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RESUMO
A semente do cacaueiro (Theobroma cacao) ¢ uma das matérias-primas da industria
chocolateira, contudo doengas fiingicas sao uma ameaga a cacauicultura e geram perdas de até
30% na producdo mundial. No Brasil, o patégeno mais relevante do cacaueiro ¢ o fungo
basidiomiceto Moniliophthora perniciosa, que causou enormes prejuizos apoOs atingir as
fazendas baianas em 1989. Além de perdas econdmicas, a inviabilizagdo da cacauicultura
acarretou severos impactos sociais e ecoldgicos, tais como desemprego, €éxodo rural,
crescimento urbano desordenado e desmatamento de florestas nativas. M. perniciosa causa a
doenga denominada Vassoura de bruxa do cacaueiro (VDB), a qual ¢ atualmente controlada
pelo uso de variedades tolerantes de cacaueiro e praticas de manejo agrondomico. Porém, ainda
nao ¢ possivel erradicar a VDB ap0s instalada, o que limita a recuperagdo das fazendas afetadas.
Estudos voltados a elucidar os mecanismos moleculares relacionados a patogenicidade de M.
perniciosa apontaram para a importancia da enzima mitocondrial oxidase alternativa (AOX).
A AOX ¢ uma oxidase terminal associada @ membrana mitocondrial interna que cria uma
ramificacdo na cadeia transportadora de elétrons no nivel do ubiquinol. Apesar de a AOX
reduzir a eficiéncia da sintese de ATP, esta enzima contribui para a homeostase celular em
condigdes normais do desenvolvimento e frente a estresses abioticos e bidticos. Em M.
perniciosa, a MpAOX atua como um mecanismo de escape frente a resposta de defesa do
cacaueiro e a fungicidas comerciais inibidores da via principal da respiracao celular, haja vista
que a MpAOX permite o funcionamento parcial da mitocondria e a sobrevivéncia do patdogeno.
Assim sendo, este trabalho teve como principal objetivo gerar informagdes relevantes para o
desenvolvimento de novos inibidores da MpAOX com potencial acao fungicida. Os resultados
alcancados sdo organizados em dois capitulos. No primeiro capitulo, apresenta-se o
desenvolvimento de um novo modelo experimental baseado na levedura modelo Pichia pastoris
para a triagem e caracteriza¢do funcional de derivados de N-fenilbenzamidas (NPD). Através
de medicdes do consumo de oxigénio e da taxa de crescimento de P. pastoris, identificou-se ao
menos um inibidor da AOX com ag¢do antifiingica in vitro e in planta. O segundo capitulo
aborda a expressao heter6loga, purificagdo e caracterizacdo funcional da MpAOX. Inibidores
do grupo da ascofuranona foram avaliados em ensaios de dose-resposta, permitindo a
elucidacao de relagdes estrutura-atividade. Coletivamente, estes resultados representam etapas
iniciais para o desenvolvimento de um novo tratamento contra M. perniciosa e outros fungos
dependentes da AOX, ultimamente contribuindo para o avango cientifico-tecnologico do Brasil

em areas estratégicas, tais como a agricultura e a seguranca alimentar.



ABSTRACT
The cacao tree seeds (Theobroma cacao) are the raw material used in the chocolate industry.
However, fungal diseases endanger the world cocoa production and generate losses of 30%. In
Brazil, the most important cocoa pathogen is Moniliophthora perniciosa, which devastated
farms in the state of Bahia after an outbreak in 1989. In addition to economic losses, M.
perniciosa caused severe social and ecological impacts, such as unemployment, rural exodus
and uncontrolled urban growth. M. perniciosa is the causal agent of the witches’ broom disease
(WBD) of cocoa, which is currently controlled with tolerant cacao clones and agronomic
management practices. Nonetheless, it is not possible to eradicate WBD, which greatly limits
the potential for recovery of Brazilian cacao farms. It has been shown that the mitochondrial
enzyme alternative oxidase (AOX) is a potential target for the development of new fungicides
against M. perniciosa. AOX is a membrane-bound protein associated with the internal
membrane in the mitochondria and a terminal oxidase. As such, AOX creates a branching point
in the electron transport chain involved in the oxidative phosphorylation, which reduces ATP
synthesis, but also confers metabolic plasticity to the cell to resist against a range of abiotic and
biotic stresses. In M. perniciosa, MpAOX acts as an escape mechanism against the cacao
defense response, as well as fungicides widely used in agriculture. Therefore, the main goal of
this work was to generate relevant information for the directed development of MpAOX
inhibitors with potential antifungal activity, which are presented in two chapters. The first
chapter presents the development of a new experimental model based on the Pichia pastoris
yeast for the functional characterization of N-phenylbenzamide derivatives (NPD). Oxygen
consumption measurements and growth assays allowed the identification of at least one
selective AOX inhibitor with antifungal activity in vitro and in planta. The second chapter
addresses the heterologous expression, purification and functional characterization of MpAOX.
Ascofuranone and structurally-related AOX inhibitors were subjected to dose-response assays,
which led to the identification of key requirements for favorable ligand interaction with
MpAOX and other isoforms. Collectively, those results will assist in the targeted development
of a novel antifungal agent targeting M. perniciosa and other fungal pathogens dependent on
AOX, which will contribute to Brazil's scientific and technological advancement in strategic

areas such as agriculture and food security.
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INTRODUCAO

Moniliophthora perniciosa e a vassoura de bruxa do cacaueiro

O cacaueiro (Theobroma cacao) ¢ uma planta perene originaria da Bacia Amazonica.
Sua principal importancia economica advém da utilizagdo das suas sementes como matéria
prima para a producao do chocolate, além de outros produtos, como bebidas e espessantes
alimenticios derivados do fruto ou sementes [1]. No entanto, doencas fingicas representam uma

grande ameaga a essa cultura, chegando a causar perdas de 30% na producao global [2].

Em 1989, o Brasil ocupava a segunda posi¢ao no ranking mundial dos paises produtores
de améndoas de cacau (sementes torradas), sendo entdo responsavel por 15% da producao
mundial. Das 392 mil toneladas produzidas naquele ano, 27% eram destinadas a exportacao
(Unidas para a Organizacdao das Nagdes Alimentagdo e Agricultura — FAO, 2018). Porém, a
chegada da doenca vassoura de bruxa do cacaueiro (VDB) no sul do estado Bahia, maior regido
produtora brasileira, causou um colapso na cacauicultura, associado a forte desemprego, €xodo
rural, crescimento urbano desordenado e desmatamento de florestas nativas necessarias para a
cacauicultura [1,3]. Desde o inicio da década de 1990, a produtividade brasileira caiu
constantemente até atingir um minimo de 170 mil T de améndoas em 2003 (5% da produgao

mundial), e o Brasil passou a importar essa commodity, gerando um déficit na balan¢a comercial

de 1,2 bi USS$ entre 2007 e 2016 (FAO, 2018) (Figura 1).

O agente etiologico da VDB ¢ o fungo basidiomiceto Moniliophthora perniciosa.
Também originario da Amazonia, M. perniciosa apresenta grande variabilidade e adaptagdo a
diversas espécies vegetais, sendo conhecidos quatro bidtipos: B, C, L e S. O biotipo-C ataca o
cacaueiro e outras plantas do género Theobroma spp., assim como algumas esterculidceas. O
biotipo-S infecta solanaceas, causando sintomas similares de doenca. Ja o bidtipo-H e o bidtipo-
L, isolados respectivamente de Heteropterys acutifola e plantas da familia Bignoniaceae, ndo

geram sintomas perceptiveis no hospedeiro [1,4].

M. perniciosa ¢ classificado como um patdégeno hemibiotréfico; portanto a VDB ¢€
dividida em fases biotrofica e necrotrofica. A fase biotrofica € caracterizada pelo crescimento
de M. perniciosa no hospedeiro ainda vivo, enquanto que a fase necrotrofica ocorre apds a
morte dos tecidos vegetais. A infecc¢ao se inicia quando basididsporos de M. perniciosa entram

em contato com o meristema vegetal (ramos, botdes florais ou frutos jovens) e penetram o
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hospedeiro através dos estomatos ou ferimentos. Os ramos infectados apresentam sintomas de
inchamento e excesso de brotagcdes com perda de dominancia apical, resultando assim na
formacgao de estruturas morfologicamente semelhantes a vassouras, denominados de “vassoura-
verde”. A infec¢ao de botdes florais e frutos acarretam no desenvolvimento de flores anormais
e frutos partenocarpicos, além do surgimento de deformagdes e manchas necroticas em frutos
em desenvolvimento. De 4 a 8 semanas apos a infec¢do, ocorre a necrose das vassouras, que
passam a ser denominadas de “vassoura-secas”. O ciclo da doenga se completa quando as
vassouras ou frutos necrosados e secos sao expostos a periodos de alternancia entre chuva e
estiagem, o que induz a formagdo de basidiomatas e a liberacdo de basididsporos que sdao

distribuidos pelo vento ou chuva [1,5] (Figura 2 e Figura 3).

Igualmente, M. perniciosa passa por alteracdes morfofisiologica durante a progressao
da VDB. No inicio da infec¢do, suas hifas s3o convolutas, largas (5 a 20 um), mononucleadas
e sem grampos de conexao, sendo encontradas em baixa densidade no hospedeiro ¢ no espago
intercelular (apoplasto). J4 em estagios avancados, observam-se hifas delgadas (1 a 3 pum),
regulares, binucleares e com grampo de conexao crescendo extensivamente por todo o tecido

vegetal. As hifas mononucleadas s3o tipicamente associadas ao estagio biotrofico da VDB,
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Figura 1. Dados econ6micos anuais da producio e comercializagido de cacau no Brasil. O primeiro relato da
vassoura de bruxa na Bahia é de 1989, enquanto que o mal do facdo surgiu em 1997 naquela regido. Fonte:
Organizacdo das Nagoes Unidas para a Alimentacio e Agricultura (FAO, 2018).
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hifas binucleadas s3o associadas a fase necrotrofica. Porém, ha relatos de que ambos os tipos

de hifa possam ocorrer a0 mesmo tempo em tecidos vivos [1,6].

~{ Micélio dicariético (n + n)

Transig¢do - inicio da necrose

=1 Micélio monocariético (n)

~ Grampo de conexao

Figura 2. Ciclo de vida de M. perniciosa. Basidiésporos carregados pelo vento e chuva entram em contado com
tecidos meristematicos da planta e penetram por aberturas naturais ou ferimentos (topo a direita), dando inicio
a fase biotrofica da vassoura de bruxa. Nesse momento, M. perniciosa permanece no espago intercelular (apoplasto)
e com baixa densidade de hifas. Apds 2 a 3 meses, ocotre a transicdo para a fase necrotréfica da infeccio e a
formacio das vassouras secas, nas quais M. perniciosa cresce intensamente. Em condi¢des ambientais favoraveis
ha a formagio de cogumelos e a liberacio de novos basidiésporos. Adaptado de [163].
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Figura 3. Principais sintomas observados nos ramos do cacaueiro infectado por M. perniciosa. (A) Cacau sadio.
(B) Vassoura-verde. (C) Inicio da necrose. (D) Vassoura-seca. Retirado de [1].

Até o momento, ndo se sabe exatamente o que determina a transicdo da vassoura verde
para a vassoura seca, mas alguns eventos em nivel molecular ja foram investigados. Zaparoli et
al. (2011) identificaram o aumento do nivel de expressdo da proteina indutora de necrose
MpNEP2 de M. perniciosa, pertencente a familia das NLPs (Necrosis and ethylene-inducing
peptide I-like Proteins), nos estagios avancados da doenga, o que poderia contribuir para a
morte dos tecidos infectados [7]. Essa mesma proteina € produzida em situagdes de privagao de
nutrientes, de modo que pode haver uma relagao entre a redugao na disponibilidade de agucares
no apoplasto ao final do estagio de vassoura-verde e a sinalizacao para a mudanca de fase no
fungo e indu¢do da morte do hospedeiro [8]. A degradagdo de cristais de oxalato de célcio,
formados no inicio da infeccdo de plantas suscetiveis, resulta no acimulo de H>O,. Isso,
juntamente com a redugdo da expressdo da enzima detoxificadora APX do cacau, pode

contribuir para a morte do hospedeiro ao ativar a via de morte celular programada [6].

A andlise de expressdo génica in planta, associada a estudos funcionais ex planta,
indicam que a inibicao da respiragdo celular em M. perniciosa, possivelmente através do 6xido
nitrico produzido como mecanismo de defesa vegetal, pode constituir outra forma de
sinaliza¢do, mantendo o micélio na fase biotrofica [9]. Isto estd de acordo com resultados
obtidos com o fungo Podospora anserina, no qual a inibigdo da via respiratoria principal retarda

o processo de senescéncia e aumenta sua longevidade cerca de 40 vezes [10].

Apesar de causar a morte dos tecidos infectados, M. perniciosa nao ¢ letal para o vegetal.
Entretanto, as arvores ficam debilitadas e ha uma redu¢do na quantidade e qualidade dos frutos
produzidos [1]. Muitos métodos para o controle da doenca foram testados, e os melhores

resultados foram alcangados com uso integrado de praticas agrondmicas e fitossanitarias [11],
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bem como pela aplicagdo do fungo Trichoderma stromaticum sobre as vassouras secas caidas
no solo (7. stromaticum ¢ um micoparasita que compete com M. perniciosa nos tecidos mortos
do cacaueiro) [12]. Ainda assim, ndo existe uma cura para a VDB apoés instalada, o que

certamente limita o potencial de recuperacao da cacauicultura.

No ano de 2000 teve inicio o Projeto Genoma da Vassoura de Bruxa, coordenado pelo
Prof. Dr. Gongalo A. G. Pereira e envolvendo o LGE (Laboratério de Gendmica e Expressao)
da Unicamp, a Universidade Estadual Santa Cruz (Ilhéus, BA), a Universidade Federal da Bahia
(Salvador, BA) e a Universidade Estadual de Feira de Santana (Feira de Santana, BA). Dentre
uma série de trabalhos voltados a investigar as bases moleculares da VDB, identificou-se que a
enzima mitocondrial oxidase alternativa de M. perniciosa (AOX) ¢é exclusivamente expressa
durante a interagdo com o cacaueiro e ¢ uma fonte de resisténcia a fungicidas convencionais

[9,13,14].

Registra-se aqui que uma segunda doenca do cacaueiro atingiu a Bahia em 1997: 0 mal
do facdo, causado pelo fungo ascomiceto Ceratocystis cacaofunesta [15,16]. C. cacaofunesta é
um patdégeno necrotroéfico, que adentra o cacaueiro por aberturas criadas por insetos ou
ferramentas de corte contaminadas (originando assim o nome popular da doenga). O fungo
entdo se alastra até alcancar o xilema, onde causa lesdes necrdticas e bloqueia o fluxo de seiva
bruta, ultimamente matando o cacaueiro [15,17]. Dado que o primeiro sintoma visivel (a
murcha das folhas) sé surge quando a doenca esta em estagio avangado, o controle do mal do
facdo ¢ bastante desafiador e, assim como na vassoura de bruxa, ndo € possivel erradicar o mal
do facdo das arvores infectadas. Contudo, estudos do nosso grupo indicam que a AOX de C.
cacaofunesta ¢ expressa do modo constitutivo e igualmente um potencial alvo para o

desenvolvimento de fungicidas (dados ndo publicados).

A enzima mitocondrial oxidase alternativa (AOX) e a cadeia transportadora de elétrons

A fosforilagdo oxidativa € o processo responsavel pela geragdo de ATP na mitocondria,
a qual depende da energia liberada em reagdes de oxidorredugdo catalisadas por complexos
proteicos presentes na membrana mitocondrial interna. Primeiramente, cofatores reduzidos
durante a glicolise e o ciclo do acido tricarboxilico (TCA) fornecem elétrons para a cadeia
transportadora de elétrons. As enzimas NADH desidrogene tipo I (complexo I) e succinato
desidrogenase (complexo II) transferem tais elétrons para o pool de ubiquinona/ubiquinol, uma

coenzima lipossoliivel na membrana mitocondrial. A citocromo c¢ redutase (complexo III) oxida
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o0 ubiquinol reduzindo o citocromo c, e o citocromo c transfere elétrons para o oxigénio (aceptor
final), formando 4agua, pela agdo da citocromo ¢ oxidase (complexo IV). Ao longo deste
percurso, protons sao translocados da matriz mitocondrial para o espaco intermembrana pelos
complexos I, III e IV, e este gradiente quimiosmotico fornece energia necessaria para a

fosforilagdo de ADP pela ATP sintase (complexo V) (Figura 4A) [18].

Os complexos I a IV sdo encontrados na grande maioria dos eucariotos € compdem a
via principal da cadeia transportadora de elétrons (ETC), porém ha outras proteinas que podem
modificar o fluxo usual de elétrons. Enzimas conhecidas capazes de reduzir a ubiquinona s3o a
NADH desidrogenases do tipo 2 (NDH-2) interna e externa, a glicerol-3-fosfato desidrogenase
mitocondrial (mGPDH), a diidroorotato desidrogenase (DHODH), a electron-transferring-
flavoprotein desidrogenase (ETFDH), a formato redutase dependente de ubiquinona (UQFDH)
e a sulfito:quinona oxidoredutase (SQOR). J4 a AOX e a nitrato redutase dissimilatoria (INAR)
oxidam o ubiquinol, e os aceptores finais de elétrons sdo o oxigénio e o nitrogénio,
respectivamente (Figura 4B) [19-21]. Ao contrario da AOX, que ¢ amplamente distribuida
entre os organismos e melhor caracterizada, a dNAR foi descrita apenas em Fusarium
oxysporum até o momento, € o gene que a codifica ndo foi identificado. A dNAR pode estar
relacionada ao processo de denitrificagdo do solo por fungos, porém ainda carece de maiores

estudos [20-22].

Estas enzimas alternativas ndo translocam prétons através da membrana mitocondrial,
portanto ndo contribuem diretamente para a sintese de ATP, exceto pela via da FDH e dNAR
(Figura 4B). Por outro lado, conferem a célula uma maior plasticidade para a regulacdo de seus
processos metabolicos e fisioldgicos, em condi¢des normais ou de estresse, conforme serd
abordado adiante. Neste momento, destaca-se apenas que a AOX pode manter a ETC operando

em casos de disfuncao dos complexos Il e IV (Figura 4C).

AOX: estrutura, atividade e regulacio pos-traducional

A AOX foi identificada primeiramente em plantas e depois em fungos. Porém, com o
aumento no nimero de genomas e meta-genomas sequenciados e disponibilizados, atualmente
se reconhecem sequéncias semelhantes 8 AOX amplamente distribuidas entre bactérias, fungos,
protistas, plantas e animas. Tipicamente, plantas possuem 3 a 5 genes codificantes para a AOX

no genoma, agrupados em duas familias (AOX1 e AOX2), sendo que a AOX2 ¢ encontrada
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apenas em dicotiledoneas. J4 em fungos e outros organismos, apenas uma isoforma ¢

normalmente encontrada no genoma [23,24].
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Figura 4. Representacio dos componentes da cadeia transportadora de elétrons mitocondrial. (A) Via principal,
responsavel pela geracio do gradiente de prétons no espago intermembrana para a geracao de ATP. Brevemente,
Cofatores reduzidos NADH (complexo I) ou FADH» (complexo II) fornecem elétrons para a ubiquinona
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a AOX substitui o complexo III e permite o funcionamento mitocondrial nesta condi¢io. Adaptado de [19,20].
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Dada a larga distribui¢do, juntamente com andlises genéticas e o fato de que enzimas
semelhantes sdo encontradas no cloroplasto e em bactérias, acredita-se que uma proteina
ancestral da AOX ja existisse nos procariotos antes dos eventos de endossimbiose que
originaram a mitocondria e o cloroplasto. Ou seja, grupos de organismos que nao possuem a
AOX, tais como os animais vertebrados, devem té-la perdido ao longo do processo evolutivo

(Figura 5) [23,25].

Em eucariotos, a AOX ¢ codificada pelo genoma nuclear e transportada para a
mitocondria apds a traducdo pelo complexo mitocondrial TOM [26]. Esta enzima tem
aproximadamente 40 kDa e pertence a superfamilia de proteinas que contém ferro coordenado
por carboxilatos (diiron carboxylate superfamily), o que foi primeiramente postulado com base
no requerimento por ferro para a sua atividade e pela existéncia de motivos de aminoacidos E-
X-X-H de ligacao a ferro. Este fato foi posteriormente confirmado com a resolug¢ao da estrutura

cristalografica da AOX de T. brucei (TAO) [27,28].

Green plants 85
_E Rodophyta
Glaucophyta

Metazoa (animals) 15
—E Choanoflagellates

Ichthyosporea 2

Filasterea

— Fungi 461
L— Nucleariidae

Amebozoa 6

Cercozoa
_E Foraminifera 2
Radiolaria

— Alveolates
L— Stramenopiles

Eukaryota

Hacrobia

Malawimonads
E Euglenozoa
Heterolobosea
Jakobida
— Parabasalids

L Fornicata
Preaxostyla

Figura 5. Distribuicio filogenética da AOX. Organismos que possuem a AOX de acordo com o banco de dados
PFAM (familia PF017806) [164]. Bactérias (233 espécies) e virus (23 espécies) ndo estdo representados.
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A TAO ¢ uma proteina compacta, composta por 6 a-hélices longas e 4 a-hélices curtas.
Quatro a-hélices antiparalelas (a2, a3, a5 e a6) formam uma cavidade hidrofébica de ligagao
ao substrato com 18-20 A de comprimento. No final desta cavidade se encontram 2 4tomos de
ferro coordenados por 4 glutamatos, além de outros residuos possivelmente envolvidos na
atividade catalitica da AOX. O ubiquinol, presente na bicamada fosfolipidica, acessa a cavidade
hidrofobica através de uma abertura entre a-hélices al e a4 na interface com a membrana, sendo
entao corretamente orientado por dois residuos de leucina para sofrer a agao enzimatica (Figura

6) [28-30].

O mecanismo catalitico da AOX foi parcialmente proposto a partir da estrutura
cristalografica e informacdes complementares, tais como medidas de ressondncia
paramagnética eletronica, mutacdes sitio-dirigidas e a comparag¢do com outras AOX e oxidases
conhecidas [29]. No seu estado basal, a AOX possui dois Fe** conectados por ion hidroxo (OH).
O ciclo catalitico tem inicio quando o oxigénio molecular se liga a um dos atomos de ferro e o
ubiquinol adentra o sitio catalitico. Ap6s uma série de transferéncias radicalares, ¢ liberada uma
molécula de 4gua e uma ubiquinona; no sitio ativo permanecem dois ions Fe*" ligados a um
atomo de oxigénio e uma hidroxila. Um segundo ubiquinol entra o sitio catalitico e, por um
mecanismo ainda ndo elucidado, doa seus elétrons, restaurando os Fe?" e liberando mais uma

agua e uma ubiquinona (Figura 7).

A caracterizagdo bioquimica da AOX ¢ desafiadora, dado que esta ¢ uma proteina de
membrana e o substrato natural (ubiquinol-10; QioH2) ¢ altamente hidrofébico. Por esta razdo,
a AOX ¢ purificada na presenca de agentes surfactantes, e ensaios enzimaticos sao feitos com
analogos hidrofilicos do ubiquinol (Q:H2 e Q:Hz) [31-34]. A comparagdo da atividade
especifica da AOX recombinante de diversos organismos indica que a TAO ¢ a mais ativa (600
pmol QH> min! mg'), seguida das AOX das plantas termogénicas Arum maculatum e
Sauromatum guttatum (~35 pmol QH, min! mg') e entdo das AOX do molusco Ciona
intestinallis e da bactéria Novosphingobium aromaticivorans (~3 pmol QH, min! mg™). Visto
que os residuos responsaveis pela interacao com o substrato e a catalise sdo conservados entre
estas proteinas, especula-se que este fenomeno seja explicado por diferencas na abertura da
cavidade hidrofdbica. Por exemplo, a TAO tem uma abertura de 7 A, enquanto que o modelo

computacional da AOX de N. aromaticivorans exibe uma abertura de 5 A [35].
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Na estrutura cristalografica da TAO foi observado um homodimero com possivel
relevancia biolédgica, visto que residuos de aminoacido hidrofébicos presentes na interface dos
monodmeros sdo conservados entre as AOX (Figura 6A) [28]. Em plantas, a dimerizagdo esta
envolvida na regulacdo pds-traducional da AOX mediante a formacao de uma ponte dissulfeto
intermolecular através de um residuo de cisteina conservado (Cysi). Na presenca de agentes
redutores, a ponte ¢ desfeita (o dimero permanece) e a atividade enzimatica aumenta, enquanto

que o oposto ocorre na presenca de agentes oxidantes. Também foi demonstrado que a redugao

Glu-266
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Figura 6. Estrutura da AOX. (A) Representacido em cartoon da estrutura cristalografica da AOX de T. bruce:
(TAO; PDB ID 3w54) e modelagem da interagdo com a membrana fosfolipidica. Um dos monomeros estd
colorido da por¢ao N-terminal (azul) para a C-terminal (vermelho), e o outro mondémero esti em cinza. Setas
indicam a entrada do sitio catalitico voltada para a membrana fosfolipidica. (B) e (C) Destaque dos fons de ferro
e residuos de aminoacido envolvidos em sua coordenag¢io, bem como o inibidor coletoclorina B (stick magenta)
dentro do sitio de interacdo com o substrato (sombreamento cinza). (D) Modelo estrutural da AOX de
Sauromatum guttatum, exibindo o sitio de ligacdo ao substrato (superficie magenta), os residuos de coordenagio
com o ferro (stick verde), os residuos que orientam o substrato para a conformacio favoravel a reagao enzimatica
(stick magenta) ¢ a tirosina envolvida na catalise (s#c& amarelo). Adaptado de [28-30].
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da AOX pode ser mediada por tiorredoxinas mitocondriais, o que pode representar uma forma
de integracdo da maquinaria associada a regulagdo do potencial redox mitocondrial e da cadeia

transportadora de elétrons [36,37].

A Cysi ocorre apenas na AOX de plantas, e esta forma de regulacdo através da ponte
dissulfeto estd restrita a este grupo de enzimas [38—40]. Ademais, ndo foram encontradas
evidéncias de dimerizacao nas AOX da levedura Pichia stipis e do protozoario Acanthamoeba

castellanii [39,41].

Um segundo mecanismo de regulagdo descrito em AOX de plantas ¢ a ativagdo por
acidos organicos, tais como piruvato, succinato e glioxilato. Notavelmente, a interagdo com
piruvato ocorre através da cisteina previamente mencionada (Cysi), havendo sobreposi¢do com
o mecanismo de regulacdo dependente do estado redox da AOX apresentado. Ou seja, apenas

na AOX reduzida a cisteina esta disponivel para a ativagao por piruvato [42,43]. Postula-se que
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Figura 7. Mecanismo catalitico da AOX. (A) Estrutura do ubiquinol e da ubiquinona. Na mitocondria, as formas

mais comuns sio com 9 e 10 unidades isoprénicas (Qo e Q10). (B) Mecanismo catalitico parcialmente proposto.

Retirado de [29].
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isto ocorra através de modifica¢des estruturais causadas pela adigdo de uma carga positiva que

aumentam a afinidade da AOX pelos substratos (ubiquinol e oxigénio) [40,44—46].

Entretanto, a presenga da Cysi ndo ¢ suficiente para a regulagdo por piruvato, haja visto
que uma AOX da planta termogénica S. guttatum ¢ insensivel a este composto e se encontra
sempre na forma ativa. A comparagdo desta com a AtAOX1a (sensivel ao piruvato) aponta para

certos residuos de aminoacido que poderiam ser responsaveis por este fendmeno [47].

Ja a interagdo com succinato e glioxilato ocorre através de uma segunda cisteina
conservada (Cysn). Ainda que a Cysn ndo forme uma ponte dissulfeto intermolecular, a ativagao
por succinato e glioxilato ¢ igualmente abolida na presenca de agentes oxidantes. Isto pode
ocorrer devido ao bloqueio do acesso destes ativadores a Cysii, ou a dimerizagao da Cysiimpede

a ativagdo por succinato e glioxilato mesmo que estes se liguem a AOX [40,45,48,49].

AOX de fungos e protozoarios sdo insensiveis ao piruvato, fato que ¢ atribuido a
inexisténcia de um residuo correspondente a Cysy de plantas [39,41,50]. Em contrapartida uma
série de trabalhos demonstraram que AOX de fungos sdo ativadas por mono- ¢ difosfato
nucleosideos, tais como ADP, AMP e GMP [39,50-56]. A andlise da estrutura primaria das
AOX de fungos e plantas indica uma insercdo de aproximadamente 20 aminoéacidos nos fungos,
sendo esta uma possivel regido de interagdo com nucleosideos fosfato. Porém, ao menos trés
AOX de outros organismos também sao ativadas por AMP: dos protozoarios Paramecium
tetraurelia e A. castellanii [41,57] e da alga Euglena gracilis [58], as quais ndo foram incluidas
na comparacao de sequéncia das AOX [39]. Ustilago maydis parece ser uma exce¢do, pois sua
AOX ¢ ativada tanto por AMP como por piruvato. Igualmente, a sequéncia primaria da AOX

de U. maydis nao foi analisada [55].

Por fim, a AOX ¢ sensivel ao estado redox do pool de ubiquinol/ubiquinona, ou seja, a
proporg¢ao entre estas moléculas na membrana mitocondrial. Ensaios com mitocondrias isoladas
de plantas demonstram que a AOX passa a atuar significativamente quando a propor¢ao ¢ de
40% ubiquinol (na auséncia de piruvato) ou 20% ubiquinol (na presenga de piruvato). Esses
resultados suportam a hipdtese de que a AOX atue como um escape de elétrons e evite a hiper-
redug¢do dos componentes da ETC caso o fluxo pela via principal ndo seja suficientemente
rapido [38,44,47,59,60]. Resta determinar se a AOX de outros organismos também sao
sensiveis a este mecanismo de ativacdao, porém estudos com a mitocondria de Candida
parapsilosis e o uso de inibidores especificos para componentes da via principal e alternativa

da respiragdo sugerem que sim [52].



22

O papel da AOX no controle do metabolismo e na resisténcia a estresse

Ha evidéncias de que a AOX possa atuar em situagdes normais de crescimento e
desenvolvimento, bem como durante a resposta a estresse biotico e abidtico. Dada a grande
diversidade de situagdes nas quais a AOX ¢ induzida (em nivel transcricional ou pos-

traducional), fica claro que ha mais de uma via de sinaliza¢do envolvida.

A AOX foi inicialmente identificada como a enzima responsavel pela geragao de calor
em plantas termogénicas [61]. Por exemplo, o apéndice floral de Arum maculatum libera calor
durante parte do seu desenvolvimento, podendo atingir 20 °C acima da temperatura ambiente
(32°C e 12 °C, respectivamente), o que esta correlacionado com uma alta expressdao da Aoxle

neste orgao [62].

Em fungos ascomicetos, dois fatores de transcri¢ao sdo necessarios para a expressao da
AOX (AOD2 e AOD 5 em Neurospora crassa), os quais também regulam outros genes
relacionados ao metabolismo energético, tais como a fosfoenolpiruvato carboxiquinase, a
frutose 1,6-bifosfatase e uma NADH desidrogenase tipo 2, dentre outros genes com funcao
desconhecida [10,63-66]. O envolvimento da AOX na regulagdo do metabolismo celular
também ¢ corroborado pelo fato de que, ao menos em tabaco, a expressdo desta enzima ¢
induzida por citrato, um intermediario do ciclo do TCA e precursor da sintese de aminoacidos
[67]. Além disso, trés isoformas da AOX de Arabidopsis thaliana testadas (das cinco existentes)
exibem diferentes perfis de ativagdo pos-traducional por intermediarios do ciclo do TCA, tais

como piruvato, glioxilato, oxaloacetato e 2-oxoglutarato [68].

Em P. anserina ocorre a co-regulacdo da AOX com genes relacionados ao metabolismo
secundario [63], o que estd de acordo com o fato de que a delecdo da AOX de Aspergillus
nidulans leva a uma redugdo da produgdo da micotoxina sterigmatocistina [69,70]. Ja no fungo
Acreonium chrysogenum, a adi¢do de dleo de soja em meio de cultura causa um aumento na
respiragdo alternativa concomitante com uma maior produgdo de cefalosporina C [71]. Como
compostos secundarios sdo normalmente sintetizados na fase estaciondria (na qual ndo ha mais
crescimento celular), supde-se que a AOX suporte o metabolismo anabolico mesmo quando a
via principal da ETC esteja reprimida devido a alta concentragdo de ATP. Caso a entrada de
elétrons na ETC ocorra através de uma NADH desidrogenase do tipo 2, ocorre um
desacoplamento completo entre a ETC e a oxidagao fosforilativa. Ou seja, a AOX e a NADH-
2 permitem que cofatores necessarios para o metabolismo anabdlico sejam regenerados em

situacdes de alta disponibilidade energética (Figura 4B).
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O fato de a AOX contribuir para a regeneragao de cofatores oxidados sugerem um papel
desta enzima também no balan¢o redox mitocondrial ¢ celular. Foi observado em diferentes
organismos que a delecdo ou knock-down da AOX ocasiona um aumento na geragao de espécies
reativas de oxigénio e de nitrogé€nio. Isto pode estar associado a hiperredu¢ao da ETC e ao
consequente escape de elétrons que leva a formagdo de radicais livres [69,72,73].
Interessantemente, ao menos em plantas, a atividade da AOX pode ser modulada pos-
traducionalmente por tiorredoxinas mitocondriais, enzimas com agdo antioxidante que
participam do sistema de regulacao do potencial redox intracelular. Neste caso, a AOX ¢ mais

ativa quando estd na forma reduzida [36,37].

Como espécies reativas de oxigénio estdo intimamente ligadas a vias de sinaliza¢do
celular, tais como respostas de defesa e de morte celular programada [74], € possivel que a
AOX auxilie na modulagdo de tais vias. Em milho e tabaco foi visto que o acido salicilico
(hormonio vegetal e inibidor da oxidacao fosforilativa), a antimicina-A (inibidor do complexo
IIT) ou o H202 induzem a AOXI1, juntamente com outros genes envolvidos na apoptose [75—
78]. Ademais, ensaios de infeccdo de A. thaliana com a bactéria Pseudomonas syringae
revelaram uma ativacdo mais rapida da respiragdo alternativa durante interagdes incompativeis
(estirpe avirulenta de P. syringae) do que em interacdes compativeis (estirpe virulenta);
incremento este que se correlacionou com o inicio da resposta de defesa hipersensitiva (na qual
ocorre morte celular programada no hospedeiro). Neste caso, a expressao da AOXI1A se

mostrou dependente da via de sinalizacao do etileno [79].

Ainda em relacdo ao estresse bidtico, observou-se que tabaco apresenta niveis elevados
de expressdo da AOX apos a infecgdo pelo virus do mosaico do tabaco (TMV) [80], e que a
atividade da AOX parece ser essencial para a indugdo de resisténcia sistémica adquirida, mas

nao para a sintese de proteinas PR, em resposta ao TMV [81,82].

Quanto ao cacaueiro, trés isoformas da AOX foram identificadas no Atlas

Transcriptomico da Vassoura de Bruxa (http://bioinfo08.ibi.unicamp.br/atlas). O transcrito

CGDO0008991 ¢ o mais abundante na maioria das condi¢des avaliadas, havendo um nivel de
expressdo constante deste transcrito nos ramos, exceto por uma queda apds 111 dias. Porém
ndo houve diferenca entre plantulas sadias e infectadas com M. perniciosa. Quanto aos outros
dois transcritos, a maior alteracao causa pela infec¢ao ocorre no fruto, com uma predominancia

do CGD0025813 na semente e do CGD0015607 na casca (Figura 8).
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Outra situagdo em que a AOX pode contribuir ¢ a resisténcia a estresse abidtico. O
promotor do gene aoxla de A. thaliana possui um elemento de repressdo controlado pela via
do 4cido abscisico (especificamente, reprimido constitutivamente pelo fator de transcrigao
abscisic acid insensitive 4; ABI4), um hormonio vegetal relacionado a senescéncia e dorméncia
de sementes, bem como a resisténcia a estresse abidtico [83]. Ensaios funcionais demonstraram
que o tratamento com acido abscisico induz (desreprime) a expressdo do gene reporter sob
controle daquele promotor [83], o que estd de acordo com outros resultados que associam a

AOX aresisténcia ao frio [83,84], a seca [85], ao estresse osmotico [86], a baixa disponibilidade

de fosforo [87] ¢ ao ozonio [88].

Por outro lado, a regulacdo da AOX ¢ intrincada, e seu efeito no metabolismo e no
desenvolvimento sdo complexos. H4 grande variabilidade dentre os diferentes sistemas
investigados, especialmente em plantas que possuem muitas isoformas da AOX, o que indica,
juntamente com a variedade de respostas associadas a AOX previamente mencionados, que

exista mais de uma via de sinalizagdo que leva a indugao da AOX.
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Figura 8. Perfil de expressio das 3 isoformas da AOX em T. ¢acao a0 longo da vassoura de bruxa. A esquerda
estdo representados tecidos sadios de idade correspondente ao infectado. Os ramos foram obtidos em casa de
vegetagdo, e os frutos foram coletados em campo. Apenas amostras de 30 dias ap6s a inoculagdo (DAI) possuem

réplica bioldgica e, portanto, desvio padrao. Dados extraidos do Atlas Transcriptdmico da Vassoura de Bruxa
(http://bioinfo08.ibi.unicamp.br/atlas).
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A. maculatum possui 7 isoformas da AOX, porém apenas a AOXle, a qual ndo necessita
de piruvato ou de agentes redutores para a sua completa ativagado, esta associada a termogénese
[62]. Em A. thaliana ha um controle espacial e temporal da expressao das 5 isoformas (AOX]a,
1b, Ic, 1d e AOX2), podendo inclusive ocorrer a co-expressao em certos 6rgaos. Por exemplo,
AtAOXI1d ¢ predominante durante a floragdo, enquanto que a AtAOX2 ¢ encontrada
majoritariamente na semente [89]. Em arroz, a expressdo das AOXla e -1b ocorre na raiz e em
folhas maduras; a AOX1c ¢ encontrada em folhas jovens, folhas maduras e na inflorescéncia,
mas ndo na raiz; e a AOX2 esta presente apenas na semente [90,91]. Na soja, a AOX2 ¢ a
isoforma predominante em cotilédones jovens, e a AOX 3, em cotilédones mais velhos e na raiz

[92,93].

Em relacdo a resposta ao estresse, Vigna unguiculata apresenta expressao diferencial
apenas da VuAox2b durante o estresse osmotico, ndo sendo detectada a expressdo da VuAox1
e da VuAox2a. Ainda mais, um cultivar resistente ao estresse osmotico exibe varia¢ao no perfil
de expressdo da VuAox2b dependente do osmdlito empregado, havendo uma repressdo por
NaCl e uma indugao por PEG 6000 [86]. Similarmente, as AOX1a e 1b de arroz sdo induzidas
pelo frio, mas ndo a AOXlc [90].

Outro exemplo de expressdo diferencial entre isoformas da AOX ¢ encontrado em
milho, no qual mutantes que apresentam disfun¢do mitocondrial apresentam uma
superexpressao da AOX. Contudo, verificou-se um aumento na AOX2 na linhagem deficiente
para o complexo I, enquanto que a mutagcao do complexo III leva a um aumento na AOX3. Ja

a disfuncao da maquinaria de traducao mitocondrial induz a expressao de ambas isoformas [94].

Mesmo em fungos foram encontradas divergéncias. Por exemplo, a expressao
desregulada da AOX (knock-down ou superexpressdo) em Pichia pastoris leva a uma
diminui¢do na produ¢do de biomassa associado a um aumento na geragdo de espécies reativas
de oxigénio e morte celular [73]. No entanto, a dele¢do ou superexpressao deste gene em A.
nidulans nao acarretou diferencas perceptiveis no crescimento in vitro, mesmo em condicoes

de estresse oxidativo [69].

A AOX como fator de viruléncia e sobrevivéncia em patégenos

A AOX ¢ induzida em situa¢des de disfun¢do mitocondrial, tais como inibi¢ao dos
complexos respiratdrios, inibicdo da ATP sintase, desacomplamento mitocondrial e a inibi¢do

do ciclo do TCA [95,96]. Em especial, a AOX cria uma via paralela aos complexos [l e IV, a
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partir do pool de ubiquinol, o que pode manter a ETC operando em casos de disfun¢do destas

enzimas (Figura 4C).

No caso de M. perniciosa, a MpAOX ¢ expressa exclusivamente durante os estagios
iniciais da VDB, momento em que o cacaueiro ainda esta vivo. Interessantemente, foi detectado
um aumento na quantidade de H,O: e de oxido nitrico, um potente inibidor do complexo IV,

na vassoura verde quando comparada com plantas nao infectadas [6,9].

Além disso, vale destacar que 23% dos 236 fungicidas (principios ativos)
comercializados nos EUA em 2017 consistem de inibidores da respiracdo celular, sendo que
43% destes sdo inibidores do complexo IIl (Fungicide Resistance Action Comitee, FRAC,
2018). A azoxistrobina, fungicida da classe das estrobilurinas, ¢ um inibidor do complexo III
de enorme sucesso na agricultura. Assim sendo, ha grande preocupagao quando se identificam

espécies ou isolados de fungos resistentes a este fungicida, inclusive pela agdo da AOX [97,98].

De fato, o papel da AOX na resisténcia a estrobilurinas ja foi demonstrado para M.
perniciosa, € outros fitopatdgenos que atacam culturas importantes ao redor do globo, tais como
Magnaporthe grisea [99], Mycosphaerella graminicola [100,101], Sclerotinia sclerotiorum
[102], Venturia inaequalis [103], dentre outros [97,104—107]. Ao mesmo tempo, a inibigdo da

AOX foi suficiente para quebrar a resisténcia em muitos destes casos.

A AOX também pode atuar contra fungicidas com outros modos de agdo. Foi
demonstrado em S. sclerotiorum um aumento na expressdo da AOX quando desafiado com
procimidona, um fungicida da classe das dicarboximidas e com atividade sobre a via de
sinalizagdo por histidina quinases e MAP quinases [108]. Ja a AOX de Candida albicans parece
ter papel relevante na resisténcia a azdis, inibidores de enzimas envolvidas na sintese de

ergosterol, componente da membra celular de fungos [109,110].

Por fim, ressalta-se que a AOX também ¢ encontrada em patdégenos de humanos e outros
animais, alguns dos quais também se mostraram sensiveis a inibicdo da AOX. Por exemplo,
nos fungos e leveduras Aspergillus fumigatus, Candida albicans, Cryptococcus neoformans e
Paracoccidioides brasiliensis [111-114], bem como os protozodrios Trypanosoma brucei,

Cryptosporidium parvum, Toxoplasma gondii e Plasmodium falciparum [115-117].

Assim sendo, o estudo da AOX despertou grande interesse nas areas da saude e da
fitopatologia, especialmente quanto ao desenvolvimento de novos produtos baseados na sua

inibicao. No contexto da VDB, espera-se que um inibidor da AOX atue sinergisticamente com
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outros principios que ataquem a via principal da respiracdo, desta forma sendo possivel que o
oxido nitrico naturalmente produzido pelo cacaueiro seja suficiente para este fim.
Paralelamente, poder-se-ia aplicar um fungicida da classe das estrobilurinas durante o
tratamento da VDB (em conjunto com o inibidor da AOX), com a vantagem de que as

estrobilurinas j& passaram pelas etapas de liberagdo para uso comercial.

Desenvolvimento de novos inibidores da AOX para o tratamento de doencas

Na década de 1970, derivados do acido hidroxamico e do &cido galico foram
identificados como inibidores da respiracdo alternativa de plantas, ainda que fossem
inespecificos para a AOX. Por exemplo, a agdo destes compostos sobre lipooxigenases (que
também consomem oxigénio), ocasionou certa dificuldade nos estudos iniciais para a

identificacdo e caracterizacdo da AOX [118-120].

Adicionalmente, a expressdao da AOX ¢ um mecanismo de sobrevivéncia ou viruléncia
em varios microrganismos de interesse humano e ausente em vertebrados. Em particular, esta
a unica oxidase terminal presente em 7. brucei, causador da doenga do sono em humanos,
durante a fase tripomastigota. Assim sendo, a TAO ¢ considerada um potencial alvo para o
desenvolvimento de novos agentes tripanossomicidas, conforme ja demonstrado em condi¢des
de laboratério [115,121] (nota-se que a AOX ¢ encontrada em outras espécies de tripanossoma,

mas ndo em 7. cruzi, causador da doenca de chagas) [121,122].

De fato, demonstrou-se que o acido salicil-hidroxamico (SHAM) ¢ eficaz contra T.
brucei in vitro; porém, a toxicidade aguda em camundongos ocasionada pelas altas doses
necessarias para a cura da tripanossomiase inviabilizou seu uso terapéutico [123]. Apds extenso
trabalho de sintese e caracterizagdo de andlogos estruturais, identificou-se que a injecao
intraperitoneal de N-n-butil-3,4-dihydroxybenzamida (500-600 mg kg™!), em conjunto com a
ingestao de glicerol, ¢ altamente eficaz e apresenta baixa toxicidade aguda em camundongos

[124-128].

Ja em 1997 se descobriu que a ascofuranona, produzida pelo fungo ascomiceto
Acremonium sclerotinogenum, exibe agdo tripanossomicida in vitro através da inibigdo da
glicerol-3-fosfato desidrogenase (GAPDH) e da TAO [129,130]. Produtos naturais
estruturalmente correlatos (ascoclorina, coletoclorina e ilicicolina A), sdo igualmente ativos

sobre a TAO e a AOX de outros organismos [35] (Figura 9).
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Outros inibidores ndo seletivos da via alternativa da respiragdo ja descritos sdo a
cloroquina [131], o UHDBT [132,133], o acido linoleico [52,133], a auraquina C [134],
derivados do 4-hidroxibenzoato e do 4-alcoxibenzaldeido [135] e a cumarina — esta Ultima
inferida pela presenga no sitio ativo da TAO apos a resolugdo da estrutura cristalografica

(Protein Databank IDs 5gn7 e 5gn9) (Figura 9).

Ao contrario do reportado para a N-n-butil-3,4-dihydroxybenzamida, a injecdo
intraperitoneal (400 mg kg') ou a ingestio (3.200 mg kg!) da ascofuranona sem a
coadministragdo de glicerol foi capaz de curar camundongos infectados com 7. brucei [136].
Assim sendo, a ascofuranona ¢é considerada uma forte candidata para o tratamento da
tripanossomiase humana. Estudos recentes visaram elucidar as relagdes estrutura-atividade de

analogos da ascofuranona sobre a TAO in vitro e in vivo, o que ¢ fortemente beneficiado pela
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Figura 9. Inibidores conhecidos da AOX. Detalhes e referéncias bibliograficas sio fornecidos ao longo do texto.
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disponibilidade de estruturas cristalograficas desta enzima ligada a analogos da ascofuranona

(Protein Databank ID 3vva e 3w54 ¢ Figura 6B) [137-139].

Em contrapartida, ainda h4a uma relativa falta de conhecimento sobre as AOX de fungos
quando comparadas a protozodrios e plantas, mesmo ap6s a descoberta de que inibidores da
AOX também poderiam ser empregados no controle de fitopatdgenos que ameagam culturas de

importancia econdmica e a seguranca alimentar global [97,98].
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Objetivos

Dado o exposto, este trabalho teve por objetivo gerar novas informagdes relevantes para
o desenvolvimento direcionado de fungicidas baseados na inibi¢do da AOX, bem como avaliar

o seu efeito em fitopatogenos de interesse. Especificamente:

1. Desenvolver modelos experimentais adequados para a triagem e caracterizagdo
funcional de inibidores da AOX de fungos, tanto de compostos ja conhecidos como
novas entidades quimicas;

2. Awvaliar o potencial antifingico de inibidores da AOX sobre M. perniciosa, in vitro
e in planta,

3. Purificar a AOX de M. perniciosa (MpAOX) recombinante e caracteriza-la
funcionalmente quanto a cinética enzimatica, ativagao pds-traducional e inibi¢ao por
pequenas moléculas; e

4. Gerar dados uteis para direcionar analises da interagdo proteina-ligante e estudos de

relacdo estrutura-atividade;

Os resultados obtidos sdo organizados em dois capitulos. No primeiro capitulo ¢
apresentado o manuscrito intitulado “Synthesis and testing of novel alternative oxidase (A0X)
inhibitors with antifungal activity against Moniliophthora perniciosa (Stahel), the causal agent
of witches’ broom disease of cocoa, and other phytopathogens” aceito para publicagdo no
periodico Pest Management Science [104]. Neste trabalho, buscou-se desenvolver um modelo
celular para a triagem e caracterizagdo funcional de novos inibidores da AOX com acdo
antifingica. Dado que a rota sintética estabelecida para a ascofuranona e andlogos ¢ laboriosa
e de baixo rendimento, foi planejada e sintetizada uma nova classe de inibidores putativos da
AOX, em colaboragdo com a Dra. Silvana A. Rocco do Laboratério Nacional de
Biociéncias/Centro Nacional de Pesquisa em Energia e Materiais (LNBio/CNPEM). Derivados
de N-fenilbenzamidas (NPD) foram planejados com base na estrutura de ligantes ja conhecidos
da AOX, o SHAM e o n-propil galato, visando-se manter a capacidade de interagdo com a
enzima, porém modulando a hidrofobicidade do ligante. Em seguida, 74 NPD foram testados
na levedura modelo Pichia pastoris, a qual possui uma AOX enddgena, em ensaios de medicao
do consumo de oxigénio e de crescimento celular. O composto especifico para a AOX e que

proporcionou a maior inibi¢cdo sobre o crescimento de P. pastoris (NPD 7J-41) também exibiu
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maior poténcia que o SHAM sobre a AOX recombinante de M. perniciosa expressada em
Escherichia coli. Por fim, testes in vitro e in planta demonstram que o 7J-41 tem agdo
antifingica contra fungos fitopatdgenos, inclusive M. perniciosa. Tais dados apoiaram a criagao
de um modelo computacional usado em simulacdes in silico para a elucidagao de relagdes

estrutura-atividade para os NPD.

No segundo capitulo, ¢ abordada a expressdo, a purificagdo e a caracterizagao
bioquimica da MpAOX recombinante (rMpAOX), em colaboragdao com o Dr. Artur T. Cordeiro
(LNBio/CNPEM) e o Prof. Dr. Anthony L. Moore (University of Sussex, Reino Unido).
Inicialmente, foi avaliada a atividade da rMpAOX ainda associada & membrana celular de E.
coli. Conforme observado em outras AOX de fungos, a rMpAOX foi ativada por GMP, AMP
e ADP. Entdo, ensaios de dose-reposta foram realizados com a ascofuranona e analogos
estruturais, confirmando que esta classe de inibidores também age sobre a MpAOX.
Interessantemente, observou-se uma grande diferenca na poténcia da ascoclorina entre a
rMpAOX e a TAO e, ap6s a comparagdo dos residuos que compdem o sitio de ligacdo com o
ligante destas duas enzimas, identificaram-se dois residuos da MpAOX que provavelmente
desfavorecem a interagdo com a ascoclorina. Por fim, a cinética enzimatica da rtMpAOX foi
caracterizada em relagdo ao substrato (ubiquinol-1) e um inibidor (coletoclorina B), permitindo-
se obter constantes de Michaelis-Mentes e de inibi¢do para estes compostos. Estes dados

compdem um manuscrito em elaboracdo a ser submetido para publicagao.
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CAPITULO 1

Synthesis and testing of novel alternative oxidase (AOX) inhibitors
with antifungal activity against Moniliophthora perniciosa (Stahel), the
causal agent of witches’ broom disease of cocoa, and other

phytopathogens

Barsottini et al. (2018), Pest Manag. Sci., in press, DOI 10.1002/ps.5243
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Abstract

BACKGROUND: Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is the causal agent of witches’ broom disease (WBD) of
cocoa (Theobroma cacao L.) and a threat to the chocolate industry. The membrane-bound enzyme alternative oxidase (AOX) is
critical for M. perniciosa virulence and resistance to fungicides, which has also been observed in other phytopathogens. Notably
AOX is an escape mechanism from strobilurins and other respiration inhibitors, making AOX a promising target for controlling
WBD and other fungal diseases.

RESULTS: We present the first study aimed at developing novel fungal AOX inhibitors. N-Phenylbenzamide (NPD) derivatives
were screened in the model yeast Pichia pastoris through oxygen consumption and growth measurements. The most promising
AOX inhibitor (NPD 7j-41) was further characterized and displayed better activity than the classical AOX inhibitor SHAM in vitro
against filamentous fugal phytopathogens, such as M. perniciosa, Sclerotinia sclerotiorum and Venturia pirina. We demonstrate
that 7j-41 inhibits M. perniciosa spore germination and prevents WBD symptom appearance in infected plants. Finally, a
structural model of P. pastoris AOX was created and used in ligand structure-activity relationships analyses.

CONCLUSION: We present novel fungal AOX inhibitors with antifungal activity against relevant phytopathogens. We envisage
the development of novel antifungal agents to secure food production.

@ 2018 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: Witches' broom disease; Moniliophthora perniciosa; Alternative oxidase; fungicide; crop protection; structure-activity
relationship (SAR)

1T INTRODUCTION

Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is the
causal agent of the witches’ broom disease (WBD) of cocoa (Theo-
broma cacao L) and a major threat to the multi-billion dollar indus-
try of chocolate production and commercialization. Present in the
Americas, this basidiomycete fungus is responsible for a Brazilian
crisis after an outbreak in the largest cocoa-producing state (Bahia)
in 1989. M. perniciosa also risks reaching Africa, where cocoa vari-
eties highly susceptible to WBD are widely used. Thus far, there
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is no method to eradicate M. perniciosa from affected areas and
farmers rely upon resistant cacao clones and crop management
techniques to reduce WBD's impact.’

M. perniciosa is a hemibiotrophic pathogen, and WBD is divided
in biotrophic and necrotrophic phases. The biotrophic phase starts
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when basidiospores infect meristems (shoots, flower buds and
young fruits) and develop into sparsely growing hyphae inside
of the plant organs. This is when crucial host-pathogen interac-
tions occur and lasts 2-3 months, which is unusually long for
a phytopathogen. Afterwards, the infected cocoa tissues wither,
which hallmarks the start of the necrotrophic phase, and a dense
M. perniciosa mycelium grows on dead cocoa tissues. The transi-
tion between the biotrophic and necrotrophic WBD phases corre-
lates with extensive morphophysiological changes in M. perniciosa.
Notably, we have identified that the mitochondrial enzyme alter-
native oxidase (AOX) is exclusively expressed during the biotrophic
phase and plays a critical role for M. perniciosa virulence, as well as
survival to fungicides.>*

AOX is widely distributed among arganisms, being found in
bacteria, yeasts, fungi, protists, plants and animals.>® It is a mem-
brane protein located in the matrix side of the inner mitochondrial
membrane and creates a branching point in the electron trans-
port chain (ETC) at the ubiguinone level. AOX reduces oxygen
to water without the engagement of complexes lll and IV, thus
providing metabolic plasticity to the cell to, among other things,
cope with biotic and abiotic stress.”~'® Here, we highlight AOX
as a resistance factor to ETC inhibitors and fungicides, notably
strobilurins and Q, other inhibitors.""’? This has been shown in
a number of phytopathogens that attack several important crops
worldwide, such as Magnaporthe grisea,'* Moniliophthora perni-
ciosa,® Mycosphaerella graminicola,'*'* Sclerotinia sclerotiorum®
and Venturia inaequalis,'”” among others,'®-%!

Derivatives of gallic acid and hydroxamic acid are long known
AOX inhibitors, but they have poor pharmacological properties
and are not adequate for commercial use.'*?? Ascofuranone and
structural analogues are potent inhibitors of the human parasite
T. brucei AOX (TAO),”** and current efforts are directed towards
improving the pharmacological properties of TAO inhibitors for
clinical use.?*~? However, comprehensive studies on fungal AOX
inhibition are scarce, and structure-based drug design of com-
pounds targeting other organisms is limited by the fact that the
sole AOX structure available thus far is from TAO. Moreover, syn-
thesizing ascofuranone and derivatives is laborious and demands
several reactional steps, which reduces yield and increases cost. In
spite of current advances in computational biology, it is impera-
tive to obtain experimental data to direct drug design initiatives
targeting fungal AOXs.

Here, we describe a novel class of easily synthesized AOX
inhibitors with antifungal activity. Pichia pastoris is a robust yeast
used for industrial applications that grows aerobically and contains
an AOX gene. P, pastoris was thus employed to evaluate 74 ratio-
nally designed N-phenylbenzamide derivatives (NPDs) through
measurements of oxygen uptake and growth, providing informa-
tion on the potency, selectivity and antifungal potential of those
compounds. The most potent and selective NPD (7j-41) was then
tested against filamentous fungal phytopathogens M. perniciosa,
S. sclerotiorum and Venturia pirina, and the three species displayed
sensitivity to 7j-41. We further demonstrate that 7j-41 prevents
M. perniciosa basidiospore germination in vitro, as well as the
development of WBD symptoms in infected plants. An experimen-
tally validated structural model of P. pastoris AOX is presented,
which enabled analyses of the structure-activity relationship for
the tested NPD library. We envisage that our results will be use-
ful for the study of fungal AOXs, as well as for the development of
novel antifungal agents based on AQX inhibitors.

2 MATERIALS AND METHODS

2.1 Reagents and respiration inhibitors

The respiration inhibitors used in this work were potassium
cyanide, salicylhydroxamic acid (SHAM) and n-propyl gallate
(PG) from Sigma (USA), as well as the commercial preparation
of azoxystrobin Amistar WG (Zeneca Brasil LTDA,, Brazil; 50% active
ingredient). NPDs were obtained through the Schotten—Baumann
reaction,?®=*® with the synthesis of amides from amine derivatives
and acyl halides in the presence of aqueous bases. Concentrated
stock solutions were prepared in DMSO, except for potassium
cyanide, which was dissolved in water and had the pH adjusted
to 7 with HCl, and stored at —20°C. For dose-response assays,
test compounds were serially diluted in DMSO such that the final
concentration of DMSO was constant across every condition.

2.2 Biological material and growth conditions

The organisms used were P pastoris X-33 (Invitrogen, USA), E.
coli BL21 (DE3) Rosetta 2 (Novagen, USA), M. perniciosa biotype-5
TIRO1, M perniciosa biotype-C FA553,%' S. sclerotiorum and V. pirina.
P. pastoris was grown at 30 °C in YP culture medium (5g L~ yeast
extract and 10gL 1 peptone) with either 3% (v:v) glycerol (YPG)
or 1% glycerol (YPG 1%), as indicated throughout the text. E.
coli was grown in Luria-Broth (5¢g L~ yeast extract, 10gL"' pep-
tone and 10 g L~" NaCl) and filamentous fungi were cultivated on
malt-agar (17 gL~ mat extract, 5 gL' yeast extract and 2% agar)
at 25-28 °C. M. perniciosa spores were germinated in LMCpL+ cul-
ture medium®? at 28°C in the dark.

2.3 P pastoris growth assay and data processing

Freshly streaked P. pastoris colonies were inoculated into YPG
liquid medium and grown aerobically for 16-24h at 30°C. For
growth assays in solid YPG, cells were diluted to an optical den-
sity of 0.02 (600nm) or lower, transferred to YPG supplemented
with respiration inhibitors (5mg L™' AZO and 5mM SHAM) or
1% DMSQ and incubated until the appearance of visible colonies.
Growth assays in liquid culture medium were performed in 96-well
flat-bottomed microtiter plates under agitation, in which 5mM
SHAM or 500 uM NPD were added, as well as DMSO or 0.5 mg L™!
AZQ. Internal controls were included in each plate, consisting of
1% DMSO and 1% DMSO plus 0.5mg L~' AZO. Absorbance read-
ings (600 nm) were performed at 15 min intervals (SpectraMax 384,
Molecular Devices, USA) for a total of 72 h, and measured values
were converted to real values with Eqn. 1. OCHT® software was
used to fit a sigmoidal curve function of determinate growth** and
the maximum specific growth rate (pMax) was calculated at the
inflection point. Growth parameters obtained from each experi-
ment were normalized as a percentage of the internal controls. For
dose-response assays, a four-parameter sigmoid function was fit-
ted (Prism Graphpad, Graphpad Software, Inc.).

f(x) = 12.092x* — 31.353x° + 31.371x? — 6.4295x + 0.5974 (1)

2.4 Cloning of rMpAOX, site-directed mutagenesis

and ectopic expression

The DNA-coding sequence for MpAQX (Genebank ID ABN09948.3)
had already been sub-cloned and kindly provided by Paula F.
Prado. The region corresponding to the mature protein (e.q.
without the 40 amino acid residue N-terminal mitochondrial sig-
naling peptide), as predicted in silico by the Signal P server,
was amplified by PCR to generate the rMpAOXA40 construct.
Recognition sites for Ndel and EcoRl restriction enzymes were
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included to the 5' ends of the PCR primers and used for cloning
of the PCR product into the pET28a bacterial expression vec-
tor (Novagen, USA) with standard molecular biology procedures.
Site-directed mutagenesis of IMpAOXA40 was performed with the
QuikChange |l Site-Directed Mutagenesis Kit (Agilent Technolo-
gies, USA) and following instructions provided by the manufac-
turer. Codons coding for threonine 261 and tyrosine 262 in MpAOX
(relative to the full-length protein) were changed to valine and
phenylalanine, respectively, based on known inactivating muta-
tions of corresponding residues in T. brucei AOX.>* The ectopic
expression of rIMpAOXA40 in E. coli was performed essentially as
described elsewhere.?” E. coli cells were transformed with pET28a-
rMpAOXA40 or the empty vector backbone by electroporation
and plated in selective LB medium with 25 pg mL~' kanamycin and
50 pg mL~! chloramphenicol. Individual colonies were picked and
inoculated in liquid LB medium with antibiotics and grown at 37 °C
and 250rpm for 16 h. The absorbance at 600 nm was measured
(Biochrom WPA CO 8000 Cell Density Meter) and aliquots were
transferred to fresh LB medium with antibiotics and 50 uM FeSO,
to a final optical density of 0.01. After 2 h at 30°C and aeration,
expression of the recombinant protein was induced by 25 M iso-
propyl f-D-1-thiogalactopyranoside (IPTG). The culture was kept
under the same conditions for another 8 h and cells were harvested
and used immediately for oxygen measurement assays.

2.5 Oxygen consumption measurements

Oxygen consumption measurements were performed with a
Clark-type oxygen electrode (Oxygraph Plus, Hansatech Instru-
ments, UK). P. pastoris was grown on YPG for 16 h and cells were
used directly (non-treated) or subjected 5mgL~' AZO for 4h to
induce the alternative respiration before measurements. E. coli
expressing rMpAOX was prepared as described. After growth, P
pastoris or E. coli cells were washed with fresh YPG (glycerol as res-
piration substrate) and transferred to the oxygraph chamber. The
cell concentration was adjusted to give an oxygen consumption
rate of ~40nmolmL~" min~!. Measurements of the alternative
respiration were performed in the presence of 2.5mM KCN. O,
uptake was recorded before and after addition of DMSO or the
test compounds, and the residual respiration was determined
as the ratio between the final and initial respiration rates. For
dose-response assays, a four-parameter sigmoid function was
fitted (Prism Graphpad, Graphpad Software, Inc.).

2.6 Antifungal activity assays

M. perniciosa basidiospores were diluted with LMCpL+ medium to
10° mL " and 100 pL aliquots were transferred to a 96-well plate.
NPD 7j-41 or 7j-78 were added into each well, and basidiospore
germination and hyphal development were monitored for 21 days.
For mycelial growth assays, agar plugs containing active mycelia
from M. perniciosa, S. sclerotiorum and V. pirina were transferred
to the center of new culture plates amended with 7j-41 or 7j-78,
with or without further addition of 5 mgL™" AZO. Control plates
consisted of 0.5% DMSO and 0.5% DMSO plus 5 mg L™ AZO. After
15 days, the mycelial diameter was measured in two orthogonal
axes and averaged. For in planta assays, 16-day-old seedlings of
tomato (Solanum lycopersicum) cultivar Micro-Tom (MT) were inoc-
ulated with 10° basidiospores of M. perniciosa S-biotype isolate
TIRO1 as described elsewhere.®® 7j-41 at 200 uM or DMSO were
mixed with the basidiospore suspension during inoculation, and
non-inoculated plants were equally treated. Symptoms were eval-
uated by measuring the stem diameter® at 5, 15, 25 and 35 days

after inoculation. The experiment was completely randomized,
with 30 plants per treatment, and results were analyzed with Stu-
dent’s t-test (R x64 3.4.3).

2.7 PpAOD molecular modeling and docking

The PpAQOD structure was modeled with YASARA* using TAO
structures with bound ligands as templates (PDB ID 3VVA and
3W54).2 Each chain from those structures was individually used as
templates. After comparative modeling, the position of the hydrox-
ide ion was optimized in solution through a steep descent and sim-
ulated annealing minimization using AMBER14 force field (ff14).*”
Each PpAOD model was used as input to a molecular docking rou-
tine in AutoDock (v. 4.2.5.1)*® and the best pose of each ligand
was obtained after five runs. Model performance was evaluated
through the BEDROC metric®® by comparing their biological activ-
ity and docking scores. For this purpose, the 30 PpAOD-selective
NPD were ranked and the first quartile (eight compounds) was
defined as active, whereas the rest was considered inactive. The
BEDROC function was implemented in MatLab R2011a (Math-
works) with alpha values of 6 and 20. The cavity volume was gen-
erated with KVFinder."

3 RESULTS

3.1 Pichia pastoris as a fungal model for AOX inhibitor
characterization

It has been previously shown that P. pastoris possesses a func-
tional AOX [PpAOD), although not constitutively expressed.*! Here,
we demonstrate that PpAOD is induced by the fungicide and ETC
inhibitor azoxystrobin (AZO), which shifts the O, uptake from a
cyanide-sensitive (main respiration) to a cyanide-insensitive (alter-
native respiration) pathway. Accordingly, classic AOX inhibitors
SHAM and n-propyl gallate blocked the alternative respiration and
demonstrate that AOX allows oxygen consumption to continue in
the presence of AZO (Fig. 1{A)). PpAOD also contributes to P. pas-
toris growth on AZO, albeit at a lower speed, and only the combina-
tion of AZO and SHAM abolished the formation of visible colonies
(Fig. 1(B)}.

P. pastoris grows to high cell densities in liquid culture, which
interferes with automated absorbance readings. To avoid this
problem, the glycerol concentration in YP medium was reduced to
19 to limit cell growth. Furthermore, a standard curve with known
P. pastoris cell densities was generated and used to determine the
correct absorbance of unknown samples. The maximal specific
growth rate (pMax) in liquid culture medium was thus determined
and provided an accurate estimate of P. pastoris growth capacity
before and after the inhibition of cellular respiration (Fig. 51).

Next, AZO-treated P. pastoris was employed to functionally char-
acterize 74 NPDs synthesized by our group in search of novel fun-
gal AOX inhibitors. DMSO-treated P. pastoris was used as a control
to evaluate the selectivity of those compounds with respect to the
alternative respiration (Fig. 2). At 500 uM, the tested NPDs exerted
little effect upon the main respiration, with an average inhibi-
tion of 8 + 9% in O, uptake and 13 + 21% of growth rate. On the
other hand, the alternative respiration was inhibited by 65 + 21%,
and the PpAQD-driven growth by 40 + 29%. There was a marked
difference in activity of some NPDs after comparison of respira-
tion and growth measurements, such as 7j-07, 7j-25, 7j-42 and
7j-91 to name a few. This suggests that (i) toxic/unspecific com-
pounds active only in growth assays may have off-targets other
than ETC components and (i} the cellular environment greatly
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Figure 1. P. pastoris alternative respiration and growth, {A) Azaxystrobin
induces the alternative respiration in B pastoris. P. pastoris was treated
(AZO-treated) for 4 h with 5mg L~! AZO or not (non-treated) before each
measurement. Bars depict mean+ SD {n=3). KCN: 2.5 mM potassium
cyanide (main respiration inhibitor); SHAM and PG: 5 mM salicylhydroxamic
acid and 1 mM n-propyl gallate {AOX inhibitors). (B) P pastoris growth in
solid culture medium. B pastoris cells from a pre-culture were transferred
to YPG medium amended with 5mgL ' AZO, 5 mM SHAM or both. Cell
density is indicated on top. The alternative respiration sustains P. pastoris
growth on AZO, albeit at a slower rate, and AZO plus SHAM abolished
cellular growth.

influences the biological effect of NPDs, possibly due to the cellu-
lar metabolism of xenobiotics. For instance, some AOX-targeting
NPDs did not reduce cell growth, which might be explained by
cytochrome P450 metabolism or detoxification through efflux
pumps, two known mechanisms of drug resistance in fungi.>+

Overall, 69 of the 74 tested NPDs led to statistically significant
inhibition of the alternative respiration. However, 42 of those 74
also interfered with either the O, uptake or the cellular growth
in control conditions (without AZO). Of the 31 NPDs exclusively
active after AZO treatment, 12 affected the alternative respiration
and not the cellular growth, one reduced cellular growth and not
the alternative respiration, and 16 selectively inhibited both the
alternative respiration and cellular growth. Only one NPD, 7j-78,
had no appreciable effect in any circumstance, These data are
fully available in Table S1 and at PubChem bioassay database
(PubChem AID: 1259412).

From the set of selective PpAOD inhibitors active in both O,
uptake and cellular growth assays, 7j-41 was the most potent
P pastoris growth inhibitor. Therefore, 7j-41 was selected for
further characterization and compared with SHAM. Both com-
pounds displayed similar IC;, values on P. pastoris alternative
respiration (208.9 pM and 261.8 uM, respectively) (Fig. 3(A)), but
7j-41 was remarkably a more potent growth inhibitor than SHAM

(respective ICg, of 40.7 M and 367.6 pM; Fig. 3(B)). In order to
evaluate those compounds on a different fungal AOX, the recom-
binant M. perniciosa AOX (rMpAOX) was expressed in E. coli and O,
consumption was measured. Indeed, rMpAOX expression created
a cyanide-insensitive respiration in E. cofi, which was not seen
either in the negative control (empty vector backbone) or after
the expression of mutated rMpAQX versions containing known
inactivating amino acid substitutions? (Fig. 52). The IC;, of 7J-41
on rMpAOX was 178.9 uM, comparable to PpAOD. Conversely,
rMpAOX was less responsive to SHAM, which inhibited only 20%
of the cyanide-insensitive O, uptake at 2.5 mM. At 10 mM SHAM,
60% inhibition was achieved; however, off-target effects of the
same magnitude were seen on E. coli main respiration (Fig. 3(C)).
Thus, we have shown that 7j-41 possess better activity than SHAM
on P. pastoris growth and on rMpAOX.

3.2 NPD 7j-41 displays antifungal activity against
filamentous fungal phytopathogens

The next step was to assess the antifungal activity of 7J)-41 against
filamentous fungi. We selected three phytopathogens for which
AOX is involved in resistance to ETC inhibitors. M. perniciosa and S.
sclerotiorum have been described elsewhere*'® and we demon-
strate here that the same phenomenon occurs in V. pirina. A BlastP
search performed against the V. pirina genome™ in JGI Mycocosm
Portal and MpAOX as query returned one AOX-coding sequence,
namely, Protein Model 209839 in Scaffold 14 with 57.4% identity.
It was also seen that V. pirina is able to grow on AZO, but not in the
combination of AZO and SHAM (Fig. S3). Hence, we investigated
the effect of 7j-41 alone or with AZO on the mycelial development
of the three selected phytopathogens. NPD 7j-78 (Fig. 4(A)), which
did not display any activity on P. pastoris, was evaluated as well.
As shown in Fig. 4(B), a combination of AZO and 500 uM 7j-41
reduced the in vitro radial growth of M. perniciosa, S. sclerotiorum
and V. pirina when compared to AZO alone, Remarkably, V. pirina
was sensitive to SHAM and 7J-41 alone in the absence of AZO
(Fig. 4(B) and Fig. S3).

During the WBD of cocoa, MpAOX is highly expressed in early
developmental stages of M. perniciosa, and the biotrophic-like
mycelium is sensitive to SHAM in vitro even in the absence of AZO.?
In agreement, we observed a complete inhibition of M. perniciosa
basidiospore germination with 125 pM 7j-41, while the inert 7j-78
did not exert any effect up to the maximal tested concentration of
250 puM (Fig. 4(C)). For comparison, SHAM abolished M. perniciosa
basidiospore germination only at 5 mM (Fig. 54), which is the same
concentration used previously in in vitro mycelial growth assays.’

Finally, the antifungal activity of 7j-41 was evaluated in planta
against M. perniciosa (Fig.5). We observed that 200pM 7j-41
completely prevented WBD symptom appearance in infected
tomato (Solanum fycopersicum) plants, which usually consist of
stem swelling, axillary shoot growth and leaf distortion.* Even 35
days after inoculation, no difference was seen in stem diameter
between non-inoculated plants and inoculated, 7j-41-treated
plants (Fig.4(D)). 7j-41 did not exert appreciable effects on
non-inoculated control plants. Here, we demonstrated that 7j-41
is active against filamentous fungi that are threats to crops world-
wide, including M. perniciosa, for which there is currently no
chemical treatment available.

3.3 APpAOD structural model provides insights on NPD
structure-activity relationships

In order to enlighten the NPD structure-activity relationship
and gain insights for the development of antifungal agents based
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sustained by the main (non-treated) and the alternative respiration (AZO-treated) in the presence of each NPD (left; mean + SEM) and mean + 5D of all

values (right). Full data is presented in Table 51.
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Figure 3. Dose-response assays with SHAM and 7j-41. (A} P pastoris O, uptake after addition of SHAM or NPD 7j-41 at varying concentrations, befare
(NT) or after (AZO) treatment. (B) Relative growth of P. pastoris in liquid culture medium, as measured by the final optical density after 72 h of growth,
normalized by the control condition (not treated). (C) O, uptake of whole E. coli cells transformed with rMpAOXA40 (AOX) or the pET28 empty backbone

(pET).

on AOX inhibition, we compared the NPD biological activity on P.
pastoris and their modeled interactions with PpAOD. Initially we
generated 21 distinct PpAOD structural models based on TAO
(46.2% sequence identity). We selected as templates TAO struc-
tures bound with the ascofuranone derivative AF27790H (PDB ID:
3VVA) and with colletochlorin B (PDB ID: 3W54).* The apo TAO
structure (PDB ID: 3VV9) was not used because the volume of the
binding site is smaller than the NPD. Subsequently, 30 NPDs that
were selective inhibitors of P. pastoris alternative respiration were

docked into each PpAOD structural model. Model performance
was evaluated with the BEDROC metric and two distinct o values™
{Fig. S5), and the PpAOD model that generated the highest correla-
tion with experimental data was selected for investigation (Fig. 6).
Thus, NPD structure-activity relationships and protein-ligand
interactions are discussed below.

PpAOD inhibitors show a clear preference for polarizable and
bulkier halogen atoms from higher periods, such as Cl, Br and
I. Their greater volumes allow for more points of contact, which
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Figure 4. In vitro antifungal activity of NPD 7j-41. (A) Phytopathogens M. perniciosa, 5. sclerotiorum and V. pirina were grown with the active NPD 7j-41 and
the inert NPD 7j-78, with or without further addition of 5 mg L~" AZO. (B) Bars depict the radial growth of the mycelia (mean + SD; n = 3) after 15 days.
Asterisks indicate results statistically different from DMSO treatment (with or without AZO, as pertinent). *P < 0.05; **P < 0.01. For the three tested fungal
species, 500 uM 7j-41 increased their sensitivity to AZO. Notably, V. pirina is sensitive to 7j-41 even in the absence of AZC. (C) M. perniciosa basidiospores
germination assay. After 21 days, fully developed mycelium was observed in every condition with 7j-78, whereas 7j-41 exhibited inhibitory effects on
spore germination from 62.5 pM. Black arrows, non-germinated spores; white arrows, partially developed mycelium.

leads to a higher affinity to the PpAOD active site. Moreover, NPD
with F and Cl substitutions were more effective growth inhibitors,
which is explained by the fact that such atoms may prevent drug
degradation by the cellular metabolism.** In general, the meta
position of the aromatic ring bonded to the amide nitrogen atom
favors electronegative substituents for better antifungal activity.

Substituents R, and R, (Table 51} define which of the two
benzene rings will be positioned more internally with respect
to the PpAOD active site. F, Cl and | favor the insertion of the
benzene ring to which they are attached, which is due to their
interaction with the region corresponding to Phel34, Leul137,
Glu138 and Tyr235. These resides are in the vicinity of the PpAOD
diiron center, and the hydroxide radical bridging the two iron
atoms may also interact with meta substituents in some NPDs.
The NPD carbonil group is usually directed towards Arg97 and an
electrostatic interaction is predicted, although the geometry of
this interaction does not permit the establishment of a hydrogen
bond. The nitrogen atom of the NPD amide interacts with PpAOD
a-helix 5 - following TAO's structure nomenclature® - and it is
possible for a hydrogen bond to occur between that nitrogen and
the Glu230 backbone carbonyl group.

Van der Walls forces also play an important role in protein-ligand
interaction. A & stacking interaction occurs between benzene
rings from NPD and Phe100, which are positioned orthogonally

with respect to each other. Additionally, we observed ligand inter-
actions with Met93, Arg97, Trp130, Arg133 and Thr234. R2 sub-
stituents, when directed towards the outside of the active site, are
positioned according to their size. For instance, F atoms interact
with a small hydrophobic cavity formed by Met93, Leu227 and C;
and C_ of Glu230. Bulkier atoms, such as Cl, Br and |, do not inter-
act with that small hydrophobic cavity and are instead directed
towards the entrance of the active site. NPDs with poor biclogical
activity and low docking scores usually exhibit either polar sub-
stituents in close proximity to hydrophobic regions, or fewer points
of interaction due to small substituents, such as hydrogen (Fig. 56).

In their most stable conformation, NPDs present a delocalized =
electronic system. However, the ligand's aromatic rings are reori-
ented when inside the PpAOD active site in order to favor the
protein-ligand interaction. Substituents that intensify the elec-
tronic delocalization, such as NO,, disfavor that rearrangement
and, therefore, are weak ligands. Furthermore, NO, is a polar
group that interacts weakly with hydrophobic residues in the
active site.

4 DISCUSSION

AOX is a desirable target for the development of new antipar-
asitic and antifungal agents, with clear potential impacts
on human health and food security, since AOX inhibitors
might be used to treat human fungal pathogens*-** as well as
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Figure 5. In planta antifungal activity of NPD 7j-41 against M. perniciosa. MT plants 35 days after inoculation with spores from S-biotype isolate of M.
perniciosa were compared with the control treatment. (A) Left, non-inoculated MT {treated only with DMSO}. Right, non-inoculated MT treated with 7j-41.
Mo differences were observed between them {controls). (B) Left, MT inoculated with M. perniciosa displaying stem swelling. The arrow shows the abnormal
axillary outgrowth {broom). Right, plant inoculated together with 7j-41 displaying no symptoms. (C) MT leaves inoculated with M. perniciosa displaying
petiole swelling compared with the other treatments which present no symptoms. (D) Mean of stem diameter from MT inoculated with M. perniciosa
biotype-5, non-inoculated, inoculated with M. perniciosa, treated with 7j-41 molecule and non-inoculated treated with 7j-41 molecule at 5, 15, 25 and
35 days after inoculation (average + 5D; n = 30). Asterisks indicate results statistically different from the non-inoculated control. *P < 0.05. Scale bars:

6cm (A, B), 2em (C).

phytopathogens.®'-17 Here, we present the first comprehensive
study on fungal AOX inhibition by small molecules and provide
new tools to aid the development of novel fungicides.

Here, the yeast Pichia pastoris was employed as a fungal model
to assess the antifungal potential of those compounds. Usually,
Saccharomyces cerevisiae is used as a host for heterologous expres-
sion of fungal AOXs because it lacks its own AOX.” %2 However,
our experience shows that S. cerevisiae was not a robust model
for testing AOX-driven growth (data not shown), and we reason
that this is because S. cerevisiae lacks a functional ETC complex |,
the only ETC component that contributes to ATP synthesis when
AOX is the sole terminal oxidase. The AOX-expressing P, pastoris,
on the other hand, can readily grow on a non-fermentable car-
bon source, such as glycerol, using complex | to generate ATP. This
allowed us to functionally characterize our NPD library and identify
the selective PpAQD inhibitor 7j-41, Overall, 7j-41 was more potent
than SHAM as an antifungal agent and was effective against three
non-model filamentous fungi that are threats to crops worldwide,
M. perniciosa, S. sclerotiorum and V. pirina. Finally, an experimen-
tally validated structural model of PpAOD was generated, which

provided useful information on protein-ligand interactions and
NPD structure-activity relationships.

M. perniciosa was the first phytopathogen for which compelling
evidence has been obtained on the relevance of AOX during host
infection. Throughout the M. perniciosa life cycle, MpAOX is over-
expressed in the biotrophic phase, when the living cocoa produces
large amounts of the potent ETC inhibitor nitric oxide. Indeed, par-
allels were drawn between M. perniciosa and the human parasite T.
brucei with respect to the dependence on the alternative respira-
tion for virulence and survival.? Here, we demonstrated that AOX
inhibitor 7j-41 alone was enough to prevent M. perniciosa in vitro
spore germination and abolished the appearance of WBD symp-
toms in infected plants. Notably, SHAM has been shown to prevent
M. grisea and Botrytis cinerea spore germination in vitro*** sug-
gesting that AOX activity is a common feature needed for spore
germination in these fungi.

On the other hand, disease development is not always depen-
dent on AOX, since M. grisea AOX knock-out strains displayed sim-
ilar virulence levels in barley leaves as did the wild-type.™ How-
ever, the relevance of fungal AOX in agricultural settings is also
related to AOX's contribution to fungicide resistance. Strobilurins
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Figure 6. PpAOD structural model and docking of 7j-41. The best docking
pose is shown. The color range represents from the aperture of the
cavity to the solvent (blue) until the region farthest from that aperture

(red). Residues Phe134, Leu137, Glu138 and Tyr235 make up the bromine
interaction subsite,

are quinone outside (complex IIl) inhibitors successfully employed
as agrochemicals for more than 20 years,* and the escape mech-
anism through the alternative respiration has been thoroughly
discussed and exemplified.”"'® Moreover, the non-ETC targeting
fungicide procymidone has been shown to induce AOX expression
in S. sclerotiorum'® and Candida albicans AOX provides resistance
against azole fungicides.'*® This is in accordance with studies
on yeasts demonstrating that mitochondrial function as a whole
plays a great part in fungal virulence and resistance to antifun-
gal agents.” Collectively, those results indicate that AOX plays a
broader role in fungal development and expands the scenarios
in which AOX-targeting molecules can be effectively employed to
treat fungal diseases [i.e., in combination with other AOX-inducing
molecules).

Overall, our data demonstrate that 7j-41 is more potent and
selective than SHAM against M. perniciosa, which is evidenced
by the difference in concentrations used {10-20 times higher for
SHAM than 7j-41) and by non-specific effects in E. coli membranes
with SHAM. We envisage that our results and the uncovered NPD
structure-activity relationship will guide AOX-targeting fungicide
development against M. perniciosa and other fungal threats to
crops worldwide.
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S1 Fig. P. pastoris growth measurement in 96-well microtiter plates. (A) Comparison between different
starting concentrations of glyccrol. Above 1% glvecrol, absorbance measurcments cxhibit high noisc at
values higher than 1.5 a.u. (B) Correlation between measured (X axis) and real (Y axis) optical density of
P. pastoris cells. A polynomial function was fitted to the data (black line). which was used to correct
subscquent mcasurcments before data processing. (C) Growth curves in the presence of respiration
inhibitors (5 mg L-1 AZO and 5 mM SHAM). (D) Maximum specific growth rates (uMax) determined from
(C).
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S2 Fig. Residual oxygen consumption rate of E. coli cells transformed with either the pET28a empty
backbone. rMpAOXA40 or two inactive mutants in the presence of 2.5 mM KCN. Clearly, only the active

rMpAOX construct promotes a cyanide-insensitive respiration.

AZO+SHAM

S3 Fig. Invitro treatment of V. pirina with respiration inhibitors. V. pirina was cultivated with AZO, SHAM
and a combination of AZO and SHAM for 15 days, whercupon the mycelial growth was recorded and
representative results arc shown. The fact that SHAM increased V. pirina s sensitivity to AZO, as obscrved
for other AOX-containing fungal species, indicates that V. pirina also has a functional AOX. Furthermore,
SHAM alone induced morphological changes and reduced fungal radial growth, which, together with results
obtained with the N-Phenylbenzamide derivative 7j-41 (Figure 5 in the main text), suggests that AOX also

plays a developmental role.
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5 mM

2.5 mM

1.25 mM 0.625 mM

S4 Fig. In vitro M. perniciosa sporc gecrmination assay with SHAM. M. perniciosa sporcs were left to

germinate with varying concentrations of the AOX inhibitor SHAM. Only at 5 mM did this compound

completely inhibited spore germination, while the mycelial development was greatly reduced at 2.5 mM

(white arrows). At lower SHAM concentrations, fully developed mycelium is observed.

Template
Model | PDBID Chain
R1 3wa B
R2 3wa B
R3 3wa B
R4 3wa B
R5 3wa B
R6 3wa Cc
R7 3wa Cc
R8 3wa c
R9 3wa D
R10 3wa D
R11 3wa D
R12 3wb4 A
R13 3ws4 A
R14 3wb4 A
R15 3ws4 A
R16 3wb4 A
R17 3ws4 c
R18 3wb4 Cc
R19 3ws4 C
R20 3wb4 Cc
R21 3ws4 c

Model ID

R1
R2
R3
R4
R5
R6
R7
R8&
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20

0.0

Mma=6
Wao=20

0.2 04 0.6
BEDROC value

S5 Fig. Details for PpAOD model generation (left) and validation (right). The BEDROC metric indicates

the performance of cach model in predicting the biological activity outcome for 30 sclective NPDs.
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S6 Fig. PpAOD structural model and docking of different NPDs. 7j-41 (vellow stick) was superimposed
onto other NPDs for comparison: (A) 7j-15 (bluc sticks): (B) 7j-35 (pink sticks): (C) 7j-01 (green sticks);
and (D) 7j-46 (rose sticks).



Table S1. Summary data of the functional characterization for N-Phenylbenzamide derivatives.

R|
NH
R,

P 0 D L

73-01 H H 9993 | 075 3 9428 776 5 6716 | 065 3 69.81 9.00 | 4
7J-02 H Br 8855 | 825 | 3 7162 | 153 |3 1573 | 417 |3 51.89 426 | 3
73-03 H CF; 8402 | 309 | 3 7138 | 435 |3 1680 | 726 3 38.87 770 | 4
73-04 H cl 8801 | 796 3 11838 | 542 |3 2147 | 6.11 |3 46.92 897 | 4
7J-06 H F 10249 | 687 | 3 9284 779 |5 4357 | 400 |3 82.95 900 | 4
7107 H I 7857 | 186 | 3 91.03 | 563 |4 1729 | 852 |3 94.95 i BE
7J-08 H NH, 9256 | 147 | 3 102.64 | 773 3 4404 | 237 |3 105.95 699 3
73-09 H NO- 9561 | 095 3 102.71 | 7.09 |4 3602 | 678 3 61.13 1294 | 5

N-(1.3-
73-10 H  Benzodioxol- | 9907 | 235 | 3 6584 | 611 3 3859 | 099 3 56.08 802 | 4
5yl methyl)

73-11 Br Br 8102 | 095 3 9131 | 472 |3 1646 | 431 |3 82.52 963 | 4
7J-12 Br CF; 80.15 | 164 3 99.07 | 897 3 2231 | 598 3 58.10 724 | 3
7J-13 Br cl 8497 | 850 3 100.54 | 1022 |3 1499 | 387 |3 71.84 095 | 3
73-15 Br F 7367 | 274 | 4 88.05 1172 4 2872 | 432 |3 23.06 1IL71 | 7
7J-16 Br H 89.64 | 505 | 3 91.11 | 1075 | 5 1929 | 093 |3 74.97 549 | 3
73-17 Br 1 9201 | 542 | 3 103.27 | 263 3 1431 | 181 3 88.18 979 3
7J-18 Br NH, 10451 | 038 | 3 9532 | 1174 |4 6646 | 247 |3 5T 1004 | 5
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Control AZO-treated

Substituents
Residual oxygen consumption Normalized growth rate Residual oxygen consumption Normalized growth rate
Average SEM n  t-test® Average SEM n t-test® Average SEM n t-test * Average SEM n t-test
7J-19 Br  NO 9514 | 255 | 3 | 80.84 | 352 3 % 2357 | 249 |3 * 7453 | 858 | 5 s
w2 | HwCc| B | %2 |212|3| * | 1008 | 173 3] | 1855 | 1923 « | 2661 | 1297 |6 | ¢
w2 |mc| o | o [ 237 3] 8839 | 366 |3 | 1515 | 073 |3 x| se49 | 460 4 =
w23 |(wc| a | &4 [se0 | 3| 6561 | 338 5] * 2085 [338 (3] + | 148 | 871 [6]|
7025 | mCc | F 8782 | 858 | 3 | | 337 13306 + | 3060 3273 + | os1 | 049 4 =
7326 | HiC H 10308 | 484 | 3 | | 8325 |24 [a] + | 4231 |59 |3 + 4098 | 577 [ 4| ¢
w27 | HC | [ 9306 | 180 | 3| « | 10093 [1123[3] | 1330 [ 106 [3] = 6187 | 1055 | 6 | *
7028 | HC | NH; 0151 | 076 | 3 | | 11804 | 497 3] sise | 215 (3] * | 7053 | 999 | 4 |
2 | we | No, | 988+ o6l | 3 8017 | 954 4 3426 | 724 [3] * 3672 | om | 5|
7930 | H:C | Bensodioxol- | 9898 | 447 | 3 4880 | 044 3+ | 2581 [398 3 . 4165 | 597 | 3 *
| 5-yl methyl) _

w3 | a  Br 9590 | 637 | 3 | 9127 | 629 |3 1202 | 557 |3 * | 6539 | 853 | 3

w32 | a | s | 920 |46 |3 93.16 | 943 4| 1579 | 700 (3| * | 3794 | 1295 |6 | *
w3 | a | a | 876 1030 3 8021 1664 5 9.19 | 464 3|  * 4809 | 1064 | 5
35 | a | F 7725 | 1075 | 4 | 7032 | 1391 | 4] 3400 | 634 |4| = 31l | 200 | 3 x
W36 | a | H IETREER o181 | 797 |5 2197 | 420 (3] * | 9229 | 844 | 4 |
w3y | a | 1 | 8831 [21a [ 3] * | s27 |34 [s] 1306 [o062 (3] * | 613 | 768 | 5|
38 | G NH 9766 | 373 | 3 | 1 11440 | 803 s 1908 | 443 (3| * | o070 | a9 | s |
3 | a | No 9297 | 268 | 3 90.56 | 1330 |5 231 | 220 [3] 8454 | 677 | 3

7040 | C | Bewodioxol- | 10103 | 680 @ 3 7201 1029 5 1422 | 146 3 * 5520 | 903 | 5 *

5-y1 methyl) | |
7d-41 F Br | 7787 | 751 | 5 | 9038 | 622 |6 a1 | 772 3]+ 2228 | 842 | 5|
w2 | F | o | s [es0 [ 3| | 3517 [woes|s| x| s [sea (3] o« | 168 | 728 [ 4| +

74-43 F al 7832 | 1627 | 3 60.10 | 1044 |4 * | 2462 | 580 |3 * o | sel g ¢
70-45 F  F 10311 | 450 | 3 | 7872 | 1094 |5/ | s228 |am|a] 298 | 500 3+
73-46 F | H 10345 | 317 | 4 | 10127 | 536 5| 6176 | 363 (3| 7389 | 439 | 5|
w41 | P 1 7729 | 517 | 4 o+ | 9154 132 5| 2094 597 (3 o+ | 6718 | 935 6




Control AZO-treated

Substituents
NPD code Residual oxygen consumption Normalized growth rate Residual oxygen consumption Normalized growth rate
Average | SEM  n  t-test® Average SEM n t-test®™ Average SEM n t-test * Average SEM n t-test ®
7J-48 F NH, 9703 | 422 | 3 13293 | 836 [5] * 5131 | 307 3 % 112.82 504 | 5
7J-49 F NO- 9271 227 3 u 119.57 924 |5 44.79 430 3 = 91.10 3.10 3
N-(1.3-
7J-50 F Benzodioxol- 89.61 3.37 3 48.82 589 |3 * 36.90 351 | 3 * 39.77 8.77 4 ¥
5-v] methyl)
7J-51 I Br 89.56 3.08 3 98.07 631 4 20.19 378 |3 * 102,51 9.40 ‘ 6
7J-52 1 CF; 82.18 _ 373 5 ¥ 83.82 . 297 |3 ¥ 17.52 248 | 3 ¥ 49.37 8.93 | 5 1
7J-533 T Cl 80.45 \ 563 4 88.57 281 |3 1540 206 4 * 73.05 9.83 ‘ 3
7J-55 I F 75.99 | 1.32 3 ® 86.49 344 |3 23.74 357 | 3 # 64.54 9.56 4 #*
7J-56 I 87.66 | 027 | 3 ¥ 86.39 501 |3 5 21.93 204 3 * 67.84 9.18 6 *
7J-57 1 1 96.73 1.12 3 90.61 3.60 |4 * 25.10 466 |3 * 87.35 9.03 6
7J-58 I NH- 105.71 2100 | 3 116.02 240 |3 * 89.01 029 3 106.77 7.46 4
7J-59 I NO- 93.54 372 3 95.62 648 |3 20.99 161 3 ¥ 68.37 6.94 3 ®
N-(1.3-
7J-60 | Benzodioxol- 99.11 1.02 | 3 310 =) 6.97 | 4 26.29 161 3 * 99,20 12.46 5
5-yl methyl)
7J-71 CH:0 Br 85.79 0.56 3 ¥ 91.97 697 |5 2748 382 |3 * 51.85 8.39 5 *
7J-72 CHi:0 CFs 90,15 4.05 3 57.44 089 |3 * =50 6.12 |3 ¥ 11.82 8,65 4 *
7173 | CH:O al w3 | 337 | 3 * 32,95 | 804 |3 * 332 6.54 | 4 * 0 0 3 *
7J-75 CH:0 F 79.25 T 2 0I5 105 |3 & 44 53 494 4 #* 7.84 7.63 3 *
7176 | CH:O H 95,07 3.19 | 3 60,37 | 2,07 |3 * 57,13 | 2.87 3 * 43,83 869 | 3 *
74-77 | CH:O T 92,46 1.04 | 3 # 80.05 14 2302 | 354 |3 % 78.22 796 | 4
7J-78 | CH:0 NH- 102,43 1ol | 3 96.75 | 075 |3 7924 | 537 3 9541 624 | 3
71-79 | CH:O NO- 91.52 1.89 | 3 * 109.16 | 215 3 * 3195 | 844 3 * 63,72 846 | 4 *
N-(1.3-
7J-80 CH-O | Benzodioxol- 95.78 5.02 3 56.96 083 |3 * 36,4 29113 ® 46,41 6.95 3 *
5-v] methyl)
N-(1.3-
7J-81 Br | Benvodioxol- | 94.72 125 | 3 * 8281 | 896 4 2443 | 211 3 * 87.96 371 | 3
5-vl methyl)




- ; Control AZO-treated
NPD code SehatiuERe Residual oxygen consumption Normalized growth rate Residual oxygen consumption Normalized growth rate
R2 Average SEM n  t-test® Average SEM n t-test®™ Average SEM n t-test * Average SEM n t-test ®
N-(1,3- :
7J-82 CN | Benzodioxol- 103,12 077 | 3 79.68 11,24 | 3 66,11 394 |3 * 79.62 1.63 3 *
5-vl methyl)
7J-83 CN H 104.7 3.12 & 89.54 12,09 | 5 69.61 379 | 4 = 58.80 7.83 4 g
7J-84 CN Br 82,64 4.21 3 89.74 F29 | 3 21,26 S |5 * 62,36 932 3 *
7J-85 CN CFs 893 293 3 ¥ 90.09 142 |3 * 28.86 S | ¥ 4972 8.08 4 *
7J-86 CN Cl 874 | 1.83 3 * 87.12 297 13 * 27.57 36l |3 * 54,11 1.36 3 *
7J-87 CN F 102,85 53a 3 107,29 253 53.46 474 4 & 5515 9.2 3 =
7J-88 CN 1 87.81 1.51 3 * 117.19 | 1041 | 4 32.64 Lt i 3 * 103.47 7.05 3
7J-89 CN NH» 106,66 248 | 3 132,39 | 635 |3 x 95.1 1,09 '3 91.38 9.5 4
7J-90 CN NO- 109,96 142 | 3 10075 | 417 |3 98.69 326 4 91,73 1.96 4 *
7J-91 H p-C:HsN2 104,17 0,91 3 60.55 10,08 5 * 82,32 i3 ¥ 0,31 0,16 3 *
7J-92 Br p-CaHaN- 8436 | 378 | 3 75.34 228 |3 * 72,57 17| 3 ¥ 44 89 11.84 5 *

* Asterigks indicate statistically different values from DMSO-treatment; p-value < 0,01

" Asterisks indicate statistically different values from internal plate control; p-value < 0.05
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CAPITULO 2

Heterologous expression, purification and characterization of the
alternative oxidase from the fungal phytopathogen Moniliophthora

perniciosa

Manuscrito em elaboragao.
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Abstract

Background: Moniliophthora perniciosa a fungal pathogen that causes the witches’ broom
disease of cocoa (WBD). WBD is a threat to the chocolate industry and cannot be eradicated
after infection occurs. The membrane-bound mitochondrial enzyme alternative oxidase
(MpAOX) is crucial for pathogen survival and is a desirable target for fungicide development.

However, little is known about MpAOX inhibitors.

Methods: Recombinant MpAOX was used for biochemical investigations. Dose-response
assays with activators and inhibitors were performed with the membrane-bound MpAOX,
followed by experiments the kinetic characterization of purified rMpAOX. A structural model
was created and compared to AOX from Trypanosoma brucei (TAO).

Results: Maximum rMpAOX activation was seen with 5’-GMP (10-fold increase). A range of

responses was observed with the tested inhibitors, with colletochorin B (ICso = 14.8 nM) being
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350 as potent as ascochlorin (ICso = 5,246 nM), which have not been observed on TAO. This
fact, alongside sequence and structural comparisons between MpAOX and TAO, led to the
identification of key substitutions in the MpAOX ligand binding pocket that are likely
responsible for the poor interaction of ascoclhorin. Finally, kinetic parameters were determined
for IMpAOX with regard to the substrate ubiquinol-1 (Ky = 53.4 uM) and colletochlorin B (K
=14.8 nM).

Conclusions: MpAOX has similar kinetics towards the substrate and activators as other AOXs.
However, differences in the ligand binding pocket lead to striking differences in affinity to

inhibitor, specially ascochlorin.

General significance: Those results will be useful for the development of novel AOX-targeting

antifungal agents.

Highlights

o MpAOX is activated by 5’-GMP and inhibited by colletochlorin B and analogues

o Two residues in the binding pocket most likely prevent interaction with ascochlorin
o Our results will support the development of novel WBD treatments
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inhibition

Abbreviations

5’-ADP: Adenosine 5'-diphosphate; 5’-AMP: Adenosine 5’-monophosphate; 5’-GMP:
Guanosine 5’-monophosphate; AC: ascochlorin; AF: ascofuranone; ALA: 5-aminolevulinic
acid; AOX: alternative oxidase; C12ES8: octaethylene glycol monododecyl ether; CB:
colletochlorin B; CD: colletochlorin D; FC-12: fos-choline-12; Qp: ubiquinone; QiHa:
ubiquinol-1; SHAM: salicylhydroxamic acid; TAO: Trypanosoma brucei alternative oxidase;

WBD: Witches’ broom disease of cocoa



53

1. Introduction

The cocoa tree (Theobroma cacao) is a perennial plant originated from the Amazon
River basin in Central America. Cocoa beans are the main raw material used in the multi-billion
dollar chocolate industry, and the cocoa pod may be used in cosmetics, food thickeners,
beverages, and others. However, fungal pathogens are one of the main causes of production
losses in cocoa plantations, which is estimated at 30% worldwide. The basidiomycete fungus
Moniliophthora perniciosa is the causal agent of the Witches’ Broom Disease of cocoa (WBD)
present in Latin America, and a WBD outbreak in Brazil’s main cocoa producing region — the
state of Bahia — in 1989 led to a significant loss in Brazilian competitiveness. Therefore, Brazil

shifted from net exporter to net importer of cocoa beans, with major economic and social losses
[1].

M. perniciosa is a hemibiothtophic pathogen with a complex life-style and two
physiologically distinct life stages. The infection begins when M. perniciosa basidiospores
reach meristematic cocoa tissues, whereupon infective hyphae penetrate through stomata and
wounds. Initially, M. perniciosa develops without killing its host, the biothrophic stage of
WBD. Most prominent infection symptoms during the biotrophic stage are hypertrophy and
hyperplasia of affected tissues, along with loss of apical dominance in shoots. After 2-3 months,
WBD advances to the necrothophic stage and infected tissues wither and die. Cycles of rain and
drought induce the formation of basidiomata and basidiospores, which are carried by wind and

rain.

M. perniciosa exhibits large morphological and physiological differences between the
biotrophic and necrotrophic stages, as well as an unusually long biothrophic stage when
compared to other known phytopathogens [1,2]. Of particular interest is the identification an
alternative oxidase (AOX)-coding gene, which is highly expressed during the M. perniciosa-

cocoa interaction and most likely critical for WBD development [3,4].

The AOX is an enzyme that participates in the cellular respiration, a process during
which reducing equivalents are transferred from carbon sources to oxygen. The main
respiratory path way consists of four multi-enzyme complexes (I to IV) and two small
components (ubiquinone and cytochrome C) in the inner mitochondrial membrane, which
utilizes the chemical energy to translocate protons to the mitochondrial intermembrane space

that, in turn, drives ATP synthesis. AOX is a terminal oxidase that creates a branching point at
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the ubiquinone level, thereby bypassing complex III and complex IV, which reduces the

generation of ATP. The chemical energy is released as heat instead [5].

On the other hand, there is substantial evidence that the AOX ensures some level of
metabolic plasticity to the cell, both during regular metabolic conditions and in stressful events.
Such an event is the inhibition of complexes III or IV, which halts cellular respiration, ATP
production and other upstream processes. The oxidative imbalance also leads to the generation
of harmful reactive oxygen species. In the presence of AOX, however, excess reducing
equivalents can be used to reduce oxygen to water, thereby partially maintaining energy

production through complex 1.

It has been shown that infected cocoa plants produce nitric oxide, a potent complex IV
inhibitor, and we have recently demonstrated that chemical inhibition of AOX abolishes M.
perniciosa infection, making AOX inhibitors putative antifungal crop protection agents [4,6].
Furthermore, M. perniciosa AOX (MpAOX) is a key resistance factor to commercial fungicides
known as strobilurins, which are inhibitors of Complex III [4], and the same was observed in
other fungal plant pathogens, such as Botrytis cinerea, Magnaporthe grisea, Monilinia

fructicola, Mycosphaerella graminicola, Pyricularia oryzae and Venturia inaequalis [7,8].

Therefore, in order to gain further insights on MpAOX function and inhibitors, we have
heterologously expressed and purified this enzyme. We demonstrate that the recombinant
MpAOX (rMpAOX) is active in Escherichia coli membrane, which was used to evaluate
colletochlorin B (CB) and structurally related AOX inhibitors in dose-response assays.
Moreover, an analysis of an MpAOX structural model and comparison with the known structure
of Trypanosoma brucei AOX (TAO) allowed the identification of key amino acid residues that
influence protein-ligand affinity. Finally, we present and discuss the kinetic characterization of
the purified rMpAOX. We hope that those results will aid the development of novel antifungal

agents against M. perniciosa and other fungal pathogens.

2. Methods
2.1. Chemicals and reagents.

Ubiquinonol-1 (QiH>2) was obtained after the chemical reduction of ubiquinone-1 (Qi;
Sigma), as described elsewhere [9]. In summary, 10 mg ubiquinone-1 were dissolved in 5 mL
ethanol, to which 4 g Na>S>O41n 30 mL of water were added. The reaction was left for one hour

in the dark and ubiquinol-1 was extracted three times with 20 mL n-hexane. The n-hexane was



55

washed with 20 mL water, dried with solid MgSO4 and filtered. The n-hexane was removed by
evaporation and the solid residue was ressuspended with CDCI; for Nuclear Magnetic
Resonance spectroscopy to confirm the identity and purity of ubiquinol-1. The chloroform was
removed by evaporation and ubiquinol-1 was dissolved with acidified DMSO and stored at -80
°C until use. To determine the concentration of ubiquinol-1, it was diluted 100-fold in water
and left to spontaneously oxidise for 24 h, after which the absorbance at 278 nm was determined

(6278 = 15 mM! cm™). Detergents were obtained from Anatrace.

2.2. rMpAOX cloning and expression.
The MpAOX gene used in this work corresponds to UniProt ID A8QJPS [4], which was

cloned without the predicted mitochondrial leading sequence (hereafter referred to as
rMpAOX), as assessed with the Signal P server [10]. Strep-tagged rMpAOX was synthesized
and cloned into the pET15a plasmid in which the poly-histag was substituted by a twin-streptag.
For the HIS-tagged rMpAOX construct, the DNA-coding sequence was PCR-amplified from a
M. perniciosa cDNA library with flanking Ndel and EcoRI restriction sites and cloned into the
pET28a (Novagen) backbone with standard molecular biology techniques. Both rMpAOX
constructs were confirmed by DNA sequencing. tMpAOX expression, E. coli membrane
fraction preparation and protein purification were performed essentially as described for TAO
and Sauromatum guttatum AOX [11,12]. FN102 E. coli cells transformed with
pET15b:rMpAOX plasmid were used to inoculate 10 mL of L-broth supplemented with 100 pg
mL" ampicillin, 100 pg mL™"! kanamycin and 50 ug mL™" 5-aminolevulinic acid (ALA). This
was left to grow overnight at 37 °C. On the following day, 1 mL of overnight culture was
transferred to 50 mL of L-broth supplemented with 100 ug mL"' ampicillin, 100 ug mL!
kanamycin, 50 ug mL™! ALA, 0.2 % (w/v) glucose, 50 pg mL™! MgSO4, 25 pg mL! FeSOs, and
25 pg mL! FeCls. The starter culture was left at 37 °C in a shaking incubator (180 rpm) until
the ODeoo reached 0.6. The cells were harvested and the cell pellet was resuspended with ~5
mL of fresh K-broth and used to inoculate 4 L of K-broth supplemented with 100 pg mL™!
carbenicilin, 100 pg mL! kanamycin, 50 pg mL™! MgSO4, 25 ug mL! FeSOs, 25 pg mL! FeCls
and 0.2 % (w/v) glucose, with an starting ODsoo of 0.01. The culture was incubated at 30 "C
with 180 rpm shaking until the OD reached ~0.6, then 50 uM IPTG was added for induction of
rMpAOX expression. Cultures were left at 30 °C for 14-16 hours before cell harvesting. The
pET28a:rMpAOX-his-tag plasmid was transformed into the E. coli strain BL21 (DE3) Rosetta
2 (Novagen) which were plated on selective L-broth with 50 pg mL™!' kanamycin and 50 pg

mL! cloramphenicol. A pre-starter culture was grown overnight at 37 °C and used on the
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following day to inoculate 10 L of LB added of kanamycin, cloranphenicol and 50 uM Fe>SO4
to an starting OD of 0.01. The culture was grown at 30 °C until the ODgoo reached 0.1, when
50 uM IPTG was added. Cells were harvested after 10 h.

2.3. E. coli membrane fraction preparation.

E. coli membrane preparation were performed as described [12], with minor
modifications. The cell pellet was thoroughly resuspended in 10 mL per gram of cells of 65
mM MOPS buffer pH 7.5 supplemented with protease inhibitor tablets (Roche; 1 tablet per 50
mL), 2.5 U mL"! of benzonase and 100 mM MgSOa. The cells were disrupted using two passes
at 30 kPa through a pre-cooled Constant cell disruption system (Constant Systems Ltd). The
lysate was centrifuged for 15 minutes at 16,000 rcf, and the pelleted unbroken cells and large
cell debris were discarded. The supernatant was centrifuged for 90 minutes at 200.000 rcf to
collect the fragmented membranes. After centrifugation the supernatant was discarded and the
membrane pellets were thoroughly resuspended with 65 mM MOPS pH 7.5 with the aid of a

Dounce homogenizer.

2.4. rMpAOX purification.

The E. coli membrane fraction was prepared as described and resuspended with 50 mM
Tris-HCI pH 7.5, 20% glycerol, 200 mM MgSO4 and 1% Fos-Choline-12 (FC-12) instead of
MOPS buffer. The sample was left under gentle rocking for 1 h at 4°C, after which it was
centrifuged at 200.000 rcf for 30 min. The supernatant was then subjected to immobilized metal
affinity chromatography with the Ni-NTA Superflow resin (Quiagen) loaded with Ni** for
purification of his-tagged rMpAOX, which was performed gravimetrically at 4 °C. The resin
was equilibrated with 50 mM Tris-HCI1 pH 7.5 before passing the sample, after which the resin
as washed with 10 volumes of buffer A (20 mM Tris-HCI pH7.5, 50 mM MgSO4, 60 mM NaCl,
20% glycerol and 0.05% DDM unless otherwise stated) with 100 mM imidazole. rMpAOX
elution was carried out with 3 resin volumes of buffer A added of 250 mM imidazole. Protein
purification was followed by SDS-PAGE and coomassie brilliant-blue staining [13], as well as
western blot with AOX antibody. Protein content was estimated through the Bradford method

[14] and bovine serum albumin as standard.

2.5. Enzymatic activity measurements

AOX activity measurements were performed essentially as described elsewhere for
other AOXs [12,15]. Oxygen uptake from membrane-bound rMpAOX was measured in an
Oxygraph-2k (Oroboros Inc.) high-resolution respirometer in 65 mM MOPS pH 7.5 with 1.25
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mM NADH and 0.1 mg mL™! potassium cyanide. Respiration rates were recorded before and
after the addition of putative MpAOX activators 5’-ADP, 5’-AMP, 5’-GMP, glyoxylate,
oxaloacetate, pyruvate or succinate. NADH oxidation measurements membrane-bound
rMpAOX were performed spectrophotometrically (g340 = 6.22 mM™! cm™), with KCN, 1 mM
GMP and 300 pM NADH. For the pure rMpAOX, QiH: oxidation was measured
spectrophotometrically (284 = 14.1 mM™! cm™!) with 100 ng enzyme in 50 uL of 20 mM tris-
HCI pH 7.5 and 0.0125% octaethylene glycol monododecyl ether (C12ES8). Absorbance
readings were performed in microtiter plates in triplicate periodically during 20 minutes, and a
blank reaction (substrate without enzyme) was included in every assay and was used to
determine the baseline substrate oxidation rate (background). The background was subtracted
from the enzymatic reaction rate. When tested, inhibitors were preincubated with the enzyme
in reaction buffer for 2-5 minutes before starting the reaction by the addition of the substrate.

GraphPad Prism 7.0 (GraphPad Software Inc.) was used for model fitting.

2.6. MpAOX sequence alignment and structural modelling

The amino acid sequence of AOXs used in this work were from Trypanosoma brucei
(GenBank ID BAB72245.1), Moniliophthora perniciosa (ABN09948.3), Septoria tritici
(XP_003851917.1), Neurospora crassa (XP_962086.1), Aspergillus niger (BAA32033.2),
Arabidopsis thaliana (NP_188876.1), Oryza sativa (XP_015635413.1) and Zea mays
(NP_001105180.1). The sequence alignment was performed in JalView [16] software with the
built-in MUSCLE routine and default parameters. The MpAOX protein sequence was used as
input in the SWISS-MODEL protein structure modelling server [17] and TAO crystal structures
PDB ID 3vv9 and 3w54 [18] were selected as templates. The quality of the output model was
checked within parameters provided by SWISS-MODEL server. The MpAOX model and TAO
structure 3w54 were aligned with PyYMOL molecular viewer version 1.8.x (Schrédinger, LLC)
and visually inspected, in particular residues that form the active site in TAO and residues with
known functions [5]. The volume of the ligand-binding pocket was calculated with the

KVfinder plugin [19] with “probe in” and “probe out” parameters respectively set as 1.1 A and
5A.

3. Results and Discussion
3.1.Membrane-bound rMpAOX

The rMpAOX construct used in this work corresponds to the mature MpAOX enzyme

without the predicted mitochondrial leading peptide (first 40 N-terminal amino acid residues),
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which is cleaved after import to the mitochondria [20]. The removal of the mitochondrial
leading sequence has been shown to increase recombinant TAO stability [21], which we also

observed for IMpAOX (data not shown).

Initial characterizations of membrane-bound rtMpAOX were performed with the high-
resolution oxygraph Oroboros 2k. It has been shown that fungal AOXs are activated by mono-
and diphosphate nucleosides, such as AMP, GMP and ADP, while plant AOXs display higher
activity in the presence of organic acids, such as pyruvate, succinate and others [22,23].
Accordingly, GMP increased membrane-bound rMpAOX oxygen uptake 9.8 times, to a
maximum of 669.2 + 210.2 nmol O, min™' mg total protein’!, followed by AMP (8.5 times) and
ADP (5.9 times). No activation by organic acids was observed (Fig. 1A). GMP dose-response
assays revealed that GMP ECso and ECog are 153 pM and 1422 uM, respectively (Fig. 1B).

A B
10 4 { 100+ . ®
[J]
[-T]
- m e
=
9
T ot
8 g
>~ 5 R 300
k5 E
IS &'
B
g '
. s I A e A i

S & & K& & 001 01 1 10
¥R g 09 ° [GMP], mM

Fig. 1. Testing of rMpAOX activators. (A) Fold-change in membrane-bound rMpAOX O2

uptake after addition of putative activators: ADP, AMP, glyoxylate, GMP, oxaloacetate,

pyruvate and succinate (1 mM each). GMP caused the greatest increase in enzymatic activity.

(B) Dose-response assay with GMP. The continuous line indicate the best fit for a 4-parameter

sigmoid function. ECso = 153 £ 9 uM.

Next, 6 known AOX inhibitors were evaluated on membrane-bound rMpAOX. For that,
NADH consumption was monitored spectrophotometrically in the presence of varying
concentrations of each inhibitor. As shown in Fig. 2B, salicylhydroxamic acid (SHAM) did not

exert any appreciable effect up to the maximal tested concentration of 25 M, while ICso values
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were successfully determined for ascochlorin (AC), ascofuranone (AF), colletochlorin B (CB),
colletochlorin D (CD) and octyl gallate (OG). Interestingly, AC, AF, CB and CD possess
identical head groups, allowing one to isolate the effect of distinct carbonic tail on inhibitor
potency. Amongst those 4 analogues, AF and CB exhibited the lowest ICso (8.8 nM and 14.8
nM, respectively), followed by CD (114.9 nM) and AC (5,246 nM).

3.2. MpAOX structural model

In order to gain further insights on MpAOX inhibition, we compared our results with
published data from TAO. Of particular interest were the crystal structure of TAO bound to CB
and structure-activity relationships of CB analogues [15,18]. In TAO, AC has an ICsp 7.5 times
higher than CB, however that ratio is 350 in rMpAOX. Since a sequence alignment between
MpAOX and TAO revealed a complete conservation in amino acid residues involved in binding
to CB (Supplementary fig. S1), an MpAOX structural model was generated based on the TAO
crystal structure PDI ID 3w54 (Fig. 2C). The predicted tertiary structure of MpAOX is in good
agreement with TAO, with a Co. root mean square deviation of 1.6 A between both proteins.
Importantly, the AOX core composed of six a-helices that accommodate the hydrophobic
substrate binding cavity and the catalytic site are highly conserved, and the main differences
between MpAOX and TAO were found in the N-terminus region, as well as in the 18-residue

insertion present in fungal AOXs between a-helices al and o2.

A comparison of the residues that make up the AOX hydrophobic cavity revealed six
substitutions in MpAOX (Fig. 2D and Table 1). In general, the MpAOX residues are bulkier
than their TAO counterparts, making the MpAOX cavity volume (165.89 A%) smaller than TAO
(225.72 A®). A visual inspection of CB bound to TAO crystal structure shows that the end of
the isoprenyl tail is close to V125 and M 190, which in MpAOX correspond to 1167 and F232,
respectively. With this, the bulky trimethylated cyclohexanone ring in AC can potentially clash
with MpAOX residues and explain the drop in potency.

Conversely, AF displayed a similar relative potency on both AOXs, approximately 1.5
times lower than CB. This indicates that differences seen in the MpAOX hydrophobic cavity
did not significantly affect the interaction with the furanone ring in AF. Given the longer
1soprene tail in AF, it is possible that the furanone ring is positioned farther away from 1167
and F232, being positioned outside of the hydrophobic cavity. Finally, CD has the shortest
isoprene tail, which led to an increase in ICso in MpAOX. This is in accordance with results

with TAO, for which longer carbon chains increase inhibitor potency [15,24,25].



60

100

504

NADH oxydation rate, %

Fig. 2. Structure-activity relationship of MpAOX inhibitors. (A) Molecular strucutre of
ascofuranone (AF), colletochorin D (CD), colletochlorin B (CB), ascochlorin (AC) octyl
gallate (OG) and salycilhydroxamic acid (SHAM). (B) Dose-response assay with membrane-
bound rMpAOX. Symbols represent the mean and standard deviation of three independent
measurements. The continuous line is the best fit of a 4-parameter sigmoid function used to
determine ICso values. (C) Overview of MpAOX (red; computer-generated) and TAO (bue;
PBB ID 3w54) structures. The asterisk marks an insertion of 18 residues in MpAOX (green
loop) found in fungal AOXs and likely necessary for activation by GMP. The arrow indicates
the entrance to the substrate binding pocket (gray shading) (D) Analysis of MpAOX and TAO
binding pocket composition. Amino acid residues that are different between those enzymes
are shown as red (MpAOX) and blue (TAO) sticks, and listed in Table 1. MpAOX residue
numbering is used as reference. Yellow sticks depict CB present in the TAO crystal structure,

and orange and red spheres represent two Fe** and one OH™ in TAO.
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Table 1. Diference in amino acid composition in the

substrate binding pocket between MpAOX and TAO.

MpAOX TAO
Y123 F99
1161 C119
1167 V125
A228 T186
F232 M190
F236 L194

3.3.rMpAOX purification and Kinetic characterization

The purification of his-tagged rMpAOX was performed essentially as described for
TAO and SgAOX [11,12]. An initial detergent screening indicated that DDM and FC-12 were
the most efficient for membrane protein extraction whilst retaining rMpAOX activity, and those
detergents were selected for further evaluation. C12E8, which improved TAO activity when
included in the enzyme reaction buffer [11], was also tested. As seen in Fig. 3A, using 1% FC-
12 during protein solubilization yielded the highest rMpAOX enzymatic activity, regardless of
the detergent subsequently used for purification. Based on those results, we selected 1% FC-12
for membrane protein solubilization and 0.05% DDM for downstream steps. Therefore, a highly
pure protein of the expected size for the his-tagged rMpAOX construct (40.7 kDa) was seen
after SDS-PAGE and was also detected by western blot with an AOX-specific antibody (Fig
3B).

Next, rMpAOX was characterized with respect to ubiquinol-1 (Q:H>2). A titration of
CI12E8 in the reaction buffer showed that 0.0125% led to maximal enzymatic activity
(Supplementary fig. S2A). Subsequently, the Km and Vmax for tMpAOX and QiH> were
successfully determined as 53.4 + 6.5 uM and 432.4 £ 19.3 nmol QH> min"! mg! respectively
(Fig. 3C). In contrast to results obtained with the membrane-bound rMpAOX, GMP exerted no
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effect on this enzyme after solubilization (Supplementary Fig. S2B). This suggests that 1)
either the hydrophobic phospholipid environment, or a yet unknown intermediate or interaction
partner is required for AOX activation by GMP; or 2) rMpAOX is at maximum capacity and

the reaction rate cannot be increased.

The purified rMpAOX was then used to further characterize the inhibition by CB in
dose-response assays (Fig. 3D). The ICso of this compound is 59.3 + 24.4 nM, which is similar
to the value observed previously with the membrane-bound enzyme. Since the ICso for CB is
within a 10-fold difference with respect to the enzyme concentration (approximately 50 nM),
CB was considered a tight binder and the Morrison equation was used to calculate K; [26],

which was determined as 14.8 + 2.3 nM.
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Fig. 3. Purification and kinetic characterization of rMpAOX. (A) Effect of detergents DDM,
FC12 and C12E8 on pure tMpAOX activity. Each bar depict the Q;H> oxidation rate of
rMpAOX purified with the indicated detergents during membrane protein solubilization (top
label) and affinity chromatography (bottom label). Membrane protein solubilization with
FC12 allowed for the highest rMpAOX activity, regardless of the detergent employed in
downstream steps. (B) Coomassie-brilliant blue-stained SDS-PAGE (left) and western blot
(right) of protein samples collected during rMpAOX purification. M: molecular weight
marker; 2: total E. coli protein; 3: clarified cell lysate; 4: E. coli membrane faction; 5: affinity
chromatography flow-through; 6: affinity chromatography eluate. (C) Kinetic
characterization of rMpAOX with respect to ubiquinol-1 (Q1Hz). The assay was performed in
50 pL 20 mM tris-HCI buffer with 0.0125% C12E8 and 100 ng tMpAOX. The continuous
line is the best fit for the Michaelis-Menten kinetic model. (D) Dose response assay with CB
and 100 uM QHo. Points represent two independent measurements and the continuous line is

the best fit for the Morrison equation [26].
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4. Discussion

For the first time, we present the heterologous expression, purification and kinetic
characterization of a fungal AOX. It has been shown that AOXs from other fugal species
Neurospora are activated by GMP and other nucleotides in the mitochondria [23,27,28], which
was also observed here with E. coli membrane-bound rMpAOX. Moreover, the fact that AMP
induces a greater effect than ADP is in agreement with previous reports. However, GMP
activation was abolished after removal of rMpAOX from the cell membrane, suggesting that
the hydrophobic environment is required for interaction or that GMP exerts its effect on AOX
through an yet unknown intermediate. It is noteworthy that MpAOX, as other fungal AOXs,
contains an insertion between a-helices 1 and 2 of approximately 20 amino residues that is

proposedly related to GMP activation [28].

Six AOX inhibitors were subjected to dose-response assays on the membrane-bound
rMpAOX. SHAM did not show any effect up to 25 uM, which is in accordance with results
showing that SHAM has a high ICso on rtMpAOX in the milimolar range in intact E. coli cells
[6]. Interestingly, AF and CB displayed similar relative potencies on tMpAOX, TAO and
SgAOX [12,15], with AF being twice as active than CB, as assessed by ICso measurements. On
the other hand we have identified key differences in MpAOX that may explain the poorer effect
of AC on that enzyme. Namely, amino acid substitutions near the entrance of the ligand pocket
that may hinder the interaction of bulkier compounds. This highlights that not only
modifications in the aromatic ring may influence protein-ligand interaction, which may be
useful to guide the development of selective AOX inhibitors, especially important in
agricultural settings where both plant and pathogen contain AOX genes. Additionally, we have
previously demonstrated that MpAOX inhibition by N-phenylbenzamide derivatives has a
protective effect in plants against M. perniciosa [6], albeit with a high dosage of 200 uM.
Therefore, we expect that AF and CB analogues, which have a much lower ICso on rtMpAOX

will be more potent antifungal agents against the witches’ broom disease of cocoa.

As observed with other AOXs, the selection of the detergent for protein purification is
critical to ensure maximal enzymatic activity at the end of the process [11,12]. Here, we
demonstrate that FC12 is the best choice for rMpAOX when compared to DDM and C12ES.
Other detergents have been tested, but without improvement on yield and activity recovery
(data not shown). Moreover, adding 0.0125% CI12E8 to the reaction medium increased
rMpAOX activity by 3.5 times and allowed the determination of kinetic parameters, in

agreement with reports with TAO and SgAOX [11,12].
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The specific activity of solubilized rMpAOX has been determined as 432.4 + 19.3 nmol
QiH> min! mg!, which is three orders of magnitude lower than TAO, the fastest AOX
identified to date. Indeed, it has been pointed out that fungal AOXs display lower reaction rates
than AOXs from other organisms [29]. The rtMpAOX Kwm for QiH> is 53.4 = 6.5 uM and is
within the range of values reported for other AOXs [11,12,21,30].

In conclusion, we present insights on inhibitors of a fungal AOX and we hope that our
results will aid the development of novel antifungal agents targeted at M. perniciosa and other

fungal phytopathogens.
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Supplementary fig. S1. Sequence alignment of AOXs from several organisms. Numbers on
the left indicate the amino acid numbering for each sequence. Arrows show residues important
for substrate binding and coordination of the two ferrous ions in the AOX catalytic site, and

shaded regions indicate 100% identity regions.
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Supplementary fig. S2. Purified rMpAOX enzymatic assays. (A) Titration of the detergent
C12ES in reaction buffer. (B) Testing of the effect of GMP on purified rtMpAOX.



71

DISCUSSAO GERAL

A respiragdo alternativa, historicamente reconhecida como a respiracdo resistente a
inibidores dos complexos III e IV, foi descrita pela primeira vez em 1937 em plantas
termogénicas. Em 1971 se identificou a enzima responsavel pelo fendmeno e com atividade de
oxidase terminal: a AOX [29,140]. Desde entdo, novas informagdes sobre a distribuigao
filogenética da AOX e a fungdo biologica trouxeram crescente interesse para esta enzima, tanto
na investigacdo de aspectos basicos da biologia, quanto em aplicacdes de cunho tecnoldgico,
tais como desenvolvimento de medicamentos [121,122], melhoramento vegetal para a
resisténcia a estresse bidtico e abiotico [141-144], terapia génica para condi¢des de disfuncdo

mitocondrial [145,146] e de defensivos agricolas.

Em relagdo aos fungos fitopatégenos, a AOX ganhou destaque apo6s a identificacdo do
seu papel na resisténcia a fungicidas. Estrobilurinas sdo inibidores do complexo III
comercializados desde a década de 1990 que alcangaram sucesso mundial como defensivo
agricola. Por exemplo, a azoxistrobina atingiu o patamar de fungicida mais comercializado
mundialmente apenas 4 anos apos seu langamento, ¢ em 10 anos as estrobilurinas ocupavam
20% do mercado global de fungicidas. Ou seja, relatos de resisténcia causam alarde em igual
propor¢ao ao sucesso das estrobilurinas [97,147], especialmente quando se trata de fungos que
amecam a seguranga alimentar mundial, como Magnaporthe grisea [99], Mycosphaerella

graminicola [100,101], Sclerotinia sclerotiorum [102] e Venturia inaequalis [103].

Paralelamente, M. perniciosa foi o primeiro fitopatogeno no qual a AOX foi associada
ao processo infeccioso em si. Similarmente ao observado em 7. brucei, M. perniciosa parece
ser exclusivamente dependente da MpAOX durante a coloniza¢do do hospedeiro vivo (hifas
monocarioticas), o que torna esta enzima um interessante alvo para fungicidas direcionados.

Nao obstante, a MpAOX também confere resisténcia as estrobilurinas para M. perniciosa [9].

Dada a relevancia da AOX de fungos, bem como o potencial impacto economico e social
de um fungicida baseado na inibi¢do desta enzima, este trabalho teve como objetivo gerar
informacdes relevantes para o desenvolvimento de novos inibidores da AOX para o uso em

campo. Para tanto, a MpAOX foi escolhida como modelo.

O primeiro capitulo ¢ um manuscrito ja aceito para publicacdo e sintetiza esforgos
voltados a padronizacao de novas metodologias uteis para o desenvolvimento, a triagem e a

caracterizacdo de novos inibidores da AOX com atividade antifingica. Em primeiro lugar, a
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facil sintese dos NPD representa uma vantagem em relacdo aos derivados da ascofuranona.
Ademais, a levedura P. pastoris demonstrou ser um modelo adequado para a triagem da
biblioteca de moléculas sintetizadas, visto que possui uma AOX enddgena que suporta o seu
crescimento na presenga de inibidores da respiracao principal. Ademais, foi estabelecido um
ensaio miniaturizado capaz de quantificar o crescimento da P. pastoris, o que possibilitou a
comparag¢do de um grande nimero de moléculas, seguido da identificagdo do NPD 7J-41 como
um promissor inibidor da AOX e com a¢ao antifingica. De fato, demonstrou-se que o NPD 7j-
41 bloqueia a germinagdo de esporos de M. perniciosa € impede o surgimento de sintomas da

VDB in planta.

Outro ponto de interesse ¢ o estudo das relagdes estrutura-atividade dos inibidores da
AOX a fim de direcionar o planejamento racional de novas moléculas. A fécil sintese dos NPD
permitiu gerar um grande conjunto de moléculas, e os resultados obtidos apoiaram a criacdo de
um modelo computacional de intera¢do proteina-ligante. Observou-se que atomos de halogénio
nos NPD favorecem a interacao do inibidor com a enzima através da interacdo com o ferro no
sitio ativo, enquanto que grupos doadores de elétrons foram menos potentes. Isto estd de acordo
com resultados obtidos para derivados da ascofuranona e a AOX de 7. brucei, sugerindo que a

presenga de halogénios seja essencial para boa interagdo entre proteina e ligante [137].

Por outro lado, os valores de ICso da ascofuranona (~10 nM; Capitulo 2) e do NPD 7J-
41 (~200 uM; Capitulo 1) denotam uma grande diferenca na poténcia destes dois compostos,
sugerindo os NPD possam ser aprimorados. Como o anel benzénico da ascofuranona ¢
totalmente substituido, ao contrario dos NPD, € possivel que modifica¢des adicionais nos NPD
aumentem sua poténcia frente a MpAOX e os torne mais eficazes in vivo. Por exemplo, na
ascofuranona ocorre uma hidroxila na posi¢do para em relagdo ao cloro, a qual também

favorece a interacao da ascofuranona com a AOX [137].

J& o segundo capitulo apresenta um manuscrito em fase final de preparagido que aborda
a expressao heterodloga e a caracterizagdo funcional da MpAOX recombinante, juntamente com
a caracterizacao de inibidores da classe da ascofuranona. Dado que a ascofuranona e derivados
haviam sido testados apenas na AOX de parasitas e plantas, foi essencial averiguar se estes
compostos seriam igualmente ativos sobre a AOX de um fungo. Confirmou-se que a MpAOX
¢ sensivel a ascofuranona e a coletoclorina B, condizente com a alta identidade dos residuos na
cavidade hidrofobica entre a MpAOX e outras AOX. No entanto, houve uma grande
divergéncia em relacdo a poténcia da ascoclorina, o que suscitou uma investigagdo mais

detalhada deste fendOmeno.
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A presenga da cicloexanona trissubstituida na cauda isoprénica da ascoclorina afetou a
seletividade deste composto entre a MpAOX e a TAO. Apds a comparacdo do sitio de ligagdo
entre ambas AOX, tal divergéncia ¢ possivelmente decorrente de dois residuos de aminoacido
na entrada da cavidade hidrofobica da AOX que sao mais volumosos na MpAOX do que na
TAO. Interessantemente, diferencas na cauda isoprénica também estao associadas a modulagao
do efeito bioldgico em outros sistemas. Por exemplo, a ascofuranona ¢ menos téxica em
camundongos do que a ascoclorina e a coletoclorina B, possivelmente devido a interacao da

ascoclorina e da coletoclorina B com o complexo III da respiragao celular [28,148,149].

Nesse sentido, um dos desafios para o desenvolvimento de inibidores seletivos para a
AOX ¢ o fato de que outras enzimas mitocondriais tém o ubiquinol como substrato ou produto.
Ou seja, ha chance de que um inibidor da AOX competitivo para este substrato também interaja
com outras enzimas. A ascoclorina e a coletoclorina B se ligam no complexo III eucarioto, bem
como com em complexos respiratorios bacterianos [150]. A ascoclorina e a ascofuranona
também inibem a diidroorotato desidrogenase humana (hDHODH) [151]; e a ascofuranona age
sobre a glicerol-3-fosdato desidrogenase de 7. brucei [129]. Outros compostos, como a
cloroquina, o UHDBT e a auraquina C inibem tanto a AOX como a via principal da respiragao

quando avaliados em extratos de mitocondrias [131,132,134].

Paralelamente, ha relatos de interagdo da ascofuranona e da ascoclorina com proteinas
que ndo relacionadas ao ubiquinol. Sabe-se que estas moléculas possuem acao antitumoral,
imunossupressora, hipolipidémica e anti-hipertensiva [152—-158]. Estes efeitos estdo
possivelmente relacionados a ativagdo do PPARY, um receptor hormonal nuclear envolvido na
diferenciagdo celular e na regulacdo do metabolismo energético [159]. Outros andlogos da
ascoclorina sdo reconhecidos agonistas de receptores nucleares ou inibidores da enzima

testosterona Sa redutase [160,161].

Os NPD ora identificados ndo sdo excecdo. Por exemplo, fluopyram, flutolanil e
benodanil sdo fungicidas inibidores do complexo II altamente semelhantes ao 7J-41 (Figura
10). A principal diferenga € que o anel benzénico ligado ao oxigénio € substituido em orto nos
inibiores do complexo II, € ndo em meta. Inclusive, esta similaridade pode ter relagdo com os
compostos inespecificos para a AOX que foram identificados durante a triagem dos derivados

de NPD.

Finalmente, outro fator critico que influencia nas caracteristicas farmacoldgicas de um

inibidor da AOX ¢ o tamanho da cauda carbonica ligada ao anel benzénico. Derivados da
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ascofuranona com uma cadeia carbonica mais longa sdo mais potentes, conforme observado
entre a coletoclorina B e a coletoclorina D neste trabalho, bem como para outros compostos
investigados [135,137,139]. Contudo, a alta lipofilicidade necessaria para a interagao com a
TAO pode representar um problema em sistemas in vivo devido a problemas relacionados a

administracdo e a distribui¢do sistémica de um composto altamente hidrofobico [126,162].

Cl CF
CF, O /\f]/ 3 CFa 0O /@\
Y J\
N N N O
H H

Fluopyram Flutolanil
| o] 0O
@)‘\ FO)\
N N Br
H H
Benodanil 7j-41

Figura 10. Fungicidas comerciais inibidores do complexo II ¢ o NPD 7j-41. Fonte: Fungicide Resistance Action
Commitree FRAC, 2018).
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CONCLUSAO

Os objetivos propostos para este trabalho foram alcangados com sucesso. As
informacdes geradas serdo fundamentais para o desenvolvimento de novos agentes antifingicos
que atuam sinergisticamente com inibidores da via principal da respiragdo, para o controle da
vassoura de bruxa do cacaueiro, bem como outras doengas que atacam culturas ao redor do

mundo, como batata, tomate, café, feijao, soja, frutas citricas, manga, uva, dentre outras.

Com auxilio da levedura modelo P. pastoris, se desenvolveu um novo método para a
triagem e caracterizagdo de inibidores da AOX com agdo antifungica. Isto permitiu a
identificacdo de um novo composto ativo contra a AOX: o NPD 7J-41, cuja obtencdo ¢ mais

facil e rapida do que os derivados da ascofuranona conhecidos até o0 momento.

7J-41 inibiu a germinacdo de esporos de M. perniciosa e preveniu o desenvolvimento
de sintomas da vassoura de bruxa. Isto representa um importante avango rumo ao tratamento

da VBD e outras doencas causadas por fungos dependentes da AOX.

A MpAOX recombinante foi purificada com sucesso na sua forma ativa, porém o
ambiente hidrofébico (possivelmente a membrana fosfolipidica ou o substrato natural, Q10) ¢

necessario para maxima atividade e para a regulagdo pds-traducional por GMP.

A ascofuranona e derivados inibem a MpAOX, e a ascoclorina exibiu menor poténcia
entre os compostos testados. Isto € possivelmente atribuido a restri¢cdes estéricas impostas pela
volumosa cicloexanona ligada a cadeia isoprénica. Este fato serd util para o desenvolvimento
de inibidores seletivos entre isoformas da AOX ou entre as AOX de diferentes organismos (por

exemplo M. perniciosa e o cacaueiro).
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PERSPECTIVAS

Frente aos resultados ora apresentados, as proximas etapas poderdo abordar:

1. A otimizagdo de inibidores da AOX baseados nos NPD, especialmente direcionados
por modelos de interacdo proteina-ligante gerados com base nos dados ora
disponiveis.

2. Confirmar se a fraca interagdo da ascoclorina com a MpAOX realmente se deve aos
residuos de aminoacido sugeridos (1167 e F232), por exemplo por mutagdo sitio-
dirigida

3. A obtencdo da estrutura cristalografica da MpAOX serd de grande valia para o
desenho racional de ligantes, bem como podera trazer luz sobre o mecanismo de
ativag¢ao por GMP.

4. Averiguar a atividade sobre os NPD e outros inibidores sobre a AOX do cacaueiro,
especialmente o transcrito CGD0008991 que foi detectado em todos os tecidos
(Figura 8).

5. Avaliar os inibidores da AOX quanto a outros pardmetros de interesse para o uso
comercial, como: eficicia de tratamentos preventivo e curativo contra a VDB;
toxicidade em plantas e animais; distribuicdo sistémica em plantas e animais,
permanéncia no meio-ambiente; permanéncia em produtos oriundos do cacaueiro;

entre outros.
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