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RESUMO

Compreender os mecanismos que regem a interagdo patégeno-hospedeiro ¢ crucial para
o desenvolvimento de novas abordagens terapéuticas e de diagnostico. Fungos do género
Paracoccidioides sao os agentes etioldgicos da micose sistémica paracoccidioidomicose
e, quando no hospedeiro, encontram um ambiente desafiador e escasso em nutrientes e
micronutrientes, como o Fe, que ¢ indispensavel para a sobrevivéncia do patdgeno.
Estudos prévios demonstraram que fungos deste género, em resposta a privacao de Fe,
sdo capazes de sintetizar e captar sider6foros (quelantes de Fe**), utilizar proteinas do
hospedeiro que contém Fe como fonte do metal e utilizar uma via redutiva ndo-canénica
de assimilacao de Fe. Apesar de todos estes achados, ainda ha lacunas que precisam ser
preenchidas quanto a resposta do patdégeno a privagdo do metal. No presente trabalho,
alvos que ainda precisam de estudo neste contexto foram definidos, como o
estabelecimento das fung¢des de proteinas do fungo que contém o dominio CFEM e a
determinag¢do da especificidade de receptores de sideroforos. Adicionalmente, mostrou-
se que a exposicao de Paracoccidioides a hemoglobina promove mudanga em nivel de
proteoma de parede celular do fungo, o que ¢ ilustrado pela capacidade aumentada do
fungo interagir com macrofagos. Esta abordagem permitiu a bioprospeccao da proteina
ligante de hemoglobina HSP30, a qual estd presente na superficie celular e tem a
expressdo regulada positivamente quando o fungo ¢ exposto a hemoglobina. Foi
demonstrado que o silenciamento de Asp30 causa diminui¢do do crescimento do fungo
apos exposi¢cdo a hemoglobina. Cabe ainda investigar a fungdo de HSP30 como heme
oxigenase. A observacdo detalhada destas questdes, ainda em aberto, pode promover a
expansao do conhecimento sobre a biologia de Paracoccidioides spp. e,
consequentemente, promover a bioprospeccdo de novos alvos para diagnostico

diferencial e/ou terapia da PCM.

Palavras-chave: Imunidade nutricional; HSP30; proteinas-CFEM; Sideroforos.
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ABSTRACT

Understanding the mechanisms that govern host-pathogen interaction is crucial for the
development of new therapeutic and diagnostic approaches. Fungi of Paracoccidioides
genus are the etiological agents of paracoccidioidomycosis, a systemic mycosis and,
when in the host, fungi find a hostile environment that is scarce in nutrients and
micronutrients, such as Fe, which is indispensable for the survival of the pathogen.
Previous studies have shown that fungi of this genus, in response to Fe deprivation, are
able to synthesize and capture siderophores (Fe** chelators), use host proteins that contain
Fe as metal’s source and use a non-canonical reductive pathway for assimilation of Fe.
Despite all these findings, there are still gaps that need to be filled regarding the
pathogen's response to Fe deprivation. In the present work, targets that still need to be
studied in this context were defined, such as the establishment of the protein functions of
the fungus that contain the CFEM domain and the determination of the specificity of
siderophore receptors. Additionally, it was shown that the exposure of Paracoccidioides
to hemoglobin promotes changes at fungal cell wall proteome level, which is illustrated
by the increased ability of the fungus to interact with macrophages. This approach
allowed the bioprospecting of the hemoglobin-binding protein HSP30, which is present
on the cell surface and has its expression regulated positively when the fungus is exposed
to hemoglobin. It has been shown that silencing of 4sp30 causes decreased growth of the
fungus after exposure to hemoglobin. It is also necessary to investigate the function of
HSP30 as heme oxygenase. The detailed observation of those open questions can promote
the expansion of knowledge about the biology of Paracoccidioides spp. and,
consequently, promote the bioprospecting of new targets for differential diagnosis and/or

therapy of PCM.

Keywords: Nutritional immunity; HSP30; CFEM-proteins; Siderophores.
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1.1. Interacio patéogeno-hospedeiro

Arsenais sofisticados, taticas rebuscadas e constantes mudangas estratégicas: o
que poderia ser a descricdo de um cenario de guerra também serve como conotagado para
o evento de interagdo patdgeno-hospedeiro (Asehnoune, Villadangos e Hotchkiss, 2016;
Gonzalez e Hernandez, 2016). Dentre a miriade de aspectos estudados na interacdo
patogeno-hospedeiro, a imunidade nutricional ocupa lugar de destaque por consistir na
habilidade inata do hospedeiro de controlar a biodisponibilidade de nutrientes e
micronutrientes essenciais, como o ferro (Fe), afetando a sobrevivéncia de patogenos
(Nufiez, Sakamoto e Soares, 2018; Soares e Weiss, 2015; Wang e Cheraryil, 2009).

Fungos do género Paracoccidioides s3o os agentes etiologicos da
paracoccidioidomicose (PCM), micose sistémica endémica da América Latina cujo
diagnostico acurado e abordagem terapéutica de menor tempo ainda sdao desafios
(Shikanai-Yasuda, Mendes, Colombo, Queiroz-telles, Satie, Kono, Paniago, A. M. M., et
al.,2017). Estudos prévios demonstraram que a resposta de Paracoccidioides a deplecdo
de Fe ¢ um importante atributo de viruléncia para o patdgeno, que uma vez sob deplecao
do metal, promove modulacdao de seu metabolismo, primando pela utilizagdo de vias
metabolicas independentes de Fe (Parente, Ana F. A. ef al., 2011). Os mecanismos que o
fungo emprega para obter Fe quando no hospedeiro incluem a capacidade de sintetizar,
secretar e captar sideréforos/xenosider6foros; uma via redutiva nao-classica de
assimilag¢do de Fe e a capacidade de captar heme/hemoglobina por meio de um receptor
GPI-ancorado denominado Rbt5, conforme descrito em trabalhos prévios (Baildo ef al.,
2014, 2015; Silva-Baildo et al., 2014; Silva et al., 2020).

Apesar da robusta contribuicao destes estudos, ainda hé a necessidade da ampliar
o conhecimento sobre como os fungos deste género respondem a deplecdo de Fe. O
presente trabalho elenca eventos que ainda precisam ser investigados no contexto
Paracoccidioides-privacao de Fe e estabelece HSP30 como uma nova proteina ligante de

hemoglobina em Paracoccidioides spp.

1.2. O micronutriente Fe

Ubiquidade e polivaléncia sdo atributos do micronutriente Fe. Este metal de

transicdo ¢ o mais abundante do planeta e o quarto mais encontrado na crosta terrestre.



Devido a sua flexibilidade de estados de oxidagao ¢ empregado por sistemas biologicos
como cofator de metaloproteinas que atuam em eventos vitais, como o metabolismo
energético, biossintese e reparo de DNA, sintese de outros biopolimeros e muitos outros
processos (Baker, Anderson e Baker, 2003; Dlouhy e Outten, 2013). Os ions Fe?* (doador
de elétrons) e Fe*" (aceptor de elétrons) sio as principais formas do micronutriente
encontradas em sistemas biologicos e a interconversao entre estas formas ¢ sobremaneira
facil. Cabe salientar que na presenga de dgua, oxigénio e pH fisioldgico (7,2), a forma
predominante do metal é Fe*", sendo a solubilidade deste extremamente limitada (Baker,
Anderson e Baker, 2003; Kosman, 2013).

A maneira versatil como a interconvers3o entre os ions Fe?" e Fe** ocorre também
apresenta um lado negativo: na presenga de dgua e oxigénio, ions livres do metal podem
promover a formacao de radicais hidroxila, baseada nas reacdes de Fenton e Haber-Weiss,
que causam danos oxidativos a biomoléculas e estruturas celulares (Hentze,
Muckenthaler e Andrews, 2004; Papanikolaou e Pantopoulos, 2005). Por ser ao mesmo
tempo vital e potencialmente toxico, o controle da biodisponibilidade de Fe ¢ realizado
de maneira equilibrada, com estrito controle da captacao, estoque e mobilizagao do metal.
Tal controle em parte ¢ feito pela associacdo do metal a proteinas do organismo, que

limitam a quantidade livre do metal (Kosman, 2020; Tandara e Salamunic, 2012).

1.3. Homeostase de ferro na infecciao

A resposta do hospedeiro humano a patégenos, como Paracoccidioides spp., ¢
complexa e envolve diversos componentes do sistema imunologico. Células da
imunidade inata, como neutréfilos, células NK e macréfagos sdo mobilizadas para
contrapor o agente invasor € uma série de citocinas pro-inflamatorias sdo produzidas
nesse cendrio. O padrdo de citocinas produzidas (Th1/Th2/Th17) pode ser diferente em
individuos acometidos e, como esses padrdes direcionam a resposta de linfocitos T e B,
diferentes desfechos da doenga sdo descritos na literatura (Burger, 2021).

A importancia do micronutriente Fe para sistemas bioldgicos propicia a
competicao entre patdogenos e hospedeiros pelo metal. O hospedeiro humano (assim como
demais mamiferos) apresenta como componente integral de sua imunidade inata a
chamada imunidade nutricional, que ¢ a capacidade de, na maior parte dos casos, limitar

a biodisponibilidade de nutrientes e micronutrientes essenciais para patégenos (Nufiez,



Sakamoto e Soares, 2018; Wang e Cheraryil, 2009; Weinberg, 1975). A ligagao do metal
a proteinas como ferritina, transferrina, lactoferrina, siderocalina e hemoglobina (proteina
globular tetramérica abundante que alberga quatro grupos heme, e estd presente nos
eritrocitos, relacionada ao transporte de oxigénio), ¢ uma forma de ao mesmo tempo evitar
efeitos toxicos e limitar o acesso de patdégenos ao metal (Papanikolaou e Pantopoulos,
2005).

Nos cendrios de infec¢do, o organismo promove o aumento da biossintese de
citocinas pro-inflamatorias. Dentre estas citocinas, a interleucina-6 ¢ de importancia
relevante no que tange ao controle da biodisponibilidade do micronutriente Fe, uma vez
que esta citocina estimula hepatocitos a produzirem hepcidina, o horménio peptidico
considerado como o regulador central do metabolismo de ferro em mamiferos (Nemeth
et al., 2004; Tandara e Salamunic, 2012). O aumento dos niveis sé€ricos de hepcidina
provoca hipoferremia por regular negativamente a proteina de efluxo de Fe de fagdcitos
e enterdcitos, chamada ferroportina (FPN) conforme Figura 1, que consiste em uma

representacdo esquematica do processo.
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Figura 1. Homeostase de Fe no hospedeiro e a funcio do horménio hepcidina. Processos infecciosos
desencadeiam inflamagdo com consequente aumento de IL-6 que por sua vez induz a biossintese de

hepcidina, hormdnio peptidico considerado como central na regulagdo sistémica de Fe. IL-6: interleucina



6, FPN: ferroportina (exportador de Fe), Nramp2 (importador/exportador de Fe). Adaptado de Wang e
Cheraryil, 2009.

Em adicdo aos eventos previamente descritos, a regulacao negativa de FPN
também promove o aumento da quantidade intracelular de Fe. Este aumento intracelular
do metal leva a ativagdo de NF-kB e consequente aumento da biossintese de outras
citocinas pro-inflamatérias. Esta estratégia reduz para niveis drasticos os niveis de Fe
circulante no organismo, o que caracteriza um fator limitante para a proliferacdo de
patdgenos extracelulares (Tandara e Salamunic, 2012).

Patdgenos intracelulares também enfrentam limitacdo de acesso ao Fe, uma vez
que a presenga destes no interior de macréfagos promove o aumento da expressao dos
transportadores Nrampl e FPN, que atuam respectivamente no efluxo de Fe do interior
de fagolisossomos para o citoplasma e no efluxo de Fe do citoplasma para o meio
extracelular (Wang e Cheraryil, 2009). Com o decréscimo da quantidade intracelular de
Fe, além da inibicao do crescimento de patdégenos, também ocorre a inibigdo de NF-kB.
Apesar disso, a indugdo da resposta inflamatoria ndo ¢ inibida, porque ocorre a indugao
de HIF-1a (fator induzivel por hipoxia), que também promove o aumento da biossintese

de citocinas pro-inflamatorias (Wang e Cheraryil, 2009).

1.4. Fungos patogénicos: mecanismos de resposta a depleciio de Fe

Frente ao ambiente escasso de Fe encontrado no hospedeiro, fungos patogénicos
empregam diferentes estratégias para conseguir ter acesso ao metal, as quais sdo
basicamente: (1) captagdo de sider6foros ou heme/hemoglobina mediada por receptores,
0 que caracteriza vias nao redutivas de assimilacdo de Fe e; (2) vias redutivas de
assimilagdo de Fe, que dependem de complexos enzimaticos (transportadores e
permeases) que promovem oxidorreducao do metal e a captacdo deste (Caza e Kronstad,
2013).

Sider6foros sdo quelantes organicos de baixo peso molecular que possuem alta
afinidade por Fe’" (Neilands, 1993). Alguns fungos, como Aspergillus fumigatus,
apresentam a capacidade de biossintese dessas moléculas e as secretam para o sequestro
3+

de Fe’" no meio extracelular, realizando apés a absorgdo do complexo sider6foro-Fe

através de receptores (Haas et al., 2003; Hissen et al., 2004; Raymond-Bouchard ef al.,



2012; Schrettl et al., 2007; Wallner ef al., 2009). Alguns fungos, porém, nao sao habeis
para a biossintese de sider6foros, mas apresentam a capacidade de captar siderdforos
produzidos por outros organismos (xenosideréforos), sendo exemplos de fungos com tal
habilidade Candida albicans e Cryptococcus neoformans (Heymann et al., 2002; Tangen
etal.,2007).

Apesar de ser uma estratégia sofisticada, sideroforos tém afinidade por Fe*', e a
biodisponibilidade de Fe livre no hospedeiro ¢ infima, uma vez que o metal se encontra
ligado a diversas proteinas do hospedeiro. Frente a esta situacdo, alguns fungos
desenvolveram a capacidade de competir com o hospedeiro pelo ferro contido em
algumas proteinas, utilizando para tanto adesinas e vias redutivas de assimila¢do de Fe,
que classicamente s3o compostas por redutases férricas, ferroxidases dependentes de
cobre e ferropermeases de alta afinidade (Baildo ef al., 2012). Sao exemplos de fungos
com esta capacidade C. albicans e C. neoformans, que sdao habeis na utilizacdo de
transferrina como fonte de Fe (Jung ef al., 2008, 2009; Jung e Kronstad, 2008; Knight et
al., 2005; Ramanan e Wang, 2000). C. albicans em adi¢do a capacidade de utilizagdo de
transferrina como fonte de Fe, também ¢ habil para utilizar ferritina, através de uma
adesina chamada Als3, associada as pseudo-hifas produzidas pelo fungo durante a
infeccdo (Almeida et al., 2008). Outra estratégia para captacdo de Fe por fungos
patogénicos ¢ a secrecao de redutases férricas, conforme demonstrado em estudos prévios
com foco em Histoplasma capsulatum, os quais apontaram que esta atividade de redutase
férrica ¢ dependente de glutationa, a qual ¢ clivada por uma gama-glutamiltransferase
(Ggtl) secretada pelo fungo, evento que gera um dipeptideo com alto poder redutor
(Zarnowski et al., 2008; Zarnowski ¢ Woods, 2005).

Nao obstante, fungos patogénicos também apresentam a capacidade de utilizar
heme/hemoglobina como fonte de Fe (Caza e Kronstad, 2013; Roy e Kornitzer, 2019). C.
albicans ¢é o fungo patogénico sobre o qual ha o maior nimero de informagdes sobre este
mecanismo. O fungo ¢ capaz de provocar lise de eritrocitos e utilizar hemoglobina como
fonte de Fe (Moors et al., 1992; Pendrak e Roberts, 2007; Tanaka et al., 1997). A
identificacdo e caracterizacdo do fator hemolitico de C. albicans apontou que o mesmo
consiste em uma manoproteina e que a por¢ao glicosilada desta exerce fun¢ao crucial para
o processo de hemolise (Manns, Mosser e Buckley, 1994; Watanabe et al., 1999).

Dentre as maiores contribuicdes dos estudos de utilizagdo de heme por C.

albicans, esta a descoberta de uma familia de receptores que € essencial para o processo



(Weissman e Kornitzer, 2004). Componentes dessa familia, Rbt5 e Pga7 sdo proteinas
que contétm o chamado dominio CFEM (common in several fungal extracellular
membrane proteins) e estdo presentes na parede celular e na membrana do patégeno, as
quais realizam um mecanismo de comunicac¢ao permitindo a transferéncia de heme para
o meio intracelular (Kulkarni, Kelkar e Dean, 2003; Kuznets et al., 2014; Zhang et al.,
2015). Adicionalmente ao sistema, outra proteina que também contém dominio CFEM,
denominada Csa2, foi identificada no exoproteoma de C. albicans e teve sua importancia
demonstrada para o processo de captacdo de heme, por atuar como hemoéforo (Okamoto-
Shibayama et al., 2014; Sorgo et al., 2010). Csa2 teve sua estrutura cristalografica
determinada, o que contribuiu para o estabelecimento do dominio CFEM como a porg¢ao
da proteina que se liga ao heme e abriu perspectivas para o estudo de outras proteinas que
contém este dominio e a funcdo destas no processo de patogénese (Nasser et al., 2016).
Csal e Rbt51 também foram apontadas como componentes da familia de receptores de
hemoglobina em C. albicans, mas a fungdo precisa dessas proteinas em relagdo a captagao
de heme ndo estd completamente estabelecida (Weissman e Kornitzer, 2004).
Recentemente foi demonstrado que este sistema de receptores ¢ capaz de internalizar
heme previamente ligado a albumina, elencando esta como uma fonte nova de heme para
o patdogeno (Pinsky et al., 2020). A internalizacdo do grupo heme por C. albicans ¢
concluida pelo sistema ESCRT de endocitose e, posteriormente, a molécula sofre agdo da
enzima heme oxigenase, que promove a liberacdo de Fe, biliverdina e mondxido de
carbono (Pendrak et al., 2004; Weissman et al., 2008). A Figura 2 consiste em uma

representacao esquematica dos processos descritos acima (exceto a¢do da heme

oxigenase).
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Figura 2. Captacio de heme mediada por rede de receptores em Candida albicans. Heme oriundo de
diversas fontes do hospedeiro, incluindo hemoglobina e albumina, ¢ captado por uma rede de distribuigdo
que inclui o hemodforo Csa2 e os receptores de parede celular/membrana plasmatica Rbt5 e Pga7. A
internalizagdo do grupo heme ¢ finalizada via sistema ESCRT de endocitose. Adaptado de Pinsky et al.,

2020.

H. capsulatum também apresenta a capacidade de utilizar heme como fonte de Fe
através da ligacdo da molécula a superficie do fungo, evento que ¢ abolido pelo tratamento
do patogeno com Proteinase K, sugerindo que a capacidade de ligagdo ao heme por H.
capsulatum ¢ exercida por algum receptor de natureza molecular proteica, porém a
caracterizacao deste ainda ndo foi realizada (Foster, 2002). C. neoformans também ¢ habil
para a utilizagdo de heme, evento que ¢ realizado através de uma manoproteina
extracelular denominada Cigl (Cadieux et al., 2013). Apds o contato com Cigl, a
exemplo de C. albicans, a internalizagdo do grupo heme ¢ propiciada pelo sistema de
transporte ESCRT. Mutacdes de componentes desse sistema reduziram a capacidade de

C. neoformans crescer na presenga de heme como unica fonte de Fe, o que aponta para a

importancia do sistema para o evento (Guanggan et al., 2015; Hu et al., 2013).

1.5. O género Paracoccidioides e a paracoccidioidomicose

Paracoccidioides spp. consiste em um complexo de fungos termodimorficos
composto pelas espécies Paracoccidioides brasiliensis (por sua vez composta pelas
espécies filogenéticas Sla, S1b, PS2, PS3 e PS4) e Paracoccidioides lutzii, sendo todos
agentes etioldgicos da PCM (Muiioz et al., 2016). Recentemente foi proposta a ascensao
taxonOmica das espécies filogenéticas PS2, PS3 e PS4 para as espécies Paracoccidioides
americana, Paracoccidioides restrepiensis e Paracoccidioides venezuelensis,
respectivamente (Turissini ef al., 2017). Cabe salientar que a especiacdo dentro do género
Paracoccidioides ja havia sido predita por estudo pioneiro de RAPD (analise de DNA
polimorfico amplificado aleatoriamente) de diferentes cepas do fungo (Soares et al.,
1995).

A PCM ¢ uma micose sist€émica, endémica da América Latina, com alta
prevaléncia no Brasil. A doenca ¢ adquirida por inala¢do de conidios ou fragmentos de
micélio, forma em que o fungo se encontra no ambiente. Nos pulmdes, os propagulos

inalados, sob a¢do da temperatura do hospedeiro, sofrem transi¢do para a forma de



levedura, parasitaria (Brummer, Castaneda e Restrepo, 1993). A Figura 3 apresenta os

aspectos macro e microscopicos de P. brasiliensis.

Figura 3. Aspectos macro e microscopicos de P. brasiliensis (Pb18). a) Aspecto macroscopico de cultura
de micélio de P. brasiliensis: coldonias pequenas, irregulares, de cor branca a bronzeada, que eventualmente
podem ser cobertas por micélios aéreos curtos que frequentemente aderem ao agar, rompendo sua
superficie. Cultivado a 26° C em meio Fava-Netto semissolido. b) Aspecto microscopico de micélio de P.
brasiliensis, apresentando hifas septadas hialinas. Aumento de 400 x. ¢) Aspecto macroscopico de cultura
de levedura de P. brasiliensis: colonias macias, enrugadas e de cor creme. Cultivado a 37° C em meio Fava-
Netto semissolido. d) Aspecto microscopico de células leveduriformes de P. brasiliensis, apresentando
células com multiplos brotamentos, com aspecto de “roda-de-leme”. Aumento de 400 x. Imagens

registradas pelo proprio autor no Laboratdrio de Biologia Molecular da Universidade Federal de Goias.

A PCM desenvolve-se primariamente nos pulmdes, porém o fungo pode
disseminar-se para outros 0rgaos e tecidos por via linfatica ou hematogénica. Individuos
afetados pela doenga podem sofrer manifestacoes agudas ou cronicas, que variam de
moderadas a graves, podendo haver o desenvolvimento de sequelas, conforme Figura 4.
Se ndo tratada corretamente, a doenca pode levar os individuos acometidos a morte
(Shikanai-Yasuda, Mendes, Colombo, Queiroz-telles, Satie, Kono, Paniago, A. M., et al.,

2017).

Figura 4. Manifestacdes clinicas da PCM. a) PCM fase aguda, b) PCM fase cronica, ¢) PCM sequelar,
adaptado de Shikanai-Yasuda et al., 2006.




Diversos estudos tém sido conduzidos para a elucidagdo da interagdao de
Paracoccidioides spp. com o hospedeiro, os quais englobam a resposta do patégeno aos
estresses osmotico, oxidativo e nitrosativo; privacdo de zinco e carbono, bem como
interagdo direta com o hospedeiro (murino) e macréfagos, dentre outros (Gonzalez e
Hernandez, 2016; Pigosso ef al., 2017). A resposta de Paracoccidioides spp. a deplecao

de Fe também tem sido alvo de estudos, conforme exposto na sessdo subsequente.

1.6. Homeostase de Fe em Paracoccidioides spp.

Estudo pioneiro da resposta de Paracoccidioides spp. a deplecdo de Fe
demonstrou que ocorre no patdogeno um remodelamento metabodlico, no qual o patdgeno
prima pela utilizacdo de vias metabolicas independentes do metal. Também foi
demonstrado que a deplecao de Fe promove em Paracoccidioides a regulagao positiva do
fator de transcri¢do HapX (que em A. fumigatus regula a resposta do fungo a privacao de
Fe), porém ainda ndo foram completamente elucidados quais mecanismos de controle
transcricionais governam a resposta de Paracoccidioides a privagdo do metal (Parente,
Ana F. A. et al., 2011; Schrettl et al., 2010). Por enfrentar no hospedeiro um ambiente
hostil que inclui a privagao de Fe, Paracoccidioides spp. também apresenta mecanismos

rebuscados como forma de contrapor a imunidade nutricional, conforme Figura 5.
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Figura 5. Mecanismos de captacdo de ferro em Paracoccidioides spp. Em resposta a privagao de Fe,

Paracoccidioides spp, é capaz de sintetizar e captar sideroforos (processo destacado em verde), explorar
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fontes de Fe do hospedeiro por meio de uma via redutiva de Fe (RIA) ndo-candnica (processo destacado
em azul) bem como captar hemoglobina por meio de um receptor GPI-ancorado (processo destacado em

rosa). Ggtl (gama-glutamiltransferase). Adaptado de Baildo ef al., 2015.

Estudo prévio baseado em analises in silico da homologia de sequéncias de
proteinas relacionadas com a captacdo de Fe por outros fungos patogénicos, sugeriu que
Paracoccidioides spp. apresentaria a capacidade de biossintese e utilizagdo de
sider6foros, além de uma via redutiva de assimilagdo de Fe (Silva er al., 2011).
Posteriormente, as proposicoes feitas nesse estudo foram confirmadas por evidéncias
experimentais, que demonstraram que Paracoccidioides spp. produz e secreta
sideroforos, bem como apresenta uma via nao-cldssica de assimilagdo de Fe, por utilizar
Fe/Zn permeases para internalizagao do metal ao invés de Fe permeases exclusivas para
o processo (Baildo ef al., 2015; Silva-Bailao et al., 2014; Silva et al., 2020).

Paracoccidioides spp. também possui a capacidade de causar lise de eritrocitos e
¢ habil para utilizar hemoglobina como fonte de Fe. Analises in silico evidenciaram que
Paracoccidioides spp. apresenta proteinas homologas a familia de receptores de
heme/hemoglobina de C. albicans: Rbt5, Rbt51, Csal e Csa2. Andlises transcricionais
demonstraram a regulagao positiva desses transcritos em Paracoccidioides spp., quando
exposto a hemoglobina (Baildao ef al., 2014). Os autores ainda demonstraram que a
proteina Rbt5 de P. [utzii é capaz de ligar-se a hemina, bem como investigagdes de
citolocazi¢do apontaram que Rbt5 encontra-se na parede celular do fungo, apontando para
a funcao de receptor. Adicionalmente, mutantes knockdown para PbRbt5 gerados pela
estratégia de RNA antisentido ainda apresentaram a capacidade de utilizar hemoglobina
como fonte de Fe, o que sugere que, assim como C. albicans, Paracoccidioides spp. pode
apresentar uma complexa rede de receptores que atuam no evento de internalizagdo de

heme/hemoglobina (Baildo ef al., 2014).

1.7. Paracoccidioides spp. e HSP30

Proteinas de choque térmico (HSPs, do Inglés heat shock proteins) integram uma
familia muito ampla de proteinas de diferentes pesos moleculares relacionadas com
respostas a estresse celular que nao inclui apenas choque térmico, mas diversos outros

eventos estressores (Whitley, Goldberg e Jordan, 1999).
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Fungos do género Paracoccidioides apresentam HSPs de diferentes pesos
moleculares, como HSP90 que estd envolvida na resposta do fungo a diversos estresses,
incluindo o oxidativo (Tamayo ef al., 2013). Entretanto, Paracoccidioides spp. apresenta
diversas HSPs cujas fungdes ainda nao foram elucidadas (Nicola, Andrade e Silva-
Pereira, 2005).

Dentre essas HSP, a proteina de choque térmico de 30 kDa (HSP30) ¢ um
importante alvo de estudo. A justificativa para tal importancia estd no fato de que em
estudo de ESTs (assembled expressed sequence tags) de P. brasiliensis, HSP30
apresentou o maior numero de sequéncias dentre as ESTs de HSPs analisadas (Nicola,
Andrade e Silva-Pereira, 2005). Adicionalmente, analises transcricionais de P.
brasiliensis exposto a sangue e plasma humano, foi observada a presenga de transcritos
de HSP30 regulados positivamente (Baildo et al., 2006, 2007). HSP30 também foi
identificada como proteina de superficie celular de P. /utzii que interage com macréfagos
(Tomazett et al., 2019). Esses achados apontam para a importancia de HSP30 para a

biologia de Paracoccidioides spp. e fazem desta proteina um relevante alvo de estudo.

1.8. Sobre a importancia de compreender a biologia de Paracoccidioides spp.

Apesar de muitas vezes serem subestimadas pela sociedade e seus representantes
publicos, infecgdes fingicas representam um importante problema de satide em nivel
mundial e merecem, portanto, atencdo da comunidade cientifica no que tange a
compreensdo dos mecanimos que conferem patogenicidade a determinados fungos
(Almeida, Rodrigues e Coelho, 2019). Dentre estas infec¢des fungicas, a PCM ¢ uma
micose sist€émica endémica da América Latina, de importancia relevante no Brasil,
causada por fungos do género Paracoccidioides (Shikanai-Yasuda et al.,2017). Uma vez
que autoridades competentes ndo desenvolvem politicas de enfrentamento e
acompanhamento epidemioldgico da doenga, a PCM continua afetando diversos
individuos e provocando queda na qualidade de vida, sequelas ou at¢é mesmo a morte
destes. Apesar dos esforcos da comunidade cientifica, a PCM ainda nio ¢ reconhecida
pela Organizagdo Mundial da Satide como doenca tropical negligenciada (Griffiths,
Colombo e Denning, 2019). Hé inclusive quem considere a PCM uma doenga do passado,
o que ¢ um grande equivoco, haja vista a grande quantidade de relatos de casos

disponiveis na literatura, conforme Figura 6, alguns inclusive mostrando coinfec¢ao por
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Paracoccidioides spp, e Sars-CoV-2, o que aponta para o fato da PCM ser uma doencga

contemporanea e digna de aten¢do (Macedo, de ef al., 2020; Santos et al., 2021).
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Ps idioi cosis is a dimerphic fungal infection endemic in Latin America. We report

a patient with a histery of pulmonary pare idioit cosis who presented with relapsed

disease in the central nervous system 4 years after initial treatment. We review current ...
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Figura 6. Relatos de caso de PCM publicados nos ultimos dois anos. Uma busca simples na base de
dados Google Académico (disponivel em https://scholar.google.com.br/) utilizando como palavras-chave

paracoccidioidomycosis "case report" mostra disponiveis na base 388 relatos de casos, contando apenas os

publicados do ano de 2020 até o presente momento. Busca realizada no dia 30 de abril de 2021.

Apesar dos avancos obtidos no entendimento da biologia do patdégeno, o
diagndstico acurado da PCM e abordagens terapéuticas mais efetivas no que tange ao
tempo de duragdo destas ainda sdo desafios atuais, fatos que justificam a continuidade do
estudo da biologia de Paracoccidioides spp. (Shikanai-Yasuda et al., 2017). Estudos
prévios demonstraram que a resposta de Paracoccidioides spp. a depleg¢ao de Fe constitui
um fator relevante para o estabelecimento da PCM e que tal resposta envolve mecanismos
complexos que envolvem desde o sensoriamento da biodisponibilidade do metal,
adaptagao metabolica, mecanismos de alta afinidade e especificidade para a captacao do
micronutriente além da atuacdo de microRNAs que atuam no processo (Baildo et al.,
2006, 2007, 2014, 2015; Curcio, de et al., 2020; Silva-Baildo et al., 2014; Silva et al.,
2011, 2020).

Cabe salientar que apesar destes estudos, ainda hé lacunas no que tange a forma

como Paracoccidioides responde a privacao de Fe. Frente a isso, o presente trabalho
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elenca eventos que ainda precisam ser investigados no contexto Paracoccidioides-
privacdo de Fe e estabelece HSP30 como uma nova proteina ligante de hemoglobina em
Paracoccidioides spp. Olhar para estas lacunas e novos achados ¢ um fator indispensavel
para a expansao do conhecimento sobre a biologia de Paracoccidioides spp., com a
consequente bioprospeccdo de novos alvos em potencial para o diagndstico e/ou

tratamento da PCM.
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2.1. Objetivo geral

Descrever novos alvos para estudo no contexto Paracoccidioides-privagao de

ferro.

2.2. Objetivos especificos

e Definir processos relacionados a resposta de Paracoccidioides spp. a privagdo de
Fe que ainda demandam elucidagao;

e Avaliar em nivel protedmico de parede celular as mudancas provocadas pela
exposicao de Paracoccidioides lutzii a hemoglobina;

e Avaliar a capacidade de adesdo a macrofagos de P. [utzii previamente exposto a
hemoglobina;

e Realizar citolocalizagao de HSP30 e avaliar a dindmica de indugdo de expressao da
proteina frente a exposi¢do do fungo a hemoglobina;

e Caracterizar as interagdes moleculares de HSP30 e hemoglobina;

e Promover ensaio de crescimento de cepas silenciadas para Asp30 na presenca de

hemoglobina.
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Abstract: Paracoccidioides is a genus of thermodimorphic fungi that causes paracoccidioidomycosis.
When in the host, the fungus undergoes several challenges, including iron deprivation imposed by
nutritional immunity. In response to the iron deprivation triggered by the host, the fungus responds
in a ternary manner using mechanisms of high affinity and specificity for the uptake of Fe, namely
non-classical reductive iron uptake pathway, uptake of host iron proteins, and biosynthesis and uptake
of siderophores. This triple response resembles the rhythmic structure of a waltz, which features three
beats per compass. Using this connotation, we have constructed this review summarizing relevant
findings in this area of study and pointing out new discoveries and perspectives that may contribute
to the expansion of this “little iron waltz".

Keywords: siderophores; CFEM proteins; reductive iron uptake pathway

1. Introduction

One of the greatest things about studying the host—pathogen interaction is to gradually understand
that despite the storm of molecular events that support the adaptation process, there is organization!
This organization is often referred to as “orchestration” or an “orchestrated response” [1-3]. It truly
makes sense to trace an association between molecular events and the performance of music in an
orchestrated way; in both cases, there is a myriad of individuals acting, albeit in an organized manner,
which provides a final result of completeness. The host, through its immunity, employs several strategies
that generate stress to pathogens, which in most cases makes it impossible for microorganisms to
persist in it [4,5]. One of these strategies is nutritional immunity, a network of processes that culminate
in limiting the bioavailability of nutrients and micronutrients for pathogens [6-8]. Without nutrients,
there are two alternatives for microorganisms: succumbing to death or adapting to an environment of
scarcity [9].

Iron is one of the micronutrients that is deprived through nutritional immunity. This transition
metal is widely employed as a cofactor of several enzymes involved in crucial cellular processes,
such as DNA synthesis and repair, energy metabolism, antioxidant systems, and biopolymer synthesis,
among many others [10]. Obviously, iron is important for both the host and the pathogen, given its
participation in elementary processes for life. This massive recruitment of iron is due to its flexibility
of oxidation states, switching from ferric ion (Fe>*) to ferrous ion (Fe?*) with remarked facility [11].
Like a double-edged sword, this transition metal characteristic also makes it harmful if free in the
intracellular environment, as this electron movement can damage biomolecules, which require that
both host and pathogens employ mechanisms for the strict control of metal’s bioavailability [12,13].

J. Fungi 2020, 6, 221; doi:10.3390/jof6040221 www.mdpi.com/journal/jof
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In the context of the host-pathogen interface, it is advantageous for the host, through nutritional
immunity, to limit the bioavailability of iron to pathogens, given the metal’s importance for the
maintenance of vital cellular processes; if pathogens do not have access to the metal, the inevitable
path is their death [14]. However, pathogens that have infectious success, like pathogenic bacteria
and protozoa, are able to supplant nutritional immunity through highly sensitive and specific
mechanisms for iron uptake [9,15]. Regarding pathogenic fungi, this is also a reality. In a generalist
way, these microorganisms respond to iron deprivation by three main events: (1) the reductive iron
assimilation pathway (as described for Cryptococcus neoformans); (2) exploration of iron-containing host
proteins, such as hemoglobin (as described for Candida albicans) and; (3) biosynthesis and uptake of
siderophores (as described for Aspergillus fumigatus) [16,17].

Latin America is the endemic region of a genus of pathogenic fungi named Paracoccidioides,
which causes paracoccidioidomycosis (PCM), a systemic mycosis that affects both immunocompetent
and immunocompromised individuals and can cause severe sequelae and even death, if proper
treatment is not employed [18,19]. Despite the extensive work found in the scientific literature
relative to the pathogen’s biology and disease’s pathobiology, more effective treatments, regarding the
duration, are still current challenges [20]. Recent work has shown that the Paracoccidioides genus is
composed of five species: Paracoccidioides lutzii, Paracoccidioides restrepiensis, Paracoccidioides venezuelensis,
Paracoccidioides americana, and the cosmopolitan species Paracoccidioides brasiliensis, certainly the most
investigated among the five species [21].

Paracoccidioides spp., like most living creatures, also need iron for the maintenance of cellular
activity and consequently to obtain infectious success. This is evidenced in several ways. For example,
the well-known MMcM (McVeigh and Morton) modified medium for growth of Paracoccidioides spp.
contains in its composition a solution of trace elements, of which iron is the metal that appears in the
highest molarity (approximately 3.6 uM; the next most abundant metal is zinc, with approximately
2.8 uM) [22]. Additionally, it has been shown that in the interaction with macrophages, the addition of
iron chelators promotes a decrease in the pathogen'’s survival, which points to the interdependence of
the metal’s presence and successful parasitism [23,24].

In response to the iron deprivation imposed by the host, Paracoccidioides spp. modulate their
metabolism prioritizing the use of glycolysis and negatively regulating iron-dependent pathways,
such as the tricarboxylic acid cycle [25]. Additionally, the pathogen employs three high affinity and
specific pathways for the uptake of iron, which allows the fungus to survive and persist, forming a
ternary response [26-28]. Below we discuss these mechanisms and list new findings in this field of
knowledge, ones that suggest this “little iron waltz” may mean improving therapeutic approaches
to PCM.

2. “Time Signature”: The Transcriptional Reprogramming of Paracoccidioides spp. Facing
Iron Deprivation

The ternary response of Paracoccidioides spp., when deprived of iron, resembles the rhythmic
structure of a waltz, which features three beats per compass (ternary compass). Following this
connotation, in this review we call a “beat” each of the three events that compose Paracoccidioides spp.
response to iron deprivation. These events are orchestrated from a transcriptional reprogramming
that occurs in the face of metal deprivation. Thus, still following the connotation of the performance
of orchestrated music, the transcriptional reprogramming works just like the time signature at the
beginning of a music sheet, which contains the global information for playing a song.

Iron deprivation suffered by pathogens when in the host leads to a transcriptional response
that induces the expression of several proteins involved in obtaining metals from the host during
infection. The expression of iron uptake pathways is part of a mechanism finely regulated by fungi,
in which several transcriptional factors are activated to produce a rapid response to metal deprivation
imposed by the host. As previously mentioned, the acquisition of iron from host by fungi is mediated
by three uptake systems, of which one, the reductive iron assimilation pathway, is formed by ferric
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reductases [26]. The expression of these proteins is regulated by conditions such as metal deprivation
and pH variation. In this way, the pathogenic fungus C. albicans has 15 putative ferric reductases,
and the expression of some of those genes is under control of transcriptional factors; for example, ferric
reductases FRE2p and FRP1p are regulated positively by the transcriptional factor Rim 101, in response
to an alkaline environment [29]. In addition to the variation in response to pH, the expression of the
ferric reductase FRP1p is increased during iron deprivation and the transcriptional factor Rim 101
also regulates the expression of this protein in C. albicans under this condition [30]. In C. neoformans,
Rim 101 is involved in the use of heme from the host [31]. Additionally, the homeostasis of iron in
C. neoformans is regulated by several other mechanisms. For example, the global repressor Tupl is
involved in the production of melanin; formation of capsules; and positive regulation of copper uptake
transporter (CTR4p), ferric reductase transmembrane component (FRTp1), and siderophore—iron
transporter (SIT2p) [32]. In C. albicans, Tupl is also involved in the repression of genes such as rbt5
for the capture of host heme [33,34]. In fungi of the Paracoccidioides complex, the expression of these
transcriptional factors is still being elucidated. The expression of Rim 101 and Tup1 are induced
during iron deprivation, and their expression seems to undergo a regulation mediated by miRNAs,
differentially expressed during the deprivation of this metal (de Curcio, personal communication),
indicating that these two genes are involved with the fine transcriptional response to iron deprivation,
contributing to the control of iron homeostasis in fungi of this complex.

In A. fumigatus, the response to iron deprivation is regulated by transcription factors encoded by
genes sreA and hapX [35,36]. The transcription factor SreA is reduced in iron deprivation, promoting
the depression of HapX, an essential event for induction of the siderophore biosynthesis pathway [37].
In addition, the influence of SreA on genes involved in iron capture systems was observed [35]. Another
gene that plays a role in the adaptation of A. fumigatus in low iron is tptA, which is homologous to the
Saccharomyces cerevisiae gene tpcl. The study carried out by Huang and collaborators [38] showed that
tptA loss reduces the expression of hapX and that the overexpression of hapX in the tptA mutant strain
restored the growth defect and the production of siderophores.

During iron deprivation, an increase in the expression of the transcriptional regulator hapX
and in siderophores biosynthesis and uptake genes sidA and sitl, respectively, was observed in
P. brasiliensis [25]. After 10 min of iron deprivation, the transcriptional regulator hapX level increased
2.3 times and remained increased up to 1 h. The sidA expression increased nine fold after 30 min of
incubation and remained elevated for 24 h [25]. SrbA of P. brasiliensis restored the mutant’s defective
growth phenotype of a null mutant strain of A. nidulans, demonstrating the functionality of this gene
during iron deprivation [39]. As mentioned, mobilization of transcription factors orchestrates the
response of fungi to Fe deprivation.

3. “The First Beat”: The Non-Classical Reductive Pathway of Iron Assimilation in
Paracoccidioides spp.

The “first beat” of this “little iron waltz”, as mentioned above, is a strategy that some fungi
use to circumvent iron deprivation, which is conventionally called the reductive pathway for iron
assimilation and consists of multi-enzyme complexes that promote oxidation and reduction of the
metal and internalize it [9]. Fungi such as C. albicans and C. neoformans have this ability, which is
subsidized by iron reductases, copper-dependent ferroxidases and iron permeases that act together in
the process [40,41]. This iron assimilation pathway allows the capture of free Fe>*, which is insoluble
and therefore not bioavailable. However, since the amount of free metal in the host is minimal,
this pathway is used mainly to sequester iron from host metalloproteins [40]. In Histoplasma capsulatum,
a extracellular glutathione-dependent ferric reductase activity has been reported, in a process where
glutathione is cleaved by a gamma-glutamyl transpeptidase (Ggtl) and a dipeptide with high reductive
power is generated, acting on the reduction of Fe>* that feeds the metal’s internalization system [42,43].

The investigation of the ability of Paracoccidioides spp. to use this reductive pathway began with
in silico analyses that pointed to the presence in the fungus genome of ferric reductases (like frel,
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fre3, freb, fre7, and frpl), Ggtl, and copper-dependent ferroxidase orthologues (like fetp). However,
it was surprising to find that Paracoccidioides spp. do not show ferric permeases [44]. As a way of
investigating this path in more detail, a specific methodology was employed to accompany the steps of
reduction, oxidation, and internalization of the metal in members of the genus Paracoccidioides [45].
This methodology, employing Fe uptake assays, suggested that the Fe uptake process occurs
differently between P. brasiliensis and P. Iutzii, so that P. lutzii has an inefficient reductive iron
assimilation (RIA) pathway [26]. The absence of orthologs for ferric permeases also suggests that
in the Paracoccidioides genus a non-classical reductive iron assimilation pathway (non-classical RIA)
occurs [26]. The non-classical term refers to the fact that under iron deprivation, the transcripts of zinc
permeases (Zrts) have positive regulation, suggesting that Zrts act in a promiscuous way, transporting
both Zn?* and Fe?* during deprivation. In other words, Zrts would not be specific for zinc but a
generalist divalent metal carrier [26]. In agreement with the in silico analyses that pointed to the
presence of a Ggt1 orthologue in the genomes of Paracoccidioides spp., transcriptional data showed
that Ggtl undergoes positive regulation when the fungus is grown in iron deprivation [46]. However,
the extent to which Ggtl acts in conjunction with the non-classical RIA is still unknown. Once this
question is resolved, new perspectives will certainly be outlined. This question has been the subject of
studies by our group.

4. “The Second Beat”: Exploring the Host's Iron-Containing Proteins

The “second beat” of this “waltz” is the ability of Paracoccidioides spp. to explore a host’s
iron-containing proteins directly. In order to limit the toxicity of iron and the bioavailability of the
metal for pathogens, the host associates the metal with various proteins, such as hemoglobin and
myoglobin (in the form of a heme group), albumin, transferrin, ferritin, and lactoferrin, among
others [47]. This variety of iron alternative sources caused pathogens to develop specific mechanisms
for metal capture from those sources [9,40].

C. albicans, for example, uses a protein called Als3 to allow iron uptake from ferritin [40,48].
C. albicans is also able to use a host’s heme-containing proteins, especially hemoglobin and serum
albumin, through a network of hemophores (Csa2, Rbt5, Pga7) located on the cell surface that allow the
sequestration and internalization of these iron sources [28,33,49,50]. The performance of hemophores is
based on the presence of the CFEM (common in several fungal extracellular membrane proteins) domain,
which has been reported in other fungal species, such as Candida glabrata and Candida parapsilosis [51-53].
The internalization of the heme group by C. albicans is dependent on the ESCRT (endosomal sorting
complex required for transport) endocytosis system [54]. Like C. albicans, C. neoformans also uses heme
through the Cigl hemophore, which differs from Candida spp. hemophores by not presenting the
CFEM domain [55]. The internalization of heme by C. neoformans is also dependent on the ESCRT
system [56,57].

Paracoccidioides spp. are capable of using various iron-containing proteins such as lactoferrin,
ferritin, transferrin, and hemoglobin [27]. Regarding hemoglobin uptake, the event occurs through a
receptor that also has the CFEM domain, homologous to C. albicans Rbt5. The knock-down of rbt5
compromises the capacity of Paracoccidioides spp. survive on macrophages and colonize murine’s
spleen [27]. Despite these data, it remains to be clarified whether Paracoccidioides spp. use only Rbt5
for using heme/hemoglobin or if other hemophores and ancillary proteins may be involved. It is
important to highlight that in different Paracoccidioides genomes there are at least four sequences that
code for proteins that contain the CFEM domain (Table 1). There is still a need for elucidating whether
those proteins are involved in the capture of iron-containing proteins from the host. Additionally, it is
not clear yet which endocytic system the fungus uses to internalize the molecule. It is also necessary
to investigate whether Paracoccidioides spp. have other proteins dedicated to the use of specific iron
sources in the host.

21



J. Fungi 2020, 6, 221 50f12

Table 1. The putative CFEM proteins in Paracoccidioides spp. Genomes *.

Species ? Gene ID® Product Description © (E-%I;El?:) a gl?: II:: ::iiil(f;;::‘? ]: SignalP f SecretomeP &
PAAG_04763 Hypothetical protein 2.0x 1078 None Yes -
PAAG_ 11627 Hypothetical protein 28x10713 None Yes -
P. lutzii PAAG_05158 Rbt5 # 33x1071 Yes Yes &
PAAG_02225 Csal' 52x10712 None Yes -
PAAG_00918 Hypothetical protein 55x 1071 None Yes -
PADG_11659 Hypothetical protein 15x 1071 None - -
PADG_05363 Csal * 15%x 10711 None Yes -
P brasiliensis  PADG_02506 Hypothetical protein 1.7 x 1078 None Yes -
. brasiliensis . )
PADG_03909 Hypothetical protein 21x 1078 Yes Yes -
PADG_06374 Hypothetical protein 3.6x10713 None - Yes
PADG_05000 Rbt5 # 45x 10713 Yes Yes -
PABG_12009 Hypothetical protein 1.6 x 1071 None Yes o
o — PABG_00115 Hypothetical protein 1.7 x 1078 None Yes -
PABG_01323 Hypothetical protein 24 %1078 Yes Yes =
PABG_04599 Rbt51 * 45x107% Yes Yes -

* The search for probable CFEM proteins in the genomes of Paracoccidioides was carried out using the online tool
available at https://fungidb.org/fungidb/ (genes; sequence analysis; protein motif pattern). The term used in the search
was CFEM. @ Paracoccidioides species with genomes available in the FungiDB database. ? Access code of the predicted
CFEM-containing sequences. ¢ Annotation available on FungiDB. ¢ Confidence score of the prediction for CFEM
domain presence. © Site prediction for GPI anchor modification. The prediction was performed by the online tool
big-PI Predictor available at http:/mendel.imp.ac.at/gpi/gpi_serverhtml. f Classical secretion prediction performed
by the online tool SignalP 4.0 available at http://www.cbs.dtu.dk/services/SignalP-4.0/. 8 Non-classical secretion
prediction performed by the online tool SecretomeP 2.0 available at http://www.cbs.dtu.dk/services/SecretomeP/.
# Names assigned to the sequences as suggested by Baildo et al. (2014) [27].

5. “The Third Beat”: Biosynthesis and Uptake of Siderophores by Paracoccidioides spp.

Finally, but just as important as the other events described so far, there is the “waltz’ third beat”:
the non-reducing mechanism of iron uptake mediated by siderophores [58]. From the Greek “iron
carriers”, siderophores are low-molecular-weight (usually 1 KDa) molecules that solubilize ferric iron
(Fe**). Siderophores can also act in the storage of iron [59]. The iron uptake process by this mechanism
occurs by excretion of siderophores and binding to the free iron ions, forming the iron-siderophore
complex. After uptake, this complex is linked to specific receptor proteins, like Sit1 of C. albicans and
C. neoformans and, MirB and MirC of Aspergillus nidulans, present in the cell membrane and through
active transport are internalized [60-62]. There are different types of siderophores. Carboxylate
siderophores are produced mainly by bacteria such as Mycobacterium tuberculosis, which synthesizes
carboxymicobactin [63]. Catecholate siderophores are produced mainly by bacteria, like enterobactin
(or enterochelin) produced by Escherichia coli and other Enterobacteriaceae [64]. However, most of the
siderophores produced by fungi belong to the hydroxamate group, with the exception of the rizzoferrin,
siderophores of the carboxylate type, which are produced by several Mucorales sp., as well as the
catecholate-type pistilarin, produced by Penicillium bilaii [17].

Hydroxamate siderophores are the most commonly found in nature and are grouped into four
structural families: rhodotoluric acid, fusarinines, coprogens, and ferricromes [17]. In bacteria,
hydroxamates are composed of acylated and hydroxylated alkylamines, while in fungi they are
derived from ornithine, a non-proteinogenic amino acid, which is hydroxylated and alkylated [65].
The importance of siderophores in fungal virulence is well characterized by detailed studies with the
pathogen A. fumigatus, which produces siderophores belonging to the ferricrome family (ferricrocin),
which are intracellular, and fusarinins (fusarinin C, triacetylfusarinica (TAFC)), which are extracellular.
The production of intracellular ferricrocin siderophores is coordinated according to the morphology of
the fungus; that is, ferricrocin is produced during filamentous growth, while hydroxyferricrocin is
produced in spores of conidia, which are the infectious particles [9]. The iron-siderophore complex is
transported back to cells via membrane proteins called siderophore transporters. In A. nidulans, MirA,
MirB, and MirC were characterized as transporters of siderophores, with MirA and MirB being carriers
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of enterobactin and TAFC, respectively. Although MirC shows a high degree of conservation with
other siderophore transporters, its exact role in capturing siderophores has not yet been found [66].

The mechanisms of iron uptake mediated by siderophores in fungi of the Paracoccidioides genus
were investigated. These fungi conserve homologues genes related to the biosynthesis and uptake of
siderophores, and transcripts of such genes are positively regulated during iron deprivation [44,46].
The genomes of members of the Paracoccidioides genus encode the orthologue genes for siderophore
biosynthesis, namely sidA, sidF, sidC, sidD, sidl, and sidH, as well as the orthologues for the capture of
siderophores, namely sit1, mirB, and mirC. During iron deprivation in Paracoccidioides spp., the synthesis
and secretion of siderophores of the hydroxamate type coprogen B and dimerumic acid occurs, which
are extracellular siderophores, and ferricrocin and ferricromes C, which are intracellular siderophores.
The capacity for synthesis and secretion of siderophores by Paracoccidioides spp. was attested by a
crossfeeding experiment, whereby a strain of A. nidulans unable to produce siderophores had its
growth restored when grown in MMcM without iron, in co-cultivation with Paracoccidioides spp.,
which pointed out that A. nidulans can use siderophores produced and secreted by P. brasiliensis [28].

Members of the Paracoccidioides genus can use xenosiderophores as a source of iron, such as
ferrioxamine B (FOB) [67,68]. In the presence of FOB, the suppression on synthesis of endogenous
siderophores occurs, indicating the use of ferric ions linked to FOB as an iron source. Additionally,
proteomic and enzymatic analyzes demonstrated that SidA, the enzyme that promotes ornithine
hydroxylation during siderophore biosynthesis, was negatively regulated, suggesting the blockade of
the pathway due to the alternative source of iron. To investigate the role of siderophore production in
fungus virulence, P. brasiliensis knockdown strains for sidA were obtained, depicting a reduction in the
production of siderophores as well as a reduction in the pathogenicity in the Tenebrio molitor model of
infection, when compared to wild type strains [68].

As mentioned above, members of the Paracoccicioides genus can use xenosiderophores [67,68].
Since FOB is a hydroxamate siderophore, a class produced by the genus, it seems interesting to question
whether Paracoccidioides spp., such as A. nidulans, would have the ability to transport siderophores from
groups other than hydroxamates, produced by bacteria for example. In this sense, with the intention of
pointing out aspects of the response of Paracoccidioides spp. to iron deprivation that need to be clarified,
we performed molecular dynamics simulation. The three-dimensional structures of the MirB, MirC,
and Sitl proteins of Paracoccidioides spp. were subjected to molecular modeling using the - TASSER
server [69]. The structures of the siderophores enterobactin, ferrioxamine B, and carboxymicobactin
were obtained in the literature [70-72], and molecular docking was performed between siderophores
and proteins using AutoDock Vina [73]. Based on the quality of obtained data (Supplementary Table S1),
we present here preliminary results based on molecular dynamics of the P. brasiliensis siderophore
receptors suggesting capture of hydroxamates, catecholates, or carboxylates, as shown in Figure 1.
The energy interaction data are presented in Supplementary Table 52 and suggest that although all
P. brasiliensis siderophores receptors have the apparent ability to interact with any type of siderophore
(for additional information on molecular dynamics experiments, see Supplementary Material), MirB
would have a higher affinity for carboxymycobactin (a carboxylate, Figure 1A), and MirC would have
a higher affinity for enterobactin (a catecholate, Figure 1B), while Sitl may have a higher affinity for
FOB (a hydroxamate, Figure 1C). In accordance with the molecular dynamics data, we carried out
analyzes of the transcripts of the siderophore transporters sit1, mirB, and mirC. For this, P. brasilienses
yeast cells were incubated in MMcM supplemented with BPS or FOB, and after 6 and 24 h, the cells
were collected and extraction of total RNA was performed. Transcriptional analyzes were performed
using the standard curve method for relative quantification [74] for calculating the relative expression
levels of transcripts of interest. Surprisingly, the transcripts of sit1, mirB, and mirC increased in the
first 6 h in the presence of FOB. However after 24 h, it was noticed that the transcript of sit1 remained
elevated, corroborating the possible preferential interaction of Sitl with FOB (Figure 1D). Obviously,
these data are preliminary and require further investigation, but have information that points to the
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capacity of Paracoccidioides spp. of using any type of siderophore, which is exciting because it could
yield discoveries about the biology of the pathogen not explored to date.

Fold change

MirB

u 6h =24h

Figure 1. Interactions between three-dimensional models and siderophores. (A) Interaction between
MirB and carboxymycobactin. The left panel shows the coupling of siderophore in the MirB pocket
(green). In the right panel, it is observed that the interaction is maintained by conventional hydrogen
bonds (green), carbon-hydrogen bonds (light blue), and pi-pi stacked interaction (pink) between the
aromatic rings of carboxymycobactin and PHE362. (B) Interaction between MirC and enterobactin.
The left panel shows the coupling of the siderophore in the MirC pocket (red). In the right panel,
the interaction is maintained by conventional hydrogen (green) and carbon-hydrogen (light blue)
bonds, in addition to the pi-alkyl (pink) interaction between the aromatic enterobactin ring and the
amino acids LYS496 and ALA480 and the pi—cation interaction (yellow) between the aromatic ring and
the HIS497. (C) Interaction between Sitl and ferrioxamine B. The left panel shows the coupling of the
siderophore in the Sitl pocket (blue). In the right panel, it is observed that the ligand ferrioxamine B
is maintained mainly by hydrophobic affinity (green) to the pocket of Sitl. (D) Levels of transcripts
from siderophore transporter genes accessed by RT-qPCR after cultivation of P. brasiliensis in Fe
deprivation or in the presence of FOB for 6 h and 24 h. For a list of the primers used in the experiments,
see Supplementary Table 53. Additional information on this transcriptional analysis is available in the
Supplementary Materials.

6. “The Addition of Chialteras”: Recent Findings and Future Perspectives on the Response of
Paracoccidioides spp. to Fe Deprivation

In this review, we compare the response of Paracoccidioides spp. to iron deprivation and the
execution of a waltz. In music, notes (like chialteras) can suddenly appear and surprise those who
hear. Similarly, in science, new discoveries can bring new concepts and break paradigms. It is justified
to continue studying the mechanisms that Paracoccidioides spp. employ when challenged by iron
deprivation, as shown in Figure 2. We also cite some events that occur in other fungal species when
subjected to iron deprivation, as summarized in Table 2.
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Figure 2. Overview of the mechanisms of iron uptake used in species of the Paracoccidioides complex.
During iron deprivation Paracoccidioides spp. employ several mechanisms of iron uptake, such as
siderophore transporters (Sitl, MirB, and MirC); binding to the heme group, mediated by Rbt5; or by
iron and zinc transporters and iron-reductases. Rbt5 and SidA are described as virulence factors in

v

Paracoccidiodes spp. In P. Iutzii, RIA is apparently ineffective, because after the metal reduction step,

there is no uptake of this. ”?” points to aspects that still require elucidation.

Table 2. Mechanisms of fungi response to iron deprivation.

Species Described Mechanism Proteins Involved

Non-classical RIA 2P
Use of host Fe-proteins
Biosynthesis and uptake of
siderophores

Ferric reductases, ferroxidase, GGT, Zrt1/2
Rbt5 (heme/hemoglobin uptake)

SidA, Sitl, MirB, MirC

Paracoccidioides spp.

RIA Ferric reductases, ferroxidases, ferric permeases

Rbt5, Pga7, Csa2 (heme/hemoglobin uptake); Als3

Candida albicans Use of host Fe-proteins . .
(iron uptake from ferritin)
Uptake of siderophores Sitl
RIA Ferric reductases, ferroxidases, ferric permeases
Cryptoecoccus neoformans Use of host Fe-proteins Cigl (heme/hemoglobin uptake)
Uptake of siderophores Sitl

Biosynthesis and uptake of

AspHSAaIE R siderophores

SidA, MirA, MirB, MirC

@ RIA: reductive iron assimilation. ® Non-classical RIA: in Paracoccidioides spp. RIA is referred to as non-classical
because the internalization of iron is not performed by a ferric permease but by a zinc/iron permeases called Zrt1/2.

8 of 12

Our group has been working on this challenge, and soon new information about proteins of

the pathogen involved in the capture of iron from the host and even the participation of miRNAs in
this process will be published. In this review, we also present preliminary data that point out that
Paracoccidioides spp. is capable of using siderophores of all classes, including carboxymycobactin,
a siderophore produced by M. tuberculosis, which is a bacterium that has already been described
as causing coinfection with Paracoccidioides spp. [75,76]. This is a very relevant fact to be studied,
considering that in a recent work by our group, it was seen that offering the FOB xenosiderophore
to P. brasiliensis causes downregulation of SidA, the initial enzyme in the siderophore biosynthesis
pathway, which raises questions about how pathogens respond to the presence of xenosiderophores
in vivo [68]. In this sense, characterizing the potential xenosiderophores used by the Paracoccidioides
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complex aggregates information about the mechanisms used by these fungi for the development in
conditions of iron deprivation, such as that found during the colonization of the host. In addition,
all this data point to the challenge of understanding not only how Paracoccidioides spp. interact with the
host but also with other pathogenic microorganisms and even the commensal microbiota. Certainly,
all these findings will add more and more compasses to this “waltz” and, from a “little iron waltz”,
soon we will be able to appreciate a “complete symphony”.

Supplementary Materials: The following are available online at http://www.mdpi.com/2309-608X/6/4/221/s1,
Figure S1: RMSD in molecular dynamics simulations of the models, Figure S2: 3D and 2D interactions between
siderophores receptors models and carboxymycobactin, Figure S3: 3D and 2D interactions between siderophores
receptors models and enterobactin, Figure S4: 3D and 2D interactions between siderophores receptors models
and ferrioxamine B, Table S1: Quality of three-dimensional models after molecular dynamics simulation,
Table S2: Scores of binding energies between proteins and siderophores, Table 53: Sequences of forward and
reverse oligonucleotides.
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Supplementary material
1. Molecular dynamics

The three-dimensional structures of the MirB, MirC and Sitl proteins of Paracoccidioides
spp. have not been experimentally determined so far, therefore, using the I-TASSER server we
performed the molecular modeling [1]. Molecular dynamics were performed using the GROMACS
package, with AMBER force field (ff99SB-ILDM) and TIP3P water. The molecules were subjected
to the simulation of 20 nanoseconds, temperature of 300 K, pressure of | atm and time interval of 2
fentoseconds. The analysis of RMSD (root-mean-square deviation of atomic positions) were
performed using the software of the GROMACS package [2]. Quality scores and Ramachandran
maps of proteins were performed using the MolProbity server [3].

The enterobactin and ferrioxamine B siderophores molecules were obtained from the Protein
Data Bank (PDB) in the 6Q5E [4] and 4FIL [5] crystals, respectively. Carboxymicobactin was
designed according to the structure described by [6]. Molecular docking was performed between
siderophores and proteins using AutoDock Vina [7]. The best anchorage between the molecules,
according to the energy score, was chosen for the analysis of interaction. This analysis was
performed using the Discovery Studio Visualizer (BIOVIA: Dassault Systémes, 2020), Pymol (The
PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC) and Maestro (Maestro,
Schrodinger, LLC, New York, NY, 2020) software.

1.2. Results and discussion regarding molecular dynamics

In Supplementary Figure 1, the MirC and Sitl proteins showed high mean square deviation
in relation to their backbone, reaching values above 1 nm. However, the MirB protein performed
better in molecular dynamics, with RMSD varying around 0.4 nm. This different behavior may be
due to MirB more globular structure, while MirC and Sitl present more regions of unstructured
loops, which provide higher flexibility during the simulation. In addition, high RMSD values in the
case of models generated with low similarity between crystallographic structures are expected,

since there are regions without homology that were modeled by the template-free method [8].
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Supplementary Figure S1. RMSD in molecular dynamics simulations of the models: A) MirB
showing a fluctuation between 0.4 and 0.5 nm in most of the simulation indicating in this period a
more stable conformation of MirB. B) MirC showing a large fluctuation up to 1.5 nm. The Y-shaped
MirB structure allowed higher flexibility and consequently higher variation of RMSD. C) Sitl
showing a fluctuation of up to 1 nm of the simulation; but it is possible to observe a stability of the
RMSD from 10 ns up to the end. In all cases there is the alignment of the 3D structure, where gray
is the model prior to the molecular dynamics and in green, red and blue, respectively, the most
representative model of the molecular dynamics.

In molecular dynamics simulation the presence of the solvent induces the molecule to have a
dynamic behavior of atoms and it is expected that it will achieve a more favorable three-
dimensional structure, with adjustment of the linked and non-linked interactions [9]. In
Supplementary Table 1, we note that the amino acids in favorable regions in the Ramachandran
map, which refer to the ® and ¥ angles around the alpha carbon, increased after the molecular
dynamics simulation. This fact, together with the reduction of steric shocks and unfavorable
interactions, made the molprobity score significantly improve. The molprobity score values

achieved are comparable to those of high-quality crystal structures [3].
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Supplementary Table S1: Quality of three-dimensional models after molecular dynamics simulation

Ramachandran favored Molprobity score
before MD after MD before MD after MD
MirB 69.34% 83.65% 4.33 1.95
MirC 66.04% 85.05% 3.81 2.04
Sitl 68.98% 85.42% 4.11 1.93

In Supplementary Figures S2, S3 and S4, we observe the interaction of the
carboxymycobactin, enterobactin and ferrioxamine B siderophores, respectively, with MirB, MirC
and Sitl. The carboxymycobactin-MirB complex showed the interaction energy score -9.6 Kcal/mol
(Supplementary Table 2), compared to the other interactions involving this siderophore. In addition
to the pi-pi stacked interaction that occurs with the alignment of two aromatic rings, PHE is also
involved in a special hydrogen interaction, where the aromatic ring acts as an electron donor. In this
same complex, there are still 5 conventional hydrogen bonds, which are important in intermolecular

recognition and in maintaining stability between molecules [10].
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Supplementary Figure S2. 3D and 2D interactions between siderophores receptors models and carboxymycobactin.

32



diie
o

e
asi

SER
Et

irs
15

ik
A,
b
A
i
ee
i
B iy
0
B posigma I Conwentional Hycrogon Bend
B Pp1 Tshapca P Danor Hydrogen Bond
B P17t senciend Cartan lydrgen Gand
A-Adort F-Cotian

Supplementary Figure S4. 3D and 2D interactions between siderophores re(':a)tors models and ferrioxamine B.

33



Supplementary Table S2: Scores of binding energies between proteins and siderophores

CMB EB FOB
MirB -9.6 -10.7 -8.7
MirC -7.1 -10.5 -8.3
Sit1 -8.9 -10.9 -9.8

Energy score = Kcal/mol
CMB = carboxymycobactin
EB = enterobactin

FOB = ferrioxamine B

The complexes in the case of enterobactin showed remarkably similar binding energy
scores, as seen in Supplementary Table S2. In general, all complexes formed with enterobactin had
several pi-type interactions, mainly because this siderophore has 3 aromatic rings in its chemical
structure. It is noted that in the enterobactin-Sitl complex, pi-alkyl and pi-sigma interactions
(Supplementary Figure S3) occur that may have contributed to a slightly better energy value when
compared to the other complexes of this siderophore. Among the complexes formed by
ferrioxamine B, the ferrioxamine-Sit]l complex had the best energy score of -9.8 Kcal / mol. We
noticed that the pocket of the Sitl protein that interacts with FOB is highly hydrophobic which is

especially important in the initial adjustment of the ligand [11].

2. Strains and Culture Conditions

For experiments we used yeast cells, strain 18 (ATCC32069) (Ph18), of P. brasiliensis. The cells
were maintained in brain heart infusion (BHI) solid medium with 4% (w/v) glucose and grown in
liquid BHI for 72 hours, at 36°C. After growth to the exponential phase in liquid BHI and washes
with PBS 1X (phosphate buffered saline solution 1X; 1.4 mM KH2PO4, 8 mM Na:HPO4, 140 mM
NaCl, 2.7 mM KCI; pH 7.4) cells were incubated in MMcM (McVeigh/Morton medium) with no
iron addition and with 50 uM of ferrous iron-specific chelator (BPS - bathophenanthroline-
disulfonic acid; Sigma-Aldrich, Germany), for 24 hours at 36°C with shaking at 150 rpm. After
incubation, yeast cells were collected and washed with PBS 1X. Trypan blue was used to determine
the viability. For culturing under the conditions of interest was used a total of 107 cells/mL. Yeast
cells were cultured for 6 and 24 hours in medium with 10 uM of a xenosiderophore (FOB -

ferrioxamine B) and in medium with 50 uM of iron chelator BPS.

RNA extraction and quantitative real time PCR (RT-qPCR)
After incubation for 6 and 24 hours in MMcM supplemented with BPS or FOB the yeast cells were
collected and total RNA extraction was accomplished using TRIzol (TRI Reagent, Sigma-Aldrich,

St. Louis, MO) and mechanical cell rupture (Mini-Beadbeater — Biospec Products Inc., Bartlesville,
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OK). Super-Script III Frist-Synthesis SuperMix (Invitrogen, Life Technologies) was used to obtain
the cDNAs that were submitted to qRT-PCR in the StepOnePlus real-time PCR System (Applied
Biosystems Inc.) using SYBER green PCR master mix (Applied Biosystems, Foster City, CA).
Supplementary Table S3 features the sequences of forward and reverse oligonucleotides used. The
reaction was performed in triplicate for each cDNA. Data were normalized with the transcript for
288 protein (XP_015701336) [12]. The standard curve method for relative quantification was used
for calculating the relative expression levels of transcripts of interest [13]. An aliquot from each
cDNA sample was used to obtain the standard curve. Statistical analysis was based in the Student’s

t-test and P values of 0.05 or less were considered statistically significant.

Supplementary table S3: Sequences of forward and reverse oligonucleotides

Gene Sequence

sit1 F: GGCAATCATTTTCCCTGTGTG
R: CGCGAAGACTGCAATCAAAAG

mirB F: GTCTTCTACTGGGTCGGGTAT
R: GACCATTCAGGAAGGCTGTC

mirC F: CAGAATGTGGTGAACGCCGT
R: AGAATTTGCAGTCCTGTTGAAC
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Abstract: Paracoccidioides spp. are thermally dimorphic fungi that cause paracoccidioidomycosis and
can affect both immunocompetent and immunocompromised individuals. The infection can lead
to moderate or severe illness and death. Paracoccidioides spp. undergo micronutrients deprivation
within the host, including iron. To overcome such cellular stress, this genus of fungi responds in
multiple ways, such as the utilization of hemoglobin. A glycosylphosphatidylinositol (GPI)-anchored
fungal receptor, Rbt5, has the primary role of acquiring the essential nutrient iron from hemoglobin.
Conversely, it is not clear if additional proteins participate in the process of using hemoglobin by
the fungus. Therefore, in order to investigate changes in the proteomic level of P. lutzii cell wall, we
deprived the fungus of iron and then treated those cells with hemoglobin. Deprived iron cells were
used as control. Next, we performed cell wall fractionation and the obtained proteins were submitted
to nanoUPLC-MSE. Protein expression levels of the cell wall F1 fraction of cells exposed to hemoglobin
were compared with the protein expression of the cell wall F1 fraction of iron-deprived cells. Our
results showed that P. [ufzii exposure to hemoglobin increased the level of adhesins expression
by the fungus, according to the proteomic data. We confirmed that the exposure of the fungus to
hemoglobin increased its ability to adhere to macrophages by flow cytometry. In addition, we found
that HSP30 of P. lufzii is a novel hemoglobin-binding protein and a possible heme oxygenase. In order
to investigate the importance of HSP30 in the Paracoccidioides genus, we developed a Paracoccidioides
brasiliensis knockdown strain of HSP30 via Agrobacterium tumefaciens-mediated transformation and
demonstrated that silencing this gene decreases the ability of P. brasiliensis to use hemoglobin as a
nutrient source. Additional studies are needed to establish HSP30 as a virulence factor, which can
support the development of new therapeutic and/or diagnostic approaches.

Keywords: nutritional immunity; cell wall proteins; molecular dynamics

1. Introduction

Iron is one of the micronutrients that is highly essential for the metabolism of almost all
organisms, but at high levels, iron is toxic and generates reactive oxygen species (ROS) [1].
Additionally, iron and other metals have their bioavailability strictly controlled by the
mammalian host through a process called nutritional immunity, which affects the infectious
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success of pathogenic microbes [2]. Hence, microbial iron acquisition is an important
virulence attribute [3]. Due to the importance of iron for the biological processes of both
hosts and pathogens, but in contrast to the toxic potential of the metal, hosts employ the
strategy of binding the metal to several proteins, such as ferritin, transferrin, lactoferrin
and hemoglobin, in order to avoid both the metal toxicity and the access of pathogens to
it [4].

When challenged by iron deprivation imposed by the host, pathogenic fungi employs
mechanisms of high affinity and specificity to capture iron from the host, including re-
ductive iron uptake pathways, biosynthesis, and uptake of siderophores, and the use of
host’s iron-binding proteins [1,5,6]. Hemoglobin is an abundant host’s heme-containing
protein and an important iron source for pathogens including fungi. The heme present
in the hemoglobin can be removed and totally internalized by the fungi or the iron con-
tained in the heme group can be released and readily internalized by pathogens [7,8].
Candida albicans captures hemoglobin-derived heme via a network of receptors that con-
tain the CFEM domain (common in several fungal extracellular membrane proteins) that
transfers the heme group to the ESCRT (endosomal sorting complex required for transport)-
mediated endocytosis system [9-13]. Cryptococcus neoformans is also capable of using heme.
The first step in the process is mediated by CIG1, a cell surface protein that, although
not containing the CFEM domain, act as a hemophore [14]. Similarly to C. albicans, the
process of heme endocytosis in C. neaformans is dependent on the ESCRT system [15,16].
In addition, recent work showed the importance of the clathrin-mediated endocytosis
(CME) mechanism for the uptake of heme and hemoglobin in C. neoformans, given that
mutants lacking this system are not successful in developing virulence factors. Interestingly,
mutants las17 (a gene encoding for a nucleation-promoting factor for actin assembly) were
avirulent in mice infection tests [17].

The Paracoccidicides genus comprises thermally dimorphic fungi that grow in a hyphal
form in the environment, but exist shift their morphology into budding yeast cells within
mammalian hosts [18]. Paracoccidioides spp. infect at least 10 million people causing the dis-
ease paracoccidioidomycosis (PCM), which is geographically restricted to the subtropical
areas of Latin America [19,20]. Members of the Paracoccidioides genus include the species
P. brasiliensis, P. lutzii, P. americana, P. restrepiensis, and P. venezuelensis. The disease mani-
festations range from superficial skin lesions to invasive infections [21,22]. The infection
is initiated by inhalation of fungal propagules, which differentiate into yeast cells after
reaching the alveolar epithelium [23].

When challenged with iron deprivation, Paracoccidioides spp. employs a complex re-
sponse that encompasses transcriptional and metabolic reprogramming and the expression
of high affinity systems for iron uptake, including biosynthesis and uptake of siderophores
and a non-canonical iron reductive pathway [24-26]. Additionally, we have demonstrated
previously that hemoglobin is the preferential host iron source of the Paracoccidioides spp.
These fungi have hemolytic activity, able to acquire iron from hemoglobin and endocy-
tize the heme group without releasing iron into the extracellular level. A GPI-anchored
receptor, Rbt5, has the primary role of acquiring the essential nutrient iron from the host
hemoglobin [27].

Previous studies developed at our laboratory allowed the identification of proteins
from P. Iutzii cell wall by using subcellular fractionation and nanoUPLC-MSE. Sequen-
tial fractionation associated with a proteomic approach allowed the characterization of
P. Iutzii cell wall proteins, such as proteins associated with the cell wall through non-
covalent or disulfide bonds (F1) and proteins bound to the cell wall by alkali-labile bonds
(F2) [28]. We identified proteins present in the cell wall that belong to several functional
categories. Some of these proteins have been previously characterized in the cell wall of
Paracoccidioides genus playing putative roles in cell wall biogenesis and organization as
well as in virulence, adhesion, colonization, survival in hostile environments and evasion
of the immune system, thereby allowing the establishment of the disease [29-33]. Another
study also carried out in our laboratory allowed the identification of P. [utzii cell surface
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proteins that interact with macrophages through affinity chromatography based on sur-
face proteomics [34]. The authors obtained F1 cell wall enriched extracts and identified
proteins, such as serine proteinase and fructose-1,6-bisphosphate aldolase interacting with
macrophage surface proteins, and confirmatory assays showed that these proteins undergo
positive regulation during the interaction of the fungus with the host [34]. The studies
performed by Aradjo et al. (2017) [28] and Tomazett et al. (2019) [34] demonstrated that
the identification of the cell wall proteins is a good alternative to list new targets in the
context of host—pathogen interaction.

Therefore, in order to investigate changes in the proteomic level of P. lutzii cell wall,
we deprived the fungus of iron and then treated those cells with hemoglobin. Deprived
iron cells were used as control. Next, we performed cell wall fractionation and the obtained
proteins were submitted to nanoUPLC-MSE. Protein expression levels of the cell wall F1
fraction of cells exposed to hemoglobin were compared with the protein expression of the
cell wall F1 fraction of iron-deprived cells. Our results demonstrated that upregulation of
potential adhesins occurs at the cell surface when the fungus is exposed to hemoglobin and
revealed that HSP30 of P. lutzii is a novel hemoglobin-binding protein. In order to investi-
gate the importance of PBPHSP30 in the Paracoccidioides genus, we developed a P. brasiliensis
(Pb18) knockdown strain of HSP30 via Agrobacterium tumefaciens-mediated transformation
(ATMT) and demonstrated that silencing this gene decreases the ability of P. brasiliensis to
use hemoglobin as a nutrient source. These findings highlight the importance of HSP30
regarding the use of hemoglobin by Paracoccidioides spp. and we hypothesize that HSP30
may be important in the context of infection, given that the use of hemoglobin by the fungus
is a virulence attribute. To confirm this inference, further investigation is needed. Certainly,
these studies will contribute to the expansion of the knowledge regarding Paracoccidioides—
host interaction, which can culminate in the development of new therapeutic and/or
diagnostic approaches.

2. Materials and Methods
2.1. Ethics Statement

All experiments were conducted in accordance with the Brazilian Federal Law
11,794 /2008 establishing procedures for the scientific use of animals. All efforts were made
to minimize suffering, and the animal experiments were approved by the Ethics Committee
on the use of Animal Experimentation (Federal University of Goias, CEUA-UFG; under
protocol number 116/17, approved on 13 November 2017), following the guidelines of the
National Council for Control of Animal Experimentation.

2.2. Strains and Growth Conditions

P. lutzii (American Type Culture Collection—ATCC MYA-826—Pb01) and P. brasiliensis
(ATCC 32069—Pb18) were maintained in Brain Heart Infusion (BHI) solid broth supple-
mented with glucose 4% (w/v) at 36 °C. To obtain cell wall proteins extracts, P. lutzii yeast
cells were cultured in BHI liquid medium, supplemented with glucose 4% (w/v) for 72 h at
36 °C and under shaking at 120 rpm. Next, 5 x 10° cells/mL were transferred to McVeigh
and Morton modified medium (MMcM) chemically defined liquid medium [35] without
iron, supplemented with 50 uM of the iron chelator bathophenanthrolinedisulfonic acid
(BPS—Sigma-Aldrich, St. Louis, MO, USA) and were maintained in this condition for 36 h
in order to establish intracellular iron depletion. Finally, yeasts cells were transferred to
MMCcM containing bovine hemoglobin 10 uM (Sigma-Aldrich, St. Louis, MO, USA) or BPS
50 uM and maintained for 48 h.

2.3. Extraction of P. Lutzii Cell Wall Proteins (CWPs)

To obtain P. lutzii CWPs, we employed the methodology described by Araujo et al.,
(2017) [28], with some modifications. After 48 h of fungal culture in the presence of
hemoglobin (treatment) or in iron deprivation (control), the cultures were collected and
centrifuged at 800 x g for 10 min at 4 °C, and cells were washed 5 times with lysis buffer
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(10 mM Tris-HCl pH 8.5, 2 mM CaCl,, 1:10 protease inhibitor). Subsequently, the cells
were resuspended in ice-cold 10 mM Tris-HCI buffer, pH 8.0, broken in the presence of
liquid nitrogen and the cellular powder was resuspended in ice-cold lysis buffer. Then,
glass beads (4 mm) were added to the suspension. The mixture was vortexed for 1 h at
4 °C. After centrifugation at 800x ¢ for 10 min at 4 °C, the glass beads were removed
and pellets were washed 5 times with ice-cold ultrapure water, 5 times with 0.86 M NaCl,
5 times with 0.34 M NaCl and 5 times with 0.17 M NaCl. The washes performed with NaCl
solutions aimed to remove potential contaminants, which can range from extracellular
proteins to membrane or cytoplasmic proteins that can be retained on the isolated cell
wall by non-specific ionic interactions [36]. The obtained pellets were treated twice with
extraction buffer (50 mM Tris-HCI, pH 7.8, 69 mM SDS, 10 mM EDTA and 40 mM Mer-
captoethanol) for 10 min at 100 °C and then centrifuged. The supernatants were collected,
concentrated using membranes with 10-kDa exclusion level (Amicon Ultra centrifugal
filter, Millipore, Bedford, MA, USA) and washed 3 times with ice-cold ultrapure water.
Afterwards, treatment with 2-D Clean-Up Kit (GE Healthcare) was performed with another
three washes with ice-cold ultrapure water. The obtained extract corresponded to proteins
that are non-covalently linked or linked to the cell wall by disulfide bonds.

2.4. Preparation of Complex Samples for NanoUPLC-MSFE

The F1 CWPs extracts were quantified. We added 150 pL of a 0.2 % (w/v) RapiGest
solution and 10 uL of 50 mM NH4HCOj; at pH 8.5 to 300 pg of protein extracts. The
mixture was incubated at 80 °C for 15 min and subsequently, 2.5 uL of 100 mM DTT were
added, followed by another incubation at 60 °C for 30 min. Next, 2.5 uL. of 300 mM of
iodoacetamide were added and the samples were maintained for 30 min away from the
light at room temperature. Samples were then subjected to tryptic digestion with 60 uL
of a 0.05 ug/ul trypsin solution and incubated at 37 °C for 16 h. Then, 60 uL. of 5% (v/v)
trifluoroacetic acid were added and the solution was incubated at 37 °C for additional
90 min. The samples were centrifuged at 13,000 x g for 30 min at 4 °C and the supernatants
were transferred to clean tubes. The centrifugation process was repeated until there was no
further precipitate formation. The samples were concentrated in a speed vacuum apparatus,
resuspended in 12 uL of ultrapure water, purified on ZipTip Pipette Tips (ZipTip C18 Pipette
Tips, Millipore, Bedford, MA, USA) following the manufacturer’s instructions, and again
concentrated in a speed vacuum concentrator. The obtained peptides were resuspended in
60 uL of 20 mM ammonium formiate, at pH 10, containing 200 fmol/uL phosphorylase B
(PHB) (Waters Corporation, Manchester, UK) (MassPREPTM protein), used as the internal
control. The obtained samples were submitted to nanoUPLC-MSE, as described in the
subsequent session.

2.5. Data Acquisition by NanoUPLC-MSF

The samples were subjected to a high-resolution liquid chromatography at the nanoscale
through the ACQUITY UPLC® M-Class system (Waters Corporation, Manchester, UK).
The fractionation of the peptides was performed in an XBridge® Peptide 5 um BEH130
C18, 300 pm x 50 mm reverse phase pre-column (Waters Corporation, Manchester, UK).
The first dimension of the system was maintained in a flow rate of 0.5 pL/min with an
initial condition of 3% acetonitrile (ACN). The peptides were submitted to five fractions
(F1-F5) of an ACN gradient (F1-11.4%, F2-14.7%, F3-17.4%, F4-20.7%, and F5-50%). For
the second dimension, each fraction was eluted on a 2D Symmetry® 5 um BEH100 C18,
180 pm x 20 mm trapping column (Waters Corporation, Manchester, UK) and passed
through the analytical column Peptide CSH™ BEH130 C18 1.7 um, 100 um x 100 mm
(Waters Corporation, Manchester, UK), in a flow of 0.4 uL/min at 40 °C. The human (Glu1)-
fibrinopeptide B (GFB-Sigma-Aldrich, St. Louis, MO, USA) protein was used for the mass
calibration, which was measured every 30 s and in a constant flow of 0.5 uL/min. GFB was
used at the concentration of 200 fmol /L. Peptide identification and quantification were
carried out in a Synapt G1 MSTM (Waters Corporation, Machester, UK) mass spectrometer
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equipped with a NanoElectronSpray source and two mass analyzers [a first quadrupole
and the second time of flight (TOF). Three experimental replicates were performed.

2.6. Spectra Processing and Proteomic Analysis

After nanoUPLC-MSE, data processing was performed using ProteinLynx Global
Server version 3.0.2 software (PLGS) (Waters Corporation, Manchester, UK), which allowed
the determination of the exact mass retention time (EMRT) of the peptides and their
molecular weight, by mass/charge ratio (m/z). For identification of the peptides, the
obtained spectra (along with reverse sequences) were compared with sequences available
in the database of P. lutzii (Pb01) (https:/ /www.uniprot.org/proteomes/UP000002059). To
refine protein identification, we employed the detection of at least two ions per peptide
fragments, five by protein fragments, the determination of at least one peptide per protein,
false positive rate of 4%, carbamidomethylation of cysteine, oxidation of methionine,
phosphorylation of serine, threonine and tyrosine and a trypsin-lost cleavage site was
allowed. The tolerable mass error for identification of the peptides was set to 50 ppm. The
quality graphics for the races were generated through MassPivot software v1.0.1 (kindly
provided by Dr. André Murad), FBAT software (https:/ /sites.google.com/view / fbat-web-
page), Spotfire® v8.0 (TIBCO Software Inc., Palo Alto, CA, EUA) and Microsoft Office
Excel (Microsoft®, Redmond, Washington, DC, USA). Proteins present in at least two of
the three experimental replicates of extracts were included in the subsequent differential
expression analysis. Proteins that presented the lowest coefficient of variance and that
were detected in all the replicates were used for the normalization of intensity and the
Expression Algorithm (Expression®, Waters Corporation, Manchester, UK ), which is part of
the PLGS software [37], was used for the differential expression analysis. Proteins classified
as regulated presented fold change + 0.5 between the quantification of the extract obtained
in the presence of hemoglobin x Fe deprivation. Homology investigation of identified
hypothetical proteins was performed using the BLASTp online tool (Basic Local Alignment
Search Tool—https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Protein sequences
were further subjected to in silico analysis for signal peptide prediction using the Signal P
4.0 Server online tool (http:/ /www.cbs.dtu.dk/services/SignalP-4.0/). For the prediction
of proteins secreted by non-classical pathways, the online tool Secretome P 2.0 was used.
The prediction of potential adhesins was performed using the online FaaPred tool (http:
/ /bioinfo.icgeb.res.in/faap/). Heatmap graphic was generated by Microsoft Office Excel
(Microsoft®, Redmond, Washington, DC, USA). The HSP30 protein was an important
finding in our proteomic data and we decided to investigate this result further.

2.7. Expression of the Recombinant HSP30 Protein in Escherichia Coli, Protein Purification, and
Polyclonal Antibodies

Total RNA was extracted from fungal yeast cells using the TRIzol reagent (TRI Reagent®,
Sigma-Aldrich, St. Louis, MO, USA) and mechanical cell rupture (MiniBeadbeater—BioSpec
Products), as described by the manufacturer’s protocol. From the extracted RNA, cDNA
was synthetized following the manufacturer recommendation of the Super Script® Reverse
Transcriptase Kit (Invitrogen™, Waltham, MA, USA). The cDNA was used to amplify the
HSP30 protein (PAAG_00871) using the polymerase High Fidelity (Invitrogen™, Waltham,
MA, USA). The oligonucleotides sense sequence was 5 GGTTCCGCGTGGATCCATGTTCT
CTCGTCGAGCC'3 and the antisense was 5’ GGGAATTCGGGGATCCCTACTCAATCGTA
ATCTTCTT'3. The amplification cycle comprised denaturation at 94 °C for 2 min followed
by 40 cycles of denaturation at 94 °C for 30 s, annealing at 54 °C for 30 s and extension
at 72 °C for 1 min and 30 s, followed by a final extension at 72 °C for 5 min. The cDNA
product obtained by RT-PCR was cloned into the expression vector pET-32a. Bacterial cells,
strain Escherichia coli C43, harboring the recombinant plasmid were grown in Luria-Bertani
(LB) medium supplemented with 100 pg/mL ampicillin (w/v) under agitation at 37 °C
until the optical density (OD) reached an absorbance of 0.6 at a wavelength of 600 nm. The
reagent Isopropyl-p-D-thiogalactopyranoside (IPTG) was added to the growing culture
to a final concentration of 0.1 mM. The bacterial cells were harvested by centrifugation
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at 10,000 g for 10 min after 16 h of incubation at 15 °C and resuspended in phosphate
buffered saline (PBS) 1X. The recombinant HSP30 protein fused to Trx-His-Tag was used for
the production of polyclonal antibodies in 4 BALB/c male mice aged 6-8 weeks. The fusion
protein was removed from SDS-PAGE gels and injected into mice along with Freund’s
adjuvant three times at intervals of 15 days. Serum containing polyclonal antibodies was
collected and stored at —20 °C. The protein was produced in inclusion bodies and was
solubilized using 50 uL of a 20% (w/v) N-Lauroylsarcosine sodium salt (Sigma Aldrich,
Missouri, KS, USA) solution for 5 mL of bacterial extracts and sonicated (5 times, 10 min).
SDS-PAGE analysis showed the protein in the soluble fraction and then, the protein was
purified by a nickel resin chromatography system (Qiagen Inc., Germantown, MD, USA).

2.8. Far-Western Blot Analyses

We used the protocol described by [38] to perform far-western blot analysis. The
recombinant HSP30 protein and bovine hemoglobin were transferred to Hybond nitrocel-
lulose membranes (GE Healthcare, Piscataway, NJ, USA) and incubated for 1 h at room
temperature with bovine hemoglobin diluted at 35 pg/mL in blocking buffer containing
10% (w/v) skim milk powder and 0.1% (v/v) Tween-20 in PBS 1X. Washing of the membrane
was performed, followed by incubation with the primary monoclonal antibody anti-human
hemoglobin produced in mice (Abcam Plc, Cambridge, UK) and diluted 1:100 in blocking
buffer. Another washing series was performed and the membrane was incubated with
anti-mouse alkaline phosphatase conjugated secondary antibody (1:10,000) for 1 h at room
temperature and protected from light. The revelation step was performed employing
5-bromo-4-chloro-3-indolyl phosphate/p-nitroblue tetrazolium chloride (BCIP /NBT).

2.9. Flow Cytometry and Immunofluorescence Assays

P. lutzii yeast cells were cultivated in the presence of 10 pM of hemoglobin or 50 uM
of BPS. Two additional conditions were included, which were 10 uM of FeSO, and 10 uM
of Bovine Serum Albumin (BSA). Flow cytometry was performed according to the method-
ology described by [34]. Murine macrophages of the lineage RAW 264.7 were cultured in
RPMI medium containing bovine fetal serum 10% (v/v) and MEM non-essential amino
acid solution (Sigma Aldrich, Missouri, KS, USA) at 36 °C and 5% CO; until complete
confluence. The experiment was performed in 12-well polypropylene plates (Greinner Bio-
One, Monroe, NC, USA). We plated 10° macrophages per well in Roswell Park Memorial
Institute (RPMI) medium containing gamma interferon (IFN-vy) (1 U/mL) (Sigma-Aldrich,
St. Louis, MO, USA) following incubation for 24 h at 36 °C and 5% CO; for adherence and
activation. Then, the medium was replaced by a fresh RPMI medium containing IFN-y
(1U/mL)and 5 x 10° P. lutzii yeast cells per well were added to the macrophages. The
cells were incubated for 4 h at 36 °C and 5% CO,. Macrophages were washed with PBS
1X to remove unbound fungal cells, fixed with cold methanol for 2 h at —80 °C and the
cells were collected by scraping. The cells were washed three times with PBS 1X, incubated
with 100 pg/mL Congo Red (Sigma-Aldrich, St. Louis, MO, USA) for 15 min and washed
3 times again with PBS 1X. The number of yeast cells of P. lufzii adhered /internalized to
macrophages was identified by flow cytometry assay and the instrument Guava® easyCyte
(Merck Millipore, Darmstadt, Germany) acquired a minimum of 10,000 cells per sample.
Proportion test was used for statistical comparison between the conditions analyzed [39].

For the immunofluorescence assays, P. [utzii yeast cells were grown in the absence or
presence of hemoglobin at 10 uM for 48 h at 36 °C under agitation. Subsequently, the cells
were centrifuged, and the pellet washed with PBS 1X. Cells were counted in a Neubauer’s
chamber and 10° cells/mL were fixed with ice-cold methanol for 2 h at —80 °C. Then, cells
were washed three times with PBS 1X, blocked for 30 min with PBS 1X containing BSA
(3% (w/v)) and tween-20 (0.2% [v/v]) at room temperature and washed 3 times again with
PBS 1X. The cells were incubated for 1 h at room temperature with anti-HSP30 protein
polyclonal antibodies, produced in mice and diluted 1:100 in blocking buffer. Following
3 washes with PBS 1X, the cells were incubated for 1 h at room temperature with anti-
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mouse IgG coupled with fluorescein isothiocyanate (FITC- Sigma-Aldrich, St. Louis, MO,
USA) diluted 1:100 in blocking buffer. The cells were washed with PBS 1X 3 times and
observed under an Axio Scope Al fluorescence microscope at bright field and 470/440 nm
wavelength. Digital images were acquired using the software AxioVision (Carl Zeiss AG,
Berlin, Germany).

2.10. Structural Alignment of HSP30 and Human Heme Oxygenase

The sequence alignment of HSP30 (PAAG_00871) and human heme oxygenase
1 (P09601) was obtained by the ClustalX 2.1 program [40]. In order to perform protein
structure comparisons we used the TM-align algorithm [41]. This approach was based on
the generation of an enhanced residue-to-residue alignment through dynamic simulations
considering the backbone alpha-carbon coordinates of the HSP30 and hemoglobin. The
best model was then produced via superposition of the structures under study and a
TM-score was generated. The sequence identity cutoff was set to 95% and gap penalties
were eliminated to circumvent fragmentation caused by the topological complexity of
helices. The PDB output was used in PyYMOL (pymol.org) to compare the alignment results
from the TM-align server.

2.11. Preparation of Three-Dimensional (3D) Structures and Molecular Docking

The Iterative Threading Assembly Refinement (I-TASSER) server [42] was used to
model the three-dimensional structure of HSP30 from P. lutzii. The server models protein
structures based on templates of homologous proteins experimentally determined and
deposited on the PDB (protein data bank) database. - TASSER applies fold recognition via
Monte Carlo simulations in order to rank homologous fragments and the procedure follows
basic steps consisting of prediction of secondary structure by Protein Secondary Structure
Prediction (PSSpred) and identification of threading templates by Local Meta-Threading-
Server (LOMETS). Fragments are assembled in clusters according to conformation and
energy levels to detect native similar structures. Finally, the modeled structure undergoes
molecular dynamics refinement and prediction of biological function by COACH. The qual-
ity of the HSP30 three-dimensional structure was assessed through the MolProbity server.

The Homo sapiens hemoglobin structure was retrieved from the PDB under the acces-
sion number 1A3N. The ClusPro protein—protein anchor server [43] was used to determine
the best protein complex conformations between HSP30 and hemoglobin. After the as-
sembly of the complexes, the next step was to identify the amino acids involved in the
interaction. We used the KFC2 server [44] to recognize all residues from the interaction
interface from the complex formed by HSP30 and hemoglobin.

2.12. Molecular Dynamics Simulations

Molecular dynamics simulations determined a stable structure of the complex, similar
to the native structure model. The protein complex under study was submitted to molecular
dynamics using the software GROMACS 4.5.5, AMBER force field (ff99SB-ILDM) with
the presence of explicit water TIP3P solvent [45]. The first step of the simulation is the
minimization of the overall free energy to remove unfavorable contacts, carried on until
1000 k] /mol or until the system reached the number of pre-determined steps. We performed
a 100 ps NVT (mol, volume, and temperature) simulation followed by a 100 ps NPT
(mol, pressure, and temperature) simulation in order to guarantee the balance of the
thermodynamic variables. The NVT simulation allowed the pressure of the system to vary
and at this step, the temperature was set to 300 K and velocities were calculated through
Maxwell’s equations. During the NPT simulation, the volume is variable and the pressure
was maintained by the Parrinello-Rahman barostat.

After the preparation of the system was completed, the complex formed by HSP30
and hemoglobin was submitted to a simulation of 200 ns, 300 K, 1 atm and time interval of
2 fs. No conformation restriction was applied at this point. Molecular dynamics analysis of
trajectories was performed by root mean square deviation (RMSD) in relation to the initial
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structure by the gromos algorithm [46]. The g_cluster program (GROMACS package) was
used to determine the most frequent conformations of the structure during the simulation.
We used a cut-off of 0.6 nm to distinguish the conformational sets based on the RMSD
profile. The cluster analysis and the RMSD allowed the analysis of the protein profile
throughout the simulation and the most representative conformational mode was selected
to undergo further analysis. Before the calculation of RMSD evolution and before analyzing
clusters form the simulation trajectories, the structures were centered and fitted accordingly.

2.13. Construction of P. Brasiliensis HSP30 Antisense (AsHSP30) Strain

To obtain the silenced strain for the P. brasiliensis HSP30 gene, the ATMT methodology
was used as previously described [27,47,48]. DNA of P. brasiliensis was obtained after cul-
turing the cells in BHI medium at 36 °C for 72 h at 150 rpm. The oligonucleotides used to
amplify the sequence corresponding to aRNA of PPHSP30 were HSP30 forward 5’ CTC-
GAGCGGGCTCCAAAGA 3’ and HSP30 reverse 5 GGCGCGCCGGATGCTCAT 3. The
amplified fragment was inserted into the pCR35 plasmid under the control of the promoter
region of the calcium-binding protein gene (CBP-1) from Histoplasma capsulatum [49]. Next,
the CBP-1 promoter-AS cassette was subcloned into the pUR5750 plasmid, harboring a
hygromycin B phosphotransferase as a selection mark. We used this system as a parental
binary vector to harbor the aRNA cassette within the transfer DNA (T-DNA) [50]. These
constructions were introduced into A. tumefaciens LBA1100 strains by electroporation and
isolated via kanamycin selection (100 mg/mL). P. brasiliensis yeast cells were co-cultivated
with transformed A. tumefaciens for 3 days at 25 °C and the selection of P. brasiliensis trans-
formed cells was performed in BHI solid media containing hygromycin B (75 mg/mL)
after 15 days of incubation at 36 °C. For the mitotic stability, randomly selected colonies
of P. brasiliensis were grown for nine additional cycles in BHI solid medium, alternating
absence and presence of 75 mg/mL of hygromyecin.

2.14. Characterization of the Knockdown Strain

The HSP30 knockdown strain was characterized according to the level of transcript,
growth in different media and cell viability analysis. For the transcriptional analyzes, wild
tipe (WT) and silenced HSP30 strains were cultured in MMcM containing hemoglobin at
10 uM. After RNA extraction with TRIzol, the samples were treated with DNAse (RQ1
RNase-free DNase, Promega) and subjected to in vitro reverse transcription (SuperScript
III First-Strand Synthesis SuperMix; Invitrogen, Life Technologies), using Oligo(dT). cD-
NAs were used in the RT-qPCR reaction through the QuantStudio Real-Time PCR (Thermo
Fisher Scientific) with a mixture of SYBR green PCR master mix (Applied Biosystems, Foster
City, CA, USA). The normalizing gene was the transcript encoding to glyceraldehyde-3-
phosphate dehydrogenase (GenBank XM_015846519.1) as determined by Norm-Finder
test [51]. The oligonucleotides are depicted in Supplementary Table S1. Cultures were
grown in BHI medium and cellular density was measured in triplicates in a spectropho-
tometer Ultrospec 2000 (Pharmacia Biotech, Piscataway, NJ, USA). The viability of strains
was determined by propidium iodide staining and detected by fluorescence microscopy
(493/636 nm) in an Axioscope Al microscope (Carl Zeiss AG, Berlin, Germany) [48]. To
evaluate the ability of silenced strains to use hemoglobin, we subjected them to the above
described culture condition and plated in triplicate in solid BHI medium. Colony form-
ing units (CFU) were determined by counting. Statistical analysis was performed by the
Student’s T test and p values < 0.05 were considered statistically significant.

3. Results
3.1. Hemoglobin Promotes Changes at the P. Lutzii Cell Wall Proteome

P. lutzii yeast cells were incubated with hemoglobin or BPS (control) and a specific
protocol for the isolation of cell wall proteins was employed, as described in the MM
section. Protein extracts were submitted to nanoUPLC-MSE and the proteomic data were
analyzed regarding experimental quality standards that validated the analysis, as shown
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in Supplementary Figure S1 [37]. We found 83 proteins upregulated when yeast cells were
in the presence of hemoglobin, as shown in Supplementary Table S2. To refine the results,
bioinformatics tools were used to analyze which of the identified proteins had predicted
secretion signal sequences, i.e., that potentially were addressed to the cell surface. This
analysis revealed 33 proteins predicted to reach the fungal cell surface, representing 39.8%
of the identified proteins.

For subsequent analysis, we selected proteins with positive prediction of secretion and
with increased expression in the presence of hemoglobin. Table 1 and Figure 1A summa-
rize the 33 proteins with predicted secretion. Aspartate-tRNA (Asn) ligase (PAAG_05117;
XP_015699700) showed the highest fold change (5.53). Six proteins were identified exclu-
sively in the presence of hemoglobin: HSP30 (PAAG_00871; XP_002797012.2), 40S riboso-
mal protein 517 (PAAG_01413; XP_002796405.1), 40S ribosomal protein S26E (PAAG_07847;
XP_002790158.1), membrane-associated progesterone receptor component 1 (PAAG_01861;
XP_002795973.1), protein disulfide-isomerase domain (PAAG_11504; XP_015703276.1) and
pyruvate dehydrogenase protein X component (PAAG_02769; XP_002795293.1). Figure 1A
presents the heatmap of upregulated proteins predicted as secreted in the presence
of hemoglobin.

In order to correlate protein and transcript levels, fi_rstly, we analyzed the transcript
expression of HSP30 (PAAG_00871). The results showed that within 24 h, P. brasiliensis
expresses approximately 20% more HSP30 transcripts in the presence of hemoglobin when
compared to the control (BPS) (Figure 1B), but there was a decrease in the level of its
expression after 48 h. Hence, mRNA levels increase after 24 h of treatment before protein
levels increase.

Next, we determined which upregulated proteins were potential adhesins (Table 1)
using bioinformatics tools. Our search revealed 7 potential adhesins and three of them were
identified solely in yeast cells submitted to hemoglobin treatment: disulfide-isomerase
domain protein (PAAG_11504; XP_015703276.1), pyruvate dehydrogenase protein X com-
ponent (PAAG_02769; XP_002795293.1) and HSP30 (PAAG_00871; XP_002797012.2). In
order to confirm the increase in the adhesion capacity of P. [utzii, we pretreated yeast cells
with hemoglobin and assessed the ability of cells to interact with macrophages by flow
cytometry, as shown in Figure 2. Statistical analysis using proportion test showed that the
three conditions analyzed showed a significant difference when compared to the control
condition (BSA). However, using the same test, the difference in the ratio between BSA and
hemoglobin was 0.54. For BPS and FeSOy, conditions also tested, this difference was 0.11
and 0.02, respectively. Thus, a comparison between the conditions showed that the treat-
ment of P. lutzii cells with hemoglobin increased the interaction with macrophages by 5 and
25 times when compared with BPS and FeSQOy, respectively. This finding demonstrates that
hemoglobin strongly modulates the ability of P. lutzii to adhere to macrophages.
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PAAG_04838 - ATP synthase subunit 4, mitochondrial

PAAG_12424 - Voltage-dependent anion channel protein 1

PAAG_00430 - 60S ribosomal protein L2

PAAG_12076 - NAD(P)H:quinone oxidoreductase, type IV

PAAG_01262 - Chaperone DnaK

PAAG_04511 - ATP-dependent RNA helicase SUB2

PAAG_03292 - Cytochrome c peroxidase, mitochondrial

PAAG_08955 - 40S ribosomal protein S1

PAAG_00126 - Histone H4.2

PAAG_00053 - Malate dehydrogenase, NAD-dependent

PAAG_03322 - 40S ribosomal protein S20

PAAG_00850 - Glutamine-fructose-6-phosphate transaminase (isomerizing)
PAAG_00739 - Peptidyl-prolyl cis-trans isomerase B

PAAG_00952 - 60S ribosomal protein L20

PAAG_02921 - Translation elongation factor Tu

PAAG_00468 - 4-aminobutyrate aminotransferase

PAAG_01321 - Oxidoreductase 2-nitropropane dioxygenase family
PAAG_04901 - Ubiquitin-conjugating enzyme B
PAAG_00173 - Electron transfer flavoprotein subunit alpha

PAAG_00417 - Succinyl-CoA ligase subunit alpha

PAAG_00481 - Membrane biogenesis protein Yop1

PAAG_08082 - Plasma membrane ATPase

PAAG_05735 - NADH-ubiquinone oxidoreductase 49 kDa subunit, mitochondrial
PAAG_03701 - BAR domain-containing protein

PAAG_07957 - Pre-mrna splicing factor

PAAG_07786 - Acetyl-CoA acetyltransferase

PAAG_05117 - Aspartate-tRNA(Asn) ligase

PAAG_00871 - 30 kDa heat shock protein

PAAG_01413 - 40S ribosomal protein S$17

PAAG_07847 - 40S ribosomal protein S26E

PAAG_01861 - Membrane-associated progesterone receptor component 1
PAAG_11504 - Protein disulfide-isomerase domain

PAAG_02769 - Pyruvate dehydrogenase protein X component 0
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Figure 1. Heatmap of up-regulated proteins predicted as secreted and HSP30 transcriptional analysis. (A) The chart was
generated using Microsoft Excel tools. Scale: ratio between Hb/BPS conditions. (B) HSP30 transcriptional analysis of
WT strains of P. brasiliensis in the presence of hemoglobin. The yeast cells were grown in liquid Brain Heart Infusion
(BHI) medium for 72 h and subsequently in McVeigh and Morton modified medium (MMcM) containing hemoglobin

for 24 and 48 h. The control comprised cells grown in the presence of BPS under the same conditions. GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA, USA) was used for the statistical analysis and Student’s f-test was applied
considering p values < 0.05 statistically significant. (*, **) denotes statistically significant differences.
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Figure 2. P. lufzii interaction with macrophages assessed by flow cytometry. P. luizii yeast cells
were grown in the presence of BPS, hemoglobin or FeSO, and incubated for 4 h with RAW 264.7
macrophages. BSA was used as control. Methanol fixed, non-permeabilized cells were incubated with
100 pg/mL of Congo Red. The amount of P. [utzii cells that interacted with macrophages was assessed
by flow cytometry using the instrument Guava® easyCyte (MERK). Proportion test was used for
statistical comparison between the conditions analyzed. (*) denotes a statistically significant difference.

3.2. Hemoglobin Increases HSP30 Expression at Cell Surface

The treatment of yeast cells with hemoglobin increases the fungal cell adhesion capac-
ity to macrophages. The 30-kDa protein, present at the fungus F1 cell wall fraction, showed
potential adhesin properties. The recombinant protein was produced in bacteria, purified,
confirmed by spectrometry, and used for polyclonal antibodies production in mice, as
depicted in Supplementary Figure S2. Yeast cells were employed for immunofluorescence
analysis, as depicted in Figure 3. Fluorescence of HSP30 and its recognition by antibodies at

48



J. Fungi 2021, 7, 21

12 0f21

the fungal cell surface increased when the fungus was previously cultivated in the presence
of hemoglobin, which corroborates our proteomic data. No reaction was obtained by using
the non-immune sera, as expected.

-Hb +Hb -Hb +Hb
control control anti 30kDa anti 30kDa

Ao

Bright field

FITC

Figure 3. Analysis of hemoglobin influence on HSP30 protein expression at the cell surface of
P. lutzii. Yeast cells were grown in the presence or absence of hemoglobin. Methanol fixed, non-
permeabilized cells were incubated with anti-HSP30 antibodies or with pre immune serum for
control. The pictures were taken in bright field and at 450/490 nm of fluorescein isothiocyanate
(FITC) probe. All representative pictures were taken using an Axioscope microscope (Carl Zeiss AG,
Berlin, Germany) and magnified 400x.

3.3. HSP30 Binds to Hemoglobin at the Fungus Cell Wall by Hydrogen Bonds

As previously shown, HSP30 expression increased when P. [utzii cells were grown in
the presence of hemoglobin. This finding led us to question whether these proteins interact
directly. Hence, we performed analyzes of molecular dynamics. At first, the simulation
performed on the complex formed by HSP30 and hemoglobin showed that the evolution of
the system achieved a better conformation and provided insight into the molecular motion
of the complex on an atomic scale. Before molecular dynamics, the system presented
85 unfavored rotamers and after the simulation, this number reduced 83%. Similarly,
the number of favored rotamers before and after the simulation was improved by 200%
(Supplementary Table S3).

Molecular dynamics allowed the trajectories of atoms and bonds in the HSP30-
hemoglobin complex to be determined numerically through Newton’s equations of motion.
The forces between the proteins and their potential energies were calculated based on
interatomic potentials and force field (AMBER). We determined 103 poor quality bonds
within the complex before the simulation and this number fell to zero after the molecular
dynamics, showing the best quality of the resultant complex conformation. In addition,
there were 11 twisted peptides identified in the complex before the simulation and five
after the simulation.

Ramachandran plots were used to analyze energetically allowed regions for backbone
angles and amino acid residues in the complex structure. The number of amino acid
residues in energetically favored regions increased from 82.7% to 90.4% after the molecular
dynamics; regarding allowed regions, the number of residues increased from 95.8% to
98.8% (Supplementary Figure S3). This indicates a stereochemical improvement of the
three-dimensional model of the complex.

The quality of the complex formed by the interaction between HSP30 and hemoglobin
was assessed by RMSD and cluster analysis after the molecular dynamics simulation.
The analyses of the trajectories allowed identifying the equilibration period, the quality
of the simulation and the clusters with similar conformations. The simulations became
more stable for RMSD at a value of 0.5 nm regarding the complex formed by the interac-
tion between HSP30 and hemoglobin (Supplementary Figure S4A, red line). Analyzed
individually, the simulation of hemoglobin achieved stability around and RMSD value
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of 0.6 nm (Supplementary Figure S4A, green line) and HSP30 achieved stability around
1.2 nm (Supplementary Figure S4A, black line). These results show that the conforma-
tional stability of the complex is higher compared to the structures of the proteins when
they are not interacting. According to the trajectories of the simulations, we identified
18 conformational clusters. Cluster analysis showed that the complex conformation of
the first three clusters are more stable. In addition, the first cluster remained stable for a
longer period than the other clusters, persisting throughout the simulation of the trajectory
(Supplementary Figure S4B).

We predicted the interaction between HSP30 and hemoglobin in silico. The interface
of interaction between the proteins is large (Figure 4) and maintained by several amino acid
residues that interact via hydrogen and polar bonds. Figure 4A shows the surface of the
complex and the interaction interface between HSP30 and hemoglobin. Figure 4B shows
the cartoon view of the complex and the secondary structures of each protein involved
in the interaction. The most important residues that contribute to the free energy of the
complex are highlighted in Figure 4 and they interact through hydrogen bonds ranging
from 1.5 to 2.8 A. Asparagine (N80) of hemoglobin interacts with glutamic acid (E232) of
HSP30 via a 2.5 A hydrogen bond (Figure 4C). Arginine (R199) of hemoglobin interacts with
phenylalanine (F45) of HSP30 distant 2.4 A (Figure 4D). The residue F46 of hemoglobin
performs two hydrogen bonds with tyrosine (Y222) and E230 of HSP30, distant 2.8 and
24 A, respectively. In addition, the amino acid residue E230 interacts with another residue
from hemoglobin, R40, through a hydrogen bond of 1.8 A (Figure 4E). Finally, H2 (histidine)
and Y545 of hemoglobin interacts with V338 and 5339, via hydrogen bonds distant 2.5 and
1.7 A, respectively (Figure 4F). Additionally, we investigated if the interaction of these
two molecules would occur in vitro. Through far-western analysis, we demonstrate that
HSP30 can bind to hemoglobin, reinforcing the role of this molecule as a potential adhesin,
according to the in silico analysis (Figure 4G).

4 »  Interface of
/ interaction
Y
p/ ‘
N

o E232

Interface of
interaction

Interface of 12—
interaction

Figure 4. HSP30 is a hemoglobin-binding protein. (A) Cartoon view of the interaction showing the secondary structures of both
proteins and the secondary structures that maintain the interface of interaction stable. (B) Surface view of the complex formed by
HSP30 (beige) and hemoglobin (red). The interaction is maintained by a large interface of interaction between the proteins under study
and by several amino acids within the interface of interaction. (C) Asparagine (N80) interacting with glutamic acid (E232) by a 2.5 A
hydrogen bond. (D) Arginine (R199) interacting with phenylalanine (F45) by a 2.4 A hydrogen bond. (E) F46 interacts with tyrosine
(Y222) and E230 through two hydrogen bonds, distant 2.8 and 2.4 A, respectively. E230 also interacts with R40, distant 1.8 A. (F) H2
(histidine) and Y545 interacts with V338 and 5339, via hydrogen bonds distant 2.5 and 1.7 A, respectively. (G) Far western analysis
showing hemoglobin binding to PoHSP30. 1—Bovine hemoglobin recognition by anti-human hemoglobin monoclonal antibody.
2—Binding of hemoglobin to recombinant HSP30.
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3.4. Knockdown of HSP30 Promotes Decreased Cell Growth Post Cultivation in Medium
Containing Hemoglobin as Sole Iron Source

To generate AsHSP30 P. brasiliensis yeast cells, we used the ATMT methodology. The
yeast cells of the P. brasiliensis wild type strain were transformed with T-DNA contain-
ing AsHSP30 (Figure 5A). The silenced strain grown in BHI medium showed similar
growth and viability levels to the wild type (Figure 5B). However when in the presence of
hemoglobin the HSP30 silenced strain showed a decrease in mRNA levels, compared to
the wild strain (Figure 5C). In addition, in order to evaluate if the silenced strain presented
any defect in the ability to use hemoglobin, we deprived such cells of iron, exposed them
to hemoglobin, and evaluated their growth by colony forming units (CFU) counting in
BHI medium. The silenced strain had a lower number of CFU when compared to the
wild type (Figure 5D). This finding reiterates the role of HSP30 in the use of hemoglobin

by Paracoccidioides.
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Figure 5. HSP30 silencing in P. brasiliensis cells. (A) Integration DNA cassette scheme. The asRNA of PPHSP30 was flanked
by the calcium-binding protein promoter region ("cbp1) of Histoplasma capsulatum and by the cat-B termination region (TcatB)
of Aspergillus fumigatus. The hygromycin resistance gene used as a selection mark was flanked by the glyceraldehyde-3-
phosphate dehydrogenase promoter region (PgapdA) and the trpC termination region (TtrpC) of Aspergillus nidulans. (B)
Growth and viability of P. brasiliensis strains. Yeast cells of WT and AsHSP30 were grown in liquid Brain Heart Infusion
(BHI) medium for 10 days and the OD was measured daily at 600 nm. Cellular viability was examined by propidium iodide
staining. (C) Transcriptional analysis of WT and AsHSP30 strain in the presence of hemoglobin. The strains were grown in
liquid BHI medium for 72 h and subsequently in MMcM medium containing hemoglobin. The relative mRNA expression
was evaluated at 24 h. (D) Number of WT and AsHSP30 CFUs recovered after growth in the presence of hemoglobin.
After culturing in the presence of hemoglobin, WT and AsHSP30 cells were plated in solid BHI medium and the colony
forming units were counted after 7 days. GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA) was used
for statistical analysis and Student’s t-test was applied considering p values < 0.05 statistically significant. (*, **) denotes
statistically significant differences.
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4. Discussion

The host—pathogen interaction is remarkably complex and molecular mechanisms
on both sides promote a real competition for survival. The host’s nutritional immunity
and the mechanisms that pathogens use to overcome it, occupy a prominent place in this
context, as demonstrated for several pathogenic bacteria and fungi [5,7]. Previous works by
our group have shown that fungi of the Paracoccidioides genus employ different strategies
to counteract iron limitation, such as the remodeling of the metabolism prioritizing non-
iron dependent pathways for energy production, biosynthesis, secretion and uptake of
siderophores and the reductive pathway of iron assimilation [24-26,48].

Paracoccidioides spp. are also able to explore host proteins as iron sources, such as
ferritin, transferrin, lactoferrin, and hemoglobin. However, hemoglobin available in the
culture medium promotes the most robust growth of the fungus, compared to other
host Fe proteins. This finding associated with the fact that Paracoccidioides spp. presents
hemolytic potential and may have contact with hemoglobin/heme by hematogenous
dissemination or when phagocytosed, inside macrophages, points to the fungal preference
for hemoglobin/heme as an iron source [27,52,53]. In addition, the uptake of hemoglobin
depends on a receptor-mediated mechanism, in a process similar to that described for
C. albicans [11,27]. At the cytoplasmic proteomic level, fungal exposure to hemoglobin
promotes the upregulation of enzymes related to the metabolism of amino acids, nitrogen,
and sulfur and the downregulation of enzymes related to biosynthesis of porphyrin. This
demonstrates that the fungus uses the molecule of hemoglobin not only as an iron source,
but also as a source of nitrogen, sulfur and porphyrins [27]. Despite all of these findings,
the changes on the surface of fungal cells triggered by the presence of hemoglobin had not
been investigated yet.

The cell wall of Paracoccidioides spp. is the interface of contact between pathogen and
the host. Therefore, the elucidation of the cell wall proteome is relevant for the identification
of targets that are essential for the infectious process, which is preferably done under
conditions that mimic the environment faced by the pathogen within the host. As an
example, the study of the cell wall proteome of C. albicans after submission of the fungus to
iron deprivation allowed the identification of several proteins related to Fe uptake from host
sources, including the hemoglobin-receptors Rbt5 and Pga7, highlighting the importance of
this type of approach [54]. Given the complexity of the heme /hemoglobin uptake event by
Paracoccidioides spp., the objective of this study was to perform proteomic analyses of the
pathogen’s cell wall, after treatment with hemoglobin and using Fe deprivation as control,
in order to investigate other proteins, besides PbRbt5 that could contribute to this process.

Several proteins identified in the cell wall of P. [utzii are related to processes classically
characterized at the cytoplasmic level (Table 1, Supplementary Table S1), such as ribosomal
proteins, enolase, involved in glycolysis, as well histones related to DNA processing and
nucleosome structure, among others. Although intriguing, our results are in accordance
with findings in the literature. Approaches of the cell wall proteomes of P. brasiliensis
and C. albicans also evidenced the presence of classic cytoplasmic proteins in the cell
wall [28,55,56]. Some authors argue that the presence of these proteins in the cell wall
could be due to the methodology used to obtain the protein extracts. Others argue that
the occurrence of these proteins is due to the fact that they are bi or multifunctional
(moonlighting) proteins, with different functions depending on the subcellular location
there are expressed [57,58]. The process used in the present work to obtain cell wall proteins
was based on extensive washes of the extracts with decreasing concentrations of NaCl
solutions, in order to remove cytoplasmic contaminants associated to the cell wall by
non-specific interactions [28,36].

In addition to the possible absence of cytoplasmic contaminants, the identified proteins
were submitted to the analysis of prediction of secretion (by classical and/or non-classical
route), which corroborated the proteins identified at the cell surface. Moreover, 39.8% of the
proteins were predicted to be secreted via classical and/or non-classical pathways and they
were grouped mainly as secreted by non-classical pathways (those that are independent of
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a signal peptide in the N-terminal portion of the protein), which are not fully understood
yet. Several proteins might be secreted by mechanisms that still demand elucidation and
consequently are not yet included in the search algorithms of the tools applied here [57,59].

Regarding the use of heme/hemoglobin by P. lutzii, PbRbt5 and other proteins related
to iron uptake was not identified by the present proteomic approach [27]. This is due to the
fact that Rbt5 is a receptor present in the cell wall retained by a remnant of GPI. To obtain
cell wall samples enriched with anchored GPI proteins, other strategies are employed, such
as treatment with hydrofluoric acid-pyridine [36]. Despite the absence of PbRbt5, other up-
regulated proteins were predicted as potential adhesins (Table 1). The elongation factor-Tu
(EF-Tu) was up-regulated (Table 1). Although it was not identified as an adhesin by the
bioinformatics tools applied here, this protein was characterized as an adhesin in a previous
work, contributing to the host-pathogen interaction [60]. Recent work performed by our
group identified P. lutzii surface proteins that interact with macrophages [34]. We found that
25 out of 33 up-regulated proteins predicted to be secreted, were also identified as surface
proteins interacting with macrophages by Tomazett et al. (2019) [34]. The upregulation
of adhesins allows the inference that the pathogen treatment with hemoglobin mimics
conditions found in the host. Thus, the fungus increases the expression of adhesins to
improve interaction with the host and establish the infection [61]. We performed flow
cytometry to confirm the increase in the adhesion capacity of P. lutzii in the presence of
hemoglobin (Figure 2), which reiterates the importance of the hemoglobin molecule to
the fungus.

We identified a differentially expressed HSP30 protein when the fungus is exposed to
hemoglobin (Table 1 and Figure 1A). The HSP30’s orthologue in P. brasiliensis also presented
positive regulation at the transcriptional level when the fungus was grown in the presence
of hemoglobin (Figure 1B). Immunofluorescence analysis corroborated these findings, a
strong fluorescence and recognition of HSP30 by polyclonal antibodies was observed at the
cell surface of P. lutzii cells in the presence of hemoglobin (Figure 3). Interestingly, heme
oxygenase proteins belong to the HSP30 family [62—65], a fact that deserves attention due
to the cultivation condition employed in the present study. To investigate whether HSP30
is a heme oxygenase, we performed sequence and structural alignments with human heme
oxygenase 1 (Supplementary Figure S5). We found a level of similarity between these
molecules, which suggests conserved functions. Despite a promising result, this in silico
analysis require experimental validation.

We employed molecular dynamics analysis to determine the best conformation of
interaction between HSP30 and hemoglobin. The pattern of interactions performed by
heme-bound proteins influences several biological processes, such as signaling pathways
and diseases. Several of those interactions have been identified over the past decades but
their molecular basis and their consequences to infectious diseases such as PCM are poorly
understood. In addition, the heme-regulatory motif is found within the structure of several
proteins that interact with hemoglobin [66]. This motif contains a heme-coordination site
and is placed on the surface of the protein facilitating its interaction with its partner [67].
The binding of heme groups to such motifs is able to change protein stability leading to a
catalytically active heme-protein-protein complex. The histidine (H) and tyrosine (Y)-based
motifs are the most prominent representatives for the interaction of heme-proteins [67,68].
Here, we found the residues Y222 interacting with F46 (phenylalanine), H45 with E230
(glutamic acid) and Y545 interacting with 5339 (serine) (Figure 4E,F). Additionally, confirm-
ing the in silico findings, we showed that hemoglobin physically binds to the recombinant
HSP30 by far-western (Figure 4G).

We investigated the importance of HSP30 in the context of hemoglobin utilization by
Paracoccidioides spp. at the genetic level. The genetic manipulation of the Paracoccidioides
genus is based on antisense RNA technology coupled with an ATMT [69]. This technology
relies on targeted down-regulation of gene expression and allowed to point the relevance of
the Rho-like GTPase PbCDC42 as a virulence determinant [70], to map SCONC (negative
regulator of the inorganic sulfur assimilation pathway) of the sulfur metabolism [71] and
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the involvement of cytochrome c peroxidase to P. brasiliensis virulence [47] among others.
In addition, this knock-down system evidenced the involvement of Rbt5 in the hemoglobin
utilization by Paracoccidioides spp. [27] and the role of the biosynthesis of siderophores
for the fungus virulence [48]. Although relatively recent, this technology has been of the
current method of choice to manipulate Paracoccidioides spp. genetically [72-78].

Based on this methodology, we silenced HSP30 in P. brasiliensis yeast cells. Under usual
cultivation conditions, the silenced strain showed similar growth behavior and viability
to the WT (Figure 5B). However, there was a 40% reduction in the transcriptional level
of HSP30 in the silenced strain in the presence of hemoglobin, confirming the silencing
event (Figure 5C). We observed that the AsHSP30 strain generated about 25% less CFU
compared to WT in the presence of hemoglobin, a statistically significant value (p < 0.05).
This result highlights the importance of HSP30 in the context of hemoglobin utilization by
Paracoccidioides spp.

Despite all of these findings, some questions still demand elucidation: is the interaction
between hemoglobin and HSP30 transient? If HSP30 is a heme oxygenase, is the interaction
of HSP30 with hemoglobin just one part of the iron uptake system? Noteworthy, the degra-
dation of heme-by-heme oxygenases leads to the production of iron, biliverdin, and carbon
monoxide in a reaction dependent on NADPH: cytochrome p-450 reductase. [79]. Does the
iron released from hemoglobin by the action of HSP30 feed the fungal reductive iron uptake
pathway or is captured by siderophores? Could HSP30 also have a cytoprotective function,
as demonstrated for human heme oxygenase [80]? Interestingly, the heme group presents
toxic potential because it is able to produce reactive oxygen species [81]. Cytochrome ¢
peroxidase is related to the defense against oxidative stress [82] and was one of the up-
regulated proteins identified in the proteome in the presence of hemoglobin. Considering
the toxic potential of the heme group, the upregulation of cytochrome ¢ peroxidase and
the possibility of HSP30 being a heme oxygenase, led us to infer that Paracoccidioides spp.
employs mechanisms to counteract the toxicity caused by the heme group and thus enable
the use of the molecule as a source of iron.

Additionally, if HSP30 acts as heme oxygenase, does its function dependent on an
ancillary protein, and what protein would that be? Considering the production of carbon
monoxide, could the HSP30 promote immunomodulatory effects as described for the
C. albicans heme oxygenase [83]? It is notable that the present work opens perspectives for
promising future investigations. Our results demonstrated that upregulation of potential
adhesins occurs at the cell surface when the fungus is exposed to hemoglobin, which
was confirmed by flow cytometry. We also confirmed the increased ability of the fungus
to interact with macrophages. In addition, HSP30 of Paracoccidioides spp. is a novel
hemoglobin-binding protein, silencing this gene decreases the ability of P. brasiliensis to use
hemoglobin as a nutrient source. Henceforth, additional studies are needed to establish
HSP30 as a virulence factor, which could support the development of new therapeutic
and/or diagnostic approaches to PCM.

Supplementary Materials: The following are available online at https://www.mdpi.com /2309
-608X/7/1/21/s1, Table S1: Oligonucleotide sequences for RT-qPCR used in the present study.
Figure S1: Quality analysis of the obtained proteome. Table S2: Up-regulated proteins identified in
Fraction 1 (F1) of the cell wall, extracted by treatment with SDS after Paracoccidioides lutzii yeast
cells exposition to hemoglobin for 48 h. Figure S2: Expression and purification of PbHSP30 and
production of polyclonal antibodies. Table S3: Analysis of all-atom contacts and geometry of the
HSP30-hemoglobin complex. Figure 53: Ramachandran plots evaluation. Figure S4: Molecular
Dynamics assessment. Figure S5: Sequence and structural alignment of HSP30 (PAAG_00871) and
heme oxygenase 1 (P09601).
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Supplementary Table 1. Oligonucleotide sequences for RT-qPCR used in the present study

Genes Forward sequences (5’-3") Reverse sequence (5'-3)
HSP30 ACTATGAAAGCCACCGCTCC TCTGAGAATCTGTGAACTCGAT
GAPDH CATGCGGGTGCCCACTGC AGAATAGCCGAGAATGCCCIT
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Supplementary Figure 2. Expression and purification of PbHSP30. Heterologous
expression of PbHSP30. 1 — E. coli C43 bacteria harbouring the plasmid pET-32a
containing the HSP30 coding sequence without the addition of IPTG. 2 — Induction of
HSP30 expression with IPTG 0.1 mM for 16 h in the bacteria E. coli C43 harbouring the
plasmid pET-32a containing the HSP30 coding sequence. 3 — Pellet of the protein extract
from HSP30 induction after sarcosyl treatment. 4 — supernatants of the protein extract
from HSP30 induction after sarcosyl treatment. 5 - nickel resin washing. 6 — purification
of the HSP30 recombinant protein through nickel resin. The estimated molecular weight
of the recombinant protein is 46 kDa.
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Supplementary Table 3. Analysis of all-atom contacts and geometry of the HSP30-hemoglobin

complex

Protein Geometry Before DM Percentage After DM Percentage
Poor rotamers 85 19.50% 14 2.13%
Favored rotamers 300 68.81% 600 91.19%
Ramachandran outliers 29 7.53% 10 1.25%
Ramachandran favored 293 76.10% 726 90.41%
Bad bonds 103 1.60% 0 0.00%
Twisted peptides 11 2.14% 5 0.62%
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82.7% (670/810) of all residues were in favored (98%) regions.

95.8% (776/810) of all residues were in allowed (>99.8%) regions.

180

After MD

50 HIS

—

C 117 PHE

i
Qi

E 221 ASP

D 82LYS
B 86 ALA

E 358 GLN

-180 0 Phi 1

90.4% (726/803) of all residues were in favored (98%) regions.
98.8% (793/803) of all residues were in allowed (>99.8%) regions.

Supplementary Figure 3. Ramachandran plots evaluation. Ramachandran plots
showing the analysis of residues in allowed, favored and forbidden regions (A) before
and (B) after the HSP30-hemoglobin complex molecular dynamics. The light blue lines
represent favorable regions, and the dark blue lines represent allowed regions. Regions
outside blue lines represent forbidden regions and may characterize very flexible
regions of either HSP30 or hemoglobin. The plots show that stereochemistry of the
complex improved considerably after molecular dynamics.
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Supplementary Figure 4. Molecular Dynamics assessment. (A) RMSD (root mean
square deviation) trajectories over 200 ns of the complex simulation. The complex
formed by the interaction between HSP30 and hemoglobin achieved stability around
0.5 nm (green); hemoglobin achieved stability around 0.6 nm (red) and HSP30
conformation stabilized around 1.2 nm (black). The conformational structure of the
complex is more stable than the proteins involved in the interaction taken individually.
(B) The cluster plot shows eighteen sets of conformations along the HSP30-hemoglobin
complex trajectories and the first cluster shows the most stable conformation persisting
throughout the simulation.
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Fungos do género Paracoccidioides t€ém sido alvo de estudos que visam elucidar a
biologia do patdgeno e as consequentes formas de adapta¢do do microrganismo a eventos
estressores diversos, incluindo a privagdo de metais como cobre, zinco e ferro (Parente et
al.,2013; Parente, Ana F A et al., 2011; Petito et al., 2020). Especialmente em relagdo ao
micronutriente Fe, a literatura apresenta algumas formas como o patdégeno responde a
privagdo do metal, utilizando para tanto proteinas do hospedeiro que contém Fe, como a
hemoglobina, sintetizando e captando siderdforos e utilizando um via redutiva de
assimilagdo de Fe (Baildo ef al., 2014; 2015; Silva-Baildo et al., 2014; Silva et al., 2020).
Apesar da robusta contribui¢do desses trabalhos, ainda ha aspectos em relagdo ao evento
Paracoccidioides-privacdo de Fe que demandam elucidagdo. No presente trabalho alvos
de estudo que demandam investigacdo foram definidos e uma nova proteina ligante de

hemoglobina, HSP30, foi descoberta.

A biossintese e secrecao de siderdforos, bem como a captagdo destas moléculas ja sao
eventos estabelecidos na literatura de Paracoccidioides spp. (Silva-Baildo et al., 2014;
Silva et al, 2020). Entretanto, fungos deste género apresentam pelo menos trés possiveis
receptores de sideroforos, a saber Sitl, MirB e MirC (Silva ef al., 2011). Nao esta claro por
qual motivo o fungo apresenta diferentes receptores de sideroforos se o patdogeno € capaz
de sintetizar apenas sideroforos do tipo hidroxamato (Silva-Baildo et al., 2014). O presente
trabalho demonstrou que uma possibilidade ¢ que o fungo ¢ capaz de captar sideroforos de
outras classes moleculares, como carboxilatos e catecolatos, o que foi apontado por
simulagdes computacionais e parcialmente confirmado por RT-qPCR que Sitl interage
preferencialmente com Ferrioxamina B (FOB) (Souza ef al., 2020). Investigar a interacao
dos demais receptores com diferentes classes de sider6foros ¢ sobremaneira relevante para

entender a biologia do patégeno.

Paracoccidioides spp. € capaz de utilizar hemoglobina como fonte de Fe (bem como
fonte de protoporfirina e aminoécidos) e este evento esta diretamente relacionado com o
receptor RbtS5, presente na parede celular fingica (Baildo et al., 2014), que contém o
dominio CFEM, que em C. albicans foi apontado como por¢ao do hemdforo Csa2 que
interage com heme (Nasser et al., 2016). Todavia, fungos do género Paracoccidioides nao
apresentam apenas a proteina Rbt5 com dominio CFEM. Hé pelo menos quatro sequéncias
no genoma de diferentes espécies do género que codificam para proteinas com esse

dominio (Souza et al., 2020). Estudar estas proteinas ¢ um feito relevante, pois pode
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expandir a compreensdo do processo de utilizagdo de heme/hemoglobina pelo patdgeno,

bem como possivelmente descobrir outras fungdes desempenhadas por elas.

Ainda com relagdo a utilizacao de hemoglobina por Paracoccidioides spp., o presente
trabalho levou a bioprospeccdo de HSP30 como proteina que interage com hemoglobina
(Souza et al., 2021). Ha a hipotese de que HSP30 atue como uma heme oxigenase, o que
faz levantar diversas questoes: A interagdo HSP30-Hb ¢ transiente? HSP30 faz parte de um
sistema de captacdo de heme/hemoglobina? HSP30 tem fun¢do citoprotetora? Sera a
funcdo de HSP30 dependente de uma proteina ancilar? Se HSP30 atuar como heme
oxigenase, 0 monoxido de carbono produzido apresenta efeitos imunomodulatdrios? Todas
essas sdo questoes que demandam elucidacdo e abrem perspectivas para descobertas

sobremaneira relevantes.

Outra questao apontada no presente trabalho ¢ o fato de que expor Paracoccidioides
spp. a presenca de hemoglobina promove aumento da capacidade de adesdo do fungo a
macréfagos (Souza et al., 2021). Isso aponta para mudancas qualitativas e quatitativas do
proteoma em nivel de parede celular do patdgeno e levanta importantes questionamentos

sobre a capacidade de adaptagao do fungo.

O presente trabalho também destacou proteinas presentes no exoproteoma de P.
brasiliensis que sao reguladas positivamente quando o fungo ¢ submetido a privagao de
Fe. Uma questdo pungente fica em aberto: proteinas como Citocromo b5, altamente
regulada na condicdo de privagdo do metal, atuam na resposta do fungo ao ambiente
escasso do metal? Abordagens metodologicas que conduzam a essa resposta devem ser
empregadas de forma a permitir elucidar 0 processo.

Nao obstante, o presente trabalho abre perspectivas para investigacdes bastante
significativas e que certamente irdo contribuir para a compreensdo de como
Paracoccidioides spp. responde a privagcdo de Fe. Tal conhecimento, apesar de basico,
pode servir como cerne para o desenvolvimento de aplicagdes em diagnostico diferencial

e terapia da PCM.
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O presente trabalho permitiu que novos alvos de estudo no contexto
Paracoccidioides-privacdo de Fe fossem determinado. O estudo de proteinas com
dominio CFEM e o estudo da especificidade dos transportadores de sideroforos de
Paracoccidioides spp. ainda sdo pontos a serem investigado. Adicionalmente, conclui-se
que a exposicao de Paracoccidioides spp. a hemoglobina promove alteragdes em nivel
protedmico de parede celular, o que ¢ refletido na capacidade aumentada do fungo
interagir com macréfagos. Ainda neste contexto, foi determinada como ligante de
hemoglobina a proteina HSP30, a qual ¢ induzida na presenca desta fonte de Fe e esta
presente na superficie celular fungica. O silenciamento de Asp30 promove capacidade
reduzida do fungo crescer apds exposicdo a hemoglobina. Estudos adicionais so
requeridos para determinar se HSP30 apresenta atividade de heme oxigenase. A
observacao detalhada destas questdes, ainda em aberto, pode promover a expansdao do
conhecimento sobre a biologia de Paracoccidioides spp. e, consequentemente, promover

a bioprospec¢ao de novos alvos para diagnostico diferencial e/ou terapia da PCM.

77



REFERENCIAS

ALMEIDA, R. S.; BRUNKE, S.; ALBRECHT, A.; THEWES, S.; LAUE, M.
EDWARDS, J. E.; FILLER, S. G.; HUBE, B. The hyphal-associated adhesin and invasin
Als3 of Candida albicans mediates iron acquisition from host ferritin. PLoS Pathogens,
v. 4, p. 1-17, 2008.

ASEHNOUNE, K.; VILLADANGOS, J.; HOTCHKISS, R. S. Understanding host—
pathogen interaction. Intensive Care Medicine, v. 42, n. 12, p. 2084-2086, 2016.

BAILAO, A. M.; SCHRANK, A.; BORGES, C. L.; DUTRA, V.; MOLINARI-
MADLUM, E. E. W. L.; FELIPE, M. S. S.; MENDES-GIANINI, M. J. S.; MARTINS,
W. S.; PEREIRA, M.; SOARES, C. M. DE A. Differential gene expression by
Paracoccidioides brasiliensis in host interaction conditions : Representational difference

analysis identifies candidate genes associated with fungal pathogenesis. Microbes and
Infection, v. 8, p. 26862697, 2006.

BAILAO, A. M.; SHRANK, A.; BORGES, C. L.; PARENTE, J. A.; DUTRA, V;
FELIPE, M. S. S.; FIUZA, R. B.; PEREIRA, M.; SOARES, C. M. D. A.; SOARES, A.
The transcriptional profile of Paracoccidioides brasiliensis yeast cells is influenced by
human plasma. FEMS Immunology and Medical Microbiology, v. 51, n. 1, p. 43-57,
2007.

BAILAO, E. F. L. C. et al. Metal Acquisition and Homeostasis in Fungi. Current Fungal
Infection Reports, v. 6, p. 257-266, 2012.

Bailao EFLC, Parente JA, Pigosso LL, de Castro KP, Fonseca FL, Silva-Bailao MG, et
al. Hemoglobin Uptake by Paracoccidioides spp. Is Receptor-Mediated. PLoS Negl
Trop Dis.; 8(5), 2014.

BAILAO, E. F. L. C.; LIMA, P. DE S.; SILVA-BAILAO, M. G.; BAILAO, A. M;
FERNANDES, G. DA R.; KOSMAN, D. J.; SOARES, C. M. DE A. Paracoccidioides
spp. ferrous and ferric iron assimilation pathways. Frontiers in Microbiology, v. 6, n.
JUL, p. 1-12, 2015.

BAKER, H. M.; ANDERSON, B. F.; BAKER, E. N. Dealing with iron: common
structural principles in proteins that transport iron and heme. Proceedings of the
National Academy of Sciences of the United States of America, v. 100, p. 35793583,
2003.

BRADFORD, M. M. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry, v. 72, n. 1-2, p. 248-254, 1976.

BRUMMER, E.; CASTANEDA, E.; RESTREPO, A. Paracoccidioidomycosis: an
update. Clinical Microbiology Reviews, v. 6, n. 4, p. 89—-117, 1993.

BURGER, E. Paracoccidioidomycosis protective immunity. Journal of Fungi, v. 7, n. 2,
p. 1-26, 2021.

CADIEUX, B.; LIAN, T.; HU, G.; WANG, J.; BIONDO, C.; TETI, G.; LIU, V.
MURPHY, M. E. P.; CREAGH, A. L.; KRONSTAD, J. W. The mannoprotein cigl

78



supports iron acquisition from heme and virulence in the pathogenic fungus Cryptococcus
neoformans. Journal of Infectious Diseases, v. 207, n. 8, p. 1339-1347, 2013.

CAZA, M.; KRONSTAD, J. W. Shared and distinct mechanisms of iron acquisition by
bacterial and fungal pathogens of humans. Frontiers in Celullar and Infection
Microbiology, v. 3, p. 1-23, 2013.

CHAVES, E. A. C.; WEBER, S. S.; BAO, S. N;; PEREIRA, L. A.; BAILAO, A. B;
BORGES, C. L.; SOARES, C. M. DE A. Analysis of Paracoccidioides secreted proteins
reveals fructose 1,6-bisphosphate aldolase as a plasminogen-binding protein. BMC
Microbiology, v. 15, p. 1-14, 2015.

CURCIO, J. S. DE; OLIVEIRA, L. N.; BATISTA, M. P.; NOVAES, E.; ALMEIDA
SOARES, C. M. DE. MiRNAs regulate iron homeostasis in Paracoccidioides
brasiliensis. Microbes and Infection, 2020.

DLOUHY, A. C.; OUTTEN, C. E. The Iron Methallome in Eukaryotic Organisms. Metal
Ions in Life Sciences, v. 12, p. 241-278, 2013.

FOSTER, L.-A. A. Utilization and cell-surface binding of hemin by Histoplasma
capsulatum. Canadian journal of microbiology, v. 48, n. 5, p. 437-442, 2002.

GEROMANGOS, S. J.; VISSERS, J. P. C.; SILVA, J. C.; DORSCHEL, C. A.; LI, G. Z.;
GORENSTEIN, M. V.; BATEMAN, R. H.; LANGRIDGE, J. 1. The detection,
correlation, and comparison of peptide precursor and product ions from data independent
LC-MS with data dependant LC-MS/MS. Proteomics, v. 9, n. 6, p. 1683—-1695, 2009.

GONZALEZ, A.; HERNANDEZ, O. New insights into a complex fungal pathogen: the
case of Paracoccidioides spp. Yeast, v. 33, p. 113-128, 2016.

GUANGGAN, H.; CAZA, M.; CADIEUX, B.; BAKKEREN, E.; DO, E.; JUNG, W. H,;
KRONSTAD, J. W. The ESCRT machinery influences haem uptake and capsule
elaboration in Cryptococcus neoformans. Molecular Microbiology, v. 96, n. 5, p. 973—
992, 2015.

HAAS, H.; SCHOESER, M.; LESUISSE, E.; ERNST, J. F.; PARSON, W.; ABT, B.;
WINKELMANN, G.; OBEREGGER, H. Characterization of the Aspergillus nidulans
transporters for the siderophores enterobactin and triacetylfusarinine C. The Biochemical
journal, v. 371, p. 505-513, 2003.

HENTZE, M. W.; MUCKENTHALER, M. U.; ANDREWS, N. C. Balancing Acts:
Molecular Control of Mammalian Iron Metabolism. Cell, v. 117, p. 285-297, 2004.

HEYMANN, P.; GERADS, M.; SCHALLER, M.; DROMER, F.; WINKELMANN, G.;
ERNST, J. F. The siderophore iron transporter of Candida albicans (Sitlp/Arnlp)
mediates uptake of ferrichrome-type siderophores and is required for epithelial invasion.
Infection and Immunity, v. 70, p. 52465255, 2002.

HISSEN, A. H. T.; CHOW, J. M. T.; PINTO, L. J.; MOORE, M. M. Survival of
Aspergillus fumigatus in Serum Involves Removal of [ron from Transferrin: The Role of
Siderophores. Infection and Immunity, v. 72, n. 3, p. 1402—-1408, 2004.

HU, G.; CAZA, M.; CADIEUX, B.; CHAN, V.; LIU, V.; KRONSTAD, J. Cryptococcus
neoformans requires the ESCRT protein Vps23 for iron acquisition from heme, for

79



capsule formation, and for virulence. Infection and Immunity, v. 81, n. 1, p. 292-302,
2013.

JUNG, W. H.; HU, G.; KUO, W.; KRONSTAD, J. W. Role of ferroxidases in iron uptake
and virulence of Cryptococcus neoformans. Eukaryotic Cell, v. 8, p. 1511-1520, 2009.

JUNG, W. H.; KRONSTAD, J. W. Iron and fungal pathogenesis: A case study with
Cryptococcus neoformans. Cellular Microbiology, v. 10, p. 277-284, 2008.

JUNG, W. H.; SHAM, A.; LIAN, T.; SINGH, A.; KOSMAN, D. J.; KRONSTAD, J. W.
Iron source preference and regulation of iron uptake in Cryptococcus neoformans. PLoS
pathogens, v. 4, p. 1-14, 2008.

KNIGHT, S. A B.; VILAIRE, G.; LESUISSE, E.; DANCIS, A. Iron Acquisition from
Transferrin by Candida albicans Depends on the Reductive Pathway. Infec, v. 73, p.
5482-5492, 2005.

KOSMAN, D. J. Iron metabolism in aerobes: managing ferric iron hydrolysis and ferrous
iron autoxidation. Coordination Chemistry Reviews, v. 257, n. 1, p. 1-24, 2013.

Kosman, D.J. A holistic view of mammalian (vertebrate) cellular iron uptake.
Metallomics. 12(9):1-20. 2020.

KULKARNI, R. D.; KELKAR, H. S.; DEAN, R. A. An eight-cysteine-containig CFEM
domain unique to a group of fungal membrane proteins. Trends in Biochemical
Sciences, v. 28, p. 118—-121, 2003.

KUZNETS, G.; VIGONSKY, E.; WEISSMAN, Z.; LALLI, D.; GILDOR, T
KAUFFMAN, S. J.; TURANO, P.; BECKER, J.; LEWINSON, O.; KORNITZER, D. A
Relay Network of Extracellular Heme-Binding Proteins Drives C. albicans Iron
Acquisition from Hemoglobin. PLoS Pathogens, v. 10, n. 10, p. 1-15, 2014.

MACEDO, P. M. DE; FREITAS, D. E. S.; VARON, A. G.; LAMAS, C. DA C,;
FERREIRA, L. C. F.; FREITAS, A. D.; FERREIRA, M. T.; NUNES, E. P.; SIQUEIRA,
M. M.; VELOSO, V. G.; VALLE, A. C. F. DO. COVID-19 and acute juvenile
paracoccidioidomycosis coinfection. PL.oS Neglected Tropical Diseases, v. 14, n. 8§, p.
1-7, 2020.

MANNS, J. M.; MOSSER, D. M.; BUCKLEY, H. R. Production of a hemolytic factor
by Candida albicans. Infection and Immunity, v. 62, n. 11, p. 5154-5156, 1994.

MOORS, M. A; STULL, T. L.; BLANK, K. J.; BUCKLEY, H. R.; MOSSER, D. M. A
role for complement receptor-like molecules in iron acquisition by Candida albicans. The
Journal of Experimental Medicine, v. 175, n. June, p. 1643—-1651, 1992.

MOREIRA, A. L. E.; OLIVEIRA, M. A. P.; SILVA, L. O. S.; INACIO, M. M.; BAILAO,
A.M.; PARENTE-ROCHA, J. A.; CRUZ-LEITE, V. R. M.; PACCEZ, J. D.; ALMEIDA
SOARES, C. M. DE; WEBER, S. S.; BORGES, C. L. Immunoproteomic Approach of
Extracellular Antigens From Paracoccidioides Species Reveals Exclusive B-Cell
Epitopes. Frontiers in Microbiology, v. 10, n. January, 2020.

MUNOZ, J. F. et al. Genome Diversity, Recombination, and Virulence across the Major
Lineages of Paracoccidioides. mSphere, v. 1, n. 5, p. 1-18, 2016.

MURAD, A. M.; SOUZA, G. H. M. F.; GARCIA, J. S.; RECH, E. L. Detection and

80



expression analysis of recombinant proteins in plant-derived complex mixtures using
nanoUPLC-MSE. Journal of Separation Science, v. 34, n. 19, p. 2618-2630, 2011.

NASSER, L.; WEISSMAN, Z.; PINSKY, M.; AMARTELY, H.; DVIR, H;
KORNITZER, D. Structural basis of haem-iron acquisition by fungal pathogens. Nature
Microbiology, v. 1, n. September, p. 16156, 2016.

NEILANDS, J. B. Siderophores. Arquives of Biochemistry and Biophysics, v. 302, p.
1-3, 1993.

NEMETH, E.; RIVERA, S.; GABAYAN, V.; KELLER, C.; TAUDORF, S;
PEDERSEN, B. K.; GANZ, T. IL-6 Mediates Hypoferremia of Inflammation by Inducing
the Synthesis of Iron Regulatory Hormone Hepcidin. The Journal of Clinical
Investigation, v. 113, p. 1271-1276, 2004.

NICOLA, A. M.; ANDRADE, R. V.; SILVA-PEREIRA, 1. Molecular chaperones in the
Paracoccidioides brasiliensis transcriptome. Genetics and molecular research : GMR,
v.4,1n. 2, p. 346-357, 2005.

NUNEZ, G.; SAKAMOTO, K.; SOARES, M. P. Innate Nutritional Immunity. The
Journal of Immunology, v. 201, n. 1, p. 11-18, 2018.

OKAMOTO-SHIBAYAMA, K.; KIKUCHI, Y.; KOKUBU, E.; SATO, Y.; ISHIHARA,
K. Csa2, a member of the Rbt5 protein family, is involved in the utilization of iron from
human hemoglobin during Candida albicans hyphal growth. FEMS Yeast Research, v.
14, n. 4, p. 674-677, 2014.

PAPANIKOLAOU, G.; PANTOPOULOS, K. Iron Metabolism and Toxicity.
Toxicology and Applied Pharmacology, v. 202, p. 199-211, 2005.

PARENTE, ANA F. A.; BAILAO, A. M.; BORGES, C. L.; PARENTE, J. A
MAGALHAES, A. D.; RICART, C. A. O.; SOARES, C. M. A. Proteomic analysis
reveals that iron availability alters the metabolic status of the pathogenic fungus
Paracoccidioides brasiliensis. PLoS ONE, v. 6,n. 7, 2011.

PARENTE, ANA F A; BAILAO, A. M.; BORGES, C. L.; PARENTE, J. A;
MAGALHAES, A. D.; RICART, C. A. O.; SOARES, C. M. A. Proteomic analysis
reveals that iron availability alters the metabolic status of the pathogenic fungus
Paracoccidioides brasiliensis. PLoS ONE, v. 6,n. 7, 2011.

PARENTE, A. F. A.; REZENDE, T. C. V. DE; CASTRO, K. P. DE; BAILAO, A. M ;
PARENTE, J. A.; BORGES, C. L.; SILVA, L. P.; SOARES, C. M. DE A. A proteomic
view of the response of Paracoccidioides yeast cells to zinc deprivation. Fungal Biology,
v. 7,p.399-410, 2013.

PENDRAK, M. L.; CHAO, M. P.; YAN, S. S.; ROBERTS, D. D. Heme Oxygenase in
Candida albicans Is Regulated by Hemoglobin and Is Necessary for Metabolism of

Exogenous Heme and Hemoglobin to a-Biliverdin. Journal of Biological Chemistry, v.
279, n. 5, p. 34263433, 2004.

PENDRAK, M. L.; ROBERTS, D. D. Hemoglobin is an effective inducer of hyphal
differentiation in Candida albicans. Medical mycology, v. 45, n. 1, p. 61-71, 2007.

PETITO, G.; CURCIO, J. S. DE; PEREIRA, M.; BAILAO, A. M.; PACCEZ, J. D;

81



MORAES, C. O. B. DE; SANTOS JUNIOR, A. D. C. M. DOS; FONTES, W.; RICART,
C. A. O.; SOARES, C. M. DE A. Metabolic adaptation of Paracoccidioides brasiliensis
in response to in vitro copper deprivation. Frontiers in Microbiology, v. 11, n. August,
p. 1834, 2020.

PIGOSSO, L. L.; BAEZA, L. C.; TOMAZETT, M. V.; FALEIRO, M. B. R.; MOURA,
V. M. B. DE; BAILAO, A. M.; BORGES, C. L.; PARENTE-ROCHA, J. A;
FERNANDES, G. DA R.; GAUTHIER, G. M.; SOARES, C. M. DE A. Paracoccidioides
brasiliensis presents metabolic reprogramming and secretes a serine proteinase during
murine infection. Virulence, v. 8, n. 7, p. 14171434, 2017.

PINSKY, M.; ROY, U.; MOSHE, S.; WEISSMAN, Z.; KORNITZER, D. Human Serum
Albumin Facilitates Heme-Iron Utilization by Fungi. mBio, v. 11, n. 2, p. 1-14, 2020.

RAMANAN, N.; WANG, Y. A high-affinity iron permease essential for Candida
albicans virulence. Science, v. 288, p. 1062—1064, 2000.

RAYMOND-BOUCHARD, I.; CARROLL, C. S.; NESBITT, J. R.; HENRY, K. A_;
PINTO, L. J.; MOINZADEH, M.; SCOTT, J. K.; MOORE, M. M. Structural
requirements for the activity of the MirB ferrisiderophore transporter of Aspergillus
fumigatus. Eukaryotic Cell, v. 11, n. 11, p. 13331344, 2012.

RESTREPO, A.; JIMENEZ, B. E. Growth of Paracoccidioides brasiliensis yeast phase
in a chemically defined culture medium. Journal of Clinical Microbiology, v. 12, n. 2,
p. 279-81, 1980.

RODRIGUES, A.; OLIVEIRA, D.; NOJOSA, L.; SOARES, D. A.; PARENTE-ROCHA,
J. A;; BAEZA, L. C. Characterization of extracellular proteins in members of the
Paracoccidioides complex. Fungal Biology, v. 122, p. 738-751, 2018.

ROY, U.; KORNITZER, D. Heme-iron acquisition in fungi. Current Opinion in
Microbiology, v. 52, p. 77-83, 2019.

SANTOS, R. P.; TOMICH, L. G. M. DE M.; CALABRIA, M. F. O.; SCARPELLIN, F.;
GODOY, C. S. DE M.; SOARES, R. DE B. A. COINFECCAO POR LEISHMANIOSE
E PARACOCCIDIOIDOMICOSE E COMPLICACCOES TROMBOTICAS GRAVES
POR COVID-19: RELATO DE CASO. The Brazilian Journal of Infectious Diseases,
n. January, 2021.

SCHRETTL, M. et al. HapX-Mediated adaption to iron starvation is crucial for virulence
of Aspergillus fumigatus. PLoS Pathogens, v. 6, n. 9, 2010.

SCHRETTL, M.; BIGNELL, E.; KRAGL, C.; SABIHA, Y.; LOSS, O.; EISENDLE, M.;
WALLNER, A.; ARST, H. N.; HAYNES, K.; HAAS, H. Distinct roles for intra- and
extracellular siderophores during Aspergillus fumigatus infection. PLoS Pathogens, v. 3,
p. 1195-1207, 2007.

SHIKANAI-YASUDA, M. A.; MENDES, R. P.; COLOMBO, A. L.; QUEIROZ-
TELLES, F. DE; SATIE, A.; KONO, G.; PANIAGO, A. M.; NATHAN, A.; CARLOS,
A.; BAGAGLI, E. Ahead of Print Brazilian guidelines for the clinical management of
paracoccidioidomycosis. n. June, 2017.

SILVA-BAILAO, M. G.; BAILAO, E. F. L. C.; LECHNER, B. E.; GAUTHIER, G. M.;
LINDNER, H.; BAILAO, A. M.; HAAS, H.; SOARES, C. M. D. A. Hydroxamate

82



production as a high affinity iron acquisition mechanism in Paracoccidioides Spp. PLoS
ONE, v. 9, n. §,2014.

SILVA, M. G. et al. The homeostasis of iron, copper, and zinc in Paracoccidioides
brasiliensis, Cryptococcus neoformans var. Grubii, and Cryptococcus gattii: A
comparative analysis. Frontiers in Microbiology, v. 2, n. MAR, p. 1-19, 2011.

SILVA, M. G. et al. Molecular characterization of siderophore biosynthesis in
Paracoccidioides brasiliensis. IMA Fungus, v. 11, n. 11, p. 1-14, 2020.

SOARES, C. M. A. .; MOLLINARI MADLUN, E. E. W. 1. .; SILVA, S. P. .; PEREIRA,
M. .; FELIPE, M. S. S. Characterization of Paracoccidioides brasiliensis Isolates by
Random Amplified Polymorphic DNA Analysis. Journal of Clinical Microbiology, v.
33,n. 2, p. 505-507, 1995.

SOARES, M. P.; WEISS, G. The Iron age of host — microbe interactions. EMBO
Reports, v. 16, n. 11, p. 1482—-1500, 2015.

SORGO, A. G.; HEILMANN, C. J.; DEKKER, H. L.; BRUL, S.; KOSTER, C. G.; KLIS,
F. M. Mass spectrometric analysis of the secretome of Candida albicans. Yeast, v. 27, p.
661-672, 2010.

SOUZA, A. F. DE; PAULA, M. S. DE; LIMA, R. M.; SILVA, M. G.; CURCIO, J. S.
DE; PEREIRA, M.; SOARES, C. M. DE A. The"little iron waltz": The ternary response
of Paracoccidioides spp. to iron deprivation. Journal of Fungi, v. 6, n. 4, p. 1-12, 2020.

SOUZA, A. F. DE; TOMAZETT, M. V.; SILVA, K. S. F. E; CURCIO, J. S. DE;
PEREIRA, C. A.; BAEZA, L. C.; PACCEZ, J. D.; GONCALES, R. A.; RODRIGUES,
F.; PEREIRA, M.; SOARES, C. M. DE A. Interacting with Hemoglobin:
Paracoccidioides spp. Recruits hsp30 on Its Cell Surface for Enhanced Ability to Use
This Iron Source. Journal of Fungi, v. 7, n. 21, p. 1-21, 2021.

TAMAYO, D.; MUNOZ, J. F; TORRES, 1.; ALMEIDA, A. J.; RESTREPO, A_;
MCEWEN, J. G.; HERNANDEZ, O. Involvement of the 90kDa heat shock protein during
adaptation of Paracoccidioides brasiliensis to different environmental conditions.
Fungal Genetics and Biology, v. 51, n. 1, p. 3441, 2013.

TANAKA, W. T. H.; NAKAO, N.; MIKAMI, T.; MATSUMOTO, T. Hemoglobin Is
Utilized by Candida albicans in the Hyphal Form but Not Yeast Form. Biochemical and
Biophysical Research Communications, v. 232, n. 2, p. 350-353, 1997.

TANDARA, L.; SALAMUNIC, I. Iron metabolism: current facts and future directions.
Biochemia Medica, v. 22, n. 3, p. 311-328, 2012.

TANGEN, K. L.; JUNG, W. H.; SHAM, A. P.; LIAN, T.; KRONSTAD, J. W. The iron-
and cAMP-regulated gene SIT1 influences ferrioxamine B utilization, melanization and
cell wall structure in Cryptococcus neoformans. Microbiology, v. 153, n. 1, p. 29-41,
2007.

TOMAZETT, M. V.; BAEZA, L. C.; PACCEZ, J. D.; PARENTE-ROCHA, J. A.;
RIBEIRO-DIAS, F.; SOARES, C. M. DE A. Identification and characterization of
Paracoccidioides lutzii proteins interacting with macrophages. Microbes and Infection,
p. 1-11, 2019.

83



TRISTAO, G. B.; ASSUNCAO, L. P.; SANTOS, L. P. A. DOS; BORGES, C. L.;
SILVA-BAILAO, M. G.; ALMEIDA SOARES, C. M. DE; CAVALLARO, G.;
BAILAO, A. M. Predicting copper-, iron-, and zinc-binding proteins in pathogenic
species of the Paracoccidioides genus. Frontiers in Microbiology, v. 6, n. JAN, p. 1—
11, 2015.

TURISSINI, D. A.; GOMEZ, O. M.; TEIXEIRA, M. M.; MCEWEN, J. G.; MATUTE,
D. R. Species boundaries in the human pathogen Paracoccidioides. Fungal Genetics and
Biology, v. 106, n. January, p. 9-25, 2017.

VALLEJO, M. C.; NAKAYASU, E.; MATSUO, A.; SOBREIRA, T.; LONGO, L.;
GANIKO, L.; ALMEIDA, I.; PUCCIA, R. Vesicle and Vesicle-Free Extracelullar
Proteome of Paracoccidioides brasiliensis: Comparative Analysis with other Pathogenic
Fungi. J Proteomics, v. 11, n. 3, p. 16761685, 2012.

WALLNER, A.; BLATZER, M.; SCHRETTL, M.; SARG, B.; LINDNER, H.; HAAS,
H. Ferricrocin, a siderophore involved in intra- and transcellular iron distribution in
Aspergillus fumigatus. Applied and Environmental Microbiology, v. 75, p. 4194-4196,
2009.

WANG, L.; CHERARYIL, B. J. Ironing out the Wrinkles in Host Defense: Interections
beween Iron Homeostasis and Innate Immunity. Journal of Innate Immunity, v. 1, p.
455464, 2009.

WATANABE, T.; TAKANO, M.; MURAKAMI, M.; TANAKA, H.; MATSUHISA, A.;
NAKAO, N.; MIKAMI, T.; SUZUKI, M.; MATSUMOTO, T. Characterization of a
haemolytic factor from Candida albicans. Microbiology, v. 145, n. 3, p. 689—694, 1999.

WEBER, S. S.; PARENTE, A. F. A.; BORGES, C. L.; PARENTE, J. A.; BAILAO, A.
M.; ALMEIDA SOARES, C. M. DE. Analysis of the Secretomes of Paracoccidioides
Mycelia and Yeast Cells. PLoS ONE, v. 7, n. 12, 2012.

WEINBERG, E. D. Nutritional Immunity. The Journal of the American Mecical
Association, v. 231, n. 1, p. 3941, 1975.

WEISSMAN, Z.; KORNITZER, D. A family of Candida cell surface haem-binding
proteins involved in haemin and haemoglobin-iron utilization. Molecular Microbiology,
v. 53, n. 4, p. 1209-1220, 2004.

WEISSMAN, Z.; SHEMER, R.; CONIBEAR, E.; KORNITZER, D. An endocytic
mechanism for haemoglobin-iron acquisition in Candida albicans. Molecular
Microbiology, v. 69, p. 201-217, 2008.

WHITLEY, D.; GOLDBERG, S. P.; JORDAN, W. D. Heat shock proteins: A review of
the molecular chaperones. Journal of Vascular Surgery, v. 29, n. 4, p. 748-751, 1999.

ZARNOWSKI, R.; COOPER, K. G.; BRUNOLD, L. S.; CALAYCAY, J.; WOODS, J.
P. Histoplasma capsulatum secreted y-glutamyltransferase reduces iron by generating an
efficient ferric reductant. Molecular Microbiology, v. 70, n. 2, p. 352-368, 2008.

ZARNOWSKI, R.; WOODS, J. P. Glutathione-dependent extracellular ferric reductase
activities in dimorphic zoopathogenic fungi. Microbiology, v. 151, n. Pt 7, p. 2233-2240,
2005.

84



ZHANG, Z.-N.; WU, Q.-Y.; ZHANG, G.-Z.; ZHU, Y.-Y.; MURPHY, R. W.; LIU, Z_;
Z0U, C.-G. Systematic analyses reveal uniqueness and origin of the CFEM domain in
fungi. Scientific reports, v. 5, p. 13032, 2015.

85






Anexo 1. Colaboracao em artigo original publicado no IMA Fungus

Silva et al. IMA Fungus (2020)11:11
https://doi.org/10.1186/543008-020-00035-x

L
Sl

G

WIERN,
190"

B ®
socix®

IMA Fungus

RESEARCH Open Access

Molecular characterization of siderophore
biosynthesis in Paracoccidioides brasiliensis

®

Check for
updates

Marielle Garcia Silva'", Juliana Santana de Curcio'", Mirelle Garcia Silva-Baildo', Raisa Melo Lima’,
Mariana Vieira Tomazett', Aparecido Ferreira de Souza', Vanessa Rafaela Milhomem Cruz-Leite', Nicolau Sbaraini®,
Alexandre Melo Bailao', Fernando Rodrigues™, Maristela Pereira’, Relber Aguiar Gongales™ and

Célia Maria de Almeida Soares' @

Abstract

Keywords: Iron, SidA, RNA interference

Iron is an essential nutrient for all organisms. For pathogenic fungi, iron is essential for the success of infection.
Thus, these organisms have developed high affinity iron uptake mechanisms to deal with metal deprivation
imposed by the host. Siderophore production is one of the mechanisms that fungal pathogens employ for iron
acquisition. Paracoccidioides spp. present orthologous genes encoding the enzymes necessary for the biosynthesis
of hydroxamates, and plasma membrane proteins related to the transport of these molecules. All these genes are
induced in iron deprivation. In addition, it has been observed that Paracoccidioides spp. are able to use
siderophores to scavenge iron. Here we observed that addition of the xenosiderophore ferrioxamine B FOB) to P.
brasiliensis culture medium results in repression (at RNA and protein levels) of the SidA, the first enzyme of the
siderophore biosynthesis pathway. Furthermore, SidA activity was reduced in the presence of FOB, suggesting that
P. brasiliensis blocks siderophores biosynthesis and can explore siderophores in the environment to scavenge iron.
In order to support the importance of siderophores on Paracoccidioides sp. life and infection cycle, silenced mutants
for the sidA gene were obtained by antisense RNA technology. The obtained AsSidA strains displayed decreased
siderophore biosynthesis in iron deprivation conditions and reduced virulence to an invertebrate model.

INTRODUCTION

Iron is an essential nutrient for growth and development
of living organisms. Due to iron redox properties, this
metal occurs in two oxidation states, ferrous ion (Fe* 2)
and ferric ion (Fe* %), which are influenced by pH and oxy-
gen (Sanchez et al. 2017). Fe*? spontaneously convert to
Fe'? in the presence of oxygen (Halliwell and Gutteridge
1984). Iron is indispensable for a variety of cellular pro-
cesses such as respiration, although, the excess or incor-
rect storage of this metal by cells is harmful. The reduced
form of iron (Fe*?) catalyzes the production of reactive
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oxygen species (ROS) through the Fenton/Haber Weiss
reaction (Halliwell and Gutteridge 1984; Haber and Weiss
1934). In this way, the maintenance of the homeostasis of
this micronutrient is essential. Proper iron homeostasis is
achieved through fine-tuned regulation of iron acquisition,
use and storage (Ganz 2009).

Nutritional immunity (i.e., host deprivation of metals,
such Fe, Cu, Mn and Zn) is an important mechanism
employed by the host to control the development of
pathogenic organisms, to overcome the low availability of
iron imposed by the host, microorganisms developed high
affinity mechanisms for iron uptake (Raymond et al.
2003). In fungal pathogens these mechanisms include: the
reduction of Fe™® to Fe'? the acquisition of the iron
bound to the heme group, and the solubilization of Fe*?
promoted by siderophores (Kornitzer 2009; Baildo et al.
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2012; Canessa and Larrondo 2013). The last strategy, also
known as non-reductive iron uptake, is characterized by
the use of siderophores, which are low molecular weight
compounds that bind Fe*? with high affinity making it
available for consumption (Neilands 1993).

Fungal siderophore biosynthesis is well characterized
in Aspergillus fumigatus (Blatzer et al. 2011; Schrettl
et al. 2004; Schrettl et al. 2007) and internalization of
the siderophore-iron complex is performed by Sidero-
phore Iron Transporters (SIT), such as Sit, MirA, MirB
and MirC, located on the cell surface, as described in
Candida glabrata and Aspergillus nidulans (Nevitt and
Thiele 2011; Haas 2003; Haas et al. 2003). Siderophores
are also produced by fungi of the Paracoccidioides genus
that cause paracoccidioidomycosis (PCM) (Restrepo
1985), a disease restricted to Latin America (San-Blas
et al. 2002) with high rates in Brazil (Restrepo et al
2001). Paracoccidioides spp. grow as mycelia in the en-
vironment and as yeast cells in host tissues (Restrepo
1985). After inhalation of conidia or mycelial propagules,
these reach the pulmonary alveoli of the host and differ-
entiate into yeast cells, thus initiating the infectious
process (McEwen et al. 1987).

Fungi of the Paracoccidioides genus can use reductive
(Fe'” to Fe'?) and siderophore uptake pathways to ac-
quire iron under conditions of metal shortage (Silva
et al. 2011; Silva-Bailao et al. 2014; Bailao et al. 2015).
We Spp.
present putative orthologue genes to those related to
hydroxamate siderophore production (sidA, sidF, sidC,
sidD, SidH and sidl) as well as siderophore uptake (sitl,
mirB and mirC) (Silva et al. 2011; Silva-Bailao et al.
2014). All of them are up-regulated in iron restriction
and, in such condition, hydroxamate siderophores are
produced (Silva-Bailao et al. 2014, Parente et al. 2011).
Furthermore, Paracoccidioides spp. can also explore
siderophores from other organisms to scavenge iron, as
dimerumic acid and ferrioxamine B (FOB). Additionally,
prior exposure of P. brasiliensis to FOB increases fungus
survival to phagocytosis by activated macrophages
(Silva-Bailao et al. 2014,).

Considering those findings, we sought to investigate
the adaptation of P. brasiliensis after FOB exposure as
well as the functional role of SidA, the first enzyme in
the siderophore production, in this fungus. Moreover,
knockdown strains for sidA were generated employing
antisense RNA technology and Agrobacterium tumefa-
ciens-mediated transformation (ATMT) (Almeida et al.
2007; Menino et al. 2012; Bailao et al. 2014). Notably,
upon FOB exposure, P. brasiliensis’ sidA was down regu-
lated at transcriptional and translational levels, which
was accompanied by reduced enzymatic activity. Fur-
thermore, the knockdown of sidA (AsSidA) led to re-
duced siderophore production by P. brasiliensis and

have demonstrated that Paracoccidioides
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decreased fungal virulence to Tenebrio molitor an inver-
tebrate model, suggesting an essential role of sidero-
phores in the infection cycle of P. brasiliensis.

MATERIAL AND METHODS

Ethics statement

Mouse manipulation was carried out in 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). Male
BALB/c mice aged between 6 to 8 weeks were purchased
from the Animal house of the Instituto de Patologia
Tropical e Satide Publica — UFG and were maintained in
the Animal Facilities at the Laboratério de Biologia Mo-
lecular, Universidade Federal de Goids. Animal experi-
mentation was approved by institutional Ethics
Commission on Animal Use of the Universidade Federal
de Goias — UFG (reference number 089/17).

Strains and culture conditions

Yeast cells of P. brasiliensis, Pb18 (ATCC32069) were
used in all the experiments. Cells were maintained in
brain heart infusion (BHI) solid medium added of 4%
(w/v) glucose for 4 days, at 36 °C. For experiments, cells
were grown in liquid BHI for 72 h at 36 °C, 150 rpm, in
order to reach the exponential growth phase (10" cells
per ml). Afterward, the cells were centrifuged at 1200 x
g for 10 min at 4°C and washed twice with Phosphate
Buffered Saline (PBS) 1X. Cells were then incubated in
McVeigh/Morton liquid medium (MMcM) (Restrepo
and Jimenez 1980) containing: 4% (w/v) glucose, 0.15%
(wiv) KH;POy, 0.05% (w/v) MgSO,.7H,0, 0.015% (w/v)
CaCl,.2H,0, 0.2% (w/v) (NH4),SO,4 0.2% (w/v) L-
asparagine, 0.02% (w/v) L-cystine, 1% (v/v) of vitamin
supplement (0.006% [w/v] thiamine, 0.006% [w/v] niacin
B3, 0.006% [w/v] Ca"? pantothenate, 0.001% [w/v] inosi-
tol B7, 0.0001% [w/v] biotin B8, 0.001% [w/v] riboflavin,
0.01% [w/v] folic acid B9, 0.01% [w/v] choline chloride,
0.01% [w/v] pyridoxine) and 0.1% (v/v) of trace elements
supplement (0.0057% [w/v] H3BOs, 0.0081% [w/v]
MnS§0,.14H,0, 0.0036% [w/v] (NH4)¢MO;054.4H,0,
0.0157% [w/v] CuSO4H,0, 0.1404% [w/v] Fe(NH4),(-
$04),6H;0) (Restrepo and Jimenez 1980) supplemented
with 50 pM of bathophenanthroline-disulfonic acid (BPS;
Sigma-Aldrich, Germany), a ferrous iron-specific chela-
tor, for 24 h at 36 °C with shaking at 150 rpm (Parente
et al. 2011, Silva-Bailao et al. 2014). Cells were centri-
fuged and washed twice with PBS 1X and cell viability
was determined using trypan blue. A total of 107 cells
per mL were transferred to MMcM medium containing
50 uM of BPS or 10 puM of ferrioxamine B with iron
loaded (FOB; Sigma-Aldrich, Saint louis, USA) (Silva-
Bailao et al. 2014). Yeast cells were incubated at 36 °C
for 6 and 24 h, 150 rpm. For culture in MMcM medium

88



Silva et al. IMA Fungus (2020) 11:11

all the glassware was acid treated to remove residual
traces of iron (Cox 1994).

RNA extraction and quantitative real time PCR (RT-qPCR)
Total RNA extraction was accomplished using TRIzol
(TRI Reagent, Sigma-Aldrich, St. Louis, MO) and mech-
anical cell rupture (Mini-Beadbeater — Biospec Products
Inc., Bartlesville, OK). The mRNA was reverse-transcribed
using Super-Script III First-Strand Synthesis SuperMix
(Invitrogen, Life Technologies). qRT-PCR was performed
employing a QuantStudio5 real-time PCR system (Applied
Biosystems Inc.) and SYBER green PCR master mix was
used in the reaction mixture (Applied Biosystems, Foster
City, CA). The sequences of forward and reverse oligonu-
cleotides are listed in (Additional file 1: Table S1). The
data were normalized with the 28 kDa ribonucleoprotein
(GenBank accession number XP_015701336). The relative
expression levels of transcripts of interest were calculated
using the standard curve method for relative quantifica-
tion (Bookout et al. 2006).

L-ornithine-N°-oxygenase enzymatic assay

The enzymatic activity of L-ornithine-N’-oxygenase
(SidA) was evaluated as previously described by Zhou
et al. (1998) and Haas et al. (1999) with few modifica-
tions. Briefly, P. brasiliensis yeast cells were collected
and suspended in 0.5 mM potassium phosphate buffer
(pH 8.0). The suspension was transferred to tubes con-
taining glass beads (425-600 um) and submitted to vig-
orous mixing in a bead beater apparatus (BioSpec) for 5
cycles with intervals of 30s on ice. The samples were
centrifuged 10,000 x g for 15 min and the protein con-
centration in supernatants was determined with the
(Bradford) reagent. To measure the enzymatic activity of
SidA, equal amounts of proteins (50 pug) of both condi-
tions, yeast cells incubated with (BPS) or (FOB), were
used. The reaction mixture containing 40 ul of 0.5 mM
potassium phosphate pH 8.0, 10 ul of 10 mM NADPH,
2ul of 0.5mM FAD, 50 ug of cell extract, 30 ul of 10
mM L-ornithine was incubated at 30°C for 2h and
added of 100 pl of 0.2 M perchloric acid to stop the reac-
tion. For control, the same amount of perchloric acid
was added to one sample before incubation. The samples
were centrifuged and the supernatants were used to de-
termine the absorbance at 340 nm.

Molecular modeling of SidA

The amino acid sequence of the P. brasiliensis SidA
(PADG_00097) was modeled with ITASSER algorithm
(Yang and Zhang 2015) available at (https://zhanglab.
ccmb.med.umich.edu/). To predict protonation states of
the model, the PDB2PQR server (http://nbcr-222.ucsd.
edu/pdb2pqr_2.0.0/) at pH 7 was used. Pymol visualizer
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was used to perform the structural analysis (Rigsby and
Parker 2016).

The MD simulation was performed by the GROMACS
4.5.5 package, using the AMBER force field (ff99SB-ILDM)
in the presence of water TIP3P. The protein was subjected
to the simulation of 100 ns, temperature of 300 K, pressure
of 1atm and time interval of 2 fentoseconds, without re-
striction of the conformation (Pronk et al. 2013).

Analysis of Clusters, Root Mean Square Deviation
(RMSD) and Root Mean Square Fluctuations (RMSF)
were performed using the software of the GROMACS
package. The quality analysis and the Ramachandran
diagram of the final MD model were performed using
the MolProbity server (http://molprobity.biochem.duke.
edu/) (Chen et al. 2010).

Heterologous expression of recombinant SidA

Primers used for amplification of SidA cDNA were listed
in (Additional file 1: Table S1). The PCR product was sub
cloned into the BamHI/EcoRI sites of pGEX-4 T3 vector
(GE Healthcare Life Sciences). Transformation of Escheri-
chia coli Rosetta (DE3) was carried out using standard
procedures. For protein expression, transformed cells were
cultured in LB medium supplemented with ampicillin
(100 pg/ml) for 16 h at 37 °C. The induction of the recom-
binant protein was performed by addition of Isopropyl B-
D-1-thiogalactopyranoside (IPTG;  Sigma-Aldrich, St
Louis, MO, USA) at a final concentration of 1 mM for 2 h.
The size and identity of the recombinant protein SidA
(rSidA) was evaluated using SDS-PAGE and in-gel protein
digestion (Rezende et al. 2011) followed by LC-MS/MS
(Lima Pde et al. 2015).

Polyclonal antibodies production and immunoblotting
assay

rSidA was used in the production of specific mouse
polyclonal antibodies. Pre-immune sera were obtained
and stored at - 20°C. The rSidA was extracted from the
SDS-PAGE  polyacrylamide gel, and subsequently
injected into mouse three times at 15 days intervals. The
obtained sera were sampled and stored at — 20 °C.

A total of 40 pg of the protein extract was loaded on 12%
SDS-PAGE, stained with (Coomassie Blue R) or transferred
to Hybond ECL membrane (GE Healthcare) as described
by Lima and colleagues (Lima Pde et al. 2015). Blocked
membranes were incubated with anti-SidA polyclonal anti-
bodies diluted 1:150 for 2h. After incubation, the mem-
brane was washed and incubated with anti-mouse
secondary antibody alkaline phosphatase conjugated (1:
20000). The reaction was developed using 5-bromo-4-
chloro-3-indolylphosphate/nitroblue  tetrazolium (BCIP/
NBT). As a load control was employed anti-enolase poly-
clonal antibodies (Nogueira et al. 2010). The pixel intensity
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of the bands was analyzed using the Image] 1.51 software
(Schneider et al. 2012) and expressed as arbitrary units.

Extraction and digestion of proteins for nano-ESI-UPLC-
MSE acquisition

Protein extraction was performed by protocol described by
Baeza and coleagues (Baeza et al. 2017). The protein con-
centration in the supernatant was determined using the
Bradford reagent (Bradford 1976). Bovine serum albumin
was used as a standard. Integrity of the proteins was verified
using a 12% SDS-PAGE. A total of 150 pg of cytoplasmic
protein was prepared for nanoUPLC-MS" analysis, as previ-
ously described (Lima Pde et al. 2015; Murad et al. 2011).
After digestion, the peptides were ressuspended in 30 pl of
ultrapure water and subsequently purified in ZipTip C18
Pipette Tips (Millipore, MA, USA) and dried in a speed
vacuum. The obtained peptides were suspended in 80 pl of
a solution containing 20 mM of ammonium formiate and
200 fmol/uL. of PHB (MassPREP™ protein). After
solubilization, peptides were transferred to a Waters Total
Recovery vial (Waters Corporation, MA, USA). For separ-
ation of tryptic peptides, Nanoscale LC was performed
using an ACQUITY UPLC® M-Class system (Waters Cor-
poration, MA, USA) (Tomazett et al. 2019).

Data processing and protein identification

Data processing were performed as previously de-
scribed (Lima Pde et al. 2015). In brief, for proteomic
analyzes of the data obtained from the LC-MSF, the
ProteinLynx Global Server version 3.0.2 (Waters,
Manchester, UK) was employed. The processed spec-
tra were searched against P. brasiliensis (Pb18) pro-
tein sequences (https://www.uniprot.org/proteomes/).
The protein identification criteria also included the
detection of at least 2 fragment ions per peptide, 5
fragments per protein and the determination of at
least 1 peptide per protein. A protein that showed a
variance coefficient of 0.057 and that was detected in
all replicates was used to normalize the protein ex-
pression levels in the samples (PADG_04570). Expres-
sion® informatics v.3.0.2 was used for quantitative
comparisons. The mathematical model used to calcu-
late the ratios was part of the Expression® algorithm
inside the PLGS software from the Waters Corpor-
ation (Geromanos et al. 2009). The minimum repeat
rate for each protein in all replicates was 2. Protein
tables generated by ProteinLynx Global Server were
merged, and the dynamic range of the experiment
was calculated using the software program MassPivot
v1.0.1. The data obtained by NanoUPLC-MS® were
subjected to in silico analysis to identify functional
classification. For this analysis, it was used FungiDB-

database (https://fungidb.org/fungidb/).
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Construction and characterization of the P. brasiliensis
SidA antisense-RNA strain

The functional evaluation of SidA was performed by
antisense RNA technique, as described by Bailao and
colleagues (Bailao et al. 2014) and Parente-Rocha et al.
(2015). A. tumefaciens strain LBA 1100 was used for P.
brasiliensis genetic transformation experiments. The
cells from A. tumefaciens were cultured in induction
medium (IM) for co-cultivation. Transformants were se-
lected in BHI medium containing hygromycin 75 pg/mL
(w/v) and randomly selected clones were confirmed for
silencing by qRT- PCR. RNA extraction, cDNA synthesis
and real-time PCR procedure were performed.

P. brasiliensis wild type (WT), empty vector (EV) and
silenced for sidA gene (AsSidA) were cultured in liquid
MMcM at 36°C and 180 rpm in the presence of iron.
Cell growth was evaluated by optical density at a wave-
length of 600 nm every 24 h. Cell viability analysis was
evaluated by staining with 1 pg/mL (wt/vol) propidium
iodide (Sigma Aldrich). The samples were analyzed in a
fluorescence microscope (Zeiss Axiocam MRc — Scope
Al) (Zambuzzi-Carvalho et al. 2013).

Siderophore production assayed by chrome azurol (CAS)
Siderophore production was analyzed as described previ-
ously (Silva-Bailao et al. 2014). For the overlay CAS (O-
CAS) assay, 10° yeast cells were grown in solid MMcM
medium with no iron supplementation for 5 days. After
that, 15 ml of CAS solution (Schwyn and Neilands 1987)
were applied over the plates. The ternary complex
Chrome Azurol S/Fe’*/hexadecyltrimetyl ammonium
bromide (HDTMA) acts as an indicator of siderophore
production, since it is originally blue and turns orange in
presence of siderophores (Perez-Miranda et al. 2007).

The percentage of siderophores production was also
determined (Machuca and Milagres 2003). Briefly, 10°
yeast cells were grown in MMcM liquid medium with
no iron supplementation or with different concentra-
tions of ammonium ferrous sulfate (2.5 um, 5 um, 10 ym
and 30 pm). After 5 days of growth, the culture superna-
tants were collected by centrifugation at 10,000 x g for 1
min and 400 pl were incubated with the same volume of
CAS liquid medium (Schwyn and Neilands 1987). The
reference sample was prepared by adding 400 pL of ster-
ile MMcM without iron or with different iron concen-
trations to 400 pL of CAS liquid medium. After 1h of
incubation at room temperature in the dark, the absorb-
ance at 630 nm (Ultraspec 2000 UV/Visible Spectropho-
Pharmacia Biotech) determined. The
percentage of siderophore activity was calculated by sub-
tracting the sample absorbance values from the refer-
ence according to the following formula [(Ar—As/Ar)] x
100, in which Ar means absorbance of reference and As
absorbance of sample.

tometer was
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Standardization of Tenebrio molitor larvae as an infection
model for P. brasiliensis

T. molitor larvae were acquired from a local supplier and
maintained in oatmeal diet until experimentation. P.
brasiliensis yeast cells were cultured in BHI as previously
described, collected through centrifugation, washed
three times with PBS 1X and resuspended in PBS. The
cells were repeatedly passed through a 18-gauge needle
coupled to a 5mL syringe and later strained through a
40 pm nylon filter to obtain a homogenous cell suspen-
sion. The cells were counted with a hemocytometer and
diluted to specific concentrations with PBS. Hemocoel in-
jection was performed with a Hamilton syringe (Sigma-Al-
drich) in T. molitor larvae weighing between 150 and 200
mg, showing light and uniform color and absence of pig-
mented spots. The infection was performed in the ventral
part of the larva, in the second segment after the paws and
the volume of cell suspension was 5puL (e.g., harboring
1x10°% 1x10° or 2 x10° cells). The larvae were kept in
Petri dishes at 37 °C. The number of dead larvae was eval-
uated every 24 h for 10 days and deceased larvae were re-
moved from the plate. As a control, the larvae were
inoculated under the same conditions described above
with PBS 1X. The experiments were performed with a
total of 30 larvae per group.

Evaluation of AsSidA virulence in T. molitor larvae

P. brasiliensis yeast cells of WT, EV and AsSidA mutants
were cultured and prepared as previously described. The
infection was performed as previously described, employing
2 x 10° cells. The larvae were kept in Petri plates at 37 °C
and the amount of dead larvae was evaluated every 24 h for
10 days. As a control, the larvae were inoculated under the
same conditions described above with PBS 1X. The experi-
ments were performed with a total of 30 larvae per group.

Statistical analysis

Student’s {-test was used for the statistical analysis of the fol-
lowing experiments, enzymatic activity, qRT-PCR, immuno-
bloting analysis and siderophores production. The following
P values: p <0.0005, p<0.005 and p <0.05 were considered
statistically significant, for each cited experiments, respect-
ively. For the experiments in 7. molitor the GraphPad Prism
5 program was used to generate the survival curve (using the
Kaplan — Meier method) and for statistical analysis (Log-
rank [Mantel-Cox]). p value < 0.05 was considered significant
(de Souza et al. 2015; de Souza et al. 2018a, 2018b).

RESULTS

Molecular modeling of SidA demonstrates its interaction
with substrates for the first step in siderophore
biosynthesis

Although P. brasiliensis has orthologs for the all the com-
ponents for siderophore biosynthesis, the functionality of
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this pathway still remains elusive. Therefore, we employ
molecular modeling to describe in silico the structural
characteristics of SidA and its possible ligands. The de-
scribed SidA proteins harbor a conserved domain of the
superfamily of oxygenases (Pfam 13,434; This domain is
conserved in the putative SidA of P. brasiliensis) and re-
quire NADPH and FAD as cofactors. The crystallized pro-
tein with the most similar three-dimensional structure
corresponds to A. fumigatus SidA, with 47% identity
(PDBID: 4B63) (Franceschini et al. 2012; Krithika et al.
2006). Thus, molecular modeling of P. brasiliensis putative
SidA was employed, in order to support and identify amino
acid residues that hypothetically bind to FAD, NADPH and
L-ornithine. The molecular modeling and three-dimensional
structure comparison was based on A. fumigatus SidA (ie,
already crystallized protein; PDBID: 4B63) displaying 47%
identity with P. brasiliensis putative SidA ortholog.

The (Additional file 2: Fig. S1 A) shows the alignment of A.
Sfiumigatus SidA (gray) and P. brasiliensis SidA (blue) showing a
preserved site of interaction with L-ornithine, FAD and
NADPH. The amino acid residues that interact with L-
ornithine in A. fimigatus are LYS107, ASN323 and SER469,
which in the P. brasiliensis model correspond to LYS88,
ASN306 and SER448, respectively (Additional file 2: Fig. S1 B).
The interaction between NADPH and FAD occurs through a
triad of amino acids GLN102, VAL168 and ARG279 in the
crystal of A. furmigatus, corresponding to GLN83, VALI149 and
LYS262 in P. brasiliensis (Additional file 2: Fig. S1 C).

P. brasiliensis SidA was subjected to molecular dynam-
ics (MD) simulation and the Clusters and RMSD ana-
lyzes showed that the equilibration phase started in 20
ns and stabilized in approximately 60 ns (Additional file 3:
Fig. S2 A and B). Cluster 1 was the most relevant, as it
remained between 20 ns until the end of the simulation,
with no significant differences between the conform-
ational models during this simulation period.

The quality parameters generated through clashscore
and MolProbity showed high values for the model prior
to MD 12.28 and 3.18, respectively. After the MD, the
values were 0 and 1.28, respectively, showing a signifi-
cant improvement in the quality of the structure, mainly
considering the reduction of shocks between the atoms
(Additional file 4: Table S2). In the Ramachandran dia-
grams (Additional file 3: Fig. S2 C and D) we observed a
decrease in amino acid residues in non-permitted re-
gions (according to the phi and psi angles).

The most flexible regions of P. brasiliensis SidA, ac-
cording to the RMSF analysis, and the SidA pockets are
shown (Additional file 3: Fig. S2 E and F). It is worth
mentioning that the unstable regions highlighted in the
RMSF do not correspond to the regions of the catalytic
site. As the structural analyzes showed a high-quality for
P. brasiliensis SidA model, this structure could be used
for other structure-based approaches. Thus, the analysis
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of the molecular structure, suggests that SidA binds to
L-ornithine as a substrate, and this reaction depends on

NADPH and FAD.

Expression and enzyme activity of SidA upon FOB
exposure

Once the functionally of P. brasiliensis SidA was sup-
ported through molecular modelling, the effects of FOB
treatment over P. brasiliensis was thorough examined.
The transcript levels of sidA were evaluated in the pres-
ence of FOB. Notably, sidA transcripts were down regu-
lated at 6 and 24 h in FOB condition when compared to
to iron starvation condition (BPS) (Fig. 1a). Additionally,
the enzymatic activity of SidA decreased in P. brasilien-
sis yeast cells grown in the presence of FOB (iron loaded
siderophore) (Fig. 1b), poiting for a correlation between
transcript levels and enzyme amount. The data strongly
suggested that the presence of an exogenous siderophore
represses the biosynthesis of endogenous siderophores,
since the fungus can be using Fe*' attached to the xeno-
siderophore as an alternative iron source.

SidA recombinant protein and polyclonal antibodies
production allows the identification of SidA in yeast cells
The levels of SidA in P. brasiliensis cells were evaluated by
western blotting with antibodies raised against recombinant
SidA (rSidA). P. brasiliensis SidA protein was expressed in
E. coli Rosetta (DE3) and rendered a protein with molecular
mass of 79.5 kDa, corresponding to 53.5 kDa of SidA fused
to 26 kDa of GST-tag (Fig. 2a). Following induction with
IPTG, polyacrylamide gel pieces containing the recombin-
ant protein were subjected to in-gel protein digestion for
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identification by LC-MS/MS approach; that confirmed the
recombinant protein as SidA (Additional file 5: Fig. S3 and
Additional file 6: Table S3). Immunoblotting results showed
a decreased level of SidA in FOB-treated yeast cells when
compared to BPS (Fig. 2b), corroborating the results ob-
tained at transcript level. For loading control, membranes
containing the same samples as in B were incubated with
anti-Pbenolase polyclonal antibodies (Fig. 2c).

Label free proteomic analysis reveals that SidA is
repressed in yeast cells grown in the presence of FOB
Proteomic analysis of P. brasiliensis yeast cells in presence of
FOB and BPS was performed to evaluate alterations in the pro-
tein profile between both conditions. It was identified 431 and
475 proteins in BPS or FOB, respectively, in both time points,
of 6 and 24 h (data not shown). Table 1 features the identified
proteins, related to the synthesis of siderophores, which include
those down and non-regulated. Proteins such as arginase
(PADG_00637), ornithine aminotransferase (PADG_01328),
glutamate-5-semialdehyde ~ dehydrogenase  (PADG_05337),
NADP-specific glutamate dehydrogenase (PADG_04516), argi-
nosuccinate synthase (PADG_00888), hydroxymethylglutaryl-
CoA lyase (PADG_07031) and acetyl-CoA acetyltransferase
(PADG_2751), which are related to the synthesis of ornithine,
arginine and acetyl-CoA, respectively, were identified in the
proteome. Notably, only SidA was down regulated after 24 h of
incubation with FOB (Fig. 3 and Table 1).

Characterization of sidA silenced strains

The data obtained from gene expression, enzymatic ac-
tivity, proteome and molecular modeling of SidA point
to the function of this protein in P. brasiliensis as an
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Fig. 2 Expression of the recombinant protein SidA and immunoblotting analysis. @ SDS-PAGE of SidA expression by E. coli Rosetta (DE3). 795 kDa
corresponds to 53.5 kDa of SidA fused to 26 kDa of GST-tag. b Membranes containing extracts of cytoplasmic proteins of P. brasiliensis cultivated
in FOB or BPS for 24 h were incubated with pre-immune sera and anti-PbSidA polyclonal antibodies. The native SidA protein presents a molecular
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test was used for statistical analysis. Error bars represent standard deviation of the experimental triplicate® p < 0.05. MW: molecular weight marker.
PQ: E. coli before IPTG induction. IND: E. coli after IPTG induction (1 mM IPTG for 2 h)

enzyme directly involved with the production of sidero-
phores. Therefore, knockdown strains were constructed
to determine the SidA role in P. brasiliensis. For that, it
was used the antisense RNA technology, Fig. 4a depicts
the sidA knockdown T-DNA cassette. This methodo-
logical approach provided sidA-knocked-down strains in
P. brasiliensis yeast cells as demonstrated by qRT-PCR
(Fig. 4b). The silencing percentage of six randomly se-
lected clones ranged from 78 to 91% compared to those
transformed with empty vector. AsSidA mutants grow
similarly to the wild type and empty vector clones in
MMcM medium supplemented with iron until 192 h. In
addition, cells remained viable during the entire time

growth (Fig. 4c).

sidA silenced strains present reduced siderophore
production

Silenced clones were subjected to iron deprivation
and subsequently subjected to O-CAS assay. As ex-
pected, in iron scarcity, WT and EV strains are still
able to produce siderophores, while theknockdown
strains (AsSidA4 and AsSidAS5) displayed a reduced
production of these compounds (Fig. 5a). Further-
more, the siderophore production was evaluated in
WT and AsSidAS5 strains after 5days of growth in
iron deprivation and in different iron concentrations
(Fig. 5b). There was a pronounced decrease in sidero-
phores production in AsSidAS strain in presence and
absence of iron.

93



Silva et al. IMA Fungus (2020) 11:11

Page 8 of 14

Table 1 Proteins related to the biosynthesis of siderophores identified in proteomic analysis

Accession number® Destription" Time Point® Score?
PADG_00637 Arginase (325 aa) 6h 1131.29
PADG_00637 Arginase (325 aa) 24h 1171.88
PADG_01328 Ornithine aminotransferase (461 aa) 6h 2299.86
PADG_01328 Ornithine aminotransferase (461 aa) 24 h 11754
PADG_00888 Argininosuccinate synthase (416 aa) 6h 3507.13
PADG_00888 Argininosuccinate synthase (416 aa) 24 h 48406
PADG_07031 Hydroxymethylglutaryl-CoA lyase (357 aa) 6h 2406.52
PADG_07031 Hydroxymethylglutaryl-CoA lyase (357 aa) 24h 2627.2
PADG_05337 Glutamate-5-semialdehyde dehydrogenase (457 aa) 6h 1209.7
PADG_05337 Glutamate-5-semialdehyde dehydrogenase (457 aa) 24h 771.05
PADG_04516 NADP-specific glutamate dehydrogenase (460 aa) 24h 501.85
PADG_02751 Acetyl-CoA acetyltransferase (400 aa) 6h 4328.06
PADG_02751 Acetyl-CoA acetyltransferase (400 aa) 24h 3019.16
PADG_00097 L-ornithine-N*-monooxigenase (475 aa)® 24h 360.99

2P Accession number and description of protein according to database of Paracoccidioides spp.(http://www.uniprot.proteomes;)

 Time of treatment with FOB
9 Protein score obtained from MS data using the PLGS
® Regulated Protein

SidA can be a putative virulence factor in P. brasiliensis

Since it was the first virulence study of the effects of P.
brasiliensis over T. molitor through intra-hemocoel in-
jection, it was necessary to standardize the amount of
cells needed to accomplish a successful infection in the
larvae. First, only yeast cells of WT strain were employed
to perform the standardization, followed by mutant ana-
lysis (EV and AsSidA strains). Thus, different concentra-
tions of P. brasiliensis cells (1 x 10°, 1 x 10% or 2 x 10°)
were inoculated in T. molitor larvae. As expected, larvae
inoculated with P. brasiliensis cells showed an increase
in the mortality rate as the fungus concentration also in-
creased. The concentrations of 1x10° cells was not

enough to kill all 7. molitor larvae, which showed a sur-
vival rate of 75% after 10 days of infection. Furthermore,
1 x 10° cells of P. brasiliensis were not able to kill all lar-
vae, presenting a survival rate of 57% after 10days. In
light of these results, an ideal concentration of 2 x 10°
cells was chosen. This concentration led to 100% mortal-
ity after 7 days post infection (Fig. 6a).

Once the ideal cell concentration was established, the
ability of the AsSidA strains (AsSidA4 and AsSidA5) to
kill the T. molitor larvae was evaluated, comparing with
WT and EV strains (Fig. 6b). Larvae infected with EV
had a survival rate of only 4% after 10 days of infection,
while larvae infected with AsSidA mutant strains had a
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Fig. 3 Proteins related to siderophore synthesis identified in the proteome. AS: Argininosuccinate synthase (PADG_00888). Ag: Arginase
(PADG_00637). OA: Ornithine aminotransferase (PADG_01328). GSD: Glutamate-5-semialdehyde dehydrogenase (PADG_05337). NADP-SGD: NADP-
specific glutamate dehydrogenase (PADG_04516). H-CoA L: Hydroxymethylglutaryl-CoA lyase (PADG_07031). A-CoA AT: Acetyl-CoA
acetyltransferase (PADG_02751). SidA: L-ornithine-N°-menocxigenase (PADG_00097). The red color represents the repressed enzyme
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cassette. The cassette is as following: sidA antisense fragment was placed under control of the calcium binding protein (p-cbp1) promoter of H.
capsulatum and the terminator (t-catB) of A. fumigatus. The selection marker, was hygromycin B phosphotransferase (HPH), under control of
glyceraldehyde 3-phosphate dehydrogenase of A. nidulans (p-gpdA) with the terminator (t-trpC) of A. nidulans. b Relative quantification
performed by gRT-PCR to confirm the gene silencing level in clones transformed with P6SidA-aRNA. The transcript level of PBWT transformed
with the empty vector (EV) was also quantified and used as control. The actin gene (XP_010761942) was used as the endogenous control. The
Student's t-test was used for statistical comparisons. **** p < 0.0005. € Growth and viability of P. brasiliensis WT, EV and AsSidA strains. Yeasts
strains were cultivated in McMM supplemented with 30 uM FeSO, at 37 °C for 192 h. Growth curve profiles were determined by optical density,
at a wavelength of 660 nm. Viability was accessed by staining of yeast cells with propidium iodide at 1 ug/ml on the last day of the growth
curve. The images were obtained using an Axioscope A1 microscope (Carl Zeiss AG, Germany) and photographed at 493/636 nm

statistically significant reduction in larvae mortality, with
a survival rate of 16 and 18%, respectively. These results
point that the silencing of SidA affects the pathogenesis
of P. brasiliensis, further supporting the role of sidero-
phores on Paracoccidioides infection process.

DISCUSSION

SidA is an enzyme specific for hydroxylation of ornithine, a
precursor molecule of ferricrome siderophores biosynthesis
(Chocklett and Sobrado 2010). The three-dimensional struc-
ture of SidA in A. fumigatus demonstrates the presence of

amino acid residues essential for both NAPDH association
and ornithine binding and hydroxylation (Robinson et al.
2015; Robinson et al. 2014). In this sense, SidA structure
from P. brasiliensis was studied since the capacity of orni-
thine hydroxylation and use of NADPH as cofactor are spe-
cific to this enzyme (Chocklett and Sobrado 2010), which are
influenced by the amino acids present in its structure (Rob-
inson et al. 2014; Robinson et al. 2015). The characterization
of the three-dimensional SidA structure of P. brasiliensis was
performed by molecular modeling based on A. fitmigatus
crystal, which is most similar structure available (Sanchez
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percentage. Statistical analysis was performed by Student’s t test. Error bars represent standard deviation of three experimental replicates while
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et al. 2017). The amino acids from the active site ASN, SER and
LYS coordinate L-ornithine in the pocket so that it can interact
with NADPH and FAD. In A. firmigatus, mutations targeting res-
idues in the L-ornithine binding site altered the substrate coup-
ling and the kinetic parameters of the reaction. Among all
mutations analyzed, alterations in LYS107, which corresponds to
LYS88 in P. brasiliensis, led to important changes in the enzym-
atic kinetics and, therefore, it was considered the most important
amino acid involved in enzymatic kinetics (Kosman 2003). Thus,
molecular structure data confirm that the active site of P. brasi-
liensis SidA is conserved and has similar interaction residues

We have previously demonstrated that members of the
Paracoccidioides complex can use the heterologous sid-
erophore ferrioxamine B (FOB) as an iron source and
produce siderophores when grown in iron starvation
conditions (Silva-Bailao et al. 2014). In an attempt to in-
vestigate the connection between siderophore biosyn-
thesis and FOB utilization, experiments were conducted
to demonstrate the repression of sidA when P. brasilien-
sis was incubated with FOB. In addition, SidA accumula-
tion, at both transcriptional and proteomic level, and the
cognate enzymatic activity were reduced in cells cultured

when compared to A. firmigatus SidA. in the presence of FOB, when compared to cells growing
A B
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Fig. 6 Survival curves of T. molitor infected with P. brasifiensis yeast strains. . molitor larvae were infected with different concentrations of P.
brasiliensis yeast cells of WT strain (a) and with 2 x 10° yeast cells of the WT, EV and AsSidA mutant strains (AsSidA4 and AsSidAS) (b). As a control,
the larvae were inoculated with PBS only. The experiments were carried with a total of 30 larvae for each condition analyzed in a period of 10
days. The survival of T. molitor larvae is shown as a percentage. (*** p< 0.0005, ** p< 0.005 and * p< 0.05)

Time (days)
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in iron depleted medium. Similar results employing
xenosiderophores were described for Candida albicans,
Saccharomyces cerevisine and A. nidulans (Heymann
et al. 2002; Haas 2003; Philpott and Protchenko 2008).

In order to better explore the impact of FOB over P.
brasiliensis growth a proteomic analysis was performed.
Data allowed the identification of several proteins in-
volved in siderophores biosynthesis. Notably, the de-
crease of SidA levels in presence of FOB was the most
glaring result. Thus, all the data obtained in this study
demonstrate that, in the presence of FOB, SidA is re-
pressed both transcriptionally and translationally, and
evidences the siderophore biosynthesis pathway in P.
brasiliensis.

To confirm the function of SidA in the production of side-
rophores and the role of this protein in the biology of P. bra-
siliensis, we silenced the sidA gene by using antisense RNA
technique. The same system was already reported to obtain
P. brasiliensis silenced clones for proteins playing relevant
roles in the fungal pathobiology, e.g., Cdc42p (Almeida et al.
2009), PbPHAD32 (Hernandez et al. 2010), PbRbt5 (Bailao
et al. 2014), Pbccp (Parente-Rocha et al. 2015), Ph14-3-3
(Marcos et al. 2016), and PhPCN (Fernandes et al. 2017).
Here we have successfully obtained knockdown strains for
PbsidA, as demonstrated by gqRT-PCR.

As silencing of sidA gene did not impair fungal growth
in regular culture media, the phenotypic characterization
of this gene was performed employing iron deprivation
conditions. The qualitative O-CAS assay showed that
production of siderophores in the knockdown strains
was diminished when compared to the WT and EV
strains. Furthermore, a semi-quantitative CAS liquid
assay also highlighted the diminished production of side-
rophores with and without iron.

Although murine models are valuable tools for in vivo infec-
tion studies, invertebrate models are becoming prominent al-
ternatives. The ethical reasons linked to vertebrate models, as
well as the high costs for animal management have propelled
the examination of viable substitutes (Wilson-Sanders 2011).
Several studies have demonstrated the use of Galleria mello-
nella larvae to characterize the infection process in pathogenic
fungi, such as Histoplasma capsulatum, C. albicans, Crypto-
coccus neoformans and P. brasiliensis (Thomaz et al. 2013;
Vargas et al. 2015; Bouklas et al. 2015; Scorzoni et al. 2015;
Marcos et al. 2019). However, G. mellonella is an animal that
requires almost daily handling, as well as these insects are not
sold worldwide (Jorjao et al. 2018). An alternative that has
been explored are larvae of T. molitor, an animal that is easy
to handle, is marketed by several suppliers and is a low cost
insect. Furthermore, the T. molitor larvae have been standard-
ized as an in vivo infection model for several fungal pathogens
as C. albicans, C. neoformans, Malassezia furfiur and Fonse-
caea pedrosoi (de Souza et al. 2015; Silva et al. 2018; Fornari
et al. 2018). Here, we explored the application of T. molitor as
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an invertebrate infection model for P. brasiliensis. Noteworthy,
increasing the viable cell concentration in the inoculum also
increases 1. molitor larvae mortality. The same observations
can be draw for C. albicans and C. neoformans, demonstrating
that this model is efficient for assessing the virulence of patho-
genic fungi (de Souza et al. 2015).

Metal restriction is one of the several mechanisms
employed by host cells to inhibit microbial development
(Ganz 2016; Ganz 2018; Brechting and Rappleye 2019).
Thus, the presence of a high affinity iron acquisition sys-
tems appears to be an essential strategy to circumvent the
absence of this metal during growth in a hostile environ-
ment (McDonagh et al. 2008; Hilty et al. 2011; Pasricha
et al. 2016; Kalidasan et al. 2018). In several fungal patho-
gens, siderophores are important for virulence and host-
pathogen interaction (Heymann et al. 2002; Schrettl et al.
2004; Schrettl et al. 2010; Nevitt and Thiele 2011). For ex-
ample, in H. capsulatum, the deletion of sidl, the
homologue of sidA of A. fumigatus, promoted decreasing of
siderophore production, resulting in diminished prolifera-
tion inside macrophages and murine pulmonary
colonization (Hwang et al. 2008). Similarly, previous results
pointed for a putative role of these molecules in pathogen-
esis of P. brasiliensis, since the expression of sidA was
highly induced during fungal infection to macrophages
(Silva-Bailao et al. 2014). The bioassays conducted here
with AsSidA mutants support a main role of siderophores
in the infection process of Paracoccidioides species. AsSidA
mutants presented reduced virulence to T. miolitor larvae,
reasserting the importance of iron for host colonization.

CONCLUSIONS

Although previous results pointed that P. brasiliensis har-
bors a complete pathway for siderophore production sev-
eral aspects about SidA regulation and activity were still to
be determined. The molecular modelling, here employed,
helped to highlight structural similarities between A. furrmi-
gatus SidA and P. brasiliensis SidA. Furthermore, the ex-
pression of SidA is repressed, at transcriptional and
translational levels, in the presence of a xenosiderophore
FOB. Moreover, sidA silencing in blocks the production of
siderophores and promotes decrease in fungal virulence P.
brasiliensis. Due to the relevance of iron for fungal survival
inside the host, strategies aiming to block siderophore bio-
synthesis can be successful, helping to eliminate the infec-
tion. In this way, future studies will focus on molecules
capable to block SidA activity.
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1186/543008-020-00035-x.

Additional file 1: Figure $1. Molecular structure of L-omnithine-N"-
monaoxygenase. (A) ASIdA from Aspergillus fumigatus PDBID: 4B63 (gray)
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and PHSIdA (blue) alignment using the Pymol viewer, evidencing the in-
teractions among L-ornithine, FAD and NADPH. (B) Amino acid residues
of P. brasiliensis SidA described as mainly invalved in the interaction with
L-ornithine and (C) cofactors are essential for the maintenance of them in
the active site.

Additional file 2: Figure $2. Molecular dynamics of P. brasiliensis SidA.
(A) Cluster and (B) RMSD graphs. It is observed that the stability starts at
approximately 20 ns and that the most representative conformational
mode of the trajectory is cluster 1. (C) Ramachandran diagrams of the
three-dimensional model of SidA before molecular dynamics and (D)
after molecular dynamics. (E) RMSF graph showing the more flexible resi-
dues (red) along the molecular dynamics. (F) Three-dimensional structure
of SidA shawing the most flexible regions (red) and pockets of the active
site (green and orange).

Additional file 3: Figure $3. Characterization of the recombinant
protein. MS/MS spectrum of the recombinant protein SidA identified by
mass spectrometry.
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Additional file 5: Table S2. Analysis of the quality of the SidA models
through the Molprobity server.
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Figure S1: Molecular structure of L-ornithine-N°>-monooxygenase. (A) 4fSidA
from Aspergillus fumigatus PDBID: 4B63 (gray) and PhSidA (blue) alignment using the
Pymol viewer, evidencing the interactions among L-ornithine, FAD and NADPH. (B)
Amino acid residues of P. brasiliensis SidA described as mainly involved in the
interaction with L-ornithine and (C) cofactors are essential for the maintenance of them
in the active site.
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Figure S2: Molecular dynamics of P, brasiliensis SidA. (A) Cluster and (B) RMSD
graphs. It is observed that the stability starts at approximately 20 ns and that the most
representative conformational mode of the trajectory is cluster 1. (C) Ramachandran
diagrams of the three-dimensional model of SidA before molecular dynamics and (D)
after molecular dynamics. (E) RMSF graph showing the more flexible residues (red)
along the molecular dynamics. (F) Three-dimensional structure of SidA showing the most
flexible regions (red) and pockets of the active site (green and orange)
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Figure S3: Characterization of the recombinant protein, MS/MS spectrum of the

recombinant protein SidA identified by mass spectrometry.

103



Table S1 Oligonucleotides used in this study

Accession number? Sequence

sidA (PADG_00097) Foward: 5 GCGACGATAGCCCATTTGTC 3’
Reverse: 5’ATTAGCAGGATTAGGATCAAGG 3’
Actin (XP_010761942) Foward: 5 CGTCCTCGCCATCATGGTAT 3’
Reverse: 5" TCTCCATATCATCCCAGTTCG 3’
28 kDa Foward: 5 GAAAGGGTTCGGCTACGTTG 3’
ribonucleoportein Reverse: 5" ATCTCTGGGGGCAGCATTTG 3’
(XP_015701336)
rSidA* (PADG_00097) Foward:
5 GGTTCCGCGTGGATCCATGGAGACCGTTATCAAGAA 3’
Reverse:

5 GTCGACCCGGGAATTCCTATAGTCGTGCGTAATTCT 3’

2 Accession numbers according to database of Paracoccidioides spp,.
(https://blast,ncbi,nlm,nih,gov/Blast,cgi)

*Primers used for obtaining the recombinant SidA protein
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Table S2 Analysis of the quality of the SidA models through the Molprobity server

SidA model before MD" SidA model after MD”

Clashscore 12.28 0
Molprobity score 3.18 1.28
Ramachandran outliers 26 aa 3 aa

*Molecular dynamics
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MATERIAL E METODOS

Isolado e condigoes de cultivo

O isolado de P. brasiliensis Pb18 foi utilizado no presente estudo. A forma
leveduriforme do fungo foi mantida cultivando-o em meio Fava Netto semi-solido
[peptona 1% (p/v), extrato de levedura 0,5% (p/v), proteose peptona 0,3% (p/v), extrato
de carne 0,5% (p/v), NaCl 0,5% (p/v); é&gar bacteriologico 1% (p/v), pH 7,2]
suplementado com glicose 4% (p/v), na temperatura de 36° C. Para a obtencdo de
exoproteomas de P. brasiliensis sob deplecao de Fe, células cultivadas por 5 dias em meio
Fava Netto semi-solido foram inoculadas em 250 mL de meio Fava Netto liquido
suplementado com glicose 4% (p/v) e mantidas por 72 h, sob agita¢do constante (120

rpm), na temperatura de 36° C.

Apbs, as células fungicas foram lavadas 2 vezes (800 g, 5 min, 4° C) com PBS 1X
(solugdo salina tamponada com fosfato 1x; KH>PO4 1,4 mM, NaoHPO4 8 mM, NaCl 140
mM, KCl 2,7 mM; pH 7,2), a viabilidade celular foi verificada pelo método de azul de
tripano e 10° células viaveis/mL foram transferidas para 250 mL de meio quimicamente
definido MMcM modificado, sem Fe (Restrepo e Jiménez, 1980). As células foram

mantidas por 48 h sob agitacao constante (120 rpm), na temperatura de 36° C.

Para a condi¢do de deplecao de Fe (tratamento), foram adicionados 50 uM do
quelante de Fe acido batofenantrolino disulfonico (BPS - Sigma-Aldrich, St, Louis, MO,
USA), uma vez que em trabalho anteriormente publicado, o cultivo em MMcM de P.
brasiliensis exposto a esta molaridade de quelante por 48 h ndo afetou a viabilidade do
fungo (Parente, Ana F. A. et al, 2011). Para a condi¢do controle, 10 uM de
Fe(NH4)2(SO4)> foram adicionados ao meio. Para os experimentos de deplecao de Fe,
todos os meios e solu¢des foram preparados com agua ultrapura. Todas as vidrarias
utilizadas para o preparo de meios e solugdes foram previamente tratadas com HCI SN
por 1 hora e apos, lavadas extensivamente com agua ultrapura, como estratégia para

minimizar a contaminagao por metais, incluindo o Fe.
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Obtencao de exoproteoma de P. brasiliensis

Para a obtenc¢do de exoproteoma de P. brasiliensis sob deplecao de Fe, foi seguida
a estratégia descrita por (Weber et al., 2012), com algumas modificacdes: os
sobrenadantes de culturas foram coletados (800 g, 15 min, 4° C) e, para minimizar a
possibilidade de contaminagdo por eventuais células fungicas em suspensdo, os
sobrenadantes foram filtrados por membranas com poros de 0,22 pm. Posteriormente, 0s
sobrenadantes filtrados foram concentrados 250 vezes através de membranas com nivel
de exclusdo de 10 kDa (Amicon Ultra centrifugal filter, Millipore, Bedford, MA, USA) e
lavados 3 vezes com tampao NH4HCO; 50 mM, pH 8,5. Todos os processos de
concentragdo e manejo da amostra foram realizados em temperaturas baixas (< 4° C) para
minimizar a atividade de proteases. As amostras obtidas foram estocadas a -20° C até o

momento de serem utilizadas.

Preparo de amostras para nanoUPLC-MS*

As amostras de exoproteomas obtidas foram quantificadas pelo método de
Bradford (Bradford, 1976). Apos, 150 pug de proteinas de cada réplica bioldgica foram
individualmente preparados para serem submetidos a cromatografia liquida de alta
resolucdo, em nano escala, acoplada a espectrometria de massas com aquisi¢do
independente de dados (nanoUPLC-MSF), conforme descrito anteriormente (Murad et
al., 2011). Inicialmente, 10 pL de NH4sHCO3 50 mM, pH 8,5, foram adicionados as
amostras. Em seguida, como agente surfactante, foram adicionados 75 pLL de uma solugdo
de RapiGEST™ 0,2% (p/v) (Waters, EUA) e a mistura foi incubada a 80° C, por 15 min.
Ap6s este periodo de incubacgdo, 2,5 pL. de DTT 100 mM, um agente redutor de pontes
dissulfeto, foram adicionados e nova incubacdo, a 60° C, por 30 min, foi realizada. Ao
fim do periodo de incubacdo, aguardou-se que as amostras atingissem temperatura
ambiente e 2,5 puL de Iodoacetamida 300 mM, um agente alquilante, foram adicionados
€ a mistura permaneceu em repouso por 30 min a temperatura ambiente, ao abrigo da luz.
Em seguida, as amostras foram submetidas a digestdo triptica. Para tanto, foram
adicionados 30 pL de uma solugao de tripsina 0,05pg/uL (Promega, EUA) e incubagdo a
37° C por 16 h foi realizada. Posteriormente, para a precipitacdo do agente surfactante,
foram adicionados 30 pL de acido trifluoroacético 5% (v/v) e incubagdo a 37° C foi
realizada por mais 90 min. Em seguida, as amostras foram centrifugadas 13000 g por 30

min, a 4° C e os sobrenadantes foram transferidos para microtubos novos. O processo de
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centrifugacao foi repetido até que ndo houvesse mais a formacgdo de precipitados. As
amostras foram concentradas a vacuo. Os peptideos obtidos de cada amostra foram
ressuspendidos em 80 pL de uma solugdo contendo formiato de amoénio 20 mM, pH 10 e
200 fmol/uL de PHB (Rabbit Phosphorylase B) (Waters Corporation, Manchester, UK)
(MassPREP™ protein). PHB foi utilizada como padrdo interno para a quantificagio

posterior dos peptideos obtidos.

Cromatografia liquida de alta resolu¢io, em nano escala, acoplada a espectrometria
de massas

As amostras que passaram pelo tratamento de digestdo triptica descrito na sessdo
anterior foram submetidas a cromatografia liquida de alta resolugdo, em nano escala, por
meio do sistema ACQUITY UPLC® M-Class (Waters Corporation, USA). O
fracionamento dos peptideos foi realizado em uma pré-coluna de fase reversa XBridge®
Peptide 5 um BEHI130 C18 300 um x 50 mm (Waters, USA), sistema que foi mantido em
fluxo de 0,5 pL/min com uma condicdo inicial de acetonitrila (ACN) de 3%, o que
consistiu na primeira dimensdo. Os peptideos foram submetidos a 5 fracionamentos (F1-
F5), propiciados pelo emprego de diferentes gradientes lineares de concentragoes de ACN
(F1-11,4%; F2-14,7%; F3-17,4%; F4-20,7% e F5-50%). Para a realiza¢do da segunda
dimensio, cada fraciio foi eluida em coluna de aprisionamento Trap, 2D Symmetry® 5 um
BEHI100 CI18, 180 pm x 20mm (Waters, USA) e passaram por separagdo em coluna
analitica Peptide CSH™ BEHI130 C18 1,7 pm, 100 um x 100 mm (Waters, USA), em
fluxo de 0,4 uL/min a 40° C. A proteina [Glul]-Fibronopeptide B human (GFP - Sigma-
Aldrich, EUA) foi utilizada para calibracdo de massa, a qual foi mensurada a cada 30
segundos e em fluxo constante de 0,5 pL./min. GFP foi utilizada na concentragiao de 200
fmol/pL. A identificacdo e quantificagdo dos peptideos foram realizadas por um
espectrometro de massas Synapt GI MS™ (Waters, USA) equipado com uma fonte de
NanoElectronSpray e dois analisadores de massa [um primeiro quadrupolo e o segundo
tempo de voo (TOF) operando em modo V], operando em modo MSE, que faz a troca
entre energia baixa (6V) e energia alta (40V) em cada modo de aquisicao a cada 0,4 s.
Trés réplicas experimentais foram realizadas para as réplicas biologicas Fe A, Fe B, BPS
A e BPS B. Duas réplicas experimentais foram realizadas para as réplicas bioldgicas Fe
C e BPS C. Desta forma, um total de oito réplicas experimentais foram realizadas, fato

que aponta para a robustez dos dados protedmicos obtidos.
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Processamento de espectros e analises proteomicas

Apds nanoUPLC-MSE, o processamento de dados foi realizado através do
software ProteinLynx Global Server version 3,0,2 (PLGS) (Waters, Manchester, UK), o
qual permitiu a determinagao do tempo de retencao de massa exata (EMRT) dos peptideos
bem como inferir o peso molecular destes, através da razdo massa/carga (m/z). Para a
identificacdo de peptideos, os espectros obtidos (juntamente com sequéncias reversas)
foram comparados com sequéncias do banco de dados de P. brasiliensis
(https://www ,uniprot,org/uniprot/?query=paracoccidioides+brasiliensis+strain+pb18&s
ort=score). Os critérios de identificagdo de proteinas incluiram: (i) detec¢do de no minimo
dois ions por fragmentos de peptideos, (ii) cinco por fragmentos de proteinas, (iii)
determinacdo de pelo menos um peptideo por proteina, (iv) taxa de deteccdo de falso
positivo de no maximo 4%, (v) carbamidometilacdo da cisteina, (vi) oxidagdo da
metionina, (vii) fosforilagdo de serina, treonina e tirosina, (viii) e um sitio de clivagem
perdida por tripsina foi permitido. O Microsoft Office Excel (Microsoft®, USA) foi
utilizado para o manejo de tabelas. Foram incluidas nas anélises subsequentes proteinas

presentes em pelo menos duas das trés réplicas experimentais de cada réplica biologica.

Inicialmente, as proteinas que apresentaram menor coeficiente de variancia e que
foram detectadas em todas as réplicas foram utilizadas para normalizagdo de intensidade.
Apés, o Algoritmo de Expressio (Expression®), que faz parte do software PLGS
(Geromanos ef al., 2009), foi utilizado para as andlises de expressao diferencial. Foram
consideradas reguladas proteinas com diferengas + 1,0 entre a quantificagdo no extrato
obtido na deple¢do de Fe x presenca de Fe. Foi realizada investigacdo de homologia de
proteinas hipotéticas identificadas através da ferramenta online BLASTp (Basic Local
Alignment Search Tool - https://blast.ncbi.nlm.nih.gov/Blast.cgi?’PAGE=Proteins).
Informagdes sobre fungdo molecular das proteinas identificadas foram obtidas na
Paracoccidioides database (disponivel em http://paracoccidioides.com/). As sequéncias
proteicas foram submetidas a andlises in silico adicionais para a verificacdo da presenca
de peptideo sinal pela da ferramenta online SignalP 4.1 Server (disponivel em
http://www.cbs.dtu.dk/services/SignalP-4.1/). Para a predi¢cao de proteinas secretadas por
vias ndo-classicas, foi utilizada a ferramenta online SecretomeP 2.0 (disponivel em
http://www.cbs.dtu.dk/services/SecretomeP/). Os dados obtidos também foram
comparados com dados de trabalhos previamente publicados que acessaram o

exoproteoma de Paracoccidioides spp. A Figura Suplementarl consiste numa
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representacao do “workflow” empregado para as analises protedmicas. Apos, seguem as

tabelas resultantes.

]

nanoUPLC-MS* nanoUPLC-MS* nanoUPLC-MS* T
3 réplicas i s 3 m’pl.ins is 2 réplicas prmmm 8 rephw
' experimentais!

- -
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e SR

Prediction of NON-CIassIcal protein secretion

The Sacrene? 2 0 server peaduces a5 IA%0 predclont o son.cas
Ao BT U e T AN o0 Piay e 1 e e

Oram B ACCHLS Preaty ovatorse cmties I PLOS o=
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Predicting copper-, iron-, and zinc-binding proteins in
pathogenic species of the Paracoccidioides genus

Gabriel 8. Tristho . Loandro do Prado Assungdo . Luls Peulo A. dos Santos'. a-p—-tnp-
Miretle Garcia -Badso'. Colia M. de Almeida Soares'. Gabriele Cavallaro
Aloxandre M. Ballbo’*

Figura 1. Workflow das analises protedmicas.
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Fe oxidase Fe redutases
Zrt1/2

Carboximicobactina

- Enterobactina

’

sideroforos
\\ 5 Ferricrocina
\l Ferricromo C

Representacio esquematica de mecanismos de captacio de Fe por Paracoccidioides spp.
Paracoccidioides emprega como mecanismos de alta afinidade e especificidade para captagdo de Fe: (1) a
captagdo de heme mediada pelo receptor RbtS (HSP30 atuaria como heme oxigenase atuando nos grupos
heme contidos na hemoglobina, promovendo a liberagio de Fe?" para a via redutiva de assimilagdo de Fe,
Pp-IX para internalizacdo via Rbt5 e CO?); (2) a biossintese e captacdo de siderdforos/xenosiderdforos (os
receptores de sideroforos Sitl, MirB ¢ MirC possuem maior afinidade por diferentes classes moleculares
de sider6foros?) e, (3) uma via redutiva ndo candnica (*por empregar Fe/Zn permeases e ndo uma Fe
permeasse especifica) de assimilacdo de Fe (seria esta via alimentada por proteinas secretadas reguladas
positivamente na privagdo de Fe, como a Citocromo b5 identificada no exoproteoma?). Salienta-se que
ainda faz-se necessario a definicdo de HapX como fator de transcricdo regulador da resposta de
Paracoccidioides spp. a privacdo de Fe. FOB: Ferrioxamina B. Ggt: Gama-glutamiltransferase. CO:

Monéxido de carbono. Pp-IX: Protoporfirina IX. Adaptado de Souza et al., 2020.
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