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RESUMO

Paracoccidioidomicose (PCM) é uma infecgdo sistémica causada pelo fungo
termodimorfico Paracoccidioides brasiliensis. Micélio e conidios crescem in vitro a
23°C-26°C e 18°C = 4°C, respectivamente, e como saprofitas no solo, agua e plantas
a temperatura ambiente e sdo considerados as formas infectantes do fungo. A fase
de levedura ocorre a 35°C-37°C in vitro e nos tecidos do hospedeiro. Sulfonamidas
foram as primeiras drogas utilizadas no tratamento da PCM e continuam a ser um
medicamento muito utilizado nos dias de hoje contra esta infec¢do fungica. Sabe-se
que as sulfas sdo antagonistas competitivos do acido p-aminobenzoico (PABA), que
condensa com 2-amino-4-hidroxi-6-hidroximetil-7, 8 pirofosfato dihydropteridine
(DHPPP) para formar dihydropteroate (DHP), uma reacdo catalisada pela
diidropteroato sintase (DHPS). No entanto, nenhum estudo foi realizado para células
de P. brasiliensis. O objetivo deste trabalho foi investigar o mecanismo de agéo
global de sulfametoxazol em P. brasiliensis. Células leveduriformes foram cultivadas
em meio minimo, na presenca e auséncia de sulfametoxazol por 1 e 2 h, a
36°C. Apos a extragdo de RNA total, o cDNA foi obtido e utilizado para os
experimentos de analise da diferenga representacional (RDA), a fim de identificar os
genes reprimidos e induzidos nessa condicdo. Sequéncias de ESTs foram
agrupadas usando o programa CAP3 e classificados de acordo com as fungbes
usando o programa BLAT2GO. Varios transcritos relacionados com as funcgbes
mitocondriais foram diferencialmente expressos. Entre eles podem ser citados
GTPase Transmembrana, transportador mitocondrial succinato/fumarato, 3-
demetilubiquinona-9-metiltransferase, subunidade beta da ATP sintase, NADPH
desidrogenase e transportador carnitina/acil-carnitina. Outros  transcritos
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relacionados ao metabolismo, e para fungbes desconhecidas foram induzidos e
reprimidos. Com o objetivo de validar o RDA e os resultados de bioinformatica,
identificamos genes potencialmente relevantes e, em seguida, validamos pela
analise de PCR em tempo real quantitativa (QRT-PCR). Além disso, para confirmar
as alteracdes mitocondriais, foi realizado o método de reducao do sal de tetrazodlio 3-
(4,5-dimetil-2-il)-2,5-brometo de difeniltertrazolim (MTT). Os resultados indicaram
que sulfametoxazol atua em P. brasiliensis como um concorrente para a sintese de
aminoacidos, acidos nucléicos e biossintese de precursores dos cofatores folatos, e
ainda desestabilizando as fungbes mitocondriais.

Palavras-chave: Paracoccidioides brasiliensis; Transcriptoma; Analise da Diferenca

Representacional; Antifungico; Sulfametoxazol.



ABSTRACT

Paracoccidioidomycosis (PCM) is a systemic fungal infection caused by thermo-
dimorphic fungus Paracoccidioides brasiliensis. Mycelia and conidia growing in vitro
at 23°C-26°C and 18°C % 4°C, respectively, and as saprophytes in soil, water and
plants to room temperature are considered the infective forms of the fungus. The
yeast phase occurs at 35°-37°C in vitro and host tissues. Sulfonamides were the first
drugs used for treatment of PCM and continue to be quite active medications
nowadays against this fungal infection. It is known that sulfa drugs are competitive
antagonist of p-aminobenzoic acid (PABA), which condenses with 2-amino-4-
hydroxy-6-hydroxymethyl-7,8 dihydropteridine pyrophosphate (DHPPP) to form
dihydropteroate (DHP), a reaction catalyzed by dihydropteroate synthase (DHPS).
However, no study was realized to P. brasiliensis yet. The aim of this work was
investigating the global mechanism of action of sulfamethoxazole on P. brasiliensis.
Yeast cells were grown on minimum medium in the presence and absence of
sulfamethoxazole for 1 and 2 h, at 36°C. After extraction of total RNA, the cDNA was
obtained and used to representational difference analysis (RDA) experiments to
identify the genes up and down regulated. ESTs sequences were clustering using the
CAP3 program and classified in agreement with the functions by using BLAT2GO
program. Several transcripts related to mitochondrial function were differentially
expressed. Among them could be cited transmembrane GTPase, succinate/fumarate
mitochondrial transporter, 3-demethylubiquinone-9-methyltransferase, ATP synthase
subunit beta, NADPH dehydrogenase and carnitine/acyl carnitine carrier. Other
transcripts related to metabolism, and to unknown functions were up or down

regulated. Aiming to validate the RDA and bioinformatics results, we identified genes
6



potentially relevant and then validated by quantitative real-time PCR (qRT-PCR).
Furthermore, to confirm the mitochondrial alteration, the method of reduction of
tetrazolium salt 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
The results indicated that sufamethoxazole acts in P. brasiliensis as a competitor for
the synthesis of amino acids, nucleic acids and precursors of biosynthesis of folate
cofactors, and then destabilizing mitochondrial functions.

Keywords: Paracoccidioides brasiliensis;  Transcriptome; Representational

Difference Analysis; Antifungal; Sulfamethoxazole.
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Perfil Transcricional do fungo patogénico humano Paracoccidioides brasiliensis em resposta a sulfametoxazol

Amanda Gregorim Fernandes

1- INTRODUGAO

1.1 - Paracoccidioidomicose

Paracoccidioidomicose (PCM) € uma micose sistémica originalmente descrita
por Adolfo Lutz 1908. A doenga ocorre caracteristicamente em regides rurais da
Ameérica Latina, sendo o Brasil o pais com o maior numero de casos da doenca.
Acredita-se que 10 milhdes de pessoas estejam infectadas por seu agente
etiolégico, o fungo patogénico humano Paracoccidioides brasiliensis, sendo que 2%
deles podem desenvolver a PCM fatal aguda ou crénica (Brummer et al., 1993). No
Brasil, esta micose é responsavel pela maioria dos casos de O6bitos atribuidos as
principais doencgas fungicas sistémicas (Coutinho et al., 2002; Prado et al., 2009). A
PCM crénica é caracterizada pelo envolvimento pulmonar, apresentando uma
resposta inflamatdria granulomatosa, a qual € uma defesa eficaz contra o fungo.

A doencga pode apresentar um amplo espectro de manifestagdes clinicas e
patolégicas que vao desde manifestagdes assintomaticas a lesbes pulmonares leves
e infecgbes disseminadas graves, envolvendo varios 6rgaos, mais frequentemente
pulmdes, mucosas orofaringeas, pele, linfonodos, glandulas supra-renais, e sistema
nervoso central (Bertini et al., 2007). A evolugdo da PCM depende de fatores
relacionados ao individuo, tais como sexo, idade, estado nutricional e predisposicao
genética. A intensidade, disseminagédo e caracteristicas das lesdes dependem da
viruléncia do fungo e de flutuagdes no mecanismo de defesa do hospedeiro (Franco
et al., 1993).

A infecgdo se inicia pela inalagdo de propagulos do fungo provenientes do
micélio, os quais atingem o epitélio dos alvéolos pulmonares e se convertem na

forma leveduriforme parasitaria. Esse processo ocorre em aproximadamente 24
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horas no sexo masculino e 96 horas no sexo feminino apds a inalagdo pelo
hospedeiro (Restrepo et al., 2001), caracterizando o foco inflamatério (McEwen et
al., 1987). O passo inicial para a colonizacado de patégenos € a interacdo que ocorre
entre o microrganismo e o tecido do hospedeiro, sendo crucial para o
desenvolvimento da infeccdo. Essa adesao ocorre através do reconhecimento do
patdogeno a ligantes localizados na superficie de células do hospedeiro ou a
constituintes de membrana basal como, fibrinogénio, laminina, colageno ou
fibronectina (Gonzalez et al., 2005; da Silva Castro et al., 2008).

A maioria dos casos de PCM ocorre nas regides sul, sudeste e centro-oeste,
onde afeta principalmente individuos do sexo masculino em idade produtiva (30 a 60
anos de idade), estando relacionada com a agricultura. Este fato pode ser explicado
pela acéo protetora do horménio estrogeno 17-B3-estradiol que apresentou inibi¢ao,
dose dependente, na transicdo de micélio para levedura in vitro (Restrepo et al.,
1984; Pinzan et al., 2010). Atualmente tem sido descrito um aumento do numero de
mulheres desenvolvendo PCM, provavelmente devido ao crescimento desta mao de
obra nas atividades rurais (Coutinho et al., 2002).

Recidivas, complicacdes e sequelas anatdbmicas e funcionais ocorrem em pelo
menos 20% dos pacientes, entre eles a temida fibrose pulmonar e subsequente
insuficiéncia respiratéria. Como observado em outras doencgas negligenciadas, os
pacientes com PCM possuem condi¢cdes associadas que agravam sua saude, como
alcoolismo, tabagismo, desnutrigdo, tuberculose, neoplasias e SIDA (sindrome da
imunodeficiéncia adquirida) (Morejon et al., 2009). Nos ultimos anos, a PCM tem
sido apontada como uma doenca oportunista quando associada a pacientes com
SIDA; a mortalidade entre esses pacientes tem sido considerada alta (Paniago et al.,

2005; Silva-Vergara et al., 2003).
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Em um estudo realizado com prontuarios de pacientes portadores do virus da
imunodeficiéncia humana (HIV) inscritos nas unidades especializadas de Cuiaba,
Mato Grosso, no periodo de 2005-2008, foi constatado que 175 possuiam infecgbes
fungicas de qualquer natureza. Micose sistémica foi constatada em 60 desses
pacientes, sendo 37 (61,7%) do sexo masculino e 23 (38,3%) do sexo feminino. A
idade desses pacientes variou de 11 a 59 anos. Destacaram-se pacientes com mais
de 30 dias de inicio de sintomas (67,2%), baixo nivel de escolaridade (85,6%),
referindo uso frequente de bebidas alcodlicas (67,3%) e habito de fumar cigarros
(74,5%) (Ribeiro et al., 2009).

Varios relatos enfatizam as dificuldades no diagnéstico da PCM em pacientes
com SIDA (Valera et al., 2008). Devido a imunossupressao causada pela infeccéao
por HIV, o paciente se torna mais suscetivel a certas doencas, tais como infecgdes,
neoplasias, e a associacao entre elas (Pontes et al., 2011).

Cerca de 100 anos ap6s a descoberta da doenca causada pelo P. brasiliensis,
ainda ha a necessidade de implantagdo de um programa eficaz e permanente para a
sua prevencgao e diagnéstico, e para o fornecimento de antifUngicos e assisténcia
aos pacientes com complicacdes e sequelas. O fato de que a notificagcao de casos
da doenga n&o é obrigatdria é talvez a principal razdo da PCM ser negligenciada no

planejamento da saude publica no Brasil (Martinez, 2010).

1.2 - O fungo Paracoccidioides brasiliensis

P. brasiliensis € um fungo termodimorfico que cresce como micélio e levedura.
A fase miceliana se desenvolve na natureza e in vitro a 23°-26°C. Micélios e conidios

provavelmente podem crescer saprofiticamente no solo, na agua, e em plantas a
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temperatura ambiente, sendo consideradas as formas infectivas do fungo (Restrepo
et al., 2001; Restrepo, 1985). A fase leveduriforme ocorre a 35°-37°C in vitro e nos
tecidos do hospedeiro (Bagagli et al., 2006). O aspecto mais caracteristico da
aparéncia leveduriforme sdo os multiplos brotamentos das células maes, rodeadas
por varias células filhas periféricas, constituindo a estrutura denominada roda de
leme (Furtado et al., 1967). A forma miceliana é caracterizada por filamentos
septados com conidios terminais ou intercalares (Restrepo-Moreno, 2003; Queiroz-

Telles, 1994).

O processo dimoérfico de fungos € uma adaptacéo as condigdes ambientais. Em
P. brasiliensis a conversao para a fase de levedura € um requisito para a progressao
da infeccdo (San-Blas & Nifio-Vega 2008). Além disso, o dimorfismo €& um
mecanismo de defesa importante para a adaptagéo de alguns fungos patogénicos as
condi¢cbes adversas do hospedeiro humano durante o estabelecimento da doenca e
invasdo dos tecidos (Kurokawa et al., 1998; San-Blas et al., 2002; Nemecek et al.,
2006). Acredita-se que a morfogénese esteja associada a viruléncia do fungo, pois
isolados que nao possuem a capacidade de se diferenciar em leveduras ndo sao
virulentos (De Moraes Borba & Schaffer 2002). Villar e colaboradores observaram
que o dimorfismo em P. brasiliensis pode também estar associado a fatores
nutricionais. A adigdo de soro fetal bovino (SFB) ao meio de cultura complexo e
quimicamente definido permitiu a formacao de células semelhantes a levedura, a
25°C, denominadas YRT. Este fato demonstra que o dimorfismo de P. brasiliensis
depende da alteragao de temperatura e/ou favorecimento de nutrientes (Villar et al.,

1988).

11
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Em regides endémicas, tem sido observada a infecgao natural do fungo em
alguns animais silvestres, como tatus (Dasypus novemcinctus, Dasypus
septemcinctus e Dasypus centralis), € animais domésticos, como cachorro (Canis
familiaris). Cabe ressaltar que esses animais devem ser considerados hospedeiros
acidentais e nao reservatorios naturais do fungo, pois os mesmos podem ser
acometidos pela doenga (Conti-Diaz, 2007). A identificacdo de P. brasiliensis tem
sido obtida através de Nested-PCR (reacdo em cadeia da polimerase) com
oligonucleotideos ITS do fungo, em animais selvagens mortos encontrados em
estradas e rodovias. Dessa forma, a presencga do fungo em tatu (Dasypus sp.), porco
da india (Cavia aperea), porco espinho (Sphigurrus spinosus), guaxinim (Procyon
cancrivorus) e furdo (Gallictis vittata) tem sido detectada (Richini-Pereira et al.,
2008). P. brasiliensis também ja foi recuperado a partir de fezes de pinguim e
morcegos frugivoros (Grose & Tamsitt 1965). A presenca de P. brasiliensis em
primatas tem sido demonstrada com a utilizacdo de testes sorolégicos ou
intradérmicos (Johnson & Lang 1977; Corte et al., 2007). Nenhuma correlagao foi
encontrada até o momento entre os diferentes isolados filogenéticos de P.
brasiliensis e o nicho ecolégico do fungo, ou a apresentagao clinica da PCM (Matute
et al., 2006; Carrero et al., 2008; Bagagli et al., 2008).

Em sua classificagdo, o P. brasiliensis é descrito como pertencente ao Reino:
Fungi; Filo ou Divisdo: Ascomycota; Subdivisdo: Euascomycotina; Classe:
Plectomyceto; Sub-classe: Euascomycetidae; Ordem: Onygenales; Familia:
Onygenaceae; Sub-familia: Onygenaceae anamorficos; Género: Paracoccidioides;
Espécie: brasiliensis (San-Blas et al., 2002). No entanto, existem trés grupos
distintos de P. brasiliensis, S1, PS2 e PS3, todos identificados através de dados de

polimorfismo genéticos. A espécie filogenética S1 distribui-se no Brasil, Argentina,
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Paraguai, Peru e Venezuela, enquanto PS2 foi encontrado apenas no Brasil e na
Venezuela e PS3 encontra-se restrito a Coldmbia. Todas as trés espécies foram
capazes de induzir a doenga em hospedeiros humanos e animais, entretanto, uma
menor viruléncia tem sido observada nas espécies PS2 (Matute et al., 2006).

Em andlises filogenéticas de 21 isolados de P. brasiliensis, realizadas por Carrero
et al. (2008), verificou-se a distingdo do isolado Pb01 de outros analisados, que se
apresentaram agrupados segundo a regido geografica das quais foram obtidos,
enquanto Pb01 estava agrupado com o isolado IFM 54648, obtido a partir de um
paciente do estado do Parana. Em um estudo posterior, analises filogenéticas de 82
isolados de P. brasiliensis foram realizadas por Teixeira et al., (2009). Baseado em
dados moleculares, nos caracteres morfolégicos exclusivos analisados e
possivelmente um longo periodo de isolamento genético, foi proposto a descricao
formal de uma nova espécie dentro do género Paracoccidioides, contemplando o
isolado Pb01. Essa espécie é altamente divergente das trés espécies identificadas

até agora (PS2, PS3 e S1) descritas por Matute et al. (2006).

1.3 - Abordagens terapéuticas e mecanismos de agao dos antifungicos

As infecgbes fungicas sistémicas tém aumentado de forma consideravel nas
ultimas décadas. Os principais fatores de risco que tém contribuido para este
problema s&o: (i) o incremento do numero de procedimentos cirdrgicos e técnicas
invasivas (cateteres centrais, nutricdo parentérica), (i) o aumento de doentes
submetidos a tratamentos de quimioterapia, (iii) terapéutica com farmacos
imunossupressores utilizados nos transplantes de 6rgaos, (iv) quadros patolégicos

de imunossupressao como a sindrome da imunodeficiéncia adquirida SIDA, (v) e a
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prescricdo de antibidticos de largo espectro (fator de risco acrescido devido a
reducao da microbiota protetora, levando ao crescimento de fungos que colonizam o
paciente) (Grau & Mateu-De Antonio 2003).

Até 1940, poucos farmacos estavam disponiveis para o tratamento de
infeccdes fungicas sistémicas. A sulfonamida foi a primeira droga empregada para o
tratamento da PCM na década de 40 (Del Negro, 1982). O aparecimento dos
polienos antifungicos representou o maior avango na micologia médica; a
anfotericina B rapidamente se tornou a terapéutica de primeira linha para infecgées
graves; no entanto possuia efeitos secundarios, dose dependente, associados a
perfusdo e nefrotoxicidade (Maertens, 2004). Em algumas décadas posteriores, as
pesquisas para novos antifungicos menos toxicos levou a descoberta dos azéis. Nos
anos 80, surgiu a primeira geragao de triazoéis, o que constituiu o segundo maior
avanco no tratamento de infecgdes fungicas. Inicialmente foi langado o cetoconazol,
e posteriormente o fluconazol e itraconazol, estes ultimos com um melhor perfil de
seguranga relativamente a anfotericina B e ao cetoconazol (Terrell, 1999). O seu uso
generalizado levou ao desenvolvimento de resisténcias, e ainda, o uso de interagdes
medicamentosas impds algumas limitagdes na sua utilizagdo. Nos anos 90, surgiram
as formulagdes lipidicas de anfotericina B (lisossbmica, complexo lipidico e
disperséo coloidal) a qual apresentou uma redugao na nefrotoxicidade, entretanto, o
custo terapéutico ainda é muito elevado (Dupont, 2002).

Na escolha do melhor medicamento para o tratamento da PCM,
tradicionalmente, sao analisados o tempo de administragdo do medicamento, a
severidade da doenca, o local da lesdo e as contraindicacdes baseadas em historico
prévio de falhas ou reagdo de hipersensibilidade (Yasuda, 2005). No entanto,

medidas gerais envolvendo o combate a ma nutricdo, depressdo imunolégica, e 0
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processo infeccioso, sao indispensaveis, uma vez que estes fatores, somados,
favorecem a instalagdo da micose (Mendes-Giannini et al., 2004).

Os medicamentos classicos utilizados para o tratamento da PCM ainda séo
sulfonamidas, anfotericina B, e derivados imidazodlicos, tais como cetoconazol,
itraconazol, e fluconazol (Travassos et al., 2008; Shikanai-Yasuda et al., 2006; Rivitti
& Aoki 1999; Queiroz-Telles, 1994).

A anfotericina B (2 mg/kg/dia) € um antifungico poliénico com espectro de
atividade muito amplo, por isso € indicada para os casos severos e disseminados e
deve ser seguido por um tratamento prolongado com compostos azoles e/ou
sulfametoxazol (Brummer et al., 1993). A anfotericina B atua principalmente por
unido ao ergosterol, componente biorregulador da fluidez a da assimetria
fosfolipidica da membrana celular fungica. Esse composto produz poros aquosos
que acarretam a morte celular através da desestabilizagdo na membrana plasmatica
seguida por alteragdes de permeabilidade e extravasamento de componentes
citoplasmaticos vitais (Ghannoum & Rice 1999).

Os azdlicos (fluconazol, itraconazol, cetoconazol, saperconazol e voriconazol)
interferem na biossintese do ergosterol, atingindo a enzima citocromo P-450 14-a-
esterol demetilase (ERG11), a qual € essencial para a sintese do ergosterol, se
ligando ao grupo heme no sito ativo da enzima (Sanglard, 2002; Kelly et al., 1993). A
inibicdo da 14-a-lanosterol demetilase leva a deplecdo do ergosterol e acumulo de
esterdis precursores, resultando na formacdo de uma membrana plasmatica com
fungdo e estrutura deficientes (Ghannoum & Rice 1999).

O itraconazol € uma opc¢ao terapéutica que permite o controle das formas leves
e moderadas da doenca em menor periodo. Entretanto, considerando que o

medicamento ndo esta disponivel na rede publica da maioria dos Estados, a
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combinagao trimetroprim-sulfametoxazol (TMP-SMX) é a alternativa mais utilizada
na terapéutica ambulatorial dos pacientes com PCM. Pacientes com formas graves,
necessitando internagdo hospitalar, devem receber anfotericina B ou TMP-SMX por
via intravenosa (Shikanai-Yasuda et al., 2006).

As sulfonamidas sdo medicamentos com apresentagdo na forma de xarope,
por isso sao a escolha para o tratamento da PCM em criangas (Shikanai-Yasuda et
al., 2006) e apesar de possuirem um valor acessivel ao paciente e de serem
eficazes no tratamento da doencga, sua utilizagao requer um longo periodo de tempo,
0 que leva, na maioria das vezes, a desisténcia dos pacientes na continuidade do
tratamento (San-Blas & Nifio-Vega 2008).

A 5-fluorcitosina (5-FC) é a unica representante da classe das pirimidinas. Este
agente, apés uma reacao de desaminagao na célula fungica, é convertido em duas
formas ativas 5-monofosfato de fluorodeoxiuridina (FAUMP) e trisfosfato de 5-
fluoruridina (FURTP). O FAUMP é um potente inibidor da timidilato sintetase, enzima
responsavel pela sintese de DNA fungico. J&4 o FURTP, quando é incorporado ao
RNA fungico no lugar do acido uridilico, causa alteragdo na aminoacilagdo do tRNA
in vitro e desequilibrio de todos os RNAs internos bem como prejuizo na sintese de
proteinas e carboidratos (Waldorf & Polak 1983).

A mais nova classe de agentes antifungicos € representada pelas
equinocandinas, que sao constituidas de lipopeptideos derivados de produtos
naturais de fermentagdo fungica. Essa classe atua inibindo a 1,3-B-glucana-
sintetase, enzima responsavel pela sintese da 1,3-B-glucana, componente da parede
celular fungica. Devido a esse distinto modo de acao, evidenciam toxicidade seletiva
frente a células fungicas devido a auséncia do polissacarideo de glucana nas células

de mamiferos (Arikan et al., 2005).
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Diferente de outros fungos patogénicos, P. brasiliensis é fungo sensivel a
maioria das drogas antifungicas, inclusive aos sulfamidicos (Shikanai-Yasuda et al.,
2006). Entretanto, estudos in vitro mostraram a resisténcia de P. brasiliensis a
sulfonamidas, azoles e anfotericina B (Da Lacaz et al., 1959; Restrepo & Tabares
Cde 1984). A resisténcia ao cetoconazol, TMP-SMX também foi descrita em isolados
de pacientes que apresentavam falhas ao tratamento com combinacdo de drogas
(Yasuda, 2005).

A terapia em longo prazo € geralmente necessaria para garantir uma boa
resposta clinica e evitar recaidas. No entanto, o tratamento tem suas limitagbes
como a alta toxicidade, baixa eficiéncia e resisténcia aos medicamentos,
principalmente devido ao numero crescente de pacientes imunocomprometidos.
Assim, apesar de existir drogas antifungicas para o tratamento de pacientes com
PCM, ha uma demanda por novas intervengdes terapéuticas (Ribeiro et al., 2010).
Mesmo o antimetabdlito 5-FC e o novo antifungico da classe das equinocandinas
tém sido utilizados com moderacédo, devido ao alto indice de isolados resistentes e
ao limitado espectro de atuagdo (Krcmery, 2005). A suscetibilidade de P.
brasiliensis, a esse medicamento parece estar correlacionada ao isolado do fungo
(San-Blas & Nifio-Vega 2008). P. brasiliensis apresentou-se resistente a agédo de
micafungina (Nakai et al., 2003). Desta forma, torna-se relevante a necessidade de

pesquisa e desenvolvimento de novas abordagens terapéuticas.

1.4 - Aspectos gerais do composto sulfametoxazol

Sulfametoxazol (Figura 1) € um antimicrobiano bacteriostatico largamente

utilizado na medicina humana e veterinaria (Yang et al. 2005), sendo disponivel no
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Sistema Unico de Saude (SUS), visto que esta presente na RENAME (Relacéo

Nacional de Medicamentos Essenciais).

Figura 1 - Férmula estrutural do sulfametoxazol

O sulfametoxazol pertence a familia das sulfonamidas, as quais competem com
0 acido p-aminobenzoéico (PABA) impedindo parcialmente a sintese do acido folico
em bactérias (Lindsey et al., 2001) (Figura 2). A competicao se deve ao fato de que
as sulfonamidas sao analogos estruturais do PABA, os quais apresentam
propriedades estéricas e eletrbnicas semelhantes. A diferenga principal entre o
PABA e as sulfonamidas consiste na presengca de um acido carboxilico e um grupo
sulfona ligados ao carbono 1, respectivamente. Para muitos micro-organismos, o
PABA é um metabdlito essencial. A reacdo de condensacdo da DHPPP com o PABA
envolve adenosina-trifosfato (ATP), a qual produz DHP que é subsequentemente
convertido em acido folico. O qual € um importante precursor da sintese de acidos
nucléicos (Petri, 2001).

Na via de biossintese de cofatores folato, a qual ocorre somente em micro-
organismos e plantas, o PABA se condensa com 2-amino-4-hidroxi-6-hidroximetil-7,8
diidropteridina pirofosfato (DHPPP), a reacao é catalisada pela diidropteroato-sintase
(DHPS) para formar diidropteroato (DHP). DHP é o substrato para a diidrofolato-
sintase (DHFS), a qual adiciona glutamato para a produgdo de diidrofolato (DHF).

DHF é entdo reduzido pela enzima diidrofolato-redutase (DHFR) para produzir
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tetraidrofolato (THF). THF e seus derivados sdo usados como cofatores em varias
reacOes biossintéticas como sintese de aminoacidos, como metionina, serina, glicina

e histidina, e ainda purinas e timidilato (Patel et al., 2004).
DHPPP

sulfametoxazol w V\ acido p-aminobenzéico (PABA)
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. DHF |

l/ NADPH + H'

_DHFR

N
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Figura 2 — Reagao esquematica da via de biossintese de cofatores folatos

A ligagao das sulfonamidas com a enzima DHPS leva a formagéo de analogos
nao funcionais do acido fdlico, impedindo o crescimento da célula bacteriana, o que
pode ser contrabalangado por um excesso de PABA no ambiente (inibigao
competitiva). As células animais s&o incapazes de sintetizar o &acido fdlico
dependendo assim, de fontes exdgenas. Muitas bactérias sdo sensiveis a agao das
sulfonamidas. Todavia algumas bactérias, a exemplo das células animais, ndo séo

inibidas pelas sulfonamidas (Petri, 2001).
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A sulfonamida pode ser administrada via oral, intravenosa e intramuscular
(Mendes et al., 1994), podendo ser administrada sozinha ou na combinagdao TMP-
SMX. As sulfonamidas sao indicadas para pacientes com restricdo a anfotericina B e
aos imidazois, e em pacientes que apresentam cardiopatia ou hepatopatia e com
restricdo de idade (Dillon et al., 1986).

A introducdo do Trimetroprim-Sulfametoxazol (TMP-SMX) foi um avango no
desenvolvimento de agentes antimicrobianos de eficiéncia clinica, resultando em um
sinergismo de efeito. Trata-se de um poderoso inibidor competitivo e seletivo da
DHFR, visto que o THF é necessario nas reagoes de transferéncia de um carbono, a
administracdo de TMP-SMX introduz bloqueios sequenciais na via de sintese do
THF do micro-organismo a partir de moléculas precursoras (Stevens & Vo, 1982;

Goodman, 1996).

1.5 - Transcritomas de P. brasiliensis

Muitos trabalhos tém descrito o perfil de expresséo génica de P. brasiliensis
sob certas condi¢des, com a finalidade de compreender a sua biologia.

Muitos genes de P. brasiliensis, isolado Pb01, que codificam proteinas
indispensaveis para a interacao parasito-hospedeiro foram estudados, elucidando os
mecanismos usados para sobrevivéncia, resisténcia e crescimento do fungo. Nesses
trabalhos foram encontrados transcritos, diferencialmente expressos envolvidos com
varias vias metabdlicas, como captacéao e transporte de metais (ferro, cobre e zinco)
e sintese de fatores de viruléncia (melanina e seus precursores) (Bailéo et al., 2006;
Costa et al., 2007; da Silva et al., 2006; Hamilton & Gomez 2002; Ratledge & Dover

2000; Taborda et al. 2008).
20



Perfil Transcricional do fungo patogénico humano Paracoccidioides brasiliensis em resposta a sulfametoxazol

Amanda Gregorim Fernandes

No estudo onde queratinécitos foram infectados por leveduras de P.
brasiliensis, isolado Pb01, a expressao diferencial de mRNAs e proteinas foi
avaliada, a fim de caracterizar genes e proteinas diferencialmente expressos durante
a infecgcdao. Entre os transcritos encontrados incluem indutores de citocinas,
metabolismo de proteinas, metabolismo alternativo de carbono, transportadores de
zinco e de resposta a estresse durante o contato com queratinocitos. Esses
transcritos mostraram que apesar de estar em uma situagdo de estresse as células
continuavam proliferando e metabolicamente ativas. Além disso, as vias metabdlicas
foram sendo ativadas a fim de eliminar as substéncias toxicas da célula
(transportador de zinco), este ultimo, em conjunto com a glicosamina-6-fosfato
isomerase e outras proteinas dessa via (Peres da Silva et al. 2011).

O genoma funcional e diferencial de micélio e levedura de P. brasiliensis,
isolado Pb01 (Felipe et al. 2005) permitiu a identificacdo de 6.022 grupos de ESTs,
representando cerca de 80% do genoma estimado para esse fungo, baseado no
estudo de densidade génica feito por Reinoso et al. (2005). Em geral, o padrdo dos
genes que sao super expressos na fase miceliana sugere que esta forma possua
metabolismo aerdbico, ao contrario da forma leveduriforme, possuindo metabolismo
anaerdbico (Felipe et al., 2005).

O perfil transcricional de P. brasiliensis, isolado Pb01, foi analisado durante a
diferenciacdo morfoloégica de micélio para levedura. Neste trabalho foi avaliada a
expressao de 1.107 transcritos obtidos a partir de biblioteca de cDNA apds 22 horas
de inducdo da transicdo de micélio para levedura. De acordo com o perfil
transcricional encontrado, foi proposto que o remodelamento da parede celular
ocorra nos estagios iniciais da transicdo. Foram encontrados transcritos

relacionados ao ciclo do glioxalato, tais como isocitrato liase, malato desidrogenase,
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citrato sintase e aconitase sugerindo que esta via seja funcional durante a transig¢ao
dimorfica. Em adigdo, genes relacionados as vias de transdugdo de sinal
apresentaram niveis de expressdo aumentados, sugerindo o controle de genes na
adaptacao e sobrevivéncia do fungo durante os estagios iniciais da transi¢cao (Bastos
et al., 2007).

Marques e colaboradores utilizaram a técnica de Hibridizacdo Subtrativa por
Supressao (SSH) e andlises de microarranjos para identificar genes que sao
preferencialmente expressos na fase leveduriforme de P. brasiliensis, isolado Pb18,
quando comparado com a fase miceliana. Os genes identificados mais expressos na
fase leveduriforme estdo envolvidos em metabolismo basico, transdugao de sinal,
crescimento e morfogénese e metabolismo de enxofre (Marques et al., 2004).

Com o objetivo de identificar as respostas adaptativas de P. brasiliensis,
isolado Pb01, durante a infecgdo, Bailao et al. (2006) utilizaram a técnica de RDA
(Analise Diferencial Representacional) para analisar células leveduriformes de P.
brasiliensis, provenientes de modelo animal, apds infeccéo, e células leveduriformes
do fungo incubado com sangue humano. Genes relacionados a aquisicdo de ferro,
sintese de melanina e defesa celular foram especialmente induzidas no modelo
animal de infecgdo. Os transcritos induzidos nas células de levedura durante a
incubagdo com sangue humano foram aqueles predominantemente relacionados
com a remodelacao da parede celular/sintese.

Em analises do perfil transcricional de células leveduriformes de P. brasiliensis,
isolado Pb01, apds incubagcdo com plasma humano foi possivel detectar a super
expressdo de genes relacionados a degradagdo de acidos graxos, sintese de
proteinas, resposta celular a mudanca de osmolaridade do meio, remodelamento

celular e defesa (Baildo et al., 2007).
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Costa e colaboradores realizaram a analise do transcriptoma de leveduras de
P. brasiliensis, isolado Pb01, durante o processo infectivo a fim de identificar as
alteracgdes na expressao génica do fungo durante esse processo. Um total de 4.934
ESTs provenientes de figado de camundongo infectado foi sequenciado e anotado.
Foram encontrados genes envolvidos no metabolismo anaerdbico da glicose, e
alguns responsaveis pelo metabolismo de lipidios. Em uma analise comparativa
entre os bancos de dados de células leveduriformes e transcriptomas de micélio com
0 banco gerado através desse trabalho conseguiu descobrir genes diferencialmente
expressos em resposta ao hospedeiro (Costa et al., 2007).

Borges e colaboradores utilizando a técnica do RDA entre os isolados Pb01 e
Pb4940, este ultimo n&do sendo capaz de transitar para levedura, demonstrou que
durante essa fase de levedura alguns genes induzidos eram relacionados com
resposta a estresse, viruléncia e crescimento. Todos esses genes apoiam a
concepcao de que a fase de levedura pode potencialmente responder ao ataque das
condicbes do hospedeiro. Genes chave nesse processo incluem proteinas de
superficie, proteinas relacionadas a estresse, bem como proteinas envolvidas na
morfogénese e controle transcricional (Borges et al., 2011a).

Tavares e colaboradores estudaram a resposta transcricional de P. brasiliensis
a internalizacdo por macréfagos murinos e identificaram genes expressos,
principalmente aqueles relacionados a biossintese de aminoacidos e proteinas de
choque térmico, sugerindo que estes genes sao relevantes durante o processo de
fagocitose por macrofago (Tavares et al., 2007).

Genes expressos durante a transigdo de conidios para leveduras do fungo P.

brasiliensis foram analisados por Garcia e colaboradores, que identificaram genes
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nao observados nas bibliotecas realizadas previamente durante a transi¢ao micélio-

levedura (Garcia et al., 2009).

1.6 - Utilizacoes do transcriptoma na elucidagao de mecanismos de agao de
antifungicos e na identificagao de novos alvos para interferéncia

Os agentes antifungicos exercem sua atividade através de uma variedade de
mecanismos, alguns dos quais pouco entendidos. Novas abordagens para
caracterizar o mecanismo de agao de antifungicos sdo uteis no processo de
desenvolvimento de novas drogas antifungicas. Um dos caminhos pelos quais as
células se ajustam as mudangas ambientais é através da alteracdo do padrao de
expressdo de genes e proteinas. Assim, a medida de mudangas na expressédo de
genes e proteinas sob exposi¢cdo as drogas pode ajudar a determinar como as
drogas e candidatos as drogas trabalham em células e organismos. Nesse sentido,
alteragdes no perfil de expressao de genes de fungos tém sido estudadas (Liu et al.,
2005; Agarwal et al., 2003; Ferreira et al., 2006; Yu et al., 2007; Florio et al., 2011).

Utilizando esse enfoque, estudos do perfil gendbmico foram realizados para
avaliar o efeito da anfotericina B, 5-FC, e varios azoles em Sacharomyces cerevisiae
e Candida albicans (Bammert & Fostel, 2000; De Backer et al., 2001; Zhang et al.,
2002a; Zhang et al., 2002b; Zhao et al., 2009; Silva et al., 2011a). Esses estudos
forneceram uma visdo geral dos genes com alteragao no perfil de expressdo em
resposta ao tratamento com essas drogas. Entretanto, foram utilizadas
concentragdes inadequadas para uma comparagao apropriada entre as drogas.

Visando fazer uma analise comparativa entre as drogas utilizadas num mesmo
estudo, os genes de S. cerevisiae foram investigados em resposta aos

representantes das classes dos polienos, pirimidinas, azoles e equinocandinas.
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Nesse estudo foi demonstrado que diferengas nas condigbes ambientais, tais como
meio de crescimento, concentragdo da droga, e periodo de exposi¢ao a droga pode
contribuir para alteracées na expressao dos genes. Foram identificadas alteracdes
classe-especifica e mecanismo-independente. Genes responsivos a cetoconazol,
caspofungina, e 5-FC indicaram efeitos droga-especifico. A exposi¢cdo ao
cetoconazol afetou genes primariamente envolvidos na biossintese e captagao do
ergosterol; exposicdo a caspofungina afetou genes envolvidos na integridade da
parede celular; e 5-FC afetou genes envolvidos na sintese de proteina e DNA,
reparo a dano no DNA, e controle do ciclo celular. Ao contrario, alteragdes induzidas
por anfotericina B na expressdo de genes foram relacionadas ao estresse celular,
reconstrugdo de membrana celular, transporte, captacao de fosfato, e integridade da
parede celular. Embora tenham sido identificados genes com maior especificidade
para uma droga em particular (genes droga-especificos), também foram encontrados
genes sem especificidade para as classes de drogas. Os resultados obtidos
forneceram novas informacdes sobre o mecanismo de acao dessas classes de
agentes antifungicos e demonstraram o potencial de utilizacdo do perfil de
expressdao de genes no desenvolvimento de drogas antifungicas (Agarwal et al.,
2003).

Estudos similares foram desenvolvidos para C. albicans utilizando as mesmas
classes de antifungicos e condi¢des similares de crescimento. Foram encontradas
similaridades, mas também diferencas, entre S. cerevisiae e C. albicans, na resposta
a esses agentes antifungicos. Os experimentos do perfil de expressao génica
revelaram respostas droga-especifica consistentes com seu mecanismo de agéo,

respostas indicativas de outras vias que devem ser afetadas por esses agentes, e
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respostas que refletem mecanismos conhecidos e potenciais de resisténcia a esses
agentes antifungicos (Liu et al., 2005).

Analise do transcriptoma de Aspergilus fumigatus, um fungo filamentoso,
exposto a voriconazol revelou que a expressdo do mRNA de varios genes é
dependente da via de sinalizagdo por proteina quinase-AMP ciclico, conservada
evolutivamente, auxiliando no entendimento de como o fungo se torna resistente ao
voriconazol (Ferreira et al., 2006). Esse estudo identificou uma diminuicdo da
expressao dos genes envolvidos na biossintese do ergosterol, ao contrario dos
estudos previamente realizados para S. cerevisiae e C. albicans (Agarwal et al.,
2003; Liu et al., 2005), sugerindo que A. fumigatus, sendo um fungo filamentoso,
deve responder diferentemente ao antifungico.

Estudos utilizando microarranjos, com o objetivo de avaliar o perfil
transcricional de Trichophyton rubrum em resposta a cetoconazol e anfotericina B,
revelaram resultados consistentes com o0s mecanismos de acdo conhecidos.
Entretanto, houveram também achados especificos em T. rubrum que diferiram dos
resultados obtidos em trabalhos anteriores para outros fungos (Zhao et al., 2009; Yu
et al., 2007). Em um estudo posterior, Diao e colaboradores (2009) expuseram T.
rubrum ao itraconazol e identificaram mudancas especificas na expressao dos
genes consistente com o mecanismo de acdo desse composto. Foi observado
também mudangas na expressao génica, os quais codificam produtos com fungdes
relacionadas a adaptagdo a droga, incluindo resposta a estresse celular, efluxo de
drogas e transporte de pequenas moléculas, caracterizando assim, um possivel
mecanismo de resisténcia (Diao et al., 2009).

S. cerevisiae € um excelente organismo modelo para estudar acdo de

antifungicos devido ao seu genoma ja ter sido totalmente sequenciado e bem
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caracterizado, e ao desenvolvimento de microarranjos, possibilitando monitorar
globalmente alteragcdes na expressao de genes em resposta a uma variedade de
condicbes experimentais. Em adicdo, existe a disponibilidade de estoque de
mutantes com genes deletados, facilitando a validacdo de novas hipéteses geradas
pelos experimentos de microarranjos (Viscoli et al., 1999). Entretanto, os trabalhos
acima demonstraram a importancia da realizacdo desses estudos em outros fungos
de relevancia.

Estudos protedmicos também tém sido realizados visando a elucidagéo do
mecanismo de acdo de antifungicos, incluindo a identificagdo de novos alvos
(Hoehamer et al., 2010; Bruneau et al., 2003; Delom et al., 2006; Hooshdaran et al.,
2005; Strom et al., 2005; Angiolella et al., 2009; Rogers et al., 2006; Kley, 2004;
Komatsu et al.,, 2011) e os efeitos sinérgicos entre compostos (Xu et al., 2009).
Analise comparativa entre o transcriptoma e o proteoma de A. fumigatus exposto a
anfotericina B revelou a identificacdo de um maior numero de transcritos em relacéo
ao numero de proteinas. Em adi¢do, ndo foram identificados transcritos referentes a
todas as proteinas encontradas no proteoma. Essa abordagem levou a identificagéo
de genes e proteinas especificos de A. fumigatus em resposta a anfotericina B
(Gautam et al., 2008). Esse estudo demonstra a importancia da utilizagdo de
abordagens gendmica e protedmica integradas no estudo de mecanismo de agéo de
antifungicos, bem como na identificagdo de novos alvos para interferéncia.

A andlise do transcriptoma (Yu et al.,, 2007; Lopez et al., 2008; Wang et al.,
2008; Zeng et al., 2007; Lee et al., 2005; Sigle et al., 2005; Woyke et al., 2004;
Gamberi et al., 2007) e do proteoma (Courchesne et al.,, 2009; Liu et al., 2010),

incluindo as analises comparativas entre transcriptoma e proteoma (Duy et al., 2007)
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de microrganismos, também tém sido utilizadas no estudo do mecanismo de agao

de novos compostos antimicrobianos.
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2 - JUSTIFICATIVA

Os agentes antifungicos exercem sua atividade através de uma variedade de
mecanismos, alguns dos quais sado pouco entendidos. Novas abordagens para
caracterizar o mecanismo de agado de agentes antifungicos s&o uteis no processo de
desenvolvimento de drogas antifungicas, bem como para antifungicos ja utilizados.
Um dos caminhos pelos quais as células se ajustam a mudangas ambientais é
através da alteracdo do padrédo de expressdo de genes. Assim, a medida de
mudangas na expressao de genes sob exposicdo as drogas pode ajudar a
determinar como as drogas e candidatos a drogas atuam em células e organismos.
Nesse sentido, alteracées no perfil de expressdao de genes de fungos tém sido

estudadas em diversos organismos.

Apesar dos esforgos para elucidar a acdo do sulfametoxazol em bactérias, seu
efeito em fungos permanece pouco compreendido, embora o farmaco seja
amplamente utilizado no tratamento de micoses, como a paracoccidiodomicose.
Nesse contexto, sdo necessarios mais estudos que busquem esclarecer o

mecanismo de ag¢ao desse composto sobre o agente etiologico P. brasiliensis.
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3 - OBJETIVOS

3.2 - Geral

O objetivo do presente estudo ¢é investigar as alteragdes no perfil de expressao

génica de P. brasiliensis apos exposi¢ao ao sulfametoxazol.

3. 2 - Estratégias experimentais

v' Construir bibliotecas subtraidas de cDNA a partir de RNAs obtidos de
leveduras crescidas na presenca e auséncia de sulfametoxazol,

v Sequenciar as ESTs geradas a partir da técnica de RDA;

v Validar os transcritos obtidos a partir de leveduras crescidas na presenca e
auséncia de sulfametoxazol utilizando PCR em tempo real (QRT-PCR);

v Propor um mecanismo de agdo do medicamento sulfametoxazol em células

leveduriformes de P. brasiliensis.
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Abstract

Paracoccidioidomycosis (PCM) is a systemic fungal infection caused by the
thermo-dimorphic fungus Paracoccidioides brasiliensis. Mycelia and conidia growing
in vitro at 23°C-26°C and 18°C 1 4°C, respectively, and as saprophytes in soil, water
and plants to room temperature are considered the infective forms of the fungus. The
yeast phase occurs at 35°-37°C in vitro and host tissues. Sulfonamides were the first
drugs used for treatment of PCM and continue to be quite active medications
nowadays against this fungal infection. It is known that sulfa drugs are competitive
antagonist of p-aminobenzoic acid (PABA), which condenses with 2-amino-4-
hydroxy-6-hydroxymethyl-7,8 dihydropteridine pyrophosphate (DHPPP) to form
dihydropteroate (DHP), a reaction catalyzed by dihydropteroate synthase (DHPS).
The aim of this work was investigating the global mechanism of action of
sulfamethoxazole on P. brasiliensis. Yeast cells were grown on minimum medium in
the presence and absence of sulfamethoxazole for 1 and 2 h, at 36°C. After
extraction of total RNA, the cDNA was obtained and used to representational
difference analysis (RDA) experiments to identify the genes up and down regulated.
ESTs sequences were clustered using the CAP3 program and classified in
agreement with the functions by using BLAT2GO program. Several transcripts
related to mitochondrial function were differentially expressed. Among them could be
cited transmembrane GTPase, succinate/fumarate mitochondrial transporter, 3-
demethylubiquinone-9-methyltransferase, ATP synthase subunit beta, NADPH
dehydrogenase and carnitine/acyl carnitine carrier. Other transcripts related to
metabolism, and to unknown functions were up or down regulated. Aiming to validate

the RDA and bioinformatics results, we identified genes potentially relevant and then
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validated by quantitative real-time PCR (qRT-PCR). Furthermore, to confirm the
mitochondrial alteration, the method of reduction of tetrazolium salt 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). The results indicated
that sufamethoxazole acts in P. brasiliensis as a competitor for the synthesis of
amino acids, nucleic acids and precursors of biosynthesis of folate cofactors, and

then destabilizing mitochondrial functions.

Introduction

Paracoccidioidomycosis (PCM) is a systemic fungal mycosis caused by the
dimorphic fungus Paracoccidioides brasiliensis (Brummer et al., 1993). PCM typically
occurs in rural areas of Latin America. In Brazil, it is the main cause of death among
systemic mycoses (Prado et al., 2009). The disease may present a broad spectrum
of clinical and pathological manifestations ranging from asymptomatic pulmonary
lesions and mild infections spread serious, involving multiple organs, most often the
lungs, oropharyngeal mucosa, skin, lymph nodes, adrenal glands, and central
nervous system (Bertini et al., 2007). The fungus is thermo-dimorphic, mycelia and
conidia are likely to grow in nature and in vitro at 23-26°C and 18°C = 4°C,
respectively, and as saprophytes in soil, water, and plants to room temperature.
These are considered the infective forms of the fungus (Restrepo et al., 2001;
Gonzalez et al., 2008). The yeast phase occurs at 35°-37°C in vitro and at host
tissues (Restrepo & Tobon 2005).

The conventional drugs used for treatment of PCM are sulfonamides,
amphotericin B and imidazole derivatives such as ketoconazole, itraconazole, and

fluconazole (Travassos et al., 2008). Sulfonamides were the first drug used for
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treatment of PCM in the 40s decade (Del Negro 1982), and continue to be quite
active medications today against this fungal infection, including the severe childhood
forms (Ferreira, 2009).

Sulfa drugs are competitive antagonist of p-aminobenzoic acid (PABA)
(Hanafy et al., 2007), which is condensed with 2-amino-4-hydroxy-6-hydroxymethyl-
7,8 dihydropteridine pyrophosphate (DHPPP) to form dihydropteroate (DHP), a
reaction catalized by dihydropteroate synthase (DHPS). DHPS is a key enzyme
involved in folate synthesis (Patel et al., 2004b). Folate cofactors are involved in the
biosynthesis of purines and pyrimidines (thymidylate), in the biosynthesis of amino
acids such as glycine and methionine, and in the biosynthesis of vitamins such as
pantothenic acid (Appling, 1991). However, no study was realized to P. brasiliensis
yet.

The technique of representational difference analysis (RDA) optimized by
Pastorian et al. (2000) has been used at our laboratory (Baildo et al., 2006; Bailao et
al., 2007; Borges et al., 2011b; Silva et al., 2011b) to identify differentially expressed
genes in different conditions. RDA is sensitive and powerful tool that allows the
isolation of genes both up and down regulated expressed in two different populations
of cDNA (Hubank & Schatz 1994).

The aim of this study was undertaken to monitor the global response of P.
brasiliensis to the effects of sulfamethoxazole. Using an RDA approach, we identified
genes that were differentially expressed in P. brasiliensis in response to exposure to
a sub-inhibitory concentration of sulfamethoxazole. The data were validated by
quantitative real-time PCR (qRT-PCR) and by the method of reduction of tetrazolium

salt 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). These
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changes in the gene expression profile provide insight into the mechanism of action

of sulfamethoxazole on P. brasiliensis.

Materials and Methods

Culture and cell viability

P. brasiliensis 01 (ATCC MYA-826) has been studied at our laboratory (Cruz
et al., 2011; Tomazett et al., 2010; Tomazett et al., 2011; Zambuzzi-Carvalho et al.,
2009; Neto et al., 2009). P. brasiliensis yeast cells were sub-cultured every seven
days on semi solid 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] (Fava-Netto, 1955) at 36°C and used
throughout this study.

The determination of ICso was performed according to (Santos et al., 2007)
and in accordance with the macro dilution method described in the Clinical and
Laboratory Standards Institute (CLSI) M27-A2 (2005) with modifications. To
determine the ICs0, yeast cells in exponential growth phase were maintained in
chemically defined solid medium McVeigh Morton (MMcM) (Restrepo & Jimenez
1980) for seven days at 36°C and inoculated in liquid MMcM. Stock solution (1
mg/mL) containing sterile sulfamethoxazole (Sigma-Aldrich, St. Louis, MO, USA) was
prepared in dimethylsulfoxide (DMSO). From this solution were performed serial
dilutions in sterile MMcM (pH 7.0) as diluent, producing a final concentration of 1.25 —
320 pg/mL (5 — 1260 mM). The drug concentration ranges were selected based on
previous studies (Hahn et al., 2003; Afeltra et al, 2002). The controls without

antifungal and DMSO are included. The concentrations of inocula were determined
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by spectrophotometer using a yeast cell suspension in sterile 0.85% NaCl which
gave 10% transmittance at 520 nm. The mixture was stirred to disperse aggregated
cells. Yeast cells were collected from the liquid MMcM and counted in a Neubauer
chamber for use. An initial inoculums density of 5x10° cells/mL was obtained and 0.1
mL aliquots were added to 2.4 mL of MMcM containing drug dilutions. The fungus
was grown at 36°C, under agitation at 150 rpm for 5 days. The ICso was determined
from the measured turbidity of the medium. The yeast cell suspensions were
vigorously shaken to disperse aggregated cells (Hahn & Hamdan 2000). The
experiments were processed in triplicate.

For viability experiments, yeast cells were grown in the presence or in the
absence of 0.01 mg/mL (ICso) of sulfamethoxazole, and were kept in liquid MMcM
(Restrepo & Jimenez 1980) for 1h, 2h, 3h, 4h and 5h at 36°C and viability of the cells
determined by Trypan Blue method (Freshney, 1987). In brief, cells from all
incubation time were incubated with a dye solution (0.1% Trypan Blue Stain) for 5
min at room temperature and viability was assessed by counting viable and unviable

cells in a Neubauer chamber.

cDNAs obtained from the transcripts of P. brasiliensis grown in the presence

and absence of sulfamethoxazole

RNA extraction

P. brasiliensis yeast cells were grown in liquid Fava-Netto’s medium for 72 h
and transfers to the liquid MMcM for 16 h. Following, P. brasiliensis yeast cells were
grown in liquid MMcM for 1 h and 2 h in the presence and absence of 0.01 mg/mL

sulfamethoxazole, and total RNA was extracted using Trizol (Invitrogen, Carlsbad,
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CA, USA) according to the manufacturer’s instructions. The RNA was treated with
DNAse | RNAse-free (Invitrogen) to remove chromosomal DNA. The concentration
and purity of RNA were determined by spectrophotometer, and RNA integrity was

visualized after electrophoresis on 1.2% agarose gel.

Synthesis of cDNAs

The first-strand cDNA synthesis was performed with reverse transcriptase (RT
Superscript Il, Invitrogen) using 1 ug of RNA, and this was used as template to
synthesize the second strand of the cDNA. The cDNA was synthesized using the
SMART PCR cDNA kit (Clontech Laboratories, Palo Alto, CA, USA). All nucleotides

were synthesized by Invitrogen, as described in supplementary table 1.

Generation of cDNA libraries

The cDNA fragments for processing the RDA were generated according to the
protocol previously described by Hubank and Schatz (1994) and modified by
Pastorian et al. (2000). The double-stranded cDNA was digested with restriction
enzyme Sau3Al. The resulting products were purified using the GFX kit (GE
Healthcare, Uppsala, Uppsala Ian, Sweden). The tester digested cDNA was bound to
adapters (a 24-mer annealed to a 12-mer).

A selective amplification subtractive hybridization was performed to the
construction of libraries. Briefly, to generate the first differential product (DP1) cDNAs
"driver" and "tester" were mixed in a ratio of 10:1, hybridized, and amplified by PCR
with the oligonucleotide JBam24 (7 cycles of 45 s at 95°C and 3 min at 72°C, each).
PCR products were subjected to a new round of amplification (20 cycles) to remove

unwanted single-stranded cDNAs. The final stage of amplification produced the DP1.
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To generate the differential secondary products (DP2), the adapters RBam replaced
the adapters JBam and the "driver" replaced by "tester" at a rate of 100:1. To isolate
the genes induced by sulfamethoxazole, cDNAs from cells grown in the presence of
the compound were subtracted from those obtained from cells grown in the absence
of the compound. To isolate genes suppressed, a second subtraction was performed
in the reverse direction.

After the second subtractive reaction, the cDNA was purified and cloned
directly into the pGEM-T Easy vector (Promega, Madison, WI, USA). Escherichia coli
XL1 Blue competent cells were transformed with ligation products.

The plasmid DNAs were prepared from selected clones of subtracted libraries
and sequenced with the ET Dye Terminator kit Dyenamic (GE Healthcare) in
MegaBACE 1000 DNA sequencer (Amersham Biosciences, Little Chalfont,

Buckinghamshire, UK) using primers corresponding to the vector pGEM-T Easy.

Processing and annotation of ESTs

The sequences of at least 75 nucleotides, with PHRED = 20 were considered
for the assembly and formation of clusters. The assembly of these ESTs was
performed using CAP3 (Huang & Madan 1999) and clustered to generate contigs
and singlets, which were analyzed. All these tools were integrated into a specific
pipeline (http://www.lbm.icb.ufg.br/pipelineUFG/). A search for functional categories
was performed using the program Blast2GO (http://www.blast2go.org/) which
provides a comparison between clusters of sequences obtained from public
databases. The BLAST program of National Center for Biotechnology Information
(NCBI)  (http://www.ncbi.Im.nih.gov/BLAST) processed with  non-redundant

sequences (nr) GenBank and the nucleotide database generated from P. brasiliensis
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structural genome
(http://www.broad.mit.edu/annotation/genome/paracoccidioides_brasiliensis/MultiHo

me.html) were used for the annotation of ESTs. The database sequence matches
were considered significant at e-values <10°. The program INTERPROSCAN
(http://www.ebi.ac.uk/interpro/) (Apweiler et al. 2001) was used to obtain information
about the domain present in clusters and the classification of families. The metabolic
pathways were analyzed using maps obtained from the KEGG database (Kyoto
Encyclopedia of Genes and Genomes) (http://www.genome.ad.jp/kegg) (Kanehisa
and Goto 2000) with annotated EC numbers, and this information was used to help
elucidate the function of ESTs. The Munich Information Center for Protein
Sequences (MIPS) (http://mips.gsf.de/) was used to designate the functional

categories.

Validation of data obtained by RDA and bioinformatic

Confirmation of the expression of selected genes of P. brasiliensis by qRT-PCR

Total RNAs from P. brasiliensis yeast cells cultured in the presence and in the
absence of sulfamethoxazole were obtained as previously described, in independent
experiments from that used in RDA assays. After treatment with DNAse, the first
strands of cDNAs were synthesized from total RNA using Superscript Il reverse
transcriptase (Invitrogen) and oligo (dT)1s primer according to the supplier's
instructions. Gene-specific primers were designed for the gene of interest and for the
gene a-tubulin using Primer Express software (Applied Biosystems, Foster City, CA,
USA) (Supplementary table 1). The qRT-PCRs were performed in triplicate the

StepOnePlus™ real time PCR system (Applied Biosystems). The PCR thermal
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cycling program consisted of 40 cycles of 95°C for 15s; 60°C for 1min. The SYBR
green PCR master mix (Applied Biosystems) was used for each reaction that was
supplemented with 1pmol of each oligonucleotides gene-specific and 40 ng of
template cDNA. A melting curve analysis was performed to confirm the amplification
of single PCR product. The data were normalized with gene a-tubulin of P.
brasiliensis. A non-template control was included. A cDNA for a relative standard
curve was generated by polling an aliquot of cDNA from each sample. The standard
cDNA was serially diluted 1:5, and a standard curve was generated by using four
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).

Assessment of mitochondrial activity of P. brasiliensis by MTT assay

P. brasiliensis yeast cells (1x10° cells/well) were seeded in 96-well plate (TPP,
Trasadingen, Zurich, Schweiz), and incubated with different concentrations of
sulfamethoxazole (1.28, 0.64, 0.32, 0.16, 0.08, 0.04, 0.02 and 0.01 mg/mL), in
sextuplicate. After incubation at 36°C for 120 h, in a shaker at 180 rpm, each well
received 20 yL of MTT (Sigma-Aldrich) at 5 mg/mL, and the plate was again
incubated for 4 h. After that, the plate was centrifuged at 800 rpm for 10 min, and the
supernatant was discarded carefully. It was added 100 uL of dimethyl sulfoxide
(DMSO) (Vetec, Rio de Janeiro, RJ, Brazil) in each well for solubilization of formazan
crystals; the plate was gently homogenized, and the concentration of formazan
solubilized was quantified spectroscopically using an ELISA reader (Stat Fax 2100,

Awareness Technology, Dusseldorf, Germany) at a wavelength of 540 nm. The
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absorbance of control cells (untreated) was considered 100% cell viability; the control

contained only DMSO. The cytotoxicity of the compound was calculated as follows:

Viability = Mean absorbance for each concentration of the extract - control x 100

Mean absorbance of control - control

The MTT test was performed three times, and each concentration of
compound sulfamethoxazole was performed in sextuplicate. The results of viability

were plotted (Graphpad Prism 5.0, Software, San Diego, CA, USA).

Results

Construction of cDNA libraries

To the construction of cDNA libraries was used the concentration of 0.01
mg/mL sulfamethoxazole corresponding to ICso to P. brasiliensis. On the other hand,
the times were chosen where the fungus had around 75% of viability (data not
shown). In this way, to identify P. brasiliensis genes differentially regulated in the
presence of sulfamethoxazole, it was determined the transcriptional profile of P.
brasiliensis exposed to 0.01 mg/mL of this compound grown for 1 h and 2 h at 36°C.
After total RNA extraction and RDA assay, the differential products were cloned in
pGEM-T Easy vector and sequenced.

A total of 827 clones were successfully sequenced. From these, 102 and 204
clones up and down regulated, respectively, were obtained from P. brasiliensis yeast

cells after incubation with sulfamethoxazole for 1 h; and 260 and 261 clones up and
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down regulated, respectively, were obtained from P. brasiliensis yeast cells after

incubation with sulfamethoxazole for 2 h.

Global gene expression profile

For libraries of induced genes after 1 h of exposure of the fungus to
sulfamethoxazole, a total of 16 genes were grouped into 24 clusters representing 17
contigs and 7 singlets. To 2 h, a total of 15 genes were grouped into 52 clusters with
31 contigs and 21 singlets. For libraries repressed genes after 1 h of exposure it was
found 42 genes, grouped into 55 clusters, with 25 contigs and 30 singlets. To 2 h, it
was found 10 genes grouped into 35 clusters corresponding to 24 contigs and 11
singlets.

The differentially expressed genes were classified by functional category, and
the general distribution of genes among various functional groups was obtained
(Table 1). In total, 66 genes were differentially expressed upon exposure to
sulfamethoxazole; 16 and 42 of which showed a significant increase and decrease of
expression after 1 h; 15 and 10 genes had expression increased and decreased after
2 h of exposure to sulfamethoxazole, respectively. A total of 17 genes differentially
expressed were common to both times. A total of 17% of the genes responding to
sulfamethoxazole were classified as ‘unknown function’, indicating that the ESTs
have not been identified previously and there is no amino acid sequence homology
with other proteins of known function.

The distribution of differentially expressed genes in biological functional
groups was evaluated (Table 1; Figure 1A and 1B). From this analysis it can be
observed that most of the genes down regulated after 1 h incubation participate in

cellular processes related to cell metabolism and cell rescue, defense and virulence.
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On the other hand, the up regulated genes were mostly found to function in
transcription, cellular transport, transport facilities and transport routes. After 2 h,
most of the down regulated genes are also involved in metabolism; the up regulated
genes participate in cell rescue, defense and virulence.

Specifically, genes from respiratory complex groups, such as, ADP/ATP
carrier protein, ATP synthase subunit beta and 3-demethylubiquinone-9 3-
methyltransferase, and from B-oxidation, such as, acyl-CoA dehydrogenase, short-
chain specific acyl-CoA dehydrogenase and carnitine/acyl carnitine carrier, were
most of them down regulated. Many genes involved in cell rescue, defense and
virulence or cellular transport were up regulated, for instance various heat shock
proteins, major facilitator superfamily transporter and ABC transporter.

Among potentially relevant genes and those which had more representation in
the number of ESTs in response to sulfamethoxazole can be cited betain aldehyde
dehydrogenase, cysteine desulfurase, glutamine synthetase, C6 transcription factor,
Sexual development transcription factor NsdD, ATP-dependent RNA helicase,
guanine nucleotide-binding protein alpha-1 subunit, senescence-associated protein,
and the heat shock protein HSP30, HSP60 and HSP70.

Data for a few selected genes are shown in figure 2 to highlight the overall
biological response to sulfamethoxazole. Thus, we can see a general way that most
of the genes repressed in presence of sulfamethoxazole were related to generation
of precursors metabolites and energy production and, the metabolism of lipids.
Furthermore, the genes induced in the presence of compound are more related to

the response to stimuli and cellular defense.

Validation of RDA and bioinformatic data by qRT-PCR
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To validate the data obtained through RDA and bioinformatic, it was selected
genes potentially relevant to mitochondrial functions and cellular metabolism,
including B-oxidation, for analysis of transcripts expression levels by qRT-PCR.
Fourteen target genes were chosen and the total RNA from P. brasiliensis yeast cells
cultured in the presence and in the absence of sulfamethoxazole was obtained as
previously described, in independent experiments. The genes include glutamine
synthetase (GLN1), ribulose 5-phosphate 3-epimerase (RPE1), ATP synthase beta
subunit (ATP2), ADP/ATP carrier protein (AAC), succinate/fumarate mitochondrial
transporter (ACR1), short chain acyl-CoA dehydrogenase (SCDA), Acyl-CoA
dehydrogenases (ACAD), 3-demethylubiquinone-9 3-methyltransferase (COQ3),
ubiquitin (UBI), carnitine/acyl-carnitine carrier (ACUH), NADPH dehydrogenase
(OYE) and transmembrane GTPase (FZO1). Values with p < 0.05 were considered
statistically significant. In general, the transcripts expression levels changed similarly
to those found to RDA method and bioinformatic (Figure 3A).

The enzymes dihydropteroate synthase (DHPS), previously described as a
target to sulfamethoxazole in fungus, and dihydrofolate reductase (DHFR), the last
enzyme in the biosynthesis of folate cofactors, were analyzed by gRT-PCR, although
they have not been found in RDA approach. In figure 3B, it was possible to visualize
that the transcriptional levels of DHPS and DHFR are high after 6 h of exposure of P.

brasiliensis yeast cells to sulfamethoxazole.

Validation of RDA and bioinformatic data by MTT assay
The MTT assay is an alternative method based on the transformation and
colorimetric quantification of MTT. The respiratory chain (Slater et al., 1963) and

other electron transport systems (Liu et al., 1997) reduce MTT and other tetrazolium
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salts and thereby form non-water-soluble violet formazan crystals within the cell
(Altman, 1976). The amount of these «crystals can be determined
spectrophotometrically and serves as an estimate for the number of mitochondria
and hence the number of living cells in the sample (Denizot & Lang 1986). This
assay has been used successfully to verify mitochondrial reduction capacity and
viability (Kim et al., 2009).

In this way, MTT method was performed to verify the compromising of P.
brasiliensis mitochondrial activity regarding the compound. The results demonstrated
that P. brasiliensis yeast cells exposure to sulfamethoxazole (0.01-1.28 mg/mL)

produced a marked dose-dependent effect with ICso values, 0.01 mg/mL (Figure 4).

Discussion

PCM is a granulomatous, chronic, infectious, subacute or seldom acute
disease (Marques, 1998). Spontaneous cure is not frequently seen in PCM, except in
some cases of primary lung infections (Miyaji & Kamei 2003). PCM treatment
includes the use of antifungal drugs, nutritional support, treatment of the eventual
sequelae and comorbidities, and the prevention of opportunist diseases (Mendes-
Giannini et al. 2004; Ramos & Saraiva 2008). The present study describes the
adaptive cellular responses of P. brasiliensis to sulfamethoxazole at the
transcriptome level.

Here we investigated the mode of action of sulfamethoxazole in P. brasiliensis.
RDA study was performed in P. brasiliensis yeast cells treated and untreated with
sulfamethoxazole and the results were confirmed by qRT-PCR and MTT assay. It

was found that differentially expressed genes were involved in multiple biochemical
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functions. Our particular interest was the striking changes of energy-metabolism-
related genes after sulfamethoxazole treatment: the downregulated mitochondrial
genes and the up regulated genes that may be related to the biosynthesis of amino
acids, purine and pyrimidine and them, precursors to the route of the biosynthesis of
folate cofactors.

According to Castelli and employees sulfa drugs inhibit S. cerevisiae growth
through competition with PABA, which is the precursor for the biosynthesis of folate
cofactors that are active in the metabolism of one-carbon (Castelli et al., 2001). Thus,
one-carbon units that are carried and donated by tetrahydrofolate derivatives, are
essential for providing active one-carbon groups to the biosynthesis of methionine,
but also to those of purines and thymidylate (Cherest et al., 2000). In S. cerevivisiae,
as well as in other eukaryotes, both the cytoplasmic and mitochondrial compartments
possess a set of enzymes that catalyzes the interconversion of folate coenzymes. In
the cytoplasm, folate coenzymes participate in the synthesis of methionine, purines,
and thymidylate. In mitochondria, folate are required for the formylation of the initiator
tRNA for mitochondrial protein synthesis (Appling, 1991). In S. cerevisiae, those one-
carbon donors such as serine, glycine, and formate are able to cross the
mitochondrial membrane (Kastanos et al, 1997). Some studies show that
mitochondrial protein synthesis is required for maintenance of an intact mitochondrial
genome in S. cerevisiae (Tzagoloff & Shtanko 1995). Moreover, inhibition of
mitochondrial protein synthesis by the use of antifolates has been shown to induce
cytoplasmic respiration-deficient strains (Wintersberger & Hirsch 1973).

Our data allowed the identification of genes in the P. brasiliensis transcriptome
which are impacted upon sulfamethoxazole treatment. Interestingly,

sulfamethoxazole treated cells resulted in significant downregulation of protein
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expression levels involved in mitochondrial functions. For instance, ACR1 was
significantly down regulated after 1 h of exposure. In S. cerevisiae it was shown that
Acr1p is able specifically to counter transport succinate and fumarate, which are
already known to be transporters for several substrates at the inner mitochondrial
membrane (Palmieri et al., 1997). ACR1 is thus strictly coregulated with the genes for
key enzymes of the glyoxylate cycle and gluconeogenesis. Supporting the idea that
Acr1p is the factor which transports succinate from the cytosol into the mitochondrial
matrix, in exchange for fumarate, ACR1 form an essential link between the glyoxylate
and TCA cycles during growth on ethanol or acetate (Bojunga et al., 1998). In
addition, the expression of ACR1 is repressed by glucose (Fernandez et al., 1994).
The ACR1 does make a small contribution to the basal proton conductance of yeast
mitochondria (Roussel et al., 2002). So, the down regulation of ACR1, in 1h, could
help to cause dysfunction of the potential of membranes for its influence in the
electron transport chain and ATP production, in P. brasiliensis.

Furthermore, we find also COQ3, the gene for a protein that participates in the
biosynthesis of Coenzyme Q, which is related to a decrease of oxidation coupled with
ATP synthesis. Down regulation in the gene expression levels of COQ3 by exposure
to sulfamethoxazole could thus affect ATP synthesis as well.

The other classes of down regulated genes were those involved in ATP
energy metabolism. Our data showed that in P. brasiliensis sulfamethoxazole
significantly down regulated the ATP2. The F1F0-ATPase or ATP synthase rotates
inside the cylinder formed by the six alpha and beta subunits and it compels the beta
subunits to undergo structural changes (Komatsu et al., 2011). Since the expression
of ATP synthase subunit beta was decreased in the fungus treated with

sulfamethoxazole, this could disrupt the production of ATP. In contrast to the
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suppression of ATP2, the expression level of the potential mitochondrial inner
membrane ATP/ADP translocator, AAC, showed an increase after 1 h of
sulfamethoxazole exposure. From these results, we could postulate that
mitochondrial ATP synthesis is reduced because of through inhibition of the F1FO-
ATPase, and that the reduction in mitochondrial ATP is further accelerated by
transportation of ATP from the mitochondrial matrix to the cytoplasm by increased
expression of the mitochondrial inner membrane ATP/ADP translocator.

The results from our work suggest that the efficiency of mitochondrial aerobic
respiration might decrease after sulfamethoxazole treatment. To test this hypothesis,
functional analysis was carried out to measure mitochondrial activity in P. brasiliensis
treated or untreated with sulfamethoxazole by using MTT assay. The results
demonstrated a reduction in mitochondrial activity dose-dependent against P.
brasiliensis, confirming the transcriptional data.

Aspergillus nidulans contains both peroxisomal and mitochondrial B-oxidation
pathways and all genes encoding the proteins required for mitochondrial B-oxidation
of even numbered short chain fatty acids, but not long chain fatty acids have been
identified (Maggio-Hall & Keller 2004; Maggio-Hall et al., 2008). In this microorganism
the catabolism of fatty acids begins to be oxidized in the peroxisome to acetyl-CoA,
which is transported into the mitochondria for its complete oxidation by the TCA.
Acetyl moieties are imported into the mitochondria as esters with carnitine using the
mitochondrial inner membrane carnitine/acylcarnitine carrier encoded by the ACUH
gene (De Lucas et al., 1999). Localization studies have clearly demonstrated the
exclusive targeting of the ACUH gene product to the mitochondrial inner membrane

(Ramon De Lucas et al., 2001; van Roermund et al., 1999). In P. brasiliensis the
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gene ACUH, and ACAD and SCDA were found repressed after 1 h of exposure to
sulfamethoxazole, wich could compromise the mitochondrial S-oxidation.

We propose a model for the mode of action of the sulfamethoxazole
transcripts considering available literature as well as the observations reported here.
We could infer that seems to be (i) dissipation and permeabilization of mitochondrial
membrane potential since COQ3 and ATP2 are down regulated, and AAC are
upregulated in 2h; (ii) inhibition of the activity of the gluconeogenesis precipitated by
down regulation of transporter ACR1; (iii) inhibition of B-oxidation by repression of
genes ACAD, SCDA and ACUH involved in this pathway into the mitochondrial
matrix. The decrease in ATP production by F1F0-ATPase would result from down
regulation of ATP2 subunit. Taking all together, the key steps in the
sulfamethoxazole antifungal mechanism would involve a bioenergetic collapse of P.
brasiliensis caused essentially by a decrease in mitochondrial ATP synthesis (Figure
5).

Beyond the bioenergetic collapse caused by the repression of energy-
metabolism-related genes, P. brasiliensis also could have impairment of
mitochondrial biogenesis by the down regulated gene FZO1. Maintaining the capacity
of the mitochondria to fuse normally is essential to inheritance of mMtDNA and in turn
for respiration. Fragmentation of the mithocondria leads to a loss of mtDNA and
respiratory incompetence in S. cerevisiae (Hermann et al., 1998). Regulating levels
of expression of Fzo1p is of critical importance; as either deletion or over expression
of Fzo1p alters the mitochondrial fusion process resulting in fizzed or abnormal

aggregated mitochondria, respectively (Hermann et al., 1998; Fritz et al., 2003).
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Apart from the energy-metabolism-related genes, some other differentially
expressed proteins were also identified in this study. GLN1 and RPE1 have been
reported to be involved in pentose phosphate pathway.

GLN1 is an enzyme that catalyzes the condensation of glutamate and
ammonium to form glutamine, with concomitant hydrolysis of ATP (Eisenberg et al.,
2000). Glutamate and glutamine are used as amino donors in all other biosynthetic
reactions (Magasanik, 1992). Glutamine can also be used as sole nitrogen source
(Cogoni et al., 1995).

GLNT1 is involved in nitrogen metabolism being regulated to GIn3p or Gen4p,
the latter it is a transcription factor whose activity increases under amino acid
starvation conditions, for the S. cereviseae (Daugherty et al., 1993; Dever et al.,
1992). Moreover, the enzyme p-aminobenzoate synthase catalyzes the conversion of
chorismate and glutamine, product of GLN1, to an unidentified intermediate which is
converted to PABA by a second enzyme (Nichols et al., 1989). PABA is essential for
the biosynthesis of dihydrofolate, which in various forms participates in the synthesis
of purines, pyrimidines, formylmethionyl-tRNA, and some amino acids and vitamins,
as mentioned earlier (Bognar et al., 1985).

Finally, we propose that, in P. brasiliensis the GLN1 of the product could be
donating nitrogen for the synthesis of nucleic acids and amino acids, or even for the
metabolism of purines or condensing with corismate to produce the substrates for the
biosynthesis pathway of folate cofactors.

Chorismate is a common intermediate in the biosynthesis of aromatic
metabolites such as aromatic amino acids and folate cofactors (Floss et al., 1972).
The shikimate pathway starts with the condensation of erythrose-4-phosphate and

phosphoenolpyruvate to 3-deoxy-D-arabino-heptulosonate-7-phosphate, which is
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converted to the branch point compound chorismate (Knaggs, 2001), which is also a
precursor for the aromatic amino acids tyrosine, phenylalanine, and tryptophan.
Erythrose-4-phosphate is the product of pentose phosphate pathway, which is
involved in the action of the enzyme RPE1 over expressed in P. brasiliensis in
treatment of sulfamethoxazole in 2h. So, we propose GLN1 and RPE1 be
participating in the production of substrates for the biosynthesis of folate cofactors.
We can be considered as a compensatory mechanism, because as already
described for other fungi, sulfamethoxazole inhibits this pathway (Moukhlis et al.,
2010; Hanafy et al., 2007; Patel et al., 2004a). The pentose phosphate pathway is
required for NADPH generation and nucleotide biosynthesis (Hahn-Hagerdal et al.,
2007).

Several studies prove the performance of sulfamethoxazole in the DHPS
enzyme in other fungi (Moukhlis et al., 2010; Hanafy et al., 2007; Patel et al., 2004a).
DHPS transcript was not found in our RDA analysis; however, qRT-PCR analysis
showed the transcript level was highly reduced after 6 h of exposure to the
compound. The effect in the transcript level to inhibitor of protein has been described
in Candida albicans. The antifungal echinocandin, which inhibits the enzyme (1,3)-3-
D-glucan synthase, inhibits also the RNA synthesis when at high concentrations,
indicating that it had secondary effect. On the contrary DHFR showed a significant
increase in expression after 6 h of exposure to the compound. We could suggest that
DHFR was set up to compensate for the small quantity of products formed by DHPS
enzyme inhibitory competition with PABA and sulfamethoxazole.

Drug resistance is often associated with the over expression of genes
encoding efflux pumps (Lupetti et al., 2002). Two classes of efflux pumps, membrane

transport proteins belonging either to the major facilitator superfamily (MFS) or to the
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ATP-binding cassette (ABC) superfamily, have been implicated in azole resistance
(Ghannoum & Rice, 1999). Over expression of genes encoding efflux pumps is
presumed to prevent accumulation of itraconazole in the fungal cell (Diao et al.,
2009). In P. brasiliensis this could also occur because MFS and ABC transporters
are up regulated after 1h of treatment with sulfamethoxazole.

The response of P. brasiliensis to sulfamethoxazole includes changing the
profile of HSPs. HSPs may be related with the cellular response to various stressors
such as changes in pH, the action of cytotoxic drugs and oxidative stress
(Matuszewska et al., 2008; Kalmar & Greensmith, 2009; Dempsey et al., 2010;
Squina et al., 2010). They are molecules responsible for preventing damage to
proteins (Gupta & Golding, 1993) and in P. brasiliensis were more expressed in the
pathogenic form (da Silva et al., 1999). Thus, we can justify the recovery of the
transcriptional levels after 2 h of incubation with sulfamethoxazole compared to
untreated control in the gqRT-PCR.

In conclusion, the results of the present study demonstrate that
sulfamethoxazole treatment could impair mitochondrial fithess and overexpression of
genes related to biosynthesis of amino acids and nucleic acids in P. brasiliensis, and
them, genes related to biosynthesis of precursors of pathway biosynthesis of folate
cofactors. We can thus suggest that there is increased ROS production by affecting
aerobic respiration in mitochondria, contributes to the antifungal effect by means of
strong oxidative damage to the organism. This biochemical process might be

involved in the mechanism of the action of sulfamethoxazole against P. brasiliensis.
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Figure Legends

Figure 1 - Distribution of differentially expressed genes in biological functional
groups. P. brasiliensis yeast cells were treated with sulfamethoxazole for 1 h (A) or 2
h (B). The numbers of ESTs are indicated with white bar segments for the down
regulated genes and with gray bar segments for the up regulated genes. The
numbers of ESTs of each category are shown (refers to Table 1). Functional
classification was based on the homology of each EST against the GenBank non-
redundant database at a significant homology cut-off < 1€ and on the MIPS
functional annotation scheme. Each functional class is represented as a segment

and expressed as a number of EST in each library.

Figure 2 - Distribution of genes responding to sulfamethoxazole in P.
brasiliensis. Data are shown for a subset of genes that were significantly induced or
repressed. Data were organized into various biological processes using Functional
Categories MIPS and GO tools. Signals in parentheses represent change in gene
expression. Positive signals indicate induction, and negative values indicate

repression. A complete list of all significant genes can be found on table 1.

Figure 3 - Expression profiles of GLN1, RPE1, ATP2, AAC, ACR1, SCDA, ACAD,
COQa3, UBI, ACUH, OYE, FZO1 (A), DHPS and DHFR (B) genes of P. brasiliensis
exposed to sulfamethoxazole. Mean fold changes were calculated by relative
standard curve method using the control non-treated samples as the calibrator. Each
error bar represents the standard error of the mean (xSD) and significant-fold

changes are denoted by asterisks in the figure (*p < 0.05). Data were normalized with
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the transcript encoding the a-tubulin protein. Student’s t test was used for statistical

comparisons.

Figure 4 — Effect of sulfamethoxazole on cell viability of P. brasiliensis by using
MTT assay. P. brasiliensis yeast cells were maintained in culture medium (control) or
incubated with various concentrations of sulfamethoxazole (0.01 — 1.28 mg/mL) for
120 h. Results are expressed as percentage of cell viability by MTT reduction
obtained through the mitochondrial activity in relation to control cells maintained in
culture medium. Each value represents the mean +SD from 3 experiments,

performed in sextuplicate.

Figure 5 — Hypothetical model for the mode of action of sulfamethoxazole
against P.brasiliensis. The entry of sulfamethoxazole in the cell of P. brasiliensis
causes the dissipation of the mitochondrial membrane potential because it interferes
in the biosynthesis of the electron transport chain due to the down regulation COQ3.
The Krebs cycle and gluconeogenesis is inhibited by low expression of ACR1.
Sulfamethoxazole reduces the expression of ATP2 subunit of F1FO-ATPase complex
leading to a decrease in production of ATP, and ATP levels are further reduced by
the apparent up regulation of the AAC. Down regulation of B-oxidation enzymes, in
addition, reduces the fitness of cells in general. Moreover, mitochondrial biogenesis
is compromised by being related to low expression of FZO1. The result is the release
of intracellular ATP and other nucleotides, as well as of molecules essential to

storage energy in the cell.
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Table 1 - Functional classification of genes differentially expressed up-regulated and downregulated upon 1 h and 2 h
exposure to sulfamethoxazole.

Functional Classification Gene product Best hit/ P. brasiliensis  e-value Number of
genome locus? Occurrences
1h 2h
Metabolism Alanine-glyoxylate aminotransferase (AGX1) PAAG_03138.1 0.0 -1
Betaine aldehyde dehydrogenase (BADH) PAAG_05392.1 0.0 -22 -167
Cysteine desulfurase (NFS1) PAAG_05850.1 0.0 -41 -42
3-demethylubiquinone-9 3-methyltransferase (COQ3) PAAG_06595.1 6.8e-38 -1
Dolichyl  pyrophosphate  Man9GIcNAc2  alpha-1,3- PAAG 01732.1 0.0 -1
glucosyltransferase (ALG6)
Fatty acid elongase (GNS1/SUR4) PAAG_08553.1 1.4e-45 +3
Glutamine synthetase (GLN1) PAAG_07003.1 6.5e-5 +30
Phospholipase D (PLDc) PAAG_00220.1 0.0 -2
Ribulose-phosphate 3-epimerase (RPE1) PAAG_01632.1 1.4e-43 +2
Energy Acyl-CoA dehydrogenase (ACAD) PAAG _05211.1 4.6e-15 -1
ATP synthase subunit beta (ATP2) PAAG_08037.1 0.0 -1
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Transcription

Protein synthesis

Carnitine/acyl carnitine carrier (ACUH)

NADPH dehydrogenase (OYE)

Short-chain specific acyl-CoA dehydrogenase (SCDA)

Trehalose-phosphatase (TPS2)

C6 transcription factor (CTF1B)

Cross-pathway control protein A

Pirin (PIR)

Ring finger protein (RNF)

Sexual development transcription factor (NSDD)
Transcription factor STEA

Transcription factor CCHC

Trancription factor C2H2

ATP-dependent RNA helicase (elF4A)
40S ribosomal protein S4 (RPS4)
60S ribossomal protein L7-C (RPL7)

tRNA methyltransferase complex (GCD14)

PAAG_03452.1
PAAG_08159.1
PAAG_03190.1

PAAG_06703.1

PAAG_013509.1
PAAG_03094.1
PAAG_04726.1
PAAG_06129.1
PAAG_05818.1
PAAG_00406.1
PAAG_02735.1

PAAG_07831.1

PAAG_00689.1
PAAG_03816.1
PAAG_06487.1

PAAG_04192.1

4.9e-33

0.0

5.0e-7

0.0

0.0

3.2e-27

0.0

1.4e-22

1.1e-44

0.0

4.7e-36

8.4e-45

2.5e-43

1.3e-40

3.5e-28

0.0

-15

-1

-1

+1

+45

+2

-16

+2

+3

-13

+1

+2
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Protein Fate

Cellular

Transduction Mechanism

Biogenesis
Components

Cell rescue,
virulence

of Cellular

defense

Communication/Signal

and

Dipeptidase (DPEP)

Histone deacetylase (RPD3)

Ubiquitin (UBI)

Ubiquitin interaction motif protein (S5a)
Ubiquitin thioesterase (OTU1)

Guanine subunit

(GPA2)

nucleotide-binding protein alpha-1

GTP-binding protein (RHO2)

Senescence-associated protein

Transmembrane GTPase (FZO1)

CAP20

Heat Shock Protein (HSP)
Heat Shock Protein (HSP30)
Heat Shock Protein (HSP60)

Heat Shock Protein (HSP70)

PAAG_02915.1
PAAG_06472.1
PAAG_07080.1
PAAG_04028.1

PAAG_08841.1

PAAG_04436.1

PAAG_01879.1

PABG_06805.1

PAAG_02592.1

PAAG_06538.1

PAAG_05679.1
PAAG_00871.1
PAAG_08059.1

PAAG_08003.1

7.7e-33

0.0

4.1e-35

4.6e-15

8.3e-36

1.2e-34

5.7e-23

1.1e-43

0.0

0.0

3.1e-30

0.0

0.0

0.0

-1

+1

+1

-16

+28

+14

+61

+52
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Cellular transport, transport
facilities and transport routes

Cell cycle and DNA processing

Functional unclassified proteins

Heat Shock Protein (HSP88)
Hemolysin — 11l (Hly-III)

Survival factor 1 (SVF1)

ABC transporter

ADP/ATP carrier protein (AAC)

Dicarboxylic amino acid permease (DIP5)

Maijor Facilitator Superfamily transporter (MFS)
Stomatin family protein

Succinate/fumarate mitochondrial transporter (ACR1)

Vesicular-fusion protein (SEC17)

Beta-lactamase family protein (PSO2)

Ribonuclease reductase large subunit (RNR1)

DHHC domain

Protein lysine-rich. 'Pleckstrin Homology' (PH) domain

PAAG_07750.1
PAAG_01871.1

PAAG_02425.1

PAAG_04548.1

PAAG_08620.1
PAAG_04187.1
PAAG_01353.1
PAAG_06541.1
PAAG_06563.1

PAAG_06233.1

PAAG_01244.1

PAAG_02210.1

PAAG_06616.1

PAAG_03092.1

0.0

3.9e-13

4.6e-26

2.4e-43

5.8e-11

3.1e-22

9e-45

8.9e-43

2.7e-44

0.0

6.29e-20

2.8e-44

2.5e-43

0.0

+2
-1
-1
+9
+1
-4
+13 -8
-1
-2 +3
-1
-1
-12
2
+7 +7
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Unclassified protein Conserved Hypothetical Protein PAAG_05467.1 5.1e-22 -4
Conserved Hypothetical Protein PADG_08536.1 9.7e-8 -1
Conserved Hypothetical Protein PADG_08537.1 3.7e-5 -1 +5
Conserved hypothetical protein PAAG_08906.1 2.0e-23 +5
Conserved Hypothetical Protein PAAG 04190.1 0.0 -1 -1
Hypothetical Protein PAAG_04118.1 4.8e-28 +1
Hypothetical Protein PAAG_05009.1 0.0 +2
Hypothetical Protein PAAG_06820.1 1.9e-21 +8 +49
Hypothetical Protein PAAG _07684.1 5.8e-25 -1
Hypothetical Protein PABG_01099.1 7.2e-26 -2
Hypothetical Protein PABG_06807.1 5.9e-12 -4

a Accesion number at Broad Institute (http://www.broadinstitute.org).
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Suplementary Table 1 — Oligonucleotide primers used in RDA assay and qRT-PCR

Sequence Name Foward primer (5'-3') Reverse primer (5'-3) Reaction
cDNA Synthesis of the
AGCAGTGGTATCAACGCAGAGTACGCGGG first.strand
CDS AAGCAGTGGTATCAACGCAGAGTACT (30) N1N® Sygﬁgfz'tfa%f dthe
PCRII Synthesis of the
AAGCAGTGGTATCAACGCAGAGT cecond-strand
JBam12,24 GATCCGTTCATG ACCGACGTCGACTATCCATGAACG Adapter 1 (RDA)
NBam12,24 GATCCTCCCTCG AGGCAACTGTGCTATCCGAGGGAG Adapter 2 (RDA)
RBam12,24 GATCCTCGGTGA AGCACTCTCCAGCCTCTCTCACCGAG  Adapter 3 (RDA)
T7 GTAATACGACTCACTATAGGGC Sequencing
Glutamine Synthetase (GLN1) CGATCAAAAACAAAGACCCT GGTCTGGGTACATGGCAAC qRT-PCR
D-ribulose 5""2%??2;”‘;6 3-epimerase CAATGGATCGACCTGATATGG GACCTCCGTCAACTTCGATG qRT-PCR
ATP synthase beta subunit (ATP2) GCTATGGATGGTACCGAGG TTGATACCAGTAACCAGGAC qRT-PCR
ADP/ATP carrier protein (AAC) ACTTGGCTTCTGGTGGTGCT ACGCGAGGGTCTTTCTGTAG qRT-PCR
Succinate/Fumarate mitochondrial GGGGTAAAACCTCGAGGCTT AAAGTTGTCCGGTCTCCTTGT aRT-PCR
transporter (ACR1)
Short Chain Acyl CoA AGGGTACCACTCCGTATACTA GTCCCGCAAGGTATCCTCG qRT-PCR
dehydrogenase (SCDA)

Acyl-CoA dehydrogenase (ACAD) GAGAACGAGACGCCCGAAG GTTGTAGTAAGGACTCTTGTAG qRT-PCR
3-demethylubiquinone-9 3- CCCTCACACAAAATCCACATC TGTCCGTCGATAATGAATGAGA gRT-PCR
methyltransferase (COQ3)

Ubiquitin (UBI) GGAGGCATGCAGATCTTCGT ACGACCGTCCTCAAGCTGC gqRT-PCR
Carnitine/ A‘z/{'(‘:%aﬁ)““”e carrier GAAGGCATTGCCAGGGGGT CATTATGAACGGGGACGGTG qRT-PCR
NADPH dehydrogenase (OYE) GGGCTGTCTCCACTATGTCA CGCTGCTTCCGTCATGATAAA qRT-PCR

Transmembrane GTPase (FZO1) CATGTCCATCAATTGTTATACAA ATCTCACTCCCATCCATCGC qRT-PCR

76



Perfil Transcricional do fungo patogénico humano Paracoccidioides brasiliensis em resposta a sulfametoxazol

Amanda Gregorim Fernandes
Dihydropteroate synthase (DHPS) TGCGACCGCTTTGCCAACTT GGGTGAGGGGTGGGAGATG qRT-PCR
Dihydrofolate reductase (DHFR) CTTCGACGGGGTAATTGGCT GCAGTGGTTGTGGTGGTGAT qRT-PCR

a(N1=A,GorC/N=AC,GorT)
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Figure 1
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Figure 2

Biological Process
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Figure 3
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Figure 5
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4 - PERSPECTIVAS

i — Realizar um estudo proteémico do mecanismo de acido de sulfametoxazol para
futura analise comparativa com o transcritoma de P. brasiliensis;

i — Realizar um estudo prote6mico das proteinas mitocondriais isoladas de P.
brasiliensis tratados com sulfametoxazol,

iii — Realizar ensaios que avaliem o comprometimento das fun¢des mitocondriais
isoladas de P. brasiliensis apos tratamento com sulfametoxazol;

iv — Realizar analises protedbmicas e avaliacdo da atividade mitocondrial de P.

brasiliensis resistentes a sulfametoxazol
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