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RESUMO

Dimorfismo € uma caracteristica importante para sobrevivéncia fungica em diferentes ambientes e
tem sido relacionado com a viruléncia. O fungo ascomiceto, Paracoccidioides brasiliensis, agente
causador da paracoccidioidomicose, pode crescer nas fases de micélio ou de levedura. A
patogenicidade do P. brasiliensis é frequentemente associada com a transicéo dimorfica, de saprofita
a patogénico, mas os mecanismos que regulam esse processo permanecem obscuros. Uma das
maneiras de estudar esse fendmeno seria isolar e caracterizar proteinas que sédo especificamente
expressas em um dos estdgios do ciclo de vida e/ou durante a diferenciagdo. Eletroforese
bidimensional (2-DE) foi utilizada para comparar o proteoma de micélio e de levedura do isolado Pb01
e apo6s 22 h de transigdo de micélio para levedura. Os géis corados pela prata de trés replicatas
bioldgicas independentes foram digitalizados e as imagens foram analisadas utilizando-se o software
Image Master 2D Platinum 6.0 software (GE Healthcare). A detecgéo dos spots e o pareamento foram
realizados. A intensidade dos spots foi normalizada e as analises estatisticas avaliada por one-way
ANOVA. Os spots de interesse obtidos dos géis 2-D foram retirados, digeridos com ftripsina e os
peptideos foram entdo analisados por MS e/ou MS/MS. Um total de 100 proteinas/isoformas foi
identificado; 81 foram diferencialmente expressas nas trés fases do fungo, enquanto que 19
proteinas/isoformas foram constitutivamente expressas. A expressao de proteinas como superoxido
dismutase e peroxiredoxina mitocondrial foi mais abundante na fase miceliana. Nos estégios iniciais
da transigéo (22 h) algumas enzimas envolvidas na glicélise, como enolase e fosfoglicomutase, estao
aumentadas. Proteinas de choque térmico e ATP sintase também estdo significantemente
aumentadas durante o evento de transigdo. Proteinas preferencialmente expressas na fase
leveduriforme foram identificadas. Muitas das enzimas da via glicolitica e algumas enzimas do ciclo
do glioxalato e metabolismo de lipideos foram mais abundantes em levedura. Para validar os
resultados dos géis 2-D foi realizado western blotting de seis proteinas diferentes, e os resultados
foram confirmados. Os resultados foram validados por RT-PCR em tempo real nas trés condigoes
estudadas, incluindo conidio e transicdo de conidio para levedura. Os resultados demonstram uma
mudanga no metabolismo durante a transicdo de micélio para levedura; o mesmo padrdo foi

evidenciado na transi¢céo de conidio para levedura.

Palavras chave: Paracoccidioides brasiliensis, dimorfismo, analise protedmica, espectrometria de

massa, RT-PCR em tempo real, conidio.
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ABSTRACT

Fungal dimorphism is important for survival in different environments and has been related to
virulence. The ascomycete Paracoccidioides brasiliensis, the causative agent of
paracoccidioidomycosis, can grow as mycelia or yeast. The pathogenicity of P. brasiliensis is
frequently associated with the dimorphic shift, from a saprobe to a pathogenic lifestyle, but the
mechanisms that regulate the process is still poorly understood. One way to study this phenomenon is
to isolate and characterize proteins that are specifically expressed in one of the stages of the life cycle
and/or during differentiation. Two-dimensional gel electrophoresis we used to investigate the proteins
expressed differentially during transition from mycelia to yeast forms of isolate Pb01 after 22 h of
temperature shift. Silver-stained gels of three independent biological replicates were digitalized and
the images were analyzed using the ImageMaster 2D Platinum 6.0 software (GE Healthcare). Spot
detection and matching was performed. Spot intensities were normalized and the statistics analyses
were estimated by one-way ANOVA. The spots of interest were excised, in-gel digested with trypsin,
and the peptides were then analyzed by MS and/or MS/MS. A total of 100 proteins/isoforms were
identified; 81 were differentially expressed in the three phases of the fungus, whereas 19
proteins/isoforms were constitutively expressed. Enzymes such as superoxide dismutase and
mitochondrial peroxiredoxin have been detected as abundant in the mycelium phase. After the early
stage of ftransition (22 h) some enzymes involved in glycolysis, such as enolase and
phosphoglutomutase, were increased. Heat shock proteins and ATP synthase were also significantly
increased in the transition event. Proteins preferentially expressed in the yeast phase were identified.
Most of the enzymes of glycolysis, and some of the glyoxylate cycle and lipid metabolism were more
abundant in yeast cells. To validate the 2-D gels results we performed western blotting of six different
proteins, and the results were confirmed. The results were also validated by real-time RT-PCR in the
three studied conditions, including conidia and conidia-yeast transition. The results demonstrated a
shift in the metabolism during transition from mycelia to yeast cell; the same patterns were evidenced

in the conidia to yeast transition.

Words key: Paracoccidioides brasiliensis, dimorphism, proteomic analysis, mass spectrometry, real-
time reverse transcription-PCR, conidia.
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“Nunca ande pelo caminho
tracado, pois ele conduz somente
até onde os outros foram *“

Grahan Bell




| - INTRODUCAO

1.1 — Aspectos gerais do fungo Paracoccidioides brasiliensis

Paracoccidioides brasiliensis, filogeneticamente considerado um fungo ascomiceto, é capaz
de adaptar-se para sobreviver no hospedeiro causando a doenga paracoccidioidomicose (PCM), a
mais prevalente micose sistémica na América Latina (Restrepo et al., 2001). A doenga tem grande
impacto social, pois afeta principalmente trabalhadores rurais e do sexo masculimo, sendo a sétima
causa de morte dentre as doengas cronicas infecciosas no Brasil (Barrozo et al., 2009).

O fungo foi originalmente descrito por Adolpho Lutz em 1908, isolado de lesbes orais e de
linfonodo cervical no Instituto Biolégico de Sao Paulo (Brasil). Observando os exames histolégicos de
um de seus pacientes, Adolpho Lutz declarou que a auséncia de esférulas com esporos no seu
interior diferenciava o fungo de outros espécimes caracteristicos de coccidioidomicose, descrito
previamente na Argentina por Posadas em 1892 (Posadas, 1892). Inicialmente, o fungo P.
brasiliensis foi denominado Zymonema brasiliensis por Splendore em 1912. Em 1930, Floriano de
Almeida propbds o nome Paracoccidioides brasiliensis quando o distinguiu do agente Coccidioides
immitis, mas a doenga foi reconhecida oficialmente como paracoccidioidomicose pela Organizagao
Mundial de Saude apenas em 1971 (Marques, 1998).

P. brasiliensis é um fungo que apresenta dimorfismo térmico. Em condigbes ambientais e de
cultivo in-vitro o fungo cresce na temperatura de 22 a 27 °C como micélio (Lacaz, 1994) que, quando
examinado ao microscopio de luz, apresenta hifas finas e septadas com raros clamiddsporos
terminais ou intercalares e com varios nucleos (Franco et al., 1989). Sob condigbes de estresse ou
falta de nutrientes o micélio pode transformar-se em conidios (Restrepo, 1988) os quais também
exibem dimorfismo e, quando incubados a temperatura de 36 C ou alojados nos pulmdes podem
transformar-se em leveduras multinucleadas (McEwen et al., 1987). As células leveduriformes
apresentam morfologia oval ou alongada, contendo multiplos nucleos (2 a 5 por células). Sua parede
celular é birrefringente com blastoconidios simples ou multiplos gerados por germinagao, conferindo
ao fungo a caracteristica primordial em sua identificagao, o aspecto de “roda de leme” (Lacaz et al.,
1991). O aspecto morfologico do fungo também foi descrito nos tecidos do hospedeiro, onde foi
possivel observar que durante a infecgao ativa, as lesbes contém um elevado nimero de leveduras,

sendo que destas, 24 — 33 % apresentam multiplos brotamentos (Restrepo, 2000).

1.2 — Classificacdo Taxonémica

Avangos nas técnicas moleculares tém permitido a caracterizagdo taxdmica de espécies de
microrganismos com base principalmente, no RNA ribossomal (rRNA) e seu correspondente DNA
ribossomal (rDNA) (James et al., 1996). Leclerc et al. (1994) e Bialek et al. (2000) compararam
sequéncias de rDNA da subunidade ribossomal maior entre fungos dermatdfitos e dimérficos e
propuseram a classificagdo do P. brasiliensis como pertencente ao filo Ascomycota, a ordem
Onygenales e a familia Onygenaceae, junto com os as formas teleomorficas de Blastomyces

dermatitidis, Histoplasma capsulatum e Histoplasma capsulatum var. duboissi.
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Matute et al. (2006), em estudos de polimorfismo genético, descreveram a existéncia de trés
diferentes espécies filogenéticas de P. brasiliensis: S1 (espécie 1), PS2 (espécie filogenética 2) e PS3
(espécie filogenética 3). A espécie filogenética PS3 estad geograficamente restrita a Colémbia,
enquanto S1 esta distribuida no Brasil, Argentina, Paraguai, Peru e Venezuela. Alguns isolados da
espécie filogenética PS2 foram encontrados no Brasil nos estados de Sdo Paulo e Minas Gerais e
ainda na Venezuela. Todas as trés espécies foram capazes de induzir a doenga em hospedeiros
humanos e animais; no entanto, PS2 apresentou menor viruléncia.

Carrero et al. (2008) realizaram analises filogenéticas comparando sequéncias de regides
codantes, ndo codantes e ITS (sequéncia espacadora interna — “internally transcribed sequence”) de
7 novos isolados e 14 isolados ja estudados de P. brasiliensis, oriundos do Brazil, Coldmbia e
Venezuela, por meio do método de comparagdo genealdégica GCPSR (genealogical concordance
phylogenetic species recognition). Vinte isolados se agruparam em dois dos trés grupos filogenéticos
descritos anteriormente (S1, PS2 e PS3), com excegéo do isolado Pb01 (objeto de nossos estudos).
Este isolado claramente separa-se de todos os outros, apresentando uma alta variabilidade genética
quando comparado com os outros isolados de P. brasiliensis, podendo constituir uma nova espécie
no género Paracoccidioides (Carrero et al., 2008; Theodoro et al., 2008).

Na tentativa de resolver a taxonomia do Pb01, Teixeira et al. (2009) usaram o método de
GCPSR para investigar as diferengas genémicas do Pb01 com a anteriormente descrito por Carrero
et al. (2008). Foram utilizados 122 isolados, compreendendo o Pb01 e outros isolados da América
Latina. As caracteristicas morfoldgicas de conidio e de levedura dos isolados foram analisadas. De
acordo com o método utilizado, o Pb01 exibiu grande divergéncia em relagao aos trés grupos (S1,
PS2 e PS3), inclusive diferengas morfoldgicas. De acordo com os autores, o Pb01 (referido como
“Pb01-like”) pode ser considerado uma nova espécie filogenética, e sugerem a mudanga do nome

para Paracoccidioides lutzii, em homenagem a Adolfo Lutz.

1.3 - Biologiado Fungo P. brasiliensis

A determinagéo exata do local e as condi¢des onde o fungo ocorre na natureza ainda ndo sao
completamente entendidas, embora evidéncias apontem o solo como sendo o provavel habitat do P.
brasiliensis (Tergarioli et al., 2007). O isolamento do fungo ja foi obtido do solo (Albornoz, 1971), de
fezes de pinguim e de morcego e de uma amostra comercial de ragdo canina, provavelmente
contaminada com solo (Silva-Vergara et. al., 1998). A frequéncia de infec¢do por P. brasiliensis em
tatus Dasypus novemcinctus € alta e o fungo ja foi isolado em 75-100% dos animais capturados nas
areas endémicas de PCM. Os estudos indicam que esses animais possam ser hospedeiros silvestres
do fungo, podendo, desenvolver a doenca, embora ndo se acredite que sejam hospedeiros
intermediarios no processo de infecgdo, pois os mesmos podem ser acometidos com a doenga
(Bagagli et al., 2003).

Richini-Pereira et al. (2008) demonstraram, por técnicas moleculares, a presenga de P.
brasiliensis em animais selvagens mortos em estradas e rodovias. Por meio de Nested-PCR (reacao

em cadeia da polimerase) com oligonucleotideos ITS especificos para P. brasiliensis, detectou-se o
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fungo em tatu (Dasypus sp.), pred (Cavia aperea), porco espinho (Sphigurrus spinosus), guaxinim
(Procyon cancrivorus) e furdo (Gallictis vittata). A detecgao do fungo P. brasiliensis em diferentes
orgaos de diferentes espécies mostra que o fungo pode ter diferentes perfis de disseminagao.
Recentemente, os genomas estruturais de trés isolados de P. brasiliensis (Pb01, Pb03 e
Pb18) foram finalizados por meio do projeto denominado "Genémica Comparativa de Coccidioides e
outros Fungos Dimoérficos”. Assim, foram depositados, 0 genoma completo de trés diferentes isolados
de P. brasiliensis, Pb01, Pb03 e Pb18 (Broad Institute, http://www.broad.mit.edu/tools/data/seq.html).
O genoma do isolado Pb01 & composto de 32,94 Mpb, com um total de 9.132 genes. Este isolado
apresenta o genoma maior tanto em numero de bases quanto em quantidade de genes comparado
aos outros dois isolados analisados, que apresentaram genomas do tamanho de 29,06 e 29,95 Mb,
com numero de genes de 7.875 e 8.741 (dados dos isolados Pb03 e Pb18, respectivamente). Os
resultados obtidos, além de auxiliar na compreensdo das diferencas existentes entre os isolados
proporcionardo a caracterizagdo de genes e suas regides promotoras, e o desenvolvimento de novas

ferramentas biomoleculares e genéticas para a elucidagéo de aspectos da biologia de P. brasiliensis.

1.4 — Aspectos Epidemiolégicos da PCM

A PCM ¢é endémica na América Latina e por ndo ser uma doenca de notificagcdo compulséria,
os dados sobre sua incidéncia no Brasil sdo imprecisos. Os calculos sdo baseados em relatos de
casos; com isso estima-se que s6 no Brasil a indicéncia seja de 1 a 3 novos casos para cada 100.000
habitantes. Muitos paises da América Latina relatam a ocorréncia do fungo, com grande incidéncia no
Brazil, Venezuela, Colémbia e Equador com casos esporadicos no México (Figura 1) (Shikanai-
Yasuda et al., 2006).
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Figura 1 - Regides endémicas da PCM na América Latina
(obtido de Shikanai-Yasuda et al., 2006)
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Alguns casos autdctones ja foram diagnosticados na Europa, nos Estados Unidos da América
e na Asia (Joseph et al., 1966; Ajello & Polonelli, 1985). Estes relatos possibilitaram a determinagéo
de um periodo assintomatico da PCM, o qual é em média 15,3 anos, que ocorre apos o contato do
paciente com a area endémica até a manifestagdo da doenga (Brummer et al., 1993). O longo periodo
de laténcia, caracteristico da PCM, dificulta o processo de determinagédo precisa do sitio onde a
infecgao ocorreu (Borelli, 1972).

No Brasil, a doenga tem distribuigao mais frequente nos Estados de Sao Paulo, Parana, Rio
Grande do Sul, Rio de Janeiro e Goias. Nas ultimas décadas houve muitas alteragées da frequéncia e
na distribuicdo geografica da doenca chegando a atingir até a regido Norte do pais, sobretudo a
Amazoénia. E possivel que atividades relacionadas & agropecuaria e a melhoria do testes diagnésticos
expliguem estas alteragdes (Shikanai-Yasuda et al., 2006).

A PCM atinge predominantemente trabalhadores rurais do sexo masculino, entre 30 a 60
anos de idade (Svidzinski et al., 1999; Villa et al., 2000). A incidéncia da doencga até a puberdade € a
mesma em ambos 0s sexos, porém na fase adulta, mais de 80% dos pacientes sdo do sexo
masculino (Martinez, 1997). Acredita-se que esse fato seja explicado pela acdo protetora que os
hormdnios estrégenos conferem ao sexo feminino (Sano et al., 1999), e pela auséncia ou menor

contato das mulheres com as fontes de infecgao (Marques et al., 1983).

1.5 — A doenca Paracoccidioidomicose (PCM)

A PCM é uma micose infecciosa, granulomatosa, crénica e sistémica. A principal rota de
infeccao ocorre pela inalagdo de conidios produzidos pela forma miceliana do fungo, que ao atingirem
os pulmdes podem transformar-se em células leveduriformes. A PCM apresenta duas formas clinicas
principais: forma aguda ou subaguda (juvenil) e forma crénica (adulta). A forma aguda representa 3 a
5% dos casos descritos, sendo a maioria dos pacientes constituidos por criangas, adolescentes ou
adultos jovens. E a forma clinica menos frequente e o periodo de incubagdo é de semanas até meses
(Barrozo et. al.,, 2009). A doenga caracteriza-se por um desenvolvimento rapido e por marcante
envolvimento de 6rgaos como baco, figado, ganglios linfaticos e medula 6ssea. Apesar de nao haver
manifestagdes clinicas ou radiolégicas de comprometimento pulmonar, pode-se isolar o fungo do
lavado brénquico, evidenciando a participagcdo do pulmido como porta de entrada, mesmo na
auséncia de alteragao radioldgica (Restrepo et al., 1983).

A forma crbnica € a forma encontrada em adultos e é a mais frequente (90%), acometendo
principalmente homens com mais de 30 anos de idade. O periodo de laténcia pode variar desde
alguns meses ou até décadas. Ao contrario da forma aguda, o quadro clinico apresenta um
desenvolvimento lento com comprometimento pulmonar evidente (Brummer et al., 1993). Em
aproximadamente 25% dos casos, o pulm&o é o unico 6rgao afetado (forma unifocal), mas € uma
doenca que tem tendéncia a disseminagéo, sendo pouco frequentes os quadros pulmonares isolados
(Restrepo et al. 1983). Nesses casos constata-se mais frequentemente, o envolvimento de outros
orgaos - pele, mucosas das vias aéreas superiores, tubo digestivo e linfonodos. Na forma crénica

disseminada, os sintomas sao variaveis, podendo ocorrer lesbes nas mucosas orais e nasais, pele,
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ganglios linfaticos e adrenais. Menos frequentemente, podem ocorrer envolvimento ocular, destruicao
Ossea, e comprometimento dos sistemas nervoso e vascular (Rivitti & Aoki, 1999). Os sintomas da
PCM sao variaveis e diferentes manifestagbes clinicas da doenga e a ocorréncia de infeccdes
assintomaticas podem resultar de fatores relacionados ao hospedeiro como, sexo, idade e condigbes

imunolégicas bem como da viruléncia do agente infeccioso (Franco et al., 1993).

1.6 —Dimorfismo e viruléncia

P. brasiliensis € um fungo dimérfico apresentando as formas micélio e leveduriforme. A
transicdo das fases &€ um requerimento essencial para ocorréncia da PCM e de outras doencas
causadas por fungos dimoérficos e os mecanismos moleculares que controlam essa transigdo
permanecem obscuros (Nemecek et al., 2006). Assim como outros fungos dimérficos patogénicos, a
transicdo da fase miceliana para a fase leveduriforme é essencial para o P. brasiliensis estabelecer a
doencga, visto que linhagens incapazes de diferenciar para levedura néo sao virulentas (Franco, 1987;
San-Blas & Nifio-Veja, 2001; Nemecek et al., 2006).

Um dos estimulos ambientais mais notérios no dimorfismo do P. brasiliensis é a temperatura,
sendo considerado um importante fator de viruléncia para varios fungos patogénicos (Franco, 1987).
P. brasiliensis se apresenta como micélio a 22 °C — 25 °C e como levedura a 35 °C — 37 °C (San-Blas
et al., 2002). Aléem da temperatura, fatores nutricionais também podem interferir no processo dimorfico
do patogeno. A adicdo de soro fetal de bezerro tanto ao meio de cultura complexo quanto ao meio
quimicamente definido permitiu preservar a expressao fenotipica de leveduras, a 25 °C (Villar et al.,
1988).

Um dos aspectos da relagédo entre P. brasiliensis e o hospedeiro é o efeito de horménios no
dimorfismo do fungo. A alta incidéncia de PCM em adultos do sexo masculino sugere que fatores
hormonais possam desempenhar algum papel na patogénese da doenga (Sano et al.,, 1999). O
horménio feminino 17-B-estradiol tem sido relacionado com a diferenciacao de P. brasiliensis.
Estudos prévios mostraram que o horménio 17-B-estradiol € capaz de inibir a transicdo de micélio
para levedura de maneira dose dependente, in vitro (Restrepo, 1985), e in vivo (Sano et al., 1999).
Aristizabal et al., (2002) observaram, in vivo, a participagdo do hormdnio feminino na resisténcia de
fémeas de rato ao desenvolvimento inicial da PCM. Estudos transcricionais (Felipe et al., 2005)
descreveram um gene preferencialmente expresso na fase leveduriforme de P. brasiliensis que
potencialmente codifica uma proteina de ligagéo ao 17-3-estradiol, previamente caracterizada (Loose
et al., 1983). A EBP (“Estradiol Binding Protein”) possui interagéo seletiva a estrogénios ligando-se ao
estradiol no citoplasma (Loose et al., 1983; Clemons et al., 1989). Acredita-se que a interagdo do
horménio 17-B-estradiol com a EBP citoplasmatica iniba a transicdo de micélio para levedura,
explicando a baixa incidéncia da PCM em mulheres.

P. brasiliensis tem se tornado um importante modelo para estudar o processo de transi¢ao
dimdrfica em fungos patogénicos (San-Blas et al., 2002; San-Blas & Nifio-Vega 2004). Com esse
objetivo, Nifo-Vega et al. (2007) caracterizaram e analisaram o perfil de expressédo de transcritos

durante a transigdo dimorfica do gene codificante da actina. A expresséo do gene foi acompanhada
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por analises de Northern blotting durante a transicdo de micélio para levedura e de levedura para
micélio. Os resultados mostraram que o transcrito é detectado em ambas as fases, mas com
expressao preferencial apds 48 h do inicio da transicdo de micélio para levedura, sugerindo que a
proteina tem uma resposta adaptativa rapida ao estresse térmico. A actina € um dos reponsaveis pela
magquinaria morfogenética em fungos dimorficos. Em P. brasiliensis a transicdo dimoérfica de micélio
para levedura é de extrema importdncia para a expressao de genes envolvidos com a
patogenicidade. Os autores enfatizam a importancia de estudar as fungdes e interagdes entre a actina
e outros elementos do citoesqueleto no processo de transicao.

Proteinas especificas da fase leveduriforme de fungos s&o potenciais fatores de viruléncia.
Em B. dermatitidis uma proteina antigénica de 120 kDa - a BAD1 (formalmente chamada de WI-1), é
especifica da fase leveduriforme (Rooney et al., 2001) e tem fungéo de adesina, sendo responsavel
pela adesdo do fungo aos macrofagos e tecidos dos pulmdes, mediando a viruléncia. Em H.
capsulatum, as proteinas de ligagdo ao calcio (CBP1) e a Yps3 (gene especifico da fase
leveduriforme — “yeast-phase-specific’), ambas especificas da fase leveduriforme, sdo importantes
para o desenvolvimento da patogenicidade e viruléncia do fungo H. capsulatum (Batanghari et al.,
1998; Sebghati et al., 2000, Bohse and Woods, 2005). Hung et al., (2002) descreveram que a
proteina SOWgp (spherule outer wall) especifica da fase leveduriforme de C. immitis é capaz de ligar-
se a proteinas da matriz extracelular do hospedeiro, e tem sido relacionada a patogenicidade e
viruléncia nesse fungo.

Genes envolvidos no controle da transigdo dimorfica e expressao de fatores de viruléncia em
fungos dimérficos foram descritos por Nemecek et. al. (2006), que demonstraram fortes evidéncias da
existéncia de um controle global para ambos, a morfogénese e a patogenicidade. Os autores
descreveram um sistema de sinalizacdo de dois componentes - o hibrido histidina quinase (DRK1) -
que controla a transicdo dimorfica e a viruléncia em B. dermatitidis e H. capsulatum. Experimentos
utilizando a técnica de RNA de interferéncia para silenciar a expressao do gene DRK1 inibiu a
expressdo de BAD1, alterou a parede celular, reduziu a transcricdo do gene codificante da a-1,3-
glicana sintase e do gene BYS1 (um gene especifico da fase leveduriforme e de fungédo desconhecida
- a yeast-phase gene of unknown function). Em H. capsulatum, a expressao dos genes CBP1, AGS1
e yps3, especificos da fase leveduriforme, sdo regulados pelo DRK1. Alteragdes no ambiente como
temperatura, estresse osmotico ou oxidativo, privagao de nutrientes, alteragdo no potencial de éxido-
redugdo e 17-pB-estradiol sdo detectados pelo sistema DRK1, o qual gerencia a adaptagdo do fungo
ao novo ambiente estimulando a transicdo dimorfica, a expressdo de fatores de viruléncia e o
desenvolvimento da doenga (Nemecek et. al., 2006).

Diversos trabalhos tém associado alteragdo morfolégica ao perfil de viruléncia (Kurokawa et
al., 2005; Villar & Restrepo, 1989). A Cdc42p (ciclin-dependent kinases- proteina que controla a
divisdo celular, relacionada com formagao de hifa) pertence a familia da proteina ligante de GTP do
tipo Rho, uma importante molécula de sinalizagdo para o sistema bioldégico dos organismos,
unicelulares e multicelulares (Etienne-Manneville, 2004), além de participar em diversas funcgdes
intracelulares, desde remodelagem do citoesqueleto até divisdo celular. A mutacdo do gene

codificante da CDC42 em S. cerevisiae resultou no fenétipo de multiplos brotamentos com disturbio
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no controle do crescimento polarizado (Caviston et al., 2002; Richman et al., 2002, Richman &
Johnson, 2000). Nos fungos dimorficos e nos fungos filamentosos a auséncia do gene cdc42 pode
levar a disrupgao da polaridade durante o crescimento e defeito durante a transi¢do dimorfica (Boyce
et al., 2001; Scheffer et al., 2005; Van den Berg et al., 2004; Zhengding et al., 2007). A proteina
CDC42 tem sido implicada na patogenicidade de diversos fungos, quer pela regulagdo da transi¢ao
dimérfica, quer pela manutengao de sinais intracelulares apds o contato do patégeno com as células
do hospedeiro ou simplesmente na restruturacdo do citoesqueleto de actina durante o crescimento
para facilitar a invasao (Price et al., 2008; Rolke & Tudzynski, 2008; Van den Berg et al., 2004;
Zhengding et al., 2007). Para avaliar o envolvimento da molécula Cdc42p na viruléncia de P.
brasiliensis, Aimeida et al. (2009) utilizaram a técnica de RNA anti sense (aRNA) para silenciar a
expressdo do gene PbCDC42 em células leveduriformes. Imagens por microscopia confocal
mostraram que as células leveduriformes com a expressdo do gene cdc42 reprimida tiveram
alteracdo na morfologia, com significativa diminuigdo no tamanho das “células mae” e dos
brotamentos. Além disso, foi avaliado o impacto dessa alteragdo morfoldgica na viruléncia em modelo
animal de infeccdo e os resultados mostraram que a repressao do gene cdc42 acarreta menor
viruléncia e maior susceptibilidade a fagocitose. Finalmente, os resultados mostraram que a
Pbcdc42p € uma molécula importante para o controle do crescimento de células leveduriformes e que
a diminuicédo da expressao do gene PbCDC42 também diminui o tamanho das células leveduriformes
e aumenta a capacidade dessas células de serem fagocitadas, além de ativar a resposta do tipo Ta1
(linfécitos T auxiliar tipo 1), que é importante para controlar a infecgao.

As vias de sinalizagdo que controlam a transicdo morfoldégica em P. brasiliensis ainda sao
pouco conhecidas (Marques et. al., 2004). A via de sinalizagdo por meio do cAMP (adenosina
monofosfato ciclico) parece ser importante, pois a adicdo exdgena do composto inibe a transicdo de
levedura para micélio, mantendo a forma patogénica do fungo (Brown, et al., 1999; Lengeler et. al.,
2000; Chen et al., 2007). A via sinalizadora da Ca**/Calmodulina também parece desempenhar papel
na diferenciacao celular de P. brasiliensis. Esta via estd envolvida em varios aspectos no
desenvolvimento fungico, incluindo formagdo de conidios, extensdo da hifa, dimorfismo e
patogenicidade. A expressao da calmodulina e da subunidade regulatéria da calcineurina mostraram-
se aumentadas durante a transicao dimorfica em P. brasiliensis (Nunes et al.,, 2005), sugerindo
importante papel na via de transdugéo de sinal associada com a morfogénese. Drogas que bloqueiam
as quinases dependentes de Ca**/Calmodulina inibem a diferenciagdo de micélio para levedura (de
Carvalho et al., 2003). Entretanto, devido a complexidade da regulagéo da patogénese e do processo
de diferenciagéo celular em P. brasiliensis estudos futuros para cada elemento da rede de sinalizagao
celular sao requeridos.

Varios outros estudos tém sido realizados visando avaliar o dimorfismo em P. brasiliensis.
Alguns genes de P. brasiliensis, apresentam expresséo diferencial durante a transicdo dimorfica do
fungo. Os genes codificantes para a proteina de choque térmico de 70 kDa (HSP70) (Silva et. al.,
1999), proteina homologa a flavodoxina PbY20 (Cunha et. al., 1999; Daher et. al., 2005), proteina de
choque térmico de 60 kDa (HSP60) (Izacc et. al., 2001; Cunha et.al., 2002), a chaperona ClpB

(Jesuino et al., 2002), manosiltransferase (Costa et. al., 2002), gliceraldeido 3-fosfato desidrogenase

25



(Barbosa et. al., 2004), HSP90 (Nicola et al., 2008) entre outros, apresentam baixos niveis de
expressao na forma miceliana quando comparados com a forma leveduriforme, sugerindo que estas
proteinas possivelmente seriam fatores na composigédo de estratégias moleculares que P. brasiliensis
utiliza para morfo-adaptagao e sobrevivéncia no hospedeiro.

Técnicas protedmicas tém sido utilizadas no estudo do dimorfismo em P. brasiliensis.
Fonseca et. al. (2001), por meio de técnicas de immunoblotting e sequenciamento de proteinas
identificaram determinantes antigénicos de P. brasiliensis, utilizando combina¢des de soros de
pacientes com diferentes manifestacdes clinicas da PCM. Os antigenos de P. brasiliensis
caracterizados apresentaram homologia com as proteinas catalase P (61 kDa), gliceraldeido 3-fosfato
desidrogenase (36 kDa), triose fosfato isomerase (29 kDa), malato desidrogenase (34 kDa) e frutose
bifosfato aldolase (39 kDa). Estudos posteriores caracterizaram a fungdo de algumas das proteinas
citadas. O gene que codifica para a enzima da via glicolitica GAPDH foi caracterizado. A analise da
expressdo do gene e da proteina foi avaliada revelando que, em P. brasiliensis, ha um aumento da
expressdao de GAPDH durante a diferenciagdo de micélio para levedura (Barbosa et al., 2004). Por
meio de imunocitoquimica a proteina GAPDH foi localizada tanto no citoplasma quanto na parede
celular de leveduras de P. brasiliensis. A proteina GAPDH se liga @ componentes da matriz
extracelular, o que sugere seu papel como uma adesina de P. brasiliensis. A proteina recombinante e
o anticorpo anti-GAPDH inibem a adeséo e internalizacdo de P. brasiliensis a pneumacitos cultivados
in vitro, o que reforga o papel da GAPDH como molécula de interagao fungo-hospedeiro (Barbosa et
al., 2006). O gene e o cDNA codificantes para TPI de P. brasiliensis foram caracterizados. A proteina,
bem como o anticorpo policlonal produzido contra a proteina recombinante inibem a interacédo de P.
brasiliensis com células epiteliais (Pereira et al., 2004, 2007).

As catalases sao descritas como importantes fatores que conferem resisténcia ao estresse
oxidativo, uma propriedade importante que permite ao patdgeno sobreviver aos efeitos da produgao
de espécies reativas de oxigénio dentro do hospedeiro (Giles et al., 2006). Com base nisso, Moreira
et. al. (2004) isolaram e expressaram o cDNA codificante para catalase peroxisomal de P. brasiliensis
(PbcatP), descrita como fator de protecédo contra estresse oxidativo. Os autores mostraram que a
sintese da proteina e de seus transcritos € regulada durante o desenvolvimento do P. brasiliensis,
aumentando durante a transigdo de micélio para a forma leveduriforme e em contato das células com
H,0,. Estudos posteriores foram realizados identificando trés diferentes tipos de catalases de P.
brasiliensis. Chagas et al. (2008) demonstraram que trés membros da familia das catalases (PbCatA,
PbCatP e PbCatC) tém expressao diferencial durante a transicdo morfolégica e em diferentes
condi¢des de estresse. A PbCatA, foi mais expressa na fase miceliana e a expressao parece estar
associada ao estresse enddgeno causado pela 3-oxidagédo dos acidos graxos (Chagas et al., 2008). A
PbCatP, que pode preferencialmente proteger as células do fungo contra estresse exdgeno (como
H,0,), foi preferencialmente expressa na fase leveduriforme, como demonstrado por analises de
Western blotting por Moreira et al. (2004). A PbCatC apresentou padrao constante de expressao,
tendo moderada indugao nas células expostas aos estresses térmico e osmotico. O estresse térmico
nao afetou as catalases A e P, o que sugere que a diferenca na atividade de ambas as proteinas nas

fases de micélio e levedura ndo é influenciada pela temperatura, mas sim, com alteragdes na
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morfologia da célula, como descrito em H. capsulatum (Johnson et al., 2002). Os resultados apontam
a importdncia de se caracterizar e estudar as fungdes biologicas das catalases dos fungos

patogénicos visto que sdo importantes na resposta ao estresse (Chagas et al., 2008).

1.6.1. — Analises Transcricionais no estudo do dimorfismo em P. brasiliensis

Com o intuito de identificar genes e proteinas relacionados com o dimorfismo de P.
brasiliensis analises transcricionais foram realizadas. Um consorcio de laboratérios da regido Centro —
Oeste do Brasil (Projeto Genoma Funcional e Diferencial de Paracoccidioides brasiliensis)
sequenciaram 25.511 ESTs obtidas de bibliotecas de cDNA de levedura e micélio, resultando em
6022 ESTs. Tal estratégia possibilitou a detecgcdo de genes diferencialmente expressos nas duas
fases de P. brasiliensis. Além disso, nesse transcriptoma identificou-se 48 transcritos codificantes
para proteinas de resposta a estresse (HSP), sendo que o numero destes transcritos foi 38% maior
na biblioteca de levedura do que na biblioteca de micélio. Estas proteinas estdo envolvidas em
processos como transicdo dimérfica e imunopatogenicidade de organismos patégenos. Este fato é
compativel com a maior temperatura (36°C) de crescimento de células leveduriformes em relagédo ao
micélio (23°C). Além disso, foram identificados na fase leveduriforme, genes considerados como
provaveis fatores de viruléncia e potenciais alvos para antifungicos, ndo possuindo nenhum homologo
no genoma humano, como: quitina desacetilase, isocitrato liase e a-1,3-glicana sintase. Estudos
comparativos entre micélio e levedura identificaram um perfil metabdlico diferencial exibido nas fases
de P. brasiliensis. Os autores descreveram que o micélio apresenta metabolismo preferencialmente
aerébio uma vez que durante a fase saprobidtica genes que codificam enzimas que participam da
fosforilagdo oxidativa e do ciclo do &acido citrico (isocitrato desidrogenase e succinil coenzima-A
sintase) estdo altamente expressos, ao contrario da fase leveduriforme, que apresenta metabolismo
preferencialmente anaerdbio. Nesta fase, os altos niveis de expressdo da enzima alcool
desidrogenase | favorecem a fermentacao alcodlica e consequente produgéo de etanol (Felipe et al.,
2005).

Outro projeto transcriptoma de P. brasiliensis foi desenvolvido por grupos do Estado de Sao
Paulo. Por meio da analise de ESTs, Goldman et al. (2003) identificaram varios genes potenciais de
viruléncia em P. brasiliensis homélogos a C. albicans, que possivelmente atuam na sobrevida do
fungo no ambiente do hospedeiro. Os autores sugerem que 0os mecanismos para patogenicidade e
viruléncia sdo conservados entre as espécies analisadas. A identificagdo de alguns genes de P.
brasiliensis homologos as vias de transdugédo de sinal, como CST20 (quinase relacionada com
formacao de hifa), CPP1 (fosfatase relacionada com formacgéo de hifa), CEK1 (MAPK relacionada
com a formacgao de hifa), PKA (Proteina quinase A), CDC42 (proteina que controla a divisao celular,
relacionada com formacao de hifa) e GEF (proteina do tipo Ras, relacionada com formagao de hifa),
sugere que essas vias possam estar operando em P. brasiliensis, provavelmente controlando a
mudanc¢a morfoldgica. Outros genes, tais como ubiquitina e chaperonas de choque térmico (HSP70,
HSP82 e HSP104) apresentaram niveis de expressao aumentados na transicdo dimorfica de micélio

para levedura e na fase leveduriforme. O aumento da expressdo destes transcritos durante a
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transicdo dimorfica sugere que ha um maior controle da qualidade das proteinas produzidas nesta
etapa, tanto no enovelamento, realizado pelas chaperonas, quanto na degradacdo de proteinas mal-
enoveladas, realizada pela ubiquitina.

Com o intuito de detectar genes preferencialmente expressos na fase leveduriforme de P.
brasiliensis (isolado Pb18), Marques et al. (2004) utilizaram as tecnologias de microarranjos e
bibliotecas subtraidas (SSH - suppression subtraction hybridization) nas fases micélio e de levedura.
Dentre os genes identificados como diferencialmente expressos estdo a-1,3-glicana sintase,
envolvida no metabolismo de parede celular. A mudanga morfolégica do P. brasiliensis é
acompanhada por alteragdes na composicéo da parede celular onde, monémeros de glicana passam
de B-1,3-glicana para a-1,3-glicana, assim que o fungo adota a forma leveduriforme (San-Blas & Nifio-
Vega, 2001). De maneira complementar observou-se uma expressdo muito maior do gene que
codifica a a-1,3- glicana sintase na fase de levedura do que na fase de micélio (Marques et al., 2004).
De forma interessante também foi observado niveis aumentados de expressdo do gene ERG25 na
fase de levedura de P. brasiliensis. O gene ERG25 codifica uma C-4- esterol metil oxidase que
participa do primeiro passo enzimatico da sintese de ergosterol em fungos. E provavel que o aumento
na expressao de ERG25 esteja correlacionado ao aumento da sua reutilizagdo de lipidios na sintese
da membrana celular. Sugere-se que mudangas na membrana s&do importantes fatores na transigao
morfoloégica a 36°C (Goldman et al.,, 2003) e a alta reutilizagdo de lipidios na membrana celular
também pode contribuir para isso.

A analise do transcriptoma de P. brasiliensis durante a transicdo dimoérfica foi objeto de
estudo de varios pesquisadores (Nunes et al. 2005, Bastos et al. 2007). Nunes et al. (2005)
monitoraram a expressao génica por meio de microarranjos de DNA durante a transicdo morfoldgica
de micélio para levedura nos tempos de 0, 5, 10, 24, 48, 72 e 120 h de crescimento, apds a alteracao
da temperatura. Nesse estudo foram identificados varios genes diferencialmente expressos durante a
transicdo morfoloégica. Genes relacionados com metabolismo de aminoacidos, transdugéo de sinal,
sintese de proteinas, metabolismo da parede celular, estrutura do genoma, resposta ao estresse
oxidativo, controle do crescimento e desenvolvimento do fungo P. brasiliensis mostraram-se
alterados. Um gene, codificando para a enzima 4-hidro-fenil piruvato desidrogenase (4-HPPB) foi
altamente expresso durante a diferenciacdo de micélio para a forma leveduriforme, tendo sido
sugerido como um novo alvo para antifungicos.

O perfil transcricional de P. brasiliensis durante a diferenciagdo morfolégica de micélio para
levedura foi avaliado por Bastos et. al. (2007). Varios transcritos potencialmente relacionados com a
sintese de membrana e parede celulares mostraram-se aumentados durante a diferenciagdo celular
de micélio para a forma leveduriforme apds 22 h de indugdo da transicdo, sugerindo que P.
brasiliensis favorece o remodelamento da membrana e de parede celulares nos estagios iniciais da
morfogénese. Um novo transcrito que codifica para alfa-glicosidase, possivelmente relacionado ao
processamento de -1,6 glicana também foi identificado durante a transigdo dimérfica de micélio para
levedura. Genes codificantes para quitinase 1 (CTS1) e 3 (CTS3) foram induzidos sugerindo que o
processamento de quitina, o maior componente da parede celular, € importante para a transi¢cao

dimérfica em P. brasiliensis. Um transcrito que codifica para aminoacido permease, relacionada a
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captagdo de glutamato e precursor para a sintese de quitina também foi induzido durante a
diferenciagdo de micélio para levedura (Bastos et al., 2007). Durante a transicdo também foi
verificada a presencga de enzimas que participam do ciclo do glioxalato, como a isocitrato liase, malato
desidrogenase, citrato sintase e aconitase, indicando que esta via é funcional durante esse processo.
Também foram identificados genes envolvidos em vias de transdugédo de sinais tais como MAPK
(proteina quinase ativada por mitdégeno), serina/treonina quinase e histidina quinase, sugerindo que a
transicdo morfolégica em P. brasiliensis é mediada por vias de transdugéo de sinais que controlam a

adaptacdo ao ambiente para a sobrevivéncia do fungo dentro do hospedeiro (Bastos et al., 2007).

1.7 —Protebmica

A explosdo do sequenciamento dos genomas de um grande numero de organismos
patogénicos e o rapido avango em técnicas para a caracterizagdo de proteinas sao fatores que vém
contribuindo para um rapido desenvolvimento de um novo campo de pesquisa da era pos-genémica —
a anadlise de proteoma. O termo proteoma foi utilizado pela primeira vez em 1995 por Wilkins e
Williams, para descrever o conjunto de proteinas expressas por um genoma. Atualmente, o termo
protedmica tem sido definido como a analise em grande escala de proteinas expressas por uma
determinada célula, tecido ou organismo numa condi¢do especifica (Wilkins et al., 1995). O objetivo
da analise protedmica ndo é apenas identificar todas as proteinas na célula mas também criar um
mapa tridimensional da célula indicando onde as proteinas estédo localizadas e o ambiente no qual a
célula é estudada. Em resposta a estimulos ambientais, internos ou externos, as proteinas podem
sofrer modificagbes pods-traducionais. O padrao de expressao das proteinas € variavel - enquanto o
genoma é uma caracteristica relativamente fixa de um organismo o proteoma muda continuamente,
conforme o estagio de desenvolvimento, tecido, condicbes ambientais, variagbes na expressao
génica, “splicing” de RNA e modificagbes pos-traducionais.

Diversos métodos tém sido utlizados para analises da expressdo de RNAm, como SAGE
(analise serial da expressao génica) (Velculescu et al., 1995) e a tecnologia de microarranjos de DNA
(Schena et al., 1995 & Shalon et al., 1996). Entretanto, a analise de RNAm nao reflete diretamente o
conteudo de proteinas na célula (Graves & Haystead, 2002) e, além disso, alguns estudos tém
mostrado a pequena relagédo entre os niveis de RNAm e de proteina (Abbott, 1999; Anderson, 1997;
Gygi, 1999; Ideker, 2001). Em adigéo, a fungdo das proteinas pode ser modificada a nivel pds-
traducional e esta informagéo néo € acessivel nas anadlises transcricionais (Gygi et al., 1999).

A analise protedbmica ganhou consideravel atencéo desde que foi revelado que o genoma
humano consiste de poucos genes (cerca de 35.000) (Venter, 2001). O perfil de expressao das
proteinas altera-se em situagdes distintas ou diferentes tipos celulares em um mesmo organismo,
constituindo-se um fluxo dindmico respondendo a estimulos internos e externos. As proteinas
envolvidas nos processos bioldgicos sdo detectadas devido a alteragdes quantitativas — pouco ou
muito reguladas, aparecimento ou desaparecimento e modificagdes pds-traducionais (Westermeier et.
al., 2002).

Em fungos patogénicos humanos a protedmica tém contribuido para um melhor

conhecimento dos processos envolvidos na morfogénese, viruléncia, resposta ao hospedeiro, bem

29



como para o desenvolvimento de alvos antifungicos potenciais e abordagens terapéuticas (Pitarch et
al., 2003). Marcadores biolégicos de um determinado patégeno podem ser identificados e
caracterizados por técnicas protedmicas, ajudando no diagndstico precoce de doengas e no

acompanhamento do tratamento (Cash et al., 2002).

1.8 —Tecnologia Protedmica

Uma parte do desenvolvimento da protedmica deve-se aos avangos na tecnologia de
investigacdo de estudo de proteinas. Para se obter o perfil de expressdo de um proteoma sob varias
condigOes a eletroforese 2-DE tem sido a principal ferramenta de escolha (Bhadauria et. al., 2007). O
primeiro requisito para analise protedmica é a separagao de misturas complexas contendo milhares
de proteinas. Desde que foi introduzida ha 34 anos por O’Farrell (1975), a eletroforese bidimensional
de proteinas (2-DE) ainda é a maneira mais efetiva de resolver misturas complexas de proteinas num
curto periodo de tempo (Dunn et. al.,, 2001). Nesse método, as proteinas s&o primeiramente
separadas de acordo com o seu ponto isoeléctrico (pl) e, entdo, numa segunda dimens&o, em gel
desnaturante de poliacrilamida (SDS-PAGE), de acordo com a sua massa molecular (MM) (O’Farrell,
1975). Entretanto, o uso desse método tem sido o principal problema encontrado nos laboratérios
devido a baixa reprodutibilidade dos géis utilizando-se anfolitos carreadores (CA). Hoje, esse
problema de instabilidade e de reprodutibilidade foi minimizado pela introdugao dos gradientes de pH
imobilizado (IPG) na focalizagdo isoelétrica (IEF) (Bjelqvist et. al, 1982). Nas tiras IPGs, os
componentes dos tampdes (immobilines) para o gradiente de pH estdo covalentemente incorporados
dentro da matriz do gel. O resultado é um aumento da reprodutibilidade dos géis bidimensionais (2D),
melhor resolugdo e melhor separagdo de proteinas acidas e/ou basicas (Goérg et. al., 2000). Outra
melhoria foi o desenvolvimento de IPGs de intervalo estreito em combinagcdo com o pré-
fracionamento da amostra, que tem aumentado a deteccdo de proteinas pouco abundantes e de
proteinas muito alcalinas (Gorg et. al., 2004).

Outra técnica utilizada na analise protedmica é a espectrometria de massa (MS). A MS tem o
potencial para resolver problemas estruturais nao facilmente identificados por técnicas de quimica de
proteinas e é uma ferramenta indispensavel para analisar a estrutura primaria de proteinas e de
peptideos. A MS é uma técnica analitica que mede a massa molecular de moléculas baseadas no
movimento de particulas carregadas num campo eletromagnético. Existem varios tipos de
equipamentos de espectrometria de massa que sao utilizados na pesquisa protedmica, dos quais
fazem parte trés componentes principais (Figura 2): uma fonte de ions (responsavel pela introdugéo
de cargas e vaporizagdo da amostra), um analisador de massas (determina a relagdo massa-carga do
analito) e um detector (detecta a presenga do analito). Uma vez que as moléculas atingem a fonte de
ions, os componentes da amostra sdo convertidos em ions e acelerados dentro do analisador de
massas e separados de acordo com sua relagao massa-carga (m/z). O detector converte a energia

dos ions em sinais elétricos, que sao transmitidos e analisados por computador.

30



ANALISADORES de MASSA

- Tempo-de-vdo (TOF)
- Setores magnético e elétrico
FONTE de IONS - Cundriook SETECTORES
- Ressonancia Ciclotrénica de ions (FT-ICR) S e e,
- APPI: Fotoionizagao a pressao - lon trap 5 o
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- MALDI - Espectrometro de massa pentaquadrupolar elétrons
- APCI: lonizagao quimica a pressao - Triplo quadrupolo
atmosférica *Qtrap: Triplo Quadrupolo/ion Trap
- lonizagao por elétrons *LTQ FT: combinagao de lon trap linear e ICR
*Q-TOF: hibrido Quadrupolo - Tempo-de-véo
Computador

Figura 2 — Componentes basicos do espectrometro de massa (* equipamentos hibridos)

Diversas técnicas de ionizagdo tém sido desenvolvidas e durante muito tempo a MS era
aplicada apenas para a determinacao de estruturas quimicas de moléculas pequenas e volateis. Com
o desenvolvimento da técnica de ionizagdo por dessor¢cdo de plasma, por Macfarlane & Torgerson
(1976), foi possivel ionizar biomoléculas maiores. Foi em 1988 que Karas e Hillenkamp introduziram a
ionizagdo por dessorgdo a laser auxiliado por uma matriz (MALDI), uma técnica que ioniza
biomoléculas com muita sensibilidade utilizando a energia do laser para desorver e ionizar moléculas
na presenca de uma matriz que absorve luz (Karas & Hillenkamp, 1988). A partir de entdo, a
espectrometria de massa aplicada a biomoléculas, como proteinas, avangou e foi possivel a
aplicagdo dessa técnica no estudo de proteinas, como a determinagdo de massa molecular,
quantificacdo de cisteinas, determinagéo de ligacdes dissulfeto, determinagcdo de modificagdes pos-
traducionais tais como glicosilagdo e fosforilacdo, determinagdo da sequéncia de aminoacidos e,
principalmente, a identificacdo de proteinas (Larsen & Roepstorff, 2000).

Os espectrometros de massa sdo classificados em diferentes tipos, dependendo da fonte de
ionizacao e do analisador de massas. Na técnica de ionizagéo tipo MALDI os ions sdo formados ao
se misturar a amostra com a matriz, que contém uma molécula organica capaz de absorver luz. A
amostra torna-se incorporada dentro do cristal da matriz e entdo é irradiada com laser absorvendo
fétons e tornando-se eletronicamente excitada. O excesso de energia é transferido para amostra e os
ions sdo desprendidos em fase gasosa e acelerados dentro do MS. Na ionizagdo tipo
eletropulverizagdo (ESI) a amostra em uma solucdo acidificada é pulverizada na forma de goticulas
altamente carregadas na presenga de um campo elétrico forte. Uma corrente de gas (spray) é
aplicada as goticulas que, com a evaporagdo do solvente, decrescem de volume ocasionando a
repulsdo mutua entre as cargas e a liberacdo dos ions na fase gasosa em diregdo do analisador de
massas (Siuzdak, 2006). A técnica de ESI consiste em dois processos basicos: (1) geragdo de uma
nuvem fina de goticulas carregadas de uma solugéo contendo a amostra; (2) evaporagao do solvente,
resultando em ions (positivo ou negativo) da amostra. Se a amostra em questdo tiver varios sitios

capazes de carregar cargas, podera ocorrer a formacao de ions de multiplas cargas.
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Os analisadores de massas, como o proprio nome indica, tém como funcéo basica separar os
ions formados de acordo com suas relacbes m/z. Diversos tipos de analisadores de massa
acompanham os sistemas de ionizagado, sendo que os mais comuns sao: analisador tipo quadrupolo
(Q), armadilha iénica (lon trap), tempo-de-véo (time-of-fligh - TOF), setores magnético e elétrico.
Geralmente, diferentes tipos de analisadores de massa sdo capazes de combinar-se aos diferentes
tipos de ionizadores, permitindo a construgéo de equipamentos de alto desempenho. Por exemplo, o
tempo de vbo, geralmente é associado a ionizagéo tipo MALDI, enquanto que a eletropulverizagcao
(ESI) geralmente é associada com analisadores tipo quadrupolo, lon trap ou hibridos (Q-TOF). Uma
vez que os ions sdo separados, eles sao detectados por eletromultiplicadores que constituem os
detectores mais largamente usados.

Medzihradszky et al. (2000) desenvolveram os analisadores TOF/TOF acoplados a uma fonte
de ions tipo MALDI, onde os analisadores do tipo TOF foram colocados em série podendo ser
operados tanto no modo MS quanto MS/MS, sendo o funcionamento do aparelho similar em
geometria aos MALDI-TOF refletido dos tradicionais. Basicamente os analisadores TOF sao
separados por célula de colisdo, com o primeiro analisador TOF usado para selecionar o ion
precursor. A alta energia de colisdo ocorre dentro da célula de colisédo e o segundo analisador TOF
resolve os ions. A configuragdo permite alta sensibilidade e alta resolugao em ambos os modos, MS e
MS/MS.

Com o objetivo de aumentar a resolugédo dos equipamentos de espectrometria de massas, no
final da década de 70 teve inicio o desenvolvimento de equipamentos hibridos, visando combinar as
diferentes caracteristicas dos analisadores de massa em um Unico espectrdbmetro de massa. Apods
varias tentativas, o Laboratério Nacional de Oak Ridge (USA) desenvolveu o analisador hibrido
combinando um quadrupolo (Q) com um analisador TOF (Q-TOF), (Glish et al, 1984), aproveitando a
qualidade das analises MS/MS oferecidas por um quadrupolo com a velocidade e sensibilidade de um
tempo de véo. Na década de 1990, o desenvolvimento das técnicas de ionizagdo aplicadas a
bioquimica (MALDI e ESI) avangou e funcionou como uma alavanca para o desenvolvimento dos
equipamentos Q-TOF. Em 1996, surge um novo equipamento com o analisador TOF alinhado em
posicao ortogonal aos quadrupolos (Dawson & Guilhaus, et al, 1984). Uma das grandes melhorias foi
0 acoplamento do TOF as fontes continuas de ionizagdo bem como a utilizagdo do chamado espelho
eletrostatico (ou refletor eletrostatico) (Mamyrin & Shikk, et al, 1979) que normalizam as diferencas de
energia cinética que, porventura ocorreriam durante a geracao de ions, aumentando a resolugdo do
equipamento.

No analisador de massas tipo Q-TOF com aceleragédo ortogonal, um quadrupolo adicional,
chamado de qO0 (RF Lens) esta localizado antes do Q1 e opera no modo rf (rddio frequéncia),
expandindo os ions que passam pelo quadrupolo e diminuindo as colisbes, o que melhora a
qualidade do feixe de ions. O Q1 funciona como um filtro de ions nos experimentos de MS/MS. Na
parte g2 do analisador (Hexapole Transfer Lens) o ion precursor (previamente selecionado pelo Q1) é
acumulado e submetido a fragmentacao dentro da célula de colisdo por um gas inerte num processo
denominado de dissocia¢do induzida por colisdo (“Coliision-Induced Dissociation, CID”) (Steen &

Mann, 2004), proporcionando, assim, a colisdo entre os peptideos ionizados e as moléculas do gas
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inerte, gerando produtos de ions. Como resultado, a energia transferida em cada colisdo é convertida
em energia interna induzindo a transferéncia intramolecular dos prétons em cada peptideo,
culminando na desestabilizacdo das ligagdes do esqueleto polipeptidico e, por consequéncia,
induzindo a formagéao de dois ions-fragmentos (Mann, 1989). Por fim, os ions produzidos na célula de
colisdo sao direcionados para o analisador TOF onde serdo separados pela relagao m/z de acordo
com seus tempos de vbo (El Aneed et al, 2009). A configuracao desse equipamento proporciona alta
sensibilidade, alta taxa de aquisicdo de espectros em ambos os modos, MS e MS/MS, e um elevado
poder de resolugéo e exatiddo de massa.

No espectro de massas obtido sob baixa energia de colisdo, de modo geral, apresenta cerca
de seis séries de ions comumente sao ionizados. As séries a,b,c ocorrem quando a carga permanece
na porcao amino-terminal da molécula e x,y,z quando a carga pernamece na por¢ao carboxi-terminal,
segundo a nomenclatura proposta por Roepstorff & Fohlman em 1984 (Figura 3). E importante
enfatizar que os pares de ions a/x, bly e c/z serdo sempre ions correspondentes aos fragmentos
opostos e complementares entre si. Considerando-se que as ligagdes peptidicas sdo aquelas menos
energéticas, espera-se que a formagao do par de fragmentos -b/-y seja mais frequente que os demais
pares de fragmentos (Cantu et al., 2008). Em altas energias de colisdo ocorrem a séries d,v,w, que

correspondem as fragmentagdes de cadeias laterais dos aminoacidos (Johnson et al., 1988).

X3 X4
— —_—

Y2 Vi

«— «
Cs <,

Figura 3 — Nomenclatura da fragmentacdo descrita por Roepstorff & Fohlman (1984).
Apenas os ions observados sob baixa energia CID s&o incluidos.

Cada peptideo fragmentado gera picos subsequentes que diferem na massa de um residuo
de aminoacido do pico seguinte da mesma série (Steen & Mann, 2004). Ou seja, podemos determinar
a sequéncia de aminoacidos considerando a diferenca de massa existente entre picos vizinhos sendo
estes da mesma série. A dificulade é que a informagéo em espectros de MS/MS geralmente néo é
completa e os picos interferentes que podem ou ndo pertencer as séries, podem confundir a analise.
O sucesso da identificagdo depende da qualidade dos dados em termos de acuracia e resolugéo de
instrumento e também do conteudo de informagao encontrado no espectro.

As principais aplicagbes da MS na pesquisa protedmica sao catalogar a expressédo de
proteinas, definir interacdes e identificar sitios de modificacbes em proteinas (Han et al., 2008).
Entretanto, o desenvolvimento de diversos programas de software e a continua atualizagdo no

numero de sequéncias depositadas em bancos de dados tem sido crucial para o sucesso da MS.
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Uma das maneiras de identificar as proteinas por MS é por meio da impressao digital do
mapa peptidico (peptide mass fingerprinting - PMF), uma técnica descrita em 1993 (Mann et. al.,
1993). As proteinas sdo digeridas com uma endoprotease especifica, normalmente tripsina, e os
peptideos resultantes da espectrometria de massa sado analisados por determinagdo das suas
massas moleculares. O espectrémetro de massas utilizado para realizar o PMF normalmente é do
tipo MALDI-TOF (Thiede et al., 2005). Cada proteina no banco de dados ¢é digerida teoricamente (in
silico) com a mesma enzima utilizada na etapa de digestdo, produzindo milhares de peptideos
tedricos. A massa experimental dos peptideos derivadas do MS (PMF) é entdo comparada com as
massas dos peptideos tedricos e um valor de significancia (score) é calculado e determinado. O score
reflete a concordancia (match) entre a massa experimental e a massa tedrica. A probabilidade de o
valor de m/z de um fragmento teoricamente obtido coincidir, de maneira randémica, com o valor de
m/z de um fragmento obtido experimentalmente é calculada e expressa como sendo 0 negativo do
logaritmo desse numero (score). Assim, quanto maior for o valor obtido, menor € a probabilidade de
que este resultado seja fruto de uma “coincidéncia. A cada busca realizada o software fornece um
valor limite, que indica que o resultado obtido possui probabilidade inferior a 5% de ser um evento
randémico (Cantu et al., 2008). A proteina identificada como a mais provavel é a que tem o melhor
match entre os peptideos experimental e o teérico. O nimero de peptideos observado no PMF e a
exatiddo para o qual eles sdo medidos determinam a confianga na identificagdo da proteina. Um
programa muito utilizado para fazer esse tipo de busca € o MASCOT (www.matrixscience.com), que
correlaciona o espectro de massas de fragmentagédo de peptideos com sequéncias de aminoacidos
de proteinas registradas em bancos de dados. Essa técnica mostrou-se capaz de identificar proteinas
oriundas de géis 2-DE em baixas concentragbes, na ordem de picomoles (10'18 M), tornando-se
extremamente util na identificacdo de proteinas. Schevchenco et al., (1996) demonstraram que até
90% das proteinas provenientes de gel 2-DE de lisado de E. coli foram identificadas por PMF.

Outra ferramenta importante na pesquisa protedémica € o banco de dados. Dayhoff et al.
(1960), construiram a primeira base de dados moleculares para conter todas as sequéncias de
proteinas conhecidas até essa data. O advento do sequenciamento de DNA em grande escala em
1990 levou a construgdo de banco de dados capazes de abrigar o grande numero de sequéncias
obtidas. O NCBI (National Center for Biotechnology Information) foi criado em 1988 para abrigar esse
tipo de informagé&o. Uma colaboracdo entre os bancos NCBI, EMBL (European Molecular Biology
Laboratory) e o DDJB (DNA Data Bank of Japan) foi criado para montar um banco de dados de
sequéncias de nucleotideos - A INSDC (Internation Nucleotide Sequence Database Colaboration)
(Miyazaki et al., 2003). Dois tipos de banco de dados sao disponiveis para pesquisa de genes e
proteinas. O GenBank (NCBI - http://www.ncbi.nim.nih.gov) e o EMBL (http://www.ebi.ac.uk/embl/),
também chamados de banco de dados primario ou banco de dados redundantes (Stoesser et al.,
2002). O segundo tipo de banco de dados é também chamado de banco de dados secundarios ou
curados, como o] SWISS-PROT (http://www.expasy.ch/sprot/) e o} TrEMBL
(http://www.ebi.ac.uk/uniprot) (Apweiler et. al., 2004).
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1.9 — Andlise Protebmica de Fungos Patogénicos Humanos

Embora existam diversos genomas de fungos sequenciados, poucos estudos tém sido feitos
comparando o perfil protebmico com analises transcricionais. No momento, o grande objetivo na
biologia dos fungos é entender a expressao, fungcdo e regulacdo das proteinas codificadas pelo
genoma do fungo (Bhadauria et al., 2007). Os primeiros trabalhos pds-genémicos foram com estudos
de proteina do envelope em Trichoderma reesei (Lim et al., 2001) e de proteinas ancoradas a GPI
(glicosilfosfatidilinositol) em Aspergillus fumigatus (Bruneau et al., 2001). Desde entdo, diversos
trabalhos em proteomas tém sido publicados. Melin et al. (2002) realizaram o primeiro trabalho de
analise protedmica com o fungo patogénico Aspergillus nidulans. Num trabalho mais recente com A.
fulmigatus, Strom, et al. (2005) detectaram alteragbes especificas na expressdo de proteinas
envolvidas com mudangas morfoldgicas causadas quando o fungo foi cultivado com uma bactéria
produtora de acido lactico. Num trabalho posterior realizado também em A. fulmigatus, Kniemeyer et
al. (2006) identificaram que 52 proteinas da gliconeogénese, ciclo do glioxalato e enzimas de
degradagéao do etanol estavam hiper-reguladas durante a repressao catabdlica por carbono. Carberry
et al. (2006) acrescentaram mais 28 proteinas ao mapa protedmico de A. fumigatus mostrando pela
primeira vez que o fator de elongacdo 1B (f1B) exibe atividade de glutationa transferase. Essas
descrigdes ilustram que a analise protedmica abre novas perspectivas para se entender a fisiologia
dos fungos, como observado com o fungo A. nidulans durante a osmoadaptacédo. Nesse trabalho, os
autores mostraram que enzimas direcionadas ao ciclo do acido tricarboxilico estdo reduzidas. Além
disso, observaram um aumento no acumulo de proteinas de choque térmico (Kim et al., 2007).
Andlises protedOmica da adaptagao do fungo A. fumigatus a altas temperaturas revelaram novos alvos
da regulacdo pelo fator transcricional de choque térmico-1 (HSF-1), como sintese de manitol,
tradugdo, organizacédo do citoesqueleto e divisdo celular (Albrecht et al., 2010). Para elucidar as
proteinas do fungo A. fumigatus que sao mais expressas durante a aspergilose invasiva Asif et al.
(2010) utilizaram extratos de proteinas do fungo e inocularam os animais em duas doses com
extratos de proteinas de conidios do fungo Aspergillus fumigatus. O soro foi entdo utilizado como
anticorpo primario para identificar antigenos de A. fumigatus separados por eletroforese
bidimensional. As analises levaram a identificacdo de proteinas relacionadas a via glicolitica, ao
estresse oxidativo bem como proteinas associadas a parede celular, representando valiosos
marcadores da infecgdo bem como possiveis componentes da vacina contra a aspergilose.

Os estudos protedémicos de fungos patogénicos dimérficos vém crescendo gradativamente,
acompanhando o desenvolvimento dos bancos de dados. Orsborn et al. (2006) utilizaram a técnica
2D-DIGE (Eletroforese de fluorescéncia diferencial em gel 2D) acoplada a cromatografia liquida de
alta resolugéo e ao espectrometro de massas (HPLC-MS/MS) para analisar o perfil de expressao
diferencial de Coccidioides posadasii nas formas micélio e levedura. Essa técnica levou a
identificagdo da proteina da matriz peroxissomal (Pmp1) a qual, em estudos em modelo de infecgéo
animal, conferiu protecdo a animais contra a coccidioidomicose. Técnicas similares foram utilizadas
para o fungo Penicillium marneffei nas formas micélio e levedura (Xi et. al., 2007) com o objetivo de
entender a transicdo dimorfica. As analises resultaram na identificacdo de 26 proteinas que foram

diferencialmente expressas entre elas a Hsp90, proteina ligante da Hsp90, Hsp70 mitocondrial,
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citocromo P-450 que foram mais expressas na forma de levedura; enquanto que poli (A) polimerase e
SNF22 encontraram diminuidas. Os resultados demonstram um aumento de mais de 14 vezes no
nivel do acumulo da proteina catalase-peroxidase, quando comparados a fase leveduriforme com a
fase miceliana. Esse resultado é de grande interesse, visto que o fungo P. marneffei sobrevive dentro
do macréfago. Outra proteina significativamente alterada é a isocitrato liase, uma enzima “chave” na
via glioxalato. Em patégenos que parasitam macréfagos, como Mycobacterium tuberculosis e C.
albicans essa via é necessaria para a patogenicidade (de Voss et al., 2000; Lorenz & Fink, 2001;
McKinney et al., 2000).

A formacdo do biofime é um dos maiores fatores de viruléncia de Candida glabrata,
contribuindo para sua resisténcia a antifungicos (Tumbarello et. al., 2007). Analise protedémica do
fungo C. glabrata crescido sob a forma de biofiime e comparado com a forma plancténica foram
realizados para explorar os mecanismos que contribuem para a viruléncia desse organismo
(Seneviratne et. al., 2010). As analises mostraram um aumento de proteinas relacionadas ao estresse
e uma diminuicdo das enzimas da via dlicolitica. Alteragbes na expressdo das proteinas
citoplasmaticas de C. albicans durante a transicdo dimoérfica de levedura para hifa tém sido
estudadas. Utilizando-se a técnica 2D-DIGE Monteoliva et al. (2010) detectaram proteinas
citoplasmaticas de diferentes vias metabdlicas envolvidas no estabelecimento e na manutengéo de
cada morfologia celular.

Teutschbein et al. (2010) utilizaram o gel 2-DE para comparar o perfil de proteinas
intracelulares entre conidios e micélio. Entre as 57 proteinas que foram mais expressas em conidio
incluem as enzimas envolvidas na eliminacao de intermediarios reativos de oxigénio (ROI), biosintese
de pigmentos e hidrofobina RodA. As enzimas piruvato decarboxilase e &lcool desidrogenase
mostraram-se mais reguladas em conidios em repouso quando comparadas com micélio.

A utilizagao de ferro é essencial para o estabelecimento da infecgdo em microorganismos e,
sugere-se que, o sequestro desse metal seja uma estratégia usada pelo hospedeiro para combater a
infeccdo. Numa analise proteémica em condi¢gdes de deplegcdo de ferro no fungo H. capsulatum,
Winters et al. (2008) detectaram 35 proteinas que tiveram seus niveis diminuidos, dentre elas
enolase, malato desidrogenase, sacaropina desidrogenase, HSP70, asparaginil-tRNA sintetase e
uma proteina n&o caracterizada. Esses resultados sugerem uma necessidade do H. capsulatum por
induzir fungbes metabdlicas especificas para competir com alteragdes no ambiente do hospedeiro. A
andlise protedmica das proteinas citoplasmaticas de P. brasiliensis sob restricdo do ion ferro foi
avaliado por Parente et al. (2011). Enzimas da via glicolitica foram induzidas enquanto que varias
enzimas do ciclo do acido tricarboxilico, ciclo do metilcitrato e glioxalato e proteinas da cadeia
transportadora de elétrons mostraram-se reprimidas. Em adigcdo, os resultados mostraram também
que proteinas de resposta ao choque térmico (HSPs) foram induzidas.

Nesse trabalho, utilizamos a técnica de eletroforese bidimensional (2-DE) acoplado a
identificacdo por espectrometria de massa MALDI-QTOF MS e MS/MS como ferramentas
protedbmicas para investigar o perfil de proteinas de P. brasiliensis durante a morfogénese de micélio

para células leveduriformes 22 h apés a transic¢ao.
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Justificativas

“O saber a gente aprende com
os mestres e os livros. A sabedoria
se aprende com a vida e com os humildes”

Cora Coralina




Il - JUSTIFICATIVAS

P. brasiliensis € um fungo termodimérfico que sofre mudangas em sua morfologia sob
influéncia da temperatura, apresentando-se na forma miceliana a temperatura de 22 - 26 °C e na
forma leveduriforme a 36 ° C. Essa caracteristica favorece a instalagdo do fungo no hospedeiro.
Sendo assim, a patogenicidade esta intimamente relacionada a diferenciagdo celular, visto que
isolados de P. brasiliensis que ndo sdo capazes de se diferenciar na forma leveduriforme n&o sao
virulentas (Franco, 1987; San-Blas & Nifio-Veja, 2001; Nemecek et al., 2006).

Diversos estudos transcricionais foram realizados com o objetivo de identificar genes e
proteinas relacionados com o dimorfismo de P. brasiliensis. Embora esses estudos proporcionaram
uma base para entender o dimorfismo, o nosso conhecimento dos mecanismos moleculares que
direcionam a morfogénese do P. brasiliensis ainda permanecem obscuros.

Em fungos patogénicos humanos as analises protedmicas tém contribuido para um melhor
conhecimento dos processos envolvidos na morfogénese, viruléncia, resposta ao hospedeiro, bem
como para o desenvolvimento de alvos antifungicos potenciais e abordagens terapéuticas. Com esse
objetivo, utilizamos a técnica de eletroforese bidimensional (2-DE) acoplado a identificagdo por
espectrometria de massa. Essa técnica vem complementar as estratégias e metodologias ja utilizadas
com o intuito de entender melhor os mecanismos moleculares da regulagdo da expressao génica/
proteinas durante a transigdo morfologica, bem como decifrar os possiveis fatores de viruléncia do

fungo e tentar descobrir possiveis moléculas alvos de drogas.
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Objetivos

“A verdadeira medida de um homem nao é como
ele se comporta em momentos de conforto e
conveniéncia, mas como ele se mantém em tempos

de controvérsia e desafio”
Martin Luther King




- OBJETIVO GERAL

O objetivo geral do projeto é realizar estudos proteOmicos visando detectar e avaliar
diferengas qualitativas e quantitativas nas proteinas de P. brasiliensis nas fases micélio e
levedura e durante a transigdo de micélio para levedura apos 22 h de mudanga da temperatura
de 22 °C para 36 C.

1.1 — OBJETIVOS ESPECIFICOS

As estratégias utilizadas foram:
e Padronizagdo de mapas eletroforéticos bidimensionais de proteinas totais hidrosoluveis nas
formas miceliana e leveduriforme de P. brasiliensis (Pb01).
¢ Realizagao de analises computacionais dos mapas bidimensionais de proteinas capturadas
em sistema de fotodocumentacdo e processa-las, detectando o nimero de spots de proteinas, a
massa molecular e ponto isoelétrico em cada estagio morfolégico do fungo P. brasiliensis (Pb01).
o Realizagdo de analises estatisticas para obter os spots das proteinas de P. brasiliensis que
séo diferencialmente expressas em cada estagio morfoldgico do fungo P. brasiliensis (Pb01).
o Retirada dos spots protéicos de interesse dos géis bidimensionais e realizar digestdo com
tripsina para, posteriormente, obter os espectros de massas.
e Comparagdo dos dados dos mapas peptidicos com proteinas candidatas em bancos de
dados.
o Correlacao entre os niveis de expresséo protéica com as caracteristicas bioldgicas de cada
estagio de vida do fungo;
e Analises por Western blotting;
e Correlagao dos dados protedmicos com os niveis de transcritos cognatos utilizando-se qRT-
PCR nas condi¢des micélio, transicdo micélio-levedura (22 h) e levedura, bem como conidio e
transicao de conidio-levedura (22 h).
o Estudo das alteragbes metabdlicas de P. brasiliensis nas fases micélio e levedura e durante a

transi¢cdo micélio-levedura.

38



Material e Métodos

“A imaginacao €é mais
importante que o conhecimento”

Albert Einstein




IV — MATERIAL e METODOS

4.1 - Isolado, Condic¢Bes de Cultivo e Diferenciacdo do Fungo Paracoccidioides brasiliensis

P. brasiliensis, Pb01 (ATCC, MYA-826) foi utilizado em todos os experimentos citados nesse
estudo. A fase saprofitica (micélio) do fungo foi crescida em meio Fava-Netto semi-solido, contendo
[1% (w/v) peptona, 0,5% (p/v) extrato de levedura, 0,3% (p/v) proteose peptona, 0,5% (p/v) extrato de
carne, 0,5% (p/v), NaCl, 4% (p/v) glicose, 1,2% (p/v) agar, pH 7,2] a 22 °C. O mesmo meio foi
utilizado para o cultivo da fase leveduriforme a 36 °C. A diferenciagdo micélio para levedura foi
realizada no mesmo meio acima, sem adi¢gao de agar. O fungo foi incubado a 22 °c por 18 h, apds o
que a temperatura foi alterada para 36 °C, como descrito (Bastos et al., 2007). Todas as etapas da
diferenciagdo foram acompanhadas ao microscopio de luz e as imagens foram obtidas. Aliquotas das
fases micélio (M), levedura (L) e ap6s 22 h de diferenciagdo de micélio para levedura (T) foram
coletadas por centrifugagéo (10000 g, 15 min, 4 0C) e armazenadas a - 80 °C para posterior extragdo
das proteinas. Um esquema experimental de todas as técnicas desenvolvidas € mostrado na Figura
4,
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Figura 4 — Desenho experimental. (1a) P. brasiliensis, Pb01 (ATCC MYA-826) foi utilizado em todos os experimentos. Micélio (M) e levedura (L) cresceram a 22 “C e 36
°c, respectivamente, em meio Fava—Netto liquido. O mesmo meio foi utilizado para diferenciagao de micélio para levedura (T). (1b) Para produgéo de conidios (C) células
de micélio foram incubadas em meio agar batata por 50 dias a 18 °C. Os conidios foram coletados e induzidos a diferenciagéo para levedura por 22 h (C-L). (2) Preparagao
dos extratos de proteinas e fracionamento por 2-DE. Triplicatas de cada condigdo foram obtidas (M, T e L). (3) Extragcdo de RNA de micélio, levedura e transicédo. (4)

Analise de imagem utilizando-se o software ImageMaster 2D Platinum 6.0 e andlises estatisticas por one-way ANOVA (p < 0.05). (5) digestdo dos spots de interesse. (6)
Aquisi¢éo dos espectros MS e MS/MS. (7) Analises por Western blot e RT-PCR em tempo real.
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4.2 —Preparo dos Extratos de Proteinas totais

As células micélio, transicdo de micélio para levedura apés 22 h de mudanga da temperatura
e de leveduras foram coletadas por centrifugagao por 10 min. a 10.000 g e lavadas trés vezes com
agua estéril gelada. Posteriormente, o sobrenadante foi descartado e as células foram congeladas e
maceradas na presencga de nitrogénio liquido, utilizando-se gral e pistilo, até a completa pulverizagao
celular, como descrito (Fonseca et al., 2001). O material foi acrescido de tamp&o Tris-Calcio (20 mM
Tris-HCI pH 8.8; 2 mM CacCl,), mistura de nucleases e coquetel de inibidores de proteases (serina,
cisteina calpaina), sem EDTA. Apds a adigdo de pérolas de vidro (0.45-mm) o material foi submetido
a agitagdo vigorosa por 1 h a 4 °C seguido por centrifugacdo a 10.000 g por 15 min a 4 °C. O
procedimento foi realizado separadamente para cada amostra utilizada nas analises. O teor de
proteinas do sobrenadante foi quantificado com o sistema comercial Plus One 2D Quant™ (GE

Healthcare, Uppsala, Sweden) segundo as instrugdes do fabricante.

4.3 —Eletroforese Bidimensional de Proteinas (2-DE)

Todos os reagentes e equipamentos utilizados na eletroforese bidimensional foram da
empresa GE Healthcare. Um protocolo compativel com a focalizagdo isoelétrica foi desenvolvido apés
testarem-se diversas condigbes, incluindo tampéao de reidratagdo. Um total de 170 ug de proteinas foi
utilizado para cada condigao e aplicado em tiras de gradiente de pH imobilizado (IPG) de 13 cm com
separagao néo linear (NL) de pH 3-11. Antes da focalizagao isoelétrica (IEF) os extratos celulares
foram precipitados utilizando-se o sistema comercial 2-D CIean—UpTM. Apés a centrifugagdo o
precipitado foi lavado para retirada de contaminantes nao protéicos como detergentes, sais, lipideos e
acidos nucléicos. A mistura foi centrifugada novamente e o precipitado resultante foi ressuspendido
em tampao de reidratagéo (7 M uréia, 2 M tiouréia, 0,5 % (v/v) tampao para IPG 3-11 NL, 65 mM
DTT, 2 % [p/v] CHAPS e tragos de azul de bromofenol até se obter o volume final de 250 uL. Apds
incubagdo por 1 h, sob agitagdo, o material foi centrifugado a 12.000 g, 10 min a 4 °c. 0
sobrenadante foi aplicado a um suporte apropriado e a tira de IPG foi colocada sobre o tampao de
reidratagdo. As tiras de IPG foram cobertas com 6leo mineral e deixadas por 30 min a temperatura
ambiente. Em seguida, as tiras foram incubadas (reidratadas) por 14 h. sendo as seguintes as
condi¢des para a focalizagdo das proteinas: 500 V por 1 h (step), 500 -1000 V por 1 h (gradiente),
1000 - 8000 por 12,5 h (gradiente) e 8000 V por 2,5 h (step), com total de 15980 V/h. Tanto a
reidratacdo quanto a focalizagdo isoelétrica foram realizados no sistema Ettan IPGphor Il e a
temperatura da corrida foi mantida & 20 °C. Apds o término da focalizagdo isoelétrica as tiras foram
armazenadas a - 80 °C. Apos a focalizagéo isoelétrica as tiras de IPG foram reduzidas com 0,5% (p/v)
de DTT em 5 mL de tampéao de equilibrio contendo 6 M uréia; 0,5 M Tris-HCI; pH 8,8; 30% (v/v)
glicerol, 2% (p/v) SDS e azul de bromofenol durante 40 min com suave agitacdo. Em seguida, a
solugao foi descartada e as tiras foram alquiladas com 2,5% (p/v) de iodocetamida no mesmo tampao
de equilibrio e deixadas por 40 min com suave agitagdo e sob protecdo da luz. Apds isso, o tampao
de equilibrio foi retirado e as tiras IPGs foram lavadas com tampéao de corrida (25 mM Tris pH 8.8,

192 mM glicina, 0,1% [p/v] SDS) por 5 min. A separagao na segunda dimenséo foi realizada na cuba
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de eletroforese vertical, Hoefer SE-600 em géis homogéneos de 10% T, (1,5 mm de espessura). Um
marcador de proteinas com massa molecular conhecida foi colocado na extremidade acida da tira
IPG. As tiras IPG foram colocadas e seladas nos géis SDS-PAGE com 0,5% de agarose em tampao
de corrida e tragos de azul de bromofenol. A separagao eletroforética da segunda dimenséo foi
realizada segundo a descrigdo de Laemmli (1970) com tampao de corrida nos compartimentos
superior e inferior da cuba. A corrida teve duas etapas: na primeira hora de corrida a voltagem foi
mantida a 100 V e apds esse tempo foi aumentada para 250 V até que a linha de frente atingisse o
final do gel. A temperatura foi mantida a 10 °C e ap6s o término da corrida os géis foram retirados da
cuba e corados utilizando-se o sistema comercial Silver Staining kit Protein'", sem glutaraldeido. Os
géis foram armazenados & 4 °C em &cido acético a 1%. As imagens dos géis foram capturadas
utilizando-se o scanner ImageScan lll e posteriormente, digitalizadas com o software ImageMaster
6.0.

4.4 — Aquisicdo e andlise das imagens

Os géis corados foram capturados em modo transparéncia utilizando-se o programa Labscan
v 3.0 e as imagens foram importadas do formato TIFF (Tag Image File Format) e convertidas para o
formato do programa Image Master Platinum 6.0 (.mel). Os spots detectados automaticamente pelo
software do programa foram conferidos manualmente e os sinais falsos positivos foram removidos,
também, manualmente. Foram analisadas triplicatas de géis para cada condi¢do estudada, utilizando-
se uma referéncia para alinhamento (ponto de referéncia) para pareamento automatico. Um spot foi
considerado reprodutivel quando estava presente em todas as triplicatas dos géis de cada condigao.
Para se comparar spots entre os géis das trés condi¢cdes (pareamento intra classes) uma pasta de
pareamento (matchSet) foi criada. Um gel referéncia (master) de cada condigéo foi escolhido como
sendo a imagem com o maior numero de spots e com melhor resolugdo. O pareamento automatico
entre os geéis master (pareamento inter classes) foi realizado pelo programa e uma inspegdo manual
de cada spot foi realizada para aumentar a confiabilidade do pareamento (Figura 5). A porcentagem
de volume de cada spot foi determinada e utilizada para calculos estatisticos dos niveis de expressao
de proteinas.
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Figura 5 — Fluxograma das andlises de imagens realizadas entre as trés condi¢cdes: micélio (M),
transicao (T) e levedura (L).

4.6 — Andlises Estatisticas

As analises estatisticas das trés amostras de micélio, levedura e da transigdo de micélio para
levedura (22 h) foram realizadas com o software STATISTICA version 7.0 (Statsoft Inc., 2005). Os
testes de analise de variancia (one-way ANOVA) e comparagdes multiplas com teste de Tukey foram
realizados para identificagdo de diferencas significativas entre as trés condigbes analisadas. Os

resultados foram considerados significantes quando p < 0,05.

4.7 — Digestédo das proteinas para espectrometria de massa tipo MALDI

Os spots de proteinas com diferenca significativa de expressdo foram selecionados, bem
como outros escolhidos aleatoriamente, nao apresentando expressao diferencial, e excisados do gel
2-D. Quando necessario, 0 mesmo spot foi retirado de dois ou mais géis e misturados no mesmo tubo
antes da digestado. Para retirada da coloragao pela prata, os spots foram descorados em 15 mM de
ferricianeto de potassio e 50 mM de tiossulfato de sdédio (Gharahdagi et al. 1999) por 5 min e lavados
3 vezes com agua milli-Q. O procedimento para a digestdo das proteinas foi realizado manualmente
como previamente descrito (Winters et al., 2008). Os spots foram desidratados com 100 yL de
acetonitrila (ACN) por 5 min e, apds a solugéo ser retirada, os spots de proteinas foram deixados no
speed vacuum até secar completamente. Os spots de géis foram entédo reduzidos com 10 mM DTT
por 1 h. O sobrenadante foi retirado e os spots foram alquilados com 55 mM de iodoacetamide ao

abrigo da luz. Os spots foram lavados com 100 uL de solugdo contendo 25 mM de NH4HCO; por 10
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min agitando em vortex. Em seguida o sobrenadante foi retirado e foram adicionados 100 yL de uma
solucdo contendo 25 mM de NH4HCO3/50% ACN (v/v), deixando sob agitagdo em vortex for 5 min.
Esse procedimento foi repetido. Apds a solugédo ser retirada as amostras foram desidratadas no
speed vacuum. Finalmente, as amostras foram reidratadas em 30 pl de tripsina a 10 ng/pL
(Sequencing Grade Modified Trypsin Promega, Madison, WI, USA) durante 10 min a 4 oc. Apods a
remogao do excesso de tripsina foi adicionado 25 pL de solugéo de 25 mM de NH,HCO3; as amostras
em gel e prosseguiu-se a incubacgdo a 37 °c por 16 h. Apds a digestéo, o sobrenadante foi retirado e
colocado em tubos novos e limpos. Aos spots de géis foi adicionado 50 uL de solugéo de 50% (v/v)
de ACN, 5% (v/v) de acido trifluoroacético (TFA). A solugdo foi misturada em vortex por 10 min e
depois sonicada por 3 min a 4 °C. O sobrenadante foi adicionado aos tubos anteriores contendo a
mistura de peptideos. Os tubos contendo os peptideos tripticos foram deixados no speed vacuum até
secarem completamente e, em seguida, os peptideos foram reconstituidos em agua. Para concentrar
e dessalinizar algumas amostras de spots pequenos foi utilizada a ponteira de cromatografia ZipTip
C18 (Millipore, Bedford, MA, USA). Foi adicionado 2 yL da amostra na placa MALDI e deixado secar
a temperatura ambiente até a completa evaporacdo. Em seguida, 2 yL da solugcédo de matriz CHCA [a
acido a-ciano- 4-hidroxicinamico em 50% (v/v) de acetonitrila e 5% (v/v) de TFA] a 10 ng/pL foi

adicionado a placa e deixado secar a temperatura ambiente.

4.8 — Identificagdo das proteinas por PMF e por MS/MS e pesquisa em banco de dados

As analises foram realizadas no espectrdbmetro de massa MALDI-Synapt Ms™ (Waters-
Micromass, Manchester, UK). Para realizagdo das analises por MS os espectros foram adquiridos em
modo positivo e refletido. O instrumento foi calibrado com uma acuracia de <10 ppm utilizando-se
uma mistura de padrdes de peptideos sintéticos conhecidos com uma variagdo de m/z de 800 to 4000
Da. O instrumento foi configurado para adquirir os espectros MS e os picos com intensidade acima de
15 counts foram automaticamente fragmentados com argbnio na célula de colisdo, resultando nos
espectros MS/MS, utilizando se o software Masslynx 4.0. Os picos de listas (*.txt) e (*.pkl) foram
criados pelo ProteinLynx Global Server 2.2.5v (Waters, UK).

A identificagdo das proteinas por PMF foi realizada submetendo-se as listas de massas
monoisotdpicas dos espectros MS (*.txt) ao programa MASCOT (MASCOT 2.1.02; Matrix Science,
London, U.K.), usando o banco de dados nio redundante do National Center for Biotechnology
Information (NCBI) para identificar proteinas candidatas. Os parametros de busca para PMF foram: (i)
taxonomia, fungi; (ii) enzima, tripsina; (iii) modificagbes fixas: carbamidometilagao das cisteinas; (iv)
modificagdes variaveis: oxidagdo das metioninas; (v) tolerancia de peptideos: 20-100 ppm; (vi)
permissao de clivagem perdida para peptideos: maximo de 1. Para confirmagao da identificacao das
proteinas por PMF, os espectros de ions MS/MS processados e convertidos nos arquivos *pkl e a lista
de picos foram confrontados novamente no banco de dados n&do redundante do NCBI (fungi). Os
parametros de busca foram os mesmos descritos para o PMF, exceto para tolerdncia de massa do
fragmento (MS/MS), que foi entre 0.2-0.6 Da. As analises por MS/MS confirmaram as proteinas

identificadas com base nos PMFs, validando as identificagcdbes. O banco de dados MIPS
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(http://mips.helmholtz-muenchen.de/genre/proj/yeast/listSearch.html?order=entry) foi utilizado para

predizer a categoria functional das proteinas.

4.9 —Producao de conidios e transi¢cdo de conidio para levedura

Para a producdo de conidios foi utilizado o protocolo previamente descrito por Restrepo
(1986). Os micélios foram cultivados em meio agar batata a 18 °C. A produgdo de conidios foi
observada e documentada no microscopio Eclipse TE 2000S, NIKON, com aumento de 40 x. Apds 50
dias de incubacgao os conidios foram coletados das placas, purificados e armazenados para posterior
analise. Para induzir o processo de transigdo de conidio para levedura (C-L) os conidios coletados
foram contados na camera de Neubauer, ajustando-se a concentracgao final de 5 x 10° e distribuidos
em frascos de Erlenmeyer contendo 100 mL de meio liquido Fava-Netto. O material foi incubado a 36
°c, por 22 h, sob agitagado constante. O material foi centrifugado e o sobrenadante foi congelado em

nitrogénio liquido. Um total de 1,7 x 10° conidios foram utilizados para extracao de RNA.

4.10 - Extracé@o de RNA, sintese de cDNA e andlise dos transcritos por RT-PCR em tempo real
(qRT-PCR)

Todos os procedimentos envolvendo a manipulagdo de RNA foram realizados em condicdes
livres de RNAses. O RNA total das células de micélio (M), levedura (L), transicdo de micélio para
levedura apos 22 h (T), conidio (C) e da transicdo de conidio para levedura apés 22 h (C-L) de P.
brasiliensis foram utilizados. Os RNAs foram isolados por disrupgdo mecéanica das células e agitagao
com pérolas de vidro por 10 min na presencga de Trizol (GIBCOT'\’I Invitrogen Corporation), seguindo o
protocolo do fabricante. Os oligonucleotideos iniciadores foram desenhados na jungédo exon-exon,
amplificando amplicons de aproximadamente 100 a 200 pares de base. A Tabela 1 mostra a lista dos
oligonucleotideos utilizados na reagao de qRT-PCR. As reagdes de qRT-PCR foram realizadas
utilizando-se a mistura SYBR green (Applied Biosystems, Foster City, CA) no sistema StepOnePIusTM
real time PCR (Applied Biosystems) em triplicatas biolégicas. A especificidade de cada par de
oligonucleotideos utilizados foi confirmada pela visualizagdo de um unico produto de PCR em gel de
agarose 1,2%. Os oligonucletideos com as sequéncias correspondentes estdo descritos na Tabela 1.
A reacdo de PCR em tempo real foi realizada em 40 ciclos de 95 °C por 15 s e 60 °C por 1 min. A
mistura SYBR Green PCR foi utilizada adicionada de 10 pmol de cada oligonucleotideo e 40 ng de
cDNA molde, em um volume final de 25 pl. As curvas padrbes foram geradas utilizando-se uma
aliquota de cDNA de cada amostra, serialmente diluidas (1:5 da diluicdo original). Os dados foram
normalizados com o transcrito codificante para a proteina alfa tubulina amplificado em cada conjunto
de experimentos de gRT-PCR. Os niveis de expressao relativa dos genes de interesse foram
calculados utilizando-se 0 método de curva padrao para quantificagcao relativa (Bookout et al., 2006).
Os resultados foram validados pelo teste de ANOVA (one-way) seguido por comparagdes multiplas
com teste de Tukey, sendo consideradas diferengas significativas as amostras que apresentaram
valor de p < 0.05.
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Tabela 1- Lista dos oligonucleotideos utilizados

Nimero do spot Nome do gene

Oligonucleotideo

Sequéncia do oligonucleotideo

Tamanho do fragmento

(5’-3") amplificado (total bp)

13 isocitrato liase sense GAACCGACCTCCTGGCTGT 162
antisense CGTTCTTGCCTGCTTGCTCA

22,23 aldeido desidrogenase sense CCTCTTACGGCCTTGCTGC 208
antisense CGGACGCCCTTGATCTGAG

28, 29, 30, 31 enolase sense GATTTGCAGGTTGTCGCCGA 139
antisense TGGCTGCCTGGATGGATTCA

81 triosefosfato isomerase sense GATGATGAGTTTGTAGCACGG 220
antisense CGACCTTGCCCGTTCCGAT

67 alcool desidrogenase sense ATCATACGACGGGGCTTCTG 146
antisense AGTGGTAAAAGTTGGATGATTG
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4.11 — Analises por Western blotting

Extratos protéicos (30 ug) das células de micélio, levedura, transicdo de micélio para levedura
do fungo Pb01 foram quantificadas e as proteinas fracionadas por SDS-PAGE (12%), como descrito
por Laemmli (1970). As proteinas foram transferidas para membrana de nitrocelulose (HyBond ECL,
GE Healthcare) a 30 V por 16 h a 4 °C. Ap6s a confirmagéo da transferéncia seguiu-se a incubagéo
com tampao de bloqueio por 2 h a temperatura ambiente. Apds o bloqueio dos sitios inespecificos, as
membranas foram lavadas e incubadas com anticorpos policlonais selecionados. A incubagao foi
realizada a temperatura ambiente por 2 h, sob agitagdo vigorosa. Os anticorpos utilizados para essa
analise foram: isocitrato liase (Cruz et al., 2011), gliceraldeido-3-fosfato desidrogenase (adquirido de
United States Biological/Swamspscott, MA), enolase (Nogueira et al., 2010), aconitase (Brito et al.,
2011), triosefosfato isomerase (Pereira et al., 2007) e frutose-1,6-bisfosfato aldolase (38 kDa, dados
nao publicados). Anticorpo policlonal contra a proteina C-24 esterol metiltransferase foi utilizado como
controle da reagédo. Apds incubagido com anticorpo primario, as membranas foram lavadas trés vezes
e incubadas com anticorpo secundario de camundongo e/ou coelho, acoplados a fosfatase alcalina. A
incubacgédo foi realizada a temperatura ambiente por 1 h, sob agitagao vigorosa. Apds a lavagem das
membranas e incubagdo com tampao para fosfatase alcalina, as bandas reativas foram
desenvolvidas com o substrato cromogénico para fosfatase alcalina (BCIP/NBT) e a reagdo foi

interrompida pela adi¢do de EDTA 0,5M.
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V — RESULTADOS

5.1 — Transicdo dimérfica de micélio para levedura no fungo Paracoccidioides brasiliensis

A alteragdo da temperatura de 22 °c para 36 °Cc ¢ condicao que dispara a transigdo de
micélio para levedura em P. brasiliensis. A alteragdo na morfologia (Figura 9) da fase de micélio
(saprofitica) para a fase leveduriforme (patogénica) esta diretamente associada com a expressao
diferencial de proteinas, como anteriormente demonstrado em ensaios com [I-*°S] metionina (Silva et
al., 1994). No presente trabalho, foi escolhido o tempo de 22 h de incubagdo apds o inicio da
transicdo, visto que trabalhos anteriores do grupo demonstraram alteracbes na expressdo de
transcritos nesse periodo de tempo (Bastos et al., 2007). Assim, a analise protedémica foi realizada

nas fases micélio (M), levedura (L) e apds 22 h de diferenciacao (T).

5.2 — Otimizac&o dos géis bidimensionais

As condigdes para eletroforese bidimensional (2-DE) das proteinas do fungo P. brasiliensis
foram padronizados para a faixa de pH de 3-11 nao linear. Neste estudo, verifica-se a grande
capacidade da 2-DE em resolver proteinas do fungo P. brasiliensis, utilizando-se o gradiente de pH
imobilizado (IPG). Um dos problemas frequentes na eletroforese bidimensional € a presenga de
arrastes (vertical ou horizontal) na regido alcalina do gel, geralmente devido a ionizagdo de DTT ou
devido ao efeito eletroendoosmético da agua (arraste horizontal).

Os géis foram realizados com amostras preparadas em diferentes condigcées como o uso do
reagente Clean-up (GE Healthcare) para eliminar interferentes que pudessem prejudicar a focalizagao
isoelétrica das proteinas. O uso dos agentes caotropicos uréia e tiouréia também foram testados. Os
resultados demonstram que a combinacdo desses dois agentes melhora a solubilizagdo das
proteinas, principalmente as de alta massa molecular (Figura 6-A). Na tentativa de resolver o
problema do arraste na regido alcalina testamos duas concentragdes de DTT, 40 mM e 65 mM
(Figura 6-B). Embora o arraste ndo tenha sido completamente eliminado nesse teste, optamos por
usar 65 mM de DTT, visto que nessa concentracdo as proteinas foram mais bem solubilizadas. A
quantidade de CHAPS e de tampéo de IPG também foram testados (dados ndo mostrados). Optamos
em utilizar 2% de CHAPS (p/v) e 0,5% de tampao de IPG (v/v), e ndo 4% e 1%, respectivamente,
visto que nado houve alteragdo na solubilizagdo nem na resolugdo das proteinas (Figura 6-C). O
equilibrio das tiras IPGs também foi testado com o intuito de se eliminar o arraste vertical na regidao
alcalina. O tempo de equilibrio foi alterado de 15 para 40 min na etapa de reducgéo e de 15 para 40
min na etapa de alquilacdo das proteinas. Foi selecionado o tempo de 40 min devido & melhora na
separagao vertical das proteinas. A resolugdo dos spots na regido basica foi resolvida apés varias

tentativas (Figura 6 -D).
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Figura 6 - Otimizag&o dos géis 2-D - Gel bidimensional com 150 ug de extrato de proteinas. SDS-
PAGE 10%. Coloragdo pela prata. (A) Efeito da concentragcdo de caotrépicos no padréo
eletroforético de extratos de P. brasiliensis: Amostras de proteinas solubilizadas em tampao de
reidratagdo contendo uréia 8M ou uma mistura de tiouréia 2M com uréia 7M. (B) Efeito da
concentracdo de DTT no padréo eletroforético de extratos de P. brasiliensis: Amostras de
proteinas solubilizadas em tamp&o de reidratagdo contendo DTT 40 mM ou 65 mM. (C) Efeito da
concentragdo de CHAPS no padréo eletroforético de extratos de P. brasiliensis: Amostras de
proteinas solubilizadas em tampdo de reidratacdo contendo 2% ou 4% CHAPS. (D) Efeito
eletroendoosmético (EOF): Gel bidimensional com e sem arraste vetical na regido basica do gel.
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5.3 — Andlises protedmicas do fungo P. brasiliensis

As proteinas do fungo P. brasiliensis foram extraidas seguindo um procedimento ja
estabelecido (Fonseca et. al., 2001) e um protocolo para eletroforese bidimensional foi padronizado.
Utilizando uma ampla faixa de pH de 3-11 nao linear (NL) e coloragéo pela prata (sem glutaraldeido)
foi possivel a resolugdo e deteccdo de cerca de 911-1017 spots de proteinas com massas
moleculares de 11 a 127 kDa e pl de 3,3 a 11. O perfil protéico da forma miceliana apresentou uma
média de 991 spots, a forma leveduriforme 1017 spots e a transi¢ao de micélio para levedura (22 h),
911 spots. Os perfis protéicos foram reprodutiveis considerando-se as replicatas técnicas e as
amostras bioldgicas. Para se avaliar os niveis de expresséo das proteinas do fungo P. brasiliensis, a
intensidade de coloragéo dos spots nas trés condi¢cdes (M, L e T) foi comparada através do software
Image Master Platinum 6.0 (GE Healthcare). Inicialmente, foi realizado o pareamento entre as
triplicatas das amostras de micélio; em seguida o mesmo procedimento foi realizado para a forma
levedura e para transicdo de micélio para levedura (T). Logo apos, pareou-se o gel mais
representativo (master) da forma micélio com o master da formas levedura e transigcdo de micélio para
levedura (T). Foi gerada entdo, uma lista dos spots contendo dados como volume, volume
normalizado (% de cada spot) e valores experimentais de massas moleculares da segunda dimensao
e pl da primeira dimensao de todos os spots. Para comparar as diferengas na expressdo das
proteinas entre as condi¢cdes analisadas, 396 spots que parearam entre as trés condi¢cées foram
analisados estatisticamente pelo teste de ANOVA (p < 0,05). As analises revelaram que 33, 73 e 62
spots de proteinas foram diferencialmente expressos em micélio, durante a transicdo de micélio para
levedura e levedura, respectivamente. Os spots foram descritos como: sendo “comuns” as trés
condi¢des do fungo ou preferencialmente expressos em uma das trés condigbes. A Figura 7 (A-C)
apresenta um gel bidimensional (master) de cada um das trés condigdes realizadas e as proteinas

identificadas nas trés condicbes estudadas.
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Figura 7 (A) — Perfil de proteinas de P. brasiliensis identificadas por espectrometria de massa. Imagem 2-DE de micélio. Um total de 170 ug de
extrato de proteinas foram separadas em tiras de 13 cm (IPG strips), pH 3—11 n&o linear. As posi¢cdes das proteinas identificadas por espectrometria de
massa estéo indicadas pelas setas e numeros. O gradiente de pH esta marcado acima do gel e a massas moleculares do padrdo (kDa) estédo indicadas

a esquerda dos géis.
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Figura 7 (B) — Perfil de proteinas de P. brasiliensis identificadas por espectrometria de massa. Imagem 2-DE da transigao de micélio para levedura.
Um total de 170 ug de extrato de proteinas foram separadas em tiras de 13 cm (IPG strips), pH 3—-11 nao linear. As posi¢des das proteinas identificadas
por espectrometria de massa estao indicadas pelas setas e numeros. O gradiente de pH esta marcado acima do gel e a massas moleculares do padrao
(kDa) estao indicadas a esquerda dos géis.
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Figura 7 (C) — Perfil de proteinas de P. brasiliensis identificadas por espectrometria de massa. Imagem 2-DE de levedura. Um total de 170 ug de
extrato de proteinas foram separadas em tiras de 13 cm (IPG strips), pH 3—11 n&o linear. As posi¢cdes das proteinas identificadas por espectrometria de
massa estéo indicadas pelas setas e numeros. O gradiente de pH estd marcado acima do gel e a massas moleculares do padrao (kDa) estdo indicadas
a esquerda dos géis.
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5.4 — ldentificagcdes das proteinas do fungo P. brasiliensis através de espectrometria de
massa

Nesse estudo, foi utilizada uma estratégia protedmica para identificacdo de proteinas
prefencialmente expressas nas duas fases e durante estagios iniciais da transigdo do fungo P.
brasiliensis. Os spots de proteinas obtidos dos géis 2-D foram retirados, digeridos com tripsina e os
peptideos foram analisados por PMF e/ou MS/MS. As Tabelas 3-6 mostram a relagdo de todas as
proteinas identificadas obtidas por analises de PMF e MS/MS, bem como o pl e a massa molecular
tedricos e experimentais de cada spot, o numero de peptideos encontrados, a porcentagem de
cobertura de sequéncia em relacao a sequéncia total e os peptideos confirmados por MS/MS. Todas
as proteinas identificadas foram pesquisadas no banco do NCBInr com restricdo para Fungos. Cada
peptideo apresentado na Tabela obteve um score acima do valor aceitavel, indicando identidade
confiavel (p < 0,05). Foram identificadas 100 proteinas/isoformas por espectrometria de massa, sendo
18 com expressao preferencial em micélio, 30 com expressao preferencial durante a transigao de
micélio para levedura e 33 com expressao preferencial em levedura. Do total de identificacdes, 19
proteinas/isoformas nao tiveram diferenga de expressao com significancia estatistica, como ilustrado

na Figura 8.

Numero de spots
100

Transicdo de micélio
para levedura
30

Figura 8 — Diagrama representando as proteinas identificadas em cada fase do fungo. A analise
comparativa fornece as proteinas/isoformas preferencialmente expressas e as constitutivas
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Tabela 2: Identificacdo das proteinas de P. brasiliensis com expressao preferencial na fase de micélio quando comparada com as fases de transi¢do de micélio

paralevedura e com levedura

Categoria Ndmero do Probabilidade  Cobertura de Teo. Exp. Namero de Anova
funcional® Numero de acesso/Descri¢gao da proteinab spot® no Mascot® sequéncia %° MM/pr MM/pl® peptideos (p<0,05)i
encontrados
(MS/MS)"
Defesa celular e viruléncia
PAAG_03216 peroxiredoxina mitocondrial — prx1 85 114 86 24,9/5,28 24.9/4.93 2 0,030
PAAG_02725 Mn superdxido dismutase — sod 88 81 71 24,8/8,91 20,8/8,05 0,001
Metabolismo de carboidrato
PAAG_06473 manitol-1-fosfato 5-desidrogenase — mtld 51 129 62 43,1/5,66 39,9/6,27 5 0,006
Energia
PAAG_05249 aldeido desidrogenase — aldh 22 121 50 54,6/5,87 45,7/6,19 3 0,003
PAAG_05249 aldeido desidrogenase — aldh 23 177 58 54,6/5,87 45,4/6,44 8 0,001
Metabolismo de amino&cidos
PAAG_08910 D-3-fosfoglicerato desidrogenase — phgdh 11 87 41 64,1/6,55 58,1/7,82 4 0,034
Sintese e enderecamento de proteinas
PAAG_03334 peptidil-prolil cis-trans isomerase D — ppiD 52 50 43 41,4/5,36 39,3/5,08 3 0,003
PAAG_03334 peptidil-prolil cis-trans isomerase D — ppiD 53 184 68 41,4/5,36 39,2/5,20 5 0,028
PABG_00326 subunidade alfa tipo-7 do proteassoma — 78 98 55 29,3/8,25 27,7/8,92 2 0,003
psma3
PAAG_03687 componente PUP2 do proteassoma — pup2 79 136 77 26,8/4,79 27,1/14,24 5 0,017
Transducéo de sinal
PABG_07632 wos2/co-chaperona de ligagdo a Hsp90 76 78 44 23,6/4,30 27,9/3,83 2 0,009
Organizacdo celular
PAAG_08058 cofilina — cfl 94 123 61 17,5/5,68 17,0/5,72 0,001
Ciclo celular
PAAG_06751 proteina do ponto de checagem do dano ao 72 82 63 29,7/4,68 35,0/4,17 0,031
DNA rad24 —rad24
PAAG_00773 proteina do ponto de checagem do dano ao 61 184 52 32,5/4,74 37,7/4,40 9 0,025
DNA rad24 —rad24
Proteinas nédo classificadas
PAAG_00503 HAD superfamilia hidrolase 77 51 60 27,3/5,67 28,0/6,06 2 0,001
PAAG_00340 proteina hipotética conservada 92 134 58 19,2/8,61 19,2/9,58 0,035
PAAG_00340 proteina hipotética conservada 91 88 57 19,2/8,61 19,0/7,87 3 0,001
PAAG_06082 proteina da familia NmrA 73 113 38 27,5/4,90 33,9/5,62 0,001
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4Categoria functional — basedo no banco de dados de categoria functional MIPS _(http://mips.helmholtz-muenchen.de/genre/proj/yeast/listSearch.html?order=entry);
®Ntmero de acesso/descricao da proteina — nimero de acesso da proteina identificada no banco de dados do P. brasiliensis;
(http://www.broadinstitute.org/annotation/genome/paracoccidioides _brasiliensis/MultiHome.html)

°Namero do spot — numero do spot como descrito na Figura 13 (A-C);

YProbabilidade no Mascot — probabilidade obtida da busca no Mascot;

®Cobertura de sequéncia — porcentagem de cobertura de sequéncia do aminoacido em relagéo a proteina total identificada;

Teo. MM/pl (kDa) — massa molecular e pl teéricos calculados a partir da sequéncia de aminoacidos da proteina identificada;

9Exp. MM/pl (kDa) — massa molecular e pl experimental obtidos dos géis 2-DE;

"Ntmero de peptideos encontrados (MS/MS) — numero de peptideos correspondente as massas da proteina encontrada;
'ANOVA - teste de significancia estatistica para comparer as diferengas na expressao das proteinas entre as tres condigbes analisadas. Os valores da ANOVA s&o indicados (p < 0,05).
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Tabela 3: Identificac&o das proteinas de P. brasiliensis com expressao preferencial na transicdo de micélio para levedura quando comparado com as fases de
micélio e levedura

Categoria Numero do Probabilidade  Cobertura de Teo. Exp. Nidmero de Anova
funcional® Numero de acesso/Descri¢gao da proteinab spot® no Mascot® sequéncia %° MM/pr MM/pl® peptideos (p<0.05)i
encontrados
(MS/MS)"
Defesa celular e viruléncia
PAAG_07750 proteina de choque térmico Hsp88 — hsp88 1 206 46 80,7/4,92 78,6/4,60 11 0,032
PAAG_05679 proteina de choque térmico Hsp90 — hsp90 3 187 53 78,6/4,91 73,8/4,68 7 0,020
PAAG_01262 proteina hsp70 — hsp70 5 92 46 68,9/5,39 66,4/4,62 3 0,006
PAAG_01339 proteina de choque térmico SSC1 — ssc1 8 232 65 73,8/5,92 64,0/5,28 9 0,002
PAAG_08003 proteina hsp70 — hsp70 9 317 57 70,9/5,08 63,4/4,75 7 0,028
PAAG_08003 proteina hsp70 — hsp70 15 252 58 70,9/5,08 54,1/4,75 0,038
Metabolismo de carboidrato
PAAG_04444 transcetolase — tkl 7 272 50 74,9/5,97 63,7/6,96 6 0,014
PAAG_04166 transaldolase — tal 64 80 52 35,8/6,47 36,9/6,97 0,004
Glicélise
PAAG_02011 fosfoglicomutase — pgm 26 74 56 83,7/6,59 44,1/4,93 0,000
PAAG_00771 enolase — eno 28 105 66 47,4/5,67 44,1/5,64 8 0,019
PAAG_00771 enolase — eno 29 160 63 47,4/5,67 44,1/5,79 6 0,020
PAAG_04541 alcool desidrogenase — adh1 67 107 44 44,8/8,96 36,9/7,91 3 0,013
Ciclo do &cido citrico
PAAG_00053 malato desidrogenase — mdh1 71 137 70 36,0/8,99 34,8/7,99 3 0,001
Energia
PAAG_04820 ATP sintase subunidade alfa — atp5A1 17 78 53 51,0/8,67 49,1/8,72 0,014
PAAG_04820 ATP sintase subunidade alfa — atp5A1 18 96 55 51,0/8,67 49,2/8,98 0,003
PAAG_08037 ATP sintase subunidade beta — atp5B 25 251 66 55,2/5,28 45,2/4,58 0,008
Metabolismo de lipidios
PAAG_04550 2-metilcitrato sintase — mcs 35 113 58 51,6/9,02 43,8/8,83 3 0,002
Sintese e enderecamento de proteinas
PAAG_00986 disulfeto isomerase — pdi1 10 208 50 59,3/4,80 59,7/4,51 11 0,023
PAAG_08931 glutamato carboxipeptidase 19 77 67 64,6 /6,23 49,2/5,54 3 0,004
Metabolismo de aminoé&cidos e de nitrogénio
PAAG_07114 argininosuccinato sintase — argG 27 94 56 46,8/5,18 44,1/5,07 5 0,000
PAAG_03333 formamidase — fmd 32 91 48 46,1/6,10 44,0/6,86 3 0,002
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PAAG_03333 formamidase — fmd
PABG_04154 glutamato desidrogenase NADP-especifica
PAAG_02859 adenosil homocisteinase — ahcy
PAAG_06506 aspartato aminotransferase — aat
Metabolismo de nucleotideos
PAAG_03096 timina dioxigenase
Transducéo de sinal
PAAG_06996 proteina RACK1- rack1
Transporte celular
PAAG_08973 tropomiosina 1 — tpm1
Transcrigéo
PAAG_04814 proteina de ligagédo ao acido nucléico — cnbp
Proteinas néo classificadas

PAAG_08614 proteina hipotética conservada

33

36

40

48

50

66

90

84

82

135

73

90

133

133

137

75

94

72

49

51

50

65

43

58

94

43

56

46,1/6,10

50,3/7,17

49,0/5,83

50,9/8,39

41,5/5,20

35,5/6,59

18,8/4,99

30,4/9,40

28,1/5,74

43,8/7,06

43,6/7,87

42,7/6,58

40,7/8,41

40,1/4,92

36,7/7,75

19,7/4,53

25,0/7,52

25,3/6,06

0,020

0,042

0,036

0,019

0,001

0,012

0,008

0,024

0,008

dCategoria functional — basedo no banco de dados de categoria functional MIPS _(http://mips,helmholtz-muenchen,de/genre/proj/yeast/listSearch,html?order=entry);

®Ntmero de acesso/descricao da proteina — numero de acesso da proteina identificada no banco de dados do P. brasiliensis;

(http://www ,broadinstitute,org/annotation/genome/paracoccidioides _brasiliensis/MultiHome,html)

°Namero do spot — numero do spot como descrito na Figura 13 (A-C);
Probabilidade no Mascot — probabilidade obtida da busca no Mascot;

‘Cobertura de sequéncia — porcentagem de cobertura de sequéncia do aminoacido em relagéo a proteina total identificada;
Teo, MM/pl (kDa) — massa molecular e pl tedricos calculados a partir da sequéncia de aminoéacidos da proteina identificada;

9Exp, MM/pl (kDa) — massa molecular e pl experimental obtidos dos géis 2-DE;

"Numero de peptideos encontrados (MS/MS) — niimero de peptideos correspondente as massas da proteina encontrada;
'ANOVA - teste de significancia estatistica para comparer as diferengas na expressao das proteinas entre as tres condigbes analisadas, Os valores da ANOVA s&o indicados (p < 0,05),
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Tabela 4: Identificacdo das proteinas de P. brasiliensis com expressao preferencial na fase leveduriforme_quando comparado com as fases de micélio e com a transi¢cao

de micélio para levedura

Categoria Ndmero do Probabilidade  Cobertura de Teo, Exp, Namero de Anova
funcional® Numero de acesso/Descri¢gao da proteinab spot® no Mascot® sequéncia %° MM/pr MM/pl® peptideos (p<0,05)i
encontrados
(MS/MS)"
Defesa celular e viruléncia
PAAG_08059 proteina de choque térmico Hsp60 — hsp60 16 331 75 62,3/5,51 53,8 /4,91 0,027
PAAG_01339 proteina de choque térmico SSC1 — ssc1 39 73,8/5,92 42,7/5,75 4 0,000
proteina Y20 — y20 89 109 64 21,6/6,09 20,0/7,03 0,001
Metabolismo de carboidrato
PAAG_06473 manitol-1-fosfato 5-desidrogenase — mtld 47 130 35 43,1/5,66 40,7/6,59 5 0,019
Glicdlise
PAAG_07410 fosfoglicerato mutase independente de 2,3 — 12 109 52 57,3/5,37 54,7/5,42 5 0,019
bifosfoglicerato — gpm
PAAG_02869 fosfoglicerato quinase — pgk 46 154 64 45,3/6,48 41,7/5,97 3 0,000
PAAG_01995 frutose 1,6- bisfosfato aldolase — fba 57 78 49 39,8/6,14 38,2/6,90 0,008
PAAG_01995 frutose 1,6- bisfosfato aldolase — fba 58 168 60 39,8/6,14 38,6/7,15 4 0,000
PAAG_08468 gliceraldeido-3-fosfato desidrogenase — 63 246 77 36,6/8,26 37,1/9,13 5 0,002
gapdh
PAAG_00403 alcool desidrogenase — adh2 60 217 78 38,0/7,55 37,8/8,66 8 0,000
PAAG_02585 triosefosfato isomerase — tpi 81 183 75 27,2/5,39 26,1/5,54 6 0,031
PAAG_00403 alcool desidrogenase — adh2 59 111 75 38,0/7,55 38,1/8,40 0,000
Ciclo do acido citrico
PAAG_05048 aconitase — aco 4 86 19 79,2/6,49 72,9/7,72 6 0,013
PAAG_01463 succinil CoA ligase subunidade beta — sucla 45 91 62 48,6/5,74 41,9/4,81 1 0,000
Ciclo do glioxalato
PAAG_06951 isocitrato liase — icl 13 193 66 60,2/6,79 54,1/7,88 0,038
Metabolismo de lipidios
PAAG_04559 2-metilcitrato desidratase — mcd 21 99 41 62,3/8,55 46,6/7,57 0,004
PAAG_03631 12-oxofitodienoato redutase 44 294 69 43,2/8,69 41,2/9,45 5 0,000
PAAG_06309 enoil CoA hidratase — ech 80 79 52 32,1/8,89 26,7/8,62 0,006
Sintese e enderecamento de proteinas
PADG_05922 dipeptidase citosdlica ndo especifica 20 142 55 53,6/5,35 47,2/5,51 6 0,010
PAAG_03556 fator de elongagao 1-gamma 1 43 79 35 45,9/8,20 41,3/8,87 0,029
PAAG_03334 peptidil-prolil cis-trans isomerase D — ppiD 49 86 67 41,4/5,36 40,6/5,35 0,000
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PAAG_03028 fator de elongagao 1-beta 70 89 65 25,9/4,78 35,1/4,45 2 0,012

PAAG_02907 subunidade (Nas6) da particula regulatéria do 86 79 42 26,1/5,80 24,3/6,15 0,036

proteassoma-— rpn6

PAAG_00739 peptidil-prolil cis trans isomerase B — ppiB 93 127 70 22,8/7,88 18,0/8,39 5 0,003
Metabolismo de aminoéacidos e de nitrogénio

PAAG_07626 metionina sintase independente da 2 254 61 87,3/6,28 77,2/7,69 3 0,005

cobalamina — metE

PAAG_08100 O-acetil homoserine (tiol)-liase 41 161 72 47,1/6,24 42,0/7,31 5 0,009

PAAG_01321 proteina da familia oxidoredutase 2- 56 77 74 37,716,01 38,3/6,70 1 0,002

nitropropano dioxigenase — nmo

PAAG_00966 L-treonina 3-desidrogenase — tdh 55 130 75 38,1/5,86 38,1/6,33 3 0,008

PAAG_04966 provavel proteina da familia nitrilase 74 121 78 32,6/7,70 33,0/8,61 6 0,001
Metabolismo de fosfato

PAAG_00657 pirofosfatase inorganica — PPases 68 196 77 33,6/5,13 36,1/4,77 4 0,004
Metabolismo de nucleotideos

PAAG_04291 nucleosideo difosfato quinase 96 153 57 16,8/6,84 14,5/6,99 2 -

Transcricdo

PAAG_04814 proteina de ligacédo ao acido nucléico — cnbp 83 214 51 30,4/9,40 25,0/6,80 6 0,022
Ciclo celular

PAAG_04042 septina — sept1 37 86 52 44,2/5,25 43,1/5,20 0,019

dCategoria functional — basedo no banco de dados de categoria functional MIPS _(http://mips,helmholtz-muenchen,de/genre/proj/yeast/listSearch,html?order=entry);

®Numero de acesso/descri¢ao da proteina — niumero de acesso da proteina identificada no banco de dados do P. brasiliensis;

(http://www ,broadinstitute,org/annotation/genome/paracoccidioides brasiliensis/MultiHome,html)

°Namero do spot — numero do spot como descrito na Figura 13 (A-C);

YProbabilidade no Mascot — probabilidade obtida da busca no Mascot;

®Cobertura de sequéncia — porcentagem de cobertura de sequéncia do aminoacido em relagéo a proteina total identificada;

Teo, MM/pl (kDa) — massa molecular e pl tedricos calculados a partir da sequéncia de aminoacidos da proteina identificada;

9Exp, MM/pl (kDa) — massa molecular e pl experimental obtidos dos géis 2-DE;

"Ntmero de peptideos encontrados (MS/MS) — numero de peptideos correspondente as massas da proteina encontrada;

'ANOVA — teste de significancia estatistica para comparer as diferengas na expressao das proteinas entre as tres condigbes analisadas, Os valores da ANOVA s&o indicados (p < 0,05),




Tabela 5 - Identificacdo das proteinas constitutivas de P. brasiliensis quando comparadas com as fases de micélio, transicdo de micélio para levedura e
com levedura

Categoria Numero do Probabilidade  Cobertura de Teo, Exp, Nidmero de Anova
funcional® NGmero de acesso/Descricdo da proteina® spot® no Mascot® sequéncia %° MM/plf MM/pl® peptideos (p<0,05)'
encontrados
(MS/MS)"

Defesa celular e viruléncia

PAAG_05292 glutationa redutase — gsh 24 110 46 52,0/6,74 45,6/8,33 0,979

PAAG_02364 tioredoxina — trx 99 76 92 12,9/5,24 12,2/5,19 0,259

ES\AG_O5142 proteina mitocondrial de choque térmico 10 100 120 71 11,2/8,79 12,0/9,73 4 0,096

a

PAAG_08003 proteina hsp70 — hsp70 6 193 61 70,9/5,08 67,0/4,79 0,783
Metabolismo de carboidrato

PAAG_04166 transaldolase — tal 65 151 48 35,8/6,47 36,9/7,58 7 0,154

PAAG_04181 proteina de utilizagdo de sorbitol — sou2 75 84 37 31,5/7,05 32,0/8,07 0,806
Glicélise

PAAG_00771 enolase — eno 30 141 63 47,4/5,67 44,2/5,98 7 0,175

PAAG_00771 enolase — eno 31 137 57 47,4/5,67 44,0/6,21 6 0,745

PAAG_02869 fosfoglicerato quinase — pgk 42 222 71 45,3/6,48 41,9/7,57 4 0,069

PAAG_08468 gliceraldeido-3-fosfato desidrogenase — 62 234 89 36,6/8,26 37,1/8,80 7 0,081

gapdh
Ciclo do acido citrico

PAAG_08075 citrato sintase — cita 38 82 45 52,2/8,75 42,9/8,31 0,075

PAAG_08449 malato desidrogenase — mdh2 69 176 83 34,7/6,36 35,6/7,62 0,907
Metabolismo de aminoacidos

PAAG_03045 aminometiltransferase — amt 34 71 42 53,2/9,59 43,8/8,46 0,145
Sintese e enderecamento de proteinas

PAAG_02111 proteina ribossomal SO 40S— rps0 54 72 53 32,1/4,84 38,7/4,56 0,158
Metabolismo de nucleotideos

PAAG_04291 nucleosideo difosfato quinase 95 80 57 16,9/6,84 16,0/7,82 5 0,104
Transducéo de sinal

PAAG_06344 rab inibidor de dissociagéo de GDP- rdi1 14 87 57 52,5/5,44 54,1/8,54 0,425
Proteinas néo classificadas

PAAG_07772 proteina hipotética conservada 87 75 53 23,6/6,21 22,6/6,79 0,208

PABG_01179 proteina hipotética conservada 97 74 78 13,7/5,87 13,9/5,82 0,457

PAAG_07296 provavel proteina de ligagdo ao ssDNA 98 140 64 15,0/10,06 12,4/9,34 4 0,959




4Categoria functional — basedo no banco de dados de categoria functional MIPS _(http://mips,helmholtz-muenchen,de/genre/proj/yeast/listSearch,html?order=entry);
®Ntmero de acesso/descricao da proteina — nimero de acesso da proteina identificada no banco de dados do P. brasiliensis;

(http://www ,broadinstitute,org/annotation/genome/paracoccidioides _brasiliensis/MultiHome,html)

°Namero do spot — numero do spot como descrito na Figura 13 (A-C);

YProbabilidade no Mascot — probabilidade obtida da busca no Mascot;

°Cobertura de sequéncia — porcentagem de cobertura de sequéncia do aminoacido em relagéo a proteina total identificada;

Teo, MM/pl (kDa) — massa molecular e pl tedricos calculados a partir da sequéncia de aminoacidos da proteina identificada;

9Exp, MM/pl (kDa) — massa molecular e pl experimental obtidos dos géis 2-DE;

"Ntmero de peptides encontrados (MS/MS) — numero de peptideos correspondente as massas da proteina encontrada;
'ANOVA - teste de significancia estatistica para comparer as diferengas na expressao das proteinas entre as tres condigbes analisadas, Os valores da ANOVA s&o indicados (p < 0,05),
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5.5 —Localiza¢do subcelular

Foi utilizado o programa WoLF pSort (Horton et al,, 2007) para definicdo in silico da
localizagdo subcelular de proteinas (Figura 9). A maior porcentagem das proteinas identificadas foi
definida pelas analises in silico com provavel localizagao citoplasmatica (66,7%), Localizagbes em
diferentes compartimentos celulares tais como mitocéndria (22,2%), nucleo (2%), citoesqueleto (3%),

peroxissomo (2%), reticulo endoplasmatico (1%) e proteinas extracelulares (4%), foram preditos.

R Espaco extracelular
Mitocdndria ________..—-——-— 4%

22.2% '\

Citoesqueleto
3% 21\

Nucleo
2%

Reticulo

endoplasmatico
1%

Citoplasma

Peroxissoma 66.7%

1%

Figura 9 — Analises in silico da localizagc&do subcelular das proteinas de P. brasiliensis

5.6 — Correlacédo entre valores experimentais e tedricos

Os resultados obtidos apés analises no programa Mascot mostraram que a massa molecular
e o pl tedricos estdo em concordancia com os valores encontrados nos géis 2-D, mas algumas
proteinas apresentaram pequenos desvios no gel 2-D. Esses desvios podem ser devido a técnica ou
devidas as modificagdes poés-traducionais. Foram realizados testes de correlagdo entre os valores
tedricos e experimentais de massas moleculares e entre os valores tedricos e experimentais de pl.
Notamos que a correlagéo estatistica da massa molecular foi maior (Pearson r = 0,995; p < 0,001) do
que a correlagao de pl (Pearson r = 0,852; p < 0,001) (Figura 10). A baixa correlagédo entre os valores
tedricos e experimentais de pl pode ser devida a ocorréncia de modificagdes pos-traducionais (MPTs)
(Halligan et al,, 2004; Charneau et al,, 2007).
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Figura 10 — Grafico de correlagdo entre a massa molecular experimental e teé6rica (A) e entre o pl
experimental e tedrico (B), Os valores foram obtidos pela média dos nove géis das trés condi¢cdes estudadas.
Os valores da correlagdo foram: Pearson r = 0,995; p < 0,001 para os valores da massa molecular (kDa) e
Pearson r = 0,852; p < 0,001 para os valores de pl.
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5.7 — Proteinas do fungo P. brasiliensis preferencialmente expressas na fase de micélio

Com a espectrometria de massa foi possivel identificar-se 100 proteinas/isoformas, sendo 81
com expressao preferencial em uma das trés condicbes analisadas nesse estudo, e 19
proteinas/isoformas nao tiveram diferenga de expressdo com significancia estatistica. Com relacéo a
fase miceliana, 18 proteinas/isoformas foram identificadas como diferencialmente expressas (Tabela
2), sendo que 12 proteinas/isoformas foram confirmadas por MS/MS, com score variando de 50 a 177
para MS e de 51 a 283 para MS/MS. Todas as proteinas identificadas foram submetidas a
classificagdo functional (MIPS) e agrupadas nas categorias de defesa celular e viruléncia,
metabolismo de carboidrato, energia, metabolismo de aminoacido, sintese e enderegamento de
proteinas, tradugdo de sinal, organizacdo e ciclo celular. As proteinas envolvidas na resposta ao
estresse celular, manganés-superoxido dismutase (Mn-SOD) e peroxiredoxina PRX1, estdo entre as
proteinas preferencialmente expressas em micélio, Isoformas foram identificadas na analise de
proteinas diferenciais da fase miceliana, tais como aldeido desidrogenase (spots 22 e 23), e uma
proteina hipotética nos spots 91 e 92. Enzimas envolvidas no metabolismo de aminoacidos e
proteinas relacionadas as vias de transducdo de sinal apresentaram expressado preferencial em
micélio. A Figura 11 apresenta regides dos géis de micélio, transi¢cado e levedura indicando alguns

spots identificados com expressao preferencial em micélio, de acordo com a Tabela 2.
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Micélio Transicao 22 hs Levedura

Figura 11 — Ampliagdo da area dos spots mostrando as diferengas na expressdo da proteina entre as trés condigées analisadas: micélio, transicdo de micélio para
levedura e levedura. Os spots representando cada proteina estéo circulados em branco. O nome da proteina, o nimero do spot e o nimero de acesso no genoma
estrutural de P. brasiliensis estéo indicados a esquerda da Figura.

Spot 11 - PAAG_08910
D-3-fosfoglicerato
desidrogenase

Spot 88 - PAAG_02725
superoxido dismutase

Spot 92 - PAAG_00340
proteina hipotética

Spot 91 - PAAG_00340
proteina hipotética
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5.8 — Proteinas do fungo P. brasiliensis preferencialmente expressas na transi¢do de micélio
para levedura

As proteinas de P. brasiliensis com expressao preferencial durante a transicdo de micélio
para levedura sdo mostradas na Tabela 3. Das 30 proteinas/isoformas identificadas, 19 foram
confirmadas com 3 a 11 peptideos por MS/MS, Os valores dos scores variaram de 72 a 317 para MS
e de 49 a 468 para MS/MS. HSPs sao induzidas apds a mudanga de temperatura (spots 1, 3, 5, 8,9 e
15). Algumas enzimas da via glicolitica como a enolase e a fosfoglicomutase sdo mais abundantes
durante o processo de transi¢gdo. Enzimas envolvidas na via da pentose fosfato foram também mais
abundantes durante a transigdo, em comparagéo a micélio e levedura. Ressalte-se ainda a expressao
mais abundante de algumas enzimas envolvidas fosforilagdo oxidativa. A Figura 12 apresenta regides
dos géis de micélio, transicdo e levedura indicando alguns spots identificados com expressao

preferencial durante a transi¢do morfolégica, de acordo com a Tabela 3.
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Transi¢cao 22 hs Levedura

Spot 7 - PAAG_04444
transcetolase

Spot 25 - PAAG_08037
ATP sintase
subunidade beta

Spot 27 - PAAG_07114
argininosuccinato
sintase

Spot 35 - PAAG_04550
2-metilcitrato
sintase

Figura 12 — Ampliagéo da area dos spots mostrando as diferengas na expressao da proteina entre as trés condigbes analisadas: micélio, transigdo de micélio para
levedura e levedura, Os spots representando cada proteina estdo circulados em branco. O nome da proteina, o nimero do spot e o niumero de acesso no genoma
estrutural de P. brasiliensis estéao indicados a esquerda da Figura.
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5.9 — Proteinas do fungo P. brasiliensis preferencialmente expressas na fase de levedura

Como demonstrado na Tabela 4, foi possivel a identificagdo de 32 proteinas/ isoformas cuja
expressao foi maior na fase leveduriforme. Os scores obtidos foram de 77 a 331 para MS e de 50 a
310 para MS/MS e 20 proteinas/isoformas foram confirmadas por MS/MS. Varias enzimas da via
glicolitica, como fosfoglicomutase, fosfoglicerato quinase, gliceraldeido-3-fosfato desidrogenase,
triosefosfato isomerase e frutose-1,6-bifosfato aldolase s&o preferencialmente expressas na fase
leveduriforme. Uma isoforma da enzima alcool desidrogenase (ADH2) foi mais expressa na fase
leveduriforme. Algumas enzimas do metabolismo de lipideos foram induzidas na fase leveduriforme,
como metilcitrato desidratase, enoil-CoA hidratase e a 12-oxofitodienoato redutase. Aconitase e
succinyl CoA ligase, enzimas do ciclo de Krebs, assim como isocitrato liase, membro do ciclo do
glioxilato, foram mais expressas na fase leveduriforme do fungo. Outras proteinas classificadas como
defesa celular e viruléncia e identificadas como mais expressas na fase leveduriforme incluem: uma
proteina homologa a flavodoxina, a Y20 e proteinas de choque térmico, tais como Hsp60 e SSC1. A
Figura 13 apresenta regibes dos géis de micélio, transicdo e levedura indicando alguns spots
identificados com expressao preferencial em levedura, de acordo com a Tabela 4.

Uma anadlise detalhada das fungdes bioldgicas das proteinas identificadas nos permitiu

reconstruir as vias metabdlicas que estdo esquematizadas na Figura 14.

69



Transicao 22 hs Levedura

Figura 13 — Ampliagéo das regides dos géis que mostram as diferencas na expresséo da proteina entre as trés condigbes analisadas: micélio, transicéo e levedura, Os
spots representando cada proteina estdo circulados em branco. O nome da proteina, o nimero do spot e o nimero de acesso no genoma estrutural de P. brasiliensis
estdo indicados a esquerda da Figura.

Spot 45 - PAAG_01463
succinil CoA ligase
subunidade beta

Spot 41 - PAAG_08100
O-acetil homoserina

Spot 49 - PAAG_03334
peptidil-prolil cis-trans
isomerase D

Spot 80 - PAAG_06309
enoil CoA hidratase
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5.10 — Proteinas do fungo P. brasiliensis constitutivamente expressas nas condi¢cdes
analisadas

Dentre as proteinas/isoformas analisadas, dezenove nao apresentaram diferenca de
expressao com significancia estatistica (ANOVA; p > 0,05) entre as trés condigdes
estudadas (Tabela 5). A cobertura de sequéncia foi de 42 a 92% e score no Mascot variando
de 71 a 234 para MS e de 120 a 289 para MS/MS. Entre as proteinas com expressao
constitutiva destacam-se isoformas de moléculas diferencialmente expressas em fases

morfolégicas do fungo tais como HSP70, enolase e transaldolase.
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Figura 14 — Modelo proposto para as alterac6es metabdlicas que ocorrem durante a transicdo de micélio para levedura. A expressao diferencial das proteinas é
indicada pelas cores, verde, azul ou vermelha, indicando que sdo mais abundantes em micélio, transicdo de micélio para levedura e levedura, respectivamente.
As vias metabdlicas esquematizadas acima sdo baseadas nas vias disponiveis no banco de dados KEGG, CAT — ciclo do acido tricarboxilico; CMC — ciclo do metilcitrato; CG
— ciclo do glioxalato. As enzimas hiper reguladas sdo: ACO — Aconitase; ADH1 — &lcool desidrogenase 1; ADH2 — alcool desidrogenase 2; FBA — frutose bifosfato 1,6-
aldolase; ECH — enoil-CoA hidratase; ENO — enolase; GAPDH — gliceraldeido 3-fosfato desidrogenase; GDH — glutamato desidrogenase; ICL — isocitrato liase; MCD —
metilcitrato desidrogenase; MCS — metilcitrato sintase; MDH — malato desidrogenase; PGD — 3 — fosfoglicerato desidrogenase; PGK — fosfoglicerato quinase; PGL —
fosfoglicomutase; PGM — fosfoglicerato mutase; PRX — peroxirredoxina mitocondrial; SOD — Mn superoxido dismutase; SUCLA — succinil-CoA ligase; TAL — transaldolase;
TKL — transcetolase; TPI — triose fosfato isomerase; ATPa — ATPase subunidade alfa; ATPb — ATPase subunidade beta.
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5.11 — Modifica¢8es pds-traducionais (MPTs): analises de acetilagdo, oxidacao e fosforilagéo,
Nesse estudo foram identificados 34 spots de proteinas que sdo representados por mais de
uma isoforma com diferentes massas moleculares (MMs) e PIS. Essas isoformas geralmente
originam-se de modificagdes poés-transducionais (MPTs) como fosforilagdo, glicosilagédo, acetilagao,
acilagéo, ubiquitinagdo ou clivagem proteolitica (Goérg et al,, 2004). Para investigar as MPTs, foram
selecionados os espectros MS da proteina de interesse e realizadas as buscas no MASCOT com
adicdo de algumas modificagbes variaveis, como: oxidacao de histidina/triptofano (HW), acetilagéo de
lisina (K) e fosforilagcdo de serinaltirosina/treonina (S-T-Y). As analises indicaram um aumento na
cobertura de sequéncia das proteinas e dos valores de massas encontradas (Tabelas 6 e 7). Os
resultados mostraram que muitas isoformas seriam decorrentes de MPTs, especificamente

fosforilagao de serinaltirosina/triptofano bem como a acetilagéo de lisina.
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Tabela 6 — Predicdo das modificagdes pés-traducionais das isoformas das proteinas identificadas

Descricio da proteina Numero de Numero Expresséo Teo, MM Exp, MM MPTs+ Cobertura de N° de massas
& b acesso do spot preferencial* (kDa)/pl (kDa)/pl sequéncia % encontradas
- 7
9 T 70,9/5,08 63,4/4,75 > 39
, acet(k) 69 51
proteina hsp70 PAAG_08003 54 36
6 C 70,9/5,08  67,0/4,79 i
fosfo (S-T) 66 45
- 66 24
28 T 47,4/5,67 44,1/5,64
fosfo (S-T) 71 39
29 T 47,4/567 44,1/5,79 i 63 24
fosfo (Y) 68 32
enolase PAAG 00771 63 23
30 C 47,4/5,67  44,2/5,98
T 7 acet(k) 66 28
- 57 21
1 47,4/5,67 44 21
3 c A/5.6 058, acet(k) 64 27
fosfoglicerato quinase PAAG_02869 46 L 45,3/6,48 41,7/5,97 i 64 27
9 g - i 1o fosfo (Y) 80 44
63 L 36,6/8,26  37,1/9,13 ) ’ 27
gliceraldeido-3-fosfato fosfo (S-T) 85 31
; PAAG_08468
desidrogenase 62 C 36,6/8,26  37,1/8,80 i 89 29
Y Y fosfo (S-T) 93 35
formamidase PAAG_03333 32 T 46,1/6,10 44,0/6,86 i 48 17
- T T acetyl (k) 57 22
- 68 22
peptidil-prolil cis-trans isomerase D PAAG_03334 53 M 41,4/5,36  39,2/5,20  gcet(k)+phospo 79 32
(S-T)
- 55 26
ATP sintase subunidade alfa PAAG_04820 18 T 51,0/8,67 49,2/8,98 phospo(Y) 62 30
acet(k) 57 46
roteina de choque térmico SSC1 PAAG_01339 8 T 73,8/5,92 64,0/5,28 i 65 41
P g - O, DA phospo(S-T) 69 50

*Expressao preferencial em: micélio (M), transi¢édo (T) e levedura (L); C: proteinas constitutivas;

TMPTs — modificagdes pos-transducionais: acet (K) — acetilagéo de lisina; fosfo (S-T-Y) — fosforilagdo de serina, treonina e tirosina;

Valores obtidos na busca pelo MASCOT utilizando-se modificagbes variaveis.
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Tabela 7 — identificacdo dos espectros das modificacdes pbs-traducionais das isoformas das proteinas identificadas

Descricdo da proteina Namero MPTst Sequéncia do peptideo Localizagéo§do Massa tedrica* Massa obtida#
do spot peptideo
acet(K) TTPSFVAFTDTERLIGDAAK 35-54 2139,08 2181,09
acet(K) QFTPEEISSMVLTK 111-124 1608,81 1650,82
° acet(K) DNNLLGKFELTGIPPAPR 451-468 1951,05 1993,06
Proteina hsp70

acet(K) ELESVANPIMMK 597-608 1360,67 1402,68
fosfo (S-T) IQKLVSDFFNGK 344-355 1394,76 1474,72
° fosfo (S-T) TEIDKTVSWLDENQTATK 571-588 2078,02 2397,88
28 fosfo (S-T) SKWLTYEQLADLYK 272-285 1756,90 1836,86
29 2 fosfo (Y) WLTYEQLADLYK 274-285 1541,78 1701,70
Enolase acet(K) SKWLTYEQLADLYK 272-285 1756,90 1798,91
% acet(K) WLTYEQLADLYK 274-285 1541,78 1583,78
31 acet(K) SKWLTYEQLADLYK 272-285 1756,90 1798,91
fosfo (Y) KQLTTLGDIYINDAFGTAHR 152-171 2233,15 2313,11

Fosfoglicerato quinase 46
fosfo (Y) KELEYFAK 192-199 1026,54 1106,50
GAPDH 63 fosfo (S-T) VIISAPSADAPMFVMGVNEK 119-138 2075,04 2155,00
fosfo (S-T) VIISAPSADAPMFVMGVNEK 119-138 2075,04 2155,00
GAPDH 62 2 fosfo (S-T) VIISAPSADAPMFVMGVNEK 119-138 2075,04 2234,97
fosfo (S-T) GILGYSEDALVSTDLNGDPR 272-291 2091,01 2170,97
Formamidase 32 acet(K) VVAKPPEPINVHAGSASDAIKAK 188-210 2340,28 2298,27
Peptidil-prolil-cis-trans 53 acet(K) + RFDDAQTWAGFALETATAAQAK 284-305 2368,14 2570,08

isomerase D 2 fosfo (S-T)

ATP sintase cadeia alfa 18 2 fosfo (Y) EAYPGDVFYLHSRLLER 338-354 2064,04 2223,97
acet(K) WNDTGDETK 235-243 1064,44 1106,45
Proteina de choque 8 fosfo (S-T) SSSRSSAYK 20-28 971,47 1051,43
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térmico SSC1 2 fosfo (S-T) YSPSQIGGFVLQK 157-169
2 fosfo (S-T) AAIEAANRADSVLNDTEK 573-590

1422,75
1886,93

1582,68
2046,86

TMPTs — Modificagdes pos-traducionais: acet(K) — acetilagdo de lisina; phospo (S-T-Y) — fosforilagéo de serina, treonina e tirosina;
§ Localizagdo do peptideo na sequencia da proteina;

*Massa molecular teérica sem qualquer MPT,;

*Massa experimental obtida nas analises dos espectros.
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5.12 — Analises de transcritos por RT-PCR em tempo real (QRT-PCR)

Para analise de possivel correlagédo entre os perfis protéicos e padrdes transcricionais, foram
realizadas andlises de expressdo de transcritos selecionados, cDNAs foram sintetizados e a
quantidade de transcritos foi analisada por qRT-PCR, com oligonucleotideos amplificadores
especificos. Foram investigados perfis de expressdo de genes nos estagios de micélio e levedura,
assim como durante a transicdo de micélio e conidios para levedura. A Figura 15 apresenta uma
visdo morfolégica do processo de transicao dimérfica de micélio para levedura e de conidio-levedura.
Como pode ser observado, apos 22 h de transigdo de micélio para levedura verifica-se a presencga de
células com morfologia arredondada, padrdo similar verificado para a transicdo conidio-levedura,

(Figura 15, painéis A e B, respectivamente).

Figura 15 — Transicdo dimérfica em P. brasiliensis, Micélio ap6s crescimento — 22 °C por 5 dias (M) foi
transferido para a temperatura de 36 °C durante 22 h (T) e 15 dias (L), (B) — Conidios foram obtidos (C) e
transferidos para 36 °c por 22 h (T) e 15 dias (L), As imagens foram obtidas em microscépio (Eclipse TE 2000S,
NIKON), com uma ampliagédo de 40x.

A comparagdo entre os niveis de mRNA e de proteinas foi realizado por gRT-PCR de cinco

genes selecionados, como demonstrado na Figura 16 painéis | e Il, respectivamente.
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Figura 16 — () Analises de transcritos por RT-PCR em tempo real (QRT-PCR). Analises de qRT-PCR foram
realizadas com RNAs derivados de micélio (M), transicdo de micélio para leveduras (T), conidio (C), transi¢do conidio-
leveduras (C-L) e leveduras (L). Transcritos codificando para isocitrato liase, enolase, triosefosfato isomerase, alcool
desidrogenase e aldeido desidrogenase foram analisados. As reagbes foram realizadas em ftriplicatas. Para a
normalizacdo de cada transcrito foi utilizado o gene codificante de tubulina alfa. A barra de erros indica o desvio padréo
de trés experimentos independentes, realizados em triplicatas. Os dados foram analisados estatisticamente por one-way
ANOVA e comparagdes multiplas do teste de Tukey. Os simbolos indicam auséncia de diferenga de expressdao com
significancia estatistica (p < 0,05) entre as amostras. (Il) — Niveis de expressdo das proteinas com a variacdo da
porcentagem de volume dos spots em micélio (M), transicdo de micélio para levedura apds 22 h (T) e levedura
(L), A média das trés replicatas bioldgicas do experimento e o teste one-way ANOVA (p < 0,05) sdo mostrados.
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Os niveis dos transcritos codificantes da isocitrato liase (Figura 16A) sao correlacionados com
os niveis da proteina, com um aumento da expressao na fase leveduriforme (Figura 16B). Os niveis
dos transcritos da enolase (Figura 16C) na transicdo de micélio para levedura e na transi¢do de
conidio para levedura também sao correlacionados com o aumento da expressao da proteina, como
demonstrado por analises protedmicas (Figura 16D). Com relagdo a triosefosfato isomerase, o
transcrito foi mais abundante durante a transigdo de micélio para levedura e durante a transigéo de
conidio para levedura (Figura 16E); andlises protedmicas mostraram expressao preferencial em
levedura (Figura 16F). Os niveis dos transcritos codificante para alcool desidrogenase aumentaram
principalmente na transicdo de conidio para levedura (Figura 16G). Os transcrito codificante para
aldeido desidrogenase mostrou uma maior expressdo em micélio, comparado com levedura, o que
também ¢é correlacionado com as analises protedmicas (Figura 16H), embora um significante

aumento na expressao do transcrito foi observado durante a transi¢cao de conidio para levedura.

5.13 — Analises por Western blotting

Para corroborar a abundancia de algumas proteinas identificadas, analises de Western blot
foram realizadas com seis proteinas do P. brasiliensis, no qual extratos de micélio, transicdo de
micélio para levedura e de levedura foram utilizados (Figura 17). Como demonstrado por analises de
Western blot, a expressdo das enzimas triosefosfato isomerase, frutose 1,6-bifosfato aldolase,

gliceraldeido 3-fosfato desidrogenase, aconitase e enolase corroboram as andlises protedmicas.

Isocitrato liase Triosefosfato isomerase Frutose 1,6-bifosfato
aldolase
M T L M T L M T L
Gliceraldeido 3-fosfato Aconitase Enolase

desidrogenase

M T L ™M T L M T L
— -
G
c24-esterol metiltransferase
M il L
-

Figura 17 — Analises por Western blotting. (A) — Um total de 30 ug de proteinas extraidas de micélio (M),
transicdo de micélio para levedura apds 22 h (T) e de levedura (Y) foram fracionadas por SDS-PAGE (12%) e
transferidas para membrana de nitrocelulose. Extratos de proteinas de M, T and L apés a reagdo com anticorpo
policlonal anti- isocitrato liase (ICL), triosefosfato isomerase (TPI), frutose 1,6-bifosfato aldolase (FBA),
gliceraldeido-3-fosfato desidrogenase (GAPDH), aconitase (ACO) e enolase (ENO). A proteina c24-esterol
metiltransferase foi utilizada como controle da reagdo. As bandas reativas reagiram com anticorpos policlonais
de camundongos ou de coelho acoplados a fosfatase alcalina e reveladas com BCIP (5-bromo-4-cloro-3-indolil-
fosfato) e NBT (nitro azul de tetrazol).
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Discussao

“Nao siga a estrada, apenas;
ao contrario, va por onde nao haja
estrada e deixe uma trilha”

Ralph Waldo Emerson




VI — DISCUSSAO

O nosso objetivo foi investigar possiveis alteragdes no proteoma de P. brasiliensis nas
diferentes fases de desenvolvimento. Abaixo estdo discutidas as principais alteragdes detectadas por

analises protedmicas durante as fases de transi¢do do fungo.

6.1 — Proteinas com expresséo preferencial em micélio

A formacgao de intermediarios reativos de nitrogénio (RNI) e oxigénio (ROI) € um dos mais
importantes mecanismos de defesa contra os microorganismos e constitui um dos principais fatores
de viruléncia entre as espécies resistentes aos ROS (espécies reativas ao oxigénio) (Nathan and
Shiloh, 2000). Nesse estudo, foram identificadas duas proteinas antioxidantes de defesa contra os
ROS, a Mn superéxido dismutase (MnSOD) e a peroxiredoxina mitocondrial PRX1, ambas
abundantes na fase miceliana. Em células eucaritticas, a MnSOD ¢ sintetizada no citosol e depois
transportado para as mitocondrias. Como os RNI e ROI sdo produzidos por células aerdbicas, a
identificagdo dessas duas enzimas na fase de micélio é consistente com os dados de Felipe (2005) e
Nunes (2005) de que micélio apresenta um metabolismo mais aerébio em comparagao com a forma
leveduriforme. A deteccdo dessas proteinas em micélio também sugere uma possivel fungdo de
proteger o P. brasiliensis de danos causados pelos intermediarios reativos do oxigénio.

Proteinas envolvidas na transdugéo de sinal, organizagédo do citoesqueleto e no ciclo celular
mostraram uma expressao preferencial em micélio. A Wos2 - uma co-chaperona de associagéo a
Hsp90 - codifica uma proteina com homologia a p23 humana, e tem sido descrita como uma proteina
relacionada com a proliferagéo celular e interage com a proteina quinase Cdc2, que é uma proteina
de controle mitético em todas as células eucaritdticas (Mufioz et al., 1999). Outra proteina identificada
em micélio é a cofilina, uma proteina de baixo peso molecular e de ligagado a actina. Os fatores de
despolimerizagéo da actina (ADFs, também conhecidos como destrinas) e as cofilinas sdo chamados
de ADF/cofilinas (Maciver & Hussey, 2002). Experimentos realizados na levedura Saccharomyces
cerevisiae demonstram que a cofilina despolimeriza e separa os filamentos de actina devido a sua
habilidade de se ligar a tropomiosina (Fan et al., 2008). Dois spots de proteinas representando dois
genes diferentes da proteina do ponto de checagem do dano ao DNA rad24 foram identificados como
mais abundantes em micélio. No fungo Schizosaccharomyces pombe o gene rad24 codifica o
homologo 14-3-3 (Oowatari et al., 2009) e é necessario para reparar erros de recombinacao antes da
fase de mitose (Ford et al.,, 1994). As proteinas 14-3-3 fazem parte de uma grande familia de
proteinas conservadas que se ligam a diversas proteinas de sinalizagdo, incluindo quinases,
fosfatases e receptores transmembrana (Fu, 2000). Em Saccharomyces cerevisiae 14-3-3 os genes
ortélogos, Bmh1 e Bmh2, estdo envolvidos na regulagdo do ciclo celular, transdu¢cdo de sinal,
crescimento celular e morfogénese (Nicola et al., 2005). Maior expresséo das proteinas Wos2, cofilina
e 14-3-3 sugerem uma importante fungdo na organizagao/manutencdo da estrutura celular em
micélio.

6.2 — Proteinas com expresséo preferencial na transicdo de micélio para levedura
O aumento na expressdo das enzimas alcool desidrogenase (ADH1), fosfoglicomutase e a

enolase, as duas ultimas envolvidas na via glicolitica, sugerem um aumento dessa etapa metabdlica
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durante a transicdo dimérfica, contribuindo para a producdo de moléculas de ATP. Igualmente, a
expressdo de enzimas da via pentose-fosfato, transaldolase e transcetolase, poderiam levar a um
aumento na produgéo de gliceraldeido-3-fosfato a ser utilizado na glicélise. Outra importancia da via
pentose-fosfato refere-se a produgdo de NADPH, um doador de elétrons para manutencao glutationa
redutase num estado reduzido, mantendo os grupos sulfidrilas reduzidos e protegendo as células de
radicais livres de oxigénio. A enzima glutationa redutase apresentou expressao constitutiva quando
comparada com a trés condi¢des analisadas.

A proteina fosfoglicomutase foi induzida durante a transicdo de micélio para levedura,
Monteoliva et al., (2010) identificaram, dentre as proteinas induzidas durante a transicdo do fungo
Candida albicans a enzima fosfoglicomutase. Os autores sugerem que a fosfoglicomutase esteja
envolvida na conversao de glicose-6-fosfato em glicose-1-fosfato, que depois poderia ser convertida
em UDP-glicose. A glicose pode entdo ser utilizada na sintese de proteinas N-glicosiladas e de -
glicana. Estudos transcricionais realizados em nosso laboratério por Bastos et al., (2007)
identificaram que o transcrito codificante da enzima fosfoglicomutase é induzido na transicdo de
micélio para levedura, corroborando os resultados de proteoma, reforcando a hipétese de que a
fosfoglicomutase poderia estar envolvida na sintese de componentes da parede celular do fungo P.
brasiliensis. Ressate-se que os dados transcricionais apontam para intensa sintese/remodelamento
da parede celular durante a transigao dimoérfica (Bastos et al., 2007).

O catabolismo de acidos graxos em microorganismos patogénicos € de importancia para a
sua viruléncia e sobrevivéncia (Mufoz-Elias et al., 2006). O aumento da expressao da enzima
metilcitrato sintase indica que P. brasiliensis utiliza o ciclo do metilcitrato durante a fase de transi¢ao
para oxidar o propionil-CoA a piruvato. Foi demonstrado que a delegdo do gene metilcitrato sintase no
fungo Aspergillus fumigatus levou a atenuagdo da viruléncia (Brock et al., 2004).

Um aumento de enzimas envolvidas no metabolismo de aminoacidos foi identificado durante
estagios iniciais da transicao do P. brasiliensis. Analises do fungo P. brasiliensis detectaram que o
transcrito codificante da enzima argininosuccinato sintase é diferencialmente expresso durante a
transicdo de micélio para levedura (Arraes et al, 2005), confirmando os resultados obtidos nas
analises protedmicas. Outra enzima identificada durante a transicdo dimorfica foi a formamidase,
Borges et al., (2010) detectaram a formamidase no citoplasma e na parede celular de P. brasiliensis.
A localizagdo na parede celular sugere que essa enzima possa contribuir para a viruléncia do fungo,
uma vez que a produgao de amobnia pode danificar tecidos do hospedeiro, além de ser uma fonte de
nitrogénio.

Durante a transicdo do fungo Histoplasma capsulatum o aminoacido cisteina € necessario
para completar a transi¢do para a forma leveduriforme (Maresca et al., 1981). Igualmente, a enzima
adenosil homocisteinase, envolvida com a sintese dos aminoacidos metionina e cisteina, foi
identificada durante a transigdo de micélio para levedura. Ambos os fungos, Histoplasma capsulatum
e P. brasiliensis, utilizam a cisteina e outros compostos sulfidrilicos para reativar o sistema de
transporte de elétrons que estdo bloqueados durante a transicdo (Medoff et al., 1987). Em adigéo,
enzimas da fosforilagao oxidativa, as ATP sintases, sao induzidas durante a transicao de micélio para

levedura.
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Durante a adaptagdo celular de P. brasiliensis as mudangas de temperatura, como ocorre na
transicdo de micélio para levedura, ocorre a indugao de proteinas relacionadas ao choque térmico
(HSPs). Como esperado, identificamos varias HSPs, incluindo HSP70, HSP88, HSP90 e HSP SSC1.
As proteinas HSP70 identificadas na transicdo (spots 5, 9 e 15) apresentaram o mesmo perfil de
acumulo, ou seja, com progressivo aumento no inicio da transi¢do seguido de um leve decréscimo
durante a fase leveduriforme. Goldman et al., (2003) mostraram que o gene codificante da HSP70
tem um progressivo aumento apés 5 h de transicdo de micélio para levedura, e declina apés 48 h e
120 h. Dados similares foram relatados em estudos anteriores de nosso laboratério (Silva et al.,
1994). Outra proteina de choque térmico com expresséo preferencial na transicéo ¢ a HSP90. Essa
chaperona auxilia no enovelamento e na estabilizagdo de polipeptideos e, em alguns fungos
patogénicos tem importante fungéo, atuando como um antigeno imunodominante, sendo um potencial
alvo para antifungicos (Nicola et al., 2008). Os autores testaram dois inibidores da HSP90, o radicicol
e a geldanamicina, Os dois farmacos foram letais para o crescimento das células leveduriformes do
P. brasiliensis 01, confirmando a importancia dessa proteina na fisiologia do fungo. A Hsp90 foi
detectada como uma proteina abundante nas hifas do fungo C, albicans em estudos protedmicos
realizados durante a transicao levedura-hifa (Monteoliva et al., 2010) e, recentemente, foi descrita
como uma proteina que orquestra a morfogénese em C, albicans sob condigbes de mudanca de
temperatura (Shapiro et al., 2009).

A proteina disulfeto isomerase (Pdi) também foi identificada durante a fase de transigcao
morfolégica; essa molécula promove a formagéo de ligacao dissulfeto nas proteinas enderegadas ao
reticulo endoplasmatico (Freedman et al., 1994). As Pdis tém sido descritas como proteinas de
enovelamento de antigenos/alérgenos dos fungos Aspergillus niger e A, fumigatus isolados de
pacientes com aspergilose broncopulmonar alérgica (Liang et al., 2005 & Nigam et al., 2001). Na
busca por proteinas candidatas a vacinas e alérgenos, Asif (2005) identificaram uma provavel Pdi na
superficie de conidios do fungo A, fumigatus, No fungo Ustilago maydis as Pdis tem sido relacionadas
com a transicdo dimorfica do fungo (Béhmer et al., 2007). Os resultados obtidos no proteoma do
fungo P. brasiliensis, confirma a importancia da Pdi na estabilizagdo das proteinas em condi¢bes de
estresse térmico.

Outras proteinas identificadas na transicdo de micélio para levedura estao associadas com
fungdes de transcricdo, transporte celular e sinalizagdo. Nesse grupo esta uma isoforma da proteina
de ligacao ao acido nucléico, bem como a tropomiosina e a proteina RACK1.

A polarizagado celular é importante para diversas atividades celulares, como transicéo
morfoldgica, migragao celular, crescimento polarizado, diviséo celular e endocitose. A identificagao
da enzima tropomiosina é compativel com as alteragbes na morfologia das células do P. brasiliensis
durante a transicao.

A Rack1 (receptor for activated C kinases) € uma proteina que atua como um conjunto de
complexos de sinalizagdo, o que leva a uma diversidade funcional, incluindo regulagdo em nivel
transcricional e traducional, regulagcéo do trafico de membranas, regulagao da transdugao de sinal e
adeséo celular (Sklan et al., 2006). Em Caenorhabditis elegans a Rack1 atua como um componente

de uma nova via de sinalizagédo envolvendo Rac GTPases e sugere-se que possa estar envolvida na
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regulacdo do citoesqueleto da actina (Demarco & Lundquist, 2010) e na citocinese, e como
consequéncia, a perda da rack1 pode levar a defeito na separagdo dos cromossomas (Ai et al.,
2009).

6.3 — Proteinas com expressao preferencial na fase leveduriforme

Como ja evidenciado por estudos transcricionais, duas isoformas da enzima fermentativa
alcool desidrogenase (ADH2) foram abundantes na fase leveduriforme. Ao contrario, um aumento de
varias enzimas da via glicolitica como, frutose 1,6-bifosfato aldolase, triosefosfato isomerase,
gliceraldeido-3-fosfato desidrogenase, fosfoglicerato quinase e fosfoglicerato mutase foram
detectadas em leveduras. Em adi¢do, uma enzima do ciclo de acidos tricarboxilicos, a succinil CoA
ligase também foi induzida em levedura, sugerindo que tanto a fermentagdo quanto a respiragao
aerdbica estao presentes na forma leveduriforme.

A importancia do ciclo do metilcitrato para eliminar o propionil-CoA, tem sido demonstrada por
patégenos (Munoz-Elias et al., 2006). As enzimas metilcitrato sintase e metilcitrato desidratase foram
identificadas no proteoma do P. brasiliensis com expressao preferencial durante a transicao de
micélio para levedura e em levedura, respectivamente. Em adic&o, o ciclo do glioxalato tem sido
relatado como um importante fator de viruléncia em patégenos (Piekarska et al., 2008). Uma grande
vantagem do ciclo do glioxalato é de evitar as etapas de descarboxilagao que ocorrem no ciclo do
acido tricarboxilico (Gould et al., 2006). Nossos estudos protedmicos demonstram que a enzima
isocitrato liase foi mais expressa durante a fase patogénica do fungo, como demonstrado em estudos
realizados com o patégeno C, albicans (Lorenz MC & Fink GR, 2001, 2001).

Outra enzima identificada em levedura e com funcéo predita no metabolismo de aminoacidos
€ a metionina sintase independente da cobalamina (metE), que estd envolvida na sintese de
metionina apartir da transferéncia de um grupo tetrahidrofolato para a homocisteina. No patdgeno
oportunista Candida albicans a disrup¢cao do gene metE por recombinagdo homdloga inibiu o
crescimento do fungo, mostrando que a metE é essencial para o fungo Candida albicans e um
interessante alvo para desenvolvimento de drogas antifungicas (Suliman et al., 2007).

A HSP60 é uma chaperona mitocondrial, homdélogo a GroEL de Escherichia coli, que além de
estar envolvida na protecdo contra o estresse oxidativo (Cabiscol et al., 2002) promove o correto
enovelamento de varias proteinas na matriz mitocondrial (Bukau & Horwich, 1998) e que mostrou um
aumento preferencial na fase leveduriforme. Esse resultado com a HSP60 tem sido relatados em
estudos anteriores, os quais confirmam a expressdo diferencial dessa chaperona na fase
leveduriforme (lzacc et al., 2001).

Nas mitocondrias, o gene SSC1 codifica uma espécie de HSP70 e foi mostrado que a
delegédo da SSC1 é letal (Krimmer et al., 2000). Em nosso estudo, os dados confirmam os resultados
de Felipe et al, (2005), que mostraram que a SSC1 é mais expressa em levedura. Em adigdo, uma
enzima antioxidante homdloga a flavodoxina Y20 e envolvida no choque térmico e no estresse
oxidativo foi mais expressa em levedura quando comparado com as fases micélio e transicao de

micélio para levedura, confirmando os resultados de Daher et al, (2005) e de Felipe et al, (2005).
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Proteinas envolvidas no controle do ciclo celular foram identificadas, Septinas sdo GTPases
que formam filamentos em fungos e animais, controlando a citocinese e coordenando a divisao
nuclear (Lindsey and Momany, 2006). Em C, albicans, a mutagdo dos genes homoélogos a septina,
cdc10A and cdc11A, foram capazes de crescer como hifas, mas mostraram defeito no crescimento
invasivo e tiveram a viruléncia atenuada em experimentos realizados em camundongos (Warenda et
al., 2003). Baseado nisto, podemos sugerir que os niveis aumentados da septina durante a fase

patogénica do fungo seja uma proteina candidata a determinante de viruléncia em P. brasiliensis.

6.4 — Modificacdes Pés-Traducionais (MPTs)

As MPTs das proteinas controlam os mecanismos de regulagéo bioldgica e sinalizagdo nas
células e a técnica de eletroforese bidimensional é capaz de resolver muitas isoformas induzidas por
MPTs (Halligan et al., 2004). As analises de MPTs s&o importantes para entender os processos
fisiologicos, especificamente em organismos eucariéticos (Salzano & Crescenzi, 2005).

Nesse estudo foi identificada a enzima enolase que cataliza a desidratagéo reversivel da 2-
fosfo-D-glicerato a fosfoenolpiruvato na segunda metade da via glicolitica. A enolase esta presente
em quatro isoformas e as MPTs encontradas foram, possivelmente, resultantes de fosforilagao.
Similarmente, em Plasmodium yoelii, foram identificadas sete isoformas de enolase, as quais estavam
localizadas no citosol, citoesqueleto, membranas e no nucleo (Pal-Bhowmick et al., 2007). Os autores
sugerem que as PTMs e a localizagdo em diferentes compartimentos celulares levam a enolase a
desempenhar fungbes néo glicoliticas. No fungo P. brasiliensis a enolase tem sido encontrada tanto
no citosol quanto na superficie celular do fungo e também tem sido relacionada a viruléncia por atuar
como receptor do plasminogénio, aumentando a colonizagao e invasédo (Veloso et al., 2010). Além do
plasminogénio, foi demonstrado por Donofrio et al., (2009) a capacidade da enolase em se ligar ao
fibrinogénio do hospedeiro, o que facilitaria a disseminagao do patdégeno em tecidos do hospedeiro,
estabelecendo o processo de infecgao. Outra exemplo de enzima glicolitica identificada nesse estudo
com isoformas é a gliceraldeido-3-fosfato desidrogenase (GAPDH), Dois diferentes spots (62 e 63) da
enzima GAPDH com pls experimentais de 8,80 e 9,13, repectivamente, foram observados com
modificagdo pés-traducional devido, possivelmente, a fosforilagdo. A GAPDH foi identificada como
induzida em levedura e seu envolvimento na viruléncia do fungo P. brasiliensis ja foi sugerido por
nosso grupo, Barbosa et al., (2006) demonstraram que a GAPDH é uma molécula localizada na
parede celular do fungo e seu envolvimento na patogénese tem sido relatado, visto que essa proteina
tem funcao de adesina e liga-se a componentes da matriz extracelular mediando a internalizagdo do
P. brasiliensis.

A proteina HSP70 foi identificada como trés isoformas (spots 6, 9 e 15). Duas isoformas
(spots 9 e 15) apresentaram o mesmo perfil de expressdo, enquanto outra isoforma (spot 6) da
mesma proteina, apresentou perfil diferente. As isoformas dos spots 6 e 9 foram submetidas a
analises no banco de dados do NCBI com adi¢ao de modificagdes variaveis. O pl experimental do
spot 6 é 4,79, enquanto que o do spot 9 é 4,75. Uma mudanga para um pl mais acido no gel 2-D
indica que a isoforma pode ter sido fosforilada, o que tem sido confirmado na literatura (Kumar et al,
2004).

84



Outra proteina que apresentou MPT foi a ATP sintase subunidade alfa (spot 18). Uma
diferenca de 42 Da entre a massa experimental e a massa tedrica € encontrada na sequéncia da
proteina, indicando acetilagdo no residuo de lisina. Em adigdo, a acetilagdo na extremidade N-
terminal e na cadeia lateral remove grupo(s) amino causando um desequilibrio acido-basico (Zhu et
al., 2005), e como consequéncia, resultou num desvio do pl para a regido mais acida do gel 2-D.
Como a mudanga de pl causada pela acetilagdo geralmente é pequena (< 0,2 pH), sugerimos que
diferenca no pl encontrada pode ser devido a fosforilagdo de dois residuos de tirosina encontrados. A
tabela 7 mostra o espectro com a sequencia do peptideo. Proteinas quinases sao familia de enzimas
que catalizam reacgéo de fosforilagdo. Como mostrado na tabela 7, a proteina fosfoglicerato quinase
(spots 42 e 46), também tem uma fosforilagao detectada.

Nesse estudo, identificamos 34 spots de proteinas, algumas delas exibindo padrdes de
expressdo que sao diferentes de outras isoformas, representando a mesma proteina. Nossos
resultados mostraram um aumento na cobertura de sequéncia das proteinas e dos valores de massas
das proteinas (Tabelas 6 e 7) na busca pelo MASCOT, confirmando que a espectrometria de massa é
a técnica de escolha para identificar e caracterizar modificagbes poés-traducionais das proteinas

separadas em géis bidimensionais (Larsen & Roepstorff, 2000).
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Conclusoes

“Inteligéncia é a capacidade
de se adaptar a mudancgas”

Stephen Hawking




VIl - CONCLUSOES

Nesse estudo, foram utilizadas analises protedmicas para estudar os eventos moleculares
associados com o dimorfismo no fungo patogénico P. brasiliensis. Este trabalho foi o primeiro a
utilizar a estratégia protedmica na identificagao de proteinas que possam estar relacionadas com a
inducao da transigdo morfologica. Foi utilizada a técnica de eletroforese bidimensional para comparar
o proteoma de micélio, transicdo de micélio para levedura (T) e levedura. Um total de 100 proteinas
foi identificado, sendo 81 diferencialmente expressas. Nesse estudo foi evidenciado que uma
mudanga da temperatura ambiente para a temperatura corporal, encontrada em mamiferos, altera
significativamente o proteoma do fungo P. brasiliensis. A deteccdo de enzimas antioxidantes
aumentadas na fase de micélio indica que a cadeia respiratéria esta ativa. Na fase de transi¢édo (T)
encontramos um aumento na expressdo das enzimas fosfoglicomutase, ATP sintase e alcool
desidrogenase, indicando que ambos, respiragao e fermentagéo sao funcionais. A fase leveduriforme
esta associada com a presenga de enzimas glicoliticas e com o ciclo do glioxalato. Baseado nisto,
sugerimos que o P. brasiliensis pode promover um remodelamento do seu metabolismo durante a

fase de transigéo para a fase leveduriforme.
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Anexos

“Se algum dia tiver que escolher entre o
mundo e o Amor... Lembre-se: se escolher o
mundo ficara sem Amor, mas se escolher o
Amor, com Ele conquistara o mundo”

Albert Einstein
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Abstract

Paracoccidioides brasiliensis causes paracoccidioidomycosis (PCM), a systemic mycosis presenting clinical manifestations ranging from
mild to severe forms. A P. brasiliensis cDNA expression library was produced and screened with pooled sera from PCM patients adsorbed
against antigens derived from in vitro-grown P. brasiliensis yeast cells. Sequencing DNA inserts from clones reactive with PCM patients sera
indicated 35 open reading frames presenting homology to genes involved in metabolic pathways, transport, among other predicted functions. The
complete cDNAs encoding aromatic-L-amino-acid decarboxylase (Pbddc), lumazine synthase (Pbls) and a homologue of the high affinity copper
transporter (Pbctr3) were obtained. Recombinant proteins PPDDC and PPLS were obtained; a peptide was synthesized for POCTR3. The
proteins and the synthetic peptide were recognized by sera of patients with confirmed PCM and not by sera of healthy patients. Using the in vivo-
induced antigen technology (IVIAT), we identified immunogenic proteins expressed at high levels during infection. Quantitative real time RT-
PCR demonstrated high transcript levels of Pbddc, Pbls and Pbctr3 in yeast cells infecting macrophages. Transcripts in yeast cells derived from
spleen and liver of infected mice were also measured by qRT-PCR. Our results suggest a putative role for the immunogenic proteins in the
infectious process of P. brasiliensis.
© 2009 Elsevier Masson SAS. All rights reserved.
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1. Introduction prevalent in South America [1]. The fungus is thermo dimorphic
and causes by inhalation of airborne propagules of the mycelia
Paracoccidioides  brasiliensis ~ causes  paracoccidioi- phase, which reach the lungs and differentiates into the yeast

domycosis (PCM), a human systemic granulomatous disease, phase [2].
Although the disease process is well characterized, the fungal

—_— . . expression of genes in vivo is poorly explored. During disease,
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. . . : . P. brasiliensis must adapt to a range of environments and
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IPTG, Isopropyl-B-p-thiogalactopyranoside; IVIAT, in vivo-induced antigen survival in any one niche should require the differential
technology; LS, lumazine synthase; NBT, nitroblue tetrazolium; Pb, expression of genes. The in vivo gene expression pattern of P.
Paracoccidioides  brasiliensis; PCM, Paracoccidioidomycosis; TPI,  tri- brasiliensis has been examined by our laboratory by tran-
osephosphate isomerase. . o ) scriptome analysis [3—5]. A wide array of genes involved in
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With the purpose of identifying antigenic proteins potentially
expressed during the fungal infectious process, here we applied
the in vivo-induced antigen technology (IVIAT). IVIAT has been
used to identify genes expressed during human infection by
several microorganisms [6—11]. A P. brasiliensis cDNA
expression library was screened in order to identify clones
reactive with sera of PCM patients. Specifically, we hypothe-
sized that by using the IVIAT immunological screening, we
could identify proteins that play a role during fungal infection.

Screening of the cDNA library resulted in the identification
of 29 genes, putatively playing a role in the fungus-host inter-
action. The cDNAs, encoding aromatic-L-amino acid decar-
boxylase (DDC, EC 4. 1. 1. 28), lumazine synthase (LS, EC 2. 5.
1. 9) and high affinity copper tansporter (CTR3) orthologues of
P. brasiliensis were selected for further analysis. The
recombinant proteins (PbDDC and PbLS) and a synthetic
peptide (PhCTR3) were obtained and showed strong reactivity
with sera of PCM patients. The predictable expression of those
transcripts was evaluated by quantitative real time RT-PCR
(qRT-PCR) in models of infection. The results suggest a role in
the pathogen-host interaction. Due to the relevance of melanin
in pathogenesis of microorganisms, we investigated the
involvement of PhDDC in this pathway; results demonstrated
correlation between the increase of melanin and the enzyme
expression in fungal yeast cells.

2. Materials and methods

2.1. P. brasiliensis isolate growth conditions
and differentiation assays

P. brasiliensis Pb01 isolate (ATCC-MYA-826) was culti-
vated in semi-solid Fava Netto’s medium [1% (w/v) peptone,
0.5% (wlv) yeast extract, 0.3% (w/v) proteose peptone, 0.5%
(w/v) beef extract, 0.5% (w/v) NaCl, 1% (w/v) agar, pH 7.2] at
36 °C in the yeast form and at 22 °C, for its mycelia phase.

2.2. Adsorbing PCM patients sera to P. brasiliensis
grown in vitro

Human sera were collected from 11 patients with well-
documented PCM in chronic disease phase and pooled. The
serum samples were selected at the time of diagnosis from
patients with mycological confirmed disease. Human control
sera obtained from 11 healthy individuals were pooled.

A mixture of equal volumes of sera of PCM patients was
diluted with Escherichia coli cells lysate and the same volume
of PBS 1X. The mixture was incubated at 37 °C for 1 h, and
centrifuged at 10,000 x g, 4 °C during 20 min. In the second
stage, the supernatant was incubated during 1 h at 37 °C, with
the same volume of a mixture containing protein extract of P.
brasiliensis yeast cells (100 pg/mL) and whole yeast cells.
This mixture was centrifuged at 10,000 x g, 4 °C for 20 min;
the supernatant was collected. The efficiency of the incubation
was monitored by two-dimensional polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Western blotting.

2.3. Infection of mice with P. brasiliensis
and RNA extraction

Female BALB/c mice, 8—12 weeks old, were inoculated
with 1 x 107 yeast cells of P. brasiliensis. In brief, yeast cells
suspension at the 7th day of in vitro growth were washed in
PBS 1X and inoculated intraperitoneally in mice. Matched
groups of four animals were injected with sterile PBS and used
as uninfected controls. The animals were killed on the 15th
day after infection. The livers and spleens were removed.
Serial dilutions of the lysate were plated in infusion brain and
heart (BHI) medium supplemented with 4% (v/v) of fetal
bovine serum (FBS) and the plates were incubated at 36 °C for
7 days. The recovered cells were submitted to total RNA
extraction by using Trizol reagent (Invitrogen™, Life Tech-
nologies), according to the manufacturer’s instructions. Total
RNA from P. brasiliensis yeast cells and mycelium grown in
vitro, in the same medium, was also obtained.

2.4. Construction of a cDNA expression library
of P. brasiliensis

For the construction of a cDNA expression library, the RNA
of yeast cells recovered from mice liver on the 15th day after
infection was purified by using the Poly (A) Quick® mRNA
isolation kit (Stratagene, La Jola, CA). The cDNA library was
constructed by using the SUPERSCRIPT™ plasmid system
with  GATEWAY® technology for ¢cDNA synthesis and
cloning.

2.5. Immunological screening of the cDNA library,
identification of inserts and prediction of function of the
identified antigens

The pooled sera were used in the screening of the cDNA
library. An aliquot of the cDNA library was diluted and spread
onto LB medium plates containing ampicillin (100 pg/ml) to
produce 300—600 colonies per plate. The bacterial colonies
were grown at 37 °C overnight. The colonies were held up by
using nitrocellulose membranes, replica plated onto LB con-
taining ampicillin  and 1mM of isopropyl-B-p-thio-
galactopyranoside (IPTG), and incubated overnight at 37 °C.
The colonies grown onto membrane were exposed to chloro-
form for 20 min. Following washing and blocking of
membranes, they were incubated with the adsorbed sera
(1:1000 diluted) in PBS 1X, 0.1% (v/v) Tween 20, at 4 °C for
18 h. The induced proteins reacting with antibodies in the sera
were detected by using peroxidase-conjugated goat, anti-
human IgG (1:2000 diluted) and revealed with the ECL
Advance™ Western blotting detection kit (GE Healthcare,
Amersham Biosciences). Reactive cDNAs were identified by
their position on the master plate; each positive cDNA was
isolated at least by two additional plating and reaction to the
pooled sera.

We recovered plasmid DNA from 35 positive clones and
sequenced the inserts from their 5 end by employing the stan-
dard fluorescence labeling DYEnamic™ ET dye terminator kit
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(GE Healthcare). An automated DNA sequence analysis was
performed in a MegaBACE 1000 DNA sequencer (GE Health-
care). The proteins encoded in the cloned cDNAs were
compared against the GenBank non-redundant (nr) database
from the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/) using the BLAST X algorithm
and against P. brasiliensis genome database (http://www.broad.
mit.edu/annotation/genome/paracoccidioides_brasiliensis/Multi
Home.html).

2.6. Cloning of P. brasiliensis aromatic-L-amino-acid
decarboxylase (Pbddc) and lumazine synthase

(Pbls) cDNAs, expression and purification of the
recombinant proteins

Oligonucleotide primers were designed to amplify the
1.6 kb and 525 bp cDNAs containing the complete coding
regions of Pbddc and Pbls, respectively. The 1.6 kb and
525 bp amplicons were gel-excised and cloned into pGEX-
4T-3 (GE Healthcare) to yield the constructs pGEX-4T3-ddc
and pGEX-4T-3-Is. The recombinant plasmids were used to
transform E. coli, according to standard procedures [12]. The
cells were grown to an absorbance of 0.6 at 600 nm and
0.5 mM IPTG was added to the growing cultures. After 16 h
incubation, at 15°C, the bacterial cells were harvested,
ressuspended in PBS 1X, lysed by sonication and the
recombinant fusion proteins were cleaved by thrombin addi-
tion (10 U/mg fusion protein).

2.7. Production of polyclonal antibody anti-PoDDC

The recombinant PhDDC was used to generate specific
rabbit polyclonal serum. Rabbit pre immune serum was
obtained. The purified protein (300 pg) was injected into
rabbit with Freund’s adjuvant three times at 2-week intervals.

2.8. Western blotting of the recombinant proteins with
sera of PCM patients

The recombinant proteins were fractionated by SDS-PAGE
[13]. The gels were either stained with Coomassie blue or
blotted onto nitrocellulose membranes that were blocked with
5% non-fat skim milk and reacted with sera from PCM
patients or from healthy individuals (1:1000 diluted). The
secondary antibody was alkaline phosphatase coupled anti-
human IgG. The reactions were developed with 5-bromo-4-
chloro-3-indolyl phosphate and nitroblue tetrazolium (BCIP/
NBT).

2.9. Preparation and infection of mice macrophages
by P. brasiliensis yeast cells

Bone marrow-derived macrophages were obtained by flush-
ing the femurs of 4—12 weeks old female C57BL/6 mice [14].
The prepared cells were cultured at 37 °C under 6% CO, in
RPMI 1640 medium (Biowhittaker, Walkersville, Md.) supple-
mented with 10% (v/v) FBS, 1% (w/v) 1-glutamine, 5 X 107°M

2-mercaptoethanol, 100 ng/mL granulocyte macrophage colony
stimulating factor (GM-CSF), and 10 pg/mL of gentamicin.
After 8 days, the non-adherent cells were discarded and the
remaining cells were washed twice with 10 mL of Hank’s
Balanced Salt Solution (HBSS). The cells were treated with
10 png/mL of dispase in HBSS at 37 °C for 5 min. Further,
macrophages were removed using a cell scraper and washed in
HBSS. Cells were centrifuged at 500 x g for 5 min, and resus-
pended in RPMI 1640 medium (supplemented as described
above, minus GM-CSF) at a concentration of 1 x 10° cells/mL.
P. brasiliensis yeast cells (5 x 106) were added to 2 mL of
macrophage suspension plated on 6 well plates. After 24 h of co-
cultivation at 37 °C, the non-phagocyted yeast cells were dis-
carded and the bottom cells were washed twice. The RNA of
infected mice macrophages and control macrophages were
extracted using Trizol.

2.10. Quantitative analysis of RNA transcripts encoding
Pbddc, Pbls and Pbctr3 by reverse transcription
real-time PCR (qRT-PCR)

The RNA of yeast cells, mycelium, infected macrophages
and yeast cells derived from infection of mice liver and
spleen after 15 days were used in this analysis. Total RNAs
treated with DNAse were reverse transcribed using Super-
script II reverse transcriptase (Invitrogen) and oligo(dT);s
primer. qRT-PCR was performed in triplicate, with samples
from three independent experiments in the StepOnePlus™
real-time PCR system (Applied Biosystems, Foster City,
CA). The PCR thermal cycling was 40 cycles of 95 °C for
15s; 60 °C for 1 min. The SYBR green PCR master mix
(Applied Biosystems) was used as reaction mixture, added of
10 pmol of each primer and 40 ng of template cDNA, in
a final volume of 25 pl. A melting curve analysis was per-
formed to confirm a single PCR product. The data were
normalized with the ribosomal protein .34 amplified in each
set of qRT-PCR experiments. A non-template control was
included. A cDNA for a relative standard curve was gener-
ated by pooling an aliquot of cDNA from each sample. The
standard cDNA was serially diluted 1:5, and a standard curve
was generated using four samples from the pooled cDNA.
Relative expression levels of genes of interest were
calculated using the standard curve method for relative
quantification [15].

2.11. Dot blot analysis

To analyze the melanin and DDC accumulation in yeast
forms of P. brasiliensis, the cells (1.5 g) were sub cultured
in Mc Veigh-Morton liquid minimal medium (MMcMi) [16]
supplemented or not with 1.0 mM L-Dopa (Sigma) for 15
days at 36 °C. All cultures were incubated in the dark to
avoid photo polymerization of L-Dopa into melanin. The
viability of fungal suspensions was determined by staining
with 0.01% (w/v) Trypan blue in PBS 1X. The cells were
collected by centrifugation at 5000 x g for 5 min, frozen in
liquid nitrogen and disrupted by maceration. The cellular
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powder was centrifuged at 12,000 x g for 20 min. The
cellular extracts were vacuum spotted onto nitrocellulose
membranes that were blocked and reacted with the anti-
melanin antibody of Sporothrix schenckii (1:1000 diluted,
kindly provided by Dr Joshua D. Nosanchuck, Albert Ein-
stein College of Medicine, New York) and antibody anti-
DDC (1:500 diluted). The anti-melanin secondary antibody
was biotin anti-mouse IgM (1:500 diluted) plus streptavidin-
HRP (1:1000 diluted) and the reactive bands were developed
with hydrogen peroxide and diaminebenzidine. The anti-
DDC secondary antibody was alkaline phosphatase coupled
anti-rabbit IgG (1:2000 diluted), and the reaction was
developed with BCIP/NBT. Dot blot analysis was also per-
formed to assay the reactivity of a peptide synthesized on
basis on the deduced sequence of PbCTR3 (Supplementary

Fig. S3) to the serum of PCM patients. Reactions were
performed as described above.

3. Results
3.1. Identification of P. brasiliensis antigens by IVIAT

We immuno-screened approximately 6000 clones inducible
in the P. brasiliensis expression library. We identified 35
immuno-reactive clones representing 29 distinct P. brasiliensis
genes encoding proteins that were persistently reactive after at
least three rounds of screening. The predicted proteins enco-
ded by the cDNAs are shown in Table 1. They are implicated
in cell metabolism, biogenesis of cellular components, trans-
port, energy, transcription, protein fate and signal transduction.

Table 1

Predicted proteins of Paracoccidioides brasiliensis encoded by the cDNAs identified by IVIAT.

Functional category Gene Product-description, Best Hit/GenBank e-value  EC number = Number of positive
function (reference) accession number* or P. brasiliensis cDNAs obtained
genome locust through IVIAT
Metabolism Acyl-CoA dehydrogenase P. brasiliensis/CA581965* Se-101 1.3.1.8 1
Aromatic-L-amino acid decarboxylase P. brasiliensis PbO1/PAAG_01563.11 0.0 4.1.1.28 1
Ubiquinone (COQ9) P. brasiliensis PbO1/PAAG_05083.11 le-25 - 1
Lumazine synthase P. brasiliensis/DQ081183* 4e-78 2.5.1.9 1
Alfa-1,2-galactosyl transferase P. brasiliensis Pb0O1/PAAG_02629.171 le-8 2.4.1. 1
Pyridine nucleotide-disulphide P. brasiliensis Pb01/PAAG_01677.1} 6e-19 1.- 1
oxidoreductase
Biogenesis of cellular  Lipopolysaccharide Trichophyton rubrum/DW709722% 3e-33 - 1
components biosynthesis protein
Cofilin P. brasiliensis Pb03/PABG_07299.17 8e-32 - 1
Transport Coatomer zeta subunit Schizosaccharomyces pombel AA21186.1%* le-67 - 1
High affinity P. brasiliensis/ ABF93409.1* 2e-59 - 1
copper transporter
Outer membrane Phakopsora pachyrhizilDN739539%* le-63 — 1
ferric siderophore receptor
Carboxylate/amino Trichophyton rubrum/DW701041% le-29 — 1
acid/amine transporter
ABC transporter P. brasiliensis Pb03/PABG_07206.1t le-7 - 3
Energy ATP synthase FO F1 subunit 9 P. brasiliensis/YP_537116.1* Te-15 3.63.14 1
Alcohol dehydrogenase P. brasiliensis PbO1/PAAG_02965.17 2e-9 1.1.1.1 1
Mitochondrial cytochrome ¢ oxidase P. brasiliensiss ABU46290.1* le-86 1.9.3.1 1
subunit VIla
Transcription C2H2 finger P. brasiliensis PbO1/PAAG_04481.171 0.0 - 1
domain protein
Nitrogen regulation protein P. brasiliensiss/EH041264.1* 5e-52 - 2
Protein fate Ubiquitin P. brasiliensis PbO1/PAAG_06536.171 3e-29 - 1
Midasin P. brasiliensis PbO1/PAAG_00114.11 0.0 - 3
Signal Transduction Protein kinase domain P. brasiliensis PbO1/PAAG_00114.11 0.0 2.7.1.37 1
WD repeat protein P. brasiliensis PbO1/PAAG_02429.171 0.0 - 2
Diguanylate cyclase Trichophyton rubrum/DW692821%* 3e-15 4.6.1.- 1
Unclassified Conserved hypothetical protein P. brasiliensis/YP_537116* Se-15 - 1
Conserved hypothetical protein P. brasiliensis/CN244805%* le-23 — 1
Conserved hypothetical protein P. brasiliensis PbO1/PAAG_08269.171 4e-24 - 1
Conserved hypothetical protein Ajellomyces capsulatus/XP_001537205.1* 2e-12 - 1
Hypothetical protein No hits found - - 1
Hypothetical protein Neurospora crassalXP_001728522.1* le-10 - 1
Total 35
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3.2. Nucleotide and deduced amino acid sequences of
aromatic-L-amino-acid decarboxylase (PbDDC),
lumazine synthase (PbLS) and high affinity copper
transporter (PbCTR3)

We selected the cDNAs encoding Pbddc, Pbls and Pbctr3
for further analysis. The entire cDNA encoding Pbddc con-
sisted of 2371 bp and encoded a protein of 545 amino acids,
predicted molecular mass of 60 kDa and pl of 6.5. The cDNA
sequence encoding PbDDC had been deposited on GenBank
under accession number ABH03461. The deduced amino acid
sequence displayed strong identity to DDCs of fungal origin.
The alignment of PbDDC with pathogenic fungi orthologues
is presented in Supplementary Fig. S1.

The analysis of Pbls showed a single open reading frame

of 19 kDa and pl of 6.6. The cDNA and genomic sequences
encoding Pbls had been deposited on GenBank under acces-
sion numbers DQO81183 and DQ186604, respectively. The
sequence of amino acid encoding PPLS was compared with
orthologues of fungi (Supplementary Fig. S2).

The analysis of Pbctr3 demonstrated a single ORF with 193
amino acids, with a predicted molecular mass of 21 kDa and
p! of 8.6 (Supplementary Fig. S3). The cDNA encoding Pbctr3
had been deposited on GenBank under accession number
DQ534496.

3.3. Reactivity of PoDDC, PbLS and PbCTR3 to sera
of PCM patients

The expression of the recombinant PhDDC and PbLS was

(ORF) with 174 amino acids with a molecular mass prediction obtained. SDS-PAGE was used to verify the composition of
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Fig. 1. Reactivity of the recombinant PbDDC and PbLS and of the synthetic peptide of PPCTR3 with sera of PCM patients. The nucleotide sequences of the Pbddc
oligonucleotide primers were sense 5'-GGATCCATGGACCAGGAAGAATTCAG-3' and antisense 5'-CTCGAGCTAGTTTTTCACAGCCCTGC-3', which con-
tained engineered BamHI and Xhol restriction sites (italicized), respectively. The oligonucleotide primers for Pbls were sense 5'-TGGTGAATTCCATGGC-
TACTCTCAAAGG-3/, and antisense 5'-GGTGGTCTCGAGCTACGAAAACTTCCCCATTG-3', which contained engineered EcoRI and Xhol restriction sites
(italicized), respectively. The PCR products were digested with the cited restriction enzymes, electrophoresed on agarose gel cloned into pGEX-4T-3, and used to
transform E. coli cells. (A) SDS-PAGE analysis of P. brasiliensis recombinant DDC. The E. coli cells harboring the pGEX-4T-3-ddc plasmid were grown to an Aggo
of 0.6 and harvested before (lanel), and after 16 h (lane 2) incubation with 0.5 mM IPTG at 15 °C; the affinity-isolated recombinant PbDDC after thrombin
addition and protein purification by affinity chromatography (lane 3). (B) Induced bacterial cells of E. coli harboring the pGEX-4T-3-Is plasmid were grown at
15 °C to an Agg of 0.6 and harvested before (lane 1) and after 16 h incubation with IPTG, at 15 °C (lane 2). The purified recombinant protein was obtained after
thrombin digestion and affinity chromatography (lane 3). (C and D) Immunoblot analyses of the recombinant proteins. The recombinant PhDDC and PHLS (1.0 ng)
were reacted with sera of five PCM patients (1:1000 diluted), (lanes 1—5) and to control sera (1:1000 diluted), (Ianes 6—10). (E) Reactivityof the synthetic peptide
from PbCTR3 with the same sera as in C and D. A peptide was synthesized from amino acids 90—130 in the deduced PbCTR3 (Invitrogen, life technologies). One
hundred ng of the synthetic peptide was blotted onto nitrocellulose membrane and reacted with sera from PCM patients and with control sera. After reaction with
anti-human IgG alkaline phosphatase coupled antibody (1:2000 diluted), the reaction was developed with BCIP/NBT. Molecular mass of the proteins and standards
(kDa) are indicated.
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the cells lysates obtained from E. coli cells which had been
transformed with the plasmid constructs, as shown in Fig. 1A
and B, lane 1. After induction with IPTG, 89-kDa and 48-kDa
recombinant proteins were detected in the bacterial lysates
(Fig.1A and B, lane 2), respectively, for PbDDC and PbLS,
which included the vector-encoded fusion protein at its N-
terminus. The fusion proteins were cleaved by the addition of
thrombin protease (Fig. 1A and B, lane 3). As observed, highly
purified proteins were obtained, that migrated on SDS-PAGE
as a single species of 60 kDa and 19 kDa, for PbDDC and
PbLS, respectively. A peptide was synthesized toward amino
acids 90—130 of the deduced PHCTR3 (Supplementary
Fig. S3).

Five sera samples from PCM patients and five control sera
samples were reacted with the recombinant proteins PbDDC
and PPLS and with the synthetic peptide of PHCTR3 in
immunoblot assays (Fig. 1C—E, respectively). Strong reac-
tivity was observed with sera of PCM patients (Fig. 1C—E,
lanes 1—5) and no cross-reactivity was observed with control
sera (Fig. 1C—E, lanes 6—10).

3.4. Assessment of the expression of Pbddc, Pbls and
Pbctr3 by reverse transcription real-time PCR in models
of infection

The expression of the genes in a macrophage model of
infection is shown in Fig. 2A. In our study, the genes are induced
in yeast cells, when compared to mycelia. During macrophage
infection, it was detected overexpression of Pbddc and Pbctr3,
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Fig. 2. Average of gene expression of Pbddc ,

when compared to the expression in the mycelium and yeast
cells after in vitro growth. Although expressed during macro-
phage infection, Pbls was not upregulated in vivo relative to the
highest level of expression in vitro (Fig. 2A).

The expression of the genes was also evaluated by qRT-
PCR analysis in yeast cells of P. brasiliensis derived from
infected mice liver and spleen (Fig. 2B). We have shown that
Pbddc is upregulated in vivo, with the expression occurring at
15 days post inoculation in spleen, but not in liver (Fig. 2B).
We have also shown that Pbctr3 is upregulated in liver and
spleen (Fig. 2B). Of the genes characterized by qRT-PCR, Pbls
was not overexpressed in vivo relative to the highest level of
expression in vitro (Fig. 2B).

3.5. Melanin accumulation in yeast cells of P. brasiliensis

We directed our experiments toward the analysis of melanin
accumulation in P. brasiliensis. The fungus was grown on
a chemically defined medium supplemented or not with L-
Dopa (Fig. 3). The viability was of 62.5% and 75.7%,
respectively, for yeast cells grown in media enriched or not
with L-Dopa (data not shown). Light microscopy (400x
magnification) shows darkly pigmented yeast cells in the
presence of L-Dopa (Fig. 3A, panel 2). The accumulation of
melanin and DDC were higher when the fungus was grown in
medium supplemented with L-Dopa (Fig. 3B and C, respec-
tively). Loading control was performed with the antibody to
the recombinant triosephosphate isomerase [17].

Pbls Pbctr3
2
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Pbls and Pbctr3 as determined by quantitative real time RT-PCR. (A) qRT-PCR plot of Pbddc, Pbls and Pbctr3

expression levels in mycelium, yeast cells and in a macrophage model of infection. (B) qRT-PCR plot of Pbddc, Pbls and Pbctr3 expression in yeast cells derived
from infected tissues of mice. The primers were as following: Pbddc, sense 5'-GTACCTTCGTCCTCTTCTTC-3', antisense 5'-GGGTAAGTCACACAAGAGGG-
3'; Pblis, sense, 5'-GCCTATTGCTATGGAGAGAATA-3, antisense, 5'-GTTGACGGTGTTGAATGAGG-3'; Pbctr3 sense, 5'-ATGTGAAGC AGCGAGCGG-3/,
antisense 5'-CATGGAATGCACGGCGGC-3' Pbi34, sense, 5'-CGGCAACCTCAGATACCTTC-3', antisense 5'-GGAGACCTGGGAGTATTCAC-3'. The values of
expression of the Pbddc, Pbls and Pbctr3 were standardized using the values of expression of the constitutive gene encoding to the ribosomal protein L34. The
expression level was calculated by relative standard curve method. The standard deviations are presented from three independent experiments. *Significantly

increased expression (P < 0.05).
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Fig. 3. Analysis of melanization of P. brasiliensis yeast cells. A — Light microscopy (400x magnification) of P. brasiliensis yeast cells grown in chemically
defined liquid medium (1) or the same medium supplemented with L-Dopa (2). B — Dot blot analysis of cellular extracts of P. brasiliensis grown in same conditions
and reacted with antibody anti-melanin of S. schenckii (B) or (C) anti-PbDDC. The antibody to the antigen triosephosphate isomerase (PhTPI), was used as the
loading control. The analysis of relative differences were performed by using the Scion Image Beta 4,03 program. In the graphics, the black bars represent the
reaction to the antibody anti-PbTPI and the gray bars represent the reaction with the antibodies anti-melanin or anti-PbDDC. The standard deviations are presented

from three independent experiments.

4. Discussion

Our objective in the present work was uncovering antigenic
proteins that could be expressed during infection with P.
brasiliensis. Sera from PCM patients were polled and reacted
with in vitro-grown P. brasiliensis. Antibodies that remain in
these sera should be reactive with proteins expressed by the
pathogen during the natural infection, as described in other
organisms [6—11].

Screening of the P. brasiliensis cDNA library with sera from
individuals with active PCM resulted in the identification of 35
clones encoding putative immunogenic proteins. Sequence
analysis of the reactive clones in the present study identified
genes varying from cell metabolism, transport, energy, tran-
scription, protein fate, signal transduction and control of cellular
organization, as well as unknown functions. Among the identi-
fied transcripts, some encoded molecules presumably present at
the fungal cell wall such as high affinity copper transporter,
siderophore receptor, carboxylate/amino acid/amine transporter
and ABC transporter. Interestingly, some of the identified

cDNAs encoded proteins described as immunogenic in
organisms, such as DDC [18], acetyl-CoA acetyltransferase
[19], LS [20], alcohol dehydrogenase [21]. LS is an enzyme of
the family 6,7-dimethyl-8-ribityllumazine synthase, which
catalyzes the penultimate step of synthesis of vitamin B,
(riboflavin). Plants, bacteria and fungi are vulnerable to inhibi-
tors of the synthesis of riboflavin. The lack of such a homologue
in humans suggests that PPLS may serve as antifungal drug
target, as described [22].

To further confirm the validity of the screening strategy in
identifying P. brasiliensis antigens potentially relevant to the
fungal infection, we selected PhDDC, PbLS and PhCTR3 for
further analysis. The recombinant proteins PbDDC and PHLS,
as well as the synthetic peptide of PPCTR3 were recognized
by sera of PCM patients, validating the IVIAT strategy here
employed. LS is an immunogenic molecule and an useful
marker in the serological diagnosis of brucellosis in human
beings and animals [23].

We selected Pbddc, Pbls and Pbctr3 to follow with experi-
ments concerning to gene expression in models of infection. The
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transcripts encoding Pbddc and Pbctr3 were overexpressed in
fungal yeast cells infecting macrophages and in cells derived
from tissues of infected mice. We detected overexpression of the
transcript encoding Pbddc in yeast cells derived from spleen and
not in liver at 15 days postinoculation, which could reflect niche
regulation of genes in P. brasiliensis microenvironments, as
described to fungi [24,25]. Noteworthy, Pbctr3 was overex-
pressed in all analyzed conditions corroborating previous tran-
scriptome analysis from our laboratory [3]. This may not be
surprising considering the obvious necessity for upregulating
copper acquision during infection [26]. It has long been estab-
lished that invading pathogens must compete favorably for
limited nutrients to both establish and maintain a successful host
infection. Studies indicate that copper modulates critical viru-
lence determinants. Genetic analysis in Cryptococcus neofor-
mans has demonstrated that a high affinity copper transporter and
its corresponding transcriptional regulator are required for
infection of the brain [27]. Although expressed in liver and spleen
at 15 days postinoculation, Pbls was not upregulated in vivo
relative to the highest level of expression in vitro. There are
possible explanations for this result. The gene expression could
be induced earlier or later during the infectious process and we
could have missed the time at which the expression increased
relative to the in vitro growth. Additionally, the amount of RNA
could not reflect the amount of protein if the gene regulation
occurs at posttranscriptional level. Further investigation will be
required.

The fungus P. brasiliensis is known to make Dopa-melanin
from L-Dopa [28,29]. The production of melanin-like
pigments by P. brasiliensis protects the fungus from phago-
cytosis and increases its resistance to antifungal drugs [29].
We verified in this work a correlation between increase in
melanin accumulation and PhDDC in yeast cells incubated in
the presence of L-Dopa, which resulted in the presence of dark
pigment by yeast cells. The results suggest that PbDDC could
be involved in the melanin biosynthesis pathway.

In conclusion, the present study has shown the successful
application of IVIAT in the identification of P. brasiliensis
genes expressed during fungal infection. The identified genes
ranged from those involved in metabolic pathways to those
with unknown function. The study of the identified genes
could improve our understanding of the adaptative mecha-
nisms used by P. brasiliensis in the infectious process.
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ABSTRACT

A protein species preferentially expressed in yeast cells with a molecular mass of 80 kDa
and isoeletric point (pI') of 7.79 was isolated from the proteome of Paracoccidioides brasilien-
sis and characterized as an aconitase (ACO) (E.C. 4.2.1.3). ACO is an enzyme that catalyzes
the isomerization of citrate to isocitrate in both the Krebs cycle and the glyoxylate cycle.
We report the cloning and characterization of the cDNA encoding the ACO of P. brasiliensis
(PbACO). The cDNA showed a 2361 bp open reading frame (ORF) and encoded a predicted
protein with 787 amino acids. Polyclonal antibodies against the purified recombinant
PbACO was obtained in order to analyze the subcellular localization of the molecule in
P. brasiliensis. The protein is present in the extracellular fluid, cell wall enriched fraction,
mitochondria, cytosol and peroxisomes of yeast cells as demonstrated by western blot
and immunocytochemistry analysis. The expression analysis of the Pbaco gene was per-
formed by quantitative real-time RT-PCR and results demonstrated an increased expres-
sion in yeast cells compared to mycelia. Real-time RT-PCR assays was also used to
evaluate the Pbaco expression when the fungus grows on media with acetate and ethanol
as sole carbon sources and in different iron levels. The results demonstrated that Pbaco
transcript is over expressed in acetate and ethanol as sole carbon sources and in high-
iron conditions.

© 2011 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

environment and as yeast (Y) at 37 °C and in host tissues. On
both in vitro experiments and in the establishment of infection

Paracoccidioides brasiliensis is the causative agent of paracocci-
dioidomycosis (PCM), the most prevalent systemic mycosis in
Latin America, with the mostly of reported cases in Brazil.
Due its high prevalence and severe interference in the patient’s
quality of life, PCM is considered an important public health
problem. This fungus is found as mycelia (M) at 22 °C or in the

the dimorphic transition from the mycelia to the yeast cells oc-
curs by the temperature shifting involving the differential ex-
pression of several genes (Restrepo 2006; Brummer et al. 1993).

An increased expression of aconitase (ACO) and several
other enzymes was early described in yeast cells when com-
pared to the myecelia phase of P. brasiliensis (Kanetsuna &

* Corresponding author. Universidade Federal de Goids, Instituto de Ciéncias Bioldgicas II, Laboratério de Biologia Molecular, sala 206,
Campus II Samambaia, 74690-900 Goiania, Goids, Brazil. Tel./Fax: +55 62 35211110.

E-mail address: celia@icb.ufg.br

1878-6146/$ — see front matter © 2011 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.funbio.2011.02.011


mailto:celia@icb.ufg.br
http://www.elsevier.com/locate/funbio
http://dx.doi.org/10.1016/j.funbio.2011.02.011
http://dx.doi.org/10.1016/j.funbio.2011.02.011
http://dx.doi.org/10.1016/j.funbio.2011.02.011

698

W. de A. Brito et al.

Carbonell 1966). The ACO (EC 4.2.1.3 — citrate [isocitrate] hy-
dro-lyase) was initially described as the enzyme that plays
role in the second step of Krebs cycle, catalyzing the citric
acid to isocitric acid conversion, which results in molecules
that produce energy and essential precursors for amino acids,
fatty acids and carbohydrates anabolism. The ACO of Saccharo-
myces cerevisiae was one of the best characterized. The core of
the enzyme is composed of a single polypeptide chain of ap-
proximately 80 kDa. It is a conjugate protein containing an
iron—sulfur prosthetic group, which acts in both substrate
binding to active site and in catalysis. In its inactive form the
iron—sulfur center is a Fe3S, system while the active form is
a Fe,S, system covalently bound to the protein by three cyste-
ineresidues. The fourth iron plays role in catalysis (Villafranca
& Mildvan 1972). ACO also catalyzes the conversion of citrate
to isocitrate in glyoxylate cycle and also an extra mitochon-
drial activity was reported for this enzyme (Velot et al. 1999).
The precise localization of ACO when it carries out its function
in the glyoxylate cycle still remains unknown. Studies with
S. cerevisiae mutants lacking functional peroxisomes showed
that cells can grow with ethanol and acetate as the sole carbon
sources. These data suggest that, at least in S. cerevisiae, the
glyoxylate cycle can work in the cytosol (Kunze et al. 2002).

Several homologous proteins have been described as con-
stituents of the ACO family. In eukaryotes it has been de-
scribed two ACO isozymes, both catalytically active in
isomerization of citrate to isocitrate and probably located in
two compartments, the mitochondrial matrix and the cyto-
plasm. The ACO family also contains a variety of proteins
that comprise the iron regulatory proteins, the isopropylma-
late isomerase, an enzyme that catalyzes the second step in
leucine biosynthesis, and homoaconitase, which acts in the
biosynthetic lysine path (Gruer et al. 1997).

In addition to its role in the Krebs and glyoxylate, the ACO
functions as an iron regulatory protein by controlling the ex-
pression of ferritin and transferrin receptor in mammalian
cells. This efficient mechanism involves the participation of un-
translated nucleotide sequences forming a secondary structure
called iron responsive elements at the 5 or 3’ ends of ferritin
and transferrin receptor mRNAs. The iron responsive elements
when located at the 5' RNA sterically hinder the translation and
when present in the 3’ end promotes the mRNA stability, mak-
ing them more resistant to degradation by nucleases and allow-
ing protein synthesis (Narahari et al. 2000).

There are few available data about the PhDACO and this fact
has motivated this study. Analysis of the expressed sequence
tags (ESTs) in the transcriptome of mycelium and yeast cells of
P. brasiliensis revealed up regulated genes coding for glyoxylate
cycle enzymes in the fungal yeast phase (Felipe et al. 2005).
The ACO, citrate synthase, isocitrate lyase and malate dehy-
drogenase transcripts were also identified in P. brasiliensis dur-
ing differentiation from mycelium to yeast cells, pointing to
an operating glyoxylate cycle in this process (Bastos et al.
2007). In P. brasiliensis yeast cells derived from mice liver the
transcripts encoding enzymes involved in anaerobic metabo-
lism were found in elevated levels suggesting that ethanol can
become a major source of carbon and that the glyoxylate cycle
could be active during the infection process (Costa et al. 2007).

Salem-Izacc et al. (1997) in preliminary proteomics studies,
aiming to identify differentially expressed proteins in yeast

and mycelial phases of P. brasiliensis, found a prominent pro-
tein of 80kDa, pI 7.79 preferentially expressed in the yeast
phase. This work began with the isolation of this protein
from the two-dimensional gel and its characterization by par-
tial sequencing of an internal peptide. Comparative studies in
databases revealed high homology with mitochondrial ACO in
various fungi. Also in this work we characterized the mito-
chondrial ACO from the proteome of yeast cells of P. brasilien-
sis. The complete cDNA was obtained. The predicted protein
presented homology to other well characterized fungi ACOs
and a mitochondrial target signal was detected. In order to
characterize the PhPACO and begin to understand its putative
functional roles it was produced a recombinant protein com-
prehending a partial open reading frame (ORF) of the cDNA
and the corresponding polyclonal antibodies were obtained.
Western blotting analyses and immunoelectron microscopy
were performed and the PhACO showed a widespread distri-
bution, comprehending cell wall, cytosol, mitochondria and
peroxisome enriched fractions. The protein is also present in
the extracellular fluid. We also investigated the regulation of
PbACO at both, protein and transcript levels in mycelia and
yeast cells, and also when the fungus was incubated in C2 car-
bon sources or in different iron levels. Our results suggest that
transcript and protein were more abundant in the yeast phase
and also when the fungus was incubated in C2 carbon sources
or in high-iron conditions.

Material and methods
Growth of P. brasiliensis

P. brasiliensis, isolate Pb01 (ATCC MYA 826) was grown at 22 °C
in the mycelium form or at 36 °C as yeast, in semisolid Sabour-
aud dextrose agar medium [4 % (w/v) glucose, 1% (w/v) pep-
tone, 0.5% (w/v) yeast extract, 0.1% (w/v) brain—heart
infusion and 1.2 % (w/v) agar| for 7 d. In some experiments
the cells were harvested from the media above, washed with
water and incubated at 36 °C in modified McVeigh-Morton
(MMcM) (Restrepo & Jimenez 1980), during 3 and 24 h, under
shaking at 150 rpm. The standard carbon source 1.0 % glucose
(w/v) was replaced by 2.8 % (w/v) potassium acetate and 3.0 %
(w/v) ethanol. Also, the availability of iron in the culture me-
dium was controlled by addition of 50 pM bathophenantroline
sulfonate (BPS) as chelant agent or 90 pM ferrous ammonium
sulfate (3x the standard concentration of iron). The cells
were utilized for RNA (3 h) and protein extraction (24 h).

Protein extracts preparation

Three kinds of protein extracts were produced, (1) a total cell
homogenate, (2) culture supernatant of yeast cells, (3) cell wall
protein fraction of yeast cells, described as follows: 1 — A total
cell homogenate of yeast cells and mycelium were obtained
as described by Fonseca et al. (2001), by disruption of frozen cells
using a pestle and mortar in the presence of N a-p-tosyl-L-lysine
chloromethyl ketone (TLCK) (50 pg/mL), 4-chloromercuriben-
zoic acid (1 mM), leupeptin (20 mM), phenylmethylsulfornyl
fluoride (20 mM), iodoacetamine (5mM) in homogenization
buffer (2mM CaCl,, 20 mM Tris—HCI, pH 8.8). The mixture
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was centrifuged at 12000g at 4 °C for 10 min, and the superna-
tant was stored at —80 °C. 2 — Culture supernatant of yeast cells
was obtained after 8 h incubation in liquid minimal medium.
The cells were separated by centrifugation at 5000g for 15 min
and the supernatants were obtained upon filtering (0.22 pm).
The culture supernatants (50 mL) were dialyzed with water dur-
ing4 h. Secreted protein fraction was concentrated 100 times by
precipitation with ice-cold acetone (v/v) during 16 h, centri-
fuged at 15000g for 15 min, washed with 70 % (v/v) ice-cold
acetone and resuspended in 25 mM Tris—HCI pH 7.0 (500 pL).
3 — The cell wall enriched fraction was extracted according to
Castro et al. (2008). Yeast cells were frozen in liquid nitrogen
and disrupted using a pestle and mortar. This procedure was
carried out until complete cell rupture verified by microscopic
analysis and by the failure of cells to grow on Fava Netto’s me-
dium. Ground material was lyophilized, weighed and resus-
pended in 25 pL Tris buffer (50 mM Tris—HCI, pH 7.8) for each
milligram of dry weight, as described by Damveld et al. (2005).
The supernatant was separated from the cell wall fraction by
centrifugation at 10000g for 10 min at 4 °C. A new protein ex-
traction was performed with Tris buffer. All the proteins sam-
ples above (1, 2 and 3) were precipitated by addition of 10 %
(v/v) trichloroacetic acid (TCA), washed with 100 % acetone
and processed for one or two-dimensional gel electrophoresis
according to Laemmli (1970) and O’Farrell (1975), respectively.
Protein concentrations of all the samples were measured by
the Bradford method (Bradford 1976) with bovine serum albu-
min (BSA) as the standard.

Spheroplasts production, subcellular fractionation and
isolation of peroxisomes and mitochondria

Yeast cells of P. brasiliensis (2 x 108 cells) were harvested,
washed, and converted to spheroplasts by digestion with
400 U of lyticase (Sigma Aldrich, Co., St. Louis, MO) at 30°C
for 24 h. Spheroplasts membranes were disrupted by homoge-
nization with grinder (dounce homogenizer, tight pestle). Pro-
duction of spheroplasts and their disruption was monitored by
light microscopy. Trypan blue was used to assess spheroplasts
viability. All centrifugation procedures for spheroplasts and
cell-free extracts were carried out at 4 °C and cells and extracts
were kept on ice. The purified peroxisome and mitochondria
fractions from yeast cells of P. brasiliensis were obtained using
the Peroxisome Isolation and Yeast Mitochondria Isolation
Kits (Sigma Aldrich, Co., St. Louis, MO). The peroxisome and
mitochondria enriched fractions were isolated from the sphe-
roplasts homogenate by low and medium speed centrifugation
(600g for 10 min; 65009 for 10 min). Density gradient ultracen-
trifugation was accomplished in agreement with the suppliers
using OptiPrep Density Gradient Medium [60 % (w/v) solution
of iodixanol in water] at 25 000g for 20 min. The layers contain-
ing the purified peroxisomes and mitochondrial fractions were
collected and used immediately after preparation, in biochem-
ical and Western blotting experiments. The presence of perox-
isomes was determined by measuring the activity of the
peroxisomal enzyme marker, catalase (Catalase Assay Kit,
Sigma Aldrich) and the presence of mitochondria was deter-
mined by measuring the activity of the mitochondrial enzyme
marker, cytochrome c oxidase (Cytochrome ¢ Oxidase Assay
Kit, Sigma Aldrich) according to the suppliers’ methods.

Two-dimensional gel electrophoresis

Isoelectric focusing was carried out on 13-cm immobilized pH
gradient gel strips, with a pH range of 3.0-11.0 (Immobiline
DryStrip gels, GE Healthcare Biosciences). The strips were
rehydrated in 8 M urea, 0.5 % (w/v) 3-[(3-cholamidopropyl)-di-
methyl-ammonio]-1-propane sulfonate (CHAPS), 0.5% (w/v)
immobilized pH gradient (IPG) buffer (GE Healthcare Biosci-
ences), 0.2 % (w/v) dithiotreitol (DTT), and traces of bromophenol
blue for 12 h at 20 °C. Isoelectric focusing was performed using
the Ettan IPGphor Isoelectric Focusing System (GE Healthcare
Biosciences) at 20 °C at 50 mA/strip in an increasing voltage gra-
dient (500 V for 1 h, 1000 V for 1 h, and 8000 V for 8 h, accumulat-
ing a total of 64000V), according to the manufacturer
instructions. Before the second dimension electrophoresis, the
strips were equilibrated twice for 15 min in buffer containing
50 mM Tris—HC], pH 8.8, 6 M urea, 30 % (v/v) glycerol, 2 % (w/v)
sodium dodecy! sulfate (SDS), 0.002 % (w/v) bromophenol blue
in the presence of 10 mg/mL DTT in the first step and 25 mg/
mL iodoacetamide in the second step. The second dimension
was carried out on a SE 600 Ruby Standard Dual Cooled Vertical
Unit (GE Healthcare Biosciences) at 20 °C on 12 % polyacrylamide
gels (13 x 16 cm) for 5 h at 100 V. The proteins were Coomassie
blue or silver stained. The images of the gels were obtained by
using the ImageScaneer Il equipment and analyzed with Image-
Master 2D Platinum software (GE Healthcare Biosciences).

Protein identification by amino acid sequencing

A protein species preferentially expressed in yeast cells with
a molecular mass of 80 kDa and pI 7.79 was excised from the
two-dimensional gels of the yeast P. brasiliensis proteome.
The protein (200 pmoles) was eluted and digested with the
endoproteinase Lys-C. The fragments were separated by re-
versed-phase high-performance liquid chromatography
(HPLC) and subjected to Edman’s degradation. Database
searches were performed in order to identify the obtained
amino acids sequence.

Protein digestion and mass spectrometry

Protein spots were excised and diced into small pieces. Gel
pieces were incubated in 100 pl of acetonitrile (ACN) and dried
in a vacuum centrifuge. The gel pieces were then reduced with
10 mM DTT and alkylated with 55 mM iodoacetamide. Superna-
tant was removed and the gels were washed with 100 pl of am-
monium bicarbonate by vortexing for 10 min. Supernatant was
removed and gel pieces were dehydrated in 100 pL of a solution
containing 25 mM ammonium bicarbonate/50 % ACN, vortexed
for 5 min, and centrifuged. This step was repeated. Gel pieces
were dried and added of a 12.5 ng/ml trypsin solution followed
by rehydratation on ice at 4 °C for 10 min. Supernatant was re-
moved, added 25 pL of 25 mM of ammonium bicarbonate and in-
cubated at 37 °C for 16 h. Following digestion the supernatant
was placed into a clean tube. To the gel pieces, 50 uL of 50 %
ACNY/5 % trifluoroacetic acid (TFA) were added. Samples were
vortexed for 30 min, sonicated for 5 min, and the solution was
combined with the aqueous extraction above. The samples
were dried in a vacuum centrifuge and peptides were solubilized
in water. The peptides were then spotted onto a matrix assisted
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laser desorption/ionization (MALDI) target plate (Waters, Man-
chester, UK) and left to dry. The peptides were covered with
2 uL. of matrix solution [50 % (v/v) ACN, 0.1% (v/v) TFA, and
10 mg/mL x-cyano-4-hydroxycinnamic acid]. Peptide mass fin-
gerprinting (PMF) and ion fragmentation (MS/MS) were obtained
using a Synapt MALDI-Q-TOF mass spectrometer (Waters, Man-
chester, UK). Mass spectra were calibrated externally using
a peptide, [Glul]-Fibrinopeptide B (Sigma Aldrich), as standard.
Raw data were processed using the Protein Lynx Global Server
software (version 2.1, Micromass/Waters). Database searches
for protein identification were performed using Mascot software
available online (http://www.matrixscience.com) against the
National Center for Biotechnology Information (NCBI; http:/
www.ncbi.nlm.nih.gov) database (NCBI nr).

Cloning a partial cDNA fragment, heterologous expression
and purification of the recombinant PbACO

The cDNA coding a P. brasiliensis ACO was obtained from a cDNA
library derived from RNAs obtained of mycelium in transition to
yeast cells (Bastos et al. 2007). DNA sequencing was performed
by using a MegaBACE 1000 sequencer (GE Healthcare, Amer-
sham Biosciences). Blast database searches were performed us-
ing the National Center for Biotechnology Information (NCBI)
server (http://www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al.
1990). Multiple sequence alignments were performed using
CLUSTAL X (Thompson et al. 1997). Aiming at production of
the anti-recombinant ACO polyclonal antibodies, a fragment
of the cDNA, which encodes amino acids 321—553 was cloned
into pGEX-4T-3 (GE Healthcare). The oligonucleotides used are
listed in Supplementary Table 1. The obtained plasmid
(pGEX-4T-3-ACO) was sequenced in both strands and used to
transform Escherichia coli DH5a. The transformed E. coli cells
were incubated in Luria—Bertani (LB) medium supplemented
with 100 pg/mL of ampicillin, at 37 °C until the log phase was
reached (Agoo = 0.6) and the recombinant protein was induced
by addition of 0.5 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) for 4 h. The bacterial cells were harvested by centrifuga-
tion at 5000g, resuspended in phosphate buffered saline (PBS)
1x and incubated with lysozyme (100 ng/mL) before sonication
(three times of 15 min). The soluble fraction of cell lysate, con-
taining the recombinant fragment of the ACO protein of P. brasi-
liensis fused to glutathione S-transferase (GST-PbACO), was
applied to an affinity Glutathione Sepharose™ 4B Resin column
(GE Healthcare) under nondenaturing conditions. The
fusion protein was cleaved by thrombin protease addition
(50 U/mL). A preparative gel electrophoresis (12 % SDS-PAGE)
was performed to purify the truncated recombinant protein
that was sliced from the gel and further used in the polyclonal
antibodies production and Western blot analysis.

Polyclonal antibodies production

The purified ACO polypeptide (300 pg) was used to produce
polyclonal antibodies in BALB/c mouse. Mouse pre-immune
serum was obtained and stored at —20 °C. The immunization
protocol consisted of an initial injection of 300 pg of the puri-
fied polypeptide in complete Freund’s adjuvant and two sub-
sequent injections of the same amount of the antigen in
incomplete Freund’s adjuvant. Each immunization was

followed by an interval of 14 d. After 14 d of the third immuni-
zation, the serum containing polyclonal antibodies anti-
PbACO was collected and stored at —20 °C.

Western blotting analysis

The protein extracts resolved by one or two-dimensional gel
electrophoresis were transferred to nylon membranes and
checked by Ponceau S staining. After blocking with 5 % (w/v)
nonfat milk the membranes were incubated with the polyclonal
antibodies anti-PbACO (diluted 1:10000) for 2 h. Negative con-
trols were obtained with mouse pre-immune serum (diluted
1:1000). After reaction with alkaline phosphatase anti-mouse
IgG for 2h, the reaction was developed with 5-bromo-4-
chloro-3-indolylphosphate—nitroblue tetrazolium (BCIP—NBT).

Transmission electron microscopy and immunocytochemistry

Ultrastructural and immunocytochemistry assays were car-
ried out as described in Barbosa et al. (2006). Transmission elec-
tron microscopy was performed using thin sections from yeast
cells of P. brasiliensis fixed in 2 % (v/v) glutaraldehyde, 2 % (w/v)
paraformaldehyde, and 3% (w/v) sucrose in 0.1 M sodium
cacodylate buffer pH 7.2. The samples were post-fixed in solu-
tion containing 1 % (w/v) osmium tetroxide, 0.8 % (w/v) potas-
sium fericyanide, and 5 mM CacCl, in sodium cacodylate buffer,
pH7.2. The material was embedded in Spurr resin (Electron Mi-
croscopy Sciences, Washington, PA). Ultrathin sections were
stained with 3 % (w/v) uranyl acetate and lead citrate.

For immunolabeling, yeast cells were fixed in solution con-
taining 4 % (w/v) paraformaldehyde, 0.5 % (v/v) glutaralde-
hyde, and 0.2 % (w/v) picric acid in 0.1 M sodium cacodylate
buffer at pH 7.2 for 24 h at 4 °C. Free aldehyde groups were
quenched with 50 mM ammonium chloride for 1h. Block
staining was performed in solution containing 2 % (w/v) ura-
nyl acetate in 15 % (v/v) acetone. After dehydratation, samples
were embedded in LR Gold resin (Electron Microscopy Sci-
ences, Washington, PA.). Grids were used to collect the ultra-
thin sections that were incubated for 1 h with the polyclonal
antibodies anti-PbACO or with mouse pre-immune serum
(diluted 1:100) and subsequently, with the anti-mouse IgG
Au conjugated (10-nm average particle size; 1:20 dilution). Af-
ter, grids were stained and observed with a Jeol 1011 transmis-
sion electron microscope (Jeol, Tokyo, Japan).

RNA isolation and quantitative real-time reverse
transcription-polymerase chain reaction (QRT-PCR)

RNA was isolated following the Trizol method (GIBCO™ Invitro-
gen Corporation) according to the supplier’s recommendations.
The RNA was precipitated with isopropyl alcohol, followed by
RNAse-free-DNAse treatment. To verify the RNA integrity the
samples were accessed by use of the Ajeonm/Azgonm ratio, and
the rRNA from each treatment was visualized on 1.2 % (w/v)
agarose gel electrophoresis. RNA samples were reverse tran-
scribed using Superscript II reverse transcriptase (Invitrogen™,
Life Technologies, Carlsbard, CA) and oligo (dT)15 primer. Real-
time PCR reactions were performed in triplicate, with samples
from three independent experiments in StepOnePlus™ real-
time PCR (Applied Biosystems Inc.). The PCR thermal cycling
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conditions were as follows: 40 cycles at 95 °C for 15 s, 60 °C for peptide and sequences of mitochondrial ACOs from several
60 s. The SYBR Green PCR mix (Applied Biosystems Inc.) was fungi available in database. The identity values of 100—89 %

used in PCRs and each cDNA sample was analyzed in triplicate were observed (Supplementary Table 2).

with each primer pair. The standard curves were generated to The complete cDNA coding PhbACO was obtained from
confirm a single product, and PCR was performed using an ali- a cDNA library derived from RNA obtained from mycelium to
quot of cDNA of each sample, serially diluted (1:5 dilution of the yeast transition (Bastos et al. 2007) [http://192.168.0.5/phor-
original). The data were normalized to the 60S ribosomal pro- estwww]. The deduced amino acid sequence presented 787 res-
tein L34 cDNA (Dantas et al. 2009), which were amplified in idues, with molecular mass of 85.7kDa and pl of 7.12
each set of PCRs experiments. The quantification of relative ex- (Supplementary Fig 1). In the sequence analysis of the deduced
pression was performed according to the relative standard PbACO protein it was found a mitochondrial targeting signal
curve method (Bookout et al. 2006). Statistical significance was (MTS) (residues 1-10) according to MitoProt II (http://
determined by Student’s t test, with p < 0.05 considered statis- ihg.gsf.de/ihg/mitoprot.html). Homology analysis between
tically significant. The oligonucleotides utilized in all experi- PbACO deduced amino acid sequence and related sequences
ments are listed in Supplementary Table 1. searched in NCBI database showed identity values ranging

from 89% to 93% to aconitases of Ajellomyces capsulatus
(GenBank accession number EDN08767), Coccidioides posadasii
(ABH10644), Coccidioides immitis (XP_001247958) and Aspergillus
flavus (EED56133) (data not shown).

Results
Identification of the PbACO

A protein species preferentially expressed in yeast cells with Heterologous expression, purification of the recombinant

a molecular mass of 80 kDa and isoelectric point (pI) of 7.79 PbACO, polyclonal antibodies production, specific recognition
was isolated from the proteome of P. brasiliensis. This protein of P. brasiliensis ACO by the polyclonal antibodies and

was submitted to digestion with endoproteinase Lys-C and comparative analysis of the Pbaco gene expression in the

an internal peptide, obtained through HPLC, was character- mycelium and yeast phases
ized by automated Edman degradation. Database searches
were performed and the major peptide obtained (SFDISLSHTF- Aiming at production of polyclonal antibodies, a fragment of
NEPQLQXFK) was identified as a homologue of ACO in P. brasi- the cDNA which encodes amino acids 321553 of the P. brasi-
liensis. Comparative analysis was performed between the liensis ACO was cloned. After induction with IPTG, a 50 kDa
A 1 2 3 4 5 B 1.2 3 C 1 2 3 4 5 6 D
kDa kDa kDa
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Fig 1 — Heterologous expression, purification of the recombinant PbACO, polyclonal antibodies production, specificity of
polyclonal antibodies against PbACO and comparative analysis of the Pbaco gene expression in the mycelium and yeast
phases. (A) E. coli DH5« cells harboring the pGEX-4T-3-aco plasmid were grown at 37 °C to an Aggo of 0.6 and harvested before
(lane 2) and after 4 h of incubation with 0.5 mM IPTG (lane 3). Induced E. coli cells harboring the pGEX-4T-3 (lane 1). After
induction with IPTG, a 50 kDa fusion protein was detected in bacterial lysates. The fusion protein was purified using glu-
tathione-sepharose 4B at 4 °C (lane 4), cleaved by the addition of thrombin protease (50 U/mL) and excised from preparative
gels ((12 % SDS-PAGE) — lane 5). (B) The fusion and the purified recombinant proteins were electrophoretically separated and
transferred to nitrocellulose membranes. Lane 1 — Pre-immune serum reaction with fusion protein. Both proteins (lanes 2
and 3) were detected by the polyclonal antibodies anti-PbACO (diluted 1:10 000). After reaction with alkaline phosphatase
anti-mouse immunoglobulin G (IgG), the reaction was developed with (BCIP—NBT). Molecular size markers are indicated. (C)
The total protein extracts (30 pg) from mycelium (lanes 1, 3 and 4) and yeast cells (lanes 2, 5 and 6) of P. brasiliensis were
fractionated by one-dimensional gel electrophoresis (12 % SDS-PAGE) and stained using Coomassie blue (lanes 1 and 2) or
transferred to nylon membranes. The membranes were probed with the mouse pre-immune serum (lanes 3 and 5) or the
anti-PbACO polyclonal antibodies (lanes 4 and 6). Molecular size markers are indicated. (D) Comparative analyses of the Pbaco
gene expression by qRT-PCR. Pbaco gene expression was examined in the mycelium and yeast phases. The data were
normalized to the 60S ribosomal protein L34 transcript expression. The quantification of relative expression was performed
according to the relative standard curve method and statistical significance was determined by Student’s t test (*p < 0.05).
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fusion protein was detected in bacterial lysates, corresponding
to the predicted mass of the 24 kDa peptide fusioned to the GST
(Fig 1A, lane 3). The fusion protein was purified through affinity
chromatography from bacterial lysates (Fig 1A, lane 4) and was
cleaved with thrombin protease followed by in gel purification
(Fig 1A, lane 5). Total protein extract obtained from E. coli cells
and the purified recombinant fragment of PhACO overpro-
duced in E. coli were electrophoresed, blotted onto membranes
and reacted with the polyclonal antibodies anti-PbACO (Fig 1B,
lanes 2—3). No cross-reactivity was detected when the fusion
protein GST-PhACO was incubated with the mouse pre-im-
mune serum (Fig 1B, lane 1). The purified recombinant frag-
ment of PhACO was recognized as a single protein species of
24 kDa by the polyclonal antibodies (Fig 1B, lane 3).

Total protein extracts of P. brasiliensis mycelia and yeast
cells were electrophoresed (Fig 1C, lanes 1-2), blotted onto
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membranes and reacted with the polyclonal antibody anti-
PbACO (Fig1C,lanes 3—6). A single protein species was detected
in the total protein extract of mycelium (Fig 1C, lane 4) and of
yeast cells that showed a stronger reaction (Fig 1C, lane 6). No
cross-reactivity was detected when the same samples were in-
cubated with the mouse pre-immune serum (Fig 1C, lanes 3, 5).

Comparative analyses of Pbaco gene expression were per-
formed by qRT-PCR in the fungal phases. It was observed in-
creased expression of the Pbaco gene at the yeast morphology
(Fig 1D).

Two-dimensional Western blotting analysis and mass
spectrometry

The specific polyclonal antibodies anti-PhbACO was used in
two-dimensional western blotting procedures with total
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Fig 2 — Two-dimensional Western blotting analysis and mass spectrometry. Two-dimensional gel electrophoresis of total

protein extracts from P. brasiliensis yeast cells (A and B) and mycelium (C and D). The proteins were stained by Coomassie
blue (A and C) or blotted on nylon membrane and reacted to the anti-PbACO polyclonal antibodies (B and D). The square areas
of interest in the gels and in the membranes were enlarged and shown at the right of each panel. The arrows indicate the
PbACO protein. Numbers to the left of figures refer to the molecular mass. At the top are indicated the isoelectric points. E, F
and G-PMF of trypsin digested PbACO isoforms (pI 7.79, 7.65 and 7.52 respectively).
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Table 1 — Identification of PbACO by PMF.

MS/MS Peptides sequences?®

Total score Peptides score

Accession number (NCBI) pl PMF

Score Coverage (%)
gi|226293399 7.79 172 33
gi|226293399 7.65 146 50
gi|226293399 7.52 139 43

211 40 K.TGEYGPVPATAR.D
49 K.SLFTVTPGSEQIR.A
67 K.WVVIGDWNYGEGSSR.E
79 R.SSISVAVSPTSDRLQILK.A
184 56 R.LNRPLTYAEK.I
57 K.TGEYGPVPATAR.D
72 K.SLFTVTPGSEQIR.A
89 K.WVVIGDWNYGEGSSR.E
100 K.QGMLPLTFTDPADYDR.I
55 72 R.LNRPLTYAEK.I
133 K.IMYSHLDDPHEQDIHR.G

a Fragmented peptides by MS/MS.

protein extracts of mycelium and yeast cells of P. brasiliensis.
Three isoforms (pIs 7.52, 7.65 and 7.79) of PhACO protein
with molecular mass of approximately 80 kDa were detected
in two-dimensional Western blotting assays in both yeast
cells (Fig 2 panels A, B) and mycelium (Fig 2 panels C, D). No re-
action was detected in the same assays when the membranes
were incubated with the pre-immune serum (data not shown).
The three spots identified by the specific polyclonal antibodies
anti-PhACO were used in MALDI-Q-TOF analysis. A represen-
tative spectrum of the tryptic fragments of PbACO protein iso-
forms is shown in Fig 2E—G illustrating the mass values from
the trypsin autolysis products. Mass spectra of the three spots
probed with antibodies anti-PbACO successfully identified, by
PMF and MS/MS, the protein ACO. Mascot scores show a statis-
tically significant identification of the three isoforms with PMF
scores 172, 146 and 139 (Table 1). Similarities in mass spectra
among analyzed spots confirmed that they represent the
same protein (Fig 2E—G). Ion search corroborates the PMF re-
sults, allowing identification of four, five and two ACO tryptic
peptides, respectively, with score 211, 184 and 55 (Table 1).

Cellular localization of the P. brasiliensis ACO

The cellular localization of the ACO was early approached by
immunoelectron microscopy using the specific polyclonal an-
tibodies anti-PbACO (Fig 3). In mycelium and yeast cells the
gold particles were diffusely distributed from the cytoplasm
to cell wall but it’s clearly more abundant in yeast cells
(Fig 3C). Protein dual localization in mitochondria and cytosol
could be verified (Fig 3C). Control sample exposed to the pre-
immune serum was free of label (data not shown). In order
to confirm these results the obtained several cellular fractions
were evaluated by Western blotting analyses with the same
specific polyclonal antibodies anti-PbACO. The obtained sphe-
roplasts of P. brasiliensis yeast cells (Supplementary Fig 2) were
used in order to isolate the peroxisome and mitochondria pu-
rified fractions by density gradient ultracentrifugation. The
gradient fractions were analyzed for enzymatic activities of
the mitochondrial and peroxisomal marker enzymes cyto-
chrome c oxidase and catalase, respectively (data not shown).
A single protein species was detected in secreted proteins pu-
rified from culture filtrates, cell wall, mitochondrial and

peroxisomal purified fractions (Fig 3E). Western blotting anal-
ysis corroborates the broad distribution of P. brasiliensis ACO.

Carbon sources and availability of iron affect both PbACO
protein levels and Pbaco gene expression

To elucidate the effect of nutrients in PhACO protein and gene
expression, P. brasiliensis yeast cells were grown on minimal
medium containing glucose, potassium acetate or ethanol as
sole carbon sources and in presence of high-iron concentration
or iron absence by addition of a chelant agent in liquid mini-
mum medium. The protein extracts were subjected to one-di-
mensional gel electrophoresis analysis and stained with
Coomassie blue (Fig 4A). The samples were blotted onto nylon
membranes and analyzed by immunobloting (Fig4B). A protein
corresponding to approximately 80 kDa was obtained in all
conditions. However, significant differences can be observed.
A higher protein level was found in cells growing in the pres-
ence of potassium acetate or ethanol when compared to the
protein level in yeast cells growing in glucose. The addition of
iron also promoted higher protein accumulation (Fig 4B). No
cross-reactivity to the mouse pre-immune serum was evi-
denced with the samples (data not shown). RNAs were
extracted from yeast cells in the same conditions above and
used in qRT-PCR analyses. PbL34 transcript was amplified as
a control. The Pbaco transcript level in the presence of glucose
and in iron depletion were reduced when compared to other
carbon sources and in high-iron levels (Fig 4C) corroborating
the observed protein levels. Higher transcript level was ob-
served in yeast cells grown in the presence of acetate and eth-
anol as carbon sources compared to glucose (Fig 4C). The
addition of iron also promoted increased transcript level.

Discussion

In this work the sequence coding to PhACO was obtained from
a cDNA library constructed from RNA extracted during the di-
morphic transition of P. brasiliensis (Bastos et al. 2007). The char-
acterization of the complete cDNA and comparative analysis at
the P. brasiliensis structural genome database from the Broad
Institute of Massachusetts Institute of Technology and Harvard



704

W. de A. Brito et al.

Fig 3 — Immunoelectron microscopy detection of the PhbACO and Western blotting analysis of cell fractions and secreted
proteins obtained from culture filtrates. Transmission electron microscopy of yeast cells (A and C) and mycelium (B and D).
v: cytoplasmic vacuole, n: nucleus, w: cell wall, m: mitochondria and c: cytosol. The gold particles were indicated in double
arrows (secreted), single arrow (w: cell wall), arrowheads (m: mitochondria) and double arrowheads (c: cytosol). Bars 0.5 um
(A, C and D) and 1.0 pm (C). E — Western blotting analysis: protein extracts were fractionated by SDS-PAGE, blotted onto nylon
membranes and reacted with the polyclonal antibodies anti-PbACO. s — secreted proteins obtained from culture filtrates;
w — cell wall enriched fraction; m — mitochondrial purified fraction and p — peroxisomal purified fraction.

allowed the identification of two homologous genes encoding
ACO in the isolates Pb01, Pb03 and Pb18. The analysis demon-
strated that the genes encoding PhACO in the three isolates de-
pictin the deduced proteins identity values from 99 % to 100 %.
Regarding to the other gene encoding ACO it was demonstrated
identity values from 96 % to 98 % among the three isolates,
comparing the sequences of the deduced proteins. The two de-
duced ACOs presented identity values from 55 % to 58 %, con-
sidering the three isolates.

The analysis of the predicted PbACO revealed a protein
consisting of 787 amino acids, 85.7kDa and pl of 7.12.

Considering the removal of the mitochondrial target signal
the predicted protein is presumed to be 84.5kDa, pI 6.85.
This apparent small discrepancy between size in the PbACO
as determined by SDS-PAGE (80 kDa) could be due to several
factors, such as areas of incompletely disrupted secondary
structure. The predicted protein was highly homologous to
ACOs from other fungi. All the amino acids corresponding to
the catalytic domain of mitochondrial ACO were found as
well as the protein signature. The identification of a MTS indi-
cates that PhACO possibly plays its metabolic role in Krebs
cycle.
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Fig 4 — Carbon sources and availability of iron affect both PhACO protein levels and Pbaco gene expression. P. brasiliensis
yeast cells were incubated at 36 °C, during 3 h for RNA extraction and 24 h for protein extraction, with glucose as standard
carbon source (GLU). The availability of iron in the culture medium was controlled by addition of 50 uM BPS as chelant agent
(—Fe) or 90 uM ferrous ammonium sulfate (+Fe). The standard carbon source was replaced by potassium acetate (ACE) and
ethanol (ETH). The total protein extracts (30 pg) were fractionated by one-dimensional gel electrophoresis (12 % SDS-PAGE)
and stained using Coomassie blue (A) or transferred to nylon membranes and probed with anti-PbACO polyclonal antibodies
(B). Numbers the left of figures refer to the molecular mass standard. A single protein species of 80 kDa was detected in all
extracts. (C) Pbaco gene expression was examined by qRT-PCR under the same conditions above. The data were normalized
to the 60S ribosomal protein L34 transcript. The quantification of relative expression was performed according to the relative
standard curve method and statistical significance was determined by Student’s t test (*p < 0.05).

Apurified recombinant protein corresponding to amino acid
residues 321—-553 of the PbACO was obtained and used for poly-
clonal antibodies production in mice. The analysis carried out
by Western blotting showed that the obtained antibody was
able to recognize both, the recombinant protein of 24 kDa and
the native protein in the extracts of mycelia and yeast cells of
P. brasiliensis, with stronger reaction with yeast cells extracts.
Analysis by gqRT-PCR showed that the transcript of Pbaco in-
creases significantly in yeast cells, suggesting a differential me-
tabolism in fungal stages, as suggested by Felipe et al. (2005).

The produced polyclonal antibodies were efficient in the
recognition of PbACO isoforms by two-dimensional Western

blotting assays. Mass spectrometry analysis identified the pro-
tein isoforms as PhACO. The observed differences in the isoe-
letric points between the predicted and the native protein
isoforms suggest the apoprotein, [3Fe—4S] and [4Fe—4S] forms
of PhACO, as demonstrated by Zheng et al. (1990).
Immunolocalization assays were performed using the
polyclonal anti-ACO antibody, either by transmission electron
microscopy or by Western blotting with protein extracts from
cell fractions. Electron microscopy assays showed that the
protein has a similar localization in yeast cells and in myce-
lium, being more abundant in yeast cells of P. brasiliensis, con-
firming the data obtained by Western blotting and qRT-PCR.
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The expected double location in mitochondria and cytosol
was confirmed for the PhACO. Spheroplasts of P. brasiliensis
were efficiently produced and purified mitochondria and per-
oxisomes fractions were obtained. Western blotting assays
performed with proteins from several cell fractions confirmed
the presence of PhACO secreted in the culture filtrate, cell wall,
mitochondria and peroxisomes. In eukaryotic cells the phe-
nomenon of dual localization of proteins has been described
(Karniely & Pines 2005). Mutants of S. cerevisiae, in which mito-
chondrial target signal (MTS) from ACO and fumarase were
exchanged, showed an altered distribution of both proteins,
indicating that in addition to protein addressing, the signal se-
quence may determine the level of retrograde movement of
proteins to the cytosol (Regev-Rudzki et al. 2009).

Vesicular secretion is an important mechanism used by many
fungi to transport molecules from the intracellular to the extra-
cellular spaces (van Meer & Sprong 2004). In Histoplasma capsula-
tum and Cryptococcus neoformans it have been identified putative
cytosolic proteins in secretory vesicles (Albuquerque et al. 2008;
Nosanchuk et al. 2008; Rodrigues et al. 2008). Studies performed
in our laboratory showed the presence of proteins with predicted
cytoplasmic localization in other cellular compartments of P. bra-
siliensis cells, such as glyceraldehyde-3-phosphate dehydroge-
nase — GAPDH (Barbosa et al. 2006), triosephosphate isomerase
— TPI (Pereira et al. 2007), and enolase (Nogueira et al. 2010), all lo-
cated in the cytoplasm and in cell wall. The fact that the enzyme
ACO has been found in secreted vesicles by H. capsulatum
(Albuguerque et al. 2008) corroborates our finding of the PbACO
location in cell wall and beyond, in the extracellular space.

Increased expression of genes coding for enzymes of the
glyoxylate cycle, isocitrate lyase and malate synthase had
been reported in P. brasiliensis on poor carbon growth condi-
tions (Zambuzzi-Carvalho et al. 2009). Our results demon-
strated that in response to increase of isocitrate demand by
the glyoxylate cycle, P. brasiliensis depicted a significant in-
crease in levels of PhACO and Pbaco, as demonstrated when
the fungus was grown in medium containing acetate and eth-
anol instead of glucose as carbon source.

The free iron in tissues and fluids of vertebrate hosts is
maintained at extremely low levels. The influence of iron dep-
rivation on expression of iron—sulfur proteins has been docu-
mented in several systems and may represent a conserved
response (Eisenstein & Ross 2003; Kiley & Beinert 2003). An in-
creased expression of ACO under high concentration of iron
was reported in Mycobacterium tuberculosis (Wong et al. 1999)
and in C. neoformans (Lian et al. 2005). The mitochondrial
PbACO presented at both the transcriptional as translational
levels, significant induction in conditions of high-iron concen-
trations and significant repression in lack of iron. These re-
sults reinforce the questioning of the possible role of PhACO
in the regulation of iron levels mechanisms.
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Paracoccidioides brasiliensis is a fungal pathogen with a broad distribution in Latin American
countries. The mycelia-to-yeast morphological transition of P. brasiliensis is involved in the
virulence of this pathogen, and this event is essential to the establishment of infection.
Here, we report the first proteomic comparison between the mycelia, the mycelia-to-yeast
transition and the yeast cells. Changes in the relative abundance of the components of

Keywords:

. e the proteome during phase conversion of P. brasiliensis were analyzed by two-dimensional
Paracoccidioides brasiliensis

gel electrophoresis coupled to mass spectrometry. Using MALDI-TOF-MS, we identified
100 total proteins/isoforms. We show that 18, 30 and 33 proteins/isoforms in our map are
overexpressed in the mycelia, the mycelia-to-yeast transition and in yeast cells, respective-
ly. Nineteen proteins/isoforms did not present significant differences in the volume spots in

Morphological transition
Proteomic analysis

the three analyzed conditions. The differential expression was confirmed for six different
proteins by Western blot analysis. The quantitative differences observed by the proteomic
analysis were correlated with the transcript levels, as determined by quantitative RT-PCR
of the analyzed conditions, including conidial formation and the transition from conidia-
to-yeast cells. The analysis of the functional categories to which these proteins belong
provided an integrated view of the metabolic reorganization during the morphogenesis of
P. brasiliensis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction duced by shifting the growth temperature from 22 °C to 36 °C

[1,2]. Infection is initiated by the inhalation of conidia or my-

Paracoccidioides brasiliensis is the etiologic agent of paracocci-
dioidomycosis (PCM), which causes a wide range of superficial
and systemic infections. It is assumed that the fungus exists
as a soil saprophyte, producing propagules that can infect
humans and cause disease. In vivo, the P. brasiliensis transi-
tion from mycelium to yeast cells is governed by a rise in tem-
perature that occurs upon contact of the mycelia or conidia
with the host. In vitro, this transition can be reversibly repro-

celial fragments by the host, followed by their differentiation
into yeast cells [3]. Therefore, the ability of the fungus to un-
dergo the morphogenetic change from myecelia to yeast is of
particular interest because it represents an integral part of
the overall virulence strategy of the pathogen [4].
Approaches that have been used in the identification of
genes that are important for the establishment of the fungal
phases and for the transition process include, for example,

* Corresponding author at: Universidade Federal de Goias, Instituto de Ciéncias Bioldgicas II, Laboratério de Biologia Molecular, Campus II,

74690-900, Goiania, Goias, Brazil. Tel./fax: +55 62 35211110.
E-mail address: celia@icb.ufg.br (C.M.A. Soares).

1874-3919/$ - see front matter © 2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.jprot.2011.08.020

Please cite this article as: Rezende TCV, et al, A quantitative view of the morphological phases of Paracoccidioides brasiliensis
using proteomics, ] Prot (2011), doi:10.1016/j.jprot.2011.08.020



http://dx.doi.org/10.1016/j.jprot.2011.08.020
mailto:celia@icb.ufg.br
http://dx.doi.org/10.1016/j.jprot.2011.08.020
http://dx.doi.org/10.1016/j.jprot.2011.08.020

2 JOURNAL OF PROTEOMICS XX (2011) XXX-XXX

the characterization of the differential expression of genes in
yeast and mycelia by electronic subtraction and cDNA micro-
array hybridization to uncover genes with statistically signifi-
cant expression that is modulated during the mycelia-to-
yeast transition. An analysis of 6022 assembled groups from
mycelial and yeast cells expressing sequence tags provided a
comprehensive view of the metabolism of P. brasiliensis.
According to the transcriptional data, the mycelium phase
presents a more aerobic metabolism as compared with the
yeast phase, with a higher expression of the genes encoding
isocitrate dehydrogenase and succinyl-CoA synthetase, sug-
gesting a metabolic shift to oxidative phosphorylation. In con-
trast, the yeast phase exhibits an energy metabolism biased
towards ethanol production by fermentation. In addition, the
glyoxylate pathway is more active in the yeast form, as dem-
onstrated by the analysis of transcription in yeast and mycelia
[5]. Microarray analysis of 4692 genes has been employed
to monitor gene expression at several time points in the
mycelia-to-yeast morphological shift [6]. The differentially
expressed genes corresponded to several functional catego-
ries, including amino acid catabolism, cell wall metabolism,
the response to oxidative stress and protein synthesis. Our
laboratory reported the results from a transcriptional analysis
in P. brasiliensis yeast cells undergoing the mycelia-to-yeast
transition [7]. The analysis revealed 179 genes that are posi-
tively modulated during the early transition process when
compared with the mycelia. Notably, the expressed sequence
tag (EST) annotation revealed 34 induced genes whose cog-
nate proteins could function in cell wall/membrane remodel-
ing during the first 22 h of the transition process.

Although the studies discussed above provide a basic under-
standing of this transition, there are gaps in our knowledge of
the molecular mechanisms directing P. brasiliensis morphogen-
esis. Proteomic methods have only been used on a small scale
to understand the molecular characteristics of P. brasiliensis di-
morphism and have primarily focused on the characterization
of a single or a few protein targets in this organism [8-10].
Here, we present a quantitative analysis of the relative protein
abundance in myecelia, in the mycelia-to yeast transition and
in yeast cells. Two-dimensional gel electrophoresis (2-DE) was
employed to detect and evaluate the qualitative and quantita-
tive differences in the protein profiles. The amino acid sequence
of each protein was analyzed using bioinformatics tools to pre-
dict the potential biological function of the proteins. Intriguing-
ly, 33% of the total proteins identified, including enolase,
alcohol dehydrogenase, fructose bisphosphate aldolase 1 and
several heat shock proteins, are represented by more than one
isoform, which is probably the result of post-translational
modifications. The isoforms of a given protein frequently dis-
played differential expression patterns. Quantitative real-time
reverse transcription and Western blot analyses were employed
to confirm the proteomic data.

The present study, which focuses on the proteome of
P. brasiliensis, provides detailed reference maps of the three
fungal stages. Several proteins detected by this experimental
approach facilitated the design of a comprehensive metabolic
overview of P. brasiliensis in the fungal phases and in the
mycelia-to-yeast transition. The information obtained regard-
ing these proteins will provide a useful resource for studying
the dimorphism of P. brasiliensis.

2. Materials and methods

2.1.  Microorganism and culture conditions

P. brasiliensis, Pb01 (ATCC, MYA-826) was used in all experi-
ments of this study. The yeast and mycelial phases were
maintained in vitro by subculturing every 7 days, at 22 °C
and 36 °C, respectively, in Fava Netto’s semisolid medium
containing 1% (w/v) peptone, 0.5% (w/v) yeast extract, 0.3%
(w/v) proteose peptone, 0.5% (w/v) beef extract, 0.5% (W/v)
NacCl, 4% (w/v) glucose and 1.2% (w/v) agar at pH 7.2. The fila-
mentous phase was grown in liquid medium for 18 h at 22 °C
followed by incubation for 22h at 36°C, as previously
described [7].

2.2. Conidia production and induction of conidia-to-yeast
transition

To obtain conidia, the mycelia were cultivated in potato dex-
trose agar for 50 days at 18 °C according to established proto-
cols [11]. The conidia were purified by glass-wool filtration
followed by cell quantification. To induce the differentiation
of conidia-to-yeast cells, the harvested conidia were counted
in a hemocytometer and added at a final concentration of
5x10° to Erlenmeyer flasks containing 100 mL of Fava-
Netto’s liquid medium. The material was incubated at 36 °C,
under agitation, for 22 h.

2.3. Preparation of protein extracts

The cultures from the mycelia, the mycelia-to-yeast transi-
tion and the yeast cells were collected by centrifugation at
10,000x g for 15 min at 4 °C, followed by three washing steps
with sterile cold water. For the preparation of the total cell ho-
mogenate, the cells were ground in the presence of liquid ni-
trogen with a precooled mortar and pestle, as described
previously [8]. The extraction buffer (20 mM Tris-HCI pH 8.8;
2 mM CacCly) containing a mixture of nuclease and protease
inhibitors (serine, cysteine and calpain) (GE Healthcare,
Uppsala, Sweden) was added to the material. After the addi-
tion of glass beads (0.45 mm), the material was vigorously
mixed for 1h at 4 °C, followed by centrifugation at 10,000xg
for 15 min at the same temperature. Subsequently, the super-
natant was collected, and the protein concentration was de-
termined using the Plus One 2D Quant™ kit (GE Healthcare)
according to the manufacturer’s instructions. The samples
were stored in aliquots at —80 °C. For the proteomic analyses,
three biological replicates of protein samples from three
different experiments were obtained for each condition
analyzed.

2.4.  Two-dimensional gel electrophoresis (2-DE)

All of the reagents and equipment used in this study were
obtained from GE Healthcare. A compatible protocol with iso-
electric focusing (IEF) was optimized. Prior to IEF, the samples
containing 170 ug of protein were precipitated using a 2-D
Clean-Up kit following the procedure recommended by the
manufacturer. The precipitate was solubilized in a rehydration
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buffer (250 uL) consisting of 7 M urea, 2 M thiourea, 2% (w/v)
CHAPS, 65 mM DTT, 0.5% (v/v) IPG (immobilized pH gradient)
buffer and 0.001% (w/v) bromophenol blue and then applied
onto immobiline nonlinear DryStrips pH 3-11 (13 cm long). Sub-
sequently, the IPG strips were rehydrated for 14 h (30 V) using
the Ettan IPGphor III Isoelectric Focusing System. Once rehydra-
tion was complete, the samples were separated according to
their isoelectric points at 20 °C with a current of 50 pA/strip.
The following program was applied: 500 V for 1 h; 500-1000 V
for 1 h; 1000-8000 V over 12.5 h and 8000 V for 2.5 h. Before the
second dimension, the strips were reduced with 0.5% (w/v)
DTT for 40 min by gentle agitation and then alkylated with
2.5% (w/v) iodoacetamide for 40 min by gentle agitation in the
dark in equilibration buffer containing 6 M urea, 0.5 M Tris-
HCI, pH 8.8, 30% (v/v) glycerol, 2% (w/v) SDS and 0.001% (w/v)
bromophenol blue. For the second dimension electrophoresis,
the equilibrated strips were washed with running buffer
[25 mM Tris HCl pH 8.8, 192 mM glycine, 0.1% (w/v) SDS] for
5 min with gentle shaking. Subsequently, the IPG strips were
placed on top of a 10% SDS-PAGE gel and fixed with 0.5% (w/v)
melted agarose in running buffer and 0.001% (w/v) bromophe-
nol blue. The protein molecular weight marker was added.
The second dimension electrophoresis was performed in a Hoe-
fer SE 600 electrophoresis system at 15°C at 100V for 1h,
followed by 200 V until the indicator reached the bottom of the
gel. All proteins were visualized by staining with the Silver
Staining Protein kit™ without glutaraldehyde.

2.5. Image analysis

Three analytical replicates were produced for each of the
three independent biological samples. Images of silver-
stained 2-D gels were captured using Imagescan (GE Health-
care) in transparent mode and the Labscan software (GE
Healthcare) version 3.0. All images were imported in TIFF for-
mat (Tag Image File Format) and converted to the format of
the Image Master Platinum 6.0. The spot detection was per-
formed automatically with subsequent manual corrections
to remove false positives. The gels were analyzed in triplicate
for each condition using a reference alignment (landmark) for
automatic pairing. A spot was considered reproducible when
it was present in all triplicate gels. To compare spots between
gels of the three experimental conditions, a folder pairing
(matchSet) was done automatically, with manual corrections.
The image with the best resolution was chosen as the refer-
ence gel (master) for each condition. The automatic pairing
between the master gels was performed by the software, and
a manual inspection of each spot was performed to increase
the reliability of matching [12]. The volume percentage (indi-
vidual spot volume/sum of all spots volumes) of the spots
was used for statistical calculations and the determination
of overexpressed proteins.

2.6. Statistical analysis

A one-way ANOVA and Tukey’s multiple comparison post test
were applied to compare the differences among the analyzed
groups. All statistical calculations were performed using the
software STATISTICA version 7.0 (Statsoft Inc., 2005). The
results were considered significant at p<0.05.

2.7. In-gel digestion

Selected spots were excised and diced into small pieces. To
remove the silver stain, the excised spots were incubated in
100 pL of solution containing 50 mM sodium thiosulfate and
15 mM potassium ferricyanide for 5 min and washed twice
with water to remove the reducing agents [13]. The in-gel
digestion was performed manually [14]. The gel pieces were
dehydrated in 100 pL of acetonitrile (ACN) and dried in a
speed vacuum. The gel pieces were then reduced with
10 mM DTT and alkylated with 55 mM iodoacetamide. The su-
pernatant was removed, and the gels were washed with
100 pL of a 25 mM ammonium bicarbonate solution by vigor-
ous mixing for 10 min. The supernatant was removed, and
gel pieces were dehydrated twice in 100 pL of a 25 mM ammo-
nium bicarbonate/50% (v/v) ACN solution, vigorously mixed
for 5min and centrifuged. The gel pieces were dried, and a
10-ng/uL trypsin solution (sequencing grade modified trypsin,
Promega, Madison, WI, USA) was added, followed by rehydra-
tion on ice at 4 °C for 10 min. The supernatant was removed,
and 25pL of 25 mM ammonium bicarbonate solution was
added to the gel pieces, followed by incubation at 37 °C for
16 h. After the digestion, the supernatant was placed into a
clean tube. Fifty microliters of 50% (v/v) ACN, 5% (v/v) trifluor-
oacetic acid (TFA) solution was added to the gel pieces. The
samples were mixed for 10 min, sonicated for 3 min and com-
bined with the aqueous extraction above. The samples were
dried in a speed vacuum, and the peptides were solubilized
in water. Two microliters of each sample were delivered to a
target plate and dried at room temperature. Subsequently,
the peptide mixtures were covered with 2 pL of solution con-
taining 10 ng/mL alphacyano-4-hydroxycinammic acid in
50% (v/v) ACN and 5% (v/v) TFA. Considering that this proce-
dure does not favor the identification of less abundant protein
species, we improved the technique by adding a concentra-
tion and purification step using a pipette tip with a bed of
chromatographic media (ZipTips® C18 Pipette Tips, Milipore,
Bedford, MA, USA) prior to mass spectrometry (MS).

2.8. Mass spectrum analysis

Mass spectra (MS) processing was performed with a MALDI-
Synapt MS™ spectrometer (Waters-Micromass, Manchester,
UK) in positive ion reflector mode with a laser intensity of
250. The instrument was calibrated to an accuracy level of
<10 ppm using a calibration mixture of known standard syn-
thetic peptides with an 800-4000 Da m/z range. The instru-
ment was set to acquire MS spectra, and peaks of sufficient
intensity at 15 counts above threshold were automatically
fragmented in the argon collision cell. The resulting MS/MS
spectra were processed using Masslynx 4.0 software (Waters-
Micromass, Manchester, UK). The peak lists were created
by ProteinLynx Global Server 2.2.5v (Waters-Micromass,
Manchester, UK).

2.9. Identification of candidate proteins and
post-translational modifications

The identification of MS spectra was performed by submitting
the monoisotopic peak lists (*.txt) to the NCBInr database
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using MASCOT (MASCOT 2.1.02; Matrix Science, London, U.K.)
to identify candidate proteins. The following parameters were
selected: taxonomy, fungi; enzyme, trypsin; carbamidomethyl
(C) as fixed modifications; oxidation (M) as variable modifica-
tions; and one missed cleavage site was allowed. For the MS
data, a mass tolerance of 25-100 ppm was used for the protein
identification. For confirmation of the protein identification
by PMF, the resulting MS-MS ion spectra were processed and
converted into *.pkl files, and the peak list was further com-
pared to the NCBI nonredundant database (fungi) with a
peptide mass tolerance of +100 ppm and a fragment mass tol-
erance of 0.2-0.6 Da. For both MS and MS/MS, only proteins
with statistical significance (p<0.05), as determined by the
MASCOT algorithm, were accepted as a protein sequence
match. The analysis by MS/MS confirmed the proteins identi-
fied on the basis of the PMFs, validating the identifications.

To examine whether multiple spots might result from
post-translational modifications (PTMs), we added variable
modifications when identifying the MS spectra by NCBI data-
base search, as follows: acetylation of lysine and phosphoryla-
tion of serine/tyrosine/tryptophan. All protein isoforms,
which included the confirmation of the molecular mass of
the modified peptides, were selected for manual spectral
analysis.

2.10.
analysis

Criteria for protein identification and bioinformatics

Peptides from a single technical replicate corresponding to a sin-
gle protein were pooled. The proteins that were not represented
in the three biological replicates were dropped. The protein iden-
tification was accepted if it could be established at greater than
95% probability. The ORF sequences of the identified proteins
were sorted into functional categories based on the MIPS Func-
tional categories database (http://mips.helmholtz-muenchen.
de/genre/proj/yeast/listSearch.html?order=entry). The function-
al characterization was confirmed using a GO (http://amigo.
geneontology.org) classification.

2.11. RNA extraction, cDNA synthesis and real-time
RT-PCR (qRT-PCR)

The samples containing mycelia, yeast cells, and the
mycelia-to-yeast transition, and conidia and the conidia-to-
yeast transition, were washed three times with sterile water.
The cells were centrifuged, and the resulting pellets were frozen
in liquid nitrogen. The cells were disrupted by vigorous mixing
with glass beads for 10 min in the presence of Trizol (GIBCO™
Invitrogen Corporation) according to the manufacturer’s in-
structions. The cDNAs were prepared using Superscript II re-
verse transcriptase (Invitrogen™, Life Technologies, Carlsbad,
CA) and oligo (dT);s primer. The quantitative real-time PCR re-
actions were performed using a StepOnePlus™ real-time PCR
system (Applied Biosystems, Foster City, CA) in triplicates of
three independent experiments. The SYBR green PCR master
mix (Applied Biosystems) was used as the reaction mixture,
with 10 pmol of each primer and 40 ng of template cDNA at a
final volume of 25 pL. A melting curve analysis was performed
to confirm a single PCR product. The RT-PCR thermal cycling

consisted of 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Con-
stitutively expressed alpha tubulin [15] was selected to normal-
ize the samples. A non-template control was included to
eliminate contamination or nonspecific reactions. An aliquot
of cDNA from each sample was pooled to create the cDNA
used to generate a relative standard curve. The standard cDNA
was serially diluted 1:5, and a standard curve was generated
using five serially diluted samples from the pooled cDNA. The
relative expression levels of selected genes were calculated
using the standard curve method for relative quantification
[16]. The oligonucleotides used in the real-time PCR analyses
are listed in Supplementary Table 1.

2.12.  Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting

Protein extracts from P. brasiliensis (30 pg) were resolved by
SDS-PAGE on 12% polyacrylamide gels [17]. The samples
were transferred to nitrocellulose membranes and blocked at
room temperature for 2h with 5% (w/v) non-fat skim milk.
The membranes were incubated with the following polyclonal
antibodies: anti-isocitrate lyase of P. brasiliensis (protein mo-
lecular mass 60 kDa, unpublished); anti-glyceraldehyde 3-
phosphate dehydrogenase (mouse monoclonal antibody
raised to a GAPDH from rabbit muscle, United States Biologi-
cal/Swamspscott, MA); anti-P. brasiliensis enolase [9]; anti-
P. brasiliensis aconitase [18]; anti-P. brasiliensis triosephosphate
isomerase [19], and anti-P. brasiliensis fructose 1,6-biphosphate
aldolase (protein molecular mass 38 kDa, unpublished). Poly-
clonal antibodies directed to the c24-sterol methyltransferase,
molecular mass of 42.5 kDa (unpublished) GenBank accession
number ABB90541.1, were used as a loading control. This
step was followed by three incubations of 15 min in buffer
[PBS, containing 0.1% (v/v) Tween 20]. The membranes were
incubated with the appropriate conjugated antibody [alkaline
phosphatase coupled anti-rabbit or anti-mouse immunoglob-
ulin G (Sigma Aldrich, Co., St. Louis, MO)] and developed with
5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium
(BCIP-NBT).

3. Results
3.1.  Analysis of the P. brasiliensis proteome

In this study, we used a proteomic strategy to identify P.
brasiliensis proteins preferentially expressed in the mycelium
and yeast fungal phases and during an early stage in the
mycelia-to-yeast transition (22 h). The separation of intracel-
lular proteins from P. brasiliensis was conducted over a wide
pH range (3-11 NL IPG gels). Using silver staining, it was possi-
ble to detect and resolve protein spots with molecular masses
ranging from 11 to 127 kDa and pl values of 3.3 to 11. The pro-
tein spots were detected automatically and matched using
Image Master Platinum 6.0 (GE Healthcare). The 2-DE analysis
of each condition revealed an average of 991 spots in the my-
celium phase, 911 spots in the mycelia-to-yeast transition and
1017 spots in the yeast phase (data not shown). Fig. 1 shows a
representative two-dimensional gel of the three analyzed
conditions performed in biological triplicates.
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Fig. 1 - Two-dimensional gel analysis of P. brasiliensis proteins in yeast and mycelia and during their morphological transition.
(A) Mycelia; (B) the mycelia-to-yeast transition after 22 h at 36 °C and (C) Yeast. Protein (170 pg) extracts were separated on IPG
strips covering a pH range of 3-11, followed by 10% (w/v) SDS-PAGE and visualized by silver staining without glutaraldehyde.
2-D gel images from three biological replications of each condition were compared to identify differential expression levels of
proteins using Image master 2D Platinum software. Proteins spots that were identified by mass spectrometry are numbered
and listed in Supplementary Table 3. The pH gradient is shown above the gel and the molecular mass protein standards (kDa)
are indicated on the left of the gel. Two-dimensional gel analysis of P. brasiliensis proteins in yeast and mycelia and during their
morphological transition. (A) Mycelia; (B) the mycelia-to-yeast transition after 22 h at 36 °C and (C) Yeast. Protein (170 p.g) extracts
were separated on IPG strips covering a pH range of 3-11, followed by 10% (w/v) SDS-PAGE and visualized by silver staining
without glutaraldehyde. 2-D gel images from three biological replications of each condition were compared to identify differential
expression levels of proteins using Image master 2D Platinum software. Proteins spots that were identified by mass spectrometry
are numbered and listed in Supplementary Table 3. The pH gradient is shown above the gel and the molecular mass protein
standards (kDa) are indicated on the left of the gel.

To identify changes in the expression levels of proteins as- experimentally determined molecular mass and the pI, for
sociated with the fungal phases and the dimorphic switch of all the spots were generated. Out of all of the proteins
P. brasiliensis, the average intensity of staining of common detected, 396 spots were matched and submitted to a one-
spots identified in the triplicates of each condition was com- way ANOVA to compare the differences in protein expression
pared as described in the Materials and methods. A list con- among the three analyzed conditions, as demonstrated in
taining data, such as total and normalized volumes, Supplementary Table 2. The spots were described as common
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or differentially expressed in the three fungal conditions. Sup-
plementary Table 3 shows all of the protein spots from the
MS and MS/MS analysis, the fungal phase in which the protein
is overexpressed, the pl, the theoretical and experimental
molecular mass of each spot, the number of peptides found,
the percentage of coverage of peptides in relation to the total
sequence, the peptides confirmed by MS/MS, and the entry
number in the NCBI protein database presenting the highest
score. We noted that the statistical correlation between
the experimental and theoretical values of molecular mass
(Pearson r=0.995, p<0.001) was higher than the correlation
between the pl values (Pearson r=0.852, p<0.001) (Supplementary
Fig. 1).

The analysis resulted in a final list of 100 proteins and iso-
forms contained in the 396 statistically analyzed spots. Among
the mycelia, mycelia-to-yeast transition and yeast cell samples,
18, 30 and 33 proteins/isoforms, respectively, were differentially
expressed, and 19 proteins, from the total, presented similar
expression among the three sample sets (Supplementary
Table 3; Fig. 2).

3.2. Proteins of P. brasiliensis differentially expressed in
the mycelia phase

A comparative analysis was performed among the protein
profiles demonstrated in the mycelia, mycelia-to-yeast transi-
tion and yeast cells. As demonstrated in Table 1, the categori-
zation of the proteins/isoforms differentially expressed in the
mycelium in comparison to the other two developmental fun-
gal phases allowed the identification of 18 overexpressed pro-
teins in this fungal phase. These proteins and isoforms
corresponded to functional categories, such as cell defense,
and energy and protein fate (Table 1). Some of the

Number of Spots
100

Mycelia-to-
Yeast transition

30

Fig. 2 - Diagram depicting the breakdown of proteins identified
at each fungal phase. The comparative analysis provides the
differentially expressed proteins/isoforms and the constitutive
spots.

characterized proteins in this fungal phase were unclassified
based on the MIPS category and GO classification.

3.3. Proteins of P. brasiliensis differentially expressed in
the mycelia-to-yeast transition

A closer look at the dimorphic process of P. brasiliensis was
obtained by investigating the fungal proteins that were prefer-
entially expressed after 22h of fungal transition from
mycelia-to-yeast cells, as shown in Table 2. Thirty proteins
and isoforms from a total of 81 differentially expressed pro-
teins were identified to have significant variation (ANOVA
p<0.05). Notably, the increased proteins were related to cell
rescue, defense and virulence, including several heat shock
proteins (HSPs). Some glycolysis-related enzymes, such as
enolase and phosphoglucomutase, were preferentially in-
duced during the transition. Transaldolase and transketolase
were also induced during the transition phase. The proteins
involved in the metabolism of amino acids and nitrogen
were also induced after the first 22 h of the mycelia-to-yeast
transition. Of particular note, the subunits of ATP synthase
are upregulated during transition.

3.4. Proteins of P. brasiliensis differentially expressed in
the yeast phase

By comparing the three developmental stages, it was possible
to identify 33 proteins and isoforms that were preferentially
expressed in the yeast phase (Table 3). Most of the enzymes
of the glycolytic pathway were upregulated in this fungal
phase. The glycolysis pathway contained the largest number
of proteins within the carbohydrate metabolism category.
The enzymes of the glyoxylate cycle (isocitrate lyase) and
lipid metabolism (enoyl CoA hydratase and methylcitrate
dehydratase) were also increased in this fungal phase in
comparison to the two other developmental stages analyzed.

3.5. Predominant metabolic pathways as predicted by
proteomic analysis

Fig. 3 presents an overview of the predominant metabolic as-
pects involved in the three fungal developmental stages de-
termined by our proteomic analysis. The glycolytic pathway
is upregulated during the yeast phase. Most of the glycolytic
enzymes are upregulated during the yeast phase. Some of
the glycolytic enzymes begin their accumulation during the
mycelia-to-yeast transition, such as phosphoglucomutase
and enolase, and their levels remain high during the yeast
phase. The enzymes of the non-oxidative branch reactions
of the pentose phosphate pathway, such as transketolase
and transaldolase, were upregulated during the mycelia-to-
yeast transition, can provide substrates for glycolysis, which
is induced during the yeast phase. The induction of the non-
oxidative pentose phosphate pathway might also reflect a
high production of NADPH by the oxidative branch, which
could be used in the biosynthetic processes putatively re-
quired in the ensuing yeast phase. The fate of pyruvate during
the myecelia-to-yeast transition and in yeast cells could
be alcoholic fermentation, as suggested by the upregulation
of two alcohol dehydrogenases. In addition, during the
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Table 1-Indentified proteins from P. brasiliensis up-regulated in the mycelia phase compared to the mycelia-to-yeast

transition and yeast phases.

Functional Accession number/ Spot  Mascot Sequence Theo. Mr Expt. Mr Matched ANOVA
category * protein description® number® Score? coverage (kDa)/pl’ (kDa)/pl® peptides (p value)!
(%)© (MS/MS) B
Cell rescue and virulence
PAAG_03216 mitochondrial peroxiredoxin 85 114 86 24.9/5.28  24.9/4.93 2 0.030
PRX1
PAAG_02725 Mn superoxide dismutase 88 81 71 24.8/891  20.8/8.05 = 0.001

Carbohydrate metabolism
PAAG_06473 mannitol 1-phosphate 51 129 62 43.1/5.66  39.9/6.27 5 0.006
5-dehydrogenase

Energy
PAAG_05249 aldeyde dehydrogenase 22 121 50 54.6/5.87  45.7/6.19 3 0.003
PAAG_05249 aldeyde dehydrogenase 23 177 58 54.6/5.87  45.4/6.44 8 0.001

Protein synthesis and fate

PAAG_03334 peptidyl-prolyl cis-trans 52 50 43 41.4/5.36  39.3/5.08 3 0.003
isomerase D
PAAG_03334 peptidyl-prolyl cis-trans 53 184 68 41.4/5.36  39.2/5.20 5 0.028
isomerase D
PABG_00326 proteasome subunit 78 98 55 29.3/8.25  27.7/8.92 2 0.003
alpha type-7
PAAG_03687 proteasome component PUP2 79 136 77 26.8/4.79  27.1/4.24 5 0.017

Amino acid metabolism
PAAG_08910D-3-phosphoglycerate 11 87 41 64.1/6.55  58.1/7.82 4 0.034
dehydrogenase

Signal transduction
PABG_07632 wos2/Hsp90 binding 76 78 44 23.6/4.30  27.9/3.83 2 0.009

co-chaperone

Cellular organization

PAAG_08058 cofilin 94 123 61 17.5/5.68  17.0/5.72 = 0.001
Cell cycle
PAAG_06751 DNA damage checkpoint 72 82 63 29.7/4.68  35.0/4.17 - 0.031
protein rad24
PAAG_00773 DNA damage checkpoint 61 184 52 32.5/4.74  37.7/4.40 9 0.025
protein rad24
Unclassified
PAAG_00503 HAD superfamily hydrolase 77 51 60 27.3/5.67  28.0/6.06 2 0.001
PAAG_00340 conserved hypothetical protein 92 134 58 19.2/8.61  19.2/9.58 = 0.035
PAAG_00340 conserved hypothetical protein 91 88 57 19.2/8.61  19.0/7.87 3 0.001
PAAG_06082 NmrA-like family protein 73 113 38 27.5/490  33.9/5.62 = 0.001

# Functional category — based on the MIPS Functional categories database and GO.

> Accesion number — accession number of matched protein from P. brasiliensis database (http://www.broadinstitute.org/annotation/genome/
paracoccidioides_brasiliensis/MultiHome.html).

¢ Spot number — spot numbers as depicted in Supplementary Table 1 and Fig. 1.

d Mascot score — score obtained from the Mascot search for each match.

¢ Sequence coverage — percent amino acid sequence coverage for the identified protein.

f Theo. Mr/pl (kDa) — theoretical molecular mass and isoelectric point based on amino acid sequence of the identified protein.

& Expt. M1/pl (kDa) — experimental molecular and isoelectric point estimated from the 2-DE gels.

B Matched peptides (MS/MS) — the number of matched peptides on MS/MS searching.

! ANOVA — statistically significant differences are considered with p<0.05.

mycelia-to-yeast transition, the increased concentration of peroxiredoxin, were overexpressed during the myecelia
mitochondrial ATP synthase family subunits was detected. phase. Regarding lipid metabolism, the methylcitrate and
The proteins involved in the maintenance of the intracellular the glyoxylate cycles are upregulated in the mycelia-to-yeast
redox potential and protection against oxidative stress, such transition and in yeast cells, as demonstrated by proteomic
as Mn superoxide dismutase and the mitochondrial analysis.
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Table 2 - Identified proteins from P. brasiliensis up-regulated during mycelia-to-yeast transition in comparison to mycelia

and yeast phases.

Functional Accession number/ Spot  Mascot Sequence Theo.Mr Expt. Mr Matched ANOVA
category * Protein description ® number ¢ Score? Coverage (kDa)/pl’ (kDa)/pl® peptides (p value)'
(%) © (MS/Ms) ™

Cell rescue and virulence

PAAG_07750 heat shock protein Hsp88 1 206 46 80.7/4.92  78.6/4.60 11 0.032

PAAG_05679 heat shock protein Hsp90 3 187 53 78.6/491  73.8/4.68 7 0.020

PAAG_01262 Hsp70-like protein 5 92 46 68.9/5.39  66.4/4.62 3 0.006

PAAG_08003 Hsp70-like protein 9 317 57 70.9/5.08  63.4/4.75 7 0.028

PAAG_01339 heat shock protein SSC1 8 232 65 73.8/5.92  64.0/5.28 9 0.002

PAAG_08003 Hsp70-like protein 15 252 58 70.9/5.08  54.1/4.75 - 0.038
Carbohydrate metabolism

PAAG_04166 transaldolase 64 80 52 35.8/6.47  36.9/6.97 - 0.004

PAAG_04444 transketolase 7 272 50 74.9/5.97  63.7/6.96 6 0.014
Glycolysis

PAAG_00771 enolase 28 105 66 47.4/5.67  44.1/5.64 8 0.019

PAAG_00771 enolase 29 160 63 47.4/5.67  44.1/5.79 6 0.020

PAAG_02011 phosphoglucomutase 26 74 56 83.7/6.59  44.1/4.93 = 0.000

PAAG_04541 alcohol dehydrogenase ADH1 67 107 44 44.8/8.96  36.9/7.91 3 0.013
Citric acid cycle

PAAG_00053 malate dehydrogenase 71 137 70 36.0/8.99  34.8/7.99 3 0.001
Energy

PAAG_04820 ATP synthase subunit alpha 18 96 55 51.0/8.67  49.2/8.98 = 0.003

PAAG_04820 ATP synthase subunit alpha 17 78 53 51.0/8.67 49.1/8.72 - 0.014

PAAG_08037 ATP synthase subunit beta 25 251 66 55.2/5.28  45.2/4.58 = 0.008
Lipid metabolism

PAAG_04550 2-methylcitrate synthase 35 113 58 51.6/9.02  43.8/8.83 3 0.002
Protein synthesis and fate

PAAG_00986 disulfide isomerase Pdil 10 208 50 59.3/4.80  59.7/4.51 11 0.023

PAAG_08931 glutamate carboxypeptidase 19 77 67 64.6/6.23  49.2/5.54 3 0.004
Amino acid and nitrogen metabolism

PAAG_06506 aspartate aminotransferase 48 133 65 50.9/8.39  40.7/8.41 - 0.019

PAAG_07114 argininosuccinate synthase 27 94 56 46.8/5.18  44.1/5.07 5 0.000

PAAG_03333 formamidase 33 135 49 46.1/6.10  43.8/7.06 4 0.020

PAAG_03333 formamidase 32 91 48 46.1/6.10  44.0/6.86 3 0.002

PABG_04154 NADP-specific glutamate 36 73 51 50.3/7.17 43.6/7.87 4 0.042

dehydrogenase

PAAG_02859 adenosylhomocysteinase 40 90 50 49.0/5.83  42.7/6.58 3 0.036
Nucleotide metabolism

PAAG_03096 thymine dioxygenase 50 133 43 41.5/5.20  40.1/4.92 - 0.001
Signal transduction

PAAG_06996 RACK1-like protein 66 137 58 35.5/6.59  36.7/7.75 3 0.012
Cellular transport

PAAG_08973 Tropomyosin 1 90 75 94 18.8/4.99  19.7/4.53 = 0.008
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Table 2 (continued)

Functional Accession number/ Spot  Mascot Sequence Theo.Mr Expt. Mr Matched ANOVA
category * Protein description ® number® Score? GCoverage (kDa)/plf (kDa)/pl® peptides (p value)'
(%)© (MS/MS) "
Transcription
PAAG_04814 nucleic acid-binding protein 84 94 43 30.4/9.40  25.0/7.52 - 0.024
Unclassified
PAAG_08614 conserved hypothetical protein 82 72 56 28.1/5.74  25.3/6.06 = 0.008

& Functional category — based on the MIPS Functional categories database and GO.
> Accesion number — accession number of matched protein from P. brasiliensis database (http://www.broadinstitute.org/annotation/genome/

paracoccidioides_brasiliensis/MultiHome.html).

¢ Spot number — spot numbers as depicted in Supplementary Table 2 and Fig. 1.

4 Mascot score — score obtained from the Mascot search for each match.

¢ Sequence coverage — percent amino acid sequence coverage for the identified protein.

f Theo. Mr/pl (kDa) — theoretical molecular mass and isoelectric point based on amino acid sequence of the identified protein.

& Expt. Mr/pl (kDa) — experimental molecular and isoelectric point estimated from the 2-DE gels.

B Matched peptides (MS/MS) — the number of matched peptides on MS/MS searching.

! ANOVA — statistically significant differences are considered with p<0.05. Statistical analysis of 396 protein spots detected by two-
dimensional sodium dodecyl sulfate-polyacrylamide gel electropohoresis in the mycelia, the mycelia-to-yeast transition and the yeast cells.

3.6. Proteins with no significant differences in expression
between mycelia, mycelia-to-yeast transition and yeast cells

We were also interested in the expression profiles of pro-
teins and isoforms whose abundance did not significantly
change (ANOVA p>0.05) across the three different P. brasiliensis
samples. A total of nineteen proteins with equal expression
in the three conditions were identified in this study (Supple-
mentary Table 4). The isoforms of the glycolytic enzymes,
such as enolase, phophoglycerate kinase and glyceraldehyde-
3-phosphate dehydrogenase, were common to all three condi-
tions analyzed. In addition, the isoforms of the enzymes of the
Krebs cycle were detected.

3.7. Protein isoforms and post-translational modifications

Proteomic analysis allowed the global inspection of post-
translational modifications (PTMs) because they are often asso-
ciated with changes of molecular mass and/or charge, which
can be detected on 2-D gels. We performed a search of the P. bra-
siliensis structural genome database from the Broad Institute of
MIT and Harvard (http://www.broadinstitute.org/annotation/
genome/paracoccidioides_brasiliensis/MultiHome html) for the
presence of more than one gene coding for a specific protein.
We identified proteins appearing in more than one spot in the
proteome map of the mycelia, mycelia-to-yeast transition and
yeast cells (Tables 1-3 and Supplementary Table 4). To examine
whether multiple spots might result from PTMs, we added var-
iable modifications to the identification spectra of the MS by
NCBI database search, as described in the Materials and
methods. We observed an increase in the number of matched
mass values and of sequence coverage when applying those
search criteria. The most common PTMs identified among the
P. brasiliensis protein isoforms were phosphorylation (S-T-Y)
and lysine acetylation. Manual spectral analysis confirmed

the molecular mass of the selected peptides (Table 4 and Sup-
plementary Table 5).

3.8. The correlation between the proteomic and
transcriptional data

To correlate the proteomic and transcriptional data, we
performed a transcript analysis of the selected genes during
the three morphological phases (mycelia, mycelia-to-yeast
transition and yeast) and in conidia and the conidia-to-
yeast transition, as described in Materials and methods.
Supplementary Fig. 2 presents a morphological view of
the transition processes from mycelia-to-yeast and from
conidia-to-yeast (panels A and B, respectively). After 22 h of
the mycelia-to-yeast transition, round-shaped cells similar
to yeast forms were observed (Fig. S2A). In addition, the
conidia-to-yeast phase contained cells with a morphology
resembling yeast cells (Fig. S2B).

To correlate the protein and mRNA levels, we performed a
gRT-PCR analysis of the five selected genes (Fig. 4). The in-
creased level of transcripts encoding enolase during the
mycelia-to-yeast and conidia-to-yeast transitions correlates
with an increased expression of the protein, as demonstrated
by the proteomic analysis (Fig. 4A). The increase in isocitrate
lyase transcript is correlated with an increase at the protein
level, with higher expression during the yeast phase (Fig. 4B).
The expression of alcohol dehydrogenase 1 is mainly in-
creased during the conidia-to-yeast transition (Fig. 4C). The
aldehyde dehydrogenase transcript levels are higher in the
mycelia as compared to the yeast phase, which correlates
with the proteomic analysis (Fig. 4D), although a significant
increase in the expression was observed during the conidia-
to-yeast transition. Regarding triosephosphate isomerase,
the transcript was more abundant during mycelia-to-yeast
and conidia-to-yeast transitions (Fig. 4E), although the proteo-
mic analysis revealed preferential expression in yeast.
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Table 3 - Identified proteins from P. brasiliensis up-regulated in the yeast phase compared to mycelia and mycelia-to-yeast

transition.

Functional Accession number/ Spot  Mascot Sequence Theo. Mr Expt. Mr Matched ANOVA
category * Protein description ® number® Score® Coverage (kDa)/pl’ (kDa)/pl® peptides (p value)'
(%)© (MS/MS) B
Cell rescue and virulence
PAAG_08059 heat shock protein Hsp60 16 331 75 62.3/5.51  53.8/4.91 9 0.027
PAAG_01339 heat shock protein SSC1 39 73.8/5.92  42.7/5.75 4 0.000
AF452883 Y20 protein 89 109 64 21.6/6.09  20.0/7.03 6 0.001

Carbohydrate metabolism
PAAG_06473 mannitol 1-phosphate 47 130 35 43.1/5.66  40.7/6.59 5 0.019
5-dehydrogenase

Glycolysis
PAAG_07410 phosphoglycerate mutase 12 109 52 57.3/5.37  54.7/5.42 5 0.019
PAAG_02869 phosphoglycerate kinase 46 154 64 45.3/6.48  41.7/5.97 3 0.000
PAAG_01995 fructose bisphosphate 57 78 49 39.8/6.14  38.2/6.90 = 0.008
aldolase 1
PAAG_01995 fructose bisphosphate 58 168 60 39.8/6.14  38.6/7.15 4 0.000
aldolase 1
PAAG_08468 glyceraldehyde 3-phosphate 63 246 77 36.6/8.26  37.1/9.13 5 0.002
dehydrogenase
PAAG_00403 alcohol dehydrogenase 60 217 78 38.0/7.55  37.8/8.66 8 0.000
ADH2
PAAG_02585 triosephosphate isomerase 81 183 75 27.2/5.39  26.1/5.54 6 0.031
PAAG_00403 alcohol dehydrogenase 59 111 75 38.0/7.55 38.1/8.40 = 0.000
ADH2

Citric acid cycle
PAAG_05048 aconitase 4 86 19 79.2/6.49  72.9/7.72 6 0.013
PAAG_01463 succinyl-CoA ligase 45 91 62 48.6/5.74 41.9/4.81 1 0.000
subunit beta

Glyoxylate cycle
PAAG_06951 isocitrate lyase 13 193 66 60.2/6.79  54.1/7.88 = 0.038

Lipid metabolism

PAAG_04559 2-methylcitrate dehydratase 21 99 41 62.3/8.55  46.6/7.57 = 0.004
PAAG_03631 12-oxophytodienoate reductase 44 294 69 43.2/8.69  41.2/9.45 5 0.000
PAAG_06309 enoyl-CoA hydratase 80 79 52 32.1/8.89  26.7/8.62 = 0.006

Protein synthesis and fate

PADG_05922 cytosolic non-specific 20 142 55 53.6/5.35  47.2/5.51 6 0.010
dipeptidase

PAAG_03556 elongation factor 1 gamma 43 79 35 45.9/8.20  41.3/8.87 = 0.029
PAAG_03334 peptidyl-prolyl cis-trans 49 86 67 41.4/5.36  40.6/5.35 — 0.000
isomerase D

PAAG_03028 elongation factor 1 beta 70 89 65 25.9/4.78  35.1/4.45 2 0.012
PAAG_02907 proteasome regulatory 86 79 42 26.1/5.80  24.3/6.15 = 0.036
particle subunit (Nas6)

PAAG_00739 peptidyl-prolyl cis-trans 93 127 70 22.8/7.88  18.0/8.39 5 0.003

isomerase B

Amino acid and nitrogen metabolism

PAAG_07626 Cobalamin independent 2 254 61 87.3/6.28  77.2/7.69 3 0.005
synthase

PAAG_08100 O-acetylhomoserine 41 161 72 47.1/6.24  42.0/7.31 5 0.009
(thiol)-lyase

PAAG_01321 oxidoreductase 2-nitropropane 56 77 74 37.7/6.01  38.3/6.70 1 0.002
dioxygenase family

PAAG_00966 l-threonine 3-dehydrogenase 55 130 75 38.1/5.86  38.1/6.33 3 0.008
PAAG_04966 nitrilase family protein, 74 121 78 32.6/7.70  33.0/8.61 6 0.001
putative

Phosphate metabolism
PAAG_00657 inorganic pyrophosphatase 68 196 77 33.6/5.13  36.1/4.77 4 0.004
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Table 3 (continued)

Functional Accession number/ Spot  Mascot Sequence Theo.Mr Expt. Mr Matched ANOVA
category * Protein description ® number® Score? GCoverage (kDa)/plf (kDa)/pl® peptides (p value)'
(%)© (MS/MS) "

Nucleotide metabolism

PAAG_04291 nucleoside diphosphate kinase 96 153 57 16.8/6.84  14.5/6.99 2 -
Transcription

PAAG_04814 nucleic acid-binding protein 83 214 51 30.4/9.40  25.0/6.80 6 0.022
Cell cycle

PAAG_04042 Septin 37 86 52 44.2/5.25  43.1/5.20 = 0.019

# Functional category — based on the MIPS Functional categories database and GO.

> Accesion number — accession number of matched protein from P. brasiliensis database (http://www.broadinstitute.org/annotation/genome/
paracoccidioides_brasiliensis/MultiHome.html).

¢ Spot number — spot numbers as depicted in Supplementary Table 2 and Fig. 1.

4 Mascot score — score obtained from the Mascot search for each match.

¢ Sequence coverage — percent amino acid sequence coverage for the identified protein.

f Theo. Mr/pl (kDa) — theoretical molecular mass and isoelectric point based on amino acid sequence of the identified protein.

& Expt. Mr/pl (kDa) — experimental molecular and isoelectric point estimated from the 2-DE gels.

B Matched peptides (MS/MS) — the number of matched peptides on MS/MS searching.

! ANOVA — statistically significant differences are considered with p<0.05.
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Fig. 3 - Diagram of the metabolic processes upregulated in mycelia, mycelia-to-yeast and yeast. The upregulated enzymes
are listed as follows: ACO — Aconitase; ADH1 — alcohol dehydrogenase 1; ADH2 — alcohol dehydrogenase 2; ATPa— ATP synthase
alpha subunit; ATPb — ATP synthase beta subunit FBA — fructose 1,6-biphosphate aldolase; ECH — enoyl-CoA hydratase;
ENO — enolase; GAPDH — glyceraldehyde 3-phosphate dehydrogenase; GDH — glutamate dehydrogenase; ICL — isocitrate lyase;
MCD — methylcitrate dehydratase; MCS — methylcitrate synthase; MDH — malate dehydrogenase; PGD — 3-phosphoglycerate
dehydrogenase; PGK — phosphoglycerate kinase; PGL — phosphoglucomutase; PGM — phosphoglycerate mutase; PRX —
mitochondrial peroxiredoxin; SOD — Mn superoxide dismutase; SUCLA — succinyl-CoA ligase; TAL — transaldolase; TKL —
transketolase; TPI — triose phosphate isomerase.
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Table 4 - Predicted post-translational modifications of identified protein isoforms.

Protein Accession Spot  Preferential Theo.Mr Expt. Mr PTM+ Sequence N2 of mass values
description number number expression® (kDa)/pl (kDa)/pl coverage %# matched#

Hsp70-like protein PAAG_08003 9 T 70.9/5.08 63.4/4.75 - 57 39

acet(k) 69 51

6 C 70.9/5.08  67.0/4.79 - 54 36

phospo(S-T) 66 45

Enolase PAAG_00771 28 T 47.4/5.67 44.1/564 - 66 24

phospo(S-T) 71 39

29 T 47.4/5.67 44.1/579 - 63 24

phospo(Y) 68 32

30 C 47.4/5.67  44.2/598 - 63 23

acet(k) 66 28

31 (@ 47.4/5.67 44.0/6.21 - 57 21

acet(k) 64 27

Phosphoglycerate =~ PAAG_02869 46 Y 45.3/6.48 41.7/597 - 64 27

kinase phospo(Y) 80 44

Glyceraldehyde PAAG_08468 63 Y 36.6/8.26  37.1/9.13 - 77 27

3-phosphate phospo(S-T) 85 31

dehydrogenase 62 @ 36.6/8.26  37.1/8.80 - 89 29

phospo(S-T) 93 35

Formamidase PAAG_03333 32 T 46.1/6.10 44.0/6.86 - 48 17

acetyl(k) 57 22

Peptidyl-prolyl cis- PAAG_03334 53 M 41.4/5.36  39.2/5.20 - 68 22

trans isomerase D acet(k) + phospo 72 32
(S-T)

ATP synthase PAAG_04820 18 T 51.0/8.67 49.2/898 - 55 26

subunit alpha phospo(Y) 62 30

acet(k) 57 46

Heat shock PAAG_01339 8 T 73.8/592  64.0/5.28 - 65 41

protein SSC1 phospo(S-T) 69 50

* Up-regulated condition: mycelia (M), mycelia-to-yeast transition (T) and yeast (Y).
tPTM — post translational modifications: acet(K) — lysine acetylation; phospo(S-T-Y) — serine, threonine and tyrosine phosphorylation.
# Values returned by MASCOT search tool using none or specific variable modifications.
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Fig. 4 - (A) Quantitation of the mRNA expression of selected genes of P. brasiliensis by quantitative real time RT-PCR.
The expression levels of transcripts from P. brasiliensis derived from the mycelia (M), the mycelia-to-yeast transition (T),
the conidia (C), the conidia-to-yeast transition (C-Y) and the yeast (Y) cells, were evaluated by qRT-PCR. The primers were
derived from the genomic sequences and are listed as follows: A — enolase (PAAG_00771); B— isocitrate lyase (PAAG_06951);
C — alcohol dehydrogenase (PAAG_04541), D — aldehyde dehydrogenase (PAAG_05249); E — triosephosphate isomerase
(PAAG_02585). Error bars indicate the standard deviations from three independent experiments performed in triplicate.
Data were analyzed by one-way ANOVA and Tukey’s multiple comparison post test. Symbols indicate no significant
differences in expression between the samples.

Please cite this article as: Rezende TCV, et al, A quantitative view of the morphological phases of Paracoccidioides brasiliensis
using proteomics, J Prot (2011), doi:10.1016/j.jprot.2011.08.020



http://dx.doi.org/10.1016/j.jprot.2011.08.020

JOURNAL OF PROTEOMICS XX (2011) XXX-XXX 13

3.9. Immunoblotting analysis

To validate the protein abundance measurements, we performed
a Western blot analysis focusing on six P. brasiliensis proteins
(Fig. 5), in which total protein extracts from mycelia, mycelia-to-
yeast transition and yeast were utilized. As demonstrated by
the western blot analysis, the expression of the enzymes isoci-
trate lyase, triosephosphate isomerase, fructose 1,6-biphosphate
aldolase, glyceraldehyde-3-phosphate dehydrogenase, aconitase
and enolase correlates with proteomic analysis.

4, Discussion

We analyzed the P. brasiliensis mycelia, mycelia-to-yeast tran-
sition and yeast proteome using 2-DE coupled to mass spec-
trometry and performed an analysis of the changes in
protein abundance. The proteome analysis of the three devel-
opmental stages of P. brasiliensis resulted in the identification
of 100 proteins, of which 81 are differentially expressed. The
P. brasiliensis proteomes described here, despite being inex-
haustible, provide the first information on the fungal protein
expression in the saprobiotic mycelial phase, during the
mycelia-to-yeast transition and in the yeast parasitic phase.
By comparing the three developmental stages, some pro-
teins are preferentially expressed in the P. brasiliensis mycelia.
A peroxiredoxin (PRX) and Mn superoxide dismutase (MnSOD)
are included in this category. The reactive oxygen species
(ROS) are byproducts of many oxygen-dependent redox

reactions. MnSOD plays a key role in preventing oxidative
stress in mitochondria [20]. Peroxiredoxins (PRXs) are antioxi-
dant enzymes that use redox-active cysteines to reduce
peroxide by employing the reducing potential of a variety of
thiols [21]. Additionally, the mitochondrial peroxiredox-
in/thioredoxin system protects MnSod against inactivation
by peroxynitrite, which is primarily generated by the reaction
of the superoxide anion and NO [22]. The mycelial phase has
been reported to have a more aerobic metabolism compared
to the yeast phase, as demonstrated by transcriptional analy-
sis [5]. The upregulation of MnSOD and PRX suggests a need
for increased protection against respiration-derived ROS.

Most of the upregulated proteins were detected during the
mycelia-to-yeast transition and in yeast, with 30 and 33 overex-
pressed proteins, respectively. As might be expected, we identi-
fied several heat shock/stress-related proteins that were
expressed preferentially in the mycelia-to-yeast transition, in-
cluding HSP88, HSP90 and isoforms of HSP70. The transcription-
al analysis of the proteins involved during the mycelia-to-yeast
transition showed a group of hsp genes that were clearly in-
duced early at 5 h after the temperature shift, although at 10h
after the transition, the genes exhibited distinct expression pat-
terns [6]. Previous studies of the mycelia-to-yeast transition at
22 h demonstrated increased expression of transcripts encod-
ing HSP70 and HSP90, suggesting that for some molecules, the
transcript and protein levels are correlated [7].

Our proteomic analysis indicates a global reorganization of
P. brasiliensis carbohydrate metabolism during the morpholog-
ical switch from mycelia-to-yeast. The production of energy in

A B C
Isocitrate lyase Triosephosphate isomerase Fructoseallfo-lh;gehosphate
M T Y M T Y M T Y
D E F
Glyceraldehyde 3 phosphate Aconitase Enolase
dehydrogenase
M T Y M T Y M T Y
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-

Fig. 5 - Western blot analysis. (A) A total of 30 pg of protein extracted from P. brasiliensis mycelia (M), mycelia-to-yeast
transition during 22 h (T) and yeast (Y) were fractionated by SDS-PAGE (12%) and transferred to a nitrocellulose membrane.
Protein extracts are shown after the reaction with polyclonal antibodies against the following proteins: A — isocitrate lyase;
B — triosephosphate isomerase; C — fructose bisphosphate aldolase; D — glyceraldehyde-3-phosphate dehydrogenase;
E — aconitase; F — enolase; G — c24-sterol methyltransferase, as a loading control. The blots were incubated with the mouse
or rabbit polyclonal antibodies coupled to alkaline phosphatase and developed with 5-bromo-4-chloro-3-indolylphosphate/

nitroblue tetrazolium (BCIP/NBT).
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the form of ATP in the 10 enzyme-catalyzed processes of gly-
colysis are linked to the generation of intermediates and the
reducing potential in the form of NADH, which is subsequent-
ly used in biosynthetic pathways. Under anaerobic conditions,
the transformation of pyruvate to ethanol seems to prevail.
One major change detected in our studies is the accumulation
of enzymes of the glycolysis pathway and of alcohol dehydro-
genase starting at 22 h after the mycelia-to-yeast transition.
Consistent with this finding, P. brasiliensis transcriptional
studies have shown a shift toward anaerobic metabolism in
the yeast phase [5,6].

With regard to the mycelia-to-yeast transition, our prote-
omic data also suggest an upregulation of the pentose phos-
phate pathway, which is a major pathway for the recycling
of NADP+ to NADPH and for the production of ribose-5-
phosphate. The enzymes transaldolase and transketolase
were induced during the mycelia-to-yeast transition, indicat-
ing the production of fructose 6P and glyceraldehyde 3P,
which are used by the cell to produce ATP via glycolysis.
We propose that the changes in the abundance of the en-
zymes involved in glycolysis and the pentose phosphate
pathway might cause the accumulation of precursor mole-
cules in yeast. Similar results have been described in the pro-
teome of Candida albicans hyphae in comparison with yeast
cells [23].

An additional role of the pentose phosphate pathway is to
protect the cells against reactive oxygen intermediates, a role
that is especially important to the parasitic mode of life [24].
Transaldolase is a key enzyme in the non-oxidative branch
of the pathway that is responsible for the production of
NADPH. Notably, the primary function of this pathway is to
maintain glutathione in a reduced state, which functions to
provide protection of sulfhydryl groups and cellular integrity
from oxygen radicals. The enzyme glutathione reductase
was constitutively expressed in all the analyzed fungal
phases.

Consistent with the hypothesis that fatty acids might be
an important carbon and energy source for P. brasiliensis in
the mycelia-to-yeast transition and in the yeast itself, the
proteomic data demonstrated that the glyoxylate cycle en-
zyme isocitrate lyase is induced during the yeast phase.
The glyoxylate pathway facilitates the synthesis of C4 dicar-
boxylic acids from acetyl-CoA units, bypassing the both of
the decarboxylation steps in the TCA cycle. The cycle has
been linked to fungal pathogenesis. For example, many of
the genes highly induced in phagocytized C. albicans were
members of the glyoxylate cycle [25,26]. Additionally, the
propionyl-CoA produced by the p-oxidation of odd-chain
length fatty acids can be assimilated mainly in the transition
phase and in yeast, as suggested by the overexpression of the
enzymes methylcitrate synthase and methylcitrate dehydra-
tase, respectively. Studies have previously demonstrated
that the methylcitrate cycle is essential for propionate me-
tabolism in pathogens [27].

The metabolism of amino acids and nitrogen is particularly
overrepresented in the mycelia-to-yeast transition state and
in yeast, as demonstrated by the presence of the cognate en-
zymes induced during those fungal phases. The enzymes
of the biosynthetic pathway for methionine and cysteine
are overexpressed during the muycelia-to-yeast transition

(adenosylhomocysteinase) and in the yeast phase (cobalamin
independent synthase and O-acetylhomoserine(thiol)-lyase).
Cysteine was required to complete the mycelia-to-yeast transi-
tion of Histoplasma capsulatum induced by temperature shifting
[28]. Cysteine and other sulfhydryl compounds activate respira-
tory shunt pathways, which permit electron transport to bypass
blocked portions of the cytochrome system in P. brasiliensis
[29]. Consistent with this finding, ATP synthase subunits are
overexpressed during the myecelia to yeast transition.

As described in the Results, the same protein was identi-
fied in different spots. This phenomenon is common in 2-DE
and indicates the occurrence of protein modifications. Addi-
tionally, the decreased correlation between the experimental
and theoretical values of pI is probably due to post-
translational modifications (PTMs). One striking result of this
study is the insight into the abundance and regulation of
P. brasiliensis protein isoforms. From our analysis, it is evident
that several of the protein isoforms are due to PTMs. The
HSP70-like protein was identified as two isoforms in this
study. The pI changes of about 0.2 pH units observed in
HSP70 isoforms are consistent with pI changes observed in
protein phosphorylation, which is the putative PTM predicted
by our analysis [30]. We also show that the glycolytic enzyme
enolase was present in four isoforms, putatively related to
phosphorylation and acetylation. In Plasmodium yoelii, some
PTMs of enolase are due to phosphorylation, with different
isoforms localized in different cellular compartments [31].
Enolase has been reported to serve a number of functions
unrelated to glycolysis in various organisms, and in P. brasi-
liensis, the enzyme that presents multiple cellular localization
has been suggested to be involved P. brasiliensis pathogenesis,
mediating the fungal binding to plasminogen [9]. Interesting-
ly, another glycolytic enzyme, glyceraldehyde-3-phosphate
dehydrogenase, which also presents two differentially
expressed isoforms due to phosphorylation, was previously
suggested to be part of the molecular invasion machinery of
P. brasiliensis [32].

Several of the proteins that were overexpressed after 22 h
of the mycelia-to-yeast transition do not correlate with the
transcript upregulation detected previously [7]. We believe
that the transcriptional changes can be induced early in the
transition event. By comparing the transcriptional and prote-
omic data for the early transition [7], we verified that the tran-
scripts potentially related to cell wall synthesis/remodeling
were overexpressed in the first 22 h of the mycelia-to-yeast
transition. The cognate proteins were not detected in our
analyzed conditions, suggesting that their synthesis/accumu-
lation either occurs later in the developmental process or their
protein expression is poor, which could impair detection.
Some proteins that are preferentially expressed in the fungal
phases have been described previously. Y20 was recognized
as a member of the flavin mononucleotide flavodoxin-like
WrbA family, involved in heat shock and oxidative stress
[33], and the cognate transcript is preferentially expressed
during the yeast phase, consistent with the protein data [5].
Similarly, the proteins/isoforms of the glycolytic enzymes
fructose 1,6-biphosphate aldolase [8], triosephosphate isomer-
ase [19], enolase [9] and glyceraldehyde 3-phosphate dehydro-
genase [34] were previously demonstrated to predominate
during the yeast parasitic phase.
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This study not only sheds light on the development of P.
brasiliensis, but it also identifies proteins that are upregulated
as the fungus becomes increasingly infectious to humans.

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.jprot.2011.08.020.
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