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RESUMO

Paracoccidioides brasiliensis € um fungo termo-dimoérfico que causa uma micose
sisttmica de alta incidéncia na América Latina. Devido sua participacdo no
controle de morfogénese, diferenciagdo e viruléncia em patoégenos, decidiu-se
caracterizar os genes ras em P. brasiliensis. Foram identificados ras? e ras2 que
codificam para duas proteinas diferentes com alta identidade. O padréao
transcricional de ras também foi investigado por RT-PCR durante a transigéo
micélio para levedura (M—Y), choque térmico a 42°C e apds internalizagcédo de
leveduras em macrofagos murinos. Ambos os genes foram regulados
negativamente em leveduras internalizadas em macréfagos e ras7 foi modulado
negativamente a 42°C. Entretanto, os genes ras nao apresentaram variagéo
transcricional durante a transicdo M—Y. O fato de que as proteinas Ras sao
localizadas na membrana através de farnesilagao, permitiu a analise in silico dos
genes que codificam para as subunidades das preniltransferases
(farnesiltransferase e geranilgeraniltransferase 1): ram1, ram2 e cdc43. P.
brasiliensis apresenta em seu genoma todos 0s genes necessarios para
maquinaria de prenilacdo. Um inibidor de farnesiltransferase foi utilizado para
investigar a importancia desse processo no crescimento vegetativo e transicéo
dimérfica. O bloqueio da farnesilagéo interferiu com o crescimento vegetativo de
leveduras e estimulou a produgao de tubos germinativos mesmo a 37°C. Durante
a transicdo Y—M, o inibidor aumentou a filamentagdo de maneira dose-
dependente, indicando que o bloqueio da farnesilagdo favorece a forma miceliana
de P. brasiliensis. Os resultados sugerem que os genes ras devem ter um papel
no dimorfismo, resposta a choque térmico e na interacdo patdogeno-hospedeiro.
Uma estratégia para estudar a fungdo de ras? em P. brasiliensis também foi
desenhada através de interferéncia no RNA. Cassetes de silenciamento com ras1
senso e antisenso foram construidos para futura investigagado detalhada do papel
dos genes ras na patobiologia deste fungo.
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ABSTRACT

Paracoccidioides brasiliensis is a thermo-dimorphic fungus that causes a human
systemic mycosis with high incidence in Latin America. Due to their participation in
the control of pathogen morphogenesis, differentiation and virulence the
characterization of ras genes in P. brasiliensis was done. It was identified ras7 and
ras2 coding for two different proteins with high identity. The ras transcriptional
pattern was investigated by RT-PCR during mycelium-to-yeast (M—Y) transition,
heat shock at 42°C and after internalization of yeast cells by murine macrophages.
Both genes were down regulated inside macrophages and ras7, at 42°C. In
contrast, the ras genes did not show any transcriptional variation during the M—Y
transition. The fact that Ras proteins are attached to the membrane via
farnesylation prompted the search on Pb gene database for the genes coding the
subunits of the prenyltransferases (farnesyltransferase and
geranilgeraniltransferase |): ram1, ram2 and cdc43. P. brasiliensis has all genes
necessary to the prenylation machinary. Also, a farnesyltransferase inhibitor was
used to investigate the importance that process to vegetative growth and
dimorphic transition. Farnesylation inhibition interfered with vegetative growth of
yeast cells and stimulated germinative tube production even at 37°C. During Y—M
transition the inhibitor increased filamentation in a dose-dependent manner,
indicating that impairement of farnesylation favors the mycelium form of P.
brasiliensis. The results suggest that ras genes might have a role in dimorphism,
heat shock response and in host-pathogen interaction. A strategy to study the ras?
function in P. brasiliensis via RNA interference was designed. Cassettes with ras1
sense and antisense were constructed for further investigate in detail the possible
roles of ras genes in this fungal pathogen
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1.1) O fungo e a doencga

Paracoccidioides brasiliensis pertence ao grupo dos fungos dimorficos, que
apresentam ampla distribuicdo geografica e causam doengas significativas
podendo variar de uma infeccéo transitéria a uma micose sistémica de tratamento
prolongado. Juntamente com P. brasiliensis, outros fungos dimorficos destacam-
se como sendo de importdncia médica: Histoplasma capsulatum, Blastomyces
dermatitidis, Coccidioides sp., Sporothrix schenckii e Penicillium marneffei
(Rappley & Goldman, 2006). Todos estes fungos apresentam-se como miceélio no
ambiente (temperatura de 22-25°C) onde crescem como saprofitas, porém
quando entram em contato com o hospedeiro (temperatura de 35-37°C), pela
inalagdo de propagulos (conidios ou artroconidios), estes se diferenciam e dao
origem a células leveduriformes que € a forma patogénica de tais organismos.
Dessa forma o mecanismo de transicao dimorfica dependente de temperatura
mostra-se fundamental para o estabelecimento da infec¢do, sendo desencadeado
por uma série de fatores relacionados a interagdo patdogeno — hospedeiro. As
alteragdes morfoldgicas observadas nesses organismos durante o processo
infectivo contribuem para a patogénese, sendo um aspecto de grande relevancia
para a viruléncia do patdégeno (San-Blas & San-Blas, 1994; Odds et al., 2001,
Gow et al., 2002; revisto por Rooney & Klein, 2002). Diferentemente de outros
fungos ascomicetos oportunistas como Aspergillus sp e Candida sp, os fungos
dimoérficos sado capazes de infectar e causar doenga em pessoas
imunocompetentes, como evidenciados em surtos nas regides endémicas
(Rappley & Goldman, 2006).

P. brasiliensis é o agente etiologico da Paracoccidioidomicose (PCM), a
micose sistémica de maior prevaléncia na América Latina. Estima-se que mais de
10 milhdes de pessoas estejam infectadas com este patdgeno, sendo que apenas
2% desenvolvem a doencga (Franco, 1987; McEwen et al., 1995; Restrepo et al.,
2001). Dentre as areas de maior incidéncia da PCM estdo o Brasil (80% dos
casos), Venezuela e Coléombia (Brummer et al., 1993; McEwen et al., 1995;
Restrepo et al., 2001) e as regides endémicas que se estendem do México a
Argentina. Tais regides apresentam caracteristicas climaticas favoraveis ao
crescimento do fungo como temperaturas que variam entre 18°C e 24°C, altos
indices pluviométricos, e altitudes entre 1300 e 1700 m (Brummer et al., 1993;
revisto por San-Blas & Nifio-Vega, 2001).

13



Uma vez inalados os propagulos de P. brasiliensis, estes podem atingir os
pulmdes, e sofrer a transicdo para a forma de levedura, fundamental para o
estabelecimento da infecg&o (revisto por Rooney & Klein, 2002). A levedura, por
sua vez pode disseminar-se para os demais tecidos do hospedeiro, tornar-se
latente, ou ser erradicada, dependendo da resposta imunoldgica do hospedeiro e
da viruléncia do fungo (Franco, 1987; San-Blas et al., 2002). A infec¢cao pode dar-
se ainda por trauma na mucosa oral, anal ou cutanea (Restrepo, 1978).

A maioria dos individuos infectados por P. brasiliensis desenvolve apenas
infeccdo assintomatica, definida como PCM-infeccdo, a qual acomete
principalmente individuos sadios que vivem em areas endémicas. Nos individuos
que desenvolvem a doenga, as manifestacbes clinicas sido variadas, sendo
caracterizadas principalmente por granulomas crénicos com alta frequéncia de
lesbes pulmonares e muco-cutaneas (Franco, 1987; Franco et al., 1993). A PCM-
doenca apresenta-se como duas formas que se diferenciam quanto as
caracteristicas clinicas, imunoldgicas e histopatologicas: a forma aguda (tipo
juvenil) ou a forma crénica (tipo adulto). A PCM aguda € geralmente de carater
bastante severo e acomete principalmente jovens de ambos os sexos. Essa forma
da doenga atinge primariamente os pulmdes, progredindo rapidamente por
disseminagao linfatica e sanguinea, e comprometendo outras partes do
organismo. A forma crénica & mais comum (90% dos casos), apresentando lesdes
restritas a alguns 6rgéos, e de progressdo mais lenta. Pode acarretar sequelas
pulmonares e subcutdneas e, em casos mais graves, ou na auséncia de
tratamento adequado, pode vir a causar a morte do individuo infectado. Os
pacientes que desenvolvem esse tipo de manifestacdo clinica da doenga séo
geralmente adultos do sexo masculino (Franco, 1987; Brummer et al., 1993;
Camargo & Franco, 2000).

A incidéncia da PCM predomina em adultos do sexo masculino (80 a 90%
dos casos), chegando a uma taxa homem: mulher de 78:1 casos, porém esses
dados nao apresentam relagcdo com o grau de exposi¢do dos mesmos, uma vez
que estudos indicam que ambos os sexos apresentam contato similar com o
patogeno (Restrepo et al., 1984). Estes autores sugeriram o papel protetor do
horménio feminino B-estradiol, uma vez que este hormdnio inibe a transigao in
vitro de P. brasiliensis de micélio ou conidios para levedura (Restrepo et al., 1984,
Salazar et al., 1988).

14



A PCM caracteriza-se como uma doenga de padrdo granulomatoso. O
granuloma, a lesdo fundamental desta doenga, € resultante de uma reagdo de
hipersensibilidade tardia (DTH) contra antigenos do agente infeccioso que permite
a contencdo do patégeno e impede assim sua disseminagdo pelo organismo
(Romani, 1997). Plasmdcitos, eosinofilos e fibroblastos estdo presentes no
granuloma (de Brito & Franco, 1994), no entanto, a principal célula constituinte € o
macrofago, que tem como fungdes a liberagao de substancias microbicidas (6xido
nitrico, radicais superoxidos e peroxido de hidrogénio); a apresentagdo de
antigenos e recrutamento de linfécitos T para produgao de citocinas que variam
de acordo com a susceptibilidade do hospedeiro. A atividade de linfécitos T e a
resposta granulomatosa séo caracteristicas das formas localizadas da infeccéo,
enquanto que nas formas disseminadas ndo se observa formagédo de granulomas
epitelidides (Murphy, 1998, Camargo & Franco, 2000).

Através de estudos de Benard et al. (2001) pode-se observar que existe
uma variagdo muito grande no padrdo de citocinas liberadas por individuos
acometidos pelas formas crénica e aguda da PCM, bem como individuos sadios
sensibilizados por P. brasiliensis. Os individuos sadios previamente sensibilizados
por P. brasiliensis demonstraram uma producao substancial de IL-2, IFN-y e IL-10,
enquanto que os pacientes que desenvolveram a doenga apresentaram baixos
niveis de IL-2 e IFN-y e niveis elevados de IL-10. Fornari et al. (2001) verificaram
que o soro de pacientes com a doenga cronica apresentava altos niveis de IL-10,
TNF-a e IL-2 e pequena produgao de IFN-y. Tais dados sugerem que a resposta
imunologica celular, caracterizada pela produgéo de citocinas do tipo 1 (IFN-y, IL-
2 e IL-12) parece ser o principal mecanismo de defesa do hospedeiro contra P.
brasiliensis. (Cano et al., 1998; Souto et al., 2000; Arruda et al., 2002).

A resposta imune celular e formagao do granuloma fornecem uma resposta
protetora maxima (migragdo, diferenciacdo e ativacdo de macrofagos) contra
patogenos intracelulares (Rumbley & Phillips, 1999). Esse aspecto é
particularmente importante para P. brasiliensis, uma vez que esse fungo pode
apresentar-se como um patogeno intracelular facultativo, capaz de sobreviver e
se replicar no interior de células epiteliais e de macréfagos murinos e humanos

ndo ativados (Brummer et al., 1989; Moscardi-Bacchi et al., 1994).

15



Estudos recentes demonstraram que P. brasiliensis também & capaz de
desenvolver a doenga em organismos diferentes de humanos. Ricci et al. (2004)
relataram um caso de infecgdo de um cao domeéstico adulto no qual foi observada
a formacgédo de granuloma epitelidide, caracteristica da manifestagdo clinica da
PCM. Bagagli et al. (1998) reportaram a infecgdo de tatus (Dasypus
novemcinctus) capturados em areas cuja incidéncia da PCM é endémica, com a
presenga de granuloma em torno do fungo em diversos 6rgdos como pulmao,
baco e figado, sugerindo que esses animais sejam também possiveis hospedeiros
de P. brasiliensis. O fato de a PCM atingir predominantemente trabalhadores
rurais ou pessoas que diretamente lidam com a terra, vem sendo associado aos
habitos de vida e ao nicho ecoldgico do tatu (Brummer et al., 1993; Restrepo et
al., 2001). Acredita-se que a contaminagao de homens e tatus por P. brasiliensis
possa ser ocasionada devido a atividades provavelmente relacionadas ao habitat
do fungo (Wanke & Londero, 1994). O habitat e o ciclo biolégico de P. brasiliensis
ainda ndo foram determinados com precisdo, sendo provavel, com base nas
informagdes acumuladas até o presente momento, que este apresente uma fase
saprofitica no solo e/ou em vegetais, além de ja ter sido isolado de fezes de
alguns animais silvestres (Restrepo et al., 2001).

Apesar de ndo se conhecer o estado teleomoérfico (sexual) de P.
brasiliensis, estudos filogenéticos baseados em sequéncias de nucleotideos do
RNA ribossomal e analises morfologicas, propdem a classificacdo deste patdogeno
como um ascomiceto (filo Ascomycota), provavel membro da ordem Onygenales,
familia Onygenaceae (Leclerc et al., 1994; Bialek et al., 2000).

Desde a sua descricdo em 1908 por Adolfo Lutz, o fungo P. brasiliensis &
considerado como uma espécie unica (revisto por Franco et al., 1994), no entanto
existe uma grande diversidade genética entre diferentes isolados de P.
brasiliensis (Matute et al., 2006), e uma alta variagdo nos niveis de viruléncia
desses isolados em modelos experimentais estabelecidos (Singer-Vermes et al.,
1989). Recentemente, Matute et al. (2006) propuseram com base em estudos
filogenéticos de 65 isolados de P. brasiliensis, a existéncia de trés diferentes
espécies cripticas decorrentes de dois eventos independentes de especiacio,
correlacionados ao padrao de distribuicdo dessas potenciais espécies.

A ploidia de P.brasiliensis ainda ndo é conhecida exatamente. Cano et al.
(1998) e Montoya et al, (1999) sugerem que é um organismo dipléide, com 4 ou 5
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cromossomos de tamanhos que variam de 2 a 10Mb, com tamanho do genoma
estimado entre 20 a 23 Mb. Feitosa et al. (2003) utilizando as técnicas de
eletroforese em campo pulsado e hibridizacdo do DNA compararam o cariétipo de
12 isolados de P. brasiliensis de diferentes regides geograficas, sendo que os
resultados sugerem a existéncia de isolados hapldides, diploides e ainda
aneupldides, indicando a grande variabilidade genética deste fungo.
Recentemente, Almeida et al. (2007) avaliaram a ploidia e o tamanho do genoma
de 10 isolados de P. brasiliensis utilizando citometria de fluxo. Estes autores
relataram um genoma de tamanho estimado de 26 a 35Mb sendo que, ao
contrario do observado por Feitosa et al. (2003), todos os isolados analisados
apresentaram-se hapléides ou aneupldides.

1.2) As vias de sinalizagao em P. brasiliensis

A viruléncia fungica é um evento altamente complexo e multifatorial
resultante da regulac&o de diversas vias de sinalizagdo que culminam na ativagao
de um conjunto de genes em diferentes estagios da infecgédo e cuja consequéncia
esta fortemente associada ao estabelecimento da patogénese. As etapas de
adesao e a sobrevivéncia do patdogeno no interior do hospedeiro mostram-se
essenciais no estabelecimento da patogénese. Em P. brasiliensis, as proteinas
envolvidas na interagdo e adesdo do fungo com as células do hospedeiro tém
sido correlacionadas a viruléncia e patogenicidade, dentre estas proteinas de
adesao, destacam-se a glicoproteina 43 (gp43) (Gesztesi et al., 1996), uma
adesina de 30kDa (Andreotti et al., 2005) e a gliceraldeido-3-fosfato
desidrogenase (Barbosa et al., 2006). Nesse contexto, fatores importantes para o
estabelecimento da infecgao por fungos patogénicos vém sendo descritos embora
apenas recentemente os mecanismos genéticos e moleculares envolvidos na
expressdo de genes de viruléncia comegaram a ser investigados (Kwon-Chung,
1998; Odds et al., 2001; Yang, 2003). Analise in silico do transcriptoma de P.
brasiliensis revelou a presenga de varios genes ortdlogos envolvidos em
viruléncia de outros patdogenos. Estes genes foram agrupados de acordo com a
funcdo que desempenham na célula: metabolismo (enzimas que compdem o ciclo
do glioxalato), sintese e estabilizacdo da parede celular (a- e B-glucana sintases,

quitina sintase e manosiltransferase), eliminagdo de substancias toxicas
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(superoxido dismutase, tiol peroxidase e oxidase alternativa) e fatores secretados
(fosfolipases e urease) (Tavares et al., 2005).

Microrganismos patogénicos precisam adaptar-se as mudangas dramaticas
quando em contato com o hospedeiro. Nesses organismos foi demonstrado que
as vias de sinalizacdo, utilizadas para deteccdo de mudangas ambientais,
também s&o responsaveis pelo controle da expressdo de genes relacionados a
viruléncia e patogénese, que por sua vez, culminam na infecgdo do hospedeiro.
Assim, patdogenos sao excelentes modelos para o estudo genético do controle da
adaptacdo e desenvolvimento bem como na definicdo de mecanismos de
patogénese (Waugh et al., 2002).

Em paralelo a este trabalho de tese, foi desenvolvido pelo nosso grupo o
“Projeto Genoma Funcional e Diferencial de P. brasiliensis” (Felipe et al., 2003 e
2005), através do qual foi possivel realizar a identificacdo e categorizagdo de
genes ortélogos descritos para outros fungos patogénicos como componentes das
vias de sinalizagdo celular, viruléncia, resisténcia a drogas, alvos para drogas,
dimorfismo, entre outros. O projeto teve como objetivo principal o0 mapeamento do
transcriptoma na condigéo de cultivo in vitro das formas de micélio e levedura de
P. brasiliensis. Foram geradas um total de 19.718 ESTs, sendo 16.351 agrupadas
em 2.655 “contigs’ e o restante descrito como “singlets” ou sequéncias unicas,
constituindo um total de 6.022 PbAEST (P. brasiliensis Assembled Expressed
Sequence Tags)”. Do total de PbAESTs obtidas, 69,4% mostraram similaridade
com sequéncias ja descritas de outros organismos, depositadas em bancos de
dados. Anadlises utilizando-se ferramentas de bioinformatica permitiram
categoriza-las em 12 grupos, de acordo com a provavel fungdo, como mostrado
na Figura 1 (Felipe et al., 2003 e 2005). Devido a grande conservagao dos
componentes das vias de sinalizagdo celular em eucariotos, Fernandes et al.
(2005) realizaram em paralelo a este trabalho de tese, a comparagéo in silico das
PbAESTs encontradas no transcriptoma de P. brasiliensis e os genes ortdlogos ja
descritos nos fungos Saccharomyces cerevisiae, Cryptococcus neoformans,
Candida albicans e Aspergillus fumigatus. Através dessa analise foi possivel
identificar varias cascatas de sinalizagdo, sendo as mais importantes: (I)
MAPKinases envolvida em integridade celular, construcdo da parede celular,
acasalamento e regulacdo osmotica, (Il) via AMPc/PKA que regula

desenvolvimento celular e viruléncia fungica, (lll) Ras-GTPases - que em outros
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fungos permitem uma interag&o cruzada entre as vias MAPKinases e AMPc/PKA,
(IV) via Calcio-calmodulina-calcineurina que controla sobrevivéncia celular em
condicbes de estresse oxidativo e/ou térmico e responde a perturbacdes da
parede celular e (V) via TOR que, por sua vez, controla crescimento e proliferagéo
celular (Fernandes et al., 2005). Na Tabela 1 estdo descritas e categorizadas
todas as PbAESTs envolvidas nas diferentes vias de sinalizagdo encontradas em
P. brasiliensis (Fernandes et al., 2005).

Faciltagdo de
ranspone  Morte celular
Mecanismo de 5% 2% 4 s
transporte celular PRgrREGRL A0 peviiiaa
5% a4
) hMetabolismo
Ciclo celular e 209
processamento do DNA
g%
Enerqgia
9%
Comunicagdo celubr e Transerigdo

transdugdo de snal 12%

4% Defesa celular &
Chritrdloda Sintese protéica  viruléncia
w 3%
organizagao celular 10%
4%

Figura 1: Principais categorias estabelecidas para os transcritos identificados pelo
Projeto Genoma Funcional e Diferencial de P. brasiliensis (Felipe et al., 2003 e 2005).
As PbAESTs que apresentaram similaridade com sequiéncias depositadas em bancos de
dados foram categorizadas em 12 grupos de acordo com suas provaveis fungdes, incluindo

os de sinalizagdo celular que correspondem a 4% das PbAESTSs.

19



Tabela 1: Componentes das vias de sinalizagao celular anotados pela
anadlise do transcriptoma de P. brasiliensis (Fernandes et al., 2005.)

_ Vla_r de ) PLAEST Nome Nuamero de_ acesso/ E-Value
sinalizagdao Organismo

AF156028
1629 camd1 Emericella nidulans 3.1e™
(calmodulin).

AF071751
Neurospora crassa
(calcineurin B, catalytic
subunit).

2381 cnat 8e™

AL513466
Neurospora crassa
(calcineurin B, regulatory
subunit).

2252 cnb1 584

NP_587941.1
Saccharomyces cerevisiae
(Calcium calmodulin
dependent protein kinase).

-165

2171 cmk1 1e

NP_014371.1
Saccharomyces cerevisiae
(calcineurin responsive zinc-
finger).

2415 crz1 4e-41

Ca?*/Calmodulina/ Calcineurina

NP_593642.1
5082 ckat Arabidopsis thaliana (casein 8.3e%
kinase Il alpha subunit).

gi|6323816
Saccharomyces cerevisiae
(guanine nucleotide-binding
regulatory protein).

595 gpa2 0.0042

AF176775_1 Aspergillus
2208 gpb nidulans (G protein - 5¢%8
subunit).

NP_194335.1
3426 cyr1 Arabidopsis thaliana 1e
(adenylate cyclase).

Ras/AMPc/PKA

NP_011266.1
Saccharomyces cerevisiae
(low affinity cAMP
phosphodiesterase).

5256 pdet 1e
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AF401202_1
947 pkar/ bey1 Aspergillus fumigatus 2"
(regulatory subunit of PKA).

NP_012371
Saccharomyces cerevisiae 1.87¢
(catalytic subunit of cAMP-
dependent protein kinase)

1562 pkac/tpk1

P34099
3488 pkac/ tpk2 Saccharomyces cerevisiae 1e
(catalytic subunit of PKA).

-60

Ras/AMPc/PKA

NP_012284.1
Saccharomyces cerevisiae 2 6%
(flocculin: extracellular alpha- ’
1, 4-glucan glucosidase).

3241 flo11/ muct

NP_014301.1
Saccharomyces cerevisiae 1.4e"°
(Ras proto-oncogene
homolog)

983 ras2

AF100925
2475 mat1-1 Gibberella fujikuroi (mating 1e
type protein MAT1-1).

-16

AF508279_1
4188 mat1-2 Emericella nidulans (mating-
type protein MAT1-2)

4

AF176775
Aspergillus nidulans
(GTP-binding protein beta
subunit of the pheromone
pathway). L04655
Saccharomyces cerevisiae

L04655
Saccharomyces cerevisiae
(ser/thr protein kinase of the
pheromone pathway).

2208 ste4 588

266 ste20 3e™!

AF034090
Neurospora crassa (ser/thr -160
protein kinase of the MEKK
family).

659 ste11

MAP kinase regulada por ferormoénio

AJ304830
Blumeria graminis (ser/thri/tyr
protein kinase of MAP kinase
kinase family).

989 ste7
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AF268070 Ustilago
maydis
(mitogen-activated protein
kinase: MAP kinase).

1960 kss1/fus3/cek1 50721

énio

~n

AF080600
4523 ste12 Emericella nidulans
(transcriptional activator).

4e™

MAP kinase
regulada por
ferorm

NP_014650.1 1
Saccharomyces cerevisiae 4e
1346 mid2/slg1/wsc?1  (cell surface sensors for cell
integrity signaling during
vegetative growth).

NC_001148
157 pkC Saccharomyces cerevisiae 27
(ser/thr protein kinase).

AF034090
Neurospora crassa (ser/thr -160
protein kinase of the MEKK
family).

659 bck1/slk1

NC_001148
4403 mkk1 Saccharomyces cerevisiae 2%
(ser/thr protein kinase).

AJ304830
Blumeria graminis (protein ge2®
kinase of the map kinase
kinase (MEK) family).

989 mkk2

AJ304831
Blumeria graminis (ser/thr 110
protein kinase of MAP kinase
family).

365 slt2/mpk1

NP_015236
Saccharomyces cerevisiae
(transcription factor of the

MADS box family).

1259 rim1 9e?®

AL513463
3256 swi4 Neurospora crassa 4e™®
(transcription factor).

MAP kinase regulando integridade celular e constru¢cao da parede

NP_594464.1
3615 swi6 Schizosaccharomyces pombe 1.6
(transcription factor).
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AY007297 Aspergillus
fumigatus (GTP-binding -53
1518 rhot protein of the rho subfamily of ge
.g o % ras-like proteins).
S X0
0 ‘s" S AF148715
g’ = Q 3665 fks1 Paracoccidioides brasiliensis 2e®
o () CB (1,3-beta-D-glucan synthase,
~ o Re) catalytic subunit).
o3 o
2 ® S, AF148715
E .E S 4433 fks2 Paracoccidioides brasiliensis o108
X S’ &> (1,3-beta-D-glucan synthase
) g subunit).
—
<§( £ 9 AF435964
Botryotinia fuckeliana
985 sin1/nik1 (putative sensory 50
transduction histidine-
kinase).
MPR1_SCHPO
Schizosaccharomyces
2744 ypd1 pombe (phosphorelay 1™
intermediate between Sin1p
© and Ssk1p).
~
© AF084608_1
O 913 sk Candida albicans (two- 0.046
E ((2 component signal ’
o Q transducer).
23
c P53599
o 9
Saccharomyces cerevisiae -38
§ % 659 ssk2 (MAPKKK - Suppressor of le
&; © sensor kinase 2)
e
n
1S
G 9 NP_012407
Q — .
o 365 pbs2 Sapcharomyf:es cerevisiae 36
T O (mitogen-activated protein
% ; kinase kinase — MEK)
—
S O
3T CAC81238
8 g 3218 sho1 Candida albicans (protein 26
[ 0Smosensor)
n «
o~
®)
5 E EAL02925
7] Candida albicans (mitogen- -15
Q. o 1960 stes0 activated protein kinase 2e
< kinase kinase MAPKKK)
AF184980_1 Magnaporthe
356 hog1 grisea (osmotic sensitivity 1"
MAP Kinase)
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CAA50548.1
Saccharomyces cerevisiae 1e
(protein/phosphatidylinositol
kinase)

-15
3215 tor2

T41524
Schizosaccharomyces pombe 7e%
(rho1 gdp-gtp exchange
protein 1).

4664 rom2

CAA20323.1
Schizosaccharomyces pombe 46
(RhoGAP GTPase activating
protein).

3501 sac7

AAD15987.1
Neurospora crassa (protein -105
phosphatase 2A regulatory B
subunit).

70 cdch55

AAB03670.1
Dictyostelium discoideum 2635
(Protein phosphatase 2A
regulatory subunit A).

5565 tpd3

CAB98214.2
Neurospora crassa (probable 2e%
cell shape control protein
phosphatase ppe1).

1737 sit4

Via TOR

CAD21063.1
1318 gap1 Neurospora crassa (amino 0.0
acid permease NAAP1).

CAC19662.1 Blumeria
PbAEST367 mkk1 graminis (mitogen-activated e
protein kinase kinase).

-110

AAF09475.1
PbAEST358 mpk1 Magnaporthe grisea (osmotic 1e7°
sensitivity MAP Kinase:

Hog1p)

CAA18998.1 1740
Schizosaccharomyces pombe
(nitrogen permease
reactivator/protein kinase).

PbAEST2132 npr1

CAA06962.1
Neurospora crassa (FKBP- ge3®
: ) e
type peptidyl-prolyl cis-trans
isomerases).

PbAEST1432 for1




Paris & Duran (1985) demonstraram o envolvimento de AMPc no
dimorfismo de P. brasiliensis. Observou-se inibicdo da transi¢cdao dimorfica de
micélio para levedura na presenga de AMPc exdgeno, embora tanto a forma
leveduriforme como filamentosa n&o tenham apresentado variagéo significativa da
concentragdo enddégena de AMPc. Apenas recentemente os componentes
envolvidos nas vias de sinalizagdo celular comecaram a ser estudados em
detalhe neste patogeno. Chen et al. (2007) reportaram a clonagem dos genes que
codificam alguns dos componentes da via de sinalizagdo AMPc/PKA em P.
brasiliensis: Gpa1-3 (subunidade a da proteina G), Gpb1 (subunidade ), Gpg1
(subunidade y) e Cyr (adenilato ciclase), além de terem avaliado a interagéo entre
estas subunidades e o perfil transcricional destes genes durante o dimorfismo
celular. Ensaios de duplo hibrido demonstraram a interagao entre Gpa1 e Gpb1 e
adenilato ciclase. Além disso, estes autores observaram uma variacédo do nivel de
transcricdo de cyr1, gpal, gpb1 e gpg1 ao longo das 240h de diferenciagéo
celular, sendo que cyr1, gpal e gpg1 apresentaram seus transcritos em maior
abundéancia na forma leveduriforme, enquanto que gpb7 nao apresentou
diferencas significativas entre as formas de micélio e levedura de P. brasiliensis.
Diferentemente do que se observou anteriormente por Paris & Duran (1985),
Chen et al. (2007) observaram um aumento do nivel de AMPc endogeno na fase
leveduriforme de P. brasiliensis, correlacionado com o alto numero de transcritos
de cyr1 também nesta fase. Além destas observagdes, Chen et al. (2007)
identificaram um atraso na transicdo morfologica de micélio para levedura, ao
invés de inibicdo (observado por Paris & Duran, 1985) quando adicionado AMPc
exdgeno. Apesar da divergéncia entre os resultados obtidos anteriormente e
aqueles propostos por Chen et al. (2007), ambos os trabalhos contribuiram por
demonstrarem o envolvimento de AMPc e da via regulada por esta molécula
durante o processo de diferenciacao de P. brasiliensis.

De Carvalho et al. (2003) caracterizaram molecularmente o gene que
codifica a calmodulina de P. brasiliensis, envolvida na via Ca?**-calmodulina-
calcineurina, e através do uso de inibidores de kinases dependentes de Ca®'-
calmodulina foi possivel determinar o envolvimento desta via de sinalizagdo na
transicdo de micélio para levedura deste fungo, visto que tais inibidores
bloquearam o processo de transicdo dimorfica.
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Apesar de ainda pouco se conhecer sobre os mecanismos das vias de
sinalizagcdo em P. brasiliensis, os primeiros trabalhos, ainda que isolados, deram
um importante passo, o que certamente contribuira para o melhor entendimento

dos mecanismos de viruléncia e patogenicidade deste fungo.

1.3) As pequenas GTPases

As pequenas GTPases compreendem uma superfamilia de proteinas de 20
a 30 KDa, componentes de vias de sinalizagdo celular muito conservadas em
eucariotos. Estdo envolvidas no sensoriamento de alteracbes ambientais e
adaptacdo a estas mudangas como: regulagdo do citoesqueleto celular, trafico
pela membrana (exocitose), regulagédo transcricional, controle do crescimento e
desenvolvimento celular. S&o consideradas “comutadores” moleculares, pois
alternam entre o estado ativo, ligado a GTP e inativo, ligado a GDP (Van Aelst &
D'Souza-Schorey, 1997).

Essas pequenas GTPases, Ras, Rac, Cdc42, Rho e Rab, foram estudadas
em diferentes organismos, dentre eles S. cerevisiae (Mosch et al., 1996),
Schizosaccharomyces pombe (Danjoh & Fujiyama, 1999), C. neoformans (Waugh
et al., 2002; Alspaugh et al., 2000), Wangiella (Exophiala) dermatitidis (Ye &
Szaniszlo, 2000), Ashbya gossypii (Wendland & Philippsen, 2001), Ustilago
maydis (Kruger et al., 1998) entre outros, sendo que os mecanismos utilizados por
tais proteinas para mediar todas as atividades ainda s&o objetos de estudos (Park
& Bi, 2007).

1.4) As modificagdes pos-traducionais das pequenas GTPases

As proteinas preniltransferases catalisam a adigdo pods-traducional de um
grupo lipidico prenil a regido C-terminal de uma grande variedade de proteinas,
incluindo as pequenas GTPases (Zhang & Casey, 1996). Essas modificagdes s&o
necessarias para que tais proteinas se tornem mais hidrofobicas, o que
proporciona a sua correta localizacdo na membrana celular onde irdo desenvolver
suas fungdes.

Existem trés preniltransferases ja caracterizadas tanto em mamiferos como
em diferentes fungos: a Farnesiltransferase (FTase), a Geranilgeranil transferase
(GGTase |) e a Geranilgeraniltransferase Il (GGTase Il) (Zhang & Casey, 1996).

Essas enzimas apresentam algumas caracteristicas comuns; sao heterodiméricas
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e dependentes de ions divalentes, como zinco e magnésio, porém, diferem
guanto aos substratos e especificidades.

A Ftase tem como substrato o grupo farnesil (15 carbonos), um
intermediario da biossintese do colesterol (mamiferos) / ergosterol (fungos), e
transfere esse grupamento lipidico para proteinas como Ras e Rheb na regido C-
terminal contendo o motivo CAAX, onde “C” € uma cisteina, “A” € um aminoacido
alifatico e “X” é preferencialmente alanina, cisteina, metionina ou serina. Ja a
GGTase | tem como substrato um grupamento geranil (20 carbonos) e reconhece
proteinas em que no motivo CAAX, “X” é uma leucina ou em alguns casos
fenilalanina ou metionina, destacando-se Rho1, Rac1 e Cdc42 (Zhang & Casey,
1996). A GGTase Il também transfere grupamento geranil no entanto, apenas a
proteinas contendo o motivo C-terminal com duas cisteinas (CC), por exemplo as
proteinas Rab. Apesar das diferencas de especificidade entre estas enzimas, tem
sido relatada em mamiferos e S. cerevisiae a farnesilagao cruzada de substratos
contendo o motivo “CAAL” tanto in vivo quanto in vitro (Caplin et al. 1994,
Trueblood et al., 1993). Na auséncia de FTase, também foi observada a
prenilacdo pela GGTase | em substratos especificos para FTase (Whyte et al.,
1997).

As trés proteinas preniltransferases sao constituidas de subunidades a e f3,
sendo que a subunidade 3 contém os sitios de ligacdo a FPP (farnesilpirofosfato)
ou GPP (geranilpirofosfato), ao substrato protéico e ao zinco. A subunidade a
apresenta a funcao catalitica e € necessaria para estabilizacdo da subunidade 3
(Andres et al., 1993). Em C. albicans, FTase e GGTase | apresentam a
subunidade a em comum, a qual é codificada pelo gene RAM2. A subunidade [3
em FTase e GGTase | é codificada pelos genes RAM1 e CDCA43,
respectivamente. Os genes BET4 e BETZ2 codificam para as subunidades a e [3,
respectivamente, de GGTase Il (Song & White, 2003). Os genes que codificam
ambas as subunidades das preniltransferases foram identificados em diferentes
fungos entre eles C. albicans (Kelly et al., 2000; Song & White, 2003), S. pombe
(Yang et al., 2000), S. cerevisiae (Adams et al., 1990; He et al., 1991; Mayer et al.,
1992), C. neoformans (Vallim et al., 2004) e, in silico, em P. brasiliensis (Amaral et

al., 2005), trabalho este realizado em paralelo a esta tese. Além disso, P.
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brasiliensis apresenta os genes bet2 e bet4 que codificam para as subunidades [3

e o respectivamente de GGTase Il (Tabela 2).

Tabela 2: Analise dos genes ortologos de P. brasiliensis que codificam
as subunidades a e 3 de FTase e GGTase (Amaral et al., 2005)

Proteina Namero de % E-
Gene acesso/ Identidade valu
Organismo  protéica
Farnesiltransferase
NP_593518.1/ 18
(FTase) 5.7¢
Subunidade a ram?2 S.pombe 40,722%
Geranilgeraniltransferase |
(GGTase 1)
NP_594251.1 16
Farnesiltransferase . 40,288% 6.7e
Subunidade B | ram1 S.pombe
(FTase)
NP_594142.1
Geranilgeraniltransferase | . 51,471% A1
Subunidade B | cdc43 S.pombe 8.6e
(GGTase 1)
Geranilgeraniltransferase Il NP_015502.1/ 36
Subunidade a bet2 50,190% 4.2e
(GGTase Il) S. cerevisiae
Geranilgeraniltransferase Il . NP_588463.1/ 12
Subunidade B bet4 37,349% 2.5e
(GGTase Il) S.pombe

Muitos estudos estdo sendo realizados na tentativa de desenvolver e
identificar possiveis inibidores de preniltransferases motivados pela correlacéao
direta entre 0 mecanismo alterado de farnesilacdo de Ras e o desenvolvimento de
cancer em humanos (Basso et al., 2006). Testes pré-clinicos indicam que a
inibicdo do processo de prenilagdo poderia resultar em redugao da taxa de
crescimento de alguns tipos de tumores (Omer & Kohl, 1997). Baseados nos
dados de que as proteinas Ras controlam mecanismos centrais do
desenvolvimento, diferenciagdo e patogenicidade de fungos, tais inibidores foram
testados in vitro em C. albicans e C. neoformans (McGeady et al., 2002; Vallim et
al., 2004). Os inibidores de FTase foram capazes de bloquear a transicéo
dimérfica soro-induzida de levedura para hifas no fungo oportunista C. albicans e
o crescimento haploide em C. neoformans (McGeady et al., 2002; Vallim et al.,
2004). A acédo de inibidores de FTase em P.brasiliensis sera alvo de estudo deste

trabalho de tese.
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A baixa identidade (30%) de sequéncia de residuos de aminoacidos entre a
subunidade (3 de GGTase | de C. albicans e aquela encontrada em humanos
(Kelly et al., 2000), juntamente com o fato de que Rho1 (alvo de GGTase |) é a
subunidade regulatéria essencial de [3-1,3-glucana sintase, enzima envolvida na
constituicdo da parede celular de fungos, faz com que inibidores de GGTase |
sejam um atrativo em uma terapia antifungica mais seletiva. Baseado nestes
dados, trabalhos recentes identificaram e caracterizaram inibidores seletivos de
GGTase | que apresentam atividade antifungica (Nishimura et al., 2003; Murthi et
al., 2003).

1.5) O papel de Ras em diferentes organismos

Ras-GTPases s&o proteinas reguladoras da via conservada de transducéo
de sinais, promovendo alteracbes adaptativas, como desenvolvimento celular e
morfogénese (Waugh et al., 2002). Em células humanas, esta classe de proteinas
tem papel importante na transdugdo de sinais de crescimento via receptor
tirosina-quinase localizado na membrana, culminando na ativacdo da transcrigao
de diferentes genes-alvo. Algumas mutagdes ja bem caracterizadas nestas
proteinas sdo associadas com transformagdo maligna e crescimento celular
desordenado, uma vez que Ras s&o responsaveis pelo controle da proliferacéo
celular (Wendland & Philippsen, 2001).

Em microrganismos, proteinas Ras apresentam-se similarmente envolvidas
na regulagéo do crescimento e desenvolvimento celular (Waugh et al., 2002). Em
C. neoformans, Ras1 esta envolvida em filamentacdo, acasalamento e
crescimento em altas temperaturas (37°C). Mutantes ras7 sdo avirulentos em
modelos animais de meningite, e apresentam defeito de crescimento a 37°C,
permanecendo como células grandes sem brotamentos, actina despolarizada e
perda da simetria do citoesqueleto, além de serem incapazes de produzir
filamentos, visto que esta proteina atua sobre a via das MAPKinases que
responde a ferormbnio. (Alspaugh et al, 2000). Waugh et al. (2002)
demonstraram ainda, a existéncia de dois genes RAS que codificam duas
proteinas, Ras1 e Ras2 em C. neoformans. A proteina Ras2 € expressa em niveis
muito baixos quando comparados com Ras1, e mutantes ras2 nao apresentam os
defeitos no crescimento, diferenciacdo ou expressdo de fatores de viruléncia

observados nos mutantes ras7. No entanto, o duplo mutante ras? ras2, mostrou-
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se viavel, poréem com baixa taxa de crescimento em todas as temperaturas. A
super-expressédo de RAS2 no mutante ras7 suprimiu os defeitos de acasalamento
e parcialmente suprimiu o defeito de crescimento a 37°C sugerindo assim que
Ras1 e Ras2 parecem ter efeito aditivo e/ou redundante sobre uma mesma via ou
atuam em vias de sinalizagao paralelas em C. neoformans.

Em U. maydis, mutantes ras2 apresentaram morfologia celular alterada,
defeitos na fusdo e/ou producdo de filamentos no acasalamento. Dessa forma,
Ras2 parece estar envolvida em varios processos celulares incluindo
morfogénese, acasalamento, viruléncia e patogenicidade deste patdégeno de
planta (Lee & Kronstad, 2002). Estes estudos em U. maydis sugerem a existéncia
de uma interacdo cruzada influenciada por Ras2 entre as vias AMPc/PKA e
MAPKinases. Nielsen et al. (1992), por sua vez, demonstraram em S. pombe que
mutantes ras1 ndo apresentaram defeito no crescimento vegetativo, porém, as
células mostraram-se incapazes de se acasalarem e com formato anormal. Ras1
em S. pombe parece nao estar envolvida na homeostase do AMPc, porém
controla a atividade da via que responde a ferormbnio e acasalamento.

Em S. cerevisiae, duas proteinas Ras (Ras1 e Ras2), também foram
identificadas, sendo que, diferentemente de C. neoformans, a proteina RasZ2 tem
um papel muito mais importante que Ras1 na regulacdo da diferenciagdo e
producédo de AMPc, além de ter maior nivel de expressédo quando submetida a
diferentes condigbes, é responsavel pela regulagdo do crescimento invasivo
hapléide mediado por ambas as vias efetoras: MAPKinases e AMPCc/PKA.
Mutantes ras2 apresentaram defeitos profundos na polarizacdo do citoesqueleto
em condigbes moderadas de estresse causado por temperatura (Ho & Bretscher,
2001). O duplo mutante ras1 ras2 apresentou fenotipo letal, diferente do
observado em C. neoformans. A super-expressao de RAS1T restaurou o defeito no
crescimento hapléide invasivo do mutante ras2 de S. cerevisiae (Mdsch et al.,
1999). Dessa forma, Ras2 é responsavel pela indugédo do crescimento filamentoso
hapldide invasivo de S. cerevisiae através da regulagdo da via das MAPKinases
(Mosh et al.,1996) e AMPc/PKA (Mosh et al., 1999). Como ambas as vias
convergem para o promotor do gene FLO711 (efetor) e apresentam mesmo
elemento regulatério (RASZ2), sugere-se que estas vias estejam interligadas.
Interacdes entre as vias AMPc/PKA e MAPKinases também foram sugeridas em
U. maydis (Kruger et al., 1998, Lee & Kronstad, 2002), C. neoformans (Alspaugh
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et al.,, 2000) e C. albicans (Leberer et al., 2001). Ras2 também esta envolvida na
manutencido da expectativa de vida de S. cerevisiae. Através da via AMPCc/PKA,
Ras2 parece atuar na renovagao do crescimento e divisdo celular quando as
células leveduriformes sado submetidas a condi¢gdes de choque térmico (Shama, et
al.,, 1998). Em S. cerevisiae as proteinas Ras também estdo envolvidas na
resposta ao estresse incluindo choque térmico e no controle do estado nutricional
da célula (Engelberg et al., 1994, Breviario et al., 1986, Wang et al., 2004).

No fungo oportunista C. albicans foi encontrado apenas um gene RAS,
denominado CaRAS1 (Feng et al., 1999 e Leberer et al., 2001). Embora n&o seja
um gene essencial, a delecdo de ambos os alelos produz mutantes com viruléncia
atenuada, incapazes de sofrer o processo de transicdo de levedura para hifas
(caracteristico de viruléncia deste patdogeno) tanto in vitro como in vivo em modelo
de camundongos para candidiase sistémica. Leberer et al. (2001) sugerem ainda
que CaRas1 seja necessaria para regulacao das vias de sinalizagdo MAPKinases
e AMPc/PKA em resposta a fatores ambientais para a transicdo morfologica da
forma leveduriforme para a forma de hifas neste patdgeno.

Fortwendel et al. (2004) identificaram rasA e rasB (ortélogos de RAS1T e
RAS2 de C. neoformans, respectivamente) no fungo filamentoso e patogénico A.
fumigatus. Através de mutagdes dirigidas demonstrou-se que tais genes
apresentam fungdes diferentes, porém sobrepostas no crescimento vegetativo e
desenvolvimento assexual deste fungo. Posteriormente, Fortwendel et al. (2005)
relataram que mutantes rasB apresentavam diminuigdo de germinagéo e taxa de
crescimento, defeitos morfoldgicos nas hifas e viruléncia atenuada.

Em P. marneffei, um fungo dimorfico dependente de temperatura, Boyce et
al. (2005) identificaram a presenga das GTPases Cdc42 (CflA), Rac (CfIB) e Ras
(RasA). Alem disso, através de experimentos com mutantes estes autores
sugeriram um modelo de sinalizagdo em que RasA controla o inicio do
desenvolvimento assexual e atua sobre Cdc42 (CflA) para a regulagcdo da
germinagdo de esporos e crescimento polarizado tanto de hifas quanto de
leveduras, septacao e ramificagao.

Assim, as fungdes similares de Ras entre diferentes microrganismos
demonstram que essas moléculas de sinalizacdo desempenham papéis centrais
no crescimento e desenvolvimento de fungos. Estas vias encontram-se envolvidas

na adaptagdo microbiana e infecgdo do hospedeiro (Figura 2). Visto que ainda
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nao se conhece o papel de Ras em P. brasiliensis, torna-se relevante a

elucidagdo da sua participagdo no mecanismo molecular de patogenicidade deste

organismo.
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Figura 2: Mecanismo proposto de interagdao cruzada entre as vias AMPc/PKA e MAPKinases
por Ras-GTPases em fungos patogénicos que regulam morfogénese, crescimento em altas
temperaturas e viruléncia. Em P. brasiliensis as linhas pontilhadas indicam que o mecanismo
ainda nao foi demonstrado, no entanto, todos os componentes listados foram encontrados pela

anotacéo in silico do transcriptoma.
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1.6) Sistemas de transformagao em fungos

A manipulagdo genética é uma ferramenta importante para o entendimento
da biologia, evolucdo e patogenicidade, bem como para a identificagdo de novos
alvos terapéuticos em fungos patogénicos (Kwon-Chung et al., 1998). Sistemas
de transformacdo foram desenvolvidos para uma grande variedade de
organismos patogénicos destacando-se Candida sp. (Kurtz et al., 1986), C.
neoformans (Edman & Kwon-Chung, 1990), H. capsulatum (Worsham & Goldman,
1990), B. dermatitidis (Hogan & Klein,1997), A. fumigatus (Monod et al., 1993) e
W. dermatitidis (Peng et al., 1995) entre outros. Para organismos como Candida
sp e A. fumigatus, métodos eficientes de transformacao foram adaptados a partir
de protocolos previamente estabelecidos para S. cerevisiae e A. nidulans,
respectivamente, devido a similaridade entre tais organismos. Porém as
caracteristicas peculiares de cada organismo fazem do desenvolvimento de
sistemas de transformagdo para fungos patogénicos um processo lento e
laborioso.

Métodos convencionais de transformagao genética, como produgdo de
esferoplastos e permeabilizagédo celular, requerem protocolos longos e que muitas
vezes n&o produzem boa eficiéncia (Kwon-Chung et al., 1998). Recentemente,
tais métodos foram substituidos com sucesso por técnicas mais simples, rapidas
e eficientes como eletrotransformacdo ou eletroporagcdo, biobalistica e
transformagdo mediada por Agrobacterium tumefaciens (Kwon-Chung et al.,
1998). Em S. cerevisiae, a transformagéo por biobalistica foi descrita em 1990
(Armaleo et al., 1990), posteriormente em outros fungos tais como: C. neoformans
(Toffaletti et al., 1993), Trichoderma harzianum (Lorito et al., 1993), Botryotinia
fuckeliana (Hilber et al., 1994), A. nidulans (Barcellos et al., 1998). A
eletrotransformagao ja muito utilizada em diversos organismos foi primeiramente
padronizada em H. capsulatum, dentre os fungos dimorficos (Woods et al., 1998).
Tanto a eletrotransformagéo quanto a biobalistica produz transformantes estaveis
com integragdo genOmica, principalmente em sitios ectopicos, sendo a
recombinag&o homologa um evento raro (Kwon-Chung et al., 1998).

Atualmente, o sistema de transformacdo mediado por A. tumefaciens é
muito utilizado, pois esta bactéria € capaz de transferir, através de um T-DNA, o
DNA de interesse ao genoma de diversos organismos, incluindo plantas
(Nishimura et al., 2006; Ishida et al., 2007), células de mamiferos (Ziemienowicz
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et al., 1999) e fungos. Dentre os fungos, este sistema ja foi testado em células
leveduriformes e micélio, destacando-se os patdogenos humanos A. fumigatus
(Sugui, et al., 2005), C. immitis (Abuodeh et al., 2000), B. dermatitidis (Sullivan et
al., 2002), H. capsulatum (Sullivan et al., 2002), C. neoformans (McClelland et al.,
2005) e os néao patogénicos S. cerevisiae (Piers et al., 1996), Agaricus bisporus
(Chen et al., 2000), Kluyveromyces lactis (Bundock et al., 1999), Suillus bovinus
(Hanif et al., 2002), Magnaporthe grisea (Rho et al. 2001). Esta técnica
apresentou-se muito versatil ja que pode ser utilizada em qualquer forma celular,
sejam conidios, fragmentos de micélio ou leveduras, além de produzir eficiéncia
aumentada de transformacdo quando comparada aos métodos convencionais e
transformantes estaveis apds varias passagens em meios nao seletivos. Este
sistema representa ainda uma ferramenta poderosa para estudos de genes
através da mutagénese insercional aleatoria e genética reversa (ldnurm et al.,
2004; Sugui et al., 2005; Michielse et al., 2005; Zhong et al., 2007).

No modelo P. brasiliensis, dois métodos de transformacgéo genética foram
testados, a eletroporagdo (Soares et al, 2005) e o sistema mediado por A.
tumefaciens (Leal et al., 2004). Ambos os métodos empregaram como gene
marcador que codifica resisténcia a higromicina B, no entanto, ambos os métodos
demonstraram eficiéncia de transformacao muito baixa, porém os transformantes
apresentaram-se mais estaveis quando utilizado o sistema de A. tumefaciens.
Como existe uma grande variabilidade quanto a morfologia celular, ploidia e
numero de nucleos por célula entre os isolados de P. brasiliensis, faz-se
necessario escolher um isolado de facil manipulacdo, que apresente crescimento
rapido, seja haploide e apresente o menor numero de nucleos por célula. Ajustes
nos protocolos primeiramente testados por Soares et al. (2005) e Leal et al.
(2004), poderiam refletr um aumento na eficiéncia de transformacao.
Recentemente, Almeida et al. (2007), ao avaliar varios parametros importantes
que influenciam a transformacdo mediada por A. tumefaciens tais como as
condigdes de co-cultivo e susceptibilidade das leveduras de P. brasiliensis,
relataram um aumento significativo da eficiéncia de transformagdo quando
comparado com o protocolo de Leal et al. (2004). Dessa forma, através dessas
ferramentas moleculares hoje disponiveis, tornou-se possivel iniciar os estudos de
funcdo de genes candidatos a viruléncia e determinagédo da importancia individual

de cada um na patobiologia de P. brasiliensis, além de potencialmente catalisar o
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desenvolvimento de drogas contra os possiveis produtos génicos ou seus

receptores.

1.7) Delecao génica versus silenciamento génico

Durante muitas décadas o estudo da fungdo de um gene foi baseado em
trés estratégias principais () delecdo génica pela substituicdo do gene de
interesse por um gene marcador (lI) rompimento génico, quando um gene
marcador € inserido no gene de interesse causando uma proteina truncada n&o
funcional e (lll) mutagdes puntuais que alteram a fase de leitura do DNA. Os dois
primeiros casos dependem de integracdo do DNA exdgeno no genoma e ainda
uma recombinagdo homologa no locus do gene estudado, duas etapas bastante
dificeis de serem alcancadas quando se trabalha com organismos de ploidia
desconhecida e com numero de nucleos variados em um mesmo citoplasma,
como é o caso de P. brasiliensis (Woods, 2005).

Recentemente, o fenbmeno de silenciamento génico por interferéncia no
RNA (RNAi) surgiu como uma estratégia alternativa para o estudo da fungéo
génica em organismos de dificil manipulagéo genética como os fungos dimdrficos
P. brasiliensis, H. capsulatum, B. dermatitidis, C. immitis e P. marneffei (Woods,
2005). RNAi € um fenémeno de silenciamento génico pods-transcricional mediado
por uma série de enzimas em que um RNA dupla fita (dsRNA) leva a degradacéo
do RNA cognato de maneira sequéncia-especifica, ou seja, apenas os RNAs
mensageiros maduros com similaridade a sequéncia do dsRNA & que serdo
degradados (Figura 3). Esse mecanismo é apontado como uma poderosa
ferramenta para genémica funcional em varios eucariotos, incluindo Drosophila
melanogaster (Boutros et al., 2004, Kennerdell & Carthew, 2000), Caenorhabditis
elegans (Kamath et al., 2003) e plantas (Wang & Waterhouse, 2000). Em fungos,
o fendbmeno de RNAI foi primeiramente descrito em N. crassa por Romano e
Macino, em 1992, e denominado de “quelling”, do inglés “apagar”. Desde entao,
varios pesquisadores utilizam o sistema de RNAi para estudar fungdo génica em
diversos fungos, incluindo Cladosporium fulvum (Hamada & Spanu, 1998); C.
neoformans (Liu et al., 2002; Sommer et al, 2003; Reese & Doering, 2003);
Magnaporthe oryzae (Kadotani et al., 2003; Nakayashiki et al., 2005), Mucor
circinelloides (Nicolas et al., 2003), A. fumigatus (Mouyna et al., 2004,
Tsitsigiannis et al., 2005), H. capsulatum (Rappleye et al., 2004), Venturia
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inaequalis (Fitzgerald et al., 2004), Dictyostelium discoideum (Morita et al., 2005),
S. cerevisiae (Chen et al., 2005) e Neotyphodium uncinatum (Spiering et al.,
2005).

RNA dupla fita (dsRNA) > 50pb

Pequenos RNAs
(siRNAs) - 21-23pb

B ? Complexo RISC

‘&SN

DY

VAN A VA YA

Degradagdo do mRNA

mRNA alvo

Figura 3: Mecanismo geral de silenciamento de RNA em fungos. (A) Ao entrar na célula,
moléculas de RNA dupla fita (dsRNA) (no caso de fungos estes RNAs sdo resultantes da
transcricdo de um cassete de DNA em orientagdes opostas que in vivo toma a conformacgéo de um
“hairpin”) elicitam o mecanismo de silenciamento de RNA. (B) Primeiramente, o dsRNA ¢é
reconhecido pela DICER, uma enzima RNAse Ill formando o complexo DICER que por sua vez
promove a quebra do dsRNA em pequenos RNAs (siRNAs) com tamanhos de 21 a 23 pares de
bases. Este proceso € dependente de ATP. (C) Os siRNAs sao recrutados pelo complexo RISC
(RNA-inducing silencing complex) que contém a proteina argonauta, como um dos componentes
principais e que é responsavel pela quebra e sele¢do da fita anti-senso do siRNA dupla fita, o que
por sua vez leva a ativagdo do complexo RISC. (D) O complexo RISC ativo captura o RNA
mensageiro maduro que apresenta complementaridade com a fita anti-senso do siRNA,
promovendo a clivagem endonucleolitica do RNA alvo e consequentemente impedindo a produgéo
da proteina.
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Em P. brasiliensis, alguns genes ortdlogos aqueles de N. crassa que
codificam a maquinaria de RNAi foram identificados pela analise in silico do
transcriptoma (Albuquerque et al., 2005), sdo eles: sms-2, qde-2, dcl-2, rrp-3,
indicando que, provavelmente, este fenbmeno é funcional neste organismo.

Baseado na descoberta deste fendémeno bioldgico, varios grupos
desenvolveram vetores para a construgdo de cassetes visando o silenciamento
génico (“knock-down”) (Wesley et al., 2001). No caso de fungos, Nakayashiki et
al. (2005) desenvolveram um vetor denominado pSilent-1 para ser utilizado em
fungos filamentosos. O vetor pSilent-1 (Figura 4) apresenta como marcador
seletivo o gene hph que codifica resisténcia a higromicina B, flanqueado pelo
promotor e terminador de trpC de A. nidulans. Além disso, esse vetor contém
varios sitios de restricdo para clonagem dos fragmentos senso e antisenso de
genes alvos posicionados estrategicamente entre uma regido espacadora, que
por sua vez contém um intron do gene da cutinase de M. oryzae, que funcionara
como “loop” favorecendo a formacao do hairpin in vivo. O cassete para
silenciamento génico € controlado pelo promotor e terminador de trpC de A.
nidulans (Nakayashiki et al., 2005).

Xhol, SnaBl, Hindill  8gAl, Sphl, Stul, Kpnl, Apal

Spel

pSilent-1
ap. b.%b

Figura 4: Representacdo esquematica de pSilent-1. (Extraida de Nakayashiki et al., 2005)

O uso do sistema de RNAi para o silenciamento génico apresenta
vantagens e desvantagens sobre a técnica de delecdo génica. Dentre as

vantagens estdo a sua grande versatilidade que permite sua aplicagdo em
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organismos multicelulares e/ou multinucleados com ploidia desconhecida, n&o
necessitando de construgdo de vetores com grandes regides de homologia
necessarias para recombinacdo homoéloga como no caso de delegdo génica; a
flexibilidade em experimentos de inativagdo génica, ja que este fendbmeno induz
uma supressao génica, sequéncia-especifica e ndo locus especifica, facilitando
muito o trabalho, j@ que ndo ha necessidade de se conhecer a sequéncia
completa do gene e, por ultimo, é possivel a analise simultanea de genes
homologos utilizando sequéncias conservadas de uma mesma familia (Allen et
al., 2004; Baulcombe, 1999; Thierry & Vaucheret, 1996) ou no caso de genes
heterdlogos utilizando vetores quiméricos (aqueles que apresentam mais de um
gene com sequéncias invertidas) (Fitzgerald et al., 2004; Tsitsigiannis et al., 2005;
Liu et al., 2002). Além dessas vantagens, o uso de promotores controlados
(induziveis) permite o estudo da expressdo génica em estagios especificos, por
exemplo, na diferenciagdo, desenvolvimento, infecgédo, entre outros, pois no caso
de delecdo génica a eliminagdo da fungdo génica € permanente e nio transiente
como no RNAI. Dessa forma, é possivel estudar os genes essenciais que no caso
de delecdo génica observa-se um fendtipo letal, enquanto que por RNAi é
possivel obter silenciamento parcial do gene resultando na expressao diminuida e
nao completamente abolida para o estudo da fung&o génica.

Apesar de RNAIi operar de maneira sequéncia—especifica, alguns estudos
demonstram que esta especificidade n&o é absoluta, o que gera alteragbes néo
esperadas no padrédo de expressao génica o chamado efeito “off-target” (Fraser et
al., 2000), o que caracteriza uma das desvantagens da técnica. Além disso,
muitas vezes o silenciamento gera resultados dificeis de serem interpretados
causados por mutagdes incompletas e/ou reversiveis, além da supressao génica
parcial gerando um fenétipo diferente daquele observado na delegc&o génica. Pelo
fato de ser um fenbmeno descrito recentemente, ha necessidade de se obter
maiores informagdes sobre o mecanismo de RNAi em fungos. Ainda ndo existem
sistemas de RNAI para estudo da expressao/ fungdo génica em larga escala em
fungos, como ja foram desenvolvidos para os eucariotos superiores como C.
elegans (Kamath et al., 2003) e plantas (Ruiz et al., 1998).
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2 - Justificativa
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P. brasiliensis € um patégeno humano, que apresenta como principal
caracteristica a capacidade de diferenciar células micelianas em leveduriformes,
mecanismo este desencadeado pela mudanca de temperatura de 22°C para
37°C. Apesar de o transcriptoma ter sido sequenciado e analisado, o que avangou
e gerou informagdes relevantes neste patdogeno, os mecanismos moleculares
precisos envolvidos na transigdo dimorfica, na viruléncia e morfogénese ainda nao
foram demonstrados. Baseado na necessidade de se conhecer n&o s6 os genes
envolvidos nestes processos, mas também na busca de informagdes sobre as
possiveis fungbes dos componentes envolvidos na sinalizacdo celular, foi
escolhido como objeto deste estudo o gene ras de P. brasiliensis, que codifica
uma pequena GTPase. Este gene, em outros fungos, desempenha papel central
nas vias de sinalizagdo que convergem para o controle de viruléncia,

morfogénese e crescimento em altas temperaturas.
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3 - Objetivos
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3.1) Objetivo geral

Analisar molecular e funcionalmente os genes ras? e ras2 de P. brasiliensis

que codificam duas pequenas GTPases, potencialmente envolvidas em

morfogénese, diferenciacdo e no processo infectivo.

3.2) Objetivos especificos

1)
2)

3)

6)

7)

8)

Identificar e caracterizar as sequéncias dos genes ras? e ras2.

Avaliar o numero de copias no genoma de P. brasiliensis dos genes

ras1 e ras2 por Southern-blot.

Analisar a expresséao relativa de ras1 e ras2 nas seguintes condigdes
experimentais: diferenciacdo celular de micélio para levedura, choque

térmico a 42°C e, ex vivo, no interior de macrofagos.

Analisar as PbAESTs correspondentes aos genes que codificam para
as subunidades a e (3 das enzimas GGTase | e FTase | envolvidas nas

modificagdes pods-traducionais das proteinas Ras.

Bloquear farmacolégicamente in vivo o processo de farnesilagdo das
proteinas Ras em P. brasiliensis através do uso do inibidor: FPT
Inhibitor Il (Calbiochem).

Padronizar o sistema de transformacido via A. tumefaciens para o
isolado Pb113.

Desenvolver uma estratégia para construgdo de vetores para RNAI,

visando o silenciamento de ras? em P. brasiliensis.

Construir os vetores para o silenciamento de ras1.
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4 - Materiais
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4.1) Linhagens

a) P. brasiliensis

* Pb01 (ATCC MYA-826) — isolado de um paciente brasileiro do estado de
Goias apresentando PCM aguda. Este isolado foi obtido da colegédo Silva
do Instituto de Patologia Tropical e Saude Publica, Universidade Federal de
Goias, Goiania, Brasil.

» Pb113 - isolado por Fava-Netto em 1971 de um paciente brasileiro do
estado de Sao Paulo apresentando PCM crénica. Este isolado foi obtido da
micoteca da Faculdade de Medicina da Universidade de S&o Paulo, Sao
Paulo, Brasil.

* Pb192 - isolado clinico obtido da micoteca da Faculdade de Medicina da

Universidade de Sao Paulo, Sao Paulo, Brasil.

b) Escherichia coli
* DHS5a - F- 80/acZ.M15 .(lacZYA-argF)U169 deoR recA1 endA1
hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 \-

c) A. tumefaciens

« B25 - EHA105 (pEHA105 - pTiBo542DT-DNA) contendo o plasmidio
pAD1625 (Abuodeh et al., 2000).

d) Candida sp.

* C. albicans — ATCC24433.

» C. parapsilosis — ATCC22019.

e) Macréfagos peritoniais
* Linhagem J774.1 (ATCC TIB-67)

4.2) Meios de Cultivo

a) Para cultivo de E.coli (DH50).
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e« MeiolL

Extrato de levedura 0,5% (p/v)
NaCl 1,0% (p/v)
Peptona de caseina 1,0% (p/v)

Ajustar o pH para 7,0. Para o preparo de meio L sdlido, acrescenta-se 1,5% de
agar bacteriolégico. Autoclavar 120°C/15 min.

* Meio SB
Extrato de levedura 2,0% (p/v)
MOPS 1,0% (p/v)
Peptona de caseina 3,0% (p/v)

Ajustar o pH para 7,0. Autoclavar 120°C/15 min.

* Meio SOB
Extrato de levedura 0,5% (p/v)
KCI 0,0186% (p/v)
NaCl 0,06% (p/v)
Peptona de caseina 2,0% (p/v)

Ajustar o pH para 7,0. Autoclavar 120°C/15 min.

* Meio SOC
2M (MgCl;, + MgSOy) 1,0% (v/v)
2M glicose 1,0% (v/v)
Meio SOB 98,0% (v/v)

b) Para cultivo de A. tumefaciens

 Meio AB Liquido

FeSO4 0,01mM
KCI 2,0mM
NaH.PO4 H,0O 8,3mM
NH4CI 18,6mM
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Apos autoclavado 120°C/15 min, adicionar para cada 100mL:

0,5M CaCl, 14pL
1M MgSO, 7H,0 125uL
Glicose 20% 1000pL

« Meio AB soélido

Agar bacterioldgico 1,5% (p/v)
Glicose 2,0% (p/v)
Apos autoclavado 120°C/15 min, resfriar a 65°C e adicionar:
25X Tampéo AB 5,0% (viv)
50X Sais AB 2,0% (v/v)

Solugao estoque de 50X Sais AB € composta:

CaCl; 3,50mM
FeSO4 0,50mM
KCI 100mM
MgSOQO, 7H.0 60mM
NH4CI 930mM

Autoclavar 120°C/15 min para esterilizagao.

Solugao estoque de 25X Tampao AB € composta:
NaH,PO4 H,O 208mM
KoHPO4 3H,0 420mM
Autoclavar 120°C/15 min para esterilizagao.

* Meio de indugao AB/MES liquido
25X Tampéo AB/MES pH 5,8  4,0% (v/v)
50X Sais AB 2,0% (v/v)
Glicose 0,2% (p/v)

Esterilizar por filtragdo em membranas do tipo milipore 0,2um.

Solugao estoque de 25X Tampao AB/MES pH 5,8 € composta:
KoHPO4 3H,0 9,6% (p/V)
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MES 13,3% (p/v)
NaH2P04 Hzo 2,9% (p/V)
Ajustar o pH para 5,8 com H3PO4 e esterilizar por filtragdo em membranas do tipo

milipore 0,2um.

* Meio de indugao AB/MES sélido
Agar bacterioldgico 1,8% (p/v)
Autoclavar 120°C/15 min, resfriar a 65°C e adicionar:
25X Tampao AB/MES pH 5,8 4,0% (v/v)
50X Sais AB 2,0% (v/v)
Glicose 0,2% (p/v)

c) Para cultivo de P. brasiliensis

* Meio YPD
Extrato de levedura 1,0% (p/v)
Glicose 2,0% (p/v)
Peptona 2,0% (p/v)

Ajustar o pH para 7,2. Autoclavar 120°C/15 min.

* Meio BHI (“Brain Heart Infusion”)
BHI 0,37% (p/v)
Glicose 0,10% (p/v)
Ajustar o pH para 7,2. Autoclavar 120°C/15 min. Adicionar 5% de fator de
crescimento, 4% de soro de cavalo com complemento inativado, penicilina
(0,05U/mL) e neomicina (20pug/mL). Para o preparo de meio BHI sdlido,

acrescentar 2,0% (p/v) de agar bacteriolégico.

e Meio Semi-solido Fava-Netto

Agar bacterioldgico 1,60% (p/v)
Extrato de carne 0,05% (p/v)
Extrato de levedura 0,05% (p/v)
Glicose 0,40% (p/v)
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NaCl 0,05% (p/v)
Peptona 0,10% (p/v)
Protease peptona 0,03% (p/v)
Ajustar o pH para 7,2. Autoclavar 120°C/15 min.

* MeioN
Asparagina 0,125% (p/v)
Glicose 1,8% (p/v)
Neopeptona 3,0% (p/v)
Tiamina 0,009% (p/v)

Ajustar o pH para 7,2. Autoclavar 120°C/15 min.

* Meio MVM (McVeigh and Morton)

CaClz 2H20 0,015% (p/v)
Glicose 1,0% (p/v)
KH2PO4 0,15% (p/v)
L-asparagina 0,2% (p/v)
8L-cistina 0,02% (p/v)
MgSO47H,0 0,05% (p/v)
(NH4)2SO4 0,2% (p/v)
Ajustar o pH para 7,2. Autoclavar 120°C/15 min, resfriar a 65°C e adicionar:
Elementos tragos 0,01% (v/v)
Vitaminas 0,1% (viv)

@ A cistina deve ser dissolvida antes de ser misturada ao restante do meio de
cultura em um pequeno volume de agua destilada aquecida, adicionando-se 1M
NaOH até a completa dissolugéo.

Para o preparo de meio MVM sdlido, acrescentar 1,5% (p/v) de agar

bacterioldgico.

Solugdo estoque de elementos trago é composta (para 100mL):

(NH4)6MO7024.4H20 3,6mg
CuS04.5H,0 15,7mg
Fe(NH2)2(S04)2.6H.0 140,4mg
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H3BO3 5,7mg
MnSQO,.14H,0 8,1mg
ZnS04.7H0 79,2mg

Esterilizar por filtragdo em membranas do tipo milipore 0,2um.

Solugdo estoque de vitaminas € composta (para 100mL):

Acido félico 10,0mg
Biotina 0,1mg
Cloreto de colina 10,0mg
Hidrocloreto de tiamina 6,0mg
Hipocloreto de piridoxina 10,0mg
Inositol 1,0mg
Niacina 6,0mg
Pantotenato de calcio 6,0mg
Riboflavina 1,0mg

Esterilizar por filtragdo em membranas do tipo milipore 0,2um.

« Meio Agar Batata

Agar bacterioldgico 1,5% (p/v)
Glicose 2,0% (p/v)
Infusdo de batatas 0,4% (p/v)

Ajustar o pH para 5,6. Autoclavar 120°C/15 min.

 RPMI-1640
Glicose 2% (p/v)
MOPS 0,165M
RPMI-1640 1,04% (p/v)

Ajustar o pH para 7,0. Esterilizar por filtragdo em membranas do tipo milipore

0,2pum.
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4.3) Antibiéticos, acetoseringona (indutor de A.tumefaciens) e fator de

crescimento de P. brasiliensis.

* Ampicilina
Solugédo estoque: 100mg/mL.
Concentracao final de uso: 100pg/mL
A ampicilina é dissolvida em agua bidestilada, esterilizada por filtragdo em

membrana Millipore de 0,2um e armazenada a -20°C.

» Cefotaxima Sédica
Solugao estoque: 100mM
Concentracgao final de uso: 0,2mM
A cefotaxima € diluida em agua bidestilada, esterilizada por filtragdo em

membrana Millipore de 0,2um e armazenada a -20°C.

* Neomicina
Solugédo estoque: 200mg/mL.
Concentracao final de uso: 20pg/mL.
A neomicina é dissolvida em agua bidestilada, esterilizada por filtragdo em

membrana Millipore de 0,2um e armazenada a 4 °C.

* Penicilina
Solugao estoque: 500U/mL.
Concentracao final de uso: 0,05U/mL
A penicilina é dissolvida em agua bidestilada, esterilizada por filtragdo em

membrana Millipore de 0,2um e armazenada a 4°C.

» Tetraciclina
Solugéo estoque: 5mg/mL
Concentracao final de uso: 15ug/mL
A tetraciclina é diluida em etanol absoluto e armazenada a -20°C.
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* Acetoseringona
Solugao estoque: 200mM
Concentracao final de uso: 0,1mM

A acetoseringona é diluida em dimetilformamida e armazenada a -20°C.

» Fator de crescimento
Duas algadas do isolado Pb192 crescido por 7 dias a 37°C em meio semi-
solido Fava - Netto de P. brasiliensis devem ser inoculadas em 500mL de meio
BHI e crescidas por 7 dias a 37°C sob agitagdo 150rpm. Apds esse periodo, a
cultura é centrifugada a 4.000g por 10 minutos. O sobrenadante deve ser
coletado, armazenado a -20°C e usado como fator de crescimento (Singer-
Vermes et al., 1992).

4.4) Solucgao corante Verde-Janus
Solugédo estoque: 0,5% (p/v) em agua destilada estéril.
Concentracao final de uso: 0,05% (p/v).
A solugao estoque do corante vital Verde-Janus deve ser esterilizada por

filtracdo usando-se membranas do tipo milipore 0,2um.

4.5) Solugoes para eletroforese em géis de agarose

+ Tampao de Corrida Tris-EDTA-borato (TBE) 10X

Acido bdrico 890mM
EDTA 20mM
Trizma base 890mM

Ajustar o pH para 8,0 com acido bdérico.

+ Tampao de Amostra para DNA/RNA (10X)

Azul de bromofenol 0,1% (p/v)
Glicerol 50,0% (v/v)
Xileno cianol 0,1% (p/v)
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* Solucao de Brometo de Etidio
Solugédo estoque: 10mg/mL em agua destilada.
Concentracao final de uso: 0,5ug/mL.

4.6) Solugoes para Extragao de DNA gendémico de P. brasiliensis

» Tampao de extragao

EDTA 25mM
NaCl 250mM
SDS 0,5% (p/v)
Tris-HCI pH 8,5 200mM

* Solugao estoque de RNAse A
Solugédo estoque: 20mg/pL

Concentracao final de uso: 100pg/mL

A solucédo estoque é preparada em agua MilliQ, aquecida a 100°C durante

20 min e estocada a —20°C.

4.7) Solugoes para extragcao de DNA plasmidial em pequena escala

 Solugao |
EDTA pH 8,0 1mM
Glicose 50mM
Tris-HCI pH 8,0 10mM
* Solugao ll
NaOH 200mM
SDS 1% (p/v)
* Solucgao lll
5M Acetato de potassio 60% (v/v)
Acido acético glacial 11,5% (v/Vv)
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« TE
EDTA pH 8,0 TmM
Tris-HCIl pH 7,5 10mM

4.8) Solugoes para Southern blot

 Tampao Tris-EDTA-Acetato (TAE) 50 X
EDTA 50mM
Tris base 2M
Ajustar o pH 8,0, utilizando-se acido aceético glacial.

» Solugao de depurinagao
HCI 125mM

* Solucgao de desnaturagao
NaCl 1,5M
NaOH 500mM

« Tampao de neutralizagao
NaCl 1,5M
Tris base 500mM
Ajustar o pH 7,5 com HCI.

 Tampao de transferéncia SSC 20 X
Citrato de sodio 300mM
NaCl 3M
Ajustar o pH para 8,0.

» Solugao de hibridizagao
A solucgéo de hibridizac&o (“hybridization buffer”) fornecida pelo kit “AlkPhos
Direct labelling and detection system” (Amersham Pharmacia), acrescenta-se

NaCl para uma concentracéo final de 500mM e reagente bloqueador para uma
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concentragao final de 4% (p/v). O volume de solug&o de hibridizagdo deve ser de

0,125mL/cm? de membrana, de acordo com as recomendacdes do fabricante.

» Solugao para primeira lavagem

1M MgCl; 1mM
500mM Na,PO4 pH 7,0 50mM
NaCl 150mM
Reagente bloqueador 0,2% (p/v)
SDS 0,1% (p/v)
Uréia 2M

» Solugao estoque para segunda lavagem 20 X
NaCl 2M
Tris base ™

Ajustar pH 10,0 e conservar entre 2 — 8 °C.

» Solugao de uso para segunda lavagem
A solucédo estoque deve ser diluida 1:20 e acrescida de 0,2% (v/v) de
solugéo de 1M MgCl, (obtendo-se uma concentracédo final de 2mM de magnésio).
Esta solucdo nao pode ser estocada e deve ser preparada no momento do uso.

54



5 - Métodos
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5.1) Crescimento e manutengao dos isolados de P. brasiliensis

Todos os isolados de P brasiliensis, Pb01, Pb113 e Pb192 foram mantidos
em meio semi-sélido Fava-Netto, e repicados a cada sete dias no caso de
leveduras. Ja a forma de micélio foi mantida em meio solido agar batata e
repicado a cada dois meses. Dependendo das condi¢gdes estudadas, foram

utilizados diferentes meios de cultura, que serdo indicados em cada experimento.

5.2) Transicao de micélio para levedura

O isolado Pb01 foi cultivado em meio N liquido a 22°C por 48 horas. A
cultura foi transferida para banho a 37 °C sob agitacdo de 150rpm e as células
foram coletadas nos tempos 0 (M); 0,5; 1; 2; 6; 24 horas e 15 dias (L) apés a
mudanga de temperatura. Em seguida, as células foram utilizadas para extragéo
de RNA.

5.3) Choque térmico

O isolado Pb01 foi cultivado em Erlenmeyers de 250mL contendo 50 mL de
meio YPD, a 37°C sob agitagao de 150rpm. Aliquotas de 15mL da cultura a 37°C
foram transferidas para tubos falcon de 50mL e incubadas no banho a 42°C sob
agitacdo de 150rpm durante os tempos de 15, 30, 60, 90 e 120 minutos. A
densidade celular utilizada nos tratamentos foi de 10° leveduras/mL. As células
foram centrifugadas logo apos o tratamento por 2 minutos a 3.000g e congeladas
em nitrogénio liquido para posterior extragdo de RNA.

5.4) Extracao de DNA total de P. brasiliensis

O procedimento experimental € baseado no método descrito por Raeder &
Broda (1985). Resumidamente, micélio ou leveduras foram macerados com pistilo
e nitrogénio liquido em almofariz de porcelana até obtengcdo de um pé fino. Esse
po foi transferido para tubo de 2mL (cerca de 50mg por tubo) e ressuspendido em
500uL de tampéao de extracdo. Essa suspensao foi misturada em vortex por 15
minutos, e em seguida foram adicionados 500puL de clorofane. Misturou-se em
vortex, e centrifugou-se por 1 hora a 12.000g. A fase aquosa foi transferida para
novo tubo e tratada com RNase A numa concentragao final de 100pg/mL por 15

minutos em banho a 37°C. Apds esse tratamento, adicionou-se igual volume de
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cloroformio, misturou-se vigorosamente (uso de vortex) e centrifugou-se a
12.000g por 10 minutos. A fase aquosa foi transferida para novo tubo, foram
adicionados 0,5V de isopropanol e a solugado foi centrifugada a 12.000g, por 20
minutos a 4°C. O DNA precipitado foi lavado com etanol 70%, seco a temperatura

ambiente e ressuspendido em volume apropriado de agua destilada ou TE.

5.5) Extragcao de RNA total de culturas de P. brasiliensis

O RNA foi extraido com o reagente Trizol (Invitrogen) de acordo com as
recomendagdes do fabricante. As células de P. brasiliensis foram coletadas por
centrifugagdo a 3.000g por 2 min e lavadas duas vezes com agua livre de
contaminagdo com RNAse (5.000g por 30 segundos, cada lavagem). As células
(3g de peso umido) foram maceradas com pistilo e nitrogénio liquido em almofariz
de porcelana até obtengcdo de um po fino o qual foi transferido para um tubo e
homogeneizado com 8mL de Trizol. A suspensdo obtida foi centrifugada a
10.000g por 20 segundos e o sobrenadante transferido para um novo tubo. Esta
solugao foi incubada por 5 minutos a temperatura ambiente, em seguida foram
adicionados 0,2mL de cloroférmio para cada 1mL de Trizol inicial. O tubo foi
invertido varias vezes para homogeneizacdo e centrifugado a 12.000g por 15
minutos a 4°C. A fase aquosa foi transferida para novo tubo e foram adicionados
0,5mL de isopropanol para cada 1mL de Trizol inicial. Apds incubagao por 10
minutos a temperatura ambiente, centrifugou-se a 12.000g por 10 minutos a 4°C.
O RNA precipitado foi lavado uma vez com etanol 75% e deixado a temperatura
ambiente para secar. O RNA foi ressuspendido em volume apropriado de agua

MilliQ, livre de contaminacdo com RNAse e estocado a -80°C.

5.6) Tratamento do RNA total com DNAse | livre de RNAses

Apoés quantificagdo por espectrofotometria, verificou-se a integridade do
RNA total extraido através de eletroforese em gel de agarose 1%, em condigbes
livre de RNAse (Sambrook & Russel, 2001). Cerca de 10pg do RNA total obtido
foi submetido a tratamento com DNAse | livre de RNAse (Promega) a fim de se
eliminar qualquer trago residual de contaminacdo por DNA gendmico. As
condicdes de tratamento com DNAse |, para um volume final de 25uL de reacao,
foram: Tampdo da DNAse | 1X; 10U da enzima DNAse | livre de RNAse
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(Promega). O tratamento foi realizado a 37°C por 30 minutos, interropendo-se a
reacao pela adicdo de EDTA 2,5mM (concentragdo final) e aquecendo-se a 65°C
por 10 minutos. Apds precipitagdo padrao com etanol (Sambrook & Russel, 2001),
0 RNA total tratado com DNAse | livre de RNAse foi novamente quantificado e
analisado por eletroforese em gel de agarose 1%, sendo todos os procedimentos

realizados em condigdes livres de RNAse (Sambrook & Russel, 2001).

5.7) Quantificacao de acidos nucléicos

Os acidos nucléicos extraidos foram quantificados no
“GeneQuant™pro”’(GE Healthcare) e em gel de agarose 0,8% (p/v), contendo
brometo de etidio na concentragéo final de 0,5ug/mL. Usou-se tampao de corrida
TAE 1X ou TBE 1X. Para a eletroforese de RNA, todos os reagentes e as
condi¢des de preparo do gel foram livres de contaminagdo com RNAse. O gel
também foi utilizado com o objetivo de verificar a integridade das amostras.

5.8) Preparacao de células DH5a eletrocompetentes

a) Inoculou-se uma colbnia isolada de DH5a em 10mL de meio SB. Cultivou-se
durante a noite sob agitagdo de 250rpm a 37°C.

b) 1mL dessa cultura foi diluido em 500mL de meio SB, contendo 2,5mL de uma
solugao estoque de glicose 2M e 2,5mL de solugao estoque de Magnésio 2M em
um frasco de 1L. Incubou-se sob agitagdo de 250rpm a 37°C até ODgoonm de 0,7 a
0,9.

c) Ao atingir a densidade Optica esperada, as células foram incubadas por 15
minutos no gelo. Em seguida as células foram centrifugadas a 3.000g por 20

minutos a 4°C.

d) Em seguida, as células foram ressuspendidas em 25mL de glicerol 10% (v/v)
gelado usando pipetas de vidro pré-resfriadas. Adicionou-se 75mL de glicerol 10%
gelado e centrifugou-se a 3.000g por 20 minutos a 4°C. Descartou-se o

sobrenadante e esse processo foi repetido por mais uma vez.

e) As células foram ressuspendidas em 25 mL de glicerol 10% gelado e
centrifugadas novamente a 3.000g por 20 minutos a 4°C. Descartou-se o

sobrenadante.
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f) Ressuspendeu-se as células em 2mL de glicerol 10% gelado e foram feitas
aliquotas de 100uL em tubos previamente resfriados, que por sua vez foram
congelados posteriormente em nitrogénio liquido e armazenados a -80°C.

5.9) Eletroporacao de células DH5a competentes

Os seguintes parametros foram utilizados para eletroporagédo de E. colr
voltagem de 2,5kV, capacitancia de 25uF, resisténcia de 200Q) e cubeta de 0,2cm.

Apés o descongelamento das células competentes no gelo, o volume de
DNA (no maximo 1/10 do volume total de células) a ser transformado foi
adicionado as células. Em seguida ao choque, as células foram recuperadas com
2mL de SOC e incubou-se por 1h a 37°C/250rpm.

Posteriormente a recuperacdo as células foram plaqueadas em meio L
contendo o antibidtico adequado para selecdo das coldnias transformantes. As
placas foram incubadas a 37°C/12h.

5.10) Extragcado de DNA plasmidial em pequena escala de E. coli.

O clone de E. coli de interesse foi crescido em 5mL de meio LB com
ampicilina (100pg/mL) a 37°C sob agitagdo de 250rpm por aproximadamente 16
horas. A cultura foi transferida para um tubo de 1,5mL e as células foram
precipitadas por centrifugagao a 10.000g por 1min. O sobrenadante foi descartado
e o precipitado foi ressuspendido em 200uL de solugao I. Acrescentou-se 360uL
de solugéo Il fresca. O tubo foi invertido varias vezes e incubado a temperatura
ambiente por 5 minutos. Foram acrescentados 300uL de solugao Ill gelada, o
tubo foi invertido varias vezes e incubado no gelo por 5 minutos. Centrifugou-se a
10.000g por 5 minutos. O sobrenadante foi transferido para novo tubo e foram
acrescentados 750puL de isopropanol. O tubo foi invertido varias vezes e incubado
a temperatura ambiente por 5 minutos. Centrifugou-se a 12.000g por 5 minutos a
4°C. O precipitado foi ressuspendido em 200uL de TE e acrescentado 110uL de
acetato de amoénio 7,5M. ApOs vigorosa agitacdo (com uso de vortex),
centrifugou-se a 10.000g por 10 minutos. O sobrenadante foi transferido para

novo tubo e foram acrescentados 750uL de etanol 100%, invertendo-se o tubo
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varias vezes. Centrifugou-se a 10.000 x g por 10 minutos. O precipitado foi lavado
duas vezes com etanol 70%. O precipitado final obtido foi seco a temperatura
ambiente e ressuspendido em volume apropriado de agua contendo RNAse A na
concentragdo final de 100pg/mL.

5.11) Obtencao das sequéncias de ras1 e ras2 de P. brasiliensis
» ras1de P. brasiliensis

Através da ferramenta de BLAST do enderego eletrénico
http://www.ncbi.nih.nlim.org e a opgado para analise de ESTs, a sequéncia
deduzida da proteina Ras1 de C. neoformans (AF294647) foi utilizada para
procura de ESTs de P. brasiliensis que foram depositadas pelo grupo de Goldman
et al. (2002) ao estudarem o transcriptoma do isolado Pb18, visto que nao foi
encontrada nenhuma PbAEST que apresentasse similaridade ao gene RAS1T de
C. neoformans no banco de dados do transcriptoma do Projeto Genoma
Funcional e Diferencial de P. brasiliensis (isolado Pb01)
(http://www.biomol.unb.br/Pb). O resultado obtido pelo BLAST de ESTs no site do
NCBI foi uma EST com numero de acesso BQ493380, que contém 450pb, os
quais codificam para a regido 3’ da sequéncia de ras1 de P. brasiliensis, porém do
isolado Pb18. Baseado nesta sequéncia, oligonucleotideos foram desenhados e
utilizados para amplificagao utilizando DNA genémico do isolado de estudo Pb01.
O produto de PCR obtido no tamanho de 550pb foi completamente sequienciado e
foi identificada a presenca de um intron de 99pb. As sequéncias obtidas dos
isolados Pb01 e Pb18 foram alinhadas e ndo se observou nenhuma diferenca
entre os nucleotideos. Utilizando a sequéncia de 550pb obtida pelo PCR foram
desenhados oligonucleotideos especificos para amplificacdo das regides 5’ e 3°,
através da técnica RACE (Rapid Amplification of cDNA ends) descrita no item
seguinte (5.12) desta segao.

e ras2de P. brasiliensis

O gene ras2 de P. brasiliensis, isolado Pb01, foi obtido através do
transcriptoma do Projeto Genoma Funcional e Diferencial de P. brasiliensis

(Felipe et al., 2003 e 2005). A sequéncia do gene RAS2 de C. neoformans
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(AF294349) foi utilizada para realizar um BLAST no banco de PbAEST e obteve-
se como resultado o contig986 correspondente a PbAEST983 com E-value igual a
1e-09. O clone correspondente a PbAEST983 foi sequenciado e observou-se que
a ORF (Open Reading Frame) de ras2 de P. brasiliensis estava completa.
Baseando-se na sequéncia obtida, foram desenhados oligonucleotideos para
amplificagdo de ras2 a partir do DNA genOmico para avaliar a presenca de

introns.

5.12) RACE (Rapid Amplification of cDNA Ends) para obteng¢ao da sequiéncia

completa de ras1

Para amplificagdo das regides 5’ e 3’ desconhecidas de ras? foi utilizado o
kit “BD Smart TM Race cDNA Amplification Kit’, BD Bioscience Clontech.
Resumidamente, o procedimento é baseado na sintese da primeira fita de cDNA
utilizando uma Transcriptase reversa (BD PowerScript RT) variante de MMLV RT
que ao alcancgar a regido terminal de um RNA alvo (pode ser tanto RNA total
quanto RNAm), exibe uma atividade terminal transferase adicionando de 3 a 5
residuos (predominantemente dC) a terminagdo 3’ da primeira fita de cDNA. O
oligonucleotideo fornecido pelo kit (BD Smart oligo) contém uma série de residuos
terminais G que anelam a cauda do cDNA rica em dC e serve como um alvo
estendido para a transcriptase reversa. Apds a transcrigao reversa, o cDNA pode
ser usado diretamente nas reacdes de PCR 5- e 3’-RACE. Através dessa
tecnologia, € possivel utilizar um oligonucleotideo universal e um especifico do
gene de interesse, sendo necessario conhecer pelo menos de 23 a 28pb da
sequéncia do gene de interesse para o desenho dos oligonucleotideos
especificos (GSP- Gene specific primer).

a) Desenho dos oligonucleotideos GSP para ras1

O desenho dos oligonucleotideos GSP para ras?1 foi baseado nas
informacdes do kit, sendo que os requisitos basicos sdo: apresentar de 23 a 28
nucleotideos, de 50 a 70% de conteudo de GC, e T, 265°C. Além disso, os oligos
5 e 3 GSP devem apresentar uma regido de sobreposicdo para que sejam
utilizados como controle positivo da reagéo (Figura 5). Os oligos GSP para ras1
estdo na Tabela 3, sendo que apresentam uma regido de sobreposi¢cdo de

aproximadamente 200 pb.
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Figura 5: Relacdo entre os oligonucleotideos especificos de ras? (GSP1 e GSP2) e as
regidoes amplificadas do cDNA alvo pelas reacoes de 5’- e 3’-RACE. A regido de sobreposi¢ao
correponde a 200pb. (Modificada do manual do kit BD Smart TM Race cDNA Amoplification).

Tabela 3: Caracteristicas dos oligonucleotideos GSP para 5’- e 3’-RACE
de ras1 de P. brasiliensis

Oligos L i Tamanho T, %
Seqiiéncia de nucleotideos (5’—3’)
(GSP) (mer) (°C) GC
R1-GSP1
GCGAGAACAATACATGCGCACAGGCG 26 82 57,7
(3RACE)
R1-GSP2
GATACCACACGTTCCTTCTCCAAGTCGC 28 86 53,6
(5RACE)

b) Sintese da primeira fita de cDNA

Utilizou-se como molde 1ug de RNA total de Pb01 extraido da fase
leveduriforme e tratado com DNAse |, como descrito no itens 5.5 e 5.6 e

montaram-se as seguintes reagdes conforme o protocolo do kit:

5’ RACE-READY-cDNA 3’ RACE-READY-cDNA
1,2uL RNA total (1ug) 1,2puL RNA total (1ug)
1uL 5°CDS primer 1uL 3’'CDS primer

1uL BD Smart Il oligo A -
1,8uL agua MilliQ 2,8uL agua MilliQ
5,0uL Volume final 5,0uL Volume final

Incubou-se o sistema a 70°C por 2 minutos, seguido de gelo por 2 minutos
e adicionaram-se os seguintes componentes: 2uL 5X First strand Buffer; 1uL DTT
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(20mM); 1uL dNTPs (10mM) e 1uL BD Power Script RT. O sistema foi ent&do

incubado novamente a 42°C por 1,5h.

c) Reacgoes de RACE

Para amplificagcdo das regides 5 e 3 de ras? utlizando os
oligonucleotideos especificos GSP1 e GSP2 respectivamente, os cDNAs obtidos
na etapa anterior foram diluidos através da adi¢do de 100uL do Tampao Tricina
EDTA recomendado pelo fabricante. Como controle do funcionamento do Kkit,
utilizou-se um cDNA de placenta humana e oligonucleotideos especificos para
amplificagdo do gene TFR que codifica o receptor de transferrina, fornecidos pelo

fabricante.

As condigdes do PCR foram: 94°C/30s, 72°C/ 3 min - 5X; 94°C/30s, 70°C/
30s, 72°C/3 min - 5X; 94°C/30s, 68°C/ 30s, 72°C/3 min - 25X.

Para cada PCR utilizou-se 2,5uL do cDNA diluido e os seguintes

componentes:
Controle Controle
5’ RACE 3’ RACE (+) (+)

ras1 ras1 5" RACE 3’ RACE
5" RACE cDNA (dil) 2,5uL - 2,5uL -
3’ RACE cDNA (dil) - 2,5uL - 2,5uL
UPM 10X 5uL 5uL - -
ras1-GSP1 (10 pM) - 1uL 1ulL 1uL
ras1-GSP2 (10 pM) 1uL - 1uL 1uL
Tampao PCR 5uL 5uL 5uL 5uL
Advantage 2 10X
dNTPs (10mM) 1uL 1uL 1uL 1uL
BD Advantage 2 1uL 1uL 1uL 1uL
Polymerase Mix 50X
Agua MilliQ 34,5uL 34,5uL 38,5uL 38,5uL
Volume final 50uL 50uL 50uL 50uL
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d) Caracterizagao dos produtos obtidos apés PCR

Apos o PCR, 5uL do volume final da reagdo foram submetidos a uma
eletroforese em gel de agarose 0,8% em TBE 1X. Em seguida, apds analise dos
fragmentos obtidos, o volume restante (45uL) foi submetido a uma eletroforese
em gel de agarose 0,8% em TBE 1X para purificagdo dos fragmentos obtidos

utilizando o kit Pure link gel extraction (Invitrogen).

e) Clonagem em pGEMT (Promega)

Os fragmentos purificados anteriormente foram clonados no vetor
comercial pGEMT (Promega), transformados em DH5a eletrocompetentes |
conforme descrito no item 5.9. Os clones com inserto foram selecionados para

sequenciamento.

f) Sequenciamento automatico

O seqiienciamento foi realizado empregando o kit “DYEnamic™ET - Dye
terminator” e o sequenciador automatico “MegaBACE 1000” (GE Healthcare).
Foram preparadas reagcdes em placas de 96 pocos, em um volume final de SuL
contendo aproximadamente 100-200ng de DNA e 5 picomoles do iniciador
universal (5-CCCAGTCACGACGTTGTAAAACG-3) ou reverso (5-
AGCGGATAACAATTTCACACAGG-3’). Os demais componentes da reagao de
sequenciamento foram adicionados, conforme protocolo padréo fornecido pelos
fabricantes.

5.13) Southern blot
» Digestoes do DNA genémico
100pg de DNA gendmico de Pb01 extraido de acordo com o protocolo
previamente descrito foram digeridos com 500U, proporgdo de 5U/ ug DNA
(conforme recomendagdes de Sambrook & Russel, 2001) das seguintes enzimas
BamHI (QBiogene), EcoRI (Promega), Hindlll (Promega) e Pstl (Promega). Todas
as digestdes foram incubadas por 12h a 37°C.
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* Preparo do gel
Apoés a digestdo ser completada, 10pg de DNA gendmico digerido com
cada uma das enzimas, foram aplicados em um gel de agarose 0,8% com 1X TAE

e submetidos a uma eletroforese a 5V/cm de gel.

» Transferéncia para membrana
Utilizou-se membrana Hybond N (Amersham Pharmacia) e realizou-se uma

transferéncia neutra seguindo as seguintes etapas:

a) Tratamento do gel

O gel foi lavado por 15 minutos a temperatura ambiente com HCI 0,125M
para depurinagdo. A segunda lavagem foi realizada a temperatura ambiente por
30 minutos com a solugao de desnaturagdo. A terceira lavagem de neutralizagéo
também foi realizada a temperatura ambiente por 30 minutos. Entre cada uma das

lavagens e ap0s a ultima lavagem, o gel foi rinsado com agua MilliQ.

b) Transferéncia capilar

O DNA foi transferido para membrana seguindo as recomendagdes do
fabricante. Utilizou-se como solugao de transferéncia SSC 20X, o tempo de 12h a
temperatura ambiente. Apos a transferéncia, a membrana foi aquecida a 80°C/ 2h
para fixacao do DNA.

c) Pré-hibridizagcao

A pré-hibridizagao foi feita seguindo o protocolo fornecido pelo kit “AlkPhos
Direct labelling and detection system” (Amersham Pharmacia). Basicamente, a
solugao de preé-hibridizagao foi pré-aquecida a 55°C e adicionada a uma garrafa
contendo a membrana e incubou-se o0 a 55°C por 30 minutos.

d) Preparo da sonda

As sondas para ras1 e ras2 foram amplificadas utilizando os
oligonucleotideos citados na Tabela 4 e purificadas utilizando o kit Pure link gel
extraction (Invitrogen). Os tamanhos das sondas de ras? e ras2 sao 300pb e
75pb, respectivamente. Utilizou-se a propor¢gdo de 10ng de sonda por mL de
solugao de preé-hibridizagdo. Basicamente, 200ng de sonda de ras? ou ras2 foram
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desnaturadas a 100°C por 5 minutos e incubada no gelo por mais 5 minutos. Em
seguida adicionou-se 20uL do tampé&o de reacgéo, 4L do reagente de marcagao e
20uL da solucdo de trabalho de “cross-linker” (10uL solugdo estoque de “cross-
linker” acrescido de 40uL de agua) todos os reagentes provenientes do kit. A
reacdo foi incubada a 37°C por 30 minutos. Apds incubacdo, a sonda foi
adicionada diretamente a solug¢ao de pré-hibridizacéo.

e) Hibridizagao

Apos a adigdo da sonda, a hibridizac&o procedeu a 55°C/ 12h.

f) Lavagens poés-hibridizagao
Foram realizadas duas lavagens sucessivas com o tamp&o primario pré-
aquecido a 55°C por 10 minutos. Em seguida, foram realizadas mais duas

lavagens com tamp&o secundario por 5 minutos a temperatura ambiente.

g) Geragao do sinal e detecgao com CDP-Star

Ap6s remogéo do excesso de tampéao de lavagem secundario, adicionou-se
o reagente de detecgdo na proporgéo de 40pL/cm? de membrana e incubou-se o
sistema por 5 minutos a temperatura ambiente. O excesso foi retirado e a
membrana foi envolvida em papel PVC para impedir sua secagem. A exposi¢cao
foi feita utilizando filme: Hyper film ECL (Amersham Pharmacia) por 4h.

h) Revelagao
A revelagéo foi feita incubando o filme na solugéo reveladora (Kodak) até o
aparecimento de sinal, em seguida o filme foi rinsado em agua para interromper a

revelagéo e finalmente rinsou-se no fixador por alguns minutos.

5.14) Infecgdo de macrofagos peritoniais J774 com leveduras de P.
brasiliensis e extragao do RNA total das leveduras internalizadas.

Os experimentos de infecgcdo e isolamento do RNA total de leveduras de
P.brasiliensis internalizadas em macrofagos peritoniais foram realizados de
acordo com Tavares et al. (2007). Basicamente macrofagos peritoniais da
linhagem J774.1 (ATCC TIB-67) foram cultivados em monocamadas aderentes
em RPMI-1640 e infectadas com 2 x 10° células leveduriformes de P. brasiliensis

66



opsonizadas, com uma taxa de levedura:macrofago de 1:5. A co-cultura foi
incubada por 9h a 37°C numa atmosfera contendo 5 % CO, As leveduras que n&o
foram internalizadas neste periodo foram removidas pela lavagem com meio
RPMI-1640 (previamente aquecido a 37°C). Em seguida os macrofagos foram
lisados com solugédo de isotiocianato de guanidina (Monahan et al., 2002) e as
células leveduriformes intactas foram coletadas através de uma rapida
centrifugagédo. O RNA total das células leveduriformes foi extraido utilizando Trizol
(item 5.5) e em seguida este RNA foi amplificado utilizando o Kit MessageAmp
aRNA (Ambion) para obtencdo de maior quantidade de RNA. O RNA controle
utilizado nos experimentos de RT-PCR foi obtido de uma cultura de células
leveduriformes crescidas por 7 dias a 37°C em meio semi-solido Fava-Netto
também foi amplificado.

5.15) RT-PCR semi-quantitativa (RT-PCRsq)
» Sintese da Primeira Fita de cDNA

A reacao de sintese da primeira fita de cDNA foi realizada a partir de 500ng
de RNA total de P. brasiliensis cultivado de acordo com as condi¢cdes
especificadas nos tratamentos e posteriormente, tratado com DNAse | livre de
RNAse. A essa quantidade de RNA total foi adicionado 0,5ug de iniciador dT+2. 1s,
sendo a mistura incubada a 70°C por 10 minutos, e imediatamente colocada no
gelo por cerca de 1 minuto. Em seguida, para um volume final de 25uL, os
seguintes reagentes foram adicionados (para as concentragdes finais indicadas):
tampdo da transcriptase reversa 1X; DTT 8mM; dNTPs 0,4mM cada. Apds
incubagdo a 42°C por 2 minutos, 200U da enzima transcriptase reversa
(SuperScript I, Invitrogen) foram adicionadas para cada sistema, seguido de
incubacgao a 42°C por 1h. Finalmente, a enzima foi desnaturada aquecendo-se a
70°C por 20 minutos.

« PCR
Uma aliquota correspondente a 1/5 (5puL) da reacéo de sintese de cDNA foi
submetida a reacdo de amplificacdo em um volume final de 25uL contendo:
tamp&o Taq DNA Polimerase 1X; 1,5mM MgCly; 0,2mM dNTPs; 0,2uM de cada
oligonucleotideo (tendo sido utilizado na mesma reagdo um par de

67



oligonucleotideos especificos para o(s) gene(s) em estudo, e o par de
oligonucleotideos referente ao controle interno a-tub, clat ou 134); 2U da enzima
Tag DNA Polimerase (Cenbiot-RS/Brasil). As reagées de PCR para amplificagao
dos genes de interesse para as analises de expressédo nessas condigdes foram
feitas em triplicata.

O numero de ciclos foi padronizado para garantir a fase exponencial de
amplificagdo. Como controle negativo da reagao, utilizou-se RNA tratado com
DNAse | para verificar uma possivel contaminagcdo por DNA gendémico. Os
produtos da PCR foram analisados por eletroforese em gel de agarose 1,5%.

5.16) Estabelecimento da fase exponencial de amplificacao e
compatibilidade entre os oligonucleotideos: RT-PCR semi-quantitativa (RT-
PCRsq)

Para analise semi-quantitativa dos niveis de expressdo dos genes em
estudo, determinou-se a compatibilidade entre os oligonucleotideos e o numero
de ciclos correspondente a fase exponencial de amplificacdo. Uma vez que o
numero 6timo de ciclos adotado deve ser o mesmo para a amplificacdo do gene
em estudo e do controle interno (a-tubulina; proteina ribossomal L34, cadeia leve
da clatrina), procedeu-se a PCR utilizando-se, a partir de um mesmo molde, os
pares de oligonucleotideos para amplificacdo do gene de interesse (ras) e do
gene controle interno. O molde utilizado foi uma aliquota correspondendo a 1/5 do
produto da reagao de transcri¢gao reversa feita a partir de 500ng do RNA total de
P. brasiliensis proveniente de cada tratamento a ser estudado. A compatibilidade
entre os oligonucleotideos que serdo utilizados para ras? e ras2 e aqueles
constitutivos 134, a-tub e clat foi acessada por uma PCR utilizando os pares de
oligos ras/ 134, ras/a-tub e ras/clat (Tabela 4). A reacgdo utilizou como molde o
cDNA da fase leveduriforme de P. brasiliensis e o numero total de 30 ciclos
(Figura 6). Em seguida, para todos os genes foram feitas PCRs variando-se o
numero de ciclos (24, 27, 30 e 33 ciclos) com o controle interno /134. O resultado
da PCR foi analisado por eletroforese em gel de agarose 1,5% (Figura 7). Com
base nestes resultados, decidiu-se utilizar o numero de 24 ciclos para
amplificagdo de todas as condi¢des testadas, para garantir a fase exponencial da
PCR. Assim, o programa de PCR consistiu: um primeiro passo de denaturagao
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(94°C/2min), 24 ciclos de 94°C/1min, 60°C/1min e 72°C/1min; e uma extensao
final a 72°C/10 min. As reagdes de PCR para amplificagdo dos genes de interesse
(ras1 e ras2) para as analises de expressao nas condi¢des testadas foram feitas
em triplicata utilizando como controle interno /134 para choque térmico e clat para

diferenciagao celular.

o ras1 ras2
————————————| | ——
a-tub clat 134 a-tub clat 134

ras2 - 400pb >

ras1-300pb =
a-tub, clat, 134 - 200pb =

Figura 6: Compatibilidade entre os oligonucleotideos para ras (ras7 e ras2) e os
constitutivos a-tub, 134 e clat. Os oligonucleotideos utilizados em cada reagdo de PCR estado

indicados na figura bem como os tamanhos dos fragmentos obtidos. Gel de agarose 1,5%.

n° ciclos

EOh S eal ras2- 400pb
ras1- 300pb —» —

134-2000b— TR ’ LR R F ™ ¥ 134-200pb

Figura 7: Padronizagdo do numero de ciclos correspondentes a fase exponencial de
amplificacdo para posterior analise por RT-PCRsq dos niveis de expressao de ras? e ras2.
Os numeros dos ciclos utilizados em cada reagdo de PCR estéo indicados na figura. Utilizou-se
como gene constitutivo aquele que codifica para a proteina ribossomal L34 (134). Gel de agarose
1,5%.
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5.17) Analise da expressao de ras1 e ras2 do fungo P. brasiliensis
recuperado de macréfagos peritoniais de camundongo

300ng de RNA amplificado extraido de leveduras internalizadas em
macrofagos foram utilizados como molde nos experimentos de RT-PCRsq, com
base no protocolo descrito no item 5.15, diferenciando-se apenas quanto a
utilizacdo de Random Primers como iniciadores nas reagbes de sintese da
primeira fita de cDNA (0,5ug / reagdo). Como controle dos experimentos, foi
utilizado RNA de P. brasiliensis cultivado in vitro em meio Fava-Neto por 7 dias a
37°C, e também submetido ao procedimento de amplificagdo. As reacdes de PCR
para amplificacdo dos genes de interesse (ras1 e ras2) para as analises de
expressao nessas condigdes foram feitas em quadruplicata utilizando como

controle interno /34.

5.18) Quantificagdo dos niveis de expressao génica utilizando-se o
programa “Scion Image”

A analise dos resultados obtidos visando a quantificacdo dos niveis de
expressdo dos genes de interesse foi feita por densitometria, utlizando-se o
programa “Scion Image”, disponivel no endereco eletrénico
http://www.scioncorp.com. Os niveis de expressdo do gene controle interno,
permitiram a normalizacdo dos resultados. A partir dos valores obtidos por
densitometria, referentes a cada fragmento de DNA amplificado, foram
determinadas as razdes entre o nivel de expressdo dos genes ras em relagéo a
expressdo do gene controle para cada uma das condigbes empregadas.
Comparando-se os valores das razdes obtidas (gene de interesse/gene controle)
a partir da condigédo experimental (diferenciagdo celular M—Y, choque térmico ou
ainda da internalizac&o de leveduras em macroéfagos peritoniais de camundongos)
aquelas obtidas para a condi¢do controle de cultivo, &€ possivel verificar se esta
ocorrendo regulagdo positiva ou negativa dos genes em estudo quando da
submissao do fungo a tais condigdes.

5.19) Analise estatistica dos resultados
As analises estatisticas foram feitas com o auxilio do programa de
computador “Mynova”, verséo 1.3 (S. Brooks, Copyright 1993). Os dados estéao

apresentados como médias +/-SEM (erro padrao da média). Para comparagdes
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entre dois dados (condi¢gdo experimental X condigao controle) foi utilizado o teste-t
de Student, sendo considerados os valores de P < 0,05 como significativamente
diferentes.

5.20) Determinagao da Concentragao Minima Inibitéria (CMI) de FPT Inhibitor
]|

O procedimento foi baseado no protocolo M-27 A: “Reference Method for
Broth Dilution Antifungal Susceptibility Testing of Yeasts”, NCCLS, com algumas
modificagbes para P. brasiliensis. Utilizaram-se como cepas padrao C.
parapsilosis (ATCC22019) e C. albicans (ATCC24433). O meio de cultura
utilizado foi MVM (Hahn & Handam, 2000). Os inéculos das espécies de Candida
foram obtidos de meio sdlido Fava-Netto apds 24 h a 37°C, sendo a concentragao
final de 10° células/mL. No caso de P. brasiliensis, isolado Pb01, utilizou-se como
indculo, leveduras crescidas de 5 - 7 dias a 37°C em meio Fava-Netto, e por ser
um fungo de crescimento lento, a concentragao final foi de 10° células/mL. Para
contagem das células leveduriformes de P. brasiliensis durante a preparagédo do
inoculo utilizou-se o corante vital Verde-Janus. Como controle dos indculos
utilizou-se o agente antifungico Anfotericina B. As concetragdes testadas para
Anfotericina B variaram de 4,0 a 0,00039ug/mL, sendo que a Anfotericina foi
diluida em agua estéril. Ja o inibidor de farnesiltransferase FPT Inhibitor IlI
(Calbiochem) foi diluido em meio de cultura, sendo que as concentracdes
testadas variaram de 500 a 0,43uM. Nao foi possivel utilizar uma concentragao
acima de 500uM de FPT Inhibitor Il devido a limitagdo da quantidade (1mg/
frasco). O experimento foi realizado em placas de 96 pogos, sendo o volume final
por poco de 100uL. As placas foram incubadas a 37°C, por um periodo de 48 h
para C. albicans e C. parapsilosis e 7 - 10 dias para P. brasiliensis. A inibicado do
crescimento foi quantificada por leitura da absorbancia a 600nm.

5.21) Teste de FPT Inhibitor lll na diferenciagao de P. brasiliensis.

O inibidor de farnesiltransferase foi testado nas mesmas concentracdes
utilizadas para determinacdo da CMI, sendo que os inéculos de leveduras foram
preparados da mesma maneira. Para o in6culo de micélio, fragmentos de micélio
foram inoculados em meio liquido BHI e incubados sob agitagdo 150rpm a 22°C

por um periodo de 10 dias. Em seguida centrifugou-se, descartou-se o
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sobrenadante e as hifas foram lavadas trés vezes com solugéo salina (0,9%).
Apos as lavagens, utilizou-se uma seringa de 1mL para padronizagao do tamanho
dos pequenos fragmentos de micélio, que posteriormente foram contados em
camara de Neubauer e ressuspendidos na concentracdo final de 10° fragmentos
de micélio/mL. Apds preparo das placas, estas foram mantidas por 48h a 37°C e
22°C, respectivamente para o indculo de levedura e micélio. Seguidas as 48 horas
de incubacgao, as placas foram incubadas nas temperaturas opostas para que as
leveduras se diferenciem para micélio e vice-versa. A incubagao nas temperaturas
assinaladas acima ocorreu por 10 dias. Apos esse periodo, observou-se em
microscopio Optico, a morfologia das células que cresceram nas diferentes
concentragdes de FPT Inhibitor IIl.

5.22) Aquisicao das imagens dos testes do Inibidor de Farnesyltransferase.

Todas as fotos foram tiradas utilizando a camera digital da marca Sony
DSC-WS5, utilizando o zoom éptico de 3 vezes e o microscopio Nikkon.

5.23) Teste da sensibilidade de Pb01 e Pb113 a higromicina B

Foram feitas suspensdes celulares de leveduras de Pb01 e Pb113, e
plagueadas em meio solido BHI acrescido de soro de cavalo, fator de crescimento
e as seguintes concentragdes de higromicina B: 0, 50, 100, 150, 200, 250 e
300pg/mL. As placas foram incubadas a 37°C por 10 a 15 dias. AplOs esse
periodo o numero de coldnias recuperadas em cada concentracao foi contado e

os dados foram plotados num grafico.

5.24) Transformacgdo genética de P. brasiliensis utilizando o sistema

mediado por A. tumefaciens
* Inéculo de Pb113

Apo6s 5 dias de crescimento em meio Fava-Netto a 37°C, duas algadas do
isolado Pb113 foram adicionadas a 50mL de meio liquido BHI (sem adi¢do de
antibioticos) e mantidos a 150rpm a 37°C por 72h. Apos incubagédo, a
concentracdo foi ajustada para 1x10’ células/mL.
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Inéculo de A. tumefaciens (B25)

a)

b)

d)

Plaqueou-se a cepa B25 em meio solido BHI acrescido de tetraciclina e

ampicilina. Incubagao 28°Cpor 48h.

Pré-in6culo BHI: Inoculou-se uma colénia isolada de B25 em BHI liquido
acrescido de tetraciclina e ampicilina e incubou-se a 28°C a 200rpm por
24h.

Inéculo AB: Apds 24h de crescimento, foi feito um novo inéculo em meio
AB liquido acrescido de tetraciclina e ampicilina. Incubagao a 28°C a
200rpm por 24h. A densidade 6ptica a 600nm deve estar entre 1,0-1,5
no final das 24h.

Inéculo AB/MES — Inducdo de A. tumefaciens: Inoculou-se 1mL em
50mL do meio indutor AB/MES acrescido de tetraciclina e ampicilina.
Incubacao a 28°C a 200rpm por 30 - 36h. A densidade 6ptica a 600nm
deve estar entre 0,5-1,0 no final do periodo de incubagdo. A densidade
dptica de 1,0 a 600nm equivale a 1x10° bactérias/mL.

As células foram centrifugadas a 4500g por 10 min e ressuspendidas
em meio de inducdo AB/MES acrescido tetraciclina, ampicilina e
acetoseringona na concentracao final de 1x10° bactérias/mL.

Co-cultivo B25: Pb

As propor¢des Pb:Agro foram ajustadas para 1:10; 1:100 e 1:200 e as

células foram adicionadas num mesmo tubo de 1,5mL. Em seguida adicionou-se
500uL de meio de indugcdo AB/MES acrescido tetraciclina, ampicilina e
acetoseringona. Os co-cultivos foram espalhados em membranas Hybond N, que
tiveram como suporte BHI/ MES/AS e incubados a 28°C por 48h.
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e« Pos-co-cultivo

Apo6s 48h de co-cultivo as membranas foram lavadas com solugéo salina
0,9%. Em seguida as células foram centrifugadas 4.000g por 5 min e plaqueadas
em meio solido BHI acrescido de soro de cavalo, fator de crescimento, cefotaxima
(para impedir crescimento de A. fumefaciens) e 100ug/mL de higromicina B
(Invitrogen). A incubagédo procedeu-se a 37°C por 10-15 dias. Apds esse periodo,
adicionou-se 5mL de meio semi-sdlido BHI Top Agar (0,5%) acrescido de
100pg/mL de higromicina B a cada uma das placas para evitar crescimento de

transformantes falsos- positivos.

* Analise dos transformantes

Os transformantes que cresceram apds o co-cultivo com A. tumefaciens
foram repicados em placas de BHI acrescido de soro de cavalo, fator de
crescimento contendo 0, 100 e 200ug/mL de higromicina B e incubados a 37°C
por 10-15 dias.

 Estabilidade mitoética

Os transformantes que se mantiveram estaveis na concentracédo de
200pg/mL de higromicina B foram submetidos a 4 passagens sucessivas em meio
nao seletivo para avaliagdo da estabilidade mitética. Foram escolhidos
aleatoriamente alguns transformantes para extragdo de DNA genbmico e
confirmagéo por PCR utilizando oligonucleotideos especificos hph1-5’ e hph3-3’
(Tabela 4) que amplificam 400pb do gene que confere resisténcia a higromicina
B.

5.25) Lista de oligonucleotideos utilizados para RT-PCRsq, sonda de ras7 e

ras2 e confirmagao dos transformantes de P. brasiliensis.

Os oligonucleotideos utilizados est&o listados na Tabela 4.
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Tabela 4: Oligonucleotideos utilizados

Oligo Seqiiéncia (5’—3’) Tm Utilizagao
(°C)
RT PCR
ras1/1 CTTGCTGGTCTACTCCATCACTTC 68
sonda ras1
RT PCR
ras1/3 CAGATGAATACG AGGACATCTC 64
sonda ras1
RT PCR
ras2/1 CAACGGGACTCAGCTACC 58
sonda ras2
ras2/4 GGAGAGCTCCATCATTTCCC 62 RT PCR
ras2/2 CCACAAGCATTACTGGAAC 58 sonda ras2
134-3’ CTTGACACAGCCAGCGCAG 62 RT PCR
134-5’ GTCCGCATCATCAAGACTCC 62 RT PCR
a-tub-5’ TCTTCATCCCAATCCGAGAC 60 RT PCR
a-tub-3’ CCGTGCTCGAGGAGGTATAG 64 RT PCR
clat-5’ CCTGGGTGAAGATGCGGATC 64 RT PCR
clat-3’ GGATGTGCCTGTGATGGTTC 62 RT PCR
hph1-5’ AGATCTATGCCTGAACTCACCGCGAC 64 %‘r’;‘rﬁgfrgf‘rgzztizs
Confirmacgao dos
hph3' 3’ AGATCTCTATTCCTTTGCCCTCGGACG 66 transformantes

5.26) Analise in silico das sequéncias

Todos os BLASTs de sequéncia foram feitos através do endereco
eletrénico:  http://www.ncbi.nih.gov/Blast. Os alinhamentos multiplos foram
realizados pelo programa CLUSTALW no endereco eletrénico
http://clustalw.genome.jp/. As andlises de identidade e similaridade foram

realizadas através de https://bioinformatics.org/sms/.

Foram utilizadas as seguintes sequéncias de aminoacidos de diversas
proteinas Ras para comparacao in silico com Ras1 e Ras2 de P. brasiliensis: A.
fumigatus RasA (AABO07703), A. fumigatus RasB (AAP94030), C. albicans
Ras1(AF177670), C. neoformans Ras1 (AF294647), C. neoformans Ras2
(AF294349), Human H-Ras (AF493916), N. crassa Ras1 (P22126), N. crassa
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Ras2 (BAA03708), S. cerevisiae Ras1 (CAA99298), S. cerevisiae Ras2
(AAA34959), S. pombe Ras (CAA27399).

As sequéncias de Ram1 utilizadas foram: Ram1 S. cerevisiae
(NP_010193), Ram1 C. albicans (XP_710548), Ram1 C. neoformans (AAN87033)
e Ram1 A. fumigatus (XP_751793). As sequéncias de Ram2 foram: Ram2 S.
cerevisiae (NP_012906), Ram2 C. albicans (AAN40697), e Ram2 A. fumigatus
(XP_752045). As sequéncias de Cdc43 foram: Cdc43 S. cerevisiae (NP_011360),
Cdc43 C. albicans (AF110690) e Cdc43 A. fumigatus (EAL88526).

5.27) Construcao dos cassetes para silenciamento génico de ras? de P.
brasiliensis

A estratégia baseia-se na construgcdo de um vetor que contenha um
cassete que dara origem ao hairpin in vivo. Este cassete é flanqueado pelo Pcpc1
e TtrpC de pAD1625 (Figura 8). Clonados entre o promotor e o terminador estdo
as sequéncias invertidas do gene ura3 de P. brasiliensis, que atuara como um
marcador de contra-selecdo, quando as células estiverem na presenca de 5’-FOA
(apenas aquelas coldnias que tiverem o gene ura3 silenciados crescerdo em 5'-
FOA). Utilizando sitios de restricdo posicionados estrategicamente entre a
sequéncia senso de ura3 e o promotor, bem como a sequéncia antisenso € 0
terminador, foram clonados os fragmentos senso e antisenso de ras?, tornando-
se assim um vetor quimérico. Todas essas constru¢des foram feitas no vetor de
base pBluescript KS+ (Stratagene) devido sua facil manipulagcdo em E. coli
(Figura 9). Apos a clonagem de todos os fragmentos em pBluescript KS+, o
cassete de silenciamento para RNAi pode ser facilmente retirado através das
enzimas de restricdo Notl e Xhol para clonagem em qualquer vetor de preferéncia
ou ainda, o cassete pode ser amplificado com oligonucleotideos contendo o sitio
Bcll compativel com o sitio Bglll que esta presente no vetor de A. tumefaciens
pAD1625 para que seja utilizado o método de transformacdo mediado por
Agrobacterium. O vetor pAD1625 apresenta como marcador seletivo o gene hph
que confere resisténcia a higromicina B flanqueado pelo Pcpc?1 de N. crassa e
TirpC de A. nidulans, cassete este que ja foi testado e funciona bem em P.
brasiliensis (Leal et al., 2004).
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Figura 8: Mapa do vetor pAD1625 utilizado para transfomacgao flingica via Agrobacterium. A
regido Ti em cinza, corresponde aos genes de viruléncia de A. tumefaciens, amp é a marca de
selecado para resisténcia a ampicilina, ori é a origem de replicacao bacteriana, a borda direita e a
borda esquerda delimitam a regidao do T-DNA (DNA quer sera transferido ao genoma do fungo), o
cassete Pcpc-1-hph-TtpcC em rosa corresponde ao cassete de resisténcia a higromicina B,
sendo Pcpc-1 o promotor de cpc-1 de N. crassa, hph, o gene higromicina fosfotransferase de E.
coli e TtrpC, o terminador de frpC de A. nidulans (Abuodeh et al., 2000). O sitio de restricdo Bglll

em vermelho sera utilizado para as clonagens dos cassetes de silenciamento de ras7.

Goldoni et al. (2004) e Nakayashiki et al. (2005) em seus trabalhos
utilizando os fungos N. crassa e M. oryzae respectivamente, demonstraram que a
existéncia de um intron no loop que dara origem ao “hairpin” aumenta a eficiéncia
de silenciamento, possivelmente por favorecer a formacéo do “hairpin” in vivo.
Com base nestes dados, decidiu-se optar por trés estratégias diferentes para
construgédo dos vetores de acordo com os “loops™: (1) o primeiro vetor contendo
um “loop” de 100pb e um intron de 163pb, (2) o segundo contendo apenas o
“loop” de 100pb sem o intron, e o ultimo (3) contendo apenas o intron que ao
sofrer processamento in vivo restara apenas poucos nucleotideos. O intron | do
gene ura3 de P. brasiliensis (163pb) foi utilizado, e o “loop” corresponde a 100pb
da sequéncia de ura3 que nao apresenta nenhuma similaridade com os
fragmentos senso ou antisenso de ura3 escolhidos para clonagem em

pBluescriptkKS+ (Figura 10).
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Figura 9: Representacao dos vetores pBluescriptKS+ e pBlue + hairpin ras7/ura3. Em A a
regido em vermelho correponde aos sitios de clonagem do vetor pBluescriptKS+, sendo que os
sitios de restricdo estdo indicados. No painel B, esta a representacdo geral das construgdes para
silenciamento de ras?1. Os fragmentos clonados em pBluescriptKS+, bem como os sitios de

restricdo utilizados nas clonagens est&o indicados na figura.

Estratégia 1

ura3 Senso + intron + loop + ura3 Antisenso

EcoRI Neol Hindll
ura3 S ) intron | Loop \lfu ra3 AS

Estratégia 2

ura3 Senso + loop + ura3 Antisenso

EcoRI Ncol Hinadlll

ura3 S ) Loop (ura3 AS

Estratégia 3

ura3 Senso + intron + ura3 Antisenso

in vivo

EcoRI Neol Hindll

ura3 S}/ Intron \';ra3 AS

Figura 10: Representacao esquematica das estratégias de clonagens dos fragmentos
referentes ao loop e as regides senso e antisenso do marcador de contra selegdo ura3.
Estdo representadas também as conformagbes que cada construgdo atingira in vivo apds o

processamento do intron. Os sitios utilizados nas clonagens est&o indicados na figura.
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» Escolha da regiao de ras1 de P. brasiliensis para ser utilizada na
construgcao dos cassetes
A regido de ras1 de P. brasiliensis utilizada para a construgdo do cassete
que dara origem ao hairpin in vivo e que direcionara o silenciamento foi escolhida
através do programa “siRNA Target Designer” disponivel no enderego eletrénico

7

http://www.promega.com/siRNADesigner/. Este programa é capaz de identificar
na sequéncia de um gene as regides que apresentam maior numero de siRNAs
(“Small interfering RNA”). Além disso, o programa apresenta quais os siRNAs da
sequéncia analisada com maior probabilidade de silenciar o gene em estudo.
Através dessa ferramenta é possivel escolher qual a regido do gene mais rica em
siRNAs para a construgdo do hairpin, no caso de ras? escolheu-se a regido que
compreende os nucleotideos de 1 a 438 da ORF de ras? por apresentar um

numero consideravel de siRNAs (Figura 11).

ras1 P. brasiliensis

1 ATGGCATCAA AGTTTCTTCG AGAATACAAG TTGGTAGTGC TTGGTGEICE CCGTGTTGGC
61  AAATCCTGCT TGACCATCCA ATTGATCCAG AGTCACTTTG TTGATGAATA CGATCCAACA
121 A GCAATGTGTT Arcmauc AGGTGGCATT GCTCGACGTC
181 ' GA GGA. A
241
301
361
421 [EGGGACTTTC GATEEAAG GARAAI
481 GCTTTCTACG ATATTGINCG GGARATCCGT CGCTATAATA AAGAGATGTC CTCGTATTCA

541 TCTGGGGGCG GIT
601 CATGGCAGTA CTTGTTGCAG AAAATGCGTC ATAATGTAG

Figura 11: Analise da seqiiéncia de ras? de P. brasiliensis para escolha da regido utilizada
para construcao do cassete de silenciamento no vetor pBluescript KS+. As regides marcadas
em azul claro indicam a presenga de siRNAs, as regides em azul representam dois possiveis
siRNAs e aquelas regibes com mais de dois siRNAs estdo na cor azul escuro. As flechas em
vermelho delimitam a regido amplificada de ras? e utilizada na montagem do cassete para
silenciamento. O programa “siRNA Target Designer” esta disponivel no enderego eletrénico

http://www.promega.com/siRNADesigner/ .
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Etapas de trabalho

Para a construgdo dos vetores quiméricos os seguintes passos foram

realizados:

Desenho e sintese dos oligonucleotideos (Tabela 5);

Amplificacdo dos fragmentos: Todas as amplificagdes utilizaram Tag DNA
Polimerase da marca Cenbiot-RS/Brasil, sendo que para cada fragmento
foram padronizadas diferentes condicbes dentre elas, a concentracdo de
magnésio e o programa do PCR.

Purificagdo dos fragmentos amplificados utilizando o kit Pure link gel
extraction (Invitrogen).

Ligacdo dos fragmentos amplificados em pGEMT (Promega), seguindo as
recomendagdes do kit;

Digestdo dos fragmentos clonados em PGEMT, de acordo com enzimas
especificas para clonagem em pBluescript KS+ ;

Ligacao dos fragmentos em pBluescript KS+ utilizando a enzima T4 Ligase
(Invitrogen). Todas as ligagdes foram feitas seguindo a proporcado de 5:1
(inserto: vetor) e incubadas a 16°C por 12h. Em seguida as liga¢des foram
transformadas em células E. coli DH5a eletrocompetentes para selecéo
dos clones positivos e plaqueadas em meio L acrescido de 100ug/mL de
ampicilina.

Todos os trés cassetes para silenciamento (cassete 1:
Pcpci1/ras1/ura3/loop+intron/TirpC; cassete 2: Pcpc1/ras1/ura3/loop/ TirpC

e cassete 3: Pcpcil/rasi/ura3l/intron/TtrpC) foram amplificados com os

oligonucleotideos Bcll-5’Pcpc1 (5
CAACTCGAGTIGATCAGCTTTGAAGTTGCTGCAAGCTGGC 3, Tm =
74°C) e Bcll-3'TtrpC (5

CTCTGGGCCCTGATCAGTCTAGAAAGAAGGATTACCTCTAAACY
Tm=74°C) utilizando Vent Polymerase (Biolabs). Os moldes para os PCRs
foram os plasmidios contendo os cassetes clonados diluidos 1:20. O
programa consistiu de uma etapa de denaturagcédo a 94°C/2min, 35 ciclos a
94°C/1mim, 68°C/1mim, 72°C/3,5min e uma extenséo final a 72°C/5min.
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5.28) Clonagem de ras1 senso e ras1 antisenso no vetor comercial pSilent-1

O vetor pSilent-1 descrito por Nakayashiki et al. (2005), apresenta como
sitios unicos de restricdo flanqueando o Promotor de trpC de A. nidulans Xhol,
SnaBl e Hindlll e enquanto que flanqueando o Terminador (irpC) estdo os sitios
Bglll, Sphl, Stul, Kpnl e Apal (ver Figura 4). Oligonucleotideos para ras1?
contendo nas extremidades sitios de restricdo para amplificagdo dos fragmentos
senso e antisenso foram desenhados (Tabela 6).

Tabela 6: Caracteristicas dos oligonucleotideos utilizados na
amplificacao de ras1 de P. brasiliensis para clonagem em pSilent — 1

. . ia T, Fragmento
ligonucleoti ncia (5°—3’ o g
Oligonucleotideo Seqiiéncia (5’—3’) (°C) Amplificado
Bglll - 5’ ras1 senso CAGATCTCCAATTCAATCATCATGGCATC 62 ras1 senso
Sphl - 3’ ras1 senso CGCATGCGAGAGCCAAAGCCACCGC 60
Hindlll - 5’ ras1 antisenso | CAAGCTTCCAATTCAATCATCATGGCATC 62
ras1 antisenso
3’ ras1 antisenso (Xhol) GATAAGGAGAATGAGCTTGCCCTG 68

Os fragmentos senso e antisenso de ras7 com tamanho de 560pb foram
clonados em pGEMT (Promega) para posterior digestdo com as enzimas
selecionadas (ras7 senso: Bglll e Sphl /; ras1 antisenso: Hindlll e Xhol). As
bandas digeridas foram purificadas e clonadas no vetor pSilent-1 digerido com as

mesmas enzimas acima mencionadas.

5.29) Eletrotransformacgao de leveduras de P. brasiliensis.

a) Uma algada de Pb01 ou Pb113 crescidos por 7 dias em meio semi-sélido Fava-
Netto a 37°C foi inoculada em 50mL de meio BHI liquido. Incubou-se a 37°C por 5
dias a 150rpm.

b) As células foram centrifugadas a 4000rpm/ 5 min e lavadas trés vezes com
manitol 10% (p/v) + TmM hepes.

c) Apés a Uultima lavagem as células foram ressuspendidas em 1 x 10’
leveduras/mL.

d) A cada cubeta de eletroporagdo adicionou-se 200uL de leveduras (1 x 10°
células) e 5ug do plasmidio pSilent-1 ou pSilent-1/ras1. As células foram mantidas
no gelo até o momento do choque.

e) As condigbes da eletroporagdo foram: 5kV/cm (1.000V), 600Q, 25uF, e cubeta
de 0,2cm.
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f) Apos cada choque as células foram recuperadas utilizando manitol 10% (p/v)
acrescido de 1mM hepes e plaqueadas imediatamente em membranas de Nylon
com suporte de meio BHI + 4% soro de cavalo + 5% fator crescimento, sem
marcador seletivo e incubadas a 37°C por 24h para recuperagao das células.

g) As membranas foram lavadas com solugcdo salina estérii (0,9% p/v) e
centrifugadas a 4.000rpm/ 5 min. As células precipitadas foram ent&o plaqueadas
em meio BHI + 4% soro de cavalo + 5% fator crescimento contendo 100ug/mL de
higromicina B. As placas foram vedadas e incubadas a 37°C/ 30 dias.
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6 — Resultados e Discussao
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6.1) Caracterizagao das sequéncias de ras? e ras2 de P. brasiliensis

e ras1de P. brasiliensis

A reacdo de 5-RACE para ras! de P. brasiliensis resultou em um
fragmento de aproximadamente 500pb que foi clonado e sequenciado
posteriormente. Ja a reagédo de 3’-RACE gerou os fragmentos de 1.800pb, 700pb,
600pb e 500pb (Figura 12), sendo que optou-se pela clonagem do fragmento de
500pb devido a sua maior nitidez no gel e por apresentaram tamanho préximo ao
resultado esperado baseando-se em sequéncias de ras? de outros fungos. Dessa
forma, o sequenciamento dos fragmentos obtidos da reacdo de 5-RACE de
500pb e aquele da reacdo de 3'-RACE também de 500pb, foi possivel obter a
sequéncia completa do gene ras? de P. brasiliensis.

Figura 12: 5’- e 3’-RACE de ras1 de P. brasiliensis. 1) controle (+) do kit TFR, 2) 5-RACE ras1,
3) 3-RACE ras1, 4) controle (+) 5-RACE ras1 e 5) controle (+) 3'- RACE ras7.

A sequéncia completa de ras? de P. brasiliensis (isolado Pb01) foi
depositada no GenBank (http:/ www.ncbi.nih.nim.org) sob numero de acesso
DQ157363. Basicamente, ras? apresenta uma ORF de 636 nucleotideos que
codificam uma proteina Ras1 de 212 aminoacidos. Determinou-se a presenca de
um unico intron de 99pb; 192pb correspondem a regido 5-UTR e 57pb sao
referentes a regido 3’-UTR. A analise da sequéncia deduzida da proteina Ras1 de
P. brasiliensis revelou a presenga de quatro dominios conservados que se ligam
ao GTP, um dominio efetor e o dominio contendo o sitio de prenilagdo “CVIM”, em
que é adicionado o grupo farnesil (Figura 13).
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TCTAATACGC ACTCACTAT AGGGCAAGCACT GG TAT CAACGCAGAGT ACGC GG CAGAGT GCTGCAATT ¢ ACACCLTOCTC
TCGCTCTTCGCACGAACTTIT GACG G TTAT CGAAACCCTT TTT COCCAATCGAAT ITCGCT TCCCAT CTTACACAAAAA

HRS‘KE‘LRBYIELVFFGa

TAAACCAT AAACAGCCAACCAAT rcurcm'c@sc ATCABAGTTTCTTCE AGAAT ACAAGTTGGT AGT GCTTGCTGET
Gl DE
— —
GGCGETGITGECAAMTCCTGLTT GACC AT CCAATT GATCCAGASTC ACTT TGTTGATGAATACGATCCAM AAT COAAGA
G2
EZ=H ¢ c viooevariropve T & G 0 B y
TTCTTACCGGAAGCAAT GTCTTATCGACGAT G AGET GGCAT TGCTC GACGTCCTC GACA CAGCC GGACAGGAG CAAT ACT

§ A HERE(Q Y HERETGE G F L L VYV Y &8 I TS R Q & F E
CAGCAATGCGAGAACAAT ACATCCGCACAGHC CAAGGCTTCTTGCT GCTCTACTCCATC ACTTCTAGAC AATCCTTCG AR
G3
BIK?YQQQILR?KDKDY?PIIE?GIKa
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Figura 13: Seqiiéncia completa de ras? de P. brasiliensis (Pb01), depositada no GenBank
sob nimero de acesso DQ157363. Os nucleotideos em italico correspondem as regides 5'- e 3'-
UTR; os nucleotideos sublinhados representam o intron, os cédons de iniciagéo e terminagdo ATG
e TAG, respectivamente estdo indicados através de caixa branca. A seqliéncia deduzida da
proteina Ras1 esta mostrada acima da seqléncia de nucleotideos, sendo que os dominios
conservados de Ras1: G1, G2, G3 e G4 correspondentes aos dominios de ligagdo ao GTP, o
dominio efetor (DE) e SP que corresponde ao sitio de prenilagéo estdo indicados através de caixa

cinza.

e ras2de P. brasiliensis

Baseando-se na sequéncia obtida do Transcriptoma do isolado Pb01, foram
desenhados oligonucleotideos para amplificacdo de ras2 a partir do DNA
gendmico. Apos o sequenciamento do clone genémico foi possivel determinar a
presenca de um intron de 89pb, uma ORF contendo 714pb que codificam uma
proteina de 238 aminoacidos. As regides 5- e 3-UTR sequenciadas apresentam
respectivamente 181pb e 76pb. A sequéncia completa de ras2 foi depositada no
GenBank sob numero de acesso AY910576. A analise da sequéncia deduzida da
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proteina Ras2 de P. brasiliensis também revelou a presenca dos quatro dominios
conservados que se ligam ao GTP, um dominio efetor e o dominio que contém o
sitio de prenilagcéo “CLIL" (Figura 14).

Recentemente, Chen et al. (2007) identificaram e clonaram ras2
(AY547438) do isolado ATCC90659 de P. brasiliensis, no entanto, estes autores

nao reportaram a existéncia de um segundo gene ras no genoma deste patdégeno.
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Figura 14: Seqiiéncia completa de ras2 de P. brasiliensis (Pb01), depositada no GenBank
sob numero de acesso AY910576. Os nucleotideos em italico correspondem as regides 5 e 3’
UTR; os nucleotideos sublinhados representam o intron, os cédons de iniciagédo e terminagdo ATG
e TGA, respectivamente estdo indicados através de caixa branca. A seqiéncia deduzida da
proteina Ras2 esta mostrada acima da seqléncia de nucleotideos, sendo que os dominios
conservados de Ras2: G1, G2, G3 e G4 correspondentes aos dominios de ligagdo ao GTP, o
dominio efetor (DE) e SP que corresponde ao sitio de prenilagéo estdo indicados através de caixa
cinza. Os 24 aminoacidos indicados pela caixa amarela sdo aqueles encontrados apenas em Ras2
e ausentes em Ras1.
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6.2) Andlise in silico das sequéncias deduzidas das proteinas Ras1 e Ras2

de P. brasiliensis

Através de analises in silico, as sequéncias deduzidas das proteinas Ras1
e Ras2 de P. brasiliensis foram comparadas com aquelas de outros organismos,
revelando uma alta similaridade que variou de 45,7 a 79,3% para Ras1 e 39 a
82% para Ras2. A identidade entre as proteinas Ras de Pb e de outros
organismos também foi alta de 34,9 a 90,1% para Ras1 e 30,5 a 77,5% para
Ras2 (Tabela 7). A similaridade e identidade entre as proteinas Ras1 e Ras2 de
P. brasiliensis foi de 41,3 e 51,4%, e massa molecular estimada de 24,19KDa e
26,51KDa respectivamente, caracteristica que atribui a denominacdo de
pequenas GTPases. E importante ressaltar a conservacdo entre todas as
sequéncias protéicas de Ras analisadas, destacando-se os quatro dominios de
ligacdo ao GTP, o dominio efetor e o sitio de prenilagao (Figura 15).

Tabela 7: Porcentagens de identidade e similaridade de Ras1 e
Ras2 de P. brasliensis em relagdo a proteinas Ras de diversos
o_rganismos.

PbRas1 PbRas2
AfRasA 90,1/93,4 42,9/51,4
AfRasB 42,7/51,2 77,5/82,0
CaRas1 43,4/47,8 34,0/42,5
CnRas1 64,0/72,0 40,3/47,6
CnRas2 34,9/457 40,2 /54,0
Human H-Ras 53,1/60,1 39,1/47,7
PbRas1 - 41,3/51,4
PbRas2 41,3/51,4 -
NcRas1 70,0/79,3 41,4/52,0
NcRas2 43,0/50,4 65,8/72,5
ScRas1 39,8/46,0 30,5/39,6
ScRas2 39,1/45,8 30,8/39,0
SpRas 61,3/69,8 42,8/51,0

Af : A. fumigatus, Ca: C.albicans, Cn: C. neoformans, Pb: P. brasiliensis, Nc:

N. crassa, Sc: S. cerevisiae, Sp: S. pombe.
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Figura 15: Alinhamento multiplo das seqiiéncias protéicas de Ras1 e Ras2 de P. brasiliensis
com diferentes organismos. Os dominios conservados: G1, G2, G3 e G4 que correspondem aos
dominios de ligagcdo a GTP, o dominio efetor (DE) e SP correspondente ao sitio de prenilagéo
estdo indicados através de caixa cinza. A regido de aproximadamente 20 aminoacidos indicados
pela caixa branca €& encontrada apenas em Ras2. As sequéncias de Ras1 e Ras2 de P.

brasiliensis estdo em azul e vermelho, respectivamente. “*” indica que 0 mesmo aminoacido esta

."substituicbes semi-

presente em todas as sequéncias,”:” substituicbes conservadas,
conservadas. Af: A. fumigatus, Ca: C. albicans, Cn: C. neoformans, Nc: N. crassa, Pb: P.

brasiliensis, Sc: S. cerevisiae e Sp: S. pombe.

A comparagao entre as proteinas Ras1 e Ras2 de diferentes organismos
demonstra que sao sequéncias diferentes, que conservam os dominios de ligagéo
ao GTP e o dominio efetor, no entanto, o sitio de prenilacdo é variavel. E
interessante notar que as proteinas Ras2 de P. brasiliensis, C. neoformans e A.
fumigatus apresentam na regido carboxi-terminal no motivo “CAAX”, o residuo “X”
como sendo uma leucina, aminoacido favoravel a adicdo de grupo geranil e ndo
farnesil como é esperado para as proteinas da familia Ras. Outra caracteristica
importante € que Ras2 apresenta uma regido de aproximadamente 20
aminoacidos localizada entre G2 e G3 (dominios de ligagdo ao GTP) que néo esta
presente nas sequéncias de Ras1 (Figura 15). A sequéncia de nucleotideos que
codifica esta regido foi deletada no fungo filamentoso A. fumigatus e os mutantes
apresentaram defeitos na morfologia celular idénticos aos defeitos observados
quando o gene inteiro que codifica para RasB (homologo de Ras2 em A.
fumigatus) é deletado do mesmo organismo, indicando assim que essa regiao é
essencial para a funcdo de RasB em A.fumigatus (Fortwendel et al., 2005).
Fortwendel et al. (2005) sugerem ainda que a perda da fungdo de RasB apds
delecdo desta regido que codifica aproximadamente 20 aminoacidos pode ser

decorrente de alterag&o da estrutura da proteina Ras2.

Através da comparacao das sequéncias deduzidas das proteinas Ras foi
possivel gerar uma arvore filogenética baseada na homologia entre as
seqliéncias. E possivel observar a formagao de dois grupos distintos para Ras1 e
Ras2. Ras1 de P. brasiliensis agrupou-se na mesma chave de RasA de A.
fumigatus enquanto que Ras2 de P. brasiliensis € mais proximo de RasB também
de A. fumigatus, o que sugere uma grande proximidade entre estes fungos. As
proteinas Ras1 e Ras2 formaram grandes chaves distintas, exceto H-Ras que
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formou uma chave independente e Ras2 de S. cerevisiae que esta no grupo das
sequéncias de Ras1 (Figura 16).
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Figura 16: Analise filogenética baseado no algoritmo de agrupamento para avaliar a relagao
das proteinas deduzidas Ras de P. brasiliensis com aquelas de outros fungos. Os valores de
“bootstrap” estdo indicados em cada ramo da arvore filogenética. Pb_Ras1 esta indicado pela seta
azul e Pb_Ras2 pela seta vermelha. Af_RasA: A. fumigatus RasA, Af_RasB: A. fumigatus RasB,
Ca_Ras1: C. albicans Ras1, Cn_Ras1: C. neoformans Ras1, Cn_Ras2: C. neoformans Ras,
Human H-Ras, Nc_Ras1: N. crassa Ras1, Nc_Ras2: N. crassa Ras2, Pb_Ras1: P. brasiliensis
Ras1 , Pb_Ras2: P. brasiliensis Ras2 , Sc_Ras1: S. cerevisiae Ras1 , Sc_Ras2: S. cerevisiae
Ras2 , Sp_Ras: S. pombe Ras.

6.3) Analise do numero de coépias dos genes ras1 e ras2 de P. brasiliensis
Experimentos de Southern-blot foram realizados com o objetivo de
confirmar a presenca e determinar o numero de copias dos dois genes ras? e
ras2 no genoma de P. brasiliensis. Com base no perfil de restricdo das
sequéncias de nucleotideos de ras?1 e ras2, foram escolhidas as enzimas de
restricdo: EcoRI, Hindlll, Pstl que ndo possuem nenhum sitio de restricdo nas
respectivas sequéncias, e BamH| que apresenta um sitio em ras2 e nenhum sitio
em ras1. E importante mencionar que a sonda utilizada para ras2 é constituida

por 75 nucleotideos que codificam para a regido de 22 aminoacidos que esta
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presente apenas em ras2. Para a sonda de ras? foram utilizados 300
nucleotideos correspondentes a regido 3' que € menos conservada entre as

sequéncias de ras (Figuras 17 e 18).

PbRas1 ATGCCATCAAACTTTCTTCCAGAATACAAGTTGCTAGTGGTTGCTGGTGCCGGTETTGGC
PbRas2 1TGGCTGGGMTGMGCTC---TACMG‘I’TGGTGGTGCTGGGAG}\TGGGGGTGTTGGC
TERRN t 3 3 * EEERRANNLEE AN T TR & NTTE RANANTREERR
PhRas1 ARKATCCTGCTTCACCATCCAATTGATCCAGAGTCACTTTGTTCGATGAATACGATCCAACA
PbRas2 AAGACCGCGCTTACTATCCAGCTTTOTCTAAACCATTTCGTCGAGACATACGACCCAACA
TT *® T R TTEER * * * TE XX T T% TEEERLY TTETEEN
PbhRas1 ATCGAAGATTCTTACCGGAAGCAATGTOTTATCGACGATGAGGTGGCATTGCTCGACGTC
PbRas2 ATTCAAGATTCCTACCOTAAACAGGTTCTCATTGACCAGCAGGCATGTATGCTCGAGCTG
TT TAXTXTTET TEAXTT TR XX TEE TX TERET X TER EEXARXTYT TW
PhRa=1 CTCGACACAGCCGGACAGGAGGAATACTCAGCAATCCGAGARCAATACATGCGCACAGGC
PbRas2 CTTGACACTGCGGGACAGGAAGAGTATACCGCTTTGAGGGACCAATGGATCAGAGACGET
TE RAREXT TE KXXTTEER X% =t * %= %k X TT EREX t 3 3 * Tt
PhRas1 GAAG / ] )
PbRas2 GAGGGTTTCGTGCTAGTCTACAGTATCACATCACGCTCCTCGTTCACCCGGATACAGAAG
TE AN ATT MANN NTEWMAN TERRN WY " TTEREN AN t 3
PbhRas1 TCAGCAAC AAATATTGCCAGTCAAGGA=~ == =CAAGGACTACTTICCCCATC == == == =
PbhRas2 TTTCACCACCAGATCCAATTAGTGAAGGAATCCGCAAGCTCTGGATCCCCAL
T RN AT EW AN KXY TERAN TRAN L 3 *TTETERN N
PbRasl = ————mm—mm- . L ATGCTT
PhRas?2 CCTACC TT AL AT COLL CATCARCE CULC GACCCCT OO TATCARAGTT CC AG TAJATGCTT
TETTER
PbRas1 GT TG GC A TA AA TGOGAL TT GG AGAAGGAAL GT GT GG TATC TC AG CA AG AG GG ToAAGC
PhRas?2 GTGG AAGAGCGACAA ATTGAGCE C ATCGC RAGGGTCTOLG
2TZ KX XT 2T ARXTTET KX T KK XT T KX =2 EXETTE AN ey

PhRas1
PbRas2
ZRRAAN TER  AXTTERAAN N TT AANTT RAAANTEERN T ANATSERRN
PbhRas1 CACAACCCTTTCTACGATATTCTACGGCAAATCCOGTC G- CTATAATAAAGAGATG -TCC
PhRas2 GAGAAAGCGTTITACGATCTAGTTCGCCTOCTTAGGCAACAACGACAGCAACAGGGTACT
TT AX XX TT AAXNTTIT T KX TT E ] W T T * % T EF X T RN
PbRas1 CG-TATTCATCTHGGGGCGGTGGCTTITGGCTCTCGA--~-GCCCCTCGARAAMATGGATGTA
PbRas2 CGACAGACACTTAA---CAGAAGCCCTGGCACGCAGAAGGACAATGGCCAGGAAC ACACC
TT * T * T % *T TEREE T T T ® % *
PbhRas1 GAGGACCGTGAACATGGCAGTACTT-GCTIGCAGAAAATGCGTCATAATGTAG-~~~~~~~
PbRas?2 ACGAM’[TC CGMCC GATCGTCCTAAGACGCACAGGA-GCGCTATGAAGTGTCTAATTCT
L "N xX L LA & B ¥ ¥E® Ak ® =TT
PbRas1 -
PbRas2 TIGA

Figura 17: Alinhamento das seqiiéncias de nucleotideos das ORFs dos genes ras? e ras2 de
P. brasiliensis. “*” indicam os nucleotideos idénticos entre as duas sequéncias. As regides
destacadas em caixas branca e cinza correspondem as sondas utilizadas para Southern Blot para

ras1 e ras2, respectivamente.
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Os resultados das hibridizagdes demonstraram a presenga de apenas uma
banda em todas as digestdes analisadas quando utilizadas ambas as sondas para
ras1 e ras2, (Figura 19). Os resultados demonstram pela primeira vez a
existéncia de dois genes, ras1 e ras2, no genoma de P. brasiliensis contendo
apenas uma unica copia de cada, como observado para maioria dos outros
fungos estudados, exceto para C. albicans e S. pombe, que apresentam apenas
um unico gene RAS identificado em seus genomas (Leberer et al., 2001; Fukui &
Kaziro, 1985).
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Figura 18: Representagao esquematica dos genes ras71 e ras2 de P. brasiliensis. Em cinza
destacam-se as sondas utilizadas para o experimento de Southern blot. Os cdédons de iniciagao
(ATG), terminacado (TGA e TAG) e os introns de cada gene estdo indicados na figura. B: BamHI,
E: EcoRl, H: Hindlll, P: Pstl
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Figura 19: Analise do nimero de copias de ras? e ras2 por Southern blot. 10 ug de DNA total
digerido com as enzimas de BamHlI (B), EcoRl (E), Hindlll (H) e Pstl (P) foram separados por
eletroforese em gel de agarose 0,8%, transferidos para membrana de nylon e hibridizados contra
as sondas de ras? e ras2 marcadas quimicamente com fosfatase alcalina (Gene Images Alkphos
direct labelling and detection system, Amersham Biosciences). Os tamanhos aproximados em

kilobases (Kb) das bandas obtidas estdo indicados abaixo de cada painel.
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6.4) Analise do perfil transcricional de ras1 e ras2 de P. brasiliensis em
diferentes condigcoes

Com o objetivo de investigar o padrdo transcricional dos genes ras,
primeiramente foi realizado um experimento de northern-blot utilizando RNAs das
formas de micélio e levedura de P. brasiliensis, no entanto nao foi possivel
detectar nenhum transcrito de ambos os genes (dados n&o apresentados). Essa
impossibilidade de deteccdo de ras por esta técnica foi relatada previamente em
C. neoformans (Waugh et al., 2002), A. fumigatus (Fortwendel et al., 2004) e P.
marnefffei (Boyce et al., 2005). Devido a esta limitacdo, decidiu-se utilizar a
técnica de RT-PCR semi-quantitativa (RT-PCRsq). Dessa forma, avaliou-se o
padrao transcricional de ras? e ras2 nas seguintes condi¢des: transicdo dimorfica
dependente de temperatura de micélio para levedura, choque térmico a 42°C e
durante a internalizacdo de leveduras em macrofagos murinos, mimetizando a
infecgdo do hospedeiro. Como ras?1 e ras2 sao genes distintos e pouco se
conhece a respeito de suas fungbes em P. brasilienses, a analise de suas
expressdes em cada uma destas situagbes permite uma avaliagdo geral dos

possiveis eventos celulares em que estas proteinas estariam envolvidas.

a) Expressao in vitro de ras1 e ras2 de P. brasiliensis durante o
dimorfismo de micélio para levedura e em resposta ao choque térmico a
42°C.

Como Ras sdo proteinas chaves que controlam vias de transdugdo de
sinais muito conservadas em outros fungos que estdo envolvidas em processos
de diferenciacdo como formagédo de pseudo-hifas em C. albicans (Feng et al.,
1999; Leberer et al., 2001) e frutificacdo haploide em C. neoformans (Alspaugh et
al., 2000; Waugh et al., 2002), decidiu-se avaliar se os genes ras de P.
brasiliensis sofrem algum tipo de regulagédo transcricional durante as primeiras
24h da transicdo dimorfica de micélio para levedura de P. brasiliensis. Foi
utilizado como controle interno das reagdes de RT-PCRsq o gene que codifica a
cadeia leve da clatrina (clat), uma proteina que participa da organizagao estrutural
de vesiculas membranares de células eucariontes (Maldonado-Baez & Wendland,
2006), ja que suas PbAESTs apresentaram-se igualmente distribuidas entre as
formas de micélio e levedura do transcriptoma de Pb01 (Felipe et al., 2003 e
Felipe et al., 2005). Este fato foi confirmado por RT-PCRsq indicando que o gene

94



clat nao apresenta modulacdo de sua expressao durante a transicdo de micélio
para levedura (dados ndo mostrados), podendo ser usado como um controle
interno de expressao constitutiva durante o processo de diferenciacdo de P.
brasiliensis.

RNA total de cada ponto da diferenciagdo de micélio para levedura (0 -
micélio, 0,5h, 1h, 2h, 6h, 24h e levedura) foi usado nos experimentos de RT-
PCRsq com oligonucleotideos especificos para ras1 e ras2 e o controle interno
clat. Os produtos amplificados correspondentes aos transcritos de ras7, ras2 e
clat foram quantificados por analise densitométrica. A Figura 20A mostra as
quantidades relativas de ras? e ras2 durante a transicao dimérfica dependente de
temperatura de micélio para levedura de P. brasiliensis. Apds analise estatistica
dos resultados, ndo foram observadas diferengas significativas nos niveis de
expressao de ras?1 ou ras2 nas primeiras 24h de diferenciagdo de micélio para
levedura. Este trabalho mostra que a transcricdo dos genes ras? e ras2 de P.
brasiliensis ndo é modulada pela mudanga de temperatura (22°C para 37°C),
apresentando-se como genes constitutivos durante a transigdo dimérfica deste
patdgeno, evidenciando que, provavelmente, a influéncia dos genes ras? e ras2
na diferenciagao celular deste patégeno pode ser decorrente da modulagdo no
nivel de tradugdo ou pos-traducional. Chen et al. (2007) utilizando a técnica de
PCR em tempo real e a-tubulina como controle interno, relataram uma leve
oscilagao da expressao de ras2 ao longo da diferenciagao (Oh, 10h, 24h, 48h, 72,
120h e 240h) de micélio para levedura do isolado ATCC90659 de P. brasiliensis.
A diferenca dos resultados deste trabalho e aqueles obtidos por Chen et al.,
(2007) podem ser devido a escolha do controle interno (a-tubulina ou clatrina) ou
ainda da variabilidade entre os isolados de P. brasiliensis.

O processo de diferenciagéo celular dependente de temperatura em fungos
dimorficos € um evento em que muitos genes devem ser regulados. Nunes et al.
(2005) identificaram 2583 genes com a expressao modulada durante o processo
de diferenciagdo de P. brasiliensis (isolado Pb18), por analise de microarranjos.
Dentre os genes positivamente regulados na direcdo M—Y estdo os que
codificam para proteina kinase A (PKA) e proteinas G-subunidades a e 3. Além
disso, Chen et al. (2007) também detectaram a modulagdo dos genes que
codificam para as proteinas G (gpa7, gpb1 e gpg1) e adenilado ciclase (cyr7)
durante o processo dimorfico de P. brasiliensis. Estas proteinas sdo componentes
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comuns das vias de sinalizagédo controladas por Ras (ver Figura 2) que regulam
morfogénese e diferenciacdo celular via AMPc/PKA, integridade celular,
crescimento em altas temperaturas e ainda viruléncia de patogenos (C.
neoformans, C. albicans).
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Figura 20: Analise da expressao de ras? e ras2 durante a transigao dimérfica M—Y (A) e em
resposta a choque térmico a 42°C. O painel A representa a quantificagao relativa dos transcritos
de ras1 e ras2 obtidos dos experimentos de RT-PCRsq realizados em ftriplicata em varios pontos
da transigéo dimorfica (0,5h; 1h; 2h; 6h e 24h), além das formas vegetativas de micélio (M) a 22°C
e levedura (Y) a 37°C. O painel B representa as quantificagbes dos transcritos de RNA
mensageiro dos genes ras de leveduras de P. brasiliensis submetidas a choque térmico por 0; 15,
30, 60, 90 ou 120 minutos de exposicédo a 42°C. As anadlises semi-quantitativas foram realizadas
por densitometria. Os niveis de ras? e ras2 foram calculados em relagéo ao controle interno /34.
As colunas cinza correspondem aos transcritos de ras? e as colunas brancas aos de ras2. Os
experimentos de RT-PCRsq foram realizados em triplicata, sendo que as barras representam o
erro padréo. Os asteriscos indicam diferencga significativa, com P < 0,05.

96



O envolvimento das proteinas Ras no controle de vias de sinalizagdo em
resposta a choque térmico foi previamente relatado por Engelberg et al. (1994).
Esses autores investigaram a interagdo da via Ras/AMPc/PKA com as HSPs
(Proteinas de choque térmico) em mamiferos e na levedura S. cerevisiae.
Mutantes de S. cerevisiae incapazes de produzir AMPc apresentavam células
resistentes a choque térmico. No entanto, mutantes em que Ras apresentava-se
dominantemente ativo, o fendtipo observado € exatamente o oposto, as células
apresentavam-se muito sensiveis ao choque térmico. Estes estudos
demonstraram que independente de HSF (fator de transcrigdo que responde a
choque térmico) havia indugéo das proteinas de choque térmico (HSPs) quando a
via Ras/AMPc/PKA estava bloqueada nas células leveduriformes expostas a
condi¢des de choque térmico, resultando assim em um fenétipo termo-tolerante.

Para analisar se os genes ras de P. brasiliensis sofrem alguma modulagao
transcricional em resposta ao choque térmico a 42°C, células leveduriformes
foram submetidas @ mudanga de temperatura de 37°C para 42°C por 0, 15, 30,
60, e 120 minutos. Os resultados demonstram que a transcrigdo de ras? é
modulada pelo choque térmico a 42°C. Apods o tempo de 30 minutos até 120
minutos de exposicéo, a expressao de ras7 diminuiu significativamente chegando
ao menor nivel no tempo de 60 minutos comparando-se com o controle (T=0 min)
(Figura 20B). Contrariamente, ras2 de P. brasiliensis ndo é induzido ou reprimido
em resposta ao choque térmico. Como as proteinas Ras s&o moléculas
sinalizadoras necessarias para diversas respostas a diferentes estimulos, pode-se
sugerir que as leveduras de P. brasiliensis apresentem um gene ras, no caso
ras2, com expressao constitutiva para responder imediatamente a um estimulo
qualquer, diferente de mudancga de temperatura, enquanto que o outro gene, rasf,
seria o responsavel especificamente pela resposta ao choque térmico, neste caso
a 42°C.

b) Expressao ex vivo dos genes ras1 e ras2 apos internalizagao de
leveduras de P. brasiliensis em macréfagos murinos.

No momento em que P. brasiliensis infecta as células hospedeiras, a
primeira linha de defesa contra o patdégeno s&o os macrofagos pulmonares.
Dentro dos macréfagos os propagulos fungicos tém de se adaptar as condigbes
extremas do ambiente do fagossomo para que possam diferenciar-se para a
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forma patogénica (leveduriforme), deste fungo. As células leveduriformes por sua
vez devem desenvolver um estado de laténcia para permitir sua sobrevivéncia até
que as condigdes ambientais favorecam a replicacdo e disseminagcdo do
patogeno. Esta capacidade de sobrevivéncia € critica para o estabelecimento e
progressao da infecgdo em hospedeiros susceptiveis. De acordo com Tavares et
al. (2007) esta sobrevivéncia do patdogeno parece ser consequéncia de uma
reprogramacgédo genética do fungo. Tavares et al. (2007) demonstraram que
leveduras de P. brasiliensis respondem ao microambiente do hospedeiro
adaptando-se principalmente ao estresse nutricional e oxidativo gerado pelo
fagossomo.

Com o objetivo de estudar o perfil transcricional de ras na interacéo
patogeno-hospedeiro, utilizou-se RNA obtido de leveduras de P. brasiliensis
internalizadas por 9h em macréfagos murinos da linhagem J774. A analise por
RT-PCRsq revelou que os genes ras? e ras2 sao altamente reprimidos, 6 e 3
vezes, respectivamente, quando comparados com células leveduriformes
crescidas in vitro em meio semi-solido Fava Netto (controle) (Figura 21). Esta € a
primeira vez que a modulagéo da expressao de ras de um fungo € detectada no
microambiente de macrofagos.

Para a quantificacdo dos niveis de transcritos ras? e ras2 utilizando RNA
de leveduras internalizadas nos macréfagos incubados em RPMI foi utilizado
como controle RNA extraido de leveduras crescidas em meio semi-solido Fava
Netto, e a modulacéo da expressao de ras poderia estar ocorrendo em fungao das
diferengas de incubacgao, tensdo de CO, e meio de cultura. Em funcao disto, foi
também realizada a comparacdo da expressao de ras? e ras2 com leveduras
cultivadas em meio Fava Netto, como descrito anteriormente e, submetidas ou
nao as mesmas condi¢gdes de incubagdo em RPMI. Pode-se observar na Figura
22 que ndo ha diferenca de expressao de ras2 entre as duas condi¢des de cultivo
(meio Fava Netto e meio Fava Netto + RPMI-1640), confirmando os dados de
repressdo ex vivo de ras2. O gene ras1 apresenta-se até mais expresso nesta
ultima condicdo (meio Fava Netto + RPMI-1640), o que reforga os dados deste

trabalho de represséo de ras? e ras2 na interagao patégeno-hospedeiro.
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Figura 21: Perfil transcricional dos genes ras7 e ras2 apés internalizagao de leveduras por
9h em macréfagos murinos. Células leveduriformes de P. brasiliensis foram expostas a
macrofagos murinos (J774) por 9h. RNA total das leveduras internalizadas foi extraido e utilizado
nos experimentos de RT-PCRsq, como descrito em métodos. O controle utilizado foi RNA total
extraido de leveduras crescidas por 7 dias a 37°C em meio Fava Netto. O painel A mostra a
analise em gel de agarose 1,5% dos transcritos de ras? e ras2 obtidos por RT-PCRsq em cada
uma das condigdes testadas (no interior de macréfagos e controle). O painel B representa a
analise semi-quantitativa dos niveis de RNA mensageiro de ras1 e ras2 de P. brasiliensis em cada
uma das condigdes testadas. Os niveis de ras? e ras2 foram calculados em relagéo ao controle
interno /34. As colunas cinza correspondem aos transcritos de ras? e as colunas brancas aos de
ras2. As analises semi-quantitativas foram realizadas exatamente como descritas na segao
métodos. Os experimentos de RT-PCRsq foram realizados em quadruplicata, sendo que as barras

representam o erro padrdo. Os asteriscos indicam diferenga significativa, com P < 0,05.

Os resultados da analise dos genes ras na interagdo patdégeno hospedeiro
levam a hipotese de que a modulagédo da expresséo de ras1 e ras2 no ambiente
do macrofago é uma resposta a limitagdo nutricional. O nosso grupo ja relatou a
repressdo da via glicolitica (Tavares et al., 2007) acompanhada de indug&o do

ciclo do glioxilato e da via gliconeogénica (Derengowski et al., 2007, em
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impresséo) em leveduras de P. brasiliensis internalizadas em macrofagos.
Corroborando tais dados, Breviario et al. (1988) demonstraram que os transcritos
de RAS71 e RAS2 estavam reprimidos quando as células leveduriformes de S.
cerevisiae foram submetidas a limitacdo de glicose. Em contraste, Wang et al.
(2004) ao analisar o padréo transcricional de células de S. cerevisiae quando
RAS2 estava super-expresso, relataram uma repressdo do processo de
gliconeogénese, fendbmeno este observado quando a célula encontra-se na

presencga de glicose.
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Figura 22: Analise da expressado dos genes ras de P. brasiliensis em resposta a incubagao
de leveduras em meio Fava Netto por 7 dias a 37°C seguida ou nao de incubagdo por 9h em
meio RPMI-1640. Painel A apresenta os resultados dos experimentos de RT-PCRsq realizados
em triplicata. Os transcritos correspondentes a ras? (300pb), ras2 (400pb) e a- tub (200pb) estédo
mostrados no gel de agarose 1,5% em cada uma das condigbes testadas (Fava-Netto ou Fava-
Netto + RPM-1640). O painel B mostra a analise semi-quantitativa da expressdo dos genes ras
realizada por densitometria. Os niveis de ras foram calculados em relagdo ao controle interno a-
tub, para cada uma das condi¢des testadas. As barras representam os erros padrées dos
experimentos em triplicata, sendo os dados significativos, com *P <0,05.
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De fato, o fagossomo é um ambiente nutricionalmente pobre, com um pH
extremamente baixo e rico em espécies reativas de oxigénio produzidas para
limitar a disseminagédo do patogeno. As células leveduriformes de P. brasiliensis
respondem a esta agressdo modulando o aparato transcricional para
sobreviverem na presenga das defesas do macrofago. Assim, a laténcia do
patdogeno, parece ser a melhor estratégia para evasdo do sistema imune do
hospedeiro. Baseado neste fato, a regulacdo negativa dos genes ras é
completamente plausivel ja que a situagdo em que as leveduras se encontram no
fagossomo é desfavoravel para proliferagdo ou diferenciagdo, provavelmente

parando o seu ciclo celular na fase Go.

6.5) Analise das PbAESTs geradas pelo transcriptoma de Pb01 que
codificam as subunidades regulatéria e catalitica de FTase e GGTase |

Com o objetivo de avaliar a presengca das preniltransferases em P.
brasiliensis, decidiu-se utilizar as PbAESTs que representam os genes ram1
(subunidade 3 de FTase), cdc43 (subunidade 3 de GGTase |) e ram2 (subunidade
o comum a FTase e GGTase |), (ver Tabela 2) para uma analise mais detalhada
da sequéncia de nucleotideos (total ou parcial), da sequéncia deduzida de
aminoacidos e realizar uma comparagao com as sequéncias dessas proteinas de
diferentes fungos. Todas as trés sequéncias analisadas apresentam-se parciais,
no entanto, foi possivel determinar os dominios e motivos conservados. Nas
sequéncias deduzidas de Ram1 e Cdc43, que codificam as subunidades 3 de
FTase e GGTase | respectivamente, foi possivel determinar os aminoacidos que
compdem o sitio catalitico, os aminoacidos que coordenam a ligagédo ao ion Zn*",
e 0s aminoacidos que participam da interface com a subunidade a (Figuras 23 e
24). Em Ram2, que codifica a subunidade a comum a Ftase e GGTase |, foi
possivel determinar os dois dominios conservados da familia das

preniltransferases (Figura 25).
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Figura 23: Alinhamento muiiltiplo das seqiiéncias de Ram1 que codificam as subunidades f3
de FTase de diferentes organismos. Os aminoacidos destacados com caixas cinza fazem parte

do sitio catalitico da enzima, os destacados em vermelho compdem a interface com a subunidade

2+

o e as setas indicam os aminoacidos de coordenagdo ao ion Zn “ .“*” indica que 0 mesmo

aminoacido esta presente em todas as sequéncias,”:” indica substituicdes conservadas, “.” indica
substituicbes semi-conservadas. Af: A. fumigatus, Ca: C. albicans, Cn: C. neoformans, Pb: P.

brasiliensis e Sc: S. cerevisiae.
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Figura 24: Alinhamento multiplo das seqiiéncias de Cdc43 que codificam as subunidades f3
de GGTase | de diferentes organismos. Os aminoacidos destacados com caixas cinza fazem

parte do sitio catalitico da enzima, os destacados em vermelho compdem a interface com a

2+ n*n

subunidade a e as setas indicam os aminoacidos de coordenagao ao ion Zn indica que o

mesmo aminoacido esta presente em todas as seqiiéncias,“:"indica substituicbes conservadas,
indica substituigbes semi-conservadas. Af: A. fumigatus, Ca: C. albicans, Pb: P. brasiliensis e Sc:

S. cerevisiae.
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Figura 25: Alinhamento muiiltiplo das seqiiéncias de Ram2 que codificam as subunidades o
comum a FTase e GGTase | de diferentes organismos. Os aminoacidos destacados com caixas

cinza compdem os dois dominios conservados da familia das preniltransferases.“*” indica que o

mesmo aminoacido esta presente em todas as seqliéncias,“:"indica substituicbes conservadas,

indica substituigbes semi-conservadas. Af: A. fumigatus, Ca: C. albicans, Pb: P. brasiliensis e Sc:

S. cerevisiae.

As sequéncias foram agrupadas em um dendograma e observou-se que
todas elas Ram1, Ram2 e Cdc43 foram agrupadas na mesma chave das
respectivas sequéncias de A. fumigatus, indicando mais uma vez, uma alta

proximidade deste organismo com P. brasiliensis (Figura 26).
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Figura 26: Dendogramas de similaridade das proteinas A) Ram2 (subunidade 3 de FTase),
B) Cdc43 (subunidade 3 de GGTase I) e C) Ram1 (subunidade a comum a Ftase e GGTasel)
dos organismos: Af: A. fumigatus, Ca: C. albicans, Cn: C. neoformans, Pb: P. brasiliensis e Sc: S.

cerevisiae.

Estes dados demonstram claramente que P. brasiliensis apresenta todos
0s genes necessarios para codificar FTase e GGTase |, diferentemente de C.
neoformans que nao apresenta o gene CDC43 que codifica a subunidade
catalitica de GGTase | (Vallim et al., 2004). Sendo assim, P. brasiliensis em
principio, € capaz de promover as modificagdes pos-traducionais de farnesilagao
e geranilagdo nas proteinas que requerem a adigdo destes grupamentos

hidrofébicos.

6.6) Avaliacao do envolvimento do processo de farnesilagdo no
dimorfismo e crescimento vegetativo de P. brasiliensis

A alta frequéncia de mutagbes nos genes ras associadas ao
desenvolvimento de cancer em humanos e a elucidacdo do processo de
farnesilacdo da proteina Ras para que seja posicionada corretamente na
membrana tém motivado uma crescente busca por inibidores de
farnesiltransferase para tratamento de células malignas (Basso et al., 2006).

Para avaliar se o processo de farnesilagdo estaria envolvido com
crescimento vegetativo e diferenciacdo em P. brasiliensis, utilizou-se o inibidor de
farnesiltransferase FPT Inhibitor Il (Calbiochem) (Figura 27), devido a sua
permeabilidade celular e também por ter sido utilizado em experimentos prévios

com os fungos patogénicos C. albicans (McGeady et al., 2002) e C. neoformans
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(Vallim et al., 2004). Este composto atua inibindo a acdo da farnesiltransferase
por competir pela ligagédo de farnesilpirofosfato (FPP) no sitio ativo da enzima. Em
C. albicans o inibidor de farnesiltransferase ndo gerou nenhum efeito no
crescimento vegetativo, no entanto causou uma diminui¢cdo da taxa de converséo
de levedura para pseudo-hifas dependente de soro (McGeady et al., 2002). Em C.
neoformans, Vallim et al. (2004) também ndo observaram interferéncia do inibidor
no crescimento vegetativo deste fungo, no entanto, o composto foi capaz de
bloquear dois eventos de diferenciacdo celular neste patogeno, a frutificacdo
hapldide e o acasalamento. Como as proteinas Ras devem ser farnesiladas para
que sejam localizadas na membrana, decidiu-se utilizar o composto FPT Inhibitor
[l em P. brasiliensis para investigar o papel do processo de farnesilagdo, bem
como o de Ras e possivelmente de outras proteinas que sao farnesiladas neste

patogeno.
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Figura 27: Estrutura quimica do inibidor de farnesyltransferase FPT Inhibitor Ill - (E,E)-

[2-Ox0-2-[[(3,7,11-trimethyl-2,6,10-dodecatrienyloxyaminoethyl phosphonic Acid, (2,2-Dimethyl-1-

oxopropoxymethyl Ester, Na (Calbiochem).

O composto FPT Inhibitor Il foi testado no crescimento vegetativo de
micelio (22°C), levedura (37°C) e durante a transigdo de micélio para levedura
(M—Y) e no sentido inverso do dimorfismo Y—M. A concentracdo minima
inibitoria (CMI) do inibidor na fase leveduriforme do isolado Pb01 de P. brasiliensis
foi maior que 500uM (dados n&o mostrados). Este dado corrobora com Vallim et
al. (2004) e McGeady et al. (2002), os quais relataram que apenas concentragdes
>500uM de FPT Inhibitor Il eram capazes de bloquear o crescimento vegetativo
de C. neoformans e C. albicans.

Ao avaliar o crescimento vegetativo da fase miceliana de P. brasiliensis a
22°C, bem como o processo de transicdo dimoérfica dependente de temperatura
de micélio para levedura (M—Y) na presenca de FPT Inhibitor Ill ndo foram

detectadas alteragbes no crescimento vegetativo (Figura 28A) nem na transigéo
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M—-Y (Figura 28B), mesmo na maior concentragcédo testada (500uM), quando
comparados com o controle na auséncia do inibidor. Em contraste, quando o
crescimento vegetativo de leveduras foi avaliado em diferentes concentragbes do
inibidor de farnesiltransferase, observou-se que as leveduras apresentavam tubos
germinativos tipicos de micélio, que nao foram observados no controle (Figura
29). E importante observar que o dimorfismo de P. brasiliensis é dependente da
mudanca na temperatura de 37°C para 22°C. O que pode ser observado, na
Figura 29, é que com o bloqueio do processo de farnesilagdo, mesmo a 37°C,

ocorre uma predominancia da forma filamentosa deste fungo.

Crescimento vegetativo de micélio

Controle

500 uM FPT Inhibitor IlI

Figura 28: Avaliagdo do efeito do bloqueio do processo de farnesilagdo no crescimento

vegetativo de micélio (A) e durante a transigdao dimoérfica de micélio para levedura de P.
brasiliensis (B). No painel A, fragmentos de micélio foram incubados na presenga de 500uM FPT
Inhibitor Il em meio de cultura MVM a 22°C por 10 dias. O controle foi crescido na auséncia de
inibidor. A barra representa 10um. O painel B representa a transicdo dimorfica de micélio para
levedura (M—Y), em que fragmentos de micélio foram incubados por 48h a 22°C e submetidos a
mudanga para 37°C por 10 dias para indugdo da diferenciagado para células leveduriformes na

presenga € na auséncia de 500uM FPT Inhibitor Ill, a barra de aumento representa 10um.
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Crescimento vegetativo de leveduras

Controle

Figura 29: Alteracao do crescimento vegetativo de leveduras de P. brasiliensis causadas
pelo bloqueio do processo de farnesilagao. Leveduras de P. brasiliensis foram incubadas na
presenca de 500uM FPT Inhibitor Ill em meio de cultura MVM a 37°C por 7 - 10 dias (painel
acima). As células leveduriformes que cresceram na auséncia do inibidor correspondem ao
controle (painel abaixo). As setas brancas indicam a presencga de tubos germinativos emergindo

das leveduras quando a farnesilagdo € bloqueada. A barra de aumento representa 10um.

No experimento de transicdo de levedura para micélio (Y—M) de P.
brasiliensis, as células leveduriformes foram incubadas a 22°C na presenca de 0;
125; 250 e 500uM do inibidor. Como pode ser observado na Figura 30 as
leveduras apresentam tubos germinativos caracteristicos da transigdo Y—M, tanto
na presenga do inibidor quanto no controle. Entretanto, observa-se uma maior
quantidade de leveduras com tubos germinativos quando as leveduras estdo em
presenca do inibidor. Os dados da Figura 31 mostram a porcentagem de células
leveduriformes com tubos germinativos em relagdo a concentragdo de FPT
Inhibitor Ill. Os dados indicam uma possivel correlagao direta entre a produgao de
tubos germinativos e a concentragdo do inibidor, j4 que na maior concentragdo
testada (500uM) observa-se um aumento aproximado de duas vezes quando
comparado ao controle. Dessa forma, a inibicdo do processo de farnesilacao
parece provocar uma profunda alteragcdo no dimorfismo e morfogénese do
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patdgeno, ao favorecer a transicdo de Y—M de maneira dose dependente e, ao

promover alteragdo morfolégica do crescimento vegetativo das células

leveduriformes, induzindo a formagédo de tubos germinativos mesmo a 37°C,

fazendo com que este processo seja um evento independente da mudanga de

temperatura.

Transicao Levedura — Micélio

500 uM 250 uM

Controle
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Figura 30: Transicdo dimorfica de levedura para micélio na presenca do inibidor de
farnesiltransferase. Leveduras de P. brasiliensis foram inoculadas em meio de cultivo MVM,
incubadas por 48h a 37°C seguida de mudanga para temperatura de 22°C por 10 dias para induzir
a diferenciacdo para forma de micélio na presenca de 500, 250 e 125uM of FPT Inhibitor Ill € na
auséncia deste composto (controle). Em todas as concentragbes testadas as leveduras
produziram tubo germinativos. As barras de aumento dos painés acima representam 1uym e dos

painéis abaixo 10um.
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Figura 31: Quantificagdo das células leveduriformes com tubos germinativos em relagao
a concentragao do inibidor de FTase. Para quantificacdo das diferengas nas taxas de produgao
de tubos germinativos em cada concentragéo testada, contaram-se aleatoriamente todas as
leveduras (com tubos germinativos ou n&o) e calculou-se a proporgao relativa ao total do numero
de células em quatro campos escolhidos aleatoriamente em trés diferentes laminas de trés
experimentos independentes. Os resultados foram plotados no grafico como porcentagem de
células leveduriformes com tubos germinativos versus a concentragdo do inibidor testada. As
barras representam o erro padrao dos experimentos em triplicata, com a=P < 0,001 e b=P< 0,01.

Como o inibidor de farnesilagcdo ndo é especifico para bloquear as
proteinas Ras, os efeitos observados na morfologia de P. brasiliensis podem ser
resultantes da inibicado de outras proteinas que também necessitam do processo
de farnesilacdo para realizarem suas fungées. E pouco provavel que FPT Inhibitor
lll, especifico do processo de farnesilagdo, esteja atuando nas proteinas que
pertencam a superfamilia das Rho-GTPases, incluindo RhoA, Rac, Cdc42, pois
sdo geraniladas ao invés de farnesiladas (Arellano et al., 1999). Dentre as 30
proteinas conhecidas por sofrerem farnesilagdo em células humanas (Appels et
al., 2005) apenas duas delas, Rheb e Ras estdo envolvidas em crescimento e
diferenciacdo celular fungica em resposta a diferentes estimulos. As proteinas
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Rheb parecem ser responsaveis pela ativacdo da via de sinalizagdo Tor, que
controla diferenciagcéo celular em S. pombe (Alvarez & Moreno, 2006; Uritani et
al., 2006), C. neoformans e C. albicans (Rhode & Cardenas, 2004). As proteinas
Ras ativam Cdc42 para promover polaridade celular e acasalamento em S.
pombe (Marcus et al., 1995), crescimento filamentoso em S. cerevisiae (Mosh et
al., 1996), crescimento vegetativo e transicdo dimorfica soro-induzida em C.
albicans (Leberer et al., 2001), germinagao de esporos e crescimento polarizado
em P. marneffei (Boyce et al., 2005) e ainda crescimento em alta temperatura e
diferenciacao celular em C. neoformans (Alspaugh et al., 2000; Waugh et al.,
2003).

Este trabalho demonstra que a inibicdo do processo de farnesilagao
promove profundas alteragdes no crescimento vegetativo de leveduras de P.
brasiliensis e induz a transicdo dimorfica de levedura para micélio. Apesar disto,
nao é possivel precisar qual proteina, se Ras ou Rheb ou ambas, estariam
controlando esses eventos. O que se pode afirmar € que P. brasiliensis possui
todos os componentes envolvidos com sinalizacdo celular, para promover a
diferenciacdo e morfogénese, como em outros fungos (Fernandes et al., 2005),
incluindo as vias controladas por Rheb (Tor) e Ras (MAPKinases ou AMPc/PKA),
no entanto como elas funcionam, interagem e a quais sinais elas respondem,

ainda precisam ser investigados.

6.7) Padronizagao do sistema de transformacgao via A. tumefaciens para o
isolado Pb113

Em 2004, Leal et al. demonstraram que a bactéria A. tumefaciens é capaz
de transformar o isolado ATCC-60855 do fungo dimorfico P. brasiliensis. Como
existe uma variagdo muito grande entre os diferentes isolados deste patogeno,
tanto no que diz respeito a variabilidade genética, morfolégica e até mesmo no
tempo de crescimento, decidiu-se escolher um isolado para ser manipulado
geneticamente que fosse mais viavel para a execu¢do dos experimentos de
transformacg&o genética. Foi escolhido o Pb113, isolado por Fava-Netto em 1971
de um paciente brasileiro do estado de Sao Paulo apresentando PCM cronica.
Feitosa et al. (2003) relataram o cariotipo de doze isolados de P. brasiliensis
através das técnicas de eletroforese de campo pulsado e hibridizacdo do DNA e
demonstraram que o isolado Pb113 parece ser hapldide, apresentando apenas
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dois nucleos por célula e um genoma estimado de 25,8Mb. Além disso, o isolado
Pb 113 cresce muito mais rapido em meio de cultura quando comparado ao
isolado Pb01 (dados ndo mostrados). Tais caracteristicas foram essenciais para a
escolha deste isolado para testar a transformagao via A. tumefaciens.
Primeiramente foi realizado um experimento para medir a susceptibilidade
dos isolados Pb01 e Pb113 ao antibiotico higromicina B. O experimento consistiu
na contagem de unidades formadoras de colénias (UFC) oriundas de células
leveduriformes dos isolados indicados, plaqueadas em meio BHI acrescido de
soro de cavalo e fator de crescimento e diferentes concentragdes de higromicina
B (0 a 300ug/mL) (Figura 32). Pode-se observar no grafico que ambos os

isolados s&o sensiveis a concentragdo de 100pg/mL de higromicina B.

% leveduras de P, brasiliensis
recuperadas

&% i &
0 50 100 150 200 250 300

Higromicina B (ug/mL)

- = -Pb01 —a—Pb113

Figura 32: Curva de susceptibilidade dos isolados Pb01 e Pb113 de P. brasiliensis a
higromicina B. As células leveduriformes foram inoculadas em placas de BHI acrescidas de 5%
fator crescimento e 4% de soro de cavalo contendo higromicina B nas concentragbes de 0 a
300ug/mL. As placas foram incubadas a 37°C por 15 - 20 dias. O experimento foi feito em
duplicata, sendo que as quantificagbes foram feitas através da contagem das colbnias que
cresceram nas concentragbes testadas apds o periodo de incubagdo. Os dados foram plotados
num grafico como % de leveduras recuperadas versus a concentragdo de higromicina B em

Mg/mL.

Conhecendo-se a concentragédo de higromicina B que € capaz de impedir o
crescimento dos isolados Pb01 e Pb113, foram entdo realizados os experimentos
de transformagdo utilizando linhagens de A. tumefaciens contendo o vetor
pAD1625. O plasmidio pAD1625 (ver Figura 8) de aproximadamente 17Kb
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apresenta uma regido de viruléncia (Ti) que contém o gene virG mutante
constitutivo (virGN54D), uma origem de replicagdo 75A2 e o gene hph de E. coli,
que codifica para higromicina fosfotransferase que confere resisténcia a
higromicina B. O gene hph é flanqueado pelo promotor de cpc-1 de N. crassa
(cpc-1 codifica para a “Cross-pathway control protein”) e o terminador de frpC de
A. nidulans (Abuodeh et al., 2000).

Foram testadas as proporgdes Pb113: Agro 1:10, 1:100 e 1:200. O numero
de colbnias obtidas apdés a transformacédo e repique em meio BHI contendo
30ug/mL de higromicina B foi de 35, 9 e 1, respectivamente. No entanto, apos
repiqgue em meio BHI contendo 100 e 200ug/mL de higromicina B, somente 25
colénias apresentaram-se viaveis, sendo que 23 sio oriundas do co-cultivo 1:10 e
apenas duas foram obtidas de 1:100. E interessante mencionar que duas coldnias
mostraram-se viaveis nas concentracdes de 30 e 100pg/mL de higromicina B,
porém em 200ug/mL de higromicina B foram incapazes de crescer, por serem
possivelmente coldnias falso-positivas (Figura 33). Realizou-se uma PCR para
confirmacédo daqueles que apresentavam o gene exdgeno hph utilizando como
molde DNA gendmico de coldnias escolhidas aleatoriamente ainda durante a fase
de selecdo dos clones transformantes (placa de repique de 30ug/mL de
higromicina B).
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Figura 33: Transformantes do isolado Pb113 de P. brasiliensis obtidos do co-cultivo de A.
tumefaciens contendo o plasmidio pAD1625 apés 20 dias de crescimento em BHI acrescido
de 4% de soro de cavalo e 5% de fator de crescimento a 37°C. Na figura estédo indicadas as
concentragdes de higromicina B utilizadas no repique. Os transformantes que estéo indicados sdo
aqueles que tiveram o DNA gendmico extraido, e analisados por PCR, em verde sdo os positivos
e em vermelho est&o os falso-positivos (ndo apresentam o gene hph).

O gel de agarose revelou que das 17 colénias escolhidas aleatoriamente
da placa de repique de concentracdo 30ug/mL de higromicina B, apenas 6
apresentavam o gene exdégeno hph que confere resisténcia ao antibidtico utilizado
como marcador seletivo integrado em seus genomas (Figura 34), o que é
compreensivel uma vez que as colbnias ainda nao tinham sido repicadas para

maiores concentragdes de higromicina B, sendo portanto falso-positivas.
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Figura 34: PCR confirmatéria dos transformantes de P. brasiliensis isolado Pb113 obtidos

via A. tumefaciens. Gel de agarose 0,8% dos produtos amplificados por PCRs utilizando-se como
molde DNA gendmico e oligonucleotideos para o gene hph que confere resisténcia a higromicina
B (painel acima) e para o gene ras? (controle interno) (painel abaixo). Os niumeros das colbnias
que tiveram o DNA gendmico extraido (2,3,8,9,18,19,20,23,26,30,35,40%1,*2,*3,*4) estdo indicados
na figura. O controle positivo & o plasmidio pAD1625 e o controle negativo € o isolado Pb113 n&o

transformado. Os tamanhos dos fragmentos obtidos est&o indicados na figura.

A estabilidade mitética dos 25 transformantes que se mostraram viaveis em
200pg/mL de higromicina B foi avaliada através de quatro passagens sucessivas
em meio ndo seletivo e posterior repique em meio seletivo (200ug/mL de
higromicina B), e observou-se que os 25 transformantes eram estaveis. N&o foi
possivel analisar o numero de insergdes do gene hph no genoma de cada um dos
transformantes por Southern blot, pois sem nenhum motivo explicavel (talvez, o
clima seco), todos os transformantes pararam de crescer mesmo quando
repicados em meio ndo seletivo. No entanto, os dados obtidos demonstram
claramente que o sistema de A. tumefaciens € funcional no isolado escolhido,
Pb113.

6.8) Construgcao do vetor quimérico para silenciamento de ras7 de P.
brasiliensis
Em paralelo ao estabelecimento do protocolo de transformagdo do
P.brasiliensis utilizando Agrobacterium, foram também iniciadas as constru¢des
de vetores visando o silenciamento génico por RNAi neste patdgeno. Apos a
realizacdo da amplificacdo e clonagem de todos os fragmentos (Pcpc-1, TirpC,
ras1 senso e anti-senso, ura3 senso e anti-senso e loop) no vetor pBluescript KS+
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para construgcdo dos 3 vetores quiméricos para silenciamento de ras? e ura3
(marcador de contra-selecdo), os plasmidios foram digeridos com a enzima de
restricdo Ncol para confirmar a presenca dos insertos nos trés cassetes de
silenciamento obtidos (l) ura3/ras1/loop, (ll) ura3/ras1/ intron/ loop e (lll)
ura3/rasil/intron (Figura 35A). Esta etapa demandou aproximadamente um ano
de trabalho, devido a complexidade e o numero de etapas de clonagem dos
referidos insertos. Os resultados da digestdo demonstrando a correta insergéo
dos fragmentos no vetor estdo mostrados na Figura 35B, em que todos os clones
analisados de cada uma das constru¢des liberaram os fragmentos esperados.
Apos confirmacdo dos cassetes de silenciamento, decidiu-se amplifica-los
utilizando-se os oligonucleotideos Bcll-5’Pcpc? e Bcll-3'TtrpC , para inser¢gao do
sitio de Bcll nas extremidades dos cassetes para posterior digestdo com Bcll e
clonagem no sitio Bglll do vetor pAD1625 (vetor de A. tumefaciens). As reagdes
de PCRs foram realizadas (Figura 36), e os fragmentos de tamanhos de 2,8kb;
3,0kb e 2,9kb que correspondem aos cassetes completos () ura3/ras1/loop, (Il)
ura3/ras1/intron/loop e (lll) ura3/rasi/intron; respectivamente foram observados
no gel de agarose. Além das bandas de cerca de 3Kb esperadas na amplificagéo,
outras inespecificas sdo também amplificadas, o que mostra que as condi¢des de
PCR ainda precisam ser padronizadas para ajuste das condi¢des adequadas.
Mesmo assim, as bandas esperadas estdo bem resolvidas e podem ser
purificadas diretamente do gel de agarose para sua posterior clonagem no vetor
pAD1625 (Figura 36). Esta etapa do trabalho esta no momento sendo realizada
em nosso laboratério para em seguida realizar os experimentos de transformacgao
genética do isolado Pb113 visando o silenciamento do gene ras7, usando como
marcador o gene que confere resisténcia a higromicina B (hph) e contra-selegao
por ura3 em presenca de 5-FOA.
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Figura 35: Digestdo confirmatéria dos cassetes para silenciamento de ura3/ras1. O
painel A apresenta os esquemas de cada um dos cassetes de silenciamento construidos em
pBluescript KS+, com a localizagédo dos sitios de Ncol, bem como os tamanhos dos fragmentos
obtidos em pb apds digestdao com Ncol. O painel B representa a analise por eletroforese em gel
de agarose 0,8% das digestbes dos plasmidios contendo as construgbes dos cassetes de
silenciamento com Ncol. O pogo 1 representa o perfil dos fragmentos de restrigdo de um clone
contendo o cassete (l) ura3/ras1/loop; os pogos 2, 3 e 4 representam o perfil de fragmentos de
restrigao trés clones distintos que contém o cassete (Il) ura3/ras1/ intron/ loop € os pogos 5, 6 e 7
representam o perfil de fragmentos de restrigdo trés clones distintos que contém o cassete (lll)
ura3/rasi/intron. Os tamanhos obtidos nas digestdes sdo exatamente aqueles esperados pela

andlise do perfil de restricdo (painel A).
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Figura 36: Amplificacdo dos cassetes silenciadores (l) ura3/ras1/loop, (ll) ura3/ras1/ intron/
loop e (lll) ura3/ras1lintron. Utilizaram-se como molde para PCR os plasmidios contendo tais
cassetes e variou-se a concentragdo de magnésio em 2 e 4mM. Os fragmentos amplificados foram
analisados em gel de agarose 0,8%, sendo que os pogos 1 e 2 correspondem a amplificagdo do
cassete () ura3/ras1/loop de tamanho 2,8Kb. Os pogos 3 e 4 correspondem a amplificagdo do
cassete (Il) ura3/ras1/ intron/ loop de tamanho 3,0Kb. Os pogos 5 e 6 correspondem a
amplificacdo do cassete (lll) ura3/ras1/intron de tamanho 2,9Kb. Os pogos 1, 3 e 5 utilizou-se 2mM
de magnésio na PCR, enquanto que os pogos 2, 4 e 6 utilizou-se a concentragdo final de 4mM de

magnésio.

6.9) Clonagem dos fragmentos de ras1 senso e antisenso no vetor
pSilent-1 e a transformacao deste vetor em P. brasiliensis através de
eletroporacao.

Ainda em paralelo a construcdo dos vetores para transformacdo via
Agrobacterium, os fragmentos senso e antisenso do gene ras? de P. brasiliensis
foram também amplificados e clonados no vetor pSilent-1. A confirmacdo da
correta insergdo dos fragmentos senso e anti-senso foi realizada por digestédo
com as enzimas Sphl e Xhol (Figura 37). Os controles utilizados foram pSilent-1,
contendo apenas o fragmento ras? senso e o vetor pSilent-1 vazio. O padréo de
restricdo obtido foi exatamente o esperado; pSilent-1 ras1, liberou uma banda de
1200pb correspondente a clonagem dos fragmentos senso e antisenso de ras7,
enquanto que pSilent-1 contendo apenas o fragmento senso de ras? liberou uma
banda de 600pb. O vetor vazio deveria ter liberado uma banda de 100pb
correspondente ao loop (Figura 37B), no entanto, n&o foi possivel observa-la no
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gel, pois esta banda pode ter migrado juntamente com o RNA (amostra n&o foi
tratada com RNAseA).

1200pb

pSilent-1/ras1

600pb —

pSilent-1/ras1 Senso

+ 100pb -
pSilent-1

6,0kb——

1,2kb——
0,6kb—— -

Figura 37: Digestao confirmatéria do vetor pSilent-1/ras1 contendo os fragmentos senso
e antisenso de ras? para silenciamento. O painel A apresenta os esquemas de cada um dos
vetores utilizados na digestao: pSilent-1/ras?; pSilent-1/ras1 senso e pSilent-1, com a localizagao
dos sitios de Sphl e Xhol, bem como os tamanhos dos fragmentos obtidos em pb apos digestédo
com Sphl e Xhol. O painel B representa a analise por eletroforese em gel de agarose 0,8% das
digestdes dos plasmidios acima mencionados. O pogo 1 representa o perfil dos fragmentos de
restricdo do vetor pSilent-1/ras1, contendo ras? senso e ras1 antisenso; o poco 2 representa o
perfil de fragmentos de restricdo de pSilent-1 contendo apenas ras? senso e o pogo 3 representa o
perfil do vetor pSilent-1 vazio Os tamanhos obtidos nas digestdbes sdo exatamente aqueles
esperados pela analise do perfil de restricao (painel A).
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Apoés a confirmagao da construgdo do vetor pSilent-1/ras?, realizou-se a
transformacgéao do isolado Pb113 e Pb01 pelo método de eletroporagao (ver segéo
métodos para detalhes). Apds 20 dias de incubagédo nao foram obtidas col6nias
do isolado Pb01. Para o isolado Pb113 foram obtidas cerca de 50 col6nias que
cresceram em presencga de 100ug/mL de higromicina B, a seguir foram repicados
para placas de BHI contendo 100 e 200ug/mL de higromicina B para confirmar se
realmente representavam transformantes positivos. Apds 20 dias de incubacao
das placas-repique nenhuma coldnia foi obtida, indicando que as coldnias obtidas
da transformacgéo de pSilent-1/ras1 do isolado Pb113 eram transformantes falso-
positivos ou muito instaveis (dados ndo mostrados). Anteriormente, Soares et al.
(2005) demonstraram a instabilidade dos transformantes de Pb0O1 oriundos de
eletroporagdo e sugeriram que esta instabilidade, se deve muitas vezes a nao
integragao do plasmidio no genoma do fungo, permanecendo na forma epissomal,
susceptivel a eliminagdo com a pressao seletiva.

Finalizando, este trabalho permitiu a identificacdo e caracterizacdo dos
genes ras1 e ras2, no fungo dimorfico e patogénico P. brasiliensis. Além disso, foi
possivel analisar o perfil transcricional destes genes durante o processo dimérfico
de micélio para levedura, no qual ndo foram observadas variagdes significativas
da modulagao transcricional de ras, enquanto que leveduras internalizadas em
macrofagos mostraram uma regulagcdo negativa de ras? e ras2. Entretanto,
apenas ras1 responde ao choque térmico a 42°C. Este trabalho avaliou também a
maquinaria celular para prenilagdo, sendo que P. brasiliensis apresenta todos os
genes necessarios para o correto funcionamento das preniltransferases. Através
da utilizacdo de inibidor de farnesiltransferase, foi possivel demonstrar o
envolvimento deste processo no crescimento vegetativo e dimorfismo deste
patdgeno, ja que a inibigdo do processo de farnesilagdo promoveu alteragdes no
crescimento vegetativo de leveduras de P. brasiliensis e induziu a transicdo
dimérfica de levedura para micélio. Em paralelo, este trabalho delineou uma
estratégia para silenciamento génico em P. brasiliensis, utilizando como
instrumento o fendbmeno de interferéncia no RNA. Foram construidos trés vetores
que estdo sendo testados para silenciar o gene ras1 de P. brasiliensis. Ainda em
paralelo, foi realizada a padronizagdo do método de transformagdo mediado por
A. tumefaciens para futuramente ser utilizada na insergdo dos cassetes de

silenciamento no genoma de P. brasiliensis. Os resultados sugerem que os genes
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ras devem ter um papel no dimorfismo, na resposta a choque térmico e na
interagao patdégeno-hospedeiro, no entanto as fungdes de ras nesses processos
serdo avaliadas em detalhe quando os genes ras forem silenciados via
interferéncia no RNA.
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Este trabalho identificou e caracterizou pela primeira vez a presenga de
dois genes, ras1 e ras2, no fungo dimorfico e patogénico P. brasiliensis
apresentando copias unicas no genoma, alta similaridade e identidade tanto entre
as sequUéncias deduzidas das proteinas quanto entre as sequéncias de
nucleotideos, demonstrando ainda uma alta conservagdo com as proteinas Ras
de outros organismos.

Além disso, os genes ras sdo modulados negativamente quando leveduras
deste patdégeno entram em contato com células hospedeiras, no caso macréfagos
peritoniais, devido principalmente a limitagdo nutricional e ao ambiente hostil
encontrado pelo fungo. Apenas ras? apresentou uma regulagéo negativa quando
leveduras de P. brasiliensis foram submetidas a choque térmico. Durante a
transicao dimérfica dependente de temperatura de micélio para levedura, nenhum
dos genes ras se mostraram regulados transcricionalmente.

P. brasiliensis apresenta todos os genes que codificam as enzimas
preniltransferases, capazes de adicionar grupamentos lipidicos em proteinas que
devem se localizar na membrana plasmatica para exercerem as suas fungdes
biologicas. Dentre os genes que foram identificados e tiveram suas sequéncias
deduzidas de proteinas analisadas estdo: ram1 (subunidade 3 de FTase), cdc43
(subunidade 3 de GGTase |) e ram2 (subunidade a comum a FTase e GGTase ).

Este trabalho mostra o envolvimento do processo de farnesilacdo no
crescimento vegetativo e dimorfismo de P. brasiliensis. A inibicdo do processo de
farnesilagcdo promoveu alteragbes no crescimento vegetativo de leveduras de P.
brasiliensis e induziu a transicdo dimédrfica de levedura para micélio.
Possivelmente, proteinas como Ras e Rheb envolvidas em diferenciagdo e
morfogénese celular estariam sendo bloqueadas, no entanto quais os
componentes celulares responsaveis pelo fendtipo observado quando ha o
bloqueio do processo de farnesilagdo ainda precisam ser investigados.

Este trabalho, em paralelo, permitiu avangar no desenvolvimento da
estratégia para silenciamento génico em P. brasiliensis, que por ser um fungo
multinucleado, com multibrotamentos e ploidia ainda nao definida, a técnica de
interferéncia no RNA parece ser uma opg¢ao estratégica para estudar fungéo
génica neste patdogeno humano. Foram construidos trés vetores que estdo sob
testes para silenciar o gene ras? de P. brasiliensis. Além disso, a padronizagéo do
método de transformagédo mediado por A. tumefaciens foi realizada com intuito de
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utilizar esta bactéria como carreadora dos cassetes de silenciamento para o P.
brasiliensis, ja que a transformagdo por eletroporagcdo utilizando o vetor
construido neste trabalho pSilent-1/ras1, para silenciamento de ras7, produziu
apenas transformantes instaveis.

A funcionalidade dos dois genes ras de P. brasiliensis sera analisada
utilizando experimentos de silenciamento génico, na tentativa de elucidar o papel
biologico de ras?1 e ras2, e ainda verificar se os dois genes apresentam fungdes
redundantes ou paralelas em uma mesma via de sinalizacdo e/ou processo
biologico. No entanto, a importancia das proteinas Ras na patobiologia de P.
brasiliensis foi demonstrada por este trabalho, o através dos experimentos
empregando inibidores de farnesilagdo. Estas analises abrem novas
possibilidades para identificacdo e caracterizacdo dos componentes das cascatas
de sinalizagdo de P. brasiliensis (Ras, Rheb) que certamente muito contribuirdo
para o entendimento das respostas adaptativas, controle dos processos de
morfogénese, dimorfismo, viruléncia e patogenicidade deste fungo.

Assim, como perspectivas deste trabalho, existem as seguintes etapas:
padronizacdo da PCR para amplificacdo dos cassetes de silenciamento,
purificagdo dos fragmentos, clonagem no vetor pAD1625 para posterior
transformacgéao via A. tumefaciens do isolado Pb113 visando o silenciamento de
ras1. A analise dos transformantes silenciados de ras? fornecera um melhor
entendimento das fungbes deste gene em P. brasiliensis. Além disso, as
clonagens de ras2 nos vetores gerados por este trabalho, bem como a
transformacdo em P. brasiliensis para obtencdo de transformantes silenciados
para ras2, fornecerdo informacdes valiosas quanto ao papel desempenhado por
ras2 neste patdogeno. Como uma perspectiva futura desta tese de doutorado, esta
a analise molecular e funcional de rheb de P. brasiliensis para elucidagdo do

envolvimento desta proteina no dimorfismo e patobiologia deste fungo.
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ABSTRACT. The human fungal pathogen Paracoccidicides brasili-
ensis is an ascomycete that displays a temperature-dependent dimor-
phic transition, appearing as a mycelium at 22°C and as a yeast at 37°C,
this latter being the virulent form. We report on the in sifice search
made of the P brasiliensis transcriptome-expressed sequence tag da-
tabase for components of signaling pathways previously known to be
involved in morphogenesis and virulence in other species of fungi, in-
cluding Saccharomyees cerevisiae, Cryptococcus neaformans, Can-
dida albicans, and Aspergillus fumigatus. Using this approach, it was
possible toidentify several protein cascades in P brasiliensis, such as i)
mitogen-activated protein kinase signaling for cell integrity, cell wall con-
struction, pheromone/mating, and osmo-regulation, ii) the cAMP/PKA
system, which regulates fungal development and virulence, iii) the Ras
protein, which allows cross-talking between cascades, iv) calcium-cal-
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modulin-calcineurin, which controls cell survival under oxidative stress,
high temperature, and membrane/cell wall perturbation, and v) the tar-
eet of rapamycin pathw ay, controlling cell growth and proliferation. The
ways in which P brasiliensiy responds to the environment and modu-
lates the expression of genes required for its survival and virulence can
be inferred through comparison with other fungi for which this type of
data is already available.

Key words: Fungi, Paracoccidioides brasiliensis, Signaling pathways,
Comparison

INTRODUCTION

Signal transduction describes a great number of biochemical events that transmit a
signal from the cell exterior, through the cell membrane, and into the cytoplasm. This involves a
number of molecules, including receptors, intermediate proteins, and messengers. The signaling
pathways are commonly used by an extensive array of biological licands to modulate various
cell processes, such as growth, differentiation, and proliferation. These transduction pathways
communicate information about the external environment to the inside of a cell. Signaling sys-
tems in fungi also regulate cell polarity, mating. and pheromone control, and hence they play a
role in determining cell shape. Some of the known responses include changes in the cell cycle,
polarized growth, and moditications to the transcriptional profile of the cell.

Since the 50's, signaling pathways have been investigated by genetic and biochemical
experimentation. In a large series of experiments, eukaryotic organisms were studied for their
nutritional limitations and for their reactions to various environmental stresses, such as heat,
oxidative, osmotic, or ethylic shock (Engebrecht, 2003).

The genomic era changed the perspective of signaling pathway studies. By using a
sequence database, such as GeneBank, the screening of potentially transcribed genes in a given
cell led to the rapid identification of critical genes. These methods enable researchers to assess
genetic diversity or find similarities among cell types.

Pathogenic organisms sense and respond to the harsh conditions imposed by the host-
activating components of signaling pathways that culminate in the expression of genes respon-
sible for the virulence and differentiation of the pathogen. Therefore, studies on signal transduc-
tion in various fungi may reveal common conserved mechanisms of signal transduction as well
as the differences between these organisms. These studies could lead to dmg development.

We report the in silice search made of the Paracoccidivides brasiliensis transcriptome
expressed sequence tag database (Felipe et al., 2003) to evaluate the presence of cellular sig-
naling pathway elements (Figure 1) and to compare them with the cascade components in i) the
non-pathogenic fungus Saceharomyees cerevisiae, ii) the human opportunistic non-dimorphic
tungus Cryptococcas neoformany, iii) the human opportunistic dimorphic fungus Candida
albicans, and iv) the human pathogenic fungus Asperoillus fumisaius,
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Figure 1. Signal transduction pathways in Paracoccidicides brasiliensis. Cell adhesion (orange), pheromone response
(green). calcivm/calmodulin (pink), cell integrity (hluel, high osmotic growth stress response (brown), and TOR (purpled
pathways are depicted.

MATERIALAND METHODS

The identification of putative genes involved in the cellular signaling pathways was
performed by the “search by key word” service provided by the bioinformatics group of the
PbGenome project (Felipe et al., 2003). The classification of candidates according to the signal-
ing category families was performed by a BLASTx (Zhang, 2003) comparison of sequences
against a database with all the signaling protein sequences from Genbank (Benson et al., 2004).
The analyzed clusters were assembled by CAP3 software in the sequence-processing pipeline
from the PbGenome project. The multiple sequence alignment of the candidates was performed

using CLUSTAL W software { Aivar, 20007},
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THE SIGNALING PATHWAYS IN PARACOCCIDIOIDES BRASILIENSIS
The mitogen-activated protein Kinase cascade

The mitogen-activated protein kinase (MAPK) pathway is a major mechanism for con-
trolling transcription in eukaryotes (Seger and Krebs, 1995). MAPK was originally discovered
as an insulin-activated protein-serine kinase, though biochemical studies, reinforced by genetic
analysis, indicate a pheromone response in budding yeast.

Fungal cells contain five MAPK cascades that orchestrate responses to different physi-
ological stimuli. One cascade operates in cells undergoing meiosis and regulates spore forma-
tion. The other four cascades operate in vegetative, mitotically active cells. Among these cas-
cades, two control developmental events - mating and filamentation. The pheromone response
pathway, the cell integrity pathway, and the high osmolarity glycerol (HOG) pathway, can all
activate their MAPKs within minutes after initial stimuli(Lengeler et al., 2000).

The pheromone response

Pheromones are ubiquitous in fungal mating systems, and eventheir peneral structure is
well conserved. Although the pheromone response pathway, and that regulating filamentous
growth, share acommon MAPK module, their upstream regulators appear to be specific to each of
them. Haploid fungal cells respond to pheromones by a MAPK cascade involved in mating.

Normal 5. cerevisioe cells undergo a vegetative life cyele, but after binding of the
appropriate mating pheromone they activate a different developmental pathway that leads to
the production of mating filaments. This intercellular communication between the two mating
tvpes of cells activates a signal transduction pathway that stimulates the various physiclogical
changes required by the process, such as induction of cell surface agglutinins, cell division arrest
at G 1. morphogenesis to form a conjugation tube, and cell fusion. The components of this cas-
cade include a G-protein-coupled receptor, several protein kinases, and a pheromone-respon-
sive transcription factor. The molecular mechanisms that transduce the pheromone signal are
remarkably similar to the mechanisms of hormone signaling used in multicellular organisms
(Konopka and Fields, 1992). The yeast protein kinases encoded by STE!, STE?, and FUS3
constitute the kinase cascade in which Ste ]l p phosphorylates and activates Ste7p, which in turn
phosphorylates the MAPK Fus3p (Neiman and Herskowitz, 1994). In this model of signaling,
specificity is defined by at least four ramifications of the same signaling pathway. Briefly, Stel2p
and Mcmlp activate the transcription factor of the genes that respond to pheromones in haploid
cells, whereas in diploid cells, Stel2pand Tec | p activate the genes responsible for filamentation
i{Lengeler et al., 2000).

In . neaformarns, the STE]2 homologue gene, though it has conserved roles in mor-
phogenesis, exists only in mating type (MAT i cells, and it is directly involved in vimulence (Chang et
al., 2000). Recently, three genes encoding the MF pheromone were identitied in the mating-type
locus, and they were found to be transeriptionally induced by limiting nutrients and toco-cul ture with
MAT e cells. Overexpression of MFo pheromone enhances haploid budding and the MFc: phero-
mone is not essential for virlence, but it contributes to overall virulence (Wang et al, 2000).

The mating process in . albicans was cytologically described for the first time by
Bennett et al. (2003). The cascade consists of Cst20p kinases, which phosphorylate Hst7p and
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Cek lp. which are homologous to Fus3p and Kss1p (Lockhart et al.. 2002).

The finding of homologue genes suggests the existence of a sexual cyclein A. fismigatus.
Using the available incomplete genome database, Poggeler and Kuck (2002) deduced that the
gene products of the receptor are putative proteins of seven transmembrane domains, which
display a high-level amino acid identity with the c-factor receptor Stedp and the o-receptor
Stelp of 5. cervisiae.

The complete pathway from the Skhlp protein (Stedp), which includes the downstream
Ste20p and its targets in tandem Stellp and Ste7p, was identified in P. brasiliensis. The down-
stream components, such as Ksslp (also called Fus3p/Cek 1p), which phosphorylates Stel2p,
were also identified in this transcriptome. The proteins Ste20p, Stellp, Ste7p, and Ksslp ap-
pear to be constitutively expressed in both mycelial and yeast forms. On the other hand, genes
MOT2 and MOTS, which encode nuclear Zn-finger proteins that attenuate the mating phero-
mone, were not found in the P Srasiliensis ranscriptome. The function assigned to the whole
pathway is to positively regulate growth and cell proliferation (Table 1),

Four mating-type proteins were found through the transcriptome analyses of P brasi-
liensis: a homologue to the MAT-1 protein of A. nédulans, with an E-value of le-46, and three
PbAESTs, which possibly encode a MAT-2 (Table 1). Despite the presence of the genes in-
volved in the cascade responsive to pheromones, a conclusive observation of the sexual cycle of
P brasiliensis is still pending; however, we present evidence that suggests the existence of
mating in this oreanism.

Maintenance of cell integrity

In the budding veast, 5. cerevisiae, the MAPK cascade responsible for cell integrity,
mediates cell cyvele-regulation, cell wall synthesis and responds to various signals, including tem-
perature, changesin external osmolarity, and mating pheromone. Signaling proteins found in P
brasiliensis that compose this pathway include GTP binding protein Rholp, protein kinase C
homologue, Pkelp, MEKK Bcklpialso known as Slk1p), a redundant pair of MEKs, Mkk1p
and Mkk2p, MAPK 51t2p (also called Mpk1p). and transcription factor targets Rlm1pand SBF
complex (Table 1); the latter is composed of the polypeptides Swidp and Swibp (Gustin et al.,
1998). There are probably many branches into and out of this pathway.

Rholpis asmall GTP-binding protein of the R0 subfamily of Ras-related proteins that
is required for cell growth. In C. seaformans, a homologue of 5. cerevisiae Mpk1/50:2 MAPK
was identified by Kraus and Heitman (2003 ). Their work characterized the role of Mpk1p in the
maintenance of cell integrity in response to elevated growth temperature and to cell-wall-syn-
thesis inhibitors. The protein encoded by O neoformans MPK T is required for growth at 37°C
irt vitron, this growth defect is suppressed by osmotic stabilization. The cell wall is a fungus-
specific dynamic structure essential to almost every aspect of the biclogy and pathogenicity of
O allicans, Its structure confers physical protection and shape to fungal cells, and as the most
external part of the fungus, it mediates the interaction with the host, including adhesion to host
tissues and modulation of the host anti-Candida immune response. Therefore, the search for
potential cell wall-related targets can be envisaged as key to understanding fungal pathobiology.
Moreno etal. (2003) characterized (in silico) a C. albicans gene encoding a putative transcrip-
tional factor required for cell wall integrity. This gene codes for a Zn(IT) Cys(6) transcriptional
factor involved in cell wall architecture.
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Table 1. PEAESTs ortholog names, accession number and BLAST e-value.
PhAEST Ortholog Acession mumber organsm c-value
naume
Caleinmicalmodulin-calenenrin
PRAEST 1629 Camd] AFL 56028 Emericella nidulans (calmodulin). 3 le-40
PhAEST 23581 Cnal ABITITS ] Newrospora crassa (calcineurin B, catalytic subunit). Be-54
PhAEST 2252 Cnbl ALS13466 Nevrospora orassa (calcineurin B, regulatory subunit). Se-84
PEAEST 2171 Cmkl NP _587TM .1 Saccharamyces cerevisiae (calemm calmodulin- le-165
dependent protein kinase).
PhAEST 2415 Crel/Tenl NP_014371. | Saccharomyees cerevistae (calcineurin-responsive Je-4]
zine-finger).
PhAEST 5082 Ckal NP_59364 2. 1 Avabidopsis thaliana (casein kinase 11 @ subunit). B.3e-26
PE Ade AMP
PhAEST 2581 Gpr splP 19533 Emericella nidulans (G-protein-coupled receptor), 4e-T9
PRAEST 505 (ipal gild3 23816 Saccharomyces cerevisiae (guanine nucleotide-binding (0042
regulatory protem).
PhAEST 2208 Gph AFIT6TTS_| Asperoilluy nidilany (G protein f-subunit). Se-R8
PRAEST 3426 A Cyr ] NP 194335, ] Aralwidopsis thaliana (adenylate eyelase). le-15
PBAEST 53256 Pdel NP 0112661 Saccharomyees cerevisiae (low-affinity cAMP le-10
phosphodiesterase).
PRAEST 947 Pkar/Bey APA01202 1 Aspergiliug fumigans (regulatory subunit of PEA). 2e-T4
PEAEST 1562 Pkac/Tpkl NP 012371, Saccharomyvees cevevisiae (catalytic subunil of |.Be-36
cAMP-dependent prolein kinase).
PRAEST 3488 Pkac/Tpk2  P34000D Saccharomyees cerevisiae (catalytic subunit of FEA). le-60
PRAEST 3241 Floll/Mucl  NP_012284.1 Saccharomyees cerevisiae (Nloceulin: extracellular 26e-06
0i- | d-glucan plucosidase).
MAPK pheromone regulated
PhAEST 2475 Matl-1 AFLO0E25 Giblrerella fuiikueod (mating-type protein MATL-1). le-16
PRAEST 4188 Marl-2 AFS082TY | Emericella nidwlans (mating-type protein MATL-2). 4e-2)
PEAEST 2208 Sted AFLTETTS Aspergilius nidulans (GTP-hinding protein |3 subunit Se-RE
of the pheromone pathway ).
PRAEST 266 Ste2( LG5S Saccharamyoes cerevisiae (serfthr protein kinase of the 3e-51
pheromone pathway).
PhAEST 639 Stell AFOO90 Newrospora crassa (serfthr protein kinase of the MEKEK  e-160
Famil ).
PEAEST 920 Ste7 AJIAEI Blumeria grammis (ser/th/lyr protein kinase of Be-20
mitogen-activated protein kinase (MAPE) knase family ).
PRAEST 15960 Kssl/ AF2EROTO Ustilage mavdis (MAPK). He-21
Fus3iCek]
PhAEST 4523 Stel2 AFCBO600 Emericella midulans (ransceriptional activator). 4e-37
MAPK control hing cell wall construction and cell integrily
PhAEST 1346 Mlid2s NP_014650. 1 Saccharomyees cerevisiae (cell surface sensors for 4e-11
SlalMWacl cell integrity signaling during vegetative growth).
PRAEST 157 PEC NC_001148 Saccharomyvees cerevisiae (serfthr protein kinase). 2e-17
PhAEST 639 Bek 1451k AB090 Nevrospora crassa (serthr protem kinase of the c- 160
MEEK family).
PhAEST 4403 Mkk1 NC_O01148 Saccharomyvees cerevisiae (serithr protein kinase). 2e-t)

Contnued on next page
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Table 1. Continued.

PBAEST Ortholog Acession number organism e-vale
name

PRAEST 989 Mkk2 AJFMEZ0 Blumeria grovaniy (protein kinase of the MAPK kinase He-20
(MEEK) Family).

PRAEST 365 Sh2/Mpkl AJZIMEZ] Blumeria gramings (serfthr protein kinase of MAPK e-1 11
famlyd.

PRAEST 1259 Rlml NP_013236 Saccharomyees cerevistae (anseription factor of Je-26
the MADS box family).

PhAEST 3236 Swid ALS13463 Newrospora crassa (ranseription factor), e-08

PBAEST 3615 Swit NP_394464. 1 Schizesaccharomyces pombe (ranscription factor), 1.6

PRAEST 1518 Rhol AYOT297 Aspergillus fumigans (GTP-binding protein of the rho Be-53
subfamily of ras-like proteins).

PBAEST 3665 Fksl AF148T15 Paracocoidioides brasiliensis (1,3-P-D-glucan 281
synthase, catalytic subunit).

PRAEST 4433 Fe=2/GSC2  AFI487T15 Pavacoccidioides brasiiiensis (1, 3-p-Deglucan e-1 08

synthase subunit).

MAPK for high csmotc growthisiress respons:s

PRAEST 985 SlnlMikl AFA35964 Rowryatinia fuckeliana (pulative sensory transduction Se-510
histidine-kinase).

PRAEST 2744 Ypdl MPR1_SCHPO Schizosaccharomyees pombe (phosphorelay le-04
intermediate between Slnl p and Sskl pi.

PBAEST 913 Sskl AFOR4608 | Candida albicans (two-component signal transducer).  0.046

PRAEST 659 Ssk2 PA35399 Sqecharomvoes cerevistae (MAPK kinase kinase, le-38
MAPEKK - suppressor of sensor kinase 2).

PBAEST 365 Phs2 NP_012407 Saccharamyees cerevisiae (MAPK kinase - MEK). Je-31

PRAEST 3218 Shol CACEI238 Candida albivans (prolein osmosensor), 2e-05

PLAEST 1960 Stes0 EALD2025 Candida albrcans (MAPKEE). Je-15

PBAEST 356 Heel AF184980 1 Magraporthe prisea (cemotic sensiivity MAPK). le-T3

TOR pathway

PRAEST 3215 Tor2 CAASOS48. 1 Saccharomyees cerevisiae (proteinf le-15
phesphatdylinesitel kinase).

PBAEST 4664 Rom2 T41524 Schizevaccharomyeeys pombe (thol gdp-gipexchange To-35
protein 1.

PLAEST 3501 SacT CAA20323. ] Schizosaccharemyces pombe (RholGAP GTPase 4e-37
actvating protein).

PRAEST 70 Cdess AADNSORT. | Nearospora crassa (protein phosphatase 24 e-105
regulatory B subunit).

PBAEST 5565 Tpd3 AAROZGTO] Dictvastelium discoidenm (protein phosphatase 24 2ue-35
regulatory A subunit.

PLAEST 1737 Sid CABUS214.2 Newrospora crassa (probahle cell shape control Ze-00
protein phosphatase ppel).

PRAEST 1318 Gapl CAD21063.1 Newraspera crassa (amino acid permease NAAPL). 0.0

PRAEST 367 MELL- CACI9662] Blumeria gramimis (IMAPK kinase). e-1 11

PRAEST 358 Mpkl AAFOOATA ] Magnaporthe grisea (osmolic sensibivity MAPK: le-T3
Hogzlp).

PRAEST 2132 MNprl CAATROUE. ] (mirogen permease reactivator/protein kinase). le-40

PRAEST 1432 Fprl CAAIGIEL | (FEBP-type peptidyl-prolyl cis-trans-isomerases). Ha 3R
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Cell wallintegrity in A. fumigatus is less well defined. and its role in protecting fungal
cells is not clearly understood. In the model yeast 5. cerevisiae, the cell integrity Mpk 14502
MAPK and calcineurin pathways monitor the state of the cell wall and promote remodeling under
stress conditions. The Rholp ot P brasiliensis bears 86.95% identity with the 5. cerevisiae counter-
part. Rholp binds toand is required for the activity of Pkclp én vivo, whichin turn regulates the
MAPK pathway. In addition, Rholp may participate in the synthesis of c-1.3 glucan, the main
structural component of the yeast cell wall in P brasiliessis. The synthesis in 5. cerevisae
occurs at the cell surface by action of two differentially expressed glucan synthases, Fks1p and
Fks2p. For Fks1p to be active, Rholp must be in its GTP-bound form (Gustin et al.. 199%).

Osmoregulation by the HOG pathway

To maintain cellular homeostasis, the fungal cells need to have a way to avoid dehydra-
tion in conditions of solute excess in the extracellular environment. One strategy is the accumu-
lation of glycerol inside the cell, a compatible substance that avoids cellular water outflow in
high osmolarity conditions (Hohmann, 2002),

One system of glyvcerol production is the HOG pathway. It uses some proteins that are
sensitive to differences in the concentration of solutes in the environment and transmit signals to
the cell to promote osmoadaptation. The initialization of glycerol production by HOG can be
triggered by two membrane osmosensors that detect osmotic alterations and transduce signals
to a series of proteins that will activate MAPK HOGT (07 Rourke and Herskowitz, 2004,

Sholp and Slnlp, two osmosensors situated in the membrane, can detect extracellular
hyperosmolarity. They transfer signals from the environment through a cascade that will acti-
vate Pbs2p (MAPEKK), which phosphorylates Hog lp (Marles et al., 2004,

Saccharonce s cerevisiae Slnl pis a histidine-kinase protein that contains 1,220 amino
acid residues, with homologues in some fungi, such as C. albvicanys and P brasiliensis. Slnlpis
essential for osmoadaptation in the budding yeast 5. cerevisiae, in which it acts as a negative
regulator of the HOG pathway; its deletion in this organism is lethal (Posas et al., 1996). In
albicans, Slnlpis partially required for osmoadaptation, and sin I mutants have defective mor-
phogenesis and are less vimlent (Nagahashi et al., 1998). At a constant osmotic pressure, Slnlp
inhibits the expression of Ssk1p, which is required in one branch of this pathway. Under high
extracellular osmolarity, SInlp is inhibited and Ssklp is activated, transmitting signals to the
other MAPKKs, such as Ssk2p (O'Rourke and Herskowitz, 2004).

The second osmosensor is Sholp, a protein with 367 amino acid residues, found mainly
in polarized growth regions of 5 cerevisiae cells. Under conditions of high osmolarity, Sholp
transfers the signal to 5te20p, a PKA that activates MAPKKK Stellp, which is required for
activation of Pha2p.

Glycerol production is trigeered when the Hog p is phosphorylated by Phs2p and trans-
located to the nucleus, where it promotes the activation of several genes involved in the produc-
tion of glycerol, which accumulates inside the cell (O°Rourke and Herskowitz, 2004).

The in silico analysis of PBAESTs describes the components of the HOG pathway in
P brasiliensiy (Table 1). The comparison of the Pb HOG proteins with their homologues in O
albicans and 5. cerevisiae, as well as the multiple sequence alignment in Figure 2, which
shows the high conservation of the MAPK domain and the kinase-associated domain | of Hog
protein, all suggest that P brasiliensis is able to use this same strategy to avoid cell dehydration.
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Figure 2. Multiple sequence alignment of the common core of HOG, cleineurin (CnaA), Pka and TOR from Candida
albicans :E‘ﬂ] Saccharomyces cerevisige (8c), Aspergillir fimiganis (AT, Cryplococons meaformans (Cn), and Paracocei-
dicides brasiliensis (Pb), as performed in the CLUSTAL W server ¢ Adyar, 20881}, The common domains identified by
MIPS thittp:fmips. gsf defprojiyeast/CY GIVAW) are in yellow, The amino acids that are identical within and outside the
MIPS domain are in bold.
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cAMP/PEA pathway

Cyclic AMP {(cAMP) is the regulatory component of a well-characterized signaling
pathway implicated in a variety of cellular process among fungal species. Various components
of the cAMP signaling pathway were identified through transcriptome analysis of P brasilien-
sis, including adenylate cyclase Cyrlp, two cAMP-dependent protein kinase catalytic subunits,
Tpklp and Tpk2p, cAMP-dependent protein kinase regulatory subunit Beylp, and a low affinity
phosphodiesterase, Pdelp (Table 1).

cAMP/protein kinase A (PKA) pathway elements have been dissected in various fungi.
In 0 neaformans, the cAMP signaling cascade is necessary for production of the capsule,
mating filaments and melanin, all of them considered virulence factors for this organism. Mu-
tants of the CACT gene for adenvlate cyclase in C. neaformans are defective in capsule
production and melanin synthesis; they fail to produce mating filaments and were found to be
avirulentin a mouse model of cryptococcosis (Pukkila-Worley and Alspaugh, 2004). In O alli-
cary, adenylate cyclase - CaCDO35, PKA catalvtic subunits (Tpklp and Tpk2p) and Efglp
(hypha-specific transcriptional activator), all of them elements of the cAMP cascade, are in-
volved in the regulation of vegetative growth and are essential for the serum-induced switch of
yeast to hyphae, which has to do with the vimulence of this fungus (Rocha et al. 2001; Cloutier et
al., 2003). Mutants of CaC’[*35 are unable to switch from yeast to hyphae, and they are
unable to establish vaginal infection in a mouse model of candidiasis; they are also avirulent in
systemic disease (Rocha et al., 2001). In the human pathogen A. fumigatis, elements of the
cAMP pathway, such as ACYA (adenylate cyclase), PKAC and PKAR (PKA catalytic and
regulatory subunits, respectively) have recently been shown to regulate the virulence gene pksP
{Liebmann et al., 2003). The AqcvA mutants of A. fimigatus have severely impaired sporula-
tion and growth (Liebmann et al., 2003} and are more susceptible to being killing by human
monocyte-derived macrophages.

The yeast prototype, 5. cerevisiae, in which the cAMP signaling pathway elements are
best known. This cascade is activated by nitrogen starvation, and it transduces the signals that
control the phenotypic switch in haploid cells that promote invasive growth. In diploid cells,
these signals transform budding veast into elongated forms that constitute a chain known as a
pseudohypha. In addition, cAMP controls cell growth, metabolism, stress resistance, and agar
adherence (Lengeler et al, 2000). The regulation of adenylate cyclase activity differs among
the species. In 5 cerevisiae, Ras proteins and the Go protein GPA2 activate adenylyl cyclase
in response to nutrient conditions and intracellular acidification (Colombo et al., 1998 ) however,
in Schizosaccharomyees pombe, adenylate cyclase is regulated by Gpa2p, and Raslp has no
effect (Fukui et al., 1986). In £ neaformans and A, fumizatus, GPAT and GPAE were identi-
fied; both of their Go protein homologues are involved in the activation of this pathway {Madhani
etal., 1999; Liebmann et al., 2003). The G-protein-coupled-receptor (& por), the upstream com-
ponent responsible for sensing the nitrogen limitations in 5. cerevisiae (Pan et al., 2000}, was
also identified in P brasiliensiy, although it is still not described in O weoformany, . albicans
and A. fumiganes. In 8. cerevisiae, Cyrip (adenylate cyclase) is an essential gene responsible
for the progression of cells through the G1 phase (Mosch et al., 19990, while in C. albicans, A,
fumigatus and O neoformans, it is not an essential gene.

Despite the high degree of conservation of the signaling cascade elements among fungi,
their specific functions differ greatly. The multiple sequence alignment in Figure 2 shows that £
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brasiliensis has two different catalytic PKA subunits, defined as Tpklpor TPKT(PBAEST1562)
and Tpk2p or TPKZ (PBAEST3488), with a very conserved sering/threonine protein kinase
catalytic domain. The enzymatic activity of these protein kinases is controlled by the phosphory-
lation of specific residues in the activation segment of the catalytic domain.

The differences in the roles of adenylate cyclase can be explained by the fact that the
cAMP pathway in 5. cerevisiae is primarily involved in mediating nutritional signals to the cell
cycle machinery, whereas in pathogenic or opportunistic fungi, the main function of these com-
ponents is to sense and transduce stress signals from the hostenvironment to the morphogenetic
machinery that controls virulence and pathogenicity factors, thus establishing infection and al-
lowing survival of the pathogen.

In the dimorphic human pathogen Histoplasma capsiwlatam, it has been shown that
during the transition from budding yeast to mycelium, whichis dependent on a temperature shift
from 37° to 25°C, there is an increase in intracellular levels of cAMP associated with this
dramatic morphological switch. In addition, exogenous cAMP and phosphodiesterase inhibitors
allow the Y-M transition. even at 37°C (Sacco et al., 1981).

In our biological model, P brasilicnsis, evidence that cAMP has a role in the dimorphic
transition, which is closely related to vimlence, was first reported in 1985 by Paris and Duran,
who observed that exogenous c AMP inhibits rather than induces the process of filamentation in
this organism. The identification of cAMP/PKA signaling pathway components suggests a pos-
sible mechanism for cAMP involvement in the temperature-dependent dimorphic transition from
mycelium to yeast. However, the complexity of the pathogenesis regulation in P brasilicnsiy
requires further studies of each signaling element.

The roles of Ras

RAS proteins belong to the Rio family - a supedamily of GTPases. It is a small gua-
ning nucleotide-binding protein bound to the plasma membrane and involved in the regulation of
several cell functions. It hydrolyses GTP; the GTP-bound form is active and GDP is inactive
{(Waugh et al., 2002). In human cells, this class of proteins plays a role in transmitting growth
regulation signals from membrane-localized tyrosine-kinase receptors to different pathways,
and ultimately to the nucleus. Some mutations in the RAS1 gene have been associated with
unchecked cell growth, resulting in cancer (Barbacid, 1987). In 8. cereviviae, the Ras proteins
regulate pseudohyphal growth and act upstream of the MAPK and cAMP/PKA pathways
iMoschet al., 1999). In . meaformans, Rasl protein is involved in filamentation, mating and
high-temperature growth. The ray! mutants are avirulent in meningitis animal models;
they have a growth defect at 37°C that arrests them as large unbudded cells with depolar-
ized actin and loss of cytoskeletal asymmetry. They are unable to produce filaments (Waugh
et al., 2002). A homologue of RAS was also identified in P brasiliensis (Table 1) and in O
albicany, where it is not an essential gene, but it is involved in hyphal growth, since rasi/ras]
mutants have a severe defect in filamentation in response to serum (Lebereret al., 2001). In
albicans, Raslp is also implicated in the cross talk between the MAPK and cAMP/PEA
systems for the activation of the hypha-specific transcriptional factor Efg 1, which is involved in
the dimorphic transition from yeast to hyphae. The RAS gene should be further investigated in P
brasiliensis to elucidate its function in the Y-M transition and its possible involvement in patho-
genicity.
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Calcium-calmodulin-calcineurin dealing with stress

Among the diverse activities performed by cells, adaptation to changes in the environ-
ment is crucial for their viability. Calcium signaling is important in eukaryotes in numerous cellu-
lar processes, including the alteration of gene expression in response to external stimuli. Two
important mediators of calcium signals in eukaryotic cells are the Ca**-binding protein calmod-
ulin { Camp) and the Ca*fcalmodulin-dependent phosphatase calcineurin.

Calmodulin is present in all eukaryotic cells, including P brasiliensis (Table 1). In the
cytoplasm, it has been implicated in the regulation of protein kinases, protein phosphatases,
transcription factors, motor proteins, and cytoskeletal components. Calmodulin is usually geneti-
cally represented by a single copy gene that varies from 1 to 15 kb (de Carvalho et al., 2003
Kraus and Heitman, 2003). Inhibitors of the calmodulin pathway are able to impair the transition
from mycelium to yeast cells in P brasiliensis (de Carvalho et al., 2003).

In 8. cerevisiae studies using temperature-sensitivity mutants of Camp, it has been
found that this is an essential protein for cytoskeletal actin organization, endocytosis, and nuclear
division (Desrivieres etal., 2002). In O albicans, calcium signaling via calmodulin is important
for the transition from the veast to the filamentous form. Camp, which regulates cell prolifera-
tion and mediates the secondary messenger functions of Ca™, was also identified in several
fungi, including Phveomyees blake sleeanus, Newrospora crassa and A, aidiwlans, Recent
studies reported that Camp plays a vital role in chitin synthase activation by mediating phospho-
rylation of specific microsomal protein kinases during chitin formation in V. ¢ rissa (Suresh and
Subramanyam, 1997}

Calcineurin is a serine-threonine-specific phosphatase that is conserved among eukary-
otes. It consists of a catalytic subunit (CnaAp) and a Ca*-binding regulatory subunit {CnaBp),
and the association of the two subunits is essential for activity (Watanabe et al., 1996). Activa-
tion of calcineurin occurs when Ca**fcalmodulin binds to the C-terminal region of CnaAp, re-
sulting in a conformational change that releases the active site from an auto-inhibitory domain.
In . weaformans, it is required for mating and haploid fruiting, for growth at elevated temper-
ature and for vimlence. Calcineurin participates in the morphogenesis of 5. pombe by altering
septal positioning and aberrant spindle body oreanization (Yoshida et al., 1994; Odom et al.,
1997). Calcineurin was identified in P brasiliessis transcriptome analysis and aligns well with
its known homologues ( Figure 2), which is also true for the catalytic serine/threonine domain
specific to 2A phosphatases.

In 5. cerevisiae, the expression of the truncated CnaAp resulted in cell elongation with
aunipolar budding pattern (Mendoza etal., 1996). In £ neaformans, caleineurin plays arole in
hyphal elongation, observed in mating and in the survival of the heterokaryon produced by cell
fusion. It is also required for hyphal elongation in diploid strains and during asexual haploid
budding of MATw cells in response to nitrogen limitation (Cruz et al., 2001).

Activated calcineurin dephosphorylates and activates the transcriptional factor Crz1p/
Tenlp, which enters the nucleus and, in turn, activates a set of responsive genes by binding to
calcineurin-dependent responsive elements. It has been well documented that CrzIpTenlp
mediates most of the transcriptional responses driven by the activation of calcineurin under
stress conditions (Yiladevall etal., 2004). The genes that are controlled by Cnal p/Crzl p encode
products that promote cell survival under stress. Crzlp is the best-characterized substrate of
calcineurin in yeast, although recent studies on the identification of new substrates promise to
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provide novel insights into additional functions of calcineurin in vivo (Cyert, 2003). Most Ten1p-
dependent genes can be differentially induced based on mechanisms of sensitivity to Ca’* sig-
nals and other regulatory inputs (Matheos et al., 1997).

Calcium-mediated signaling mechanisms are used by virtually every eukaryotic cell to
regulate a wide variety of cellular processes, including the maintenance of cell integrity under
various types of stress. Paracoccidioides brasiliensis may use this machinery to protect itself
against the harsh environment of the host.

TOR signaling pathway

TOR (target of rapamycing is a phosphatidylinositol kinase-related protein kinase that
controls cellular functions necessary for cell growth and proliferation in response to nutrients
{Helliwell et al., 1998). In a recent study, it was reported that TOR acts within a growth regula-
tory network mediated by nutrient availability. This network affects all aspects of gene ex pres-
sion, including transcription, translation, and protein stability (Powers et al., 2004). In addition,
the TOR pathway regulates the developmental program of pseudohyphal differentiation incon-
cert with highly conserved MAPK and PKA siznaling cascades ( Rohde and Cardenas, 2004).

In S cerevisiae and 5. pombe, there are two TOR proteins, Torlp and Tor2p; how-
ever, other organisms, such as C. albhicans and O neaformars, have only one TOR homoelogue
(Cruz et al., 1999). The function of Torlp is conserved throughout evolution; it is involved in
translation initiation, transcription, ribosome biogenesis and tRNA synthesis (Schmelzle et al.,
2004). In addition, Tor2p has two functions: one that is redundant to that of Torl p and another
that is unique, controlling the organization of the actin c vtoskeleton during the cell cycle. Tor2p
is not sensitive to rapamycin, being inhibited only by nitrogen starvation { Rohde and Cardenas,
2004

Tor2p activates Rholp GTPase, exchanging the GDP of the inactive form for GTE
This exchange is achieved by Rom2p protein, a guanidine nucleotide exchange factor, whereas
SacTpis a GTPase-activating protein. Rholp phosphorylates PEe fp, which activates the MAPK
cascade Beklp, MEk1/2p and Mpk1p (Hay and Sonenberg, 2004).

In the course of P brasiliensis ranscriptome analysis, TOR2, ROM2, RHOI, SACT,
PRCI,BCKI, MEKI_ MPKI, and FPRI homologues were identified (Table ). Although Torp
was not identified, some components of its signaling pathway, such as Cde55p, Tpd3p and Sitdp
are present in I brasiliensis. Theretore, Torlp may be present in the P! hrasiliensis genome,
unless Tor2p fulfils both functions in P brasiliensis. Multiple sequence analysis of Tor2p re-
vealed a kinase domain (Figure 2). Tor protein has a C-terminal region homology with the
catalytic domain of phosphatidylinositol 3-kinase and phosphatidylinositol 4-kinase. This domain
is characteristic of the TOR family and is essential to its function (Crespo and Hall, 2002),

CONCLUSIONS

Transcriptome analyses are a powerful tool to investigate organisms such as P brasi-
lensis, in which the direct genetic analysis has many drawbacks and for which there is no
efficient method of direct genetic analysis. By this comparative approach, it was possible to
identify several components of signaling pathways in P. brasiliensis known to regulate cell
events, such as morphogenesis and virulence. These components were found to be similar to
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those of other fungi. We suggest that P brasiliensis has co-opted a conserved signaling path-
way to regulate phenotypes required for virulence, as have the other pathogenic microorgan-
isms. However, there are still regulatory connections that need to be understood, in particular
the broad transcriptional effects caused by the loss of the aforementioned cascades. The iden-
tification of pathogen-specific signaling events will help us understand P brasifiensiy pathogen-
esis, which could lead to the development of new antifungals.
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Abstract:

Paracoccidieides brasiliensis is a thermo-dimorphic fungus that causes a human systemic mycosis
with high incidence in Latin America. Due to their participation in the control of pathogen
morphogenesis, differentiation and virulence we decided to characterize ras genes in F.
brasiliensiz. We identified rasi and ras2 coding for two different proteins with high identity. The
ras transcriptional pattern was investigated by Reverse Transcription PCR (RT-PCR.) during
mycelium-to-yeast (M-—Y) transition, heat shock at 42 °C and after internalization of yeast cells
by murine macrophages. Both genes were down regulated inside macrophages and ras/{, at 42 °C.
In contrast, ras genes did not show any transcriptional variation during the MY transition. The
fact that Ras proteins are attached to the membrane via famesylation prompted us to use a
farnesyltransferase inhibitor to investigate the importance of that process to vegetative growth and
dimorphic transition. Farnesylation blockage interfered with vegetative growth of yeast cells and
stimulated germinative tube production even at 37 °C. During Y —M transition the inhibitor
increased filamentation in a dose-dependent manner, indicating that impaired farnesylation
favours the mycelium form of P. brasiliensis. The results suggest that a5 genes might have a role

in dimorphism, heat shock response and in host-pathogen interaction.
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Introduction

Paracoccidioides brasiliensis (Pb) is the aetiological agent of the
paracoccidicidomycoses (PCM), one of the human systemic mycosis with high prevalence in
Latin America (Brummer ¢/ al., 1993). About 10 million people are estimated to be infected with
this pathogen (Restrepo ef al., 2001). Despite the high incidence, little is known about how the
infective form enters its host. The main hypothesis is that the disease is acquired through
inhalation of propagules, since the ecological niche of this fungus is probably the soil (De
Albornoz, 1971; Ferreira ef al., 1990; Silva-Vergara ¢f al., 1998).

P. brasiliensis is a thermo-dimorphic fungus, appearing as mycelium at 22 °C and as yeast
at 37 °C. Both forms are multinucleated (San-Blas, 1993). No teleomorphic (sexual) state has been
determined as of yet; the same is also true for the exact ploidy; all of which makes classical
genetic analysis unfeasible. Genome size ranges from 25.5 to 75.6 Mb, while the estimated ploidy
and number of nuclei per cell varies with the isolate (Feitosa ef al., 2003). Some strains that are
unable to switch from mycelium to yeast are avirulent, which implies that the pathogenicity of P
brasiliensis appears to be related to the ability to differentiate (San-Blas & Nino-Vega, 2001). The
components of the signalling pathways of P. brasiliensis such as: cAMP/PKA, Ca**/calmodulin-
calcineurin (de Carvalho ef ai., 2003) and MAP-Kinases were found in P. brasiliensis through
transcriptome analysis and reverse annotation. (Felipe e al., 2005; Fernandes er al., 2005).

The ras genes are conserved from fungi to humans (Barbacid, 1987). Some mutations that
cause dominant activation of RAS are highly associated with tumours in mammalian cells
(Barbacid, 1987). The Ras proteins belong to a small GTP-binding proteins family with GTPase
activity. The conversion of Ras from an inactive GDP-bound form to an active GTP-bound one
occurs in response to a variety of extracellular stimuli {Wiesmuller & Wittinghofer, 1994). For
Ras proteins to work properly they must be attached to the membrane by the addition of a farnesyl
group, a lipid intermediate from ergostero] biosynthesis in fungi. to their carboxy terminal region,
a step catalyzed by the farnesyltransferase enzymes. Ras genes have been identified as key
components in signalling cascades in diverse fungi species such as Saccharomyces cerevisiae
DeFeo-Jones ef al., 1983), Cryptococcus neoformans (Alspaugh et al., 2000; Waugh et al., 2002),
Candida albicans (Feng et al., 1999; Leberer ¢! al., 2001), Aspergillus fumigatus (Fortwendel et
al., 2004; Fortwendel ef al., 2005), Penicillfum marneffei (Boyce ef al., 2005), and others. In these
organisms Ras proteins act as sensors of environmental conditions to control diverse cellular
processes including cell cycle progression, cAMP synthesis, cell differentiation and
morphogenesis, cytoskeleton organization and expression of virulence genes in pathogens. In the

budding yeast 5. cerevisiae Ras proteins are involved in life span, response to stress including heat
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The ras2 of P. brasiliensis (Pb0] isolate) was first identified in the PbO1 transcriptome project
analysis (Felipe et al., 2003; Felipe ef al., 2005). The C. neoformans RAS2 gene sequence was
used to blast search on the PbAEST (£ _brasifiensis Assembled EST) Bank, thus identifying
PbAESTYR3, which shows 76.5 % 1dentity to the probe and had an alignment e-value of le-09.
The corresponding clone was sequenced and found to be the ras? gene of P. brasiliensis isolate
Pb01. Based on rasf and ras2 sequences, PCR amplification was carried out using genomic DNA

as template to reconstitute the complete gene sequences and to evaluate the presence of introns.

Total RNA extraction of P. brasiliensis

P. brasiliensis total RNA was extracted using Trizol reagent (Invitrogen), following suppliers’
recommendations, as previously described (Venancio ef al., 2002}, To remove any genomic DNA
contamination, RNA was treated with RNase-free-DNase 1 (Promega) followed by enzyme

inactivation (EDTA 2,5 mM: 65 °C/ 10 min) and ethanol precipitation.

Infection of J774 macrophage cell line with P. brasiliensis yveast cells and total RNA
extraction

The experiments were performed according to Tavares ef al., 2007, Briefly, the macrophage-
like cell line J774.1 (ATCC TIB-67) was cultured as an adherent monolayer in RPMI-1640; then
infected with 2 x 10° opsonized yeast cells, with a yeast-to-macrophage ratio of 1:5, and incubated
for nine hours at 37 °C in an atmosphere containing 5 % CO.. Yeast cells that were not
internalized in the period were removed by washing with warmed RPMI-1640 and macrophages
were lysed with guanidine thiocyanate based solution (Monahan et af., 2002). Intact fungi were
harvested by a rapid centrifugation followed by Trizol RNA extraction and amplification using the
MessageAmp aRNA kit { Ambion) was performed. A single macrophage infection experiment
produces about 3 pg of P. brasifiensis RNA; because of this limitation, the RNA yields from 3-4
independent macrophage infection experiments were pooled. Total RNA from P. brasiliensis yeast
cells cultured in Fava-MNetto’s medium for seven days was extracted and amplified exactly as

described above, and used as control.

Southern blot

Total DNA was extracted following Raeder & Broda (1985). A hundred micrograms of DNA
were digested with the restriction endonucleases BamHI (QBiogene), FreRI, Hindlll, Psil and
Xhal {all from Promega) in the proportion of 5 Uspg™! DNA as recommended by Sambrook &
Russel (2001). All digestions were carried out at 37 “C and incubated over night. Ten micrograms

of DMA from each digestion were electrophoresed in a 0.8 % agarose gel. The gel was blotted
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onto a charged nylon membrane (GE Healthcare) by upward capillary transfer. The ras! and ras2
cDNA probes were amplified by PCR using specific primers (for ras{: ras1/1-5"-
CTTGCTGGTCTACTCCATCACTTC, rasl/3-3"-CAGATGAATACGAGGACATCTC; for ras2:
ras2/1-5"-CAACGGGACTCAGCTACC, ras2/2-3"-CCACAAGCATTACTGGAAC). A total of
ten nanograms of purified product were chemically labelled using the AlkPhos Direct labelling

and detection system (GE Healtchare). All procedures were based on suppliers’” recommendations.

Semiguantitative RT-PCR

The transcriptional analysis of P. brasifiensis rasi and ras2 was carried out employing sqRT-
PCR methodology. Briefly, the cDNA first strand was synthesized from two micrograms of
DNAse-treated total RNA using the SuperScript IT Reverse Transcriptase (Invitrogen) following
supplier’s recommendations. Five microlitres of reaction were amplified in a final reaction volume
of 25 pL containing Tag DNA Polymerase buffer 1X, 1.5 mM MgCl;, 0.2 mM dNTPs, 0.2 uM
specific primers (rasl: rasl/1-5"-CTTGCTGGTCTACTCCATCACTTC, ras1/3-3'-
CAGATGAATACG AGGACATCTC or ras2: ras2/1-5"-CAACGGGACTCAGCTACC, ras2/4-
3" -GOAGAGCTCCATCATTTCCC), two units of Tag DNA Polymerase (Cenbiot-RS/Brazil) and
0.2 uM /34 ribosomal protein or clathrin light chain primers (claf) as internal controls (/34: 134-5-
GTCCGCATCATCAAGACTCC, 134-3"- CTTGACACAGCCAGCGCAG; clar: clat-5'-
CCTGGOTGAAGATGCGGATC, clat-3"-GOATGTGCCTGTGATGGTTC). The PCR
programme consisted of a first step of denaturation (94 °C for 2 min}, 24 cycles of 94 °C for 1
min, 60 °C for 1 min and 72 °C for 1 min; and a final extension at 72 °C for 10 min. The
appropriated number of cycles, in which the amplification is on the exponential range, was defined
testing a range from 24 to 35. The optimal number of cycles should be in the same range for the
specific gene of interest and for the housckeeping gene used as an internal control (Marone ef al.,
2001). Since the intensity of specific amplification products reached a plateau at around 30 cycles
(data not shown), all semiquantitative analyses employed 24 cycles. Amplicons were analyzed by
1.5 %6 agarose gel electrophoresis. Each set of reactions always included a negative control
containing RNA instead of cDNA, to rule out genomic DNA contamination. The quantification of
gene expression levels was performed by densitometry analysis (Scion Image software) available

on-line (http:/ffwww.scioncorp.com). Amplified product intensity was expressed as relative

absorbance units {(AU). The ratio between the relative AU determined for the amplified gene of
interest and the internal control was calculated to normalize variations for sample concentration
and as a control for reaction efficiency. Mean and standard error of all performed experiments

were calculated relative to the amplification of the control gene. Statistical analyses were
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performed using the software “Mynova”, version 1.3 (5. Brooks, Copyright 1993). The statistical

test applied was Student’s ¢ test. A P value = 0.05 was considered significant.

Dirug susceptibility testing

Drug susceptibility tests were adapted from the international standard M27-A2 (National
Committee for Clinical Laboratory Standards, 2002). P brasiliensis yeast cells were grown on
Fava-Netto semisolid medium for 5 — 7 days at 37 *C, harvested and diluted in RPMI-1640
medium to a final concentration of 10°cells:mL™". The experiment was carried out in U-shaped 96-
well plates with 100 pL of final volume per well. Amphotericin B was also used as control and the
concentrations assayed varied from 4 _ug-mL" to 0.39 ng—mL'l, The FPT Inhibitor IIT ((E.E}-[2-
Oxo-2-[[(3.7.1 1-trimethyl]-2.6,1 0-dodecatrienylox y Jamino]ethyl|phosphonic Acid, (2.2-
Dimethyl-1-ox opropox y)methyl Ester, Na) (Calbiochem) was ressuspended and diluted in the
culture media at concentrations varying from 500 to 0.43 uM. The microplate was incubated 7 —
10 days at 37 °C. Yeast growth inhibition was quantified via the ODso5,y, and each drug

concentration was tested in triplicate.

To assess the effect of FPT Inhibitor 111 on the vegetative growth of yeast and mycelium of P.
brasiliensis, the same procedure was performed, except that the culture medium employed was the
defined McVeigh Morton (MVM) medium (Restrepo & Jiménez, 1980) supplemented with 2 %
glucose as previously described by Hahn & Hamdan (2000). For the mycelium, hyphal fragments
were inoculated into Brain Heart Infusion (BHI) and growth was allowed for ten days at 22 °C
under agitation of 150 rpm. The supernatant was then removed and hyphae were washed three
times with 0.9 % saline solution and dispersed by passing through a hypodermic syringe with a 30
gauge needle to produce small mycelium fragments, which were counted in a haematocytometer.
Density was adjusted to about 10° fl*agmems-mL". The microplate was incubated for ten days at

22°C,

FPT Inhibitor 111 testing during the P. brasiliensis differentiation.

The effect of the farnesylation inhibitor on the P. brasiliensis temperature-driven dimorphic
transition was determined on the same concentrations previously assayed for the MIC testing.
Inocula for yeast and mycelium were also prepared as described above. After preparation, yeast
and mycelium plates were kept for 48 hours at 37 °C and 22 °C, respectively. Each plate was then

shifted to the other temperature to allow the dimorphic transition and incubated for ten days. After
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the incubation period, cell morphology was observed under a Nikon microscope. Pictures were

taken using a Sony DSC-W5 digital camera and three-fold optical zoom.

Results and discussion

ldentification and molecular characterization of ras! and ras2 genes in P. brasiliensis

The ras! gene is composed of two exons separated by a single intron of 99 bp. The ras{
636-bp open reading frame (ORF) encodes a putative protein sequence of 212 amino acids with
four conserved GTP-binding domains, an effector domain and the farnesylation site (CVIM). The
complete ras] sequence was deposited at GenBank under accession number DQ157363. The ras2
gene contains two exons separated by one intron of 89 bp, an ORF of 714 bp that codifies a
putative protein of 238 amino acids also with the same five domains and a farnesylation site
(CLIL}. All these consensus motifs are characteristic of Ras proteins (Bourne ¢f al., 1991). The

complete ras? sequence was deposited at GenBank under accession number AY910576 (Fig. 1a).

The in silice analysis of the P. brasiliensis Rasl and Ras2 deduced protein sequences revealed
through a multi-alignment programme that all Ras-GTPases are closely related. Blast search
showed that both P. brasiliensic Ras are highly conserved relative to other fungi, with similarity
varying from 45.7 to 79.3 % for Rasl and 39 to 82 % for Ras2; best matches were to A. fumigaius
RasA and RasB, respectively. Similarity and identity of 41.3 and 51.4%, respectively, were
observed between F. brasifiensiz Rasl and Ras2. Molecular masses were estimated at 24.19 kDa
(Rasl) and 26.51 kDa (Ras2), well in the range of small GTPases.

The comparison of Ras sequences shows them to be quite conserved on the four GTP-binding
sites and the effector domain, but the prenylation site is variable. It is important to note that the
prenylation site (CAAX) of Ras2, which is CLIL, has leucine for X, which favours the addition of
a geranyl group instead of a farnesyl group as expected for the Ras-GTPase family. The presence

of a leucine as X in the carboxy region is also observed in C. neoformans Rasl (CVVL) and A.

Jumigatus RasB (CVIL). Special attention must be given to the Ras2 region of about 20-30 amino

acids that is absent in Ras1 {Fig. 1a). This region (22 amino acid residues in P. brasiliensis) is
found in almost all Ras2 sequences analyzed, including A. frenigatus RasB, C. neoformans Ras2
and Newrospera crassa Ras2. A phylogenetic tree based on sequence homology has been
generated in which it is clear that Ras1 and Ras2 groups are clustered apart. Both P. brasiliensis
Ras are grouped alongside Ras proteins from A. fumigatus and N. crassa, suggesting that these

fungi are in close proximity (Fig. 1h).
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Figure 1

To confirm the presence and the copy number of the two ras genes in P. brasifiensis isolate
Pb01, we chose EceRl, Hindlll, Pstl, which do not have cut within either sequence, to digest
genomic DNA. BaniHI has one site in ras2 but not in ras/. It is important to mention that the
probe for ras2 hybridization was the 75 bp corresponding to the 22-residue region that is not
present in the rasf sequence, thus enabling specific hybridization of ras2 and not rasf. For the
rasi probe we select the 300-bp of the 3’ region because of its low similarity to ras2.
Hybridization detection revealed a single band in all lanes probed for each gene (Figure 2). These
results demonstrate that P. brasiliensis has two different ras genes, ras{ and ras2 on its genome as
observed for most other fungi, except for C. albicans and Schizosaccharemyees pombe, in whose

genome just one RAS gene was identified (Leberer ¢f al., 2001, Fukui & Kaziro, 1985).

Figure 2

Transcriptional profiles of P. brasiliensiy rasl and ras2 under different conditions

To investigate the ras transcriptional pattern we first performed a northern-blot analysis using
RNA extracted from mycelium and yeast of P. brasiliensis but we were unable to detect any
transcripts of either ras genes in any conditions, even with 15pg of total RNA per lane (data not
shown). Such an impossibility using this same approach was previously reported for the ras genes
of C. neoformans (Waugh et al., 2002), A, fumigatus (Fortwendel et al., 2004 and F. marneffei
(Boyce ef al., 2005). We decided to evaluate the ras transcriptional pattern by semiquantitative
RT-PCR. As we had not any information about the ras{ and ras2 in the pathobiology of P.
hrasiliensis, we started by analysing the transcriptional pattern of ras genes on the temperature-
dependent dimorphic transition from mycelium to yeast, under heat shock at 42 °C, and during
internalization of yeast in murine macrophage cells, which mimics several aspects of host

infection.

In vitre expression of rasl and ras2 of P. brasiliensis during dimorphism and under heat
shock at 42 "C

As Ras proteins are key components of cascades controlling cellular events such as serum-
induced pseudo-filament formation in €. albicans (Feng et al., 1999; Leberer ¢f af., 2001) and
haploid fruiting in C. neoformans (Alspaugh ef al.. 2000; Waugh et al., 2002), we speculated that
they would suffer some regulation pointing the course of the dimorphic transition in P.

brasiliensis. We evaluated expression levels of ras{ and ras? on cells undergoing the first 24
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hours of the mycelium-to-yeast transition. It is important to mention that we chose as the internal
control the gene coding for the chlathrin light chain (clar) since its corresponding PbAESTs were
equally distributed in the mycelium and yeast partial transcriptomes analysed by our laboratory
iFelipe et al., 2003 and Felipe ef al., 2005). The sqRT-PCR confirmed its usefulness as
constitutive expression control (data not shown). Total RNA from each point of the differentiation
was used in sqRT-PCR experiments with specific primers directed to ras{ and ras2 genes and to
the internal control clat. Amplicons corresponding to rasf, ras? and clat transcripts were
quantified by densitometry. Fig. 3a shows the quantification levels of the ras/ or ras2 product
during the temperature-dependent dimorphic transition. After appropriate statistical analysis, we
did not observe significant difference on expression levels of rasf or ras? at any point of the
differentiation. The cellular differentiation dependent upon temperature change in dimorphic fungi
is an event in which many genes must be tightly regulated. Nunes ef af. (2005) identified by
microarray 2583 genes with modulated expression at some point of the differentiation of P.
brasifiensis isolate Pb18. Among them figured as positively regulated in the M to Y direction: the
calcineurin regulatory subunit, the Caz+fca11nDdLLlin—dc]Jcndent protein phosphatase, protein kinase
A and G proteins ¢ and [3. These proteins are common components of known signalling cascades
that are invelved in morphogenesis, differentiation, cell integrity, growth at high temperature and
virulence in several pathogens. Our results indicate that P. brasiliensis ras genes do not have the
expression modulated by temperature shifts and appear as constitutive genes during the dimorphic
transition.

The involvement of Ras protein-controlled pathways in the heat shock response was reported
previously for 5. cerevisiae (Engelberg ¢i al., 1994). Independently of heat shock factor (HSF), the
authors showed induction of Heat Shock Proteins (HSPs) when Ras/cAMP/ PKA signalling was
blocked in yeast cells exposed to heat shock conditions, resulting in a thermo-tolerant phenotype.
To analyze whether P. brasiliensis rar genes suffer any transcriptional modulation under heat
shock, yeast cells were subjected to temperature shifts from 37 °C to 42 °C for 0, 15, 30, 60 and
120 min. The result showed that transcription of . brasiliensis ras! is modulated by heat shock at
42 °"C. After 30 to 120 min ras{ expression decreases sharply, falling to the lowest level at the 60-
minute point {Fig. 3h). Conversely, ras? is not induced or repressed during heat-shock. As Ras
proteins are important signalling molecules needed for diverse responses to different stimuli, it
may be hypothesized that P. brasiliensis yeast cells keep ras2? as a constitutive expressed gene to
respond immediately to stimuli other than temperature shift and ras/ be modulated specifically by

heat shock at 42 °C.

Figure 3
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In vive expression of ras] and ras2 genes following P. brasiliensis yeast cells
internalization by murine macrophages

When P. brasiliensis infects the host, the first defence line against the pathogen is lung
macrophages. Inside non-activated macrophages fungal propagules have to deal with the harsh
phagosome environment before switching to the yeast pathogenic form. These cells may develop a
latency state enabling survival until environmental conditions favours fungal replication and
dissemination. The ability to survive is crucial for the establishment and progression of the
infection in susceptible hosts and, according to Tavares ef al. (2007); it appears to be a
consequence of genetic re-programming of the pathogen. Those authors provided evidences that
the fungus responds to the microenvironment in order to adapt mainly to the nutritional and
oxidative stress generated by the phagosome.

In order to study the transcriptional profile of ras genes in the setting of the host-pathogen
interaction, we used RNA obtained from P. brasiliensis yeast cells after nine hours of
internalization by murine J774 macrophages. Our semiquantitative analysis revealed that rasJ and
ras2 are highly repressed — six-fold and three times, respectively, when compared to cells grown
irt vitre in Fava-Netto medium as control (Fig. 4). It is the first time that fungal ras expression
modulation is detected in the macrophage microenvironment.

Our results lead to the hypothesis that the modulation of ras expression inside macrophage
cells is a response to the nutritional starvation which can be noted by the repression of the
glycolytic pathway (Tavares et al., 2007), accompanied by the induction of the glyoxylate cycle
(Derengowski. L.S., personal communication) and the overall gluconeogenetic status of the yeast
cell, as reported before. In good accordance to our data, Breviario et al. (1988) demonstrated that
RAS! and RAS2 transcripts are down regulated under glucose starvation in 8. cerevisiae. In
addition, Wang ef al. (2004), by analyzing the transcriptional framework in response to glucose
when Ras2 is induced, showed a repression of gluconeogenesis in 5. cerevisiae. In fact, the
phagosome is a nutritionally hostile environment with an extremely low pH and a surfeit of
oxidative reactive species produced to counter the presence of the pathogen. Yeast cells respond to
this aggression by modulating the transcriptional apparatus to survive even in the presence of the
macrophage defences. The pathogen latency state seems to be the most reasonable strategy of the
yeast cells to evade the host immune system. Based on this fact, down regulation displayed by
both ras genes in yeast engulfed by host cells completely makes sense, since the situation is

unfavourable to proliferation or differentiation.

Figure 4
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The potential role of farnesylation in the dimorphism of P. brasiliensis

The high frequency of Ras mutations in human cancer and the elucidation of the role of
farnesylation in proper membrane addressing of Ras motivated an increased search for
farnesyltransferase inhibitors against malignant cells {Basso ¢f af., 2000). For our studies we chose
the commercially available FPT Inhibitor III {Calbiochem) due to its cell permeability and the
previous results with the fungal pathogens C. albicans (McGeady ef al., 2002) and C. neaformans
(Vallim et al., 2004). This compound blocks farnesyltransferase by competing with FPP for the
active site of the enzyme. It did not produce any effect on the vegetative growth of C. albicans,
but caused a decreased rate in serum-induced conversion from yeast to pseudohyphae by this
pathogen (McGeady er al., 2002). Subsequently, Vallim et al. (2004) also detected no interference
by FPT Inhibitor III on the vegetative growth of C. neoformans, but it was able to impair two
cellular differentiation events in this pathogen, the haploid fruiting and mating. Since Ras proteins
must be farmesylated to proper membrane signalling, we decided to use FPT Inhibitor 111 in .
brasiliensis to investigate a role for Ras and other possible farmes ylated proteins in this pathogen.

We tested FPT Inhibitor I1I during vegetative growth of mycelium at 22 °C and yeast at 37 °C
and during dimorphic transition from mycelium to yeast and back again. The MIC for Pb01 yeast
cells was higher than 500 pM. The MIC data corroborates with Vallim et af. (2004) and McGeady
et al. (2002}, who reported that high concentrations of the compound act on the vegetative growth
of C. necformans and C. albicans, respectively. No morphological difference to the control was
detected on the vegetative growth of mycelium cells at 22 °C in the presence of the inhibitor even
at 10 days of incubation at 500 uM (Fig. 5a). Similarly, no alteration was detected during
differentiation from mycelium to yeast at any of the concentrations tested (Fig, 3h).

However, when we evaluated the vegetative growth of yeast cells at different concentrations of
the inhibitor at 37 "C, the cells presented germinative tubes typical of mycelium that were not
observed in the control (Fig. 5¢). It is important to note that this phenomenon in P. brasiliensis is
strictly dependent on the temperature shift from 37 °C to 22 °C and that the blockage of
farnesylation mimicked the process, thus favouring the filamentous form of the fungus.

In the yeast-to-mycelium transition experiment yeast cells were incubated at 22 °C in the
presence of 0, 125, 250 and 500 uM of the inhibitor. As can be seen, yeast cells also presented
germinative tubes developing to produce true hyphal filaments in the presence of the inhibitor
(Fig. 5d). However, we detected an increased amount of yeast cells with germinative tubes or true
filaments. The data show that the percentage of yeast cells displaying germinative tubes increased

up to nearly twice normal transition values for the highest concentration (Fig, Se). It is concluded
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that the inhibitor favours transition to mycelium in a dose-dependent fashion and perturbs the

yeast phase by making the yeast-to-mycelium transition a temperature-independent event.

Figure 5

As the farnesylation inhibitor is not specific for Ras protein incorporation to the membrane,
the defects observed might result from inhibition of other Ras-related proteins that are also
farnesylated. It is improbable that FPT Inhibitor III has any direct interference on the Rho-GTPase
superfamily that includes RhoA, Rac and Cdc42, as they are geranylated instead of farnesylated
(Arellano ef af.. 1999). From the 30 proteins known to be farnesylated in the human cells (Appels
& Schellens, 2005), two of them, Rheb and Ras, are reported to be involved in growth and
differentiation in response to different stimuli in fungi (Aspuria & Tamanoi, 2004). The Rheb
protein has been proposed to activate the Tor signalling pathway, which in turn controls cell
differentiation in 5. pombe ( Alvarez & Moreno, 2006; Uritani et al., 2006), C. neaformans and C.
albicans (Rohde & Cardenas, 2004). As for Ras, in a wide range of fungi it is an upstream
component of several signalling cascades. Ras proteins activate Cde42 to promote cell polarity
and mating process in 5. pombe (Marcus ¢f al., 1995), filamentous growth in 5. cerevisiae (Mosh
et al., 1996), vegetative growth and serum-induced dimorphic transition in C. albicans (Leberer et
al., 2001}, spore germination and polarized growth in P. marneffei (Boyee et al., 2005) and high-
temperature growth and cellular differentiation in C. neoformans (Vallim ef al., 2005).

In this work we have shown that impaired farnesylation promoted alterations on vegetative
growth of P. brasiliensis yeast cells and induced dimorphic transition from yeast to mycelium, but
we have been unable to determine how and which farnesylated protein, if Ras, Rheb or both, is
controlling these events. We know that P. brasiliensis possesses all signalling components
involved in cellular differentiation and morphogenesis described for other fungi (Fernandes et al.,
2005), including Tor- and Ras-controlled pathways, but the way they work and are connected and
which signals activate them are yet to be elucidated.

Our studies show that P. brasiliensis has two ras genes that codify the Ras1 and Ras2 proteins.
These genes are modulated negatively when yeast cells of this pathogen are in contact with host
cells and this probably stems from the nutrient limitation and the harsh environment met by the
fungus. However, only ras{ displayed heat-shock triggered mRNA suppression, although neither
gene responds to dimorphic transition. These data suggest a modulation of ras based upon the
signal that is conveyed to the cell. Still, the cascades that Ras controls and their connections must
be further studied; but the importance of Ras proteins in the pathobiology of P. brasiliensis is

already notable. To address the many questions that have arisen from this work we are developing
12
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an RNA interference strategy for functional gene analysis in this pathogen. Gene silencing is
preferable to classical disruption due to the unfeasibility of knock-out approaches on F.
brasiliensis multinucleated and multi-budding yeast cells. This first analysis of ras genes opens an
avenue of possibilities for characterization of P. brasiliensis signalling cascades and their
components, which will certain lead to new insights into adaptive responses, morphogenesis

control, virulence and pathogenicity in this fungus.
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Figure legends

Fig. 1. P. brasiliensis Ras] and Ras2 sequences analysis. (a) ClustalW alignment of Ras1 and
Ras2 from P. brasiliensis. Gray boxes indicate identical residues between the two sequences, and
the conserved Ras domains are indicated above the sequences: G1-G4 are the GTP-binding
domains, ED is the GTPase effector domain, PS is the prenylation site. (b) Phylogenetic tree
analysis based on a clustering algorithm to evaluate the relatedness of P brasiliensis Ras proteins

to those of different fungi. Bootstrap values are indicated on each branch of the tree. Af_RasA: A

Jumigatus RasA (AABOTT03), Af_RasB: A. fumigatus RasB (AAPO4030), Ca_Rasl: C. albicans

Ras1{AF177670), Cn_Rasl: C. neoformans Rasl (AF294647), Cn_Ras2: C. neoformans Ras2
(AF294349), Human H-Ras (AF493916), Nc_Rasl: N. crassa Rasl (P22126), Nc_Ras2: N,
crassa Ras2 (BAAO3ITO8). Pb_Rasl: P. brasiliensis Ras1 (IM)157363), Pb_Ras2: P. brasiliensis
Ras? (AY910576), Sc_Rasl: 5. cerevisioe Rasl (CAAY298), Sc_Ras2: 5. cerevisiae Ras2
(AAA3LY39) Sp_Ras: 5. pombe Ras (CAAZTI00.

Fig. 2. P. brasiliensic ras] and ras2 copy numbers by Southern blot analysis. Ten-microgram total
DNA samples digested with the restriction endonucleases BamHI (B), EcoRI (E), Hindlll (H) and
Psi1(P) were loaded and separated by 0.8 % agarose gel electrophoresis, blotted onto charged
nylon membrane and hybridized against chemically labelled ras{ (panel a) and ras2 (panel h).

The sizes in kb of hybridized bands are indicated at the bottom of each panel.

Fig. 3. rasl and ras2 expression analysis during the dimorphic transition from mycelium to yeast
{a) and in response to heat shock at 42 °C (b). Panel a represents the relative quantification of
rasl and ras2 transcripts measured in triple RT-PCR experiments at several time points (0.5h, 1h,
2h, 6h and 24h) of the dimorphic transition as well as during the vegetative growth of mycelium
(M at 22 °C and yeast cells {Y) at 37 °C. Panel b depicts similar quantifications of ras mRNA
transcripts from yeast cells heat-shocked for 0, 15, 30, 60, 90 or 120 minutes at 42 °C. The
semiquantitative analysis of P. brasiliensis rar gene expression was performed by densitometry

employing the Scion Image software (http://www.scioncorp.com). The ras! and ras2 transcript

levels were calculated relative to the internal control, {34 for heat shock and clat for dimorphic
transition. Gray columns correspond to ras] transcripts and white columns correspond to ras2

transcripts. Bars represent standard errors and asterisks indicate P < 0.05.

Fig. 4. rasl and ras? transcriptional responses after yeast internalization by murine macrophages.

P. brasiliensis yeast cells were exposed to murine macrophage 1774 cells for nine hours. The total
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RINA from internalized yeast cells was extracted and used in RT-PCR experiments, as described in
Material and Methods. The control was the total RNA from P. brasiliensis yeast cells cultivated in
vitre: in Fava Netto's medium for seven days. Panel a shows the agarose gel electrophoresis
analysis of RT-PCR products obtained for each condition tested, i.e. inside macrophage and
control. Panel b represents the semiquantitative analysis of P. brasiliensis ras! and ras2 mRNA
expression at each condition. The rasf and ras2, transcript levels were calculated relative to the
internal control /34, The gray columns correspond to ras/ transcripts and white columns
correspond to ras2 transcripts. The semiquantitative analyses were performed exactly as described
in figure 3. Bars represent standard errors of RT-PCR quadruple experiments, and asterisks

indicate P < 0,05,

Fig. 5. Farnesylation inhibition effects on mycelium and yeast cells and during the differentiation
of P. brasiliensis. Panel a, farnesylation inhibition on the vegetative growth of mycelium, where
fragments of mycelium were incubated in the presence of 500 uM FPT Inhibitor III in MVM
medium at 22 °C for ten days. The control was mycelium fragments grown in MVM medium, bar
is 10pm. Panel b, the dimorphic transition from mycelium to yeast, in which fragments of
mycelium were incubated for 48h at 22 °C and shifted to 37 °C for 10 days to induce yeast
differentiation in the presence or absence of 500 pM FPT Inhibitor III, magnification bar, 10um.
Panel ¢, perturbation of yeast vegetative growth of P. brasifiensis in the presence of farnesylation
inhibitor. Yeast cells were incubated in the presence of 500 pM FPT Inhibitor I1I in MVM
medium at 37 °C for 7-10 days (upper panel). The control was yeast cells grown in MVM medium
in the same conditions described above (bottom panel). Black arrowheads indicate germinative
tubes emerging from yeast cells when farnesylation is blocked, magnification bar, 10pm. Panel d,
dimorphic transition from yeast to mycelium in the presence of farnesylation inhibitor. The yeast
cells were inoculated into MVM medium and incubated for 48h at 37 °C and then shifted to 22 °C
for 10 days to induce differentiation to the mycelium form in the presence of 500, 250 and 125
1M of FPT Inhibitor 11T and in the absence of the compound {control). In all concentrations the
yeast cells produce germinative tubes, the magnification bar in the upper panel stands for 1 pm
and in the bottom panel, for 10 pm. To quantify differences in the germination rate for each
inhibitor concentration we performed a random counting of yeast cells with germinative tubes and
calculated their proportion relative to the total cell number in four randomly chosen fields of three
different lamina in three independent experiments. Results were plotted in a graphic as percentage
of yeast cells with germinative tubes versus the inhibitor concentration assayed (panel e). Bars

represent standard errors of triple experiments, with a=P < (.(X){ and b=P< (101,
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Running title — Signaling in host-fungal pathogen interaction

Abstract

The host innate immune response is critical for protection against infection,
responsible for recognizing and countering microbial invasion. Macrophages and
neutrophils mainly participate in this response, producing and releasing cytokines and
chemokines. In addition, they present microbial antigens to lymphocytes, leading to the
development of a highly specific immune response. Receptors are required for detection of
microbial components triggering signaling pathways to activate the host immune response.
On the other hand, sensing and responding to the environment is required for fungal
survival. Fungi have sophisticated and conserved signaling cascades to sense and respond
to different types of stress including osmotic shock, temperature, oxidative or nitrosative
damage. This review focuses in the main pathways that host cells uses to recognize,
interact and respond to the infecting fungal pathogens and highlights the cascades that

regulate environmental response by the most studied human fungal pathogens.
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Introduction

Signal transduction is a very important mechanism by which the cell exercises its
regulatory response depending on the stimulus. The signal transduction communicates
extracellular signals to the cell interior through the alternative phosphorylation of
numerous proteins, including transcription factors, cytoskeleton proteins, kinases and other
enzymes, influencing gene expression, metabolism, cell division, cell morphology, cell

survival and homeostasis (Cobb and Goldsmith, 1995).

Fungi are models on the environmental response as the signal transduction
pathways were evolutionarily conserved and are often equivalent to multicellular
eukaryotic organisms. Fungi may be divided according to the presence or absence of a
differentiation pattern that marks the switch from a mycelium to a yeast form. This
division overlaps poorly with phylogenetic relationships; for example, in the group of
dimorphic fungi we find both Candida albicans and the distantly related, thermo-
dimorphic ascomycetes — Blastomyces dermatitidis, Coccidioides immitis, Histoplasma
capsulatum, Paracoccidiodes brasiliensis, Penicillium marneffei and Sporothryx schenkii;
whereas in the non-dimorphic group we find both the filamentous ascomycete Aspergillus
fumigatus and the basidiomycete Cryptococcus neoformans. There is no obvious
connection to the life cycle of the fungi, since C. albicans and C. neoformans are to be
found in commensalism with men and birds or Eucalyptus trees, respectively, while the

others are known or supposed to exist as free-living moulds.

Here we review the current state of the knowledge on environmental adaptation
focusing in the host-pathogen interaction cascades in fungi. In this review we discuss the
main pathway that host cells recognize and interact to respond to the infecting fungal
pathogens. Additionally, we also compare and highlight cascades that regulate
environmental response by those human fungal pathogens in relation to morphogenesis,

thermal differentiation, oxidative stress adaptation, virulence and pathogenicity.

1. Signaling on pathogen recognition by the host cells

The anti-pathogen innate immune response is critical for protection against
infection. It is the first line of host defense, responsible for recognizing and countering
microbial invasion. This response is comprised mainly of phagocytic cells, such as
macrophages and neutrophils, which can ingest and kill the invading pathogens. These

cells produce and release cytokines and chemokines. In addition, they present microbial

190



antigens to lymphocytes, leading to the development of a highly specific immune response
(Janeway, 1992).

The first interaction occurs between Pattern-Recognition Receptors (PRRs) and
conserved molecular structures of microbes know as Pathogen-Associated Molecular
Patterns (PAMPs), which are generally essential for the survival of the microbes. The
ability of the innate immune system to distinguish between pathogens has been of
considerable interest, although much is still not understood. The discovery of the Toll-Like
Receptor (TLRs) and the non-TLR has given an insight into the mechanisms of

intracellular signaling following microbial sensing (Table 1).

Insert table 1

PRRs are localized in serum or tissue fluid, membrane or cytoplasm, and are
subdivided into related families according to their structure and/or function. Generally,
each receptor recognizes a range of microorganisms based on its individual ligand
specificity. Leukocytes use these receptors to recognize pathogen either directly (non-
opsonic recognition) or indirectly (opsonic recognition). During infection, microbial
recognition occurs through multiple interactions at multiple sites and involves many
receptors (Janeway and Medzhitov, 2002; Romani, 2004). Following recognition, some
PRRs promote microbial uptake. Shortly thereafter, microbial killing occurs in the
phagosome through various mechanisms such as drop in pH and attack by hydrolytic
enzymes and toxic metabolites. The fungal cell wall consists mainly of carbohydrates,
including mannose-based structures, 3-glucan (more than 50%) and chitin. The recognition

of B-glucan could contribute to an effective immune response.

1.1. Recognition of fungal structures by Toll-Like Receptor (TLR)

TLRs are a family of ten innate immune recognition receptors that are required for
detection of a broad range of microbial products including LPS, flagellin, and bacterial
lipoproteins. They are distinct from each other in ligand specificities, expression patterns,
and signaling pathways, but all act in the initiation and activation of immunity.

TLR2 and TLR4 have been implicated in anti-fungal immunity and recent studies
have demonstrated a crucial involvement of these in the recognition of fungal pathogens
such as C. albicans, A. fumigatus and C. neoformans. (Netea et al., 2004a; Netea et al.,

2006). Fungal infection in knock-out mice deficient in either TLRs or TLR-associated
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adaptor molecules showed that specific TLRs such as TLR2 and TLR4 play differential
roles in the activation of the various arms of the innate immune response. Recent data also
suggest that TLRs offer escape mechanisms to certain pathogenic microorganisms,
especially through TLR2-driven induction of antiinflamatory cytokines (Netea et al.,
2004b). TLR2 is the most powerful receptor and recognizes a wide variety of PAMPs from
bacteria, yeast, fungi, parasites and viruses. The natural ligands of the TLRs are
evolutionary conserved microbial components. Those recognizing bacterial and fungal
PAMPs are generally displayed on the surface of cells, and those recognizing viral

components are found inside the cells (Figure 1).

Insert Figure 1

TLRs are believed to function as dimers. Though most TLRs appear to function as
homodimers, TLR2 forms heterodimers with TLR1 or TLR6, each dimer having different
ligand specificity. TLRs may also depend on other co-receptors for full ligand sensitivity,
such as in the case of TLR4's recognition of LPS. When activated, TLRs recruit adapter
molecules within the cytoplasm of cells in order to propagate a signal. Four adapter
molecules are known to be involved in signaling, known as MyD88, TIRAP, TRIF, and
TRAM. The adapters activate other molecules within the cell, including certain protein
kinases (TAKI1, IKK complex, IRAK1, IRAK4, TBK1) that amplify the signal, and
ultimately lead to the induction or suppression of genes that orchestrate the inflammatory
response. In all, various genes are activated by TLR signaling, and it constitutes one of the
most powerful and important gateways for gene modulation. Following activation by
ligands of microbial origin, several reactions are viable. Immune cells produce signaling
factors as cytokines which trigger inflammation.

Study of TLRs has significantly enhanced the understanding of innate and adaptive
immune responses and provides novel therapeutic approaches against infectious and
inflammatory diseases. Recent developments provide crucial information for clarifying the
mechanisms of fungal recognition by cells of the immune system, and provide hope for

designing new therapeutical approaches to fungal infections.

1.2. Recognition of fungal structures by non-Toll Like Receptor (non-TLR)

1.2.1. Receptors that recognize mannose
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C-type lectins are classical molecules characterized by their ability to bind
carbohydrates in a Ca*’-dependent manner. They have a common domain, named
carbohydrate recognition domain (CRD), which contains 18 highly conserved amino acid
residues including two disulfide bonds. Phagocytes express many kinds of C-type lectin
receptors on their surface for antigen capture. Some of these domains are known by the
acronym CLEC (C-type lectin domain family) (Kanazawa, 2007).

The mannose receptor (MR) is one of such receptors, consisting of an N-terminal
cystein-rich domain, a fibronectin type II domain and 8 or 10 CRDs. MR preferentially
recognizes O-linked oligomannose with branched rather than linear structures (Kanazawa,
2007) and is capable of recognizing a variety of antigens, ranging from self-molecules to
pathogens (Geijtenbeek et al., 2004). Recognition of C. albicans by human/murine
macrophages is mediated by a mannose receptor that can bind to N-linked mannosyl
residues and by TLR-4 bound to O-linked mannosyl residues (Netea et al., 2006). It was
demonstrated that the protective T-cell response to the pathogenic yeast C. neoformans is
dependent on the recognition of mannoproteins by multiple MR present on the surface of
dendritic cells. Mansour et al. (2006) suggest that these cells provide the crucial link
between innate and adaptive immune responses to C. neoformans via a process that is
dependent upon the efficient uptake of mannoprotein by MR. Following the interaction
between Pneumocystis carinii and human alveolar macrophages, IL-8 is released. This
event is partially dependent on the transcription factors NF-kappaB, ERK1/2 and JNK
MAPKSs. It also requires the interaction between the fungus and both receptors MR and
TLR2 (Tachado et al., 2007) (Figure 1). As for P. brasiliensis, the higher mannose
receptor expression is important for macrophage phagocytic capacity (Jiménez et al.,
2006). Another receptor able to recognize mannose residues present on the surface of a
wide spectrum of microorganisms is the CLEC-1b (C-type lectin like receptor 1). The gene
encoding this receptor is induced during macrophage infection with P. brasiliensis (S.S.

Silva, unpublished).

1.2.2. Receptors that recognizes B-glucan

The recognition of B-glucan occurs by a family of non-classic C-type lectin
receptors called Dectin-1. Dectin-1 receptors lack a cysteine residue in its stalk region and
contain an immunoreceptor tyrosine-based activation motif (ITAM) in the cytoplasmic tail,

which is involved in cellular activation. After phosphorylation of the second tyrosine occur
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various effects such as induction of phagocytosis, production of reactive oxygen species
(ROS) and cytokine production mediated by nuclear factor (NF)-kB activation (Brown,
2006).

The synergism of Dectin-1 and TLR2 signaling enhances NF-kappaB activation

and regulates cytokine production (Figure 1). Dectin-1 signaling via CARDS9, that is an
adaptor molecule containing an N-terminal caspase-recruitment domain (Dostert & Tschopp,

2007), and also directly modulates gene expression via activation of NFAT (Goodridge et
al., 2007). Dectin-1 was originally thought to be a dendritic cell-specific receptor, from
which its name “dendritic-cell-associated C-type lectin-1” was derived (Ariizumi et al.,
2000). This receptor recognizes fungal B-glucan without opsonic molecules. It therefore
recognizes several fungal species, including C. albicans (Taylor et al., 2007), P. carinii
(Saijo et al., 2007), Coccicioides posodaii (Viriyakosoi et al., 2005) and A. fumigatus
(Gersuk et al., 2006). Their expression on macrophage is up-regulated by IL-4 and IL-13
and down-regulated by LPS, IL-10 and dexamethasone. The loss of this receptor might
explain why some fungi escape the host immune surveillance (Brown, 2006).

The protection role of dectin-1 against all fungal infections is not a consensus.
Taylor et al. (2007) described that dectin-1-knockout mice were more susceptible than
wild-type mice to C. albicans infection. In contrast, Saijo et al. (2007) showed that wild-
type and dectin-1-knockout mice were equally susceptible to Candida infection. The
recognition of C. albicans by macrophages is a complex process involving multiple
receptor systems that recognize sequentially the various layers of the outer portion of the
fungal cell wall. The components of the cell wall of a pathogenic fungus (N-linked
mannans, O-linked mannans, and [-glucans) are involved in the recognition by
monocytes/macrophages by MR, TLR4 and dectin-1/TLR2 respectively and in the
subsequent induction of pro- and anti-inflammatory cytokine release (Netea et al., 2006).

The absence of interaction between dectin-1 and [B-glucan contributes to fungal
evasion of immune system. The yeast form of C. albicans induces a host-protective
response while hyphae do not, since the last lacks the surface exposed [-glucan
(Heinsbroek et al., 2005). C. neoformans encapsulation also mask the cell-wall 3-glucan
(Cross and Bancroft, 1995) and the changes in proportion of cell wall a/f glucan of P.
brasiliensis (San-Blas et al., 1984; Silva et al., 1994) contributes to the evasion of specific
response. The subversion of host immune response is effective by dectin-1 receptor

blockage by cell wall a-glucan, as demonstrated for H. capsulatum (Rappleye et al., 2007).
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The macrophage response to resting spores and invasive form of the A. fumigatus is
dependent on the dectin-1 interaction with [3-glucan present in the cell wall. B-glucan is
absent on the surface of dormant conidia, but is present after cellular swelling and loss of
the hydrophobic proteinaceous cell wall. Dectin-1 binding to germ tubes increases, but is
not required, for TLR2-mediated inflammatory cytokine secretion. In addition, it
stimulates TNF-a production in the absence of both TLR2 and MyD88 signaling (Gersuk
et al., 20006).

Cells that do not express dectin-1 receptor and still have an important role in anti-
fungal immunity express other receptors, such as the complement receptor 3 (CR3),
lactosylceramide and scavenger receptors. All these receptor also recognize [3-glucan. CR3
(also called CD11b-CD18 or MAC1), the complement fragment inactivated C3b (C3bi), -
glucan and endogenous ligands are involved in cell adhesion and migration. CR3 consists
of several domains, including a lectin domain that mediates carbohydrates recognition and
regulates adhesion (Taylor et al., 2002; Xia et al., 1999). The importance of CR3 in fungus
uptake is demonstrated for P. brasiliensis when the opsonic conidia are extensively
phagocyted by macrophages. The heat-inactivation of serum used for opsonization or the
treatment of macrophages with anti-CR3 decreased phagocytosis by macrophages
(Jiménez et al., 2000).

Lactosylceramide, also called CDw17 and Gal4GlcB1Cer, is a glucosphingolipid
PRR found in plasma membrane micro-domains of many cells types. Lactosylceramide-
mediated recognition of B-glucan induces various cellular responses in vitro, including
cytokine production, the respiratory burst and NFkB activation (Wakshull ez al., 1999.).
The scavenger receptors are a family of cell-surface glycoprotein PRRs that differ greatly
in their structure but are all capable of recognizing modified low-density lipoproteins.
These receptors have also been implicated in -glucan recognition (Rice et al., 2002).

Phagocytic cells are crucial for host defence against invading pathogens such as
bacterial and fungus. The macrophage phagosome is believed to be a poor source of
glucose and amino acids (Fan et al., 2005; Lorenz et al., 2004). Such nutrient deprivation
inside the macrophage induces a similar adaptative response of intracellular bacterial and
fungal pathogens (Chatterjee et al., 2006; Fan et al., 2005; Lorenz et al., 2004). Further,
we will focus in the signaling pathways underwent by fungal pathogens in order to activate

the genetic re-programming necessary to the survival in the host cells.
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2. Signaling response in fungal pathogens
2.1. Morphogenesis and differentiation

In this topic we focused on signaling components that have been demonstrated by
knock-out experiments to be involved in fungal pathogenesis using animal models. The
differentiation process observed in fungal pathogens is that of thermo-dimorphic fungi.
The species that cause human disease probably follow a similar genetic programme that
causes them to change from mycelium to yeast upon exposure to the higher temperature of
the host. Recently, Nemecek et al., 2006 identified a histidine kinase (HK) receptor as the
dimorphism switch - denominated Drkl, for Dimorphism-related kinase - in B.
dermatitidis. They also provided evidence that the mechanism is conserved in the other
species when they reproduced the effects of silencing the corresponding drkl gene in H.
capsulatum. These effects were to lock the fungi in the mycelial phase, which was
correlated with a severe impairment of their ability to cause infection. HKs have only been
proposed as membrane receptors in B. dermatitidis and H. capsulatum. Exactly how these
receptors sense environmental changes and which factors function downstream in
morphogenetic process remains to be elucidated.

MAPKinase cascades are responsible for fungal differentiation and virulence. The
key regulator molecules in this case are the small GTPase Ras and its immediate
downstream effectors best known is the Rho-GTPase Cdc42. This pathway was first
characterized in C. albicans (Feng et al., 1999) and C. neoformans (Alspaugh et al., 2000),
and more recently in 4. fumigatus (Fortwendel et al., 2004; Fortwendel et al., 2005) and P.
marneffei (Boyce et al., 2005). The Ras-controlled processes seem to be both more global
and more conserved among species. Cdc42 regulates the actin component of the
cytoskeleton and thus the vegetative growth of all pathogens studied so far. The pathway is
also indispensable for growth at 37°C and therefore knock-out strains are avirulent in
animal models. Still, some Ras-triggered events are known to be species-specific: in C.
albicans, the pathway is necessary for serum-induced filamentation (Feng et al., 1999;
Leberer et al., 2001); in P. marneffei, no influence in dimorphism has been identified for
Ras and its effectors to date, but the maintenance of cell polarity by this cascade has been
well characterized for that fungus (Boyce et al., 2005); and in A. fumigatus, spore
germination and virulence are determined by Ras-dependent mechanisms (Fortwendel et
al., 2005).

There is ample evidence that Ras acts not only as a relay protein in signaling

processes, but also that it functions in the cell as a bifurcation, exerting modulation over
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several pathways. Recent data indicate that more than one MAPKinase cascade is
modulated by Ras through downstream Rho-GTPases other than Cdc42 (Nichols et al.,
2007). Furthermore, a completely different branch cascade is also modulated by Ras,
namely the cAMP/PKA pathway (Figure 2). In that case the immediate effector of Ras is
adenylate cyclase, and there seems to be functional redundancy with the MAPKinase
pathway, for both seem to influence the same morphogenetic events and pathogenicity.
Apart from P. marneffei, the only thermo-dimorphic pathogen where members of the Ras-
mediated pathways have been studied in silico is P.brasiliensis (Fernandes et al., 2005;

Felipe et al., 2005).

Insert Figure 2

2.2. Signaling in response to oxidative stress

Phagocytosing macrophages is responsible to release oxygen and nitrogen
compounds as part of the antimicrobial burst (Densen and Mandell, 1995). In this way, the
study of the oxidative stress in fungi, which suffers phagocytosis, is expected to elucidate
how this pathogen survives the oxidative killing mechanism by the host macrophage
system.

Reactive oxygen species (ROS) such as hydrogen peroxide, produced externally or
during normal metabolism can damage different cell components and usually trigger a
counteracting antioxidant response (Aguirre et al., 2005). Fungi have several mechanisms
to handle ROS, such as the presence of a large number of antioxidant enzymes and the
ability to produce secondary metabolites with antioxidant function (Kawasaki and Aguirre,

2001; Lee et al., 2005).

A number of studies indicate that reactive nitrogen species (RNS) are important
antimicrobial effectors produced by macrophages (Missall ef al., 2004). In contrast to the
redundancy in the ROS elimination, there are few mechanisms for the disposal of NO (de
Jesus-Berrios et al., 2003). To survive the oxidative and nitrosative attack initiated by
phagocytic cells of the host, pathogens must respond appropriately. This antimicrobial
attack is established by two main systems including the nitric oxide synthase, which
generates reactive nitrogen species and the NADPH oxidase pathway, generating reactive
oxygen species (Fang, 2004). To cause infection, pathogens must evade the immune

system by initiating a response to the stress encountered.
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2.2.1. Signal transduction mechanisms in fungal responses to ROS and RNS

An important example of an environmental challenge to which fungi must rise is
the high levels of ROS produced by neutrophil cells during the oxidative burst. The
oxidative killing of fungal cells by this host defense mechanism represent an important line
of elimination of pathogens, as demonstrated by the correlations between the function of
oxidative stress response in pathogenic fungi and their ability to proliferate in host cells
(Wysong et al., 1998). Studies have demonstrated that eukaryotes evolved novel
mechanism to perceive and eliminate ROS. Those studies had identified three major
modules that govern the response to oxidative stress, the stress responsive MAPKinase
cascade (also denominated SAPK for Stress Activated Protein Kinases), the most well-
characterized signal transduction cascades regulating fungal adaptation to the
environmental stress, a histidine kinase (HK) system (a prokaryotic-type multistep
phosphorelay system) and the AP-1-like transcription factors (Posas et al., 1996; Grefen
and Harter, 2004).

2.2.2. Fungal MAPK and HK components systems

In eukaryotic cells, phosphorelay systems (HKs) have been found in slime molds,
fungi and plants where they connect environmental stress signals to the MAPKinase
cascades (reviewed in Kruppa and Calderone, 2006). In a prototypical two-component
system, a sensor HK phosphorylates a histidine residue within its kinase domain, referred
as an H-box; subsequently the HK phosphorylates a phosphotransfer protein (HPt), which
in turn transfers the phosphate group to an aspartate residue in a receiver domain of a
response regulator protein (RR). Most characterized HKs, both bacterial and eukaryotic,
require the additional phosphorelay step through the HPt domain protein and a second RR
protein. This additional phosphorelay step may allow the organism to integrate multiple
input signals into a single output. In fungi, a classical target of the two-component system
is the Hogl MAPKinase pathway and the phosphotransfer from the HK is mediated by Ssk
proteins (Figure 3), which possess aspartate residues that are phosphorylated by the kinase
(Kruppa and Calderone, 2006).

Insert Figure 3

The ascomycete C. albicans is the most common fungal pathogen in
immunocompromised patients (Fridkin and Jarvis, 1996). In order to defend against
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colonization of this pathogen, the host immune system utilizes the ROS production.
Studies have suggested that macrophages ingest and kill the fungus through an oxygen-
dependent mechanism (Vazquez-Torres and Balish, 1997). One of the major signal
transduction pathways in C. albicans is the HOG pathway, which senses oxidative stress
and is also involved in sensing osmotic stress (Bahn et al., 2007). Three HK genes, Sinl,
Chk1 and Nikl, which are distinct and redundant, as well as the homologue of the HPt
protein, Ypdl, have been reported in C. albicans (Nagahashi et al., 1998; Calera et al.,
1998; Calera et al., 2000). Additionally, C. albicans presents two RR, Ssk1 and Skn7; the
last is supposed to regulate its action as a transcriptional factor (Lee et al., 1999). Sskl
mediates gene activity by interacting with the MAPKKK Ssk2 of the MAPK pathway
(Chauhan et al., 2003). The MAPKinases module in C. albicans is composed of Ssk2
(MAPKKK), Pbs2 (MAPKK) and Hogl (MAPK). When phosphorylated, Ssk1 (RR) is not
able of inducing activation of the MAPKKK, Ssk2. Under oxidative/osmotic stress,
phosphotransfer through SIn1-Ypd1-Sskl activates Ssk2, which activates Pbs2 and finally
Hogl (reviewed in Chauhan et al., 2006). Observations are consistent with the idea that C.
albicans MAPKinase (Hogl) pathway is required for the fungal resistance to oxidative
stress. Hogl mutant strains are sensitive to the oxidants menadione and H,O, (Alonso-
Monge et al., 2003). Also, the Pbs2 MAPKK component is crucial for the fungal anti-
oxidant adaptation (Arana et al., 2005). Transcriptional analysis of ssk1 mutants has shown
that a considerable portion of the altered genes encode for proteins related to the stress
adaptation (Chauhan er al., 2003). The role of Hogl in the regulation of global
transcriptional responses to stress has been studied in C. albicans. DNA microarrays were
used to characterize the global transcriptional responses of HOG1 and hogl cells to
osmotic, oxidative and heavy metal stress. Inactivation of HOG1 attenuated transcriptional
responses to osmotic and heavy metal stresses, but not to oxidative stress. It has been
suggested that Hogl plays a central role in the regulation of osmotic and heavy metal
stress-induced gene expression, but a less central role in the regulation of oxidative stress
genes in C. albicans (Enjalbert et al., 20006).

The basidiomycete C. neoformans is encapsulated yeast that predominantly infects
the central nervous system in immunocompromised patients causing life threatening fungal
meningitis (Mitchell and Perfect, 1995). In C. neoformans a two-component phosphorelay
system has been investigated (Bahn et al., 2006). Unlike the ascomycete fungi, the HOG
pathway of C. neoformans is constitutively phosphorylated under normal conditions, via

the Pbs2 MAPKK and an unknown MAPKKK. In response to diverse stress conditions a
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variety of sensor kinases, including the characterized Tcol and Tco2, activates Sskl,
which in turn activates a Hogl-specific phosphatase resulting in rapid dephosphorylation
of Hogl and the consequent induction of appropriated cellular response to the
environmental stimuli (Figure 3). Tco2 is partially responsible for response to oxidative
damage and osmotic shock, as described (Bahn ez al., 2006).

By comparison to known sequences of the MAPK module in other fungi, all the
components of the MAPK module had been identified in 4. fumigatus (Aguirre et al.,
2006) and homologues of the HOG-MAPK pathway proteins had been studied in this
fungal pathogen. The sakA gene (also called hogA), has a role in protection against
oxidative stress, since SakA mutants of A. fumigatus are oxidant sensitive (Xue et al.,
2004). Additionally, A. fumigatus contains a second SAPK, called MpkC; its role in the
oxidative stress response and pathogenicity has not yet been evaluated (May et al., 2005).

P. brasiliensis is an important dimorphic fungal pathogen located predominantly in
Central and South America. In silico search of P.brasiliensis database has revealed a
number of two-component signal transduction proteins, as well as MAPK pathways
including HOG1 (Felipe et al., 2005; Fernandes et al., 2005) Accordingly the fungal
database predicts a slnl sensor kinase orthologue, one ypdl orthologue, as well as sskl
(RR), ssk2 (MAPKKK), pbs2 (MAPKK), hogl (MAPK), suggesting that this fungal
pathogen can utilize the modules that govern the response to oxidative stress, the stress
responsive MAPKinase cascade and the multistep phosphorelay system for dealing with
oxidative stress, which constitutes another hint at the phylogenetic conservation of this

mechanism.

2.2.3. Fungal AP-1-like transcription factors

Fungal cells have targeted nuclear localization of several components of their
oxidative-stress response machinery for modulation. AP-1 (Activating Protein 1) describes
a group of members of the Jun, Fos and ATF family proteins that form homo/heterodimers
to regulate cell proliferation and differentiation, apoptosis and stress response (Karin et al.,
1997). Studies had demonstrated the role of the AP-1 homologues in the redox homeostasis
in fungi, putatively as a positive regulator of gene expression (Harshman ef al., 1988).

Fungal AP-1-like factors had been first identified in Saccharomyces cerevisiae
(Yapl, for yeast AP-1) and had been characterized as a transcription factor, which

regulates antioxidant genes, such as thioredoxin and gluthatione peroxidase (Kuge and
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Jones, 1994; Tsuzi et al., 2004). C. albicans presents a homologue of the S. cerevisiae
Yapl, denominated Capl. The role of Capl in the fungal adaptation to oxidant stress has
been investigated. The protein is induced in the presence of oxidative stress and localizes
to the nucleus, in an oxidant-responsive fashion, inducing a set of genes necessary to the
response to this stress (Zhang et al., 2000). Fungal cells lacking CAPI are hypersensitive
to diamide and H,O, (Zhang et al., 2000). Although the detailed mechanisms of CAPI
regulation needs to await further studies, the oxidative stress sensing by Capl seems to
involve a cysteine residue in the C-terminal domain, as described for its homologues
(Zhang et al., 2000). In C. albicans, Capl has been shown to activate transcription via the
Yap response element (YRE: TKACTAA) (Fernandes et al., 1997) and capl mutant cells
display increased sensitivity to reactive oxygen species (Alonso-Monge et al., 2003). Cap1
seems to act independently from the HOG pathway in C. albicans, since deletion of HOGI
has no effect on the Capl translocation to the nucleus and CAP/ deletion does not inhibit
Hogl phosphorylation (reviewed in Chauhan et al., 2006). Other pathways, such as the
Capl pathway, could play key roles in the regulation of oxidative stress genes, as
suggested (Enjalbert et al., 2006). Homologues of Yapl have been described in other
fungi. 4. fumigatus contains Yapl homologues, but its function is still unknown (Aguirre
et al., 20006).

In contrast to the redundancy in the systems for H,O, elimination in response to
ROS, there are few mechanisms for the disposal of NO. Resistance to nitric oxide has been
shown to be important to the stress defense and virulence of C. neoformans. It has been
shown that macrophages produce nitric oxide in response to cryptococcal cells and that the
macrophage antifungal activity of macrophages is mostly dependent on RNS (Gross ef al.,
1999; Tohyama et al., 1996). Proteomic and transcriptional response of C. neoformans to
nitric oxide stress have been investigated. One stress-related protein up-regulated in the
presence of nitric oxide stress was glutathione reductase (GLr1); the corresponding mutant
was sensitive to nitrosative stress and macrophage killing. Additionally the mutant was
avirulent in mice. Interestingly, mutants deficient in Glrl are not sensitive to peroxide
stress, suggesting the specificity of this antioxidant enzyme to the nitrosative stress
response in this fungal pathogen (Missall ef al., 2006). The fungus depicts a single gene for
NO oxigenase and also a single gene for 5-nitroglutathione reductase. It has been described
that NO generated in mammal hosts exerts a fungistatic effect against C. neoformans and
that NO oxigenase is able of protecting fungal cells during infection and promotes fungal

virulence (de Jesus-Berrios et al., 2003).
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Two candidate factors, an alternative oxidase, presumably providing a means of
fungal cells to continue respiratory growth in the face of RNS, and a nitric oxide reductase
has been suggested in H. capsulatum mechanism for combating nitrosative stress. Also a
P450 nitric oxide reductase, Norl, is induced in H. capsulatum exposed to nitrosative
stress. In support of its role in combating host defenses, overexpression of NOR1 in H.
capsulatum shows slightly increased growth rates in the presence of a nitrosative agent

compared with wild-type cells (Nittler ez al., 2005).

2.2.4. Antioxidant enzymes as effectors of oxidative stress of the pathogens

Fungi have enlisted several classes of antioxidant enzymes defenses to cope with
the variety of ROS that is available in the phagocytes. O, is eliminated by superoxide
dismutases (SOD), present at cytosol, mitochondria and also secreted forms. A battery of
enzymes decomposes H,O,, such as catalases, thioredoxin, glutathione reductase and
gluthatione peroxidase. Those enzymes are considered for the majority fungal pathogens
virulence factors due to their ability to handle with the oxidative stress implied by the host
environment. Some of the genes that encode those antioxidant enzymes when impaired
produce mutants with virulence attenuated or completely avirulent (Chauhan et al., 2006).

The virulence factors from the fungal pathogens are going to be discussed below.

3. Signaling in response to temperature stress

Thermotolerance in fungi is the ability to grow at 37°C, which is a sine qua non
condition for human infection and dissemination. The ability to exist in different forms and
to reversibly switch from one to the other during infection provides the metabolic
flexibility reflecting as an evolutionary adaptation to different environments (Tekaia and
Latge, 2005). The evolutionary mechanisms may involve the expression of temperature-
induced genes or even the stress resistance ones that might confer pathogenicity and/or
virulence. Since the thermotolerance is a universal virulence trait across pathogenic fungi,
the understanding of how pathogenic fungi grow at high temperatures may provide

important clues to pathogenesis in humans.

3.1. MAPKinases
MAPKinases are key elements in the environmental stress in fungi. Their essential

role in sensing different signals enables the pathogenic fungi to integrate, amplify and
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modulate the adaptive response and virulence (Roman et al, 2007). The genetic
manipulation in several pathogenic fungi revealed the important relationship between
signal-transduction pathways, virulence and stress response.

In C. albicans, the HOG pathway is able to respond to a myriad of environmental
stimuli, including sexual development, oxidative stress response, morphological
differentiation and growth at low temperature (for revision, see Bahn et al, 2007). MKCI
gene encodes a mitogen-activated protein (MAP) kinase, which is phosphorylated in
response to low-temperature shock (Figure 4). Recently it has been found that the
oxidative-stress-mediated phosphorylation of Mkcl is partially dependent on an intact
HOG pathway (Arana et al., 2005), which might indicate a crosstalk between the

temperature and oxidative stress responses.

Insert Figure 4

In C. neoformans, MAPKinases together with calcineurin pathway are reported to
be involved in cell wall integrity and remodeling in response to elevated growth
temperature (Kraus et al., 2003). The C. neoformans Mpkl is required for growth at 37°C
in vitro. The mpkl mutants were unable to grow at 37°C and also the virulence was
attenuated in the mouse model of cryptococcosis. Mpkl is activated by phosphorylation in
response to drugs that are able to alter the cell wall integrity, such as calcofluor white,
nikkomycin Z and caspofungin (Kraus et al, 2003). The cross-talk between both pathways
was recently reinforced by the isolation of a hypervirulent ecal/ mutant that is unable to
grow at mammalian body temperature. Ecal is likely involved in the calcium maintenance
at the ER. The mutant behavior for virulence was tested in different host models where the

ability of infection was attenuated at 37°C (Fan et al., 2007).

In P. brasiliensis, Bastos et al. (2007) described the differentially expressed
sequences during transition from mycelium to yeast cells, which is essentially temperature-
dependent event. MAPKinase ESTs were identified in the transition transcriptome. A
MAPKinase and PKC proteins were induced in the transition library suggesting their
involvement in the fungal cell wall biosynthesis as a response of adaptation to the

environment and also consequently to survive and proliferate within the host.
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3.2. Ca **-Calmodulin-calcineurin

Calcineurin is a major player in calcium-dependent signal transduction pathways in
eukaryotes. Calcineurin is a conserved serine-threonine-specific Ca**-calmodulin activated
protein phosphatase that mediates cell-stress responses. Calcineurin B binds to a a-helical
extension of calcineurin A distinct from the active site. In response to calcium influx,
calmodulin binds to calcineurin A and blocks the action of the auto- inhibitory C-terminal
domain of calcineurin A, resulting in the formation of the active calcineurin complex.

Calcineurin acts on transcription factors and governs the expression of genes in a
species-dependent fashion. It is critical for virulence in pathogenic fungi that infect
humans as C. neoformans and C. albicans (Kraus et al., 2005) and A. fumigatus (Steinbach
et al., 2007). It was recently reviewed by Steinbach and coworkers (2007) the role of
calcineurin as a novel drug target against invasive fungal infections caused by C.
neoformans, C. albicans and A. fumigatus which most causes infection in
immunocompromised patients. De Carvalho et al. (2003) have shown the inhibitory effect
of several drugs in the calcium-calmodulin signalling pathway in P. brasiliensis during the
mycelium-to-yeast transition. Additionally, an in silico search of the P. brasiliensis
database has also revealed a calcium-calmodulin signalling pathway (Figure 4) that might
be controlling the temperature shift (Felipe et al., 2005; Fernandes et al., 2005). The
potential role of this pathway in the dimorphism control and possible in pathogenesis of P.
brasiliensis was re-inforced by the up regulation of calcineurin B during the transition
from mycelium to yeast (Bastos et al., 2007).

Calcineurin is critical for virulence and pathogenicity of C. neoformans, since
calcineurin A mutant strains are viable but fail to grow in high temperature and are
avirulent in animal model of cryptococcal meningitis (Odom et al., 1997). Down-
regulation of calmodulin was associated with impaired growth at 37°C (Figure 4) and, in
the absence of calcineurin function the C. neoformans caml mutant displayed impaired
bud formation, which implicates the involvement of Ca'"-calmodulin-calcineurin in
morphogenesis and high-temperature growth (Kraus et al., 2005).

Calcineurin is not required for the serum induced transition of C. albicans, however
the involvement of calcineurin in the virulence and consequently in the growth on the high
temperature is dependent on the host niche. In mouse models of systemic disseminated
candidiasis the calcineurin is essential to the infection while in vaginal or pulmonary
infection the absence of calcineurin function does not affect the virulence of the pathogen

(Bader et al., 2006). In addition, in C. albicans the deletion of either the catalytic subunit
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or regulatory subunit abrogates calcineurin activity resulting in cells that are sensitive to
multiple stress conditions (Bader et al., 2006).

Recent studies in A. fumigatus suggest that calcineurin controls key steps in
polarized hyphal growth, and is therefore critically important for tissue invasion. The
Aspergillus calcineurin pathway was not directly involved with heat stress, but the over-
expression of calcineurin was observed under several stresses. The link between
calcineurin and A. fumigatus pathogenicity was supported by animal models in which the
blockage of calcineurin leads to a decrease in fungal growth, halt tissue invasion and

decrease host mortality (Steinbach et al., 2006).

3.3.RAS

Ras proteins, small guanine-nucleotide binding proteins, are highly conserved and
they control the activation of diverse signaling pathways. Among microorganisms, Ras
proteins regulate fundamental and cellular processes such as morphological transitions,
mating and microbial pathogenesis.

Ras proteins control several distinct cellular processes in C. neoformans including
the maintenance of the cytoskeletal integrity, allowing this organism to respond to
changing environments and to external stress. C. neoformans Rasl has a role in the high
temperature growth since ras/ mutants arrest as large, unbudded cells with depolarized
actin, also are unable to grow at 37°C and are avirulent in animal models of meningitis.
The RAS2 gene when over-expressed in the ras/ mutant rescues the ability to grow at high
temperature, indicating a redundant effect in the signaling pathways that responds to
temperature (Alspaugh et al., 2000; Waugh et al., 2002). Over-expression of either RAC!
or CDC42 also suppresses the high-temperature growth defect of the ras/ mutant strain
(Figure 4). Cdc24 was recently identified as the downstream effector of Ras1 that activates
Cdc42 to regulate thermo-tolerance and ability to cause infection in C. neoformans
(Nichols et al., 2007). Over-expression of CDC42 but not RACI suppresses the cdc24
temperature-sensitive growth defect. Therefore, Racl is similar to the Cdc42 protein and
may play some overlapping functions downstream of Ras1. However, the primary role of
Racl appears to be as a downstream effector of Rasl to control hyphal formation during
sexual differentiation working in coordination to function with other similar protein as an
alternative pathway (Vallim et al., 2005). Differently, Cdc24 and Cdc42 proteins likely
mediate Ras function in establishing and maintaining polarized growth in the budding

yeast cell in the face of cell stresses, such as elevated temperature.
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Ras signaling during morphogenesis of C. albicans has been studied extensively
and it regulates both mitogen-activated protein kinase-dependent and cAMP-PKA-
dependent responses (Phillips et al., 2006). The morphogenetic switching relies on the
activation of Ras-GTPase by extracellular signals as environmental sensing and induces
two downstream cascades: a MAPkinase and the cAMP pathway, resulting in hypha-
specific gene expression (Martin et al., 2005). The deletion of RAS gene in C. albicans is
not essential; however the mutants presented defects in morphology, impaired ability to
switch from yeast to filaments and reduced pathogenicity (Leberer et al., 2001). The
defects observed in the ras mutant suggest the involvement of Ras signaling in control the
high temperature growth and morphogenesis in the fungal pathogen C. albicans. Also, two
ras genes were identified in 4. fumigatus and despite the morphogenetic defects and the
virulence attenuated observed in the ras mutant, there is just a suggestion of the indirect
involvement of Ras on the high temperature growth control of this pathogen (Fortwendel et
al., 2005).

In the dimorphic human pathogens as P. marneffei and P. brasiliensis, two ras
genes were identified. In the first case, ras genes have been implicated in a signaling
cascade to regulate morphogenesis (Boyce et al., 2005); however there is no evidence of
the direct role of those genes in the dimorphic process of P. marneffei. In the case of P.
brasiliensis ras genes were not regulated during the transition temperature dependent from
mycelium to yeast, however ras/ and not ras2 showed a negative regulation after heat
shock at 42°C. Also both genes, rasl and ras2, were repressed inside the macrophage cells
indicating the potential role of Ras in the response to temperature and host environment

stimuli in P. brasiliensis (L. Fernandes, unpublished).

3.4. cAMP - PKA

Known as a nutrient sensing pathway the cAMP-PKA cascades involves a G
protein couples receptor, Gprl, the G proteins Gpa2 and Ras2, adenylyl cyclase, cyclic
AMP (cAMP) and cAMP-dependent protein kinases. The role of cAMP is to activate
protein kinase A (PKA), a heterotetramer consisting of two subunits, cCAMP binds to two
sites on each regulatory subunit and causes the release of free and active catalytic subunits,
which may phosphorylate serine and threonine residues on target proteins which, in turn,
stimulates enzymes involved in a myriad of cellular events. For example in C. albicans this

pathway controls the utilization of storage carbohydrates, represses stress-activated genes,
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regulates entry into stationary phase and promotes pseudohyphal morphogenesis (Jung and
Stateva, 2003).

The cAMP-dependent pathway, which regulates yeast-to-hypha morphogenesis in
C. albicans, is controlled by changes in cAMP levels. Both low-and high-affinity cAMP
phosphodiesterases are encoded in the C. albicans genome. Deletion of PDE2 causes
elevated cAMP levels and responsiveness to exogenous cAMP, higher sensitivity to heat
shock, severe growth defects at 42°C and highly reduced levels of EFGI transcription
(Jung and Stateva, 2003).

In order to understand the cyclic adenosine 5’-monophosphate (cAMP)/protein
kinase A (PKA) signaling pathway, Hu ef al., 2007 studied the transcriptional regulation of
PKA in C. neoformans by the evaluation of the transcriptional changes in the pka mutants.
They reported alterations of gene response involved with virulence, ribosome biogenesis,
the response to stress, vesicle (protein) trafficking, membrane transport, and cell wall
biogenesis. Among the genes related to high temperature growth that suffered any
modulation by PKA were the TPS! that codes for trehalose-6-phosphate synthase, required
in trehalose synthesis, and is involved in the ability of the fungus to grow at 37°C; ILV?2
encoding acetolactate synthase and SPE3/LYSY9 chimeric gene (spermidine
synthase/saccharopine dehydrogenase) which are involved in amino acid metabolism and
also necessary for growth at elevated temperature and virulence, and finally the cyclophilin

A which is related to growth at host temperature.

3.5. Other genes

Up to now two genes have been directly related to thermophyly in Aspergillus: the
tht4 gene that allows the fungus to grow at 48°C (Chang et al., 2004) and the cgrd gene
(Bhabhra and Askew, 2005). The thtA encodes a putative protein of 141 kDa with
unknown function and the HA-tagged ThtA protein accumulated to similar levels in
cultures grown at either 37°C or 48°C. ThtA was shown to be essential for growth of 4.
Sfumigatus at high temperatures but does not contribute to the pathogenicity of the species.
In contrast, the cgrd gene seems to be implicated in the virulence of 4. fumigatus. CgrA is
a highly conserved nucleolar protein involved in ribosome biogenesis. The disruption of
cgrA decreases the growth rate at 37°C in vitro and in vivo (Bhabhra et al., 2004).

The use of reverse-genetic allowed the access to the contribution of stress response
genes implicated in high-temperature growth of C. meoformans. Giles and coworkers

(2005) showed that Sod2, as a critical component for cell viability, is also implicated in the
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adaptation to growth at elevated temperatures. The authors showed that Sod2 acts as a
regulator of the steady-state concentration of reactive oxygen species at higher

temperatures.

4. Signal transduction pathways as regulators of fungal virulence.

Virulence factors and events as dimorphism, growth at elevated temperatures,
adherence to host cells, cell wall components, enzyme production are important for the
ability of human pathogenic fungi to create a microenvironment that is favorable for its
penetration and dissemination into the host, by digesting cell membranes, absorbing the
nutrients derived from this digestive process, suppressing the host immune system, and
finally growing through the host tissues. By the definition, a gene to be considered
involved in virulence of one pathogen, its null mutant has to cause an attenuated infection
compared to the wild type and reconstituted strains, based on “Molecular Koch’s
postulates” (Falkow, 1988; Falkow, 2004). Fungal pathogens have adapted the conserved
signaling components involved in diverse cellular functions to activate their virulence
factors in order to survive and establish the pathogenesis. Despite many virulence genes
have been reported previously for diverse fungi, it is still unknown all signaling cascades
events and components that elicits the activation of the pathogen virulence. Then we
decide to explore the signaling pathways involved with virulence and also the virulence

factors that still do not have an activation mechanism elucidated.

4.1. Signaling cascades

There are several genes in pathogens the contribution of which to oxidant
adaptation in vitro can be correlated with their survival and virulence in vivo. In C.
albicans the HOG pathway is activated in response to oxidative stress and hog/ mutants
are more sensitive to oxidants in vitro (Alonso-Monge et al., 2003). A strain of C. albicans
lacking SLNI has reduced virulence in an animal model (Yamada-Okabe et al., 1999) and
mutants in the two component response regulator Sskl are more easily killed by human
neutrophils (Du et al., 2005), further confirming the role of both genes in the transmission
of the phosphorylation signal to Hogl MAPKinase.

The Skn7 response regulator has been described in C. neoformans (Wormley et al.,
2005), in which it works independently of the Hogl MAPK pathway (Bahn et al., 2006).

Animal model experiment revealed that SKN7 disruption strongly attenuates cryptococcal
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virulence in vivo, promoted increased susceptibility to oxidant stress and decreased
intracellular survival in endothelium (Coenjaerts et al., 2006).

Only recently have histidine kinases (HK) — with receptor function or not — been
identified as virulence determinants in fungi (Figure 2). They trigger “two-component”
systems that relay the received stimulus to other signaling pathways that target both
nucleus and cytoplasm. Two such kinases, Tcol and Tco2, have been implicated in genetic
reprogramming and adaptation to the host by C. neoformans (Bahn et al., 2006). Similarly,
the kinase Chkl from C. albicans is known to control cell wall biosynthesis, biofilm
formation and adaptation to heat and oxidative stress, all of which are determinants of
virulence (Chauhan et al., 2003; Kumamoto and Vinces, 2005a). In A. fumigatus, work
with the HK (Fosl) has begun to unravel its function in the ability of the fungus to grow
invasively (Clemons et al., 2002). In all these fungi, a classical target of the two-
component system is the Hogl MAPkinase pathway and the phosphotransfer from the HK
is mediated by Ssk proteins, which possess aspartate residues that are phosphorilated by
the kinase (Kruppa and Calderone, 2006). Members of both the two-component system and
of the Hogl pathway have been identified in silico for P. brasiliensis (Fernandes et al.,
2005), which constitutes another hint at the phylogenetic conservation of this mechanism.

The cyclic AMP-dependent protein kinase A (PKA) is also a regulator of the
morphogenesis, differentiation, stress response and virulence in eukaryotic
microorganisms. In 4. fumigatus deletion of one or more catalytic subunits of PKA has
been shown to decrease growth, to reduce tolerance to oxidative stress and also virulence
of this pathogen (Liebmann et al., 2003). A pkaR mutant, deleted for the regulatory
subunits of PKA, presents reduced growth and germination rates, increased susceptibility
to oxidative stress and attenuated virulence (Zhao et al., 2006). The C. neoformans Ga
subunit, Gpal, plays a key role in cAMP signaling and virulence (Alspaugh ef al., 1997). A
mutant in the Gpal protein showed reduced virulence and inability to synthesize melanin,
which could be partially restored by the addition of extracellular cAMP, suggesting that
Gpal regulates cAMP production (Alspaugh et al., 1998).

The calmodulin/calcineurin pathway is another determinant of virulence. Its action
in C. neoformans seems to be preserving cell integrity at host temperature and thus protect
the fungus against the new environment (Kraus and Heitman, 2003). As expected, mutants
are avirulent. Both calmodulin and calcineurin seem to be essential for fungal
pathogenicity and a similar role has been defined for the pathway in C. albicans and A.

fumigatus (Bader et al., 2006; Steinbach et al., 2006).
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4.2. Melanin as virulence factor

Many pathogenic fungi produce melanin, which are hydrophobic compounds
though to confer protection from harsh environmental conditions. Melanin formation might
protect fungal cells by quenching released free radicals, acting as a buffer against external
ROS. Different types of melanin have been described as important virulence factors for
numerous fungi. Mutants of C. neoformans lacking melanin pigment showed a reduced
virulence in a murine animal model (Wang et al., 1995). DOPA-melanin protects the cells
from damage by hypochlorite or hydrogen peroxide, which is part of the immune response
(Wang et al., 1995). C. neoformans melanin has been postulated to inhibit TNF-a
production and proliferation of lymphocytes, thus reducing the immune response to fungal
infection (Huffnagle et al., 1995). C. neoformans encodes two laccases, with are both
regulated by oxidative and nitrosative stress and deletion of both encoding genes reduces
survival of C. neoformans in primary macrophages (Missall et al., 2005).

Both the MAPkinase and the cAMP signaling cascades regulate two important and
very well described virulence factors - the melanin and capsule - in C. neoformans.
Melanin and capsule genes are co-regulated at the level of transcription by cAMP pathway.
In C. neoformans, Pkal is required for both melanin and capsule production (D’Souza et
al., 2001). Unlike gpal mutant strains, exogenous cAMP does not restore melanin or
capsule production in pkal mutant strains, suggesting that Pkal is the target of cAMP
activation. Strains with defects in the cAMP signaling cascade are unable to induce
melanin and capsule formation and these strains are highly attenuated for virulence
(Pukkila-Worley et al., 2005). A striking feature of the C. neoformans Hogl MAPK
pathway is the cross talk with the cAMP signaling pathway in controlling biosynthesis of
capsule and melanin (Bahn et al.,, 2005). In addition, Tcol was found to be a key sensor
histidine kinase negatively regulating melanin synthesis; disruption of the 7COI gene
dramatically enhanced melanin production via the Pbs2-Hogl-pathway and the tcol
mutant was less virulent in a mice model of infection, as cited above (Bahn et al., 2006).

In A. fumigatus DHN-melanin is though to protect the conidia from the host
immune system by quenching reactive oxygen species. A mutant producing pigment- less
conidia showed a reduced virulence (Tsai et al., 1998). The pksP mutant is more sensitive
to hydrogen peroxide and sodium hypochlorite and more susceptible to damage by murine
macrophages in vitro than the wild strain (Jahn et al., 1997; Jahn et al., 2000). Despite

those descriptions, melanin seems not to be a major factor for A. fumigatus virulence, since
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deletion of additional genes in the DHN-melanin pathway do not result on fungal virulence
decrease (Tsai et al., 1999).

P. brasiliensis melanin-like pigments were detected in cells growing in vitro and
during infection (Goméz et al., 2001) and also melanization of P. brasiliensis yeast cells
reduces their paghocytosis by macrophages in culture (Silva et al., 2005). Transcripts
encoding tyrosinase and aromatic-L-amino acid decarboxylase are up regulated in P.
brasiliensis yeast cells recovered from murine infected tissues suggesting an active
synthesis of melanin during experimental infection (Baildo et al., 2006). The other
dimorphic fungus, P. marneffei, produces melanin in vitro as well as in vivo. Skin tissue of
infected patients with this fungus was demonstrated to contain yeast cells that were labeled
by melanin-binding antibodies (Youngchim et al., 2005). Melanization can also be
detected in conidia and yeast cells of H. capsulatum in vitro and during infection
(Nosanchuk et al., 2002). Despite of the presence of melanin like pigments in those
dimorphic human pathogens the pathways that activate the melanin synthesis is still not
elucidated. However, as the components of the cellular cascades are much conserved
among the species probably that involved in melanization in those fungi may be the same

as described for others as for C. neoformans.

4.3. Cell wall components — chitin, glucans and lipids

Cell wall, for almost fungi, is a complex structure, made by the ordered
arrangement of different components. This composite provides protection to the cell
against physical, chemical and biological aggression, and is responsible for the
morphology and as an important factor for the virulence.

The crystalline arrangement of the polysaccharide chitin and its linkage to B-1,3-
glucan constitute the basic cell-wall scaffold to which mannoprotein are covalently
associated. The chitin amount in cell wall contributes to the virulence of P. brasiliensis,
since the yeast contains three-fold higher chitin than mycelium (San-Blas and San-Blas,
1977). Proteins, related with fungal virulence, binds to chitin such as Yps3 from virulent
strains of H. capsulatum (Bohse and Woods, 2005) and Badl from B. dermatitidis
(Brandhorst and Klein, 2000). These yeast-phase-specific proteins are homolog and are
involved in adhesion of fungi and can suppress cytokine production (Rappley and
Goldman, 2006). Chitin synthases have been proposed to be a target for the control of
mycosis considering the importance of chitin in the structure of the fungal cell wall and its

absence in the host.
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Glucans are the most abundant cell wall component. The B-(1,3)-glucan and a-
(1,3)-glucan are essential components of the cell wall. The a-(1,3)-glucan, a virulence
determinant, is a cell wall polysaccharide common to most medically important fungi,
including all the dimorphic pathogenic species. Spontaneous loss of a -(1,3)-glucan
correlated with decreased virulence, indicating this may be a conserved mechanism of
fungal pathogenicity as described to B. dermatitidis, C. neoformas, A. fumigatus, C.
immitis and P. brasiliensis (San-Blas and San-Blas, 1977; Klimpel and Goldman, 1988;
Hogan and Klein, 1994, Bernard and Latge, 2001; Cole and Hung, 2001). The role of a-
(1,3)-glucan in virulence was demonstrated by RNA interference in H. capsulatum
(Rappleye et al., 2004) and also in C.neoformans (Reese and Doering, 2003). The silencing
of AGS1 expression in H. capsulatum cells impaired the ability of the fungus to proliferate,
to kill macrophage in culture and showed decreased TNF-a production (Rappleye et al.,
2004; Rappleye et al., 2007). The activity of the B-1, 3-glucan synthase is regulated by
Rho-GTPase, and protein kinase C (PKC) signaling molecules. The Rho —GTPase was
already identified in pathogenic fungi such as Candida, Aspergillus, Cryptococcus,
Pneumocystis and Paracoccidioides, constituting a promising drug target against fungal
diseases (Liu and Balasubramanian, 2001).

Lipids, in general, constitute the minor components of the fungal cell wall. In C.
albicans the phospholipomannan are involved in organization of the glucan chains and
have relevance in adhesion, protection and signaling (Ruiz-Herrera et al., 2006). The
phospholipomannan mediated the C. albicans escape from macrophages and induction of

cell apoptosis (Mille et al., 2004).

4.4. Antioxidant enzymes as virulence factors in response to oxidative stress
Copper-and zinc-containing superoxide dismutase (Cu/ZnSOD) is suspected to be
one of the anti-oxidant enzymes and virulence determinants active in some pathogenic
microorganisms. The C. albicans SODI encoding a Cu/ZnSOD was disrupted; the
resulting sodl/sodl mutant showed increased sensitivity to menadione compared to the
isogenic wild-type strain. Furthermore the C. albicans lacking the Cu/ZnSOD showed
increased susceptibility to macrophage attack and had attenuated virulence in mice, which
suggests that the Cu/ZnSOD is required for the protection of C. albicans against oxidative
stresses and for the full virulence of the organism (Hwang et al., 2002). Furthermore, C.
albicans virulence is attenuated by the inactivation of catalase (CAT) and SODS5 (Wysong
et al., 1998; Martchenko et al., 2004). Nevertheless, the significance of oxidative stress
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responses in the virulence of C. albicans has been emphasized by the observations that
mutations that inactivated such responses attenuate the virulence of this fungal pathogen.
In C. neoformans the expression of the SODI gene increases at the host temperature and
the mutant lacking this Cu/ZnSOD can be killed by ROS in a cell free system and is less
virulent than the wild-type strain in a murine model of infection (Cox et al., 2003). Strains
of C. neoformans variety gattii lacking SODI and SOD2 are unable to produce
experimental disease (Narasipura et al., 2005). Although little is known about the role of
Sod in A. fumigatus, a Cu/Zn Sod is known to be immunoreactive with sera of patients
with aspergillosis (Holdom et al., 2000). Four genes encoding for two Sod isoenzymes, a
Mn containing and a Cu/Zn containing protein, had been described in the P. brasiliensis
transcriptome (Campos et al., 2005). The sod3 gene was induced upon internalization of P.
brasiliensis yeast cells by in vitro cultured macrophages (Tavares et al., 2007). H.
capsulatum has three catalase genes encoding CATA, CATB and CATP, presenting
differential expression. Among them, CATB and CATP are constitutively expressed,
whereas CATA expression is restricted to the mycelial phase on when yeast cells are
exposed to H,O, (Johnson et al., 2002). P. brasiliensis presents three catalases, one of
which catP is up-regulated in the parasitic phase and when yeast cells are exposed to H,O,
(Moreira et al., 2004; Campos et al., 2005). The transcript encoding a homologue of cat4
is induced upon incubation of yeast cells in human plasma (Baildo et al., 2007).

The gene encoding for a thiol peroxidase (754 1) of C. neoformans was shown to be
necessary to hydrogen peroxide fungal resistance. In cryptococcosis inhalation mouse
model the gene 754/ was proven to be necessary for virulence (Missall et al., 2004). Also
the ability of the fungal pathogen C. neoformans to evade the mammalian innate immune
response and cause disease is partially due to its capacity to respond and survive under
nitrosative stress. A fungal deletion mutant for the glutathione reductase gene (GLRI) is
sensitive to nitric oxide stress, but not peroxide stress, revealing specificity between
oxidative and nitrosative stress response in C. neoformans. Additionally the g/r/ mutant is
sensitive to macrophage killing being avirulent in mice (Missall e al., 2006).
Peroxiredoxin homologues had been identified in the P. brasiliensis transcriptome
(Campos et al., 2005), although the role in the antioxidant mechanisms remains to be
elucidated. Also, a member of the thioredoxin family was up-regulated in the P.

brasiliensis yeast cells recovered from liver of infected mice (Soares, CMA, unpublished).

4.5. Secreted virulence factors: phospholipases, proteases and other metabolites
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Pathogenic fungi use extracellular enzymes to degrade the cell membrane, which is
the main structural barrier of the host. The main enzymes are phospholipases and
proteases. Since phospholipases target membrane phospholipids and digest these
components, direct host cell damage and lyses have been proposed as a major mechanism
contributing to virulence. Such host cell injury would be expected to facilitate the
penetration of the infecting agent (Ghannoum, 2000; Ganendren et al., 2006).

Phospholipases constitute a heterogeneous group of enzymes which can hydrolyze
one or more specific ester bonds in phospholipids. These enzymes are classified as:
phospholipaseA (PLA;, PLA;), B, C and D. Besides the lysophospholipase activity, PLB
also bears a transacylase activity (LPTA). The phospholipases observed in C. neoformans
are similar to those found in C. albicans (Chen et al., 1997). A. fumigatus secretes PLA,
PLB and PLC (Birch et al, 1996). In P. brasiliensis transcriptome a p/B orthologue to C.
albicans was found (Tavares et al., 2005). In this case, it is well known that P brasiliensis
invades endothelial cells (Mendes-Giannini et al., 2004) and the action of phospholipases
would therefore contribute to tissue invasion (Tavares et al., 2005). In C. albicans the
amount of phospholipase varies according to the isolate and also is related with the
infection location. For instance, blood isolates produce higher levels of phospholipases
when compared with wound or urine isolates (Price et al, 1982). In C. albicans, PLB-
deficient mutants when compared to parental strains revealed that the disruption of PLB
does not affect growth and germination, but reduces the ability to secrete this enzyme
(Leidich et al, 1998). In C. neofarmans a disruption gene (PLBI) also does not affect
significantly fungi growth, but the inhibition of enzyme secretion reduces invasion levels
at the lungs (Noverr et al., 2003; Santangelo et al., 2004). Besides contributing to virulence
by causing cell damage in the host, phospholipases are also involved in survival inside
macrophage, destruction of lung and in the production of eicosanoids with modulate
phagocyty activity (Cox et al., 2001; Noverr et al., 2003).

In animal tissues the structural barriers are composed by phospholipids and
proteins. Thus the fungus requires proteases to invade them, secreting large amounts of
these enzymes during infection. Fungal extracellular proteases constitute a large and
heterogeneous group of proteins. SAP protease (aspartyl peptidase) was broadly studied in
C. albicans and was demonstrated to be related with the degradation of several human
proteins such as albumin, hemoglobin, keratin and secreted immunoglobulin A (Hube et
al., 1998). C. albicans presents nine different SAP (SAP 1 to 9) genes (Yang , 2003). In
vitro studies demonstrated that SAP 1, 2 and 3 are expressed by yeast cells only, but SAP 4,
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5 and 6 are expressed in the transition from yeast to hyphae at neutral pH (Hube et al,
1998, Schaller ef al., 1999). The SAP gene in C. albicans is regulated at the transcriptional
level and processed by a signal peptidase and Kex2-like protease (Newport and Agabian,
1997). Thus, production of Sap is a highly regulated and tightly controlled process, which
appears to be an important virulence factor and is indicative of the multiple functions of
this gene family, including digesting molecules for nutrient acquisition, destruction of host
cell membrane aiding host tissue invasion, degradation of host surface molecules to
enhance adhesion and degradation of cells and molecules of the host immune system
(Naglik et al., 2003, dos Santos et al., 2006). C. neoformans protease activities degrade
host proteins such a collagen, elastin, fibrinogen, immunoglobulins and complement
factors (Chen et al., 1996). Degradation of host cells may protect C. neoformans from the
host immune response and possibly aids in the escape of the fungal cells from phagosomal
compartments (Chen et al., 1996, Steenbergen and Casadevall, 2003). Fungal proteases
may induce local airway inflammation by recruiting inflammatory cells via activation of
epithelial cells (Tomee et al., 1997). Serine proteases have been described in human
pathogenic fungi such as C. albicans (Santos et al., 2006), P. brasiliensis (Carmona et al.,
1995), C. neofarmans (Rodrigues et al., 2003) and A. fumigatus (Larcher et al., 1992). The
serine protease activity in A. fumigatus causes cell desquamation and induces production of
IL-8 , IL-6 and monocyte chemotactic protein 1 (MCP-1) in human pulmonary epithelial
cell lines (Tomee ef al., 1997). The production of these pro-inflammatory cytokines may
trigger an inflammatory cascade involving macrophages, monocytes, lymphocytes and
neutrophils causing local inflammation which may create a microenvironment for fungal
attachment, penetration and mobilization of nutrients for fungal growth. The fungal
attachment and penetration may further enhance inflammation and create a self-
perpetuated cycle of inflammation (Tomee and Kauffman, 2000).

Besides phospholipases and proteases, another secreted enzyme which has to be
highlighted is the urease. This enzyme catalyses the hydrolysis of urea yielding carbon
dioxide (CO2) and ammonia (NH3) and further ammonium hydroxide, therefore creating
an alkaline microenvironment. This enzyme is found in several fungi species such as C.
immitis, C. neoformans and P. brasiliensis (Yu et al, 1997; Cox et al, 2000, Tavares et al.,
2005). In C. neoformans, when the urease gene (URE1) was disrupted, the mutants did not
show differences regarding capsule size or colony formation unit counts in the central
nervous system of rabbit model (Cox et al., 2000). In contrast, in murine intravenous and

inhalation models, mutants were attenuated when compared to the parental strain, which
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imply the urease in the pathogenesis of Crypfococcus, probably in a species and /or
infection site manner (Tavares et al., 2005).

Other important virulence factors are the metabolites such as gliotoxin, fumagillin
and restictocin which facilitate fungal growth by causing generalized immunosuppression.
One of the best studied fungal toxins is gliotoxin, first described as an antibiotic. Gliotoxin
may be lethal at relative low concentrations and is produced by many fungi including A4.
Sfumigatus. Gliotoxin immunossupressive activity includes inhibition of phagocytosis, T
cell proliferation, cytolytic T lymphocytes activation and adherence of macrophage, blood
monocytes, fibroblasts ((Tomee and Kauffman, 2000). This inhibitory activity of gliotoxin
may be exerted by inducing DNA damage through production of reactive oxygen species
((Tomee and Kauffman, 2000). Other special classes of toxins are the ribotoxins produced
by Aspergillus. These toxins are small basic ribosome-binding proteins that inactivate the

large ribosomal subunit impairing protein synthesis.

4.6. Biofilm as a virulence factor in fungal pathogens

The ability to modify the surrounding environment by secretion of an extracellular
matrix is the landmark of biofilm formation. C. albicans is capable to structure biofilms on
several kinds of surface, both organic and inorganic, and this accounts for the resilience of
systemic candidiasis and its resistance to treatment in several cases (Kumamoto and
Vinces, 2005b). The secretion of matrix components seems to be regulated by the Histidine
kinase Chkl, but in this case more can be said about the triggering mechanism.
Morphogenetic and virulence processes in this pathogen are influenced by the recently
described mechanism of eukaryotic quorum-sensing. Tyrosol (Chen et al., 2004) and
farnesol (Hornby et al., 2001) are the quorum-sensing molecules (QSM) of C. albicans.
The former induces biofilm synthesis and the latter represses it (Alem et al, 2006). Recent
data indicate that farnesol exerts its inhibitory action through the Chkl two-component
system (Kruppa et al., 2004). The mechanism of action of tyrosol remains unknown, but its
actions go beyond matrix production. In an apparent positive feedback system, tyrosol is
known to induce tube germination and biomass expansion in Candida biofilms (Alem et al,
2006). As for farnesol, there seems to be at least one kind of cell response to this molecule
that could contribute to fungal virulence: farnesol-conditioned media have conferred in

vitro resistance of C. albicans to oxidative stress (Westwater et al., 2005).
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Concluding remarks

Understanding the host-pathogen interaction may provide insights to host defenses
and the tactics used by pathogens to circumvent these defenses. The discovery of the TLR
and the non-TLR implicated in anti-fungal immunity has given an insight into the
mechanisms of intracellular host signaling following microbial sensing. In counterpart,
signal transduction pathways provide mechanisms for fungal adaptation to stress
conditions. Transduction pathways, including the MAPkinases, calcineurin, Ras and
cAMP/PKA, are responsible for activating transcription factors to control gene expression
in cell survival, osmotic shock, morphogenesis, thermal and oxidative stresses and
virulence in fungi. Molecular understanding of those signaling networks increases the
knowledge in cell communication and provides new landscapes for drug targets. Besides,
understanding the mechanisms of signal transduction pathways may facilitate the

development of new drugs and therapies for fungal infections disease.
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Figure Legends

Figure 1 — Membrane receptors recognizing yeast components — The fungi molecules
bind to the toll-like (TLR), Dectin and/or mannose receptors inducing intracellular
signaling cascades that result in cell-specific responses such as phagocytosis, burst
respiratory and cytokines production. TAK1 - TGF-[3-Activated Kinase 1; NIK - NF-k[3-
Inducing Kinase; NF-KB - Nuclear factor kKB; IKK - I-kB kinase; SYK - Spleen Tyrosine

Kinase; CARD?Y - adaptor molecule containing an N-terminal caspase-recruitment domain.

Figure 2 — Proposed mechanism of cAMP/PKA and MAPkinases pathways cross-
talking by Ras-GTPases in pathogenic fungi that regulates morphogenesis, high
temperature growth and virulence. In P. brasiliensis the dotted arrowhead indicates that
the mechanism was not still demonstrated, however all the components listed on the

pathways were found by in silico annotation of the pathogen transcriptome.

Figure 3 — Mechanism of stress-response in pathogenic fungi. The diagram depicts the
multi-step phosphorelay pathways in C. albicans, C. neoformans and P. brasiliensis.
Arrowheads depict known routes; dotted arrowheads indicate unconfirmed signaling

pathways.

Figure 4- Comparative cascades signaling that control temperature stress response
pathways in C. neoformans, C. albicans and P. brasiliensis. The Caml/Cnal
corresponds to the calcium-calmodulin/calcineurin and PKC1/Mkkl/Mkcl to the
MAPkinase pathways, respectively. Arrowheads depict known routes; dotted arrowheads

indicate unconfirmed signaling pathways.
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Table 1 — Patter-Recognition Receptors (PRR) and Pathogen-Associated Molecular

Patterns (PAMPs) involved in the host-fungal pathogen interaction

PRR

Non-TLR
CDl14
CR3

Classical C-type
lectin receptor
Non-classical C-type
lectin receptor

Lactosylceramide
Mannose-binding
lectin

TLR

TLR2

TLR4

Fungal PAMPs Microorganisms

glucuronoxylomannan  Cryptococcus neoformans

mannose, B-glucan, N- C. albicans, C. neoformans, P.

acetylglucosamine, brasiliensis

methylmannoside,

methylglucoside,

complement

opsonized pathogen

mannose C. albicans, P. carinii,

B -glucan C. albicans, P. carinii, H. capsulatum,
Coccidioides  posadasii, Aspergilus
fumigatus.

B -glucan P. carinii, C. neoformans, C. albicans

mannose, fucose, C. neoformans, A. fumigatus, C.

glucose albicans

phospholipomannan, C. neoformans, C. albicans, A.

zymosan, lipoproteins, fumigatus, H. capsulatum.

lipopeptides,

glycolipids

mannan, C. neoformans, C. albicans, A.

glucoronoxylomannan fumigatus

Adapted and modified from Brown, 2006. CD14 — cluster of differentiation 14; CR3 -
complement receptor 3; PAMP, pathogen-associated molecular pattern; PRR, pattern-
recognition receptor; TLR, Toll-like receptor.
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Figure?2.

Environmental signals

BERRRRRRRR RO RN R RN BRRRR RN RERRRRAAER \.INIII“IIIII BURERR AR RO AR RN ARRRRNNA R}

UUUUUUUUUUUOU UL L R A UL L

C-¢

|

@
|

— =G
&

MAPKinases

| ¥Ad /dYo

,___
|

Y

High Temperature Growth

Fungal Morphogenesis

Pathogenicity
and

Virulence T~~~

Aspergmus Penicilfium
fumigatu.s / l marneffei
Candida Cryptococcus aracoccidioides
albicans neoformans brasifiensis

238



Figure 3
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Figure 4
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Transcriptional profiles of the human pathogenic fungus Paracoccidioides
brasiliensis in mycelium and yeast cells.
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Paracoccidioides brasiliensis is the causative agent of
paracoccidioidomycosis, a disease that affects 10 million
individuals in Latin America. This report depicis the
resulis of the analvsis of 6,022 assembled groups from
mycelium and yveast phase expressed sequence tags, cov-
ering about 30¢: of the estimated genome of this dimor-
phic, thermo-regulated fungus. The data provide a com-
prehensive view of the fungal metabolism, including
overexpressed iranscripts, stage-speciflic genes, and
also those that are up- or down-regulated as assessed by
in silico electronic subtraction and eDNA microarrayvs.
Also, a significant differential expression pattern in my-
celium and veast cells was detected, which was con-
firmed by Northern blot analysis, providing insights
into differential metabolic adaptations. The overall
transcriptome analvsis provided infermation about se-
quences related to the cell evele, stress response, drug
resistance, and signal transduction pathwayvs of the
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pathogen. Novel P brasiliensis genes have been identi-
fied, probably corresponding to proteins that should be
addressed as virulence factor candidates and poteniial
new drug targets.

The dimorphic human pathogenic fungus Pargeoccidicides
brasidiensis is the etiological agent of paraccccidioidomycosis
(PCM (13, a major health problem in Latin America. High
positive skin tests (T5%) in the adult population reinforce the
importance of the mycosis in endemic rural areas, where it has
been estimated to affect around 10 million individnals, 2% of
whorm will develop the fakal acute cr chronie disease (21, The
acute form of PCM chiefly coampromises the reticuloendothelial
syatenn; the chronie form mainly affects adult males with a high
frequency of pulmonary andfor mucecutanesus involvement
(11, Chronie severe multfoeal PCM may also cavse granmloma-
tous lesions in the central nervous system (31, Regardless of the
affected organ, PCM usually evolves to the formation of ibrotic
sequelae, permanently hindering the patient’s health.

P. brasiliensis Undergoes o INmorphic Process in Vive—It 15
assumed that the fungus exists as a soil saprophyte, producing
propagules that can infect humans and produce diseasze after
transition to the pathogenie yeast form (4). Pathogenioity has
been intimately associated with this process, sinee P. brasilien-
stz strains unable to differentiate into the yeast form are avir-
ulent (5). Mammalian estrogens inhibit dimorphism, explain-
ing the lower incidence of diseasze in famales (61, The mycelinm-
to-veast transition in P, brasiliensis 1= governed by the rise in
temperature that occurs upon contact of myeelia or conidia
with the human host. In wifro, it can be reversibly reproduced
by shifting the growth temperature between 22 and 236 °C.
Molecular events related to genes that control signal transdue-
tion, cell wall synthesis, and integrity are likely to be involved
in this dimorphic transition.

! The abbreviations used are: PCM, paracoccidicidomycosis; contig,
group of overlapping clones; EST, expressed sequence tag; PRAEST,
P Brosilienaiz agsembled EST sequence; MAPK, mitogen-activated pro-
tein kinase.

This paper is available on line at http:/rwww.jbc.org
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P brasiliensis genome size was estimated to be 30 Mb (7).
A study of P brasiliensis gene density sugzests that this fun-
gus contains between 7,500 and 9,000 genes.® which is in
agreement with the estimated gene number for ascomyceta
fungl genomes.

Here are presented the results of an effort to achieve a
comprehensive metabolic view of the P. brasiliensis dimorphic
life eycle hazed on analysis of 6,022 groups generated from bath
myeelinm and yveast phases. This view arizes from both a gen-
eral metabolism perspective and the identification of the pre-
cize metabolie points that distinguizsh both morphologieal
phases. Overexpressed genes and those that are up- or down-
regulated in both stages were identified. Expres=ion levels
were assessed by cDMNA microarrays and some were confirmed
by Northern blot. Drug targets and genes related to virulence
were alzo detected in several metabolic pathways. Finally, the
majority of genes involved in signal transduction pathways
(eAMPfprotein kinase A, Ca®*/ealmodulin, and MAPEs) possi-
bly parbeipating in cell differentiation and infection were an-
notated, and now we are able to deseribe the corresponding
signaling systems in P. brasiiensis.

MATERIALS AND METHODE

Fungrs—P. brosifiensiz isolate PhOL1 (ATCC MYA-826) was grown
at either 22 "C in the mycelinm form (14 days) or 86 °C as yeast (7
dayzs) in semisolid Fava Neto's medium. Following incubation, cells
were collecked for immediate RNA extraction with Trizol reagent
ilnvitrogend.

Copatrietion of eDNA Librariea and Sequeneing—PolyAY mENA
was jsolated from total mycelivm and yeast BNA through oligoidT)-
cellulese eolumns (Stratagens). Unidivectional eDMNA librarvies were
construekad in AZAPI following supplier's instructions (Stratagensa).
Phagemids containing fungal cDNA were then mass-excigad and repli-
cated in XL-1 Blue MRF’ calle. In order to generate ESTs, single pass
8'-end sequencing of eDNAs was performed by standand flusrescenee
lateling dye terminator protocols with TT flanking vector primer. Sam-
plaz were loaded onto a MegaPACE 1000 DMA sequencer (Amersham
Bioseiences) for automated sequence analysis,

EST Processing FPipeline and Annotation—PHRED quality assees-
ment and computational analyeiz were carried oub as previously de-
scribed (81, EST assembly wae performed using the software package
CAPS (3 plue a8 homemade ecaffolding program. Sequences of at least
100 nueleotides, with PHRED =20, ware considered for clustering. A
total of 20,271 ESTs were selected by these exclusion eriteria. Contam-
inant and rENA sequences were then removed to generate a set of
19,718 ESTs, which was submitbed to CAPS clustering, generating
2,655 contigs and leaving 3,367 ESTs as singlets. Contigs plue singlets
comprige the base set of 5,022 P. brosfficrais assemblad EST sequences
({PBAEST=) that underwent further analyeis. Annotation was carried
out using a system that essentially compared these assemblies with
sequences available in public databases. The BLASTX program (10}
was used for annotation along with GenBank™ nonredundant inrd,
clugter of orthologons groups (COG), and gene ontology (GO0 dats
bases. The GO data base was also used to assign EC mumbers to
assermnbliss. Additionally, we used the FASTA program ¢ 110 to compare
assemblise with Saccharomyces cerevisfoe and Sehizceaccharomyces
pombe predicted polypeptides. The INTERPROSCAN program (120 was
ugad to obtain domain and family classifieation of the assemblies.
Metabolic pathways were analyzed using maps obtained in the KEGG
Web eite (181 with ammotated EC numbers, and thizs information was
uged to help in assigning function to PhAESTs.

Differential Expression Analysis in Sifico by Elecfronic Subdme-
tfon—To aseign a differentisl expreesion character, the contige formed
with mycelivm and yeast ESTs were statistically evaluatad using a test
previously deseribead (143 with & confidence of D5%.

cONA Microarrays and Dafa Aralysis—A est of two microarrays
containing a total of 1,182 elones in the form of PCR products was
spotted in duplicate on 2.6 * T.S-cm Hybond W' nylon membranes
(Amersham Biosciences). Arrays were prepared using a Generation [11
Array Spotter (Amersham Biogciencse), Complementary DNA inserts of
both P &rasilfensis librariee were amplified in 85-well plates using

* 0. Reinmso, G, Nifio-Vega, G. San-Blas, and A. Domingnez (2008) IV
Congrezso Virtual de Micologia, personal eommunication.
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vector-PCR amplification with TS forward and T7 reverse universal
primers. Membranes were first hybridized against the T3 [«-*'PlACTP-
labeled oligonueleotide. The amount of DNA depogited in each spot was
estimated by the quantification of the cbtained signals. After stripping,
membranes were used for hrbridization against «-""P-labeled cDNA
complex probes, The latter were prepared by reverss transeription of 10
pgoffilamentons or yeast P brasiliensia total BNA using olignddT),, .
primer. One hundred mierolibers of [«-™PleDNA complex probe (30-50
million cpn was hybridized againgt nylon microarrays. Imaging plates
were scanned by a phosphor imager (Cyelone;, Packard Instroments) to
capture the hybridization eignals. BEScan software was emploved to
quantify the signals with background subtraction. Spots wers matched
with a template grid. The ratio betwesn vector and cDINA complex probe
hybridization values for each spot was vsed as the reference normal-
ization value, Total intensity normalization veing the median expres-
sian value was adopted as previously described (15). Gene exprezsion
data analyzed here were obtained from three independent determina-
tions for each phase (filamentous or yeast). We vsed the significance
analysizs of microarrays method (16) to aseess the significant variatione
in gene expression between both myeelinom and yeast. Briefly, thie
method ie based on ¢ test statistics, specially modified to high through-
put analyzis. A global error chance, the falgs discovery rate, and a gens
errar chance (g valuel are calenlated by the software,

Nuorthern Blof Analysis—Total BNA (15 pgi was eeparated ina 1.5%
denaturing formaldehyde agarose gel and transferred to a Hybond-N
nylon membrane (GE Healthcare). Probes were radiclabelad with the
random primers DNA labeling system (Invitrogen) using «-=PJAATP.
Membranes were incubated with the probes in hybridization boffer
(60 formamide, 4x S8PE, B« Denhardt's solution, 0,15 SDS, 100
pEml herring sperm DNAS at 42 °C overnight and then wazshed twios
(2% SR20C, 1% 805 at 68 “Cfor 1 h. Signal bands were visnalized using
a Typhoon 9210 phosphor imager (GE Healtheara),

LR Ls—Detaile of the results and raw data are available for down-
load from the World Wide Web: Phgenome project Web gite Owwwy bi-
amalunb.br/Phi; Gene Omtology Consortinm (www.geneontology. orgh;
Cluster of Ortologous Genes (www.nebinlm.nih.gowCOGY; INTER-
PROGCAN (mrwnwehiacukfinterpea’; National Center for Biotechnology
Information (wwwnebinlm.nihgoen'y; Kyoto Encyclopedia of Genes and
Genomes (www. genome.ad jp'keggs BEScan Software (bageoniv-mre frl;
Aundic  and  Claverie  stabistical test  (telethon bioonipd. itbicinfo!
IDEGE_form); Significance Analyeis of Mieroarrays method wwwr-
stat.stanford.edu/~ tbeSAMY, Candida afbicans data base (genolist.
pasteur fiiCandidaDEA;,  genomes  from Aspergdifivs  ridufare  and
Nevwogporn crassa (www broad.mit.edwanmmotationfmgifas pergilloe’.

RESULTS

Transcriptome Features—In sequencing the P. brasiliensis
transeriptome, EST data were generated from nonnormalized
cOMNA libraries of myeelium and yveast cells. The size range of the
cNA inserts ranged from 0.5 to 2.5 kb, Single pass 5" sequenc-
ing was performed on 23,598 cDNA clones, randomly selected
fromm both hibraries. Upon remeoval of bacterial and rfBENA contam-
inant sequences, a total of 19718 high quality ESTs underwent
CAPS assemmbly, vielding 2,655 contizs and 3,367 singlets, which
constitute the so-called 6,022 P brasiiensis Assembled EST
(PLAEST) data hase. Contigs presented an average size of 901 b,
and the number of ESTs assemblad into contigs varied from 2 to
647 1n the largest one ( PRAEST 1068, which corresponds to M51,
a previously reported P brasidiensis mycelinm-zpecific transcript
(171 Of the 6,022 PRAESTs, 4,198 (69.4%) showed a probable
homologue in GenPank™, and 4,130 (68.3%) showed a fiingus
homologue (Fig. 14 and Supplemental Table I We had used
MIPS functional categories to classify 2,931 PRAEST: into 12
major groups. P brasiliensis showed a slightly higher percentage
of PRAEST= (4% ) related to cellular eommmunication and signal
transduction (Fig. 1B compared with 8. cerevisice functional
calegorization (3.4%,

Highly and Differentially Expreased Genes—The 27 highly
transeribad genes found in the P. brasiliensis transcriplome,
using a cut-off of 50 reads, are shown in Supplemental Table 11.
Soime of them were previously reported (81, Also, up- and down-
regulated genes in myeelium and veast cells were detected by
statistical comparizon of the number of sequences in corre-

243



24708

A

P brasiliensis Mycelinm and Yeast Transcripfional Profiles

ot assigned Transcrigton Trarspor faciason
06% 2% %

Call pche: 8

Gl rescan defisran DhiA w
vl

___Fw
WX Calular iranspon mnd
Proksin splhess e

0% s

- I
Gomimi of celular
Cabular corrmsicalion
Promsin fele 5 3
1% o Sigral rarsducion
machaniss
L]

Fia. 1. P, brasiliensis lranscriptome characterization. A, distribution of blast bast hit among crganizme. Each PRAEST was tested against
the GenBank™ nr data base, and the best hit organiem was computed. A FRAEST was considered as not assigned when the best hit excesd an
E value of 107", B, functional catagorization of the PBAESTs using MIPS classification. We includad 2031 curator-reviewad annotations in this

analysis.

sponding PEAEST: (Table I In cvder to support the electronie
subtraction data, eDNAs from each phase were used to probe
cDNA microarrays membranes contaming 1,152 clones, which
were selected based on the following eriteria: (i) ESTz exclusive
for a particular morphotype; (i) ESTs crresponding to genes
more expressecd in mycelium or yeast cells; and (i) some ESTs
equally expressed in both cell types. Froom the 1,152 clones, 328
genes were up-regulated during the dimorphic transition: 58 in
mycelinm and 270 in yeast (data not shown).

The cDNA microarray experiment confirmed most of the
electronic subtraction data and also points out to new differen-
tially expressed genes. Among them, a subclass of about 40
up-regulated genes in mycelium and veast are described in
Table I, which includes ME1, M32, hydrophobin 152, the highly
expressed yeast PEY 20 protein, and some other genes that have
previously been described as differentially express=ed in P. bra-
siliensis by different approaches (17-20), Other kev up-regu-
lated genes related to the metabolism of P. brasifiensis (Table
It are described and discussed el=ewhere in this work. Inter-
eztingly, we have found a yeast phase preferentially expressed
gene that possibly encodes a previously characterized P. brasi-
fensis estradicl-binding protean (210, also desernbad 1 O albi-
cans and in other fungi (220 1t 1= speculated that the interaction
of the 17-#-estradicol hormone with a eytoplasmic protein inhibits
the mycelivm-to-yeast transi tion, explaining the lower incidencs
of PCM in females.

Metabolic Overview—P. brasiliensis seems to be capable of
producing ATP from the clas=ical pathways of glyeolysiz, aleo-
hol fermentation, and oxidative phosphoryvlation, since alechol
dehydrogenasze, evtochrome genes, ATP synthase subunits, and
prrophosphatase genes were annotated. All genes encoding
glyeolytic enzymes were identified in both mycelinm and yeast.
Genes corresponding to the ctrate cyele enzymes and to the
components of complexes [, 11 I and IV were found, reflecting
the ability of the fungus to perform complete aerobic pyruvate
degradation and cddative phosphorvlation. Its putative capac-
ity to also grow in anaercbiosis was evidenced by the alterna-
tive conversion of pyruvate to ethancl. Last, it may be able to
utilize two-carbon sources in the form of acetate and ethanal
through the glyoxvlate cyele and obtam sulfite and nitrite from
the environment.

In crder to validate the carbon source utilization profile
predicted by the transeriptome data, two P, brasiliensis isolates
(PB01 and Ph18) were grown in McVeigh-Morton minimum

medium  supplemented with different carbon sources and
crowth patterns were qualitatively evaluated (Supplemental
Table 111, We ahserved that, in acoordance to the transerip-
tome analysiz prediction, several mono- and dizsaccharides,
such as D-glucose, D-fructoze, D-galactose, D-mannose, D-zorbi-
tol, a-trehalose, maltose, and sucrose were indesd utilized. On
the other hand, the predicted assimilation of D-nositol was not
confirmed. Transcripts related to the consumplion of L-sorbose
and L-lactoze were not detected; in fact, P. brosdiensia was
unable to grown in L-=orbose as the sole carbon source. We
consider that the unpredicted fungal growth in L-lactose can be
explained by the fact that the P. brasiliensis cDNA libraries
were not constructed under induction conditions. The obzerva-
tion that fructose, galactose, and glyeeral were only utilized by
Phidl and not by Pb18 isalate may simply reflect strain biolog-
ical variability as previously observed (7). A detailed descrip-
ticn of P. brasédiensis metabolism, including a list of PRAEST S,
is shown in Supplemental Table IV,

Differential Metabolism befween Mycelivm and Yeast—The
up-regulated genes encoding enzyimes in mycelivm and yeast
cells listed in Table I are highlighted in Fig. 2. The differential
expression pattern of these penes (with the exception of glueoki-
nase from mycelium cells) was confirmed by Northern blot anal-
yais (Fig. 30, In general, the gene overexpression pattern suggests
that mycelium saprophytic cells possess an aercbic metabolism,
in contrast with yeast eells. Actually, mycelivm up-regulated
menes correspond ko the main regulatcey peints of the ctrate
cyele, such as the genes oxding for 1somtrate delydrogenase and
succinyl-CoA synthetase; this strongly suggests a metabolic
shunt to cxgdative phosphorylation. Also, glucokinase is indueed,
producing  glucese G-phosphate, which 1= possibly converted
through the oxidative pentose phosphate pathway to ribose
B-pheosphate, and then to salvage pathways of purine and pyrim-
1chne losynthesiz. In fact, this correlates well with the overex-
pression of adenylate kinase and uridine kinasze genes. The ex-
=g of ribose S-phosphate 1= probably converted to fructose
f-phosphate and glyceraldehyde 3-phosphate by the noncedda-
tive pentose phosphate pathway catalyzed by the overexpressed
tranzaldolase. Those sugars are oooverted to pyruvate and
acetyl-Cod for the citrate cyele in aembic conchtions.

In contraszt, P. brasifiensiz veast cells overexpress the genes
encoding aleohol dehvdrogenase 1 and pyruvate dehvdrogenase
E1 subunit (Table I and Fig. 3} the latter can be detected in
high levels in cultures of 8. cerevisiae grown both anaerobical ly
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Tanue I
Differentially expreased genes in mycelium and yeost cells detected by electronic subtraction and cDNA microarray anralysiz

The PRAESTs were analyzed as to their differential expression by twomethods: a etatietical analysie of the mumber of myealium and reast ESTe
clugtered in each PRAEST (14} and a cDNA microarray analyeis of 1,152 PRAEST:, chosen accarding to the electronie subtraction criteria. A
differential pattern of genes encoding enzymes was used in the analyzis of the differential metabalism.
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N|||1|l|c'|; ol } . )
PRAEST EC mumbser Annotated fiunction il p value® -Fald change® Apcession "”"'5-:':‘:1’:::' hit argunism/
M T
Myealivm up-regulated genes

1068 MEL (=] 4 0000000 416660 BETHEEONEF. brasiliensfa /0.0

2274 1.4.1.5 Lactoylglutathione 1yaze” ™ 0 0000000 1.0 NP_106614. LiMesorhizobium fofil
la-11

2n21 Hrdrophobin 1% bl 0 0000000 AAMBE2RO. P brosifienaisiZe-bl

1788 HSPA0 co-chaperons’ 19 10 0.018160 CADZ21186. 1N, crmsaaide-48

2608 1.151.1 Copper-zine superoxide diemutase’ 14 5 0.010801 QEYADNA, fumigofuale-B8

2468 Unkno 13 6 0025386

2478 Hydrophobin 244 @ 0 0000051 AARIIAD.UP. Brosiliensis/2e-T0

1287 1181132 Z-pitropropane dicxrzenase’ & 1 0.008808 CABS1338 20N, craasn/e-133

1318 Amino acid permease” 8 0 0001907 604 CADZI0E2. LN, crmesai0.0

1470 Unknown” 8 2 0021572 20.1

2268 27438 Adenylate kinase’ 5 1 0.ode268 NP_D11007. 148, cerenisinelle-42

2364 Unknown” 5 1 0.0d4E268 3.6

370 Unknown” 5 1 Dode263 4.9

1002 4.2.1.22 Cysl:athiouj:;:lp-synﬂmse-r 4 0 0.0890842 AALOSSENR, 1/Pichia paatoria/ds-06

2308 22132 Tranzaldola 4 0 0.0590842 NP_D13458. 148, cerenisinefa-108

2476 3125922 Palmitoyl-protein thiresterasa’ 4 0 0030842 1GBORTIH. sapiena/Be-42

4138 1.1.141 lsocitrate dehydrogenase’ 1 O 02483090 3.1 01880 Aretobacter capsulofumyGe-
21

5HE0 5.2.1.5 B-Buociny] CoA synthetase® 1 0 0248390 2.7 TADTTUN. crasso/Be-T3

4748 2712 Glucokinaszes 1 0 0248500 1.7 QEA0TiAspergifive rigen' 2e-80

4248 2.7.148 Uridine-kinags" 1 0 0248300 2.7 TA1020S. pombefde-18

Yeast np-regulatad genes

2638 Y20 proteins 27 B3 0000000 a7 AALRBOROS /P, brasilfensizfe-108

2491 1.1.11 Alcohel dehydrogenase I 245 0000000 PALTA TiAspergifine fTavwale-120

737 25141 Xylanase/chitin deacetylase” & 53 0000028 2.8 NP_2230106. 1 Helicobacter pylori!
e-113

201 Putative membrane protein Nee2® 0 27 0000000 5.2 NP_ 016476, 145. cerenisinefie-08

787 2188 Chaoline sulfatase 2 15 0001802 1.8 NP_2487T21. 1P neruginosafe-104

S14 Glyorlate pathway regulator 0 15 0.000016 177 NP_O00936. 145, cerenisine/ds-37

1704 A0S ribosomal protein L1597 0 14 0000082 NP _BOET1H LIS, pombelGe-40

1nes 1.84.8 PAPS raductazar 1 12 0000815 5.1 AAGRAN20.1/Penicillinm
chrysogennmie-121

=i Putative methyltransferase’ 3 11 0.011814 2.8 CAD21381.1/N. crmssn/2e-46

778 Putative estradiol-binding protein® 2 11 0011814 265 NP_012040. 148, cerenisize/le-31

136 Unknown®’ 4 10 0.030950 2.0

76T Unknown” 2 10 001772 2.2

71 1241 Pyruvate dehydrogenase’ 1 9 0.0044973 Q10485 8. pomballe-72

1724 Putative sterol transporter” u] & 0.007915 253 NP_0137T48. 148, cerenisine/a-12

171 26,142 Branched-chain aminotransferase’ 0 5 0.015T790 NP_ 012078145, cerenisine/Te-87

1983 16513 NADH dehydrogenaszs fubiquinone 0 4 0.091496 S4TISWN, crossafle-19

reductass ¥

244 1.1.1.69 Ghieonate dehrdmogenase” Q 4 0.031496 NP_4T1610.1/Listeria innocual
1e-00

268 23821 Isochorismatasal 0 4 0.091496 NP_436193. LiSinarhizobiwm
melilotifle-20

270 2.8.1.18 Dihydropteroate synthass’ Q 4 0.031498 TADEANN, crassasle-38

a1 2611 Aspartate aminotransferaze’ 0 4 0.081496 NP_ 500047 1iCaenorhabditis
elaganade-06

fididil 6.2.1.3 Actl-Cod synthetaza’ a] 4 0.031496 NP _276720. LiMethonothermobacter
thermantotrophicusBe-80

ThE 6367 Clutamyl-tRNA amidotransferass’ [a] 4 0.091498 QABUEA niduians/le-158

fulits) 1131 Isocitrabe lyase’ [a] 4 0.091498 AAKTINA8 20 occidioides
immitizie-110

QRd 2610 Histidinol-phosphats aminotransferase’ u] 4 0.091496 FAGEOLIS. pombelda-87

QR0 ah.14 Acetamidaza’ Q 4 0.031496 AAKI195 VAspergiifis terrenal2e-
o

2073 1.14.188  Phenylacetate hydrocrlase? 0 1 0245608 213 AAFTEOUP chiysogenum/2e-48

* Mumber of myoceliom (M- and yeast (Yi-derived ESTs in the PRAEST.
* p value for the Audic and Claverie test.

¢ -Fald change found for the microarray experiments.
# Previouely shown to be differential by Northern blot or protenme analysis.
“ Electronic subtraction and cDNA microarray analysie; differential pattern in both analyses.

I Electronic subtraction differential pattern and not assayed in cDNA microarray analysis.
¢ Binglets that are differential in cDNA microarray analysie.

and aerobically in the presence of ethanol (231, The carbohy-
drate metabolizm 1= probably shifted toward ethanol produc-
tion, reflecting the anaercbic behavior of the veast form as
previously reported (24 Several pathways that provide suh-

strates for the glvoxylate cyele are up-regulated in the yveast
cell= (Table 1 and Fig. 31, First, 1socitrate lvase redirects the
metabalic flow using ethanol and acetate as two-carbon sources
and generating oxaloacetate, which can be reconverted to glu-
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Fia. 3. Northern blot analysis of mycelium and yveast up-regulated genes of P, brasiliensis. Total RNA samples from both mycslinm (45
and yeast (¥ were hlotted cnto nylon membranes and hybridized against gene-specifie radiolabeled probes. IODH , isoritrate dehydrogenase; SOS,
f-euocinyl-CoA-smthetase, TAL, transaldolase; ADK, adenylate kinase; UDE, uridylate kinase, ICL, isocitrate lyass; acpl-C8, aoyl-CoA eynthe-
tage; POH, pyruvate dehydrogenase; ADH, aleohol dehydrogenase; PAPaR, phosphoadenylyl sulfate reductase; ACA, acstamidage; AMT, amino-
traneferase. The constitutive 80 8 ribosomal protein L34 was used as a loading control.

cose. In addition, the branched-chain aminotransferase gene is
alzo overexpressed (as are other aminotransferasze genes, such
as those of aspartate and histidinol-Pi and converts valine,
levcine, and isoleucine to acetyl-Cod, which is then fed to the
cycle. The yeast differential acetamidase alzo contributes to
this pathway by deriving acetate from acetamide. Further-
more, the up-regulated acyl-CoA synthetasze generates acetyl-
Cofvin the first step of B-oxidation, which may also be talen up
by the cyele. Finally, the generation of sulfite by phospho-
adenylyl sulfate reductase provides acetate for the glyoxylate
cyele as mentioned above, The overall analysi= sugeests that
ATF production throngh alesohol fermen tation and the respira-
tory chain oceurs in a hased pattern, the former being prefer-
ential in the yeast form and the latter in mycelium.

Yeast cells are rich in chitin; the high expression of chitin
deacetvlase reveals its possible involvement m cell wall loos-
ening, recrganization, and synthesis of newly eomponents dur-
ng cell growth and budding of veast cellzs. Thiz enzyme 12 not

present in humans and thus represents a possible drog target.
In myeelinm, overexpression of cystathionine S-svnthase and
nitroalkane oxidase strongly sugoests that myeelinm cells take
up sulfite and nitrogen, respectively, from the envircnment for
metabolic processing. Finally, the probable role of the remain-
ing overexpressed gene encoding palmitoylthicesterase re-
mains unclear. In contrast, the enzymes izochorismatase and
ubiquinone-reductaze are greatly up-regulated i1n the wyeast
fraem, strongly suggesting a high production of ubigquinone by
FP. brasiliensis, which could be involved in cellular cxadative
stress under anaerobic conditions. The high veast expression of
dihvdropteroate synthase produces, as a consequence, high
levels of tetrahydrofolate, which probably will inereaze the
metabolic low toward purine biosynthesis. The meanming of the
high expression in yeast of choline sulfatasze, gluconate dehy-
drogenase, glutamyl-tERNA amidotransferase, and phenylac-
etate hydroxylase also remains unelear.

Cell Cyele and Genetic Information—The main genes in-
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volved in cell cycle and in the basic genetic information flow
machinery (DNA replication, repair, recombination, transcrip-
tion, BNA proces=ing, translation, and post-transzlational mod-
ifications) are well conserved in comparison with their coun-
terparts from 8. cerevisiae. Also, sequences related to
mitochondrial replication, budding, sporulation, and mating
were also annotated (Supplemental Table V.

From the eell eyele-related crthologues wentified i P. bra-
siftenss, those related to the structure and assembly of the
cytoskeleton, chromatin structure, chromosome segregation,
cycling, and cell eyele control genes were highlighted. Genes
related to the major DNA repair mechanisms found in yveast
(mizmatch, base excision, and recombination systems) were
identified in P. brasiliensis, although not every component was
reprezented, zsinee cells were not subjected to DNA-damaging
conditions. The RADSE zene, which plays an essential role in
8. cerevisige recombination, is al=o present in the P. brasilien-
sis transcriptome.

Among the identified transcription factors, the orthologues
for MAT, MCMI, and NsdD} are of relevance, since they are
implicated in ascomycete sexnal reproduction. These genes rep-
resent a strong evidence for mating in P. brasifiensis, so far not
vet described, which iz reinforeced by the detection of =ix tran-
scripts involved in melotic recombination.

Sitress Responses—Cell differentiation in P. brasiliensis re-
quires a temperature shift, which might be associated with a
stress response. We have found 48 sequences encoding molec-
ular chaperones and their associated co-chapercnes in P, bra-
sifiensis transeriptome (Supplemental Table VI These se-
quences were divided into nine groups: small chaperones (four
genes), HSP40 (9, HSPS0 (100, HSPTO (71, HEPA0 (4), HSP100
(41, 14-3-3 (2], ealnesdn (1), and immunophilins (7). Eight of
these are differentially expressed: calnesan, ecf 7 (evtoplasmic
hepbll and shal (HEP9OT0 co-chapercne) for the myeeliim
form and eprl (HSPOTD co-chaperone), hapd2, hsphl), sacl
(HEPT0), and hepfd for the yeast form. From these, heapfil) and
hsp 70 had been previously characterized as differentially ex-
pressed in yeast (25, 26). cDNA microarray analysis confirmed
the differential expression pattern of sbal. Furthermeore, the
number of chaperone and so-chaperone ESTs is 358% larger in
the yeast ¢DNA library than in the myeelium library. Thesa
data represent an evidence of an albogether higher expression
of HSPs in yeast cells, compatible with growth at 37 "C.

Onddative agents may cause stress and damage to P. brasd-
tensis cells. They may originate from the activity of host macro-
phages or from intracellular coddative species. P, brasiliensis
contains several genes encoding enzymes with known or puta-
tive anticidant properties, such as superodde dismutases,
catalases (two lscenzymes), peroxredoxins, and a novel cyto-
chrome ¢ peroxidase (Supplemental Table VIIL Homologues to
genes encoding secondary antioxidant enzymes belonging to
the glutathione S-transferaze family were alzo found Several
transcription factors may be involved in the induction of anti-
oxidant defenses in P. Brasifiensis. Homologues to YAFPI,
HAP3, and SKENT from S. cerevisiae (27) were discovered in the
transeriptome, showing that the oxidative stress regulators
fronn P brasiliensis and baker's yeast might be conzerved.

Signal Transduciion Pathways—Transeriptome  analysis
and reverse annotation revealed several putative components
of the losignaling pathways 1n P. brasiliensis (Supplemental
Tahle VIIL), such as (1) MAPK =signaling for cell integrity, cell
wall construction, pheromonamating, and cemotic regulation;
(110 eAMP protein kinase A, regulating fungal development and
virulence, and (1i1) ealelum-calmodulin-calaneurin, contralling
growth at high temperature. Furthermore, a ras homologue
sequence was detected raising the possibility of cross-talk

Yeast Transcripiioral Profiles 29711
among the distinet signal transduction pathways (Fig. 4.

In budding yeast, the MAPK casecade responsible for cell
integrity mechiates cell eyele regulation and cell wall synthesis,
responding to different signals including temperature, changes
in external o=smolarity, and mating pheromone. Components of
this pathway 1dentified in P. brasdiensia encompass the most
classical steps, with the exception of a eell surface tyrosine
kinasze-like receptor that was not found 1n the transeriptome so
far analyzed. Bholp iz a small GTP-linding protein of the Rho
subfamily required for cell growth and coordinated regulation
of cell wall construction (28) through the synthesis of 3-1,3-
cluean. It also activates Pkelp, which in turn regulates the
MAPK pathway.

Transcripts related to the pathway for activation by mating
phercmone were identified in the P. brasiliensis transeriplome.
The intermediary components appear to be constitutively ex-
pressed in both mycelium and yeast forms. Intriguingly, mat-
ing has not yet been described in P. brasiliensis. Conversely,
the Hogl MAPK cazcade 1= ackivated when there i= an increase
in the environment osmolarity. One of its targets, Glo1p, which
controls genes required for cell adaptation and survival upon
osmotic stress in S, cerevisiae (29, was also detected in
F. brasiliensis.

The cAMPprotein kinase A 1= a cascade known to regulate
fungal differentiation and virulence. From the genes identified
in P. brasiliensis, we highlight a homologue to several fungal
adenylate cyvelazes; the low affinity cAMP phosphodiesterase,
encoded by the gene Pdel; homologues to both the regulatory
and the eatalytic subunits of protein kinase A, which is in-
wvolved in the regulation of the cell surface floceulin Flo11pd
Muclp (300 In P. brasiliensis exogenous cAMP 15 known to
inhibit the process of filamentation (310 Both the catalytic
(CnaA) and the Ca *-hinding regulatory B (CnaB) subunits of
caloineurin were found in P. brosdiensia. In dimorphie fungi,
cAMP- and ealeineunn-dependent pathways seem to be in-
valved in differentiation. As in the pathogenic fungus Crypio-
cocens neoformans (82), caleineurin might also play a role in
mating of P. brasiliensis. In several pathogenic and nonpatho-
eenie fungi, BAS i= involved in filamentation, psendohyphal?
hiyphal growth, and mating (331, A RAS related transeript was
identified in P. brasiliensis, but further studies arve required to
elucidate k= function in mycelivm-to-yeast transition and in
the mechanizm of pathogenicity.

Virwlence Genes, Dirug Targets and Resistance—In order to
identify genes that could be related to P. brasdiensis virulence,
its transcriptome has been searched for orthologues assigned
as virulence factors in human pathogenic fungi, as defined by
Falkow's postulate (341 Table II lists 28 P. brasifiensis =e-
quences, which were previously experimentally established as
virulence or essential genes in C. albicans, C. neoformans, and
Aspergilius fumigatus. They were subdivided into four classes:
metabalizm-, cell wall-, and =ignal transduction-related and
others. Some of these genes has been conzidered for antifungal
therapy and are also listed in Table III as potential drug
targets.

MAPE-related sequences, whose ortholognes in C. albicans
were experimentally correlated to hyphal formation and viru-
lence, were also detected. The extrapolation to the P. brasilien-
stz miedel 1= not direct, since yeast, not hyphae, 1= the patho-
menie cell type, but several MAPK homologues are found in
species exhibiting diverse morphology and mfection hakats (35).
A cavps3d orthologue, identified in P, brasiliensis transcrip-
tome (ppsdd), i= implicated in the proteinfipid transpeort froam
the Golgi apparatusfendosome to the vacucle and has been
proved to be important to C. albicans virulence (36,

MNoteworthy iz the finding of glyoxylate cyele genes in
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P brasiliensis, since itz activity has been reported as a fungal
virulence requirement (37). The activity of the key enzymes
malate synthase and isocitrate lvase was reportad to be up-
regulated in C. afbicans npon phagoevtosis (381 Both enzymes
were detectad 1n the P brasifiensis transeriptome, with isoci-
trate lyase being overexpressed in the yeast phase, as con-
firmed by Northern blot analysis (Fig. ).

The cell wall, as the most obvious difference between human
and fungal cells, represents a prime target for antifungals.
Genes involved in its biogenesis and assembly can act as viru-
lence factors and therefore are putative drug target=. We have
identified orthologues to chitin synthase 3 (ehsd), glucosamine-
G-phosphate acetvltransferasze (grall, mannosyltransferase
(pmil), and o1 2-amannceyliransferase (mntl) genes and glyeo-
gidazes Phrlp and Phr2p. The expression of the two last genes
in O, albicans i= responsive to the product of per2 (393, a
pH-related transcription factor also present in the P. brasilien-
sis transeriptome. The detection of chitin deacetylase, as an
overexpressed yeast gene confirmed by cDNA microcarray and
MNorthern blot (data not shownl, points out to a novel target for
drug research in P. brasiliensis.

Microbe resistance to reactive oxvgen and mtrogen interme-
diates plays an important role in viralence (400, We were able
to identify =equences that are oxidative stress response ortho-
logues, including an alternative oxidase (accll, a copper/zine
supersxide dizmutaze (godl), and two cifferent catalaze crtho-
logues, one of them a peromzomal eatl, az recently describad
(410

The urate oxidase gene detected in the P. brasiliensis tran-
seriplome, but not in 8. cerevisiae, C. albicans, and Homo
sapiens genomes, suggests that uric acid could be degraded to
allantoin. In addition, the presence of a C. neoformans urease

orthologue also probably reflects the degradation of urea to
ammoria and carbamate. A role in virulence and sporulation
has been assigned for both genes (421 The production of urea
has been involved in an improved in vitro survival for those
microorgani=ms exposed to an acidic environment. In this view,
1t eould be related to the survival af the fungus in the host cells.

The development of new drugs 1= crucial, considering the
problem of emerging drug resistance and toxicity (371 Nowvel
drug targets have been found through the analysis of genome
sequences. The genes listed in Table 111 have no homologues in
the human genome and therefore could be considered for the
development of new antifungal drags. Most therapies designed
to treat fungal infections target the ergostersl bosynthetic
pathway (431, The orthologue of C-24 stercl methyltransferase
(ERGE) 15 present in P. brasdiensis. In addition, modulation of
sphingolipid metabolizm exerts a deep impact on cell viakality.
The synthesis of inositol-phosphoryl-ceramide from phytocer-
amide catalyzed by the product of the aurf gene, present in
P. brasiliensis, corresponds to the first specific step of this
pathway (44). Translation elongation factors have also been
pointed out as drug targets (37 In the P. brasiliensis tran-
scriptome, we have found an elongation factor-3 sequence that
is absent in human genome (451 and thus can be addressed for
pharmacentical purposes.

Twenty PRAEST= annotated as related to multiple drug re-
sistance genes were 1dentified (Supplemental Table DX They
include 12 8, cerevigiae ortholognes, 10 of which are related to
the ABC transporter and two to major facilitator superfamilies
(461, One of them corresponds to P, a gene recently deseribed
in P. brasiliensis (47), and another is related to the COR gene
from €. albicans, which is up-regulated in the presence of
human stercid hormeones (431 It has been speculated that
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Tare I
Putative virwlence or essentiol genes found in P brasiliensia frapseriptome reloted to the experimentally conffrmed orthologues
af O albicans, C. reoformaons, ondior A, fumigatos

Ortholgue

FEAEST N AL nnmberOrgunism E valoe® Fomnrks
Metabolic genes _
2403 urn3” DCCEA (T, albicana) Ta-41
013410 (A, fumigatus) 2a-83
QRT0 nmt” AAADLANL IO efficons) Ha-00 Lipid symthesis
. AAALTEAT IO neaformars) le-80
3ThD fasZ' JCADEE (O, albicans) Te-33
1224 hem3 C4048 (O alficons) le-58 Hemoeynthesis
S819 fpel® CAARDN22R (T, albicone) 1e-36 Glucose metabalism
1603 el AAFR4500 (. albicans) le-112 Glyoylate cycle
0831 mial AAFI4E05 (. albisans) la-122 Glycegylate oycle
1738 pabad® AATELD2D (A, fumigafus) le-12 Purine synthesis
Cell wall genes
4246 cheld PROSTE (O ellicans) Ta-22 Patential drug targets
4068 grel® BAARRLSS (T, albicons) 4a-16
1067 mnil CAABTOI0 (T, albicans) Bea-49
2080 il AACRID (T albicone) da-45
2382 phel AAFTIAR0 O albioana) 2e-40*
1375 phr2 AABROTIE (T, albicans) la-114
Signal transduction
44562 cekl A4T211 00 albicana) He-30 Hyphal formation
1110 cppf PA30TA (C. afbicans) Ba-16
267 cal20 AABIRATE (T, ofbicans) Ba-48
ans Hogl” G207 (0 efficons) 2e-59 Osmoregulation
QEE niki® AACT284 (C. albicone) Te-3a7 Hyphal development
Orther fungal virulenes
determinant genes
623 catl® CAAOT1E4 (C. aibicons) le-172 Perogiscmal catalase
anka mdrl® CAATE1SY (T alfbicans) 2e-27
2306 pib1® AAFORGR0 (. albioans) 2e-38 Important in host cell penetration
4267 fopl” Q00313 (O elbicons) de-b6
5012 ypa3d” CAATO2EY (T, albicans) 2e-29 Vegicle trafficking
2616 aod [° AAKNLGEE (T neaformans) 4a-f1 Nitrie oxide detodification
2463 urel® AACSRINT (O neaformars) Bea-T8
1102 aort® AAMRTE (O, penfoarmans) 2a-48 Ragistancs to oxidative strezs

= Al P obresifiensie aesembled ESTe are BEH with ©. effdicers ortologues, except phed (marked with an asterisk.
* Putatively novel P. brasiiensis virulence genes.

Tarre HI
Potentiol drug fargets genes found in P, brosiliensis frarscriptome with no homologues in the humaon genome

Orthologue ascession

PLAEST Annotated functin Fvnlue Ferminrics
rurmbcrs

Cell wall

5108 -1 3-gluean eynthase AATETTRE 2e-108  Preferentially expressed in myeelinm

4088 w-1 3-gluean eynthase AALIRGES 2a-T0 Preferantially expreszed in yeast

0268 Eho AAKOB118 Q-2 Signal transduction

1147 Chitin eynthase I AAFR2801 2a-81

1627 Chitin synthase 11 Qo2444 e-65

4246 Chitin eynthase IV AF107T624 2e-65

[a58 Chitin synthase aemA JOEELR la-64

o737 EylanasaChitin deacetylase EP_00126682 la-12 Up-regulated in P, braszilicesia reast cells

5473 Bud neck involved NP_14168 le-12 Required to link CHS3p and CHS4p to the septins

1063 w-1,2-Mannceyltransferass NP_009764 1a-20 Involved in protein glyooeylation
Glyoxylate eyele

2402 Malate synthase P2R344 1a-37

1688 leoeitrate lyase AAKTISNGR 2 le-144  Up-regulated in P bresilienaia yeast eells
Orther targets

1058 Ac24)-Btern] C-methyltransferaze  THODED da-44 Ergosteral binsynthesis

0200 Aurecbasidin resistance protein AADIITHD la-43 Sphingalipid synthesis

0845 Elongation factor 2 BAAR3800 1-142  Unigue and eseentially required for fingal

translational machinery
4126 Urate oxidase Pag2az Bea-TT Sporulation and pathogenesis
24566 rease AAC40888 Je-04 Sporulation and pathogensgiz

stercid hormones are involved in morphological changes as well
a1 pathogenicity in P, brasiliensis and also in drug resistance
m O albicans. Interestingly, the process of infection of
P brasiliensia 12 strongly ased toward males, albeit the role
of stercid hormones in the expression of ABC transporters in
thi= orgamsm remains to be investigated.

DISCITSEION

The P. brasiliensiz transcriptome described here is repre-
sented by 6,022 EST clusters that may cover about 80% of the

fungal total genome, whose gene number has been estimated to
be ~8,000 genes.” This number greatly exceeds the previous
EST =tudies in this fungus (8, 491, The analy=i= compares the
two fungal cell types as well as their metabolic behavior. The
results obtained probably reflect the adaptations assocated
with the mycelam (=01l) and yeast (human host) environments.
Most importantly, they provide new msights with respect to

¥ G, San-Blas, personal communication.
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signal transduction pathways, virulence genes, and drog tar-
gets for this pathogen.

The transcription profile of the mycelivm infective phasze
suggests the shunting of pyruvate mto aerobic metabolizm,
since the expression of the ESTs encoding enzyvmes of the
trichloroacetic acid evele are up-regulated in this fungal phasza.
In contrast, the yeast transcription profile evidenced the devi-
ation of pyruvate from the glyeolytic pathway imnto anaerchic
metabolismm; this ch=ervation i=s consistent with a lower oxyzen
leval 1 infected tizsnes. Its putative abahty to produce ethanol
suggestz a potential anaerobic pathway for P brasiliensis,
which 15 dependent on the metabolic state of the cell. It seems
that the main regulatory effector on the shunting of the end
product of glveoly=is into aerobic or anaerobic metabolizm is
termperature; therefore, it can be hypothesized that this phys-
ical factor 1= the central trigger of all of these molecular events,
since it was the only parameter changed in the in vifro culti-
vation of yeast and myeelhm of P. brastliensis. Experiments
are currently being carried out in order to confinm the in vive
expression profile of the differentially expressed genes in
macrophages and human pulmenary epithelial cells infected by
P brasiliensis.

Since P. brasiliensis 1s a medical problem in Latin America,
the prediction of new drug targets from sequence information is
of great importance. Chitin deacetylase, which i= absent in
humans and highly expressed i the parasitic yveast, could be a
specific drug target for PCM therapy if it 12 shown to play a key
role in the fungal metabolism during human infection. Fune-
tional analysis of the P. Bbrasiliensis genes deseribed in this
wiork will lead to important information on eellular differenti-
ation, pathogenic by, andfor virulence. These issues can only ba
addressed when molecular tools are developed for this orga-
nism. In eoncluzion, the knowledge of the transeribed se-
quences of P. brasifiensis will most hkely facilitate the devel-
opment of new therapentics to PCM and other medieally
relevant myoosis.

Acknowledgments—Wea  are grateful to Hugo Costa Paes and
Robert Miller for English text revigion.
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ABSTRACT. The rise in antifungal resistance, observed as a result of
the increasing numbers of immunocompromised patients, has made the
discovery of new targets for dug therapy imperative. The description of
the Paracoccidicides brasiliensiy transcriptome has allowed us to find
alternatives to refine current therapy against paracoccidioidomycosis.
We used comparative analysis of expressed sequence tags to find prom-
ising drug targets that have been addressed in other pathogens, We di-
vided the analysis into six different categories, based on the involvement
of the targeted mechanisms in the cell: i) cell wall construction, ii) plasma
membrane composition, iii) cellular machinery, iv) cellular metabolism,
v) signaling pathways, and vi) other essential processes. Through this
approach, it has been possible to infer strategies to develop alternative
dmgs against this pathogen.
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INTRODUCTIHON

The incidence and severity of mycoses have grown to alarming levels worldwide. Pa-
tients with immune deficiency have contributed to this scenario since they are more sus-
ceptible to unconventional, more aggressive forms of classical mycoses, and they also tend
to harbor resistant varieties of the pathogens. Antifungal agents currently available for
treatment of systemic mycoses include four groups of drugs, namely Polyvenes (amphoteri-
cin B}, Fluoropyrimidines (flucytosines), Azoles (ketoconazole, luconazole, itraconazole),
and Echinocandins (caspofungin and mycafungin). More recently, compounds from the
Allylamine group (terbinefine) have shown high synergy with drugs from the Azole group,
but even this drug association is unable to treat some fungal infections adequately. In
addition, antifungals cause serious side effects, such as nephrotoxicity. In this context, the
search for alternative therapies and the development of more specific antifungal drugs are
urgently needed (Georgopapadakou and Walsh, 1996; Wills et al., 2000; Kontoviannis and Lewis,
2002).

Some strategies have been emploved to develop antifungal drugs. One of them is the
classical method, in which screening is done in vitro with a great variety of compounds, either
extracted from plants and animals or synthesized (nvirm (Wills et al., 2000). The refinement of
classical drugs or of administration methods is a promising alternative to optimize pharmacologi-
cal action at the site of infection or to increase specificity. More recently, nanotechnology has
been envisaged to administer safe and effective low dosages of drugs, diminishing side effects
and complications for the patients, such as amphotericin B (Fukui et al., 2003; Sobue and Sekiguchi,
2004

In this era of genomic science, senome sequencing and bioinformatics drive the discov-
ery of new antifungal targets. We have made efforts to identify such targets, or at least candi-
dates, in Paracoccidioides brasiliensis, based on transcriptome analysis and on sites of action
of animycotic drugs already described in the literature, either for P brasiliensiy or for other
fungal pathogens.

CELLWALLSYNTHESIS

The cell wall of human pathogenic fungi is in close contact with the host and serves as
a barrier against host defense mechanisms. Human cells are ineffective in degrading cell wall
polysaccharides of P hrasiliessis, as shown by ultrastructural studies of yeast cells ingested by
activated macrophages, which revealed empty cells with intact walls (Brummer et al., 1990).
The cell wall has an essential role in the pathobiology of P frasiliensis, since it is directly linked
to the morphogenetic changes associated with the fungal life cycle. The cell wall remains to be
explored in detail as a target for antifungals (Selitrennikoff and Nakata, 2003). Genes involved
in cell wall metabolism in P brasiliensis have been isolated, and many others were identitied in
the transcriptome (Table 1). Some are differentially expressed, such as chitin synthases (Nifio-
Vegaet al., 20000, hydrophobins { Albuguerque et al., 2004), mannosyltransferase- Phvimnt (Costa
et al., 2002), and chitin deacetylase - cda (Felipe et al., 2005} and are candidates for drug
targets.
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Svnthases
1,3-B-plucan svnthase

In P brasiliensis, 1 3-P-glucan synthase requires uridine diphosphate (UDP)-glucose
as the preferred nucleotide precursor to the in wiiro synthesis of B-glucan (San-Blas, 1979).
Only one homolog to 1.3-P-glucan synthase, PHFKSI has been cloned from this fungus (Pereira
etal., 2000). The presence of putative regulatory signals suggests flexible and possibly complex
control mechanisms for the expression of PAFKST. Although the UDP-glucose-binding motif
was not found, domain analogs to cellulose synthase, proposed by Kelly et al. (1996), are pres-
entin PEFRST. Analyses suggest that PbFks1p is localized within the cytoplasmic membrane
and possesses a catalytic cytoplasmic domain between two transmembrane regions. PbFks1p
seems to assemble the phosphorylated glucan polvmer and simultaneously extrude it out of the
membrane, since a phosphotransferase system-phosphoryl carter protein component phospho-
rylation site motif has been found.

1. 3-P-glucan synthase is regulated by the RHO GTPases, which is a multifunctional
regulator related to numerous proteins (Douglas, 2001). The role for Rholp in the regulation of
1.3-f-glucan synthase has been described in pathogenic fungi, such as Candida albivany
(Kondoh et al., 1997), Aspergilles fumigatas (Beauvais et al., 2001 and Crvptococcus neo-
formans (Tanaka et al., 1999). Two RHO genes were identified in the transcriptome of P
brasiliensis. RHOT is a key regulator of |,3-p-glucan synthase in budding and fission veasts
and in O albicans (Kondoh et al., 1997). In Schizosaccharomyees pombe, Rho? GTPase
tunctions as a regulatory factor of 1,3-o-glucan synthase (Calonge et al., 2000},

Echinocandins disturb the membrane and canse a loss of the enzymatic activity of 13-
[-glucan synthase without any direct binding to the catalytic site, thus compromising the struc-
ture and osmolarity of the cell wall { Klepser, 2003). Three echinocandins are currently in clinical
development: caspofungin (Merck & Co., Inc., Rahway, NJ, USA), micafungin (Fujisawa Inc.,
Deerfield, IL, USA), and anidulafungin iformerly LY 303366; Versicor Inc., Freemont, CA, USA).
The 1.3-p-glucan synthase inhibitors papulacandin B, micafungin and cilofungin are more active
against the mycelial form of P brasiliensiy (Divila et al., 1986; Hanson and Stevens, 1989,
Nakai et al., 2003). A new generation of semi-synthetic candins is emerging (Tkacz and
DiDomenico, 2001 ) and natural-product screening by a series of new methods has also identi-
fied other 1,3-p-glucan synthase inhibitors (Onishi et al., 2000; Barrett, 2002).

1. 3-a-plucan svathase

1, 3-c-glucan synthase is proposed as a virulence factor in P. brasiliensis (San-Blas et
al., 1977), as well as in Blastomyees dermatitidiy (Hogan and Klein, 1994) and Histoplasma
capslatm (Klimpel and Goldman, 1988). We identified the 1.3-c-glucan synthase gene, Ags2,
in the yeast phase of the P brasiliensis ranscriptome. Few 1.3-c-glucan synthase genes have
been isolated to date. Aspergillus fiumiganes mutants show a slight reduction in the growth rate
and in the concentration of cell wall 1,3-o-glucan synthase (Bernard and Latgé, 2001). To our
knowledge, no inhibitors of 1,3-c-glucan synthase have been identified. The search for these
inhibitors is very important since the yeast pathogenic phase presents 1.3-c-glucan as an almost
exclusive (93% of the cell wall) glucan polymer (Kanetsuna et al., 1972).
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255



A, Amaral et al. 434

Chitin svnthase

Membrane-bound chitin synthase catalyses the polyvmerization of GlcNAc (N-acetyl-
[F-D-glucosaminidase) from cytosolic UDP-GlcNAc into polysaccharide chains that are ex-
truded to the cell wall (Ruiz-Herrera, 1992; Gooday, 1993). Chitin synthesis in fungi is acomplex
process (Horiuchi and Takagi, 1999), regulated by multigene families and involved in distinct
physiological processes (Cabib, 1991; Gaughran et al., 1994). Chitin synthases are inhibited by
nucleoside tri- and dipeptide molecules, polyoxins and nikkomycins, respectively. These inhibi-
tors, structurally analogous to UDP-GlcNAc, are transported by peptide permeases into the
cell, where they probably act by binding to the catalytic site of the chitin synthase. Transport
failure and low permeability of the inhibitors result in resistance {Ruiz-Herrera and San Blas,
2003; Gozalboetal., 2004).

Although it is possible to express CHS genes in a heterologous host (Silverman et al.,
1988; Bulawa et al., 1986), these transmembrane proteins are not soluble recombinant maol-
ecules amenable to direct high-thronghput screening. Studies of the molecular mechanism of
chitin polymerization (Ruiz-Herrera and San Blas, 2003} and crystallization (Ruiz-Herrera, 1992)
may reveal new drug targets in the future.

Five chitin synthases were identified by PCR amplification of conserved CHS gene
domains in P brasiliensis. Despite the fact that yeast cells contain more chitin than do hyphae,
the levels of mRNAs for PRCHS!, PHCHS2, PHCHSS, and PHCHSS are higher in the myce-
lium (Nifio-Vega et al., 2000}, suggesting that post-transcriptional regulation of CHS gene ex-
pression is important for morphogenesis. We have identified, by means of transcriptome analy-
sis, a new chitin synthase, CHS%, differentially expressed in the mycelium phase of P brasili-
ST

Phosphoglucose isomerase, glutamine fructose-6-phosphate amidotransferase and glu-
cosamine-6-phosphate acetyltransferase are critical enzymes in the synthesis of cell wall pre-
cursors. Since low levels of these precursors resultincell wall abnormality, leading to fungal cell
death, these enzymes, also present in the P brasiliensis transcriptome, are potential targets for
antifungal drugs (Selitrennikoff and Nakata, 2003},

Remodeling enzymes
Mannosvitransferase

Some proteins present in the cell wall are glycosylated on their serine or threonine
amino acids by the addition of mannose residues. Mannosyltransferases, Pmtlp and Mntlp, are
important for cell wall structure, adhesion and vinulence (Gozalbo et al., 2004, In addition PMT
is required to dimorphism (Ernst and Prill, 2001). Another protein involved in the synthesis of N-
linked outer chain mannans is codified by the MNN9 gene. Disruption mutants for this gene
exhibit phenotypes with characteristic defects in cell wall biosynthesis and/or assembly (Wills et
al., 2000, Benanomicins and pradimicins bind selectively to the terminal D-mannosides of man-
nans in the cell wall and cell membrane of fungal cells in acalcium-dependent manner, resulting
in insoluble complexes (Gozalbo et al., 2004). The PMT1, MNN2, KTR1, KTR3, MNNY, and
PEYMNT] genes identified in £ brasiliensis transcriptome are promising targets for future
antifungal therapy.

Geneties and Molecular Research 4 020 430-449 (20051 www. [unpecrp.com. br
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Crosy-linking among cell wall componernts

Cell wall polymers are linked differentially to form the final architecture responsible for
different morphologies in fungi (Klis et al., 2001). Enzymes involved in the integration of 1,3-3-
glucans have been described. They are Gaslp, an endotransglycosylase that may be involved in
extending and rearranging 1,3--glucan chains (Popolo and Vai, 1999), Bgl2p, an endotransgly-
cosylase that introduces intrachain 1,6-p-linkages (Goldman et al., 1995), Crhlp (Rodrigues-
Peiia et al.,, 20000 and the homolog to GPl-anchored 1,3-B-glucanosyltransferases Gellp
iBeauvais and Latgé, 2001). Genes that encode these enzymes were identified in the P brasi-
liensis ranscriptome. Transglycosidases play an active role in cell wall synthesis and in fungal
morphogenesis (Beauvais and Latgé, 2001). Since enzymes responsible for the branching of
. 3-P-glucan or the linkage of chitin to 1,3-P-glucan are active in the periplasmic space and
involve essential biosynthetic steps, they present good candidates for dmg development. To our
knowledge, no inhibitors of these enzymes have been identified.

Hydrolases

Hydrolytic enzymes have different roles in the morphogenetic events (Wessels, 1983).
In contrast to the other fungal -1,3-endoglucanases reported in the literature, which are exo-
cellular, the first cell wall-associated fungal -1, 3-endoglucanase was identified in A. fumigarnus
(Mouyna et al., 2002). In addition, several cell wall-associated and secreted chitinases have
been identified (Mellor et al., 1994; Hearn et al., 1998). Inhibition of chitinases by antibiotics,
such as allosamidin or demethylallosamidin, leads to the formation of clumps, as daughter cells
are unable to separate from mother cells during budding (Gozalbo et al., 2004). The chitinase
and [-1,3-endoglucanase genes were identified in the transcriptome of P brasiliensis. Our
group has cloned and characterdzed PANAGIL, encoding an NAG a glycosyl hydrolase family 20
protein (Santos et al., 2004). Another predicted NAG gene, PANAG2, is currently under study.

PLASMA MEMBEANE COMPOSITION

The fungal plasma membrane is the most important target for antifungal drugs in cur-
rent therapy. It is based on the fact that the plasma membrane acts as the main interface
between the cell and the environment of all organisms. Disturbances in the environment are
perceived by the cell across transmembrane proteins, and a cascade of signals is started to
allow for adaptation. In this context, the transduction of signals will culminate in membrane
composition alterations to adapt to different situations (Georgopapadakou and Walsh, 1996
Wills et al., 2000).

The cell has the ability to adapt to different levels of pressure, pH variation and me-
chanical stress. Ergosterol and sphingolipids are responsible for the shape and rigidity of the
plasma membrane. If some steps of their biosynthetic pathways are blocked, the intermediates
may accumulate inside the cell and promote an excessive stiffness in the membrane (Wills et al.,
2000; Theis and Stahl, 2004 ).

Pump-mediated efflux confers the cell with a way to exchange ions and nutrients,
granting optimal pH and energy reserves. Depletion in the mechanisms of pump efflux may
impair synthesis of important cellular components, including cell wall precursors (Luo et al.,
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1999; Theis and Stahl, 2004}, Since some drugs can affect the integrity of the cell by forming
pores in the plasma membrane and promoting the leakage of crucial components, they consti-
tute natural candidate antimycotics.

Ergosterol

The ergosterol biosynthetic pathway is the best-ex plored target of current therapy. The
final product is ergosterol itself, which is the main exclusive fungal sterol, and itlocalizes to the
cytoplasmic membrane. Some enzymes participating in ergosterol biosynthesis are not present
in human cells.

Ditferent classes of antifungal agents target components of ergosterol biosynthesis
iGeorgopapadakou and Walsh, 1996; Wills et al., 2000; Odds et al., 2003; Onyewu etal., 2003).
The polyene antimycotic, amphotericin B, is an important antifungal agent that acts only against
ergosterol and not against mammalian cholesterol synthesis (Odds et al., 2003). Despite its
fungicidal effect, it has serious side effects, such as nephrotoxicity. With the advent of
nanotechnology, some formulations of this dmeg have been developed to overcome these undes-
ired reactions. This dmg has a laree spectrum of action and is indicated for treatment against
Candida spp and other pathogenic fungi, including P brasiliensis (Wills et al., 2000; Odds et
al., 2003; Onyewu et al., 2003). Ergt encodes an S-adenosyvlmethionine: A24-methyltransferase
and its disruption in C. afbécans and 5. cerevisiae results in increased resistance to polyenes
and decreased ergosterol content ( Young et al., 2003).

The azoles act in several steps of ergosterol biosynthesis by inhibiting enzymes in this
pathway, which varies among the different fungal species. The main target for this class of dmug
is cytochrome P450 lanosterol |4-o-demethylase, which is encoded by Ergf! and also has an
iron protoporphyrin modety at the active site, where the dmg binds. Ketoconazole, itraconazole
and fluconazeole have been used in antifungal therapy. They basically prevent the demethylation
of lanosteral, resulting in defective synthesis or in the depletion of ergosterol (Wills et al., 2000;
Smith and Edlind, 2002; Odds et al., 2003; Theis and Stahl, 2004, Paracoceidioides brasilien-
siy presents ERG6 and ERGI1 in its transcriptome (Table 2). Although some enzymes of the
ergosterol pathway are not exclusively fungal, they can be exploited as potential targets for drug
development.

Sphingolipids

The sphingolipid pathway is considered a potential target for the development of new
antimycotics. Sphingolipids are involved in several intracellular responses, including heat shock-
induced stress, endocytosis, apoptosis, and signal transduction. They have important roles in the
maintenance of the plasma membrane of eukaryotic cells, and they are thus required for cellular
growth and viability {Luberto et al., 2001 ; Obeid et al., 2002; Thevissen et al., 2004). Although
sphingolipids are present in both mammalian and yeast membranes, some differences are found
between the respective synthetic pathways {Obeid et al., 2002).

The most abundant sphingolipid in the plasma membrane is inositol phosphoryl ceramide
{IPC), synthesized by IPC synthase: the corresponding gene [PC1 (also named AUR) has also
been identified in the P brasiliensis transcriptome. This enzyme transfers phosphorylinositol
from phosphatidylinositol to the 1-hydroxy group of phytoceramide to form IPC (Zhong et al.,
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258



=

Therapeutic targets 1n P brasiliensts 43

Table 2. Drug targets in plasma membrane compesition.

PRAEST Targel Ortholog e-value Remarks Dirugdfinhibitor
accession
number

19549 Ai24) Seerol TH09E Fe-44 Ergosterol Polyene:
C-Methyliransferase bicsynthesis Amphoteryein B
(ERGEH)

1797 Cytochrome P450 EAKYTERG BT Ergosterol Agmles: Fluconazole,
lanosteral 14-o- bicsynthesis Ttraconazole,
demethylase (ERG1 1) Ketoconamole

200 Inositol phosphoryl AAD22TS0 le-43 Sphmgohpid Aurecbasidin A
ceramide (IPCLY bicsynthesis

Aureohasidin
resistance (AUR1)

1201 Pump membrane P493E0 le-111 Plasma membrane Balilomycin
AlPase (PMAL AlPase Concanamycin

PRAEST = Pamvcoccidicides brasilienser assembled expressed sequence tag.

2000, Willset al., 2000}, IPCI/AUR] is absent from mammalian cells, although both mammals
and yeast use the same substrate to produce sphingomyelin and inositol phosphoryl ceramide,
respectively (Wills et al., 2000; Heung et al., 2004). In C. meoformans, Ipcl is involved in the
production of melanin, a virulence factor and acomponent used to protect the fungus against the
immunological host response (Heung et al., 2004). Down-regulation of this gene causes a defi-
cient response at low pH. whereby, as can be inferred in an in vivo model, virulence is dimin-
ished (Luberto et al., 2001).

Some studies have demonstrated that IPC is essential for survival of some fungi. Sen-
sibility tests are being carried out with a variety of compounds to find inhibitors of IPC synthase.
One prominent compound is the Aureobasidin A, a cyclic nonadepsipeptide, extracted from
Awreobasidivm pullalany (Zhong et al., 2000; Wills et al., 2000), which is active against
albicans, 5. cerevisiae and ©. neoformans at lower concentrations when compared to other
antifungals (Zhong et al., 2000). As IPC synthases are not present in human cells, the use of
IPC inhibitors as antifungal agents is a good possibility for the therapy of systemic mycoses in
humans. The [p] gene has been found in the P brasiliensis transcriptome (Table 2). Previous
studies in our laboratory have demonstrated that IPCI1 is a promising target for dimg deve-
lopment against P brasiliensis.

Proton ATPases

Plasma membrane ATPase plays important roles in the maintenance of cell homeosta-
sis by regulation of pH through ionic exchange. This mechanism creates a membrane potential
and an electrochemical gradient that allows the uptake of ions and nutrients required for cellular
physiology. The proton pump mechanism enables the cell to tolerate different pH gradients (Luo
etal., 1999: Wills et al., 2000; Burghoorn et al., 2002; Lee et al., 2002; Wang and Chang, 2002;

Pizzirusso and Chang, 2004). Recently, studies have demonstrated that bafilomycin inhibits ATPase
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activity with high specificity and potency. Bafilomyein and concanamycin, antibiotics with simi-
lar structures, have been used as potent anti-tumor agents. Experiments with mutations in dif-
ferent sites of ATPase protein in strains of Newrospora crassa caused this fungus to overcome
the toxic effects of concanamycin (Bowman and Bowman, 2002).

We identified the pene PMAL inthe P brasiliensiv transcriptome (Table 2); it is known
to encode the plasma membrane ATPase in other fungi, including 5. cereviviae. Although PMA
is also present in the human transcriptome, several domains are exclusive to fungi, and gene
deletion has been demonstrated to be lethal for some of those microorganisms. ATPases are
promising targets for the development of antimycotics, and the differences between fungal and
mammalian proteins need to be further investizated (Georgopapadakou and Walsh, 1996; Wills
et al., 2000,

CELLULAR MACHINERY

Several components of cellular machinery were demonstrated in other fungi as poten-
tial drug targets, and promising inhibitors to them are being tested (Table 3). Topoisomerase |
(Topl) and elongation factors belong to the nuclear machinery, where they are key components
in DNA-RNA-protein synthesis. Moreover, the heat shock protein Hsp90, which is required for
proper proteinrefolding upon thermal stress, and three different proteins involved in post-trans-
lational modifications, N-myristoyltransferase (NMT), farnesyltransferase (FTase) and
geranylgeranyltransferase (GGlase) I, were examined by our project.

Topoisomerase

Topoisomerases are enzymes that act on chromosome replication, transcription, recom-
bination, and segregation processes by controlling the topological state of DNA. Their classifi-
cation is related to how they cleave the DNA strand: TOP] cleaves and rearranges one DNA
strand, while TOP2 can cleave both DNA strands (Stewart et al., 1998). Topoisomerase-spe-
citic inhibitors, for example camptothecin or its analog topothecan, stabilizes the complex topo-
isomerase-DNA, leading to DNA damage and cell death (D" Arpa and Liu, 1989), TOPI has
been demonstrated to be essential and a virulence factor for some fungi, and its deletion in C.
albicans induces slow cellular growth and aberrant cell morphology (Fostel et al., 1992; Jiang et
al., 1997, The fungal TOP | gene has a considerable number of regions that are not present in
the human transcriptome (Stewart et al., 1996). Selective inhibition of fungal (C. allricans)
Toplp catalytic activity when compared to the human enzyme has already been observed using
the aminocatechol A-3253 (Fostel and Montgomery, 1995). We found the Topl in the P brasi-
liensis transcriptome, with identities of 90, 80 and 58% with A. widulans (EAABG126.1), N.
crassa (XP_331510.1) and human (CAATR336.1), respectively, indicating that the differences
between human and fungal Top Lp can be explored by diug design.

Elongation factors
Elongation factors required for protein synthesis are being focused on as potential drug

targets in fungi. Some sordarin derivatives, such as GM 222712 and GM 237354, have shown in
vitro activity against a wide range of pathogenic fungi, including Aspergilius spp, Candida spp,
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Table 3. Cellular machinery components as promising drug targets in Parac ocordioides brasiliensis.

Targel PRAEST  Ontholog Percentage Known inhibitor
accession number identity/
Org A s e-value
Topoisomerase | 4267 NP (0146371 TOS4R% Camptothecin
(Toply Saccharomyces 3de-43
cerevisiae
Elongation factor 3 845 MNP (0133501 TO6T2% 1 Sordanns
(EF-3) Saccharomyvoes 3Te-9]
cerevisiae
Heat shock protein 1656 NP 0139111 43300 7 Geldanamycin
Q) (Hspta(n Saccharemyvees |.7e-123
CEreviNiae
MN-myristoyltransferase 668 NP (0132961 S0388% ¢ Myristic acid analogs
(Mmtl) Saccharomyces Be-30
cerevisiae
Flase [-subunit and] NP_59425].1 40,2885 / FPT inhibitors, FT1-275, Flase
(Raml} Schizosaccharomyoes 6. Te-16 inhibitors, o-hydroxyfarnesyl-
ponile phosphonic acid, 1.-744 382,
manumycin (Calbiochem™)
GGTase 1 [f-subunil 5030 NP 5041421 51471% 7 GGTIE28T, GGTI-297, GGTT-2133,
(Cded3) Schizosaccharomyces B.oe-11 GGTI-2147 (Calbiochem™)
pombe
Commom -subunil 1926 NP 50935181 4072267
of Flase and Schizoraccharomyces 5Te-18
GG Tase] (Ram2) pombe

PRAEST = Pamcoccidicides Drasilienses assembled expressed sequence tag.

. meaformans, and other filamentous fungi { Andriole, 2000; Wills et al., 2000). Sordarins act
by blocking the elongation cycle at the initial steps of translocation, prior to GTP hydrolysis, thus
preventing the formation of peptidyl-[{3)H] puromycin on polysomes in O albicans. Elongation
tactor 3 is a soluble form required for fungal translation machinery that is absent from other
organisms, including humans, and hence a very attractive target for antifungal therapy (Wills et
al., 20003, It was also identified in the P brasiliensis transcr ptome.

Hsp

Hsps are highly conserved among ditferent organisms. Hsp90is a heatshock protein of
approximately 90 kDa thatis required for the refolding or degradation of cellular proteins upon
heat shock, and it appears to be linked to the immune response against fungal pathogens
(Matthews et al., 1998). The P brasifiensis Hap90 is differentially expressed by the pathogenic
veast phase (Felipe et al., 2003).

Geldanamycin is a benzoquinone ansamycin antibiotic produced by Sireptamveeies that
binds with high specificity within the ADP/ATP binding pocket of Hsp90, thereby inhibiting its
function. Cells lacking hsp90 functions are severely compromised and cannot progress through
the cell cyele (Cardenas et al., 1998: Piper, 2001). Despite the high conservation of Hsp90
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between yeast and humans, and the evidence that geldanamycin is not toxic to wild-type yeast
strains (Cardenas et al., 1998), development of specific antifungal inhibitors of Hsp90 deserves
attention due toits role in P brasiliensis dimorphism and pathogenesis.

N-myristovliransferase

MMT catalyses the transfer of myristate from Co-enzyme A to the amino-terminal Gly
residue of a number of cellular proteins involved in signal transduction pathways (Nagarajan et
al., 1997). This process is observed only in eukaryotic cells. Genetic studies have shown that
NMT is essential for the viability of the several fungal pathogens that canse systemic infection
in immunosuppressed individuals (Lodege et al., 1994). Comparative analysis of the peptide sub-
strate specificities of human and yeast NMT revealed distinct differences in peptide recogni-
tion, despite the high degree of conservation in the acyl-Co-enzyme A substrate specificities
(Rocque et al., 1993). These differences in peptide recognition provide an opportunity to de-
velop species-specific enzyme inhibitors that act as antifungals. Moreover, myristic acid analogs
proposed as inhibitors of NMT were tested in vitro for activity against the budding veasts 5.
cerevisiae, C. albicans, C. neaformans, and the filamentous fungus Aspereilius niger (Parang
et al.. 1996). In addition, in 1997, Magarajan et al. described the development of a potent pep-
tidomimetic class-specific inhibitor for the C. albicans NMT. In the P brasiliensis transcrip-
tome analysis weidentified the gene Nmtl, which codifies glyeylpeptide N-tetradecanoyltrans-
ferase, commonly known as NMT.

Prenyltransferases: farnesvltransferase and geranyvlgeranyliransferase

Prenylation is a post-translational protein modification process, in which there is an
addition of a prenyl group - farnesyl diphosphate or geranylgeranyl diphosphate, derived from
ergosterol biosynthesis, to the C-terminus of the protein, resulting in its correct localization to
cell membranes. This process is mediated by prenyltransterases (PTFs), such as FTase, and
GGTases [ and I1.

Prenylated proteins participate in a variety of cellular functions, such as control of cell
growth, differentiation, cytokinesis, membrane trafficking, and signal transduction. Proteins that
are prenylated include small GTP-binding proteins, lipopeptide pheromones, nuclear lamins, and
trimeric G-proteins ( Schafer and Rine, 1992). Many of these GTPases also participate in cell
signaling pathways, which are likely to be involved in the pathogenesis of C. alhicans and C
neaformans (McGeady et al., 2002; Vallim et al., 2004).

All PTFs in veasts and mammals consist of - and [-subunits. The ¢-subunit is en-
coded by the RAM?2 gene and is shared between FTase and GGTase [; the P-subunits of FTase
and GGTase I are encoded by RAMI and CDC43, respectively. In the P brasiliensis tran-
scriptome analysis, we identified all of these subunits, suggesting the ability of this pathogen to
use both PTFs in its morphogenesis, in contrast with C. meaformans, for which just the FTase
has been identified to date (Vallim et al.. 2004).

Compounds that inhibit protein prenylation have been developed and studied, as poten-
tial agents to treat human malignancies, mainly due to the observation that activated Ras muta-
tions are associated with a significant number of human cancers. Initial trials indicated that
inhibiting prenylation could result in a reduction in the growth rate of some tumor lines (Kohl et
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al., 1995), More recently, these compounds were assayed (n vitro in the opportunistic patho-
gens, O, albicans and O weaformans, to assess the effect of blocking the prenylation process
as a way to avoid differentiation and pathogenesis (McGeady et al., 2002; Vallim et al., 2004),
The results are very promising, in that prenvlation inhibitors blocked the serum-induced conver-
sion from the yeast to the filamentous form (this latter being closely related to pathogenesis) in
. albicans and impaired hyphal differentiation in C. neaformans. Moreover, the poor similar-
ity between funzal and human PTFs makes them very attractive drug tareets to be evaluated in
P brasiliensis,

SIGNALING PATHWAYS

Pathogenic organisms have co-opted conserved signaling pathways to sense and re-
spond to the host harsh conditions and to activate the genes required for vinlence and patho-
genesis. For this reason, many studies are focusing on signaling cascade components as pos-
sible targets for antifungal therapy. In our biclogical model, P frasiliensis, several signaling
pathways have been described; nonetheless, only calcineurin and TOR will be discussed below,

Calcineurin

Calcineurin, a serine-threonine specific phosphatase, is conserved among eukaryotes,
and consists of a catalytic and a regulatory subunit, which play a crucial role to maintain the
perfect homeostasis of the cell under stress conditions. This protein is activated by calmodulinin
response to increases in intracellular calcium and is required to control cell survival under oxida-
tive stress, high temperature and membrane/cell wall perturbation. Fernandes et al., 2003, this
issue, pages 216-231, have identified all components of the calcineurin-signaling pathway in the
P brasiliensis transcriptome. According to recent studies, its requirement for growth and viru-
lence-increasing properties in fungal pathogens, such as A. fungatus, O neoformans and C
albicans (Odom et al., 1997), make it a potential drug tareet. Moreover, Odom et al., 1997
proposed calcineurin as the conserved target of two immunosuppressive drugs: cyclosporin A
(CsA) and tacrolimus (FK-506), which have been isolated from bacteria and fungi, respectively.
In spite of the difference in chemical structures - FK-506 is a macrolide, whereas CsA is a
cyclic peptide, they are both hydrophobic and thought to diffuse across the plasma membrane.
FK-306 and CsA form complexes with the immunophilins FKBP 12 and cyclophilin A (CyPA),
respectively. Immunophilins are small. ubiquitous, cytosolic proteins that catalyze cis-frans prolyl
isomerization, which is required for protein folding. When FK-506 binds to FKBP12 and CsA
binds to CyPA., the inhibition of prolyl-isomerase activity is observed, as is the most exacerbated
effect: inhibition of calcineurin signaling through the binding of the drug-immunophilin com-
plexes to the regulatory subunit (Figure 1) (Cardenas et al., 1998). FK-506 and CsA analogs
have been described that are specific for fungal calcineurins and alse do not cause immunosup-
pression (Odom etal., 1997),

TOR

TORs are phosphatidylinositol kinase-related proteins known as key regulators of cell
growth in response to nutritional and mitogenic signals and as targets for the immunosuppres-

Geneties and Molecular Research 4 (20 430-440 2005 www. funpecrp.com.br

263



ALC, Amaral el al. 442

sive and anti-cancerous dimg rapamycin. Rapamycin or sirolimus bind to the immunophilin re-
ceptor, FKPB, and the complex rapamycin-/&pb binds to the Tor protein, blocking signal trans-
duction and arresting cells in G1 (Figure 1) (Brown and Schreiber, 1996). Rapamycin also
blocks filamentation in a number of important human and plant pathogens, and its mechanism of
action is conserved among eukarvotes, A recent study performed by Steinbach et al. (2004)
reports in vitre and {n vive rapamycin activity against A, fumigatus, C. albicans, C. neofor-
meres, and S, cereviviae (Singh and Hedtman, 20043, The rapamycin target TOR protein was
found in the P brasiliensiy transcriptome, as well as the downstream components of this path-
way {(Fernandes et al., 20035, this issue, pages 216-231). The antimicrobial properties of less
immunosuppressive analogs of rapamycin hold promise for the development of an effective

antifungal therapy (Dickman et al., 2000).
Immunophilin
Drug inhibitor
% L

Target

b 4 ¥
s
+ Sy
l * T Abolished
Cell survival under stress: Ceell growth and proliferation ,;_-,_.|!“|.ﬂ!.
oxidative, high temperatune, activities
membrane and cell wall
pertubation

Figure 1. Mechanisms of action of tacrolimus (FE-306), cyclosporin A (CyPA) and rapamycin ( Rap). FE-506 and CyPA
hind to the immunophiling FKBP12 and eyclophilin A (CsAjd, respectively. The formed complexes bind o the calcineurin
regulatory subunit (Cnal), thus inhibiting the transduction of signals in response o siress conditions, Likewise, Rap also
hinds to the immunophilin FKEP12, and the complex FKBPL2-Rap hinds to Tor protein through the FRB domain

(FEREP12-rapamycin-binding domain), resulting in the blockage of cell cycle progression and consequent impainment of

cell growth and proliferation cAdapted from Cardenas et al.. 1998).

CELLMETABOLISM
Glyoxylate cyele

The glyoxylate cycle is an alternative pathway that helps fungi to obtain energy. Two
key enzymes participate in it isocitrate lyase (Icll) and malate synthase (Mlsl). They are
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activated when fungus cells are phagocytosed by the macrophage, which appears to be a glu-
cose-limiting environment. The resultant fungal response is an up-regulation of enzymes that
use poor carbon sources, including lipids, to synthesize cell wall precursors (Selitrennikoff and
Makata, 2003). These lipids are metabolized into two-carbon units that are brought into the
tricarboxylic acid cycle via acetyl-Co-enzyme A. ICL1 cleaves isocitrate, producing glyoxylate
and succinate, while MLS1 catalyses the reaction of glyoxylate with acetyl-Co-enzyme A to
produce malate. These two reactions in succession bypass the two oxidative decarboxylase
steps of the citric cycle (Clemons and Stevens, 2001; Selitrennikoff and Nakata, 2003). Several
reports show the importance of the glyoxylate cycle for fungal pathogenicity (Honer et al.,
1999: Lorenz and Fink, 2002). Both genes were found in the P brosiliensiy transcriptome
(Table 4). These enzymes are not present in human cells and should be assessed for drug design
i Lorenz and Fink, 2002; Selitrennikoft and Nakata, 2003},

Table 4. Potential drug targets from cellular metabolism.

Targel PhAEST  Ortholog Percentage e-value Remarks
accession mumberf 1cdentity
organism

[socitrate lyase 1 GRS NP_OI09RT, 1 SRO200G B le-T3 Required by
(111 Saccharomyces glyoxylate cyele, up-regulated
cerevisiae in P brasiliensiy veast cells
Malate synthase 229 NP (142821 6720205 4 3e-93 Required by glyoxylate cyele
(MLS1) Saccharomyces
cerevisiae
Urease M56 MNP 5048131 814070 | 5e-6] Invelved in sporulation and
Schizosaccharamyees pathopenesis
pombe
Urate oxidase 4129 NP_58E354.1 41.315% |.Be-27 Involved in sporulation and
Schizosaccharomyces pathogenesis
pombe

PRAEST = Pamicoccidicides brasilienses assembled expressed sequence tag.
Urease

Urease is a metalloenzyme that catalyses the hydrolysis of urea to ammonia and car-
bamate. Under physiological conditions, this reaction results in an increase of pH. Many patho-
genic fungi have urease activity, among which are C. nerformans, Coccidioides immitis, H.
capsilatem, P brasiliensis (Table 43, Sporotheix sckenchil, and some species of Trichos-
poron and Aspe redllus. The first urease gene cloned from a human pathogenic fungus was that
of O immitis (Yu et al., 1997). In this fungus, the urease gene plays a role in sporulation,
pathogenesis and virulence (Cole, 1997). Urease is hy pothesized to contribute to alkalinity of the
microenvironment in which the fungus grows, mainly due to the release of ammonia and ammo-
nium ions. However, it is evident that . fmmifiy urease activity is not responsible for the total
amount of ammonia secreted during i vitro growth of the pathogzen (Mirbod et al., 2002).
Being a virulence factor in pathogens, including fungi and bacteria, and absent in humans, ure-
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ase is an important enzyme involved in the colonization of the host, and it may serve as a
potential dmg target.

Urate oxidase (uricase)

Urate oxidase or uricase is an enzyme of the purine degradation pathway that was
found in the P brasiliessis transcriptome (Table 4). It is responsible for the conversion of uric
acid into allantoin and hydrogen peroxide (Nahm and Marzluf, 1987). Functional uricase is
absent in higher primates, which excrete uric acid as the end product of purine degradation
{Elion et al., 1968; Friedman et al., 1985). Since uricase is a powerful scavenger of free radicals,
it plays an important role in protecting pathogens during macrophage ingestion (Ames et al.,
1981; Whiteman and Halliwell, 1996), and therefore its blockage may lead to their impaired
growth.

ESSENTIAL GENES

Roemer et al. (2003} developed a very efficient strategy to identify essential genes in
the human pathogen . albicany. The technique called GRACE™ {gene feplacement gnd
gonditional gxpression) is based on deletion of the first allele (C. albicans is a diploid organism)
by PCR-generated cassettes containing a selectable marker, and a tetracycline-repressed pro-
moter linked to a second selectable marker replaces the second allele. By this approach, Roemer
etal., 2003 studied 1152 genes, but only 61% (567) were confirmed experimentally to be essen-
tial in . albicans. Most of the genes are required for cellular processes such as cell growth
and division, as well as DNA synthesis. The main goal of the present study is that by this
technique it is possible to identify and validate the target in vitro and in vive, in C. albicans, an
opportunist diploid pathogen with no obvious sexual cyele, which impairs classic genetic analy-
sis. Based on the similarities with our biological model of interest, P brasiliensiy, the GRACE™
strategy is a very promising way to screen for essential genes and further develop novel thera-
pies against paracoccidioidomycosis. In our analysis, we have decided to search for the .
albicans essential genes in the P brasiliensis transcriptome; we identified 15 genes, such as
alg? (UDP-N-acetylglucosamine- 1-phosphate transferase) and secl4 (phosphatidylinositol/
phosphatidylcholine transferase). Though they are present in P brasiliensis, Turther studies
such as knockout or GRACE experiments, may confirm their true importance in this organism.

CONCLUDING REMARKS

We have explored different possible targets for the development of alternative drug
therapies against P brasiliensis. Some of the potential targets discussed here, which are fun-
gus-specific and have been dissected as promising targets for the majority of fungal pathogens,
were identified in our P brasiliensiy transcriptome analyses. Targets present in both host and
pathogen should not be discarded due to the possibility to explore their differences, as is the case
for Topl. Since current therapy is aimed at targets related to plasma membrane biosyvnthesis of
both fungi and mammals, the espective drugs appear to be specific for the fungal enzymes.
Bearing this in mind, the refinement of current antifungals is a great option to develop new
specific therapies. One source of potential targets that was recently proposed by Roemer et al.
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{2003} is the identification of essential genes.

Our comparative study was made possible by the P brasiliensis transcriptome-se-
guencing project, which has enabled us to compare and validate targets described in other
pathogenic organisms with the expressed sequence tags found in our database. Together with
the great advances in understanding fungal pathogenesis, the development of methods for screen-
ing in combinatorial chemistry libraries and improved molecular modeling computational pro-

grams, the molecular revolution holds new promises and perspectives in the newly born field of
antifungal design.
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Abstract

Background: Mycalium-to-yeast transition in the human host is essential for pathogenicity by the fungus Paracocadioides
brasifiensis and both call types are therefore critical to the establishment of paracoccidioidomycosis (PCM), a systemic
mycosis endemic to Latin America. The infected population is of about 10 millicn individuals, 2% of whom will @vantually
develop the diseasa. Praviously, transcriptomea analysis of mycelium and veast cells resulted in the assambly of 6,022
sequence groups. Gene exprassion analysis, using both in slico BST subtraction and cDMA microarray, revealed genes
that were differential to yeast or mycelium, and we discussed those invelved in sugar metabolism. To advance our
undarstanding of molecular mechanisms of dimorphic transition, we performed an extended analysis of gene exprassion
profiles using the methods mentioned above.

Results: In this work, continuous data mining revealed &8 new differentially expressed sequences that were
MIPS{Munich Information Center for Protein Sequencesi-categorised according to the cellular process in which they are
prasumably involed. Tweo well representad classes were chosen for further analysis: (i) control of cell arganisation — cell
wall, membrang and cytoskelston, whose representatives were hex (encoding for a hexagonal peroxisome protein), byl
{encoding fora 1.3-Peglucosidasa) in niyceliom cells and ags (an a-1,3-glucan synthase ), cda (a chitin deacetylase} and vrp
{a verproling in yaast cells; (i) ion metabolism and transport — two genas putatively implicatad in ion transport wers
confirmed to be highly expressed in mycelium cells — isc and ktp, respactively an iron-sulphur cluster-like protein and a
cation transporter; and a pucative P-type cation pump (pet) in yeast. Also, several enzymes from the cysteine de novo
bicsynthesis pathway were shown 1o be up regulatad in the yeast form, including ATP sulphurylase, APS kinase and also
PAPS reductase.
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Conclusion: Taken together, these data show that several genes involved in cell organisation and ion metabolism/
transport are expressed differentially along dimerphic transition. Hyper expression in yeast of the enzymes of sulphur

metabolism raint

and strategies to control PCM.

ced that this metabolic pathway could be important for this process. Understanding these changes by
funcrional analysis of such genes may lead to a better understanding of the infective p

@ss, thus pl'-:-‘f'idil'lg ness’ Targets

Background

The availability of great amounts of raw genomic and
transcriptome data collected from several organisms has
prompted the development of large-scale gene expression
analysis which will ultimately help to unravel the func-
tion of many genes in diverse biological contexts. Differ-
ent approaches such as cDOMA microarrays [1-3), in silico
ESTs subtraction [4,5] and serial analysis of gene expres-
sion - SAGE [6,7] are widely employed to assess differen-
tial gene expression patterns leading to the discovery of a
great number of genes that are over or under expressed in
each physiological context. The successful use of the
cDNA microarray approach in fungal pathogens such as
Candida albicans [8-13), Histoplasma capsulatum [14] and
Cryptococcus neoformans [15] has resulted in the identifica-
tion of genes involved in cell viability and opened new
experimental perspectives to understand host-parasite
interactions and thus develop new therapeutic
approaches to systemic mycoses [8,11].

Paracoccidioidomycosis  (PCM) s a human  illness
endemic to Latin America [16]; its area of incidence
spreads non-uniformly from Mexico to Argentina [17],
heing higher in Brazil, Venezuela, Colombia and Argen-
tina [18,19,15]. An estimation for Brazil points to an inci-
dence rate between 1 and 3 and a mortality rate of 1.4 per
million [20]. McEwen e al [21] reported an overall
infected population of 10 million individuals in Latin
America, 2% of whom will eventually devel op the disease.
In nature, another important mammalian host s the
armadillo Dasppus novemcincius [22]. PCM affects the skin,
Iymph nodes and various internal organs, incduding the
lungs —where it causes granulomatous processes — and the
central nervous system [19,23]. 1ts clinical presentations
range from a localised and benign disease to a progressive
and potentially lethal systemic infection [24]. The disease
is more frequent in adult males, who account for up to
0% of all cases. Healthy rural worlkers are the main tar-
gets, but PCM affects immunosuppressed individuals as
well [25,26], including as much as 30% of AIDS patients
[27]. All patients from whom the fungus is isolated must
be treated and, in spite of new antifungal drugs, pulmo-
nary fibrosis is still the most frequent sequel. The outcome
of infertion depends on several factors, including host
responses and the virulence of the infecting isolate.

The causative agent of PCM, the thermo-regulated dimor-
phic fungus I brasiliensis, is believed to be a free-living
mycelium saprobe that undergoes transition to the yeast
pathogenic form upon temperature change from the envi-
ronmental 24-26"Cto the mammalian body temperature
of 37 °C. This switch is necessary and sufficient to trigger
morphotype interconversion in eitro, which makes this
fungus an interesting model to study fungal cell differen-
tiation at the molecular level. The biochemical events reg-
ulating dimorphic transition in P brasilisnsis are yet
poorly defined, although relevant maolecular-level infor-
mation on this process has been partially described in the
transcriptome analyses of two different P brasiliensis iso-
lates [28-30].

The exact ecological niche of this pathogen is still
unknown [17], but P. brasiliensis can be retrieved from the
soil. The fungus Penicillium mameffei is greatly similar in
that it is a human opportunistic pathogen that also under-
goes thermally-controlled  dimorphic transition upon
infertion, can also infect a wild mammal (the bamboo
rat) and has an yet unknown natural reservoir. Genomic
data provided evidence that, in the case of . mameffei, the
fungus may have a sexual stage as a free-living organism
[31].

Phylogenetic analysis of members of the order Onygen-
ales demonstrated a close relationship of P brasiliensis
with the pathogenic fungi Blastomyces dermatitidis, Emmon-
sig parva and Histoplasma capsulatum [32] P brasiliensis
can be fitted with 5. dermatitidis and £, parva in the family
Onygenacea |33]. Recently it was reported that P brasilien-
sis 15 in fact a complex of at least three dosely correlated
phylogenetic species [34]. So far, the sexual phase of the
ascommycete I brasiliensis was not reported limiting our
knowledge about the mechanisms that contribute to its
dimorphism, pathogenicity, and virulence. P. brasiliensis
isolates shows chromosomal polymorphism; it contains
4-5 chromosomal DA molecules with molecular sizes
ranging from 2-10 Mb [35,36]. The genome size was esti-
mated to be around 30 Mb [37] and DNA sequencing of
~ 50 Kb revealed a density of one gene per 3.5-4.5 Kb,
supgesting a total of 7,500-9,000 genes [38].

Recently, our group analysed the transcriptome of the

Pbi1 isolate, represented by a set of 5,022 dusters. The 16
genes that were then found to be differentially expressed
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by both methods used - in silico EST subtraction and
cDNA mictoarray - were categorised by fundion. We
chose to discuss in that work those that were involved in
core metabalic pathways such as sugar metabolism [28].
MNow, continued overlap analysis from raw data revealed
i new genes that are differentially expressed in one or
other morphotype. Upon categorisation by known data-
bases we have selected two MIDPS [39] classes, which were
chosen to be confirmed by northern blotting. Here we
present the result of this extended analysis, and discuss
the putative roles the differential genes - related to cell
organisation and ion metabolism and transport - play in
the corresponding morphotype of this pathogen. One of
the discussed pathways — de woro cysteine synthesis from
inorganic sulphate, a branch of sulphur metabolism - was
almost entirely up-regulated in the yeast form. The impor-
tance of sulphur metabolism to the life opcle of patho-
genic fungi has been extensively reviewed elsewhere
[40,41] and recently new data from microarray experi-
ments have arisen from work in M. capsulatum that sup-
port a role of organic sulphate in the maintenance of the
yeast phase[14]. Ina previous report [42], theimportance

hitp:/fwwww biomedcentral.comy1471-2164/7/208

of organic sulphates to the growth and differentiation of
P brasiliensis was assessed. This phenomenon demanded
further investigation and prompted us to assess up- and
downregulation of sulphur metabolism genes in myc-
eliuvm and yeast cells and also dimorphic transition in
both directions without inorganic sulphate as a sulphur
source. We have thus found that this compound is unnec-
essary for the process.

Results and discussion

Differentially expressed genes identified by in silico EST
subtraction and ¢cDNA microarray

Comparative gene expression profiling in dimorphic
fungi can reveal key proteins involved in commitment to
differentiation and gene regulation. From the 66 new
PhAESTs (It brasiliensis assembled expressed sequence
tags) identified in this work, thineen of which correspond
tor up-regulated genes in mycelium and ffty four which
are differential for yeast cells (Tables 1 and 2). This set
complements the one generated previously [28], which
included 16 genes that were differential by the same over-
lap analysis and also 30 genes that were differential

Table I: Mycelium up-regulated genes identified by in silico ESTs subtraction and cDMNA microarray.

PEAEST ACESEjon Annotated function Mumber of reads  P-value®  Fold change  Accession Mumber/Best- Functioral
Mumbers hit o rganism/E-value categories
{GenBank)
M b
W2 CABB032 | 3-bem-plucosidase 7 2 0.036942 123 AALDPA28. I/C mmitis/ Control of
1.0E-132 cell
organization:
Cell wall and
membrane
2155 cALeaan?  Peroxisomal membrane T [} 0.004174 1.4 EAL8844%9. 1A, fimigatus'
protein PEX1E (percxin-16) 3.0E-64
186 CAGBI0AS  HEX 13 a 0.045272 34 EALS 17 16, LA, fmigatus'
3.0E-66
2496 cALRAsIg  Iron-sulphur cluster nifl-like 5 | 0.048854 1.7 EALZ011 1. 1A, fimigatus' lon transport
protein 8.0E-58
4179 245816 Pom@ssium transporter [t} | -b 5.2 CAANBE 14 |N. crossa’
protein 4.0E-22
1420 CH247275 U small nuclear 9 | 000526 l.& EALY 1268, L&, fimigatus’ Transcription
ribonucecproten =]
e CASE2332  Methyltransferase ¥l | 0.000000 2l EALB4ST 5. [, fmigatus' Others
1.0E-56
2096 CAGBI 148 Unkown 20 | 0.000006 5.6 -
514 CABBIA22  Unkown 15 | 0.0001 38 234 -
1045 CABR| 95 Unkown 13 2 0.001749 24 -
1178 CH24724 Unkown 10 4] 0.000535 a5 -
1664 CM247283  Unkown 10 3 0.01 8648 25 -
TFDR = 4.8% and Q-value < 5%,
o kot significant by Audic-Claverie's method,
Up-regulated genes confirmed by northern blotting.
Mot assayed by cOMA microarray but confirmed as up-regulated in mycelium by northem blotting
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Table 2: Yeast up-regulated genes identified by in silico ESTs subtraction and cDMNA microarray.

PBAEST Acession Anroated function Mumber of reads  P-valuet Fodcharge Accession Mumber/Best-hit Furctioral categories
Mumbers organism/E-value
{GenBank)
M f
1422 CARB| 980  Alpha-l, 2-mannosyltransferase (&gl 1) 4 Il 0.019303 20 EALBB400.1JA. fumigatus/| OE-1 30 Contral of cellular organization:
Cell'wall and membrane
4588 CH253e Alpha | 3-glucan sy nthase* - | - 57 AAVEREID /P brwiliensis'4. 0E-S3
2162 CH2IBI53  PuEtive WW domain protein (probtable membrane 4 12 0013092 16 EALBEET 6. 1VA fumigats/60E-17
protein)
136 LAatg2283 Iwolvedin oytoskeletal organization and cellular grow th 4 10 0029289 4.0 P Q1344 IF 5 cerevisioe’2.3
{werproling®
&6T CARRIINT  Adenylylsulphate kinase 3 8 0.038%4 9 21 EAL0409.1/A. fumigatus/| 0E-88 lon transport and metabolism
48 LALRIA9]  ATP-sulphurylase ] k] 0.023038 4.8 EAL2 | 5. VA, frmigatus/0.0
2031 Latglard  Outer mitochondrial membrane protein porin | 14 0.000207 1.3 P 323644 N, arassa’ |LOE- 108
724 CASRI 633 P-type Cu(2+) trarsporting ATPase* [u] | -b 1B MP_ 005854, |15 cerevisiae’ | TE-20
635 CM247313  ATP citrate lyase | 7 0.014984 1.9 EALBAY 5. 1/A. firmipatus/ 0.0 Energy
2006 242578 ATPase inhibitor: Inhl 2 14 0.000835 r MP_01 0100 175 cerevisios’4.0E-08
563 CASR3I987  Cytochrome o adidase subunit VI I 43 0.000002 21 AATTT |47 VP, brasiliensis' 3.0E-26
2358 LR24T0s  Disulfide isomerase E] a 0.038%4%9 21 EALZ1387. VA, fimigatus’ 3. 0E-61
540 L4088 Cytochrome C oxidase biogenesis protein 4] 5 LXOLTRN 1.8 HP_214182. 7R norvegias’ | OE-06
578 CanpElr  Pyruvate delydrogenase el component beta subunit 2 7 0033994 1.6 EALBEER 6. 1VA fumigats2 DE-53
407 CALB3I3ET  Succinyl-CoA synthetase alpha subunit ) 1% 0.004468 26 EALR198.1/A. fumigatus/ | OE-155
284 CR239028  Ubiquinol-ortochrome © reductase comples 0 4 0.03047 5 1.5 EALPO680. VA, fimigatus/7.0E-2%
ubiquina nE-binding protein QP-C
ara CASBOBAT  Argininosuccinate synthase 4] B 0007492 1.7 WP 229577, 1T, mantime’4,0E-TT Amino acid metabolsm and
transport
1&la LARAIEIS  Aromatic-L-aminoc-acid decarboscy lase | EE] 0.00000 7.2 EALB&SOR. VA, firm igatus’ 0.0
125 LARR3R2E  Glycine cleavage system h protein 4 9 0.042192 1.4 EALSOS3T. VA, fim ipatus/ 6.0E-36
1674 cAaar4  Adobse 5 14 0010368 EFR- AALI4519. /P brasiiensis0.0 Ccompound and carbo hydrate
metabolism
42 LASRIESS  Phosphoglycerate kinase | 10 0.002512 26 EALSO2 63, /A, firm ipatus’ 0.0
E Langlgss Bem-ketoacyl srnthase (Cem 1) | 5 0045709 22 EALBT 667 VA, fim ipatus/ | OE-88 Lipid, fatty-acid and isoprenoid
metabolism
7a0 CASE] 45  GPR/FUM34 family protein 0 I 0.000225 149 EALBT50 2. VA, fimigatus/6.0 E-67
k= LARRIRE0  Acetyl-coerzyme A synthemse (AcemtE— CoA ligase) | 9 0.004605 2.0 EALBRER 2. VA, firm igatus/ 0.0
(Acyl-activating enzyme)
1550 ZALE?E18 MADH-ortochrome bS reductase a ] 0.007492 54 EALBAEI &4. /A, fumigatus/ | 0E-86
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Tahle 2: Yeastup-regulated genes identified by in silico ESTs subtraction and cDMA microarray. (Continwed)

300 Muec leoside diphosp hat e kirese & 58 Q00000 | & AAPBEISE. VA fumpats2 DE-67 Fuclestide me@baolism
54T &, 7-dimet byl -8-ribityl lumaz ine synthase ] 6 0.007492 | 4 AADESITLA. fimigatus/D.0E-56 Metabolism of vitamins, cofactors,
and prosthetic groups
924 Coproparphyrinogen 1l cxidase 2 7 0033994 27 EALBB456. VA fumigahs/00
aa7 MADH pyrophosphatase | 5 0.04570%9 57 EALBES6 9. VA, fumigatus/| .OE-159
| 490 Pyridazamine 5'-phosphate oxidase a 10 0.000453 15 AMAC2EB621/5, commumea/2.0E-32
447 MADH: ubiquinon e coti doreductase B 18 subunit I 10 0.0025 12 1.4 EALS21 %5 /A, fimigatus'9.0E-33
488 Exonuclease |1 I 5 0.045709 1% EALBS23. 1A, fmigatus’ |LOE-138 Transcription, ranslation and
ribkosome structure
165 RMP domain protein 3 13 0.003962 |.8 EALBSOFOI/A. fumigatus/5.0E-81
2436 Splicing factor u2af 35 kd subunit 2 7 0.033994 .5 EALBE523. VA, fimigatus |.OE-103
253 Zinc finger, CIHCH type 0 5 0.015111 1.4 MP_ 593329, /5 cerevisioe’ 3.0E- 10
551 Ribocsomal protein L35 5 10 0044755 - AALOBSA3. /P brasiiensis’| . OE-63
9re 606 ribosomal protein LF/LI2 precursor | a8 00083 58 13 EALSFE13.1VA fumipahs/4 0E-47
175 Complex | intermediatE-associated protein ClA.30 4 15 0.003399 56 EAL92%46.1/A. fumigats/| .OE-114 Protein fate and Secretion
precursor
a3z Glutathione § ransferase | 7 0.014984 0 MP_S8817 1. I/ 5 pombe/7.0E-42
2387 Manclhssical export protein (Moal § | ¥ 0014984 55.6 EALST256.1/A fumigats/| DE-29
1823 Frofilin | 5 0.04570% 1.3 MP_O14765.1 /5 cerevision’8.0E-14
4laa Mating type protein (MAT -2 | 1] a0 EALBSTO7. VA, fimigatus/ 2.0E-36 Mating Ty pe
50 Cu-Zn superadide dismu @sE-related* 4] ] 0.000842 21 CABSTFIST . UM, grassa’3L.0E-30 Yirulence and oxidative stress
2059 Ribcsome assodated protein (5tml) & 31 0.000007 1.7 EALS248 5. /A, fim ipatus/ 2.0E-32 Cithers
2005 Sigral peptide protein | & 0026442 13 EALZ3249.1/A fumigatis/7 OE-68
EF] Unknown ] ] 0.007492 iy -
3 Unknown ] 8 0.001842 3l -
1442 Unknown 3 16 0.000836 4.5 -
1399 Unknown | 5 0.045709 2.5 -
512 Unknown 1] ] 0007492 43 -
6% Unknown 1] 7 000a7Is .7 -
7la Unlnown ] & 0.007492 |.8 -
765 Unknown ] 10 0.000453 19 -
529 Unknown | 5 0.04570% 8.8 -

aFDR = 48% and Q-walue < 5%,
B ot significant by Audic- Claverie's method.
* Up-regulated genes confirmed by nor thern Blottng

Mot assayed by cDMA microarray but confirmed as up-regulated in yeast by northern blotting.
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according to in silico EST subtraction alone. MIPS func-
tional categories [43] were used to classity the 66 PhAESTS
into 14 major groups (data not shown). Gene categorisa-
tion revealed some that are involved in energy producion
(11%) - this was expected considering the adaptation
process that is required for the mycelium-to-yeast transi-
tion; control of cell wall organisation (10%); ion metabo-
lism and transport (8%9); transcription, translation and
ribosome structure (8%); virulence and oxidative stress
(4%%). Manual annotation under stringent criteria of
sequence alignment with other dimorphic fungi gene sets
allowed us to ascribe a putative biological function to
many of those genes. The genes that belonged in two cat-
egories — cell wall organisation and ion metabolism and
transport — were selected for confirmation by northern
blotting,

Mycelium and yeast up-reguiated genes involved in cell
organisation

The hex and bel genes, which code for the hexagonal per-
oxisome protein and 1,3 B-glucosidase, respectively, were
up-regulated in mycelium cells and are categorised as
involved in cell wall, membrane and cytoskeleton organi-
sation (Figure 1a). The hexagonal peroxisome protein has
been identified in different filamentous ascomycetes such
as the plant pathogen Magnaporthe grisea [44] and in New
rospora crassa [45], being the major protein of the
Woronin body, a septal pore-associated organelle [46,47).
HEX1p has been shown to seal septal pores in response to
cellular damage and is strongly implicated in cell integrity
maintenance [45]. In M. griseq, hexl mutants present
delayed host penetration and subsequent disruption of
invasive hyphal growth in plants. Inability of these
mutants to survive under nitrogen starvation in vitro has
also been observed [44]. Deletion of hex! in M. crassa
eliminates Woronin bodies from the oytoplasm and
results in hyphae that exhibit a cytoplasmic-bleeding mor-
photype in response to cell lysis [45]. 1t was thus proposed
that the Woronin body represents a new category of per-
oxisome acting in the maintenance of cellular integrity
and virulence in filamentous fungi [45]. We hypothesise
that these highly specialised wvesicles are involved in the
protection of P brasiliensts against cellular damage as well
as its survival during invasive growth and host colonisa-
tion in the process of infection. Future investigations are
recquired to elucidate the role of Woronin bodies/HEX1
protein in P. brasiliensis.

Another mycelium up-regulated gene codes for p-1,3-glu-
cosidase, an enzyme that hydrolyses the O-glycosidic link-
ages of f-glucan. This polysaccharide is an important cell
wall constituent in P, brasiliensis mycelium cells in con-
trast with ce-glucans, which predominate in the yeast cell
wall [48]. A hypothesis formulated by Kanetsuna et al.
[49] and modified by San Blas and San Blas [50] explains

hittp-ffveeew biomedoentral. comi 14 71-21684/7/208
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Figure |

Morthern blot analysis of mycelivm and yeastup-reg-
ulated genes of P. braosiliensis. Toml RMaA samples from
both vy calium (M) and yeast {Y) were blotted onto nylon
membranes and hybridised against gene-specific radiclabelled
probes: {a) Contrel of cell organisation: hex — Hexagonal
percxisomsa protein, bgl —1.3 beta-glucosidase, ags — alpha

| 3-glucan synthase, cda— Chitin deacetylase, vrp — Verproling
(b) lon transporters: isc —lron-sulphur cluster-lilke protein,
ktp — Pomassium transporter, pa — Putative P-type Cui2+)
transportng ATPase; {e) Sulphur metabolism: chs — Choline
sulphatase, ats — ATP sulphurylase. The constitutive 805
ribosomal protein L34 was used as a loading control.

the differentiation from mycelium to yeast and vice-versa
based on a change on cell wall composition. At 37°C,
there is an increased synthesis of chitin and e-glucan, and
low levels of B-glucan, which results in the yeast form. In
contrast, at 227, c-glucan synthesis occurs at low rates
and long f-glucan fibrils are formed in the budding spots.
In keeping with these morphological and biochemical
events, 1,3-B-glucosidase increased levels are correlated to
the shift to the mycelium phase.

Other three genes coding for proteins from the same cate-
gory were confirmed to be up-regulated in yeast cells: ags
(-1,3-glucan synthase), cda (chitin deacetylase) and vrp-
verprolin (Fig. 1a). The P. brasiliensis 1,3-c-glucan syn-
thase gene was first described by Pereira et al. [51].
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Recently, it was demonstrated that it is strongly up-regu-
lated in yeast cells [28,52], which was confirmed in this
work by northern blotting analysis. Rappleye et al. [53]
silenced the 1,3-o-glucan synthase gene in H. capsulatum
and demonstrated that -[1,3)-glucan is an important vir-
ulence factor and affects the ability of H. capsulatiom to kill
macrophages and colonise murine lungs. In C. neoform-
ans, mutants for 1,3-um-glucan synthase failed to assemble
the capsule, which is an important virulence factor of this
pathogen [54]. Morphogenetic transition is the essence of
P. brasiliensis life oycle: for instance, low levels of «-1,3-
glucan in the cell wall of the yeast form have been corre-
lated with low virulence [55]. Virulent cultures of . brisil-
iensis isolates grown 1w vitro for long periods have thinner
cell walls, low @-1,3-glucan levels and are consequently
less virulent [56]. Our results suggest that c-glucan syn-
thase is involved in the dimorphic transition of P, brasil
iensis and possibly in its virulence. The cell wall is an
essential and dynamic fungal structure that has been
implicated in several pathogenic processes. Being absent
in mammalian cells, it may be a relevant target to drug
therapies. Inthis context, the gene that encodes e-1,3-glu-
can synthase was demonstrated to be a virulence factor
using RNAL approaches in Cryptococcis neoformans [54]
and H. capsulatum |53 ], and seems to be an ideal target for
new antifungal drugs. In P brasiliensis glucan polymers
constitute 95% of yeast cell wall [49] and thus any inter-
ference in cell wall synthesis through glucan synthases is
likely to affect virulence directly.

Chitin deacetylase enzyme [CDA) catalyses the conver-
sion of chitin to chitosan by deacetylation of N-acetyl-D-
glucosamine residues. Chitosan is a flexible, soluble paly-
mer that integrates the cell wall of some fungi, such as S
cerevisiae |57 ] and C. neoformans [58]. In 8. cerevisiae, chi-
tosan is only found during sporulation [59]. The molecu-
lar characterisation of two sporulation-specific chitin
deacetylase genes, CDAT and CDA2, both of which con-
tribute to spore wall rigidity, was described previously
[59]. In 8. cerevisiae, cdal mutants present a more diffuse
chitosan layer, while their surface layer remains intad. In
caa? mutant cells, by comparison, the chitosan layeris not
detected at all. In the spore walls of cida ! and cda2? mutants
hoth outer layers are missing due to defects on wall matu-
ration. However, in C. neoformans, a study reported that
chitin is present in the yeast cell wall and most ofit is con-
tinually deacetylated to chitosan. Mutants for chitin
deacetylase show suppression of growth due to the lack of
chitosan and therefore have a reduced infedtion capahility
[58]. The same study hypothesized that this constant
remodelling of the cell wall contributed to cellular integ-
rity in this fungus. In P. brasiliensis, we identified a highly
expressed cda gene in yeast cells that presents similarity to
the C. neoformans. If the C. weaformans model is closer to
what is found in P brasiliensis, then chitin synthase and

hittp- e biomedcentral com/1471-2164/7/208

chitin deacetylase may be potential targets to antifungal
therapy.

Verprolin is required for a fully polarised distribution of
cortical actin patches and viability at high tempermature.
This is the first time that verprolin is described in 1. brasil-
iensis, a pathogen that has as an intrinsic characteristic the
ability to grow at the human body temperature, 37°C. The
inability of vrp-1 mutants to grow at 37 °C was reported by
MNagvi et al. [60] in the non-pathogenic yeast 5. cererisiae.
Likewise, we hypothesise that verprolin is involved in the
ahility of P. brasiliensis to grow at 37°C and in cell
oytoskeleton organisation since this gene is over expressed
in yeast cells. Considering that the adin oytoskeleton
plays a crucial role on fundamental processes such as cell
growth, differentiation and migration, localised mem-
brane growth, endocytosis, and cell division [61], this
protein is likely to play a key role in cell maintenance and
viability of I*. brasiliensis inside the host cell.

Mycalivm and yeast up-reguiated genes involved in ion
metabolism and transport

Two genes putatively implicated in ion transport were
confirmed to be highly expressed in mycelium cells: isc
and ketp, an iron-sulphur cluster protein and a cation trans-
porter, respectively. In contrast, a putative P-type cation
pump (i) was up-regulated in the yeast form (Figure
1b).

It has been reported that the [SC protein is responsible for
mitochondrial uptale of iron and seems to monitor the
ovtoplasmic levels of this ion. In 5. cerevisiae, the double
knock-out of the homologues ISUT and 1SU2 is lethal.
Detective mutants are distinguished by iron accumulation
in the mitochondrial matrix and its respective decrease in
the cytosol [62]. In & neoformaws, complementation,
cloning and sequencing of such genes has recently been
accomplished [63]. It has long been hypothesised that
iron is a limiting factor for infectivity during cryptococco-
sis as well as in other systemic mycoses, in that the host
normally provides only limited amounts of this com-
pound. Arango and Restrepo  [64]demonstrated  iron
availability to be essential for growth of mycelium and
yeast of . brasiliensis; but especially for mycelium, whose
growth was totally prevented by the addition of the iron
chelator phenanthroline to the mediom, an effect
observed only to a lesser extent in veast. The effect of
phenanthroline was reversed partially in mycelivm and
totally in veast by addition of excess iron. This is in good
agreement with the overexpression of the 15C protein in
the mycelial phase. In P, brasiliensis it could be involved in
monitoring the amount ofiron in the environment and in
providing a means of storage of this metal.
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The kip sequence from P brasiliensis aligned best with
potassium transporter proteins of the HAK family, which
are mainly implicated in the resistance to potassium star-
vation. In N, crasse, the closest homolog of 1. brasiliensis,
KTT* coexists with another potassium transporter of the
TRE family [65]. It has been hypothesised that soil organ-
isms are universally equipped with a powertul K+-concen-
trating apparatus, as these organisms are faced with a very
diluted and variable environment, thus being forced to
pump potassium in against a steep gradient [65]. This is
likely to be the case of P brasiliensis, whose ecological
niche for the mycelium form is thought to be the soil.

Another yeast up-regulated gene is pet, a putative member
af the E1-E2 (P-type) family of ATPases. These are ATT-
dependent proteins which regulate transmembrane flow
of all relevant cations, including Na+, H+, Mg, Ca,
Cd2+, Cu+ and K+ [66]. In C. albicans, the E1-E2 ATPase
gene, CDRT, confers resistance to both copper and silver,
the latter being used as an antimicrobial agent [67]. A sim-
ilar function could be attributed to the P. brasiliensis pet
gene, although alignment data are insufficient to identify
which cation this protein transports.

Sulphur metobolism
Several enzymes from the cysteine de nowe biosynthesis
pathway (Figure 2) were shown to be up-regulated in the
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yeast form of P. brasiliensis. Our previous analysis [ 28] had
already confirmed over expression of paps reductase (the
third in the pathway). In silico EST subtraction and cDNA
microarray showed yeast up-regulation for atp sulphury-
lase and aps kinase; the former was confirmed by north-
ern blotting (Figure 1¢). Thus, we can strongly suggest that
the yeast form synthesises cysteine adtively from inorganic
sulphate.

In order to reinforce these data, we have evaluated the
importance of inorganic sulphate to growth and differen-
tiation. Auxotrophy of P brasiliensis yeast for several
sources of organic sulphate — including cysteine itself and
sulphydrylic compounds - has been reported before [42].
It was concluded then that omganic sulphate deprivation
suppressed growth in the yeast phase and prevented mye-
elium-to-yeast differentiation, whereas the mycelial phase
is ahle to grow on either inorganic or organic sulphur
[68]. Also, the saprophytic, mycelial form of H. capsulatum
is prototrophic while the pathogenic yeast form requires
cysteine [69]. It has been reported that exogenous cysteine
is required for both yeast phase growth and morphologi-
cal transition from myceliuvm-to-yeast of H. capsulatum
[41,70]. In this worl, both mycelium and yeast cells of I’
brasiliensis were incubated in modified MVM medium
without inorganic sulphate, apart from the negligible
amounts present in the trace elements solution. Dimaor-

ATP 1, APS PAPS
sulphurylase kinase * reductase
SO* APS ——— > PAPS ———» S0O,” —---— Cysteine
Choline Choline
Choline sulphataseT f

Choline
sulphotransferase **

Choline-O-sulphate

Figure 2

Up-regulated genes encoding enzy mes from the cysteine de nove biosynthesis pathway. Arrows indicate erzymes
identified as up-regulated both by in silico subtracton, ¢<DMA microarray and confirmad by northern blotting ex pariments. ()
enzyme identified as up-regulated by both in siico subtraction and cDMas microarray but notassayad by northern blotting, (%4)
indicatas an erzyme not found in the transcriptome of P. brasiiensis.
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phic transition was assessed in the mycelium to yeast
direction and in the opposite way.Sustained growth was
observed for both morphotypes (data not shown) and,
upon the coresponding temperature shifts, differentia-
tion was successfully triggered in both directions (Figure
3). Thus, inorganic sulphate seems to be unnecessary for
the transition, quite contrarily to omganic sulphate. In this
context, it is interesting to consider a branch of the
cysteine bhiosynthetic pathway (Fig. 2). In fungi and plants
a fraction of PAPS, which is towic to fungi itit reaches high
cytosalic levels, is used by choline sulphotransferase to
produce choline-O-sulphate [40], which serves as an
osmoprotectant and cytosolic sulphur store in these
organisms. We have not found a homologue of choline
sulphotranferase in . brasiliensis to date, but the enzyme
choline sulphatase, which degrades its product to choline
and sulphate, is also over expressed in the yeast morpho-
type, as confirmed here (Figure 1c) and previously
reported [52]. The C neoformans met3 mutant, which lacks
ATT sulphurylase activity, had a substantial defect in mel-
anin formation, significantly reducedgrowth rate, and
greatly increased thermotolerance. In the murine inhala-
tion infection model, the met3 mutant was avirulent and
was deficient in its ability to survive in mice [71]. In this
context, disrupting the genes encoding choline sulphatase
or ATP sulphurylase in 1. brasiliensis should reveal its role
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Figure 3

Disappearance of yaast calls
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in the growth, maintenance of yeast cells and pathogenic-
ity of this fungus. It is interesting that another intracellular
pathogen of humans, the bacterium Mycobactermum tuber-
culosis, depends on sulphur compounds for expression of
its full virulence, drug resistance and overall survival
inside the macrophage. It has developed a very efficient
sulphate activation pathway (8AC) that ensures constant
synthesis of PAPS at high rates, from which sulphate may
be distributed to other synthetic pathways [72]. The SAC
includes the bacterial counterparts of ATP sulphurylase
and APS kinase, the latter of which performs PAPS synthe-
sis by coupling it with GTP hydrolysis by a GTPase that is
also present in SAC. Whether similar mechanisms are
present in pathogenic fungi such as P brasiliensis remains
to be investigated.

Conclusion

Taken together, these data show that several genes
involved in cell organisation and ion metabolism,/trans-
port are differential in their expression along dimorphic
transition, which 15 in accordance with the proposed
maodel for this process in Figure 4. While c-glucan is syn-
thesised during yeast phase due to high expression of 1,3
c-glucan synthase, B-glucan is degraded by the action of
1.3 p-glucosidase during hyphal growth. The cda gene is
probably involved in the cell wall synthesis of yeast cells,

80 ¥Y—>M
70
60 |
50 1 [l @ 0mM
ki ;j;.-nr:.q
30 O 17mM
20
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o JHR

5 6 7 8 9 10 1

Time (days}

Cell differentiation of P. brasiliensis in modified MYM medium without inerganic sulphate. The fungus was grown
in four differant concentrations of sulphate salts (0, 8, 12 and |7 mlM; the latter is the original concentration of MYM madium).
&) The appearance of y east cells was verified daily in the transition from mycelium to yeast after temperature shift o 37°C,

(B} The disappearance of yeast cells was verified daily in the transition from yeast to mycelium after temperature shifc to 22°C.
Triple samples were counted for sach time point. The coloured boxes indicate the average of the three samples and bars rep-
resant the standard deviation of the mean. As observed, the presence or absence of inorganic sulphate did not affect transition

in ither direction.
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Figure 4

Genes invelved in cell organisation (cell wall, mem-
brane and cytoskeleton}, sulphur metabolism and ion
transport Genes that were identified as up-regulated in
mycelium (22°C) ar yeast (36°C) cells of P, brasfiensis are
reprasented by black arrowheads. Electron microscopy was
parformead by Sika et al. [78].

since it is over expressed in this phase. In addition, genes
related to septal sealing and ovtoskeleton organisation
(hex and vpr) are also probably implicated in the stabilisa-
tion and maintenance of mycelium and yeast cells in the
environment and at 37°C in the human host. Also, the
differential expression pattern of genes that control
metabolism and transport of potassium, iron, copper and
sulphur ions suggests that they may influence directly the
pathogen adaptation to the host environment. Specifi-
cally, in spite of the undisturbed growth and differentia-
tion on depletion of inorganic sulphate, the owver
expression of enzymes from de nove cysteine synthesis
lends support to previous findings about the importance
of this pathway to yeast metabolism. Understanding these
changes by functional analysis of such genes may lead to

hittp:/fvewew biomedcentral. comi1471-2 164/ 7/208

a better understanding of the infective process, thus pro-
viding new targets and strategies to control PCM.

Methods

Strains and culturas

P. brasiliensis clinical isolate PhO1 [ATCC-MYA-826) was
used in this study. Cells from both mycelium and yeast
forms were grown on semi-solid Fava Neto's medium 73]
for 7 to 10 days at 22°C or 37 °C, respectively.

Overiap analysis — in silico EST subtroction and cDNA
microarrays

This wortk was based on the output of previous large-scale
expression analysis experiments, as outlined in reference
28. Briefly, we have constructed a AZAP 11" (Invitrogen)
cDMNA library from mycelivm and yeast mRNA fractions
and 5'-seqquenced the mass-excised cloned fragments with
the T7 vector primer. Raw sequence data were quality-
assessed by PHRED and assembled by CAP3, thus gener-
ating a set of 6,022 PbAESTs (singlets and contigs). For
funcional annotation of sequences we used the nr
(WNCBI) database, In silico electronic subtraction was per-
formed according to the Audic and Claverie |74 statistical
approach, with a 95% confidence rate. For cDNA microar-
ray 1,152 clones were selected and PCR-amplified for
spotting onto nylon-membranes in triple experiments.
Hybridisation against [o-331P] dCTP-labeled total RNA
from mycelium or yeast and phosphor imager signal cap-
ture were performed as in [28]. After signal quantification
and bacdkground subtraction [75], statistical analysis was
carried out with the 8AM (Significance Analysis of Micro-
arrays) method [76]. Data from both experiments were
overlapped to identify differential genes, thus generating
the set of 66 sequences we used in this worls

Morthern biot analysis

Total RNA (15ng) from mycelium and yeast cells of 1%, bra-
siliensis was separated on denaturing 1,5 % agarose gel
and blotted onto a Hybond-N membrane (GE Health-
care). Probes were radiolabeled using [c-132]dATT by ran-
dom priming according to  supplier's  instructions
(Invitrogen), purified and used in overnight hybridisation
(50% formamide, 4X 88PE, 5X Denhardt's solution, 0,1%
SDS, 100pg/ml herring sperm DNA) at 42°C. The mem-
branes were then washed under stringency conditions of
2 88PE-0.19% SDS at 657C for 1h. Signal bands were vis-
ualised using the Typhoon 9210 Phosphor Imager (GE
HealthCare).

Dimaorphic transition without inorganic sulphate

We incubated both mycelium and yeast cells on modified
versions of McVeigh and Morton's medium - MVM [77]
where ammonium and magnesium sulphate salts were
gradually replaced by their chloride counterparts, in the
fallowing chloride concentration set points: 0, 8, 12 and
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17 mM, where the first corresponds to the original recipe
and the last, to virtual absence of inorganic sulphate, apart
from negligible amounts in the trace elements solution [~
& uM). Molar concentrations of both magnesium and
ammonium were thus conserved. We have also evaluated
whether dimorphic transition occurred normally in the
medium without inomganic sulphur. To achieve this, five
flasks containing 100 ml of modified MVM were inoo-
lated with comparable amounts of mycelium (100 mg wet
mass) and yeast (2.5 = 107 cells) previously grown on
standard MVM. 3amples were incubated in rotating shak-
ers (120 rpmm ) at 36 and 22°C, respectively, thus triggering
dimorphic transition. Fungal viability and progress of
transition were assessed by serial 100 ul sampling every 24
hours (three independent samples). Each sample was cal-
oured with Janus Green and the number of yeast cells was
counted in a light microscope with the aid of a Meubauer
counting chamber.

Accession numbers
The accession numbers of the EST sequences analysed in

this work are shown in the Tables 1 and 2.

Abbreviations
ags alpha 1,3-glucan synthase

aps adenosine 5'-phosphosulphate

ais ATP sulphurylase

bgl 1,3 beta-glucosidase,

BLAST basic local alignment search tool
cda chitin deacetylase

cDNA complementary DNA

chs choline sulphatase

COG clusters of orthologous groups
e-talue extreme value distributionESTs
ESTSs expressed sequence tags

GO gene ontology

hex hexagonal peroxisome protein

isc iron-sulphur cluster-like protein
kktp potassium transporter

MIPE Munich information center for proteins sequences

hittp:/fwwew . biomedcentral.com/1471-2164/7/208

PAPS phosphoadenylyl-sulfate reductase
PhAETS P. brasiliensis assembled EST sequences
PCM paracoccidioidomycosis

pet putative P-type Cu(2+) transporting ATPase
SAGE serial analysis of gene expression

SAM significance analysis of microarrays

vrp verprolin
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Abstract

Paracoccidioiddes brasiliensis is a thermo-dimorphic fungus endemic to Latin
America, where it causes the most prevalent systemic mycosis, paracoccidioidomycosis
(PCM). DNA microarray technology has been used to identify patterns of gene expression
when a microbe is confronted with conditions of interest, such as in vitro and/or ex vivo
interaction with specific cells. P. brasiliensis is one organism that has benefited from this
approach. Even though its genome has not been sequenced yet, much has been discovered
from its transcriptome and DNA array analyses. In this review, we will outline the current
knowledge in P. brasiliensis transcriptome, with focus on differential expression analysis
in vitro and on the discussion of the genes that are controlled during the host-pathogen

interaction ex vivo in order to give insights into the pathobiology of this fungus. In vitro
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experiments enabled the delineation of whole metabolic pathways; the description of
differential metabolism between mycelium and yeast cells and of the mainly signaling
pathways controlling dimorphism, high temperature growth, thermal and oxidative stress
and virulence/pathogenicity. Recent ex vivo experiments provided advances on the
comprehension of the plasticity of response and indicate that P. brasiliensis is not only
able to undergo fast and dramatic expression profile changes but can also discern subtle
differences, such as whether it is being attacked by a macrophage or submitted to the

conditions of the bloodstream route conditions.

Introduction

The fungus P. brasiliensis is a thermally-controlled dimorphic pathogen endemic to
Latin America. It causes the most prevalent systemic mycosis, paracoccidioidomycosis
(PCM) with around ten million people infected, of which about 2% will develop the illness
[1]. PCM ranges in clinical onset from an acute infection to a chronic, disseminated form
that may compromise several organs besides its initial focus (usually the lungs). Infection
is thought to be contracted by inhalation of fungal propagules — conidia or mycelial
fragments — and is triggered by the dimorphic shift that characterizes this fungus and which
consists of its change upon exposure to the body temperature to the yeast form. It is a
primary pathogen, infecting immunocompetent hosts, and has a strong bias towards males.
The disease is fatal if left untreated and late treatment may result in disabling sequelae.

The phylogenetic classification of P. brasiliensis is based primarily on sequence
analysis. It is placed alongside other pathogenic, free-living fungi such as Aspergillus
fumigatus and Penicillium marneffei inside Phylum Ascomycota, Subphylum
Pezizomycotina, and Class Eurotiomycetes. Narrower classification puts it with

thermodimorphic Histoplasma capsulatum, Blastomyces dermatitidis and Coccidioides
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immitis inside Order Onygenales, family Onygenaceae. This classification of dimorphic
fungi has been proposed in spite of the fact that no teleomorphic stage has been yet
identified for some of them (this stage is known for H. capsulatum only). Recent progress
on phylogeny of P. brasiliensis may be reviewed in detail elsewhere [2]. One of the tasks
for the post-genomic era of P. brasiliensis will be to establish the cladistic relationships of
the fungus with other ascomycetes and trace the history of the interaction of the fungus
with animal and human hosts. This will perhaps help us to explain how it evolved to cause
paracoccidioidomycosis and the precise determinants of its virulence.

P. brasiliensis has been shown to be refractory to classical genetic analysis.
Recently, however, careful analyses have established it has a genome of 26-35Mb
distributed in four or five chromosomes [3-5]. Ploidy is not consensual; some groups have
proposed several isolates to be diploid [3, 4], whereas other have used different techniques
to propose that most isolates be either haploid or aneuploid [5]. It presents some degree of
phenotypic variability; some of them retaining the yeast form even at lower temperatures
[6]. Several isolates also differ in their ability to sporulate [7] and cause disease [8]. These
presumably reflect a corresponding degree of genetic diversity, which has been supported
by recent data [8]. Transcriptome data suggest that the fungus possess sex-related genes
[9]. Also, Matute et al. [10] presented compelling evidence of intra-specific recombination,
although no sexual reproduction has been detected to date.

Work on genetic variability of P. brasiliensis has been carried out for more than a
decade. The early works with random amplified polymorphic DNA analysis [11] had
already proved to be able to separate isolates into discrete groups. More recent work
combining sequencing and phylogenetic analyses has led researchers to postulate the

existence of at least three cryptic species [10]; the same group of researchers has also
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developed a microsatellite analysis protocol that enables the correct classification of
isolates according to each phylogenetic species [12].

The genome constitutes the informational core of all biological processes and the
study of living organisms depends heavily on our ability to access its contents. For many
decades the experimental approach consisted of isolating single genes or regulatory
elements and characterizing each one at a time by means of loss-of-function and/or gain-
of-function experiments; or by identifying effectors (proteins, cofactors or metabolites) and
studying their roles and interactions.

In keeping with the informational flow in the cell, genome has been closely
followed by transcriptome and proteome. The focus of research has shifted from looking
into single genes to understanding global processes and refined controls, including the
identification of non-coding RNAs and large-scale phenotypic screening of random
mutants [13, 14]. Non-coding sequences have attracted much interest in recent years with
the discovery and elucidation of RNA interference (RNAi) mechanisms [15]. RNAIi has
already been used as an experimental tool to characterize genes by means of loss-of-
function experiments in organisms that are refractory to common gene disruption
mechanisms [16]. None of these phenomena have been explored in P. brasiliensis and thus
a large avenue of investigation remains to be opened.

The study of pathogens and their interaction with hosts is of special interest.
Computer-aided data mining has enabled unambiguous identification of open reading
frames, and transcriptional profiling has yielded relevant information concerning
differential gene expression [9, 17]. Microarray technology, in conjunction with statistical
and experimental validation, has been used to identify patterns of gene expression —

selected according to previous genome or transcriptome information — when the microbe is

290



confronted with conditions of interest, such as ex vivo interaction with specific cells or
exposure to therapeutic agents, signalling molecules or stressors [18, 19].

The fungus P. brasiliensis is one organism that has benefited from these
approaches. Even though its genome has not been sequenced yet, much has been
discovered from the transcriptome and DNA array analyses of this fungus. In this review,
we will outline the current knowledge from P. brasiliensis transcriptome, with a focus on
differential expression analysis in vitro and how it has helped to advance research in recent
years. We have also focused on the discussion of the genes that are controlled during the
host-pathogen interaction ex vivo in order to give insights into the pathobiology of this
fungus.

The transcriptome projects and array studies of P. brasiliensis

The main global gene analysis in P. brasiliensis were performed using the EST
(Expressed Sequence Tag) approach, which worked efficiently and seemed to be a useful
method to provide the most valuable genetic information of this fungal pathogen. Felipe et
al. [9, 20] and Goldman et al. [21] reported the analysis of 6,022 (from Pb01 isolate) and
4,692 (from Pb18 isolate) assembled groups, respectively. Those first results allowed the
delineation of whole metabolic pathways, the differential metabolism between mycelium
and yeast cells and the mainly signaling pathways controlling dimorphism, high
temperature growth, thermal and oxidative stress and virulence/pathogenicity of the
fungus. Also, the transcriptome projects highlighted the importance of differential
expression genes in both phases — mycelium and yeast, the potentially related virulence
factors and possible drug targets.

Among the metabolic features generated by the transcriptome, one of the most
interesting found, is the differential metabolism between mycelium and yeast cells of P.

brasiliensis. The mycelium cells appears to have an aerobic metabolism which is suggested
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by the up-regulation of isocitrate dehydrogenase and succinyl-CoA synthetase enzymes,
involved in citrate cycle and also glucokinase, adenylate kinase, uridine kinase and
transaldolase. On the other hand, the yeast cells presented induction of genes coding
alcohol dehydrogenase I and pyruvate dehydrogenase which evidenced an anaerobic
metabolic characteristic favoring fermentation of the pathogenic phase of this fungus [9].
The differential metabolism between mycelium and yeast was reinforced by Nunes et al.
[22] studies on the transcriptional response of P. brasiliensis during the dimorphism, in
which they observed an increased expression of alcohol dehydrogenase I and pyruvate
decarboxylase genes in the differentiation process from mycelium to yeast, where almost
90% of the cells are already in the yeast form.

Marques et al. [23] and Andrade et al. [24] using the array methodology evaluated
the differentially expressed genes in mycelium and yeast cells, which in many cases are
important keys to understand the pathobiology of P. brasiliensis. Andrade et al. [24]
reported 66 transcriptional modulated genes in mycelium or yeast categorized into two
classes, the first group, cell organization includes genes involved in maintenance of cell
wall, membrane and cytoskeleton, as the mycelium up-regulated gene hex which encodes a
hexagonal peroxisome protein controlling cell integrity, and bg/ coding 1,3-B-glucosidase
involved with cell wall modification during the dimorphism. Among the modulated genes
from the yeast phase are vrp (verprolin), cda (chitin deacetylase), ags (o-1, 3-glucan
synthase). The a-1,3-glucan synthase also reported in [23] to be positively regulated in the
pathogenic form of P. brasiliensis can be easily correlated with the biology of this fungus.
The a-1,3-glucan is the main component of the yeast cell wall, and it is closed related to
the virulence due to its ability to mask the host recognition mechanism of the pathogen, as
also reported in H. capsulatum [25] promoting the fungal escape from the host defenses

which contribute to the fungal pathogenesis. The second group of genes consist those
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involved in metabolism and transport of ions. Genes that regulate the ion metabolism and
transport as isc (iron-sulphur cluster) and kpt which is related to potassium availability
were positively regulated in mycelium cells. Those genes appear to be involved in
availability of iron and potassium, respectively important for the saprophytic life of P.
brasiliensis on its ecological niche, the soil. The pct gene coding a P-type cation pump is
reported to be up-regulated in yeast cells.

The observations of Paris ef al. [26] that yeast cells of P. brasiliensis were unable
to grow in the presence of inorganic sulphur, were confirmed by the array experiments in
which the genes coding sulphur metabolism enzymes such as atp sulphurylase, aps kinase,
paps redutase and choline sulphatase showed to be up- regulated in yeast cells of this
pathogen, indicating the auxotrophic status for cysteine of the pathogenic phase of this
fungus [23, 24, 27].

The in silico analysis of the transcriptome allowed the identification of almost all
components of the conserved signaling pathways already characterized in other eukaryotes
as MAP kinases (Mitogen activated protein kinases), PKA/cAMP (Protein kinase A/ cyclic
adenosine monophosphate), Ras- GTPases, calcineurin-calmodulin, two component system
(histidine kinase), and G proteins coupled receptors [9]. In addition, Nunes et al. [22] using
microarray reported activation of genes coding for proteins from conserved signaling
pathways during the dimorphic transition from mycelium to yeast of P. brasiliensis.
Among them were G-proteins, Ser/Thr protein kinases, protein kinase A, calmodulin-like
protein and calcineurin regulatory subunit. Recently, Bastos et al. [28] evaluated the genes
regulated on the beginning of cellular transition from mycelium to yeast of P. brasiliensis.
In accordance, induction of MAP kinases, calcineurin regulatory subunit, serine/threonine
kinases and also the histidine kinase and two component sensor kinases was observed [22].

The histidine kinase gene (drk) was reported to control the global dimorphism in fungal
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pathogens [14]. These studies suggest the involvement of those signaling pathways in the
cellular differentiation process of P. brasiliensis.

Fungal pathogens use the conserved mechanism of signaling to promote cell
survival under different conditions. The activation of virulence factors is also dependent of
the signaling triggered by those cascades, and the main consequence of this activation is
the ability of the pathogen to infect and disseminate on the harsh host environment. By a
comparison of the P. brasiliensis ESTs with Candida albicans genes, Felipe el al. [9]
identified some genes potentially related to fungal virulence. In a more detailed search
scan, Tavares et al. [29] categorized 30 putative virulence genes into the following classes:
metabolism, cell wall, detoxification-related, secreted factors, and others. Genes as ic// and
mlsl coding respectively, isocitrate lyase and malate synthase of the glyoxylate cycle were
potentially correlated with virulence due to their activation on poor carbon growth
conditions. As those enzymes are not present in humans, they are also possible drug targets
candidates. Other genes related to virulence are identified such as: ade2
(phosphoribosylaminoimidazole carboxylase), nmtl (N-myristoyltransferase) and fas2
(fatty acid synthase a-subunit), #ps/ (trehalose-6-phosphate synthase), respectively
involved in nucleotide, lipids and glucose metabolism. Among the genes from the second
group are those necessary to the cell wall integrity during the vegetative growth and
differentiation of P. brasiliensis, and includes: ags! (a-glucan-synthase gene), chs3 (chitin
synthase 3), gnal (glucosamine-6-phosphate acetyltransferase), pmtl (mannosyl
transferase) and mntl  (0-1,2-mannosyltransferase), phrl and phr2 (1,3-B-
glucanosyltransferases). The third group comprises the pathogen virulence genes that
function on the detoxification of oxidative radicals: as Cu/Zn superoxide dismutase (sod1),
thiol peroxidase (zsal) alternative oxidase (aox/) and catalase (catl). As P. brasiliensis is a

pathogen that survives intracellularly, the yeast cells have to minimize the toxic substances
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present in the phagossomes of the macrophage cells, and by this reason the fungus exhibits
an antioxidant arsenal of enzymes that are necessary to the survival and consequently
virulence of the pathogen. The secreted virulence factors, also reported by Tavares et al.
[29] include genes encoding proteinases, phospholipases and urease.

The in vitro transcriptome studies opened a new window on the understanding of P.
brasiliensis biology. Recently, the genes modulated in the host-pathogen interaction were
evaluated trough the transcriptional response of P. brasiliensis when yeast cells were
internalized into macrophage cells [30]. In addition, Baildo et al. [31] also analyzed genes
with differential expression when yeast cells were in contact with human blood and
rescued from infected mice, to identify the genes required to the P. brasiliensis adaptation
on the host interaction.

Global patterns of gene expression in the host-pathogen interaction

Understanding host-pathogen interactions may provide insights into host defences
and the tactics used by pathogens to overcome them. In recent years, several approaches
such as cDNA micro arrays, cDNA representational difference analysis (RDA) and serial
analysis of gene expression (SAGE) have been developed to identify general profiles of
gene expression [32, 33]. Specifically, the cDNA micro array technology has been applied
to the analysis of bacterial and fungal interactions with phagocytes, thus identifying key
effectors of pathogen virulence and host defence [32, 34-36].

Transcriptional profile of P. brasiliensis upon infection

The first defence line encountered by P. brasiliensis upon infection is pulmonary
resident macrophages. Despite being phagocytized, P. brasiliensis conidia germinate into
the parasitic yeast form, which is equipped to resist the harsh intraphagosomal
environment, thus surviving and replicating in non-activated murine and human

macrophages. It has been proposed, for PCM and for other systemic mycoses such as

295



histoplasmosis and coccidioidomycosis, that fungal intracellular parasitism is a landmark
event for establishment and progression of disease in susceptible hosts, since it enables
fungal latency and/or dissemination from the lungs to other organs and tissues [37]. The
understanding of this process should reveal key aspects of how these pathogens manage to
survive and replicate intracellularly and eventually lead to the development of new
antimicrobial drugs. The macrophage phagosome is believed to be a poor source of glucose
and amino acids [18, 38]. Nutritional deprivation inside the macrophage induces a similar
adaptative response by intracellular bacterial and fungal pathogens [18, 38, 39]. Micro
array analysis showed that following phagocytosis, C. albicans and Listeria
monocytogenes present a strong reduction in the expression of genes involved in glycolysis
an amino acid metabolism [38, 39]. In order to focus the research on the interaction of P.
brasiliensis with the human host, 1,152 ¢cDNA clones of interest were selected from the
transcriptional database, based on previous findings of P. brasiliensis transcriptome [9],
including putative virulence factors, general metabolism enzymes, heat shock proteins,
cell-wall synthetic enzymes and also some of unknown function. In addition, the protocol
of RNA extraction from P. brasiliensis yeast cells internalized by murine macrophages,
without any additional fungal in vitro growth was standardized [30]. They observed that
early phagocytized P. brasiliensis also sense and respond to the phagosomal environment.
Genes implicated in glucose and amino acid depletion (pfkA - phosphofructokinase, gapdh
- glyceraldehyde-3-phosphate dehydrogenase, pgk - phosphoglycerate kinase, gpma -
phosphoglycerate mutase, eno - enolase, metG- cystathionine p-lyase), cell wall
metabolism (fks - a-glucan synthase) and oxidative stress (sod3 - Cu,Zn superoxide
dismutase and Asp60 - 60 kDa heat shock protein) were differentially expressed by P.
brasiliensis upon macrophage infection. The data showed a considerable degree of

transcriptional plasticity by P. brasiliensis in response to the hostile environment of
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macrophages, which is expected to underlie its adaptability and consequent survival inside
that cell [30].

From the primary site in the lungs, paracoccidioidomycosis may evolve with fungal
dissemination via the bloodstream and/or lymphatic system to many organs [40]. Recently,
using cDNA — RDA technology, Baildo ef al. [31] reported the differential expression
profile of P. brasiliensis in conditions that mimic the haematological route of fungal
propagation. Under such conditions, several genes, including a transport facilitator (ctr3),
stress response proteins (30, 70 and 90 kDa heat shock proteins - Asp30, hsp70 and hsp90)
and cell-wall remodelling (sho! - transmembrane osmosensor, pas-/ike - protein with PYP-
like sensor domain - PAS domain, septin-1), were induced upon blood contact.

Nutrient deprivation inside the phagosome induces a similar adaptive response from
intracellular bacterial and fungal pathogens and early phagocytized P. brasiliensis also
sense and respond to the glucose-depleted environment, repressing genes related to
glycolysis and amino acid synthesis. In contrast, when P. brasiliensis are exposed to blood,
genes related to glucose and amino acid metabolism are induced, probably because the
milieu is quite rich. Similar results were described upon incubation of C. albicans in
human blood [41].

After internalization, macrophages challenge the pathogens releasing a group of
toxic antimicrobial molecules, including reactive oxygen and nitrogen intermediates (ROI
and RNI, respectively). In response to the oxidative stress generated by the macrophage,
the P. brasiliensis counter attacks inducing antioxidant gene such as sod3 [30]. In silico
analysis showed that the deduced amino acid sequence of the P. brasiliensis sod3
homologue codes a putative membrane GPI-anchored Cu,Zn SOD [42], which would make
it more directly accessible to host-derived superoxide anions and thus be more efficient at

ROI detoxification. This idea is reinforced by C. albicans GPI-anchored Cu,Zn SOD gene,
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which is induced in vitro by oxidative species generators and upon internalization by
neutrophils. [41, 43]. Also, genes encoding molecules involved with thermal stress-
response as hsp60 were induced when P. brasiliensis was ingested by macrophages [30] as
well as in exposure to blood as hsp30, hsp70 and hsp90 [31]. These proteins may
contribute to the protection of P. brasiliensis yeast cells from damage following stress,
which occur during infection.

Of particular interest for PCM pathogenesis are the genes involved in cell-wall
remodelling. The gene for B-glucan synthase (fks) is down-regulated in response to the
macrophage environment. It has been shown for P. brasiliensis and other fungi that the
degree of virulence from different isolates in an experimental model of murine infection is
related to the relative o-to-B-glucan levels present in their cell wall — avirulent yeast
isolates contains less o- and more B-glucan [44, 45]. The mechanism of B-glucan host
protection may be related to its capacity to stimulate inflammatory mediators such as
tumor necrosis factor-alpha (TNF-a). Since TNF-a has been associated with resistance to
P. brasiliensis [46, 47], fks down-regulation may be an important adaptive mechanism of
P. brasiliensis to reduce the inflammatory response elicited by the host [30]. In addition,
transcripts related to remodelling cell wall and osmotic stress (g/n! - glutamine synthetase,
septin-1, shol, pas-like) were also induced in P. brasiliensis upon blood contact [31]. The
induction of g/nl and septin-1 has been speculated to be important in the mediation of
chitin deposition. Chitin synthesis has been shown to be essential in the compensatory
response to cell-wall stress in fungi, preventing cell death [48]. The shol and pas-like
genes belong to different classes of osmotic stress sensors. In C. albicans, shol is related to
fungal morphogenesis by interconnecting two pathways involved in cell wall biogenesis
and oxidative stress [49]. Up-regulation of shol and pas-like implies their involvement in

osmolarity sensing during fungal dissemination through the blood. Fig. 1 shows the
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proposed model for adaptative changes of P. brasiliensis to the host environment,
considering the environment of macrophage cells and exposure to blood.
Figure 1

The transcriptional programme of macrophage-ingested cells displays little
resemblance to that obtained from P. brasiliensis cells exposed to blood. These pioneering
works provided advances on the comprehension of the plasticity of response and indicate
that P. brasiliensis is not only able to undergo fast and dramatic expression profile changes
but can also discern even subtle differences, such as whether it is being attacked by a
macrophage or submitted to the conditions of the bloodstream route conditions.
Transcriptional response of macrophage cells upon infection with P. brasiliensis

The host cell response to pathogens is among the best studied examples of cellular
reactions to external stimuli. Pathogen-induced phenotypic changes in host cells are often
accompanied by marked changes in gene expression. DNA microarrays technology has
greatly expanded our ability to monitor changes in the abundance of transcripts in a host
upon infection with a microorganism. Macrophages, neutrophils and peripheral blood
mononuclear cells (PBMCs) respond to a broad range of microbial stimuli with common
transcriptional activation programmes [32, 36, 50]. In this regard, microarray analyses
have shown an increase of genes related to innate immunity in macrophages infected with
Mycobacterium tuberculosis, C. albicans and A. fumigatus [51, 35, 36]. Recently, for the
first time, Silva et al. (in revision) [52] used cDNA microarray analysis to identify
differential genes of macrophages infected with P. brasiliensis that are related to several
immune processes such as inflammation, cell membrane regulation, transcriptional
regulation, signal transduction and apoptosis. This last work and the results obtained by
Tavares et al. [30] studies provided the first data of differential gene expression from host-

P. brasiliensis interaction, at 6 hours of infection, the same time and experimental
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conditions. In this sense, we have reported by cDNA microarray analysis that, in response
to the harsh macrophage microenvironment, P. brasiliensis expressed genes primarily
associated with glucose and amino acid limitation, cell wall construction, and oxidative
stress [30]. In counterpart, macrophages at the same time point up-regulate genes related to
inflammation (chemokines and cytokines) and phagocytosis, probably as an effort to avoid
host fungal dissemination into different organs and tissues [52].
Concluding remarks

For many decades genetic information of P. brasiliensis was not easily and widely
accessed at the molecular in order to gain information about the biology, virulence,
pathogenicity, interaction with the host and onset of disease. In recent years, the new
approach of global gene expression analysis gave us the opportunity to understand the
general and differential metabolism in both phases of dimorphic fungi. In addition, it has
made possible the identification of potential candidate molecules that contribute to
virulence, pathogenicity and others that may be used for drug targeting. Furthermore, it has
opened the possibility to access the whole transcriptional response during host-pathogen
interaction. Finally, the identification of genes that are differentially expressed under in
vitro dimorphic transition experiments, ex vivo macrophage infection or exposure of P.
brasiliensis to blood has advanced current knowledge to a better understanding of PCM.

As a main consequence of post-transcriptome analysis, the scientific community
around P. brasiliensis is allocating efforts in order to develop an efficient genetic toolbox
to prove and validate the gene function of many of those candidate genes highlighted by
the transcriptome data. For example, the generation of random, T-DNA insertional mutants
of fungi by means of co-cultivation with Agrobacterium tumefaciens has proved to be a
powerful technique that has solved at least one major question in the biology of dimorphic

fungi [14]. The molecular toolbox to implement this approach in P. brasiliensis is still to
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be developed. Furthermore, these data contribute to a global picture of this systemic illness
that may help us to devise comprehensive therapeutic approaches in the near future.
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Figure Legend

Figure 1. Model for adaptative changes of P. brasiliensis to the host environment. The
small arrows 1 and | indicated induced and repressed genes, respectively. (a) P.
brasiliensis survival in macrophage phagosome: oxidative and thermal stress — sod3,
and Asp60; nutritional stress (aminoacid byosynthesis) — metG; glycolysis — pfkA, gapdh,
pgk, gpma and eno; cell wall synthesis — fks [30]. (b) Induction of P. brasiliensis genes
during blood exposure: thermal stress — Asp30, hsp70 and hsp90, Apl-like transcription
factor; nutritional response — metEl (s-adenosylmethionine synthetase), cell

wall/osmolarity sensing — glnl, pas-like protein., septin, shol and gapdh [31].
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