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Nao sei.. Se a vida é curta
Ou longa demais para nos,
Mas sei que nada do que vivemos
Tem sentido, se nao tocamos o coracao
Das pessoas.
Muitas vezes basta ser:
Colo que acolhe,
Braco que envolve,
Palavra que conforta,
Siléncio que respeita,
Alegria que contagia,
lagrima que corre,
Olhar que acaricia,
Desejo que sacia,
Amor que promove.
E isso ndo é coisa de outro mundo,
E o que d4 sentido a vida.
E o que faz com que ela
Nao seja nem curta, Nem longa demais,
Mas que seja intensa,
Verdadeira, pura... Enquanto durar

(Saber viver — Cora Coralina)
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RESUMO

O fungo Paracoccidioides ¢ um patdégeno humano com ampla distribui¢ao na
América Latina. A infec¢do se inicia por inalacao de conidios e ou propagulos da forma
miceliana que ao atingirem o pulmdo do hospedeiro se diferenciam na fase
leveduriforme. Embora o perfil de expressdo génica em Paracoccidioides venha sendo
estudado, pouco se conhece sobre o padrao de expressdo de genes desta espécie durante
o processo infeccioso. Durante a infecg¢do, patdogenos regulam o metabolismo em
resposta a diferentes tipos de estresse e quantidades variadas de nutrientes disponiveis
no hospedeiro, presumivelmente permitindo a sua adaptacdo e sobrevivéncia. Os ions
metalicos sdo elementos essenciais para a manutencao de importantes vias metabolicas,
e por esse motivo, a capacidade de adquiri-los pelos patdogenos, a partir de fontes
disponiveis no organismo hospedeiro, ¢ considerada um fator de viruléncia. O zinco ¢é
considerado um ion metalico essencial para todos os organismos, por ser requerido para
transcri¢do, traducdo, replicacdo, resisténcia ao estresse oxidativo e viruléncia.
Transportadores para este ions sdo altamente expressos em condi¢des de infecgcdo por
Paracoccidioides. O presente trabalho descreve a analise de genes e proteinas
diferencialmente expressos em células leveduriformes de Paracoccidioides em
condi¢des que mimetizam a infec¢do. Foi realizada a comparagao do perfil protedmico
de Paracoccidioides durante a privagdo de zinco e na disponibilidade desse metal com o
objetivo de se descrever os mecanismos utilizados pelo fungo para sobreviver no
ambiente com baixa disponibilidade de zinco, mimetizando a condig¢do encontrada pelo
patogeno durante a infecgcdo. Adicionalmente, foi realizada a andlise transcricional de
Paracoccidioides recuperado de animais infectados. Os dados revelaram que proteinas
relacionadas com resposta ao estresse, metabolismo de aminoécidos, gliconeogénese e
ciclo do metilcitrato foram regulados durante a privacdo de zinco. Os transcritos
induzidos durante a infec¢do no pulmao foram aqueles predominantemente relacionados
com metabolismo de lipidios, &cidos graxos e isoprenoides, metabolismo de
aminoacidos, resposta ao estresse e viruléncia e metabolismo de carboidratos. A
expressao diferencial dos genes e proteinas identificados foi confirmada por ensaios de
gRT-PCR. Os dados gerados podem facilitar estudos funcionais de novos genes e
proteinas os quais podem ser importantes para estratégias de sobrevivéncia e adaptacao
do Paracoccidioides no hospedeiro.

Palavras Chave: Paracoccidioides, infec¢do, pulmao, deprivagdo de zinco, RDA,
analise protedmica
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ABSTRACT

Paracoccidioides is a fungal human pathogen with a wide distribution in Latin
America. The fungus causes infection through host inhalation of airborne propagules of
the mycelial phase of the organism. These particles reach the lungs and differ in the
yeast phase. Although gene expression in Paracoccidioides had been studied, little is
known about the genome sequences expressed by this species during the infection
process. During infection, pathogens regulate the metabolism in response to different
types of stress and varying amounts of nutrients available in the host, presumably
allowing its adaptation and survival. Metal ions are essential elements for the
maintenance of important metabolic pathways, and therefore, the ability to acquire them
by pathogens from sources available in the host organism, is considered a virulence
factor. Zinc is considered a metal ion essential for all organisms, being required for
transcription, translation, replication, resistance to oxidative stress and virulence. Here
we describe the analysis of genes and proteins differentially expressed in yeast cells of
Paracoccidioides under conditions mimicking of infection. It was performed a
comparison of the proteomic profile of Paracoccidioides during zinc deprivation and in
the availability of the metal in order to describe the mechanisms used by the fungus to
survive in the environment with low availability of zinc, mimicking the condition
encountered by the pathogen during infection. Farther, was performed transcriptional
analysis of Paracoccidioides recovered from lung of infected animals. The data
revealed that proteins related to stress response, amino acid metabolism,
gluconeogenesis and methylcitrate cycle were regulated during deprivation of zinc. The
transcripts induced during infection in the lung were predominantly those related to
lipid metabolism, fatty acid and isoprenoid, amino acid metabolism, carbohydrate
metabolism and stress response and virulence. The differential expression of genes and
proteins identified was confirmed by qRT-PCR assays. The data generated can facilitate
functional studies of novel genes and proteins which may be important for survival
strategies and adaptation of Paracoccidioides in the host.

Keywords: Paracoccidioides, infection, lung, zinc deprivation, RDA, proteomic
analysis
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1. INTRODUCAO

1.1. Paracoccidioides — Aspectos Gerais

Paracoccidioides, um fungo termodimorfico, é o agente etiologico da
paracoccidioidomicose (PCM), uma micose humana sistémica geograficamente restrita
a América Latina (Restrepo & Tobon, 2005). O Brasil € responsavel por 80% dos casos
descritos na literatura, sendo a maioria reportados nas regides Sul, Sudeste e Centro-
Oeste (Blotta et al., 1999; Paniago et al., 2003).

O fungo se desenvolve como levedura nos tecidos infectados ou quando
cultivado in vitro a 36°C, e como micélio (forma infectiva) em condi¢des saprobioticas
no meio ambiente, ou quando cultivado em temperaturas inferiores a 28°C (Bagagli et
al., 2006). As leveduras de Paracoccidioides sdo caracterizadas por apresentarem
brotamentos multiplos, formados pela evaginagdo da célula-mae, onde uma célula
central é circundada por varias células periféricas, conferindo um aspecto de roda de
leme de navio. A forma miceliana pode ser identificada por filamentos septados com
conidios terminais ou intercalares (Restrepo-Moreno, 2003). A conversdo
morfogenética em Paracoccidioides esta relacionada a mudanga de temperatura (San-
Blas, 1993), mas outros fatores foram identificados como influenciadores do
dimorfismo, como o horménio feminino 17B-estradiol capaz de inibir a transi¢ao de
micélio para levedura (Restrepo, 1985; Sano et al.,1999). Acredita-se que a intera¢ao do
hormoénio com uma EBP (Estradiol Binding Protein), identificada em Paracoccidioides,
iniba a transicdo morfolégica do fungo, explicando abaixa incidéncia da PCM em
mulheres (Shankar et al., 2011a). Pinzan e colaboradores (2010) evidenciaram que
mecanismos imunologicos estdo envolvidos na diferenga de incidéncia de PCM entre
homens e mulheres. Foi observada uma maior producdo das citocinas IL-12, IFN-y e
TNF-a por células de baco de camundongos fémeas em resposta a paracoccina, uma
glicoproteina de Paracoccidioides, encontrada na superficie celular, capaz de estimular
macrofagos a produzir TNF-a e 6xido nitrico, podendo modular a resposta imune
celular em modelo murino. Em contrapartida, células de camundongos machos
apresentaram maior producdo de IL-10, sugerindo assim uma resposta imunologica
divergente entre os sexos. Os autores puderam também verificar que macrdéfagos
provenientes de camundongos fémeas apresentam maior producao de 6xido nitrico, fato
que, possivelmente, estd relacionado com a maior mortalidade de leveduras

internalizadas pelos macrofagos de fémeas.
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A PCM representa um sério desafio de saude publica, com importancia social
eecondmica. Os individuos infectados compreendem principalmente trabalhadores
rurais, do sexo masculino (Brummer et al., 1993; Barrozo et al., 2009). Prado e
colaboradores (2009) demonstraram que as micoses sistémicas estdo em décimo lugar
entre as doencgas parasitarias e infecciosas que causam mais mortes no Brasil. Dados
isolados mostraram que a PCM ¢ a principal doenga em causar mortes entre as micoses
sistémicas, seguida pela criptococose, candidiase e histoplasmose, representando um
importante problema de satide publica. Os Estados da regido Sudeste e Sul tiveram as
taxas de mortalidade mais altas, mais concentradas em Sdo Paulo e Parana. Em relacdo
a idade e sexo, a maioria das mortes causadas pela doencga ocorreu em individuos com
idade entre 30-59 anos sendo a maioria do sexo masculino. A incidéncia da doenca em
homens foi de 13:1 quando comparada a das mulheres (Prado et al., 2009).

Alguns fungos termodimorficos como o Paracoccidioides tendem a ser restritos
a regides geograficas especificas, com determinadas caracteristicas climaticas ou tipos
especificos de solos que provavelmente auxiliam na adaptagdo do fungo ao habitat
natural (Rappleye & Goldman, 2006). As diferentes condi¢cdes de solos alteram a
capacidade de crescimento da forma miceliana e a producdo de conidios por
Paracoccidioides. Sendo assim, Tergarioli e colaboradores (2007) verificaram que solos
arenosos ¢ argilosos, com alta umidade devem ser mais favoraveis para a produgao de
conidios, um fator importante por aumentar a eficiéncia de sobrevivéncia do fungo no
meio ambiente e a capacidade de infectar animais e humanos. O nicho ecoldgico
alternativo de Paracoccidioides sdo animais com temperatura corporal de 36 °C a 37
°C, onde a transi¢ao para a forma leveduriforme promove o estabelecimento da doenga.
O fungo tem sido freqiientemente isolado de tatus (Dasypusnovem cinctus no Brasil e
Cabassous centralis na Colombia) em areas endémicas, e esses animais S30
reconhecidos como reservatorios naturais do fungo (Corredor et al.,2005; Bagagli et al.,
2008). O patogeno também tem sido relatado em cachorros (Canteros et al., 2010),
pingiiins (Garcia et al.,1993) e morcegos frugivoros (Grose & Tamsitt, 1965). Testes
soroldgicos e intradérmicos também sugeriram a presenca do fungo em animais
domésticos ¢ primatas (Corte et al., 2007).

Avancos nas técnicas moleculares t€ém permitido a caracterizagcdo taxdmica de
espécies de microrganismos com base principalmente, no RNA ribossomal (rRNA) e
seu correspondente DNA ribossomal (rDNA) (James et al., 1996). Leclerc e

colaboradores (1994) e Bialek e colaboradores (2000), compararam sequéncias de
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rDNA da subunidade ribossomal maior entre fungos dermatofitos e dimorficos e
propuseram a classificagdo do Paracoccidioides como pertencente ao filo Ascomycota,
a ordem Onygenales e a familia Onygenaceae, junto com as formas teleomorficas de
Blastomyces dermatitidis, Histoplasma capsulatum e Histoplasma capsulatum var.
duboissi. Matute ¢ colaboradores (2006), em estudos de polimorfismo genético,
descreveram a existéncia de trés diferentes espécies filogenéticas de Paracoccidioides:
S1 (espécie 1), PS2 (espécie filogenética 2) e PS3 (espécie filogenética 3). A espécie
filogenética PS3 esta geograficamente restrita & Colombia, enquanto S1 estd 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. Em
continuidade aos estudos sobre filogenia, Carrero e colaboradores (2008) realizaram
analises comparando sequéncias de regides codantes, ndo codantes e ITS (sequéncia
espagadora interna — “internally transcribed sequence”) de 7 novos isolados e 14
isolados ja estudados de Paracoccidioides, oriundos do Brasil, Colombia ¢ Venezuela,
por meio do método de comparagdo genealogica GCPSR (genealogical concordance
phylogenetic species recognition). Estas analises revelaram que a linhagem 01 de
Paracoccidioides distancia-se das trés espécies filogenéticas descritas anteriormente,
sugerindo que Pb01 seja uma nova espécie do género Paracoccidioides (Carrero et al.,
2008). Na tentativa de intensificar os estudos sobre a taxonomia do isolado PbOl1,
Teixeira e colaboradores (2009) usaram o método de GCPSR para investigar as
diferencas genomicas do Pb0O1 com as outras trés espécies filogenéticas anteriormente
descritas (S1, PS2 and PS3). Foram utilizados 122 isolados, compreendendo o Pb01 e
outros isolados da América Latina. As caracteristicas morfologicas de conidio e de
levedura dos isolados foram analisadas. De acordo com o método utilizado, o isolado
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.

Os genomas estruturais de trés isolados de Paracoccidioides (Pb01, Pb03 e
Pb18) foram finalizados por meio do projeto denominado “Gendmica Comparativa de
Coccidioides e outros Fungos Dimorficos”. Assim, foram depositados o genoma

completo de trés diferentes isolados de Paracoccidioides, Pb01, Pb03 ¢ Pb18 (Broad
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Institute, http://www.broad.mit.edu/tools/data/seq.html). O genoma do isolado PbO1 ¢
composto de 32,94 Mpb, com um total de 9.132 genes. Este isolado apresenta o maior
genoma tanto em nimero de bases quanto em quantidade de genes comparado aos
outros dois isolados analisados, que apresentaram genomas do tamanho de 29,06 e
29,95 Mpb, com numero de genes de 7.875 e 8.741 (dados dos isolados Pb03 e Pbl8,

respectivamente).

1.2. Paracoccidioidomicose

A Paracoccidioidomicose (PCM) ¢ wuma micose humana sistémica
granulomatosa que ¢ fatal se ndo tratada e freqiientemente leva a permanentes restri¢des
no estilo de vida dos pacientes, uma vez que provoca extensivos danos fibréticos no
pulmao. O fungo Paracoccidioides infecta hospedeiros humanos usualmente através das
vias respiratorias, por inalagdo de propagulos do micélio e artroconideos (Bagagli et al.,
2006). No epitélio dos alvéolos pulmonares, conidios se diferenciam para a forma
leveduriforrme, caracterizando a fase parasitica do fungo. Paracoccidioides ¢
notavelmente um patdgeno versatil, capaz de infectar numerosos nichos no hospedeiro,
como a pele, as mucosas oral, nasal e gastrointestinal, bago, ossos, prostata, figado,
pancreas ¢ sistema nervoso central (Ramos-e-Silva & Saraiva, 2008; Lopes et al., 2009;
Fortes et al., 2009; Goldani et al., 2011). A infecgdo ocorre inicialmente nos pulmdes,
de onde o fungo pode, através da via hematogénica e/ou sistema linfatico, alcangar
outros orgdos do hospedeiro, desenvolvendo uma forma disseminada da PCM (Franco,
1987).

A forma juvenil (aguda ou subaguda) da PCM representa 3 a 5% dos casos
descritos da doenca ¢ afeta principalmente criangas e adultos jovens (Reis et al., 1986;
Brummer et al., 1993). O quadro da doenga caracteriza-se por um desenvolvimento
rapido e por marcante envolvimento de 6rgaos como bago, figado, ganglios linfaticos e
medula 6ssea. A fun¢do imune mediada por células ¢ gravemente deprimida nesses
pacientes, provavelmente devido ao comprometimento medular (Londero & Melo,
1983; Brummer etal., 1993). Apesar de ndo haver manifestacdes clinicas ou radiologicas
de comprometimento pulmonar evidente, pode-se isolar o fungo do lavado bronquico,
evidenciando a participa¢do do pulmdo como porta de entrada do patdégeno (Restrepo et
al.,1989). Esta ¢ a forma mais severa e com pior prognéstico (Brummer et al., 1993). A
forma cronica ou adulta representa mais de 90% dos casos, sendo a maioria dos

pacientes constituida por homens adultos. Ao contrario da forma aguda, o quadro
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clinico apresenta um desenvolvimento lento com comprometimento pulmonar evidente
(Brummer et al., 1993). Em aproximadamente 25% dos casos, o pulmao ¢é o tnico 6rgio
afetado-forma unifocal. Muitas vezes, com o desenvolvimento silencioso da doenca, o
paciente busca auxilio médico somente quando apresenta sintomas de comprometimento
extrapulmonar. Nestes casos se constata o envolvimento de 6rgaos como pele, mucosas
das vias aéreas superiores, tubo digestivo e linfonodos — forma multifocal (Londero,
1986; Brummer et al., 1993). A forma cronica apresenta notavel tendéncia a
disseminagdo, sendo pouco freqilientes os quadros onde ha somente comprometimento
pulmonar (Restrepo et al.,1983).

O grande nimero de tecidos que Paracoccidioides pode colonizar e infectar
sugere que o fungo deve ter desenvolvido mecanismos que o capacitam a aderir,
extravasar e invadir barreiras impostas pelos tecidos do hospedeiro (Mendes-Gianinni et
al., 1994; Lenzi et al., 2000). Em Paracoccidioides alguns exemplos de moléculas de
adesdo a matriz extracelular, incluem, Gp43 (Vicentini et al., 1994), adesinas de 19 e 32
kDa (Gonzalez et al., 2005), 30 kDa (Andreotti et al., 2005), gliceraldeido-3-fosfato
desidrogenase (Barbosa et al., 2006), triosefosfato isomerase (Pereira et al., 2007),
DFGS5 (Castro et al., 2007), malato sintase (Neto et al., 2009), enolase e Ctr3p
(Nogueira et al., 2010; Baildao et al., 2012). Durante o processo de invasdo tecidual,
fungos patogénicos expressam moléculas que auxiliam na aderéncia celular, sendo

fatores de colonizagao e disseminagao.

1.3. Analises transcricionais em Paracoccidioides

Visando a descri¢cao de genes, processos metabolicos, fatores de viruléncia, entre
outros aspectos de Paracoccidioides, diferentes abordagens no estudo de transcriptomas
tém sido aplicadas. O Projeto Genoma Funcional de Paracoccidioides, desenvolvido
por um consorcio de laboratorios da regido Centro - Oeste do Brasil (Projeto Genoma
Funcional e Diferencial de Paracoccidioides) resultou no seqiienciamento de 25.511
clones derivados de bibliotecas de cDNA de levedura e micélio (Felipe et al., 2003;
2005). O projeto cobriu cerca de 80% do genoma estimado do fungo Paracoccidioides e
possibilitou a detec¢do de genes diferencialmente expressos nas fases de
Paracoccidioides. A analise do transcriptoma revelou alguns provaveis componentes
das vias de sinalizacdo e seqiiéncias génicas consideradas como potenciais alvos para
antifingicos em Paracoccidioides, nao possuindo nenhum homélogo no genoma

humano, como: quitina deacetilase, isocitrato liase e o-1,3-glucana sintase, todos
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preferencialmente expressos na fase leveduriforme. Os autores descreveram ainda o
perfil metabolico diferencial exibido por Paracoccidioides nas fases miceliana ¢
leveduriforme. Em geral, micélio apresenta metabolismo aerdbio, uma vez que durante
a fase saprofitica, genes que codificam enzimas que participam da fosforilacdo
oxidativa, como a isocitrato desidrogenase e succinil coenzima A sintase, estdo
altamente expressos. Ao contrario, a fase leveduriforme apresenta metabolismo mais
anaerobio quando comparado a micélio; nesta fase, os altos niveis de expressdo da
alcool desidrogenase I favorecem a fermentagdo alcodlica e conseqiliente producdo de
etanol (Felipe et al., 2005). A diferenciagdo celular em Paracoccidioides requer
mudanca na temperatura, o que pode ser associado com a resposta ao estresse. Dessa
forma, foram identificados 48 transcritos codificando chaperonas ou proteinas
envolvidas no processo de estresse, sendo oito diferencialmente expressos.

Outro projeto genoma funcional de Paracoccidioides foi desenvolvido por
grupos do Estado de S3o Paulo. No banco de ESTs gerados, Goldman e colaboradores
(2003), identificaram varios genes potenciais de viruléncia em Paracoccidioides
homologos a Candida albicans. A identificagdo de alguns genes de Paracoccidioides
homoélogos a genes envolvidos em vias de transducdo de sinal e relacionados a
viruléncia de C. albicans, sugere que estas vias possam estar atuando em
Paracoccidioides, provavelmente controlando a diferenciagdo celular.

Marques e colaboradores (2004) identificaram genes preferencialmente
expressos na fase leveduriforme de Paracoccidioides (isolado Pb18), utilizando técnicas
de subtragdo (subtracdo por hibridizagdo e supressao ou SSH) e microarranjos. Dentre
os genes identificados como diferencialmente expressos estdo o-1,3-glucana sintase,
enzima relacionada ao metabolismo da parede celular, ERG25 que codifica uma C-4
esterol metil oxidase e atua no primeiro passo enzimatico da sintese de ergosterol em
fungos, além de genes envolvidos no metabolismo de enxofre, tais como metionina
permease o qual deve estar relacionado a manutencao no morfotipo de levedura, como
descrito para Histoplasma capsulatum.

Nunes e colaboradores (2005) utilizaram microarranjos com seqiiéncias de 4.692
genes do fungo Paracoccidioides para monitorar a expressdo génica em alguns pontos
da transi¢cao morfologica micélio-levedura (5 a 12 h depois da mudanca da temperatura).
A hibridizagdo por microarranjo cobriu cerca de 50% do numero total de genes
estimado do fungo Paracoccidioides. Foram identificados 2.583 genes diferencialmente

expressos durante a transicdo morfologica. Estdo inclusos entre esses, genes que
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codificam enzimas envolvidas no metabolismo de aminoacidos, transdugdo de sinal,
sintese de proteinas, metabolismo da parede celular, estrutura do genoma, resposta ao
estresse  oxidativo, controle do crescimento e desenvolvimento do fungo
Paracoccidioides. Um desses genes que codifica para a enzima 4-hidroxil-fenil piruvato
dioxigenase foi superexpresso durante a transi¢do micélio-levedura e tem sido avaliado
como um novo alvo para antifingicos.

Andrade e colaboradores (2006), através das técnicas de subtragdo de ESTs in
silico e microarranjos, ¢ Ferreira e colaboradores (2006), através de microarranjos,
realizaram andlises da expressdo de genes envolvidos na utilizagdo de enxofre por
Paracoccidioides. Neste estudo, os autores caracterizaram a expressdo de cinco genes
envolvidos no metabolismo do enxofre e avaliaram o acimulo de mRNAs cognatos
durante a transicdo de micélio para levedura e crescimento da fase leveduriforme,
sugerindo que nestas situacdes ocorre mobilizacdo e armazenamento de enxofre, além
da ativagdo da via de assimilagdo inorganica. Os autores sugerem que, embora
Paracoccidioides nao use enxofre inorganico como tnica fonte para iniciar a transicdo ¢
o crescimento da fase leveduriforme, este fungo pode de algum modo, utilizar ambas, a
via organica e inorganica durante o processo de crescimento.

O perfil transcricional de Paracoccidioides durante a diferenciagdo morfologica
de micélio para levedura foi avaliado por Bastos e colaboradores (2007). Varios
transcritos potencialmente relacionados com a sintese de membrana e parede celulares
mostraram-se aumentados durante a diferenciacao celular de micélio para levedura apos
22 horas de indugdo da transi¢do, sugerindo que Paracoccidioides favorece o
remodelamento da membrana e de parede celular nos estagios iniciais da morfogénese.
Neste estudo, genes envolvidos na via de assimilacio do enxofre, como a sulfito
redutase, mostrou-se superexpresso durante a transi¢do, sugerindo o envolvimento do
metabolismo do enxofre durante o processo de diferenciacdo em Paracoccidioides,
como descrito anteriormente (Andrade et al., 2006; Ferreira et al., 2006). Durante a
transicdo também foi verificada a presenga de enzimas que participam do ciclo do
glioxalato, como a isocitrato liase, malato desidrogenase, citrato sintase e aconitase. A
presenga destes transcritos durante a diferenciacdo indica que esta via ¢ funcional
durante esse processo. Também foram identificados genes envolvidos em vias de
transducdo de sinal tais como MAPK, serina/treonina quinase e histidina quinase,

sugerindo que a transigdo morfologica em Paracoccidioides ¢ mediada por vias de
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transducdo de sinal que controlam a adaptagdo ao ambiente para a sobrevivéncia do
fungo dentro do hospedeiro (Bastos et al., 2007).

Com o objetivo de estudar genes possivelmente envolvidos na adaptagdo e
sobrevivéncia de Paracoccidioides no hospedeiro durante a infecgdo, Baildo e
colaboradores (2006), utilizaram a técnica de Analise de Diferenca Representacional de
cDNA (cDNA-RDA) para identificar genes de Paracoccidioides induzidos durante o
processo infectivo e em condi¢des que mimetizam a via hematologica de disseminagdo
fingica. No modelo de infeccdo experimental, em figado, foi observada a alta
freqliéncia do transcrito codificante da zrtlp (zinco/ferro permease). O mesmo foi
observado para o transcrito CTR3, codificando um transportador de cobre de alta
afinidade. Em adigdo, o transcrito codificante para a glutamina sintase (Glnlp) foi
fortemente induzido apds incubagdo com sangue humano sugerindo que a remodelacao
na parede/membrana celular possa ser um dos meios pelos quais Paracoccidioides
responda as mudangas de osmolaridade externa encontrada pelo fungo na via de
disseminagdo sanguinea.

Bailao e colaboradores (2007), utilizando a técnica de Analise de Diferenga
Representacional de cDNA (cDNA-RDA), analisaram genes preferencialmente
expressos em leveduras de Paracoccidioides tratadas com plasma humano, simulando
assim sitios de infec¢do, com inflamagdo. Foi observado um aumento significativo na
expressdo de transcritos associados com a degradacdo de acido graxos, sintese de
proteinas envolvidas no remodelamento da parede celular e sintese de proteinas
relacionadas & mudanca de osmolaridade. Assim como na incubagdo com sangue, 0O
gene codificante da glutamina sintase também foi super expresso na condi¢cdo de
incubacdo com plasma, reforcando a hipdtese ja descrita anteriormente de que a
superexpressdo desta enzima esteja ligada ao aumento da sintese de quitina que
ocorreria durante o estresse osmotico.

Tavares e colaboradores (2007), realizaram experimentos de hibridizacdo em
microarranjos de DNA, nos quais foi possivel definir transcritos de Paracoccidioides,
isolado Pb01, internalizado em macrofagos. Apos a internalizagdo, o patdgeno promove
adaptacdo metabolica induzindo a expressdo de genes da biossintese de aminodacidos,
especificamente genes envolvidos na biossintese de metionina, além de genes
relacionados ao estresse como, por exemplo, a superoxido dismutase 3, HSP60 e QCR8

(subunidade do citocromo oxidase c).
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Costa ¢ colaboradores (2007) analisaram o transcriptoma de Paracoccidioides,
fase leveduriforme, recuperado de figado de animais experimentais (camundongos
B10). Foram seqiienciadas 4.932 ESTs no processo infectivo, sendo 37,47%
relacionadas a novos genes e 23,75% pertencentes a genes super expressos. Os genes
identificados foram categorizados em processos metabolicos, transporte celular e
energia. Do total de ESTs geradas neste estudo, 65,53% das seqiiéncias identificadas,
também estavam presentes no transcriptoma de levedura e micélio de células obtidas de
cultura in vitro, descrito por Felipe e colaboradores. (2005). A demonstracao do perfil
génico das células leveduriformes de Paracoccidioides recuperadas de animais
infectados ¢ um requisito essencial para o estudo do genoma funcional de modo a
esclarecer os mecanismos de patogenicidade e viruléncia fungica.

Uma analise global dos transcritos superexpressos em células leveduriformes
derivadas de figado de camundongos infectados, plasma e sangue humano (Costa et
al.,2007; Bailao et al., 2006, 2007) sugere que Paracoccidioides apresenta um
metabolismo nicho especifico durante a infeccao, onde o ciclo do glioxalato, a glicolise
e a biossintese de etanol apresentam-se mais ativos no figado, enquanto que no plasma e
no sangue humano as vias metabolicas que demonstram atividade elevada sdo as vias de
resposta a estresse osmotico, ciclo do metilcitrato e gliconeogénese (Pereira et al.,
2009).

Shankar e colaboradores (2011b), utilizando a técnica de microarranjo,
analisaram o perfil transcricional de Paracoccicidioides durante a transicdo de micélio-
levedura na presenca de 17B-estradiol (E2). O tratamento com E2 afetou a expressdo de
550 transcritos, sendo que 331 foram induzidos e 219 reprimidos. Genes potencialmente
envolvidos na sinalizacdo, tais como aqueles codificantes da palmitoil transferase, da
GTPase RhoA, fosfatidilinositol-4-quinase, proteina-quinase, e genes envolvidos na
resposta ao estresse mostraram baixa expressao na presenca de E2. Genes relatados com
a degradagdo de proteinas e resposta ao estresse oxidativo foram induzidos. Portanto, o
estudo foi capaz de caracterizar o efeito de E2, a nivel molecular, na inibicdo da
transicdo micélio-levedura e essa a¢do inibitdria ocorre através de genes de sinalizagdo
que regulam o dimorfismo.

Peres da Silva e colaboradores (2011), através da técnica de RDA, avaliaram o
perfil de expressdo diferencial em Paracoccidioides durante infecgdo em queratindcitos
orais (NOKs). O perfil de expressdo génica do fungo foi determinado apos contato com

as células, no intuito de caracterizar os genes diferencialmente expressos durante
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infec¢do por Paracoccidioides. Apds o contato com as células NOKs, o fungo pareceu
induzir alteragdes nestas c€lulas, as quais apresentaram extensdes celulares e cavitagoes,
provavelmente resultantes de alteragdes no citoesqueleto de actina. Nas andlises
transcricionais de Paracoccidioides durante a infecgdo em queratinocitos pode-se ainda
identificar genes induzidos envolvidos em diferentes processos bioldgicos, como
metabolismo de proteinas, metabolismo alternativo de obtencdo carbono, resposta ao
estresse e transporte de zinco. A inducdo do transcrito para o transportador de zinco
pode indicar, indiretamente, a necessidade de eliminar espécies reativas de oxigénio
através de proteinas como superoxido dismutase, uma enzima dependente de
cobre/zinco, que ¢ importante para detoxificacdo celular durante o metabolismo
oxidativo.

Ensaios in vitro de ligagdo de células leveduriformes de Paracoccidioides a
colageno tipo I e fibronectina foram realizados com o objetivo de identificar novas
adesinas. Através da técnica de RDA foram encontrados varios genes induzidos, entre
eles aqueles codificantes da enolase e do transportador de cobre Ctr3p. Ensaios de
imunofluorescéncia demonstraram que a enolase se liga a superficie de macréfagos,
reforgando a funcdo desta molécula na interagdo de Paracoccidioides a células do

hospedeiro (Baildo et al., 2012).

1.4. Estudos protedbmicos

Protedmica tem sido definida como a andlise em grande escala de proteinas
expressas por uma determinada célula, tecido ou organismo numa condig@o especifica
(Wilkins et al., 1996). O padrio de expressdo das proteinas ¢ variavel - enquanto o
genoma ¢ uma caracteristica relativamente fixa de um organismo o proteoma muda
continuamente, conforme o estagio de desenvolvimento, tecido, condi¢des ambientais,
variagdes na expressao génica, “splicing” de RNA e modificagdes pos-traducionais.

Em fungos patogénicos humanos a protedmica 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 (Pitarch et al., 2003). Marcadores bioldgicos de um
determinado patdogeno podem ser identificados e caracterizados por técnicas
protedmicas, ajudando no diagnostico precoce de doencas e no acompanhamento do

tratamento (Cash et al., 2002).
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Os primeiros trabalhos pos-gendmicos foram os estudos de proteinas associadas
ao envelope celular de Trichoderma reesei (Lim et al., 2001), e de proteinas GPI
(glicosilfosfatidilinositol) em Aspergillus fumigatus (Bruneau et al., 2001). Melin e
colaboradores (2002) realizaram a analise protedmica com o fungo patogénico
Aspergillus nidulans em resposta ao antibidtico concanamicina A. Strom e
colaboradores (2005) detectaram alteragdes especificas na expressao de proteinas e
inibi¢do do crescimento celular causados quando A. fumigatus foi cultivado em
associagdo com uma bactéria produtora de acido latico. Num trabalho posterior
realizado também em A. fulmigatus, Kniemeyer ¢ colaboradores (2006) identificaram 52
proteinas da gliconeogénese, ciclo do glioxalato e enzimas de degradacdo do etanol
induzidas durante crescimento em glicose e etanol como fonte de carbono. Carberry e
colaboradores (2006) identificaram 54 proteinas envolvidas com energia e biossintese
de proteinas, mostrando pela primeira vez que o fator de elongagao 1B (elf1Bp) exibe
atividade de glutationa transferase em A. fumigatus. Em estudos realizados com A.
nidulans durante a osmoadaptagdo, Kim e colaboradores (2007) demostraram que
enzimas do ciclo do acido tricarboxilico estdo reprimidas e aquelas envolvidas com a
biossintese de glicerol estdo induzidas. Além disso, observaram um aumento no
acumulo de proteinas de choque térmico, sugerindo um aumento de turnover protéico.
Analises protedmicas da adaptagdo do fungo A. fumigatus a altas temperaturas
permitiram identificar proteinas envolvidas principalmente com o remodelamento
protéico, resposta ao estresse oxidativo, transdu¢do de sinal, transcricdo, tradugdo e
metabolismo de carboidratos e nitrogénio. Além disso, foram fornecidas evidéncias de
regulacao dependente de HSF-1(fator transcricional de choque térmico-1) da sintese de
manitol, tradugdo, organizagdo do citoesqueleto e divisdo celular (Albrecht et al., 2010).

Para elucidar as proteinas do fungo A. fumigatus induzidas durante a aspergilose
invasiva, Asif e colaboradores (2010) utilizaram extratos de proteinas de conidios do
fungo e inocularam em animais. Apds a infec¢do o soro desses animais foi entdo
utilizado como anticorpo primario para identificar antigenos de A. fumigatus. Foram
identificadas proteinas relacionadas a via glicolitica e ao estresse oxidativo, bem como
proteinas associadas a parede celular. Teutschbein e colaboradores (2010) compararam
o perfil de proteinas intracelulares entre conidios ¢ micélio de A. fumigatus. Entre as 57
proteinas mais expressas em conidio, estdo enzimas envolvidas na eliminagdo de

espécies reativas de oxigénio (EROs), biossintese de pigmentos e morfologia celular .
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Andlises protedmicas comparativas entre a forma de biofilme e planctonica do
fungo Candida glabrata foram realizadas para se explorar os mecanismos que
contribuem para a viruléncia desse organismo e resisténcia a antifingicos (Seneviratne
et. al., 2010). As andlises demonstraram um aumento de proteinas relacionadas ao
estresse e uma diminui¢do das enzimas da via glicolitica.

Analise da expressdo de proteinas de C. albicans envolvidas com a transigdo
dimoérfica de levedura para hifas foi realizada. Utilizando-se a técnica 2D-DIGE,
Monteoliva e colaboradores (2010) detectaram proteinas citoplasmaticas de diferentes
vias metabdlicas envolvidas no estabelecimento € na manuten¢do de cada morfologia
celular. Foram identificadas, dentre as proteinas induzidas durante a transi¢ao do fungo
C. albicans a enzima fosfoglicomutase. Os autores sugerem que a fosfoglicomutase
esteja envolvida na conversdo 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 B-glicana. Outra proteina encontrada como abundante nas
hifas de C. albicans foi a Hsp90p ¢ foi descrita como uma proteina que orquestra a
morfogénese em C. albicans sob condi¢des de mudanga de temperatura (Shapiro et al.,
2009). As analises permitiram uma visao integrada do metabolismo e da reorganizacdo
celular durante a transi¢ao levedura-hifa.

Micronutrientes sao essenciais para o patogeno e para o hospedeiro. Portanto, a
habilidade de capturar nutrientes do meio ¢ fundamental para o crescimento de fungos
patogénicos, assim a reducdo da disponibilidade de ferro, e outros micronutrientes,
consistem em um mecanismo de defesa do hospedeiro para eliminar patégenos e
combater a doenga (Doherty, 2007). Neste sentido, os patdgenos precisaram
desenvolver eficientes sistemas de captura de ferro, devido a auséncia de ferro livre nos
tecidos infectados e para competir com mecanismos de restrigdo desse micronutriente
pelo hospedeiro (Johnson, 2008). Winters e colaboradores (2008) realizaram anélises
protedmicas de H. capsulatum em condigdes de deplecdao de ferro e detectaram 35
proteinas reprimidas, dentre elas enolase, malato desidrogenase, sacaropina
desidrogenase, Hsp70p, asparaginil-tRNA sintetase. Esses resultados sugerem que H.
capsulatum induz fun¢des metabodlicas especificas para competir com alteragdes no
ambiente do hospedeiro. No intuito de avaliar a adaptagdo de Paracoccidioides a
condicdes de restricdo de ferro, Parente e colaboradores (2011) avaliaram o perfil
protéico do fungo em condi¢des de deplecdo de ferro. Foi identificado aumento da

expressdo de proteinas relacionadas a via glicolitica e aquisicdo de ferro. Enzimas do
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ciclo do acido tricarboxilico (TCA), ciclo do glioxalato, ciclo do metilcitrato e cadeia
transportadora de elétrons foram reprimidas em decorréncia da limitacdo do
micronutriente. Estas andlises sugerem que em condi¢des de baixa concentragdo de
ferro, Paracoccidioides aumentaria a expressao de proteinas relacionadas ao sistema de
captura do metal e direcionaria seu metabolismo energético para vias independentes de
ferro (Parente et al., 2011).

Rezende e colaboradores (2011) realizaram a comparagdo entre perfis
protedmicos das formas de micélio, transicdo de micélio para levedura e levedura de
Paracoccidioides. As analises proteomicas indicaram uma reorganizacdo do
metabolismo de carboidratos em Paracoccidioides durante a transi¢do. Enzimas
envolvidas nas reacdes ndo oxidativas da via das pentoses fosfato, como transcetolase e
transaldolase, foram induzidas durante transi¢do de micélio para levedura, sugerindo
que a indugdo da via durante a transi¢cdo poderia fornecer substratos para as enzimas da
glicolise, que se mostrou induzida na forma de levedura (Rezende et al., 2011). Outra
mudanca detectada através deste estudo foi o aumento de expressao da enzima alcool
desidrogenase, ap6s 22 horas de transi¢do, sugerindo um direcionamento para o

metabolismo mais anaerobio na fase de levedura (Rezende et al., 2011).

1.5. Homeostase de zinco

Os ions metalicos sdo elementos vitais que participam de inlimeros processos
metabodlicos em todos os tipos celulares, sendo ligados diretamente ao metabolismo do
DNA e ao processamento pos-traducional da maioria das proteinas. Em microrganismos
patogénicos os ions metalicos ainda garantem uma colonizacdo bem sucedida do
parasita no hospedeiro. Dessa forma, ¢ de extrema importdncia para o bom
funcionamento celular que haja tanto a distribuicdo correta dos metais, quanto sua
concentragdo adequada nos compartimentos intracelulares, ja& que aparentemente
qualquer distarbio na concentragdo de ions metalicos em meio intracelular pode causar
danos a elementos metabolicos vitais, geralmente levando a morte celular (Nelson,
1999).

Zinco, ferro e cobre, sdo elementos essenciais aos sistemas bioldgicos, embora
em grandes quantidades em meio intracelular, se tornam agentes potencialmente
toxicos. Dessa forma, as células em geral desenvolveram mecanismos homeostaticos
que garantem as concentragdes necessarias dos metais para a sobrevivéncia celular.

Uma série desses mecanismos homeostaticos ja foram identificados e estudados, dentre
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eles o controle da transcricdo de genes envolvidos na aquisi¢do, distribuicdo e
armazenamento de metais (Rutherford & Bird et al., 2004).

O zinco ¢ considerado um ion metalico essencial para todos os organismos, por
ser requerido para transcri¢do, traducdo, replicagdo, resisténcia ao estresse oxidativo e
viruléncia, mas como para outros metais, € vital para os organismos e toxico em altas
concentragdes (LIull et al., 2011). Em humanos, foi observado que mais de 3% das
proteinas identificadas possui motivos de ligacdo a zinco, o que confere importancia
metabolica a esse metal (Dainty et al., 2008). Além disso, a aquisi¢do de zinco ¢
reconhecida como chave nos processos infectivos para qualquer patégeno (Silva et al.,
2011).

Dois fatores de transcricdo que controlam a expressdo génica em resposta a
concentragdo de zinco sdo bem caracterizados. Esses sdo: o fator de transcri¢do zinco
responsivo, Zaplp, presente em S.cerevisiae, que ativa a expressdo génica dos
transportadores de alta e baixa afinidade de zinco mediante a deficiéncia do metal e o
fator de transcrigdo zinco-responsivo, Mtf-1p (metal-regulatory transcription factor 1),
em humanos, que ¢ ativado por ions zinco. Para ambos os fatores, os ativadores
transcricionais possuem mecanismos em comum, dentre eles, dominios de ligagdo ao
DNA ricos em motivos de dedo de zinco, conhecidos por C,H, (Rutherford & Bird,
2004).

Ainda ndo ¢ bem estabelecido como ions zinco regulam o fator Zaplp. Bird e
colaboradores (2000), observaram dois dominios de ativagdo com regides dedo de zinco
presentes na proteina Zaplp: ADI e ADII, que possivelmente estdo ligados a esse
processo de regulacdo. Ja Gaither & Eide (2001), sugeriram que o produto do gene
ZAP1 ¢ um sensor direto de zinco que possui em sua topologia um ou mais sitios de
regulagdo de baixa afinidade para o metal que se ligam ao dominio de ligagdo do DNA,
em adi¢do a dedos de zinco Cys2His2 de alta afinidade. Dessa forma, a ligagdo de zinco
nesses sitios regulatorios pode estabilizar a conformacdo da interface de ligagdo ao
DNA proporcionando a regulagdo de Zaplp. Lyons e colaboradores (2000), através de
estudos por microarranjos de DNA, em levedura, sugeriram que o gene ZAP1 ¢
responsavel por controlar a expressdo de mais 42 genes relacionados a homeostase de
zinco celular.

Em eucariotos, duas familias de transportadores estdo envolvidas na captagdo de

zinco: ZIP e CDF. A familia ZIP desempenha importante fun¢ao no transporte de zinco
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para o citoplasma. Um segundo grupo de transportadores, a familia CDF, transporta o
zinco para o interior das organelas (Gaither & Eide, 2001).

Muito do conhecimento a respeito do transporte de zinco e de sua regulacao, foi
proveniente de estudos com S. cerevisiae. As atividades dos transportadores de zinco,
pertencentes a familia ZIP, em S.cerevisiae podem ser reguladas tanto em nivel
transcricional, quanto pds-traducional (Gaither & Eide, 2001). A nivel transcricional, os
mecanismos de captagdo de zinco sdo regulados em resposta a concentragdo de zinco
intracelular, através do produto génico gerado por ZAP1l que por sua vez se liga a
elementos zinco-responsivos (ZREs) presentes nas regides promotoras dos genes ZRT1,
ZRT2 e FET4 que codificam respectivamente, os transportadores de alta e de baixa
afinidade de zinco e o transportador de baixa afinidade de ferro (Zhao & Eide, 1997;
Zhao et al., 1998; Waters & Eide, 2002). Vale ressaltar que cada gene envolvido no
transporte de alta e de baixa afinidade pode ter mais de um elemento zinco-responsivo
(ZRE) em sua respectiva regido promotora o que diferencia a resposta em relagdo a
disponibilidade de zinco intracelular entre os genes envolvidos na captagdao do metal
(Gaither & Eide, 2001). Zaplp pode se ligar também a elementos zinco responsivos
localizados em sua propria regido promotora por um mecanismo de autoregulacdo. A
diferenca de sensibilidade dos promotores de ZRT1, ZRT2 e ZAP1 ao zinco pode estar
relacionada as diferentes fungdes desempenhadas por cada proteina envolvida nos
processos de captagdo e regulagdo de zinco e sugere o seguinte cenario: a expressao
basal (i.e., Zapl-independente) do transportador de zinco de baixa afinidade Zrt2p ¢
suficiente para suprir as células na preseng¢a de zinco (Zhao & Eide 1997). Assim,
quando as cé¢lulas entram em periodos iniciais de escassez de zinco, a primeira resposta
celular gerada ¢ o aumento da atividade da permease de baixa afinidade, Zrt2p. Se a
escassez de zinco ficar mais severa entdo ¢ induzida a expressao do transportador de alta
afinidade, Zrtlp (Gaither & Eide, 2001). Finalmente, a inducdo da expressao de Zaplp,
permitindo a maxima expressdo de seus genes alvos, somente serd necessaria sob
condicdes de extrema limitacao de zinco (Gaither & Eide, 2001). O segundo
mecanismo de regulagdo do transporte de zinco € a nivel pds-traducional. Em condic¢des
de limitagdo de zinco, Zrtlp é estavel na membrana plasmatica. Exposi¢ao a altos niveis
de zinco extracelular leva a uma répida diminuicdo da atividade de Zrtlp. Essa
inativagdo ocorre através da endocitose de Zrtlp e sua subseqiiente degradagdo no
vactolo (Gitan et al., 1998; Van Ho et al., 2002). Gitan e colaboradores (1998),

observaram que o sistema de regulagdo a nivel pds-traducional ¢ independente do
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sistema de controle transcricional,visto que em células mutadas para o gene ZAP1, a
inativacao de Zrtlp ocorre normalmente. Contudo, esses processos devem acontecer de
forma harmonica para que haja a manutencao da homeostasia celular.

A familia das proteinas facilitadoras da difusdo de cations (CDF), assim como a
familia ZIP, estd presente em todos os organismos, embora seu mecanismo de transporte
ainda ndo tenha sido examinado detalhadamente. Sabe-se que esses grupos de
transportadores promovem o transporte de zinco do citoplasma para o interior de
vacuolos, ou do citoplasma para o lumen de organelas (Gaither & Eide, 2001). Em S.
cerevisiae foram descritos trés transportadores potenciais para zinco que transportam
esse metal do citoplasma para o interior dos vacuolos e do Reticulo Endoplasmatico, os
quais pertencem a familia CDF, Zrclp (intracellular Zn®* transporter), Cotlp
(intracellular Zn?*/Co2-+transporter) e Msc2p (Gaither & Eide, 2001). Zrclp foi
isolado como um determinante de resisténcia ao zinco, pois a superexpressdo de ZRC1
resulta em um aumento da habilidade das células em tolerar altos niveis de zinco
(Kamizono et al. 1989). O gene COTL1 foi isolado como um supressor da toxicidade de
cobalto, mas posteriormente foi descrito que ele também confere resisténcia ao zinco
(Conklin et al. 1994; Conklin et al. 1992). As duas proteinas estdo localizadas no
vacuolo, o que sugere que estes transportadores sdo responsaveis pelo transporte do
zinco para o interior desta organela (Li & Kaplan, 1998). A fun¢dao de Msc2p no
transporte de zinco foi sugerida por Li & Kaplan, 2000. A proteina esta localizada no
envelope nuclear. Uma hipdtese ¢ que Msc2p media o transporte de zinco para o espaco
intermembrana deste compartimento (Gaither & Eide, 2001). MacDiarmid e
colaboradores (2000) identificaram um gene adicional ZRT3, em S. cerevisiae, o qual
codifica uma permease responsavel por transportar ions zinco do interior dos vacuolos
quando ha escassez do metal no meio intracelular. Esse transportador, ao contrario dos
demais, pertence a familia ZIP, assim como os transportadores de alta e baixa afinidade,
e possivelmente sao regulados pelo mesmo fator de transcri¢ao, Zaplp.

Uma vez que o zinco ¢ transportado através da membrana plasmatica e chega ao
meio intracelular, primeiramente esse ion ¢ utilizado para suprir organelas, como o
Reticulo Endoplasmatico e para auxiliar na sintese de metaloproteinas dependentes
desse metal. Conklin e colaboradores (1994), demonstraram que em leveduras, os
atomos excedentes de zinco presentes no meio intracelular, sdo em sua maioria
mobilizados e estocados em vactiolos, sendo essas organelas o principal sitio de estoque

de zinco presente nesses microrganismos. Dessa forma, essas estruturas auxiliam nos
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processos de desintoxicagdo celular gerada pelo excesso do ion no citoplasma (Simm et
al., 2007). Por serem sitios de estoque de zinco, os vactiolos se tornam uma organela de
extrema importancia na atuagdo e sobrevivéncia de fungos patogénicos (Lulloff et al.,
2004; Liuzzi et al., 2005).

Vicentefranqueira e colaboradores (2005) demonstraram que em A. fumigatus a
captacdo de zinco também ¢ dependente do pH e da concentragao do ion no meio. Oito
genes codificando proteinas da familia ZIP de transportadores de zinco foram descritas
(Amich et al., 2010). ZrfAp e ZrfBp funcionam sob pH acido ¢ em condi¢des de
limitagdo de zinco (Amich et al, 2009; Amich et al., 2010). Foi demonstrado que ZrBp
representa uma zinco-permease de alta afinidade, visto que o transcrito foi inibido em
altas concentragdes de zinco (Vicentefranqueira et al., 2005). ZrfCp participa na
captagdo de zinco em condi¢cdes de pH neutro ou alcalino e meio pobre em zinco
(Amich et al., 2010). Moreno e colaboradores (2007), discutiram o papel do gene ZFAA
que possivelmente codifica um fator de transcri¢do para proteinas zinco-responsivas,
homologo ao gene Zapl de S.cerevisiae, na regulagdo da homeostase de zinco e
aumento da viruléncia em A. fumigatus. Foi observado que cepas com dele¢ao do gene
ZFAA, quando inoculadas em modelos murinos, ndo eram capazes de estabelecer um
processo infeccioso.

Outros estudos investigam os mecanisos de homeostase de zinco em
microrganismos. Em C. albicans estudos realizados por Kim ¢ colaboradores (2008),
demonstraram a existéncia do fator de transcri¢do zinco-responsivo, Crslp (Candida
Supressor of ROK1/zinc-responsive transcription factor), que ¢ codificado por um gene
homologo ao gene Zaplde S. cerevisiae, que regula a expressdo dos genes ZRT1 e
ZRT2, sendo de extrema importancia para o crescimento filamentoso e patogenicidade
do fungo. Dainty e colaboradores (2008), ao avaliarem os niveis de mRNA em
Schizossacharomyces pombe cultivado sob condigdes limitantes de zinco, observaram
que apenas 2,5% dos transcritos identificados por microarranjo sdo regulados em
condicoes de deficiéncia de zinco,dentre eles estdo, ZRT1, ZRT2 e ZAP1.

Analisis in silico do genoma demostraram que Cryptococcus neoformas var.
grubbi e Cryptococcus gattii possuem homodlogos aos transportadores Zrtlp e Zrt2p de
S. cerevisiae. Um homologo ao fator de transcri¢do Zaplp também esta presente em
Cryptococcus (Silva et al., 2011). Estas analises sugerem que C. neoformans var. grubbi
e C. gattii podem obter o zinco por rotas similiares as que s3o descritas para S.

cerevisiae (Silva et al., 2011). Schneider e colaboradores (2012), caracterizaram o gene
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ZAP1 e sua fungdo como um regulador transcricional do metabolismo de zinco em C.
gatti. Foi demonstrado que a expressdo de ZAPl ¢ altamente induzida durante
deprivagdo de zinco. A inativagdo de ZAP1 compromete o crescimento do fungo em
condi¢des de limitacdo de zinco, ZAP1 regula a expressdo dos transportadores de zinco
ZIP e de proteinas de ligagdo ao zinco e finalmente Zaplp regula a concentragdo de
zinco intracelular. Em adicdo, foi demonstrado que a inativagdo de ZAP1 reduz a
viruléncia de C. gatti em modelo de infec¢do murino.

Alguns estudos descrevem transportadores de zinco em Paracoccidioides. Com
o proposito de identificar genes potencialmente envolvidos na adaptagio e
sobrevivéncia de Paracoccidioides no hospedeiro durante a infecgdo, Baildo e
colaboradores (2006), utilizaram a Anélise de Diferenga Representacional de cDNA
(cDNA-RDA) para identificar genes de Paracoccidioides induzidos durante o processo
infectivo e em condi¢des que mimetizam a via hematoldgica de disseminagdo fingica.
No modelo de infeccdo experimental foi observada alta freqiiéncia dos transcritos
homologos a ZRT1 e ZRT2. Baildao e colaboradores (2007), ao continuarem os estudos
de avaliacdo do perfil transcricional, através da técnica de cDNA-RDA utilizando dessa
vez, c€lulas de Paracoccidioides incubadas com plasma novamente observaram a
expressao dos genes que codificam os transportadores de alta e baixa afinidade de ferro
e zinco. Analises in silico do genoma de Paracoccidioides demonstram a presenca de
ortologos aos transportadores de zinco descritos em S. cerevisiae, que sdo localizados
nas membranas plasmatica, vacuolar e do reticulo endoplasmatico. Genes codificando
os transportadores da familia ZIP, ortdlogos dos transportadores Zrtlp e Zrt2p, estdo
presentes no genoma de Paracoccidioides (Silva et al., 2011). O isolado PbO1 possui
dois transportadores de zinco vacuolares, codificados pelos genes ZRC1 e COTL1,
enquanto os isolados Pb03 e Pb 18 possuem ortdlogos apenas para COT1. Um ort6élogo
ao fator de transcrigdo Zaplp também estd presente nos trés isolados de
Paracoccidioides (Silva et al., 2011). Portanto, a assimilacdo de =zinco em
Paracoccidioides pode ser similar a S. cerevisiae. Baildo e colaboradores (2012)
demonstraram que o transcrito ZRT2, mas ndo ZRT1, foi altamente expresso em pHs
alcalino e neutro sob condi¢des de deplecao de zinco, como observado para ZRFC de A.

fumigatus.
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1.6. Interacdo patogeno-hospedeiro

A patogenicidade de microrganismos esta relacionada com a complexa interagao
entre o patogeno e o hospedeiro. Esta interagdo ¢ um processo dindmico, envolvendo a
capacidade do organismo em atravessar o epitélio, disseminar para diversos tecidos e
resistir a defesa imune. Portanto, o sucesso da infec¢do requer uma rapida adaptacao do
patogeno através de mudangas na expressdo de determinados repertorios génicos
requeridos frente as diferencas de micro-ambientes (Kumamoto, 2008). Estudos da
patogenicidade de fungos estdo ainda na sua fase inicial (Albrecht et al., 2008). Os
primeiros passos foram tomados em sistemas de pesquisa biologica de infecgdes
causadas por Candida albicans, pela modelagem teérica da interagdo patdgeno-
hospedeiro (Hummert et al., 2010).

O fungo patogénico C. albicans comumente causa infecgdes superficiais em
mucosas, porém em pacientes imunocomprometidos este fungo pode se disseminar para
outros sitios causando infecgdes sistémicas (Walker et al., 2009). Para elucidar a
resposta de C. albicans durante dissemina¢do na corrente sanguinea, foi utilizada a
técnica de microarranjo conjuntamente com os ensaios de subtracdo de cDNA para
tracar o perfil transcricional do fungo exposto ao sangue humano. Foram encontrados
diferentes grupos de genes diferencialmente expressos: relacionados ao estresse,
resposta antioxidante, viruléncia e genes envolvidos na obtengdo de energia através da
via glicolitica e ciclo do glioxalato. As andlises forneceram informagdes a respeito dos
mecanismos pelos quais C. albicans pode sobreviver ¢ adaptar ao ambiente hostil do
sangue como um passo essencial para a disseminacdo (Fradin et al., 2003; Fradin et al.,
2005). Apds romper a barreira hematogénica, C. albicans pode provocar processos
infecciosos em diversos 6rgaos como rins, figado e baco. Em modelos de infec¢do por
C. albicans em rins de coelhos pode-se observar uma resposta transcricional adaptativa
relacionada com a indugdo de genes envolvidos na adesdo, adaptacdo ao estresse e vias
alternativas de producdo de carbono (Walker et al., 2009). Thewes e colaboradores
(2007) avaliaram, através de modelos de infegdo in vivo e ex vivo, o perfil transcricional
de C. albicans. Através de analises de microarranjos foram identificados genes
relacionados a processos metabdlicos para obtencao de fontes alternativas de carbono e
nitrogénio, resposta ao estresse, captura de nutrientes, genes de regulacao morfologica e
também relacionados a formagdo da hifa. Utilizando ensaios de microarranjo em
modelos de infec¢@o in vitro e de amostras fungicas de pacientes com candidiase na

mucosa oral, foi observada a importancia da expressdo de genes associados a
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manuten¢do da morfologia celular, essencial para adesdo e invasdo celular e a indugdo
de genes envolvidos na resposta a diferentes condi¢des de estresse, tais como estresse
oxidativo, limitagdo de fontes de carbono e nitrogénio e estresse nitrosativo (Martin et
al., 2011).

Lorenz e colaboradores (2004) verificaram que, no interior de fagossomos, C.
albicans apresenta um aumento na expressdo de genes codificantes para proteinas
envolvidas na captura e biossintese de aminoécidos, enquanto que genes relacionados a
via glicolitica ndo sdo induzidos neste ambiente. Estes resultados indicam que durante a
fagocitose por macrofagos o fungo ¢ submetido a um ambiente pobre em fontes de
nitrogénio e glicose. Estas analises revelaram ainda que durante a fagocitose, transcritos
para enzimas do metabolismo de lipidios sdo hiper regulados, uma vez que os lipidios
seriam a principal fonte de carbono para o fungo neste nicho. Ainda analisando a
resposta de C. albicans ao sistema mononuclear fagocitico observou-se que as células
do fungo ativam uma maior resposta ao estresse oxidativo em consequéncia da
fagocitose por neutréfilos, do que por macrofagos. Assim, sugere-se que a resposta ao
estresse oxidativo durante o estabelecimento e progressdo da infeccao sistémica de C.
albicans seja um fenémeno nicho-especifico (Enjalbert et al., 2007).

O fungo patogénico Cryptococcus neoformans possui a habilidade de
disseminar-se na corrente sanguinea € entdo cruzar a barreira hemato-encefalica
causando a meningoencefalite. Para se ter uma visdo sobre a adaptacdo do fungo ao
sistena nervoso central, a estratégia de andlise serial de expressdo génica (SAGE) foi
utilizada para caracterizar células de C. neoformans isoladas de fluido cerebroespinhal
(CSF) de coelhos. Os dados revelaram que os transcritos mais expressos foram aqueles
relacionados com resposta a estresse, sinalizagdo celular, transporte celular,
metabolismo de lipidios e carboidratos (Steen et al., 2003). Da mesma forma que em C.
albicans, a capacidade de resistir as células fagociticas caracteriza uma importante
adaptagdo para sobrevivéncia de C. neoformans no hospedeiro. Os mecanismos
utilizados pelo fungo para evadir os processos de fagocitose, envolve alteracdes
morfologicas que dificultam a sua internalizagdo, aumentando a resisténcia ao estresse
oxidativo e nitrosativo (Okagaki et al., 2010). Apos a fagocitose de C. neoformans, o
fungo pode ser expelido sem causar danos as células, um processo chamado de
exocitose. Nicola et al (2011), demonstraram através da técnica de citometria de fluxo

que este processo depende do pH fagossomal.
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Analises de Aspergillus fumigatus recuperado do pulmido de camundongos
infectados revelaram a expressdo de varios genes relacionados a viruléncia, entre eles
genes codificantes para proteinas reguladoras do desenvolvimento, biossintese de
micotoxinas e resposta a estresse térmico (Gravelat et al., 2008). Nesse patogeno, a
avaliacdo da resposta gé€nica diferencial em conidios e hifas em resposta a interagdo com
neutréfilos envolveu a ativacdo de processos metabdlicos relacionados com a
degradacdo de acidos graxos, proliferagdo peroxissomal, ciclo do glioxalato e
assimilacdo de ferro/cobre (Sugui et al., 2008). O perfil transcricional, acompanhado
pela analise de mutantes tem mostrado que a privagdo nutricional, estresse oxidativo,
hipoxia, estresse térmico e perturbagdes na membrana plasmatica representam os
maiores desafios enfrentados por A. fumigatus durante a infec¢do. O conhecimento
sobre as vias celulares e perfis adaptativos do patdgeno na tentativa de neutralizar as
defesas do hospedeiro sdo cruciais para identificagdo de novos alvos de drogas
(Hartmann et al., 2011). ThywiBlen e colabordores (2011), investigaram a interagdo de
conidios de A. fumigatus com macrofagos e neutréfilos. Foi demonstrado que as células
conidiais sdo capazes de inibir a acidificagdo dos fagolisossomos e que a melanina ¢é
essencial neste processo.

Baildo e colaboradores (2006) identificaram, através da técnica de RDA, genes
induzidos durante o processo infectivo e em condigdes que mimetizam a via de
disseminacdo fungica em Paracoccidioides. Por estas analises, identificou-se transcritos
codificantes para proteinas relacionadas a viruléncia, transportadores de nutrientes,
proteinas de choque térmico e sintese de melanina em células leveduriformes de
Paracoccidioides recuperadas de figado de animais infectados experimentalmente
(Bailao et al., 2006). Ja no tratamento de Paracoccidioides com sangue humano,
observou-se uma maior abundancia de transcritos codificantes para proteinas do
metabolismo de aminoacidos, remodelagem da parede celular, regulacdo da
osmolaridade e moléculas relacionadas a defesa celular (Baildo et al., 2006). Ainda
utilizando a técnica de cDNA-RDA, Baildo e colaboradores (2007), analisaram genes
preferencialmente expressos em leveduras de Paracoccidioides tratadas com plasma
humano, simulando sitios de infec¢do, com inflamagdo. Foi observado um aumento na
expressdao de transcritos codificantes de proteinas de degradagdo de acidos graxos,
remodelamento da parede celular e resposta a mudanga de osmolaridade.

O transcriptoma de células leveduriformes de Paracoccidioides recuperadas de

figado de camundongos infectados foi descrito por Costa e colaboradores (2007) com o
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objetivo de se avaliar as estratégias desenvolvidas por este fungo durante a infecgdo.
Foram encontrados transcritos codificantes para transportadores de membrana, proteinas
relacionadas com estresse, moléculas envolvidas no metabolismo de nitrogénio e
enzimas que participam do metabolismo de carboidratos e lipidios. Este estudo
possibilitou um maior esclarecimento das adaptagdes metabdlicas realizadas por
Paracoccidioides durante o processo infeccioso, sugerindo que em tecidos do
hospedeiro os processos significativamente favorecidos sdo metabolismo de nitrogénio,
carboidratos e lipidios. A interpretagdo geral dos processos que ocorrem durante a
infeccdo sugere que o fungo utiliza multiplas fontes de carbono durante acolonizagao do
figado, incluindo glicose e substratos do ciclo do glioxalato (Costa et al., 2007; Pereira
etal., 2009).

Ainda com o intuito de avaliar a resposta de Paracoccidioides a espécies reativas
de oxigéncio (EROs) produzidas pelo proprio metabolismo fungico ou pelas células
fagocitarias do hospedeiro, foram realizados ensaios de atividade em gel para catalases.
Através destas analises pode-se identificar trés catalases em Paracoccidioides:
PbCATA, PbCATP e PbCATC. A expressdo da catalase POCATA esta relacionada a
condi¢des de estresse oxidativo endogeno, enquanto que a catalase peroxissomal
PbCATP ¢ induzida em condig¢des de estresse oxidativo exdgeno. Ja PbCATC responde
a condic¢des de estresse osmotico ¢ térmico. Durante a fagocitose de Paracoccidioides
por macrofagos observou-se um aumento de expressao dos transcritos para a catalase A
e catalase P, sugerindo que estas enzimas possam estar envolvidas na resposta e
protecdo do fungo contra EROs produzidas nesta condigdo (Chagas et al., 2008).

Utilizando a tecnologia de indugdo de antigenos in vivo (IVIAT), Dantas e
colaboradores, (2009) identificaram proteinas imunogénicas expressas em altos niveis
durante a infec¢ao por Paracoccidioides. Antigenos relacionados a via de melanizacao
(PbDDC), sintese de riboflavina (PbLS) e um transportador de cobre de alta afinidade
(PbCTR3) foram identificados. Analises de expressao por RT-PCR quantitativa (qRT-
PCR) mostraram um aumento de expressdo dos transcritos codificantes para estes
antigenos, 15 dias apds infeccdo em figado e bago e durante infec¢do em macrofagos,
sugerindo um papel importante destas proteinas como antigenos nos processos de
interagdo de Paracoccidioides com o hospedeiro.

No intuito de avaliar a adaptagdo de Paracoccidioides a condigdes de restrigdo
de ferro no hospedeiro, Parente e colaboradores (2011) avaliaram o perfil protéico do

fungo em condigdes de depleg¢do de ferro em comparacdo com condi¢des de ferro em
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abundancia. As proteinas identificadas que apresentaram um aumento de expressao em
condig¢des de deplegdo de ferro estavam relacionadas com a via glicolitica e aquisi¢ao de
ferro. Enzimas do ciclo do acido tricarboxilico (TCA), ciclo do glioxalato, ciclo do
metilcitrato e cadeia transportadorade elétrons foram reprimidas em decorréncia da

limitacdo do micronutriente.

1.7. RDA

Virias sdo as técnicas utilizadas a fim de estudar a expressdo diferencial de
genes em um determinado organismo ou identificar quais genes estdo envolvidos em um
determinado processo ou tratamento. Essas técnicas permitem detectar as mudangas na
expressao de mRNAs sem qualquer conhecimento prévio de informacdes da sequéncia
dos genes especificos em questdo. Dentre os métodos utilizados para clonar genes
diferencialmente expressos encontra-se a técnica do RDA (Hubank and Schatz 1994).

A Anadlise Representacional Diferencial (RDA) ¢ um processo de subtragdo
acoplado a amplificagdo, originalmente desenvolvido para uso com DNA genomico
como um método capaz de isolar as diferengas entre dois genomas complexos. Esta
técnica elimina aqueles fragmentos presentes em ambas as populagdes, deixando apenas
as diferencas. O RDA gendmico se baseia na geragdo, por digestio com enzima de
restricdo e amplificacdo por PCR (reacdo em cadeia da polimerase), de versdes
simplificadas dos genomas sob investigacdo conhecidas como “representagdes”. Se um
fragmento de restrigdo amplificavel (o alvo) existe numa representacdo (tester) e estd
ausente em outra (driver — controle), um enriquecimento cinético do alvo pode ser
alcangado por hibridizagdo subtrativa do tester na presenga de um excesso de driver.
Seqiiéncias com homologos no driver ndo sdo amplificadas, enquanto o alvo hibridiza
apenas com ele mesmo e retém a habilidade de ser amplificavel por PCR. Interagcdes
sucessivas da subtragdo e o processo de PCR produzem fragmentos de DNA visiveis
num gel de agarose correspondendo ao alvo enriquecido (Fig 1) (Hubank & Schatz,
1994). A técnica de RDA ¢ flexivel porque as populacdes de cDNA podem ser
fracionadas por um numero de enzimas de restricdo com seqiiéncias curtas de
reconhecimento para produzir conjuntos de cDNAs. Este aspecto do RDA melhora
grandemente as chances de se clonar com sucesso espécies diferencialmente expressas.
Além disso, pelo fato de que cada cDNA ¢ restringido no seu comprimento para
produzir fragmentos menores, o procedimento de RDA oferece multiplas chances de se

recuperar um gene de interesse (Pastorian et al., 2000).
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Fig 1. Diagrama esquematio da metodologia do RDA (adaptado de Hubank & Schatz, 1994). Os cDNAs
sdo digeridos com enzima de restrigdo Sau3Al para gerar fragmentos menores para serem mais
eficientemente amplificaveis por PCR e com sitios de restrigdo para ligar os adaptadores. Os produtos da
digestdo sdo purificados em sistema comercial GFX (GE Healthcare, Chalfont St. Giles, UK), ligados aos
adaptadores (16 h a 16 °C) e amplificados por PCR (25 ciclos de 45 s a 95 °C e 4 min a 72°C, cada). Os
produtos finais da reacdo de PCR sdo purificados com o sistema comercial GFX. Ambos, tester e driver
sdo digeridos com Sau3Al para remocao dos adaptadores e purificados antes da ligagdo de um novo par
de adaptadores somente no tester. Para a geragdo do primeiro produto diferencial, driver e tester sdo
hibridizados, numa relagdo de 10:1, por 16 h a 67 °C e amplificados por PCR (7 ciclos de 45sa 95 °Ce 3
min a 72 °C, cada). Os produtos sdo submetidos a uma nova etapa de amplificagdo (20 ciclos) para
remoc¢ao dos cDNAs fita simples nao desejados. Para geracdo de um segundo produto diferencial, novos
adaptadores sdo ligados ao primeiro produto diferencial, que ¢ hibridizado ao driver numa relagdo de

100:1.

No intuito de se conhecer genes que poderiam contribuir para a adaptacdo e
sobrevivéncia de Paracoccidioides durante a infecgdo, Bailao e colaboradores (2006)
utilizaram a técnica de RDA para identificar genes induzidos durante o processo
infectivo num modelo murino de infec¢do e em condigdes que mimetizam a rota

hematologica da disseminagdo fingica. Os transcritos diferencialmente expressos nesse
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estudo eram predominantemente relacionados com remodelamento de parede celular e
sintese da parede celular. Através de RDA foi também observada a influéncia do plasma
humano na expressdo génica de Paracoccidioides, sugerindo genes que poderiam ser
essenciais na adaptagdo do fungo no hospedeiro (Bailao et al., 2007). O grupo mostrou
que o plasma ativa significativamente a expressdo de transcritos associados com
biossintese de proteinas, facilitadores de transporte, degradacdo de 4acidos graxos,
remodelamento de parede e defesa celular.

Os genes envolvidos no processo infeccioso de Trichophyton rubrum foram
analisados por Baeza et al. (2007), utilizando a técnica do RDA a partir de duas
populagdes de cDNA, uma proveniente de RNA extraido do fungo exposto a queratina e
outra obtida de RNA extraido do fungo cultivado em meio minimo. Genes relacionados
a transducdo de sinal, proteina de membrana, resposta a estresse oxidativo e alguns
provaveis fatores de viruléncia se apresentaram super-expressos.

Faganello e colaboradores (2009) utilizaram a técnica de RDA a fim de isolar
sequéncias que representam diferengas no DNA gendomico de C. neoformans var. grubii
e Cryptococcus gattii. Nesse estudo foram sequenciados, cerca de 200 clones, que
permitiram a identificagdo de 19 sequéncias diferentes em relagdo ao genoma de C.
neoformans. Dentre as sequéncias identificadas, genes envolvidos com o polimorfismo
em espécies de Cryptococcus foram observados, como o gene codificante para quitina
sintase.

Borges et al. (2010), utilizaram a técnica do RDA a fim de identificar genes
diferencialmente expressos entre as células leveduriformes de dois isolados diferentes
de Paracoccidioides, isolados Pb01, que se apresenta com morfologia caracteristicas de
células leveduriformes, e o isolado Pb4940, que se apresenta tipicamente na forma
miceliana, sem a presenca de conversdo para a fase leveduriforme ao se alterar a
temperatura de cultivo. A técnica foi utilizada a fim de compreender os eventos
moleculares que ocorrem no fungo durante a resposta ao aumento de temperatura e
estabelecimento da fase leveduriforme do isolado Pb0O1. Nesse trabalho, o isolado Pb01
foi utilizado como tester e o isolado Pb4940 como driver. Um total de 258 clones se
mostram super-expressos para o isolado PbOl, comparado ao isolado Pb4940, que
correspondem a proteinas de membrana/parede celular, HSP30, C6 fator de transcrigao

(Ctf1b) e fator de transcri¢do Gata (NSdD).
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2. JUSTIFICATIVA

A complexidade de interagdes entre Paracoccidioides e o hospedeiro humano
sugere que o fungo tenha desenvolvido mecanismos que o possibilitam adaptar-se a
diversidade de sitios, regulando a expressdo génica de forma nicho especifica, a
exemplo de outros patégenos. Apesar de esforgos terem sido feitos no estudo da
complexa interagdo Paracoccidioides-hospedeiro, bem como no estudo da resposta do
fungo a diferentes condicdes bioldgicas, as estratégias que este patdogeno utiliza para
sobrevivéncia nos sitios de infec¢do permanecem pouco conhecidas.

Em fungdo do exposto observa-se a relevancia do conhecimento espacial e
temporal de aspectos metabolicos de patdgenos durante a infec¢ao. Acredita-se que em
microrganismos patogénicos a utilizacdo preferencial de vias metabdlicas em
decorréncia de sitios do hospedeiro possa ser importante para o conhecimento da
biologia e patogenia dos organismos. Estudos anteriores, revelaram algumas estratégias
do Paracoccidioides para adapta¢do a condi¢des do hospedeiro durante o processo
infeccioso no figado (Bailao et al., 2006; Costa et al., 2007), durante disseminagdo no
sangue (Baildo et al., 2006) e plasma (Bailao et al., 2007). Neste contexto, a
identificagdo de ESTs de Paracoccidioides recuperado de animais experimentais € um
importante requisito para fornecer dados necessarios na elucidacdo dos mecanismos de
viruléncia e patogénese. Pelo pulmdo ser o primeiro oOrgdo-alvo da
paracoccidioidomicose em humanos, o estudo da resposta do fungo a esse nicho
permitiria ampliar o conhecimento das diferentes estratégias adaptativas utilizadas pelo
fungo para escapar e sobreviver as defesas do hospedeiro.

Sabe-se que micronutrientes, como zinco, ferro e cobre sdo essenciais para o
metabolismo de organismos, por participarem de processos bioquimicos vitais. Estudos
recentes evidenciam que os mecanismos ligados a captacdo e & homeostase de metais
estdo fortemente ligados entre si e sdo, por sua vez, fatores de viruléncia para patdgenos.
Estudos em nosso laboratorio identificaram transportadores de alta e baixa afinidade de
zinco (PbZrtlp/PbZrt2p), como moléculas altamente expressas em condi¢des que
mimetizam o processo infeccioso por Paracoccidioides. Essas analises tornaram-se o
ponto de partida para o inicio dos estudos de genes envolvidos na homeostase de

micronutrientes nesse patogeno.
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3. OBJETIVOS

1 - Caracterizar o perfil protedmico de Paracoccidioides em condigdes limitantes de

zinco, comparando com o perfil protedmico do fungo na presenga desse metal.

2 - Obtengao de bibliotecas subtraidas de ESTs de Paracoccidioides, através da
técnicade cDNA-RDA, na seguinte condi¢do experimental:

- Paracoccidioides recuperado do pulmido de camundongos, apos 7 e 15 dias de

infecgao;

3 - Caracterizagdo e categorizagdo das sequéncias obtidas através de anota¢do utilizando

o programa BLAST2GO;

4 - Confirmacao, por qRT-PCR ,da expressao diferencial de genes identificados.

5 - Andlise e compreensdo das possiveis estratégias moleculares utilizadas por

Paracoccidioides durante infec¢cdo no pulmao.
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Proteoma em condicoes
de deplecdo de zinco




1. MATERIAIS E METODOS

1.1. Microrganismo e condi¢des de crescimento

Paracoccidioides, Pb 01 (ATCC MYA-826), foi utilizado em todos os
experimentos. A fase leveduriforme do fungo foi crescida em meio Fava Netto semi-
solido [1% (w/v) peptona, 0.5% (w/v) extrato de levedura, 0.3% (w/v) proteose peptona,
0.5% (w/v) extrato de carne, 0.5% (w/v) NaCl, 4% (w/v) glicose, 1.2% (w/v) agar, pH
7.2] 4 36 °C por 7 dias. Um esquema experimental de todas as técnicas desenvolvidas é

mostrado na Fig 1.
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Fig 1 — Desenho experimental. Paracoccidioides, Pb01 (ATCC MYA-826) foi utilizado em todos os experimentos. Células

leveduriformes foram incubadas por 3, 6 e 24 h na auséncia de zinco ¢ na presenca de 50 uM de TPEN (tratadas) e 30 uM de

ZnSO, (controle). Extratos protéicos foram obtidos apds 6 ¢ 24 h de incubagdo e fracionados por 2-DE. Triplicatas de cada

condi¢do foram obtidas. Analise de imagem utilizando-se o software ImageMaster 2D Platinum 6.0 e analises estatisticas por one-

way ANOVA (p < 0.05) foram realizadas. Os spots de interesse foram submetidos a digestdo triptica. Espectros de MS e MS/MS

foram adquiridos. Apds 3, 6 ¢ 24 h de incubagao foi realizada extragdo de RNA. Os RNAs obtidos foram submetidos a analise por

RT-PCR em tempo real.
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1.2. Experimentos de deplecao de zinco

Para os experimentos de deple¢do intra e extracelular de =zinco, células
leveduriformes de Paracoccidioides foram incubadas em meio McVeigh/Morton
(MMcM) (Restrepo e Jiménez 1980) na presenga e auséncia de zinco, como descrito a
seguir. O meio MMcM foi preparado sem a adigdo de ZnSO4 e suplementado com o
quelante de zinco N,N,N N _-tetrakis (2-pyridyl-methyl) ethylenediamine (TPEN 0.05
mM; Sigma Aldrich, Co., St. Louis, MO). As culturas foram mantidas a 36 °C, 150 rpm.
Para que fossem realizadas andlises de viabilidade celular, com a finalidade de
padronizar o tempo de incubacdo na presenga do quelante que ndo fossem letais as
células leveduriformes, foram retiradas aliquotas em varios tempos de incubagdo (1, 2,
3,4, 6, 8 and 24 h). As células coletadas foram diluidas na propor¢ao de 1:10 em
corante Trypan Blue 0,4% e analisadas em camara de Neubauer.

Para a obtengdo dos extratos protéicos, 10° células/mL of Paracoccidioides foram
inoculadas em 50 mL de meio Fava Netto liquido. As culturas foram mantidas a 36 °C
sob agitacdo por 72 h. Apds o periodo de incubacio, a cultura foi centrifugada a 3,500 g
por 10 min, as células foram lavadas em tampao PBS estéril 1 X (1.4 mM KH,POy, 8
mM Na,HPO4, 140 mM NacCl, 2.7 mM KCI; pH 7.3), em seguida foram ressuspensas
em meio de cultura MMcM e mantidas 18 h a 36 °C sob agitacdo. Apds este periodo as
células foram centrifugadas a 3,500 x g por 5 min e lavadas em PBS 1 X. Um inoculo
de 2x10° células foi introduzido em meio MMcM, suplementado com 0.05 mM do
quelante zinco-especifico TPEN (Sigma Aldrich, Germany). As culturas foram
incubadas por 6 e 24 h sob agitacdo a 36 ° C. Para a condicdo controle, células
leveduriformes de Paracoccidioides foram incubadas em meio MMcM contendo 0.03
mM de ZnSOy, por 6 e 24 h. Para obtengdo do RNA para andlises por RT-qPCR, as

células foram incubadas, como descrito acima, por 3, 6 ¢ 24 h.

1.3. Preparagdo dos extratos protéicos

Células leveduriformes foram coletadas apos 6 e 24 de deplecdo de zinco e
submetidas a extra¢do de proteinas. As células foram centrifugadas a 3,500 x g por 15
min a 4 °C e rompidas por agitacdo vigorosa com glass beads em solucao contendo 20
mM Tris-HCI, pH 8.8, 2 mM CaCl, (Fonseca CA et al. 2001) e uma mistura de

inibidores de proteases (serine, cisteina and calpain) (GE Healthcare, Uppsala, Sweden).
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Apo6s centrifugacdo o sobrenadante foi coletado e a concentragdo protéica
determinada por reagente de Bradford (Sigma Aldrich). Soro albumina bovina (BSA)
foi utilizada como padrao (Bradford 1976). As amostras foram estocadas em aliquotas a

- 80 °C.

1.4. Eletroforese Bidimensional de Proteinas (2-DE)

Todos os reagentes e equipamentos utilizados na eletroforese bidimensional
foram da empresa GE Healthcare. Um total de 300 pg de proteinas foi utilizado para
cada condi¢do e aplicado em tiras de gradiente de pH imobilizado (IPG) de 13 cm com
separacao nao linear (NL) de pH 3-11. Antes da focalizacao isoelétrica (IEF) os extratos
celulares foram precipitados utilizando-se o sistema comercial 2-D Clean-Up'". Apés a
centrifugacdo o precipitado foi lavado para retirada de contaminantes ndo protéicos
como detergentes, sais, lipideos e acidos nucléicos. A mistura foi centrifugada
novamente e o precipitado resultante foi ressuspendido em tampao de reidratagdo [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. Apods
incubagio por 1 h, sob agitacdo, o material foi centrifugado a 3,500 x g, 10 min a 4 °C.
O sobrenadante foi aplicado em um suporte apropriado e a tira de IPG foi colocada
sobre o tampdo de reidratacdo. 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 reidratagdo quanto a
focalizagdo isoelétrica foram realizados no sistema Ettan IPGphor III e a temperatura da
corrida foi mantida & 20 °C. Apos a focalizagdo isoelétrica as tiras de IPG foram
reduzidas com 0,5% (p/v) de DTT em 5 mL de tampao de equilibrio contendo 6 M
uréia; 0,5 M Tris-HCIL; pH 8,8; 30% (v/v) glicerol, 2% (p/v) SDS e azul de bromofenol
durante 40 min com suave agitacdo. Em seguida, a solucdo 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 agitacao e sob protecao da luz. Apds isso, o tampao de
equilibrio foi retirado e as tiras IPGs foram lavadas com tampao de corrida (25 mM Tris

pH 8.8, 192 mM glicina, 0,1% [p/v] SDS) por 5 min. A separa¢@o na segunda dimensao

47



foi realizada na cuba de eletroforese vertical, Hoefer SE-600 em géis homogéneos de
10%, (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 separacdo eletroforética da segunda dimensao foi realizada
segundo a descricdo de Laemmli (1970) com tampdo 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 apos o
término da corrida os géis foram retirados da cuba e corados utilizando-se o azul de
comassie (PlusOne Coomassie Tablets PhastGel Blue R-350, GE Healthcare), de acordo
com instrugdes do fabricante. As imagens dos géis foram capturadas utilizando-se o

scanner ImageScan III e posteriormente, digitalizadas com o software ImageMaster 6.0.

1.5. Aquisicao e anélise das imagens

Os géis corados foram capturados em modo transparéncia utilizando-se o
programa Labscan v 3.0 e as imagens foram importadas no 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 condicdo estudada,
utilizando-se uma referéncia para alinhamento (ponto de referéncia) e pareamento
automatico. Um spot foi considerado reprodutivel quando estava presente em todas as
triplicatas dos géis de cada condigdo. Para se comparar spots entre os géis das trés
condigdes (pareamento intra classes) uma pasta de parcamento (matchSet) foi criada.
Um gel referéncia (master) de cada condicao foi escolhido como sendo a imagem com o
maior nimero de spots e com melhor resolugdo. O pareamento automatico entre os géis
master (pareamento inter classes) foi realizado pelo programa e uma inspe¢do manual
de cada spot foi realizada para aumentar a confiabilidade do pareamento (Figura 2). A
porcentagem de volume de cada spot foi determinada e utilizada para célculos
estatisticos dos niveis de expressdo de proteinas. Para comparar proteinas com

multiplas isoformas, a soma da porcentagem dos volumes, relativa a proteina total, de
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cada isoforma foi obtida em triplicata. A soma da porcentagem dos volumes foi
utilizada para os testes estatisticos. As andlises estatisticas 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 diferengas significativas entre as trés condigdes

analisadas. Os resultados foram considerados significantes quando p < 0,05.

Controle3 Tratado3 (TPEN)

Trplicatas de Controle2 _ Tratado2 (TPEN)
cada condicao

Controlel Tratadol (TPEN)

C master T master

Master
Intra Classes

Pareamento
Inter classes

Controle x Tratado (TPEN)

Fig 2 — Fluxograma das analises de imagens realizadas entre as duas condi¢des: Controle x deplecdo de

zinco.

1.6. Digestao das proteinas para espectrometria de massa tipo MALDI

Os spots de proteinas com diferenca significativa de expressdo foram
selecionados e excisados do gel 2-D. O procedimento para a digestdo das proteinas foi
realizado manualmente como previamente descrito (Parente et al, 2011 e Rezende et al,
2011). Os spots foram desidratados com 100 pL de acetonitrila (ACN) por 5 min e, ap6s
a solugdo ser retirada, os spots de proteinas foram deixados no speed vacuum até secar
completamente. Os spots de géis foram entdo reduzidos com 10 mM DTT por 1 h. O

sobrenadante foi retirado e os spots foram alquilados com 55 mM de iodoacetamida ao
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abrigo da luz. Os spots foram lavados com 100 pL de solu¢do contendo 25 mM de
NH4HCO; por 10 min agitando em vortex. Em seguida o sobrenadante foi retirado e
foram adicionados 100 pL de uma soluc¢do contendo 25 mM de NH4HCO3/50% ACN
(v/v), deixando sob agitagdo em vortex por 5 min. Esse procedimento foi repetido. Apds
a solugdo ser retirada as amostras foram desidratadas no speed vacuum. Finalmente, as
amostras foram reidratadas em 30 pl de tripsina a 10 ng/uL (Sequencing Grade
Modified Trypsin Promega, Madison, WI, USA) durante 10 min a 4 °C. Apos a
remocdo do excesso de tripsina foi adicionado 25 pL de solugdo de 25 mM de
NH,HCOs as amostras em gel e prosseguiu-se a incubacio a 37 °C por 16 h. Apos a
digestdo, o sobrenadante foi retirado e colocado em tubos novos e limpos. Aos spots de
géis foi adicionado 50 uL de solugdo 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 uL da amostra na placa MALDI e deixado secar a temperatura ambiente até a
completa evaporacdo. Em seguida, 2 pL da solug¢do de matriz CHCA [a 4cido a-ciano-
4-hidroxicinamico em 50% (v/v) de acetonitrila e 5% (v/v) de TFA] a 10 ng/uL foi

adicionado a placa e deixado secar a temperatura ambiente.

1.7. Identificacdo das proteinas por PMF e por MS/MS e pesquisa em banco de dados
As analises foram realizadas no espectrometro de massa MALDI-Synapt MSTM
(Waters-Micromass, Manchester, UK) e UltraFlex III MALDI-TOF/TOF mass
spectrometer (Bruker, Bremen, Germany). Para realizagdo das analises por MS os
espectros foram adquiridos em modo positivo e refletido. O instrumento foi calibrado
com uma acurdcia 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 argoénio na célula de colisdo,

resultando nos espectros MS/MS, utilizando se o software Masslynx 4.0.
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A identificacdo das proteinas por PMF foi realizada submetendo-se as listas de
massas monoisotopicas dos espectros MS (*.txt) ao programa MASCOT (MASCOT
2.1.02; Matrix Science, London, U.K.), usando o banco de dados nao 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; (ii1) modificacdes fixas: carbamidometilagdo das cisteinas; (iv) modificagdes
variaveis: oxidacdo das metioninas; (v) tolerancia de peptideos: 20-100 ppm; (vi)
permissdo de clivagem perdida para peptideos: méximo de 1. Para confirmagdo da
identificacdo 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 ndo redundante do NCBI (fungi). Os parametros de busca foram os
mesmos descritos para o PMF, exceto para tolerancia 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 identificagoes.

As ORFs das proteinas identificadas foram analisadas utilizando o Pedant-Pro

Sequence Analysis Suite of Biomax GmbH (http://pedant.gsf.de.) e categorizadas de

acordo com o Catalogo Funcional (FunCat2).

1.8. Extracdo de RNA, sintese de cDNA e RT-qPCR

Todos os procedimentos envolvendo a manipulagdo de RNA foram realizados
em condicdes livres de RNAses. Os RNAs foram isolados por disrup¢do mecanica das
células e agitagdo com pérolas de vidro por 10 min na presenca de Trizol (GIBCO™
Invitrogen Corporation), seguindo o protocolo do fabricante. Os oligonucleotideos
iniciadores foram desenhados na juncdo exon-exon, amplificando amplicons de
aproximadamente 100 a 200 pares de base. A Tabela 1 mostra a lista dos
oligonucleotideos utilizados na reacao de qRT-PCR. As reacdes de qRT-PCR foram
realizadas utilizando-se a mistura SYBR green (Applied Biosystems, FosterCity, CA)
no sistema StepOnePlusTM real time PCR (Applied Biosystems) em triplicatas
biologicas. A especificidade de cada par de oligonucleotideos utilizados foi confirmada
pela visualizagdo de um unico produto de PCR em gel de agarose 1,2%. A reagdo 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
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e 40 ng de cDNA molde, em um volume final de 20 pl. As curvas padrdes foram
geradas utilizando-se uma aliquota de cDNA de cada amostra, serialmente diluidas (1:5
da dilui¢do original). Os dados foram normalizados com o transcrito codificante para a
proteina alfa tubulina amplificado em cada conjunto de experimentos de qRT-PCR. Os
niveis de expressao relativa dos genes de interesse foram calculados utilizando-se o
método de curva padrdo para quantificagdo relativa (Bookout et al., 2006). Os
resultados foram validados pelo teste t de student, sendo consideradas diferengas

significativas as amostras que apresentaram valor de p < 0.05.

Tabela 1: Oligonucleotideos utilizados na RT-qPCR

Oligonucleotideos Sequencia Ndmero de acesso®
Tubulina sense 5 ACAGTGCTTGGGAACTATACC 3’ PAAG 01647.1
Tubulina anti-sense 5" GGGACATATTTGCCACTGCC 3° PAAG 01647.1
Zrtl sense 5’ CTATCCGCTGTGTTCGTCAT 3° PAAG 08727.1
Zrtl anti-sense 5" GGAGATGGATGAAAGCTGTG 3’ PAAG 08727.1
Zrt2 sense 5" GCAAAATCCCCCAATGGTAGT3’ PAAG _03419.1
Zrt2 anti-sense 5> GGGTAAGGCCGATTATGATAG3’ PAAG 03419.1
Alcool desidrogenase sense 5" ACCTTGTTGTGCTGGAGTAGA 3’ PAAG 06715.1
Alcool desidrogenase anti-sense 5> GGAGTCTGGAATCGGGGTG 3° PAAG 06715.1
Isocitrato liase sense 5> ATGGGAACCGACCTCCTGG 3’ PAAG_06951.1
Isocitrato liase anti-sense 5> CGTTCTTGCCTGCTTGCTCA 3° PAAG 06951.1
Citrato sintase sense 5> ACTGAGCACGGCAAGACGG 3’ PAAG 08075.1
Citrato sintase anti-sense 5> TTCCCAATGCACGGTCGATAA 3’ PAAG 08075.1
Catalase peroxisomal sense 5> AGGTGCAGGAGCTTACGGTG 3’ PAAG 01454.1
Catalase peroxisomal anti-sense 5" CCCAATTTCCTTGCTCGGTG 3’ PAAG 01454.1

*Numero de acesso — numero de acesso das proteinas identificadas na database do Broad Institute of MIT and
Harvard: (http://www.broadinstitute.org/annotation/genome/Paracoccidioides_brasiliensis/MultiHome.html)

2. RESULTADOS

2.1. Analise de expressdo de genes de Paracoccidioides envolvidos com aquisi¢ao de
zinco durante deple¢do de zinco

Para investigar o perfil de trancrigdo de genes responsivos ao zinco em
Paracoccidioides foi utilizada a técnica de RT-qPCR. As analises incluiram os
ortologos aos tranportadores de zinco ZRT1 e ZRT2 de Paracoccidioides (Fig 3 e tabela
1). Embora os dois transportadores de zinco tenham sido induzidos apods 3, 6 e 24 h de
tratamento, um maior nivel expressdo para ZRT2 foi observado em 6 e 24 h de deplecdo
de zinco, com valores de indu¢ao maiores que 20 vezes comparando com o controle

(Fig 3). O transcrito codificante para o transportador ZRT1 apresentou uma inducao da
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expressdo em torno de 10 vezes maior que o controle, em 24 h de deplegcdo. A partir
desses resultados, os tempos de 6 e 24 h foram escolhidos para extragdo protéica e

analises protedmicas.
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Fig 3. Quantificagio da expressdo dos transportadores de zinco de Paracoccidioides por PCR em
tempo real. RT-qPCR em tempo real dos transcritos ZRT1 e ZRT2 de Paracoccidioides durante
deplecdo de zinco. Os dados foram normalizados para o transcrito codificante para o-tubulina e
apresentados como fold change em relacdo ao controle. Analises estatisticas para avaliar o nivel de

significancia foram realizadas, utilizando o teste t de Student, adotando p < 0,05 (*).

2.2. Analise dos géis-2D de Paracoccidioides durante deplecdo de zinco

Utilizando o corante azul de trypan, foi observado que cerca de 90% das células
continuavam viaveis apds 24 h de deplecdo de zinco (dados ndo mostrados). A técnica
de gel bidimensional foi realizada para separar proteinas citosolicas do fungo e andlises
de imagem permitiram a quantificagdo das proteinas/isoformas.

Trés experimentos independentes geraram trés replicatas, os quais incluem:
controle 6h, deplecdo de zinco 6h, controle 24 h e deplecao de zinco 24 h (Fig 4A-D,
respectivamente). Utilizando um software de andlise de gel um total de 845 spots foi

detectado (Fig 4 e Fig 5). Andlises estatisticas revelaram que 127 e 296
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proteinas/isoformas foram diferencialmente acumuladas em 6 e 24 h de deplecdo de

zinco, respectivamente, totalizando 423 proteinas/isoformas diferencialmente reguladas

(Fig 5).

3 11

20—
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Fig 4A. Analise do gel bidimensional de proteinas de Paracoccidioides extraidas de células leveduriformes

incubadas por 6h na condi¢@o controle. Os spots identificados sdo numerados e listados de acordo com a tabela 2.
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Fig 4B. Andlise do gel bidimensional de proteinas de Paracoccidioides extraidas de células leveduriformes
incubadas por 6h na condi¢@o de deplecdo de zinco. Os spots identificados sdo numerados e listados de acordo

com a tabela 2.
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Fig 4C. Analise do gel bidimensional de proteinas de Paracoccidioides extraidas de células leveduriformes
incubadas por 24h na condi¢@o controle. Os spots identificados sdo numerados e listados de acordo com a
tabela 2.

56



Fig 4D. Analise do gel bidimensional de proteinas de Paracoccidioides extraidas de células leveduriformes
incubadas por 24h na condi¢do de depleg¢do de zinco. Os spots identificados sdo numerados e listados de acordo

com a tabela 2.
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Fig 5. Grafico resumo das andlises protedmicas de Paracoccidioides em condig¢oes de deplegdo de zinco. O
numero de spots diferencialmente expressos foi determinado utilizando software de analise de imagem de gel

bidimensional. Analise estatistica foi realizada utilizando o ANOVA.

2.3. Identificagdo de proteinas zinco-reguladas

Para identificacio das proteinas diferencialmente reguladas, foi realizada
digestdo in-gel dos spots utilizando tripsina, seguida pelas analises de espectrometria de
massa.

Analises por espectrometria de massa seguida por procura em bancos de dados
resultou na identificacdo de 157 proteinas/isoformas diferencialmente expressas (Fig 4,
Fig 5 e tabela 2). Cento e vinte proteinas/isoformas foram identificadas por PMF e
confirmadas por analises de MS/MS, enquanto 37 proteinas/isoformas foram
identificadas apenas por PMF. Todas as proteinas identificadas estdo listadas na tabela
2. Os gi, score de PMF e MS/MS do mascot, massa molecular e ponto isoelétrico de

cada spot sdo listados na tabela 2.

58



Table 2: Paracoccidioides identified protein upon 6 and 24 hours of zinc starvation

PMF MS/MS
Accession number?/Protein description nuSrrEl(a)zrb Time®  geored %eélv- Matched Expé‘ll;heo EXI\F/)I/\TVr’]‘eo
(%)° Peptides

2i[295673162 - Disulfide isomerase Pdil 35 6h 195 49 14 4.44/4.80 63.67/59.31
21295673162 - Disulfide isomerase Pdil 32 24h 265 55 4 4.53/4.80 69.67/59.3
21295664022 - Glutathione reductase 63 6h 154 44 15 8.42/6.74 50.83/51.96
2i[295664022 - Glutathione reductase 69 24h 94 23 2 8.06/6.74 49.67/51.9
2i[295674755 - Glutathione synthetase 55 24h 158 35 1 7.09/6.14 53.33/56.7
gi|295671569 - Heat shock protein SSC1 30 24 h 239 43 8 5.32/5.92 72.83/73.82
gi|295671569 - Heat shock protein SSC1 26 24 h 168 49 12 5.12/5.92 74.33/73.82
2i|295671569 - Heat shock protein SSC1 29 24 h 175 59 7 5.21/5.92 73.0/73.82
2i[295671569 - Heat shock protein SSC1 16 6h 173 60 7 5.21/5.92 97.33/73.82
2i[295671569 - Heat shock protein SSC1 25 6h 98 65 6 4.99/5.92 76.0/73.82
g1|295671569 - Heat shock protein SSC1 34 24 h 104 20 1 5.40/5.92 67.0/73.82
2i[295671569 - Heat shock protein SSC1 81 24h 86 16 2 5.69/5.92 44.67/73.8
2i[295671569 - Heat shock protein SSC1 87 24h 108 16 1 6.12/5.92 43.67/73.82
2i[295671569 - Heat shock protein SSC1 86 24h ok ok 2 6.41/5.92 43.83/73.8
2i[295671569 - Heat shock protein SSC1 117 24h ok ok 1 4.56/5.92 38.0/73.8
2i[295658865 - Heat shock protein 127 24 h 106 47 ok 4.24/5.51 35.0/62.27
2i[295658865 - Heat shock protein 37 6h 177 52 4 4.87/5.51 63.33/62.27
gi|295658865 - Heat shock protein 1 24h ** ** 1 5.09/5.51 130.33/62.27
gi|4164594 - Heat shock protein 70 33 6h ** ** 5 4.82/5.43 68.5/65.3
2i|14538021 - Heat shock protein 70 27 24h 143 26 5 4.84/5.05 74.0/70.9
2i|14538021 - Heat shock protein 70 95 24h 100 21 1 7.52/5.05 42.67/70.9
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gi|14538021 - Heat shock protein 70

g1/14538021 - Heat shock protein 70

21295659116 - Hsp70-like protein

gi|295659116 - Hsp70-like protein

gi|295659116 - Hsp70-like protein

gi|295659116 - Hsp70-like protein

gi|295673716 - Hsp70-like protein

gi|295673716 - Hsp70-like protein

gi|295659787 - Heat shock protein Hsp88
g1|295659787 - Heat shock protein Hsp88
g1|295665077 - Hsp90 binding co-chaperone (Sbal)
g1|295665077 - Hsp90 binding co-chaperone (Sbal)
g1|295659837 - Heat shock protein SSB1
2i|295672932 - 30 kDa heat shock protein
g1|295672932 - 30 kDa Heat shock protein
gi|295672932 - 30 kDa Heat shock protein
21295664909 - 10 kDa heat shock protein, mitochondrial
g1|295668244 - Mitochondrial peroxiredoxin PRX1
£1|295668244 - Mitochondrial peroxiredoxin PRX1
gi|295662873 - Mitochondrial co-chaperone GrpE
g1|225681400 - Peroxisomal catalase

gi|295661107 - Thioredoxin reductase
gi|295670221 - Thioredoxin

gi|17980998 - Y20 protein

gi|17980998 - Y20 protein

93
88
23
123
85
90
24
91
13
14
143
145
65
138
133
135
156
132
132
134
45
103
153
142
141

24 h
24 h
6h
24 h
24 h
24h
24h
24h
24 h
24 h
24 h
24 h
24 h
6h
24 h
24 h
24 h
24 h
24 h
6h
6h
24 h
24 h
6h
24 h

183
207
182
ok
187
148
234
85
201
157

ok
ok
96
109
170
120
102

kK
%k

kk

121
87
77
60

Ak

25
35
49
ok
28
23
36
23
35
30

ok
ok
22
53
48
57
58

kK
ok

kk

41
29
56
33

kk

11

11

ek

sk

5.92/5.05
6.09/5.05
4.72/5.08
4.05/5.08
5.79/5.08
5.67/5.08
4.73/5.39
7.34/5.39
4.69/4.92
4.85/4.92
4.49/4.23
438/4.23
4.85/5.47
7.06/9.75
6.80/9.75
7.28/9.75
9.41/8.79
4.45/5.28
4.45/5.28
5.30/8.89
7.73/6.42
6.77/5.51
5.21/5.24
7.19/6.09
6.90/6.09

42.67/70.9
43.17/70.9
76.0/70.92
36.67/70.9
43.83/70.9
43.0/70.92
76.0/68.8
43.0/68.86
97.83/80.7
95.5/80.7
22,5213
20.0/21.3
50.5/60.6
24.83/28.64
27.0/28.64
26.5/28.64
12.67/11.19
28.33/24.9
28.33/24.9
26.5/28.51
57.0/57.66
41.0/38.19
13.33/12.9
22.83/21.64
23.0/21.6
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g1|295657024 - Puromycin sensitive aminopeptidase
21295669794 - Elongation factor Tu

21295675019 - Elongation factor 2

gi|295675019 - Elongation factor 2

gi|295674319 - Polyadenylate binding protein

gi|295672445 - Alanyl-tRNAsynthetase

21295660511 - Glycyl-tRNAsynthetase

gi|146762537 - Enolase

gi|146762537 - Enolase

gi|295671152 - Phosphoglucomutase

21295669690 - Phosphoglyceratekinase

gi|295658778 - Phosphoenolpyruvate carboxykinase
gi|295671120 - Fructose-1,6-bisphosphate aldolase
g1|295671120 - Fructose-1,6-bisphosphate aldolase
g1|295671120 - Fructosel,6-bisphosphate aldolase
21295671120 - Fructosel,6-bisphosphate aldolase
2i|295658119 - Glyceraldehyde-3-phosphate dehydrogenase
g1|295658119 - Glyceraldehyde-3-phosphate dehydrogenase
21295658119 - Glyceraldehyde-3-phosphate dehydrogenase
g1|295658119 - Glyceraldehyde-3-phosphate dehydrogenase
g1|295658897 - Citrate synthase

gi|295658897 - Citrate synthase

gi|295658897 - Citrate synthase

21295669416 - 2-oxoglutarate dehydrogenase E1
21295669416 - 2-oxoglutaratedehydrogenase E1

18
75
112
118
17

31
70
68
42
79
40
101
113
115
94
122
111
108
107
80
82
83
10

6h
6h
24h
24h
6h
24h
24h
24h
24h
24h
24h
24h
24h
6h
6h
24h
6h
24h
24h
24h
24h
24h
24h
6h
24h

283
73
116
ok
74
121
ok
89
205
ok
91
128
133
190

sk

153
286
88
140
193
84

%k

ok

122
91

58
44
16
.
37
18
sk
27
64
ok
27
27
43
69

kk

58
85
50
42
69
26

ok

ok

20
13

12

sk

*%

ek

*%

kk

sk

6.31/5.65

5.57/6.11
7.08/6.46
7.85/6.46
6.99/6.31
5.76/5.52
6.40/5.77
5.82/5.67
5.66/5.67
7.48/6.59
7.51/6.48
6.99/6.10
7.48/6.09
7.08/6.09
7.32/6.09

6.33/6.09
9.13/8.26

8.47/8.26
8.95/8.26
8.28/8.26
7.99/8.75
8.51/8.75
8.25/8.75
7.11/6.68
7.36/6.68

90.0/100.71
45.67/48.71
39.17/92.6
37.83/92.7
92.0/86.92
103.83/108.4
70.67/74.9
49.5/47.4
50.17/47.41
58.33/83.6
44.83/45.3
60.5/63.9
41.67/39.72
38.67/39.72
38.5/39.72

42.67/39.72
36.83/36.62

39.67/36.62
40.17/36.6
40.17/36.6
44.83/52.2
44.67/52.20
44.33/52.20
103.5/121.6
110.0/121.63
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21295669416 - 2-oxoglutarate dehydrogenase E1
g1|295669416 - 2-oxoglutarate dehydrogenase E1
g1|295673931 - Pyruvate dehydrogenase protein X complex
gi|295673931 - Pyruvate dehydrogenase protein X component
21295673937 - Malate dehydrogenase

21295664721 - Aconitase

21295664721 - Aconitase

21295664721 - Aconitase

21295665542 - Osmotic growth protein

21295669416 - 2-oxoglutarate dehydrogenase E1

gi|295658595 - Pyruvate dehydrogenase E1 component subunit
alpha

gi|295660969 - Isocitrate lyase
g1|295660969 - Isocitrate lyase
21295660969 - Isocitrate lyase

gi|295665123 - Aldehyde dehydrogenase

gi|295665123 - Aldehyde dehydrogenase

gi|295665123 - Aldehyde dehydrogenase

21295665123 - Aldehyde dehydrogenase

g1|295672968 - Phosphomannomutase

gi|295663567 - 6-phosphogluconolactonase

g1|295661432 - UTP-glucose-1-phosphate uridylyltransferase
gi|295674635 - Alcohol dehydrogenase

gi|295674635 - Alcohol dehydrogenase

gi|295662360 - Mannitol-1-phosphate 5-dehydrogenase

46
54
58
128
20
19
22
71

78

36
43
41

57
60
61
157
121
126
49
116
110

102

24h
24h
6h
6h
6h
24h
24h
24h
24h
24h

24 h

6h
24 h
6h

24h
6h
24h
24h
24h
24h
6h
6h
24h

6h

221
83
98
79
185
146
109
131
159
84

130

215
161
364

170
106
140

ok
ok
148
93
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42
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61
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7.30/6.68
6.79/6.68
5.46/6.45
5.31/6.45
8.10/8.99
7.64/6.49
7.51/6.49
7.75/6.49
9.37/6.90
6.79/6.68

6.63/8.62

8.05/6.79
8.10/6.79
8.01/6.79

6.19/5.87
6.51/5.87
6.46/5.87
5.08/5.87
5.57/5.60
6.70/5.86
9.37/9.11
8.72/7.55
8.5/7.55

6.44/5.66

108.67/121.6
56.33/121.63
53.67/52.71
51.83/52.71
34.17/36.02
86.5/79.20
88.17/79.20
85.5/79.20
49.33/68.04
114.0/121.63

44.83/45.3

63.67/60.17
57.83/60.2
59.67/60.17

52.33/54.5
51.5/54.56
51.17/54.5
12.0/54.5
37.17/30.6
36.17/29.3
55.0/58.87
38.33/38.00
39.83/38.00

41.5/43.12
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81295666179 - 2- Methylcitrate synthase
21295666197 - 2-Methylcitrate dehydratase

g1|295672652 - Bifunctional purine biosynthesis protein ADE17
gi|295672652 - Bifunctional purine biosynthesis protein ADE17

£i|295665468 - Nucleic acid-binding protein
21295665468 - Nucleic acid-binding protein
21295666938 - Nucleoside diphosphate kinase
gi|225681397 - Conserved hypotetical protein
gi|295665131 - Delta-1-pyrroline-5-carboxylate dehydrogenase
g1|225683481 - Cysteinyl-tRNAsynthetase
g1|295672027 - Glycine dehydrogenase

gi|295668479 - Formamidase

gi|295674273 - Acetolactate synthase

gi|295674767 - 4-aminobutyrate aminotransferase
21295668370 - Aminopeptidase

gi|295661139 - Methylmalonate-semialdehyde dehydrogenase
gi|295658698 - Fumarylacetoacetase

21295667902 - Aminomethyltransferase
21295669670 - Adenosylhomocysteinase
21295669240 - Kynurenine-oxoglutarate transaminase
g1|295662426 - Aspartate aminotransferase
21295662426 - Aspartate aminotransferase
g1|295672504 - Inorganic pyrophosphatase
gi|295672504 - Inorganic pyrophosphatase
gi|295672504 - Inorganic pyrophosphatase
g1|225678712 - Ketol-acid reductoisomerase
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9.23/9.02
7.72/8.55
8.15/6.70
7.26/6.70
6.70/9.40
7.18/9.40
7.89/6.84
4.93/5.25
8.25/7.68
6.18/6.09
7.64/8.84
7.02/6.06
7.81/8.93
8.98/9.21
5.41/6.20
8.17/8.99
6.36/5.95
8.44/9.59
6.76/5.83
6.54/7.05
8.46/8.39
8.83/8.39
7.0/5.13
4.82/5.13
4.84/5.13

7.92/9.12

47.17/51.52
51.67/62.26
62.83/67.2
56.17/67.2
30.0/30.41
30.0/30.41
17.5/16.88
32.33/23.11
54.0/62.9
95.5/89.20
115.0/129.88
47.17/46.10
62.83/74.16
50.5/32.28
100.67/73.39
57.67/63.11
45.83/46.7
45.5/53.1
45.17/49.0
44.0/50.88
42.5/50.91
42.0/50.91
115.67/33.55
42.0/33.55
36.5/33.55

40.83/44.86
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g1|226294930 - Ketol-acidreductoisomerase 136 24 h *x *K 1 7.92/9.12 26.0/44.8

g1|295658312 - L-PSP endoribonuclease family protein (Hmf1) 152 6h 77 46 1 5.98/8.96 15.17/18.72
21295670601 - 3-hydroxyisobutyryl-CoA hydrolase 56 24 h 80 62 ok 6.30/7.09 53.17/57.35
gi|295657225 - Peroxisomal multifunctional enzyme 12 24 h 93 38 wok 9.37/8.98 100.33/97.15
gi|295657225 - Peroxisomal multifunctional enzyme 21 6h Hok Hk 2 9.59/8.98 86.33/97.15
gi|295665414 - Short chain dehydrogenase family protein 137 6h 63 18 *k 6.62/6.77 25.67/32.09
21295666416 - Short-chain-fatty-acid-CoA ligase 124 6h 51 11 *% 8.82/7.09 36.67/55.37
21295666416 - Short-chain-fatty-acid-CoA ligase 144 6h 51 11 *x 6.55/7.09 20.33/55.37
21295666416 - Short-chain-fatty-acid-CoA ligase 151 6h 46 11 *x 3.96/7.09 15.33/55.37
g1|295668707 - Acetyl-CoA acetyltransferase 97 24 h ok ok 1 7.85/8.98 42.33/46.6
21295668707 - Acetyl-coA acetyltransferase 99 6h ok ok 4 8.09/8.98 42.0/46.65
2i|295664927 - ATP-citrate-lyase 64 6h ** ** 3 6.91/5.99 50.67/52.9
2i|1295664927 - ATP citrate lyase 62 24h ** ** 1 6.73/5.99 51.17/52.9
2i|295658821 - ATP synthase subunit beta 67 6h 233 57 18 4.54/5.28 50.33/55.18
gi|295658923 - Citochrome b-c1 complex subunit 2 89 6h 138 45 5 8.92/9.10 43.17/49.01
21295669073 - 12-oxophytodienoate reductase 92 24h 250 71 13 9.31/8.69 42.83/43.25
21295657369 - Nicotinate-nucleotide pyrophosphorylase 119 24h 101 33 1 7.56/6.55 37.67/33.7
21295660716 - UDP-galactopyranose mutase 51 24 h 100 22 wx 7.82/6.81 54.5/58.3
21295661741 - 3- demethylubiquinone 9,3-methyltransferase 149 24 h 96 40 wx 4.74/4.93 17.0/22.42
2i|295660455 - Pyridoxine biosynthesis protein PDX1 105 24h 94 70 ** 6.26/6.04 40.67/34.41
2i|295663887 - 408 ribosomal protein S19 146 6h 129 80 5 10.45/9.69 17.67/16.41
2i|295663887 - 408 ribosomal protein S19 148 24h 121 77 *x 10.32/9.69 17.33/16.41
2i|295664112 - 408 ribosomal protein S22 150 24h 94 92 ** 10.50/9.99 16.0/14.73
2i|295672445 - Alanyl-tRNA synthetase 8 24 242 50 10 5.67/5.52 104.33/108.48
81295666766 - Vacuolar aminopeptidase 48 24 h 62 18 wx 6.17/5.75 55.33/56.65

21295657201 - Glutamate carboxypeptidase 50 6h wox wox 5 5.81/6.23 54.83/64.62



gi|295674421 - Ubiquitin carboxyl-terminal hydrolase
g1|295660102 - Dipeptidyl- peptidase
g1|295662102 - Rab GDP-dissociation inhibitor
gi[295657091 - Tropomyosin-1

21295673184 - Actin-interacting protein
21295669061 - Arp2/3 complex subunit Arcl16
21295669061 - Arp2/3 complex subunit Arcl16
£i|295660405 - Hypotetical protein
€i|295661500 - Conserved hypothetical protein
gi|295673506 - Conserved hypothetical protein
gi|295659253 - Conserved hypothetical protein
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106
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139

24 h
24 h
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5.21/5.33

7.21/7.99
5.64/5.44
4.52/4.99
7.53/6.48
7.13/5.87
6.87/5.87
9.26/10.06
7.28/6.36

5.3/5.36
4.81/5.15

111.67/88.03
73.50/86.55
54.33/52.54
23.0/18.83
40.0/65.9
37.5/36.15
40.5/36.15
13.33/14.97
38.5/33.1
13.33/13.55
23.67/17.35

**Spots visualized only in zinc-depleted or zinc replete conditions;

*GenBank general information identifier;
®Spot numbers as depicted in Fig 2;

¢ Time of exposure to zinc starvation;
*Mascot score;

°Amino acid sequence coverage for the identified protein;

‘Number of matched peptides on MS/MS searching;
€Experimental/theoretical isoelectric point;
"Experimental/theoretical molecular weight;
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2.3.1. Proteinas induzidas na condi¢ao de deplecao de zinco

Algumas proteinas foram detectadas em mais de um spot. Para melhorar o
entendimento e caracterizar a abundancia global das proteinas, foi realizada a soma da
porcentagem dos volumes de todos os spots de cada proteina.

A categorizagdo das proteinas preferencialmente expressas apos a deplecdo de
zinco comparada a condicdo controle permitiu a identificacdo de um total de 55
proteinas (tabela 3). As proteinas induzidas foram classificadas principalmente em
resgate, defesa e viruléncia, representando um total de 18 proteinas, correspondendo a
33% das proteinas identificadas (Fig 6). Nessa categoria funcional estdo proteinas
envolvidas na resposta antioxidante, tais como tioredoxina, glutationa redutase,
glutationa sintetase, disulfide isomerase, Y20 e peroxiredoxina mitocondrial, todas
induzidas apos 24 h de deple¢do de zinco, apresentando um fold change variando de
1.58 a 3.17. Adicionalmente, 11 proteinas, pertencentes a familia de proteinas heat
shock foram superexpressas, principalmente apos 24 h de limitagao de zinco (tabela 3).

Enzimas da via da gliconeogénese, incluindo fosfoenolpiruvato carboxiquinase,
fosfoglicerato quinase, gliceraldeido-3-fosfato desidrogenase e frutose-bifosfato
aldolase foram upreguladas. A indugdo ocorreu principalmente em 24 h de deplecao de
zinco (tabela 3). Enzimas do metabolismo de aminoacidos, tais como aspartato
aminotransferase e delta-1-pirrolina-5-carboxilato desidrogenase foram induzidas em
24h de deprivagdo de zinco (tabela 3).

A Fig 7 resume alguns aspectos metabolicos que podem estar ocorrendo em 24h
de deplegao de zinco, sugerido pelas andlises protedmicas. Prolina e arginina podem ser
convertidos em glutamato pela ag¢do da enzima delta-1-pirrolina-5-carboxilato
desidrogenase. O glutamato pode entdo ser utilizado para a sintese de glutationa através
da acdo da enzima glutationa sintetase. A peroxiredoxina metaboliza peroxido de
hidrogénio em uma reacao na qual residuos da enzima tornam-se oxidados, requerendo
tioredoxina para reduzir a molécula de volta ao seu estado ativo. Tioredoxina, por sua
vez, requer tioredoxina redutase para ser restaurada ao seu estado reduzido (Wu et al.

2009).
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Table 3: Paracoccidioides proteins with increased expression upon 6 and 24 h of zinc starvation and their predicted biological function-FunCat2"

Average of Average of
Number of amount of amount of ANOVA
Accession number?/Protein description Time” isoforms in isoform isoform t Fold Change®
S . : (p-value)
Paracoccidioides abundances in zinc abundances in
starvation® control®
Cell rescue, defense and virulence
£i[295670221 - Thioredoxin 24h 1 0.52 ** ** **
2i|295664022 - Glutathione reductase 24 h 1 0.19 0.12 0.033 1.58
2i|295674755 - Glutathione synthetase 24 h 1 0.07 0.04 0.006 1.61
€i295661107 - Thioredoxin reductase 24 h 1 0.16 *ok *ok *ok
2i|295668244 - Mitochondrial peroxiredoxin PRX1 24 h 1 0.08 *k *E *K
2i[17980998 - Y20 protein 24 h 1 0.89 0.28 0.001 3.17
£i|295673162 - Disulfide isomerase Pdil 24h 1 0.94 0,33 0.003 2.83
2i|295658865 - Heat shock protein 6h 1 0.14 *x ** **
gi|4164594 - Heat shock protein 70 6h 1 1.75 1.51 0.044 1.16
2i[14538021 - Heat shock protein 70 24 h 3 2.43 0.94 0.0012 2.58
2i|295659116 - Hsp70-like protein 6h 1 0.14 *E *ok ok
2i[295673716 - Hsp70-like protein 24 h 2 1.06 0.53 0.0014 2.00
£i[295659116 - Hsp70-like protein 24 h 3 1.68 1.0 0.0013 1.68
2i[14538021 - Heat shock protein 70 24 h 1 0.63 0.20 0.046 3.19
2i|295671569 - Heat shock protein SSC1 6h 2 0.20 *x *x **
2i|295659837 - Heat shock protein SSB1 24h 1 0.11 0.09 0.020 1.81
g1|295659787 - Heat shock protein Hsp88 24 h 2 0.99 0.61 0.0052 1.64
£1295665077 - Hsp90 binding co-chaperone (Sbal) 24 h 2 0.25 0.11 0.00005 2.32
Protein synthesis and Fate
£1295657024 - Puromycin-sensitive aminopeptidase 6h 1 0.06 ok ok ok
2i|295669794 - Elongation factor Tu 6h 1 0.08 *E HE ok
£i|295675019 - Elongation factor 2 24 h 2 0.37 0.28 0.001 1.34
€i295674319 - Polyadenylate-binding protein 6h 1 0.05 *ok *ok *ok
gi295660511 - Glycyl-tRNA synthetase 24 h 1 0.07 *ok *ok Hok
Glycolysis and Gluconeogenesis
2i|295671152 - Phosphoglucomutase 24h 1 0.22 0.04 0.013 5.54
£i|295658119 - Glyceraldehyde-3-phosphate dehydrogenase 24 h 3 3.95 2.14 0.0061 1.85
2i|295669690 - Phosphoglycerate kinase 24 h 1 0.37 0.25 0.032 1.50
g1295671120 - Fructose-1,6-bisphosphate aldolase 24 h 2 0.33 0.19 0.05 1.73
g1|295658778 - Phosphoenolpyruvate carboxykinase 24 h 1 0.13 0.05 0.000 2.59
Citric acid cycle
£i[295658897 - Citrate synthase 24 h 3 0.39 0.10 0.0008 3.84
2i|295669416 - 2-oxoglutarate dehydrogenase E1 6h 1 0.16 oK 0.018 1.86
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2i|295669416 - 2-oxoglutarate dehydrogenase E1
2i|295658595 - Pyruvate dehydrogenase E1 component
subunit alpha

Glyoxylate cycle

21295660969 - Isocitrate lyase

Oxidation of fatty acids

21295665123 - Aldehyde dehydrogenase
Carbohydrate metabolism

21295672968 - Phosphomannomutase

£1295663567 - 6-phosphogluconolactonase
2i|295661432 - UTP-glucose-1-phosphate-uridylyltransferase
Nucleotide metabolism

2i|295672652 - Bifunctional purine biosynthesis protein
ADEL17

Amino acid and nitrogen metabolism
2i|295669240 - Kynurenine-oxoglutarate transaminase
2i|295669670 - Adenosylhomocysteinase
£i|295667902 - Aminomethyltransferase

£i|226294930 - Ketol-acid reductoisomerase
21295658698 - Fumarylacetoacetase

g1|295665131 - Delta-1-pyrroline-5-carboxylate
dehydrogenase

2i|295662426 - Aspartate aminotransferase

Lipid, fatty acid and isoprenoid metabolism
2i|295657225 - Peroxisomal multifunctional enzyme
2i|295668707 - Acetyl-CoA acetyltransferase
2i|295664927 - ATP-citrate-lyase

£i|295664927 - ATP citrate lyase

Metabolism of vitamins, cofactors and prosthetic groups

2i|295657369 - Nicotinate-nucleotide pyrophosphorylase
£i|295660716 - UDP-galactopyranose mutase
Protein/peptide degradation

2i|295666766 - vacuolar aminopeptidase

Cell growth / morphogenesis

£i|295657091 - Tropomyosin-1

21295673184 - Actin-interacting protein

Unclassified Proteins

21295661500 - Conserved hypothetical protein
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**Spots visualized only in zinc-starvation condition;



?GenBank general information identifier;
"Time of exposure to zinc starvation;

“Number of identified isoforms of protein in Paracoccidioides. Pb01 during zinc starvation
4°The average of amount of values of abundances of all identified isoforms used to statistical test

o < 0.05 was used to considerer statistically significant differences
9Fold change increase in protein expression in zinc starvation.
"Functional classification by FunCat2 (http:/pedant.helmholtzmuenchen.de/pedant3htmlview/pedant3view?Method=analysis&Db=p3_r48325 Par brasi PbO1 )

A

Lipid, fatty acid

and isoprenoid
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13%

Glycolysis and
Gluconeogenesis
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rescue, defense, virulence
and stress response

16%
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Gluconeogenesis
4%

Citric acid cycle
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Fig 6. Representacdo da classificacdo funcional das proteinas de Paracoccidioides reguladas durante a deplecdo de zinco. As proteinas identificadas

foram classificadas de acordo com o FunCat2. Classificacdo das proteinas com expressdo induzida (A) e reprimida (B) em condigdes de limitagdo de

zinco.




Arginine Proline

Delta-1-pyrroline-5-carboxylate dehydrogenase Delta-1-pyrroline-5-carboxylate dehydrogenase

v
Glutamate

Glutathione Synthetase

y . .
A Thioredoxin

Glutathione
H,0,

Peroxiredoxin Thioredoxin Reductase
Glutathione Reductase

2 H.O o
Oxidized

GSSG thioredoxin

Fig 7. Esquema metabolico da possivel resposta de Paracoccidioides ao estresse gerado pela depleg¢do de zinco

revelado pelas analises protedmicas. GSSG representa glutationa oxidada.

2.3.2. Proteinas com expressdo reprimida ap6s deplecao de zinco

A categorizacao das proteinas reprimidas durante a deplecdo de zinco permitiu a
identificacdo de um total de 56 proteinas (tabela 4), apresentando um fold change de
1.17 a 7.93. Em 6 h de privacdo de zinco, algumas proteinas antioxidantes, tais como
glutationa redutase, Y20 e catalase peroxissomal foram reprimidas. E importante notar
que glutationa redutase e Y20 foram induzidas em 24 h, como descrito acima.

Trés enzimas de Paracoccidioides envolvidas com o ciclo do metilcitrato foram
menos abundantes na condi¢do de deple¢do de zinco: aconitase, 2-metilcitrato
desidratase e 2-metilcitrato sintase. A enzima dalcool desidrogenase, envolvida na
fermentagdo, também foi downregulada em células leveduriformes apos privacdo de
zinco (tabela 4).

Enzimas do metabolismo de aminoacidos também foram reprimidas durante
deplecdo de zinco, principalmente aquelas envolvidas com o metabolismo de valina e
isoleucina, tais como acetolactato sintase e metilmalonato-semialdeido desidrogenase

(tabela 4).
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Table 4: Paracoccidioides proteins with decreased expression upon 6 and 24 h of zinc starvation and their predicted biological function-FunCat2'

Average of Average of
Number of amount of amount of ANOVA
Accession number?/Protein description Time® isoforms in isoform isoform Fold Change®
Paracoccidioides* abundances in zinc abundances in (p-value)t
starvation® control®
Cell rescue, defense and virulence
£i[295664022 - Glutathione reductase 6h 1 0.19 0.34 0.024 1.83
2i|225681400 - Peroxisomal catalase 6h 1 0.12 0.21 0.027 1.69
2i|295662873 - Mitochondrial co-chaperone GrpE 6h 1 0.13 0.30 0.003 2.35
2i|295673162 - Disulfide isomerase Pdil 6h 1 0.22 0.36 0.013 1.66
2i/17980998 - Y20 protein 6h 1 0.80 1.31 0.025 1.64
2i|295672932 - 30 kDa heat shock protein 6h 1 0.29 0.59 0.03 2.02
£i|295672932 - 30 kDa Heat shock protein 24 h 2 0.49 0.88 0.00072 1.80
2i|295658865 - Heat shock protein 24h 2 0.06 0.13 0.009 2.28
21295664909 - 10 kDa heat shock protein. mitochondrial 24 h 1 ok 0.52 ok ok
Protein synthesis and Fate
£i[295663887 - 40S ribosomal protein S19 6h 1 0.45 0.90 0.007 2.01
2i|295663887 - 40S ribosomal protein S19 24 h 1 wx 0.47 wx HE
2i|295664112 - 40S ribosomal protein S22 24 h 1 wx 0.53 wx HE
Glycolysis and Gluconeogenesis
2i|295671120 - Fructosel,6-bisphosphate aldolase 6h 2 1.56 2.35 0.0054 1.5
€1295658119 — Glyceraldehyde 3-phosphate 6h 1 0.78 218 0.001 280
dehydrogenase
Citric acid cycle
€i|295673937 - Malate dehydrogenase 6h 1 0.36 0.77 0.004 2.12
2i[295664721 - Aconitase 24h 3 0.47 1.17 0.005 2.48
£i|295665542 - Osmotic growth protein 24h 1 0.10 0.28 0.029 2.7
Oxidation of fatty acids
2i|295665123 - Aldehyde dehydrogenase 6h 1 0.03 0.07 0.022 2.49
Carbohydrate metabolism
£1|295662360 - Mannitol-1-phosphate 5-dehydrogenase 6h 1 0.14 0.20 0.042 1.41
Nucleotide metabolism
21295666938 - Nucleoside diphosphate kinase 6h 1 0.82 0.52 0.001 3.12
g1|225681397 - Conserved hypotetical protein 24 h 1 ok 0.32 ok ok
Amino acid and nitrogen metabolism
21295661139 - Methylmalonate-semialdehyde 6h 1 011 0.23 0.005 215
dehydrogenase
2i|295662426 - Aspartate aminotransferase 6h 1 0.08 0.15 0.009 1.83
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2i|295674273 - Acetolactate synthase 6h
£i|295658312 - L-PSP endoribonuclease family protein

(Hmf1) 6h
21225678712 - Ketol-acid reductoisomerase 6h
21295674767 - 4-aminobutyrate aminotransferase 6h
2i|295668370 - Aminopeptidase 24 h
2i|225683481 - Cysteinyl-tRNA synthetase 24 h
€1|295672027 - Glycine dehydrogenase 24 h
g1|295668479 - Formamidase 24 h
Lipid, fatty acid and isoprenoid metabolism

£i|295668707 - Acetyl-coA acetyltransferase 6h
2i|295665414 - Short chain dehydrogenase family protein 6h
2i|295666179 - 2-Methylcitrate synthase 6h
g1295666197 - 2-Methylcitrate dehydratase 6h
g1|295657225 - Peroxisomal multifunctional enzyme 24 h
2i|295670601 - 3-hydroxyisobutyryl-CoA hydrolase 24 h

Metabolism of vitamins, cofactors and prosthetic groups
2i|295661741- 3-demethylubiquinone 9,3-

24h
methyltransferase
2i|295660455 - Pyridoxine biosynthesis protein PDX1 24 h
Protein/peptide degradation
€1|295657201 - Glutamate carboxypeptidase 6h
£i|295674421 - Ubiquitin carboxyl-terminalhydrolase 24h
£i|295660102 - Dipeptidyl- peptidase 24h
Transcription
£i|295665468 - Nucleic acid-binding protein 24h
Electron transport and membrane-associated energy conservation
2i|295658821 - ATP synthase subunit beta 6h
21295658923 - Citochrome b-c1 complex subunit 2 6h
£1295669073 - 12-oxophytodienoate reductase 24 h
Fermentation
2i|295674635 - Alcohol dehydrogenase 6h
2i|295674635 - Alcohol dehydrogenase 24 h
Phosphate Metabolism
2i|295672504 - Inorganic pyrophosphatase 6h
gi|295672504 - Inorganic pyrophosphatase 24 h
Signal transduction
£i[295662102 - Rab GDP-dissociation inhibitor 6h
Cytoskeleton/structural proteins
2i|295669061 - Arp2/3 complex subunit Arcl16 6h
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0.07
*%
0.20
0.33
0.22
0.12
0.56
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0.37

0.19
0.041

0.13
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0.12
0.34

0.38
0.02
0.13
0.03
0.10
1.21

0.24
0.15
1.10
0.82
0.09
0.11

0.39
0.09
0.11
0.03
0.28
1.01
0.32
0.16
0.96

0.81
1.0

0.25
0.32

0.29
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0.031
0.006
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0.047
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0.05
0.009
0.020

0.002
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0.004
0.028
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0.013

0.019
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*%
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0.00073
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0.002

0.002
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£i[295669061 - Arp2/3 complex subunit Arc16 24h 0.11 0.18 0.006 1.7
DNA synthesis and replication

£i|295660405 - Hypotetical protein 6h 0.41 0.76 0.011 1.8
Unclassified Proteins

£i|295673506 - Conserved hypothetical protein 24 h 0.10 0.21 0.008 2.0
£i|295659253 - Conserved hypothetical protein 24 h ** 0.21 ** *x

**Spots visualized only in zinc-replete condition;
*GenBank general information identifier;
°Time of exposure to zinc starvation;

“Number of identified isoforms of protein in Paracoccidioides. Pb01 in zinc replete conditions
4°The average of amount of values of abundances of all identified isoforms used to statistical test

fp < 0.05 was used to considerer statistically significant differences
9Fold change increase in protein expression in zinc availability.

"Functional classification by FunCat2 (http://pedant.helmholtzmuenchen.de/pedant3htmlview/pedant3view?Method=analysis&Db=p3_r48325 Par brasi Pb01)
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Fold change

2.4. Correlacdo entre os dados protedmicos e transcricionais

Para validar a significancia dos resultados encontrados na analise protedmica, foi
avaliado se as mudancas nos niveis protéicos teriam correlacdo com as mudangas nos
niveis transcricionais. Por meio de analises por RT-PCR em tempo real de transcritos
codificantes para isocitrato liase (ICL), citrato sintase (CS), catalase peroxissomal
(CATP) e alcool desidrogenase (ADH) foi encontrado que os dados protedmicos estdo
de acordo os transcricionais (Fig 8). Os niveis de proteinas e transcritos diminuiram
apos a limitacao de zinco, como apresentado na Fig 8 e tabela 4. Os niveis
transcricionais de CS e ICL estdo aumentados e também correlacionados com os niveis

transcricionais (Fig 8 e tabela 3).
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Fig 8. Validagdo dos dados protedmicos por RT-PCR em tempo real. Os niveis de transcritos de Paracoccidioides
codificantes para isocitrato liase (ICL), citrato sintase (CS), catalase peroxissomal (CATP) e alcool desidrogenase (ADH)
foram quantificados por meio de RT-qPCR. Os dados foram normalizados utilizando o transcrito codificante para a
proteina a-tubulina e apresentados como fold change Analises estatisticas para avaliar o nivel de significancia foram

realizadas utilizando o teste t de Student, adotando p < 0,05 (*).

74



3. DISCUSSAO

Sabe-se que componentes da resposta celular a deplecdo de zinco operam por
meio da indugdo de varios transcritos (Amich et al. 2010; Zhao and Eide 1996a; Zhao
and Eide 1996b). Sob condigdes de restricio de zinco foi observada a indugdo de
transcritos de Paracoccidioides que sao dependentes de zinco. Os resultados obtidos
pela RT-qPCR utilizando cDNAs derivados de células leveduriformes de
Paracoccidioides crescidas em meio depletado demonstrou que houve superexpressao
de PbZRT2, sugerindo que Zrt2p comporta-se como um transportador de alta-afinidade.
Baildo et al. (2012) demonstrou que ZRT2, mas ndo ZRT1, foi altamente expresso em
pH neutro e alcalino durante deple¢ao de zinco, como observado para ZRFC de A.
fumigatus, sugerindo que a expressdo desse gene pode ser regulada pelo zinco e pelo pH
em Paracoccidioides.

Nos analisamos o proteoma de células leveduriformes de Paracoccidioides apos
privacao de zinco. As andlises protedmicas resultaram na identificagdo de 157 proteinas.
Destas, 19 foram detectadas em mais de um spot e 9 foram observadas nas formas
reprimida e induzida, mas em diferentes tempos de limitacdo de zinco. As descrigdes
aqui apresentadas, embora ndo exaustivas, fornecem as primeiras informagdes a respeito
do comportamento de Paracoccidioides durante a deplecdo de zinco.

Nossos resultados demonstraram superexpressdo de proteinas relatadas com a
resposta ao estresse em condi¢des de privacdao de zinco. Espécies reativas de oxigénio
(ROS), incluindo o anion superoxido, peroxido de hidrogénico (H,O,), e radical
hidroxila, podem causar varios tipos de danos bioldgicos. A deficiéncia de zinco esta
associada com altos niveis de 0xido nitrico (NO) e H,O, em células PC12 originadas da
medula adrenal de ratos, H,O, em células humanas IMR-32 originadas de
neuroblastomas (Mackenzie et al. 2006), ¢ NO em células C6 de glioma de ratos (Ho
and Ames 2002). Adicionalmente, através de estudos in vitro e in vivo foi demonstrado
que a deficiéncia de zinco leva a um aumento do estresse oxidativo em células de
mamiferos (Wu et al. 2009). Em leveduras de S. cerevisae ha indugdo do estresse
oxidativo quando elas sdo crescidas em condi¢des de limitagdo de zinco (Wu et al.
2007). Nessas condi¢des, Zaplp de S. cerevisae ativa a expressdo do gene TSAL, que
codifica uma peroxiredoxina citosolica responsavel por metabolizar H,O, (Rhee et al.,

2005). Os residuos de cisteina tornam-se oxidados durante essa reagdo e requer
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tioredoxina para ser reduzida ao seu estado ativo. Tioredoxina, por sua vez, requer
tioredoxina redutase para ser restaurada ao seu estado reduzido (Wu et al. 2009). De
acordo com os dados protedmicos aqui apresentados, as proteinas tioredoxina,
glutationa redutase, peroxiredoxina e tioredoxina redutase sdo induzidas durante a
deplecao de zinco, sugerindo fortemente que durante a privagao de zinco ha aumento do
estresse oxidativo. Genes e proteinas de Paracoccidioides relacionados ao estresse
oxidativo (catalase, superoxido dismutase (SOD), peroxiredoxina, citocromo C
peroxidase, glutationa e tioredoxina) tem sido descritos, indicando que
Paracoccidioides utiliza varios sistemas antioxidantes para combater as ROS (Campos
et al. 2005; Chagas et al. 2008; Dantas et al. 2008).

As chaperonas moleculares sdo responsdveis por manter a conformacgdo das
proteinas (Hartl 1996). Elas mantém a sinalizagdo, regulam a prolifera¢do, diferenciacdo
e apoptose (Soti et al. 2005). As chaperonas ainda (ou proteinas do estresse) conferem
citoprote¢do e asseguram a sobrevivéncia celular apds varios tipos de estresses. Neste
estudo 15 proteinas de Paracoccidioides, incluindo isoformas, pertencentes a familia de
proteinas heat shock foram alteradas em abundancia apods limitagdo de zinco. Esses
resultados podem ser uma indicacdo do envolvimento das chaperonas na protecdo do
fungo durante o estresse gerado pela deplegdo de zinco.

A deficiéncia de zinco leva a um aumento do estresse oxidativo, como citado
acima. Sob condi¢des de estresse oxidativo o fungo Aspergillus niger reduz a captagéo
de glicose (Li et al. 2008). Nesse caminho, foi observado que enzimas da
gliconeogénese, tais como fosfoenolpiruvato carboxiquinase e fosfoglicerato quinase
sdo induzidas em resposta ao estresse oxidativo causado pela limitagdo de zinco em
Paracoccidioides.

Trés enzimas de Paracoccidioides envolvidas com o ciclo do metilcitrato foram
reprimidas durante a restri¢ao de zinco. O ciclo do metilcitrato ¢ um sistema alternativo
de fornecimento de carbono através da produg@o de piruvato (Bramer et al. 2002). Uma
das maiores vias de metabolismo de propionil-CoA ¢ o ciclo do metilcitrato. Propionil-
CoA ¢ gerado pela quebra de cadeias impares de acidos graxos e dos aminoacidos
valina e isoleucina (Fleck and Brock 2008). De acordo com as analises protedmicas aqui
apresentadas, foi observada uma reducdo na expressdo de enzimas envolvidas no

metabolismo de valina e isoleucina, bem como enzimas do metabolismo de lipidios,
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possivelmente reduzindo a produgao de propionil-CoA. Os dados sugerem que hd um
ajustamento global do metabolismo de Paracoccidioides sob deplegao de zinco.

A enzima alcool desidrogenase catalisa a oxidagdo de etanol a acetaldeido. Essa
enzima ¢ dependente de zinco e ¢ altamente expressa em condi¢des de replecdo de
zinco, mas reprimida durante condigdes de deple¢ao em S. cerevisiae (Bird et al. 2006).
Nos demonstramos que a alcool desidrogenase ¢ downregulada durante privacdo de
zinco em Paracoccidioides, novamente sugerindo que a expressdo génica diferencial
auxilia na adaptagao de Paracoccidioides a deficiéncia de zinco.

As analises protedmicas de Paracoccidioides revelaram que a maior resposta
celular afetada pela restrigdo de zinco foi a resposta ao estresse oxidativo. Os dados
também sugerem que resgate, defesa e viruléncia foram a vias mais favorecidas. Nossos
resultados fornecem a primeira visdo protedmica da resposta de Paracoccidioides a

deplecdo de zinco.
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Analises tfranscricionaqis
de Paracoccidioides durante
O processo infectivo no pulmao




1. MATERIAIS E METODOS

1.1. Microrganismo e condigdes de crescimento

Foi utilizado o isolado Pb0l1 (ATCC MYA-826) de Paracoccidioides ja
caracterizado e padronizado em nosso laboratorio. O fungo na fase leveduriforme foi
cultivado por 7 dias em meio Fava Netto solido (Fava-Netto, 1961) a temperatura de 37
°C. Apos este periodo as células foram transferidas para o meio Fava Netto liquido e
incubadas a 36 °C por 3 dias. As células foram coletadas por centrifugacdo a 3000 x g
por 10 min, e lavadas trés vezes com PBS 1X. A viabilidade celular foi avaliada por

microscopia optica utilizando-se azul de trypan 0,05%.

1.2. Infec¢io Experimental

O presente trabalho foi submetido para apreciacdo pelo COEP-UFG (comissao de
ética em pesquisa animal) sendo aprovado em novembro de 2008 (Protocolo
COEP/UFG n. 131/2008). Doze fémeas de camundongos da linhagem Balb/C de 8§ a 12
semanas de idade foram utilizadas para os experimentos de infec¢do. Deste total 06
camundongos foram infectados e 6 usados como controle. Os camundongos foram
infectadas por via intranasal com 5 x 10° células de Paracoccidioides na forma de
levedura e foram eutanaziados, por deslocamento cervical, 7 e 15 dias apods a infecgao.
Nos animais controle foi utilizado solugdo salina [0,9% (p/v) NaCl]. Pulmdes dos
animais infectados e controle, foram removidos e homogeneizados em 5 mL de PBS 1
X. Aliquotas de 100 ul do material homogeneizado foram plaqueadas em meio BHI
Agar, suplementado com 4% (p/v) de glicose e 0,1% (p/v) do antibidtico gentamicina

(10 pg/mL).

1.3. Recuperacao de Paracoccidioides do pulmao de animais infectados

Os pulmdes obtidos de camundongos infectados com Paracoccidioides por via
intranasal foram solubilizados em 1 mL de dgua, por maceragdo, com ajuda de grinders.
A solugdo foi filtrada para remog¢ao de restos celulares que ndo foram homogeneizados.
O sobrenadante foi rapidamente congelado em nitrogénio liquido para bloqueio de
transcri¢cdo. Apds descongelamento, o sobrenadante foi adicionado de triton X-100 [1%
(v/v)] e incubado por 20 min a 37 °C, a seguir o material foi centrifugado a 500 x g por
5 min. O sobrenadante coletado foi centrifugado novamente a 7000 x g por 15 min e o

precipitado foi submetido a extragdo do RNA.
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1.4. Extracdo de RNA

Todos os procedimentos envolvendo a manipulagdo de RNA foram realizados em
condicdes livres de RNAses. As vidrarias foram embaladas em papel aluminio,
autoclavadas e tratadas em estufa a 180 °C por um periodo de 4 h. Os materiais plasticos
utilizados eram novos. As cubas de eletroforese foram tratadas com peroxido de
hidrogénio 3 % (v/v), durante 4 h. As solucdes foram feitas com agua previamente
tratada com DEPC 0,01 % (p/v).

Para a extracdo de RNA de Paracoccidioides foi utilizado Trizol (GIBCO™
Invitrogen Corporation), segundo o protocolo do fabricante. Células leveduriformes de
Paracoccidioides derivadas do pulmao de animais infectados e células controle, foram
misturadas com Trizol na proporcdo de 3,5 mL para 1,5 mg de células. Foi entdo
adicionado o mesmo volume de pérolas de vidro. O material foi agitado em aparelho
tipo vortex por 10 min, mantido em repouso por 10 min a temperatura ambiente ¢
centrifugado a 3.000 x g por 10 min a 4 °C. Com o auxilio de uma pipeta, a fase superior
foi transferida para um tubo novo. A essa fase foi adicionado cloroférmio (200 pL para
cada 0,75 mL de trizol). O material foi homogeneizado por 1 min em aparelho tipo
vortex, incubado durante 10 min a temperatura ambiente e centrifugado a 3.000 x g por
15 min a 4°C. A fase aquosa foi recolhida, sendo adicionada a mesma, uma mistura de
cloroférmio: fenol: dlcool isoamilico (25:24:1). O material foi agitado, incubado durante
10 min a temperatura ambiente e centrifugado a 3.000 x g por 15 min a 4 °C. A fase
aquosa foi recolhida e o RNA nela contido foi precipitado pela adigdo da solugdo de
citrato de sodio 1,2 M e cloreto de sodio 0,8 M e de isopropanol (0,25 mL para cada
0,75 mL de Trizol). O material foi homogeneizado, incubado a temperatura ambiente
por 10 min e centrifugado a 3.000 x g por 30 min a 4 °C. O sedimento obtido foi lavado
com etanol 75 % (v/v) na propor¢do de 1 mL para cada 0,75 mL de Trizol e
centrifugado a 3.000 x g por 5 min a 4 °C. O RNA resultante foi seco a temperatura
ambiente por 10 min e ressuspendido em agua. O RNA foi quantificado por

espectrofotometria, aliquotado e estocado a -80°C.

1.5. Sintese de cDNA

A sintese da primeira fita de cDNA foi realizada com a enzima transcriptase
reversa (RT Superscrip 11, Invitrogen, CA, USA), utilizando 1pug de RNA nas condig¢des
a seguir: 72 °C por 2 min ¢ 42 °C por 1 h e 50 min, seguida da adi¢ao de tampao 10 mM
Tris/1 mM EDTA e incubagdo a 72 °C por 7 min. A primeira fita de cDNA foi utilizada
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como molde para sintese da segunda fita (25 ciclos de 95 °C por 1 min e 15 s e 55 °C
por 30 s, cada) . O cDNA foi preparado utilizando-se o sistema comercial para sintese
de ¢cDNA SMART PCR da Clonetech Laboratories (Palo Alto, CA, USA). Os

oligonucleotideos utilizados estdo listados na Tabela 1.

1.6. Construcdes de bibliotecas subtraidas (RDA)

Bibliotecas subtraidas de cDNA foram construidas a partir de RNAs obtidos de
células leveduriformes derivadas do pulmao de animais infectados (“fester”) e aquelas
mantidas por repiques sucessivos (“driver”). Foi utilizada a estratégia subtrativa de
RDA, anteriormente padronizada em nosso laboratorio (Baildo et al., 2006; 2007).

O cDNA dupla-fita foi digerido com a enzima de restricio Sau3Al (GE
Healthcare, Chalfont St. Giles, UK). Os produtos resultantes foram purificados
utilizando-se o sitema comercial GFX (GE Healthcare), e ligados a adaptadores (um de
24 mer e outro de 12 mer). Para a geragdo dos produtos diferenciais, os cDNAs do
driver e do tester foram hibridizados a 67 °C por 18 h e amplificados por PCR com o
adaptador de 24 mer. Para se obter uma amplificacdo seletiva subtrativa, a hibridiza¢ao
foi realizada de acordo com Pastorian e colaboradores (2000). Foram realizadas duas
etapas sucessivas de subtracdo e amplificacio por PCR usando as relagdes de
hibridizacdo tester-driver de 1:10, para gerar o primeiro produto diferencial (DP1) e
1:100, para gerar o segundo produto diferencial (DP2). Os adaptadores foram trocados
entre cada etapa de hibridizacdo e os produtos diferenciais foram purificados com o
sistema comercial GFX (GE Healthcare, Chalfont St. Giles, UK) (Dutra et al, 2004). Os
produtos diferenciais de cDNAs amplificados foram purificados e clonados em vetor

pGEM-T Easy (Promega, Madison, WI, USA).

1.7. Sequenciamento dos cDNAs, Processamentos de dados das EST, Anotacgédo e
Analises de Expressao diferencial

Uma aliquota dos produtos finais do RDA (fragmentos DP2) foi ligada ao vetor
pGEM-T Easy (Promega Co., Madison, USA). Células competentes Escherichia coli
DH5a foram transformadas com os produtos da ligagdo pelo método de eletroporagao
conforme descrito por Lofblom et al (2007). Os DNAs plasmidiais foram preparados a
partir dos clones selecionados das bibliotecas subtraidas e seqiienciados com o kit
Dyenamic ET Dye Terminator no seqiienciador MegaBace (Amershan Pharmacia

Biotech, Amershan Place, UK), usando o oligonucleotideo T7 correspondente ao vetor
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pGEM-T Easy (Tabela 1). As ESTs foram processadas com os programas Phred e

Crossmatch  (HTTP://www.genome.washington.edu/UWGC/analysistools/Swat.cfm).

As seqiiéncias de, no minimo, 100 nucleotideos e com qualidade Phred maior ou igual a
20 foram consideradas para a montagem. As ESTs foram submetidas ao programa de
montagem de seqiiéncias CAP3 (Huang and Madan, 1999) para serem agrupadas
(clusters) e gerar contigs e singlets, os quais foram analisados. A anotagdo foi realizada

utilizando-se o BLAST2GO (http://www.blast2go.org), o qual compara os clusters

montados com as seqiiéncias disponiveis em bancos de dados publicos (Conesa et al.,
2005). Os programas BLAST do NCBI (National Center for Biotechnology
Information) (http://www.ncbi.Im.nih.gov/BLAST) processado com seqiiéncias nao-

redundantes (nr) do GenBank, COG (Cluster of Ortologous Genes)

(http://www.ncbi.nlm.nih.gov) e GO (Gene Ontology Consortium)

(http://www.geneontology.org) foram usados para a anota¢ao das ESTs.

1.8. Anélise da expressdo génica por RT- PCR quantitativa em Tempo Real (QRT-
PCR)

Para validagdo dos resultados, RNAs do fungo crescido em condigdes in vitro e
recuperado da infeccdo em pulmao foram extraidos e submetidos as analises por PCR
em tempo real. As qRT-PCR foram realizadas utilizando-se a mistura SYBR green
(Applied Biosystems, Foster City, CA) no sistema StepOnePlus™ real time PCR
(Applied Biosystems). As reagdes foram realizadas em triplicatas. As curvas padrdes
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 qRT-PCR. Para os experimentos com transcritos de Paracoccidioides recuperado
diretamente do 6rgao foi utilizada a gama-tubulina. Os niveis de expressao relativa dos
genes de interesse foram calculados utilizando-se o método de curva padrdo para
quantificagdo relativa (Bookout et al., 2006). Os resultados foram validados pelo teste ¢
de Student, sendo consideradas diferencas significativas as amostras que apresentaram p
< 0,05. Os oligonucletideos utilizados no experimento, assim como as seqiiéncias

correspondentes estdo descritos na Tabela 1.
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1.9. Andlises estatisticas

Os experimentos foram realizados em triplicata. Os resultados sdo apresentados
como médias = o desvio padrdo. As comparacdes estatisticas foram realizadas
utilizando o teste ¢ de Student. Foi considerado com diferenga estatisticamente

significante valores com p < 0.05.

Tabela 1: Oligonucleotideos utilizados nas etapas do RDA, seqiienciamento ¢ gqRT-PCR

Oligonucleotideos Sequéncia Ndmero de acesso®
¢DNA 5 AGCAGTGGTATCAACGACAGAGTACGCGGG 3 -

CDS 5" AAGCAGTGGTATCAACGCAGAGTACT(30)NIN 3’ -
PCRIT 5" AAGCAGTGGTATCAACGCAGAGT 3’ -
JBam12 5’ GATCCGTTCATG 3’ -
JBam24 5" ACCGACGTCGACTATCCATGAACG 3’ -
NBam1i2 5 GATCCTCCCTCG 3’ -
NBam24 5" AGGCAACTGTGCTATCCGAGGGAG 3’ --
RBam12 5" GATCCTCGGTGA 3’ --
RBam24 5> AGCACTCTCCAGCCTCTCTCACCGAG 3’ --

T7 5> GTAATACGACTCACTATAGGGC 3’ -

ICL sense 5’GAACCGACCTCCTGGCTGT 3’ PAAG 06951.1
ICL antisense 5’CGTTCTTGCCTGCTTGCTCA 3’ PAAG 06951.1
TRE® sense 5’AGTGGCAAGACAAGGTGGTT 3° PAAG 06703.1
TRE antisense 5’CAACGCAATATACTGAGGGA 3’ PAAG _06703.1
BADH" sense 5’GTTGAAGAGCCATTTGGTCC 3’ PAAG 05392.1
BADH antisense 5’CAGATCATTGGACCACACAGA 3’ PAAG _05392.1
SKBI° sense 5’CGCAGGAGGGGGATTATGA 3’ PAAG 02402.1
SKBI antisense 5’GGTGTCAAAAAGGTATCATCAG 3’ PAAG _02402.1
RPD3" sense 5’TGGCTTCTGCTATGTAAATGAT 3’ PAAG 06742.1
RPD3 antisense 5’AGGCTTCTTCCACTCCATCT 3’ PAAG 06742.1
PALI® sense 5’TGCTGCGGAACTCTTTGAA 3’ PAAG 02031.1
PALI antisense 5’GGGCTTATCGTCGGAGAGTC 3’ PAAG 02031.1
CAP20 sense 5’CCTTCACGAACTCGCCACTAT 3’ PAAG 06538.1
CAP20 antisense 5’TCGCTGCTTAGGGAGTCTGC 3 PAAG 06538.1
MFS" sense 5’CTAATTATGTTCTTTTGGGGTAC 3’ PAAG 06077.1
MF'S antisense 5’GCATCGCCTATACCAACAAGA 3’ PAAG 06077.1
C,H,' sense 5’AAATGGCCGAAAAGAACTCCC 3’ PAAG 02842.1
C,H,antisense 5’GTTCTGACAGTCATTCGACAG 3’ PAAG _02842.1
CCCH sense 5’GATTGGACAACTTGCTGGGC 3’ PAAG 04844.1
CCCH antisense 5’GTGTCTACTCCTTCCACGGT 3° PAAG 04844.1
GATA" sense 5’GGCCAAAGCGGAAACCAAAT 3 PAAG 00610.1
GATA antisense 5’AGTTTGGTGTATTGGTGCGG 3’ PAAG 00610.1
CTFIB' sense 5’CAAACCACTCGTCAACACAATC 3’ PAAG 01359.1

CTF1b antisense

5’GATTGCCTTGAGTCTGATAGAG 3’

PAAG 01359.1

DIP5™ sense 5’TGTTTACATGGGGAAGTATCTG 3’ PAAG 04187.1
DIP5 antisense 5’CGCGGCGTCCAGAATCAAC 3’ PAAG 04187.1
SER" sense 5’GGCCTCTCCACACGTTGCTG 3° PAAG 07237.1
SER sense 5’GTTCCAGATAAGAACGTTAGC 3° PAAG 07237.1
Tub® sense 5’ACAGTGCTTGGGAACTATACC 3’ PAAG 01647.1

Tub antisense

5’GGGACATATTTGCCACTGCC 3’

PAAG 01647.1

*Numero de acesso/descrigdo da proteina — numero de acesso da proteina identificada no banco de dados do
Paracoccidioides: (http://www.broadinstitute.org/annotation/genome/Paracoccidioides_brasiliensis/MultiHome.html);
“[socitrato Liase; Trealose fosfato sintase; ‘Betaina aldeido desidrogenase; “Arginina N-metiltransferase; Histona
deacetilase; ®Pall proteina de morfolgia celular; "Maior superfamilia de transportadores; ‘Ativador transcricional
zinco responsivo cphy; JCCCH zinc finger proteina; YFator de transcrigdo tipo Gata; 'Fator de transcrigdo C6;
"Permease de aminoacido dicarboxilico; "Serina proteinase; “alpha-tubulina
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2. RESULTADOS

2.1. Perfil transcricional de Paracoccidioides no processo infectivo

A andlise de cDNA-RDA foi realizada utilizando 2 condig¢des “testers” que
incluem: Paracoccidioides recuperado do pulmao de camundongos infectados apos 7 e
15 dias de infeccdo. O fungo cultivado in vitro foi utilizado como “driver” nas
subtragdes. Um total de 1728 clones foram seqiienciados sendo 864 originados de RNAs
de células leveduriformes recuperadas de camundongos ap6s 7 dias de infec¢do e 864 de
células recuperadas apos 15 dias de infeccdo. A natureza das estratégias adaptativas
utilizadas pelo fungo nas condi¢des analisadas foi obtida através da classificagdo das
ESTs em categorias funcionais MIPS (Munich Information Center for Protein

Sequences) (Fig 1 e 2; Tabela 2).

Pulmao 7 dias

M Transcrigio W Metabolismo de Lipidies, dcido graxos e isoprendides
W Metabolismo de Aminoacidos M Metabolismo de carboidratos
M sinalizagdo celular Proteinas ndo-classificadas

Qutros

Fig 1: Classificagdo funcional das ESTs de Paracoccidioides derivados dos experimentos de RDA
usando como tester o cDNA obtido de RNA de Paracoccidioides recuperado do pulméo de animais
infectados por 7 dias. A classificaggo foi realizada segundo as categorias funcionais desenvolvidas no
esquema de anotacdo funcional MIPS (http://mips.gsf.de/). Cada classe funcional esta representada
por um segmento colorido e expressa por porcentagem do numero total de ESTs na biblioteca.
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Pulmao 15 dias

M Transcrigio M Metabolismo de carboidratos
M Transporte Celular M Sinalizacdo celular
Defesa Celular/Viruléncia/Resposta ao estresse Proteinas ndo-classificadas

Outros

Fig 2: Classificagdo funcional das ESTs de Paracoccidioides derivados dos experimentos de RDA
usando como tester o cDNA obtido de RNA de Paracoccidioides recuperado do pulmio de animais
infectados por 15 dias.

Os dados ilustram a diversidade funcional dos fatores expressos, demonstrando as
categorias funcionais especificas que dominam a resposta adaptativa de
Paracoccidioides ao hospedeiro e a diferenca temporal de expressdo desses fatores
(Tabela 2). Pode-se observar um maior niimero de transcritos relacionados com a
sinalizacdo celular (36%), nao-classificados (25%), transcri¢ao (11%), metabolismo de
carboidratos (9%), metalismo de aminoacidos (6%) e metabolismo de lipidios (6%) com
7 dias de infec¢do (Fig 1) e sinalizacdo celular (28%), transporte celular (17%), defesa
celular/viruléncia/resposta ao estresse (15%), transcricdo (11%) e metabolismo de
carboidratos (9%) com 15 dias de infecgdo (Fig 2).

A figura 3 esquematiza os principais eventos metabolicos que estariam ocorrendo

durante o processo de infec¢do no pulmao.

2.2. Validacdo da expressdo diferencial de transcritos por PCR em Tempo Real
Para confirmacgdo e validagao dos dados, analises de expressao por RT-PCR em
tempo real foram realizadas (fig 4). Os resultados encontrados corroboram os resultados
do RDA confirmando esta técnica como uma boa estratégia para analises de expressao
génica diferencial. Dessa maneira os transcritos da isocitrato liase (/CL), trealose fosfato

sintase (7RE), betaina aldeido desidrogenase (BADH), PALI, fator de transcri¢dao tipo
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gata (GATA) foram aumentados 7 e 15 dias ap6s a infeccao. Os transcritos de arginina
N-metiltransferase (SKBI), C,H, e CAP20 apresentaram-se aumentados em 7 dias e
reprimidos em 15 dias de infe¢do, ao passo que histona deacetilase (RPD3),
transportador MFS (MFS), CCCH e permease de aminoacido dicarboxilico (DIP5)
foram reprimidos em 7 e induzidos em 15 dias apos a infegao.

As andlises de RDA e a comparagdo entre o repertorio de genes induzidos em
cada uma das condigdes experimentais sugerem que Paracoccidioides apresenta uma
resposta de adaptacdo e sobrevivéncia no ambiente encontrado no hospedeiro que

compdem as diferentes etapas do processo infeccioso.

A A
Metabolismo de lipideos Metabolismo de aminoacidos e sintese protéica
DGATI Betaina aldeido desidrogenase
Acil-CoA desidrogenase S-adenilmetionina sintase
Elongase de acidos graxos Adenilil Sulfato Quinase
Hidrolase de acidos graxos Alanina-glioxalato aminotransferase
Citocromo P450 DIPS5
Carnitina Acetil transferase eLF44
Fosfolipase D eEF Iy

Ciclo do glioxalato Morfologia Celular e Remodelamento da parede
Isocitrato Liase PAL 1

VIP 1

SCP-like

A Alfa-1,2-manosidase
Defesa Celular/Viruléncia Elongase de acidos graxos
Resposta ao estresse

ISHI

HSP60

Serino proteases
MPV17/PMP22

SEBI

RPD3

Transaldolase

Betaina aldeido desidrogenase
Trealose

Fig 3: Eventos metabdlicos predominantes durante o processo infectivo no pulméo.
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Fig 4: Analise dos transcritos por RT-PCR em tempo real. A expressdo dos transcritos encontrados no RDA isocitrato liase
(ICL), trealose fosfato sintase (7RE), betaina aldeido desidrogenase (BADH), arginina N-metiltransferase (SKB/), histona
deacetilase (RPD3), Pall proteina de morfolgia celular (PALI), maior superfamilia de transportadores (MFS), ativador
transcricional zinco responsivo ¢,h, (C,H,), CCCH zinc finger proteina (CCCH), fator de transcri¢do tipo Gata (GATA), permease
de aminodcido dicarboxilico (DIP5) e serina proteinase (SER) foi avaliada através de qRT-PCR. Os valores da expressdo dos
genes foram normalizados utilizando-se os valores de expressdo do gene constitutivo codificante para a proteina alfa-tubulina.

Analises estatisticas para avaliar o nivel de significancia foram realizadas, utilizando o teste ¢ Student, adotando p < 0,05 (¥*).

2.3.Expressdo génica em Paracoccidioides recuperado diretamente do pulmao

Com o intuito de avaliar e validar os resultados do RDA foi realizada analise da
expressdo génica in vivo de Paracoccidioides recuperado do pulmio de animais
experimentais apos 15 dias de infeccdo. Foi avaliada a expressdo, por qRT-PCR, dos
transcritos codificantes para fator de transcricdo C6 (CTF1b), permease de aminoacido
dicarboxilico (DIP5), betaina aldeido desidrogenase (BADH) e serino-proteinase (SER).
Verificou-se concordancia com os dados obtidos nas bibliotecas subtrativas (fig 5). Nao

se verificou a expressdo dos transcritos acima citados no pulmdo de animais controle

(fig 5).
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Fig 5: Analise por RT-PCR em tempo real de transcritos de células leveduriformes de
Paracoccidioides recuperado de pulmdo infectado. A expressao dos transcritos do fator de
transcricdo C6 (CTF1B), permease de aminoacido dicarboxilico (DIP5), betaina aldeido
desidrogenase (BADH) e serina proteinase (SER) foi avaliada através de qRT-PCR. Os valores da
expressdo dos genes foram normalizados utilizando-se os valores de expressdo do gene constitutivo
codificante para a proteina gama-tubulina. Andlises estatisticas para avaliar o nivel de significancia
foram realizadas, utilizando o teste ¢ Student, adotando p < 0,05 (*).

87



Tabela 2: Transcritos induzidos em células leveduriformes de Paracoccidioides recuperadas de pulméo de

camundongos infectados

Frequéncia

Categoria Funcional/MI1PS? Produto génico Organismo/nimero de acesso® e-value 57 P15
Transcrigédo Fator de transcri¢ao Tipo GATA (NsDd) Paracoccidioides/PAAG_05818.1 le-57 31 54
Histona deacetilase rpd3 Paracoccidioides/PAAG_06742.1 le-49 1 11
Fator de transcri¢do C6 (Ctf1B) Paracoccidioides/PAAG _01359.1 1e-53 3 5
Fator transcrigdo tipo CCCH Paracoccidioides/PAAG _02735.1 le-82 4 ---
Ribonuclease P/MRP, subunidade POP1 Paracoccidioides/PABG_06487.1 le-78 1 -
Fator de transcri¢do SteA Paracoccidioides/PAAG_00406.1 le-39 - 1
Fator de transcri¢do C,H, (seb1) Paracoccidioides/PAAG_03287.1 le-10 -
Metabolismo de Lipidios, acido . 1o licerol o-aciltransferase (DGATT) Paracoccidioides/PAAG_07527.1 1-99 21 24
graxos e isoprenoides
Acil-Coa desidrogenase Paracoccidioides/PAAG_03490.1 1e-80 6 6
Elongase de acidos graxos Paracoccidioides/PAAG_08553.1 le-67 5 -
Hidrolase de acidos graxos Paracoccidioides/PAAG _06825.1 le-65 1 -—-
Citocromo P450 Paracoccidioidess/PAAG 01137.1 le-14 - 1
Carnitina Acetil transferase Paracoccidioides/PAAG_06224.1 le-30 - 1
Metabolismo de Aminoacidos S-Adenosilmetionina Sintase Paracoccidioides/PAAG _02901.1 le-88 28 11
Adenilil Sulfato Quinase Paracoccidioides/PAAG _03043.1 1e-80 2 ---
Alanina-glioxalato aminotransferase Paracoccidioides/PAAG_03138.1 le-30 2 ---
Ciclo do Glioxalato Isocitrato liase Paracoccidioides/PAAG_06951.1 le-69 3 14
Metabolismo de carboidratos Betaina aldeido desidrogenase Paracoccidioides/PAAG_05392.1 le-69 38 47
Trealose fosfato sintase Paracoccidioides/PAAG_06703.1 le-40 3 10
Transaldolase Paracoccidioides/PAAG _04166.1 le-74 5 3
Fosfomanomutase Paracoccidioides/PAAG_00889.1 le-16 2 -
Transporte Celular Permease de aminoacido dicarboxilico (dip5) Paracoccidioides/PAAG _04187.1 le-24 --- 87

94



Transporte de elétrons e
conservacao de energia

Sinalizacéo celular

Defesa
Celular/Viruléncia/Resposta ao
estresse

Sintese Protéica

Enderegamento de proteinas

Divisdo celular/Sintese de DNA

Transportador Succinato/fumarato
Transportador MFS

ATP sintase subunidade Beta

Proteina com dominio PYP-like (dominio PAS)
Fosfolipase D

serina/threonina proteina kinase srk1
Fosfatase/subunidade regulatoria
Inositol-pentaquisfosfato 2-quinase

Proteina pleckstrina-like

Arginina N-metiltransferase (skbl)

Proteina responsiva ao stress Ish1l

HSP60 - mitocondrial

Serina proteinase

CAP20

Protease da familia Romboide
Mpv17Pmp22

Proteina extracellular SCP-like

Fator de iniciac@o da traduc@o 4A (EIf4A)
Fator de elongagdo 1 gama (eEF 1-y)

alpha-1,2-manosidase

Ribonucleotideo redutase — cdc22
Protéina de controle da divisdo celular MCM4

Paracoccidioidess/PAAG _06563.1
Paracoccidioidess/PAAG 01353.1

Paracoccidioides/PAAG_08037.1

Paracoccidioides/PAAG_06301.1
Paracoccidioides/PAAG_00220.1
Paracoccidioides/PAAG_06726.1
Paracoccidioides/PAAG_00128.1
Paracoccidioides/PABG_03477.1
Paracoccidioides/PAAG_03092.1
Paracoccidioides/PAAG_02402.1

Paracoccidioides/PAAG_01860.1

Paracoccidioides/PAAG_08059.1
Paracoccidioides/PAAG_07237.1
Paracoccidioides/PAAG_06538.1
Paracoccidioides/PAAG_06616.1
Paracoccidioides/PAAG_02868.1
Paracoccidioides/PAAG_03057.1

Paracoccidioides/PAAG_00689.1
Paracoccidioides/PAAG_03556.1

Paracoccidioides/PAAG_04552.1

Paracoccidioides/PAAG_02210.1
Paracoccidioidess/PAAG 01035.1

le-38
le-56

le-75

le-104
le-61
le-35
le-46
le-20
le-14
le-84

le-116

le-84
1e-88
le-85
le-52
le-40
le-27

le-79
le-85

le-38

le-36
le-62

11

196

—_ N = W

14
10
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Crescimento/Morfologia Celular ~ Pall Paracoccidioides/PAAG_02031.1 le-41 3
Actina VIP1 Paracoccidioides/PAAG_01347.1 le-29 2 -
Rho-GDP Paracoccidioides/PAAG_02377.1 le-16 - 1
Proteinas ndo-classificadas Proteina Hipotética Paracoccidioides/PAAG_05009.1 le-53 59 1
Proteina Hipotética Conservada Paracoccidioides/PAAG_04190.1 le-102 19 49
Proteina Hipotética Conservada Paracoccidioides/PABG_02511.1 le-45 - 14
Proteina Predita Paracoccidioides/PADG_00817.1 le-20 27 ---
Proteina Hipotética Paracoccidioides/PAAG_07684.1 le-40 32 1
Categoria funcional — baseado no MIPS e GO;
"Numero de acesso/descri¢io da proteina — nimero de acesso da proteina identificada no banco de dados do Paracoccidioides:

(http://www.broadinstitute.org/annotation/genome/Paracoccidioides_brasiliensis/MultiHome.html);
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3. DISCUSSAO

O objetivo do trabalho foi identificar transcritos regulados em células
leveduriformes de Paracoccidioides derivados de pulmdo de animais infectados
experimentalmente. A patogenicidade de microrganismos estd relacionada com a
complexa interacdo entre o patdgeno e o hospedeiro. Esta interagdo € um processo
dindmico, envolvendo a capacidade do organismo em atravessar o epitélio, disseminar
para diversos tecidos e resistir a defesa imune. Portanto, o sucesso da infec¢do requer
uma rapida adaptacdo do patdogeno através de mudangas na expressdo de determinados
repertorios génicos requeridos frente mudangas no ambiente (Kumamoto, 2008).

Neste estudo foram identificados varios genes diferencialmente expressos em
células leveduriformes de Paracoccidioides derivadas do pulmao de animais infectados.
Quarenta e dois transcritos foram induzidos apds 7 dias de infec¢do, enquanto trinta e
um apds 15 dias de infec¢do. Os transcritos identificados foram agrupados de acordo
com suas categorias funcionais (MIPS). Algumas categorias funcionais observadas nas

analises dos dados obtidos pelos ensaios de RDA sao listadas e discutidas abaixo.

Controle transcricional

Entre os transcritos identificados, com maior abundancia, relacionados com o
processo de transcricdo, destacam-se o fator de transcri¢do do tipo gata, fator de
transcricdo CTF1B, fator de transcri¢do do tipo CCCH e histona deacetilase. A familia
conservada de reguladores transcricionais que apresentam dedo de zinco, conhecidos
como fatores-GATA asseguram a utilizacdo eficiente de fontes de nitrogénio por
fungos, fator importante para a viruléncia (Limjindaporn et al., 2003; Liao et al., 2008).
Adicionalmente, o gene GLN3 codificante para um fator de transcri¢ao do tipo GATA
de Pichia pastoris, é fator responsavel pelo controle do sistema de captacdo de ferro
deste fungo (Miele et al., 2007). Genes envolvidos com o controle trancricional, tais
como C,H,, fatores-GATA e CTFIB, foram encontrados induzidos durante ensaios in
vitro de ligacdo de Paracoccidioides a fibronectina (Baildo et al., 2012).

Os fatores de transcrigdo SEBI (C>H;) e STEA foram induzidos em
Paracoccidioides em condi¢des de infeccdo no pulmdo (Fig 5). Esses genes sao
induzidos em Schizosaccharomyces pombe, Trichoderma atroviride em resposta ao
estresse osmotico (Sanso et al., 2008; Peterbauer ef al., 2002) e em resposta a estresse
hidrostatico em S. pombe (George et al., 2007). Além disso, o fator de transcrigao ctf1B

esta envolvido na regulacdo de genes codificantes de proteinas da [-oxidacdo e
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biogénese peroxissomal, sendo essencial a viruléncia em diversos patogenos, incluindo
C. albicans (Ramirez and Lorez, 2009). O fator de transcricdo histona deacetilase
(Rpd3) ¢ conhecido por se ligar a diferentes promotores sobre condigdes variadas, tais
como choque térmico e tratamento com o antibidtico rapamicina (Kurdistani et al.,
2003; Robert er al., 2004). Histona deacetilase ¢ requerida para ativacdo de genes
envolvidos em estresse osmotico (Proft and Struhl, 2002; De Nadal et al., 2004;
Alejandro-Osorio et al., 2009), genes induzidos por galactose (Wang et al., 2002),
genes induzidos durante danos causados ao DNA (Sharma et al., 2007) e genes
codificantes para manoproteinas de parede celular (Sertil et al., 2007). Pode-se observar
um aumento da freqiiéncia do transcrito da histona deacetilase RPD3 ao longo do tempo
de infecg¢do (Tabela 2) sugerindo que Paracoccidioides poderia responder ao ambiente
do hospedeiro por remodelagem da cromatina, regulando processos metabolicos
necessarios a adaptagdo do fungo nessa condigao.

Metabolismo

Durante a infec¢@o, nutrientes com glucose e aminodcidos ndo estdo facilmente
disponiveis, portanto os fungos patogénicos devem devem flexibilizar seu metabolismo
para serem capazes de sobreviver de adaptar no interior do hospedeiro (Fleck et al.,
2011).

Através das analises subtrativas de cDNA-RDA observou-se abundancia de ESTs
codificando para proteinas relacionadas com o metabolismo de aminoacidos, f-
oxidacdo e ciclo do glioxalato (Tabela 2). O gene codificante para betaina aldeido
desidrogenase foi induzido em Paracoccidioides durante a infeccdo em pulmao, tanto
em condig¢des in vitro quanto in vivo. Em Pseudomonas aeruginosa, a atividade dessa
enzima ¢ crucial para o crescimento durante infeccdo, estresse osmoético, bem como na
presenga de colina ou precursores (Velasco-Garcia et al., 1999; Brocker et al., 2010).
Betaina (N, N, N-trimetil glicina) ¢ um composto amoéOnio quaternario anfotérico,
produzido durante os passos de oxidacdo da colina, reacdo catalisada pela colina
monooxigenase (Cmo) e betaina aldeido desidrogenase (Badh) (Boch et al., 1994;
Vijaranakul et al. 1997; Weretilnyk and Hanson, 1990; Landfald and Strom, 1986).
Betaina ¢ um importante osmoprotetor presente em bactérias, fungos, cianobactérias,
algas, animais e varias familias de plantas (Rhodes and Hanson, 1993), atuando na
estabilizacdo de estruturas e atividades de complexos enzimdticos e de proteinas,
mantendo a integridade de membranas contra os efeitos danosos do excesso de sal e

temperatura (Hayashi et al., 1998; Alia et al., 1998; Chen et al., 2000). Nas analises do
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cDNA-RDA de Paracoccidioides durante adesdo in vitro a fibronectina o transcrito
codificante para esta proteina foi encontrado induzido (Baildo ef al., 2012). A betaina
aldeido desidrogenase também esta envolvida do equilibrio redox através da utilizagdo
do aldeido. O aldeido ¢ o produto final da oxidagdo de lipidios. A oxidac¢do do aldeido
pela Badh produz NADH e consequentemente pode promover o equilibrio redox. Esta
estratégia adaptativa ¢ inerente em muitos processos de infeccdo incluindo infec¢ido do
baco por M. tuberculosis (Shin et al., 2011).

O gene codificante para S-adenosilmetionina sintase apresentou alta freqiiéncia em
Paracoccidioides recuperado do pulmao tanto em 7 quanto em 15 dias de infeccdo. Esta
proteina catalisa a conversdao de metionina em S-adenosilmetionina, sendo este produto
o principal doador de grupos metil, em reagdes essenciais para todos os organismos.
Genes envolvidos no metabolismo de metionina s3o importantes para o
desenvolvimento de infec¢des. Em Helicobacter pylori, S-adenosilmetionina sintase €
um dos importantes fatores de viruléncia responsaveis por exacerbar a severidade da
infec¢do levando ao desenvolvimento de cancer gastrico (Lin et al., 2006). A enzima S-
adenosilmetionina sintase estd envolvida na sintese dos cofatores tetrahidrofolato e
indica um metabolismo ativo de compostos nitrogenados durante a infec¢ao no pulmaio.

A sintese protéica foi um dos processos apresentando transcritos induzidos em
Paracoccidioides recuperado do pulmdo de camundongos infectados. Os transcritos
encontrados foram o fator de elongacdo da traducdo, subunidade 1-gama (eEF-1y), e
fator de iniciagdo da tradugdo, subunidade 4A (elF-44). A expressdo de genes que
compdem a maquinaria de sintese protéica pode refletir a adaptagao molecular a uma
nova condicdo celular. Resultados similares foram descritos para o fungo patogénico C.
albicans (Fradin et al., 2003), na incuba¢do de Paracoccidioides com sangue e plasma
humanos (Baildo et al, 2006, 2007) e Paracoccidioides derivado do figado de animais
infectados (Costa et al., 2007).

Outra condi¢do de limitagdo nutricional encontrada por organismos patogénicos
durante a infec¢ao consiste na privagao de carbono. Como observado em outros fungos,
Paracoccidioides regula suas vias metabolicas para obten¢do de carbono durante a
infeccdo: B-oxidagao, ciclo do glioxalato e gliconeogénese (Baildo et al., 2006, 2007;
Costa 2007; Peres da Silva ef al., 2011). O aumento na expressdao de enzimas da f3-
oxidacdo durante a infeccdo foi descrito para outros microrganismos patogénicos
(Strijbis and Distel, 2010; Farhana et al., 2010; Shin ef al., 2011).Um intermediario

dessas vias alternativas ¢ acetil-CoA, molécula que pode ser produzida pelo
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metabolismo de etanol, acido-graxos e alguns aminodcidos, sendo requerida para os
ciclos do glioxalato e 4cido tricarboxilico. Estas vias metabdlicas sdo
compartimentalizadas nas células fingicas entre os peroxissomos, mitocondrias e
citoplasma, necessitando do transporte intracelular de acetil-CoA que ¢ facilitado pela
carnitina acetil transferase. A identificacdo de ESTs para as proteinas acil-CoA
desidrogenase, isocitrato liase, carnitina acetil transferase e o transportador mitocondrial
succinato-fumarato sugere que Paracoccidioides direcione seu metabolismo para
obtencao e captagdo de fontes alternativas de carbono para sobrevivéncia no hospedeiro.
Em Mycobacterium avium foi observado que a proteina acil-Coa desidrogenase ¢
induzida quando no interior de macrofagos e que ela ¢ importante para o metabolismo
de 4cidos graxos e para a sua adaptacdo nestas condigdes (Brunori et al., 2004). Esta
enzima também foi encontrada como sendo importante para o desenvolvimento de M.
tuberculosis durante a infec¢do por estar envolvida no metabolismo de colesterol do
hospedeiro (Thomas et al., 2011).

A isocitrato liase ¢ uma enzima do ciclo do glioxalato e converte isocitrato em
succinato e glioxalato e ¢ importante para a patogenicidade de varios fungos (Dunn et
al., 2009; Padilla-Guerrero et al., 2011). Anélises por northern blot revelaram que a
enzima de C. albicans ¢ induzida quando o fungo estd na presenca de macrofagos
(Lorenz and Fink, 2001; Prigneau et al., 2003) e neutrofilos humanos (Fradin et al.,
2005). Superexpressdo do gene codificante da isocitrato liase também foi observada em
Paracoccidioides durante infec¢do no pulmao (Tabela 2 e Fig 5). Andlises por RT-PCR
demonstraram que o transcrito ¢ induzido durante a fagocitose por macréfagos murinos
(Derengowski et al., 2008). Estudos sugerem que o ciclo do glioxalato estd envolvido
na viruléncia de Penicillium marneffei. Experimentos de northern blot demonstraram
que apoés a internalizagdo de conidios ha um aumento de expressao do gene codificante
da isocitrato liase, sugerindo uma potencial fun¢do deste ciclo na adaptacao do patdégeno
no interior de macréfagos (Thirach et al, 2008). Durante infeccdo cronica por
Mycobacterium tuberculosis a glicdlise ¢ diminuida e o ciclo do glioxalato ¢ aumentado
para permitir a manutencdo anaplerdtica do ciclo do acido tricarboxilico e assimilacdo
de carbono via gliconeogénese (Wheeller and Ratledge, 1988; Sharma et al., 2000).

Sob condi¢des de hipdxia, estresse nitrosativo e outras condi¢des de estresse, M.
tuberculosis pode sintetizar e estocar triacilglicer6is como reserva de energia (Sirakova
et al., 2006). A diacilglicerol aciltransferase, estd envolvida na transferéncia de

grupamentos acil para um esqueleto de glicerol formando assim os triacilglicerois (Shi
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and Cheng., 2009). Além do transcrito codificante para esta enzima, pode-se também
identificar o transcrito para uma fosfolipase D. Em células eucaritticas a fosfolipase D
esta envolvida em vérios processos celulares, tais como secre¢do celular, transporte de
proteinas através da membrana celular, crescimento celular polarizado, remodelamento
do citoesqueleto, metabolismo de lipidios (Ktistakis ef al., 2003; McDermott et al.,
2004; Jenkins and Frohman, 2005; Roth, 2008; Mendonsa and Engebrecht, 2009;
Harkins et al., 2010). Esta enzima esta relacionada a conversao de fosfatidilcolina ou
fosfatidiletanolamina em diacilglicerol-3-fosfato que poderia também ser convertido em
triacilglicerol, sugerindo que os triacilglicerdis poderiam ser utilizados como fonte de
energia para crescimento do Paracoccidioides no pulmao. Nessa reacao metabodlica ha
também a producdo de colina que pode estar sendo utilizada por Paracoccidioides como
fonte alternativa de carbono e nitrogénio. Pdde-se ainda observar que a expressdo o
transcrito para fosfolipase D aumentou no decorrer da infec¢do, sugerindo que a sintese
de triacilglicerois seria uma alternativa de Paracoccidioides para garantir a sua
sobrevivéncia durante a fase de persisténcia da infec¢do. Em M. tuberculosis a
diacilglicerol aciltranferase tem uma importante fun¢do na formagdo de estoques de
lipidios que ¢ uma caracteristica importante para manutengdo e persisténcia da
tuberculose (Elamin et al., 2011)

A indugdo do transcrito codificando a enzima elongase de acido-graxo em 7 dias de
infeccdo corrobora também a sugestdo de que a biossintese de lipidios pode ser
induzida durante infec¢do, o que poderia estar relacionada com formacdo de moléculas
de reserva energética ou lipidios estruturais de membranas celulares.

A via das pentoses fosfato ¢ uma via alternativa de oxida¢ao de glicose. Ela nao
requer oxigénio e ndo produz ATP, estd presente no citosol de todas as células e tem
duas principais fungdes: (1) produgcdo de NADPH, o qual ¢ utilizado como agente
redutor em muitas vias biossintéticas e que ¢ também importante na protecdo contra
danos oxidativos, e (2) sintese de ribose 5-fosfato que ¢ utilizado na sintese de
nucleotideos e acidos nucléicos (Wamelink et al., 2008). O NADPH ¢ uma molécula de
grande importancia na protecao de células contra danos causados por ROS (Pocsi et al.,
2004; Muller, 2004) e ¢ também utilizado em muitas vias anabolicas, tais como sintese
de lipidios e elongagdo de acidos graxos (Pollak ef al., 2007). Uma das enzimas chaves
dessa via ¢ a transaldolase, que ¢ induzida em Cryptococcus neoformans em resposta ao
estresse nitrosativo (Missall et al., 2006). Em M. avium esta enzima faz parte de um

complexo que foi encontrado exclusivamente em modelos murinos durante a infec¢ao
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por este fungo, sendo, portanto um importante alvo para diagndstico da doenga (Gupta
et al., 2011). Em Paracoccidioides o transcrito codificante para a transaldolase também
¢ induzido quando o fungo ¢ incubado com sangue e plasma humanos (Baildo et al.,
2006 e 2007).

Trealose € um dissacarideo ndo-redutor que consiste de duas unidades de glicose (a-
D-glicopiranosil-1,1-a-D-glicopiranosideo), sendo amplamente distribuida em uma
variedade de organismos, tais como bactérias, fungos, assim como em insetos € outros
invertebrados (Elbein et al., 2003). Em fungos, a trealose desempenha funcdo na
tolerancia aos estresses osmotico (Hounsa et al., 1998), oxidativo (Gonzalez-Parraga et
al., 2010) e térmico (Hottiger et al., 1987), assim como na resposta de mamiferos a
hipoxia (Chen and Haddad, 2004). Em fungos, a hidrélise da trealose ¢ o principal
evento durante o inicio da germinagdo, e presumivelmente, serve como uma fonte para
sintese de carboidratos para obtengdo de energia (Thevelein, 1984, Rosseau et al.,
1972). A principal via pela qual a trealose € sintetizada em microrganismos envolve a
trealose fosfatase (Iordachescu and Imai, 2008). Em Paracoccidioides, o transcrito
codificante para trealose fosfatase foi induzido, sugerindo que o fungo possa estar
produzindo trealose, provavelmente como fonte de energia. A regulacdo da via de
biossintese desse dissacarideo € importante para a patogenicidade de diversos fungos
(Petzold et al., 2006; Maidan et al., 2008). Em C. neoformans a trealose ¢ importante
para a sobrevivéncia por conferir ao fungo resisténcia ao estresse térmico e osmotico
encontrado no hospedeiro (Himmelreich et al., 2002; Steen et al., 2003). Em A.
fumigatus a trealose fosfatase foi descrita como sendo importante para integridade da
parede celular, pelo fato de a trealose conferir estabilidade a parede e por estar
envolvida na sua biossintese (Puttikamonkul et al., 2010). Este transcrito também foi
induzido em Paracoccidioides recuperado do figado de animais infectados (Costa et al.,
2007), mais uma vez sugerindo a importancia da trealose durante o processo infectivo.

Facilitadores de transporte

Houve também um aumento de transcritos de genes codificantes para facilitadores
de transporte que participam na obten¢do de nutrientes. O transportador succinato-
fumarato interconecta a producao de succinato no citosol, pelo ciclo do glioxalato, com
o ciclo do 4cido tricarboxilico na mitocondria. O fumarato exportado para o citosol pelo
transportador succinato-fumarato ¢ convertido em malato e posteriormente em
oxalacetato (Palmieri et al., 2000). Em 15 dias de infec¢do pode-se observar uma alta

freqiiéncia do transcrito codificante para uma permease de aminodcidos dicarboxilicos
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(DIP5) sugerindo um aumento no transporte e captagdo de aminodcidos neste orgao.
Esse resultado foi corroborado pelas analises de qRT-PCR em Paracoccidioides
derivado diretamente de pulmdes infectados. O transcrito codificante para esta permease
foi também induzido durante infec¢do de C. albicans em rins de mamiferos (Walker et
al., 2009). A permease de aminoacido acido (Dip5p) pode mediar a captacao de
glutamato e aspartato (Regenberg et al., 1998). O glutamato seria substrato para
glutamina sintase e, consequentemente, poderia estar relacionado com a deposicao de
quitina e a um remodelamento da parede do fungo Paracoccidioides. Neste sentido, a
alta expressdao do gene codificante desta permease estaria relacionada com a captagdo
deste aminoacido no ambiente pulmonar. Este transcrito também foi induzido em
Paracoccidioides incubado com plasma humano (Baildo et al., 2007).

A superfamilia de transportadores MFS esta envolvida com o transporte ativo de
varios substratos e exibem especificidade por agucares, polidis, drogas, metabdlitos do
ciclo do acido tricarboxilico, aminoacidos, siderdforos, nucleosideos, ions e outros (Pao
et al., 1998; Paulsen et al., 1998). A expressdo deste transportador durante a infec¢do no
pulmao pode estar relacionado a captacao de nutrientes pelo fungo neste 6rgao.

Defesa celular/Viruléncia

Durante os processos de infec¢do organismos patogénicos sao confrontados com
diversas condi¢des, que buscam elimind-los do hospedeiro e controlar o processo
infeccioso. Assim, como resposta adaptativa, moléculas de defesa celular relacionadas
com a resposta ao estresse oxidativo, nitrosativo, térmico e nutricional apresentam um
aumento de expressdo em patdgenos, sendo caracterizadas como importantes fatores de
viruléncia. Neste trabalho se observou a superexpressdo do transcrito codificante da
Hsp60 de Paracoccidioides. A Hsp60 é uma chaperona mitocondrial, homdloga a
chaperona GroEL de Escherichia coli (Bukau and Horwich, 1998), que estd envolvida
na resposta celular a varios tipos de estresses, incluidndo o estresse oxidativo (Cabiscol
et al., 2002). Tem sido observado que células que apresentam altos niveis de Hsp60 sao
mais resistentes a agentes oxidativos como H>O, e menadiona. A inducdo do transcrito
codificante da Hsp60 em Paracoccidioides exposto a radicais oxidativos produzidos por
macrofagos, pode ter funcdo protetora similar (Tavares et al., 2007). O transcrito
codificante para a proteina responsiva ao estresse Ish1 também foi identificado tanto em
7 quanto em 15 dias de infec¢do. Essa proteina de envelope nuclear, caracterizada
principalmente em fungos, mostra-se induzida em condi¢des limitantes de glicose e

nitrogénio e durante estresse osmotico (Taricani et al., 2002).
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Muitas evidéncias sugerem que proteases sdo requeridas para o sucesso de
invasdo nos tecidos do hospedeiro por patdgenos e para nutricdo destes organismos
nestes ambientes hostis. Serina protease de Bacillus subtilis facilita a captagdo de ferro
da molécula transferrina através da clivagem da proteina (Park et al, 20006).
Complementando, a incubagdo de A. fumigatus em meio contendo soro humano
estimula a secrecdo de proteases, sendo a atividade de serina proteases a classe
enzimdtica com a maior atividade (Gifford ef al., 2002). Estudos em Paracoccidioides
mostraram que uma serina proteinase extracelular cliva, in vitro, componentes de
membrana basal, sendo, portanto, relevante no processo de disseminag¢do do fungo
(Puccia et al., 1999). Também em Paracoccidioides, Parente e colaboradores (2010)
demonstraram que Pbser foi induzida durante deprivacdo de nitrogénio e em leveduras
do fungo durante infec¢do de macréfagos. Além disso, foi demonstrado que a proteina
serino protease pode estar envolvida no enovelamento e enderecamento de proteinas e
na reorganizagao do citoesqueleto (Parente et al., 2010). Nishikaku et al., (2009) e
Baildo et a/ (2007) demonstraram que metaloproteinases sao induzidas durante modelos
de paracoccidioidomicose experimental, sendo importantes para disseminagdo fingica.
Portanto, a identificagio de ESTs de genes codificantes para serina proteinases nas
analises subtrativas de infeccdo no pulmdo corrobora o papel destas moléculas na
progressdo do processo infeccioso por Paracoccidioides. Este transcrito também foi
induzido no fungo derivado diretamente do pulmdo infectado. A identificagdo destas
proteases, associadas a presenca de transportadores de peptideos e aminoacidos nesse
modelo, sugere que o fungo esteja reorganizando as fungdes de aquisi¢do e assimilacao
de moléculas para utilizar os nutrientes disponiveis nesse nicho, caracteristica esta
também observada em C. albicans durante a fagocitose (Lorenz et al., 2004).

Comunicacao Celular/Transducao de sinal

Muitos dos processos celulares bésicos que permitem a sobrevivéncia de
patdgenos em seus hospedeiros sdo controlados por vias de transducdo de sinal. Estes
processos sdo regulados por cascatas, com mecanismos de controle, incluindo vérias
proteinas ativadoras e inibidoras. Um sincronismo da sinalizagdo celular leva a uma
regulacdo morfologica, favorecendo a sobrevivéncia de organismos patogénicos no
interior de hospedeiros infectados. Durante o processo de infeccdo foram identificados
genes envolvidos em vias de transducdo de sinais tais como MAPK e serina/treonina

quinase. Esta ultima foi descrita como estando envolvida no controle do ciclo celular
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por regulagdo da fosfatase Cdc25p em resposta ao estresse em S. pombe (Lopez-Avilés
et al., 2005).

Outro transcrito encontrado induzido durante a infec¢do foi o codificante para
arginina N-metiltranferase. Este gene pode estar relacionado a ligagdo de
Paracoccidoides ao colageno e a fibronecticna, durante a adesdo no processo de
infeccao (Baildo et al., 2012).

Um homologo de gene codificante para proteina da superfamilia PAS (Per-Arnt-
Sim) que desempenha papéis em processos de sinalizacdo, detec¢do de estimulos e pode
também mediar interagdes proteina-proteina (Taylor and Zhulin, 1999) foi induzido
durante a infeccdo no pulmao. Tal fato suporta o papel predito destas proteinas como
sensores na percep¢do das diferentes condi¢des encontradas por Paracoccidioides
durante o processo infectivo.

Diviséo celular

A proteina Mpv17p compartilha consideravel identidade com uma proteina de
membrana peroxissomal de mamiferos (Pmp22p). Em mamiferos a Mpvl7p t€m a
funcdo de regular a producdo de ROS (Reuter et al., 1998). O transcrito para esta
proteina foi induzido durante a infeccdo no pulmao. Em S. cerevisae foi encontrada uma
proteina homologa da Mpv17p inserida na membrana mitocondrial. Nesse organismo
ela tem a fun¢do de resposta ao estresse por choque térmico e metabolismo de etanol

(Trott and Morano, 2004).

4. CONCLUSOES
Virias vias metabolicas foram induzidas durante o processo infectivo no
pulmdo, com destaque para metabolismo de lipidios, &cidos graxos e isoprenoides,
metabolismo de aminodcidos, resposta ao estresse e viruléncia e metabolismo de
carboidratos. Estas vias sdo descritas como induzidas em outros patogenos durante a
infec¢do. Isso pode indicar que Paracoccidioides esta regulando o seu metabolismo em
resposta a intera¢ao patégeno-hospedeiro e as condi¢des adversas encontradas durante a

infecgao.

5. PERSPECTIVAS

e (Comparagao da resposta obtida pela infec¢do no pulmao com outros sitios no

hospedeiro utilizando-se tecnologias de alto desempenho;
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Comparar os perfis transcricionais de células leveduriformes de diferentes
membros do complexo Paracoccidioides, p6s infeccao.

Analise protedomica de células leveduriformes de Paracoccidioides derivadas de
pulmao de modelos experimentais;

Avaliacdo da relagdo transcrito/proteina de Paracoccidioides durante infecgao
no pulmao.

Andlises bioquimicas de enzimas chave de processos metabolicos encontradas

induzidas durante a infec¢ao no pulmao através de ensaios enzimaticos
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Abstract

Zinc plays a critical role in a diverse array of biochemical processes. However,
excess of zinc is deleterious to cells. Therefore, cells require finely tuned homeostatic
mechanisms to balance uptake and storage of zinc. There is increasing evidence for the
importance of zinc during infection. In order to better understand how
Paracoccidioides adapts to zinc deprivation we compared the two-dimensional (2D) gel
protein profile of yeast cells during zinc starvation to that of zinc rich condition. Protein
spots were selected for comparative analysis based on the protein staining intensity as
determined by image analysis. A total of 423 out of 845 protein spots were determined
to have changed significantly in abundance due to zinc depletion. A correlation between
protein and transcript levels was also discovered using quantitative RT-qPCR analysis
from RNA of Paracoccidioides under zinc restricting conditions. According to
proteomic data, Paracoccidioides may experience a stress when in zinc-deficient
condition, as suggested by the up regulation of a number of proteins related to stress
response, cell rescue and virulence. Other process induced by zinc deprivation seems to
be gluconeogenesis. On the other hand the methylcitrate cycle seems to be
downregulated. Overall the results indicate a remodeling of Paracoccidioides response

to a probable oxidative stress induced during zinc deprivation.

Keywords: Paracoccidioides, zinc deprivation, proteomic analysis



1. Introduction

Zinc is an essential nutrient because it is a required cofactor for many enzymes
and transcription factors and like other metals, it is both vital in trace amounts and toxic
at high concentrations (Finney and O’Halloran 2003). Zinc homeostasis is maintained
by transcriptional and posttranslational homeostatic regulatory mechanisms (Eide 2003;
Lyons et al. 2000). In Saccharomyces cerevisiae, the best studied organism for zinc
homeostasis, the uptake of this micronutrient is mediated by two systems; a high-
affinity system, that is active in zinc-limited conditions (Zhao and Eide 1996a) and a
lower affinity uptake system, that is not highly regulated by zinc concentrations (Zhao
and Eide 1996b). The expression of the high-affinity zinc transporter Zrt1p and the low-
affinity zinc transporter Zrt2p is regulated by the transcription factor Zap1p, which
plays a central role in zinc homeostasis (Zhao and Eide 1997). ZAP1 encodes a
transcriptional activator with seven carboxy-terminal C,H; zinc finger domains and two
amino terminal activation domains. Rutherford and Bird (2004), reported that under
conditions of limited zinc in S. cerevisiae Zap1p induces the expression of genes coding
for the transporters Zrtlp and Zrt2p. A second mechanism in S. cerevisiae regulates zinc
transporter activity at a post-translational level. In zinc-limited cells, Zrt1p is a stable
plasma membrane protein. Exposure to high levels of extracellular zinc triggers a rapid
loss of Zrt1p uptake activity and protein. This inactivation occurs through zinc-induced
endocytosis of the protein and its subsequent degradation in the vacuole (Gitan et al.
1998).

Aspergillus fumigatus presents three genes encoding for zinc transporters,
belonging to the ZIP family, whose expression is regulated by both pH and the
environmental concentration of zinc (Amich et al. 2010). The ZRFA and ZRFB genes of
A. fumigatus are transcribed at higher levels and are required for fungal growth under
acidic zinc-limiting conditions whereas they are dispensable for growth in neutral or
alkaline zinc-limited media (Amich et al. 2009; Amich et al. 2010). The transporter for
the zinc uptake system that functions in A. fumigatus growing in neutral or alkaline
environments is encoded by ZRFC (Amich et al. 2010). It seems that ZrfBp represents a
high-affinity zinc permease, since the cognate transcript was down regulated in high

zinc condition (Vicentefranqueira et al. 2005).



Paracoccidioides, a complex of several phylogenetic species (Carrero et al.
2008; Matute et al. 2006; Teixeira et al. 2009), is the causative agent of
paracoccidioidomycosis (PCM), a human systemic mycosis, prevalent in South America
(Restrepo et al. 2001). The fungus is thermo dimorphic, that is, it grows as a yeast-like
form in host tissues or when cultured at 35 - 37 °C, and as mycelium in saprobe
condition or when cultured at room temperature (Brummer 1993). After penetrating the
host, Paracoccidioides differentiates into the yeast form, a fundamental step for the
successful establishment of the disease (San-Blas et al. 2002). Temperature-dependent
cellular differentiation to the parasitic yeast cell takes place in the lungs. From the
primary pulmonary infection site, the fungus eventually disseminates to other organs by
hematogenic and/or lymphatic routes (Brummer 1993).

Scrutiny of the Paracoccidioides genome at

(http://www.broad.mit.edu/annotation/genome/Paracoccidioides_brasiliensis/MultiHom

e.html) revealed that it actually has orthologues to zinc transporters described in S.
cerevisiae that are localized in the plasmatic, vacuolar and endoplasmic reticulum
membranes (Silva et al. 2011). Importantly, genes encoding to zinc transporters of the
ZIP family, with homology to S. cerevisiae Zrtlp or Zrt2p, are present in the
Paracoccidioides genomic database (Silva et al. 2011), whose transcripts could be
addressed by transcriptional analysis of Paracoccidioides yeast cells after incubation in
human blood and plasma (Baildo et al. 2006, 2007). Paracoccidioides isolate Pb01 has
two vacuolar membrane zinc transporters, encoded by the ZRC1 and COT1 genes,
whereas isolates Pb03 and Pb18 contain only the COT1 homolog. An orthologue to the
transcription factor Zaplp of S. cerevisiae is also present in the three Paracoccidioides
isolates. Therefore, zinc assimilation in Paracoccidioides may be similar to that of S.
cerevisiae (Silva et al. 2011). The ZRT2 transcript, but not ZRT1, was highly expressed
in neutral to alkaline pH during zinc depletion, as observed to the A. fumigatus ZRFC,
suggesting that expression of this gene may be regulated by both zinc and pH in
Paracoccidioides (Baildo et al. 2012).

Studies have shown that zinc is an essential micronutrient for the proliferation of
pathogenic fungi. In this way, it has been demonstrated that zinc deprivation is a host
defense mechanism utilized by macrophages during Histoplasma capsulatum infection

(Winters et al. 2010). It was demonstrated that GM-CSF activated macrophages reduce



intracellular zinc concentration upon H. capsulatum infection in order to kill the
pathogen (Winters et al. 2010). A novel zinc acquisition system was described in
Candida albicans during endothelial cell invasion. Analogous to siderophore-mediated
iron acquisition, C. albicans utilizes an extracellular zinc scavenger for acquiring this
essential metal. The system is composed of a secreted protein encoded by the gene
PRA1 and a transporter encoded by ZRT: C. albicans secretes the scavenger protein (a
‘‘zincophore’’), Pralp. This component binds host cellular zinc. Pralp then reassociates
with the fungal cell via a membrane transporter (Zrtlp) to deliver its zinc load. Deletion
of PRAL prevented utilization of host zinc and damage of host cells in the absence of
exogenous zinc (Citiulo et al. 2012). In Cryptococcus gattii the zinc finger protein
Zaplp, induced by zinc deprivation, was functionally characterized. Inactivation of
ZAP1 compromises the growth of the fungus under zinc limited conditions and reduces
C. gattii virulence in a murine model of cryptococcosis infection (Schneider et al.
2012).

Due to the relevance of micronutrients to fungal homeostasis and pathogenesis,
our group had previously employed proteomic approaches to study the
Paracoccidioides response to metals starvation. Parente et al. (2011) demonstrated that
iron deprivation promotes an increase in the amount of proteins of the glycolytic
pathway, while the proteins of the tricarboxylic acid, glyoxylate and methylcitrate
cycles, and electron transport chain decreased in abundance under iron limiting
conditions. These data suggest a remodeling of Paracoccidioides metabolism by
prioritizing iron independent pathways. To address the question of what proteins and
processes are important for Paracoccidioides in a zinc-limited condition, we utilized
2D gel electrophoresis coupled to mass spectrometry to identify proteins sensitive to
low zinc levels. We discovered 423 differentially regulated proteins/spots and from
those, 157 were identified. From the analyzed proteins 55 were induced and 56 were
repressed in response to zinc starvation, rendering an integrated view of metabolic and
cellular processes reorganization during zinc deprivation. A view of the metabolic cell
shape, as determined by proteomics, reflected a shift in the cells metabolism during zinc
deprivation, as suggested by the increase in oxidative stress response, gluconeogenesis

and repression of methylcitrate cycle.



2. Materials and methods

2.1. Paracoccidioides isolate and growth conditions

Paracoccidioides, Pb 01 (ATCC MY A-826), was used in all experiments. The
yeast phase was maintained in vitro by subculturing at 36 °C in Fava Netto’s semisolid
medium [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) NaCl, 4% (w/v) glucose, 1.2% (w/v) agar, pH 7.2]
every 7 days.

2.2. Zinc depletion experiments

For the experiments of intra and extracellular zinc depletion Paracoccidioides
yeast cells were incubated in McVeigh/Morton medium (MMcM) (Restrepo and
Jiménez 1980) in the presence and absence of zinc, as following. Zinc depleted medium
was prepared without the addition of ZnSO4 and supplemented with the zinc chelator
N,N,N _,N_-tetrakis (2-pyridyl-methyl) ethylenediamine (TPEN 0.05 mM; Sigma
Aldrich, Co., St. Louis, MO). Cultures were allowed to grow at 36 °C, 150 rpm, and the
number of viable cells was determined at each specific time interval (1, 2, 3, 4, 6, 8 and
24 h) by counting living cells using trypan blue as vital dye. Viability results were used
to determine the time of cells exposure to zinc starvation for proteomic assays.

To obtain protein extracts, yeast cells were prepared by inoculating 50 mL of
Fava Netto’s liquid medium with 10® cells/mL of Paracoccidioides. Cultures were
maintained at 36 °C under gentle shaking for 72 h. Thereafter, the culture was
centrifuged and the cells washed in sterile phosphate buffered saline solution 1 X (PBS;
1.4 mM KH,PO4, 8 mM Na,HPOy4, 140 mM NaCl, 2.7 mM KCI; pH 7.3), and then
resuspended in modified MMcM culture medium (Restrepo and Jiménez 1980) and
maintained 18 h at 36 °C under agitation. Cells were centrifuged at 5000 X g for 5 min
and washed in PBS 1X. After, 2 x 10° cells were introduced into MMcM medium
supplemented with zinc chelate-specific TPEN (Sigma Aldrich, Germany) at a
concentration of 0.05 mM. The cultures were incubated for 6 and 24 h upon deprivation
of zinc under gentle shaking at 36 ° C. For the control, yeast cells of Paracoccidioides
were incubated in MMcM medium containing 0.03 mM of ZnSO,, for 6 and 24 h. In



order to obtain RNA to quantitative RT-qPCR analysis, cells were incubated as
described above for 3, 6 and 24 h.

2.3. Preparation of protein extracts

Yeast cells were collected at 6 and 24 h of zinc deprivation and submitted to
total protein extraction. The cells were centrifuged at 10.000 X g for 15 min at 4 °C and
disrupted by vigorous mixing with glass beads in a solution containing 20 mM Tris-
HCI, pH 8.8, 2 mM CaCl, (Fonseca CA et al. 2001) and a mixture of nuclease and
protease inhibitors (serine, cysteine and calpain) (GE Healthcare, Uppsala, Sweden).
After centrifugation the supernatant was collected and the protein concentrations were
determined using the Bradford reagent (Sigma Aldrich), using bovine serum albumin

(BSA) as a standard (Bradford 1976). The samples were stored in aliquots at - 80 °C.

2.4. Two-dimensional gel electrophoresis

This experimental step was performed as previously described (Parente et al.
2011; Rezende et al. 2011). Briefly, protein samples (300 pg) were treated with 2-D
Clean-up Kit (GE Healthcare) following the procedure recommended by the
manufacturer. The precipitate was solubilized in a rehydration buffer {7 M urea, 2 M
thiourea, 2% (w/v) [(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 65mM dithiothreitol (DTT), 0.5% (v/v) ampholyte-containing buffer (IPG)
and 0.001% (w/v) bromophenol blue]. This solution was then applied onto immobiline
nonlinear Dry Strips pH 3—11 (13 cm long) (GE Healthcare). Subsequently, the IPG
strips were rehydrated for 14 h (30 V) using the Ettan IPGphor III Isoelectric Focusing
System (GE Healthcare). The isoelectric focusing was performed with a limiting current
of 50 pA/strip under the following steps: 500 V for 1 h; 500-1000 V for 1 h; 1000-8000
V over 12 h and 30 min and 8000 V for 2 h and 30 min. IPG 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 [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]. The second dimension electrophoresis was performed in a Hoefer
SE 600 electrophoresis (GE Healthcare) system at 15 °C at 100 V for 1 h, followed by

200 V until the indicator reached the bottom of the gel. Proteins were stained using



Coomassie brilliant blue (PlusOne Coomassie Tablets PhastGel Blue R-350, GE

Healthcare) according to the manufacturer’s instructions.

2.5. 2D-gel image analysis

Gel images were produced using the Image Scanner III (GE Healthcare). The
relative determination of the spot volumes was performed with the Image Master
Platinum 6.0 software (GE Healthcare). To refine automatic spot matching, mismatched
spots were corrected manually. To compare the proteins with multiple isoforms, the
sum of the percentage of the volumes, relative to the total protein, of each isoform was
first obtained in triplicate. The sum of the percentage of volumes for the proteins was
used for statistical analysis, which was performed to determine the significant
differences in expression profiles. One-way ANOVA (Statistics software version 7.0
Statsoft Inc. 2005) was used to compare the differences in the mean spot volume.
Differentially accumulated proteins with p < 0.05 were considered statistically

significant and were selected to mass spectrometry analysis.

2.6. In-gel digestion

This experimental step was performed as previously described (Parente et al.
2011; Rezende et al. 2011). Briefly, protein spots were manually excised from the 2D-
gel. The gel pieces were dehydrated in acetonitrile (ACN) and dried in a speed vacuum.
The gel pieces were then reduced (10 mM DTT) and alkylated (55 mM iodoacetamide).
The supernatant was removed, and gel pieces were dehydrated with solution containing
25 mM ammonium bicarbonate/50% (v/v) ACN solution. The gel pieces were dried,
and a 10ng/uL trypsin solution (sequencing grade modified trypsin, Promega, Madison,
WI, USA) was added, followed by rehydration on ice at 4 °C for 10 min. After the
supernatant is removed, 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. A solution containing ACN [50% (v/v)], trifluoroacetic
acid (TFA) [5% (v/v)] was added to the gel pieces. The samples were mixed for 10 min,
sonicated for 3 min and combined 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 uLL. of MALDI matrix solution
[10 ng/mL alphacyano-4-hydroxycinammic acid in 50% (v/v) ACN and 5% (v/v) TFA].
Concentration and purification steps were added by using a pipette tip with a bed of
chromatographic media (ZipTips® C18 Pipette Tips, Milipore, Bedford, MA, USA)

prior to mass spectrometry (MS).

2.7. Mass spectra analysis

MALDI-MS and MALDI- MS/MS were performed using a MALDI Synapt
MS™ gpectrometer (Waters-Micromass, Manchester, UK) and UltraFlex II1 MALDI-
TOF/TOF mass spectrometer (Bruker, Bremen, Germany). All spectra were obtained in
positive reflector mode. Mass spectrometric data analysis was performed using
Masslynx 4.0 software (Waters-Micromass, Manchester, UK) and Flex Analysis
(Bruker Daltonics version 2.4) softwares. Protein identification was performed as
previously described (Rezende et al. 2011). Briefly, the monoisotopic peak lists were
submitted using an in-house Mascot server (Version 2.1.04, Matrix Sciences, London,
UK) to identify candidate proteins. For the MS data the following parameters were
selected: only tryptic peptides with up to one missed cleavage site were allowed;
carbamidomethylcysteine as a fixed modification and oxidized methionine as a variable
modification. For the MS data, a mass tolerance of 25-100 ppm was used and 0.2-0.6
Da for MS/MS fragment ions. 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 identified on
the basis of the PMFs, validating the identifications.

The ORF sequences of identified proteins were analyzed by using the Pedant-
Pro Sequence Analysis Suite of Biomax GmbH (http://pedant.gsf.de.) and all identified

proteins were categorized according Functional Catalogue (FunCat2).

2.8. RNA extraction, cDNA synthesis and RT-qPCR

These experiments were performed as previously described (Rezende et al.
2011). Briefly, the cells were disrupted by vigorous mixing with glass beads for 10 min
in the presence of Trizol (GIBCO™lInvitrogen Corporation) according to the

manufacturer's instructions. The cDNAs were prepared using the high capacity RNA-to-



cDNA kit (Applied Biosystems, Foster City, CA, USA). Quantitative RT-PCR analysis
was performed on a StepOnePlus™ real-time PCR system (Applied Biosystems, Foster
City, CA, USA). PCR thermal cycling was performed at 40 cycles of 95°C for 15 s
followed by 60°C for 1 min. The data were normalized with transcript encoding a-
tubulin amplified in each set of qRT-PCR experiments. A nontemplate control was also
included to elimate contamination or nonspecific reaction. Samples of each cDNA were
pooled and serially diluted 1:5 to generate a relative standard curve. Relative expression
levels of the genes of interest were calculated using the standard curve method for
relative quantification (Bookout et al. 2006). The oligonucleotides used in the real-time

PCR analyses are listed in Table S1 (see “Supplementary information”).

3. Results

3.1. Expression of Paracoccidioides zinc acquisition genes during zinc starvation

To investigate the transcriptional profile of zinc responsive genes in
Paracoccidioides we used real-time RT-qPCR. The analyzed genes included the
Paracoccidioides orthologues to zinc transporters ZRT11land ZRT2 (Fig 1 and Table S1,
see “Supplementary information”). Although the two orthologues for zinc transporters
were induced upon zinc deficiency from 3 h to 24 h treatments, a higher induction in
expression was observed for ZRT2 at 6 h and 24 h of zinc deprivation, with induction
values higher than 20 fold (Fig 1). The zinc transporter ZRT1 presented 10 fold
induction at 24 h of zinc deprivation. From these results, times of 6 h and 24 h were

chosen for protein extraction and proteomic analyzes.

3.2. 2D-gel analysis of Paracoccidioides during zinc starvation

Using trypan blue staining it was observed that around 90% of the cells
remained viable up to 24 h upon zinc deprivation (data not shown). Two-dimensional
gel analysis was used to separate cytosolic fungal proteins while image analysis allowed
for the quantification of proteins/isoforms. Three independent experiments generate
three replicates which included: 6 h control, 6 h in zinc depletion 24 h control and 24 h
in zinc depletion (Fig 2A-D, respectively).Using the gel image software a total of 845

spots were successfully matched between control yeast cells and zinc depletion
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conditions (Fig 2 and Fig S1, see “Supplementary information”). Statistical analysis
revealed that 127 and 296 proteins/isoforms were differentially accumulated in 6 and 24
h, respectively of zinc deprivation, yielding a total of 423 differentially regulated

proteins/isoforms (Fig S1, see “Supplementary information™).

3.3. Identification of zinc-regulated proteins

In order to determine the identities of the differentially regulated protein spots
in-gel digestion using trypsin was performed followed by MS analysis. Mass
spectrometry analysis followed by protein database sequence matching resulted in the
identification of 157 differentially expressed proteins/isoforms (Fig 2, Fig S1 and Table
S2, see “Supplementary information”). One hundred and twenty proteins/isoforms were
identified by peptide mass fingerprinting (PMF) and confirmed by MS/MS analysis
while 37 of protein/isoforms spots yielded identification by PMF. All the spots
identified are depicted in Table S2 (see “Supplementary information”). GenBank
general information identifiers (gi), PMF and MS/MS mascot scores, protein molecular
mass, and isoelectric points (pl) of each spot are also listed in Table S2 (see
“Supplementary information™).

3.3.1. Proteins induced in zinc starvation conditions

Some proteins were detected in more than one spot. To further improve the
understanding of the differentially regulated proteins and characterize global abundance
of the proteins, composite expression profiles were generated by summing percentage of
the volumes of all isoforms to each protein.

The categorization of the proteins preferentially expressed upon zinc depletion
in comparison to the control condition allowed identifying a total of 55 proteins (Table
1). Paracoccidioides induced proteins were mainly those involved in cell rescue,
defense and virulence, representing a total of 18 proteins, corresponding to 33% of the
identified induced proteins (Fig. S2, see “Supplementary information”). In this
functional category of induced proteins figure components of the antioxidant response
such as thioredoxin, glutathione reductase, glutathione synthetase , disulfide isomerase,
Y20 and mitochondrial peroxiredoxin, all induced upon 24 h of zinc deprivation,

ranging in fold change from 1.58 to 3.17. Additionally, eleven proteins, belonging to the
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heat shock protein family were over expressed, mainly following zinc limitation upon
24 h (Table 1).

Enzymes of gluconeogenesis including phosphoenolpyruvate carboxykinase,
phosphoglycerate kinase, glyceraldehyde-3-phosphate dehydrogenase and fructose-
bisphosphate aldolase were up regulated. The increased regulation was mainly at 24 h of
zinc deprivation (Table 1). Enzymes of the metabolism of amino acids such as aspartate
aminotransferase and delta-1-pyrroline-5-carboxylate dehydrogenase were induced at
24 h of zinc deprivation (Table 1).

It is summarized in Fig 3 some aspects of the metabolism presumed to be
induced at 24 h of zinc deprivation, as suggested by proteomic analysis. Proline and
arginine can be converted to glutamate by the action of the enzyme delta-1-pyrroline-5-
carboxylate dehydrogenase. The formed glutamate can be used for the synthesis of
glutathione through the action of the enzyme glutathione synthetase. The peroxiredoxin
metabolizes hydrogen peroxide in a reaction in which residues in the enzyme molecule
become oxidized, requiring thioredoxin to reduce the molecule back to the active state.
Thioredoxin, in turn, requires thioredoxin reductase to be restored to its active, reduced

state (Wu et al. 2009).

3.3.2. Proteins with decreased expression upon zinc deprivation

The categorization of the proteins repressed during zinc starvation allowed
identifying a total of 56 proteins (Table 2), ranging in fold change from 1.17 to 7.93. At
6 h of zinc deprivation, some antioxidant proteins such as glutathione reductase, Y20
and peroxisomal catalase were repressed. It is important to note that glutathione
reductase and Y20 were induced at 24 h, as described above. Three Paracoccidioides
enzymes involved in the methylcitrate cycle were decreased in abundance following
zinc restriction. These enzymes were aconitase, 2-methycitrate dehydratase and 2-
methylcitrate synthase. Also, the enzyme alcohol dehydrogenase, involved in
fermentation, was downregulated in yeast cells upon zinc deprivation (Table 2).

Enzymes of the amino acids metabolism were also decreased in abundance
during zinc starvation, mainly those involved with metabolism of valine and isoleucine,
such as the acetolactate synthase and methylmalonate-semialdehyde dehydrogenase

(Table 2). This regulation occurs at 6 h of zinc deprivation.
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The proteins acetyl-coA acetyltransferase, short chain dehydrogenase and
peroxisomal multifunctional enzyme, related to lipid metabolism, were decreased in

abundance during zinc deprivation.

3.4. The correlation between the proteomic and transcriptional data

In order to validate the significance of our proteomic results we next sought to
determine if changes in protein levels could be correlated with changes in transcript
levels. We determined that the differences observed in proteomic assay are in agreement
with transcriptional findings, using quantitative RT-PCR to measure isocitrate lyase
(ICL), citrate synthase (CS), peroxisomal catalase (CATP) and alcohol dehydrogenase
(ADH), transcripts (Fig 4). Protein and transcript levels of ADH and CATP decreased
during upon zinc limitation, as depicted in Fig 4 and Table 2. The CS and ICL transcript

levels were increased and also correlated with protein levels (Fig 4 and Table 1).

4. Discussion

It is know that a component of the cellular response to zinc deprivation operates
through the induction of a number of transcripts (Amich et al. 2010; Zhao and Eide
1996a; Zhao and Eide 1996b). Under zinc restriction it was observed the induction of
Paracoccidioides orthologues for zinc dependent transcripts. The results obtained by
RT-qPCR using cDNAs derived from yeast cells of Paracoccidioides grown in zinc
deprived medium, demonstrated that gene expression of PbZRT2 was over induced in
cells grown upon zinc deprivation, suggesting that Zrt2p behaves as a high-affinity
transporter. Baildo et al. (2012) demonstrated that the ZRT2 transcript, but not ZRT1,
was highly expressed in neutral to alkaline pH during zinc depletion, as observed to the
A. fumigatus ZRFC, suggesting that expression of this gene may be regulated by both
zinc and pH in Paracoccidioides.

We analyzed the proteome of Paracoccidioides yeast cell upon zinc deprivation.
The proteome analysis resulted in the identification of 157 proteins. Out of those, 19
proteins were detected in more than one spot and 9 of them were observed in repressed
and induced forms, at different times of zinc deprivation. The descriptions here

presented, although not exhaustible, provide the first information of Paracoccidioides

13



behavior during zinc deprivation. Our results demonstrated the over expression of
proteins related to stress response in zinc starvation conditions. Reactive oxygen species
(ROS), including the superoxide anion, hydrogen peroxide (H,0,), and hydroxyl
radical, can cause various types of biological damage. Zinc deficiency is associated
with high steady-state levels of nitric oxide (NO) and H,O, in rat adrenal medulla PC12
cells, H,O, in human IMR-32 neuroblastoma cells (Mackenzie et al. 2006), and NO in
the rat glioma C6 cells (Ho and Ames 2002). Additionally, studies both in vitro and in
vivo have established that zinc deficiency leads to increased oxidative stress in
mammalian cells (Wu et al. 2009). It was also demonstrated that yeast cells of S.
cerevisae experience oxidative stress when grown under low zinc conditions (Wu et al.
2007). The S. cerevisiae Zaplp activates expression of the TSAL gene, encoding for a
cytosolic peroxiredoxin, which metabolizes H,O, (Rhee et al., 2005). Cysteine residues
in Tsalp become oxidized during this reaction and require thioredoxin to be reduced
back to their active state. Thioredoxin, in turn, requires thioredoxin reductase to be
restored to its active, reduced state (Wu et al. 2009). According to the proteomic
analysis here presented, the proteins thioredoxin, glutathione reductase, peroxiredoxin
and thioredoxin reductase were induced upon zinc deprivation strongly suggesting that
Paracoccidioides experienced oxidative stress induced by zinc deprivation. Genes and
proteins have been identified to be related to oxidative stress in Paracoccidioides: the
activation of the antioxidant defense mediated by the enzymes catalase, superoxide
dismutase (SOD), peroxiredoxin, cytochrome C peroxidase, glutathione and thioredoxin
have been described, indicating that Paracoccidioides uses several antioxidant systems
to combat ROS (Campos et al. 2005; Chagas et al. 2008; Dantas et al. 2008).

Molecular chaperones are conserved and abundant proteins that guard the
conformational homeostasis of proteins (Hartl 1996). They maintain signaling, regulate
proliferation, differentiation and apoptotic pathways (Soti et al. 2005). Chaperones (or
stress proteins) confer cytoprotection and assure survival upon various stresses. In this
study 15 proteins of Paracoccidioides, including isoforms, belonging to the heat shock
protein family were altered in abundance following zinc limitation. This result could be
an indication of the involvement of chaperones in protecting the fungus of the stress

generated by zinc deprivation.
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Zinc deficiency leads to increased oxidative stress, as cited above. Under long
term oxidative stress the fungi Aspergillus niger reduce the glucose uptake (Li et al.
2008). In this way, it has been observed that enzymes of the gluconeogenesis pathway,
such as phosphoenolpyruvate carboxykinase and phosphoglycerate kinase were induced
in response to the probable oxidative stress caused by zinc deprivation in
Paracoccidioides.

Three Paracoccidioides enzymes involved in the methylcitrate cycle were
decreased in abundance following zinc restriction. The methylcitrate cycle is a system
that provides an alternative source of carbon through pyruvate production (Bramer et al.
2002). One of the major pathways for propionyl-CoA metabolism is the methylcitrate
pathway. Propionyl-CoA is generated by the breakdown of odd-chain fatty acids and of
the amino acids valine and isoleucine (Fleck and Brock 2008). According to the
proteomic analysis here presented, it is observed a reduction on the expression of the
enzymes involved to metabolism of valine and isoleucine , as well as enzymes of the
and lipid metabolism, putatively reducing the production of propionyl-CoA. The data
add further support to the overall metabolic adjustment of Paracoccidioides under zinc
deprivation.

The alcohol dehydrogenase enzyme catalyzes the oxidation of ethanol to
acetaldehyde. This enzyme is zinc-dependent and it is highly expressed in zinc-replete
cells but is repressed in zinc-deficient cells of S. cerevisiae (Bird et al. 2006). We have
demonstrated that alcohol dehydrogenase is down-regulated during zinc starvation in
Paracoccidioides, suggesting again that differential gene expression aid in the
adaptation of Paracoccidioides to zinc deficiency.

Proteomic analysis of Paracoccidioides revealed that the major cellular response
affected by zinc restriction was related to oxidative stress response. Our data suggest
also that cell rescue, defense and virulence, was the most favored pathway during zinc
deprivation. Our results provide the first view of Paracoccidioides proteome response

to zinc starvation
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Table 1: Paracoccidioides proteins with increased expression upon 6 and 24 h of zinc starvation and their predicted biological function-FunCat2"

Average of Average of
Number of amount of amount of ANOVA
Accession number?/Protein description Time” isoforms in isoform isoform t Fold Change®
S . : (p-value)
Paracoccidioides abundances in zinc abundances in
starvation® control®
Cell rescue, defense and virulence
£i[295670221 - Thioredoxin 24h 1 0.52 ** ** **
2i|295664022 - Glutathione reductase 24 h 1 0.19 0.12 0.033 1.58
2i|295674755 - Glutathione synthetase 24 h 1 0.07 0.04 0.006 1.61
€i295661107 - Thioredoxin reductase 24 h 1 0.16 *ok *ok *ok
2i|295668244 - Mitochondrial peroxiredoxin PRX1 24 h 1 0.08 *k *E *K
2i[17980998 - Y20 protein 24 h 1 0.89 0.28 0.001 3.17
£i|295673162 - Disulfide isomerase Pdil 24h 1 0.94 0,33 0.003 2.83
2i|295658865 - Heat shock protein 6h 1 0.14 *x ** **
gi|4164594 - Heat shock protein 70 6h 1 1.75 1.51 0.044 1.16
2i[14538021 - Heat shock protein 70 24 h 3 2.43 0.94 0.0012 2.58
2i|295659116 - Hsp70-like protein 6h 1 0.14 *E *ok ok
2i[295673716 - Hsp70-like protein 24 h 2 1.06 0.53 0.0014 2.00
£i[295659116 - Hsp70-like protein 24 h 3 1.68 1.0 0.0013 1.68
2i[14538021 - Heat shock protein 70 24 h 1 0.63 0.20 0.046 3.19
2i|295671569 - Heat shock protein SSC1 6h 2 0.20 *x *x **
2i|295659837 - Heat shock protein SSB1 24h 1 0.11 0.09 0.020 1.81
g1|295659787 - Heat shock protein Hsp88 24 h 2 0.99 0.61 0.0052 1.64
£1295665077 - Hsp90 binding co-chaperone (Sbal) 24 h 2 0.25 0.11 0.00005 2.32
Protein synthesis and Fate
£1295657024 - Puromycin-sensitive aminopeptidase 6h 1 0.06 ok ok ok
2i|295669794 - Elongation factor Tu 6h 1 0.08 *E HE ok
£i|295675019 - Elongation factor 2 24 h 2 0.37 0.28 0.001 1.34
€i295674319 - Polyadenylate-binding protein 6h 1 0.05 *ok *ok *ok
gi295660511 - Glycyl-tRNA synthetase 24 h 1 0.07 *ok *ok Hok
Glycolysis and Gluconeogenesis
2i|295671152 - Phosphoglucomutase 24h 1 0.22 0.04 0.013 5.54
£i|295658119 - Glyceraldehyde-3-phosphate dehydrogenase 24 h 3 3.95 2.14 0.0061 1.85
2i|295669690 - Phosphoglycerate kinase 24 h 1 0.37 0.25 0.032 1.50
g1295671120 - Fructose-1,6-bisphosphate aldolase 24 h 2 0.33 0.19 0.05 1.73
g1|295658778 - Phosphoenolpyruvate carboxykinase 24 h 1 0.13 0.05 0.000 2.59
Citric acid cycle
£i[295658897 - Citrate synthase 24 h 3 0.39 0.10 0.0008 3.84
2i|295669416 - 2-oxoglutarate dehydrogenase E1 6h 1 0.16 oK 0.018 1.86
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2i|295669416 - 2-oxoglutarate dehydrogenase E1
2i|295658595 - Pyruvate dehydrogenase E1 component
subunit alpha

Glyoxylate cycle

21295660969 - Isocitrate lyase

Oxidation of fatty acids

21295665123 - Aldehyde dehydrogenase
Carbohydrate metabolism

21295672968 - Phosphomannomutase

£1295663567 - 6-phosphogluconolactonase
2i|295661432 - UTP-glucose-1-phosphate-uridylyltransferase
Nucleotide metabolism

2i|295672652 - Bifunctional purine biosynthesis protein
ADEL17

Amino acid and nitrogen metabolism
2i|295669240 - Kynurenine-oxoglutarate transaminase
2i|295669670 - Adenosylhomocysteinase
£i|295667902 - Aminomethyltransferase

£i|226294930 - Ketol-acid reductoisomerase
21295658698 - Fumarylacetoacetase

g1|295665131 - Delta-1-pyrroline-5-carboxylate
dehydrogenase

2i|295662426 - Aspartate aminotransferase

Lipid, fatty acid and isoprenoid metabolism
2i|295657225 - Peroxisomal multifunctional enzyme
2i|295668707 - Acetyl-CoA acetyltransferase
2i|295664927 - ATP-citrate-lyase

£i|295664927 - ATP citrate lyase

Metabolism of vitamins, cofactors and prosthetic groups

2i|295657369 - Nicotinate-nucleotide pyrophosphorylase
£i|295660716 - UDP-galactopyranose mutase
Protein/peptide degradation

2i|295666766 - vacuolar aminopeptidase

Cell growth / morphogenesis

£i|295657091 - Tropomyosin-1

21295673184 - Actin-interacting protein

Unclassified Proteins

21295661500 - Conserved hypothetical protein

24h
24 h

24 h

24 h

24 h
24 h
6h

24h

6h
6h
24 h
24h
24 h

24 h
24 h
6h
24 h

6h
24h

24h
24h

24h

6h
24 h

24 h

0.41
0.31

0.25

1.22

0.25
0.15
0.14

0.37

0.16
0.19
0.10
0.19
0.19
0.07

0.16
0.14
0.32
0.17
0.26

0.25
0.18

0.04

0.26
0.23

0.11

0.17
0.20

0.11

0.15

0.05
0.08

&k

0.17

ek

0.07
0.05

*%
0.15
kk

kK

&k

0.20
0.05
0.17

0.13
0.10

3k

3k
*3k

0.07

0.003
0.002

0.001

0.0002

0.000
0.016

sk

0.004

sk

0.033
0.014

*%
0.028

sk

kK

sk

0.002
0.003
0.011

0.011
0.046

3k

3k
k3

0.016

242
1.60

2.36

8.25

4.74
1.87

kK

2.17

ek

2.67
1.96

*%
1.30

ek

kK

&k

1.58
3.31
1.50

1.88
1.69

dk

3k
*%k

1.62

**Spots visualized only in zinc-starvation condition;



*GenBank general information identifier;

°Time of exposure to zinc starvation;

“Number of identified isoforms of protein in Paracoccidioides. Pb01 during zinc starvation

4°The average of amount of values of abundances of all identified isoforms used to statistical test

5 < 0.05 was used to considerer statistically significant differences

9Fold change increase in protein expression in zinc starvation.

*Functional classification by FunCat2 (http://pedant.helmholtzmuenchen.de/pedant3htmlview/pedant3view?Method=analysis&Db=p3_r48325 Par brasi Pb01)
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Table 2: Paracoccidioides proteins with decreased expression upon 6 and 24 h of zinc starvation and their predicted biological function-FunCat2'

Average of Average of
Number of amount of amount of ANOVA
Accession number?/Protein description Time® isoforms in isoform isoform Fold Change®
Paracoccidioides* abundances in zinc abundances in (p-value)t
starvation® control®
Cell rescue, defense and virulence
£i[295664022 - Glutathione reductase 6h 1 0.19 0.34 0.024 1.83
2i|225681400 - Peroxisomal catalase 6h 1 0.12 0.21 0.027 1.69
2i|295662873 - Mitochondrial co-chaperone GrpE 6h 1 0.13 0.30 0.003 2.35
2i|295673162 - Disulfide isomerase Pdil 6h 1 0.22 0.36 0.013 1.66
2i/17980998 - Y20 protein 6h 1 0.80 1.31 0.025 1.64
2i|295672932 - 30 kDa heat shock protein 6h 1 0.29 0.59 0.03 2.02
£i|295672932 - 30 kDa Heat shock protein 24 h 2 0.49 0.88 0.00072 1.80
2i|295658865 - Heat shock protein 24h 2 0.06 0.13 0.009 2.28
21295664909 - 10 kDa heat shock protein. mitochondrial 24 h 1 ok 0.52 ok ok
Protein synthesis and Fate
£i[295663887 - 40S ribosomal protein S19 6h 1 0.45 0.90 0.007 2.01
2i|295663887 - 40S ribosomal protein S19 24 h 1 wx 0.47 wx HE
2i|295664112 - 40S ribosomal protein S22 24 h 1 wx 0.53 wx HE
Glycolysis and Gluconeogenesis
2i|295671120 - Fructosel,6-bisphosphate aldolase 6h 2 1.56 2.35 0.0054 1.5
€1295658119 — Glyceraldehyde 3-phosphate 6h 1 0.78 218 0.001 280
dehydrogenase
Citric acid cycle
€i|295673937 - Malate dehydrogenase 6h 1 0.36 0.77 0.004 2.12
2i[295664721 - Aconitase 24h 3 0.47 1.17 0.005 2.48
£i|295665542 - Osmotic growth protein 24h 1 0.10 0.28 0.029 2.7
Oxidation of fatty acids
2i|295665123 - Aldehyde dehydrogenase 6h 1 0.03 0.07 0.022 2.49
Carbohydrate metabolism
£1|295662360 - Mannitol-1-phosphate 5-dehydrogenase 6h 1 0.14 0.20 0.042 1.41
Nucleotide metabolism
21295666938 - Nucleoside diphosphate kinase 6h 1 0.82 0.52 0.001 3.12
g1|225681397 - Conserved hypotetical protein 24 h 1 ok 0.32 ok ok
Amino acid and nitrogen metabolism
21295661139 - Methylmalonate-semialdehyde 6h 1 011 0.23 0.005 215
dehydrogenase
2i|295662426 - Aspartate aminotransferase 6h 1 0.08 0.15 0.009 1.83
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2i|295674273 - Acetolactate synthase 6h
£i|295658312 - L-PSP endoribonuclease family protein

(Hmf1) 6h
21225678712 - Ketol-acid reductoisomerase 6h
21295674767 - 4-aminobutyrate aminotransferase 6h
2i|295668370 - Aminopeptidase 24 h
2i|225683481 - Cysteinyl-tRNA synthetase 24 h
€1|295672027 - Glycine dehydrogenase 24 h
g1|295668479 - Formamidase 24 h
Lipid, fatty acid and isoprenoid metabolism

£i|295668707 - Acetyl-coA acetyltransferase 6h
2i|295665414 - Short chain dehydrogenase family protein 6h
2i|295666179 - 2-Methylcitrate synthase 6h
g1295666197 - 2-Methylcitrate dehydratase 6h
g1|295657225 - Peroxisomal multifunctional enzyme 24 h
2i|295670601 - 3-hydroxyisobutyryl-CoA hydrolase 24 h

Metabolism of vitamins, cofactors and prosthetic groups
2i|295661741- 3-demethylubiquinone 9,3-

24h
methyltransferase
2i|295660455 - Pyridoxine biosynthesis protein PDX1 24 h
Protein/peptide degradation
€1|295657201 - Glutamate carboxypeptidase 6h
£i|295674421 - Ubiquitin carboxyl-terminalhydrolase 24h
£i|295660102 - Dipeptidyl- peptidase 24h
Transcription
£i|295665468 - Nucleic acid-binding protein 24h
Electron transport and membrane-associated energy conservation
2i|295658821 - ATP synthase subunit beta 6h
21295658923 - Citochrome b-c1 complex subunit 2 6h
£1295669073 - 12-oxophytodienoate reductase 24 h
Fermentation
2i|295674635 - Alcohol dehydrogenase 6h
2i|295674635 - Alcohol dehydrogenase 24 h
Phosphate Metabolism
2i|295672504 - Inorganic pyrophosphatase 6h
gi|295672504 - Inorganic pyrophosphatase 24 h
Signal transduction
£i[295662102 - Rab GDP-dissociation inhibitor 6h
Cytoskeleton/structural proteins
2i|295669061 - Arp2/3 complex subunit Arcl16 6h

—_— e = =

—_ = = e —

N —

0.04
0.17

0.27
0.03
0.08
0.02
0.05
0.75

0.09

3k

0.55
0.52

sk

0.06

0.20

ek

0.07
*%
0.20
0.33
0.22
0.12
0.56

0.44
0.37

0.19
0.041

0.13

0.13

0.12
0.34

0.38
0.02
0.13
0.03
0.10
1.21

0.24
0.15
1.10
0.82
0.09
0.11

0.39
0.09
0.11
0.03
0.28
1.01
0.32
0.16
0.96

0.81
1.0

0.25
0.32

0.29

0.18

0.031
0.006

0.014
0.047
0.025
0.05
0.009
0.020

0.002

*%

0.004
0.028

sk

0.013

0.019

ek

0.005
*%
0.039
0.00073
0.037
0.026
0.013

0.002
0.001

0.044
0.002

0.002

0.003

3.17
2.00

1.40
1.77
1.7
1.17
2.2
1.6

2.65

3k

1.99
1.58

sk

1.7

1.9

sk

1.69
1.4
3.10
1.48
1.42
1.7

1.85
2.7

1.32
7.93

2.24

1.42
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£i[295669061 - Arp2/3 complex subunit Arc16 24h 0.11 0.18 0.006 1.7
DNA synthesis and replication

£i|295660405 - Hypotetical protein 6h 0.41 0.76 0.011 1.8
Unclassified Proteins

£i|295673506 - Conserved hypothetical protein 24 h 0.10 0.21 0.008 2.0
£i|295659253 - Conserved hypothetical protein 24 h ** 0.21 ** *x

**Spots visualized only in zinc-replete condition;
*GenBank general information identifier;
°Time of exposure to zinc starvation;

“Number of identified isoforms of protein in Paracoccidioides. Pb01 in zinc replete conditions
4°The average of amount of values of abundances of all identified isoforms used to statistical test

fp < 0.05 was used to considerer statistically significant differences
9Fold change increase in protein expression in zinc availability.

"Functional classification by FunCat2 (http://pedant.helmholtzmuenchen.de/pedant3htmlview/pedant3view?Method=analysis&Db=p3_r48325 Par brasi Pb01)
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Fig 1. Quantification of the mRNA expression of selected genes of Paracoccidioides
by quantitative real time RT-PCR. Quantitative RT-PCR determined
Paracoccidioides transcript levels of ZRT1 and ZRT2 during zinc deprivation. Data
were normalized to the o-tubulin protein transcript and presented as fold change.
Student’s t test was used for statistical comparisons. Error bars represent standard

deviation from three biological replicates while * represents p < 0.05.
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Fig 2. 2D-gel analysis of Paracoccidioides proteins extracted from yeast cells grown in zinc depleted
media for 6 h (B) and 24 h (D). Gels A and C represent zinc rich conditions. Identified protein spots are

numbered and listed in table S2 (see “Supplementary information”).
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Fig 3. View of Paracoccidioides response to stress during zinc starvation revealed by proteomic
analysis. Schematic representation of proteins involved in Paracoccidioides stress response.

GSSG represents glutathione-oxidized.
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Fig 4. Validation of proteomic data by quantitative real time RT-PCR. Paracoccidioides transcript

levels of genes encoding isocitrate lyase (ICL), citrate synthase (CS), peroxisomal catalase (CATP) and
alcohol dehydrogenase (ADH) transcript levels were measured using quantitative RT-qPCR. Data were
normalized to the a-tubulin protein transcript and presented as fold change. Student’s t test was used for
statistical comparisons. Error bars represent standard deviation from three biological replicates while *

represents p < 0.05.
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Table S1: Oligonucleotides used in RT-qPCR

Oligonucleotide

Sequence

Accession number?

Tubulin sense

Tubulin anti-sense

5> ACAGTGCTTGGGAACTATACC 3’
5" GGGACATATTTGCCACTGCC 3’

PAAG_01647.1
PAAG_01647.1

Zrt] sense 5’ CTATCCGCTGTGTTCGTCAT 3’ PAAG_08727.1
Zrt] anti-sense 5 GGAGATGGATGAAAGCTGTG 3’ PAAG_08727.1
Zrt2 sense 5 GCAAAATCCCCCAATGGTAGT?’ PAAG 03419.1
Zrt2 anti-sense 5 GGGTAAGGCCGATTATGATAG3’ PAAG 03419.1
Alcohol dehydrogenase sense 5" ACCTTGTTGTGCTGGAGTAGA 3’ PAAG 06715.1
Alcohol dehydrogenase anti-sense 5 GGAGTCTGGAATCGGGGTG 3’ PAAG 06715.1
Isocitrate lyase sense 5> ATGGGAACCGACCTCCTGG 3’ PAAG 06951.1
Isocitrate lyase anti-sense 5" CGTTCTTGCCTGCTTGCTCA 3’ PAAG 06951.1
Citrate synthase sense 5> ACTGAGCACGGCAAGACGG 3’ PAAG 08075.1
Citrate synthase anti-sense 5" TTCCCAATGCACGGTCGATAA 3° PAAG_08075.1
Peroxisomal catalase sense 5> AGGTGCAGGAGCTTACGGTG 3’ PAAG 01454.1
Peroxisomal catalase anti-sense 5’ CCCAATTTCCTTGCTCGGTG 3° PAAG 01454.1

#Accession number — accession number of the protein identified in the database Broad Institute of MIT and Harvard:
(http://www .broadinstitute.org/annotation/genome/Paracoccidioides_brasiliensis/MultiHome.html)
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Table S2: Paracoccidioides identified protein upon 6 and 24 hours of zinc starvation

PMF MS/MS
Accession number?/Protein description nusrﬁgzrb Time®  geored fieoqv' Matched Expé'lléheo EXI\F/)I/\}_V igeo
(%)° Peptides

gi|295673162 - Disulfide isomerase Pdil 35 6h 195 49 14 4.44/4.80 63.67/59.31
gi|295673162 - Disulfide isomerase Pdil 32 24 h 265 55 4 4.53/4.80 69.67/59.3
2i[295664022 - Glutathione reductase 63 6h 154 44 15 8.42/6.74 50.83/51.96
21295664022 - Glutathione reductase 69 24 h 94 23 2 8.06/6.74 49.67/51.9
gi|295674755 - Glutathione synthetase 55 24 h 158 35 1 7.09/6.14 53.33/56.7
2i[295671569 - Heat shock protein SSC1 30 24 h 239 43 8 5.32/5.92 72.83/73.82
21295671569 - Heat shock protein SSC1 26 24h 168 49 12 5.12/5.92 74.33/73.82
gi|295671569 - Heat shock protein SSC1 29 24 h 175 59 7 5.21/5.92 73.0/73.82
21295671569 - Heat shock protein SSC1 16 6h 173 60 7 5.21/5.92 97.33/73.82
2i[295671569 - Heat shock protein SSC1 25 6h 98 65 6 4.99/5.92 76.0/73.82
2i[295671569 - Heat shock protein SSC1 34 24h 104 20 1 5.40/5.92 67.0/73.82
2i[295671569 - Heat shock protein SSC1 81 24h 86 16 2 5.69/5.92 44.67/73.8
2i[295671569 - Heat shock protein SSC1 87 24h 108 16 1 6.12/5.92 43.67/73.82
2i[295671569 - Heat shock protein SSC1 86 24h ** ok 2 6.41/5.92 43.83/73.8
2i[295671569 - Heat shock protein SSC1 117 24h *x ok 1 4.56/5.92 38.0/73.8
2i[295658865 - Heat shock protein 127 24 h 106 47 ok 4.24/5.51 35.0/62.27
gi|295658865 - Heat shock protein 37 6h 177 52 4 4.87/5.51 63.33/62.27
2i[295658865 - Heat shock protein 1 24h ** ** 1 5.09/5.51 130.33/62.27
gi|4164594 - Heat shock protein 70 33 6h *x *x 5 4.82/5.43 68.5/65.3
gi|14538021 - Heat shock protein 70 27 24 h 143 26 5 4.84/5.05 74.0/70.9
gi|14538021 - Heat shock protein 70 95 24 h 100 21 1 7.52/5.05 42.67/70.9
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gi|14538021 - Heat shock protein 70

g1/14538021 - Heat shock protein 70

21295659116 - Hsp70-like protein

gi|295659116 - Hsp70-like protein

gi|295659116 - Hsp70-like protein

gi|295659116 - Hsp70-like protein

gi|295673716 - Hsp70-like protein

gi|295673716 - Hsp70-like protein

gi|295659787 - Heat shock protein Hsp88
g1|295659787 - Heat shock protein Hsp88
g1|295665077 - Hsp90 binding co-chaperone (Sbal)
g1|295665077 - Hsp90 binding co-chaperone (Sbal)
g1|295659837 - Heat shock protein SSB1
2i|295672932 - 30 kDa heat shock protein
g1|295672932 - 30 kDa Heat shock protein
gi|295672932 - 30 kDa Heat shock protein
21295664909 - 10 kDa heat shock protein, mitochondrial
g1|295668244 - Mitochondrial peroxiredoxin PRX1
£1|295668244 - Mitochondrial peroxiredoxin PRX1
gi|295662873 - Mitochondrial co-chaperone GrpE
g1|225681400 - Peroxisomal catalase

gi|295661107 - Thioredoxin reductase
gi|295670221 - Thioredoxin

gi|17980998 - Y20 protein

gi|17980998 - Y20 protein

93
88
23
123
85
90
24
91
13
14
143
145
65
138
133
135
156
132
132
134
45
103
153
142
141

24 h
24 h
6h
24 h
24 h
24h
24h
24h
24 h
24 h
24 h
24 h
24 h
6h
24 h
24 h
24 h
24 h
24 h
6h
6h
24 h
24 h
6h
24 h

183
207
182
ok
187
148
234
85
201
157

ok
ok
96
109
170
120
102

kK
%k

kk

121
87
77
60

Ak

25
35
49
ok
28
23
36
23
35
30

ok
ok
22
53
48
57
58

kK
ok

kk

41
29
56
33

kk

11

11

ek

sk

5.92/5.05
6.09/5.05
4.72/5.08
4.05/5.08
5.79/5.08
5.67/5.08
4.73/5.39
7.34/5.39
4.69/4.92
4.85/4.92
4.49/4.23
438/4.23
4.85/5.47
7.06/9.75
6.80/9.75
7.28/9.75
9.41/8.79
4.45/5.28
4.45/5.28
5.30/8.89
7.73/6.42
6.77/5.51
5.21/5.24
7.19/6.09
6.90/6.09

42.67/70.9
43.17/70.9
76.0/70.92
36.67/70.9
43.83/70.9
43.0/70.92
76.0/68.8
43.0/68.86
97.83/80.7
95.5/80.7
22,5213
20.0/21.3
50.5/60.6
24.83/28.64
27.0/28.64
26.5/28.64
12.67/11.19
28.33/24.9
28.33/24.9
26.5/28.51
57.0/57.66
41.0/38.19
13.33/12.9
22.83/21.64
23.0/21.6
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g1|295657024 - Puromycin sensitive aminopeptidase
21295669794 - Elongation factor Tu

21295675019 - Elongation factor 2

gi|295675019 - Elongation factor 2

gi|295674319 - Polyadenylate binding protein

gi|295672445 - Alanyl-tRNAsynthetase

21295660511 - Glycyl-tRNAsynthetase

gi|146762537 - Enolase

gi|146762537 - Enolase

gi|295671152 - Phosphoglucomutase

21295669690 - Phosphoglyceratekinase

gi|295658778 - Phosphoenolpyruvate carboxykinase
gi|295671120 - Fructose-1,6-bisphosphate aldolase
g1|295671120 - Fructose-1,6-bisphosphate aldolase
g1|295671120 - Fructosel,6-bisphosphate aldolase
21295671120 - Fructosel,6-bisphosphate aldolase
2i|295658119 - Glyceraldehyde-3-phosphate dehydrogenase
g1|295658119 - Glyceraldehyde-3-phosphate dehydrogenase
21295658119 - Glyceraldehyde-3-phosphate dehydrogenase
g1|295658119 - Glyceraldehyde-3-phosphate dehydrogenase
g1|295658897 - Citrate synthase

gi|295658897 - Citrate synthase

gi|295658897 - Citrate synthase

21295669416 - 2-oxoglutarate dehydrogenase E1
21295669416 - 2-oxoglutaratedehydrogenase E1
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49.5/47.4
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58.33/83.6
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41.67/39.72
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38.5/39.72

42.67/39.72
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34



21295669416 - 2-oxoglutarate dehydrogenase E1
g1|295669416 - 2-oxoglutarate dehydrogenase E1
g1|295673931 - Pyruvate dehydrogenase protein X complex
gi|295673931 - Pyruvate dehydrogenase protein X component
21295673937 - Malate dehydrogenase

21295664721 - Aconitase

21295664721 - Aconitase

21295664721 - Aconitase

21295665542 - Osmotic growth protein

21295669416 - 2-oxoglutarate dehydrogenase E1

gi|295658595 - Pyruvate dehydrogenase E1 component subunit
alpha

gi|295660969 - Isocitrate lyase
g1|295660969 - Isocitrate lyase
21295660969 - Isocitrate lyase

gi|295665123 - Aldehyde dehydrogenase

gi|295665123 - Aldehyde dehydrogenase

gi|295665123 - Aldehyde dehydrogenase

21295665123 - Aldehyde dehydrogenase

g1|295672968 - Phosphomannomutase

gi|295663567 - 6-phosphogluconolactonase

g1|295661432 - UTP-glucose-1-phosphate uridylyltransferase
gi|295674635 - Alcohol dehydrogenase

gi|295674635 - Alcohol dehydrogenase

gi|295662360 - Mannitol-1-phosphate 5-dehydrogenase
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8.10/6.79
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6.70/5.86
9.37/9.11
8.72/7.55
8.5/7.55
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81295666179 - 2- Methylcitrate synthase
21295666197 - 2-Methylcitrate dehydratase

g1|295672652 - Bifunctional purine biosynthesis protein ADE17
gi|295672652 - Bifunctional purine biosynthesis protein ADE17

£i|295665468 - Nucleic acid-binding protein
21295665468 - Nucleic acid-binding protein
21295666938 - Nucleoside diphosphate kinase
gi|225681397 - Conserved hypotetical protein
gi|295665131 - Delta-1-pyrroline-5-carboxylate dehydrogenase
g1|225683481 - Cysteinyl-tRNAsynthetase
g1|295672027 - Glycine dehydrogenase

gi|295668479 - Formamidase

gi|295674273 - Acetolactate synthase

gi|295674767 - 4-aminobutyrate aminotransferase
21295668370 - Aminopeptidase

gi|295661139 - Methylmalonate-semialdehyde dehydrogenase
gi|295658698 - Fumarylacetoacetase

21295667902 - Aminomethyltransferase
21295669670 - Adenosylhomocysteinase
21295669240 - Kynurenine-oxoglutarate transaminase
g1|295662426 - Aspartate aminotransferase
21295662426 - Aspartate aminotransferase
g1|295672504 - Inorganic pyrophosphatase
gi|295672504 - Inorganic pyrophosphatase
gi|295672504 - Inorganic pyrophosphatase
g1|225678712 - Ketol-acid reductoisomerase
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7.02/6.06
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5.41/6.20
8.17/8.99
6.36/5.95
8.44/9.59
6.76/5.83
6.54/7.05
8.46/8.39
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4.82/5.13
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7.92/9.12

47.17/51.52
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17.5/16.88
32.33/23.11
54.0/62.9
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47.17/46.10
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50.5/32.28
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45.83/46.7
45.5/53.1
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36.5/33.55

40.83/44.86
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g1|226294930 - Ketol-acidreductoisomerase 136 24 h *x *K 1 7.92/9.12 26.0/44.8

g1|295658312 - L-PSP endoribonuclease family protein (Hmf1) 152 6h 77 46 1 5.98/8.96 15.17/18.72
21295670601 - 3-hydroxyisobutyryl-CoA hydrolase 56 24 h 80 62 ok 6.30/7.09 53.17/57.35
gi|295657225 - Peroxisomal multifunctional enzyme 12 24 h 93 38 wok 9.37/8.98 100.33/97.15
gi|295657225 - Peroxisomal multifunctional enzyme 21 6h Hok Hk 2 9.59/8.98 86.33/97.15
gi|295665414 - Short chain dehydrogenase family protein 137 6h 63 18 *k 6.62/6.77 25.67/32.09
21295666416 - Short-chain-fatty-acid-CoA ligase 124 6h 51 11 *% 8.82/7.09 36.67/55.37
21295666416 - Short-chain-fatty-acid-CoA ligase 144 6h 51 11 *x 6.55/7.09 20.33/55.37
21295666416 - Short-chain-fatty-acid-CoA ligase 151 6h 46 11 *x 3.96/7.09 15.33/55.37
g1|295668707 - Acetyl-CoA acetyltransferase 97 24 h ok ok 1 7.85/8.98 42.33/46.6
21295668707 - Acetyl-coA acetyltransferase 99 6h ok ok 4 8.09/8.98 42.0/46.65
2i|295664927 - ATP-citrate-lyase 64 6h ** ** 3 6.91/5.99 50.67/52.9
2i|1295664927 - ATP citrate lyase 62 24h ** ** 1 6.73/5.99 51.17/52.9
2i|295658821 - ATP synthase subunit beta 67 6h 233 57 18 4.54/5.28 50.33/55.18
gi|295658923 - Citochrome b-c1 complex subunit 2 89 6h 138 45 5 8.92/9.10 43.17/49.01
21295669073 - 12-oxophytodienoate reductase 92 24h 250 71 13 9.31/8.69 42.83/43.25
21295657369 - Nicotinate-nucleotide pyrophosphorylase 119 24h 101 33 1 7.56/6.55 37.67/33.7
21295660716 - UDP-galactopyranose mutase 51 24 h 100 22 wx 7.82/6.81 54.5/58.3
21295661741 - 3- demethylubiquinone 9,3-methyltransferase 149 24 h 96 40 wx 4.74/4.93 17.0/22.42
2i|295660455 - Pyridoxine biosynthesis protein PDX1 105 24h 94 70 ** 6.26/6.04 40.67/34.41
2i|295663887 - 408 ribosomal protein S19 146 6h 129 80 5 10.45/9.69 17.67/16.41
2i|295663887 - 408 ribosomal protein S19 148 24h 121 77 *x 10.32/9.69 17.33/16.41
2i|295664112 - 408 ribosomal protein S22 150 24h 94 92 ** 10.50/9.99 16.0/14.73
2i|295672445 - Alanyl-tRNA synthetase 8 24 242 50 10 5.67/5.52 104.33/108.48
81295666766 - Vacuolar aminopeptidase 48 24 h 62 18 wx 6.17/5.75 55.33/56.65

21295657201 - Glutamate carboxypeptidase 50 6h wox wox 5 5.81/6.23 54.83/64.62



gi|295674421 - Ubiquitin carboxyl-terminal hydrolase
g1|295660102 - Dipeptidyl- peptidase
g1|295662102 - Rab GDP-dissociation inhibitor
gi[295657091 - Tropomyosin-1

21295673184 - Actin-interacting protein
21295669061 - Arp2/3 complex subunit Arcl16
21295669061 - Arp2/3 complex subunit Arcl16
£i|295660405 - Hypotetical protein
€i|295661500 - Conserved hypothetical protein
gi|295673506 - Conserved hypothetical protein
gi|295659253 - Conserved hypothetical protein
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**Spots visualized only in zinc-depleted or zinc replete conditions;

*GenBank general information identifier;
®Spot numbers as depicted in Fig 2;

¢ Time of exposure to zinc starvation;
*Mascot score;

°Amino acid sequence coverage for the identified protein;

‘Number of matched peptides on MS/MS searching;
€Experimental/theoretical isoelectric point;
"Experimental/theoretical molecular weight;
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Fig S1. Graphic summation of Paracoccidioides zinc restriction proteomic analysis.
Number of spots differentially expressed was determined using 2D-gel image analysis
software. Statistical analyses of the matched proteins/spots were performed using

ANOVA.
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Introduction

Paracoccidioides brasiliensis is a thermally dimorphic fungus
that causes paracoccidioidomycosis, a systemic mycosis with
a broad distribution in Latin America. Mycelia airbone
propagules are inhaled and converted to the yeast form in
the host lung, establishing the infection. The disease pre-
sents diverse clinical forms, ranging from asymptomatic
pulmonary to severely disseminated and lethal infection

(Restrepo et al., 2001).

The cell wall plays an essential role in the pathobiology of
P. brasiliensis, because it is directly linked to the morphoge-
netic changes during phase transition. The fungal growth
requires continuous remodeling of the cell wall polysacchar-
ide network. Mycelium to yeast transition is characterized by
a threefold increase in chitin content, as well as by a change

FEMS Yeast Res 9 (2009) 103-114

Abstract

The fungus Paracoccidioides brasiliensis causes paracoccidioidomycosis, a systemic
granulomatous mycosis prevalent in Latin America. In an effort to elucidate the
molecular mechanisms involved in fungus cell wall assembly and morphogenesis,
B-1,3-glucanosyltransferase 3 (PbGel3p) is presented here. PbGel3p presented
functional similarity to the glucan-elongating/glycophospholipid-anchored sur-
face/pH-regulated /essential for pseudohyphal development protein families,
which are involved in fungal cell wall biosynthesis and morphogenesis. The full-
length ¢cDNA and gene were obtained. Southern blot and in silico analysis
suggested that there is one copy of the gene in P. brasiliensis. The recombinant
PbGel3p was overexpressed in Escherichia coli, and a polyclonal antibody was
obtained. The PbGEL3 mRNA, as well as the protein, was detected at the highest
level in the mycelium phase. The protein was immunolocalized at the surface in
both the mycelium and the yeast phases. We addressed the potential role of
PbGel3p in cell wall biosynthesis and morphogenesis by assessing its ability to
rescue the phenotype of the Saccharomyces cerevisiae gasIA mutant. The results
indicated that PbGel3p is a cell wall-associated protein that probably works as a -
1,3-glucan elongase capable of mediating fungal cell wall integrity.

of glucose polymer glucoside bonds, arranged only as -1,3-
glucan in the mycelium and mainly as o-1,3-glucan in the
pathogenic yeast form (San-Blas & San-Blas, 1977). In this
respect, studies on the fungal cell wall as well as the enzymes
involved in cell wall biosynthesis and recycling provide
excellent information for the design of antifungal drugs
and for new preventive approaches.

Despite all the information accumulated about the cell
wall structure, the enzymes responsible for its remodeling
are still largely unknown, especially for P. brasiliensis. Several
evidences suggest that for glucan-elongating protein (Gel),
through its B-1,3-glucanosyltransferase activity, plays a role
in the cross-linking of cell wall components in fungi (Popolo
& Vai, 1999; Mouyna et al., 2000a). Gellp of Aspergillus
fumigatus (AfGellp) catalyzes in vitro a two-step B-1,3-
glucanosyltransferase reaction: (1) first, an internal

© 2008 Federation of European Microbiological Societies
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glycosidic linkage of a donor B-1,3-glucan chain is cleaved
and the reducing portion is released, (2) then the new
reducing end is transferred to the nonreducing end of an
acceptor B-1,3-glucan chain. Therefore, the generation of a
new [-1,3-linkage between the acceptor and the donor
molecule results in the elongation of B-1,3-glucan on
branching points of other glucans, creating multiple anchor-
ing sites for mannoproteins, chitin or for galactomannans.
Thus, B-1,3-glucanosyltransferases act in a manner similar to
glycoside hydrolases (GHs) in the first step, but a carbohy-
drate is preferred over a water molecule in the second one
(Mouyna et al., 2000a, b, 2005; Ragni et al., 2007b). Despite
the role of AfGellp in the cell wall architecture, as mentioned
above, no descriptions are found for Gel3p.

Gelp(s) are homologous to the glycophospholipid-an-
chored surface (Gas)/pH-regulated (Phr)/essential for pseu-
dohyphal development (Epd), which are present in yeast
species, fungi and human fungal pathogens (Saporito-Irwin
et al., 1995; Miihlschlegel & Fonzi, 1997; Nakazawa et al.,
1998, 2000; Mouyna et al., 2005; Ragni et al., 2007b), but not
in mammalian cells (Klis, 1994). All these members are
clustered in the GH72 family in the carbohydrate active
enzymes database (CAZy) of GHs (http://www.cazy.org/
fam/GH72.html).

The ScGasl, CaPhrl and CaPhr2 proteins of Saccharo-
myces cerevisiae and Candida albicans, respectively, and
more recently AfGel2p, a paralogue of AfGellp, share the
same catalytic residues and exhibit the same in vitro activity
(Mouyna et al., 2000a, b, 2005). Moreover, AfGell, AfGel2
and CaPhrl restore the defective phenotype of an S.
cerevisiae gasl null mutant, indicating that these homolo-
gues are not only structurally but also functionally similar
(Vai et al., 1996; Mouyna et al., 2000a, 2005). These proteins
not only play an active role in the biosynthesis and morpho-
genesis by the correct incorporation of glucan molecules into
the cell wall but are also required for virulence in C. albicans
and A. fumigatus in a murine model of infection (Ghannoum
et al., 1995; Mouyna et al., 2005), as well as in Fusarium
oxysporum during plant infection (Caracuel et al., 2005).

In this paper, we described the first functional study of a
Gel3p in pathogenic fungi. Our results indicated that PbGel3p
is more abundant in the mycelium phase and is associated
with the fungus cellular surface. Genetic complementation
studies with the S. cerevisiae gas] mutant demonstrated that
PbGel3p is able to participate in the maintenance of fungal
cell wall integrity by its ability to restore the Gaslp activity.

Materials and methods

Fungal strains and growth conditions

Paracoccidioides brasiliensis, isolate Pb01 (ATCC-MYA-826),
which is standard to the studies in our laboratory (Bastos

© 2008 Federation of European Microbiological Societies
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et al., 2007), and isolate from armadillo (PbAr) previously
identified by Bagagli et al. (2003) were used in this work. It
was grown in semisolid Sabouraud medium as mycelium or
yeast at 22 and 36 °C, respectively. The cells were maintained
in liquid Sabouraud medium for 18 h before varying the
culture temperature from 22 to 36 °C for the mycelium to
yeast transition, which was maintained for 24 h.

The S. cerevisiae null mutant WB2d (gasIA::LEU2), a
derivative of W303-1B (MATo ade2-1 his3-11,15 leu2-3,112
trpl-1 ura3-1 canl-100), was constructed in a previous study
(Vai et al., 1996) and was the host strain for complementa-
tion experiments. Yeast cells were grown in batches at 30 °C
in Difco yeast nitrogen base medium without amino acids
(YNB — aa, 6.7 gL™") containing glucose or galactose at 2%
(w/v) and the required supplements. Buffered media were
prepared by adding MES (10gL™') to YNB medium,
followed by pH adjustment to 5.5 or 6.5. During growth,
the pH was monitored and never varied by more than 0.1.
Cell number was determined on mildly sonicated and
diluted samples using a Coulter counter particle count and
size analyser, model Z2, as described previously (Vanoni
et al, 1983). Specific growth rates and duplication
times (T4) were obtained by fitting the cell number against
time.

Recombinant DNA procedures and plasmids

Paracoccidioides brasiliensis yeast cells were harvested,
washed and frozen in liquid nitrogen. Grinding with a
mortar and pestle broke the cells, and the genomic DNA
was prepared by the cationic hexadecyl trimethyl ammo-
nium bromide method according to Del Sal et al. (1989).
Paracoccidioides brasiliensis genomic DNA was used as a
template for the PCR amplification of a partial fragment en-
coding the PbGel3p. The Gel3-S-1 (5'-CATCGATACCCTTG
CCCCTTAC-3") and Gel3-AS-1 (5'-CATAGATATTTGTT
TGGGGTTGG-3') oligonucleotide primers were designed
based on the partial PbGEL3 sequence found in the
P. brasiliensis ESTs available at the GenBank database (Felipe
et al., 2003). The PCR reaction was conducted in a total
volume of 25 pL containing 20 ng of DNA as a template. The
resulting 752-bp product was subcloned into pGEM-T-Easy
(Promega) and sequenced.

Southern blot analysis was performed on total DNA
(25png) digested with the restriction enzymes Xhol, Dral,
EcoRV, HindIII and Sall. Standard conditions for electro-
phoresis were used (Sambrook & Russell, 2001). The blot
was probed to the 752-bp PhGEL3 genomic fragment labeled
using the Gene Images Random Prime labeling module (GE
Healthcare) and washed under high-stringency conditions
according to the manufacturer’s instructions. Hybridization
was detected by a Gene Image CDP-Star detection module
(GE Healthcare).
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Cloning of the ¢cDNA and genomic sequences
encoding PbGel3p

A P, brasiliensis yeast phase cDNA library was constructed into
EcoRI/Xhol sites of A Zap II (Stratagene, LaJolla, CA) (Felipe
et al., 2003). The screening of this library was performed using
the 752-bp PCR fragment radiolabeled with [o-**P]dCTP.
Plating 5 x 10° PFU, DNA transfer to membranes and hybridi-
zation were performed as described in standard procedures
(Sambrook & Russell, 2001). Three positive clones were ob-
tained and phage particles were released from the plaques. The in
vivo excision of pBluescript phagemids (Stratagene) in Escher-
ichia coli XL1 blue Minus Restriction (MRFs) was performed.

The PbGEL3 complete genomic sequence was obtained by
PCR amplification of the total DNA of P. brasiliensis. The
Gel3-S-2 (5'-CTCTCCAACCTCTCCAACCTCTCTC-3’) and
Gel3-AS-2  (5'-ACACAATCACATCCCCTCCATCTCAC-3')
primers were constructed based on the cDNA sequence.
The PCR reaction was performed with 20 ng of total DNA of
P. brasiliensis. An amplified PCR product of 2199 bp was gel
purified, subcloned into pGEM-T-Easy vector (Promega)
and sequenced.

DNA sequencing and sequence analysis

The nucleotide sequences were determined on both strands
by the dideoxy chain terminator method using a Mega-
Bace® 1000 sequencer (GE Healthcare). The obtained
sequences were translated and compared with all nonredun-
dant polypeptides in the translated GenBank (http://
www.ncbi.nlm.nih.gov) database. Amino acid analyses were
performed using the PROSITE (http://us.expasy.org/pro-
site), PSORT 1II (http://www.psort.org/) databases and the
big-PI fungal predictor (http://mendel.imp.univie.ac.at/gpi/
fungi/gpi_fungi.html) (Eisenhaber et al., 2004) algorithm.
The GenBank/EMBL/DDBJ] accession numbers for the
PbGEL3 sequences reported in this paper are AY324033
(cDNA) and DQ534494 (genomic).

Quantitative real-time PCR (QRT-PCR)

Total RNA of P. brasiliensis mycelium, mycelium during
transition to yeast and yeast cells of Pb01 and P. brasiliensis
isolated from armadillo (PbAr) was obtained. The fungal
cells were harvested and frozen in liquid nitrogen, followed
by grinding with a mortar and pestle. After addition of glass
beads, the RNAs were extracted using Trizol (Invitrogen)
according to the manufacturer’s instructions. The quality of
RNA was assessed using the Ajg,m/A280 ,, ratio, and by
visualization of rRNA on 1.2% (w/v) agarose gel electro-
phoresis. In this case, a densitometric analysis of the
ethidium bromide-stained bands of the different rRNA
species was performed and the rRNA was calculated. The
larger species was more intense than the 18S species, as
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described by Uppuluri et al. (2007). The RNAs were used to
construct single-stranded ¢cDNAs using a reverse transcrip-
tion system (Promega) following the recommendations of
the manufacturer. As a control for genomic contamination,
the same reactions were performed in the absence or
presence of reverse transcriptase.

RNAs from P. brasiliensis were extracted and first-strand
cDNAs were synthesized as described above. QRT-PCR
reactions were performed in an ABI PRISM 7500 Sequence
Detection System. The PCR thermal cycling conditions were
as follows: an initial step at 50 °C for 2 min, followed by
5min at 95 °C, and 40 cycles at 95 °C for 155, 60 °C for 10s
and 72 °C for 15s. The Platinum SYBR Green qPCR Super-
mix (Invitrogen) was used as a reaction mixture, with
addition of 10 pmol of each primer and 1puL of template
cDNA, in a final volume of 25 pL. Each ¢cDNA sample was
analyzed in triplicate with each primer pair. A melting curve
analysis was performed at the end of the reaction to confirm
a single PCR product. The data were normalized with
ribosomal protein L34 (Andrade et al., 2006; Bastos et al.,
2007) and ribosomal protein S30 cDNAs amplified in each
set of QRT-PCR experiments. No statistical difference
between these two normalizers was observed. Accordingly,
the calibrator gene considered for the expression experi-
ments was the one encoding L34 protein. The relative
expression data were obtained using the 272ACT method
(Livak & Schmittgen, 2001). A nontemplate control with no
genetic material was included to eliminate contamination or
nonspecific reactions. The QRT-PCR primers for each gene
were as follows: Gel3, 5'-CGTTGTCAGCGGAGGTATCG
TC-3’ and 5'-AGGGCAGGTTCGGAGTTCAGTG-3'; L34,
5’- CGGCAACCTCAGATACCTTC-3’ and 5'-GGAGACCT
GGGAGTATTCACG-3'.

Expression and purification of recombinant
PbGel3p

The ¢cDNA of PbGEL3 that encodes amino acids 19-529
(predicted mature protein; see Fig. 1) was subcloned into
the pGEX-4T-3 (GE Healthcare). EcoRI/Xhol restriction
sites (underlined) were introduced into the Gel3-S-3 (5'-GA
ATTCCGCTGACCTGGATCCTATTGTC-3') and Gel3-AS-3
(5'-CTCGAGTTACAACAACAAAATACTCATC-3")  oligo-
nucleotides for the DNA synthesis. The obtained plasmid
was sequenced in both strands and used to transform E. coli
BL21 pLysS. The recombinant P. brasiliensis Gel3 protein
(rPbGel3p) was induced with 0.1 mM IPTG and purified by
affinity chromatography, as reported previously (Castro
et al., 2008).

Antibody production

Polyacrylamide gel containing 100pg of the rPbGel3p
was injected into rabbit three times at 10-day intervals
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Fig. 1. Comparison of the deduced amino acid
sequence of PbGel3p with those of B-1,3-gluca-
nosyltransferases from fungi. Asterisks indicate
amino acid identity and dots represent conserved
substitutions. The hydrophobic amino and
carboxy termini are indicated by white letters and
black blocks. Conserved catalytic motifs are
boxed (dotted lines) and the conserved
glutamate residue into the catalytic site is
detached by italic letters. Fourteen aligned
cysteine residues are indicated by arrows and bold
letters. Predicted glycosylphosphatidylinositol
anchor sites in the C-terminal regions are boxed
(solid lines). The GH72 and Cys-Box domains are
indicated above the amino acid sequences.
Accession numbers were as follows: Ajellomyces
capsulatus (AcGel3, XP_001539818); Aspergillus
terreus (AtEpd1, XP_001212455); Aspergillus
fumigatus (AfGel3, AAF40140); and
Saccharomyces cerevisiae (ScGas1, CAA89140).

to generate specific rabbit polyclonal serum. Both ~ Western blotting analysis
rabbit preimmune and immune serum (containing anti-

rPbGel3p polyclonal antibody) were sampled and stored
at —20°C.

© 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

Paracoccidioides brasiliensis protein extracts were obtained
by disruption of frozen cells in the presence of protease
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inhibitors. The mixture was centrifuged at 12000 g at 4 °C
for 15 min, and the supernatant was used. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
carried out and the proteins (30 pg) were electrophoretically
transferred to a nylon membrane, according to standard
protocols. PbGel3p was detected with the polyclonal anti-
body (1:1000 diluted). The reaction was revealed with
5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium.
Negative controls were obtained with rabbit preimmune
serum.

Protein extracts from S. cerevisiae cells, prepared as
described in (Mouyna et al., 2005), were resolved by SDS-
PAGE on 8% polyacrylamide gels. After blotting, filters were
stained for total protein with Ponceau Red (Sigma) before
immunolabeling, which was performed using anti-PbGel3p
antibody (1:1000 diluted). Binding was visualized with the
ECL Western Blotting Detection Reagents (GE Healthcare).

Confocal analysis

The cellular localization of the PbGel3p was performed as
described by Batista et al. (2006). Images of diamidino-2-
phenylindole-stained cells were observed in a Bio-Rad
1024 UV confocal system attached to a Zeiss Axiovert 100
microscope, using a x 40 numerical aperture, a 1.2 plan-
apochromatic differential interference contrast water im-
mersion objective. All images were collected by Kalman
averaging at least every eight frames (512 x 512 pixels),
using an aperture (pinhole) of 2 mm.

Transmission electron microscopy of
P. brasiliensis yeast cells and
immunocytochemistry of the Gel3p

For the ultrastructural and immunocytochemistry studies,
we used the protocols described previously in Barbosa et al.
(2006). The ultrathin sections were incubated with the
polyclonal antibody to the rPbGel3p (diluted 1:100),
washed and then incubated with the labeled secondary
antibody (anti-mouse IgG, Au conjugated, 10 nm average
size; 1:20 diluted). The grids were observed with a Jeol 1011
transmission electron microscope (Jeol, Tokyo, Japan).
Controls were incubated with mouse preimmune serum
(1:100 diluted).

Saccharomyces cerevisiae genetic procedures

For ectopic expression of P. brasiliensis PbGEL3 in
S. cerevisiae, a 2-kb HindIII/Xhol fragment containing the
PbGEL3 cDNA and its 5’ and 3’ untranslated regions was
cloned into HindIII/Xhol-digested pYES2 (Invitrogen) un-
der the control of the GALI promoter. The resulting plasmid
was used to transform the WB2d strain. The transformed
strain is indicated throughout the text as YGEL3. For ectopic
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expression of S. cerevisine GAS4, the whole coding sequence
of GAS4 plus 203 bases downstream was PCR-amplified
from yeast chromosomal DNA and fused with the PCR-
amplified promoter region of S. cerevisiae GASI to obtain
expression in vegetative growth. PCR amplifications were
carried out using specific primers where appropriate restric-
tion sites were introduced at the extremes to facilitate fusion
and cloning. PCR products were first subcloned into the
PGEM-7Zf(+) (Promega), generating the pG4 plasmid, and
then into the high-copy YEp24 vector. The latter resulting
vector was introduced into WB2d, generating the YGAS4
strain. PCR products were routinely checked by sequence
analysis. The sequences of all the oligonucleotide primers
used for PCR are available upon request. Standard methods
were used for DNA manipulation and yeast transformation
(Hill et al., 1991; Sambrook & Russell, 2001).

Light and fluorescence microscopy

Saccharomyces cerevisiae cellular morphology was examined
by Nomarski phase-contrast microscopy. Chitin was visua-
lized after staining with calcofluor white (CW; Fluorescent
Brightener 28, Sigma-Aldrich) as reported (Cipollina et al.,
2007) under a Nikon Eclipse E600 fluorescence microscope
equipped with a Leica DC 350F ccd camera.

Statistical analysis

Duplication time values are presented as means =+ SDs.
Pairwise comparisons between duplication times were made
for mean values of the different strains using Student’s ¢-test.
The level of statistical significance was set at a P value
of < 0.01.

Sensitivity assay

To determine the sensitivity of the different strains to SDS
and to CW, yeast cells exponentially growing in galactose
medium (pH 6.5) were dropped (5 pL from a concentrated
suspension of 10’ cellmL™" and from serial 10-fold dilu-
tions) onto galactose (pH 6.5) medium plates supplemented
with 0.01% (w/v) SDS or 50 ug mL™" of CW. Plates were
incubated at 30 °C for 3 days. Cells were also dropped onto
plates without SDS and CW to monitor cell growth.

Results

Isolation and sequence analysis of PbGEL3

A BLASTX search of the partial P. brasiliensis EST available in
the GenBank database (Castro et al., 2005) revealed an 812-
bp ORF that showed a high sequence homology (51%
identity, 66% similarity) to Aspergillus nidulans p-1,3-glu-
canosyltransferase 3 (Mouyna et al., 2000b). In order to
isolate the complete cDNA encoding PbGel3p, we initially
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obtained a genomic PCR product corresponding to the
described ORF and used it as a probe to screen a yeast
P. brasiliensis cDNA library. The entire cDNA consisted of
2057 bp and encoded a 529-amino-acid polypeptide with a
theoretical molecular mass of 57.1kDa and a pI of 6.1. The
complete genomic sequence was obtained by PCR amplifi-
cation using oligonucleotide primers complementary to the
cDNA sequence. The PbGEL3 included four introns of 79,
133, 78 and 68 bp (data not shown).

The deduced amino acid sequence of PbGEL3 showed
significant homology to Gel3p and all four homologues,
Gel/Gas/Phr/Epd, belonging to the GH72 family. The high-
est sequence similarity and identity were among the Gel3
proteins of P. brasiliensis, Ajellomyces capsulatus, Aspergillus
terreus and A. fumigatus (Fig. 1) and were most evident
within the region of the first 300 amino acids. The PSORT
analysis revealed a putative N-terminal signal peptide, with a
predicted cleavage site between amino acids 18 and 19 (Fig.
1). The position of the 14 cysteine residues was conserved
among the Gel3 proteins shown in Fig. 1. A domain named
Cys-Box, which contained six conserved cysteine residues
and is present in some members of the GH72 family, was
also found in PbGel3p near the carboxy-terminal region.
Two glutamic residues (E'™ and E*®Y), essential for the
enzymatic activity, were conserved in the catalytic domain.
The potential glycosylphosphatidylinositol anchor site at
$**® and a hydrophobic region encompassing residues
512-528 (VGAGVVAGVIAGMSILL) were found at the
carboxy terminus (Fig. 1).

Hybridization analysis

Southern blot analysis using a 752-bp PbGEL3 probe under
high-stringency conditions was able to detect a single DNA
fragment in the P brasiliensis DNA digested with the
restriction enzymes Xhol, Dral, EcoRV, HindIII and Sall
(Fig. 2a, lanes 1, 2, 4 and 5, respectively). EcoRV digestion
produced fragments consistent, in number and size, with the
single restriction site presumed to occur in PbGEL3 (Fig. 2a,
lane 3). The obtained restriction profiles indicated that the
P. brasiliensis genome contained a single copy of the PbGEL3
gene. Confirming this suggestion, one copy of the PbGEL3
gene was detected by in silico analysis at the genome project
developed by BROAD Institute (http://www.broad.mit.edu/
annotation/genome/paracoccidioides_brasiliensis/MultiHome.
html).

Transcript analysis by QRT-PCR

Template cDNAs derived from mycelium (M), mycelium
during transition to yeast (T) and yeast (Y) cells of the Pb01
isolate and of PbAr isolate were used to estimate the relative
transcript levels of the POGEL3 by QRT-PCR analysis. The
L34 mRNA was chosen as a reference transcript, because the
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Fig. 2. Analysis of the Paracoccidioides brasiliensis GEL3 gene organiza-
tion and evaluation of the expression levels. (a) Southern blot analysis of
PbGEL3. Total DNA (25 pg) was digested with restriction enzymes Xhol,
Dral, EcoRV, Hindlll and Sall (lanes 1-5, respectively). The blot was
hybridized to a 752-bp PbGEL3 labeled PCR fragment. (b) QRT-PCR plot
of PbGEL3 expression levels in different phases and isolates. cDNAs
derived from mycelium (M), mycelium during 24 h of transition to yeast
(T) and yeast (Y) cells of two P brasiliensis isolates, Pb01 and PbAr, are
shown. The AAC, method was used to calculate the relative amount of
specific RNA present in each sample relative to the yeast phase of the
Pb01 isolate (set as 1.0). The L34 gene was used to normalize each
reaction. (c) Western blot analysis of the native PbGel3p in a cellular
extract during the dimorphic transition. The samples from mycelium (M),
mycelium during 24 h of transition (T) and yeast (Y) cells were fractio-
nated (12% SDS-PAGE) and transferred to a membrane. The blots were
reacted to the rabbit polyclonal anti-rPbGel3p antibody and developed
with 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium. Mole-
cular size markers are indicated.

expression of the L34 gene does not fluctuate significantly
during the differentiation of P. brasiliensis (Andrade et al.,
2006; Bastos et al., 2007). As shown in Fig. 2b, a peak of
expression occurred in the mycelium (M) phase, which
decreased considerably during 24 h of transition (T), reach-
ing a faint expression in the yeast (Y) phase in the Pb01
isolate. The mycelium and transition cells revealed an
increase in the transcript level of 104.9- and 8.6-fold,
respectively, compared with yeast cells (Fig. 2b). The tran-
script was also present at low levels in the yeast phase of the
PbAr isolate (Fig. 2b).

Expression, purification and detection of Gel3p
in P. brasiliensis

The ¢cDNA encoding the P. brasiliensis Gel3p was subcloned
into the expression vector pGEX-4T-3 to obtain the recom-
binant fusion protein that was purified by affinity chroma-
tography and cleaved by addition of thrombin (data not
shown). Protein extracts from mycelium (M), mycelium
during 24 h of transition to the yeast phase (T) and yeast (Y)
cells were blotted onto nitrocellulose membranes and
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reacted to the polyclonal antibody (Fig. 2c¢). As demon-
strated, a single band of 58 kDa was detected in all extracts.
The protein is strongly accumulated in the mycelia phase
(Fig. 2c) and its expression is decreased during the transition
to yeast (Fig. 2¢). No cross-reactivity to the rabbit preim-
mune serum was evidenced with the samples (data not
shown).

Determination of PbGel3p cellular localization
by confocal and immunoelectron microscopy
analysis

Representative confocal microscopy images of mycelium
(Fig. 3a—d) and yeast (Fig. 3e-h) cells of P. brasiliensis
showed that anti-rPbGel3p reacted with the surface and
cytoplasmatic components of both phases (Fig. 3d and h).
The cell surface fluorescence was clearer in yeast cells
(Fig. 3h) due to their definite rounding format and larger
size. No cross-reaction was observed with the preimmune
serum (Fig. 3b and f).

In order to detail the cellular localization of PbGel3p, we
further performed immunocytochemistry experiments in
yeast cells. The cell surface and organelle structures were
preserved and free of label when incubated with the rabbit
preimmune serum (Fig. 4a). In yeast cells processed by the
postembedding method, gold particles were predominantly
associated with the cell wall (Fig. 4b and c). The number of
gold-labeled particles, counted in five immunocytochemis-
try assays, was significantly higher in the cell wall (P < 0.05)
than in the cytoplasmic compartment (data not shown).

PbGEL 3 completely suppresses the S. cerevisiae
gas1 disruptant phenotype at pH values above 5

The PbGEL3 cDNA was expressed, under the control of the
GALI promoter, in the gasIA background and the resulting
phenotype was analyzed in galactose-containing medium
(inducing condition). Total proteins from the transformed
strain were analyzed by immunoblot using the antibody

Fig. 3. Distribution of Gel3p in Paracoccidioides
brasiliensis. (a, ) Mycelium and (e, g) yeast cells
using differential interferential contrast
microscopy. (b, f) Control systems, without
polyclonal antibodies before incubation with
fluorescein isothiocyanate-labeled rabbit
anti-lgG. Confocal microscopy with antibodies
generated against the recombinant GST-PbGel3p
in (d) mycelium and (h) yeast cells. Labeling of

P brasiliensis was obtained by anti-rPbGel3p
polyclonal antibodies (green). Scale bar =10 um.
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against PbGel3p. In these cells, a unique band of about
58 kDa was detected that was absent in untranformed cells
(Fig. 5a). Moreover, as shown in Table 1, PbGEL3 partially
suppressed the slow growth of gasIA cells. In fact, cells
expressing the PbGEL3 ¢cDNA (YGEL3 strain) had a T4 of
about 2.31h, an intermediate value between those deter-
mined for W303-1B and gasIA-empty vector strains (T4 of
1.83 and 3.02 h, respectively). A partial reversion was also
observed for other phenotypic traits such as abnormal
morphology and CW sensitivity (data not shown).

We considered that the partial rescue of the gasIA mutant
phenotype could be ascribed to nonoptimal environmental
conditions for PbGel3p activity as reported recently for Gas2
and Gas4 proteins of S. cerevisiae, two redundant versions of
Gaslp that are specialized to function at pH values close to
neutrality (Ragni et al., 2007a). Thus, we analyzed the
YGEL3 phenotype in galactose media buffered to pH 5.5
and 6.5 to avoid acidification that usually takes place
following yeast cells’ growth (Sigler & Hofer, 1991). At pH
6.5, in theYGELS3 strain, the protein of about 58-60kDa
showed levels comparable to those detected in the unbuf-
fered growth medium (Fig. 5a). The same results were
obtained for cells grown at pH 5.5 (data not shown).
Interestingly, in both buffered media, the YGEL3 strain
behaved in a manner similar to gasIA cells expressing GAS4
(YGAS4 strain). In fact, under these two growth conditions,
PbLGEL3, like ScGAS4, completely rescued growth rate
defects of gasIA cells (Table 1), whose T4 increased along
with the increase in pH. In addition, YGEL3 cells reassumed
the ellipsoidal shape and cells carrying two or more buds
(pluribudded cells) that are distinctive of gasIA were absent
(Fig. 5b). Moreover, after CW staining for chitin, YGEL3
cells showed definite fluorescence in the bud scars and at the
mother—daughter junction. Chitin in cells deprived of Gaslp
activity increased and was delocalized (Fig. 5b) as expected.
In the gasI null mutant, the increase of chitin level deter-
mined a hypersensitivity to growth in the presence of CW.
Thus, cells exponentially growing in galactose medium (pH
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(a) YGEL3 (b)  Galactose pH 6.5 Galactose pH 6.5
+ 50 pg mL"' CW

WT

I ; YGEL3
T . . gasit

(c) WT gasia YGEL3 (d) Galactose pH 6.5 Galactose pH 6.5
+ 001 % SDS

Momarski

Calcofluor
white
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Fig. 4. Immunoelectron microscopy detection
of Gel3p in Paracoccidioides brasiliensis yeast
cells by postembedding methods. (a) Negative
control exposed to the rabbit preimmune
serum in transmission electron microscopy of

P, brasiliensis yeast cells. (b and ¢) Gold particles
are observed at the fungus cell wall (arrow)
and in the cytoplasm (double arrowheads).

n, nucleus; v, intracytoplasmic vacuoles;

m, mitochondria; w, cell wall.

Fig. 5. Paracoccidioides brasiliensis Gel3p
restores the phenotypic defects of the
Saccharomyces cerevisiae gas1A mutant at pH
6.5. (a) Total extracts from S. cerevisiae cells
exponentially growing in unbuffered and
buffered media were analyzed by immunoblotting
with anti-PbGel3p antibodies. The same amount of
proteins (70 ug) was loaded on each lane. A sample
from mycelium of P brasiliensis was also loaded as a
control. (b) Cellular morphology visualized by
Nomarsky (upper panel) and CW staining (lower
panel) of exponentially growing yeast cells in
galactose medium, pH 6.5. Five microliters from a
concentrated suspension (107 mL™") of yeast cells
grown as in (b) and from serial 10-fold dilutions
were spotted onto galactose medium plates, pH
6.5, with or without CW (c) and with or without
SDS (d). WT, wild type.

6.5) were spotted onto plates of the same medium contain- the sensitivity to SDS. In fact, gasIA cells are also hypersen-
ing 50 pygmL™" of CW or onto plates without it to monitor sitive to growth in the presence of such an anionic destabilizing
cell growth. PbGEL3 completely abolished the CW hyper- detergent, as a consequence of a weakened cell wall (Vai et al.,
sensitivity of gasIA cells (Fig. 5c). Similar results were 1996). As shown in Fig. 5d, YGEL3 displayed the same
obtained for YGEL4 (data not shown). Finally, we tested sensitivity to SDS as YGAS4 and the reference wild-type strains.
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Table 1. Paracoccidioides brasiliensis GEL3 abrogates the slow growth
phenotype of Saccharomyces cerevisiae gas1A mutant according to the
pH of the growth medium

Growth condition Strain T4 (h)*
Galactose medium (unbuffered) W303-1B 1.83+£0.08
gas1A 3.02+0.1
YGEL3 2.314+0.06
YGAS4 2.33+0.07
Galactose medium (pH 5.5) W303-1B 2.334+0.11
gasTA 4.124+0.12
YGEL3 2.37£0.09
YGAS4 2.40+0.12
Galactose medium (pH 6.5) W303-1B 2.46+0.07
gas1A 4.15+0.09
YGEL3 2.42+0.11
YGAS4 2.43+0.14

Student’s t-test was applied for their comparison setting a P value of
< 0.01.

*The Ty was calculated as In2/k, where k is the constant rate of
exponential growth. Data represent the average of three independent
experiments; SDs are indicated.

Discussion

The mechanisms through which the cell wall proteins of
P. brasiliensis respond to different environmental conditions
remain largely unknown. In an effort to understand the
mechanisms that are involved in this fungus cell wall
assembly and integrity maintenance, we initially searched
for ¢cDNAs encoding homologues of cell wall-associated
proteins (Castro et al., 2005). We identified an 812-pb
fragment ORF that encodes a homologue of Gel3p of
A. nidulans (Mouyna et al., 2000b). The full-length cDNA
and gene were obtained. The complete PbGel3p deduced
amino acid sequence presented homology to glycosyl-
phosphatidylinositol-anchored Gas/Gel/Phr/Epd proteins,
which are plasma membrane and cell wall-associated en-
zymes, responsible for the elongation of B-1,3-glucan chains
and are required for correct morphogenesis in yeast (Mouyna
et al., 2000a). All these proteins belong to the GH72 family
(CAZy database), whose conformation of the catalytic domain
is predicted to assume a TIM-barrel shape (Mouyna et al.,
1998; Papaleo et al., 2006). These enzymes, which are orga-
nized in characteristic domains, contained basically: (1) a
signal peptide and an N-terminal catalytic domain with two
conserved glutamate residues identified as essential for cata-
lysis and (2) a hydrophobic attachment signal characteristic of
glycosylphosphatidylinositol-anchored proteins in the C-ter-
minus region (Mouyna et al., 2000a,b; Carotti et al., 2004;
Ragni et al, 2007b). Nevertheless, in some members of the
GH?72 family (subfamily 72+), including PbGel3p, a Cys-box
domain can be found that contain six conserved cysteine
residues presumably involved in the formation of three
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disulfide bridges (Palomares et al., 2003; Carotti et al., 2004).
This domain is present in some [3-1,3-glucanases of plants and
it is associated with enzyme activity (Palomares et al., 2003;
Barral et al., 2005). Moreover, a previous study revealed that
the removal of this domain in S. cerevisiae Gaslp totally
abolished the enzymatic activity, showing, therefore, that it is
essential for the function and stability of the protein (Carotti
et al., 2006).

QRT-PCR and Western blot analysis demonstrated the
PbGel3p expression. The transcript and protein levels were
more abundant in the mycelium phase. A drastic reduction
in both the transcript and the protein was observed during
the first 24 h of temperature shift from 22 to 36 °C, reaching
low levels in the yeast phase. The mycelium cell wall of
P. brasiliensis is composed mainly of B-1,3-glucan. In agree-
ment, the PhGEL3 transcript and protein expression levels
described here predominate largely in the mycelium phase.
The decrease in expression as the fungus triggers the
differentiation to yeast is consistent with transforming to
a-glucan when the yeast phase is reached (San-Blas & San-
Blas, 1994). The data also suggest a putative role of PbGel3p
in cell wall maintenance and fungal morphology. In fact, this
protein family has been described in the plasma membrane
(Popolo et al., 1988; Fankhauser & Conzelmann, 1991), as
well as covalently linked to the cell wall via a glycosylpho-
sphatidylinositol remnant (De Sampaio et al., 1999; Yin
et al., 2005). The confocal and immunoelectron microscopy
analysis confirmed the preferential surface localization of
PbGel3p.

Although the absence of an efficient molecular toolbox
for gene disruption in P. brasiliensis has limited the func-
tional studies in the organism itself, we addressed the
potential role of PbGel3p in cell wall biosynthesis and
morphogenesis by investigating whether it could rescue in
vivo the S. cerevisiae gas]1A mutant phenotype. In fact, in
S. cerevisiae the lack of Gasl PB-1,3-glucanosyltransferase
activity drastically affects the correct relative proportion and
the degree of cross-linking of cell wall constituents (Popolo
et al., 1997; Ram et al., 1998). This leads to a detectable
mutant phenotype characterized by reduced growth, round-
cell morphologies, sensitivity to CW, increased cell wall
permeability and secretion (Popolo & Vai, 1999; Vai et al.,
2000). We observed that PbGEL3 was able to partially
complement the mutant phenotype of gasIA in unbuffered
medium and fully at higher pH values. Similar results were
found for GAS4 of S. cerevisiae, a paralogue of GASI,
encoding a protein specialized to function at a pH value
close to neutrality (Ragni et al, 2007a). In this growth
condition, PbGEL3 was able to correct the alterations of cell
wall constituents due to GASI inactivation, as observed by
the ellipsoidal morphology and the T4 similar to that of
wild-type cells displayed by YGEL3 cells, by their ability to
grow in the presence of CW and SDS and by the quantity

© 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



112

and localization of chitin molecules. This indicates that
PbLGEL3 expression abrogates gasIA structural defects that
depend on altered connections between glucans and man-
noproteins, which are required to form a selective barrier at
the outer surface of the cell wall. On the whole, our results
show that PbGel3p is functional in S. cerevisiae and it
suppresses both the morphological defects and the compen-
satory responses induced by the lack of Gaslp. The complete
functionality of PbGel3p is detected at extracellular pH
values above 5. This requirement could reflect both the
environmental growth conditions of P. brasiliensis and the
pH of the niches colonized by this dimorphic pathogen. In
fact, yeast forms did not grow below pH 3.6; most of the
clinical isolate strains require a pH of culture medium above
5.6 and the establishment of yeast infection takes place in
host tissues at pH values close to neutrality (Franco, 1986;
Sano et al., 1997; Restrepo et al., 2001).

Thus, our results suggest that, similar to Gaslp of
S. cerevisiae, PbGel3p can play an active role in biosynthesis
and morphogenesis of the P. brasiliensis cell wall, especially
in mycelium cells, the fungus infective phase. Elucidation of
these molecular mechanisms involved in the cell wall
assembly of P. brasiliensis is important and necessary once
the pathogenicity of this fungus appears to be correlated
with changes in the cell wall composition, organization and
structure that occur during the morphogenetic transition
from the mycelium to the yeast form.
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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

Paracoccidioides  brasiliensis ~ causes  paracoccidioi-
domycosis (PCM), a human systemic granulomatous disease,
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prevalent in South America [1]. The fungus is thermo dimorphic
and causes by inhalation of airborne propagules of the mycelia
phase, which reach the lungs and differentiates into the yeast
phase [2].

Although the disease process is well characterized, the fungal
expression of genes in vivo is poorly explored. During disease,
P. brasiliensis must adapt to a range of environments and
survival in any one niche should require the differential
expression of genes. The in vivo gene expression pattern of
P. brasiliensis has been examined by our laboratory by tran-
scriptome analysis [3—5]. A wide array of genes involved in
nutrient acquisition, melanin synthesis, adhesion, stress
response, general metabolism were induced and have been
identified.
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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 ng/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_05083.171 le-25 — 1
Lumazine synthase P. brasiliensis/DQ081183* 4e-78 2.5.1.9 1
Alfa-1,2-galactosyl transferase P. brasiliensis PbO1/PAAG_02629.171 le-8 24.1. 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_00114.17F 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
(ORF) with 174 amino acids with a molecular mass prediction
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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
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 ,
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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].
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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

Paracoccidioidomycosis is caused by the dimorphic fungus Paracoccidioides brasiliensis. The extracellular matrix (ECM) plays an important
role in regulation of cell adhesion, differentiation, migration and proliferation of cells. An in vitro binding assay of P. brasiliensis yeast cells adhering
to type I collagen and fibronectin was performed in order to identify novel adhesins. Representational difference analysis (RDA) was employed to
identify genes upregulated under adhesion-inducing conditions. Expressed sequence tags (ESTs) from cDNA libraries generated by the RDA
technique were analyzed. Genes related to functional categories, such as metabolism, transcription, energy, protein synthesis and fate, cellular
transport and biogenesis of cellular components were upregulated. Transcripts encoding the P. brasiliensis protein enolase (PbEno) and the high-
affinity cooper transporter (PbCtr3) were identified and further characterized. The recombinant enolase (rPbEno) and a synthetic peptide designed
for PbCtr3 were obtained and demonstrated to be able to bind ECM components. Immunofluorescence assays demonstrated that rPbEno specifically
binds to the macrophage surface, reinforcing the role of this molecule in the P. brasiliensis interaction with host cells. In addition, upregulation of
selected genes was demonstrated by gqRT-PCR. In synthesis, the strategy can be useful in characterization of potential P. brasiliensis adhesins.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: Paracoccidioides brasiliensis; Adhesin; RDA; Enolase; Cooper transporter

1. Introduction

Paracoccidioides brasiliensis is the causative agent of
paracoccidioidomycosis (PCM), a human systemic mycosis
prevalent in South America (Restrepo et al., 2001). In the soil,
the fungus grows as a saprobic mycelium, resulting in
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formation of propagules. After reaching the host, the fungus
must convert to the yeast form, a fundamental step in
successful establishment of the infection (San-Blas et al.,
2002). The mycelial propagules adhere to and invade alve-
olar cells and the basal lamina, the latter of which is composed
of a specialized extracellular matrix (ECM) in which laminin,
collagen and fibronectin can be found (Dunsmore and
Rannels, 1996; Gonzaléz et al., 2008; Hanna et al., 2000).
Adherence of the pathogens to host cells is considered an
essential step in the establishment of infection (Carneiro et al.,
2004; Marchais et al., 2005). P. brasiliensis has been shown to
adhere to ECM proteins. Several studies have established the
role of certain P. brasiliensis proteins in the adherence process.
An antigenic component of P. brasiliensis, glycoprotein gp43,

0923-2508/$ - see front matter © 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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binds laminin, thereby increasing the pathogenicity of the
yeast cells (Vicentini et al., 1994). Proteins with molecular
masses of 19 and 32 kDa are present on the fungal surface and
interact with laminin, fibronectin and fibrinogen (Gonzaléz
et al., 2005). The 32 kDa protein (PbHad32p) was character-
ized as a hydrolase that influences P. brasiliensis pathogenicity
(Hernandez et al., 2010). In addition, Andreotti et al. (2005)
demonstrated that a P. brasiliensis 30 kDa protein is able to
bind laminin. We characterized several P. brasiliensis adhesins
such as PbDfg5p (defective for filamentous growth protein
Dfg5p), which was detected by electron microscopy in the cell
wall of the fungus and binds laminin, fibronectin and types I
and IV collagen (Castro et al., 2008). In addition, tri-
osephosphate isomerase (PHTPI) which binds laminin and
fibronectin (Pereira et al., 2007), and glyceraldehyde-3-
phosphate dehydrogenase (PbGAPDH), which binds fibro-
nectin, type I collagen and laminin (Barbosa et al., 2006), were
found in the P. brasiliensis cell wall mediating fungal adher-
ence to in vitro cultured cells. Malate synthase (PbMLS) binds
fibronectin and types I and IV collagen and is present in the P.
brasiliensis cell wall (Neto et al., 2009). In addition, P. bra-
siliensis enolase is a fibronectin and plasminogen binding
protein (Donofrio et al., 2009; Nogueira et al., 2010). There-
fore, P. brasiliensis seems to possess several proteins involved
in adhesion, and knowledge of these proteins could advance
our understanding of the first steps in establishment of the
infection.

To obtain and characterize new molecules involved in the
adhesion process in P. brasiliensis, we used cDNA represen-
tational difference analysis (cDNA-RDA) to identify genes
induced during incubation of P. brasiliensis yeast cells with
ECM components. Fibronectin, a multifunctional extracellular
matrix and plasma protein that plays a central role in cell
adhesion (Ruoslahti, 1988), and collagens, as the most
common matrix molecules (Lyons and Jones, 2007), represent
targets for microorganism adherence. Therefore, in this study,
we investigated involvement of type I collagen and fibronectin
in the adherence process of P. brasiliensis and described
several putative novel adhesins.

2. Materials and methods
2.1. P. brasiliensis growth conditions

P. brasiliensis Pb 01 (ATCC MYA-826) is being studied at
our laboratory (Baildo et al., 2006; Barbosa et al., 2006). This
isolate was cultivated at 36 °C in Fava-Netto’s medium [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) NaCl; 4% (w/v)
glucose; 1% (w/v) agar; pH 7.2] for 4 days.

2.2. Adherence assay on polystyrene flasks

The adherence assays were performed as described by
Penalver et al. (1996) with several modifications. Briefly,
polystyrene flasks (Corning Ultra-Low Attachment 75 cm?
rectangular canted-neck cell-culture flask) were coated with

type I collagen or fibronectin at 50 pg/ml in coating buffer
(NaHCO3;, Na,COs, [pH 9.6]) and incubated for 1 h at 37 °C
and overnight at 4 °C. The plates were blocked by adding PBS
(1 mM NaQHPO4.2H20, 1 mM NaH2P04.H20, 50 mM NaCl,
pH 7.4)—1% (w/v) BSA and washed three times with
PBS—0.1% (v/v) Tween 20 before a yeast cell suspension
(108/ml) in PBS was added. The control yeast cells were
incubated in PBS—1% (w/v) BSA. The plates were incubated
for 1 h at 37 °C and washed three times with PBS—0.1% (v/v)
Tween 20 following RNA isolation.

2.3. RNA isolation

Total RNAs from P. brasiliensis were obtained by the
Trizol method according to the manufacturer’s instructions
(GIBCO, Invitrogen, Carlsbard, CA, USA). DNA contamina-
tion was extinguished by treating total RNA with RNAse free
DNAse (Promega Corporation®). The RNAs were used to
construct double-stranded cDNAs.

2.4. Subtractive hybridization and generation of
subtracted libraries

Subtractive hybridization was performed as previously
described by Baildo et al. (2006). Briefly, 1.0 pg of total RNA
was used to produce cDNA. The synthesis of the first strand
was performed with SuperScript Il reverse transcriptase
(Invitrogen Life Technologies); this product was then used as
a template to synthesize double-stranded cDNA. The resulting
cDNAs were digested with restriction enzyme Sau3Al. The
subtracted cDNA libraries were constructed using driver
cDNAs (from RNAs extracted from the control) and tester
cDNAs (synthesized from RNAs extracted from P. brasiliensis
adhered to type I collagen or fibronectin). The resulting
products were purified using a GFX kit (GE Healthcare,
Chalfont St. Giles, UK). The tester-digested cDNA was ligated
to adapters (a 24-mer annealed to a 12-mer) and amplified by
PCR. The amplicons were digested with Sau3Al to remove the
adapters that had been incorporated into the cDNAs and, after
spin-column purification, a new 24-mer adapter was ligated
onto the cDNA tester and a different DNA molecule was
ligated onto the cDNA driver. The cDNA driver was PCR-
amplified and, after cleavage to remove the adapters, it was
purified and quantified.

For generation of the differential products, tester and driver
cDNAs were mixed, hybridized at 67 °C for 18 h and ampli-
fied by PCR with the 24-mer adapter. Two successive rounds
of subtraction and PCR amplification using hybridization
tester-driver ratios 1:10 and 1:100 were performed. The
adapters used for subtractive hybridizations are listed in Table
1 in supplementary material.

After the second subtractive reaction, the final amplified
cDNAs were cloned into a pGEM-T Easy vector (Promega,
Madison, USA). Escherichia coli XL1 Blue competent cells
were transformed with the ligation products. Selected colonies
were picked and grown in microliter plates and plasmid DNA
was prepared. To generate expressed sequence tags (ESTs),
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single-pass, 5'-end sequencing of cDNAs by standard fluo-
rescence labeling dye-terminator protocols with T7 flanking
vector primer was performed. The samples were loaded onto
a MegaBACE 1000 DNA sequencer (GE Healthcare) for
automated sequencing analysis.

2.5. EST processing pipeline, annotation and sequence
analysis

EST sequences were preprocessed using Phred (Ewing and
Green, 1998) and Crossmatch programs (http://www.genome.
washington.edu/UWGC/analysistools/Swat.cfm) and were
assembled into contigs using CAP3 (Huang and Madan, 1999).
All of these tools were integrated in a specific pipeline (http://
www.lbm.icb.ufg.br/pipelineUFG/). Only sequences with at
least 75 nucleotides and PHRED quality greater than or equal
to 20 were considered. ESTs were screened for vector
sequences against UniVec data. The clustered sequences were
compared using Blast X against the GenBank non-redundant
(nr) database from the National Center for Biotechnology
Information (NCBI) and the nucleotide database generated
from the P. brasiliensis structural genome (http://www.broad.
mit.edu/annotation/genome/paracoccidioides_brasiliensis/
MultiHome.html). The database sequence matches were
considered significant at E-values <10~ '°.

The search for functional categories was performed using
the bioinformatic tool Blast2GO that combines, in one appli-
cation, GO annotation based on similarity searches with
statistical analysis and highlight visualization on directed
acyclic graphs (Conesa et al., 2005). The Blast2GO annotation
algorithm takes multiple parameters into account, such as
sequence similarity, BLAST HSP (highest scoring pair) length
and e-values, the GO hierarchical structure and GO term
evidence codes (Conesa et al., 2005; Gotz et al., 2008). The
sequences were grouped into functional categories according
to the classification of the MIPS functional catalog (Munich
Center for Protein Sequences; http://mips.gst.de/).

The in silico prediction of adhesins was performed using
the tool Faapred (Fungal adhesin and adhesin-like proteins
prediction) hosted at http://bioinfo.icgeb.res.in/faap (Ramana
and Gupta, 2010). The protein sequences encoded by RDA
products were obtained from the P. brasiliensis database
(http://www.broad.mit.edu/annotation/genome/
paracoccidioides_brasiliensis/MultiHome.html) and  then
loaded onto the software above for predictions.

2.6. Analysis of RNA transcripts by quantitative reverse-
transcription PCR (qRT-PCR)

This assay was performed to confirm RDA results and the
reliability of our approaches. Total RNAs from P. brasiliensis
control yeast cells and from yeast cells adhered to type I
collagen or fibronectin were obtained as previously described
in independent experiments from those used in the RDA. Total
RNAs treated with DNAse were reverse-transcribed using
Superscript I reverse transcriptase (Invitrogen) and oligo
(dT),5 primer. The qRT-PCR was performed in triplicate with

samples from three independent experiments in the StepOne-
Plus™ real-time PCR system (Applied Biosystems, Foster
City, CA). The PCR thermal cycling was 40 cycles of 95 °C
for 15 s and 60 °C for 1 min. SYBR Green PCR master mix
(Applied Biosystems) was used as the reaction mixture to
which were added 10 pmol of each specific primer and 40 ng
of template cDNA in a final volume of 20 pul. Melting curve
analysis was performed to confirm a single PCR product. The
data were normalized with the transcript for o-tubulin ampli-
fied in each set of qRT-PCR experiments. A non-template
control was included. A cDNA for a relative standard curve
was generated by pooling an aliquot from each cDNA sample.
The standard curve was serially diluted 1:5 and a standard
curve was generated using five samples from the pooled
cDNA. Relative expression levels of genes of interest were
calculated using the standard curve method for relative
quantification (Bookout et al., 2006). The specific primers,
both sense and antisense, are described in Table 1 in
supplementary material.

2.7. Cloning the cDNA encoding enolase into an
expression vector and purification of the recombinant
protein

The procedures for obtaining the recombinant protein
enolase were performed as previously described (Nogueira
et al., 2010). The complete enolase cDNA (GenBank acces-
sion number EF558735.1), obtained from a library from yeast
cells of P. brasiliensis (Costa et al., 2007), was amplified by
PCR employing primers, as described in Table 1 of the
supplementary material. The PCR product was cloned in-
frame with the glutathione S-transferase (GST) coding
region of the pGEX-4T3 vector to yield the GST-PbEno
construct. The procedures for obtaining the recombinant
protein were performed as previously described (Nogueira
et al., 2010).

Bacteria of the E. coli strain BL21 pLys, transformed with the
GST-PbEno construct, were grown in Luria Bertani (LB)
medium supplemented with ampicillin (100 pg/ml) and glucose
(20 mM) at 37 °C, 200 rpm. At an Aggg of 0.6, protein produc-
tion was induced by the addition of isopropyl-B-p-thio-
galactopyranoside (IPTG) to a final concentration of 0.1 mM.
After centrifugation, E. coli bacterial pellets were resuspended
in PBS, incubated on ice for 30 min and sonicated on ice 15
times for 60 s each. The GST-PbEno protein was affinity-
purified using glutathione Sepharose 4B (GE Healthcare)
according to the manufacturer’s protocol, and PbEno was
released from GST-PbEno by the addition of thrombin (Sigma
Aldrich). The cleavage reaction was stopped by freezing the
sample at —20 °C. The purity and integrity of the protein were
verified by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), followed by Coomassie Blue staining.

2.8. Affinity ligand assays and dot blot analysis

Far-western assays were carried out as previously described
(Barbosa et al., 2006; Castro et al., 2008). The recombinant



A.M. Buaildo et al. / Research in Microbiology 163 (2012) 182—191 185

enolase (rPbEno) was submitted to SDS-PAGE and blotted
onto nitrocellulose membranes. The blotted protein was
assayed for laminin, fibronectin, type I and type IV collagen
binding, as follows. The blotted membranes were blocked for
4 h with PBS—1% (w/v) BSA and 5% (w/v) milk, incubated
with laminin (30 pg/ml), fibronectin (30 pg/ml), type I
collagen (20 pg/ml) or type IV collagen (20 pg/ml) diluted in
PBS—1% (w/v) BSA for 90 min and washed three times with
PBS—0.1% (v/v) Tween 20. The membranes were incubated
overnight with the rabbit antibodies anti-laminin, anti-fibro-
nectin, anti-type I collagen or anti-type IV collagen (diluted
1:100). The blots were washed with PBS—0.1% (v/v) Tween
20 and incubated with peroxidase-labeled goat anti-rabbit
immunoglobulin (diluted 1:1000) for 2 h. The blots were
washed with PBS—0.1% (v/v) Tween 20 and the reactive
bands were developed with hydrogen peroxide dia-
minobenzidine as the chromogenic reagent. As a negative
control, rPbEno was incubated only with peroxidase-labeled
goat anti-rabbit immunoglobulin in the absence of the ECM
proteins (laminin, fibronectin and type I and IV collagen). An
additional control was obtained by incubating rPbEno with
BSA.

A peptide was synthesized based on the deduced sequence
of PbCtr3 (GenBank accession number DQ534496) toward
amino acids 90—130 (Dantas et al., 2009), and dot blot anal-
ysis was performed to assay the reactivity of this peptide to the
ECM proteins. The reactions were performed as described
above for the affinity ligand assay.

2.9. Immunofluorescence

J774 A.1 macrophage cells purchased from Banco de
Células do Rio de Janeiro (Rio de Janeiro Brazil) were
cultured over coverslips in 6-well plates and subjected to an
enolase binding assay. Mammalian cells were cultured in
RPMI supplemented with interferon gamma (1 U/ml). The
medium was removed and the cells were washed 3 times with
PBS, fixed for 30 min with cold methanol and air-dried.
Either recombinant enolase (350 pg/ml) or 1% BSA (wlv,
negative control) in PBS was added and incubated with fixed
J774 cells at room temperature for 1h. After cells were
washed 3 times with PBS, mouse enolase antiserum (1:100
dilution) was added. The system was incubated for 1 h at
37 °C and washed 3 times with PBS. The cells were incubated
with anti-rabbit IgG coupled to fluorescein isothiocyanate
(FITC; 1:100 dilution) for 1 h. The cells were incubated with
50 uM  4',6-diamidino-2-phenylindole (DAPI) for nuclear
staining.

2.10. Statistical analysis

The experiments were performed in triplicate with samples
in triplicate. The results were presented as means =+ standard
deviation. The statistical comparisons were performed using
Student’s r-test. Statistical significance was accepted for
P <0.05.

3. Results

3.1. Expression profile of P. brasiliensis yeast cells
adhering to type I collagen and fibronectin

The RDA approach was performed with RNAs obtained
under three conditions: (a) P. brasiliensis yeast cells
adhering to type I collagen; (b) P. brasiliensis yeast cells
adhering to fibronectin; and (c) control P. brasiliensis yeast
cells. The first and second conditions were used indepen-
dently as tester cDNA populations and the third was used as
the driver cDNA population. Subtraction hybridization was
performed by incubating the driver with each tester. Selec-
tion of the cDNAs was achieved by construction of sub-
tracted libraries.

For comparative analysis, the 535 ESTs from the cells
adhering to type I collagen were grouped into 65 clusters,
represented by 30 contigs and 35 singlets. Most of the anno-
tated ESTs (34%) corresponded to energy production. A high
proportion of the ESTs found under type I collagen conditions
(55%) exhibited sequence similarity to genes of unknown
function or encoding hypothetical proteins (Table 1). A broad
view of the nature of adaptations made by P. brasiliensis
during adherence to type I collagen was obtained by classi-
fying the ESTs into seven groups of functionally related genes
(Table 1).

ESTs from cells adhering to fibronectin were grouped in 62
clusters, as represented by 25 contigs and 37 singlets. The
analysis of 583 ESTs revealed that most of the annotated ESTs
(42%) corresponded to transcripts related to cell rescue,
defense and virulence (Table 2), while 31% of the ESTs found
under fibronectin-binding conditions did not show similarity to
known P. brasiliensis genes. The annotated ESTs comprised
nine different MIPS categories, indicating a wide range of
processes probably involved in P. brasiliensis adhesion to
fibronectin (Table 2).

The Faapred bioinformatics tool used for identification of
fungal adhesins is trained software with different composi-
tional features: namely, amino acid, dipeptide, multiplet
fractions, charge and hydrophobic compositions, as well as
PSI-Blast (Ramana and Gupta, 2010). In silico adhesin
prediction analysis using the Faapred tool returned 16 out of
30 upregulated genes and 27 out from 44 upregulated genes
from collagen and fibronectin conditions, respectively (Tables
1 and 2).

3.2. gRT-PCR assays in analysis of gene expression

For further confirmatory data on the expression level from
EST redundancy analysis, an assessment of P. brasiliensis
alcohol dehydrogenase (Pbadh), enolase (Pbeno), arginine
N-methyltransferase (Pbskbl), enoyl-CoA hydratase (Pbe-
noyl-CoA), copper transporter (Pbctr3) and heat-shock
protein 70 (Pbhsp70) was provided by qRT-PCR analysis.
Pbadh, Pbeno and Pbskbl were induced in yeast cells
adhering to type I collagen and fibronectin (Fig. 1A), as
demonstrated in the RDA. Pbenoyl-CoA was induced in yeast
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cells adhering to collagen (Fig. 1B), and Pbctr3 and Pbhsp70
were induced in yeast cells adhering to fibronectin (Fig. 1C),
confirming RDA.

3.3. rPbEno and PbCtr3 bind to matrix proteins

We selected the transcripts encoding enolase (Pbeno) and
the high-affinity cooper transporter (Pbctr3) for testing the
ability of the cognate proteins to adhere to ECM compo-
nents in vitro. The criterion for selection was the predicted
cell wall localization of both proteins, as previously
described (Dantas et al., 2009; Nogueira et al., 2010). For
that, the full-length cDNA encoding enolase consisted of
1684 bp with an open reading frame encoding 438 amino
acids with a calculated molecular mass of 47 kDa. cDNA
encoding P. brasiliensis enolase was cloned into the
expression vector pGEX-4T-3 to obtain the recombinant

fusion protein in E. coli. After induction with IPTG,
a recombinant protein was detected in bacterial lysates
(Fig. 2A, lane 2). The fusion protein was affinity-purified
and rPbEno was obtained by digestion with thrombin
(Fig. 2A, lane 3).

The ability of rPbEno to bind laminin, fibronectin and type
I and IV collagens was determined by far-western blotting
assays, as shown in Fig. 2B. rPbEno exhibited the ability to
bind to laminin (lane 3), fibronectin (lane 4) and type I
collagen (lane 5). There was no detectable reaction with type
IV collagen (lane 6). Negative controls were obtained by
incubating rPbEno in the absence of the ECM proteins (lane
1), and by using BSA (lane 2).

In addition, the synthetic peptide (PbCtr3) (Fig. 2C),
reacted with type I collagen (lane 2), type IV collagen (lane 3)
and fibronectin (lane 4). There was no reactivity with BSA
(negative control) (lane 1) or laminin (lane 5).

Table 1

Annotated ESTs with high abundance in yeast cells during adhesion to collagen versus control yeast cells.

Functional category Gene product Best hit/GenBank accession e-Value Number
number* or P. brasiliensis of occurrences
genome locus®*

Metabolism Acetamidase” P. brasiliensis/PAAG_03626.1%* le—55 12

Transketolase P. brasiliensis/lPAAG_04444 1%* le—55 5
Enoyl-CoA hydratase P. brasiliensis/PABG_02862.1%* le—38 2
Mitochondrial protein potentially Saccharomyces cerevisiae/NP_690845.1%* 3e—11 8
involved in regulation of
respiratory metabolism
Alcohol dehydrogenase® P. brasiliensis/lPAAG_04541.1%% le—51 1
Energy NADH dehydrogenase® P. brasiliensis/PAAG_04760.1** le—26 176
Enolase™” P. brasiliensis/PAAG_00771.1%* le—56 3
Transcription Transcription factor MetR P. brasiliensis/lPAAG_04371.1%% le—14 5
Endoribonuclease yshl (Bzip) P. brasiliensis/PAAG_08788.1%* le—76 6
SWI/SNF transcription activation P. brasiliensis/lPAAG_06542.1%% le—52 1
complex subunit
Protein Kruppel® P. brasiliensis/PAAG_06709.1%** le—27 1
Pre mRNA splicing factor prpl P. brasiliensis/lPAAG_00995.1%* le—26 1
Protein binding FAD-linked sulthydryl oxidase P. brasiliensis/PAAG_06132.1%* le—35 2
Cytosolic Fe-S cluster assembling P. brasiliensis/PAAG_03944.1%* le—112 1
factor NBP35"

Cell cycle and DNA processing DNA polymerase epsilon subunit c® P. brasiliensis/PAAG_00002.1%* le—10 4

Cell rescue virulence Hsp98/Hsp104 P. brasiliensis/PAAG_02130.1%* le—49 2

Protein fate Arginine N-methyltransferase skb1*" P. brasiliensis/lPAAG_02402.1%* le—85 3

Unclassified proteins Conserved hypothetical protein” P. brasiliensiss/PADG_08537.1%% Se—41 32

Conserved hypothetical proteinh P. brasiliensis/PAAG_08039.1%* le—19 2
Conserved hypothetical protein” P. brasiliensis/lPABG_01516.1%* le—13 1
Conserved hypothetical protein P. brasiliensis/PAAG_04760.1%* le—26 1
Conserved hypothetical protein P. brasiliensis/lPAAG_01303.1%* le—34 1
Conserved hypothetical protein P. brasiliensis/PAAG_07033.1%* le—13 16
Conserved hypothetical protein” P. brasiliensis/lPABG_03557.1%* le—34 2
Conserved hypothetical protein® P. brasiliensis/PABG_07127.1%* le—18 6
Hypothetical protein” P. brasiliensis/PABG_06807.1%* le—27 167
Hypothetical protein® P. brasiliensis/lPAAG_07288.1%% le—36 49
Hypothetical protein P. brasiliensis/PABG_01874.1%* le—64 4
Hypothetical protein® P. brasiliensis/PAAG_03580.1%* le—49 3
Hypothetical protein” P. brasiliensis/lPAAG_02061.1%* le—19 2
No significant similarity found 2

# Transcripts overexpressed in the presence of type I collagen and fibronectin.

® Putative adhesins predicted by Faadpred in silico analysis.
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Annotated ESTs with high abundance in yeast cells during adhesion to fibronectin versus control yeast cells.

Functional category

Gene product

Best hit/GenBank accession e-Value Number
number* or P. brasiliensis of occurrences
genome locus**

Metabolism

Energy

Transcription

Protein binding

Cell cycle and DNA processing

Cell rescue and virulence

Cellular transport

Protein fate

Protein synthesis

Unclassified proteins

No significant similarity found

Alanine-glyoxylate aminotransferase

Betaine aldehyde dehydrogenase®
Mitochondrial NADP-specific
isocitrate dehydrogenase®
Alcohol dehydrogenase®

C-5 sterol desaturase

Enolase™®
Hexokinase-1°

C2H2 transcription factor (Seb1)®
Sexual development
transcription factor NsdD”

C2H2 transcription factor (Con7)
C6 transcription factor (Ctf1B)®
NF-X1 finger transcription factor
APSES transcription factor”
Forkhead box protein D1
Transcription factor atf1®

b

SCP-like extracellular®
Ribosomal protein mrp4®

Hsp90 binding co-chaperone (Sbal)

Cell cycle inhibitor Nif1®

Heat-shock protein 70 Hsp70°
Heat-shock protein 60 Hsp60
Heat-shock protein 30 Hsp30
Dnal domain protein Psi

PbCtr 3-high-affinity copper transporter
Mechanosensitive ion channel family

Golgi membrane protein (Coyl)

Benomyl/methotrexate resistance protein®

Galactosyltransferase”
Arginine N-methyltransferase Skb

CAP20°

Urg3

Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Hypothetical protein®
Hypothetical protein
Hypothetical protein®
Hypothetical protein®
Hypothetical protein
Hypothetical protein
Hypothetical protein

b
b
b
b
b
b

P. brasiliensis/PAAG_03138.1%* le—105 5
P. brasiliensis/PAAG_05392.1%* le—63 7
P. brasiliensis/PAAG_08351.1%* le—57 1
P. brasiliensis/PAAG_00403.1%* le—59 1
P. brasiliensis/PAAG_03651.1** le—68 1
P. brasiliensis/PAAG_00771.1%* le—43 10
P. brasiliensis/PAAG_01377.1%* le—15 1
P. brasiliensis/EEH47059.1%* le—21 4
P. brasiliensis/PAAG_05818.1%* le—47 74
Ajellomyces dermatitidis/EEQ91999.1%* le—52 1
P. brasiliensis/PAAG_01359.1%* le—12 2
Ajellomyces dermatitidis/EEQ87210.1%* Te—89 15
Aspergillus fumigatus/EDP51876.1* le—41 1
P. brasiliensis/PAAG_07388.1%* le—14 1
P. brasiliensis/PAAG_01945.1%* le—22 2
P. brasiliensis/XP_752604.1* le—50 1
P. brasiliensis/PAAG_07873.1%* le—70 1
P. brasiliensis/PAAG_05226.1%* le—16 1
Ajellomyces capsulatus/EER43226.1* le—15 1
P. brasiliensis/PAAG_08003.1%* le—37 231
P. brasiliensis/PAAG_08059.1%* le—56 7
P. brasiliensiss/PAAG_00871.1%* le—62 5
P. brasiliensis [PAAG_00478.1%%* le—24 1
P. brasiliensis/PAAG_05251.1%* le—92 15
P. brasiliensis/PAAG_01645.1%* le—84 2
P. brasiliensis/PAAG_05425.1%* le—53 1
P. brasiliensis/PAAG_07478.1%* le—84 2
P. brasiliensis/PADG_00117.1%* le—66 1
P. brasiliensis/PAAG_02402.1%* le—61 1
P. brasiliensis/PAAG_06538.1%* le—79 7
P. brasiliensiss/PABG_03978.1%* 1e—89 3
P. brasiliensis/PAAG_08906.1%* le—23 103
P. brasiliensis/PADG_08537.1%* 8e—45 40
P. brasiliensis/PAAG_05634.1%* 0.0 1
P. brasiliensis/PAAG_03559.1%* 0.0 2
P. brasiliensis/PAAG_07480.1%* 0.0 1
P. brasiliensis/PAAG_00128.1%* 0.0 1
P. brasiliensis/PAAG_01169.1%* 6e—26 8
P. brasiliensis/PAAG_00089.1%* 0.0 3
P. brasiliensis/PAAG_08515.1%* le—33 3
P. brasiliensis/XP_002484510.1* le—44 1
Shewanella oneidensis/NP_717361.1* 3e—11 3
P. brasiliensis/PAAG_03092.1%* 0.0 1
Gibberella zeae/XP_382291.1* le—11 1

7

* Transcripts overexpressed in the presence of type I collagen and fibronectin.

® Putative adhesins predicted by Faadpred in silico analysis.

3.4. rPbEno attaches to the macrophage surface

Immunofluorescence assays were also conducted to visu-
alize whether P. brasiliensis enolase can specifically adhere to
the surface of J774 A.1 cells (Fig. 3). Evidence of enolase

binding to the macrophage cells was found. The immunomi-
croscopy showed that enolase specifically bound to the
macrophage the surface (Fig. 3B). No binding was observed
with BSA as a control (Fig. 3A). This observation reinforces
previous findings suggesting the role of this molecule in the
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Fig. 1. Average gene expression of Pbadh, Pbeno, Pbskbl, Pbenoyl-CoA, Pbctr3 and Pbhsp70, as determined by quantitative real-time RT-PCR. (A) qRT-PCR plot
of Pbadh, Pbeno and Pbskbl expression levels in yeast cells adhering to type I collagen and fibronectin. (B) qRT-PCR plot of Pbenoyl-CoA expression levels in
yeast cells adhering to type I collagen. (C) qRT-PCR plot of Pbctr3 and Pbhsp70 expression levels in yeast cells adhering to fibronectin. The values of expression
were standardized using values of expression of the constitutive gene encoding a-tubulin. The expression level was calculated by the relative standard curve
method. The standard deviations are presented from three independent experiments. *, Significantly different from the control, at a P-value of <0.05.

attaching process between P. brasiliensis and host cells
(Nogueira et al., 2010).

4. Discussion

Our objective in the present work was to uncover potential
adhesins that could be expressed during the adhesion process
of P. brasiliensis. For this purpose, in vitro adherence assays to
extracellular matrix proteins were performed. The RDA assays
allowed identification of 69 upregulated genes during fibro-
nectin and collagen adhering conditions. Three genes were
found in both conditions. Among the identified transcripts,
several were identified as coding for previously characterized
adhesins such as alcohol dehydrogenase (ADH), Hsp60 and
Hsp70. Many differentially expressed transcripts detected in
this work, such as C-5 sterol desaturase, cap20 protein, high-
affinity copper transporter, hexokinase and transketolase, had
already been described as upregulated genes in yeast cells
derived from models of infection (Baildo et al., 2006; Costa
et al.,, 2007). The induced expression of putative virulence
factors indicates that the presence of ECM components may
be a stimulus to trigger mechanisms to adapt to the host
milieu. Among the RDA differential products, many tran-
scripts encoding hypothetical proteins were isolated.
Bioinformatics-based analysis confirmed that most RDA
products are predicted to be adhesin-like molecules and many
of them are proteins with unknown function.

By screening a cDNA expression library of Candida albi-
cans yeast cells with polyclonal antiserum to human fibro-
nectin, Klotz et al. (2001) isolated cDNA clones that encode
ADH, suggesting that this protein is found on the cell surface
of this fungus and could be a receptor for fibronectin. Also,

Crowe et al. (2003), in an attempt to identify C. albicans
proteins involved in plasminogen binding, identified ADH in
cell wall protein extracts of this fungus. Upregulation of
transcripts encoding P. brasiliensis ADH during contact with
ECM components suggests the role of this protein in adhesion
of yeast cells to host tissues.

The transcript-encoding enolase was induced under both
studied conditions. Several studies had demonstrated the role
of enolase as an ECM binding protein. This molecule is a cell
surface protein in Staphylococcus aureus and mediates
binding of this microorganism to laminin, potentially playing
a critical role in its pathogenesis (Carneiro et al., 2004). In
addition, previous works showed the surface localization of
Streptococcus suis enolase and its ability to bind to fibronectin
(Esgleas et al., 2008) and to Hep-2 cell surface (Feng et al.,
2009). Using a proteomic approach, Chen et al. (2011)
showed that S. suis enolase is a protein that binds to macro-
phage surface molecules. Moreover, Castaldo et al. (2009),
using immune electron microscopy also demonstrated the cell
surface localization of Lactobacillus plantarum enolase,
where it can bind fibronectin and mediate adhesion of this
commensal bacterium to human intestinal cells. Regarding P.
brasiliensis, PbEno was previously described as a fibronectin-
binding protein that mediates the interaction between the
fungus and pulmonary epithelial cells, A549 (Donofrio et al.,
2009). Our recent studies demonstrated the potential contri-
bution of PbEno as a virulence factor for P. brasiliensis. In
fact, in P. brasiliensis, surface-associated enolase was docu-
mented and shown to bind host plasminogen. Moreover,
plasminogen-coated P. brasiliensis yeast cells are capable of
degrading purified fibronectin, providing in vitro evidence for
the generation of plasmin on the fungus surface. In addition,
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Fig. 2. Binding of PbEno and PbCtr3 to extracellular matrix components. (A)
SDS-PAGE analysis of P. brasiliensis recombinant enolase (rPbEno). E. coli
cells harboring the pGEX-4T-3-enolase plasmid were grown at 37 °C to an Aggo
of 0.6 and harvested before (lane 1) and after (Iane 2) 16 h incubation at 15 °C
with 0.1 mM IPTG. The cells were lysed by extensive sonication. Lane 3,
purified rPbEno (after cleavage with thrombin). The protein extracts were
fractionated by one-dimensional gel electrophoresis and stained by Coomassie
Blue. (B) Recombinant enolase (0.5 pg) was subjected to SDS-PAGE and
electroblotted. The membranes were reacted with laminin (lane 3), fibronectin
(lane 4), type I collagen (lane 5) and type IV collagen (lane 6) and were
subsequently incubated with rabbit IgG anti-laminin, anti-fibronectin, anti-type I
collagen and anti-type IV collagen antibodies, respectively. The use of
peroxidase-conjugated anti-rabbit IgG revealed the reactions. The negative
controls were obtained by incubating the rPbEno with no ECM component (lane
1) and using BSA (lane 2). (C) Reactivity of the synthetic peptide from PbCtr3
with type I collagen (lane 2), type IV collagen (lane 3), fibronectin (lane 4) or
laminin (lane 5). The negative control was obtained by using BSA (lane 1).

recombinant enolase promoted an increase in the association
of P. brasiliensis with host cells in ex vivo models of infection
(Nogueira et al., 2010). The ability of PbEno to bind to ECM
components and to the macrophage surface, as demonstrated
by far-western and immunofluorescence in the present work,

A

may account for the molecule’s effect in promoting P. brasi-
liensis adhesion to host cells. Although these results point to
a contribution by PbEno to P brasiliensis pathogenesis,
studies have been hampered by the lack of a standardized
protocol for generation of P. brasiliensis knockout mutants and
by the fact that the enolase gene is essential.

Molecular chaperones were upregulated during P. brasi-
liensis in vitro adhesion to fibronectin. Chaperones had been
detected at the surface of microorganisms, supporting their
potential role in adhesion. Specifically, Batista et al. (2006)
reported the presence of a member of the J-domain protein
family, Mdjl, at the cell surface of P. brasiliensis. Hsp60,
which has been detected in small clusters at discrete points on
the Histoplasma capsulatum cell wall, has been shown to
mediate attachment of the fungus to macrophages via CD11/
CD18 receptors (Long et al., 2003). Helicobacter pylori
Hsp70 was found at the cell surface and mediates adhesion of
the bacteria to glycolipids found in the stomach tissue (Huesca
et al., 1998). Likewise, Hsp30, Hsp60 and Hsp70 were found
in secretory vesicles in H. capsulatum (Albuquerque et al.,
2008), suggesting a secretory route for such molecules.

The high-affinity copper transporter is a key molecule
related to homeostasis of copper to fungal pathogens. The
capacity for copper uptake by pathogenic microorganisms is
considered to be a virulence factor because the availability of
this metal is low in host tissues (Silva et al., 2011). The
impairment of copper uptake in Cryptococcus neoformans
led to diminished fungal burden in a mouse model of
infection (Waterman et al., 2007). The Pbctr3 transcript was
induced in P. brasiliensis yeast cells derived from infected
tissues (Baildo et al., 2006) and was also recognized by sera
from PCM patients (Dantas et al., 2009), suggesting its role
in the infectious process. The transcript encoding PbCtr3
was induced in yeast cells in contact with fibronectin. In
addition, PbCtr3 synthetic peptide was able to bind to
fibronectin, type I collagen and type II collagen. Taken
together, these results suggest that adhesion could be
a secondary function of Ctr3, although further investigations
are necessary to elucidate this new function. Although this
molecule has not been described before as an ECM binding

B

Fig. 3. Binding of rPbEno to the macrophage surface. Inmunofluorescence analysis showing binding of the recombinant enolase to J774 A.1 mouse macrophage
cells. (B) Blue indicates the macrophage nucleus and green indicates enolase bound to the surface of the macrophage. (A) The negative control was performed with
an unrelated protein (BSA). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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component, its probable localization at the cell surface
should enable its binding capacity.

Extracellular matrix in the host tissues provides structural
support, compartmentalizes tissues, serves as a physical
barrier and is permeable to many compounds. Fibronectin and
collagen are major components of the protein content of ECM
(Dunsmore and Rannels, 1996). These proteins are the main
targets enabling pathogenic microorganisms to attach and
invade host tissues by means of adhesins. RDA products
obtained from P. brasiliensis incubated with fibronectin and
collagen revealed many specifically upregulated transcripts.
Those findings likely indicate that different ECM components
elicit specific pathways that permit a P. brasiliensis adaptation
mechanism in host tissues. Studies had demonstrated that C.
albicans is able to respond to very subtle differences in the
environment during adhesion to various growth substrates
(Sohn et al., 2006; Zakikhany et al., 2007).

In conclusion, this study enabled identification of proteins
that may be involved in the adhesion process of P. brasiliensis.
Indeed, a number of these proteins have already been
described in the pathogenesis of this and other microorganisms
and elucidation of the role of hypothetical proteins could
reveal more information regarding molecules involved in
adherence and pathogenesis.
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ABSTRACT into yeast forms within the lungs. There are two forms of
PCM: the acute, juvenile form and the chronic, adult form.
Paracoccidioidomycosis (PCM) is a systemic mycosis caused by The former has a faster course, and is more severe than the

Paracoccidioides brasiliensis. Currently, the treatment approach latter (3). However, in the absence of effective treatment, cell-
involves the use of antifungal drugs and requires years of medical mediated immune functions are abnormal, and mortality is
therapy, which can induce nephrotoxicity and lead to resistance high in both forms (4).

in yeast strains. Photodynamic inactivation (PDI) is a new Although effective treatment regimes are available to
therapy capable of killing microorganisms via the combination of  control the infection process, most patients develop fibrotic
a nontoxic dye with visible light to generate toxic reactive sequelae (5). Treatment with antifungal drugs, such as

oxygen species (ROS). We investigated the phototoxic effect of  gsylfonamides, ketoconazole, itraconazole, fluconazole and
5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin (TMPyP), a amphotericin B requires many years to be efficacious, and is

cationic porphyrin, on the survival of P. brasiliensis following nephrotoxic in nature (6). In addition, the use of antifungal
exposure to light. Phototoxicity was found to depend on both the drugs encourages the selection of tolerant pathogens, and is,
fluence and concentration of the photosensitizer (PS). Although therefore, detrimental to the entire population (7).

the biological effects of PDI are known, the molecular mech- Photodynamic inactivation (PDI) is a promising new option
anisms underlying the resultant damage to cells are poorly for killing pathogenic microorganisms. In the last few years,
defined. Therefore, we evaluated the molecular response to PDI- some studies have shown the efficacy of PDI in human
induced oxidative stress by gene transcription analysis. We pathogenic yeast species, such as Candida albicans (8.,9),
selected genes associated with the high-osmolarity glycerol Cryptococcus neoformans (10) and Cryptococcus gattii (11),
(HOG)-mitogen-activated protein kinase (MAPK) pathway  4nd in filamentous fungi such as Aspergillus fumigatus (12) and
and antioxidant enzymes. The genes analyzed were all overex- Trichophyton rubrum (13). PDI provides significant advantages
pressed after PDI treatment, suggesting that the oxidative stress over existing antimicrobial therapies, as it acts faster against

generated in our experimental conditions induces antioxidant microorganisms, and there is no evidence of PDI resistance to
activity. In addition to PDI-induced gene expression, there was date (14).

high cell mortality, suggesting that the antioxidant response was Photodynamic inactivation involves the use of nontoxic
not sufficient to avoid fungal mortality. photosensitizers (PSs), which are excited by exposure to visible
light, and can generate a high number of reactive oxygen
INTRODUCTION species .(ROS; 15). ROS are bypfoducts of the pormal
metabolism of oxygen, and play important roles in cell
Paracoccidioides brasiliensis, a dimorphic fungus found in signaling and homeostasis. However, high levels of ROS may
Central and South America, is responsible for paracoccidioid- result in significant damage to cellular structures, inducing cell
omycosis (PCM), a form of systemic mycosis that affects at death.
least 10 million people in Latin America (1). In Brazil, PCM is Two possible oxidative mechanisms can be observed after
one of the most common causes of death due to chronic/recur- light activation of the PS. In the Type 1 mechanism, the excited
rent infection and parasitic disease (2). Infection is thought to PS reacts with the surrounding molecules to yield radical
occur via the inhalation of conidia that subsequently transform species and hydrogen peroxide (H>O,). In the Type 2 mech-

anism, the excited PS transfers its energy to molecular oxygen

3 : P 1
*Corresponding author email: almeidalm@hotmail.com (Luciane Madureira de ( 0,) to produce the hlghly toxic Slnglet oxygen ( 02) Both
Almeida) types of PDI cause cell death; however, the main photo-
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Many studies have been performed to evaluate the effective-
ness of these new therapies (8—14), understand the photophysical
characteristics of the PSs (15-20), develop new techniques
for characterization (19,21), as well as to develop more efficient
PS molecules (22-24). In addition to these studies, a better
understanding of the molecular mechanics associated with PDI
could facilitate further development of this therapy. Photody-
namic therapy (PDT) induces a cascade of molecular events in
human tumors, including activation of transcription factors,
heat shock proteins, antioxidant enzymes, and apoptotic path-
ways, as well as altered cell attachment and protein transport,
which can lead to cell death (25-27). Currently, the underlying
molecular events involved in cell death after PDI are poorly
defined in pathogenic fungus (28-30). However, it is known that
transcriptional activation in P. brasiliensis plays an important
role in the molecular response to PDI, and therefore, further
study of this fungus will help broaden our knowledge of PDT.
Analysis of transcriptional regulation does not permit determi-
nation of the importance of gene expression in response to PDI,
but does improve the understanding of the underlying molecular
process.

The objective of this study was to evaluate the efficacy of
PDI based on cell viability of P. brasiliensis exposed to the PS
TMPyP. Moreover, we evaluated the differential expression of
genes associated with antioxidant enzymes and the high-
osmolarity glycerol (HOG)-mitogen-activated protein kinase
(MAPK) pathway.

MATERIALS AND METHODS

P. brasiliensis yeast cells. Paracoccidioides brasiliensis Pb0l (ATCC
MY A-826) yeast cells were grown in Fava-Netto solid medium (1%
[wt/vol] peptone; 0.5% [wt/vol] yeast extract; 0.3% [wt/vol] proteose
peptone; 0.5% [wt/vol] beef extract; 0.5% [wt/vol] NaCl; 1.2% [wt/vol]
agar; pH 7.2) for 7 days at 36°C (31). For PDI experiments, P.
brasiliensis cells were grown in liquid Fava-Netto medium for 72 h. The
fungal culture was then centrifuged at 1 000 x g for 10 min, and
the supernatant was discarded. This procedure was repeated, and the
sediment was resuspended in 50 mL of phosphate buffered saline (PBS;
pH 7.4). The number of viable cells in the suspension was determined by
Trgpan blue exclusion in a Neubauer counting chamber. A cell density of
10” cells mL™" was used in the PDI experiments.

PS. 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin  was pur-
chased from Sigma—Aldrich. TMPyP is a water-soluble porphyrin
that shows a Soret band at 424 nm and Q-bands at 519, 558, 585 and
638 nm. Its fluorescence emission spectrum shows two bands at 675
and 706 nm (18). Moreover, on irradiation with visible light, this
porphyrin produces a high number of triplet and singlet oxygen (O,)
radicals (17,18,21).

The stock solution was prepared in Milli-Q water to a final
concentration of 200 um, filtered using a 0.22 ym membrane (Milli-
pore), and kept in the dark at 10°C. The absorption spectra and
concentrations were determined using a Beckman DU 940 spectro-
meter, and the fluorescence spectra were measured using a Fluorolog-3
spectrofluorometer (Horiba Jobin Yvon Inc.).

PS binding to yeast cells. Cell suspensions of P. brasiliensis (1 mL
of 10° cells mL™") prepared in PBS were incubated in the dark at
36°C with 50 um TMPyP for 0, 10, 60 and 180 min. The cell
suspensions were centrifuged (16 800 x g for 2 min), and the pellets
were resuspended in 1 mL of 2% sodium dodecyl sulfate (SDS),
incubated overnight at 4°C, and sonicated for 30 min. The PS
concentration in the supernatant was measured using a spectrofluo-
rometer with an excitation wavelength (o) of 585 nm and an
emission wavelength (A.,) of 656 nm in PBS solutions containing 2%
SDS. Fluorescence values were obtained for each sample with
reference to the total number of cells in the suspension. The
concentration of TMPyP in these samples was estimated by compar-
ison to a calibration curve of standard TMPyP solutions in 2% SDS.
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Light source. A visible light source (Br. Patent: PI 0802369-7 A2,
2008) equipped with a 500 W halogen lamp was used for illumination.
To prevent heating of the sample, the light was passed through a thick
water filter, and the sample temperature, which varied by <2°C, was
measured during the irradiation. The irradiance during the treatment
was 120 mW cm™2, and the fluence ranging from 0 to 432 J cm™2.

PDI experiments. Two methods, each performed in three indepen-
dent experiments, were utilized to determine P. brasiliensis cell survival
rates after PDI treatment. In the first experiment, the P. brasiliensis cell
suspension (10° cells mL™") was divided into four aliquots (8 mL) and
incubated with TMPyP (0, 10, 25 or 50 um) in the dark for 1 h at 36°C.
After incubation, the P. brasiliensis cell suspensions were transferred to
sterile polystyrene culture dishes (3 cm diameter) and irradiated at
120 mW cm ™ for 0, 15, 30 or 60 min with fluence ranging from 0 to
432 J em ™2, respectively. After exposure, aliquots (100 uL) of the
suspensions were diluted in PBS to 10%, 10%, 107 and 10° cells mL™",
and grown in Fava-Netto solid medium (1% [wt/vol] peptone; 0.5%
[wt/vol] yeast extract; 0.3% [wt/vol] proteose peptone; 0.5% [wt/vol]
beef extract; 0.5% [wt/vol] NaCl; 1% [wt/vol] agar; pH 7.2) for
1 month to assess delayed growth (24).

In the second experiment, we evaluated the P. brasiliensis survival
rate after PDI treatment by measuring the number of colony-forming
units (CFUs). The P. brasiliensis cell suspension (10° cells mL™") was
divided into aliquots (8 mL) and subjected to two different conditions.
PS was not added to the control group (group A), whereas the other
aliquot was incubated for 60 min with 50 um TMPyP (group B). After
incubation, the P. brasiliensis cultures were transferred to sterile
polystyrene culture dishes (3 cm diameter) and exposed for different
fluences (0, 108, 216 and 432 J cm™?). Next, 100 uL aliquots of the
suspensions were diluted 10-fold, and distributed into five sterile
polystyrene culture dishes. The number of CFUs was determined after
5 days of cell growth. After additional 30 days, the growth of the
fungal culture was also assessed for delayed growth.

Statistical analysis. The survival values, obtained using the CFU
count, are expressed in terms of mean (standard deviation [SD]). The
differences in the mean values of multiple groups were analyzed using
the Student’s #-test. P < 0.01 was considered significant. Pearson
correlation coefficients were calculated to compare the survival rate
and gene transcription level.

RNA extraction. Paracoccidioides brasiliensis cultures (10° cells
mL™") were exposed to three independent PDI treatments, and 5 mL
aliquots were snap frozen in liquid nitrogen. Four samples were
collected after 60 min of light irradiation: without TMPyP (control),
with 10 um TMPyP, 25 um TMPyP and 50 um TMPyP. The total
RNA was extracted from each sample using the TRIzol reagent. RNA
quality was analyzed by agarose gel electrophoresis and ethidium
bromide staining, and the total RNA concentration was measured
using a NanoDrop 2000 (Uniscience).

Transcriptional analysis using quantitative real-time polymerase chain
reaction. Total RNA obtained from the yeast cells subjected to three
independent PDI treatments was used in the transcriptional analyses.
First, the RNA samples were reverse transcribed using the High
Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA).
The cDNA samples were diluted 1:2 in water, and quantitative real-time
polymerase chain reaction (QRT-PCR) was performed using the SYBR
Green PCR master mix (Applied Biosystems) in the Applied Biosystems
Step One Plus PCR System (Applied Biosystems Inc.). Each cDNA
sample was analyzed in triplicate with each primer pair, and a melting
curve analysis was performed to confirm a single PCR product. Gene
sequences were obtained from the Broad Institute and the NCBI
database; and the PRIMER EXPRESS 3.0 software (Applied Biosys-
tems) was used to design the primers. The primers and sequences used in
our analyses are provided in Table 1. The data were normalized to the o-
tubulin transcript. A nontemplate control, containing no genetic
material, was included to eliminate confounding results due to contam-
ination or nonspecific reactions. The PCR thermal cycling conditions
were as follows: 40 cycles at 95°C for 15 s and 60°C for 1 min. The
standard cDNA sample for the relative standard curve was generated by
pooling cDNA aliquots from each sample. The standard cDNA was
serially diluted (1:5), and a standard curve was generated using four
samples from the pooled cDNA. The relative expression levels of the
genes of interest were calculated using the standard curve method for
relative quantification (32). Statistical analysis was performed using the
Student’s ¢-test. P < 0.05 was considered statistically significant.



994 Luciane M. Almeida et al.

Table 1. Oligonucleotides used in qRT-PCR.

Gene

Nucleotide sequence (5"-3") Accession number

Cytochrome ¢ peroxidase (ccp)

Peroxiredoxin (hyrl)

Superoxide dismutase (sod)

Catalase A (cat)

Mitogen-activated protein kinase HOG1 (hogl)
Mitogen-activated protein kinase response regulator (ssk1)
o-Tubulin

Alcohol dehydrogenase (adh)

Chitin synthase (cs1)

Aqualysin 1 (aqs)

Lumazine (luz)

: CCTCATTCAACACCGTCAAC
: GCCTATTGCTATGGAGAGAATA

ATTARTRTATATISTATAT A TR T

GGTAGCTATGGACCGGGTTCT PAAG_03292.1

: CTCTCGCAGCTTTCAAACCA

CCAGCCGCTAGACAAAAAGG
CCAGGGTAGGTAGTCGAGAGG

PAAG_04424.1

ACTGCGCAAGTTATGATGGAA PAAG_02926
CACGGGAAGGGTCCATTTTC
CGCCTGCTCCTTTCACCACC AY494834.2
GCACCTGTTCCTCGAGCATG
CTCTTGCCATCAGCCTCCTC PAAG_00535
CAACTGGTAAGTCGGCATCG
CGCATATGGTGTTGTCTGCT PAAG_05033
TGATCGAACGGGGTTATCTT
ACAGTGCTTGGGAACTATACC AARR87484
GGGACATATTTGCCACTGCC
ACCTTGTTGTGCTGGAGTAGA PAAG_06715

GGAGTCTGGAATCGGGGTG
GTTATGCTGGCAAGAAGGTGG
AGGTGGTTGTAGTTGATGGTC
GGCCTCTCCACACGTTGCTG
GTTCCAGATAAGAACGTTAGC

PABG_07036.1
XP. 002793896.1

PGAA_00851

qRT-PCR, quantitative real-time polymerase chain reaction; F, forward primer; R, reverse primer. Primers were designed using the PRIMER
EXPRESS 3.0 software of Applied Biosystems. The gene sequences were obtained from the Broad Institute and NCBI database.

RESULTS AND DISCUSSION
Binding of TMPyYP to P. brasiliensis cells

An association between the cell wall and PS is essential for PDI
efficiency (33). The fungal cell wall provides structure and
protection to the cell (34), and is primarily composed of -
glucans, f-glucans, N-acetylglucosamine and mannoproteins,
resulting in an overall negative charge (35). We used the
tetracationic porphyrin TMPyP as the PS in this study because
it is nontoxic to C. albicans in the dark (9,36), and its positive
charge allows effective binding to the negatively charged
P. brasiliensis yeast wall.

The first step of our analysis was to determine the ability of
TMPyP to bind to P. brasiliensis cells. The fluorescence
spectrum of TMPyP in PBS has a maximum at 656 nm and a
shoulder around 705 nm, whereas in the presence of P. brasil-
iensis cells or SDS, the fluorescence spectra has two separate
peaks at around 654 and 715 nm (Fig. 1). Although the
TMPyP concentration was the same (50 um) in all the
experiments, the fluorescence intensities obtained were differ-
ent. This increased intensity in the presence of SDS is due to
the interaction between the porphyrin and the surfactant
molecules (18,36).

5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin was recov-
ered from P. brasiliensis cells after washing with PBS (Fig. 2).
In the absence of a washing step, the normalized fluorescence
intensity was initially 0.50, but increased to 0.82 after a 10 min
incubation with TMPyP, and reached the maximum intensity
after a 60 min incubation. No increase in the amount of
TMPyP bound to the cell wall was observed when the
incubation time was extended beyond 60 min.

Fluorescence analysis showed that the amount of cell-bound
TMPyP decreased in response to the number of washings with
PBS. Therefore, the porphyrin molecules removed by washing

4+ — TMPyP in PBS
- = TMPyP in PBS + SDS
- TMPyP in P. brasiliensis
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Figure 1. Fluorescence spectra of TMPyP: in PBS (solid line), in PBS
with 2% SDS (dashed line) and PBS with P. brasiliensis cells (dotted
line). The excitation wavelength for all spectra was 585 nm.

600

were probably weakly bound to P. brasiliensis cells. The
reduction in fluorescence intensity, when compared to the
unwashed samples, was only 24% and 28% after the first and
second wash, respectively. This result suggests that TMPyP has
a high-binding affinity for P. brasiliensis cells, which is
supported by a recent PDI study involving C. albicans, which
showed that TMPyP has high-binding affinity for the fungal
cell wall (9).

Photodynamic inactivation efficacy is also associated with
the capability of the PS to penetrate into the cell (10). A recent
study in C. albicans showed that some PSs such as methylene
blue (MB) and toluidine blue (TBO) directly influence cellular
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Figure 2. Amount of TMPyP recovered from P. brasiliensis yeast cells
(10 cells mL™") Samples were incubated (0, 10, 60 and 180 min) with
50 um TMPyP at 36°C in the dark and subjected to different washing
protocols with PBS buffer (no washing, 1 washing step or 2 washing
steps). Data are represented as the mean values from three independent
experiments with SD (bars).

influx and efflux via the pumps of the fungal multidrug efflux
systems (37). Some studies using porphyrin as the PS in other
microorganisms have shown that porphyrins can cause initial
limited alterations to the cytoplasmic membrane only after
irradiation. These modifications to the cytoplasmic membrane
allow the PS to penetrate into the cell, enabling translocation
to the inner membrane, and upon continued irradiation,
photodynamic damage of intracellular targets (10,38). How-
ever, currently, there is no information regarding porphyrin
uptake in P. brasiliensis.

PDI treatment

We sought to determine the susceptibility of the fungal
pathogen P. brasiliensis to PDI. Figure 3 shows the in vitro
effect of varied TMPyP concentrations and exposure times on
yeast cell suspensions. Increased PDI-induced cell death
correlated with increased fluence and PS concentration.
Specifically, significant cell mortality was observed when
225 um of PS and 2216 J em™ of fluence (230 min light
irradiation) were used.

Therefore, we utilized a TMPyP concentration of 50 um and
fluence ranging from 0 to 432 J cm™ to evaluate the survival
of P. brasiliensis cells after PDI. We determined the number of
CFUs in two groups: A, received only light; B, received light

Irradiation
time (min

THMPyP
concentration {ja M|

Fluence Jiem?
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and 50 um PS. The numbers of CFUs after treatment are
shown in Fig. 4A,B. The Student’s t-test analysis showed a
significant difference in the cell survival rates of the control (A)
and treated (B) groups. The light exposure times were varied,
and the P-value between Al5 (control group with 15 min
exposure) and B15 (treated group with 15 min exposure) was
22 x 107" between A30 and B30 was 3.3x107'%, and
between A60 and B60 was 1.0 x 107'*. Intra-group compar-
isons showed no differences in the control groups, with A0,
A15, A30 and A60 showing similar CFU counts. Compara-
tively, group B showed significant differences with respect to
survival; and a comparison between B0 and the longer
exposure experiments, B15, B30 and B60, demonstrated
P-values of 2.1 x 107", 7.7 x 107" and 8.1 x 1073, respectively.
Cell viability of P. brasiliensis was not affected by exposure
to light in the absence of TMPyP (group A). Furthermore,
there was no significant difference in cell survival in the
presence of TMPyP and absence of light (group BO; Fig. 4),
which confirms that TMPyP is not toxic to P. brasiliensis cells.
In the presence of TMPyP, 15 min of light exposure or fluence
rate of 108 J cm™ was sufficient to kill almost 95% of the
cells. The survival rate after 30 min (216 J cm™2) and 60 min
(432 J em™) of exposure was 2.5% and 0.5%, respectively.
These results suggest that P. brasiliensis is highly sensitive to
PDI treatment in vitro, as shown by the major reduction in the
CFU values after treatment. In addition, our results showed
that longer exposure times and higher porphyrin concentra-
tions increased the efficacy against P. brasiliensis. To the best
of our knowledge, this is the first study demonstrating the
antimicrobial photoinactivation of P. brasiliensis. Importantly,
we have shown that the phototoxic effect of TMPyP depends
on the fluence as well as the PS concentration. These results
are supported by previous studies, which have shown that
other PSs, such as MB, photoditazine, photofrin and TBO also
function in a concentration-dependent manner (39-41). Our
results showed that the TMPyP concentration required to
effectively kill P. brasiliensis cells (50 um) was 10-fold higher
than that required to kill C. albicans (5 um; 9). The higher
concentration of porphyrin needed could be related to the cell
size of P. brasiliensis (40-50 um), which is larger than the cell
size¢ of C. albicans (10-12 pm). Furthermore, the thicker
P. brasiliensis cell wall (200-600 nm), compared with
C. albicans (200-270 nm), may influence the amount of PS
required to induce oxidative damage to the cell (42,43).

Transcriptional analysis using quantitative real-time PCR

At the biochemical level, PDT involves the production of '0,
and ROS, which are responsible for the cytotoxic effect

Figure 3. Left: diagram showing the parameters utilized in this study. The lines represent different sensitizer concentrations (0, 10, 25 and 50 um),
whereas the columns represent 10-fold serial dilutions of the P. brasiliensis cells (10°, 10%, 107 and 10° cells mL™") after PDI treatment. Right: results
of four irradiation times (0, 15, 30 and 60 min) at an irradiance of 120 mW cm ™, and their respective fluence rates (0, 108, 216 and 432 J cm™>).
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Figure 4. (A) PDI of P. brasiliensis cells with 50 um PS, irradiated with different fluences (0, 108, 216 and 432 J cm™2) during the respective time of
irradiation (0, 15, 30 or 60 min) at an irradiance of 120 mW cm™2. After irradiation, the yeast suspensions were grown on solid Fava-Netto
medium. The CFU counts were obtained after 5 days. After subsequent 30 days, the fungal development was assessed for delayed growth. (B)
Survival curves of P. brasiliensis irradiated with different fluences. Data are represented as the mean values from three independent experiments

with SD (bars).

observed in yeast cells, such as peroxidation of lipids,
photodegradation of unsaturated sterols and inactivation of
cell wall proteins (38).

To protect cells from the damage caused by free radicals
and related reactants, organisms have evolved several defense
mechanisms that rapidly and efficiently remove ROS from the
intracellular environment. Antioxidant enzymes, as the first
line of defense, metabolize these toxic reactants into innocuous
byproducts. To understand the response of P. brasiliensis cells
to PDI treatment, we used qRT-PCR to analyze the transcript
levels of antioxidant enzymes, before and after PDI treatment
(Fig. 5). The expression levels of four genes were analyzed:
cytochrome ¢ peroxidase (ccp), peroxiredoxin (hyrl), superoxide
dismutase (sod) and catalase A (cat).

Cytochrome ¢ peroxidase is a key enzyme in the control of
H,O, concentrations (44). Classic peroxidases oxidize various
substrates, including aromatic amines, phenols and lignin,
whereas CCP is a specific peroxidase that shows low affinity
for these substrates (44). CCP is localized to the mitochondrial
intermembrane space, where it protects the organism from the
damage caused by high concentrations of H,O,. As expected,
the cep expression in P. brasiliensis cells subjected to the PDI
treatment was statistically different from that of the control
(P < 0.05). Our results showed that ccp was overexpressed in
the P. brasiliensis cells after PDI treatment with 25 um TMPyP
(P = 0.04) and 50 um TMPyP (P = 0.004; Fig. 5).

Peroxiredoxin, also called thioredoxin peroxidase or thiol-
specific antioxidant, reduces H,O,, peroxynitrite and a wide
range of organic alkyl hydroperoxides (ROOH) to water and
the corresponding alcohol (45). This abundant antioxidant
enzyme has a highly conserved primary sequence, and is
present in a wide variety of organisms (46). Interestingly, it
differs from other peroxidases in that it does not require redox
cofactors such as metals and prosthetic groups (45). Tran-
scriptional analysis showed that hyrl was overexpressed in the
P. brasiliensis cells after PDI treatment with 25 ym TMPyP
(P =3x%x10") and 50 um TMPyP (P = 0.001), but was
underexpressed following treatment with 10 um TMPyP
(P =4x107%.

Superoxide dismutase converts the superoxide anion (O,")
into H,O,, a less potent biological oxidant that is further
decomposed by CAT into water and ground-state oxygen (47).
Our results showed that sod and cat were overexpressed in
P. brasiliensis cells after PDI treatment with 25 um TMPyP
(P = 0.008 and P = 0.01, respectively) and 50 um TMPyP
(P = 0.004 and P = 0.003, respectively), but catr was under-
expressed following treatment with 10 um TMPyP (P =
0.004).

These results suggest that the oxidative stress generated
under our experimental conditions induces the expression of
antioxidant genes in P. brasiliensis cells at 25 and 50 um
TMPyP (Fig. 5). However, it is important to note that there
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Figure 5. qRT-PCR analysis of differentially expressed (DE) genes of P. brasiliensis after PDI treatment with different concentrations of PS (10, 25
and 50 um) and fluence of 432 J cm™>. DE genes associated with the antioxidant enzymes: cytochrome ¢ peroxidase (ccp), peroxiredoxin (hyrl),
superoxide dismutase (sod) and catalase A (cat). DE genes of the MAPK pathway: mitogen-activated protein kinase (hog/) and mitogen-activated
protein kinase response regulator (ssk/). The asterisks denote values statistically different from the control (P < 0.05).

are post-transcriptional and post-translational processes capa-
ble of regulating the level of antioxidant enzymes after gene
transcription. In addition to the increased transcription of
antioxidant enzymes, a high mortality of P. brasiliensis cells
was noted after 60 min (432 J cm™) of PDI treatment,
thereby suggesting the increased transcription levels were
inadequate to protect against oxidative stress (Fig. 4). Similar
to the results obtained using Staphylococcus aureus (48), sod
expression in our study did not directly affect fungal vulner-
ability after PDI treatment with porphyrin. However,
P. brasiliensis cells in the presence of 10 umv TMPyP did not
show altered expression levels of the ccp and sod genes and
underexpressed the hyrl and cat genes, suggesting that this
concentration is not sufficient to activate the oxidative stress
response. This result is in agreement with the survival
experiment, in which lower mortality was observed in the
presence of 10 um TMPyP than 25 and 50 um. The correlation
between the survival rate and the transcription level of
antioxidant enzymes was analyzed using the Pearson correla-
tion. The values obtained were ccp, —0.52; hyrl, —0.21; sod,
—0.43 and cat, —0.32, which represent moderately negative
correlations. This result indicates increased transcriptional
levels moderately correlate with decreased survival as a
function of PDI exposure time.

Previous studies have shown that antioxidant enzymes in
fungi have evolved mechanisms to perceive and eliminate ROS
(49). Those studies identified three major modules that control
the response to oxidative stress: the stress-responsive MAPK

cascade, a histidine kinase system and activating protein (AP)-
1 like transcription factors (49). In this study, we focused our
analyses on the genes of the MAPK cascade. Signal transduc-
tion pathways mediated by MAPKs are essential mechanisms
used by all living cells to sense and transmit information from
the external environment into the cell. In particular, the HOG-
MAPK pathway has evolved to respond and adapt to the
stresses frequently encountered by the organism (50). The
Hogl MAPK belongs to a subgroup of the large family of
MAPKSs that protects yeast cells from osmotic and oxidative
stresses (50). We analyzed two genes from the HOG-MAPK
pathway to evaluate the oxidative response of P. brasiliensis to
PDI treatment (Fig. 5). Our results showed that hog/ was
overexpressed in P. brasiliensis cells after PDI treatment with
25uM PS (P = 1x107% and 50 um PS (P = 0.004). The
Ssk1 gene, which encodes a putative response regulator protein
associated with hog I, was also analyzed (25). Sskl gene
expression analysis showed that this gene is also overexpressed
at 50 um PS (P = 0.009), but underexpressed at 10 um. These
results suggest that oxidative stress was generated under our
experimental conditions, and that the yeast cells responded to
these stress conditions by activating the MAPK pathway;
however, lower PS concentrations (10 um TMPyP) did not
seem to be sufficient to induce hogl and sskl overexpression.
The correlation between survival and transcriptional levels was
negatively moderated by the hoglgene (—0.44), and close to
neutral with respect to the ssk/ gene (—0.10), indicating a weak
correlation.
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In a previous study, gene expression analysis following PDI
treatment in Saccharomyces cerevisiae showed the overexpres-
sion of various genes involved in the oxidative stress response,
such as glutamylcysteine synthetase, thioredoxin peroxidase,
thioredoxin and thioredoxin reductase. The expression of these
genes is coordinated by two transcriptional regulators, Yapip
and Skn7p, either alone or in concert (51). Skn7 of S. cerevisiae
is homologous to Sski of P. brasiliensis, and therefore, Sskl
may play an important role in coordinating the stress response
in this organism.

Our results have shown that PS concentration and fluence
affect the induction of genes involved in antioxidant enzyme
production and the oxidative stress response pathway (Fig. 5).
The qRT-PCR results showed that higher PS concentrations
(50 um TMPyP) stimulated increased expression of all the
genes analyzed. However, the onset of this response did not
appear to protect the organism from TMPyP-induced photo-
toxicity (Fig. 4).

To evaluate whether the response of P. brasiliensis cells to
PDI treatment is specifically associated with the antioxidant
enzymes and the oxidative stress pathway, we analyzed the
expression of four genes that are not directly associated with
this pathway (Fig. 6). The genes selected were alcohol dehy-
drogenase (adh), chitin synthase (csl), aqualysin (aqs) and
lumazine (luz). ADH catalyzes the oxidation of primary and
secondary alcohols into aldehydes and ketones; CS1 synthe-
sizes chitin; AQS is a serine protease that cuts peptide bonds;
and LUZ is involved in the biosynthesis of flavin (http://
fungicyc.broadinstitute). All these genes were overexpressed
after PDI treatment (Fig. 6). Activation of genes unrelated
to oxidative stress could be coincidental or functionally
connected to the networks affected by PDI treatment. Unfor-
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tunately, meaningful conclusions about gene expression after
PDI cannot be drawn without a global gene expression
analysis, and very few of these have been completed in fungi
(28,30). One of these studies showed that S. cerevisiae cells
exposed to §-methoxypsoralen and UVA initiate a cascade of
events leading to a cytotoxic, mutagenic and carcinogenic
response (28). The microarray technique identified 128 genes
that were overexpressed and 29 genes that were underex-
pressed after PDI treatment. Genes associated with the
following pathways were differentially expressed following
PDI treatment: DNA metabolism, cellular functions, mainte-
nance of cellular structures and general metabolism (28). In
addition, recent human studies have confirmed the diverse
range of cellular functions affected by photodynamic treat-
ment, such as the activation of transcription factors, heat
shock proteins and antioxidant enzymes, as well as gene
expression alterations in the apoptotic and MAPK signaling
pathways, and in cell proliferation and protein transport
processes (25-27). The simultaneous activation of all of these
pathways may lead to several options for the cell, including
repair and cell death, depending on many critical factors and
the interaction of different pathways. Our qRT-PCR results
showed that PDI treatment greatly enhances antioxidant
activity and alters the gene expression levels of other unrelated
oxidative stress genes, thereby suggesting that PDI treatment
elicits a diverse range of cellular responses, as was demon-
strated in previous studies (25-30).

CONCLUSION

Currently, treatment with antifungal drugs often promotes the
development of resistant strains (52). Therefore, interest in
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Figure 6. Transcriptional analysis of DE genes not related to the oxidative stress response pathway. Cells were subjected to PDI treatment with
different concentrations of PS (10, 25 and 50 um) and fluence of 432 J cm™2. Genes analyzed were alcohol dehydrogenase (adh), chitin synthase (csI),
aqualysin (ags) and lumazine (luz). The asterisks denote values statistically different from the control (P < 0.05).



PDI is growing, as this treatment effectively inhibits microor-
ganisms without causing human cell toxicity or microbial
resistance. PDI is a promising therapy, but the data available
regarding its function in fungi is currently limited. Extension of
the photosensitization studies to new fungal species and
identification of PSs for use as fungicides are important issues
concerning the further development of PDI.

Currently, PDI treatment is chiefly used to treat superficial
malignances or localized infections (53). Although the disease
caused by P. brasiliensis is mainly systemic, and PDI is mostly
used as a topical therapy, this in vitro study may be considered
as the first step for further development of strategies aimed at
the systemic application of PDI treatment. Indeed, previous
studies have shown that PCM secondary lesions frequently
appear in mucous membranes (oral, nasal, pharyngeal and
anal) and on skin (54), which could be treated using PDI.

To date, most PDI studies on human pathogenic yeast
species have been completed in vitro, and the majority has
shown that PDI can efficiently kill the pathogen (9,11,13). This
in vitro analysis is the first step in determining pathogenic
fungus susceptibility and establishing the best conditions for
further in vivo PDI applications. To date, some PDI experi-
ments have been performed using animal models and patients
(55-60).

This study has established a method for testing the effect of
PDI treatment on the pathogen P. brasiliensis. The results
show that the phototoxic effect of TMPyP depends on the
fluence and PS concentration. Exposure to light irradiation, as
performed in PDI treatments, can affect cell growth and
influence transcription levels. Our results show that transcrip-
tion was induced in all the genes analyzed; suggesting that PDI
activates multiple cellular mechanisms involved in the control
of oxidant species levels. Studies using global gene expression
analysis and in vivo experiments are necessary to verify the
susceptibility of P. brasiliensis to PDI and the possible
application of this new therapy in PCM.
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Abstract Transition metals, particularly iron, zinc and cop-
per, have multiple biological roles and are essential elements
in biological processes. Among other micronutrients, these
metals are frequently available to cells in only limited
amounts, thus organisms have evolved highly regulated
mechanisms to cope and to compete with their scarcity.
The homeostasis of such metals within the animal hosts
requires the integration of multiple signals producing de-
pleted environments that restrict the growth of microorgan-
isms, acting as a barrier to infection. As the hosts sequester
the necessary transition metals from invading pathogens,
some, as is the case of fungi, have evolved elaborate mech-
anisms to allow their survival and development to establish
infection. Metalloregulatory factors allow fungal cells to
sense and to adapt to the scarce metal availability in the
environment, such as in host tissues. Here we review recent
advances in the identification and function of molecules that
drive the acquisition and homeostasis of iron, copper and
zinc in pathogenic fungi.
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Introduction

Metals such as iron, copper and zinc have numerous bio-
logical roles and play a central role at the host—pathogen
interface. Mammalian and microbial cells have an essential
demand for these metals, which act as both structural and
catalytic cofactors for proteins, and are therefore required
for biological processes. During infection, the competing
demands for these nutrients culminate in a struggle for metal
acquisition/utilization at the microbe—host interface [1°, 2¢].
In the complex interactions between pathogens and their
mammalian hosts, metal homeostasis plays an essential role
in both virulence and host defense [3, 4].

Iron and copper participate in several oxidation—reduc-
tion reactions because of their ability to lose and gain
electrons. This same property permits iron and copper to
generate reactive oxygen species (ROS) [5, 6]. Zinc is also
an essential cofactor of many enzymes, but in excess, may
be toxic to cells [7]. For metal balance, cells usually regulate
uptake, storage and consumption. Our understanding of the
mechanisms involved in metal excretion is incomplete. This
review summarizes the current knowledge regarding the
most studied metals that contribute to virulence of fungal
pathogens: iron, copper and zinc. We focus on the fungal
pathogens Candida albicans, Histoplasma capsulatum, As-
pergillus fumigatus, Cryptococcus neoformans and Para-
coccidioides. Specifically we discuss the struggle for
control of transition metals during infection, the molecular
mechanisms involved in iron, copper and zinc uptake and
the regulation of metal homeostasis in those pathogens.
Additionally we review the preferential host iron sources
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and fungal genes related to iron acquisition/homeostasis
directly involved in infection.

Host Metal Homeostasis During Infectious Processes

Among metals involved in fungal infection, the functions of
iron are well characterized. Hosts have evolved mechanisms
to efficiently acquire iron and at the same time decrease its
availability to pathogens [2¢]. Physiological conditions that
lead to metal overload contribute to increased infections. For
example, administration of exogenous iron results in exacer-
bation of cryptococcosis [8] and increases in free iron also
results in higher fungal load in mouse tissues infected with
Paracoccidioides [9]. At the interface between iron and im-
munity, macrophages appear as a cellular factory that manage
metal homeostasis [3]. Upon infection, the iron efflux from
macrophages is suppressed resulting in 70 % reduction in
plasma iron, thus restricting the amount of the metal available
to extracellular pathogens. Infected macrophages, conversely,
restrict the amount of iron available to intracellular microbes
by pumping out iron via the ferroportin transporter route.
Mutation-impaired ferroportin function compromises the abil-
ity of macrophages to clear pathogens [10].

Lactoferrin is produced by neutrophils and epithelial cells
to chelate iron in extracellular compartments resulting in
impairment of proliferation of fungal invaders [11]. Induc-
tion of ferritin production to facilitate withholding of intra-
cellular iron diminishes the amount of the metal available to
intracellular pathogens [2¢, 12]. Iron also influences im-
mune functions mediated by macrophages, and cytokines
affect systemic iron homeostasis and cellular iron efflux
[13]. Reduced iron levels have been found in macrophages
activated by exposure to interferon gamma (IFN-y) or gran-
ulocyte macrophage colony-stimulating factor (GM-CSF)
[14]. Transferrin can be used by pathogens as an iron source
in host tissues. To counteract this process IFN-y decreases
the expression of transferrin receptor in macrophages. More-
over, the production of the cellular iron storage molecule
ferritin can be regulated by proinflammatory signals [15].
So, in the complex host—pathogen interaction, the control of
iron homeostasis is a battlefield where the host must with-
draw the micronutrient from microbes and at the same time
uses iron to elaborate an efficient oxidative burst, since this
metal is required for generation of ROS.

Since copper is essential, it is not unexpected that both
humans and pathogens share the requirement for acquiring
sufficient levels of copper [6]. In response to fungal infec-
tion, macrophages phagocytose the fungal cells and initiate
cellular events that culminate in the oxidative burst [6].
Studies suggest that fungal pathogens must obtain copper
to develop an efficient survival mechanism in host tissues,
since genes related to copper acquisition/homeostasis are
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upregulated during infection [16, 17]. C. neoformans fights
the host defenses to acquire copper, which promotes mela-
nin synthesis, a virulence factor for this fungus [18]. The
dependence of fungi upon copper for survival under the host
conditions can be related to their response to ROS genera-
tion by the host since superoxide dismutase is a copper-
dependent enzyme.

Zinc levels are modulated during infectious processes.
During inflammation, the liver sequesters zinc, likely limit-
ing zinc bioavailability to pathogenic microbes [19]. Neu-
trophils display an antimicrobial mechanism based on
competition for zinc. This zinc-chelating system, found in
neutrophil cytoplasm and abscess fluid, exerts fungistatic
activity based on the calcium- and zinc-binding protein
calprotectin [20]. Abscess fluid inhibits the growth of sev-
eral fungi and the addition of zinc results in fungal growth in
this fluid [7], reinforcing the view that zinc sequestration is a
strategy used by the host to combat fungal infections. A
metallomic study has demonstrated that GM-CSF-activated
macrophages reduce intracellular zinc concentrations upon
H. capsulatum infection in order to kill the pathogen [14].

Molecular Mechanisms of Iron, Copper and Zinc
Uptake

Iron uptake mechanisms are highly regulated in fungi since
excess iron is toxic and iron excretion systems have not yet
been described in fungi [21]. Fungi have evolved different
mechanisms for iron acquisition [21]. A low-affinity iron
uptake system characterized only in Saccharomyces cerevi-
siae involves permeases that transport not only iron, but also
other metals. In the reductive high-affinity ferrous uptake,
ferrireductases reduce ferric iron (Fe*") to its soluble ferrous
form (Fe*"). Fe** is then reoxidized by plasma membrane
ferroxidases and Fe®" is promptly internalized by a high-
affinity permease [5]. Another high-affinity mechanism for
iron uptake is mediated by siderophores, small molecules with
high affinity for Fe**, that allow specific recognition and
uptake of iron at the cell surface [22]. Most fungi produce
and secrete hydroxamate-type siderophores under low-iron
growth conditions [23]. Some fungi, such as C. neoformans,
do not produce siderophores, but can transport molecules
produced by other organisms (xenosiderophores) [24].

The C. albicans genome contains genes that encode
18 putative ferrireductases and five ferroxidase homo-
logues [1e, 25]. The ferroxidase Fet34 localizes to the
plasma membrane and possibly associates with the per-
mease Ftrl early in the secretory pathway, promoting the
high-affinity iron uptake [26¢]. C. albicans produces a
siderophore transporter [27] that displays broad substrate
specificity, transporting various hydroxamate-type side-
rophores [28].
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Under iron-limiting conditions, H. capsulatum produces
three different reductants: a secreted glutathione dependent
v-glutamyltransferase (Ggtl) [29], non-enzymatic reduc-
tants with low molecular weight, and cell surface ferric
reducing agents [30]. The H. capsulatum genome contains
genes that encode seven putative ferrireductases [31]. Al-
though a high-affinity acquisition mechanism has not been
described for H. capsulatum, genomic analysis of the strain
G186AR revealed genes coding iron permease (ftrl) and
ferroxidase (Fet3) homologues [32]. H. capsulatum is also
able to produce multiple hydroxamate siderophores under
conditions of low iron availability [33]. In addition, H.
capsulatum can utilize xenosiderophores [34].

In A. fumigatus, the ferrireductase FreB has been
characterized. After reduction, iron is internalized by the
ferroxidase-permease complex FetC—FtrA [35]. A. fumigatus
synthesizes three types of siderophores, two of which are
responsible for iron storage [36—38]. The iron-loaded side-
rophore is internalized by specific transporters [39] and the
ester bonds of triacetylfusarinine C are then hydrolyzed by an
esterase [40]. The cleavage products (fusarinines) are excret-
ed, and the free iron can either be used in cell metabolism or
bind to intracellular siderophore desferri-ferricrocin for stor-
age [37, 38, 41¢].

Uptake of iron is probably mediated by two large groups
of transporters in C. neoformans: high- and low-affinity
systems [42]. Cftl is a high-affinity iron permease associat-
ed with the reductive system. On the other hand cf#2 possi-
bly encodes for a low-affinity uptake system, since no clear
iron-related phenotypes could be detected in ¢ft2 null
mutants [43]. Cfol and Cfo2 ferroxidases have also been
described in C. neoformans [44]. Cfol is required for high-
affinity and reductive iron transport, since mutants lacking
the coding gene show reduced growth under low iron con-
ditions and cannot use ferric iron for growth. Moreover,
under low iron conditions, Cfol expression is increased
and localized mainly in the cell surface [44]. Studies have
shown the inability of Cryptococcus species to produce
siderophores. This is supported by genomic analysis, which
has revealed the absence of genes involved in steps of side-
rophore biosynthesis [24, 45]. Despite the inability to syn-
thesize siderophores, Cryptococcus species are presumably
able to transport xenosiderophores [43].

Molecular mechanisms for reductive iron uptake in the
genus Paracoccidioides are coming to light. In silico anal-
ysis has revealed that the genome of this fungus contains
genes that encode redundant ferrireductase homologues
[45]. Experiments have demonstrated a significant increase
in the expression of genes coding the ferrireductases fre3,
fre7, frpl and ggtl upon iron restriction (Fig. la). Para-
coccidioides has glutathione-dependent ferrireductase activ-
ity [46], an aspect that is corroborated by the presence of a
ggtl homologue in the fungus genome [45]. Since iron
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Fig. 1 Expression profile of Paracoccidioides (Pb01) genes during
iron, copper and zinc starvation. Pb01 yeast cells were incubated in
chemically defined medium containing different concentrations of iron,
copper or zinc. Cells were harvested and total RNA was extracted using
Trizol and mechanical cell rupture. After in vitro reverse transcription,
the cDNAs were submitted to quantitative RT-PCR. The expression
values were calculated using the transcripts alpha tubulin or 134 as
endogenous controls [9, 82]. Data are presented as fold change relative
to experimental controls. a Expression of ferrireductases encoding
transcripts fre3, fre7, fipl, and ggtl evaluated in yeast cells in medium
containing 3.5 uM iron (experimental control) or no iron for 3 h, 15 h
and 24 h. b Expression of copper transporter encoding transcript ctr3
evaluated in yeast cells in medium containing 50 uM copper (experi-
mental control) or under conditions of copper starvation produced by
adding the copper chelator bathocuproine disulphonate (BCS) for 3 h,
6 h and 24 h. ¢ Expression level of zinc transporters encoding tran-
scripts zrtl and zrt2 evaluated in yeast cells in medium containing
30 uM zinc (experimental control) or under conditions of zinc deple-
tion produced by adding the zinc chelator N,N,N,N-tetrakis(2-pyridyl-
methyl)ethylenediamine (TPEN) at different pH values (4.5, 7.0 and
9.0) for 6 h. Data are presented as means + SD from triplicate deter-
minations. *p<0.05, ¢ test, in relation to the data obtained from the
experimental controls

permease homologues were not detected in the Paracocci-
dioides genome, it has been proposed that a zinc permease
could function additionally as an iron permease to acquire
this metal [45]. The importance of iron acquisition by side-
rophores in the Paracoccidioides genus have been noted
and studies on siderophore production and uptake are in
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progress. The major evidence of iron capture by side-
rophores is supported by the stimulation of fungal growth
in the presence of coprogen B and dimerum acid [47]. In
silico analysis ha revealed the presence of genes puta-
tively involved in hydroxamate-type siderophore biosyn-
thesis and transport [45]. Corroborating these data, it has
been demonstrated by chrome azurol S assays that Para-
coccidioides is a hydroxamate producer (Silva et al.,
personal communication).

In fungi, copper and iron homeostasis must be intrinsi-
cally linked since iron uptake requires ferroxidases, which
are members of the multicopper oxidase family. Copper is
first reduced by plasma membrane ferrireductases and then
Cu'" is internalized via a high-affinity permease [48]. In C.
albicans, the ferrireductase cfll/frel is transcriptionally reg-
ulated in response to both iron and copper availability [49],
indicating that this ferrireductase is also important in copper
uptake. Furthermore, the mutant for the c#r/ copper trans-
porter displays deficient growth in medium low in copper
and iron indicating that in C. albicans iron and copper
homeostasis are linked [50].

As observed for iron, copper plays fundamental roles in
several aspects of C. neoformans biology. For instance, the
production of melanin pigment is dependent on a copper
oxidase [51] and the copper-containing ferroxidases are
necessary for iron uptake [44]. Copper is probably reduced
in C. neoformans by the same enzymes that reduce iron at
the cell surface [52]. Two copper transporters have been
described in C. neoformans. The ctrl null mutant shows
reduced growth in copper-depleted medium. Ctr4, by con-
trast, is not essential for cryptococcal development in low-
copper medium. However, mutant cells lacking both ctr/
and ctr4 transporters display severe growth defects in
copper-deprived environments [53¢].

The Paracoccidioides genome contains genes that en-
code redundant ferrireductases [45] as cited above, suggest-
ing that these enzymes could function as iron and copper
reductases. Furthermore a high-affinity copper transporter,
ctr3, is present at increased levels during copper shortage
(Fig. 1b), reinforcing the view that Ctr3 could be involved in
copper uptake in Paracoccidioides [45].

The zinc uptake system in most fungi comprises just
high-affinity and low-affinity permeases belonging to the
ZIP family [54, 55], since this metal does not need to be
reduced before internalization. Eight genes encoding pro-
teins of the ZIP family of zinc transporters have been de-
scribed in A. fumigatus [56]. Expression of zrf4, zrfB and
zrfC is regulated by both zinc and pH [56, 57]. ZrfA and
ZrfB function under acidic, zinc-limiting conditions. It
seems that ZrfB is a high-affinity zinc permease, since a
zrfB transcript was downregulated under high zinc condi-
tions [58]. ZrfC participates in zinc uptake in a neutral or
alkaline, zinc-poor environment [56]. Aspf2 putatively
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contributes to zinc uptake as a zinc-binding protein localized
in the fungal periplasm [56].

Paracoccidioides possesses two zinc permease homo-
logues (zrt! and zrt2), indicating a specific zinc uptake
system [45]. The transcriptional response of zr¢ homo-
logues to zinc starvation has been demonstrated by quan-
titative RT-PCR (Fig. 1c). The zr£2 transcript, but not zrt/
transcript, is highly expressed at neutral to alkaline pH
during zinc depletion (Fig. 1c), as observed to A. fumi-
gatus ZrfC.

Host Iron Sources

A high proportion of circulating iron in humans exists as
heme in hemoglobin and hemin, iron-containing porphyrins.
C. albicans shows hemolytic activity, and membrane pro-
teins capable of binding hemin/hemoglobin have been iden-
tified [1¢]. C. albicans Rbt5, a glycosylphosphatidylinositol-
anchored protein, is the major hemoglobin receptor [59].
hmx1 encodes an intracellular heme oxygenase that breaks
down iron-protoporphyrin IX to «-biliverdin and is required
for heme-iron utilization [60]. In silico analysis has revealed
that Paracoccidioides genome contains genes that encode
hmx1 and rbt5 homologues, suggesting effective hemoglo-
bin iron acquisition by this fungus [45].

Intracellular iron in humans is bound to ferritin. C.
albicans hyphae are able to obtain iron from ferritin
using Als3 protein as a receptor. Als3 is a multifunctional
protein since it can also function as an adhesin and an
invasin [le]. Transferrin is a glycoprotein that transports
iron in serum. C. albicans is able to take up iron from
transferrin by the reductive pathway using the ferrous
permease Ftrl and ferrireductase FrelO [61]. In H. cap-
sulatum, ferrireductase activity is higher in the presence
of hemin and transferrin, suggesting that this fungus uses
the ferrireductases to obtain iron during infection [34].
Paracoccidioides is likely to be able to take up iron from
transferrin since the fungus has five genes encoding
ferrireductases in the genome [45].

Regulation of Iron, Copper and Zinc Homeostasis
in Pathogenic Fungi

Fungi have evolved sophisticated control mechanisms for
maintenance of optimal levels of iron, copper and zinc.
These mechanisms include the regulation of genes in-
volved in metal ion uptake, utilization and storage. In
fungi, metal ion homeostasis is mainly achieved by tran-
scriptional regulation of gene expression. A group of
iron-responsive GATA-type transcription factors mediates
repression of iron acquisition genes in response to iron
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sufficiency [62]. These regulators have a cysteine-rich
central domain located between two zinc fingers, which
directly interact with iron [63].

A range of genes and regulators involved in the response
of C. albicans to iron starvation have been described [64].
During iron sufficiency, the GATA-type regulator Sful
downregulates expression of arnl and hap43 genes encod-
ing a siderophore transporter and a transcription factor,
respectively [64, 65]. Under iron-limited conditions, the
Cap2 protein represses the expression of Sful, activating
genes of iron uptake pathways [66°]. Sefl and Rim101 were
also identified as positive regulators of iron acquisition in C.
albicans [67, 68].

A GATA-type factor, Srel, has been described in H.
capsulatum. Srel acts as a negative regulator of siderophore
biosynthesis genes in response to iron excess [69]. Srel also
regulates cellular processes other than iron acquisition, such
as optimal filamentous growth [70]. The same occurs with
the Srel homologue SreB in Blastomyces dermatitidis. SreB
regulates siderophore biosynthesis and also governs phase
transition and cell growth at 22 °C in B. dermatitidis [71].

During iron sufficiency, high-affinity iron uptake sys-
tems (reductive pathway and siderophore production)
are repressed by SreA in A. fumigatus [72]. During iron
starvation, the A. fumigatus bZIP-type regulator HapX
represses iron-dependent pathways, such as respiration,
TCA cycle and heme biosynthesis, to save iron, and
activates iron uptake by siderophores [73¢]. Thus the
transcription factors SreA and HapX act in opposite
ways within the cell depending on the environmental
iron status. During iron excess, SreA is activated and
represses HapX expression, while during iron paucity,
HapX represses the expression of SreA. In A. fumigatus
the transcription factor AcuM stimulates iron acquisition
via HapX induction and SreA repression [74].

C. neoformans Cirl possesses a cysteine-rich domain,
but unlike other fungal GATA-type iron regulators, it has
only a zinc finger motif [75]. Cirl is a global transcription
factor which senses iron levels and regulates positively and
negatively the transcriptional response [75, 76]. The expres-
sion of C. neoformans virulence attributes, such as capsule
formation, growth at host temperature and melanin produc-
tion, are also controlled by Cirl [75]. A post-translational
mechanism for the control of the amount of Cirl suggests
that under conditions of iron starvation Cirl protein levels
decrease. In contrast, iron availability promotes Cirl stabi-
lization and consequent repression of iron acquisition genes
[77]. The transcriptional response to iron in C. neoformans
is also regulated by HapX. As well as Cirl, HapX has both a
positive and negative influence in the regulation of gene
expression. However, unlike Cirl, HapX plays a modest
role during infection and probably is important during en-
vironmental iron acquisition [78].

Proteomic analysis has revealed that during iron starva-
tion the metabolic status of the pathogenic fungus Para-
coccidioides is altered. Glycolysis is upregulated while iron-
consuming pathways, such as tricarboxylic and glyoxylate
cycles, are repressed. It has been demonstrated that under
iron-limited conditions the transcript level of the HapX
increases [9]. However, the regulatory mechanisms that
orchestrate the global changes in response to iron availabil-
ity in this fungus have not been described and are the subject
of current investigation.

Regulatory mechanisms that respond to copper avail-
ability among pathogenic fungi have been best studied in
C. neoformans. The copper-dependent transcription factor,
Cufl, has a cysteine-rich sequence, which contains a
putative copper binding motif [79]. Under conditions of
copper limitation, Cufl induces the expression of the
copper transporter encoding genes ctr/ and ctr4. During
copper excess, the metallothionein (copper binding and
detoxifying protein) genes cmtl and cmt2 are induced by
Cufl [53¢]. A copper-dependent transcriptional regulator,
Macl, found in C. albicans, is transcriptionally autoregu-
lated and activates the expression of ctrl and fre7 genes
during copper paucity [80].

Although regulation of copper homeostasis has not yet
been described in Paracoccidioides, studies have revealed
that the high-affinity copper transporter, Ctr3, is upregulated
under infection conditions [16, 81] and is also a potential
adhesin [82]. Analysis of genes potentially involved in
copper regulation has demonstrated the presence of a copper
metalloregulatory transcription factor, Macl, in Paracocci-
dioides [45], thus prompting further investigation.

As for copper, the regulation of zinc homeostasis in
pathogenic fungi is poorly understood. A zinc-responsive
transcription factor has been described in C. albicans [83].
The Zapl/Csrl factor induces expression of the plasma
membrane zinc transporters, Zrtl and Zrt2, and is also
involved in the control of efficient hyphae and biofilm
matrix formation and production of quorum sensing mole-
cules [83-86].

In A. fumigatus the expression of zrf4 and zrfB is
induced by the ZafA zinc-responsive transcriptional ac-
tivator under zinc-limited conditions [87]. However, un-
der neutral zinc-limited conditions, the expression of
these transporters is repressed by the transcriptional
regulator PacC [57]. Additionally, the expression of zrfC
is upregulated by ZafA under zinc-limited conditions
regardless of the environmental pH and downregulated
by PacC under acidic growth conditions [56].

Although zinc metabolism regulation is not well under-
stood in Paracoccidioides and Cryptococcus pathogens, a
homologue of Zapl zinc-regulated transcription factor has
been found in their genomes [45]. Studies focusing on this
potential transcriptional regulator are in progress.
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Virulence

Despite the close correlation between metal availability and
virulence, the fungal genes related to iron acquisition/ho-
meostasis directly involved in host infection are poorly
described [88, 89]. Table 1 lists metal acquisition/homeo-
stasis genes and provides information on their role in
virulence.

In C. albicans, mutants lacking the iron permease coding
gene firl lose virulence [90]. The involvement of genes
related to siderophore uptake in virulence was not observed
[27, 28]. Moreover virulence attenuation was observed in C.
albicans mutants lacking the iron-responsive transcriptional
regulators hap43, afi2, sefl and cap2 and the heme oxygen-
ase coding gene hmx1 [65, 66, 91, 92, 93+], indicating that
all these genes are important during C. albicans infection.

Table 1 Roles of genes involved in metal homeostasis and virulence of pathogenic fungi

Gene Protein function Role in virulence Reference
Candida albicans
firl High-affinity iron permease The firl A mutatation results in complete loss of the capacity to [90]
damage epithelial cells in vitro. Moreover mutants lacking fir/
are avirulent in mice infected with C. albicans during the early
stationary phase
hap43 Transcriptional regulator Deletion of hap43 attenuates the virulence of C. albicans in a [65]
mouse model of disseminated infection
cap?2 Transcriptional regulator The cap2 A mutant shows delayed virulence in a mouse model [66°]
of C. albicans infection
aft? Transcriptional regulator The afi2 Alaft2 A strain shows attenuated virulence in mice with [91]
disseminated infection
hmx1 Heme oxygenase The homozygous mutant smx1A/hmx1 A shows reduced virulence [93°]
in mice with disseminated infection
sefl Transcriptional regulator The sefl A mutant shows significantly decreased virulence compared [92]
to wild-type strain in BALB/c mice with disseminated infection
Aspergillus
sidA Involved in siderophore biosynthesis The sidA A mutant shows completely attenuated virulence in mice [37, 94]
sidD Involved in siderophore biosynthesis The sidDA mutant shows severely attenuated virulence in [95]
neutropenic mice
sidF Involved in siderophore biosynthesis The sidFA mutant shows attenuated virulence in neutropenic mice [95]
infected intranasally
hapX Transcriptional regulator The hapXA mutant shows attenuated virulence in [73°]
immunosuppressed mice
acuM Transcriptional regulator The acuM A mutant shows attenuated virulence in neutropenic mice [74]
with disseminated infection and invasive pulmonary aspergillosis,
resulting in significantly delayed mortality
zaf4 Transcriptional regulator The zaf4 A mutant shows reduced virulence in immunosuppressed [87]
mice infected intranasally
pacC Transcriptional regulator The Aspergillus nidulans pacCA mutant shows attenuated virulence [99]
in immunosuppressed mice
Histoplasma capsulatum
sidl Involved in siderophore biosynthesis The sid1 A strain shows a significant defect in pulmonary colonization [31]
compared to wild-type cells in mice infected intranasally
Cryptococcus neoformans
cftl High-affinity iron permease The ¢ft] A mutant shows attenuated virulence and reduced fungal burden [43]
cfol Ferroxidase The cfol A mutant shows significantly attenuated virulence in mice [44]
cirl Transcriptional regulator The cirl A mutant is avirulent in mice [75]
ctrd Copper transporter The ctr4 A null mutant shows reduced spread to tissues and is [79]
completely avirulent in infected mice
ctrl Copper transporter ctrl A mutant presented reduced melanization, reduced capsule [97]
and enhanced phagocytosis index
cle Chloride channel The clc-A mutant shows attenuated virulence in a mouse [98]
cryptococcosis model, since clc-A plays a role in capsule
and laccase expression, important virulence factors
ccc? Copper transporter ccc2 mutation results in absence of melanization, an [18]
important virulence factor
cufl Transcriptional regulator The deletion of cufI results in attenuated virulence in [79]

a mouse model of cryptococcosis
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In Aspergillus, mutants lacking genes involved in side-
rophore biosynthesis (sid) have pointed to the relevance of
this iron uptake pathway to virulence. sid4 deletion in A.
fumigatus abolishes siderophore biosynthesis and complete-
ly attenuates virulence [37, 94]. A similar effect was ob-
served in mutants lacking the sid4 homologue, sidl, in H.
capsulatum [31]. Genes related to fusarinine C and triace-
tylfusarinine C production, sidD and sidF, significantly af-
fect A. fumigatus virulence [95]. Furthermore, the deletion
of the transcriptional regulators hapX and acuM causes
significant attenuation of virulence in a murine model of
infection [73¢, 74].

The role of iron acquisition in Cryptococcus virulence
has been extensively studied in recent years. Almost all C.
neoformans genes involved in iron homeostasis that have
been analyzed are related to cryptococcal virulence, as eval-
uated in murine models of cryptococcosis using null gene
mutants [44, 75-78]. When considering the iron permeases
Cftl and Cft2, virulence attenuation and reduced fungal
burden are observed in the c¢f¢/ gene null mutant and in
the cftl/cfi2 double mutant, but not in the ¢f2 knockout
strain [76]. The ferroxidase Cfol also plays a role in viru-
lence, since null mutants are also attenuated in virulence
[44]. In addition, C. neoformans cirl null mutants are com-
pletely avirulent in murine models of cryptococcosis, which
is consistent with the hypocapsular phenotype and its re-
duced ability to proliferate at 37 °C [75].

Regarding copper, a pivotal biological role of this metal
has been already described for C. neoformans, since two
proteins involved in virulence, Cu/Zn-Sodl and laccase,
require copper as a cofactor for activity [51, 96]. The ctr4
gene is expressed during infection and is directly associated
with virulence, since null mutants show reduced spread to
tissues and are completely avirulent in infected mice [79].
The ctrl gene also is associated with virulence, as mutants
show reduced melanization, a reduced capsule, and an en-
hanced phagocytosis index [97]. Moreover, C. neoformans
strains with mutation in genes encoding copper distribution
transporters, such as the clc chloride channel and the ccc2
secretory transporter, show reduced virulence or reduced
expression of virulence factors [18, 98]. Furthermore, in a
mouse model of cryptococcosis, transcriptional regulator
cufl null mutants display disruption of several virulence-
linked characteristics, such as reduced laccase activity, se-
vere growth defects in low-copper medium, and reduced
virulence [79]. Cufl is required for infection of the brain
but not of the lung in mouse models of cryptococcosis,
suggesting that copper is limiting in neurological infections
[79].

Studies investigating the role of zinc during pathogenesis
are sparse. Investigations are restricted to the importance of
zinc-responsive transcription factors during pathogenesis, such
as zafA. In A. fumigatus, ZafA regulates zinc homeostasis, and

mutants lacking this gene show reduced virulence in mice [87].
A similar result was found for the pH-responsive transcriptional
factor pacC, that plays an essential role in pulmonary infection
by A. fumigatus [56, 99].

Conclusions

Iron, copper and zinc acquisition is a critical determinant in
fungal pathogenesis. To circumvent metal sequestration by
the host during infection, pathogenic fungi have evolved
mechanisms of metal acquisition. Understanding of the roles
of iron, copper and zinc in fungal pathogenicity has ad-
vanced in recent years. As discussed above, fungi demon-
strate remarkable flexibility in gaining access to and utilizing
the transition metals iron, copper and zinc. The sophisticated
acquisition and regulation of homeostasis of these metals are
surely an efficient weapon facilitating fungal survival within
the human host, and represent an important component of
virulence.
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