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RESUMO

A Paracoccidioidomicose (PCM) é uma doenca endémica na America Latina causada pelos
fungos do género Paracoccidioides. Estes fungos crescem como micélio no ambiente e como
levedura no hospedeiro. Em ambos os ambientes hé reducdo dos niveis de oxigénio. O
oxigénio é uma molécula fundamental para a biossintese de acidos graxos, esterois, heme e
acido ascorbico, além de ser primordial no processo de respiracdo celular. Neste trabalho
objetivamos caracterizar proteinas e fosfoproteinas relacionadas a adaptacdo de
Paracoccidioides spp. durante hipoxia. Inicialmente, verificamos que a fungoglobina, FglA,
atua com um sensor dos niveis de oxigénio. A FglA é responsiva a hipoxia aumentando seus
niveis transcricionais e proteicos durante todo a limitacdo de oxigénio. Em adicdo, nos
verificamos que P. brasiliensis tem a capacidade de redirecionar seu metabolismo para a
anaerobiose, obtendo energia via fermentacdo alcodlica. Ainda, verificamos que as funcdes
de ciclo celular e transcricdo estdo diminuidas provavelmente pelos baixos niveis de
fosforilacdo encontrado. Neste trabalho apresentamos pela primeira vez a caracterizacdo da
globina sensora de oxigénio em fungos do complexo Paracoccidioides, bem como o perfil
protedmico e fosfoprotedmico de P. brasiliensis durante a limitagdo de oxigénio. Esperamos
que nosso trabalho possa abrir novos caminhos para estudos da biologia dos fungos do
género Paracoccidioides.
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ABSTRACT

Paracoccidioidomycosis (PCM) is an endemic disease in Latin America caused by fungi of
Paracoccidioides genus. These fungi grows as mycelium in the saprophytic environment,
and as yeast in the host. In both environments there is a reduction of oxygen levels. Oxygen
is a fundamental molecule for the biosynthesis of fatty acids, sterols, haem and ascorbic acid,
and in the process of cellular respiration. In this work we aim to characterize proteins and
phosphoproteins related to the adaptation of Paracoccidioides spp. during hypoxia. Initially,
we found that the fungoglobin, FglA, acts with a sensor of the oxygen levels. FglA is
responsive to hypoxia by increasing its levels throughout the stress. In addition, we found
that P. brasiliensis has the ability to redirect its metabolism to anaerobiosis, obtaining energy
via alcoholic fermentation. Further, we have found that cell cycle and transcription functions
are probably decreased by the low levels of phosphorylation found. In this work we present
for the first time the characterization of the oxygen sensing globin in fungi of the
Paracoccidioides complex, as well as the proteomic and phosphoprotein profile of P.
brasiliensis during the oxygen limitation. We hope that our work may open new avenues for

studies on the biology of fungi of the genus Paracoccidioides.
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1. INTRODUCAO
1.1. Paracoccidioides spp.

Na primeira década do século XX, o médico Adolpho Lutz ao examinar pacientes
com les6es orais, deparou-se com um novo agente fingico que, quando comparado ao fungo
Coccidioides immitis, apresentou diferencas morfolégicas significativas. Deste modo, o
achado foi descrito como “uma nova enfermidade pseudococcidica” (Lutz, 1908, 1945). As
caracteristicas morfoldgicas deste novo agente etiologico foram esclarecidas ap6s o primeiro
isolamento e cultivo por Alfonso Splendore, dando a denominacdo para o fungo de
Zymonema brasiliensis (Splendore, 1912). Nos anos seguintes Floriano de Almeida soma
aos dados j& descritos, informacfes sobre a infeccdo e a doenga sugerindo o género
Paracoccidioides brasiliensis (Almeida, 1930a, 1930b). Por tempos, a doenca foi
denominada como a Doenca de Lutz ou de Lutz-Splendore-Almeida dada tamanha
contribuicdo destes pesquisadoes (Benchimol and S4, 2004; Lacaz et al., 2002). Atualmente
a doenca é denominada de Paracoccidioidomicose (PCM) (Shikanai-Yasuda et al., 2017).
Apesar de ser uma descoberta centenaria (Marques, 2008; Soares et al., 2008), a PCM e seus
agentes ainda sdo objetos de muitos estudos que visam elucidar pontos importantes da

biologia fingica e do estabelecimento da infeccao.

Os fungos do género Paracoccidioides apresentam dimorfismo térmico no qual, a
temperatura ambiente entre 18-23°C, apresentam-se em forma de micélio (forma infectiva)
e no hospedeiro em temperaturas de 35-37°C, como leveduras (forma parasitaria) (Bagagli
etal., 2006; Brummer et al., 1993; San-Blas et al., 2002). A forma miceliana é caracterizada
por hifas hialinas septadas, com ramificagdes apresentando conidios intercalares e/ou
terminais e quando em colonias apresentam-se brancas aveludadas tornando-se acastanhadas
(Brasil, 2013; Lacaz et al., 2002; Mendes et al., 2017). Ja as leveduras possuem forma
arredondadas com multiplos brotamentos originados de célula-mae com aspecto de “roda de
leme”, enquanto as coldnias apresentam-se enrugadas, de coloracdo creme (Brasil, 2013;
Lacaz et al., 2002; Mendes et al., 2017). Os fungos do complexo Paracoccidioides tambem
podem apresentar-se na forma de conidios. Os conidios sdo formas de resisténcia e sua
formacdo é induzida em condigdes de estresses, principalmente abioticos (Bustamante-
Simon et al., 1985). Essas estruturas tambem podem causar infeccdo nos hospedeiros
mamiferos (McEwen et al., 1987).
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O ciclo de vida provavel do fungo Paracoccidioides spp. foi descrito por Bagagli e
colaboradores (2008). Sabe-se que o principal habitat dos fungos Paracoccidioides spp. € 0
solo (De Albornoz, 1971; Tercarioli et al., 2007; Theodoro et al., 2005) e a partir do
manuseio do solo, conidios ou propagulos micelianos presentes neste ambiente podem se
tornar dispersos no ar (Arantes et al., 2013) e serem inalados por mamiferos. Ao atingirem
0 parénquima pulmonar, os propagulos infectantes podem ser eliminados pelo sistema
imunitario do hospedeiro ou transitarem para a forma de levedura estabelecendo a infeccao
(Benard, 2008). Acredita-se que todos os fungos do género Paracoccidioides possam causar
doenca em humanos (Shikanai-Yasuda et al., 2017; Teixeira et al., 2013). Além do homem,
estes patogenos ja foram isolados de tatus (Bagagli et al., 2003; Corredor et al., 2005; Matute
et al., 2006b; Sano et al., 1998), cachorros (Ferreira et al., 1990; Rodrigues de Farias et al.,
2011; Theodoro et al., 2012), preguica (Trejo-Chavez et al., 2011) e de pinguins (Garcia et
al., 1993).

O género Paracoccidioides é classificado como pertencente ao filo Ascomycota,
ordem Onygenales e familia Ajellomycetaceae juntamente com o0s géneros Blastomyces,
Emmonsia e Histoplasma (Bagagli et al., 2008; Untereiner et al., 2004). Quanto a
caracterizacdo das espécies dentro do género Paracoccidioides, muito se discutiu ao longo
dos anos e vem sendo aprimorada em paralelo ao avanc¢o das técnicas moleculares. Inimeros
trabalhos comparativos analizando as semelhancas e divergéncias genémicas dentre os
isolados de Paracoccidioides spp. foram realizados (Carrero et al., 2008; Matute et al.,
2006a; Mufioz et al., 2016; Soares et al., 1995; Teixeira et al., 2009, 2014; Turissini et al.,
2017).

Inicialmente, um estudo do perfil polimérfico de varios isolados de P. brasiliensis,
realizado por Soares e colaboradores (1995), verificaram que haviam diferencas genéticas
consideraveis entre as amostras analisadas. Desta forma, os autores separaram os isolados
em dois grupos. As semelhancas entre os isolados de cada grupo foram > 90% (Soares et al.,
1995). Esses achados sugeriram a presenca de diferencas filogenéticas entre os isolados e
serviram de pontapé inicial para uma investigagdo mais profunda a fim de esclarecer as

espécies do género Paracoccidioides.

Apesar da importante evidéncia citada acima, somente apds 11 anos, Matute e
colaboradores (2006) publicaram um estudo avaliando 8 regides génicas de 65 diferentes
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isolados de P. brasiliensis. Os pesquisadores verificaram a existéncia de trés diferentes
espécies filogenéticas: S1 (espécie 1), PS2 (espécie filogenética 2), e PS3 (espécie
filogenética 3). Além de agrupadas pela semelhanca de seus conteidos genéticos, 0s grupos
ainda possuiam distribuicdo geogréafica particular, sendo que os isolados do grupo S1 estdo
amplamente distribuidos no Brasil, Argentina, Paraguai, Peru e Venezuela, enquanto os
isolados do grupo PS2 sdo encontrados apenas na regido sudeste do Brasil e em areas da
Venezuela, e os isolados do grupo PS3 sdo restritos a Colombia (Matute et al., 2006a). Em
seguida, Carrero e colaboradores (2008) analisaram novos isolados e observaram
divergéncia entre Pb01 com os outros isolados, propondo a existéncia de um quarto grupo
filogenético — PbO1-like.

Deste modo, até 0 momento, havia apenas a espécie P. brasiliensis, composta por
quatro espécies filogentéticas (S1, PS2, PS3 e Pb01-like). Buscando elucidar a taxonomia
do género, um estudo genético amplo foi realizado (Teixeira et al., 2009). A distancia
filogenética de grupo Pb01-like, comparado aos outros, foi notavel. Assim, os pesquisadores
sugeriram a criacdo da nova espécie: Paracoccidioides lutzii (Salgado-Salazar et al., 2010;
Teixeira et al., 2009; Theodoro et al., 2012). Complementando a classificacdo vigente, a
espécie PS4 foi entdo criada apds novos estudos (Mufioz et al., 2016; Teixeira et al., 2014).
Com os dados dispostos acima, Turissini e colaboradores (2017) sugeriram a mudanca na
nomenclatura. Ao invés de classificar a espécie P. brasiliensis em subgrupos filogenéticos,
cada um deles se transformou em uma espécie dentro do género Paracoccidioides. Assim,
atualmente existem 5 espécies bem definidas do genéro Paracoccidioides: P. brasiliensis,

P. lutzii, P. americana, P. venezuelensis e P. restrepiensis.

1.2. Paracoccidioidomicose

A PCM é uma doenca inflamatdria granulomatosa (Fortes et al., 2010), causada pela
infeccdo e permanéncia dos fungos do género Paracoccidioides no hospedeiro (Marques,
2012). Primariamente, a infeccdo se instala nos pulmdes causando uma pneumonite, em
seguida alcanga os linfonodos regionais (Severo et al., 1979). A infeccdo por
Paracoccidioides spp. quando ndo controlada, pode evoluir para a forma disseminada, sendo
transportado para outros 0rgaos através das vias hematogénica e linfatica (McEwen et al.,
1987; Mendes et al., 2017). Depois do pulmao, os 6rgaos mais comumentes afetados séo 0s

11



Caracterizacdo da proteina fungoglobina e fosfoproteoma durante o estresse hipdxico em Paracoccidioides spp.
Lucas Nojosa Oliveira

linfonodos, boca, pele, figado e baco (Mendes et al., 2017; Shikanai-Yasuda et al., 2017).
Nem sempre o hospedeiro com a infecgéo por Paracoccidioides spp. pode apresentar a PCM.
O hospedeiro pode estar infectado, albergando o agente infeccioso sem manifestacdo de
sinais e sintomas, porém possui teste intradérmico positivo (Montenegro and Franco, 1994).
Por outro lado, pacientes podem apresentar a PCM com evolucao rapida ou de forma crénica
levando anos para apresentarem algum sinal e/ou sintoma (Brasil, 2010; Shikanai-Yasuda et
al., 2017).

A forma crénica da PCM é a mais comum, chegando a atingir 76 a 96% dos pacientes.
Geralmente, atinge homens entre 30 e 60 anos de idade. A progressao da doenca é lenta e
pode apresentar-se de forma unifocal ou disseminada. A gravidade da PCM cronica pode ser
classificada como leve, moderada e severva, variando de perda de peso leve a insuficiéncia
respiratoria e sindromes neuroldgicas graves. Ja a forma aguda ou juvenil atinge cerca de 5
a 25% dos pacientes. Predominante em criancgas e adolescentes, apresenta evolucao répida,
com disseminagdo da infeccdo para multiplos érgdos. Os sintomas mais frequentes envolvem
linfadenomegalia, hepatoesplenomegalia, lesdes cutaneas e osteoarticulares. Clinicamente,
refere-se a PCM sequelar as alteracbes anatbmicas e funcionais observadas apos o
tratamento e cura (revisado em Brasil, 2009, 2010; Mendes et al., 2017; Shikanai-Yasuda
etal., 2017).

A PCM tem elevada incidéncia em individuos que desempenham atividades laborais
relacionadas ao manejo do solo e agricultura (Shikanai-Yasuda et al., 2006, 2017; Tercarioli
et al., 2007; Valle et al., 2017). Cerca de 75 a 95% dos pacientes sdo adultos do sexo
masculino (Shikanai-Yasuda et al., 2006). Esse perfil se d& pela maior quantidade de homens
em atividades de risco e pela resisténcia natural feminina, devido ao horménio B-estradiol
nas mulheres, o qual impede a transicdo do fungo para a forma parasitaria (Aristizabal et al.,
1998; Salazar et al., 1988; Shankar et al., 2011). Entre outros fatores de risco estdo o uso de
alcool e tabaco (Santos et al., 2003) e a presenca de comorbidades como neoplasias, infecgdo
pelo virus da imunodeficiéncia adquirida e tuberculose (Bellissimo-Rodrigues et al., 2011;
Brasil, 2009, 2010; Shikanai-Yasuda et al., 2017). A transmissao direta pessoa-pessoa ainda

ndo foi relatada.

O diagndstico da PCM e clinico e laboratorial. A identificagdo direta do fungo nos
especimes clinicos é patognomdonico para o diagnostico da PCM (Brasil, 2010, 2013; Lacaz

12
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etal., 2002). Amostras de lesdes de mucosa e pele, aspirados de secrecdo do trato respiratorio
e linfonodos, além de tecidos obtidos por bidpsias sdo comumente coletados para realizagdo
do exame. Exames de cultura do micro-organismo, imagem, testes de sensibilidade,
investigacOes sorologicas, western blotting, e métodos moleculares sdo aplicados para
auxiliar no diagnostico, bem como para acompanhar a evolucdo da doenga (Brasil, 2009,
2010, 2013; Brummer et al., 1993; Mendes et al., 2017; Shikanai-Yasuda et al., 2017).
Recentes estudos demonstraram novas moléculas espécie-especifica para o diagnostico

diferencial entre as espécies do complexo Paracoccidioides (Sylvestre et al., 2018b, 2018a).

O manejo terapéutico da PCM depende da evolucdo da doenca e condices clinicas
em gue se encontra cada paciente, que normalmente responde bem ao tratamento com varias
classes de antifungicos, tais como, azélicos, sulfamidicos e anfotericina B (Shikanai-Yasuda
etal., 2017). O Ministério da Saude do Brasil estabelece o esquema de tratamento da PCM,
indicando o uso Unico ou combinacBes de itraconazol, sulfametoxazol, trimetroprim e
anfotericina B, dependendo da situacdo clinica, idade do paciente e a forma da doenca
(Brasil, 2009). Estabelece ainda que o paciente deve ser assistido durante e apds o
tratamento, e a cura sera definida respeitando critérios clinicos, radioldgicos e imunologicos
(Brasil, 2009, 2010; Shikanai-Yasuda et al., 2017). Pesquisas objetivando encontrar novas
opcoes terapéuticas estdo sendo desenvolvidas com a argentilactona e tiosemicarbazida
obtendo resultados promissores (Aradjo et al., 2016; Borba et al., 2018; Silva et al., 2018;
Silvaet al., 2018a, 2018b). A respeito do uso de vacinas, pesquisas tem sido feitas em busca
deste composto com capacidade de induzir a imunidade protetora. Os trabalhos mostraram
resultados promissores, em modelo animal, com a utilizacdo da proteina gp43 de
Paracoccidioides spp. e do seu epitopo imunogénico P10 (revisado em Taborda et al., 2004;
Travassos and Taborda, 2012). A vacina terapéutica, induzindo a ativacdo de células
dendriticas, também vem sendo estudada (Ferreira et al., 2011; Silvana dos Santos et al.,
2011).

O Brasil é o pais com as maiores taxas de incidéncia, hospitalizacdo e morte pela
PCM (Martinez, 2017; Restrepo et al., 2001). Apesar disso, infelizmente, a micose nao é
uma doenca de notificacdo compulséria (Brasil, 2016) fazendo com que 0s inquéritos
epidemioldgicos para a PCM ndo sejam exatos. Estudos desmosntraram que em regides
endémicas a media de casos € de 9.4/100.000 habitantes/ano, sendo que durante um surto ja
foram registrados 40 casos/100.000 habitantes/ano (Vieira et al., 2014). Utilizando dados do
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DATASUS (Brasil), Coutinho e colaboradores (2002) verificaram que a média anual de
mortes por PCM, em todo Brasil, no periodo de 1980 a 1995, foi de 1.45/milhdo de habitantes
sendo que as regides Sudeste, Sul e Centro-Oeste foram as que tiveram maior nimero de
mortes. J& no estado do Parana, Bittencourt e colaboradores (2005) verificaram que o indice
de mortalidade da PCM foi de 3.48/milhdo de habitantes no periodo de 1980 a 1998.
Recentemente, no estado do Rio de Janeiro uma alta taxa de incidéncia, de 8.25/milh&o de
habitantes foi observada (Valle et al., 2017). Dados de mortalidade por micoses sistémicas,
entre os anos de 1996 a 2006, demonstram que a PCM é a mais frenquente causa de morte
correspondendo a aproximadamente 50% dos casos e quando em pacientes com SIDA, a
PCM é a quinta principal causa de morte causada por fungos (Prado et al., 2009).

1.3. Hipoxia

O oxigénio nem sempre esteve disponivel nas quantidades ideais encontradas
atualmente. As tensdes atmosféricas foram aumentando com a evolugéo das cianobactérias,
organismos fotossintéticos (Semenza, 2007). A partir deste momento 0S organismos
passaram a desenvolver mecanismos para responder aos niveis alterados de oxigénio
(Hedges et al., 2004; Taylor and McElwain, 2010). Hoje os organismos aerdbios utilizam o
oxigénio para a biossintese de esterois, acidos graxos, grupo heme, NAD (dinocleotideo de
nicotinamida e adenina) e para a respiracdo celular (Raymond and Segre, 2006; Summons
et al., 2006). Para esses organismos, a disponibilidade de oxigénio é um fator critico para a
sobrevivéncia. As tensdes de oxigénio podem variar de zero (andxia) a niveis atmosféricos
21% O7 ou 159 mmHg [pO2] (normoxia). Intermediario a esses valores temos a condic¢éo de
hipoxia (Grahl et al., 2012).

Os micro-organismos patogénicos humanos, durante a infeccdo encontram um
ambiente hipdxico. Em tecidos saudaveis, as concentracdes de oxigénio podem variar de 1
a 11% sendo considerado fisiologicamente oxigenado — fisioxia (Carreau et al., 2011). O
gradiente de oxigénio nos 6rgdos depende da proximidade da corrente sanguinea, ou pela
atividade das células do tecido hospedeiro (Ernst and Tielker, 2009). Em tecidos acometidos
por tumores ou feridas, as concentra¢fes de oxigénio estdo abaixo de 1%, sendo considerado
hipoxia (Arnold et al., 1987; Dewhirst, 1998; Simmen et al., 1994). Além disso, a resposta

imune celular forma aglomerados de células imunes ativadas, principalmente macrofagos,
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chamados de granulomas. Ja é claro que, no granuloma as concentracfes de oxigénio estdo

surpreendentemente diminuidas (Grahl et al., 2011).

Outro ambiente que faz parte do ciclo bioldgico de varios micro-organismos é o solo.
Mesmo nas camadas mais superficiais do solo (até 15 cm) os niveis de oxigénio variam de
2 a 13%, sendo inversamente proporcional aos niveis de diéxido de carbono (Hanslin et al.,
2005). A colonizagdo de pilhas de compostagem também submete os micro-organismos a
um ambiente hipdxico, chegando a concentracfes de oxigénio proximas de 1,5% (Wang et
al., 2007). Os fungos do género Paracoccidioides habitam durante sua fase saprobidtica no
solo (De Albornoz, 1971) e durante o parasitismo no hospedeiro mamifero, produz uma
doenga granulomatosa (Fortes et al., 2010). Deste modo, durante quase todo seu ciclo de

vida, Paracoccidioides spp. necessita se adaptar ao estresse hipoxico.

1.4. Reguladores hipoxicos

Reguladores moleculares desempenham importantes funcbes no equilibrio e
controle das respostas celulares. Nos mamiferos o fator induzivel por hipdxia - HIF (Hypoxia
Inducible Factor) é o principal regulador da resposta a hipdxia. Em quantidades normais de
oxigénio, prolil-hidroxilases dependentes de Oz, modificam a subunidade HIF-a deste fator.
Posteriormente, a subunidade modificada de HIF-a é degradada via proteassoma. Quando
0s niveis de oxigénio estdo baixos, a subunidade HIF-a ndo ¢ modificada pelas prolil-
hidroxilase, ligando-se a subunidade HIF-B, e quando unidas atuam como um fator de
transcricdo regulando a expressdo de centenas de genes em resposta a hipoxia (Greer et al.,
2012; Zarember and Malech, 2005) relacionados ao transporte de glicose e enzimas da via
glicolitica (Semenza, 2007), a respiracdo mitocondrial (Taylor, 2008), eritropoiese,
angiogénese e vasodilatacdo (Guillemin and Krasnow, 1997).

Em fungos, a regulacdo do mecanismos celulares durante hipdxia ocorre através de
proteinas de ligacdo ao elemento responsivo esterol (SREBPs -Sterol Regulatory Element
Binding Proteins), as quais apresentam em alguns aspectos, semelhancas com o fator de
transcrigdo de mamiferos. As SREBPs tem sido caracterizadas em varios fungos tais como,
Schizosacharomyces pombe — srel (Todd et al., 2006), Cryptococcus neoformans — srel
(Chang et al., 2007), Aspergillus fumigatus - srbA (Blatzer et al., 2011; Willger et al., 2008),
P. lutzii - srbA (Lima et al., 2015) e em Histoplasma capsulatum — srb1l (Dubois and
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Smulian, 2016). As SREBPs possuem um dominio de ligagdo ao DNA denominado de
bHLH (basic helix loop helix) que estd envolvido na expressdao de genes hipdxicos
relacionados principalmente a biossintese de lipideos, ergosterol, heme e producdo de etanol
(Chang et al., 2007; Lima et al., 2015; Todd et al., 2006; Willger et al., 2012). Em
Saccharomyces cerevisiae, Candida albicans e Candida parapsilosis esse sensoriamento é
realizado pelo fator de transcricdo upc2 que ndo possui identidade de sequéncia com as
proteinas da familia SREBP e contém um dominio de ligacdo ao DNA tipo Gal4. Entretanto,
UPC2 é responsavel pela resposta ao estresse hipoxico, regulando também genes da
biossintese de esterdis e outros genes hipdxicos (Butler, 2013; Guida et al., 2011; Vik A and
Rine, 2001).

Em P. lutzii o regulador SREBP foi chamado de SrbA (PISrbA) e suas funcbes na
homeostase de oxigénio, ferro e resisténcia a antifungicos foram evidenciados por Lima e
colaboradores (2015). Através de complementacdo génica em A. fumigatus, verificou-se que
a PISrbA esté diretamente ligada ao crescimento flngico durante a hipdxia e privacao de
ferro, compensando o efeito da limitacdo desses elementos quimicos. Adicionalmente, a
PISrbA também influencia na sensibilidade fangica aos farmacos azdélicos. Por exemplo, a
delecdo do gene da PISrbA, tornou as cepas mais susceptiveis aos farmacos (Lima et al.,
2015). Em A. fumigatus e C. neoformans a dele¢cdo de SREBP resultou em uma forte
atenuacdo da viruléncia, além de afetar o crescimento e a resisténcia aos farmacos nestes
fungos (Chang et al., 2007; Chun et al., 2007a; Willger et al., 2008). A delecdo do Upc2 em
C. albicans acarretou em baixa producdo de esterois, reduziu o crescimento do fungo e afetou

a formacéo de pseudo-hifas mais longas (MacPherson et al., 2005; Synnott et al., 2010).

1.5. Sensoriamento em hipoxia

Para sobreviver em condicdes de hipdxia, mecanismos de sensoriamento dos niveis
de oxigénio sdo utilizados com a finalidade de ativar sistemas complexos de respostas aos
baixos niveis dessa molécula. Algumas proteinas globulares possuem a habilidade de se
ligarem ao grupo heme (Vinogradov et al., 2007). O grupo heme é o mais abundante ligante
as proteinas e é capaz de se ligar ao ferro, que quando em seu estado ferroso (Fe?*) se liga
ao oxigénio (Poulos, 2014). Por consequéncia, essas metaloproteinas globulares atuam no

transporte e armazenamento de oxigénio, bem como no sensoriamento dos niveis de O
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(Hoogewijs et al., 2012; Poulos, 2014). Hemeproteinas podem ser um importante conector
entre a disponibilidade de oxigénio e o metabolismo do ferro, porque elas contém ferro e

oxigénio concomitantemente (Chung et al., 2012).

A maioria dos fungos possuem flavohemoglobinas e globinas tipo-S (Vinogradov et
al., 2007). Fungos do complexo Paracoccidioides, assim como os outros fungos da ordem
Onygenales, dispdem apenas de globinas tipo S (globinas sensoras) limitadas para um Gnico
dominio sensor (Hoogewijs et al., 2012) capazes de formar um tunel apolar permintindo a
entrada e saida do oxigénio (Nardini et al., 2008; Pesce et al., 2009; Zhang and Phillips,
2003). Uma nova proteina que vem sendo estudada como um sensor as baixas tensdes do
oxigénio é a fungoglobina denominada FgIA (Hillmann et al., 2014). Globina restrita aos
fungos, a FglA foi caracterizada como importante regulador do crescimento em A. fumigatus
e sua resposta transcricional se da durante periodos iniciais quando submetido ao estresse
hipoxico (Hillmann et al., 2014). Linhagens deletadas para os principais reguladores de
hipoxia de A. fumigatus (4srbA), e reguladores da homeostase de ferro, Asred e AhapX,
foram utilizadas para monitoramento dos niveis de expressdo do gene fglA durante hipoxia
e privacdo de ferro. Os resultados demonstraram que, de forma independente de tais

reguladores, a expressdo do gene fglA aumentou nestas condi¢des (Hillmann et al., 2014).

1.6. Resposta fungica a hipdxia

Estudos transcricionais e protedmicos em resposta ao baixo nivel de oxigénio estdo
sendo desenvolvidos em varias espécies de fungos. Os resultados revelam que muitos micro-
organismos respondem rapidamente ao estresse hipoxico, alterando severamente seu perfil
transcricional, proteico, metabdlico, sua morfologia, viruléncia e susceptibilidade a drogas
(Blatzer et al., 2011; Chang et al., 2007; Chun et al., 2007b; Lima et al., 2015; Shimizu et
al., 2009; Vadisch et al., 2011). E conhecido que os mecanismos de adaptacio a hipoxia séo
variaveis entre os fungos e que esta condicdo é um fator chave na capacidade de
sobrevivéncia e viruléncia para alguns fungos patogénicos humanos (Barker et al., 2012;
Shimizu et al., 2009; Synnott et al., 2010).

Em Paracoccidioides lutzii, PI01, as respostas ao estresse hipoxico evidenciaram
uma intensa modulacdo em varias vias metabdlicas, com o objetivo de compensar este

estresse (Lima et al., 2015). Quando em condigdes de estresse, no primeiro momento (12h),
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h& uma reducgdo nos niveis proteicos de vias importantes para a sobrevivéncia fungica, tais
como glicolise, TCA bem como o transporte de elétrons mitocondrial. A producéo de acetil-
CoA a partir do acetaldeido e da beta-oxidacdo foram aumentadas. No entanto, ap6s 24h em
ambiente estressor, a glicélise e o transporte de elétrons mitocondrial séo reestabelecidos, e
as vias da gliconeogénese, do GABA (gamma-aminobutyric acid) shunt e da beta-oxidagéo
estdo aumentados, porém proteinas do ciclo de TCA mantém-se pouco expressas. Além

disso, precusores de ergosterol e o piruvato estdo aumentados (Lima et al., 2015).

Em C. neoformans, véarios genes envolvidos na captacdo e metabolismo de
carboidrato, metabolismo de &cidos graxos, esterol e heme foram super-expressos. Em
contraste, transcritos relacionadas a respiracao celular tiveram sua expressdo diminuida, em
C. neoformans a atividade mitocondrial é esséncial para o crescimento durante hipoxia
(Chun et al., 2007c; Ingavale et al., 2008; Lee et al., 2007). J& em C. albicans, em nivel
transcricional, os genes envolvidos glicélise, metabolismo de &cidos graxos e de ergosterol
foram induzidos, enquanto aqueles envolvidos com a respiracéo aerdbica foram reprimidos
(Askew et al., 2009; Setiadi et al., 2006; Synnott et al., 2010).

Em fungos do género Aspergillus varios trabalhos avaliaram a expressdo de
transcritos e proteinas. Em A. fumigatus, a hipoxia induz a transcricdo de genes envolvidos
no metabolismo de esterois, ferro, parede celular e GABA shunt. Uma reducéo na expressao
de transcritos relacionados ao ciclo do TCA, metabolismo de aminoacidos e degradacdo de
RNA foi encontrada. Quando cultivado por longos periodos em hipdxia, A. fumigatus
aumenta a expressao de proteinas relacionadas a glicélise, ciclo do TCA, respiracao, e
metabolismo de aminoacidos (Barker et al., 2012; Vodisch et al., 2011). Em A. nidulans,
houve um aumento nos transcritos e proteinas relacionadas a via glicolitica, GABA shunt,
metabolismo de acidos graxos e ergosterol durante a hipdxia. Genes relacionados a

transcricao tiveram sua expressao diminuida (Masuo et al., 2010; Shimizu et al., 2009).

1.7. Modificacao proteica por fosforilacéo

A fosforilacdo proteica é uma das mais significativas modificacdes pos-traducionais,
sendo importante para a estrutura, estabilidade e funcionamento das proteinas (Nelson and

Cox, 2014). A fosforilagdo desempenha um papel chave nos processos celulares como
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diferenciacdo, transducdo de sinal, apoptose, degradacdo de proteinas, ciclo celular,
homeostase, comunicacdo, proliferacdo e sobrevivéncia celular (Delom and Chevet, 2006;
Jensen and Larsen, 2007; Nelson and Cox, 2014; Thingholm et al., 2009), atuando também
em nivel de sistema cardiovascular, gastrintestinal, musculoesquelética, mecanismos
neuroldgicos, resposta imunoldgica e regulagéo endocrina (revisado em Tarrant and Cole,
2009)

As proteinas cinases sdo responsaveis pela transferéncia do fosfato proveniente do
ATP, para residuos de aminoacidos especificos nas proteinas, enquanto as fosfatases
realizam de retirada do fosfato (Matthews, 1995). Esta modificacdo pds-traducional é
caracterizada por ser um processo transitorio e reversivel (Thingholm et al., 2009). Em
eucariotos, a fosforilacao ocorre frequentemente nos residuos de serina (Ser), treonina (Thr),
tirosina (Tyr) e histidina (His), sendo que na histidina a fosforilacdo é altamente labil (Puttick
et al., 2008). Lisina (Lys) e arginina (Arg) também podem ser fosforiladas, porém é incomum
(Matthews, 1995). As fosforilacGes sdo mais frequentes nos residuos de serina e treonina,
porém a fosforilacdo de tirosina € mais representativa para a funcbes celulares (Cohen,
2002).

Os residuos de aminoécidos que sdo fosforilados ocorrem em motivos estruturais
comuns que sdo reconhecidos por proteinas cinases especificas. Algumas proteinas cinases
sdo basofilas, preferindo fosforilar residuos que tenha a adjacéncia basica e outras tem
preferéncias diversas (Nelson and Cox, 2014). O dobramento da proteina também pode
influenciar na aproximacéo da proteina-cinase, assim como a existéncia de outros sitios ja
fosforilados na proteina. Os atomos de oxigénio do grupo fosforil podem formar ligagdes
de hidrogénio, com o grupo amida do esqueleto peptidico, com a cadeia lateral dos residuos
de arginina ou pode repelir residuos carregados negativamente (Nelson and Cox, 2014). O
evento de fosforilagdo pode afetar a proteina de 3 maneiras: a) promovendo uma mudanca
conformacional, b) integrando a estrutura do sitio ativo da proteina e ¢) rompendo interagdes

proteina-proteina (Alberts et al., 2017).

19



Caracterizacdo da proteina fungoglobina e fosfoproteoma durante o estresse hipdxico em Paracoccidioides spp.
Lucas Nojosa Oliveira

1.8. Fosfoprotedmica

O fosfoproteoma é o conjunto de proteinas fosforiladas de um organismo em
determinado momento (Mukherji, 2005). As fosfoproteinas possuem baixa abundancia e
para sua identificacdo, métodos analiticos tem sido empregados para permitir a conservagao
do grupo fosfato ligado ao peptideo. Para isso, uso de tampdes fosfo-protetivos, utilizacdo
de inibidores de fosfatases e proteases e métodos de fosfoenriquecimentos sdo utilizados
(Gafken and Lampe, 2006; Thingholm et al., 2009).

Os primeiros estudos de fosforilagdo eram realizados utilizando marcagdes com
isdtopos inorganicos P2, Com o avango das técnicas de separacdo, enriquecimento,
identificacdo dos sitios de fosforilagdo e devido ao risco, a utilizagcdo de materiais radiotivos
entrou em desuso. Técnicas de separacdo em gel, purificacdo com anticorpo, cromatografia
de afinidade com metal imobilizado (IMAC), captura com polimeros e cromatografia de
troca cationica forte (SCX) sdo frequentemente utilizadas. Para analises quantitativas é
indicada a marcacdo dos peptideos com tags (SILAC, iTRAQ e AQUA) que sdo
identificados pelos espectrdmetros de massas com maior acuracia. Essa marcacdo sempre
deve ser considerada em analises de fosfoprotedmica devido aos baixos niveis de abundancia

dos peptideos fosforilados (revisado em Gafken and Lampe, 2006).

Destacamos 0 uso da cromatografia com com o dioxido de titanio (TiOz). Essa
técnica consiste em imobilizar um metal a uma resina —fase estacionéria. Esse metal devera
possuir uma carga positiva com o intuito de se ligar através das cargas negativas dos grupos
fosfatos (Block et al., 2009; von Stechow, 2016). O fosfato se liga ao dioxido de titanio na
forma de dxidos covalentes (von Stechow, 2016), conferindo alta sensibilidade, além de que
0 TiO2 é compativel com diversos reagentes bioquimicos (Jensen and Larsen, 2007; Wilson-
Grady et al., 2008). O iTRAQ é uma cauda isobaricas permitindo a marcacao de diferentes
amostras simultaneamente e permitindo a identificacdo das amostras em conjunto, isto é, em
uma mesma analise de espectrometria de massas (Thingholm et al., 2009). O iTRAQ é um
método poderoso para quantificar a fosforilagdo em escala protebmica (Bantscheff et al.,
2008; Mertins et al., 2012).

Mesmo com tamanha relevancia, poucos estudos de fosfoproteomas em fungos
patogénicos humanos tem sido realizados. Em A. nidulans, Ramsubramaniam e

colaboradores (2014) conseguiram identificar 647 proteinas fosforiladas das quais a maior
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parte foram preditas para se localizarem no nucleo. Das fosfoproteinas identificadas, um
grande grupo (23%) foi classificado como reguladores de processos biolégicos. Também,
fosfoproteinas relacionadas a formacdo dos polos de crescimento e organizacdo do
citoesqueleto foram induzidas. Sabendo que os fungos filamentares crescem por multiplos

polos, os autores ressaltam a importancia da fosforilagdo para o crescimento de A. nidulans.

Em C. neoformans, 648 fosfoproteinas foram identificadas das quais 45 eram cinases.
Os principais processos biolégicos foram os de metabolismo, transporte, transducéo de sinal
e sintese de proteina. Dentre as proteinas cinases, foram identificadas proteinas envolvidas
nos processos de biossintese de melanina e capsula, resisténcia ao estresse nitrosativo,
manutengdo da parede celular e termotolerancia, e resisténcia ao fluconazol. Os dados
obtidos, sugerem fortemente que a viruléncia em C. neoformans é controlada pela

fosforilacdo (Selvan et al., 2014).

Analisando o fosfoproteoma de C. albicans, Willger e colaboradores (2015)
identificaram 2.896 proteinas fosforiladas. Semelhantemente a A. nidulans, 0s processos
bioldgicos de crescimento das hifas e polaridade do citoesqueleto foram os mais abundantes.
Quando avaliado somente as proteinas fosforiladas em tirosina, 0os processos de cinases,

ligadores ao DNA e transducdo de sinal foram os mais enriquecidos (Willger et al., 2015)

Quando se trata de estudos fosfoprotebmicos em fungos do complexo
Paracoccidioides, poucos estudos foram realizados. Em analise in silico do genoma
disponivel de Paracoccidioides spp., Fernandes e colaboradores (2005) evidenciaram as
principais vias de sinalizacdo em P. brasiliensis. Os dados sugerem a presenca de 5 cascatas
de sinalizagdo mediada por MAPK (do inglés mitogen-actived protein kinase). Essas
cascatas estdo envolvidas nos processos de controle da formacdo da parede celular, resposta

ao feromonio, integridade celular e controle da osmolaridade (Fernandes et al., 2005).

Recentemente, 0 mapa protedmico das proteinas fosforiladas durante o estresse
oxidativo foi realizado em P. brasiliensis. Chaves e colaboradores (2017) identificaram 230
proteinas (2.63% do proteoma total) com 440 sitios de fosforilacdo. Estas proteinas atuam
em diferentes vias de sinalizagdo para respostas ao estresse oxidativo. Os autores destacam

a identificagéo do via HOGL e da histidina cinase atuantes em resposta ao estresse oxidativo.

21



Caracterizacdo da proteina fungoglobina e fosfoproteoma durante o estresse hipdxico em Paracoccidioides spp.
Lucas Nojosa Oliveira

Estudos vem sendo desenvolvidos por nosso grupo de pesquisa com o objetivo de
caracterizar ~ proteinas que desempanham um papel chave na adapatacdo de
Paracoccidioides spp. aos mais diferentes estresses. Desta forma, o estudo diferecionado
para a caracterizagdo estrutural e bioquimico, bem como da sua funcao na biologia fungica
durante a infeccdo € de suma importancia. Além disso, trabalhos que revelam o perfil
protebmico em resposta ao desafios estressores vem sendo desenvolvidos. Em acréscimo,
estudos do fosfoproteoma de Paracoccidioides spp. durante a sua diferenciacdo dimorfica
(Araujo et al. em submissdo), entre suas espécies (Portis et al. em redacdo) e durante a
resposta ao estresse hipoxico (neste estudo) ampliam o arsenal de estudos sobre a biologia
de Paracoccidioides spp. Com estes trabalhos esperamos colaborar com o entendimento da

adaptacdo e sinalizacdo celular em Paracoccidioides spp. durante o estresse hipdxico.
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2. JUSTIFICATIVA

A paracoccidoidomicose é uma micose sistémica causada pelos agentes etiologicos
do género Paracoccidioides, sendo o Brasil o pais com maior numero de casos confirmados
da doenca. Esses fungos possuem uma fase saprobi6tica no solo e/ou fezes e outra parasitéria
em hospedeiros mamiferos. E claro que durante seu cilo de vida Paracoccidioides spp.
enfrenta privacdo de oxigénio, seja no solo ou durante a resposta do sistema imune do
hospedeiro. Fungos do género Paracoccidioides resistem ao estresse hipdxico modelando
rapidamente seu metabolismo de aerdbio para anaerdbio, fazendo dele um possivel micro-
organismo anaerobio facultativo. No entanto, o estudo de moléculas-chave no sensoriamento
dos niveis de oxigénio, da resposta metabdlica adaptativa e sua regulacdo por fosforilagdo
durante o estresse hipdxico de leveduras de Paracoccidioides spp. ainda necessitam de
melhores esclarecimentos. A identificacdo inicial dessas moléculas traz informaces
importantes sobre o ciclo de vida do fungo e sua adapatacdo durante a infec¢do. Deste modo,
essas proteinas possuem a possibilidade serem alvos para drogas terapéuticas fungo-

especificas, e futuramente serem utilizadas no tratamento e controle da doenca.
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3. OBJETIVOS

3.1.0bjetivo Geral

Identificar, caracterizar e comparar as proteinas e fosfoproteinas relacionadas ao
sensoriamento, regulacéo e resposta adaptativa em espécies do complexo Paracoccidioides,

na sua forma parasitaria, durante uma condicéo de estresse hipoxico.

3.2.0bjetivos Especificos

e Buscar o gene da fungoglobina nos genomas das espécies de Paracoccidioides spp.;

e Analisar a estrutura molecular da proteina fungoglobina através de modelagem

molecular;

e Verificar os niveis transcricionais e proteicos da fungoglobina durante a limitacéo de
0xigénio;

e Caracterizar a fungoglobina nativa;

e Identificar e quantificar proteinas e fosfoproteinas de P. brasiliensis durante o
estresse hipdxico;

e Auvaliar os perfil metabdlico de P. brasiliensis durante a limitacdo de oxigénio;

e Descrever o perfil fosfoprotedmico durante a adaptacéo de P. brasiliensis ao estresse
hipoxico;

e Realizar ensaios confirmatorios para a resposta deduzida pela analise protedmica.
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Abstract

The oxygen molecule is fundamental to the life of aerobic organisms. During
Paracoccidioides life cycle, the oxygen supplement is not always available in adequate
quantities. When in saprobiosis in the soil or during the host infection, reduced levels of
oxygen directly affect general metabolic processes and oxygen-sensing mechanisms play a
fundamental role in the survival of the fungus under those conditions. The strongest
hypothesis is that this mechanism of sensing oxygen levels in fungi is mediated by a haem-
protein, called fungoglobin. However, the characterization of the fungoglobin in
Paracoccidioides has not been performed thus far. Here we show the predicted structure of
the fungoglobin, as well as its levels during hypoxic-mimetic conditions. The fungoglobin
is present in members of all species of Paracoccidioides and its structure similar to
crystallographic templates. Molecular modeling revealed that the biochemical and
biophysical characteristics are maintained allowing binding of the haem-group and oxygen,
as well. Besides, fungoglobin is a possible drug target as predicted by PockDrug server. In
addition, during the in vitro hypoxic-mimetic environment the fungoglobin transcript and
proteins are overexpressed at the early treatment time, remaining elevated while there is
oxygen limitation, returning to its basal levels upon normoxia. Finally, in a lung infection
model, the transcript and the cognate protein are up regulated, suggesting its potential role

during infection.

Introduction

Fungi of the Paracoccidioides genus are responsible for a life-threatening infection
in humans, causing a systemic mycosis, paracoccidioidomycosis (PCM) *. The lung is the
gateway to infection. Conidia or mycelial propagules are inhaled. If the conidia or mycelial
propagules are not eliminated by the competent host’ immune system, they differentiate into
yeast cells establishing infection. Depending on the predisposition of the host, the fungal
infection may be limited to the lung or progress to a systemic mycosis 23. The disease is
limited to Latin America 4, and Brazil has the highest PCM indices °, with an estimated
occurrence of 3,500 new cases per year , being the fifth leading cause of death caused by

systemic mycosis ’.
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Oxygen (O2) is a molecule that, although toxic in large quantities, is elemental to
metabolic processes of aerobic respiration, and as substrate for biosynthesis of molecules
such as sterols, haem group, fatty acids and ascorbic acid . In healthy tissues, in the human
body, physioxia is considered to have O> concentrations ranging from 11% to >1%, and
oxygen levels <1%, described in tumors and wounds, are typically considered hypoxia 12,
It is known that oxygen supplement is reduced in decomposing organic material layers, as
well as in the mammalian lungs at the site of infection >4, In view of this, oxygen-sensing
mechanisms are used to activate complex systems of responses to the low levels of the O»-
molecule. In most human pathogenic fungi, the hypoxia sensitization occurs through Sterol
Responsive Element Binding Proteins - SREBPs % or by UPC2 transcription factor 2123,
both involved in the expression of hypoxic genes mainly related to lipid, ergosterol and haem
biosynthesis, ethanol production and to iron metabolism. Despite being considered
physiologically an obligate aerobe, fungi of the genus Paracoccidioides can face O»-
limitation in their ecological niche and in the host tissues 2?*. To survive in these
environments, metabolic and respiratory adaptations are required, and key proteins play an

important role in this response 2°.

Haem (protoporphyrin 1X) bound to the iron ion is the most abundant and widely
used prosthetic group for metalloporphyrins. The haem group is capable of transporting
electrons between proteins during respiration, iron storage, transport and O storing, as well
as acting as sensors during oxygen deprivation when bound to globin 2>%. Globins have the
ability to bind to haem and fungi possess flavohemoglobins and S-type globins 2.
Remarkably, fungi of the order Onygenales, such as Paracoccidioides spp., has only S-type
globins (sensor globins) limited to a single domain sensor globin 2°. Previously, a fungal
haem-protein has been studied as a sensor at low oxygen stresses, named fungoglobin
(FglA). FglA was characterized as an important growth regulator in Aspergillus fumigatus

and its transcriptional response occurs during the onset of hypoxic stress 28,

Studies related to hypoxia response are being performed in various fungi and the
results indicate that there is a rapid adaptation of these microorganisms to conditions of
hypoxia, severely altering metabolism, morphology, transcriptional activities and virulence.
The fungus Paracoccidioides lutzii also adapts to the conditions of low oxygen concentration
and its responses have recently been characterized by our group . During O,-limitation, at

first, there is a reduction in the glycolysis, TCA and mitochondrial electron transport.
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However, after 24 hours in a stressor environment, glycolysis and mitochondrial electron
transport are reestablished, and the gluconeogenesis, GABA shunt and beta-oxidation
pathways are increased. In contrast, proteins from the TCA cycle remain poorly expressed
20 In addition, the main regulator during hypoxia stress, SrbA, was first characterized in
Paracoccidioides and data revealed an important action in drug resistance and iron
metabolism 2°. However, several aspects of this adaptation should be better elucidated, such
as the characterization of others proteins involved in the sensing of low oxygen levels and
their importance in the establishment and persistence of infection. The general aim of this
work is to identify and characterize key elements in sensory and adaptive response to
hypoxia, in particular FglA, in members of the Paracoccidioides complex. Unprecedented,
this study was able to evidence by molecular dynamics the Paracoccidioides FglA structure,
as well as its levels of expression during the oxygen limitation. We believe that this molecule
may be important in the fungal adaptation to infection, and that it may be used as a target for
drugs.

Materials and Methods
Ethics statement and mice

This study was conducted in strict accordance with the ethical principles of animal
research adopted by the Brazilian Society of Laboratory Animal Science and a Brazilian
Federal Law 11.749 (October, 2008). The project was approved by institutional Ethics
Committee on Animal Use of the Universidade Federal de Goiés (reference number 089/17).
Male BALB/c mice, aged 6-8 weeks, were purchased from the Animal house of the Instituto
de Patologia Tropical e Saude Publica — UFG, and were kept in the Animal Facilities in
Laboratorio de Biologia Molecular of the Departamento de Bioquimica e Biologia

Molecular, Instituto de Ciéncias Bioldgicas, Universidade Federal de Goias.
In silico analysis

Nucleotide sequence of fglA was retrieved from Paracoccidioides sp. genome
available at National Center for  Biotechnology Information  database

(https://www.ncbi.nlm.nih.gov/assembly/?term=Paracoccidioides). In this database are
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available the genomes of all five Paracoccidioides species (P. lutzii - strain 01, P.
brasiliensis - strain 18, P. americana - strain 03, P. venezuelensis - strain 300, P.

restrepiensis - strain CNH). Globins sequences of the A. fumigatus A1163 database

(http://www.aspergillusgenome.org), Ajellomyces dermatitidis
(https://www.ncbi.nlm.nih.gov/assembly/?term=Ajellomyces%20dermatitidis) and
Coccidioides immitis

(https://www.ncbi.nlm.nih.gov/assembly/?term=Coccidioides%20immitis) were uploaded.

Online  algorithms  used to  predict proteins domains were InterPro

(https://www.ebi.ac.uk/interpro/; 2°). The WoLF PSORT (https://www.genscript.com/wolf-

psort.html; %) and TargetP 1.1 server http://www.cbs.dtu.dk/services/TargetP/;*!) was used
to determine the cellular localization. Nuclear and mitochondrial localization signals were
determined by NUCPred (https://nucpred.bioinfo.se/nucpred/; 3?) and MitoProt

(https://ihg.gsf.de/ihg/mitoprot.html; 3%), respectively. Peptide signal for export was predict
by SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/;*}). To predict of GPIl-anchor

predictions was used PredGPI (http://gpcr.biocomp.unibo.it/predgpi/pred.htm; %) and for
transmembrane domains was TMHMM 2.0 (http://www.cbs.dtu.dk/servicess/TMHMMY/; %).
Post-translational glycosylation sites were determined by NetNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc 4.0 Server
(http://www.cbs.dtu.dk/services/NetOGlyc/; 7). To determine the identity of the proteins

among species, the Basic Local Alignment Search Tool on NCBI site (BLAST -

https://blast.ncbi.nlm.nih.gov/Blast.cqi;*?) was employed.

Protein molecular modeling

A structural model of the putative fungoglobin of P. brasiliensis (GenBank accession
number XP_010756372.1) was obtained by in silico analysis. Amino acid sequence was
submitted to homology modeling in the I-Tasser server *>%°, In order to determined of the
architecture of FglA a template was search in the Protein Data Bank and the similarities was
evaluated by TM-score algorithm. The COFATOR “! and COACH “ algorithms were used
to predict functional regions and protein binding sites. For the structural analysis, the
PyMOL molecular visualization program (The PyMOL Molecular Graphics System,
Version 2.0 Schrédinger, LLC) was used.
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Molecular dynamics (MD) simulation was performed by GROMACS 5.1 software *3
using the AMBER force field (ff99SB-ILDM). For energy minimization, the limit of 1,000
kJ/mol was used. For the equilibrium of the thermodynamic variables of the system to a
simulation of 100 picoseconds of NVT and NPT, with the protein restricted in its positions
and the temperature was adjusted by the thermostat at 300 K (26.85°C), and the velocities
calculated from Maxwell equations “3. In the NPT simulation, where the volume is allowed
to vary, the pressure was maintained by the Parrinello-Rahman barostat 4. After these steps
the protein was subjected to the simulation of 100 nanoseconds, temperature of 300 K,
pressure of 1 atm and time interval of 2 fentoseconds, without restriction of the
conformation. The trajectory was analyzed by root mean square deviation (RMSD) and the
root mean square fluctuation (RMSF) through the gromos algorithm. RMSF is used to verify
the fluctuation of amino acid residues of the protein over time of the simulation. The
g_cluster program (GROMACS package) was used to determine the conformations that were
most present during the simulation, with cut-off of 0.5 nm to differentiate the conformational
sets based on the RMSD profile. With the cluster analysis, RMSD and RMSF we observed

the conformational profile of the protein throughout the simulation 4.

For the analysis of the quality of the generated models, we used the MolProbity server
from which we extracted the Ramachandran graphs, the general score of the molecule (score
molProbity) and the clashscore. With this server it was possible to compare the structure of
the protein before and after the MD *°. To analyze the pockets of the protein, we used the
PockDrug server that predicts binding sites and uses physicochemical descriptors to

determine the pocket most likely to be drugable 6.

Strains and culture conditions

Yeast cells of P. brasiliensis, strain 18 (ATCC 32069) and P. lutzii, strain 01 (ATCC
MY A-826) were used in this work. The cells were maintained in BHI solid medium added
of 4% (w/v) glucose for 5 days, at 36 °C. When required, strains were grown in liquid BHI
for 72 hours, at 36 °C. Hypoxia-mimetic conditions were performed as described in Lima
and collaborators 2. P. brasiliensis was submitted to normoxia/hypoxia and the cells were
collected in the time-interval of 5 min to 48 hours. For hypoxic conditions, a gas incubator
(Multi-Gas Incubator MCO-19M-UV, Panasonic Biomedical) was used. For these
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experiments the oxygen levels were maintained with the set point of 1% O, 5% CO. and
94% N; normoxic conditions were considered general atmospheric levels within the lab
(~21% O,). Depleted iron conditions were obtained according to Parente and contributors 4
with brief modifications. After grown in liquid BHI at 36 °C for 72 hours, P. brasiliensis
yeast cells were transferred to MMcM liquid medium containing 50 pM iron chelator
bathophenanthroline disulfonate (BPS) or 10 puM ammonium iron(ll) sulfate [Fe
(NH4)2(S04)2] for iron deprivation and control samples, respectively. To prevent protein
glycosylation, the fungal cells were cultured in BHI medium containing 50 uM OSMI-1
(Sigma Aldrich) under normoxia and hypoxia for 12 and 24 hour.

Gene sequencing

Genomic DNA extraction was performed according to standard procedures *, using
yeast cells of Paracoccidioides spp. Oligonucleotides were constructed according to the
complete deduced sequence of fglA gene (sequence of the primers shown in the topic:
Expression and Purification of Recombinant PbFglA). The gene was amplified by
polymerase chain reaction (PCR), using the genomic DNA as template. Specificity was
confirmed by visualization of a single PCR product on 1% agarose gel. Then 5 pL of the
PCR product was treated with 1 pL of the exonuclease I:shrimp alkaline phosphatase mix
(1:9) (GE Healthcare), and incubated at 37 °C for 90 min and subsequent incubation at 80
°C for 20 min. Thereafter, the sequencing reaction was performed with the BigDye™ reagent
(Applied Biosystem™) and the system was subjected to capillary electrophoresis in the
automated sequencer ABI 3100 Genetic Analyzer (Applied Biosystem™) and the results
were analyzed by the software Chromas Lite® 2.1.1 and Clustal X 2.1 *°.

Bronchoalveolar Samples

P. brasiliensis yeast cells recovered from bronchoalveolar lavage of infected mice
were obtained as standardized by Pigosso and collaborators *°. Male BALB/c mice were
infected with 10° cells in 100 uL of 0.9% (w/v) NaCl saline buffer, via intranasal. After 12

hours of infection, the cells were recovered by bronchoalveolar lavage and immediately used
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for RNA extraction as described below. Control RNA was obtained by incubation of Pb18
cells in liquid BHI medium at 37°C for 12 hours.

Quantitative PCR

P. brasiliensis yeast cells were harvested, and total RNA was extracted using TRIzol
(TRI reagent, Sigma Aldrich, St. Louis, MO, USA). Total RNA was treated with DNase
(RQ1 RNase-free DNase, Promega) followed by in vitro reverse transcription (SuperScript
Il First-Strand Synthesis Super Mix; Invitrogen, Life Technologies). cDNAs were
submitted to a quantitative real time-PCR assay (QPCR) with a SYBR Green PCR Master
Mix reagent (Applied Biosystems, Foster City, CA) in a StepOnePlus machine (Applied
Biosystems Inc.). Oligonucleotides were designed for the P. brasiliensis funglobin (PbfglA)
gene (PbfglA-F: 5’-CCATCAATGGCCGTACTATCA-3’; PbfglA-R: 5’-
GGCTCCATCTTCTTCGGTAAA-3’; GenBank accession number XP_010756372.1); and
P. brasiliensis alpha-tubulin (Pbtub-F: 5’-CCCACGAATCCAACTCTGTTAT-3’; Pbtub-
R: 5’-GGAGACAGGTTGCCATGTATT-3; GenBank accession number
XP_010763621.1) was used as endogenous control. The annealing temperature for all
oligonucleotides pairs was 62 °C and specificity was confirmed by visualization of a single
PCR product on a 1.2 % agarose gel. Relative expression levels of the genes were calculated
using the standard curve method for relative quantification °!. Standard curves were
generated by diluting the cDNA solution 1:5. Data were expressed as the mean and standard
deviation of the biological triplicates of independent experiments. Statistical analysis was
performed using the Student’s t-test and p-values <0.05 were considered statistically
significant.

Expression and purification of recombinant PbFglA

The empty pET-32a vector (Novagen, Madison, WI, USA) was used to construct the
pET-32a::PbfglA plasmid. Coding sequence of PbFgIA was amplified with the specific
primers PbFgIA-F (5’-CGGGATCCATGTCAGCCATCAATGG-3") and PbFgIA-R (5°-
GGCGGCCGCTCAATCCAACTCCGGCTTCTCT-3") and cloned into the BamHI-Notl
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site in the pET-32a vector (BamHI and Notl sites are underlined). Transformation of
Escherichia coli BL21 (DE3) was carried out using standard procedures. Freshly colonies
were picked and cultured in LB medium supplemented with ampicillin (100 mg/mL). For
protein expression, overnight cultured bacteria were first diluted 100-fold in fresh LB
medium plus ampicillin and cultured with agitation at 37 °C until O.Deoo ~0.6. Isopropyl p-
D-1-thiogalactopyranoside (IPTG; Sigma-Aldrich, St Louis, MO, USA) solution was then
added at final concentration of 0.5 mM to induce protein expression for the next 2 hours.
Bacteria were collected and soluble proteins were extracted by lysozyme incubation (500
ug/mL) for 2 hours followed by cells sonication. The solubilized material was recovered by
centrifugation at 8,000 x g, for 15 min. Bacterial overexpressed recombinant FglA (rPbFglA)
was purified using Ni2+NTA affinity chromatography (Sigma Aldrich). Protein
concentration was determined by the Bradford method °? and purity, size, and identity of
rPbFglA protein were evaluated using a 12% SDS-PAGE and in-gel protein digestion >
followed by LC-MS/MS 2,

Mice Immunization

We used the purified rPbFglA protein to generate specific anti-rPbFglA polyclonal
antibody in male BALB/c mice. Mice were immunized by subcutaneous injection of 10 pg
of protein (in 50uL of 1X PBS) with 50 pL of complete Freund’s adjuvant at first
administration. Subsequent injections were maintained the same sample proportions but was
used incomplete Freund’s adjuvant. Animal was boosted twice, at 1-weeks intervals, with
the same amount of antigen. One week after the last boost, the serum containing polyclonal
antibody to rPbFglA was aliquoted and stored at -20°C. Pre-immune serum was obtained.

Immunoblotting

Hypoxic and normoxic proteins extracts of P. brasiliensis or rPbFglA protein was
loaded (40 pg) on 12% SDS-PAGE. After gel separation, proteins were stained with
Coomassie Blue R or transferred to Hybond ECL membrane (GE Heathcare). Subsequently,

membranes were incubated with PBS solution, added of 10% (w/v) non-fat milk and 0.1%
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(v/v) Tween 20 (PBS-T) for 2h to block non-specific sites. After blocking, membranes were
incubated with anti-rPbFglA polyclonal antibodies diluted 1:150 in PBS-T for 2h.
Membranes were washed in PBS-T, followed by incubation with phosphatase-conjugated
secondary antibody (1:1,000), in dark at room temperature, for 1 h. Labelled detection was

carried out using 5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazolium (BCIP-NBT).

Results and Discussion
Identification of Paracoccidioides spp. fungoglobin

Globins are important haem-proteins able to bind Oz and thus play an important role
in aerobic organism, acting in the processes as respiration, oxidative energy production,
decomposition or production of NO, detoxification of reactive oxygen species or
intracellular signaling 4. Globins also operate as sensors of oxygen levels 2. In the human
pathogenic fungus A. fumigatus the fungoglobin (AfFglA) was identified as sensor of oxygen
and is directly linked to the adaptation to hypoxic stress, connected to fungal growth 22,
Several proteins play an important role in Paracoccidioides response upon hypoxia 2, but

the characterization of FglA protein was not yet establish in this genus.

Therefore, we sought to identify a putative globin-hypoxic responsive protein, FglA,
in fungi of the Paracoccidioides genus. The sequence of AfFglIA gene (GenBank accession
number AFUB_004020) was searched against the genomic databases of Paracoccidioides
spp. As result, it was possible to identify a homologous gene in P. brasiliensis - Pb18
(GenBank accession number XP_010756372.1), P. americana - Pa03 (GenBank accession
number EEH19835.1), P. venezuelensis - Pv300 (GenBank accession number
ODH38897.1), P. restrepiensis - PrCNH (GenBank accession number ODH50562.1), but
not in P. lutzii - P101 (FigurelA). Then, the deduced amino acid sequences and their domains
were characterized. The InterPro search reveals the presence of the protoglobin domains
(Pfam family number PF11563) in all analyzed species (Figure 1A). The protoglobin domain
consists of a single globin domain conserved in the ancestral Archaea °. It has been noted
that domains of the protoglobin family are part of the superfamily of haemoglobins and form

specific apolar tunnels that allow O, access, thus acting as an oxygen levels sensor >,
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Previous phylogenetic analysis of genomes of 165 species of fungi identified putative
globins, and revealed the presence of S-globin only in P. americana species 2°. Through
detailed analysis, we identified the sequence in four out five species of Paracoccidioides. It
is known that among Ascomycetes, Onygenales and Pezizomycetes do not have
flavohemoglobins. Rather, they present only Sensor-type globins 2°. By the discovery of the
presence of S-globins in P. brasiliensis, P. venezuelensis and P. restrepiensis, protein
phylogenetic relationships including these species was carried out with six Onygenales fungi
sequences [P. americana, P. brasiliensis, P. venezuelensis, P. restrepiensis, A. dermatitidis
and C. immitis] and a Eurotiales - A. fumigatus as outgroup (Figure 1B). These results
highlight the evolutionary similarities among Paracoccidioides species, as well as the

globins of fungi belonging to Onygenales order.

Subsequently, in order to verify the presence/absence of the fglA gene in P. lutzii,
oligonucleotides primers were constructed using the complete P. brasiliensis-fglA (PbfglA)
gene as template, and the PCR was performed with P. lutzii gDNA as template. As shown
in Figure 1C, the presence of the gene was inferred by the presence of a DNA fragment of
identical size in P. lutzii compared to P. brasiliensis (amplicon of 665 base pairs). Thereafter,
the PCR products were subjected to DNA sequencing. Analyzis of the electropherograms
(Figure 1D) and sequence alignment (Supplementary File 1) demonstrated that the gene is
identical between the Paracoccidioides species. Furthermore, the deduced P. lutzii amino
acid sequence possesses the same characteristics presents in the FglA of the other

Paracoccidioides species (Figure 1E).

To predict subcellular localization, the Paracoccidioides FgIA amino acid sequence
was submitted to several online algorithms, including TargetP, WoLF PSORT, MitoProt,
NucPred, TMHMM, PredGPI and SignalP algorithms, all set to default. Target P and WoLF
PSORT predicts PbFglA to be a cytoplasmic protein, hypothesis strengthened by the absence
of signal sequences for the mitochondria, nucleus, and for export, as well as GPI-anchor and
transmembrane domains (Supplementary Figure 1A - G). Together, these analyzes suggest

the Paracoccidioides FglA cytoplasmic localization.

Molecular model of PbFglA
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After the basic information was obtained, the PbFglA amino acid sequence was used
for all subsequent experiments. Initially we aimed to characterize the three-dimensional
structure of PbFglA. Interesting outcomes were predicted from the PDBID:50he crystal of
Anaeromyxobacter sp. Fw109-5 (Figure 2). Using the 5ohe as template we obtained a TM-
score of 0.71 (SD £ 0.12) for the generated structure of PbFglIA. According to the
COFACTOR and COACH algorithms, the modeled protein presented the haem group as the
main ligand (70% of confidence) in which was possible to identify the haem attachment site,
as shown in Figure 2A. Regarding the Gene Ontology (GO) classification, we obtained
information that PbFglA participates in the biological process of oxygen transport (GO:
0015671), with molecular functions such as haem binding (GO: 0020037), oxygen (GO:
0019825) and iron (GO: 0005506). The PbFglA model had as molecular function the binding
to haem and oxygen (88% of confidence), as biological process of oxygen transport (88% of
confidence) and 58% of probability of responsiveness to chemical stimuli, suggesting its

action as a sensor.

With the initial results using 5hoe crystal, the molecular dynamics was performed
with the purpose of correcting possible errors in the predicted structure. The Supplementary
Figure 2 evidences the quality of the molecular dynamic. Before of molecular dynamics, the
Ramachandram diagram (Supplementary Figure 2A) show with 81.2% of amino acid
residues are in favorable regions and 91.1% in allowed region. In contrast, in Supplementary
Figure 2B, after molecular dynamics, 92.5% of the residues meet in favorable regions and
98.6% in the allowed regions, substantially improving the prediction of the protein structure.
The Supplementary Figure 2C, shows the cluster graph, in which are evidenced the most
representative conformational groups at each time-step of the simulation, evidencing 3 main
clusters along the molecular dynamics. In Supplementary Figure 2D, the RMSD graph
showing the mean deviation of the initial time structure until the final time of the simulation,
disregarding the hydrogens. RMSF graphic (Supplementary Figure 2E) showing the residues
that were most flexible along the molecular dynamics (peaks in the graph) and highlights in
red in the Supplementary Figure 2F of the corresponding regions. In conclusion, the
molecular dynamics increased confidence in the prediction of the three-dimensional
structural of PbFglA.

The molecular dynamics allowed us to obtain an expected PbFglA structure as

evidenced in Figure 2A. In a detailed analysis of arrangements of amino acids, we can verify
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important similarities between 5hoe crystal and PbFglIA highlighting important
characteristics to the structure and its function. As show in figure 2B, PbFglA amino acid
residue HIS137 serve as an anchor for binding of the haem group, conserved in 5hoe crystal.
This data is supported by structural analyzes of the haemproteins available in the PDB
(Protein Data Bank), that revealed cysteine, histidine, phenylalanine, methionine and
tyrosine as the most frequent residues for the haem anchorage, additionally to the haem
binding to histidine being more frequent °” and the presence of histidine as an anchor is an
intrinsic feature of globins °%°°. In addition, the amino acid residues of the 5ohe crystal
VAL98 and ILE95 that correspond to the amino acids VAL133 and ILE136 of the
fungoglobin model assist in the stability of the molecule binding to Fe(ll), as represented in
the figure 2B. Onward, analysis showed the PbFgIA tyrosine residue TYRG60 that acts by
interacting with the oxygen molecule (Figure 2C). This residue is important because it allows
the uptake, stabilization and permanence of the oxygen connected to the haem molecule.
Mutation in this amino acid prevents oxygen uptake *>®°. Another important finding was
PbFglA ARG103, that similarly to 5ohe crystal LEU68, controls the entry and exit of haem

group within the globular protein structure (Figure 2D) .

For the purpose of verifying the possibility of this protein being targeted by drugs,
we searched for a possible region of drug addiction in the PbFglA using the algorithm
PockDrug server . As results, we find a pocket with high volume and high quantity of
amino acids (Figure 2E). This pocket is the one with the highest hydrophaobicity in the protein
and has a 70% chance of being drugable. As shown in the Figure 2E, this pocket (in green)
coincides with the site of attachment to the haem group (in blue). Screening of active drugs
in this pocket is the subject of further research study.

PbFglA recombinant and antibody production

For the purpose of production of the FglA recombinant protein (rPbFglA) and
polyclonal antibodies, the FglA was expressed in E. coli and the recombinant purified
proteins was injected on BALB/c mice for production of the anti-rPbFglA polyclonal
antibodies. The overproduction of the recombinant protein in bacteria and its purification
were carried out (Supplementary Figure 3A). Analysis of the MS/MS spectra confirms the
expression of PbFgIA protein (Supplementary File 2). rPbFglA was injected into BALB/c
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male mice for polyclonal antibodies production (Supplementary Figure 3B). In the initial
tests, we found that the molecular weight of native PbFgIA was higher than that of the
predicted protein. In this way, we search for post-translational modifications by online
algorithms. As predicted, the PbFglA have no N-glycosylation sites, but possess three O-
glycosylation sites (Supplementary Figure 4A and B). To verify the glycosylation effect on
the molecular mass of the native PbFglA, we cultured P. brasiliensis in an environment that
inhibits general protein O-glycosylation, using the OSMI-1 reagent. The minimum
inhibitory concentration demonstrated that there was no cellular toxicity when cultured with
OSMI-1 (data not shown). In this sense, immunoblotting outcomes confirm the O-
glycosylation and the predicted molecular size with or without glycosylation revealing
PbFglA protein fractions in the molecular sizes of approximately 60 and 25 kDa,

respectively (Supplementary Figure 5A and B).

O2 influences of PbfglA levels

The main regulator during hypoxia stress in fungi is the transcription factor SrbA
initially characterized in P. lutzii by Lima and collaborators 2°. The SrbA regulator promote
their function by binding to promoters of putative regulated genes in target sequences:
[A/G][C/T]C[A/G/T]..[CIT][C/T/G]A[C/T] &, [AIG]TCA[T/CI/G][C/G]CCAC[T/C] ® and
ATC[G/A][T/G][A/G][CIT][G/C]AT 2. Thus, such elements were sought in the promoter
of P. brasiliensis fglA and only the first sequence was found with five consensus sequences:
5’-ATCTCTTCAT-3’, 3°~ACCATCCCAT-5’, 3°>-ATCAGGCCAC-5’, 3’>-GTCTCCTCAT-
5’,  3’-ATCTCCTCAT-5" (Figure 3A). This analysis suggests the action of SrbA
transcription factor on fglA promoter. Interestingly, Hillman et al. (2014) found in A.
fumigatus that the overexpression of fglA transcript is independent of the presence of SrbA

28 indicating that the fglA may have different trigger-regulators for its induction.

To check the expression of the fglA under Oz-limitation, yeast cells of P. brasiliensis
were subjected to normoxic and hypoxic environment, and then the relative expression of
the fglA gene was performed by the quantitative real-time PCR. The RNAs were extracted
under conditions of normoxia and hypoxia during early and late times (30 min, 1 h, 1.5 h, 4
h, 6 h, 9 h and 12 h). As shown in Figure 3B, the results evidenced that PbfglA expression is
regulated by hypoxia after 1h of treatment and remains upregulated upon oxygen limitation.
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In A. fumigatus the transcriptional response of fglA occurs within the first 15 minutes of
hypoxic stress 28, This data suggests that Paracoccidioides spp. present a later response in

comparison to A. fumigatus.

Furthermore, the P. brasiliensis yeast cells were submitted to re-oxygenation
conditions. For this, the P. brasiliensis yeast cells were kept up to 4 hours under O-
limitation and after that, the environment was re-oxygenated by 4 hours. The control cells
were those submitted to normoxia along the experiment. As shown in Figure 3C, during the
absence of Oy, the PbfglA transcript are 1.5 to 2-fold induced (until 240 min). When cells
were re-oxygenated, this overexpression remains during the first 2 hours (2-fold, time point
360 min) when it returns to normal oxygen concentrations (~21% O), decreasing its
expression at levels similar to those found in normoxia. We expected this profile, assuming
that PbfglA acts as a sensor of oxygen levels, presenting themselves increased or decreased
expression according to the availability of this chemical element. Besides, similarly as seen
above the transcriptional responses of Paracoccidioides return more slowly, differentiating

from A. fumigatus which restores the transcription level of the fglA within 20 minutes 2.

In addition, the protein levels of FglA were analyzed by immuno-detection assay
using anti-rPbFglA polyclonal antibodies. As shown in Figure 3D, expression of FglA is
higher when in hypoxia at time points for 12, 24 and 48 hours. This indicates that
Paracoccidioides has effective response FglA-related with the increased of the protein
expression during oxygen deprivation. Together, all data suggest a relevant role of the FglA

in the response to hypoxia stress.

PbfglA is iron responsive

Haem/haemproteins may be a major connector between the availability of oxygen
and iron metabolism, because they contain iron and oxygen concomitantly. For the purpose
of verifying the relationship of PbfglA during iron deprivation we carried out in silico search
to promoter’s sequences, and quantitative real time PCR. Regarding to iron homeostasis the
main regulators in fungi are HapX ® and SreA 5 that regulate positively and negatively,
respectively, genes involved in uptake, transport and storage of iron. In search of consensus
regions in the FglA promoter for HapX (CCAAT) and SreA ([A/T/C]GATA[A/G])
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binding sites it was possible to verify four consensus sequences for HapX and two regions
for SreA (Figure 4A). This result evidences the possible activity of FglA in iron homeostasis.
Therefore, the next step was verifying the fglA transcript levels during iron deprivation. As
shown in Figure 4B, PbfglA was upregulated during the first 6 hours of iron withdrawal, and
decreasing its expression in later times. We believe that at later times, other mechanisms
specific for iron uptake are more active, such as by hemoglobin uptake ¢, siderophores ® or
the reductive pathway ®' already reported in the Paracoccidioides genus. In conclusion, we
consider FglA is only a mechanism of sensing or accessory for iron metabolism and is not

involved with iron uptake.

Expression levels of PbfglA is increased in the murine lung

Paracoccidioides can adapt to various stresses, such as oxidative %, nitrosative 7,
osmotic "1, deprivation of nutrients such as glucose "2, metals #"">7* and essential elements
such as oxygen 2°, and possibly, during infection in the human host, where it faces all these
injury simultaneously. In this sense, it reprograms the entire metabolism to survive this
powerful attack. Notably, in the lungs there is a decrease in oxygen levels when compared
to atmospheric levels °. Thus, we decided to verify whether fglA is induced in these hostile
surroundings. To evaluate the expression of fglA in an in vivo model, we infected male mice
BALB/c with P. brasiliensis viable yeast cells. After 12h of intranasal infection, we
performed bronchoalveolar lavage recovering the fungus. As shown in Figure 5, the level of
PbfglA transcript was increased when in contact with cells of the mice lung. It is known that
PCM only progresses after the establishment of infection in the lung, the organ initially
affected 3. In addition, inside the granuloma there is a decrease in the supply of oxygen,
depriving the microorganism of this element ** thus activating mechanisms of sensing and
adaptation to this stress. This result points to a role of the FglA in adaptation during the

fungus infection.

Conclusions

Decreasing oxygen to critical levels induces the Paracoccidioides spp. to establish

strategies for survival. In this work, we demonstrated that a fungoglobin of P. brasiliensis,
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PbFglA, is more prominently expressed upon hypoxia, suggesting that PbFglA acts as a

sensor of oxygen limitation. During murine pulmonary PCM its levels are up-regulated

denoting the pathogen adaptation in course of lung infection. In addition, the relationship

between PbFgIA and iron metabolism are initial understood. Although the significance of

this protein in oxygen-limitation was evidenced, its role in the fungal biology and PCM

disease progression has to be confirmed by genetically PbFglA deficient yeasts. Despite this,

our work characterize a new fungal-specific protein involved in adaptive response and offers

a new potential therapeutic target in PCM.
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Figure 1. Alignment and sequencing of the fglA gene. A) Sequences from
Paracoccidioides spp. (P. venezuelensis- Pv300 - ODH38897.1, P. brasiliensis - Pb18 -
XP_010756372.1, P. restrepiensis — PrCNH - ODH50562.1, P. americana - Pa03 -
EEH19835.1), A. dermatitidis - Ad - XP_002625170.1, C. immitis - Ci- XP_001244432.1
and A. fumigatus- Af - AFUB_00420 were used. The domains of protoglobin (Pfam family
number PF11563) are featured in light gray. “H” indicates a putative histidine residue of
haem binding. B) Phylogenetic tree using FgIA amino acid sequences of Paracoccidioides
spp., A. dermatitidis, C. immitis and A. fumigatus orthologues for comparison. C)
Amplification of the fglA in Paracoccidioides spp. from the genomic DNA. The
oligonucleotides resulting in a 665 base pair amplicon. The amplicon was visualized on 1.5%
agarose gel. bp: base pairs; L: ladder marker. D) Representative image of the
electropherogram of the fglA demonstrating the identity between the of Paracoccidioides
species. E) Diagram of the deduced FglA amino acid sequence from P. lutzii. The domains
of protoglobin (Pfam family number PF11563) are featured in light gray. “H” indicate a

putative histidine residue for haem binding.
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///

Figure 2. Modelling the predicted PbFglA. A) Paracoccidioides fungoglobin patterned by
homology (gray), with the haem group (green) and the oxygen atoms, O> (red) in the
probable binding site. B) Highlighting of the amino acid residues that are involved in the
interaction with the haem group. The HIS137 is the key residue in the interaction with the
iron of the haem group. C) Site of interaction of the haem group, with emphasis on the amino
acid TYR45 (50he) and TYR60 (PbFglA) responsible for the interaction with oxygen. D)
Amino acids LEU68 (50he) and ARG103 (PbFglA) control the entry and exit of the haem
group. E) Region with higher possibility of being linked to drugs (green).
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Figure 3. Fungoglobin expression in P. brasiliensis under hypoxia. A) SrbA consensus
regions in the PbfglA gene promoter. B) Kinetics of the transcript PbfglA expression during
hypoxia determined by gPCR. C) Kinetics of PbfglA expression during a re-oxygenation of
the environment determined by gPCR. D) Proteins levels of PbFglA during hypoxia
condition determined by immunoblot assay. The native PbFgIA protein show a molecular
mass of approximately 60 kDa. In all panels the Student 's t-test was used to determine the

level of significance, where "*" indicates differentially significant expression (P <0.01).
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Figure 4. Expression of fglA in P. brasiliensis upon iron deprivation. A) HapX (black
arrow) and SreA (gray arrow) consensus regions in the PbfglA gene promoter. B) Kinetics
of PbfglA expression during iron deprivation determined by gPCR. The Student 's t-test was
used to determine the level of significance, where "*" indicates differentially significant

expression (P <0.01).

51



Caracterizacdo da proteina fungoglobina e fosfoproteoma durante o estresse hipoxico em Paracoccidioides spp.
Lucas Nojosa Oliveira

1.5 = _
Normoxia
" Hypoxia
T Lung

c
(]
‘n 1.0-
(7))
2
o
x
m -.-
Q .I.I.I:I:I
.2 NN NN
5 ]
-as 05' ]
(14

0.0 T

12

Time (hours)

Figure 5. Expression of fglA in P. brasiliensis yeast cells recovered from lung of infected
mice. The PbfglA expression during mice pulmonary infection was determined by gPCR.
The Student 's t-test was used to determine the level of significance, where "*" indicates

differentially significant expression (P < 0.01).
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Supplementary Figure 1. Prediction analysis of PbFglA subcellular localization. The
amino acid sequence of PbFgIA protein was used for analysis. A) Prediction of subcellular
localization by TargetP 1.1. shows protein lenth (Len), mitochondrial target peptide (mTP),
secretory pathway (SP), localization (Loc) and reliability class (RC). B) WoLF PSORT
subcellular localization predictions shows score cytoplasm (cyto), cytoplasm and nuclear
dual localization (cyto_nucl), nucleus (nucl) and peroxisome (pero). C) Mitochondrial
localization signal probability. D) Nuclear localization signal sequence. E)
Glycosylphosphatidylinositol anchor predictions. F) Transmembrane domains predictions.

G) Prediction of signal peptide for export.
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Supplementary Figure 2. Molecular dynamics data. A) Ramachandram diagram before
molecular dynamics showing the distribution of amino acids. B) Ramachandram diagram
after molecular dynamics showing the distribution of amino acids. C) Cluster chart presents
the most representative conformational groups at each time step of the simulation. D) RMSD
graph showing the mean deviation of the initial time structure until the final time of the
simulation. E) RMSF graph showing the residues that were more flexible along the

molecular dynamics. F) Three-dimensional structure of FglA showing the most flexible
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Supplementary Figure 3. Analysis of the expression and purification of rPbFglA, and
production of anti-rPbFglA polyclonal antibody. A) SDS-PAGE results of rPbFglA
expression by E. coli BL21 (DE3) and purified rPbFglA by affinity chromatography. MW:
molecular weight marker; Lanes: 1, cell-free extract; 2, flowthrough; 3-6, wash fractions; 7,
eluted fraction using a 400 mM of imidazole. The purified protein has a molecular mass of
approximately 46 kDa. B) Immunoblot analysis of anti-rPbFglA polyclonal serum.
Membranes containing total proteins of BL21 cells after solubilization were incubated with
pre-immune serum or anti-rPbFglA polyclonal antibody. The recombinant FglA protein
show a molecular mass of approximately 46 kDa. Membrane containing total proteins of P.
brasiliensis, Pb18, upon hypoxia for 12 h (Pb_hyp) was incubated with anti-rPbFglA
polyclonal antibody. The native PbFglA protein show a molecular mass of approximately
60 kDa.
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Supplementary Figure 4. In silico analysis of glycosylation post-translational

modification. A) N-glycosylation sites predictions. B) O-glycosylation sites predictions.
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Supplementary Figure 5. Analysis of the effect of O-glycosylation on molecular weight
of native PbFglA protein. A) Immunoblotting analysis of anti-rPbFglA polyclonal serum.
Membranes containing total extracts cultured in BHI for 12h with a glycosylated native
PbFglA. B) Immunoblotting analysis of anti-rPbFglA polyclonal serum. Membranes
containing total extracts cultured in BHI plus OSMI-1 glycosylated inhibitor for 12 h. The

non-glycosylated native PbFgIA is evidenced. N: normoxia; H: hypoxia.
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CLUSTAL 2.1 multiple sequence alignment
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ATGTCAGCCATCAATGGCCGTACTATCACCCACATCGATGAGGACTCCCTCACAGACCTC
———————————————————— AGGTAATTCACACATCGATGAGGACTCTCTCACAGACCTC
——————————————————————— TCGTTAGGCCCTCGATGAGGACTCTCTCACAGACCTC

* * kkkkkkkkkkkkk khkkkkkkkkkkk

AAATCACGCATTGCCTATGCTAAATCTTTCTTACAATTTACCGAAGAAGATGGAGCCCTT
AAATCACGCATTGCCTATGCTAAATCTTTCTTACAATTTACCGAAGAAGATGGAGCCCTT
AAATCACGCATTGCCTATGCTAAATCTTTCTTACAATTTACCGAAGAAGATGGAGCCCTT

ER R R R R R

ATCCAATCAGCCAAGGACATAGTTGCACCCGCTGTCCCTGCCATCCTAGAAGCAGTCTAC
ATCCAATCAGCCAAGGACATAGTTGCACCCGCTGTCCCTGCCATCCTAGAAGCAGTCTAC
ATCCAATCAGCCAAGGACATAGTTGCACCCGCTGTCCCTGCCATCCTAGAAGCAGTCTAC

ER R R R R R

ACCAAACTCCTTTCCTACGATATCACCGCCAAATCTTTTGTGCCCCGCCAACCGGAGCAG
ACCAAACTCCTTTCCTACGATATCACCGCCAAATCTTTTGTGCCCCGCCAACCGGAGCAG
ACCAAACTCCTTTCCTACGATATCACCGCCAAATCTTTTGTGCCCCGCCAACCGGAGCAG

B R R R R R R R R R R R R I e I I e S I S S

GCTGCTACGGAACCCGCTGAAGCCTCCATCTCCGAGCTCTCCCTTGATCACCCAAATATC
GCTGCTACGGAACCCGCTGAAGCCTCCATCTCCGAGCTCTCCCTTGATCACCCAAATATC
GCTGCTACGGAACCCGCTGAAGCCTCCATCTCCGAGCTCTCCCTTGATCACCCAAATATC
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GTTCACCGCAAGGACTTCCTCAAAAACTACCTGGTTAGACTAGTCAGCAACAAGAACTGG
GTTCACCGCAAGGACTTCCTCAAAAACTACCTGGTTAGACTAGTCAGCAACAAGAACTGG
GTTCACCGCAAGGACTTCCTCAAAAACTACCTGGTTAGACTAGTCAGCAACAAGAACTGG
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GCCGATGACAGCCCCTTCTGGGATTATCTAGATAAAGTTAGCGTCATTCACACTGGCAAG
GCCGATGACAGCCCCTTCTGGGATTATCTAGATAAAGTTAGCGTCATTCACACTGGCAAG
GCCGATGACAGCCCCTTCTGGGATTATCTAGATAAAGTTAGCGTCATTCACACTGGCAAG

R R R R R R R R R R R I e e I e S S S S

GCCGGTTTCAAGCACCGAGAAAAGAGACCCAAGCTCCGTGTCGAGTTAATGCATATGTCG
GCCGGTTTCAAGCACCGAGAAAAGAGACCCAAGCTCCGTGTCGAGTTAATGCATATGTCG
GCCGGTTTCAAGCACCGAGAAAAGAGACCCAAGCTCCGTGTCGAGTTAATGCATATGTCG

R R R R R R I S I S S S S S

CTGCTGCTAGGGTTTGTGGAAGATCTGATGCTCAAAACTACATTGGCGGCTGATGGCCTG
CTGCTGCTAGGGTTTGTGGAAGATCTGATGCTCAAAACTACATTGGCGGCTGATGGCCTG
CTGCTGCTAGGGTTTGTGGAAGATCTGATGCTCAAAACTACATTGGCGGCTGATGGCCTG
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GATCTCCGGACTAAGACGAGCGTTCTCGCTGCGTTTAATAAGCTGATGTGGATCCAGAAT
GATCTCCGGACTAAGACGAGCGTTCTCGCTGCGTTTAATAAGCTGATGTGGATCCAGAAT
GATCTCCGGACTAAGACGAGCGTTCTCGCTGCGTTTAATAAGCTGATGTGGATCCAGAAT
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3PABG_02094 (EEH19835.1): sequence of Pa03-fglA gene available from the genomic library;
bSeq_Pb18 sequence of Pb18-fglA gene sequenced in this study; °Seq_P101: identification of the PI01-

fglA gene sequenced in this study. “*” indicates an identical nucleotide in the three sequences.
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Supplementary File 2

Figure 1. MS/MS spectrum of rFglA identification by mass spectrometry.
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Table 1: Identification of rPbFgIA by mass spectrometry.
. Protein .
ID Description L?;g; h Mass Psrgéﬁén Seq(OC/:)ver N;en;i)ig;:f Peptide Sequence Pseg)élrcée
TITHIDEDSLTDLK 71824.29
NWADDSPFWDYLDK 75182.01
QPEQAATEPAEASISELSLDHPNIVHR | 109151.3
DIVAPAVPAILEAVYTK 59927.38
SFLQFTEEDGALIQSAK 81214.92
TSVLAAFNK 9147.442
LLSYDITAK 15054.25
PADG_00496/ hvoothetical TTLAADGLDLR 6444.653
XP_010756372. ypothe’ 216 24355,0635 36452,87 66,05 16 QPEQAATEPAEASISELSLDHPNIVHR
1 protein K 144.9853
LMWIQNDLFLR 5315.528
HYVAEKPELD 8153.629
TITHIDEDSLTDLKSR 150.0182
LMWIQNDLFLR 9666.843
LAAFNK 205.9834
EKPELD 126.1243
TTLAADGLD 187.5786
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Abstract

When in saprobiosis or during host infection members of the Paracoccidioides
complex face decreased oxygen levels. The oxygen limitation induces Paracoccidioides
lutzii to reprogram the central metabolism by shifting the production of electrons by the TCA
to the GABA shunt pathway to obtain energy through oxidative phosphorylation. In
Paracoccidioides brasiliensis, subject of the present work, the response to hypoxia has not
been investigated and the regulation of the adaptive process is still unknown. Here we show
the P. brasiliensis adaptation at the protein and phosphoprotein levels during hypoxia. This
approach allowed identification of 232 proteins and 27 phosphoproteins differentially
expressed under hypoxia. These results revealed that the methylcitrate cycle is fed by
propionyl-CoA from beta-oxidation and oxaloacetate derived amino acids degradation/TCA.
The pyruvate formed is directed to alcoholic fermentation. In addition, P. brasiliensis yeast
cells regulated phosphoproteins are related to the biological processes of cell cycle and
transcription. This work contributes to the understanding of the adaptive mechanisms of P.

brasiliensis under hypoxia and its putative regulation by phosphorylation.

Introduction

It is believed that thousands of people are infected by Paracoccidioides spp. These
fungi are responsible for a neglected systemic mycosis, called Paracoccidioidomycosis
(PCM) . This disease is endemic in Latin America, and around 80% of the patients acquire
PCM in Brazil 2, representing approximately 49% of hospital admissions among all mycoses
% and accounting for 51% of deaths due to fungal infections *. For the establishment of
infection several molecular mechanisms are engineered by the fungus in an attempt to evade
the potent defense arsenal of the host's immune system °. Yeast cells from Paracoccidioides
spp. can survive the stresses imposed by the host for years © developing a chronic disease in
the majority (74-96%) of the patients ’.

In the course of the infection in the mammalian host, pathogenic fungi find an
environment with reduced oxygen tension, in which they trigger numerous metabolic
adaptations, mainly related to energy, guaranteeing their survival 8. In order to clarify how
those adaptations occur, transcriptomic and proteomic data in response to oxygen limitation

are being obtained in several species of fungi. In summary, the results show a radical change
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in energy production, besides relevant changes in morphology, virulence and susceptibility
to drugs ®°. In Paracoccidioides lutzii, PI01, responses to hypoxic stress evidenced an
intense modulation in several metabolic pathways. At first (12h), there is a reduction in the
protein levels of central energy pathways, such as glycolysis, TCA and mitochondrial
electron transport °. However, after 24 hours in a stressor environment, glycolysis and
mitochondrial electron transport are reestablished, and gluconeogenesis, GABA shunt and

beta-oxidation pathways are increased °.

It is known that the reduction of metabolic rate during hypoxia may directly influence
protein phosphorylation owing to the lack of high energy phosphate . Protein
phosphorylation is one of the most important post-translational phenomena, functioning as
a key role in signal transduction. It is known that protein phosphorylation is involved in
several important biochemical events, which ensure cell cycle maintenance, cell adhesion,
survival, proliferation and differentiation 1”2, In eukaryotes, phosphorylation occurs mainly
in residues of serine (Ser), threonine (Thr), tyrosine (Tyr) and histidine (His) 2422,

Previous work has shown some aspects of phosphorylation in the Paracoccidioides
genus. In this respect, in silico analysis of the available genome of Paracoccidioides spp.
revealed the presence of five cascades of mitogen-activated protein kinase (MAPK)
signaling 2. The MAPK pathways, for example, can control many important processes,
including filamentation, mating, biofilm formation, and stress resistance, through
phosphorylation/dephosphorylation cycles 24, Sestari et al. (2018) evidenced that, when
protein kinase A (PKA) is inhibited, the natural dimorphism of P. lutzii is prevented
suggesting its importance in establishing infection 2. Also, phosphorylation is the main
regulatory mechanism that controls the activity of P. brasiliensis isocitrate lyase (PbICL)
which is essential for fungal metabolism in non-preferential carbon sources such as acetate
and/or fatty acids 6. Recently, the proteomic map of phosphorylated proteins during
oxidative stress was obtained for P. brasiliensis and was possible to identify 230
phosphoproteins acting in different signaling pathways for the elimination of reactive

oxygen species (ROS) and the responses to oxidative stress .

It is clear that different species of fungi when submitted to hypoxia undergo cellular
modifications that are determinant for their survival ®>282% Nonetheless, hypoxia-induced

phosphoproteins are poorly understood. Since there is no information about how protein
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phosphorylation acts in the response to hypoxia, we set out to provide an initial overview of
phosphoprotein  profile during this stress. The association of proteomic and
phosphoproteomic data in hypoxia revealed that P. brasiliensis reprograms its energy
metabolism, obtaining energy primarily through alcoholic fermentation. Also, remodeling
of membrane and cell wall was observed, and maintaining the general cell functions of the
cell cycle stacked. Our results highlight the hypoxia-responsive events in P. brasiliensis.

Experimental procedures
Growth conditions

P. brasiliensis, strain 18 (ATCC 32069) was used in all experiments. The yeast cells
were cultivated for 5 days, at 36 °C in BHI solid medium plus 4% (w/v) glucose. Strains
were grown in BHI liquid medium at 36 °C. Normoxic conditions were considered
atmospheric levels within the lab (~21% O2). For hypoxic levels a chamber multi-gas
controlled (Multi-Gas Incubator MCO-19M-UV, Panasonic Biomedical) was kept at gas
mixture containing 1% O, 5% CO, and 94% N°.

Protein extraction

Yeast cells cultivated under normoxia and hypoxia were harvested at time-point of
12 hours. For each experimental condition, biological triplicates were obtained. The protein
extraction was performed as described by Villén and collaborators °. Briefly, the cells were
re-suspended in cold Extraction buffer (8 M urea, 75 mM NaCl, 50 mM Tris, pH 8.2, 50 mM
B-glycerophosphate, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate and 1 mM
PMSF). After, the cells were disrupted by vigorous mixing with glass beads, processed on
ice in a beadbeater apparatus for four cycles of 90 s, in maximum speed. Then, lysates were
centrifuged at 15,000 x g for 15 min at 4 °C until no pellet formation and the supernatant
was recovered. Proteins concentrations were estimated using a Qubit™ protein assay kit

according to the manufactory’s instruction (Invitrogen).

In-solution protein digestion
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Estimated 150 pg of the protein extract of each condition/replicate was prepared for
trypsin digestion as described in Queiroz and collaborators 3! with slight modifications. Ice-
cold acetone was added to the protein suspension and the mixture was vortexed and
incubated overnight at -20 °C. After, the samples were centrifuged at 20,000 x g for 15 min
at 4 °C and re-suspended in 8 M urea in 0.05 M triethylammonium bicarbonate - TEAB, pH
7.9. Next, proteins were reduced with 0.005 M DTT for 25 min at 55 °C and alkylated with
0.014 M iodoacetamide for 40 min at room temperature in dark. Samples were diluted 5-
fold with 0.001 M CaCl2 in 0.025 M TEAB, pH 7.9. Modified trypsin (Promega, Madison,
WI, USA) was added in 1:50 (w/w) substrate ratio. The samples were incubated overnight
at 37 °C. The peptide samples were acidified with 0.1% (v/v) TFA and desalted on
homemade C18 microcolumns in p200 low-binding tips. Thereafter, all samples were dried

in speed vacuum.

Isobaric tag labeling

The peptide mixtures were labeled with iTRAQ (Sciex) according to manufacturer’s
procedures. Fifty micrograms of the desalted and dried peptides were resuspended in 17 pL
of 300 mM TEAB and added to iTRAQ label resuspended in ethanol. The samples were
incubated for 2 hours at room temperature. Equimolar amounts of iTRAQ label were mixed
in all samples (normoxia labeled with 114; hypoxia with 117).

Phosphopeptide enrichment

In order to enrich phosphopeptides, a part of digested peptides was applied a metal
oxide chromatography with TiO2 phosphoaffinity beads. Briefly, iTRAQ-labeled
multiplexed samples were re-suspended in solution of 1 M glycolic acid in 80% (v/v)
acetonitrile/5% (v/v) TFA, added 0.6 mg of TiO. beads per 100 pg of peptides. The
suspension was subjected to shaking (200 rpm) for 20 min, and collected by centrifugation.
To the supernatant was added 0.3 mg of TiO2 beads per 100 pg of peptides and the mixture
was subjected to shaking for 20 min; the round was repeated once. The TiO2 beads from the

three incubations were pooled and washed first with 80% (v/v) acetonitrile/1% (v/v) TFA,
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and then 10% (v/v) acetonitrile/1% (v/v) TFA to remove non-specific binding. After natural
dried, was added to the TiO, beads solution of 1.5% (w/v) NH4OH, pH 11.5 and the mixture

was dried in speed vacuum and re-suspended in 1% (v/v) formic acid prior to LC-MS/MS.

LC-MS/MS

ITRAQ labelled peptides were analyzed with three technical repetitions each and
separated using a nano-UHPLC Dionex Ultimate 3000 (Thermo Fisher Scientific) coupled
with an Orbitrap Elite™ Hybrid Ion Trap-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific). Each fraction was loaded onto a pre-column (110 pum x 200 nm) packed in-house
with C18 ResiproSilPur of 5 pum with 120 A pores (Dr. Maisch GmbH, Ammerbuch,
Germany). Second chromatography was carried out in column (75 um x 35 nm) packed in-
house with C18 ResiproSilPur of 3 um with 120 A pores (Dr. Maisch GmbH, Ammerbuch,
Germany) and eluted using a gradient from 100% solvent A [0.1% (v/v) formic acid] to 26%
solvent B [0.1% (v/v) formic acid, 95% (v/v) acetonitrile] for 180 min, followed from 26%
to 100% solvent B for 5 min and 100% solvent B for 8 min (a total of 193 min at 200
nL/min). After each run, the column was washed with 90% solvent B and re-equilibrated
with solvent A. Mass spectra were acquired in positive ion mode applying data-dependent
automatic survey MS scan and tandem mass spectra (MS/MS) acquisition modes. Each MS
scan in the Orbitrap analyzer (mass range = m/z 350-1800, resolution = 120,000) was
followed by MS/MS of the fifteen most intense ions in the LTQ. Fragmentation in the LTQ
was performed by high-energy collision-induced dissociation (HCD), and selected

sequenced ions sequences were dynamically excluded every 15 s.

MS/MS spectra process

Raw data processing was performed using Proteome Discoverer v.1.3 beta (Thermo
Scientific). The Raw files were submitted to a database search using Proteome Discoverer
with Mascot v.2.3 algorithm against the P. brasiliensis database, downloaded using the
Database on Demand tool in UniProt/SWISS-PROT (http://www.uniprot.org/) and NCBI

(www.nchi.nlm.nih.gov/genome/?term=Paracoccidioides) database. The searches were
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performed with the following parameters: MS accuracy - 10 ppm; MS/MS accuracy - 0.05
Da; two missed cleavage sites allowed; carbamidomethylation of cysteine as a fixed
modification; and oxidation of methionine, N-terminal iTRAQ tagging, phosphorylation of
S, T, and Y residues, and protein N-terminal acetylation as variable modifications. The
numbers of proteins, protein groups, and peptides were filtered for false discovery rates less
than 1%. A minimum of two peptides per protein was accepted for identification using
Proteome Discoverer. The identification lists from technical repetitions were merged, and
repeated protein groups were removed. Phosphopeptide identifications with phosphorylation

site probability scores less than 75% were removed, as suggested by the software developer.

Data analysis

The data consisted of three replicates containing global proteome and phospho-
enriched fractions. To increase the reliability, we applied the following criteria: i) proteins
identified with at least 1 unique peptide, ii) with high or medium FDR and, iii) in at least 2
of 3 replicates. The intensity values of each iTRAQ-labeled were log-transformed and
applied unpaired Student’s t-test. Statistical difference was set at p-value < 0.05 and

significant difference was set at p-value < 0.01 2.

Functional categories were determined by search in Blast2GO platform
(http://www.blast2go.com/b2ghome),  Pedant on  MIPS-Functional  Catalogue

(http://pedant.helmholtz-muenchen.de/) and KEGG database

(http://www.genome.jp/kega/). Sequence annotation was assessed using a BlastP algorithm

(http://blast.ncbi.nlm.-nih.gov/Blast.cgi). Finally, consensus motifs were determined using

online algorithm Motif-X (http://motif-x.med.harvard.edu/; **) with build of 13 amino acids

centered on phosphorylation site. All algorithms are used in default parameters.

Labelling procedures

P. brasiliensis yeast cells cultivated under normoxia and hypoxia were collected at
density of 10° cells and incubated with 400 uM of MitoTracker Green FM (Sigma-Aldrich),
or 1.2 uM of Rhodamine 123 (Sigma-Aldrich) for 30 min at 36°C in order to evaluate
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mitochondrial integrity and functionality, respectively. Glucan levels were measured by
dying with 100% (v/v) of Aniline Blue (AB, Sigma-Aldrich) for 5 min at room temperature
under stirring. Levels of chitin were assessed after dying with 100 pg/mL of Calcofluor
White (CFW, Sigma-Aldrich) for 15 min at room temperature. After dye incubation, the
samples were washed twice with PBS 1X and the stained suspension was observed using
Axio-Scope Al Microscope (Carl Zeiss AG, Germany). The minimum of 50 cells for each
microscope slides, in triplicates, were assessed to measure of the fluorescence intensity (in
pixels) through the AxioVision Software (Carl Zeiss AG, Germany), and Student’s t-test p-

values < 0.01 were considered statistically significant.

Enzymatic activities

Cytochrome C Oxidase: to determine the cytochrome c¢ oxidase (CCO) activity, we
used the Cytochrome C Oxidase Assay Kit (Sigma Aldrich — CYTOCOX1) as determined
by the manufacturer. The CCO activity was evaluated by a colorimetric assay based on
observation of the decrease in absorbance of Ferrocytochrome C at 550 nm caused by its
oxidation to Ferricytichrome C by CCO. Triplicates were obtained for each condition. The

results were considered statistically significant at p-values < 0.01 by Student’s t-test.

Methylcitrate synthase: the methylcitrate synthase activity was measure as described
previously **. The reaction mix contained 50 mM Tris/HCI, pH 8.0; 1 mM DTNB [5,5’-
dithiobis-(2-nitrobenzoic acid), Sigma]; 0.2 mM propionyl-CoA (Sigma) and cell-free
extracts of normoxia and hypoxia, in a final volume of 1 mL. The reaction was started by
the addition on 1 mM oxaloacetate and monitored at 412 nm. One unit of enzyme activity
was defined as the amount of enzyme producing 1 pmol CoASH/min/ug de protein. The

results were considered statistically significant at p-values < 0.01 by Student’s t-test.

Biochemical tests

Ethanol: the concentration of intracellular ethanol was measured by the enzymatic
detection kit as described in manufacturer’s instructions (Ethanol UV-method, R-Biopharm,

Darmstadt, Germany). This assay measures the amount of NADH released after the
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oxidation of ethanol to acetaldehyde followed by oxidation of acetaldehyde to acetic acid.
For proper this, 108 P. brasiliensis yeast cells were recovered after normoxic and hypoxic
incubation and prepared as described in manufacturer’s instructions. Triplicates were
obtained for each condition. The results were considered statistically significant at p-values
<0.01 by Student’s t-test.

Reduced thiol: free thiol levels were determined using Ellman’s reagent, 5, 5’-dithio-
bis-(2-nitrobenzoic acid) (DTNB - Sigma Aldrich). A total of 108 P. brasiliensis yeast cells
were obtained after normoxic and hypoxic incubation and lysed as described by Pigosso et.
al. (2017). After centrifugation, 100 mL of the supernatant was added to 100 mL of 500 mM
phosphate buffer, pH 7.5, followed by the addition of 20 ml of 1 mM DTNB. Absorbance
was measured at 412 nm using a plate reader. Triplicates were obtained for each condition.

The results were considered statistically significant at p-values < 0.01 by Student’s t-test.

Immunoblotting

Denatured proteins (40 pg) were loaded on 12% SDS-PAGE and after gel
electrophoresis, proteins were stained with Coomassie Blue R or transferred to Hybond ECL
membrane (GE Heathcare). Thereafter, membranes were incubated with PBS solution,
added of 10% (w/v) non-fat milk and 0.1% (v/v) Tween 20 (PBS-T) for 2h to block non-
specific sites. After blocking, membranes were incubated with anti-phosphoSer/Thr
(1:1,000; Sigma-Aldrich) and anti-phosphoTyr (1:500; Sigma-Aldrich) polyclonal antibody
for 2h. Membranes were washed in PBS-T, followed by incubation with peroxidase
conjugated secondary antibody (1:1,000; GE Healthcare), at dark at room temperature, for 1
h. Labelled slots detection was performed using the ECL reagent (GE Healthcare) following

a detection Film (Lumi-Film Chemiluminescent, Roche Diagnostics Germany).

Results and Discussion

Overview of metabolic pathways regulated in P. brasiliensis
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Proteomic approaches have been largely used in Paracoccidioides genus to highlight
metabolic changes in stressors conditions 272°-%7, in nutrients depletion ®*-42 and in infection
models 344, It is clear that oxygen-limitation modulates the proteomic response in P. lutzii,
PI01 ° allowing its survival. In this sense, we aimed to characterize the response of P.
brasiliensis (Pb18) during hypoxia. For that we obtained the total extract of yeast cells
during normoxia (atmospheric tensions) and hypoxia (1% O) at the 12 hours’ time-Set. First,
protein extracts were evaluated on SDS-PAGE. The result shows the high quality of the
protein extraction (Supplementary Figure 1). Then, in-solution trypsin digested followed by
ITRAQ-labeling peptides was analyzed by liquid chromatography in tandem mass
spectrometry (LC-MS/MS). Data revealed 5,997 identified peptides, resulting in 1,190
protein hits containing 5,643 unique peptides. Next, the Student’s t-test at p-value < 0.01
was used as a threshold to determine the differentially proteins, as described in Yao and co-
workers 2. As result, Ph18 presented a total of 76 and 156 significant increased and

decreased proteins, respectively, under hypoxia compared with normoxia (control).

Several biological processes were altered as shown in Tables S1 and S2, and
Supplementary Figure 2. Proteins with increased or decreased expression during hypoxic
stress were categorized according to the Blast2GO platform, Functional Catalogue
(FunCat2) and KEEG database. As summarized in Supplementary Figure 2A, proteins
involved with metabolism (25%) and energy (24%) categories were more representative as
up than down regulated. The energy subcategories such as glycolysis/gluconeogenesis,
trycarboxylic acid pathway (TCA), methylcytrate cycle (MCC), fermentation and specific
enzymes from energy conservation were up regulated (Table S1). In contrary, only the
pentose-phosphate pathway and other enzymes involved with energy conservation were
depicted as down regulated in Pb18 under hypoxia stress (Table S2). Importantly, proteins
belonging to cell cycle, transcription, translation, protein fate/degradation and cellular
transport were represented much more by down than up regulated proteins, indicating that
core cellular processes were directly decreased by hypoxia in Pb18 (Supplementary Figure
2B). Interestingly, proteins involved with protein synthesis have expressive up and down
regulated amounts (Supplementary Figure 2B). A group of proteins involved in cellular
communication process was only negatively regulated (Supplementary Figure 2B, Table
S2).

Energy and metabolism were the main regulated protein clusters
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Hypoxic stress in P. brasiliensis, Pb18, provoked a relevant remodeling of energy
metabolism. Concerning carbohydrate metabolism, stress induces a specific protein related
to gluconeogenesis upon 12 h of hypoxia (Figure 1, Table S1). The enzyme
phosphoenolpyruvate carboxykinase (PADG_08503) participates only in gluconeogenesis.
In cytoplasm, it catalyzes the conversion of oxaloacetate to phosphoenolpyruvate “°,
essential in gluconeogenesis. As down regulated, the 6-phosphogluconolactonase enzyme
(PADG_07771) from pentose phosphate shunt, reinforces the idea of the carbon flux flowing
to glucose production (Table S2, Figure 1). We suggest that the produced glucose can be

directed to form cell wall structural elements.

Regarding beta-oxidation pathway, three specific enzymes were up regulated and
results in the production of acetyl-CoA and propionyl-CoA (Figure 1). The enzymes acyl-
CoA dehydrogenase (PADG_06805), enoyl-CoA hydratase (PADG_01209) participate in
mitochondrial and peroxisomal beta-oxidation. Interesting, a specific peroxisomal 3-
ketoacyl-CoA thiolase (PADG_03194) was up regulated (Figure 1, Table S1). This suggests
that peroxisome beta-oxidation is activated. In accordance with Pb01, the abundance of
some enzymes involved in acetyl-CoA production was up regulated in 12 h of hypoxia
compared to normoxia °. Acetyl-CoA can be used in various metabolic processes and its fate
will be discussed below. On the other hand, propionyl-CoA is oxidized with the oxaloacetate
for the activation of the methylcitrate cycle, producing pyruvate “.

Pyruvate is a key intermediate in several metabolic pathways. Our data showed that
this molecule is probably used for ethanol and acetyl-CoA synthesis (Figure 1). To better
understand how pyruvate is being consumed there is a need to understand how the pyruvate
is being produced since glycolysis is not activated. Our results showed that there are some
enzymes up regulated from two important pathways used for anaplerosis of several
compounds from mitochondria, the cycle of the tricarboxylic acid (TCA) and methylcitrate
cycle (MCC) (Figure 1). A total of four enzymes were found from TCA cycle: succinyl-CoA
synthetase (PADG_02266), succinate dehydrogenase (PADG_08013), fumarate reductase -
NADH (PADG_02592) and malate dehydrogenase (PADG_07210) (Table S1). Even more,
fumarate reductase is, in anaerobic conditions, an enzyme that produces fumarate from
succinate #/, independently from the electron transport chain “8. All of these TCA enzymes
support the oxaloacetate synthesis, which feeds gluconeogenesis as cited above or,

interesting, activate the methylcitrate cycle. To confirm the activation of the MCC, the
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specific activity of methylcitrate synthase (MCS) was checked. This assay revealed that the
MCS is more active during oxygen-limitation (Figure 2). The MCS is a methylcitrate cycle
specific enzyme and promotes the condensation of propionyl-CoA with oxaloacetate 346,
Additionally, the enzyme 2-methylcitrate dehydratase (PADG_04718) was up regulated in
Pb18 under hypoxia (Table S1). This enzymes catalyze the second step the methylcitrate
cycle of propionate catabolism “¢. One of the product from methylcitrate pathway is
pyruvate, reinforcing all the carbon flux suggested (Figure 1). To complete, the enzyme
aspartate aminotransferase (PADG_01621) was up regulated and is involved in oxaloacetate

and glutamate production from aspartate “°.

Concerning to alcoholic fermentation, in cytoplasm, ethanol can also be produced
from pyruvate (Figure 1). The enzyme alcohol dehydrogenase 1 (PADG_11405) and
aldehyde dehydrogenase (PADG_05081) are related to ethanol and acetate production,
respectively, from pyruvate *°. Ethanol measurement was performed, and the results showed
that there is a significantly higher level of ethanol under hypoxia stress compared to
normoxia (Figure 3). Possibly, these molecules can be used as energy source since
gluconeogenesis is important to supply structural molecules such those involved in cell wall.
In fact, there is an attempt to overcome the negative effect of the oxygen-limitation in the
electrons transport chain. Microscopy analysis using specifics dyes showed that the amount
of mitochondria in hypoxia and normoxia cells was similar (Figure 4A). On the other hand,
the mitochondrial electric potential was affected by hypoxia (Figure 4B). Rodhamine is a
permeable lipophilic cationic fluorescent probe that accumulates in mitochondria and is
distributed electrophoretically into the mitochondrial matrix in response to mitochondrial
electric potential °2°2, Interesting, several proteins from oxidative phosphorylation were up
regulated but some of them, especially from cytochrome ¢ complex, were down regulated in
our analysis (Table S2). The proteins detected were: cytochrome ¢ oxidase assembly factor
6, PADG_08152; cytochrome c¢ oxidase subunit, PADG_06995; cytochrome ¢ oxidase
subunit 4 mitochondrial, PADG_04397 and cytochrome c oxidase-assembly factor COX23
mitochondrial, PADG_04072; ATP synthase subunit delta, PADG_07789; F-type H+-
transporting ATPase subunit h, PADG_00688; NADH-ubiquinone oxidoreductase,
PADG_11513; and ubiquinol-cytochrome c¢ reductase subunit 7, PADG_04501. In this
sense, we measured the activity of cytochrome ¢ oxidase as shown in Figure 5. The oxidized

Ferrocytochrome C was maintained when tested with the hypoxic protein extract, contrary
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to normoxia samples, that similar to the positive control, reduced the Ferrocytochrome C to
Ferricytichrome C. Cytochrome c oxidase reduces molecular oxygen in a reaction coupled
with a proton pumping process 3. For this reason, we believe that the mitochondrial

reactions are being affected by hypoxia.

Hypoxia induces membrane and cell wall remodeling

The response to oxygen-limitation affects the cell wall and membrane of fungi
leading to overall changes in those structures °4°¢ and can enhances innate immune
activation >*. For adequate evaluation of cell wall remodeling in hypoxia, Aniline Blue and
Calcofluor White dyes were used to label glucans and chitin, respectively. As shown in
Figure 6, upon hypoxia, P. brasilienses increases its glucan content in the cell wall (Figure
6A). On the other hand, there was no change in the levels of chitin, which remains in basal
amounts (Figure 6B). These findings indicate that glucose production by gluconeogenesis is
directed to the glucans synthesis. An accumulation of glucan was also found when yeast
cells of P. lutzii were subjected to osmotic stress, ensuring osmo-cell homeostasis ’. It is
known that the external layer of a-glucan prevents the recognition of Histoplasma
capsulatum 578 and Paracoccidioides sp. *° by host's immune system . In opposing,
Aspergillus fumigatus increased the exposure of B-glucan during hypoxia, enhances the

dectin-1 recognition >,

Acetyl-CoA had a buildup from the beta-oxidation pathway and oxidation of
pyruvate from pyruvate dehydrogenase complex. The evidence is that the acetyl-CoA
molecule is feeding the mevalonate pathway because the enzyme acetyl-CoA C-
acetyltransferase (PADG_06382 and PADG_02751) was up regulated (Table S1). This
enzyme is also named as Ergl0 and catalyzes the formation of acetoacetyl-CoA in the
biosynthesis of mevalonate, an intermediate required for the biosynthesis of sterols and
nonsterol isoprenoids . Acetoacetyl-CoA probably is produced by the butanoate
metabolism since we found the 3-hydroxybutyryl-CoA dehydrogenase (PADG_01228) with
high expression level (Table S1). It catalyzes the NAD-dependent oxidation of beta-
hydroxybutyryl-CoA to acetoacetyl-CoA from butanoate metabolism 8, also supporting the
ergosterol biosynthesis (Figure 1). In fungi such as Candida albicans, Cryptococcus
neoformans, A. fumigatus and Aspergillus nidulans, it is described that the fatty acids and
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ergosterol metabolism are increased in response to hypoxia and is clear that the ergosterol
molecule is important to stability, fluidity and structure of the fungi plasma membrane
11,1262-65 In P. lutzii, submitted to hypoxia, proteins involved with ergosterol metabolism

were also detected °.

Neutralization of stress generated by H20-

The peroxisomal beta-oxidation could generate reactive oxygen species such as
hydrogen peroxide *°. Interesting, we found the peroxiredoxin enzyme (PADG_04912) as
up regulated under hypoxia. This enzyme is a peroxidase that can reduce hydroperoxides
and it has been viewed mainly as a cytoprotective antioxidant enzyme acting against
endogenous or exogenous peroxide attacks ®. Other peroxiredoxin are thiol specific
antioxidant (TSA) and thioredoxin peroxidase (TPx) ”. These enzymes share the same basic
catalytic mechanism in which a redox active site is oxidized to a sulfenic acid by the peroxide
substrate 8. In this sense, we performed a dosage of reduced thiol from normoxia and
hypoxia protein samples and the result show that this organosulfur compound is more
reduced in hypoxia than normoxia (Figure 7). Additionally, mitochondrial response to
oxidative stress is prevented by the action of cytochrome ¢ peroxidase - PADG_03163
(Figure 7), while superoxide dismutase [Cu-Zn] (PADG_07418) and glutathione peroxidase
(PADG_04587) are down regulated (Figure 7). Notably, disulfide-isomerase
(PADG_03841) also up regulated. (Figure 7). The activity of such proteins enables the

process of cellular detoxification generated by the metabolic processes during hypoxia.

Phosphoproteome and phosphopeptide analysis

We hypothesize that hypoxia response could be regulated, in part, by the
phosphorylation events. That way, we aimed at to verifying the P. brasiliensis
phosphoproteome during hypoxic stress. For this, was obtained the protein extract in
phospho-protective extraction buffer and were carried out the immunoassay and phospho-

enrichment following by MS analyzes.
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For proper qualitatively assess the profile of phosphorylation during O»-limitation,
immunoassays were performed using anti-phosphoSer/Thr and anti-phosphoTyr antibodies.
As shown in Figure 8, thereis a distinct band pattern in the phosphorylation to
serine/threonine (panel A) and tyrosine (panel B) phosphorylation makers. Bands
distribution clearly indicates that the hypoxia conditions modulate distinct phosphorylation
events, and this suggest that different patterns could be directly linked to P. brasiliensis
response to hypoxia. In pioneering studies, proteomic analysis clearly showed the important
role of phosphorylation in the dimorphic transition of P. brasiliensis (in submission), as well
as when subjected to oxidative stress %/, reinforcing our hypothesis that phosphorylation may
also be involved in adaptation to hypoxia.

In order to access the profile of phosphorylated proteins during hypoxia, we applied
the TiO2 enrichment technique. This technical step allows concentrating phosphopeptides
that are less abundant when in the complex sample mixture by the affinity between the
phosphate group and the covalent oxides metals ®°. According to the inclusion criteria, it was
possible to identify 206 phosphorylation sites in 160 peptides comprising 73 proteins
(Supplementary Figure 3, panel A; Table 1). Most of the peptides (119 out of 160 - 74.4%)
presented only one phosphorylated site, while 22.5% (36 out 160) and 3.1% (5 out 160)
flaunted two or three phosphorylated sites, respectively (Supplementary Figure 3, panel B).
The most numerous phosphorylated amino acid residue was that of serine, followed by that
of threonine (Supplementary Figure 3, panel C). It is known that histidine is also a target for
of phosphorylation, but the binding of the phosphate in this amino acid residue is intensely

labile %, impairing the identification by the current proteomic methods.

The phosphorylation event depends on the recognition of a consensus amino acid
sequence. Using the SGD Yeast Proteome as reference, we searched for the consensus
sequences using the Motif-X algorithm as decipted in Figure 9. Remarkably, the result shows

a large repeat of the alanine residue in all of the best hits motifs analyzed.

Analysis of biological processes of phosphoproteins revealed that the transcription
process has the largest cluster of phosphorylated proteins (18%), followed by the proteins
involved in the cell cycle (15%) and protein fate and degradation (10%) as shown in Figure
10, panel A, and Table 1. Interestingly, more than 30% of the phosphorylated proteins have
unknown functions (Figure 10, panel A, Table 1). To determine the expression levels of the
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phosphorylated proteins, we used the Student’s t-test at p-value < 0.05 (Table 1). With this
statistical filter, 27 proteins were regulated; unexpectedly, all down regulated (Table 1). The
main processes in which down-phosphoproteins participate are transcription (22%) and cell
cycle (19%), with 37% of them having an unknown function (Figure 10, panel B). By the
way, 17 out 27 down-phosphoproteins were down regulated also in the global proteome
(Table 1 and S2). As mentioned above, the main group of down regulated proteins in the
global proteome during hypoxia were cell cycle and transcription (Figure supplementary 1B,
Table S2). Similarly, these clusters were the most phosphorylated, and down regulated when
enriched with TiO2 (Figure 10, Table 1).

Regarding the cell cycle, several proteins had their expression decreased in the global
proteome during hypoxia (Table S2). This finding suggests that the cellular command center
is operating slowly, probably for energy savings. In addition, phosphoproteome revealed a
part of proteins involved with cell segregation had their phosphorylation down regulated
during hypoxia. Nuclear segregation protein Bfrl (PADG_00849) is involved in the
secretory pathway, in the spindle pole body and bud formation ©"*. Further, it is directly
linked to nuclear segregation, nuclear spindle formation * and acts on the entry and exit of
mRNAs in processing bodies, affecting the gene regulation 2. Likewise, the Spindle poison
sensitivity Scp3 (PADG_05935) is associated with the formation of microtubules related to
cytokinesis and chromosomal segregation '3, acting on the microtubule orientation during
the mitotic spindle ™. It is also correlated with reproduction asexual in fungi 3. Septum
formation protein Maf (PADG_06763), drebrin-like protein (PADG_00011) and GYF
domain-containing protein (PADG_06945) were phospho-down regulated Table 1.

Concerning phospho-down regulated proteins reported to transcription, RNA
polymerase-associated protein LEO1 (PADG_02315), mRNA stability protein
(PADG_02346), NTF2 and RRM domain-containing (PADG_07714), Pre-mRNA-splicing
factor srpl (PADG_05340), THO complex subunit 4 (PADG_07285) and PABL1 binding
protein (PADG_02996) are involved in RNA synthesis and processing (Table 1). Also,
proteins responsible for the initiation of the transcription process were also phospho-down
regulated (Table 1). The LEO 1 protein composes the PAF1 complex that directly implicates
in the histone modifications, transcript site selection ”® and transcriptional elongation by
RNA polymerase Il ®. THO protein is a component of the TREX complex involved in

nuclear export of spliced and unspliced mRNA 7. Similarly, the NTF2 and PAB1 protein
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binds to RNA, through poly (A) tail; NTF2 is responsible by transport the mature mRNA
target '8, while PAB1 participates in the control of poly (A) length 7°.

Interestingly, 19 and 32% of down-regulated proteins in the global proteome and
phosphoproteome, respectively, were not eligible for functional classification. These
proteins should be better studied because they can have a key secret in the regulation of P.

brasiliensis during hypoxic stress.

Conclusion

In this research, we have studied the hypoxic adaptation of P. brasiliensis by iTRAQ-
labelling proteomic, biochemical and molecular analyses. Results revealed that P.
brasiliensis supports low oxygen tensions, reprogramming its metabolism, living transiently
anaerobically. For this, P. brasiliensis uses -oxidation and TCA to support the methylcitrate
cycle in the formation of pyruvate, which is then directed towards alcoholic fermentation,
contrary of P. lutzii. The membrane and cell wall are remodeling increased the content of
ergosterol and glucan, respectively. The defense against metabolic residual ROS is active by
peroxiredoxin and cytochrome c peroxidase. We also investigated the phosphoproteome.
Notably, the global proteome and phosphoproteome revealed that during hypoxia, the yeast
cells of P. brasiliensis prevents the cell division and has decreased transcription-related

functions.
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Figure 1. Overview of metabolic responses of P. brasiliensis submitted to hypoxia. (A)
The figure summarizes the data from proteomic analyses and suggests the mechanism used
by the P. brasiliensis generated by hypoxia. Red or green indicate up or down regulated
proteins, respectively. Underline indicate the up regulated confirmed by biochemical assays.
HBCD: 3-hydroxybutyryl-CoA dehydrogenase - PADG_01228; ERG10: Acetyl-CoA C-
acetyltransferase (ERG 10) - PADG 06382, PADG 02751; ALDH: Aldehyde
dehydrogenase - PADG_05081; ADH: Alcohol dehydrogenase 1 - PADG_11405; PDH:
complex of Pyruvate dehydrogenase: Pyruvate dehydrogenase kinase 2/3/4 - PADG_12250,
Dihydrolipoamide acetyltransferase - PADG_07213 and Dihydrolipoyl dehydrogenase -
PADG 06494; ACD: Acyl-CoA dehydrogenase - PADG_06805; ECH: Enoyl-CoA
hydratase - PADG_01209; pTHIO: Peroxisomal 3-ketoacyl-CoA thiolase - PADG_03194;
MCS: Methylcitrate synthase; MCD: 2-methylcitrate dehydratase - PADG_04718; SCS:
Succinyl-CoA synthetase alpha subunit - PADG_02260; SCD: Succinate dehydrogenase
[ubiquinone] iron-sulfur subunit - PADG_08013; FUMR: Fumarate reductase (NADH) -
PADG_02592; MDH: Malate dehydrogenase, NAD-dependent - PADG_07210, AAT:
Aspartate aminotransferase - PADG_01621; OVD: 2-oxoisovalerate dehydrogenase subunit
alpha - PADG_03514; PEPCK: Phosphoenolpyruvate carboxykinase - PADG_08503 ,
ENO: Enolase - PADG_04059, PGK: Phosphoglycerate kinase - PADG_01896 , PGL.: 6-
phosphogluconolactonase - PADG_07771.
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Figure 2. Enzymatic activity of methylcitrate synthase in P. brasiliensis protein extracts
after 12 h of hypoxia. The condensation of propionyl-CoA with oxaloacetate was measured
by the production of CoOASH read at 412 nm. The mean + standard deviation (error bars) of

biological triplicates samples as used. “*” indicates p-values < 0.01 by Student’s t-test.

34

3 Normoxia
[ Hypoxia
*
—_— 2"
=
=]
E
°
c
©
=
T
-
aE
0

Figure 3. Ethanol measurement in P. brasiliensis protein extracts after 12 h of hypoxia.
Intracellular ethanol production was measured in yeast cells submitted to normoxia and
hypoxia. The mean + standard deviation (error bars) of biological triplicates samples as used.
“*” indicates p-values < 0.01 by Student’s t-test.
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Figure 4. Mitochondrial integrity and activity of P. brasiliensis submitted to normoxic
and hypoxic stress. (A) The mitochondrial integrity was evaluate by using MitoTracker
Green FM as a dye for mitochondrial structural integrity. (B) The mitochondrial activity
was evaluate by using Rhodamine 123 as a dye for mitochondrial membrane potential. The
mean values of fluorescence intensity (in pixels) and the standard deviation of each
analysis were used to plot graph (right). “*” indicates p-values < 0.01 by Student’s t-test.
All images were obtained in magnification of 400X.
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Figure 5. Enzymatic activity of cytochrome c oxidase in P. brasiliensis protein extracts
after 12 h of hypoxia. The reduced ferrocytochrome C as measured at 550 nm. The positive
control (PC) and normoxia reveals a decrease of reduced ferrocytochrome C absorbance due
to oxidation by cytochrome c oxidase. The mean + standard deviation (error bars) of

biological triplicates samples as used. “*” indicates p-values < 0.01 by Student’s t-test.
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Figure 6. Content of cell wall polymers of P. brasiliensis submitted to normoxic and

hypoxic stress. (A) The glucan content was evaluate by using Aniline blue as a dye. (B) The

chitin content was evaluate by using Calcofluor white as a dye. The mean values of

fluorescence intensity (in pixels) and the standard deviation of each analysis were used to

plot graph (right). “*” indicates p-values < 0.05 by Student’s t-test. All images were obtained

in magnification of 400X.
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Figure 7 Overview of detoxification mechanisms against oxidative stress in P.

brasiliensis submitted to normoxic and hypoxic stress. (A) The figure summarizes data

from proteomic analyses and suggests the mechanisms used by the fungus to counteract

oxidative stress generated by hypoxia. Red or green indicate up or down regulated proteins,

respectively SOD: superoxide dismutase - PADG_07418, GPX: glutathione peroxidase -
PADG_04587, CCP: cytochrome ¢ peroxidase - PADG_03163, DI: disulfide isomerase -
PADG 03841, PrxR: peroxiredoxin - PADG_04912. The reduced thiol levels was measured

in yeast cells submitted to normoxia and hypoxia. The mean values (in pixels) and the

standard deviation of each analysis were used to plot graph (right). “*” indicates p-values <

0.05 by Student’s t-test.
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Figure 8. Phosphoprotein profile highlighted by immunobloting assays of P. brasiliensis
under hypoxia. Western blotting analysis with 40 pg of normoxia and hypoxia protein
extracts revealed by anti-phosphoSer/Thr (A) and anti- phosphoTyr (B) polyclonal antibody.
Molecular mass protein standards (kDa) are indicated on the left of the images. kDA:

molecular weight marker; H: hypoxia extract; N: normoxia extract.
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Figure 9. Consensus motifs of phosphoproteins of P. brasiliensis under hypoxia.

Consensus sequences were determined using the online algorithm Motif-X with build of 13

amino acids centered on phosphorylation site. A) Motifs of serine phosphorylation. B)

Motifs of threonine phosphorylation. C) Motifs of tyrosine phosphorylation.
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Figure 10. Functional distribution of phosphoproteins of P. brasiliensis (Pb18) under
hypoxia. Prediction of the biological function for all phosphorylated proteins (A) and down-

phosphorylated proteins (B) during hypoxia.
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Supplementary Figure 1. Total extract quality analysis. Protein extract of the normoxia
and hypoxia conditions of Pb18 using 12% gel electrophoresis (SDS-PAGE). Molecular
mass protein standards (kDa) are indicated on the left of the gels. MW: molecular weight

marker; R: indicates as biological replicates; H: hypoxia extract; N: normoxia extract.
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Supplementary Figure 2. Functional distribution of global proteome of P. brasiliensis

(Pb18) under hypoxia. Prediction of the biological function of up regulated (A) and down
regulated proteins (B) during hypoxia.
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Supplementary Figure 3. Data analysis of phosphoproteome of P. brasiliensis under hypoxia. A bar graph shows A) absolute number of

identified phosphorylated proteins, peptides and sites. B) Number of Ser, Thr, Tyr, Ser/Thr and Ser/Thr/Tyr phosphosites identified. C) Number

of phosphosites per peptide.
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Table 1: Functional categorization of P. brasiliensis phosphoproteins identified under hypoxic conditions.

Acession Gene Description EC Phosphorylation position  p-value Globa}I T'OZ. Subclassification
Numbe number expression  expression

Functional categories

1. ENERGY

Pentose-phosphate pathway
Phospho [T125(87.8);

PADG_00780 ribose-phosphate pyrophosphokinase EC:2.7.6.1 $167(98.7)] 0,64099 carbohydrate metabolism
2. METABOLISM
Carbon Metabolism
pyruvate dehydrogenase (acetyl-
PADG_02063 transferring) E1 component, alpha EC:1.24.1 Phospho [83[%73(0170]0)]/Ph05ph0 0,51664 glycolysis
subunit
Amino Acid Metabolism
2-oxoisovalerate dehydrogenase . Phospho [S338(98.9); . . .
PADG_03514 subunit alpha EC:1.24.4 $340(98.9)] 0,48729 Up amino acid metabolism
Metabolism of vitamins, cofactors, and prosthetic
groups
PADG_05433 pyridoxamine 5-phosphate oxidase ~ EC:1.4.35 Phospho [T129(99)] 0,25732 mewbo"sr\i‘it‘;‘;nciﬁ‘;a‘:tors and
Lipid, fatty acid and isoprenoid metabolism
choline-phosphate . Phospho [S18(100); . .
PADG_02299 cytidylyltransferase EC:2.7.7.15 $397(99.2)] 0,1404 Down lipid metabolism
PADG_06645 choline kinase EC:2.7.1.32 Phospho [S34(98.7)] 0,2775 lipid metabolism

Nucleotide/nucleoside/nucleobase metabolism
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PADG_07782

3. CELL CYCLE AND DNA MAINTENANCE

Cell cycle
PADG_00849

PADG_05935

PADG_06763

Cytoskeleton
PADG_00945
PADG_00011

PADG_06945
PADG_00951

Deoxyuridine 5'-triphosphate
nucleotidohydrolas

Nuclear segregation protein Bfrl

spindle poison sensitivity Scp3*

septum formation protein Maf

actin related protein 2/3 complex,
subunit 5

drebrin-like protein

GYF domain-containing protein*

microtubule-associated protein,
RP/EB family

DNA maintenance

PADG_00177
PADG_07812
PADG_03869
PADG_04730

actin-related protein 5
DNA topoisomerase |

HMG box domain-containing*

nascent polypeptide-associated
complex subunit alpha

4. TRANSCRITION
RNA synthesis and processing
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EC:3.6.1.23 Phospho [S29(100); S30(100)] 0,00088

Phospho [S60(100)]

Phospho [S438(97.8);
S468(98.3)]/Phospho [T369;

5$370]

Phospho [T43(78.1)]

Phospho

[S141(98.8)]/Phospho [S139;

S141]

Phospho [T496(98.9);
S540(100)]/Phospho [S540]

Phospho [S564(98.8)]
Phospho [T172(100)]

Phospho [S561(100)]
Phospho [S144(100);

EC:5.99.1.2 S146(100)]

Phospho [S117(100)]
Phospho [S26(100); S27(100);

$29(100)]

0,00109

0,00449

0,02907

0,11256

0,03826
0,05167

0,52846
0,13577
0,66513
0,06415

Down

Down

Down

Down

Down

Down

Down

Down

Down
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pyrimidine metabolism

mitotic cell cycle and cell cycle
control

cell growth

cell growth

actin binding

actin binding
cytoskeleton-dependent transport

microtubule binding

chromatin remodeling factors
DNA binding
DNA binding
DNA binding
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PADG_02315
PADG_00814
PADG_02346

PADG_06486

PADG_07714
PADG_05340
PADG_04934
PADG_04369
PADG_07285

PADG_07689
PADG_07880

PADG_02996

RNA polymerase-associated protein
LEO1

splicing factor 1

mRNA stability protein

CCRA4-NOT transcription complex
subunit 3

NTF2 and RRM domain-containing*
Pre-mRNA-splicing factor srpl

RNP domain protein

Splicing factor U2AF

THO complex subunit 4

Transformer-SR ribonucleoprotein

U3 small nucleolar RNA-associated
protein 14

PABL1 binding protein

Transcription control

PADG_00256

transcription initiation factor TFIIF
subunit alpha

5. PROTEIN SYNTHESIS
Translation factors

PADG_01079
PADG_00457
PADG_02896

PADG_04057

translation initiation factor 4B
translation initiation factor 4G

elongation factor 1-beta

eukaryotic translation initiation factor
3 subunit J
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Phospho [S517(100)]

Phospho [S51(100);
$127(99.9); S129(96.8)]
Phospho [S47(100);
S172(100)]

Phospho [S364(97.3)]

Phospho [S409(99)]
Phospho [S182]
Phospho [S48(98.9)]
Phospho [T205(98.4)]

Phospho [S174(100)]
Phospho [S36(100); S38(100);
T152(99.2)]

Phospho [T839(96.4);
T841(98.1)]

Phospho [S724(96.6);
S739(98.4)]

Phospho [S523(100)]

Phospho [S200(100);
S258(100); T345(97.1)]
Phospho [S500(92.7)]
Phospho [S93(100)]/Phospho
[S93]

Phospho [S101(100)]/Phospho
[S101]

0,01599
0,19517
0,01262

0,16656
0,02541

0,10597
0,15603
0,03828

0,16979

0,03708

0,5995

0,00291
0,02861
0,40257

0,00495

Down

Down

Down
Down
Down

Down

Down

Down

Down

Down

Down
Down

Down

Down

Down

Down

Down
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mMRNA synthesis
mRNA splicing
mRNA binding

RNA binding

RNA binding
RNA binding
RNA binding
RNA binding
RNA binding

RNA binding
rRNA binding

3'-end RNA-processing complex

DNA binding

RNA binding
RNA binding

elongation factors

protein modification
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Ribosome
PADG_03778 60S ribosomal protein L10-A Phospho [S221(100)] 0,25876 Translation

6. PROTEIN FATE and DEGRADATION

Protein degradation
26S proteasome regulatory subunit

PADG_02887 N13 Phospho [S183(100)] 0,10497 folding, sorting and degradation
PADG_07515 UBX domain-containing protein Phosgqﬁfllolé))(]loox 0,00294 Down Down folding, sorting and degradation
PADG_03715 FK506-binding nuclear protein EC:5.2.1.8 Phosgg%gfgo(;(]loo); 0,23834 peptidylprolyl isomerase

Protein modification
transferring phosphorus-

PADG_03544 Ser/Thr protein phosphatase* Phospho [S674(99.2)] 0,26192 Down LS
containing groups
PADG_11474 protein-serine/threonine kinase EC:2.7.11 Phospho [S51(100)] 0,11956 transferring phosphorus-
containing groups
PADG_02300 protein phosphatase PTC2/3 EC:31.3.16  Phospho [S458(100)]  0,27305 transferring phosphorus-
containing groups
- . Phospho [S47(95.9); R
PADG_08239 CBS and PB1 domain-containing S462(99.4)] 0,62363 protein binding
7. CELL RESCUE, DEFENSE AND VIRULENCE
Stress response
PADG_00207 HSP40 Phospho [SS{%%l%O)]/Phospho 0,12144 stress response
PADG_06699 HSP20 family protein Phospho [S62(95.9)] 0,00099 Down Down stress response

8. CELLULAR TRANSPORT, TRANSPORT FACILITIES AND TRANSPORT ROUTES
General transport
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ADP-ribosylation factor GTPase- Phospho [S174(98.2); membrane
PADG_00442 activating protein 2/3 S$193(85.7)] 0,06629 Down trafficking/Endocytosis
PADG_01114 importin subunit alpha-1 Phospho [S84(92.4)] - nuclear |mpaci:rtti€i|tgynal receptor
. Phospho [S1064(100);
PADG_03728 nucleoporin NUP159 S1070(100)] 0,10775 nuclear pore complex
PADG 07856 SRP40_C domain Phospho [S20(100)] 0,10353 chaperone involved in
nucleocytoplasmic transport
PADG_07659 transport protein SEC9 Phospho [S370(99.9)] - Down vesicle fusion
9. UNCLASSIFIED
PADG_12447 Uncharacterized protein Phospho [S383(100)] 0,33105 translation
PADG_03526 Uncharacterized protein Phospho [T1257(96.7)] 0,06264 transcription factors
Phospho [S316(100);
PADG_02652 Uncharacterized protein S$323(97)]/Phospho [S130;  0,00054 Down Down RNA binding
S136]
PADG_11302 Uncharacterized protein Phospho [S397(97)] 0,22662 regulation of transcription
. . Phospho [S215; T216; o
PADG_00676 Uncharacterized protein $439(100)] 0,00289 Down Down protein binding
PADG_00085 Uncharacterized protein Phospho [S56(100); S58(100)] 0,4532 nucleic acid binding
PADG_12437 Uncharacterized protein Phospho [S1119(98.1)] 0,00195 Down Down ion binding
PADG_00140 Uncharacterized protein Phospho [T266] - cell redox homeostasis
PADG_02967 Uncharacterized protein Phospho [T484(98.5)] 0,01253 Down Down -
PADG_00680 Uncharacterized protein Phospho [S495(100)] 0,6393 -
. . Phospho [S271(99.3); i )
PADG_02709 Uncharacterized protein $298(98.5)]
PADG_03827 Uncharacterized protein Phospho [SZ[ZS(ggjg)]/Phospho 0,02077 Down -
Phospho [S38(97.7);
PADG_05584 Uncharacterized protein S70(100); S74(100)]/Phospho  0,03957 Down -
[S63; S68; S70; S74]
PADG_06262 Uncharacterized protein Phospho [S561(100)] 0,00443 Down Down -
PADG_06966 Uncharacterized protein Phospho [S536(98)] 0,3521 -
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PADG_07250 Uncharacterized protein Phospho [T112(97.5); - -

S571(99.3)]
. . Phospho [S559(100); i )
PADG_12012 Uncharacterized protein S562(100)]
PADG_01141 Uncharacterized protein Phospho [S19(95.6)] 0,01191 Down Down -
PADG_05959 Uncharacterized protein Phospho [S104(100)] 0,04915 Down Down -
. . Phospho [S79(100); T113(98); }
PADG_07022 Uncharacterized protein $137(100)] 0,02343 Down
PADG_12301 Uncharacterized protein Phospho [S440(100)] 0,06772 -
. . Phospho [T153(100); )
PADG_00899 Uncharacterized protein $155(99.8)] 0,09638
PADG_08288 Uncharacterized protein Phospho [S149(98.2)] 0,2036 -
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Supplementary Table 1: Functional categorization of proteins up-regulated 12 hours after hypoxia with Paracoccidioides brasiliensis.

Acession Gene Description EC number  MS Score Unlque Peptide p-value Subclassification
number Peptide Score
Functional categories
1. ENERGY
Glycolysis and Gluconeogenesis
PADG_05109 2:3-isphosphoglycerate-independent EC:54212 466,79 7 17,997 0001425  glycolysis/Gluconeogenesis
phosphoglycerate mutase
PADG_01896 Phosphoglycerate kinase EC:2.7.2.3 3975,95 18 89,528 0,0169332 glycolysis/Gluconeogenesis
PADG_04059 Enolase EC:4.2.1.11 16350,3 23 190,61 0,0116724 glycolysis/Gluconeogenesis
PADG_08503 Phosphoenolpyruvate carboxykinase EC:4.1.1.49 3139,13 17 69,623 0,016514 glycolysis/Gluconeogenesis
Tricarboxylic-acid pathway
PADG_02260 Succinyl-CoA synthetase alpha subunit E%giéd' 4851,11 11 74,824 0,0031772 citrate cycle
PADG_08013 Succinate dehydrogenase [ubiquinone] iron-sulfur  pog 351 914356 14 48398  0,0010905 citrate cycle
subunit, mitochondrial
PADG_02592 Fumarate reductase (NADH) E?égil 775757 27 144,865 0,0013953 citrate cycle
PADG_07210 Malate dehydrogenase, NAD-dependent EC:1.1.1.37 10423,23 22 147,931 0,0001309 citrate cycle
Methylcitrate cycle
PADG_04718 2-methylcitrate dehydratase EC:4.2.1.79 3918,52 22 108,864 0,0042934 propanoate metabolism
Fermentation
PADG_11405 Alcohol dehydrogenase 1 EC:1.1.1.1 1311,9 6 26013  0,0183022 ethanol S;‘r’g\‘;'acttéon from
PADG_05081 Aldehyde dehydrogenase EC:1213 174642 12 55462  0,000671 acetate B;?S\Lj;lo” from
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Electron Transport and Membrane-associated Energy Conservation

PADG_07813
PADG 02578
PADG_07749

PADG_03516

PADG_12148

PADG_08394
PADG_03872

ATP synthase F1, gamma subunit
ATP synthase subunit 4, mitochondrial
NAD(P)H:quinone oxidoreductase, type 1V

NADH dehydrogenase (ubiquinone) Fe-S protein 3

NADH-ubiquinone oxidoreductase 78 kDa subunit,
mitochondrial

Ubiquinol-cytochrome c reductase subunit 2
NADH-cytochrome b5 reductase 2

2. METABOLISM
Amino Acid Metabolism

PADG_04939
PADG_01621

PADG_04570
PADG_08406
PADG_05277
PADG_06429

PADG_03514

3-oxoacid CoA-transferase

Aspartate aminotransferase

Branched-chain amino acid aminotransferase
O-acetylhomoserine (Thiol)-lyase

Serine hydroxymethyltransferase

Ketol-acid reductoisomerase, mitochondrial

2-oxoisovalerate dehydrogenase subunit alpha

Carbon Metabolism

PADG_12250

PADG_07213

Pyruvate dehydrogenase kinase 2/3/4

Pyruvate dehydrogenase complex dihydrolipoamide
acetyltransferase

EC:1.6.5.2

EC:1.6.5.3
1.6.99.3
EC:1.6.5.3
1.6.99.3

EC:1.6.2.2

EC:2.8.3.5
EC:26.1.1

EC:2.6.1.42

EC:2.5.1.49
2.5.1.47

EC:2.1.2.1

EC:1.1.1.86

EC:1.24.4

EC:2.7.11.2

EC:2.3.1.12

1026,21
3001,73
1576,29

1300,11

1849,96

3778,36
653,28

941,82
625,15

2923,02
154491
2112,18
2720,03

1061,09

2441,53

14

10

10

13

13

25,949
54,821
40,603

18,86

36,656

82,611
32,451

39,372
11,977

47,586
40,982
38,677
49,866

31,657

2,427

54,614

1,425E-06
0,0125706
0,0002357

0,0162627

0,0016957

0,0175585
0,0101996

0,0001771
5,301E-05

0,0007255
0,0034454
0,0083538
0,0043014

0,0010002

0,0087592

0,001576
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oxidative phosphorylation
oxidative phosphorylation
oxidative phosphorylation

oxidative phosphorylation

oxidative phosphorylation

oxidative phosphorylation
oxidative phosphorylation

amino acid metabolism

aspartate (Oxo) and glutamate
(alfa-ceto) metabolism
leucine, isoleucine and valine
metabolism
cysteine and methionine
metabolism
glycine, serine and threonine
metabolism
valine, leucine and isoleucine
biosynthesis
valine, leucine and isoleucine
degradation

pyruvate/acetyl-CoA
metabolism

pyruvate/acetyl-CoA
metabolism
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PADG_06494 Dihydrolipoyl dehydrogenase

Nitrogen, sulfur and selenium metabolism
PADG_06490 Formamidase

PADG_00446 Oxidoreductase 2-nitropropane dioxygenase

Nucleotide/nucleoside/nucleobase metabolism
PADG_08098 Adenylate kinase 1

Lipid, fatty acid and isoprenoid metabolism
PADG_06805 Acyl-CoA dehydrogenase

PADG_01209 Enoyl-CoA hydratase

PADG_01228 3-hydroxybutyryl-CoA dehydrogenase
PADG_06382 Acetyl-CoA C-acetyltransferase (ERG 10)
PADG_02751 Acetyl-CoA C-acetyltransferase (ERG 10)
PADG_03194 Peroxisomal 3-ketoacyl-CoA thiolase

3. CELL CYCLE AND DNA MAINTENANCE
Cell cycle
PADG_04318 Protein PET117

DNA maintenance

PADG_01867 HMG box domain containing protein

Mitochondrial genome maintenance protein
MGM101

PADG_05907 Histone H2B

PADG_00466
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EC:1.8.14

EC:3.5.1.49

EC:2.7.4.3

EC:1.3.8.7
EC:4.2.1.17
EC:1.1.1.157
EC:2.3.1.9
EC:2.3.19
EC:2.3.1.16

5644,67

1220
142,59

286,2

738,41
2165,18
2202,66
2146,96

1547,36

6599,15
1029,02
1399,98

27

© N o Ol

18
5
8

116,746

26,918
12,837

9,974

9,028
57,017
34,657
39,903

5,38
38,719

4,874

106,001
17,972
32,947

2,16E-05

0,0083895
0,0077629

0,0148644

0,0051585
5,704E-05
0,0019274
0,0161383
3,682E-05
0,0041943

0,0084097

7,262E-05
0,0081786
0,0096171
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pyruvate/acetyl-CoA
metabolism

nitrogen metabolism

nitrogen, sulfur and selenium
metabolism

purine metabolism

beta-oxidation
beta-oxidation
butanoate metabolism
ergosterol pathway
ergosterol pathway
beta-oxidation

mitochondrial biogenesis

DNA binding
DNA synthesis and replication

nucleosome assembly
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PADG_00873 Histone H3 - 1141,69 5 25,396 0,0016124 nucleosome assembly

4. PROTEIN SYNTHESIS
Translation factors

PADG_01949 Translation elongation factor Tu - 5965,26 17 93,135 0,0005212 translation initiation
PADG_07895 Translation initiation factor alF-2 - 202,53 3 10,128 0,000155 translation initiation
Ribosome
PADG_01267 40S ribosomal protein S11 1872,35 8 34,168 0,0076532 translation
PADG_06313 40S ribosomal protein S18 1962,9 12 45,687 4,922E-05 translation
PADG_04315 40S ribosomal protein S24 422487 12 66,23 0,0024871 translation
PADG_03315 40S ribosomal protein S4 3170,46 15 66,29 0,0054929 translation
PADG_01654 40S ribosomal protein S6-A 4309,01 14 62,41 0,0096091 translation
PADG_12365 40S ribosomal protein S8 2607,33 9 50,06 0,0001122 translation
PADG_11227 60S ribosomal protein L13 2528,58 4 39,431 0,0078643 translation
PADG_04731 60S ribosomal protein L14e 1178,78 4 23,286 0,0116074 translation
PADG_00514 60S ribosomal protein L16 197,82 1 2,818 0,0121517 translation
PADG_06726 60S ribosomal protein L17 899,8 6 48,04 0,0003696 translation
PADG_03325 60S ribosomal protein L21e 789,48 4 13,702 0,0058956 translation
PADG_07924 60S ribosomal protein L24e 1917,53 7 36,902 0,0049484 translation
PADG_05025 60S ribosomal protein L26e 1992,25 4 46,956 0,0106979 translation
PADG_00612 60S ribosomal protein L27e 514,83 4 14,162 0,0025505 translation
PADG_12253 60S ribosomal protein L3 3037,55 13 49,01 0,0052869 translation
PADG_11832 60S ribosomal protein L31e 955,72 7 24,104 0,0028706 translation
PADG_01083 60S ribosomal protein L32 1151,21 8 39,292 0,0004539 translation
PADG_01914 60S ribosomal protein L35 1361,27 21,145 9,588E-05 translation
PADG_05721 60S ribosomal protein L4e 4922.8 13 96,5 3,585E-06 translation
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PADG_02888 60S ribosomal protein L6
PADG_04848 60S ribosomal protein L8-B

5. PROTEIN FATE and DEGRADATION

PADG_04167 Aspartyl aminopeptidase

ATP-dependent Clp protease ATP-binding subunit
ClpB

PADG_02895
6. CELL RESCUE, DEFENSE AND VIRULENCE
Stress response

PADG_00430 Hsp7-like protein

PADG_03238 Hsp40

PADG_08369 Hsp60-like protein

Detoxification

PADG_03163 Cytochrome ¢ peroxidase
PADG_03841 Disulfide-isomerase
PADG_04912 Peroxiredoxin

7. UNCLASSIFIED

PADG_05342 Uncharacterized protein
PADG_05798 Uncharacterized protein
PADG_07414 Uncharacterized protein
PADG_02338 Uncharacterized protein
PADG_06996 Uncharacterized protein
PADG_03210 Uncharacterized protein
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EC:3.4.11.21

EC:1.11.15
EC:5.34.1
EC:1.11.1.15

2148,71
949,53

98,21
1233,52

22327,9
1317,1
4444447

4147,08
10234,01
1277,64

396,02
551,88
1380,2
352,34
298,28
501,82

7

9

47

58

16
22

N P B O N -

28,846
20,751

3,407
35,47

362,858
26,641
561,378

86,359
162,778
24,334

3,898
11,601
23,928
12,045
2,877
7,817

0,0023564
0,0027703

0,0139421
0,0026096

5,125E-05
0,0006215
0,0001515

0,0005427
0,0041623
2,305E-07

0,005088
4,959E-06
0,006516
0,0198828
0,0038121
0,0014091
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translation
translation

protein/peptide degradation

protein/peptide degradation

stress response
stress response
stress response

acting on a peroxide as acceptor
oxidoreductase
acting on a peroxide as acceptor
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Supplementary Table 2: Functional categorization of proteins down-regulated 12 hours after hypoxia with Paracoccidioides

brasiliensis.
Acession Gene Description EC number  MS Score Unlq_ue Peptide p-value Subclassification
number Peptide Score
Functional categories
1. ENERGY
Pentose-phosphate pathway
PADG_07771 6-phosphogluconolactonase EC:3.1.1.31 1390,7 5 19,662 0,0099017 pentose phosphate pathway
Electron Transport and Membrane-associated Energy Conservation
PADG_07789 ATP synthase subunit delta, mitochondrial - 883,86 2 16,12 0,0043477 oxidative phosphorylation
PADG_08152 Cytochrome c oxidase assembly factor 6 - 1063,5 5 26,563 0,0001662 complex 1V assembly
PADG_06995 Cytochrome c oxidase subunit - 567,1 3 8,179 0,0188571 complex 1V assembly
PADG_04397 Cytochrome c oxidase subunit 4, mitochondrial - 1 15,244 0,00401 complex IV assembly
PADG_04072 CSYtochrome ¢ oxidase-assembly factor COX23, : 128,19 1 1223 0,0015287 complex IV assembly
mitochondrial
PADG_00688 F-type H+-transporting ATPase subunit h - 1807,96 1 20,513 0,0007879 oxidative phosphorylation
PADG_11513 NADH-ubiquinone oxidoreductase - 525,27 5 15,962 0,0025695 oxidative phosphorylation
PADG_04501 Ubiquinol-cytochrome ¢ reductase subunit 7 - 1241,71 24,307 6,002E-05 oxidative phosphorylation
2. METABOLISM
Amino Acid Metabolism
PADG_08468 4-hydroxyphenylpyruvate dioxygenase EC:1.13.11.27  2674,53 11 54,685 0,0002398 tyrosine metabolism
PADG_01286 Homoisocitrate dehydrogenase EC:1.1.1.87 2 3,9 0,0012552 lysine biosynthesis

Nucleotide/nucleoside/nucleobase metabolism
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PADG_07782 Deoxyuridine 5'-triphosphate nucleotidohydrolas

PADG_01615 Homocitrate synthase, mitochondrial

Phosphoribosylaminoimidazolecarboxamide

PADG_04099 formyltransferase/IMP cyclohydrolase

Metabolism of vitamins, cofactors, and prosthetic groups

PADG_05490 Molybdopterin binding domain-containing protein

Secondary metabolism
PADG_02981 ThiJ/Pfpl family protein
PADG_03785 UPF0135 protein yqfO*

Lipid, fatty acid and isoprenoid metabolism

PADG_02299 Choline-phosphate cytidylyltransferase

3. CELL CYCLE AND DNA MAINTENANCE

Cell cycle

PADG_02388 Cell-cycle control medial ring component*
PADG_11950 Ran-binding protein 1

PADG_00011 Actin binding protein

PADG_02763 Cyclin-dependent kinase regulatory subunit CKS1
PADG_07948 Altered inheritance of mitochondria protein 13*
PADG_03669 Mitochondrial protein import protein ZIM17*

PADG_05239 Tubulin-specific chaperone A

PADG_05714 Cell division control protein
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EC:3.6.1.23 973,27

EC:2.3.3.14 2022,65

EC:2.1.2.3

3.5.4.10 3084,16

- 309,66

- 861,59
- 104,7

EC:2.7.7.15 283,32

- 146,23
- 1653,41
- 2290,96
- 131,28
- 652,13
- 557,78

- 369,77

- 663,8

10

16

QN

N BN W

28,653
41,898

76,149

4,115

15,778
3,13

8,55

5,311
33,457
55,559

9,603

9,399
13,888

5,017

16,882

0,0008786
0,0120782

4,809E-05

0,0085831

0,0092613
0,0094729

0,0007666

0,005173
0,0006064
0,0098232
0,0150178
0,0060823
0,0031893

0,0151725

0,0110585
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pyrimidine metabolism
pyruvate metabolism

purine metabolism

metabolism of vitamins,
cofactors, and prosthetic
groups

metabolism of polyketides
hydrolase activity

glycerophospholipid
metabolism

cell cycle control
cell cycle control
cell growth
cell growth and death
mitochondrial biogenesis

mitochondrial biogenesis
mitotic cell cycle and cell
cycle
mitotic cell cycle and cell
cycle control
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mitotic cell cycle and cell

PADG_00849 Nuclear segregation protein Bfrl - 3818,42 18 77,467 0,0081675
cycle control
PADG_08676 RNA binding effector protein Scp160* - 154 3 0455 00004591  mitotic cell cycle and cell
cycle control
PADG_02243 Spol2 family protein : 437,49 1 5015 00002504  mitotic cell cycle and cell
cycle control
PADG_03073 Nuclear movement protein nudC - 2 8,734 0,0011568 nuclear migration
PADG_05935 Spindle poison sensitivity protein Scp3 - 697,7 5 27,035 0,0044944 cell cycle

Cytoskeleton

PADG_07249 Coronin - 388,16 3 17,734 0,0190911 cytoskeleton proteins

cytoskeleton
proteins/Microtubules

PADG 08724 RPEL repeat protein - 309,8 3 11,627 0,0025366 action binding

PADG_01562 Dynactin 2 - 210,58 1 2,262 0,0181762

DNA maintenance

PADG 05893 Nucleosome assembly protein - 840,5 4 30,87 0,0093703  Organization of chromosome

structure

4. TRANSCRITION
RNA synthesis and processing
PADG_05405 DNA-directed RNA polymerase I subunit RPA12 - 364,77 1 6,884 0,0126615  general transcription activities

positive regulation of
PADG_04222 Multiprotein-bridging factor 1 - 293,56 5 13,896 0,0126957 transcription by RNA

polymerase 1l

PADG_02315 RNA polymerase-associated protein LEO1 - 1 4,01 5,118E-05 MRNA synthesis
PADG_05340 Pre-mRNA-splicing factor srpl - 2656,03 8 36,091 0,0142336 MRNA synthesis
PADG_06666 RNA-binding protein 39 - 348,99 1 3,596 0,006721 mRNA synthesis
PADG_06528 Splicing factor 3B subunit 2 - 327,94 3 12,963 0,0020335 MRNA synthesis
PADG_03836 Heterogeneous nuclear ribonucleoprotein Al - 630,36 3 13,039 0,015579 mRNA biogenesis
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PADG_08124
PADG_02996
PADG_03788
PADG_05587
PADG_04369

PADG_07689

PADG_07884
PADG_02346

PADG_03844

PADG_08423

PADG_08424
PADG_11958
PADG_12196
PADG_00044
PADG_07495
PADG_11254
PADG_07582
PADG_02783
PADG_04934

CCCH zinc finger and RRM domain-containing

protein
PABL1 binding protein

Polyadenylation factor subunit CstF64
Small nuclear ribonucleoprotein U
Splicing factor U2AF

Transformer-SR ribonucleoprotein

Polyadenylate-binding protein
MRNA stability protein

HAT1-interacting factor 1

RuvB-like helicase 2

U5 snRNP 52K protein

U6 snRNA-associated Sm-like protein LSm3
Nucleolar protein 58

28 kDa ribonucleoprotein

rRNA processing protein RRP15
ATP-dependent RNA helicase DBP2
Phenylalanyl-tRNA synthetase alpha chain
RNA-binding La domain-containing protein
RNP domain protein

Transcription control

PADG_11936 APSES transcription factor

PADG_01241 General negative regulator of transcription subunit 2
PADG_04311 Zinc knuckle protein
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EC:3.6.4.12

EC:3.6.4.13
EC:6.1.1.20

71,83
495,53
154,46

1528,19
328,44

4514,76

5746,76
247,64

340,4

2610,2
139,25

132,63
2180,63
296,55
1001,46
602,02
1042,64
4266,49

312,84
107,04
574,48

11
24

10

11

12

2,108
11,555
7,468
29,547
8,045

73,206

118,69
12,207

7,839

44,737

5,723
2,178
12,741
59,911
3,193
23,242
9,658
18,546
74,411

19,67
6,33
22,18

0,0017689
0,0091439
0,0197143
0,0015727
0,0015786

0,0175019

0,0046711
0,0027604

0,0075617

0,0016002

0,0099347
1,375E-05
0,0062349
0,0009185
0,0008548
0,0020289
0,0198253
0,0098753
0,0134612

0,003556
0,005563
0,0015986
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mRNA processing

mRNA processing (3'-end
processing)

mRNA processing (splicing,
5'-, 3'-end processing)

mRNA processing (splicing,
5'-, 3'-end processing)

mMRNA processing (splicing,
5'-, 3"-end processing)

mMRNA processing (splicing,
5'-, 3"-end processing)

mRNA surveillance
mMRNA binding

genetic information
processing

genetic information
processing

spliceosome

spliceosome
rRNA biogenesis
rRNA processing
rRNA processing
rRNA processing

tRNA biosynthesis
RNA processing
RNA transport

transcription factor
transcriptional control
transcriptional control
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5. PROTEIN SYNTHESIS
Translation factors

PADG_07229
PADG_02296
PADG_04251
PADG_04057
PADG_07888
PADG_01079

Ribosome

PADG_00784
PADG_01427
PADG_07583
PADG_00995
PADG_08605
PADG_01503
PADG_07870
PADG_08244
PADG_07803
PADG_03873
PADG_05939
PADG 08715
PADG_03781
PADG_00046

Elongation factor 3

Eukaryotic translation initiation factor 3 subunit F
Eukaryotic translation initiation factor 3 subunit |
Eukaryotic translation initiation factor 3 subunitJ
Eukaryotic translation initiation factor 5A
Translation initiation factor 4B

40S ribosomal protein SO
40S ribosomal protein S12
40S ribosomal protein S21
40S ribosomal protein S27a
40S ribosomal protein S28
40S ribosomal protein S35*
40S ribosomal protein S7
60S acidic ribosomal protein P1
60S ribosomal protein L12
60S ribosomal protein L20
60S ribosomal protein L27a
60S ribosomal protein L28e*
60S ribosomal protein L30
60S ribosomal protein L54

6. PROTEIN FATE and DEGRADATION
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- 619,84
- 915,46
- 121,43
- 1535,27
- 1633,15
- 6655,95

- 1157,45
- 247551
- 1016,5
- 3178,01
- 905,6

- 155,61
- 314,72
- 242375
- 244468

- 1445,72
- 2734,54
- 1338,34
- 1122,52

D 0 W W b
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10,326
15,138
10,504
52,346
35,055
129,406

24,898
42,757
22,679
44,111
16,839
4,515
8,558
18,954
42,244
10,601
24,585
58,997
16,827
25,372

0,0001873
0,0052836
0,0001439
0,0028741
0,0015247
0,0020401

0,0171089
0,0001853
0,0129357
0,0044422
0,0008453
0,0064232
0,0046531
0,0008252
0,0011324
0,0068539
0,0045467
0,0184882
1,745E-05
0,0010263
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translation initiation
translation initiation
translation initiation
translation initiation
translation initiation
translation initiation

translation
translation
translation
translation
translation
translation
translation
translation
translation
translation
translation
translation
translation
translation
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Protein degradation
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PADG_12029 26S proteasome regulatory subunit N3 - 1 2,05 0,017107 protein/peptide degradation
PADG_08095 26S proteasome regulatory subunit rpn-8 - 750,76 6 27,306 0,0010486 protein/peptide degradation
PADG_03221 Metallopeptidase MepB EC:3.4.24.- 1258,99 4 18,006 0,0162953 protein/peptide degradation
PADG_ 03982 Proteasome endopeptidase complex EC:3.4.25.1 1687,12 8 36,679 0,0033778 protein/peptide degradation
PADG_03967 Proteasome subunit beta 6 EC:3.4.25.1 1553,25 5 31,077 0,0012299 protein/peptide degradation
PADG_03424 Ubiquitin-activating enzyme E1 EC:6.2.1.45 155,35 2 10,884 0,0152041 protein/peptide degradation
PADG_07925 Ubiquitin-conjugating enzyme E2 N EC:2.3.2.23 1043,89 3 20,186 0,012275 protein/peptide degradation
PADG_07515 UBX domain-containing protein - 1016,39 5 24,908 0,0014923 protein/peptide degradation
Protein modification

PADG_04795 Deubiquitination-protection protein dphl - 1612,9 33,196 0,0024714 protein binding
PADG_03544 Ser/Thr protein phosphatase* - 2296,44 38,237  0,0003595 tra“s;ﬁ;;'iﬂ?n%hgfgj‘gus'
PADG_00809 Ubiquitin-conjugating enzyme - 677,94 9,671 0,0170763 protein modification
PADG_02908 Ubiquitin-like modifier SUMO - 764,46 10,747 0,0034056 protein sumoylation
PADG_05245 Ubiquitin-NEDD8-like protein RUB2 - 351,52 4,103 9,946E-05 ubiquitin system

7. CELL RESCUE, DEFENSE AND VIRULENCE

Stress response

PADG_03963 30 kDa heat shock protein - 6159,41 15 106,464 3,696E-05 stress response
PADG_08599 DnaJ domain protein - 1 9,035 0,015092 stress response
PADG_02785 Heat shock protein Hsp88 - 5772,18 29 138,128 0,0003157 stress response
PADG_06699 Hsp20 family protein - 801,22 5 26,006 0,0006575 stress response
PADG_05139 Hsp70-like protein - 519,79 4 14,682 0,0081819 stress response
PADG_02761 Hsp75-like protein - 5807,83 25 151,607 0,0013069 stress response
PADG_05032 Hsp90 binding co-chaperone (Sbal) - 114154 5 17,522 0,0049918 stress response
PADG_01711 Hsp90 co-chaperone AHAL - 369,35 1 19,582 0,0006684 stress response
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Detoxification

PADG_04587

PADG_07418

Glutathione peroxidase

Superoxide dismutase [Cu-Zn]
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EC:1.11.1.9

EC:1.15.1.1

1390,12

8. CELLULAR TRANSPORT, TRANSPORT FACILITIES AND TRANSPORT ROUTES
General transport

PADG_00442
PADG_04439
PADG_08646
PADG_04100

PADG_02022

PADG_06655
PADG_03005

PADG_07590

PADG_04048
PADG_03509
PADG_07659

PADG_08615

ADP-ribosylation factor GTPase-activating protein
2/3

ATPase inhibitor, mitochondrial

Class E vacuolar protein-sorting machinery protein
HSE1

Clathrin heavy chain
Clathrin light chain
Coatomer subunit delta
Dynein light chain

Epsin

Small COPII coat GTPase sarl
Stromal membrane-associated protein
Transport protein SEC9

Tropomyosin

Organelle membrane transport

PADG_01994

Mitochondrial import receptor subunit TOM22

1618,2
270,37
113,49
537,59

1803,32
238,01

459,63

232,88
196,69
858,15

1472,23

300,91

132 N QUGN

2,663

18,208

39,014
6,7
10,445
11,94

34,253

7,827
3,959

8,026

4,736
2,743
13,936

33,828

4,412

0,0102724

0,0103609

7,85E-06
0,0001063
0,0010261
0,0004596

0,0012536

0,0166407
0,0011776

0,0101317

0,019791
0,000374
0,0049569

0,0111149

0,0088448
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acting on a peroxide as
acceptor

acting on superoxide as
acceptor

membrane
trafficking/Endocytosis
membrane
trafficking/Autophagy
membrane
trafficking/Endocytosis
membrane
trafficking/Endocytosis
membrane
trafficking/Endocytosis

membrane trafficking

motor for the intracellular

transport/vesicular
transport/Membrane
trafficking/Endocytosis

protein/peptide degradation
ER to Golgi transport

mesicle fusion

vacuolar/lysosomal
transport/actin lateral binding

mitochondrial transport
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structural constituent of
nuclear pore

PADG_04319 V-type ATPase, G subunit EC:3.1.1.3 1044,65 2 16,247 0,0038164 -

PADG_04441 Nuclear pore complex protein Nup62 - 481,18 2 8,48 0,0140546

9. CELLULAR COMMUNICATION/SIGNAL TRANSDUCTION MECHANISM

Signal Transduction
Ca(2+)- and microtubule-

PADG_06568 TCTP family protein - 689,6 3 19,577 0,0036104 N - .
binding/anti-apoptosis
. . . Ca2+ mediated signal
PADG_03219 Mpyosin regulatory light chain cdc4 - 1498,33 8 37,732 0,0024009 transduction
PADG 08191 cAMP-dependent protein kinase regulatory - 362,66 1 10,224 0004818  CAMP/ Cct;r';"nz drzggfr:ed signal
PADG_02385 Fe-S cluster assembly protein DRE2 - 443,42 3 10,059 0,0016678 signaling proteins

10. UNCLASSIFIED

PADG_00421 Uncharacterized protein 411,76 1 3,957 0,0115199 -
PADG_00674 Uncharacterized protein 120,95 3 10,255 0,0006776 -
PADG_00676 Uncharacterized protein 4662,38 16 115,19 0,0002213 -
PADG_00690 Uncharacterized protein 2 2,883 0,0145467 -
PADG_00824 Uncharacterized protein 5196,05 14 95,355 0,0015143 -
PADG_01010 Uncharacterized protein 149,82 4 11,244 0,0040897 -
PADG_01141 Uncharacterized protein 2 3,683 0,0119089 -
PADG_01285 Uncharacterized protein 1101,29 5 17,644 0,005802 -
PADG_01857 Uncharacterized protein 886,28 6 28,505 0,0008753 -
PADG_02118 Uncharacterized protein 296,6 2 8,255 0,0150718 -
PADG_02307 Uncharacterized protein 1020,98 4 14,475 0,0094666 -
PADG_02501 Uncharacterized protein 1237,17 7 25,952 0,0077317 -
PADG_02652 Uncharacterized protein 7384,19 18 121,516 1,155E-06 -
PADG_02909 Uncharacterized protein 308,92 1 10,079 0,0123272 -
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PADG_02967
PADG_04086
PADG_04549
PADG_05408
PADG_05959
PADG_06262
PADG_06690
PADG_06945
PADG_07034
PADG_07896
PADG_08270
PADG_08467
PADG_08702
PADG_11101
PADG_11214
PADG_12437

Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
Uncharacterized protein
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- 4706,8

- 299,65
- 750,65
- 442,6

- 566,51
- 181,75

- 655,26
- 857,05
- 732,23
- 324,35
- 1426,21
- 535,89

-
oo

A P W R, AN DND PR O BAEAEDN O WP

96,143
2,243
4,941
11,432
14,678
3,132
11,315
13,349
2,983
3,001
8,763
19,772
8,736
10,144
24,778
16,207

0,003786
0,0049157
0,0022838
0,0073624
0,0114935
0,0044253
0,0020324
0,0046252
0,0170546
1,866E-05
0,0025914
0,0010757
0,0183461
0,0006553
0,0167616
0,0002072
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6. CONCLUSAO

A diminuicdo do oxigénio é um estresse que os fungos do género Paracoccidioides
enfrentam. Eles s6 conseguem sobreviver, pois possuem mecanimos adaptativos para
perceber a auséncia do oxigénio e de modo consequente, remodelar todo seu metabolismo
celular. Neste trabalho identificamos uma proteina globular responsiva a hipoxia, bem como

evidenciarmos as mudancas metabolicas através de anélise proteébmica quantitativa.

A respeito da fungoglobina, FglA, verificamos que todas as espécies de
Paracoccidioides possuem essa proteina. Em seguida, demonstramos que suas
caracteristicas estruturais permitem a entrada e saida do oxigénio ligado ao grupo protético
heme. Quando células leveduriformes de P. brasiliensis sdo submetidas a condi¢des que
mimetizam um ambiente hipdxico, os niveis transcricionais e proteicos da FglA séo
aumentados. Sua expressao retorna a niveis basais quando o suporte de oxigénio retorna a
tensdes atmosféricas normais. Essa habilidade nos indica que a FglA pode atuar como um
sensor dos niveis de oxigénio. Esses dados sdo corroborados durante a infecgéo in vivo em
modelo murino, no qual a FgIA também é super-expressa, sugerindo um papel na biologia

fangica durante a infec¢éo.

As analises em larga escala do perfil proteico de leveduras de P. brasiliensis
submetidas a hipoxia revelaram que o metabolismo energético é direcionado para a
fermentacdo alcodlica. O aumento do ergosterol e da glucana reflete na reogarnizacdo da
membrana e parede celular, respectivamente. A glucana pode ester exercendo uma papel
protetor para a célula fangica. Além disso, é nitido que durante a hipdxia 0os mecanismos do
ciclo celular e transcri¢cdo sdo minimizados, garantindo a economia de energia. Esses dados
sdo suportados pela analises das amostras fosfoenriquecidas. As proteinas fosforiladas
relacionadas com o ciclo e celular e transcricdo sdo a maioria € estdo com a expressao
diminuidas durante a hipoxia. Portanto, acreditamos que a fosforilacdo tem papel importante

na regulacao desses processos.

Apesar de aplicarmos, em conjunto, metodos de andlises in silico, moleculares
bioquimicos, protebmicos e funcionais, sabemos que durante a infec¢do Varios estresses
ocorrem simultaneamente. Para melhor entender os dados prévios aqui mostrados, isolados
com supressdo ou delecdo de genes-chave devem ser construidos, bem como experimentos

em modelos de infeccdo in vivo mais robustos devem ser realizados.
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Finalmente, em nosso conhecimento, esse é o primeiro trabalho que estuda o o
fungoglobina e o fosfoproteoma no género Paracoccidioides durante o estresse hipdxico.
Espera-se que o trabalho possa contribuir servindo de referéncia para escolha de alvos para

novas pesquisas.
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7. PERSPECTIVAS

A partir da compreensdo obtida neste trabalho, podemos tragar novas metas seguindo

essa linha de pesquisa. As perspectivas sdo:

e Construir um isolado silenciado/deletado para o gene da FglA e outras proteinas
importantes na resposta a hipOxia e realizar ensaios de viruléncia em modelos in vivo,
a fim de verificarmos a importancia desses genes para 0 biologia de
Paracoccidioides;

e Analisar detalhadamente as vias de ativacdo pela fosforilagdo/defosforilacéo
relacionadas ao ciclo celular e a adaptacéo a infeccéo;

e Buscar compostos e/ou peptideos bioativos ligantes a essas proteinas-chave, com o
proposito de melhorar a terapéutica e controlar a doenga.
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Abstract

The genws Paracrecidivides & composed of thermal dimorphic fongl, cassative agents
of paracoccidididomycoss, ome of the most frequent systemic myooses in Latin
Avmerica. Mitochondria have sophisticated machinery for ATP prodoecton, which
imvolves metabolic pathways sech as citric acid and gloxylate cyckes eectron
trangport chain amd oxddative phosphorylaton In addidon, this organele performs a
variety of Tunctions in the cell, working as an exceptional metabolic dgnalling ¢entre
that contributes o cellular stress regponses, as avtophagy and apoploss  in
enkaryolic organisms. The aim of this work was to perform a descriptive p roteomic
amalyss of mitoebondria in Poracocododdes lugdi yeast celk. After mitochondria frace-
tomation, samples enriched in mitec bomdrial proteins were digested with trypsin and
amalysed wsing a NanolUPLO-MSY system (Waters Corporation, Manchester, UKL
hers results Fevealed that the established protoeo] Tor purifcatbon of mitechondria
was very el fective for P lurgdd, amd 208 probeins were jde ntified as primaily mitochon-
drial, in owr analysi. To our keowledge, this is tee first compilation of mitochondrial
proteins from P I, oo date. Copyright © 2006 John Wiley & Sons, Lid
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Introduction Morphologically,  mitochondria  are  highly

dymamic  organelles  that  form  interconnected

Mitochondria perform a variety of functions, not
only the unguestionable pmoduction of ATP, which
involves metabolic pathways such as citric acid
and glvoxylate cwcles, electron transport chain
and oxidative phosphorviation, but they am also
exceptional metabolic signalling centres that con-
tribute o cellular stress msponses, as autophagy
and apoptosis in eokarvotic orgamsms (Wunnar
and Svomalainen, 20032). Mitochondria also play
imporant roles in various  cellular  processes
including amino acid, lipid and irmon metabolism

(Lill and Kispal, 200K¥).

Cogpyright © 2014 john Wiley & Sons, Lid.

membmne networks, whose biogenesis and stroe-
ture are highly influenced by the neads of the cell
(Lackner, 2014). For example, in the besi-
charactenized fungus, Ssocharompces cerevisige,
mitochondria  form long  filaments  creating a
branched whbular network within the cell, although
this network dismantles as the culture progresses
(Chimi ef af, 2003; Volenikova et af, 20013).
These morphological changes positively indicate
that series of proteins must be expmssed in a
much-regulated fashion. As predicted, this was

confirmed by proteomic  analysis  of  weast

136



Caracterizagdo da proteina fungoglobina e fosfoproteoma durante o estresse hipdxico em Paracoccidioides spp.

Lucas Nojosa Oliveira

Oliveira, A. R. de, Oliveira, L. N., Chaves, E. G. A., Weber, S. S., Baildo, A. M., Parente-

Rocha, J. A, et al. (2018). Characterization of extracellular proteins in members of the
Paracoccidioides complex. Fungal Biol. 122, 738-751. doi:10.1016/j.funbio.2018.04.001.

journal homepage: www.ol seviar.oom /loocatefunbio

Contents lists availabla at Scionceliroct

Fungal Biology

Characterization of extracellular proteins in members of the [

Paracoccidioides complex

2 k1

Amanda Rodrigues de Oliveira®", Lucas Nojosa Oliveira .
Edilinia Gomes Araijo Chaves®, Simone Schneider Weber =9, Alexandre Melo Bailio 2,
Juliana Alves Parente-Rocha ®, Lilian Cristiane Baeza *, Célia Maria de Almeida Soares ®,

Clayton Luiz Borges ="

+ Lesheown sy e Brinloggin Mllale ol Moy e Chibmocin s Bhoaldgions, Undeeraifole Redieral de Goids, Goidwia, Goils, Basl

B progasnia O Posgradandds & Panbgia Malecahy, Realiade @ Madfeia, e idale de B, Basitin, Deerin Fe disral, Baal

© M gl e Cdricns Bt Do, Jdess ol de Ralerdd db e i, Mocodda, Aen Sonu, Bl

9 R e Al i e it 3 R o e S, AdSTeeds @ Nl oo, Dhisweridale Rade ad do Mo Graao o Sad, o Gaade, M ta Grada do Sad, Baal

ARTICLE ITNFODO

ABETRACT

Arcle Ny

(R vesamd 34 Mo e o DOTT
Rl i fewed B

11 lelareh 20ai

Accepial 3 Apadl J0

Ay ailable collines 11 A il 2003

o epmzinlaing Rlams Seven Bale

Wiy

L dior oo
il Cplunge dnle e
Porararcniaile apecee
S e

Vinslenre o

Perecsocidicddes is 3 thermodimomhic fungus that cuses Pamcososd ioidamyacsis (POW) — an end smic
SyFEmE mycosts in lann Ameria. The genus aomjprises sewveTal phylogenetic speces which present
some genetic and serological diffenences. The diversiny presented among isolates of the same genus has
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36 in PAEpmMES. Acoording to the functonal annotation, most of the idendfisd protsins are relaed o
adhesion and wirukenoe processes. These results provide evidenoe that different members of the Azne
ooooidicddss complex can quandodwely ssoee different proeins, which may influence the characer
igtics of vinulenoe, s well a< bostrelaed prooesses

& 2018 Brmsh Myondogcal Sadeny. Pubilished by Elsewier 1id. All nights resereed

1. Iovtroddwction

Fungi of the Paracocddioides genus are the causative agents of
par amod dioi donmpoosis. (POM) — a prevalent sysemic npcosis in
Latin Americ (Restrepo and Tobon, 2005) These fimgi poresent
ther mal dimorphism, g rowing in the environment as mgoeli um, the
saprobiotic Frmy, in tem peratunes below 28 “C and a5 yeast cells at
36 “C in human host tisswes (Restrepo, 1985) The myaelia form
produres conidia that act as infections propagules, which, when
inhaled, suffer dimorphic transition in the hngs, resuting in the
pathogenic yeast orm (Brummer et al, 1993, Borges-Walmsley

= O speraling audees Lol arde e de Eedogia Mobaoaler Ieadne de G ackas
[Biediy i B, Unibeer il Faderal de Goides, Casrgpes 0], Tai0u00 Goldnia, Goddee,
Brasl Faor 455 €2 BH ifin
Emadl afdees cBaizhenal oo [ CIL Bagea.
U Thet ik aaBets huaret CoEs daasd agaally i h weik

Bt ek - e i BOL A0V il 200 25 004 000

et al, 20002 The dise ase evolution and the mand ks tation of cline
ical forme depend on immumalogical Baors (Franco et al, 1987)L
the virulenoe levels of the ungus isolaves (San-Blas and Nimo-Vega,
AW ). and the host gender (Restrepo et al, 1984)

The Pamoeridioides gens is amrently subdivided into five
species, namely Pomcocddioides ki, Pomomocidioddes brasiliensis,
Paracocd dioides americana, Pammsidioid e redrepiensis and Para
wnarich oddes venemelersis [ Turissin ¢ tal 20 7] based on genoty pic
studies and geographic dstribution. Diversity presented amaong
isolates of the same gems has been exp ored with regard to various
micraar ganisms, including Parmcocridinides. These studies have
e various approaches in an attempt 1o characterize biochemical
andd molecular dilffe rences that can reflect on the virdence of iso
labes that cause the same disesse [ Kumkawa et al, 2005 Carvalho
et al. 2005, Pigosso et al, 2003 ; Siqueira et al. 20060

Mamy of the virulence Botors of mediclly-important pathee
genic fimgi are relabed to extraceTular proteins. These act on the

13735 M o DO Bkl Mipcelag ecal Sochy. Poliiilad By Elusde i lod. ANl fghts feseivall
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