residuos de AA representados efetuam interacfes apolares com 0s compostos, exceto os que
possuem uma linha tracejada junto ao ligante, estes representam interagdes polares do tipo ligacdo de hidrogénio.

Com os resultados obtidos com a descri¢do dos residuos de AA que estabilizam os compostos

na cavidade do sitio ativo da enzima, indicando a qual cadeia polipeptidica os mesmos pertencem, foi
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confirmada a importancia da analise e selecdo das solucdes favoraveis que se encontram na interface
D, uma vez que todas as nossas solugdes, nestas condicdes, interagem com os residuos de AA Glu®*
e Tyr’™ da cadeia adjacente ao dimero em que se encontram (denotados pelo simbolo #) (Fig. 22),
reafirmando a importancia do docking ser realizado com o tetramero e ndo somente o dimero como
vem sendo apresentado para os inibidores de Prx 2-Cys tipicas humanas até o momento (Liu et al.,
2012; Shi et al., 2017; Zhu et al., 2019), pois ainda ndo foram identificadas propriedades funcionais
para decompor hidroperdxidos, uma vez que o sitio ativo das enzimas se encontra na interface D e é
estabilizado por AA do dimero adjacente (Nelson et al., 2018; Parsonage et al., 2005; Tairum et al.,
2012), sendo, o decamero, altamente importante na manutencao da enzima ativa (Wood et al., 2002;

Wood et al., 2003) e, portanto, apta a interagir com substratos.

Figura 22: Importéncia da interface D para estabilizacao de ligantes. S8o demonstradas as estruturas do tetramero
nomeado de ABCD de Tsal, interagindo com as moléculas Adn (A) e NC-LS1 (B). Os tetrdmeros sao representados por
superficie com cada monémero colorizado diferentemente (A= azul, B = rosa; C = verde e D = amarelo), Adn e NC-LS1
sdo representadas em spheres, onde os atomos estdo colorizados da seguinte forma: C = verde (Adn) ou azul (NC-LS1);
O = vermelho. Os insertos representam a superficie dos AA envolvidos na estabilizagdo dos ligantes na cavidade do sitio
ativo de Tsal. As representacdes graficas foram geradas utilizando o programa PyMOL (www.pymol.org).

Os resultados das andlises das interagdes que ocorrem entre os inibidores e Tsal
demonstraram que, para Adn, as interagdes apolares ocorrem entre as cadeias laterais (SC) dos
residuos Leu*!, Phe®, Glu'!8, Leu'*?, Val*®”", Pro'®" Tyr’™ e, para o NC-LS1, ha também a presenca
de interacdes apolares entre as cadeias principais (MC) dos residuos de AA, onde: Leu*! (SC), Thr#
(MC), Phe* (MC/SC), Arg*® (SC), Leu'*? (MC/SC), Pro'*3 (SC), Val*®”* (SC), Pro'®" (SC) e Tyr’"*
(SC), indicando a ocorréncia de uma rede hidrofébica comum entre os compostos envolvendo os
residuos Leu*!, Phe®, Leu'*?, Val'®™", Pro®!" e Tyr’"* dos mondmeros do homodimero obrigatdrio e
também do homodimero adjacente. Além disso, ndo foram encontradas interagdes polares
significativas (~80% de representatividade entre as solucGes analisadas) para para ambos 0s
inibidores, que possuem um esqueleto hidrofébico bastante volumoso em sua estrutura (Fig. 20D e
20F), assim como todos os inibidores ja descritos para as Prx 2-Cys (Fig. 6).
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Nos dockings executados para Prx1 de humanos e Adn foram detectados como residuos
capazes de efetuar interacdes com o inibidor: Leu*®, Thr*®, Phe®, Val®, Cys®?(Cp), 11e'%5, Arg?®,
Pro*® e Cys!’® (Cr) (Liu et al., 2012), os quais também foram detectados de forma equivalente em
nossos procedimentos para Tsal (Leu*!, Thr, Phe*, Val*, Cys*'(Cp), Val'®, Arg'? e Pro**) (Fig.
25), exceto por Cr, sugerindo que estes residuos atuam de forma comum entre as duas enzimas para
estabilizacdo da Adn nos sitios ativos. Em procedimentos de docking utilizando Prx1 e o inibidor ent-
caurano JDA-202 (Fig. 6H), composto similar a Adn, Shi e colaboradores (2017) identificaram como
residuos estabilizadores a Pro*, Leu’, Thr*, Phe®, Cys®’(Cp), Val*! e Pro*. Novamente, é
importante ressaltar que apesar de diferencas em relacdo ao composto e as enzimas, também foram
detectados residuos equivalentes em nossos procedimentos (Pro*, Leu®!, Thr*, Phe*®, Val*® e Pro4®).
Abordagens similares utilizando outro ent-caurano, a PAA (Fig. 6), e novamente Prx1 (Zhu et al.,
2019), levaram a identificagdo dos residuos Cys®?, Pro>3, Thr*4, Glu®, Leu!#’, Pro'*8, val'*®, Glu*,
Arg™?, Prot™ e Alal’™, como sendo importantes para estabilizagdo do composto no sitio ativo da
enzima. Curiosamente, apesar de existirem alguns AA em comum com 0s outros compostos para
Prx1 (Cys™ e Pro'*®) este resultado é bem diferente do observado para os outros ent-cauranos (Adn e
JDA-202), indicando uma forma de estabilizacdo distinta desse inibidor. E importante ressaltar que
em todos os procedimentos citados acima de dockings moleculares envolvendo Prx1 e Adn, JDA-202
e PAA, as interacOes detecatas foram majoritariamente de caracter apolar e poucas interacfes polares
(2-4) foram detectadas para os diferentes compostos, a exemplo do observado também para as
enzimas deste estudo.

Estes resultados sugerem elevada importancia das interacdes apolares para estabilizacéo de
ligantes, onde todos os inibidores descritos para as Prx 2-Cys possuem uma estrutura bastante
hidrofobica (Fig. 6), o que indica uma tendéncia quanto aos substratos endégenos das Prx 2-Cys
tipicas. Neste contexto, € importante mencionar que as tidl peroxidases, incluindo as Prx, sdo capazes
de decompor de forma bastante eficiente os peroxidos organicos, e, portanto, bastante hidrofobicos.
De fato, a infecgdo por patdgenos leva a geracdo de altas quantidades de peroxidos de lipideo, 0s
quais sdo gerados de forma direta ou indireta por células de defesa dos hospedeiros (Halliwell &
Gutteridge, 2015). Lipideos insaturados sdo bastante abundantes em membranas bacterianas (Oliveira
et al., 2006) e o tratamento com perdxidos de acido graxo de cadeia longa € extremamente deletério
para bactérias (Alegria et al., 2017). Recentemente demonstramos por meios de estudos estruturais,
também envolvendo docking molecular, aliados a ensaios bioquimicos e celulares, que uma outra tidl
peroxidase bacteriana em Xylella fastidiosa, denominada Ohr (Organic hydroperoxide resistance

protein), é capaz de decompor perdxidos de acidos graxos de cadeia longa com altissima eficiéncia
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catalitica (108 M?s™) quando comparado com H.0. (10> M s?), sugerindo fortemente que o
substrato preferencial enddgeno sejam é&cidos graxos de cadeia longa (Alegria et al., 2017).
Adicionalmente, ja foi demonstrado que uma Prx 1-Cys de Mycobacterium tuberculosis também
apresenta alta afinidade por perdxido de acido araquidonico (10® Ms1), um perdxido organico
altamente hidrofébico (Zeida et al., 2015). Também ja foi demonstrada a importancia de uma Prx 2-
Cys atipica de C. albicans (Bener Aksam et al., 2008) na decomposicdo de peroxidos de lipideos,
entretanto, estudos envolvendo Prx 2-Cys tipicas sdo praticamente inexistentes.

Voltando aos resultados de Tsal e Prx2, é importante mencionar que a maioria dos residuos
de AA encontrados possuem importancia tanto do ponto de vista estrutural, quanto funcional das Prx,
como por exemplo, os residuos Thr*4, Cys*’ (Cp) e Arg'?® que compdem a triade catalitica de Tsal,
responsavel pela decomposicdo de hidroperoxidos, altamente conservada entre as Prx (Flohé et al.,
2011; Tairum et al., 2016), assim como o residuo Pro*® que estabiliza os inibidores no sitio ativo e
realiza interacdo de caréater hidrofobico com NC-LS1, e comp&e o motivo Pxxx(T/S)xxCp conhecido
como Cp-Loop (Kamariah et al., 2018) que, em sua forma reduzida, possui uma dinamica
conformacional essencial para reducdo eficaz de hidroperdxidos, onde mutantes pontuais dos residuos
que compdem esse motivo afetam a ligacdo aos substratos, a catalise, oligomerizacao, estabilidade e
hiperoxidacdo das Prx (Kamariah et al., 2018). Além disso, ha um consenso de que Pro*® possua um
papel importante na protecdo de Cp, fornecendo uma superficie hidrofobica, dificultando reacGes
indesejadas com o solvente (Hall et al., 2010, Wood et al., 2003). Particularmente, Arg*? é fortemente
posicionada em direcdo a Cp, mantendo a estabilizacdo da carga negativa de tiolato por meio da
interacdo com outros dois residuos: Glu*® e Pro'* (Zeida et al., 2014), sendo o Gltimo também
necessario para estabilizacdo da Adn e NC-LS1 no sitio ativo de Tsal. Adicionalmente, ja foi descrito
que Phe* é um residuo importante para a especificidade da interacdo entre Prx e seu substrato redutor
(Kamariah et al., 2018) e cabe ressaltar que todos os residuos citados acima que realizam interacoes,
pertencem ao mesmo mondémero onde se encontra a Cp alvo dos inibidores.

Em especial, a andlise da estrutura cristalografica de Tsal de S. cerevisiae na forma reduzida
(Tairum et al., 2016) revelou que o decdmero é estabilizado por vérias interacbes ndo covalentes na
interface D, onde, entre essas interagdes, o 4tomo Cy da Thr** atua como doador da ligagio de H ao
sistema-n da Tyr’™# (Fig. 17E), lozalizada na cadeia polipeptidica do homodimero adjacente, onde
essa ligagcdo CH-m desempenha importantes contribuicdes na estrutura e fungdo destas enzimas
(Tairum et al., 2012; Tairum et al., 2016). Adicionalmente, como descrito anteriormente neste
trabalho, a estrutura cristalografica de Tsal possui uma molécula de DTT em seu sitio ativo (Fig.

17E), o que nos permitiu fazer uma analise dos AA responsaveis pela estabilizacdo do ligante (Fig.
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17F). Neste contexto, as interacdes moleculares majoritariamente sdo oriundas de um mesmo
homodimero, sendo estes os residuos Pro®, Leu*, Phe®, Val*®, Pro'*3, val®"" e Pro'®!", que estdo
envolvidos em uma rede de interagdes hidrofébicas permitindo a acomodacéo do ligante no bolsdo
do sitio ativo e, atomos das cadeias principais dos residuos Leu*! e Leu'*?, e das cadeias laterais de
Thr**, Arg*?® e a Tyr’” do dimero adjacente, respondendo por interagdes polares. Nossos resultados
de docking molecular de Tsal + Adn/NC-LS1 nos parecem coerentes, uma vez que todos os residuos
de AA envolvidos na estabilizacdo do ligante DTT, cristalizado juntamente a proteina, estdo
envolvidos também na simulagdo de ligacdo com o inibidor, e reproduziram respostas similares em
todos os sitios ativos distintos entre os tetrameros analisados, reafirmando também o uso de Tsal de
S. cerevisiae como um modelo para o estudo de inibidores de leveduras patogénicas como, por
exemplo, as do género Candida, uma vez que também possuem estes residuos conservados (Fig. 18).
Mais uma vez, ¢ importante ressaltar a importancia do homodimero adjacente, onde além da Tyr’"#
também foram detectadas interacdes com Glu’®, indicando a importincia das interagdes com o

dimero adjacente para acomodacéo dos substratos.

4.6 Avaliacdo do potencial fungicida dos compostos identificados como inibidores de Tsal sobre

S. cerevisiae

Uma vez que os compostos NC-LS1, NC-LS5 e NC-ABP1 apresentaram uma atividade
inibitoria sobre Tsal de S. cerevisiae, iniciamos a padronizacdo da metodologia para avaliar a
concentracdo inibitéria minima (MIC) dos compostos e avaliar seus efeitos sobre esta levedura (secédo
Materiais e Métodos). Os resultados indicaram uma a¢éo citotoxica apenas para o composto NC-LS5,
uma vez que a inibigdo do crescimento celular ndo esta relacionada a citotoxicidade gerada pelo

veiculo (DMSO) onde estes compostos estdo diluidos (Fig. 23).
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Figura 23: Avalia¢do da concentracdo inibitéria minima dos compostos naturais inibidores de Tsal sobre S.
cerevisiae BY4741. Para o ensaio de MIC, as células de S. cerevisiae, na concentracdo de 10° UFC, foram inoculadas em
meio YPD contendo concentragdes crescentes de NC-LS1 (0, 31.25, 62.5, 125, 250 e 5001uM) e incubados por 18 horas
a 30°C e 250 rpm em agitador orbital, e depois quantificados espectrofotometricamente a 600nm.
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Como ja citado anteriormente, a anfotericina B (AMB) é um farmaco amplamente utilizado
no combate aos fungos patogénicos, impedindo a biossintese de ergosterol e o crescimento celular, e
também j& foi descrito por Belenky e colaboradores que eleva os niveis intracelulares de EROs. Neste
contexto, uma abordagem interessante seria a avaliacdo da citotoxicidade na atuacao de antifingicos
que elevam os niveis de EROs, em conjunto com inibidores das enzimas antioxidantes destes micro-
organismos. Portanto, inicialmente, determinamos o MICso de AMB sobre S. cerevisiae BY4741
como 196.33 £ 7.56 ng/mL (Fig. 24) e, em seguida, foi avaliada a sua agdo em conjunto com 0s
compostos inibidores de Tsal de S. cerevisiae (Fig. 25).
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Figura 24: Determinagdo da concentragao inibitéria minima de AMB sobre S. cerevisiae BY4741. Para o0 ensaio de
MIC, as células de S. cerevisiae, na concentracdo de 10° UFC, foram inoculadas em meio YPD contendo concentragdes
crescentes de AMB (0, 12.5, 25, 50, 100, 200, 400 e 800 ng/mL) e incubados por 18 horas a 30°C e 250 rpm em agitador
orbital, e depois quantificados espectrofotometricamente a 600nm.
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Figura 25: Atuacgdo em conjunto do antifungico AMB e compostos naturais inibidores de Tsal de S. cerevisiae in
vivo. Para este ensaio, as células de S. cerevisiae, na concentracdo de 10° UFC, foram inoculadas em meio YPD contendo
125 uM dos compostos NC-LS1, NC-LS5 e NC-ABP1 ou 200 ng/mL de AMB ou os dois em conjunto, e incubados por
18 horas a 30°C e 250 rpm em agitador orbital, e depois quantificados espectrofotometricamente a 600nm.

De forma geral, apesar da abordagem promissora da utilizagdo dos compostos bioativos, ndo
foi possivel detectar significativamente uma queda na sobrevivéncia celular quando realizado o

tratamento dos compostos naturais em conjunto com o antifungico AMB. Entretanto, outras
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abordagens devem ser investigadas, como por exemplo, a utilizacdo de outras linhagens de S.
cerevisiae. O composto NC-LS5, pertencente a classe das lactonas sesquiterpenicas, apresentou uma
acdo citotoxica para a levedura (Fig. 23), inibindo diferencialmente a atividade da enzima Tsal

(Fig.15) e aparentemente, interferindo na estrutura da enzima, sendo apresentada em SDS-PAGE néo
redutor como estruturas acima de 97,4 kDa (Fig. 16).
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5. CONSIDERACOES FINAIS

Durante o desevolvimento deste projeto foram padronizadas e executadas metodologias do
ensaio de oxidacdo do DTT e ensaio acoplado de oxidacdo do NADPH, assim como a determinagéo
de ICsp, para averiguacdo da inibi¢do da atividade das enzimas Tsal e Prx2 por compostos naturais
oriundos da biota brasileira, avaliando as interacfes desses compostos com as cisteinas das enzimas
por meio de SDS-PAGE néo redutor. O isolamento e caracterizacdo dos compostos foi efetuado em
parceria com os grupos de pesquisa dos Profs. Dr. Jodo H. G. Lago e Dr. Rodrigo L.O.R. Cunha da
Universidade Federal do ABC (UFABC). Foi possivel identificar cinco compostos oriundos da biota
costeira do Brasil que apresentaram propriedades inibitdrias sobre as Prx 2-Cys tipicas de humano
e/ou levedura: NC-EK2, NC-LS1, NC-LS5, NC-HP1 e NC-ABP1. E importante ressaltar que estes
compostos possuem como caracteristica comum um esqueleto hidrofobico volumoso, assim como a
maioria dos inibidores ja& descritos para esta classe de proteinas (Fig. 6). Estes resultados nos parecem
bastante importantes, uma vez que esta cacarateristica é bastante recorrente para os inibidores
identificados até o presente momento. Outro ponto importante se refere ao modo de inibicdo desses
compostos, onde NC-LS1, NC-LS5, NC-HP1 e NC-ABP1 possuem sistemas carbonilicos o,p-
insaturados, que podem efetuar reacdes quimicas do tipo adicdo de Michael e bloquear residuos de
cisteina, o0 que caracteriza um inibidor do tipo irreversivel, assim como inibidores ja identificados
para as Prx de humanos como Adn, JDA-202 e PAA. J4 0 NC-EK2 ndo possui esse sistema a.,f3-
insaturado, mas possui uma estrutura similar a de Adn, JDA-202 e PAA, uma vez que pertence a
mesma classe quimica (ent-caurano), o que sugere mecanismos de inibicdo distintos, possivelmente
por meio de uma inibicdo reversivel competitiva. Entretanto, para chegar a quaisquer conclusoes,
analises bioquimicas adicionais sdo necessarias. Efetuamos também ensaios para avaliar o MIC
(minimal inibitory concentration) utilizando células de S. cerevisiae (BY4741) e 0os compostos
identificado como inibidores de Tsal e 0 composto NC-LS5 revelou-se capaz de inibir o crescimento
da levedura em baixas concentragdes.

Em razdo da pandemia do COVID-19 foi inevitavel que as atividades praticas de pesquisa
fossem comprometidas e, mesmo com retomadas de atividade, ocorreram interrupcdes em razao de
novas vaiantes, segunda onda e o adoecimento de mebros do laboratorio e familiares. De forma a
evitar grandes prejuizos no desenvolvimento do projeto e para a pos-graduagdo, optamos por
desenvolver atividades ndo previstas inicialmente no projeto. Neste contexto, todos os créditos
necessarios para obtencédo do titulo de mestre foram integralizados e, como alternativa das atividades
praticas, optamos por efetuar um treinamento em analises computacionais inicialmente envolvendo

0 docking molecular com os compostos identificados como inibidores de das enzimas que se ligam

54



UNIVERSIDADE ESTADUAL PAULISTA jgprunesp

AVA
AVAVAY l ;
unesp “ «JULIO DE MESQUITA FILHO” »‘r‘“ﬁ IB-CLP

Instituto de Biociéncias
Campus do Litoral Paulista

as cisteinas (Adn e NC-LS1) e pertencentes a classe dos ent-cauranos (NC-EK2). Os resultados das
simulagdes revelaram que todos os compostos se alojaram majoritariamente proximos a Cp e
demostram que existem pequenas diferencas entre os AA envolvidos na estabilizagdo dos compostos,
entretanto, para ambos os compostos (Adn e NC-LS1), as intera¢fes sdo majoritariamente de carater
apolar envolvendo cadeias laterais (SC) e/ou principais (MC) de AA como Leu* (SC), Phe®
(MC/SC), Tyr’™ (SC), Leu'*? (MC/SC), Val'®™* (SC) e Pro'® (SC). Comparagbes com resultados
obtidos de Adn ou compostos similares (JDA-202 e PAA) efetuados por outros grupos de pesquisa,
utilizando Prx1 de humanos, revelam que AA equivalentes desempenham funcdo similar na
estabilizacdo dos compostos no sitio ativo da enzima. Em conjunto, os resultados indicam que
interacdes de carater hidrofobico, ndo s6 do dimero contendo os residuos cataliticos, mas também de
aminoacidos do dimero adjacente, sdo de grande importancia para a estabilizacdo de inibidores no
sitio ativo das Prx 2-Cys tipicas, 0 que também leva a especulacfes sobre os substratos endégenos
dessas enzimas. De fato, as Prx 2-Cys tipicas sdo capazes de decompor uma grande variedade de
hidroperdxidos, incluindo peroxidos de lipideos altamente hidrofébicos, e ja foi identificada a
interacdo de Prx2 de humanos com elementos da membrana celular (Bayer et al., 2016).
De forma geral, os resultados obtidos neste projeto representam a primeira abordagem comparativa
da atividade inibit6ria de compostos naturais sobre 2-Cys Prx tipicas humana e de fungo incluindo a
identificacdo de novos compostos da biota costeira brasileira. Neste contexto, o trabalho abre
perspectivas para 0 maior entendimento das interaces moleculares de ligantes e Prx 2-Cys tipicas.

Outra estratégia que utilizamos neste momento de pandemia foi a concentracdo na producgéo
de material académico com finalidade de treinamento de elaboracdo de material académico. Foi
elaborado um material didatico para a graduacéo, onde elaborei um capitulo de livro sobre Replicacao
do DNA (ISBN: 9786599252921). Adicionalmente, também colaborei, através de experimentos de
termoestabilidade de Prx 2-Cys tipicas (executados previamente a pandemia) e elaboracéo de figuras
e texto, com um artigo que investigou diferencas na afinidade por substratos e consequéncias
funcionais e estruturais sobre as Prx 2-Cys de leveduras e bactérias, indicando que os perdxidos de
lipideos sdo melhores substratos para Tsal (Tairum CA et al., 2021. Antioxidants. 10(7), 1032 —
Apéndice A) e uma revisao sobre a relevancia das Prx em micro-organismos patogénicos, em que fui
responsavel pela secdo que abordou o efeito de delecbes de Prx. O trabalho também aborda aspectos
estruturais e substratos preferenciais destas enzimas, indicando que as caracteristicas intrinsecas
dessas enzimas podem auxiliar no desenvolvimento de novas drogas para combater microrganismos
patogénicos (de Oliveira et al., 2021. Applied Microbiology and Biotechnology. 105(14-15), 5701-
5717 — Apéndice B).

55



UNIVERSIDADE ESTADUAL PAULISTA ?“ unesp

AVA
AVAVAY P
uneSp it «JULIO DE MESQUITA FILHO” »‘qﬁ IB-CLP

Instituto de Biociéncias
Campus do Litoral Paulista

6. PERSPECTIVAS

O presente trabalho levanta diversas perspectivas para o desenrolar de novas pesquisas, dentre elas:

- Avaliacdo dos efeitos da ligacdo do inibidor sobre a estabilidade de Tsal e Prx2 por meio de
deslocamento térmico diferencial (DSF);

- Determinacdo do tipo de inibicdo enzimética das moléculas identificadas por meio de ensaios
bioquimicos;

- Avaliacdo dos efeitos da ligacdo dos compostos bioativos identificados como inibidores sobre a
estrutura quaternéria das enzimas por cromatografia de exclusdo molecular (SEC);

- Avaliacdo dos efeitos da ligacdo do inibidor sobre a estrutura secundaria e estabilidade das enzimas
por meio de espectroscopia dicroismo circular (CD);

- Avaliacdo da ligacdo a residuos de cisteina efetuada pelos compostos por espectrometria de massas;

- Analises de docking molecular dos compostos NC-ABP1, NC-HP1 e NC-LS5, identificados como
inibidores para as proteinas Prx2 e Tsal.

- Avaliacéo da citotoxicidade dos compostos naturais sobre células de mamiferos.

- Determinagdo de estruturas cristalograficas de inibidores em complexo com Prx2 e Tsal.
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Abstract: Typical 2-Cys peroxiredoxins (2-Cys Prx) are ubiquitous Cys-based peroxidases, which
are stable as decamers in the reduced state, and may dissociate into dimers upon disulfide bond
formation. A peroxidatic Cys (Cp) takes part of a catalytic triad, together with a Thr/Ser and an Arg.
Previously, we described that the presence of Ser (instead of Thr) in the active site stabilizes yeast
2-Cys Prx as decamers. Here, we compared the hyperoxidation susceptibilities of yeast 2-Cys Prx.
Notably, 2-Cys Prx containing Ser (named here Ser-Prx) were more resistant to hyperoxidation than
enzymes containing Thr (Thr-Prx). In silico analysis revealed that Thr-Prx are more frequent in all
domains of life, while Ser-Prx are more abundant in bacteria. As yeast 2-Cys Prx, bacterial Ser-Prx are
more stable as decamers than Thr-Prx. However, bacterial Ser-Prx were only slightly more resistant
to hyperoxidation than Thr-Prx. Furthermore, in all cases, organic hydroperoxide inhibited more the
peroxidase activities of 2-Cys Prx than hydrogen peroxide. Moreover, bacterial Ser-Prx displayed
increased thermal resistance and chaperone activity, which may be related with its enhanced stability
as decamers compared to Thr-Prx. Therefore, the single substitution of Thr by Ser in the catalytic
triad results in profound biochemical and structural differences in 2-Cys Prx.

Keywords: 2-Cys Prx; catalytic triad; organic hydroperoxides; oligomerization; hyperoxidation; chaperone

1. Introduction

Typical 2-Cys peroxiredoxins (2-Cys Prx) of the AhpC/Prx1 sub-family are peroxidases
widely distributed in prokaryotes and eukaryotes that reduce hydroperoxides with high
efficiency [1-4]. These enzymes are very abundant, representing 0.1-1.0% of all soluble
proteins in the cells [5-8] and capable of decomposing distinct hydroperoxides [9,10].
Additionally, typical 2-Cys Prx are mediators of redox signaling and can act as molecular
chaperones [11-15].

The 2-Cys Prx use a fully conserved N-terminal cysteine residue (peroxidatic cysteine-Cp),
which is responsible for the nucleophilic attack on the hydroperoxide and then becomes
oxidized into a sulfenic acid (Cp-SOH), which can condensate with a second Cys residue
(resolving cysteine, Cr-SH) forming an intermolecular disulfide (Cp-S-S-CR). In most cases,
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these disulfide bonds are reduced by thioredoxin (Trx) [16-19]. The high reactivity of the
Cp is related to the microenvironment in which it is found. Cp is in close proximity to other
two fully conserved residues (Thr/Ser and Arg), forming polar interactions that increase
the electrophilicity of HyO,, and facilitate the nucleophilic attack by the thiolate on Cp [20].
As expected, Cp [21-23], as well as Thr/Ser and Arg [3,23-25], are essential for the efficient
reduction of hydroperoxides. Thus, these three residues (Cp, Thr/Ser, and Arg) compose
the so-called catalytic triad [3,22,26].

Under high hydroperoxide concentrations, Cp can undergo further oxidation gen-
erating hyperoxidized species (Cp-SO;H or Cp-SO3H) rather than forming the disulfide
bond, inactivating Prx turnover by Trx [27,28]. However, the enzyme sulfiredoxin (Srx)
can reduce Cp-SO,H to Cp-SOH in a process dependent on ATP hydrolysis for typical
2-Cys Prx [27,28]. Hyperoxidized 2-Cys Prx are frequently associated with a molecular
chaperone (holdase) function and may impact signaling pathways, like cell growth and
circadian rhythm [29-32]. In addition to Cp hyperoxidation, high temperatures can also
confer chaperone function to these enzymes [33-36].

A remarkable feature of 2-Cys Prx is the structural rearrangement that are triggered
by Cp oxidation. Reduced 2-Cys Prx enzymes (Cp-S™) are stabilized as decamers [(x7)5]
and can assume the so called fully folded (FF) state (Figure 1A), in which Cp is located
in the first turn of an «-helix near to N-terminal region of the protein and far away from
Cr (10-16 A), which is located in the C-terminus of these enzymes. Upon oxidation,
partial unfolding of the a-helix containing Cp-SOH (the so-called locally unfolded = LU
state) allows its approximation to Cg with the consequent intermolecular disulfide bond
formation [37]. In the disulfide form, the 2-Cys Prx decamers tend to dissociate into low
molecular weight (LMW) species, mainly dimers [38—40] (Figure 1B). Moreover, when Cp
is hyperoxidized or when subjected to heat shock, 2-Cys Prx can switch from decamers
to higher molecular weight (HMW) species [32,33,35,41,42] (Figure 1C). Therefore, two
reversible structural switches (FF-LU and decamers dissociation) are inter-connected and
the stabilities of distinct conformers are influenced by thermal and/or redox factors.

The transitions and stability of distinct oligomers also rely in structural peculiarities
of these enzymes. In the 2-Cys Prx from Escherichia coli (EcAhpC) mutations close to the
C-terminal region precludes the decamer formation [43]. Factors as pH, ionic strength, and
protein concentration can influence directly the quaternary state of 2-CysPrx, indicating
that the oligomeric rearrangements are directly related to specialized functions of these
enzymes in different organisms and cell compartments [39,44—47]. In that regard, we have
shown that the presence of Thr or Ser in the catalytic triad influences the stabilities of
distinct oligomeric states that 2-Cys Prx can assume [3]. Yeast Tsal and Tsa2 contain Thr or
Ser in the active site, respectively. Both enzymes are decamers in the reduced state, but Tsal
is mainly a dimer when oxidized and some are intermediate species (e.g., tetramers), while
Tsa2 remains as decamer even after oxidation [3]. In addition, the mutation of catalytic Thr
to Ser stabilizes Tsal in the decameric form even when oxidized [3]. The substitution of
catalytic triad Thr to Ser also stabilizes typical 2-Cys Prx from Salmonella typhimurium and
Enterococcus faecalis as decamers [48,49].

Here, we described that the presence of Thr and Ser in the active site also affected
the sensibility of 2-Cys Prx to hyperoxidation. Previously, other structural features were
described to confer sensibility of Cp to hyperoxidation, namely a GGLG motif (close to
the active site) and a YF motif (found in a «-helix in the C-terminal portion) that are
present almost uniquely in eukaryotic enzymes [40]. Posteriorly, the presence of the
motif A (D-Xg-N/G-X19-H-X57-S/G) and of the motif B (T-X3-S/T) were associated with
increased resistance of 2-Cys Prx to hyperoxidation [50]. We show that yeast 2-Cys Prx
(AhpC/Prx1 subfamily) with Ser in the catalytic triad (named here Ser-Prx) are more
resistant to hyperoxidation than those containing Thr (named here Thr-Prx). Moreover,
analysis of all the sequences of typical 2-Cys Prx present in the NCBI GenBank revealed that
occurrence of Ser-Prx is rare in multicellular eukaryotes and more frequent in eubacteria.
Therefore, we describe that bacterial Ser-Prx were also more stable as decamers and
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displayed more resistance to thermal inactivation than bacterial Thr-Prx. Furthermore, we
found that cumene hydroperoxide (CHP) was more efficient than H,O; to inactivate both
Ser-Prx and Thr-Prx. Finally, we showed that bacterial Ser-Prx retained peroxidase activity
and acquired molecular chaperone activity more readily than Thr-Prx after treatment at
high temperatures.
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Figure 1. Structural and functional transitions of 2-Cys Prx. (A) In reduced (Cp-S™) and in the fully folded (FF) state,
2-Cys Prx are decamers formed by association of five homodimers (x;[5]). The red trapeze denotes one of the homodimers
that compose the decamer. The monomers of each homodimer are depicted in dark blue and light orange, represented
in cartoon. At low hydroperoxides level, Cp is oxidized to sulfenic acid (Cp-SOH) and then the condensation with Cr
occurs, resulting in the formation of an intermolecular disulfide bond and locking the 2-Cys Prx in the locally unfolded (LU)
state. (B) In 2-Cys Prx containing Thr (Thr-Prx), the disulfide formation results in decamer dissociation, while in 2-Cys Prx
containing Ser (Ser-Prx), the decamers are stable even in the disulfide form. (C) At high levels of hydroperoxides, Cp-SOH
can react with another(s) hydroperoxide molecule(s) resulting in hyperoxidized species (Cp-SO,H or Cp-SO3H) and in
the functional switch from peroxidase to chaperone. This functional switch may be accompanied by the appearance of
species with molecular weight higher than the decamer. This process can be reversed by Srx, with ATP hydrolysis. The
functional transition from peroxidase to chaperone can also be triggered by high temperatures and the peroxidase activity is
restored at physiological temperatures. The 2-Cys Prx representations were made using the crystallographic coordinates of
Saccharomyces cerevisiae enzyme (PDB = 3SBC).

2. Materials and Methods
2.1. Amplification, Cloning and Sequencing

Yeast wild type proteins (Tsal, Tsa2, Trx1, and TrxR1) were obtained as previously
described [3,51]. Bacterial AhpC and the corresponding thiol reductive systems were
amplified by PCR from the genomic DNA of the following species/strains: Escherichia
coli/ ATCC25922, and Pseudomonas aeruginosa/ ATCC29853. The ahpc gene from Staphylococ-
cus epidermidis / ATCC12228 was synthesized by GenScript, based on the sequence SE_2357
from KEGG database, with optimized codons for expression in E. coli, and flanked with
Nde I and Bam HI restriction sites. Amplified DNA fragments and synthetic gene were
digested with Nde I and Bam HI and cloned into pET15b vector previously digested with
the same enzymes. The resulting recombinant vectors were sequenced in an ABI 3730 DNA
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Analyzer (Applied Biosystems) using the Big Dye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems) and then were used to transform E. coli BL21 (DE3) or E. coli Tuner
(DE3) strain (Sigma-Aldrich, Taufkirchen, Germany).

2.2. Site Directed Mutagenesis

The mutagenesis protocols were performed using Quick Change II Kit (Stratagene),
following manufacturer’s instructions. The products were used to transform E. coli XL1-
Blue strain (Agilent Technologies, Santa Clara, CA, USA) and single colonies were grown
on Luria Bertani (LB) medium for 16 h. Then, plasmids were extracted, purified, and
sequenced. Plasmids containing the expected single substitutions were used to transform
E. coli BL21 (DE3) or E. coli BL21 Tuner (DE3) expression strains (Sigma-Aldrich). The
BL21 (DE3) strain containing the plasmid pET15b/tsa1%%* was previously obtained [3]. All
strains used in this work are summarized in Table 1.

Table 1. List of strains used in this work.

Species Strain/Plasmid Source
E. coli ATCC25922 ATCC*
E. coli BL21 DE3/pET15b-ahpc (Pa) This work
E. coli BL21 DE3/pET15b-ahpc (Se) This work
E. coli BL21 DE3/pET15b-trx (Ec) This work
E. coli BL21 DE3/pET15b-trxr (Ec) This work
E. coli BL21 DE3/pET15b-tsal (Sc) [52]
E. coli BL21 DE3 Tuner/pET15b-tsa2 (Sc) [3]
E. coli BL21 DE3/pET15b-tsalt44s (Sc) [3]
E. coli BL21 DE3 Tuner/pET15b-tsa2s44t (Sc) This work
E. coli BL21 DE3/pET15b-trx1 (Sc) [51]
E. coli BL21 DE3/pET15b-trxr1 (Sc) [51]
E. coli XL1-Blue Agilent
P. aeruginosa ATCC29853 ATCC*
S. epidermidis ATCC12228 ATCC *

* American Type Culture Collection; genes: Ec = E. coli, Pa = P. aeruginosa, Sc = S. cerevisiae and Se = Staphylococcus epidermidis.

2.3. Oligonucleotides

The oligonucleotides used to cloning and mutagenesis are shown in Table 2.

Table 2. The oligonucleotides sequences were defined based on NCBI genomic DNA sequences NC_000913.3 (E. coli ahpc,

trx and trxr), NC_002516.2 (

P. aeruginosa ahpc), NZ_CP035288.1 (S. epidermidis ahpc) and NC_001136.10 (S. cerevisiae tsa2).

Oligonucleotide Sequence
Ec_Trx_F 5" CGC GAT CCA TAT GAT GAG CGA TAA AAT TAT TCA CCT GAC T 3
Ec_Trx_R 5 CGC AAG CTT GGA TCC TTA CGC CAG GTT AGC GTC GAG GAA 3/
Ec_TrxR_F 5" CGC GAT CCA TAT GAT GGG CAC GAC CAA ACA CAG TAA ACT G 3’
Ec_TrxR_R 5" CGC AAG CTT GGA TCC TTA TTT TGC GTC AGC TAA ACC ATC 3/
Pa_AhpC_F 5" CGC GAT CCA TAT GAT GTC CCT GAT CAA CAC TCA AGT CCA A 3
Pa_AhpC_R 5 CGC AAG CTT GGA TCC TTA GAT CTT GCC GAC CAG GTC CAGG ¥
Pa_AhpC_T43S_F 5" GCT GCC TTC TCC TTC AAC TGC 3’
Pa_AhpC_T43S_R 5 GCA GTT GAA GGA GAA GGC AGC 3
Se_AhpC_S46T_F 5" GCG GAC TTC ACC TTT GTT TGC 3’
Se_AhpC_S46T_R 5 GCA AAC AAA GGT GAA GTC CGC ¥
Tsa2544T_F 5" ATT GGC TTT TAC TTT TGT CTG TC 3’

Tsa2544T_R

5" GAC AGA CAA AAG TAA AAG CCA AT ¥

* Underlined bases indicate Nde I and Bam HI cloning adapters.
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2.4. Expression and Purification of Recombinant Proteins

Single colonies of E. coli BL21 (DE3) strain containing the expression plasmids were inoc-
ulated in LB medium (20 mL) containing 0.1 mg ampicillin/mL overnight at 37 °C/250 rpm,
transferred to 1 L of fresh LB medium, and cultured further until ODg, reached 0.6-0.8.
Then the expressions of all proteins were induced by the addition of 0.3 mM IPTG at
37 °C/3 h/250 rpm in orbital shaker. Tsa2 and Tsa25*4T were expressed using similar
protocols; however, E. coli Tuner (DE3) was used instead.

Cells were harvested by centrifugation and pellets were resuspended in start buffer
(50 mM sodium phosphate buffer, pH 7.4, 50 mM NaCl, 20 mM imidazole, and 2 mM
PMSF) and disrupted by sonication. The cell extracts were kept in ice during streptomycin
sulfate 1% treatment for 20 min. The supernatants clarified by centrifugation were ho-
mogenized by filtration and purified by IMAC using HisTrap column (GE Healthcare,
Piscataway, NJ, USA). Imidazole was removed by gel filtration using PD10 Desalting
column (GE Healthcare, Piscataway, NJ, USA) and the purity of recombinant proteins
was verified by SDS-PAGE. The yeast Trx1 was purified by boiling method as described
previously [53].

2.5. NADPH Ocxidation Assay

The NADPH to NADP* oxidation was monitored at Az40nm in 100 pL reaction mixtures
containing 50 mM HEPES pH 7.4, 100 pM DTPA, 1 mM sodium azide, 1 uM Prx (Tsal, Tsa2,
or reciprocal mutants), 2 uM Trx1, 0.3 pM TrxR1, and 150 uM NADPH. In some cases, yeast
enzymes were replaced by bacterial enzymes (Pseudomonas aeruginosa and Staphylococcus
epidermidis AhpC; Escherichia coli Trx and TrxR) at the concentrations described in the legend
of the figures. The reactions were initiated by HyO, or CHP addition and the reaction
mixtures were incubated at 30 °C or 37 °C.

2.6. Western Blot Analysis to Evaluate the Cp Hyperoxidation

To confirm if 2-Cys Prx were inactivated by Cp hyperoxidation, we collected samples
after NADPH enzymatic assays. Proteins were pre-alkylated with NEM (50 mM) to avoid
the formation of artifactual disulfides before non-reducing SDS-PAGE. Samples were
then transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) and were
incubated with an anti-Prx-SOj3 (dilution 1:2500; AbFrontier, Seoul, Korea; #LF-PA0004)
diluted 1000 times in TBST containing 3% skimmed milk and incubated on a rocking
platform for 16 h at 4 °C. A HRP-conjugated secondary antibody (GE Healthcare—Little
Chalfont, UK) was employed and samples were detected by chemiluminescence detection
(ECL Prime Western Blot, GE Healthcare—Little Chalfont, UK). Images were obtained by
ChemiDoc equipment (Bio-Rad—Hercules, CA, EUA).

2.7. In Silico Screening of the Typical 2-Cys Prx and Phylogenetic Analyses

The sequences of the S. cerevisiae Tsal (UniProtKB: P34760), Tsa2 (Q04120), Salmonella
typhimurium AhpC (P0A251), and Staphylococcus aureus AhpC (POAOB7) were used as
eukaryotic and prokaryotic prototypes of typical 2-Cys Prx containing Thr or Ser in the
catalytic triad. These amino acid sequences were used as query against TREMBL database
using blastp [54] with a cutoff e-value of 10~3. Then, to minimize misidentification issues,
we identified Pfam domains out of the putative unique orthologs and retained only those
presenting the domains found in Tsal and Tsa2, AhpC/Prx1 (Pfam: PF00578), redoxin
(PF08534) and 1-Cys Prx_C (PF10417) with hmmscan (v.3.1b2) [55]. Sequences presenting
other domains, except for SCO1-SenC (PF026300), which we observed in the S. aureus
AhpC, were excluded. Additionally, because Prx superfamily presents a conserved active-
site cysteine P-X-X-X-(T/S)-X-V-C-P-T-E motif [56], known as Cp-loop [20], we removed
sequences lacking this motif. After these filtering steps, we retrieved taxonomic information
of the accessions we obtained from the NCBI taxonomy database (database resources of
the National Center for Biotechnology Information; June 2018).
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2.8. Size Exclusion Chromatography (SEC) of Bacterial Typical 2-Cys Prx

To obtain reduced samples, 30 M of bacterial 2-Cys Prx were treated with TCEP 5 mM
for 60 min and the TCEP excess was removed using the PD 10 column (reduced samples).
To oxidize samples, reduced 2-Cys Prx (30 uM) were treated with HyO, (36 pM) for 30 min,
at room temperature. SEC was performed in an analytical Jasco-HPLC system composed by
a PU 2880 Plus injector and a PDA MD 2018 detector. Samples (30 uM in 100 mM Tris-HCl
at pH 7.4) were separated by a Phenomenex BioSep-SEC-52000 column (7.8 x 300 mm,
5 um, resolution range of 15 to 2000 kDa) (Phenomenex, Inc., Torrance, CA, USA), using a
flow of 1 mL/min in 100 mM Tris-HCI buffer pH 7.4 monitored by absorbance (280 nm).
Bovine thyroglobulin (670 kDa), bovine gamma globulin (158 kDa), ovalbumin (44 kDa),
myoglobin (17 kDa) and vitamin B1, (1.35 kDa) were used as molecular standards (Bio-Rad
Laboratories, Richmond, VA, USA).

2.9. Differential Scanning Fluorimetry

The thermal unfolding of bacterial 2-Cys Prx were analyzed by using differential
scanning fluorimetry (DSF) [57]. Briefly, proteins (final concentration 3 pM in 10 mM
HEPES pH 7.5, 150 mM NaCl) were mixed with 5.25 uL of SYPRO Orange dye diluted
200 times in DMSO. Reactions mixtures were equilibrated at 25 °C for 30 s and then
monitored from 25-95 °C with increments of 1 °C/min for 240 min using an Mx 3005P
Real-Time System (Agilent Technologies, Santa Clara, CA, USA,) with excitation and
emission filters set to 465 and 590 nm, respectively. The melting temperature (T) of AhpCs
were obtained with the MxPro software and curves fit in GraphPad Prism (GraphPad
Software, San Diego, CA, USA) using the Boltzmann equation to determine the midpoint of
thermal denaturation (Trn). All measurements were carried out in triplicate and presented
as mean =+ SD.

2.10. Chaperone Activity Assay

Chaperone (holdase) activities of bacterial 2-Cys Prx were analyzed by their ability to
inhibit thermally induced aggregation of citrate synthase (CS) as previously described [34].
Briefly, CS (2 uM) was mixed with AhpC at molar ratio 20:1 in 40 mM HEPES-KOH pH
7.5. We also evaluated the differences in chaperone ability of enzymes that were previously
heated (48 °C for 1 h). As negative control, samples without the 2-Cys Prx were used. CS
aggregation was monitored by light scattering at 360 nm using a Synergy H1 microplate
reader (BioTek, Winooski, VT, USA). The assay was executed at 43 °C, with continuously
shaking (fast double orbital), with reads at each 15 s for 90 min.

2.11. Analysis of Crystallographic Structures

The Prx quaternary structures were accessed from the protein structure database
(www.rcsb.org accessed on 5 May 2021). The molecular 3D representations were generated
using the PyMOL tool (www.pymol.org accessed on 5 May 2021).

3. Results
3.1. Presence of a Ser in the Catalytic Triad Increased Resistance of Yeast 2-Cys Prx
to Hyperoxidation

Previously, we observed that the presence of a Ser residue in the catalytic triad sta-
bilized yeast 2-Cys Prx in the decameric state even in the disulfide form [3]. Here, we
investigated if the presence of a Ser or Thr in the catalytic triad might also affect the
hyperoxidation susceptibilities of these enzymes.

The decrease of NADPH consumption at increasing hydroperoxides concentrations
(HO; in Figure 2 and CHP in Figure 3) is consistent with 2-Cys Prx inhibition by Cp hy-
peroxidation. Tsal (a Thr-Prx) was remarkably more susceptible to inactivation (Figure 2A)
when compared to Tsa2 (a Ser-Prx) (Figure 2C). At concentrations higher than 1 mM, H,O,
significantly inhibited Tsal (Figure 2A), while high doses of H,O, (10 mM) did not inacti-
vate Tsa2 (Figure 2C). Then, NADPH assays with mutant proteins (Tsa1T#4S and Tsa25%T)
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were performed. Tsal#4S (Figure 2B) was more resistant to H,O, inactivation than wild
type Tsal (Figure 2A). In contrast, Tsa25*4T (Figure 2D) was more susceptible to inactivation
than wild type Tsa2 (Figure 2C). Therefore, these results indicated that Thr-Prx are more
susceptible to hyperoxidation than Ser-Prx.
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Figure 2. Tsal, Tsa2, and mutant inhibition by H,O,. S. cerevisiae Tsal (A), Tsal1T™45 (B), Tsa2 (C), or Tsa2%*T (D) were
exposed to increasing amounts of HyO;. The assays were performed with 1 uM Prx, 2 uM Trx1, 0.3 uM TrxR1, and increased
amounts of HyO, (0 uM = e black, 500 uM = B blue, 1 mM = x orange, 5 mM = V¥ green and 10 mM = ¢ red) in buffer
containing 50 mM HEPES pH 7.4, 100 uM DTPA, 1 mM sodium azide and 150 pM NADPH. The decrease in NADPH
absorbance was followed at 340 nm. The error bars represent the standard deviation. All the experiments were performed
in triplicate and repeated at least three times with similar results.

We then verified the susceptibilities of these yeast 2-Cys Prx to hyperoxidation by an
organic hydroperoxide (CHP). The peroxidase activities of Thr-Prx were almost abolished
in all concentrations tested for Tsal (Figure 3A) and Tsa25#4T (Figure 3D). In contrast,
Ser-Prx were considerably more resistant to inactivation (Figure 3B,C).

We confirmed that 2-Cys Prx inactivation occurred due to Cp hyperoxidation, by
western blot assays using anti-SOsH antibody (Supplementary Material, Figure S1) from
aliquots of samples described in Figures 2 and 3. Hyperoxidized 2-Cys Prx migrated as
a dimer (~46 kDa) in non-reducing SDS-PAGE, when one of the active sites was in the
disulfide form and the other with the Cp hyperoxidized (Cp-SO3H) or as monomer, when
all Cpg were hyperoxidized.

Two aspects deserve to be highlighted from these results. As already observed [58],
Tsal is more sensitive to hyperoxidation by CHP than to H,O, (Figures 2A and 3A). We
now observed that the same characteristic for Tsa2 (Figures 2C and 3C). Additionally, we
verified that Ser-Prx (Tsa2 and Tsa1T44%) are more resistant to hyperoxidation than Thr-Prx
(Tsal and Tsa25*4T) (Figures 2 and 3). Accordingly, Atsa2 yeast strains are more sensitive to
organic hydroperoxides than Atsal [59].
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Figure 3. Inactivation of yeast Tsal, Tsa2, and mutants by CHP. Similar to Figure 2, S. cerevisiae Tsal (A), Tsa1T44S (B),
Tsa2 (C), or Tsa2%**T (D) were treated with growing amounts of CHP and the absorbance of NADPH was monitored
at 340 nm. The experiment was executed with 1 uM Prx, 2 uM Trx1, 0.3 uM TrxR1 and increased amounts of CHP
(0 uM = e black, 500 uM = M blue, 1 mM = X orange, 5 mM = ¥ green and 10 mM = ¢ red) in buffer containing 50 mM
HEPES pH 7.4, 100 uM DTPA, 1 mM sodium azide, and 150 pM NADPH. Error bars represent the standard deviations. All
the experiments were performed in triplicate and repeated at least three times with similar results.

3.2. Thr-Prx Are More Widely Distributed and Ser-Prx Is More Prevalent in Bacteria

As the presence of Ser or Thr provokes dramatic alterations in the biochemical and
structural properties of yeast 2-Cys Prx, we investigated the phylogenetic distribution of
Ser-Prx and Thr-Prx. We analyzed 45,939 unique protein sequences, out of which 15,034
accessions presented AhpC-TSA, Redoxin and 1-CysPrx_C domains denominations accord-
ing to Pfam and no other domain fused, except for SCO1-SenC. Out of the sequences with
taxonomic annotation at domain level, Thr-Prx represented the majority (14,092 sequences,
approximately 93.7%), whereas the remaining (941 sequences, approximately 6.3%) are
Ser-Prx (Table 3). Notably, the proportions between Thr-Prx and Ser-Prx are different in the
three domains of life. Ser-Prx sequences are proportionally more representative in bacteria
(7.4%) compared to eukaryotes (2.7%) and archaea (1.4%) (Figure 4). We also found 45
Thr-Prx records deposited in the NCBI database obtained by metagenome approaches and
three of them were uncategorized.
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Table 3. Distribution of Thr-Prx or Ser-Prx among the living groups.

Thr Ser
Bacteria Eukarya Bacteria Eukarya
Acidobacteria 15 Alveolata 107 FCB group * 14 Amoebozoa 1
Aquificae 16 Amoebozoa 83 Proteobacteria 15 Euglenozoa 12
Calditrichaeota 2 Apusozoa 2 PVC group § 12 Opisthokonta 75
Chrysiogenetes 1 Cryptophyta 1 Spirochaetes 2 Rhodophyta 2
Deferribacteres 5 Euglenozoa 105 Synergistetes 1
Elusimicrobia 18 Heterolobosea 1 Terrabacteria 803
group
Environmental samples 3 Opisthokonta 2079 Unclassified 4
. Parabasalia
FCB group 1455 (parabasalids) 13
Fusobacteria 78 Rhizaria 4
Nitrospinae/Tectomicrobia 1 Rhodophyta 116
group
Nitrospirae 15 Stramenopiles 136
Proteobacteria 4890 Viridiplantae 302
PVC group 220
Spirochaetes 149
Synergistetes 10
Terrabacteria group 3564
Thermodesulfobacteria 2
Unclassified 245

* Superphylum that comprises Fibrobacteres, Chlorobi, and Bacteroidetes phyla, § Superphylum that comprises Planctomycetes, Verrucomi-
crobia, and Chlamydiae phyla.
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Figure 4. Distribution of the typical 2-Cys Prx containing Thr or Ser as part of the catalytic triad. The analysis of 15,034
unique sequences of typical 2-Cys from the NCBI revealed 14,092 Thr-Prx (93.7%) and 941 Ser-Prx (6.3%) sequences.
Considering each domain, Ser-Prx are more abundant at bacteria (7.4%), followed by eukaryotes (2.7%), and archaea (1.4%).
The left Y-axis is referent to Thr-Prx, while right Y-axis is related to Ser-Prx.

The number of sequences of Archaea 2-Cys Prx deposited in the database is very low
compared to the other domains of life. Nevertheless, the number of Thr-Prx (71) from
Archaea is superior to that of Ser-Prx (1). Thr-Prx are also more widely distributed in
Eukarya (2949 representatives present in 12 Superphyla groups) than Ser-Prx (90 sequences
found in only four groups) (Table 3). For instance, only one species presents Ser-Prx in
chordates (killifish Fundulus heteroclitus), whereas a wide range of tetrapods presented only
Thr-Prx (See Supplementary Material, Spreadsheet S1).

Concerning bacteria, 16 Superphyla groups contain Thr-Prx, with the prevalence of
the Proteobacteria followed by Sphingobacteria (FCB group) and Thermodesulfobacteria
groups. Conversely, Ser-Prx occurs with striking predominance in the Terrabacteria group
(Table 3). Curiously, Thr-Prx are distributed similarly in Gram negative and Gram positive,
whereas Ser-Prx are found mostly in Gram negative (Actinobacteria and Firmicutes).
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Additionally, as S. cerevisiae, some bacteria (e.g., Bacillus subtilis) possess both Thr-Prx and
Ser-Prx isoforms [60], as S. cerevisiae.

3.3. Quaternary Structures Characterization of Bacterial Thr-Prx and Ser-Prx

Considering the higher abundance of Ser-Prx in Bacteria, we evaluated the role of
Thr/Ser in AhpC enzymes. We selected to analyze recombinant AhpCs from Pseudomonas
aeruginosa (PaAhpC—a Thr-Prx) and AhpC from Staphylococcus epidermidis (SeAhpC—a
Ser-Prx), as they belong to the most abundant groups of Thr-Prx (Proteobacteria) and
of Ser-Prx (Terrabacteria). As with yeast 2-Cys Prx, we performed reciprocal Ser-Thr
mutations and we carried out SEC analysis of bacterial 2-Cys Prx. While PaAhpC was
mostly decamer in the reduced form and dimer when oxidized (Figure 5A), PaAhpCT#45
was predominantly decamer when oxidized or reduced (Figure 5B). Similarly, yeast Tsal
and Salmonella typhimurium AhpC (both Thr-Prx) are decamers when reduced and dimers
when oxidized in disulfides, while the substitution of Thr to Ser confers higher stability to
the decamer even when the 2-Cys Prx are oxidized [3,39,49].
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Figure 5. Size exclusion chromatography of PaAhpC and SeAhpC and Thr/Ser mutants. PaAhpC (A), PaAhpCTAAS (B),
SeAhpC (C), and SeAhpCS46T (D), at a final concentration of 30 uM, were treated with TCEP 5 mM (red lines) or H,O,
36 uM (blue lines) for 30 min, at room temperature, before being submitted to SEC. The elution profile was monitored at
a wavelength of 280 nm, at flow rate of 1 mL/min. Bovine thyroglobulin (670 kDa), bovine gamma globulin (158 kDa),
ovalbumin (44 kDa), and myoglobin (17 kDa) were used as molecular standards. The experiments were performed at least

three times.

Similarly to other Ser-Prx [3,48], SeAhpC was presented mostly as decamer indepen-
dently of the redox state although a small amount of dimers was present in the reduced
form (Figure 5C). Additionally, most of SeAhpC5#¢T was presented as decamer and only
a small fraction of the enzyme was detected as dimers, independently of the redox state
(Figure 5D). It has been shown by SEC and TEM that the AhpC from Enterococcus faecalis,
a naturally Ser-Prx, is a decamer independent of the redox state [43], similarly to yeast
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Tsa2 [3]. Thus, our results showed that the presence of Thr or Ser in the catalytic triad is a
relevant factor related to the redox sensitive oligomerization, but additional features also
interfere with the quaternary assembly of typical 2-Cys Prx [43,45,61].

3.4. Comparative Analysis of the Inactivation of Bacterial Thr-Prx and Ser-Prx by High
Hydroperoxide Concentrations and by Thermal Insult

We also investigated if the presence of Thr or Ser in the catalytic triad could affect
the susceptibility of bacterial 2-Cys Prx to hyperoxidation. In the experimental conditions
tested, HyO, did not inhibit the NADPH consumption in the reaction mixtures containing
Thr-Prx (Figure 6A,D) or Ser-Prx (Figure 6B,C) even at the highest doses (10 mM). How-
ever, when CHP was the substrate, a slight inhibition was observed to Thr-Prx (compare
Figure 6E,F and Figure 6G,H). Again, we confirmed that the inhibition of peroxidase activ-
ity was a consequence of the Cp hyperoxidation by western blot analysis performed using
anti-S03 antibody (Supplementary Material, Figure S2).

As the inhibition to bacterial Thr-Prx was less evident in relation to eukaryotic coun-
terparts, we compared the NADPH consumption after 300 s from the data presented
in Figure 2, Figure 3, and Figure 6 (Figure 7). For the yeast enzymes, we observed that
NADPH consumption is quite similar between Thr-Prx and Ser-Prx at lower H,O, con-
centrations, but it is considerably higher in samples containing Ser-Prx when 5 or 10 mM
H,0, were used (Figure 7A). When CHP was the substrate, the NADPH consumption was
also more evident for Ser-Prx (Figure 7B). For the bacterial enzymes, there was no clear dif-
ference among the enzymes (Figure 7C). However, we could detect a lower NADPH
consumption for Thr-Prx (PaAhpC and SeAhpCS4T) compared to the reciprocal Ser-
Prx (PaAhpCT#S and SeAhpC) (Figure 7D). These results indicate that bacterial Ser-Prx
present a subtle resistance to hyperoxidation to CHP, but not to H;O, compared to the
bacterial Thr-Prx.

We also evaluated the inactivation of Thr-Prx and Ser-Prx by thermal stress. The
differential scanning fluorimetry (DSF) curve for PaAhpC presented a lag phase and the
determined Ty, was 58.5 4+ 1.4 °C, while PaAhpCT™4S displayed a sudden increase in
the fluorescence and the T, of 66.1 £ 2.3 °C (Figure 8A). Therefore, replacement of the
catalytic triad Thr by Ser resulted in an increase about 8 °C in the Ty, (Figure 8A). For
SeAhpC and SeAhpCS#T, the shapes of the thermal sigmoidal profiles were very similar,
although the Ser to Thr substitution resulted in a decrease of ~9 °C of the Tr, (61.3 £ 0.5
and 52.7 £ 0.6 °C, respectively) (Figure 8B). Therefore, the presence of Ser in the catalytic
triad increased the thermal stabilities of the AhpCs.

Since the thermal stability increased in Ser-Prx, we tested if the proteins retained
their peroxidase activities after the thermal pre-treatments. The Thr-Prx (PaAhpC and
SeAhpC54T) were partially inactivated after being heated to 55 °C (Figure 9A,D).

However, the effect of temperature was much more noticeable for SeAhpCS4T, where
the pre-treatment at 55 °C abolished the peroxidase activity of the enzyme (Figure 9D).
This result agreed with the determined Ty, values, as the enzyme SeAhpC3#¢T displayed
the lowest Ty, value. On the other hand, the Ser-Prx (PaAhpCT™35 and SeAhpC) retained
the activity in all temperatures tested (Figure 9B,C).
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Figure 6. NADPH oxidation assay for evaluation of AhpC hyperoxidation of P. aeruginosa and S. epidermidis using the
heterologous E. coli Trx system. Reactions were executed containing PaAhpC (A,E), PaAhpCT43S (B,F), SeAhpC (C,G), or
SeAhpCS46T (D,H) (3 uM), EcTrx (6 uM), EcTrxR (0.9 uM), NADPH (150 uM), 50 mM HEPES pH 7.4, 1 mM sodium azide, and
100 uM DTPA. The experiments were started adding growing concentrations of HyO, (A-D) or CHP (E-H) (0 uM = e black,
500 uM = M blue, 1 mM = x orange, 5 mM = ¥ green and 10 mM = ¢ red). The reactions were incubated for 5 min/37 °C.
The oxidation of NADPH was monitored spectrophotometrically at 340 nm. The error bars represent the standard deviations.

All experiments were performed in triplicate and repeated at least three times, yielding consistent results.
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Figure 7. Evaluation of Thr-Prx and Ser-Prx inhibition. The amount of NADPH consumed after 300 s of reaction were
obtained in the assays presented in Figure 2, Figure 3, and Figure 6, to HyO, (A, eukaryotic Prx; C, bacterial Prx) and CHP
(B, eukaryotic Prx; D, bacterial Prx). Comparing the values obtained to wild type with the reciprocal enzymes, it is possible
to estimate which residue in catalytic triad makes the enzyme more resistant to hyperoxidation. Error bars represent the
standard deviations.
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Figure 8. AhpC thermal unfolding monitored by DSF. Differential scanning fluorimetry of PaAhpC (A, blue line),
PaAhpCT43S (A, red line), SeAhpC (B, red line), and SeAhpCS46T (B, blue line). Proteins were previously reduced with DTT
(20 mM), desalted (PD10, GE Healthcare), and incubated with SYPRO Orange dye. The fluorescence scanning was carried
out using a temperature gradient from 25 °C to 95 °C. The melting temperature (Tr,) was determined by the Boltzmann
equation to determine the midpoint of thermal denaturation. The experiments were performed in triplicate and repeated at
least three times with similar results.
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Figure 9. NADPH oxidation assay to assess the effects of thermal inactivation of AhpC enzymes. Aliquots of the
PaAhpC (A), PaAhpCT43S (B), SeAhpC (C) and ‘SeAhpCS46T (D) were incubated at different temperatures (37 °C = B blue,
42 °C = x orange, 50 °C = ¥ green and 55 °C = 4 red) for 1 h. Then the enzymes were added to the reactions containing
6 uM EcTrx, 0.9 uM EcTrxR, 150 uM NADPH, 50 mM HEPES (pH 7.0), 100 uM DTPA, and 1mM sodium azide. The reactions
were initiated by the addition of 500 utM H,O, and absorbance at 340 nm was monitored at 37 °C, for 5 min. As negative
control (e black), reactions were performed without the addition of the AhpC. The standard deviations are represented by
the error bars. All experiments were performed at least three times and yielded similar results using replicates.

3.5. AhpC Containing Ser Presented Enhanced Chaperone Activity

We also investigated the abilities of these AhpCs to protect citrate synthase (CS)
against thermal insult. CS slowly aggregated when kept at 48 °C as indicated by increased
light scattering as a function of time (Figure 10A,B, black lines). In the presence of PaAhpC,
the CS aggregation decreased significantly (Figure 10A, blue line). We also tested if the
pre-treatment of PaAhpC at 48 °C by 1 h was able to exert additional protection to CS,
but no difference was observed in comparison to the untreated enzyme (Figure 10A, red
line). In the case of SeAhpC, the sample without thermal pre-treatment presented a more
pronounced protection activity (Figure 10B, blue line) than PaAhpC. Notably, pre-heated
SeAhpC (48 °C/1 h) protected CS with very high efficiency, because only a negligible
amount of CS aggregated (Figure 10B, red line). Therefore, our results suggest that AhpCs
containing Ser in the catalytic triad are more prone to act as chaperone induced by heat
shock stress than their counterparts containing Thr.
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Figure 10. Comparative protection of PaAhpC and SeAhpC to citrate synthase (CS) aggregation by thermal stress. Chaper-

one activity of PaAhpC and SeAhpC was monitored by its ability to protect citrate synthase (CS) from thermally induced
aggregation. The aggregation of 2 uM of CS in 40 mM HEPES-KOH pH 7.5 was monitored by light scattering (A = 360 nm)
for 90 min, either alone or in the presence of 40 uM PaAhpC (A) or SeAhpC (B). The assays were executed with the enzyme

pre-heated at 48 °C for 1 h (red lines) or not (blue lines). The CS alone was used as negative control (black lines). The

experiments were performed in triplicates under the same conditions.

The ability of the typical 2-Cys Prx to act as chaperone (holdase) was already described
for several enzymes from eukaryotes [32,33] and from some bacterial proteins [34,62,63].
These enzymes are able to switch from peroxidase to chaperone in response to oxidative
stress, by hyperoxidation of Cp or by thermal stress. Considering the high resistance of
AhpC to Cp hyperoxidation, the thermal stress may be the main factor that triggers the
chaperone activity, as observed by Kamariah and coworkers (2018) using E. coli AhpC
(Thr-Prx) as model [34]. Here, we observed the same effect for SeAhpC, which is a Ser-Prx.
It is tempting to speculate that chaperone activity may be facilitated in these enzymes
because they are stabilized as decamers, irrespective to the oxidative state.

4. Discussion

The roles of Thr or Ser in the catalytic triad of the typical 2-Cys Prx has been considered
redundant, but recently, we (and others) showed that Ser-Prx are more stable in the
decameric form [3,49]. Here, we demonstrated that the presence of Ser or Thr in the active
site affected also the Cp hyperoxidation susceptibilities, especially for yeast 2-Cys Prx,
besides being related to thermal resistance and the chaperone activities acquisition of
AhpCs. Furthermore, we showed that the vast majority of multicellular organisms have
Thr on catalytic triad. Ser-Prx is more prevalent in bacteria, which might be related with
diverse ecological strategies in some groups of this domain. Although the typical 2-Cys
Prx from bacteria are very resistant to hyperoxidation, we demonstrated that the Thr to Ser
substitution slightly increased the resistance to inactivation of AhpC by CHP.

Previously, eukaryotic 2-Cys Prx were described to be highly susceptible to oxidative
inactivation in comparison with bacterial counterparts [40]. Accordingly, eukaryotic 2-Cys
Prx were named as sensitive, while bacterial enzymes were referred as robust. Furthermore,
authors identified the presence of GGLG and YF motifs exclusively in eukaryotic 2-Cys
Prx, which were proposed to be positively selected during evolution [40]. The presence
of the GGLG and YF motifs near the Cp residue would represent a steric hindrance effect,
decreasing the rate of intermolecular disulfide bond formation [37]. According to this
model, Cr and HyO; compete for Cp-SOH. Therefore, enzymes with fast rates of con-
densation reaction between Cr and Cp-SOH would correspond to increased resistance to
hyperoxidation. More recently, two other structural elements, named motifs A and B, were
identified by conferring resistance to hyperoxidation in 2-Cys Prx [50].

Here, we analyzed the susceptibilities to hyperoxidation of sensitive (Tsal, Tsa2) and
robust (PaAhpC, SeAhpC) 2-Cys Prx carrying Thr or Ser in the catalytic triad. Remarkably,
yeast Ser-Prx (Tsa1™4S and Tsa2) are considerably more resistant to inactivation than Thr-
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Prx (Tsal and Tsa2 5*T) by hyperoxidation (Figure 2, Figure 3, and Figure 7) and this effect is
only moderate in bacterial enzymes treated with CHP (Figures 6 and 7). Noteworthy, motifs
A and B previously described as resistance factors to hyperoxidation [50] are also highly
similar among the yeast and bacterial counterparts (Supplementary material, Table S1 and
Figure S3). Therefore, the observed differences in inactivation between Tsal and Tsa2 or
between PaAhpC and SeAhpC are probably not related to the compositions of motifs A
and B in these enzymes. In fact, the natural substitution of catalytic triad Thr to Ser stands
as a novel trait related to resistance or susceptibility to Cp hyperoxidation.

We also analyzed the crystallographic structures of Tsal (PDB = 3SBC) and Tsa2
(PDB = 5DVB) to gain insights on mechanisms underlying differences in the hyperoxidation
susceptibilities. In our previous work [3], we observed that the side chain of catalytic Ser
presents higher mobility than the Thr in Tsal. The additional methyl group in Thr side
chain interacts with an aromatic ring in the adjacent dimer. Thus, the B-factor of active
site regions in the 10 chains of Tsa2 structure are higher than observed to Tsal. Now, we
analyzed the interactions of catalytic Thr and Ser in an attempt to explain the differences in
hyperoxidation resistance. We observed that the Ser** in some chains of Tsa2 are in position
quite similar to Thr** in Tsal (Figure 11A). However, in three chains, the Ser** of Tsa2 are
found in an alternative position compared to that one observed to Thr*. Consequently,
the motif GGLG is moved away from the C-terminal «-helix where YF motif is found
(Figure 11B) and a helix upstream to the GGLG motif is also deformed. We propose that
the high mobility of Ser side chain makes the interaction between GGLG and C-terminal
motif YF more unstable and, therefore, facilitate the approximation between Cp and Cr
and disulfide formation. In fact, our data indicated that, in yeast enzymes (displaying the
GGLG/ YF motifs), the differences in hyperoxidation are more pronounced between Ser-Prx
and Thr-Prx. Accordingly, Peskin and colleagues (2021) [61] showed that substitution of
human Prx2 Cr by amino acids that disrupts the C-terminal structure is able to affect
the enzyme activity, indicating an interconnection between the C-terminal region and the
active site microenvironment in eukaryotes. These data indicate that even regions located
far from the active site can exert effect in the 2-Cys Prx activity.

Figure 11. Active site, GGLG and YF motif regions of Tsal and Tsa2. (A) Superposition of Tsa14’S (3SBC = pink) and
Tsa2“47S (5DVB = light blue) show similar position of Thr** (Tsal) and Ser** (Tsa2). Motif GGLG (red in Tsal and blue in
Tsa2) and CT o-helix (dark red in Tsal and dark blue in Tsa2) are also in quite similar position. (B) When Ser* is found

in an alternative conformation, GGLG motif is displaced to a further position, while CT «-helix do not appear in the
crystallographic structure probably due to being more mobile and, consequently, with low resolution. Crystallographic
structures are presented in cartoon and highlighted amino acids are presented as balls and sticks. Graphical models were
generated by PyMOL.
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In contrast, Thr/Ser substitutions in PaAhpC and SeAhpC produce less pronounced
effects on the susceptibilities to hyperoxidation, possibly due to GGLG and YF motifs
are absent at these enzymes. We compared the crystallographic structure of a Thr-Prx
(Salmonella typhimurium AhpC-PDB entry 1YEP) with the only AhpC containing Ser in
the PDB database (Enterococcus faecalis—PDB entry 5Y63), but we did not observe any
major structural differences. However, it is worth to mention that disulfide formation in
bacterial AhpC belonging to Thr-Prx group is considerable faster (75 s~!) compared to
human enzymes such as Prx2 and Prx3 (1.7 and 22 s}, respectively) [38,64].

We also observed that 2-Cys Prx are more susceptible to hyperoxidation by organic
hydroperoxides than HyO, (Figures 2, 3 and 6), as previously described [34], which may be
related with the environment close to the active site pocket. Crystallographic observations
revealed the presence of large hydrophobic portions around this region [40,43,48]. In fact,
ahpc gene inactivation frequently render bacteria with increased sensitivity to organic
peroxide and AhpC over-expression invariably leads to a gain of resistance against these
oxidants [65-71]. Moreover, Mycobacterium tuberculosis and Helicobacter pylori mutants for
ahpc gene accumulated higher levels of lipid hydroperoxides during aerobic growth, when
compared to wild type strains [72].

Considering that presence of Ser in catalytic triad makes 2-Cys Prx resistant to Cp
hyperoxidation, more stable as a decamer and increase its chaperone activity, we speculate
that these enzymes may present complementary functions, protecting cells from severe
stressful conditions. Ser-Prx might be more prone to hydroperoxides detoxification and
thermal stress defense, while Thr-Prx would be better adapted to cell signaling functions.
Notably, Ser-Prx were able to perform both peroxidase and chaperone activities after heat
shock and possibly these molecular activities may occur simultaneously. Consistent with
this idea, Ser-Prx are more frequent in bacteria, some of them pathogenic. Therefore, Ser-
Prx might be considered as target for the development of specific inhibitors to prokaryotic
enzymes. Finally, it is amazing to note that a single residue substitution by another with
similar properties can confer remarkable functional and structural differences between
very homologous enzymes.

5. Conclusions

The single natural substitution of the active site catalytic triad Thr to Ser occurs in
several 2-Cys Prx from different organisms and influences the oligomeric redox state,
resistance to hyperoxidation, thermostability, and chaperone activity defining two groups
among the 2-Cys Prx: Ser-Prx and Thr-Prx. This substitution may have been selected
during the evolutive process and can be directly related to differential functions of these
enzymes in the cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10071032/s1, Figure S1: Western blot to confirm Cp hyperoxidation of Tsal and Tsa2;
Figure S2: Evaluation of AhpC hyperoxidation by western blotting; Figure S3: Sequence alignment of
Tsal, Tsa2 and bacterial typical 2-Cys Prx to evaluate the conservation of the hyperoxidation resistance
motifs (named A and B) and catalytic triad Thr or Ser distribution; Spreadsheet S1: Distribution of
typical 2-Cys Prx among the organisms; Table S1: Conservation of hyperoxidation resistance motifs
in typical 2-Cys peroxiredoxins isoforms.
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Abstract

The oxidative and nitrosative responses generated by animals and plants are important defenses against infection and establish-
ment of pathogenic microorganisms such as bacteria, fungi, and protozoa. Among distinct oxidant species, hydroperoxides are a
group of chemically diverse compounds that comprise small hydrophilic molecules, such as hydrogen peroxide and
peroxynitrite, and bulky hydrophobic species, such as organic hydroperoxides. Peroxiredoxins (Prx) are ubiquitous enzymes
that use a highly reactive cysteine residue to decompose hydroperoxides and can also perform other functions, like molecular
chaperone and phospholipase activities, contributing to microbial protection against the host defenses. Prx are present in distinct
cell compartments and, in some cases, they can be secreted to the extracellular environment. Despite their high abundance, Prx
expression can be further increased in response to oxidative stress promoted by host defense systems, by treatment with
hydroperoxides or by antibiotics. In consequence, some isoforms have been described as virulence factors, highlighting their
importance in pathogenesis. Prx are very diverse and are classified into six different classes (Prx1-AhpC, BCP-PrxQ, Tpx, Prx5,
Prx6, and AhpE) based on structural and biochemical features. Some groups are absent in hosts, while others present structural
peculiarities that differentiate them from the host’s isoforms. In this context, the intrinsic characteristics of these enzymes may aid
the development of new drugs to combat pathogenic microorganisms. Additionally, since some isoforms are also found in the
extracellular environment, Prx emerge as attractive targets for the production of diagnostic tests and vaccines.

Key points

* Peroxiredoxins are front-line defenses against host oxidative and nitrosative stress.
* Functional and structural peculiarities differ pathogen and host enzymes.

* Peroxiredoxins are potential targets to microbicidal drugs.

Keywords Peroxiredoxins - Oxidative stress - Antibiotic resistance - Hydroperoxides - Virulence - Structure

Introduction

Microbial pathogen infections trigger several host defense
M.arcos Antonio de Oliveira and Carlos A. Tairum contributed equally to mechanisms (Medzhitov 2007; Nurnberger et al. 2004), such
this work. as the release of large amounts of reactive oxygen species
(ROS) and nitrogen species (RNS). Among the ROS, hydro-
gen peroxide and superoxide are not powerful oxidants, but
they can be converted to hydroxyl radical which is a highly
reactive species (Halliwell and Gutteridge 2015).
Furthermore, myeloperoxidase can use hydrogen peroxide to
generate highly microbicidal species, such as hypochlorous
acid (Winterbourn et al. 2016). Host organisms also produce
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Litoral Paulista, So Vicente 11330-900, Brazil nitric oxide radicals and derived oxidants (Prolo et al. 2014),
2 Departamento de Genética e Biologia Evolutiva, Instituto de SuCh_aS peroxym‘Fr?te, a powerﬁl'l O)fldlzmg h_ydrop?romde
Biociéncias, Universidade de Sao Paulo, Sdo Paulo 05508-090, (Radi 2018). Additionally, the oxidation of amino acids, nu-
Brazil cleotides, and lipids generate high levels of organic
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hydroperoxides (OHPs) over the course of the host response.
Noteworthy, some evidences indicate that microbicidal drugs
can enhance superoxide and hydrogen peroxide production
(Dwyer et al. 2014; Lam et al. 2020; Repolés et al. 2020).
Therefore, pathogens must remove these oxidants for estab-
lishment in a host.

Pathogenic organisms express several antioxidant enzymes
to counteract oxidative insults (Staerck et al. 2017). Among
them, catalases (Cat) specifically decompose hydrogen perox-
ide and peroxynitrite, while glutathione peroxidases (Gpx)
and peroxiredoxins (Prx) can decompose several kinds of hy-
droperoxides, including hydrogen peroxide, peroxynitrite, and
OHPs (Staerck et al. 2017). Therefore, antioxidant enzymes
gain importance with the emergence of microbial strains re-
sistant to multiple drugs, a global health threat, and the search
for novel biological targets is a worldwide concern (Fisher
et al. 2017). Since that some evidence indicates that microbi-
cidal drugs can enhance superoxide and hydrogen peroxide
production (Dwyer et al. 2014; Lam et al. 2020; Repolés et al.
2020), the search for antioxidant enzyme inhibitors raises as a
possible alternative approach. Prx members are important tar-
gets due to their diversity and structural differences between
isoforms found in pathogenic microbial organisms and hosts.
Here, we aim to review several aspects of Prx enzymes such as
abundance, substrate diversity, and structural/functional pecu-
liarities that place them as potential targets for novel strategies
to combat microbial infections.

Abundance and distribution
of peroxiredoxins in microbial cells

Prx are the main scavengers of hydroperoxides in several or-
ganisms (Condeles et al. 2020; Seaver and Imlay 2001;
Winterbourn and Hampton 2008) and especially in some mi-
crobial pathogens that lack both catalase and Gpx
(Mastronicola et al. 2014; Richard et al. 2011). The signifi-
cance of Prx in bacteria is highlighted by the number of dif-
ferent isoforms expressed, ranging from three to ten enzyme
isoforms, representing some of the most abundant proteins in
several bacteria. Additionally, bacterial Prx are found in the
cytosol, associated with the cell membrane or with DNA, in
the periplasmic space and even in biofilms (Cha et al. 1995;
Enany et al. 2014; Hicks et al. 2010; Murphy et al. 2005;
O'Riordan et al. 2012). It is important to mention that bacterial
Prx are naturally abundant in basal conditions. Nonetheless,
immune cells such as macrophages or neutrophils impose ox-
idative insults that can enhance Prx levels in Salmonella
typhimurium and Mycobacterium avium (Francis et al. 1997;
Zhu et al. 2008). Additionally, Prx are upregulated by distinct
bactericidal drugs, such as amikacin, ciprofloxacin, kanamy-
cin, tetracycline, vancomycin among others (Chen et al. 2013;
Kumar et al. 2013; Li et al. 2018; Vranakis et al. 2012).
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The number of Prx isoforms is also elevated in eukaryotic
organisms, achieving up to six isoforms in fungi (Park et al.
2000; Rocha et al. 2018; Skrzypek et al. 2017) and three to
five in protozoans (Richard et al. 2011). Several isoforms are
distributed throughout diverse cellular compartments, such as
the cytosol, mitochondria, nucleus, peroxisomes, protozoan
glycosomes, and they are even exported outside cells (Park
etal. 2000; Richard et al. 2011; Rocha et al. 2018; Urban et al.
2005; Vallejo et al. 2012). In fungi, extracellular Prx isoforms
are also associated with the hypha/cell wall and biofilm (Choi
et al. 2003). It is important to highlight that biofilm confers
resistance to bacteria and fungi against host immune defenses
and antimicrobial drugs (Lynch and Robertson 2008) and the
extracellular location of some Prx in pathogenic microorgan-
isms makes these enzymes promising targets for diagnostic
tests and vaccines (Fereig et al. 2017; O'Riordan et al. 2012;
Rodrigues et al. 2020).

Prx are also abundant in microbial eukaryotes, such as fun-
gi and protozoans. Saccharomyces cerevisiae, a model yeast
for genetic and biochemical studies, is an opportunistic path-
ogen in immunocompromised individuals (Souza Goebel
et al. 2013). In this yeast, the abundance of Prx isoforms can
attain ~ 1% of the total soluble proteins in the cell and are
much more abundant than catalases and Gpx
(Ghaemmaghami et al. 2003). Proteomic approaches of rep-
resentative fungi and protozoans revealed a high amount of
Prx in these microorganisms (de Godoy et al. 2012; Kaneva
et al. 2018).

Similarly to observed in bacteria, Prx expression levels are
enhanced in pathogenic fungi and protozoans in response to
oxidative burst and to antimicrobial agents. In Candida
glabrata, the expression of the Prx is strongly enhanced when
insulted by the oxidative stress promoted by the host immune
system (Gutierrez-Escobedo et al. 2020). In Trypanosoma
cruzi, ectopic overexpression of Prx isoforms enhances the
resistance of the pathogen against peroxynitrite and hydrogen
peroxide produced by macrophages and pathogen metabolism
(Piacenza et al. 2008). Concerning the antimicrobial drugs, it
was observed an increased Prx expression for a wide range of
antimicrobial drugs, such as amphotericin B, antimony,
benznidazole, camphene thiosemicarbazide, caspofungin, flu-
conazole, fludioxonil, itraconazole, miltefosine, and others
(Andrade et al. 2008; Das 2018; Gautam et al. 2016;
Gautam et al. 2008; Shishodia et al. 2019; Silva et al. 2018;
Vediyappan et al. 2010). Overall, the data presented in this
section highlight the importance of Prx for microbial pathogen
survival under oxidative stress conditions.

Catalytic mechanism of Prx

Prx are Cys-based peroxidases that efficiently decom-
pose several kinds of hydroperoxides, achieving rate
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constants up to 105 M™' s (Reyes et al. 2011; Tairum
et al. 2016). The catalytic cysteine (named peroxidatic
cysteine, Cp) reduces the hydroperoxide and is oxidized
to sulfenic acid (Cp-SOH) (Hall et al. 2011). Thr (or
Ser) and Arg are found with Cp in the active site of
all Prx, composing a triad that is essential to the cata-
lytic power of Prx enzymes (Fig. 1) (Hall et al. 2010;
Poole and Nelson 2016). The catalytic triad Thr can be
substituted by Ser in some Prx, with structural and
functional consequences, but with no effect on reactivity
under low concentrations of hydroperoxides (Tairum
et al. 2016). Interestingly, catalytic Ser is more frequent
in Bacteria than in Archaea or in Eukarya domains of
life, but the evolutive reasons for this distribution are
not clear to date (Tairum et al., 2021, in press).

Cp is very reactive to most hydroperoxides due to the
active site microenvironment (Hall et al. 2010). Thr/Ser
and Arg of the catalytic triad activate Cp and orientate
the substrate in the active site for optimal reactivity
(Fig. 1) through a Sx\2 mechanism (Hall et al. 2010).
The oxidation of Cp by hydroperoxide is common to all
Prx, while the subsequent steps define two groups.
Some Prx have only one catalytic cysteine (1-Cys
Prx), while a second cysteine residue (named resolving
cysteine, Cg) is involved in the catalysis of another
group (2-Cys Prx) by forming a disulfide bond (Cp-S-
S-Cr). 2-Cys Prx can be further divided into atypical, in
which both cysteines are in the same subunit; and typ-
ical, that have a homodimer as minimal catalytic unit
due to Cp and Cyr are in different chains (Perkins
et al. 2015).

Fig. 1 Catalytic triad of Prx. Polar interactions among Arg, Thr/Ser, and
Cp (yellow lines) stabilize the SY in the deprotonated (thiolate) form.
Polar interaction among Arg, Thr/Ser, and substrate (black lines)
orientate the hydroperoxide towards the thiolate of Cp. The
crystallographic structure of yeast Prx (PDB = 3SBC) is represented as
cartoon (light gray), highlighted amino acids are represented as balls and
sticks and colored as follows: carbon = light gray, oxygen = red, nitrogen
= blue, and sulfur = yellow

Common aspects, structural variability,
and alternative functions of Prx

All Prx enzymes display the thioredoxin-fold (Trx-fold) that is
composed of four (3-sheets surrounded by three o-helices, a
structure that is shared with several other redox proteins from
the thioredoxin super-family (Hall et al. 2011). Prx enzymes
evolved from a common Trx ancestor, with the addition of
secondary structural elements (Copley et al. 2004). They are
subdivided into six classes: AhpC-Prx1, BCP-PrxQ, Tpx,
Prx5, Prx6, and AhpE (Fig. 2a—f) based on amino acid resi-
dues in the active site and structure (Nelson et al. 2011). The
AhpC-Prx1 class is mostly composed of the typical 2-Cys Prx,
while the atypical 2-Cys Prx are distributed in three classes:
BCP-PrxQ, Prx5, and Tpx. Proteins displaying the 1-Cys Prx
mechanism are mainly present in the Prx6 group, but there are
also 1-Cys Prx in the BCP-PrxQ, Prx5, and AhpE classes
(Nelson et al. 2011).

The oligomeric states of these enzymes are also very di-
verse: monomers, dimers, decamers, and other quaternary spe-
cies (Fig. 3) ( Hall et al. 2011; Jang et al. 2004; Nelson et al.
2011; Tairum et al. 2016). The Prx dimers can assemble in
two different ways: A-type (Fig. 3a), presenting unique

AhpC-Prx1

f \ AhpE b BCP- erQ

) ¢ \ e
G Y €

Trx fold I/
Prx5
@"ﬁ

e Prx6 b

Fig. 2 The common Trx-fold and structural variations among the six Prx
classes. Prx from different organisms as representatives of the six classes
are derived from a common Trx-fold (PDB = 2J23) (center of image). (a)
AhpC-Prx1, yeast Tsal (PDB =3SBC); (b) BCP-PrxQ, Xvlella fastidiosa
BCP (PDB = 3IXR); (¢) Prx5, P. falciparum AOP (PDB = 1XIY); (d)
Tpx, E. coli Tpx (PDB = 3HVV); (e) Prx6, P. aeruginosa LsfA (PDB =
6POW); (f) AhpE, M. tuberculosis AhpE (PDB = 4X0X). The structures
are represented as cartoon, in which the -helixes that compose the Trx-
fold are represented in red and the (-sheets are colored in yellow.
Additional elements specific to each class are shown in blue. The
structures are represented as monomers for clarity
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Fig. 3 Representation of the two types of Prx dimers and the quaternary
structures diversity of peroxiredoxins. Structures are represented as
cartoons, and each monomer is represented by a different color. (a) A-
type dimers present in the BCP-PrxQ, Tpx, Prx5, and AhpE classes. The
A-type is represented by yeast Ahpl (PDB =40WY), and the monomers
are colored in light green and green. (b) B-type dimers are found in the
classes AhpC-Prx1 and Prx6 (light gray and dark blue) (PDB = 3SBC).

globular domain, and B-type (Fig. 3b), in which the central (3-
sheets of both monomers are aligned (Poole and Nelson
2016). Members of the BCP-PrxQ, Prx5, Tpx, and AhpE
classes can form A-type dimers, but there is a wide variation
at this organization level. Most proteins of the BCP-PrxQ
class are monomers, with a few of them as A-type dimers.
Representatives of the Prx5 group are detected as monomers
and dimers, and some bacterial members possess Prx5 fused
to a glutaredoxin molecule and can form tetramers (Kim et al.
2003; Nelson et al. 2011). The Tpx members are found only as
A-type dimers. Finally, the AhpE members assemble as A-
type dimers that can further associate as octamers (tetramers of
dimers) (Hall et al. 2011).

The B-type dimer is present in members of the AhpC-Prx1
and Prx6 classes, representing the minimum catalytic unit of
AhpC-Prx1, since Cp and Cy are present in different mono-
mers. Interestingly, AhpC-Prx1 and Prx6 enzymes can further
assemble into tetramers, octamers, decamers, dodecamers, or
high molecular weight species (Poole et al. 2011; Poole and
Nelson 2016). Additionally, AhpC-Prx1 enzymes with Thr in
the catalytic triad possess the particularity of switching be-
tween oligomeric states in a redox-dependent manner:
decamers in the reduced form (Fig. 3c) and dimers in the
disulfide state (Tairum et al. 2016).

The diverse structural features among Prx classes might
represent an opportunity for the characterization of inhibitors
used as drugs in the combat of pathogens. Part of the diversity
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Some dimeric Prx from the AhpC-Prx1 and Prx6 classes can assemble
into toroidal structures formed by pentamers of dimers (decamers) (PDB
=3SBC). (¢) Under oxidative or heat stresses, some Prx can organize in
high molecular weight (HMW) species as spherical (d) or filamentous
multimers (e). The HMW complexes are illustrative and were constructed
using the yeast Prx coordinates (PDB = 3SBC). The monomers of the
dimers are represented in dark blue and light gray for clarity

of proteins of the six Prx classes resides in the amino acid
composition of the active sites (Hall et al. 2011). Tpx and
AhpE members are found almost exclusively in prokaryotes
and BCP-PrxQ is absent in animals (Poole and Nelson 2016).
For the other three classes, specific features can be taken into
account to design molecules that specifically target enzymes
from pathogens and not from the hosts.

The amino acid sequences of microbial Prx isoforms (bac-
teria, fungi, and protozoans) differ considerably from host
enzymes (mammals and plants), ranging from 35 to 60% of
identity (data not shown). Some of these different residues are
found in the active site. These differences can be explored for
obtaining specific inhibitors. To illustrate this variation, the
structure of representative proteins from pathogens and hosts
of the subclasses AhpC-Prx1, BCP-PrxQ, Prx5, and Prx6
were overlapped (Fig. 4). Notably, some of the differences
between host and pathogen protein surfaces are close to C,,
(Fig. 4a—d). AhpC-Prx1 from eukaryotes possesses a C-
terminal o-helix and other specific features involved in the
increased susceptibility of Cp to hyperoxidation that are absent
in most prokaryotic proteins (Wood et al. 2003) (Fig. 4a). The
catalytic triad Thr residue is replaced by a Ser residue in some
pathogenic bacteria (Staphylococcus sp. and Bacillus sp.,
among others), fungi (Saccharomycetales), and protozoans
(Leishmania sp.), but is almost absent in hosts (unpublished
data). This single substitution confers considerable structural
and functional differences between Prx containing Thr or Ser
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Conserved

Peroxidatic
| residues

Nonconserved
residues

Fig. 4 Conservation of surface residues among Prx from the host and
pathogen. Molecular surfaces of Prx enzymes, depicting the common
amino acids between host and pathogen (white), the different ones
(pink), and the active site catalytic Cp (orange). Conserved residues
were considered the same amino acid or amino acids presenting similar
physicochemical properties. (a) Molecular surface of human AhpC-Prx1
(Prx2; PDB: 1QMV) was used as template and compared to the
homologue isoform from S. typhimurium (UniProt ID: POA251). C-

(Tairum et al. 2016). The Thr/Ser substitution may also pro-
vide a different microenvironment to ligands targeted to Prx
from pathogens (Fig. 4a). For some pathogenic bacteria, such
as Haemophilus influenzae, Neisseria meningitidis, and
Vibrio cholerae, the differences among the Prx5 isoforms
are accentuated as a consequence of a glutaredoxin domain
fused to the C-terminal region (Fig. 4c), a feature that is not
observed in animal and plant isoforms (Kim et al. 2003).
Besides the peroxidase activity, some peroxiredoxins
present additional functions. At high hydroperoxide con-
centrations, Cp is hyperoxidized to sulfinic acid (Cp-
SO,H), resulting in loss of peroxidase activity and con-
comitant acquisition of chaperone (holdase) function. In
parallel, these 2-Cys Prxs undergo structural rearrange-
ments to form high molecular weight species (HMW),
presenting a spherical or filamentous organization (Fig.
3 d and e) (Hall et al. 2009; Jang et al. 2004; Saccoccia
et al. 2012; Tairum et al. 2016). A C-terminal «-helix,
which is restricted to eukaryotic isoforms with rare excep-
tions (e.g., Helicobacter pylori AhpC), facilitates Cp
hyperoxidation by impairing disulfide formation (Hall
et al. 2009). Molecular chaperone activity has also been
described in Prx from some microorganisms previously

Thr to Ser substitution in bacterial
cysteine (Cp) = and protozoan AhpC-Prx1

C-terminal helix
(eukaryotes)

Prx5 glutaredoxin
domain

terminal o-helix that are absent in most prokaryotes is colored in light
green. Position of Thr/Ser in the active site is highlighted in red. (b) BCP-
PrxQ from X. fastidiosa (PDB: 3IXR) compared with the plant Citrus
sinensis (NCBI ID: XP_006474598.1). (¢) The structure of Prx5 from
H. influenzae (PDB: 1NM3) and human Prx5 (UniProt ID: P30044).
The additional Grx domain present in some pathogenic bacteria is
colored in purple. (d) Human Prx6 (PDB: 1PRX) compared with its
bacterial counterpart from P. aeruginosa (UniProt ID: AOAOH2ZEHS5)

exposed to heat shock without the requirement of C,
hyperoxidation (Kamariah et al. 2018; Morais et al.
2017; Saccoccia et al. 2012; Teixeira et al. 2015). In ad-
dition, a BCP-PrxQ from Deinococcus radiodurans and a
Prx6 from Anabaena sp. also present molecular chaperone
activity (Cho et al. 2019; Mishra et al. 2017).

Another additional function displayed by some mem-
bers of the Prx6 class is a calcium-independent phospho-
lipase A, activity (PLA,), which is unrelated to the per-
oxidase function (Bannitz-Fernandes et al. 2019). The
PLA, activity of Prx6 depends on a second active site
separated from the peroxidase center and composed of a
catalytic Ser, a His and an Asp (Fig. 5). In pathogens,
PLA, activity was described in Prx6 enzymes from
Pseudomonas aeruginosa and from Aspergillus
fumigatus, two respiratory airway pathogens. These phos-
pholipase activities might be related to the metabolism of
surfactants in the lungs during colonization by damaging
phospholipids from the host cell membrane or nutrient
acquisition (Bannitz-Fernandes et al. 2019). Besides the
peroxidase function, these additional activities of some
Prx groups may support the ideal condition for organism
survival, especially microorganisms.
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Fig. 5 Catalytic triads of
peroxidase and PLA, activities of
a representative Prx6 enzyme.
The active sites of the two
functions performed by members
of the Prx6 class are independent.
The LsfA structure (PDB =
6POW) is represented as cartoon
and each monomer present a
different color (pale green and
light pink). Corresponding
residues for each catalytic triad
are represented as spheres and
colored as follows: C = green or
pink (peroxidase or
phospholipase catalytic triad,
respectively), N = blue, O = red,
and S = light orange

Peroxidase catalytic triad

Peroxiredoxin reductants

To perform catalysis efficiently, Prx requires appropriate re-
ductants for fast turnover and the Trx system is the most fre-
quently employed. The Trx system comprises thioredoxin
(Trx), thioredoxin reductase (TrxR), and NADPH as electron
source (Oliveira et al. 2010). Although Trx enzymes are high-
ly conserved, TrxR enzymes are distinct between
microorganisms/plants and mammals and have been explored
as drug targets (Koch et al. 2013). In both cases, TrxR are
obligate dimers, but the enzymes present low molecular
weight (molecular mass of monomers ~ 33 kDa) in bacteria,
fungi, and plants. In mammals, TrxR possesses ~ 50 kDa per
monomer and contains a selenocysteine residue (Oliveira et al.
2010). Below, we describe variations found in the reduction of
Prx enzymes from the canonical Trx system.

AhpC-Prx1

A specialized Trx system in bacteria, named AhpF, is dedicat-
ed to the reduction of AhpC-Prx1 enzymes. AhpF is a
multidomain enzyme, containing a TrxR portion fused to
two Trx domains in a single polypeptide. Although AhpF
can use either NADH or NADPH as the electron donor,
NADH is the preferred reductant (~ 100x), in contrast to the
canonical TrxR that preferentially uses NADPH (Poole and
Ellis 1996).

Mycobacterium tuberculosis presents another specialized
system for the reduction of some AhpC-Prx1 isoforms.
This system comprises AhpD, a bacterial protein with
thioredoxin-like activity, but without significant structural
homology to Trx. It acts together with dihydrolipoamide
succinyltransferase (SucB) and dihydrolipoamide dehy-
drogenase (Lpd), also using electrons from NADH (Bryk
et al. 2002).
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Phospholipase cataylic triad

Protozoans from the Trypanosoma and Leishmania genera
present a unique thiol-disulfide network that is able to reduce
AhpC-Prx1 members (so-called in trypanosomatids as
tryparedoxin peroxidase, TxnPx) (Netto et al. 2016;
Piacenza et al. 2008). The system uses NADH as an electron
donor and includes the enzymes tryparedoxin (Txn), an oxi-
doreductase homologue of thioredoxin, and tryparedoxin re-
ductase (TR), a flavoenzyme structurally similar to the high
molecular weight TrxR. The system also comprises
trypanothione (TSH), an abundant low molecular weight thiol
that is only present in trypanosomatids (Jaeger and Flohe
2006). In this case, peroxiredoxin disulfide is directly reduced
by Txn, which is restored to the reduced state by
trypanothione. The oxidized trypanothione molecules are re-
duced by TR using NADH.

Prx5

Prx5 enzymes can be reduced by the glutathione (GSH) sys-
tem, which is composed of glutaredoxin (Grx), GSH, gluta-
thione reductase (GR), and NADPH. GSH forms a mixed
disulfide with Cp-SOH, which is then reduced by Grx,
regenerating reduced Prx. A second GSH molecule recovers
reduced Grx, generating oxidized glutathione (GSSG), which
is then reduced by glutathione reductase using electrons from
NADPH. It is worth to highlight that Prx domain is fused to a
Grx domain (Fig. 5c¢) in some bacterial Prx5 enzymes, which
appears to confer higher reducing efficiency to the system
(Kim et al. 2003).

Prx6

For some Prx6, the GSH system was proposed to turnover the
enzyme (Pedrajas et al. 2016). The Prx6 class is mostly com-
posed of 1-Cys Prx enzymes and so distinct agents directly
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reduce Cp-SOH intermediate. Although several biological re-
ductants have been tested, most of them failed to reduce mi-
crobial Prx6, including Trx system (Longo et al. 2020; Rocha
et al. 2018). Prx1 from S. cerevisiae is an exception, being
reduced by the mitochondrial Trx system (Pedrajas et al.
2000). In contrast, ascorbate is a general reductant for Prx6
enzymes (Anschau et al. 2020). We demonstrated that the
sulfenic acids in yeast Prx1 and mammalian Prx6 are reduced
by ascorbate, the only biological and non-thiolic reductant
described for peroxiredoxins so far (Monteiro et al. 2007).
Later, we determined that Prx6 isoforms from pathogenic mi-
croorganisms, such as bacteria (LsfA, P. aeruginosa) are re-
duced by ascorbate at moderate rates (Anschau et al. 2020).

AhpE

Like Prx6 class, most AhpE enzymes are 1-Cys Prx and the
identities of the biological reductants are still controversial.
We have previously demonstrated that AhpE from
M. tuberculosis can be reduced by ascorbate (Monteiro et al.
2007). Additionally, M. tuberculosis presents a thiolic enzy-
matic system that is involved in AhpE reduction. This system
was only described in the actinobacteria group and is repre-
sented by mycoredoxin (Mrx1), mycothiol disulfide reductase
(MR), and a low molecular weight thiolic compound named
mycothiol (MSH) (Hugo et al. 2014).

The unique aspects of some of the reductive systems of
various Prx enzymes from microorganisms, without counter-
parts in the hosts, are frequently considered as important che-
motherapeutic targets (Budde and Flohe 2003; Jaeger and
Flohe 2006). In fact, inhibitors for peroxiredoxin reducing
systems in bacteria and fungi have already been identified
(Koshkin et al. 2004; Marshall et al. 2019) and inhibitors for
the Prx trypanosomatid reducing system have recently shown
promising results in preclinical studies (Tunes et al. 2020).

Substrate diversity and protective roles
of peroxiredoxins

Prx enzymes display lower specificity towards hydroperox-
ides, decomposing them with high efficiency. For instance,
Prx enzymes from several microbial pathogens decompose
hydrogen peroxide and peroxynitrite very efficiently, at rate
constants from 10% to 10 M' s™! (Pineyro et al. 2011; Reyes
etal. 2016; Tairum et al. 2016). The reduction of OHPs by Prx
is also efficient (up to 108 M ™' s™!) and important for pathogen
survival (Estelle et al. 2020; Jacobson et al. 1989; Reyes et al.
2011). The vast majority of studies used synthetic organic
molecules such as fert-butyl (+-BOOH) and cumene (CHP)
hydroperoxides to mimic biological OHPs and members of
all Prx classes efficiently decompose these molecules
(Akerman and Muller 2005; Baker and Poole 2003;

Parsonage et al. 2008; Tairum et al. 2016). Table 1 summa-
rizes different kinds hydroperoxides used to challenge distinct
Prx classes.

It is important to note that OHPs are bulkier than hydrogen
peroxide or peroxynitrite, so Prx active sites are large and
hydrophobic to accommodate such distinct molecules. In fact,
some studies demonstrate that even bulky substrates are effi-
ciently decomposed by Prx. For instance, M. tuberculosis
AhpE achieves rate constants of approximately 108 M ' s
over arachidonic acid hydroperoxide (15-HpETE), a very
bulky hydroperoxide produced by reticulocytes, eosinophils,
and T-lymphocytes (Reyes et al. 2011). Interestingly, arachi-
donic acid is an integrant of cell membranes and AhpE was
detected in the membrane fraction of M. tuberculosis (Gu et al.
2003). In H. pylori, AhpC and BCP efficiently decompose
OHP, making the pathogen tolerant to oxidative stress
(Baker et al. 2001). In the fungus Paracoccidioides
brasiliensis, a Prx6 isoform can decompose linoleic hydroper-
oxide more efficiently than ~-BOOH and CHP (3-8-fold
higher, respectively) (Longo et al. 2020). Accordingly,
linoleic and linolenic acid hydroperoxides are also of high
importance in infection by pathogens due to their pronounced
microbicidal effect (Estelle et al. 2020). Together, the infor-
mation presented in this section demonstrates the substrate
versatility of Prx, indicating the role of these enzymes in cell
protection, including against oxidative stress generated by
OHPs.

Effects of Prx inactivation in pathogenic
microorganism cells

Silencing of Prx usually renders cells more sensitive to hydro-
peroxides insults (Castro et al. 2020; Comtois et al. 2003;
Cosgrove et al. 2007; Hillmann et al. 2016; Missall et al.
2004; Rocha et al. 2018; Teixeira et al. 2015). Their impor-
tance in hydroperoxide decomposition can be associated with
DNA protection. In fact, the first bacterial peroxiredoxins de-
scribed (AhpC from Escherichia coli and S. typhimurium)
were identified by observing that strains lacking ahpc genes
presented high mutation rates, while strains overexpressing
AhpC suppressed DNA alterations (Storz et al. 1987). This
protective role was later related to the ability of AhpC to
decompose OHPs (Jacobson et al. 1989), a phenomenon also
observed in other bacterial species and eukaryotic microor-
ganisms. For instance, AahpC from Bacteroides fragilis pre-
sents five times more mutations than the wild-type strain
(Rocha and Smith 1999). Although the deletion of one or
more Prx isoforms in the yeast S. cerevisiae is not lethal, it
compromises genome stability (Ogusucu et al. 2009). In
Candida albicans, the Atsal strains also present increased
mutation rates, indicating that Prx contributes to genome sta-
bility (Urban et al. 2005). The protective role of Prx in DNA
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integrity was also observed under nitrosative stress in
Trypanosoma brucei. Defective strains in the enzyme uracil-
DNA glycosylase (UNG), a component of the base excision
DNA repair system, exhibit reduced infectivity and increased
levels of DNA damage (Yague-Capilla et al. 2019). Notably,
surviving cells of the 7. brucei Aung strain present increased
expression of AhpC-Prx1 peroxiredoxin (Trypl), which is
correlated with peroxynitrite detoxification (Yague-Capilla
etal. 2019).

Prx also provide protection through a mechanism related to
their chaperone/holdase activity. As explained before, the ac-
quisition of chaperone activity can occur by Cp
hyperoxidation (Jang et al. 2004). Since almost all bacterial
AhpCs are resistant to Cp hyperoxidation (Wood et al. 2003),
the acquisition of chaperone activity to these microorganisms
probably involves a redox independent mechanism, which is
dependent on thermal insults (Jang et al. 2004), but still poorly
understood. Only few descriptions of chaperone activities of
bacterial Prx isoforms have been performed to date
(Buranajitpakorn et al. 2011; Kamariah et al. 2018). The chap-
erone function of E. coli AhpC was mostly investigated in
cell-free systems. In one case, no evidence of heat shock pro-
tection by AhpC in Xanthomonas campestris was obtained
(Buranajitpakorn et al. 2011).

In fungi, the acquisition of chaperone function was de-
scribed for the two cytosolic isoforms of the AhpC-Prx1 class.
Tsal and Tsa2 undergo transitions from peroxidase to chap-
erone in response to oxidative stress and thermal insults.
Additionally, null individual mutants or the double mutant
Atsal/Atsa2 present a significant reduction in cell viability
compared with the wild-type strain when subjected to heat
shock (Jang et al. 2004). A decrease in cell survival as a
consequence of thermal insult has also been reported in
Cryptococcus neoformans Atsal mutant (Missall et al. 2004).

In protozoans, the AhpC-Prx1 enzymes from Schistosoma
mansoni and Leishmania infantum were described to switch
from peroxidase to chaperone in response to oxidative stress
or heat shock (Saccoccia et al. 2012; Teixeira et al. 2015).
Furthermore, genetic inactivation of the L. infantum mito-
chondrial AhpC-Prx1 isoform (Amtxnpx) rendered cells a
thermosensitive phenotype. High levels of protein aggregation
were detected at 37°C (Teixeira et al. 2015), which is compat-
ible with the physiological temperature of mammalian hosts.

Besides inactivating Prx by genetic approaches, pharmaco-
logical inhibitors represent an alternative to investigate the
roles of these proteins in pathogens. However, only a few
microbial peroxiredoxin inhibitors have been identified to
date. For instance, showdomycin is a potent C-glycosyl nu-
cleoside antibiotic isolated from Streptomyces showdoensis
that was detected as a ligand of AhpC catalytic cysteines from
Staphylococcus aureus (Bottcher and Sieber 2010). In proto-
zoans, conoidin A was initially described as an inhibitor of
host cell invasion by the pathogenic protozoan Toxoplasma

gondii; this compound was later shown to bind covalently to
cysteine residues of 7gPrxIl, a peroxiredoxin from the AhpC-
Prx1 subclass. Conoidin A also prevents the growth of
Plasmodium falciparum and increases the sensitivity of the
parasite in host cells to chloroquine, an antimalarial drug
(Haraldsen et al. 2009). Both conoidin A and showdomycin
are bulky molecules with large hydrophobic backbones,
which may mimic large biological substrates, as OHPs.
Therefore, inactivating Prx isoforms may be a promising ap-
proach to enhance the death of pathogens resistant to multiple
drugs.

Prx as virulence factors

Since Prx play important roles in pathogen survival, they may
represent virulence factors. In fact, enzymes from five of the
six Prx classes have been described as virulence factors in
pathogens (Table 2). No studies have yet been performed to
examine the involvement of AhpE enzymes in virulence. The
role of different Prx classes in the virulence of the pathogenic
microorganisms is summarized below.

AhpC-Prx1

AhpC-Prx1 isoforms were associated with Helicobacter
cinaedi and H. pylori virulence, since ahpC mutants
(AahpC) could not to colonize mice stomach and were more
susceptible to killing by macrophages (Charoenlap et al. 2012;
Olczak et al. 2003). Moreover, H. cinaedi lacking the ahpC
gene presented a reduced ability to colonize the intestine of
both wild-type and defective in interleukin-10 (IL-10) mice
(Charoenlap et al. 2012).

In the pathogenic marine bacterium Vibrio vulnificus,
AhpC is related to both the bacterial capacity to grow during
infection of human intestinal cells and the ability to infect
mice (Baek et al. 2009). Infecting wild-type mice with a
AahpC strain of Listeria monocytogenes diminishes bacterial
virulence. This AahpC strain was virulent when infecting
mice with iNOS deficiency, indicating that AhpC protects
bacteria from nitric oxide-derived oxidants, such as
peroxynitrite (Dons et al. 2014).

AhpC-Prx1 members from the Mycobacterium genus
are indirectly related to the actions of catalase and isoni-
azid (INH), a drug largely employed in the treatment of
tuberculosis. Mycobacterium tuberculosis is able to grow
inside host macrophages using diverse strategies to detox-
ify distinct ROS and RNS. In addition, some strains of
M. tuberculosis present INH resistance that is related to
catalase (KatG) mutations (Rintiswati et al. 2011). INH is
a prodrug that requires “activation” by KatG to inhibit
enoyl-acyl carrier protein reductase from M. tuberculosis
by the formation of an isonicotinoyl-NAD adduct (Yu
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Table 2 Prx enzymes and

virulence Prx class Virulence Protein(s)  Organism Reference
factor
AhpC-Prx1  Yes AhpC Helicobacter cinaedi Charoenlap et al. 2012
Yes AhpC Helicobacter pylori Olczak et al. 2003
Yes Prx Listeria monocytogenes Dons et al. 2014
Yes AhpC Mycobacterium bovis Wilson et al. 1998
No AhpC Mycobacterium Heym et al. 1997
tuberculosis
No AhpC Mycobacterium Kaufmann et al. 2001
tuberculosis
No AhpC Porphyromonas gingivalis Johnson et al. 2004
No AhpC Salmonella typhimurium Taylor et al. 1998
No AhpC Staphylococcus aureus Cosgrove et al. 2007
Yes AhpC Streptococcus pyogenes Brenot et al. 2005
No AhpC Streptococcus pyogenes Brenot et al. 2005
Yes AhpCl1 Vibrio vulnificus Back et al. 2009
No Tsal Candida albicans Urban et al. 2005
Yes Tsal/Tsa2  Candida glabrata Gutierrez-Escobedo et al.
2020
Yes Tsal Cryptococcus neoformans Missall et al. 2004
Yes Prx Entamoeba histolytica Davis et al. 2006
Yes mTXPx Leishmania infantum Castro et al. 2011
No GPrx Leishmania infantum Castro et al. 2020
Yes Prx Plasmodium berghei Usui et al. 2015
Yes TXNPx Trypanosoma cruzi Pifieyro et al. 2008
BCP-PrxQ  Yes BCP Brucella melitensis Zygmunt et al. 2006
No Prx1 Helicobacter pullorum Parente et al. 2017
Yes BCP Helicobacter pylori Wang et al. 2005
Tpx Yes Tpx Enterococcus faecalis La Carbona et al. 2007
Yes Tpx Helicobacter pylori Olczak et al. 2003
Yes Tpx Mycobacterium Hu and Coates 2009
tuberculosis
No Tpx Salmonella enterica Horst et al. 2010
Yes TpxD Streptococcus pneumoniae Hajaj et al. 2012
Prx5 Yes Prx5 Brucella abortus Hu et al. 2019
Yes Prx5-Grx  Neisseria meningitidis Aljannat et al. 2020
Yes Prx3 Vibrio vulnificus Lim et al. 2014
Yes Aps 13 Aspergillus fumigatus Hillmann et al. 2016
Prx6 Yes LsfA Pseudomonas aeruginosa Kaihami et al. 2014
Yes Prx1 Aspergillus fumigatus Rocha et al. 2018
No PrxB Aspergillus fumigatus Rocha et al. 2018
No PrxC Aspergillus fumigatus Rocha et al. 2018
No Tsa3 Cryptococcus neoformans Missall et al. 2004
Yes MoPrx1 Magnaporthe oryzae Mir et al. 2015

et al. 2003). Mutants of KatG are defective in the activa-
tion of INH and in the elimination of hydrogen peroxide.
Therefore, increased levels of AhpC compensate the loss

in KatG activity and are relevant in M. tuberculosis resis-
tance to INH (Sherman et al. 1996).

Catalase (KatA) and AhpC also have compensatory roles
in S. aureus, especially during aerobic growth, even though

@ Springer



Appl Microbiol Biotechnol (2021) 105:5701-5717

5711

these enzymes are not required for bacterial virulence in mice
or for survival of the bacteria in human neutrophils (Cosgrove
et al. 2007). AhpC deletion did not affect the virulence of
Porphyromonas gingivalis and S. typhimurium in murine
models (Johnson et al. 2004; Taylor et al. 1998). Curiously,
Streptococcus pyogenes AahpC was less virulent in one of
two murine models tested, suggesting a differential immune
response according to the host’s genetic background or related
to infection technique (Brenot et al. 2005).

In the fungus C. glabrata, deletion of tsa2 gene has a pro-
found impact on virulence compared with the Atsal strain,
while Tsal and Tsa2 are highly induced when challenged by
neutrophils and are important for both the survival and growth
of this pathogen in the immune cells (Gutierrez-Escobedo
et al. 2020). Similarly, mice infected with C. neoformans
Atsal strains are able to survive for a longer period than
animals infected with wild-type pathogenic yeast. The levels
of'the pathogen in the lung and in the brain of animals infected
with the mutant strain were significantly lower (Missall et al.
2004). In contrast, C. albicans Tsal is an important compo-
nent against oxidative stress, but it has no impact on virulence
(Urban et al. 2005).

In T. cruzi, overexpression of two AhpC-Prx1 isoforms
made the pathogen more efficient against the oxidative de-
fenses of macrophages, indicating virulence role of both en-
zymes (Leitsch et al. 2018). In Plasmodium berghei, A prxl1
cells were not able to survive in a murine model (Usui et al.
2015). For Entamoeba histolytica, nonvirulent strains had low
expression levels of AhpC-Prx1 and overexpression of this
enzyme rendered higher resistance to oxidative stress and par-
tially restored pathogenicity to this strain, while gene deletion
in virulent strains lead to avirulence (Davis et al. 2006).
Deletion of the mitochondrial isoform of L. infantum de-
creased the long-term persistence of the pathogen in the liver
and spleen of guinea pigs compared to the wild-type strain
(Angelucci et al. 2016; Castro et al. 2011). Conversely, exper-
iments using the L. infantum strain with a deletion of the
glycosomal isoform Prx showed that this enzyme is dispens-
able for virulence in mice (Castro et al. 2020).

BCP-PrxQ

The H. pylori Abcp mutant has a significantly lower ability to
colonize and survive in mouse stomach than the wild-type
strain, mainly after 3 weeks of infection (Wang et al. 2005).
In contrast, Helicobacter pullorum AprxI and wild-type
strains show no differences when challenged with hydrogen
peroxide and peroxynitrite, or during macrophage infection
(Parente et al. 2017). Brucella melitensis expresses a BCP-
PrxQ required for bacterial virulence in the caprine host,
which is probably related to its capacity to survive inside host
macrophages (Zygmunt et al. 2006). The BCP-PrxQ from the
phytopathogen Candidatus Liberibacter asiaticus is able to

repress the recognition of some pathogen-associated molecu-
lar patterns (PAMPs) in tobacco. This BCP-PrxQ can also
protect bacteria from lipid peroxidation, preventing the forma-
tion of oxylipin (Jain et al. 2018), a class of oxygenated de-
rivatives of polyunsaturated fatty acids that contribute to plant
defense.

Tpx

Concerning the Tpx class, the H. pylori Atpx strain has a
reduced capacity to colonize mouse stomach, revealing its
importance during infection (Olczak et al. 2003). It is worth
mentioning that isoforms from three different Prx classes are
related to the virulence of H. pylori. Deletion of the #px gene of
Enterococcus faecalis affects survival during macrophage in-
fection and dependence on virulence in a mouse peritonitis
model (La Carbona et al. 2007). Mice infected with the
AtpxD strain of Streptococcus pneumoniae showed signifi-
cantly longer survival. However, this difference is not ob-
served during blood infection, which is probably related to
the high oxygen levels in the respiratory system (Hajaj et al.
2012). The inactivation of the tpx gene of Salmonella enterica
makes bacteria more sensitive to hydrogen peroxide than the
single mutants of the other Prx. During macrophage infection,
the Azpx strain mutant was more sensitive, while no difference
was detected in a mice infection model (Horst et al. 2010).
Mpycobacterium tuberculosis mutants lacking #px cannot grow
in organs of infected mice, fail to induce an inflammatory
response, and show low resistance to macrophage infections.
Additionally, Tpx is able to protect M. tuberculosis against the
RNS generated by macrophages, as demonstrated by infecting
iNOS knockout host cells (Hu and Coates 2009). This finding
is important since M. tuberculosis AhpC-Prx1 isoforms are
unable to exert virulence effects.

Prx5

Studies on the virulence of members from the Prx5 class are
scarce. Vibrio vulnificus strain lacking the prx5 isoform causes
a delay in mice death by intragastric infection (Lim et al.
2014). Remarkably, a Prx5-Grx fusion of N. meningitidis
has been related to virulence, as verified using an ex vivo
human whole blood model of meningococcal bacteremia
(Aljannat et al. 2020). As mentioned before, the bacterial
Prx5-Grx enzymes have no counterparts in the host and may
represent an important target for drugs. In fungi, an isoform
from Prx5 subfamily has also been characterized as a viru-
lence factor in A. fumigatus (Hillmann et al. 2016).

Prx6

Only one bacterial Prx6 has been related to virulence so far.
LsfA from P. aeruginosa is able to specifically protect
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bacteria against the oxidative burst promoted by the macro-
phages. The authors used an acute pneumonia model to infect
mice with the mutant lacking the Isfa gene strain and observed
an improved survival rate compared with those infected with
wild-type strain (Kaihami et al. 2014).

Virulence studies were also performed on members of Prx6
subfamily in fungi. Aspergillus fumigatus presents three Prx6
enzymes. Experiments using the individual mutant strains for
each isoform revealed that the absence of only one of them
(Prx1) caused lower mortality rates compared with the wild-
type. Additionally, the organs of animals infected with the
Aprxl strain have an elevated rate of pathogenic cell death
and high levels of immunological defense cells (Rocha et al.
2018). For Magnaporthe oryzae, the lack of a Prx6 class en-
zyme impacts virulence in a rice seedling root model (Mir
et al. 2015).

Although no obvious general rule emerges from these stud-
ies, several Prx from five subfamilies are involved in virulence
of distinct pathogens. The obvious role of Prx in virulence is
related to pathogen protection from the host’s oxidative re-
sponses. However, the demonstration of the role of Prxs en-
zymes in virulence may be hampered by the fact that some
pathogens have a large repertoire of antioxidant enzymes. On
the other hand, Prx have additional activities such as phospho-
lipase and chaperone that can also be involved in pathogen
virulence. Therefore, two key points are probably relevant to
understand the complex mechanisms underlying virulence: (i)
investigating the cooperation among antioxidant enzymes to
fight oxidative insults in different developmental stages and in
different cell compartments and (ii) the role of each Prx activ-
ity during microbial infection and colonization.

Concluding remarks

The relevance of Prx in microorganism’s response to oxida-
tive stress has been demonstrated since their discovery in
S. typhimurium and E. coli in the 1980’s. Over the years,
Prx have been biochemically and structurally characterized
in diverse microorganisms, along with the identification of
reducing and oxidizing substrates, and structural peculiarities.
It has become clear that Prx enzymes display unique and key
roles in the establishment and progression of infectious dis-
eases. In fact, a number of Prx enzymes among bacteria, fungi,
and protozoans present virulence properties, which may be
related to any peroxiredoxin function (e.g., peroxidase, phos-
pholipase, chaperone, or cell signaling to eukaryotes). Despite
these enzymes being important for pathogen survival, few
studies have applied knowledge on Prx to fight pathogenic
microorganisms. An obstacle to applications like inhibitors
or vaccines is that only a small number of molecules capable
of efficiently and selectively inhibiting Prx enzymes is known.
Overall, Prx should be regarded as an important alternative for
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the development of new therapeutical approaches to overcome
the globally relevant growing resistance of pathogenic micro-
organisms to antimicrobials.
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TERMO DE CONFIDENCIALIDADE E SIGILO PARA MEMBRO DE BANCA EXAMINADORA

O abaixo assinado, compromete-se a manter sigilo em relagao as informagdes consideradas confidenciais a que
podera ter acesso na qualidade de avaliador (receptor da informagao) na Defesa de Dissertagdo de Mestrado
intitulada “Busca de inibidores do sistema peroxirredoxina 2-Cys tipicas de eucariotos: avaliagdo funcional e
estrutural” desenvolvida pela académica ANA LAURA PIRES DE OLIVEIRA, do Programa de Pés-graduagao
em Biodiversidade de Ambientes Costeiros do Instituto de Biociéncias do Campus do Litoral Paulista, da UNESP.

Por este termo, compromete-se a:

- Nao utilizar as informagdes confidenciais a que tiver acesso, para gera beneficio proprio exclusivo e/ou
unilateral, presente ou futuro, ou para uso de terceiros € a ndo repassar o conhecimento das Informacdes
confidenciais, responsabilizando-se por todas as pessoas que vierem a ter acesso as informacgdes, por seu
intermédio;

- Nao efetuar nenhuma gravagéo ou copia da documentagédo confidencial a que tiver acesso relacionado a
tecnologia apresentada na defesa acima mencionada;

- Nao apropriar-se para si ou para outrem de material confidencial ou sigiloso que venha a ser disponibilizado
através da defesa acima mencionada;

- N&o repassar o conhecimento das informagdes, por seu intermédio.

A obrigacao de sigilo ora assumida n&o prevalece sobre informagbes que estejam sob dominio publico antes da
data de assinatura deste termo ou que se tornar publica pelo Instituto Nacional da Propriedade Industrial-INPI ou
por instituto competente em ambito internacional.

O presente compromisso sera valido até que os direitos dos envolvidos tenham sido devidamente protegidos sob
as cautelas legais exigiveis, ou tornado publico pelo inventor ou pelo Instituto Nacional da Propriedade Industrial
— INPI.

Caso o receptor da informagéo descumpra quaisquer obrigagdes previstas no presente documento estara sujeito
as implicagdes e sancdes de cunho civil e criminal cabiveis.

E PARA TODOS OS EFEITOS, firma o presente termo.
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