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Honra o médico por causa da necessidade,
Pois foi o0 altissimo quem o criou.
Toda a medicina provém de Deus,
E ele recebe presentes do rei:
A ciéncia do médico o eleva em honra;
Ele é admirado na presenca dos grandes.
O Senhor faz a terra produzir os medicamentos:
O homem sensato ndo os despreza.
Uma espécie de madeira ndo adog¢ou o amargor daagua
Essa virtude chegou ao conhecimento dos homens
O Altissimo deu-lhes a ciéncia da medicina
Para ser honrado em suas maravilhas;
E dela se serve para acalmar as dores e cura-las;
O farmacéutico faz misturas agradaveis,
compdem unguentos uteis a saude,
e seu trabalho ndo terminarg,

até que a paz divina se estenda sobre a face da ter

Eclo 38, 1-8

Vi



As novas opinides sdo sempre suspeitas
e geralmente opostas, por nenhum outro motivo
além do fato de ainda ndo serem comuns.

John Locke

vii



Ao meu esposo, Emerson, que sempre
esta ao meu lado me apoiando e incentivando,
obrigada pelo amor, carinho e dedicacéo.

Aos meus filhos, Pedro Antbnio e Enzo Rafael,
razdes da minha vida, felicidade infinita,
amor desmedido.....

Aos meus pais, SOnia e Dirceu, que sempre

estiveram ao meu lado, me amparando
e me guiando.

viii



A minha orientadora, Maristela, exemplo

de competéncia e dedicagao.

Obrigada pelo apoio, confianca e oportunidade.
Admiro muito voceé.



Agradecimentos

Primeiramente a Deus, que me presenteia todosass aim uma nova oportunidade.
Por toda forca, coragem e determinacéo durante totlaha trajetéria. Obrigada Senhor

por suas béncaos derramadas, seu amor e carinho.

A Profa Dra Suzana Santos e ao Prof Pedro Henrigeei, do Instituto de Quimica,
por me deixarem sempre a vontade quando precisgiaie um "pouquinho” da amostra
de oenoteina B para repetir um experimento. Obrgpdr todo o carinho e atencdo que

sempre me receberam.

A Profa Dra Célia Maria de Almeida Soares, pessogquam admiro mutio por sua

competéncia e lideranca. Obrigada pelas sugestdsesitidas durante o trabalho.

A Profa Silvia Maria Salem-Isacc e ao Prof Dr. Adedre Melo Baildo pelas sugestdes
feitas em minha qualificacéo e também por estarempse a disposicdo nos momentos de

discutir algum resultado ou tentar solucionar algpneblema.

As amigas e companheiras, Kelly, Daciene e Saraig&ia pelo convivio agradavel
durante as discussdes de trabalho e seminario. dhwarsas com vocés sempre foram
muito importantes, todo apoio, carinho e amizadevdeés foram fundamentais para a

realizagdo de mais essa etapa.

Amanda, Mariana e Ronney, vocés tornaram meus dmstas vezes, mais felizes

durante todo o trabalho realizado no LBM.

Ao Benedito Neto e Renata Villar, meus queridogasjisempre alegres e sorridentes,

vocés souberam fazer meus dias de trabalho no L& rais felizes.

A Raquel e Martha, queridas companheiras de banc#arigada, pela forca e
companhia, (muito agradaveis, por sinal) quandofieava até “altas” horas no LBM
para terminar algum experimento. Vocés me auxiliamauito durante quase todo o meu

trabalho.



A Patricia Kott, muito obrigada pelos suportes que foram dados por vocé durante os
meses que precisei me ausentar do LBM. Obrigada foeta nos ultimos detalhes de

preparacao da tese. Tenho muito carinho por voceé.

Aos amigos e companheiros que ja se foram do LRBitaddo muita saudade, mas
sairam para trilharem seus caminhos: Maria Regil&agério Troian, Lidiane Santana,
Sabrina, Sarah, Wesley, Rodrigo, Aline, Kesser,halet. Que vocés alcancem seus

objetivos.

Aos queridos Leandro, Dayane e Cristina, vocés [ggs0as muito especiais. Obrigada,
pelo bom convivio e carinho. Cristina, obrigadogsetonversas, sempre agradaveis e por sua

disposicéo, em ajudar sempre.

Ao Clayton e a Juliana, mutio obrigada pela atengBiovocés. Sempre que eu precisei
vocés estavam a disposicdo para ajudar. JU, muirggada por ter me ajudado no inicio a

realizar o sequenciamento de meus clones. Clagtmigada por todo o suporte que me deu.

Aos companheiros do Laboratério de Biologia MoleculSymone Vitoriano, Karine,
Joice, Nayshe, Nadia, Felipe, Priscila, Patriciana, Elisa Flavia, Mirelle, Helen, Ana
Flavia, Keila, Marco Tulio, Elvis, Ademar, Simoneeh®r, Sheyla, pela ajuda, pelo

companheirismo e pelo sorriso sempre oferecidos.

Ao Zezinho e Kariny, que sempre me recebram meito o IPTSP, e me ajudaram

sempres que necessario. Meu eterno agradecimento.

Aos meninos da Unica, que me aguentaram por pemante toda a escrita da miha

tese.

A Valdelicia, minha secretaria do lar, que me ajudmuito com os trabalhos

domésticos. Muito obrigada.

As meninas da limpeza, que todos os dias deixaviaBivbsempre limpo para que nds

pudéssemos ter mais um dia de trabalho.

Xi



A todos que de alguma forma, me incentivaram, m@ezam ou me apoiram durante a

realizagédo desse trabalho, meus sinceros agradextose

Xii



Sumario

SUMATTO ..ttt ettt e e e e e e e e e e e e s s ettt ettt e e e e e e e e e e e e aaaanssssseeaeeaeeaeaeaeaeeens Xiii
Lista de ADIEVIALUIAS .......cooiiiiiiiiii e e e e e e e e e e as XV
RESUIMO .. ettt e e e e et e e e e e e e eaa e e e eaaeaees XV
Y 013 1 = Lo S TP PPPPPPRPPPTPTPP R XiX

Capitulo I — Consideracoes Gerais

I [ 10T [ o= To 1SRRI 20
1.1 Aspectos Gerais do fund brasiliensis.............ceevvvviiiiiiiiiieiee e, 20
1.2Dimorfismo do fungdP. brasilieNnSIS............uuueeiiiiiiiiie e 23
1.3 Transcriptomas do fundg®. brasiliensiS.........cccoeeeeiiiiiiiieiiii s 24
2. PCM e e e e e e e eaaeeaanns 27
2.1 Abordagens terapéuticas de antifungicos e tratanmPCM .................ceeee 29
3. Plantas utilizadas com fins terap@uULiCOS ...cceeeeersereeeeieeeiiiiiiiiiiiiiiiiiines 33
3.1E. uniflorae OenoteiNa B .........coiiiiiiiiiiiiiii i teeeeeeeee et a e e e e e e e e e 34
B 2 R DA e e e e nn—e e e e e nnees 37
4. Caracterizacao de alvos para agentes antiflNgiCoS. ............uevviiiiieeeeeeeeennnnn. 41
4.1CicClo dO gHOXAIALO .......cevveiiiiiiiiiiieeeee e s 41
4.2Via de degradacgdo da alantoina ............ccoouiiiiiiiieiiiiiiiee e 43
A.3A NZIMA MLS ...ttt e e e e e e e e e e et eeeeebbnnnnneeeanenes 45
JUSTIFICATIVAS oottt ettt e e e e e e ettt e e e e e e s eneeassnnssaeeeeeeeans 49
OBUJETIVOS ..o mree et e e e e et e e e et e e e et raaee et e e e et e e e aaa s 51

Capitulo II
Manuscrito 1: Transcriptional profile oParacoccidioides brasiliensisnduced by
oenothein B, a potential antifungal agent from Brazilian Savannah plarfEugenia

(U] 011 1] = RO 52

Xiii



Capitulo IlI
Manuscrito 2: The malate synthasdPairacoccidioides brasiliensis Pk is required in the

glyoxylate cycle and in the allantoin degradatiathgvay .................ccoooevveieennns 103
CONCLUSOES ..ottt semmee sttt eantet s 115
PERSPECTIVAS e ermmm e ettt e e e e e emmnn e e e eeenes 117
REFERENCIAS BIBLIOGRAFICAS .......oviiieiet ettt 118
Colaboracdes cientificas durante 0 doutorado..........ccceeeeeeeeeeieiiiriiieeii s 143
AN E X O S e et e e e e nna— e e e e e r e 144

Xiv



Lista de abreviaturas

AIDS: sindrome da imunodeficiéncia adquirida

cAMP: adenosina 3',5’- monofosfato ciclico

CIM: concentracéo inibitoria minima

crt3: transportador de cobre de alta afinidade

CDII: cisteina dioxigenase

CDB: convencao sobre diversidade biologica

cDNA: DNA complementar

CIT1: citrato sintetase

CYP51: citocromo P-450 ld-esterol demetilase

CYP61: C22 esterol desaturase

DNA: acido desoxirribonucléico

EBP: estradiol binding protein (protein de ligagéoestradiol)
ELISA: enzyme linked immuno sorbent assay (ensaibighcdo imuno absorvente)
ERG1: esqualeno epoxidase

ERGS5: C22 esterol desaturase

ERGG: esterol C-metil transferase

ERG?7: (2,3)-oxido esqualeno ciclase

ERG9: esqualeno sintase

ERG11: citocromo P-450 ld-esterol demetilase

ERG25: C-4metil esterol oxidase

EST: expressed sequence tag (etiquetas de sequérpi@ssas)
ETF-QO: transportador de elétrons flavoproteinajuipiona oxidoredutase
5-FC: 5-flucitosina

5-FU: 5-fluorouracil

XV



FBPI: frutose-1,6-bifosfatase

GAPDH: gliceraldeido-3-fosfato-desidrogenase

gp43: glicoproteina de 43kDa

4-HPPB: 4-hidroxil-fenil piruvato dioxigenase

HSP: heat shock protein (proteina de choque téjmico

PbICL: isocitrato liase d€aracoccidioides brasiliensis

ICL: isocitrato liase

ITS: internally transcribed spacer (espacador muteranscrito)

kDa: kiloDalton

MAPK: proteina quinase ativada por mitdgeno

MLSs: malato sintases

MRNA: acido ribonucléico mensageiro

MLS: malato sintase

NADPH: nicotinamida adenina dinucleotideo fosfaduzido
NTBC: 2-(2-nitro-4-trifluorometilbenzoil)-ciclohexm-1,3-dionel
OLEI: Delta-9 acido graxo desaturase

Pb01 Pb03ePb18 isolados 01, 03 e 18 dRaracoccidioides brasiliensis
Pbfks1: transcrito de 1,B-glicana sintase dearacoccidioides brasiliensis
Pbmls:transcrito de malato sintase [dlaracoccidioides brasiliensis
PbMLS: proteina malato sintase Baracoccidioides brasiliensis
PCM: paracoccidioidomicose

PTSL1: sinal de enderegcamento para 0S peroxissomos

PCR: reacdo em cadeia da polimerase

PKA: proteina quinase A

PEP: fosfoenolpiruvato carboxiquinase

XVi



gRT-PCR: PCR quantitativa acoplada a transcricéersa

RT-PCRy transcri¢éo reversa semi-quantitativa — reacacaseia da polimerase
NMR: Ressonancia Magnética Nuclear

RDA: andlise diferencial representacional

RNA: acido ribonucléico

rRNA: &cido ribonucléico ribossémico

SBF: fetal bovine serum (soro fetal bovino)

SSH: Hibridizac&o Subtrativa por Supresséao

PbSMT: 5(24)-esterol metil transferase Baracoccidioides brasiliensis
TAS1: tiredoxina peroxidase

TMP-SMT: sulfonamidas complementadas com trimetogri

zrtl: transportador de zinco

XVil



Resumo

O fungo termodimérficoParacoccidioides brasiliensi® o0 agente etioldgico da
paracoccidioidomicose (PCM), uma micose sistémigadna geograficamente distribuida
na América Latina, sendo a oitava causa de morig commum entre as infec¢des crénicas
recorrentes. A PCM é adquirida pela inalacdo dpggolos do fungo, os quais chegam ao
pulméo, e é disseminado pela corrente sanguinealiefatica para todas as partes do
corpo. O tratamento da PCM é longo, iniciando coma Wlosagem de agentes antifungicos
agressiva, se estendendo por meses ou anos. femegsas drogas antimicrobianas pode
limitar a capacidade do tratamento efetivo dos gudes, interferindo na eficicia da
terapéutica. Desta forma, torna-se necessério elleda e desenvolvimento de novos
agentes antifungicos. Compostos de plantas sdaimodiolégicos, com uma grande
diversidade estrutural, muitas das quais sdo medelm a sintese de um vasto niumero de
farmacos. A atuacédo do composto oenoteina B, padifi das folhas deugenia uniflora
uma planta do Cerrado Brasileiro, foi avaliado rescimento, viabilidade e expressao de
genes deP. brasiliensis O composto interferiu com a morfologia das céwdainibiu os
transcritos de3-1-3-glicana sintase. O efeito sinérgico entre te&ina B e os farmacos
utilizados no tratamento da PCM (anfotericina Badbnazol, sulfametoxazol e a
combinacdo trimetoprim-sulfametoxazol), foi avatiado presente estudo, através do
método de sensibilidade em placas. A maior inibigdarescimento das colénias do fungo
foi observada na associacdo da oenoteina B com mabitacdo trimetoprim-
sulfametoxazol, seguido com anfotericina B, itrazmt e sulfametoxazol,
respectivamente. A Analise Diferencial Representadi (RDA) também foi realizada
visando elucidar o mecanismo de acdo da oenoteinemBP. brasiliensis. Foram
identificadas 463 ESTs induzidas e 121 ESTs reddamiapos 90 min de incubacao de
células leveduriformes do fungo com o composto. SARB0 min de incubacdo foram
identificadas 301 ESTs induzidas e 143 reprimidas=STs foram classificadas de acordo
com suas categorias funcionais utilizando o progr&tast2GO. As analises indicaram a
presenca de transcritos com funcdes relacionagasetle e membrana celular, fatores de
transcricdo e proteinas hipotéticas. No presenddalino, foi avaliado ainda, as
caracteristicas do cDNA, a regulacdo da expressincay dePbmls e a atividade
enzimatica da proteina d® brasiliensis(PbMLS), isoladoPb01. O cDNA contém 1617
pb, que codifica uma proteina de 539 aminoacidoprdkeina apresenta a assinatura das
MLSs, residuos cataliticos essenciais para a atieice o sinal de enderegcamento para 0s
peroxissomos, PTS1. O maior nivel do transdpibanlsobservado na presenca de fontes
de 2C sugere que e brasiliensis a regulacéo primaria do fluxo de carbono no aitdo
glioxalato foi ao nivel dos transcritos dbmls As andlises de transcritos, niveis de
proteinas e atividades enziméticas na presencdederdes fontes de carbono e nitrogénio
sugerem qud’bMLS esteja atuando em ambas as vias: no ciclo xajhto, quando
fontes de 2C séo utilizadas, e na via da degradég@atantoina, quando prolina € utilizada
como fonte de nitrogénio, ou quando oxalurato l&atlo para induzir os genes da via.
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Abstract

The termodimorphic funguBaracoccidioides brasiliensis the etiological agent of
paracoccidioidomycosis (PCM), a systemic human rsigcgeographically distributed in
Latin America, being the eighth most common causdeath among chronic infections.
PCM is acquired by inhalation of fungal propagulediich reach the lungs and is
disseminate through the bloodstream and/or lympdiltparts of the body. The treatment
of PCM is long, starting with a dosage of aggressmtifungal agents, extending for
months or years. Resistance to antimicrobial dmngs/ limit the ability of effective
treatment of patients, interfering with therapeutiticacy. Thus, it is necessary to discover
and develop new antifungal agents. Plants compobasle a great structural diversity,
many of which are models for the synthesis of & wasnber of drugs. The action of the
oenothein B compound, purified from leaves Edigenia uniflora a plant from the
Brazilian Savannah, was evaluated on growth, utgkéind expression dP. brasiliensis
genes. The compound interfered with cell morpholagg inhibited the transcripts pf1-
3-glucan synthase. The synergistic effect betwesmoiinein B and drugs used to treat
PCM (amphotericin B, itraconazole, Sulfamethoxazoland Trimethoprim-
Sulfamethoxazole Combination) was evaluated in shisly by the method of sensitivity
on plates. The highest inhibition of the fungal wtio was observed in association of
oenothein B with Trimethoprim-Sulfamethoxazole Camaltion, followed by amphotericin
B, itraconazole and sulfamethoxazole, respectii@Bpresentational Difference Analysis
(RDA) was also performed to elucidate the mechanidnaction of oenothein B if.
brasiliensis We identified 463 ESTs up regulated and 121 E&Wsn regulated after 90
min of incubation ofP. brasiliensisyeast cells with the compound. After 180 min
incubation 301 ESTs up regulated and 143 down atgilwere identified. The ESTs were
classified according to their functional categorigsing the program Blast2GO. The
analysis indicated the presence of transcripts \utictions related to cell wall and
membrane, transcription factors and hypotheticatgins. In this study, we evaluated also
the characteristics of the malate synthaBénfl cDNA, regulation of Pbmis gene
expression, and enzymatic activity of the MLS pirotef P. brasiliensis(PbMLS), isolate
Pb01. The cDNA contains 1617 bp, which encodes aeprodf 539 amino acids. The
protein has the signature of the MLSs, residueerntisd for catalytic activity and
addressing signal for peroxisomes, PTS1. The heghkllof Pbmistranscript observed in
the presence of 2C sources suggests tHat Immasiliensisthe primary regulation of carbon
flux into glyoxylate cycle was at the level of tiRbmlstranscript. Transcript analysis,
protein levels and enzymatic activity in the presewf different carbon and nitrogen
sources suggest thBbMLS acts in both pathways: in glyoxylate cycle, wH&C sources
are used, and in alantoin degradation pathway, whelme is used as nitrogen source, or
when oxalurate is used to induces genes from pathwa
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Estratégias na identificagdo e caracterizagdo tBnpiais antifingicos e seus alvos Baracoccidioides brasiliensis

Patricia Fernanda Zambuzzi Carvalho

1. Introducéo

1.1. Aspectos gerais do fungBaracoccidiodes brasiliensis

O fungoParacoccidioides brasiliensisnicialmente descrito por Adolfo Lutz em 1908
(Lutz, 1908), € o agente etioldégico da paracocmdimicose (PCM), uma micose
sistémica humana geograficamente distribuida na ridmé_atina (Franco 1987)P.
brasiliensisé um fungo termodimérfico, capaz de crescer na dokeveduriforme nos
tecidos do hospedeiro ou quando cultivado 2C3# na forma miceliana em condigcbes
saprdfitas ou quando cultivado a temperatura artigl8-23C) (Bagagli et al 2006;
Restrepo 1985). Sua forma leveduriforme (Figura Bfffesenta-se por brotamentos
multiplos evaginados da célula-méae; neste caseé)udaccentral é circundada por varias
células periféricas. A forma miceliana (Figura EBjaracterizada por filamentos septados
com conidios terminais ou intercalares (Restrepoelim 2003; Queiroz-Telles 1994).

Figura 1: (A) Forma leveduriforme do fungB. brasiliensis(Fonte: Santos et al2007.(B) Forma
miceliana do fung®. brasiliensigFonte: Silva et al 1999).

O fato de nenhuma estrutura sexual ter sido dasgaitaP. brasiliensisdificulta sua
classificacdo (San-Blas et. &002). Através de comparacdes filogenéticas dntrgos
dermatofitos e fungos dimérficos, baseada na sdiadei rRNA 28S ribossomal, Leclerc et
al. (1994) classificaranf. brasiliensisna ordem Onygenales, familia Onygenaceae (filo
Ascomycota), juntamente corBlastomyces dermatitidis, Histoplasma capsulatem
Histoplasma capsulatumar. duboisii Atualmente o fungdP. brasiliensispertence ao
reino Fungi, filo Ascomycota, subdivisdo Euascontiyag classe Plectomyceto, subclasse

Euascomycetidae, ordem Onygenales, familia Onygagacsubfamilia Onygenaceae
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Anamorficos, géner@aracoccidioidesespécidParacoccidioides brasiliensigSan-Blas et
al. 2002).

Até o presente momento o fundt brasiliensisé composto por quatro espécies
filogenéticas. Matute et.a2006) propuseram trés espécies filogenéticamtiistparaP.
brasiliensis S1 (um grupo formado por 38 isolados de origegemtina, brasileira,
peruana e venezuelana e um isolado de pinguin tathia), PS2 (6 isolados; 5 de origem
brasileira e um venezuelano) e PS3 (21 isoladosrigem colombiana). Posteriormente,
Carrero et al (2008) mostraram por meio de analises das regiddgicantes e nao-
codificantes de véarios genes, bem como a regidpdui& com excecao dos gemd€Sle
Catalase Ao isoladoPb01 ficou distante de todos os outros isolado$ dérasiliensis
utilizados nesse estudo, se agrupando com a linhdgM 54648, um isolado atipico,
obtido de um paciente do estado do Parana, reglamoBrasil, sugerindo a possibilidade
de mais do que trés espécies filogenéticaBatacoccidioidesonde o isolad®b01 seria
uma nova espécie dentro do género (Carrero. 08B, Theodoro et a008). A fim de
confirmar a existéncia da quarta espécie filogeaé&lo fungaoP. brasiliensis,Teixeira et
al. 2009, utilizando o método de reconhecimentméhético (GCPSR) e os isoladosRie
brasiliensis pertencentes aos grupos S1, PS2 e PS3 iderdificgue o isoladdb01
apresentou grande divergéncia morfoldgica quandgpacado aos isolados pertencentes a
esses grupos.

O isoladoPb01, obtido de um paciente com PCM, foi primeiraraatdéscrito pela Dra.
Maria do Rosério Rodrigues e Silva no laboratégdvicologia do Instituto de Patologia
Tropical e Saude Publica da Universidade FederaGdi@s (IPTSP/UFG) (Silva et al.
1994). A fim de avaliar a difenrenca do grau dail@mcia entre isolados do fundt
brasiliensis Molinari-Madlum et al. (1999), realizaram um ekilbaseado na habilidade
de invaséo de diferentes isolados do fungo noddealo hostedeiro (camundongos B10
A) e analisou,também, a severidade das lesGesdzmipalos isolados. Os isoladi®1 e
7455 apresentaram-se com uma infeccdo dissemicada,inflamacdo granulomatosa,
mostrando areas de necrose extensas e um grand@ondm células fungicas viaveis,
sendo clasificados como altamente virulento. PorésjsoladosPbS, 662, Bt e 166
apresentou infecgcdo restrita ao figado, com gramaulcompacto e poucas colénias do
fungo no periodo pos-infeccéo, endo classificadosacbaixa viruléncia.

O fungoP. brasiliensispossui cromossomos pequenos, com alto grau densacko,

dificultando sua visualizagcdo por microscopia @tiBoekhouth et al. 1993). Dificuldades
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no isolamento e caracterizagdo de mutantes obiidogtro com fendtipos estaveis
(Hallack et al. 1982) e o desconhecimento da fagead do fungo, também prejudicam os
estudos de citogenética e genética sexual clasgices estabelecem a organizacdo e o
namero de cromossomos (Queiroz-Telles, 1994; Sas-8 al. 2002). O sequenciamento
dos genomas estruturais dos isoladb81, Pb03 ePbl8 foi realizado como uma iniciativa
do Broad Institute
(http://www.broad.mit.edu/annotation/genome/paramhoides_brasiliensis/MultiHome.ht
ml). Andlises desses genomas identificaram a pcasg® 5 cromossomos em cada isolado
gue tiveram seu sequenciamento realizado (Almdidh 2006; Montoya et al. 1997
genoma do isolad®b01 possui 32,94 Mb com um total de 9.132 genesoadoPhb03
apresentou um genoma de 29,06 Mb com 7.875 geR&&&um genoma de 29,95 Mb,
contendo 8.741 genes.

Mesmo conhecendo varias caracteristicas deste fpogco se sabe sobre seu habitat
natural (Lacaz et all999). Este fato pode ser atribuido ao longo peride laténcia e a
inexisténcia de surtos da doenca, o que tem caidiobpara a dificuldade de encontrar o
fungo no ambiente (Bagagli et. &007). No continente latind?. brasiliensistem sido
isolado, esporadicamente, de solos brasileiroggdSergara et all998; Shome & Batista
1963), argentinos (Negroni 1966), e venezuelandisofAoz 1971). O fungo também foi
encontrado em fezes de morcedatipeus lituratu$ (Grose & Tamsitt, 1965), pinguins
(Pygoscelis adelige (Gesuele 1989), comida de cachorro (Ferreiraletl@0), em
cachorros (Ricci et al2004; Farias et al2005), e em trés espécies de taidasypus
novemcinctugBagagli et al2003),Cabassaus centrali€Corredor et al2005) eDasypus
septemcinctugConti-Diaz 2007). A presenca do fungo em amosiesolo e mamiferos
selvagens foi confirmada através de Nested-PCRgabdasnas regides ITS-5.8S-ITS2
(Richini-Pereira et al2008; Theodoro et al2005). Em adicdo, amplicons de DNA
especificos dé. brasiliensisforam detectados em amostras de linfonodos messrgé
baco, pulméo, glandulas adrenais e rins de pordodia (Cavia aperey no pulmao e
figado de porco-espinhaSphiggurus spinosis nos pulmdes de guaxinirProcyon
cancrivorog, assim como em Vvarios 6rgaos de outras espé@esatis Dasypus
septemcinctys indicando que, em areas endémicas, a infecckofpego em animais

selvagens, pode ser comum (Richini-Pereira. &C4l8).
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1.2. Dimorfismo do fungoP. brasiliensis

O dimorfismo deP. brasiliensisfoi descrito a partir da observacao de diferefdenas
do fungo no hospedeiro e em culturas a temperamiaente (Lutz 1908). O processo de
transicaan vitro de levedura para micéliovice-versgpode ser induzido pela alteracédo de
temperatura de incubacao (Negroni 1931).

A caracterizacam vitro do processo de diferenciacédo do isol&tol (ATCC-MYA-
826), modelo de estudo em nosso laboratério, mosjue a diferenciacdo de micélio para
levedura ocorre em 20 dias e de levedura para imieét 15 dias, apos a alteragdo da
temperatura de cultivo. Em ambos, ocorre um perésd@aténcia que se da entre 48 e 72
horas, atingindo 70-80% de diferenciacdo no déditag caracterizando o processo de
dimorfismoin vitro deP. brasiliensiscomo sendo lento e gradual (Silva etl&94).

A transicdo micélio-levedura erR. brasiliensis € governada pelo aumento de
temperatura que ocorre ao contato da forma micel@n conidios com o hospedeiro
humano. Esse evento pode ser reversivelmente, digpdo in vitro alterando-se a
temperatura de 22 para 38C e vise-versa(Silva et al. 1994). A patogenicidade Be
brasiliensisparece estar intimamente ligada a transicao dio&rfima vez que linhagens
do fungo incapazes de se transformar em leved@@apresentaram viruléncia (San-Blas
& Nifio-Vega 2001).

Os hormoénios também estdo envolvidos na regulagdwivo do processo de
diferenciagao celular (Stevens 1989). O hormoni@-Estradiol se liga com alta afinidade
e estereoespecificidade a proteina do fungo EBR&gdiol Bnding Protein) (Restrepo et
al. 1984; Loose et al. 1983). Felipe et al. (200®B#ntificaram um gene expresso
diferencialmente na fase leveduriforme Fle brasiliensisque possivelmente codifica a
proteina EBP de 60 kDa. Acredita-se que a interaghbormonio 1-estradiol com a
EBP citoplasmética iniba a transicdo de micélioaplvedura, explicando a baixa
incidéncia da infeccdo em mulheres (Salazar 41988).

Villar et al. (1988) observaram que o dimorfismo Bnbrasiliensispode também estar
associado a fatores nutricionais. A adi¢do de $etiad bovino (SFB) a meio de cultura
complexo ou quimicamente definido permitiu a forBmgde células semelhantes a
leveduras, a 25°C, denominadas YRT.

As vias de sinalizacdo que controlam a transicadaldgica emP. brasiliensissédo

pouco conhecidas. Entretanto, o envolvimento do PA{ddenosina 3’, 5’monofosfato
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ciclico), MAPK (proteina quinase mitégeno ativada)C&'/calmodulina nas vias de
transducdo de sinal sdo relatados em outros fudguosrficos, comoCryptococcus
neoformse Candida albicangLengeler et al. 2000). Um aumento na concentratgio
cAMP foi observado enP. brasiliensisdurante a transicdo de micélio para levedura,
sugerindo o envolvimento da via CAMP-PKA (cCAMP degente de proteina quinase A)
neste processo (Chen et aD07). O cAMP exdgeno é capaz de inibir a trawsigé
levedura para micélio mantendo assim, a forma gaiog do fungo (Borger-Walmsley &
Walmsley, 2000).

A via de transducdo de sinal ¥€almodulina esta envolvida em vérios aspectos no
desenvolvimento fungico, incluindo formacdo de dw¥, extensdo da hifa, dimorfismo e
patogenicidade. Essa via de transducédo de sinditanparece desempenhar um papel na
diferenciacéo celular dB. brasiliensis uma vez que a expressao da calmodulina e da
subunidade regulatéria da calcineurina mostrararatg®entadas durante a transicdo

dimérfica do fungo (Nunes et al., 2005).

1.3. Transcriptomas do fungadP. brasiliensis

Projetos transcriptomas e brasiliensigém sido desenvolvidos no sentido de mapear
0S genes expressos pBr brasiliensisem diferentes condigcbes. O Projeto Genoma
Funcional e Diferencial foi desenvolvido visando aunmelhor compreensdo do
metabolismo deP. brasiliensis isolado Pb01, na fase de micélio e levedura. Nos
transcriptomas relativos as fases leveduriformeialiana foram sequenciados um total
de 6.022 ESTs. Dentre os transcritos encontradasnfobservados genes relacionados a
viruléncia e potenciais alvos para drogas, combtrgudeacetilase, isocitrato liase-4,3-
glicana sintase, uma vez que eles ndo possuem bgia@m humanos. As analises do
transcriptoma também revelaram alguns provaveispooentes das vias de sinalizacéo,
como Ca2+/calmodulina-calcineurina, MAPKs e AMPotpina quinase, (Felipe et al.
2005a; Felipe et al. 2003).

Goldman et al. (2003) identificaram 4.692 genes&sgns na fase leveduriformeRle
brasiliensis isolado Pbl8, apds infeccdo em camundongo. Foram encontreéioss
genes homoélogos &. albicans considerados fatores de viruléncia e envolvidos na
patogenicidade. O transcrito 4-hidroxil-fenil piaig dioxigenase (4-HPPB) se mostrou

altamente expresso durante o dimorfismddérasiliensis Experimentos com NTBC [2-
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(2-nitro-4-trifluorometilbenzoil)-ciclohexano-1,3ahel] e  derivados, inibidores
especificos da atividade de 4-HPPB, mostraram gse eomposto foi capaz de inibir o
crescimento e a diferenciacao da fase levedurifated® brasiliensign vitro (Nunes et al.
2005). Estudos realizados cdxspergillus fumigatu¢Brownlee et al. 20049 C. albicans
(Lock et al. 1998), os quais possuem o gene 4-HPRBtraram que NTBC exerce um
efeito inibitorio no crescimento desses fungos @suet al. 2005).

Marques et al. (2004) utilizaram a técnica de Hikacdo Subtrativa por Supressao
(SSH) e analises de microarranjos para identifiganes que sao preferencialmente
expressos na fase leveduriformeRddrasiliensisisoladoPbl8, quando comparado com a
fase miceliana. Os gen@&DII (cisteina dioxigenasey-1,3-glucana sintas€&IT1 (citrato
sintetase) &RG25apresentaram elevados niveis de expressao nkevaskiriforme deP.
brasiliensis Os genes codificantes para a tiredoxina perogigdaglutamina-S-transferase,
apresentaram uma expressao preferencial na fasduléfiorme deP. brasiliensis Os
produtos desses genes poderiam atuar como antesleeduzindo os niveis de espécies
reativas com oxigénio durante o crescimento dadienge

O perfil transcricional deP. brasiliensisdurante a diferenciacdo morfolégica de
micélio para levedura também foi avaliado por Bastd al. (2007), que mostraram
transcritos relacionados com a sintese de protéimasembrana e de parede celular estéo
induzidos durante a diferenciacdo transitéria deéhu para levedura apés 22 horas,
sugerindo queP. brasiliensisfavorece o remodelamento de membrana e paredkrcelu
durante esse processo. Foram observados aindacritas relacionados a provaveis
fatores de viruléncia e ao sistema de transduc&nade Neste estudo, genes envolvidos
na via de assimilacdo do enxofre, como a sulfittut@se, mostraram-se induzidos durante
0 processo de transi¢cao, sugerindo o envolvimemtmetabolismo do enxofre no processo
de diferenciacao celular no fungo (Andrade et@D&2 Ferreira et al. 2006).

Costa et al. 2007 realizaram a analise do trarteang deP. brasiliensisdurante o
processo infectivo a fim de identificar as alteeg;fia expressdo génica do fungo durante
esse processo. Um total de 4.934 ESTs de céluasiudgformes deP. brasiliensis
isoladoPb01, provenientes de figado de camundongo infed@Edequenciado e anotado.
Foram encontrados genes envolvidos no metabolisneodbico da glicose, e alguns
responsaveis pelo metabolismo de lipidios. A enzimddéica, requerida para o transporte
de grupos acetil do citosol e prové NADPH parangese de lipidios, foi encontrada super-

expressa, assim como a anidrase carbbnica, qué fmoarbonato para a sintese de
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malonil-CoA a partir da acetil-CoA carboxilase (€ost al. 2007). Transcritos de ERG6
(esterol C-metil transferase) e ERG9 (esqualentas#), pecursores para biossintese do
ergosterol, também se mostraram aumentados duwgmtecesso infeccioso, assim como
transcritos relativos a enzima OLEI (Delta-9 acglaxo desaturase), responsavel pela
fluidez da membrana em células animais e em migansmos (Gargano et al. 1995).
Altos niveis de transcritos da enzima isocitragsdi, foi encontrado induzido durante o
processo infectivo, indicando que o ciclo do gliakaesta atuando nessa condicéo.

Com o objetivo de identificar as respostas adaatatideP. brasiliensisdurante a
infeccdo, Baildo et al. (2006) utilizaram a técnida RDA (Analise Diferencial
Representacional), para analisar células levedorde deP. brasiliensis provenientes de
modelo animal e células leveduriformes do fungauliaco em sangue humano. Nas
células leveduriformes provenientes de incubacasamgue, os genes zrtl (transportador
de zinco) e crt3 (transportador de cobre de altadaide) se apresentaram reprimidos. Os
transcritos de glutamina sintetase se apresentatemente expressos nessa condicéo,
sugerindo que o remodelamento da parede/membranarqede ser uma das formas pela
qual P. brasiliensisresponde a alteracdo da osmolaridade externa, gist glutamina
sintetase prové a glutamina necessaria para faghcasamina 6-fosfato, necessaria para a
obtencdo de UDP-N-acetilglicosamina, agucar quicgza da sintese de quitina (Ram et
al. 2004). No entanto as amostras obtidas de moaeilmal identificaram uma alta
frequéncia de transcritos codificantes para HSBB86, podem estar contribuindo para a
protecdo de células danificadas. A gliceraldeidos®ato-desidrogenase (GAPDH), uma
adesina que se liga aos componentes da matrizekiia e é capaz de mediar a aderéncia
e internalizacdo d@. brasiliensisem cultura de células vitro, se apresentou induzida
(Bailao et al. 2006).

Em andlises do perfil transcricional em célulastkwriformes deP. brasiliensisapos
incubacdo com plasma humano foi possivel detectasuer expressdo de genes
relacionados a sintese de proteinas, respostarcalmhudanca de osmolaridade do meio,
remodelamento celular e defesa. Os transcritodicadies para enzimas ¢aoxidacéo
também se mostraram induzidos sugerindo que o fumgssa condi¢cdo, desvie o seu
metabolismo para a degradacéo de lipidios (Batl@ah €007).

Tavares et al (2007) estudaram a resposta transcricional Pdebrasiliensis a
internalizacdo por macréfagos murinos e identificar genes super-regulados,

principalmente aqueles relacionados a biossintesendnoacidos e proteinas de choque
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térmico, sugerindo que estes genes sao relevantastd o processo de fagocitose por
macrofago. Genes relacionados ao ciclo do gliomalambém se apresentaram super-
regulados aquela condicdo, sugerindo Buérasiliensisutilize essa via metabolica para

obtencdo de carbono durante a internalizacdo pardfegos, conforme ddescrito por

Derengowski et al. (2008).

Genes expressos durante a transicdo de conidias lpaeduras do fungdP.
brasiliensis foram analisados por Garcia et al. (2009), quentifiecaram genes néao
observados nas bibliotecas realizadas previameam@n a transicdo micélio-levedura.
Dentre as ESTs identificadas encontram-se umaipeote adaptacdo a estresse, SKN7 e

o transportador de elétrons flavoproteina-ubiguinaxidoredutase (ETF-QO).

2. APCM

A PCM é uma micose humana sistémica granulomatesado inicialmente
denominada hifoblastomicose pseudococcididica ([L8G8). Com o crescente registro de
casos no Brasil, a doenga passou a ser denomitéastomicose brasileira” e, logo a
seguir, “blastomicose sul americana”, devido a nasglo de casos isolados em outros
paises da Ameérica do Sul (Almeida 1930). Em homemag Adolfo Lutz e aos
pesquisadores Adolfo Splendore e Floriano Paulo Admeida, responsaveis pela
caracterizagdo morfo-biolégica do fungo, a doentan®ém conhecida como moléstia de
Lutz-Splendore-Almeida (Lacaz 1949). Em 1971, em ugongresso realizado em
Mendellin - Colédmbia, micologistas consagraram mnte paracoccidioidomicose para a
designacéo da doenca (Hamdan & Rocha 1987).

A PCM é causada pela inalacdo de propagulos daafamceliana do fungdP.
brasiliensis os quais chegam ao pulmao, eventualmente invaderélulas de defesas do
hospedeiro e é disseminado pela corrente sangeloadinfatica para todas as partes do
corpo (Franco 1987; McEwen et al. 1987). A PCM padietar qualquer 6rgao, apos
disseminacgdo, em particular, a pele, nédulos lodaf pulmdes, membranas das mucosas
oral, nasal e gastrointestinal, e também o sisteenaoso central (Ramos-e-Silva, 2004;
De Almeida, 2005;). Nao existem relatos de transausinter-humana (Brummer et al.
1993). Apos a penetracdo no hospedeiro, o fungmseerte para a forma patogénica de

levedura, sendo este processo considerado como asso pfundamental para o
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estabelecimento bem sucedido da infeccdo (Fran&Y)18 fase inicial da interacao
parasito-hospedeiro (Camargo & Franco 2000).

A doenca é caracterizada pelo polimorfismo daseleg®e Almeida 2005; Ramos-e-
Silva, 2004), formacgéo de granulos epiteliais cosag de necrose central, um halo de
linfomononuclear e fibrose (Camargo & Franco 20B0PCM pode se apresentar em duas
formas principais: i) aguda/subaguda e ii) cronida. forma aguda/subaguda também
chamada de forma juvenil, a maioria dos pacierdescsiancas, adolescentes ou adultos
jovens com idade inferior a 25 anos (Mendes 19#gsentando uma variagao sistémica
de leve a moderada (Marques 2003), além de desrésna resposta imune celular,
resposta inflamatéria granulomatosa e disseminéigdgica (Arango & Yarzabal 1982;
Franco et al. 1987). Por outro lado, a forma c@mapresenta mais de 90% dos casos e
ocorre em adultos com idade superior a 25 anos, amnprometimento progressivo do
estado geral, uni ou multifocal. No estado unifpsamente um 6érgéo ou sistema é afetado
(Shikanai-Yasuda et al. 2006), jA no estado muhifo muitos 6rgdos e sistemas sdo
afetados (Rivitti & Aoki, 1999).

Estudos realizados por Coutinho et @002), demonstraram que a PCM foi a oitava
causa de morte mais comum entre as infec¢des agdrecorrentes e doengas parasitarias.
No entanto, Prado et al. (2009), relatam que n®iBes mortes causadas por micoses
sistémicas como a PCM atingiram um numero de 358 1996-2006, sendo a PCM
responsavel por 51,2% dos casos. Nos ultimos anB§M tem sido apontada como uma
doenca oportunista quando associada a pacientesAdoB8; a mortalidade entre esses
pacientes tem sido considerada alta (Ribeiro &0419; Paniago et al. 2005).

A PCM é uma infeccdo endémica na Ameérica Latinaleomais de 10 milhdes de
pessoas sao infectadas e 2% dos individuos desenva doenca (Almeida et al. 2003;
McEwen et al. 1995). No entanto, estes nUmerostorse mais expressivos em areas de
maior endemicidade, como é o caso do Brasil, onteidéncia anual pode alcancar 3
casos para cada 100.000 habitantes, com letalta@deo a 3% (Felipe et al. 2005b). Além
do Brasil, Venezuela, Colémbia, Equador e Argentipeesentam grande incidéncia do
fungo (Marques 1998; Silvestre et al. 1997). Casgporadicos foram reportados nos
Estados Unidos, Europa e Japao, em individuos siddcreas endémicas (Rivitti & Aoki
1999; Vale et al. 1992). A distribuicdo desigualimi@déncia pode ser encontrada em um

mesmo pais, por exemplo, no Brasil a doenca ocoais frequentemente nos Estados de
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Sao Paulo, Rio de Janeiro, Parana, Rio Grande HdG8ias e Mato Grosso (Almeida et
al. 2003; Coutinho et al. 2002; Franco et al. 1989)

Dados epidemioldgicos mostram que a incidénciac#agh até os 12 anos de idade &
similar entre os dois sexos; porém nos anos subs&Eg) este numero aumenta
progressivamente em homens (Marques 1998), sendo8@%w a 90% dos individuos
afetados sdo homens entre 29 e 40 anos de idad®npnantemente trabalhadores rurais.
A incidéncia e progressdo da PCM em areas endémsdcamuito maiores em homens do
gue em mulheres, numa razdo de 13:1 (Restrepo 20@8; Ramos-e-Silva & Saraiva,
2008; Brummer et al. 1993).

2.1. Abordagens terapéuticas de antifungicos e tratnento da PCM

A cura espontanea nédo € vista frequentemente na, REbddto em alguns casos de
infeccdo pulmonar primaria (Miyaji & Kamei 2003)e8ta forma, pacientes dos quais o
fungo é isolado, devem ser submetidos ao tratanemoagentes antifiUngicos (Marques
et al. 2008).

O tratamento da PCM é longo, iniciando com uma giEsade agentes antifingicos
agressiva, a partir do qual se segue com um tratande manutencao por meses ou anos
(Shikanai-Yasuda et al. 2006), incluindo, além dosdicamentos antifingicos, uma
combinacdo de suporte nutricional, tratamento detenais sequelas e a prevencao de
doencgas oportunistas (Ramos-e-Silva & Saraiva 2008)

Os medicamentos classicos utilizados para o trattomda PCM sdo sulfonamidas,
anfotericina B, e derivados imidazolicos, tais caretoconazol, itraconazol, e fluconazol
(Travassos et al. 2008; Shikanai-Yasuda et al. 2Q00@iroz-Telles et al. 1994).

As sulfonamidas (sulfametoxazol ou sulfadiazinajnplementada depois com a adi¢céo
de trimetoprima (TMP-SMT), foi introduzida ha algasndécadas no tratamento da PCM.
Os possiveis efeitos adversos apresentados poc@sganacdo de compostos ativos sédo
reacdes de hipersensibilidade, anemia megaloldadeacopenia, intolerancia gastrica,
hepatopatia (Marques 1998). As sulfonamidas saoica®ento de escolha para o
tratamento da PCM em criancas (Shikanai-Yasud& @086) e apesar de possuirem um
valor acessivel ao paciente e de serem eficazémtammento da doenca, sua utilizacédo
requer um longo periodo de tempo, o que leva, nariaadas vezes, a desisténcia dos

pacientes na continuidade do tratamento (San-Bl&bi&-Vega 2007). As sulfonamidas
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atuam inibindo a sintese de &cido félico competinodm o &cidop-aminobenzédico na
reacao catalisada pela di-hidropteroato sintase, aqvolve a condensacdo de acgdo
aminobenzoico e 6-hidroximetil-dihidropterina pwefato para produzir di-hidropteroato.
A inibicdo dessa reacdo leva a deplecdo de fotdatacelular, o qual € essencial para o
crescimento do organismo patogénico (Hong et &519

A anfotericina B foi utilizada para o tratamento RPl@M pela primeira vez em 1958.
Referente ao seu mecanismo de acao sabe-se quecdstala interage com o ergosterol,
um esterol da membrana celular fungica. Esta igéeranterrompe a integridade osmaética
da membrana celular fangica, comprometendo suadéumle barreira, o qual leva ao
extravasamento de potassio, magnésio, acucar, atietapacarretando a morte do fungo
(Shikanai-Yasuda et al. 2006). Esse farmaco é dersmio um medicamento de escolha
em casos de PCM severa ou em pacientes com hefiatdpa fatores limitantes para o
uso dessa medicagao sdo cardiopatia, nefropatipaemntes com mais de 65 anos de
idade, hipertermia, resfriado, perda de apetiteseds (Rivitti & Aoki 1999; Marques
1998). A anfotericina B € administrada somente war intravenosa, sob condicbes
estritamente reguladas (Shikanai-Yasuda et al. )2@6s intervalos para administracédo
devem ser espacados. O uso de um agente antiflgadopara complementar o
tratamento com anfotericina B € recomendado ap@sislizacdo, pelo fato da imunidade
celular especifica ndo ter tempo suficiente paraesaperar (Ramos-e-Silva & Saraiva
2008).

Os azoles tiveram sua introducdo marcada por umcavao tratamento das doencas
fungicas, entre elas a PCM. Esses compostos atumnbiossintese do ergosterol,
interferindo na funcdo desse esterol como compen&l® membrana, alterando a
permeabilidade e fluidez normal da membrana fung@dds et al. 2003). Os azois
(fluconazol, itraconazol, cetoconazol, saperconaaalriconazol) interagem com a enzima
citocromo P-450 l4-esterol demetilase (ERG11), a qual é essencia aasintese do
ergosterol, se ligando ao grupo heme no sito alaw@nzima (Sanglard 2002; Kelly et
al.1993). Os imidazois (cetoconazol) e triazoisddinazol, itraconazol) tém sido muito
utilizados no tratamento da PCM (Fagunde-Pereyah @006). Eles se apresentam ativos
contra culturagn vitro de P. brasiliensis isolados resistentes a esses azoles tém sido
detectados ocasionalmente (Visbal et al. 2005).eEanito, o itraconazol é sugerido pela
Sociedade Brasileira de Medicina Tropical como dhorealternativa para terapia de

primeira linha no tratamento da PCM (Shikanai-Yaswd al. 2006). O variconazol,
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segunda geracdo de antifingicos triazbicos, dispbnhas apresentacdes oral e
intravenoso, constitui uma alternativa terapéutiggortante, principalmente nos casos de
neuroparacoccidioidomicose, devido a sua boa pegégirno sistema nervoso central. No
entanto, o custo elevado torna sua utilizacdo didait (Shikanai-Yasuda et al. 2006;
Queiroz-Telles et al.1994).

Equinocandinas, tais como micafungina (MycafiineAstellas Pharma) ou
caspofungina (Cancid&sMerck), sdo antiflingicos que tém sido introdugide terapia de
infec¢gBes fungicas, tais como candidiase e aspeegiEssa classe de farmacos apresenta
como principal alvo a enzima 1,8-glicana sintase presente na parede celular de$ung
Sabe-se que a parede celular fungica é essencalspa sobrevivéncia, tornando essa
classe de antifungicos altamente especificos, astalta de quitina ¢-1,3-glucana em
mamiferos (Odds et al. 2003; Munro & Gow 2001). An€entracdo Inibitéria Minima
(CIM) para caspofungina na fase leveduriforme deéosafungos dimérficos, oscilou de
acordo com a espécie e isolado dentro da espéxiné@-Ingroff 1998). A suscetibilidade
de P. brasiliensis a esse medicamento parece estar correlacionagalado do fungo
(San-Blas & Nifio-Vega 2007)P. brasiliensis apresentou-se resistente a acdo de
micafungina (Nakai et al. 2003). A CIM em sete aslals variou entre 4 e 16 pg/ml para a
fase miceliana e > 64 pg/ml para a fase levedungéodo fungo, demonstrando que a
atividade antifungica da micafungina depende da& fde crescimento do fungo, e
particularmente, da estrutura da parede celularseptada nas diferentes fases do fungo
(San-Blas & Nifio-Vega 2007).

A 5-flucitosina (5-FC) € um antimetabdlito atualrteerutilizado como um agente
antifungico (Krcmery 2005). A 5-FC é captada pedtula do fungo através da citosina
permease sendo convertida em 5-fluorouracil (5-Hid#Ja citosina deaminase e
posteriormente em acido 5-fluorouridilico, o quafoéforilado e incorporado ao RNA
interferindo na sintese protéica. O 5-FU tambémorvertido em monofosfato de 5-
fluorodeoxiuridina, um potente inibidor da timiddasintase, enzima envolvida na sintese
de DNA e em processos de divisdo nuclear (Cariligidz et al. 2006). A 5-FC nao é
utilizada em monoterapia, devido ao alto indicere&isténcia a este farmaco, sendo
administrado apenas em combinacdo com anfotefmafluconazol (Krcmery 2005).

As alilalaminas (naftifina, terbinafina e butenaline tiocarbamatos (tolnaftato e
tolciclato) atuam como inibidores competitivos daima esqualeno epoxidase (ERG1), a

qual juntamente com a (2,3)-oxido esqualeno cidBRE7), € responsavel pela ciclizacao
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do esqualeno a lanosterol. Sua inibigcdo provoca demecéo de ergosterol que afeta a
estrutura e funcdo da membrana plasmatica (Geogdpkpu & Walsh 1996).

A pesquisa por novas terapias com antifungicossidmrealizada visando o tratamento
das micoses (Moudgal & Sobel, 2010; Espinel-Ingr2®09). Inibidores como azasterois e
derivados tém se mostrado altamente efetivos cogemtes antiproliferativos contra
protozoarios e alguns fungos, entre eleP.obrasiliensis(Visbal et al, 2005; 2003).
Pereira et al. (2010) identificaram o lanosterainoosubstrato preferencial pasé24)-
esterol metil transferase (SMT) Be brasiliensifPbSMT). Dessa forma, varios derivados
do lanosterol foram sintetizados por sintese qureidnvestigados quanto a capacidade
inibitéria das proteinas nativa e recombinantd’i8MT. Dentre eles, o 25-azalanosterol
foi identificado como o inibidor mais potente.

A combinacdo de quimioterapia e Peptideo 10 da gpel®. brasiliensis(P10),
candidato a vacina contra a PCM, tem sido estudanieo uma estratégia para tratamento
da PCM humana (Rodrigues et al. 2009; Travassais 2008).

Produtos naturais também tém sido utilizados cogemtes antifingicos alternativos e
testes envolvendo compostos extraidos de plantas séndo realizados parB.
brasiliensis O composto natural ajoene (4,5,9-trithiadodecgL1-trieno 9-6xido),
presente no alhoA{lium sativun), foi capaz de controlar a infeccdo por brasiliensis
Camundongos foram inoculados com® k#lulas do fungo por via intraperitoneal e
tratados com ajoene. Apoés 2, 6, 10 e 13 semanaatdenento, os niveis de anticorpos
anti-P. brasiliensisforam medidos por ELISA e os animais foram sa@adbs para a
retirada de seus pulmdes, figado e baco, e pastrédise histopatoldgica e determinacao
do numero de fungos viaveis. Os resultados mostrgre a PCM foi estabelecida e que o
ajoene foi capaz de controlar a evolu¢cdo da doeadazindo significantemente os niveis
de anticorpos a partir da décima semana de tratanfelaluf et al. 2008). Esse fato esta
associado com a reducgéo de fosfatidilcolina, unceorntante aumento do seu precursor
fosfatidiletanolamina e um grande aumento nos &cigmaxos insaturados na fase
leveduriforme (Visbal et al. 2005). Em adicdo, apepossui atuacdo efetiva quando
associado a antifungicos (Thomaz et al. 2008).

Oenoteina B, obtida das folhaskEagenia uniflora foi avaliada por Santos et al. (2007)
quanto a sua atuacdo em ceélulas leveduriformsePdebrasiliensis utilizando-se
bioensaios. O composto apresentou efeito antipralivo no fungo. Oenoteina B inibe a

expressdo do transcrito de BPB@licana sintase RbFKS1), e induz alteracbes
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morfolégicas, como deformacédo da célula, extravaséme depresséo celular, rachaduras,
superficie rugosa, rompimento e extravasamentootitetddo celular apds o colapso da
parede celular. Essas alteracdes foram observadapr@ximadamente 90% da populacdo

das células analisadas &nbrasiliensis.

3. Plantas utilizadas com fins terapéuticos

Na tentativa da descoberta de novos compostos,osngitupos de pesquisa tém
buscado os extratos de plantas para detectar niedalxdm atividade biolégica relevante
(Alves et al.2000). Atualmente, plantas medicinais tém siddzaiilas como fonte para
analgésicos, anti-inflamatdérios, anti-neoplasicagfiasmaticos, antiarritmicos e anti-
hipertensivos (Webster et al. 2008). Entretantacpe estudos tém sido realizados visando
avaliar a eficacia e os efeitos terapéuticos deats brutos ou componentes isolados
(Napolitano et al. 2005).

O uso de produtos naturais, incluindo plantas compredades medicamentosas, vem
se tornando cada vez mais importante nos cuidaasatle, especialmente nos paises em
desenvolvimento. Muitas investigacdes farmacol&@itdm levado a identificagcdo de
novos farmacos ou a busca de novas estruturaopdgaenvolvimento de novos agentes
terapéuticos para o tratamento de doencas humaleagman et al. 2003; Holetz et al.
2002). No tratamento quimioterapico, 74% das dragasprodutos naturais ou derivados
(Tan et al. 2006). Os relatos na medicina popudstutnam ser vistos como eficazes na
identificacdo de espécies vegetais potencialmesri@péuticas, sendo utilizadas como
orientadores das pesquisas com plantas mediclarbgne 1999).

O ajoene, derivado dd\. sativum,tem sido estudado quanto a sua atividade
antimicrobiana e er®. brasiliensis este composto induz um efeito antiproliferati@aurg-
Blas et al. 1997). Estudos realizados por pesqoisaddo nosso grupo, identificaram o
bioproduto argentilactona, provenienteHigotis ovalifoliacomo inibidor da enzima nativa
e recombinante de ICL do fungo brasiliensigPbICL) (Prado et al. em preparacao).

Compostos naturais provenientes de plantas tamiéémsido avaliados quanto a
atividade antifungica em outros fungos, co@ryptococcus neoforman€ryptococcus
gattii e C. albicans(Pasqualotto & Denning 2008; Pauli 2006; Zehavi daeheck 1996).

Extratos de plantas com propriedades medicindisntha longifolia, Mentha piperita,
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Prongos ferulaceae, Galium verum, Salvia limbateewisia austriaca, Urtica didica
Plantago lanceolatputilizadas na medicina popular da Turquia, foearaliados, quanto a
sua acao em espécies@eandida(Yigit et al. 2008). Dentre os extratos estudados,ues q
apresentaram atividade inibitoria contra espéce£ahdidaforam: M. longifolia e A.
austriacaque mostraram atividade conaalbicans P. lanceolataque apresentou efeito
inibitério contra C. albicans e Candida tropicalis P. lanceolatatambém inibiuC.
neoformangBraga et al. 2007). Dentre as espécie€aedidaanalisadasC. albicans foi

a espécie mais sensivel.

Brasil, Cuba, india, Jordania, México sdo exemples paises que possuem flora
diversificada e rica; nesses paises, as plantasitirutilizadas com agentes antifungicos
e antibacterianos (Rehder et al. 2004; Ahmad & B@@l). O Brasil é o pais de maior
diversidade do planeta, foi o primeiro signata@ocdonvencao sobre diversidade biolégica
(CDB), é considerado pela  Conservagéo Internaciond[ClI 1999)
(http://www.conservation.org.br) como pais megabiexso que congrega pelo menos
70% das espécies vegetais e animais existentastaitbrrestre brasileira tem a flora mais
rica do mundo, com 56.000 espécies de plantas @2003) catalogadas e distribuidas

nos seis maiores biomas, entre eles o Cerrado, (L98§).

3.1.E. uniflora e Oenoteina B

A E. unifora L., planta pertencente a familMyrtaceae(Figura 2), é uma arvore
arbustiva, natural do Brasil, mas que pode serregrama, na india, China, Sri Lanka,
Egito, Nigéria e outras regides tropicais e sultap (De Morais et al. 1996; EI-
Shabrawy 1995; Weyerstahl et al. 1988). No Brasita espécie pode ser encontrada nos
estados de Goias, Bahia, Mato Grosso do Sul, Mats98, Rio de Janeiro, Sdo Paulo,
Santa Catarina e Rio Grande do Sul (Angely 1965).

A E. unifloraL. é conhecida popularmente como pitangueira @tesl. 1997). E uma
planta de fruto comestivel, muito conhecida e apdec no Brasil, onde recebe as
denominacdes de Pitanga, Ibitanga e Pitangatubgegiatahl et al. 1988). Por ser de f4cil
crescimento, resistente a condi¢cdes urbana e omalna planta pode ser cultivada em
casas, parques e jardins (Porcu & Rodrigues-Anmzoga).
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Figura 2: E. uniflora(Myrtacead. A partir das folhas dE. uniflora (pitangueira) foi obtida a oenoteina B,
avaliada neste trabalhBdnte: http://commons.wikimedia.org/wiki/File:Eugenia_fioia_fruit2.JPG).

Esta planta é bem conhecida no Cerrado brasil8egpt(mio 1994) e tem sido utilizada
na medicina popular como antipirético e antireuctat(Alice et al. 1991), anti-
hipertensivo e diurético (Amat & Yajia 1991), natamento de disturbios digestivos
(Ratera & Ratera 1980; Bandoni et al. 1972), couhstrangente (Bandoni et al. 1972), e
como antimicrobiano (Coelho de Souza et al. 200debajo et al. 1989), incluindo
micoses (Souza et al. 2002; Holetz et al. 2002).

A atividade antimicrobiana dé=. uniflora foi avaliada em duas linhagens de
Eschericchia coli (EC 27 e ATCC 8539). A concentracdo inibitoria mia foi
>1.024pg/ml para ambas as linhagensEdecoli analisadas. O efeito sinérgico entre o
extrato alcoolico deE. uniflora e gentamicina, também foi observado nesse estudo
mostrando a existéncia de um provavel sinergisme e compostos (Coutinho et al.
2010).

Foi observado que os Oleos volateis das folha&.deniflora apresentam atividade
antimicrobiana e antifungica (Perez & Anesini 198dgbajo et al.1989), no entanto, essa
atividade também pode estar relacionada aos tapmessntes em diversas partes da planta
(Inokuchi et al. 1985), e que, possivelmente, s&#traiklos das folhas durante as
preparacdes populares, como infusdes e decoccesah& Beg 2001).

Taninos condensados séo conhecidos por sua capacldanteracdo com os sistemas
biolégicos induzindo a algum efeito fisiologicojstacomo anti-oxidante, anti-alérgico,
anti-hipertensivo e antimicrobiano (Santo-BuelgaS&albert 2000). Acido tanico € um
tanino hidrolisavel tipico que consiste da estfao da glicose com moléculas de acido
galico. Assim como os taninos condensados, o atahico é conhecido por sua
propriedade antimutagénica, anticancer e antioxed@8rivastava et al. 2010). Estudos
fitoquimicos das folhas d&. uniflora tém identificado a presenca de &cido galico e
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triterpenos (Schikarski 1976), bem como de trésntan hidrolisdveis macrociclicos,
nomeados de oenoteina B, eugeniflorinaeDeugeniflorina B (Figura 3), sendo que as
duas ultimas podem ser obtidas a partir de mogiiess moleculares da oenoteBdLee
et al. 1997). Essas modificacdes podem aument#ividagle bioldgica da oenoteirz
como observado na inibicdo da DNA polimerase dasviipstein-Barr (Lee et al. 2000).

1,2,3.6-tetra-O-galloyl--glucose

Oenothein B R=0H Eugeniflorin D,

Eugeniflorin D, R = 0-galloyl

Figura 3: Estruturas quimicas dos taninos obtidos das falb&s uniflora.

A oenoteina Boi isolada, primeiramente deenotherasp (Hatano et all990), sendo
conhecida por possuir notavel atividade anti-tumamati-viral HIV e HSV, e atividade
supressora de genes responsaveis pelo desenvdwirdencancer de mama em ratas
(Taniguchi et al1998; Leeet al.1997). Esse composto apresenta ainda, atividaloielana
de 5a-redutase, enzima alvo para pesquisa de novos ¢dasm@ntra hiperplasia benigna
prostética, cujos efeitos de inibicdo representara nova possibilidade para tratamento de
adenoma e carcinoma prostaticos (Lesumsal. 1996). A atividade antibacteriana de
oenoteina Bassim como de outros 40 taninos hidrolisaveis prievees de plantas, foi
demonstrada vitro emHelicobacter pylori(Funatogawa et al. 2004).

Em P. brasiliensis, estudos mostraram que células leveduriformes daogofun

apresentaram seu crescimento inibido quando exp@stafracdes, aquosa, metanolica
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soluvel e insoluvel, sub-fragdo IM-7 e oenoteinabBdas deE. uniflora de maneira dose-
dependente. Aproximadamente 90% de células levedues deP. brasiliensiscultivadas

na presenca de oenoteina B e do extrato aquossseaparam deformacdes observadas
através de microscopias de varredura e transmisséiog extravasamento e depressao
celular, rachaduras, superficie rugosa, rompimenéxtravasamento do contetdo celular
apos o colapso da parede celular. Deformacfes tedoin das células também foram
observadas, como presenca de vacuolos grandes aow densidade, células lisadas,
parede celular parcialmente rompida, organelaglesmaticas liberadas para o meio
externo e alteragbes nas estruturas citoplasmatleasam observadas ainda, células
contendo rupturas ou dobras na membrana citoplasamadd fungo (Figura 4). Estudos
realizados com alguns genesRiebrasiliensisutilizando a técnica de transcricdo reversa
semi-quantitativa seguida de reacdo em cadeia lilagrase {RT-PCR), demonstraram
que oenoteina B inibiu os acumulos de transcriwsl @f-glicana sintaseRbFKS),
enzima presente na membrana celular, a qual zateti polimero de 1,8-glicana

depositado na parede celular do fufgantos et al. 2007).

3.2. RDA

Vérias sdo as técnicas utilizadas a fim de estadatpresséo diferencial de genes em
um determinado organismo ou identificar quais gemestio envolvidos em um
determinado processo ou tratamento. Essas técp&rasitem detectar as mudancas na
expressdo de mRNAs sem qualquer conhecimento piéviisformacdes da sequéncia dos
genes especificos em questdo. Dentre os métoddigadds para clonar genes
diferencialmente expressos encontra-se a técni&Ddo(Hubank & Schatz 1994).

A técnica de RDA é um processo de subtragdo acomglainplificacdo, originalmente
desenvolvido para uso com DNA gendmico como um dwétvapaz de identificar as
diferencas entre dois genomas complexos (Hubankh&at3 1994). O mesmo processo foi
modificado, posteriormente, a fim de permitir as@lide populacbes de mMRNA
diferencialmente expressos (Lisitsy995). Baseado enoundssucessivos de hibridizacao
subtrativa, seguido por PCR (reagdo em cadeia tlmgrase), esta técnica possui a
vantagem de elimina fragmentos presentes em amsbaspalacdes de mMRNAs, deixando

apenas 0s genes expressos diferencialmente.
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Figura 4: (1) Microscopia eletrénica de varredura das célulasdariformes d€. brasiliensis (A) controle,

(B e C) expostas ao extrato aquoso, onde se obagesenca de rachaduras (seta branca), extrasmateam

do conteddo celular (asterisco), esmagamento eesisfiw (seta preta) na superficie celular. (D-Fpteéma

B, a superficie da célula apresenta-se rugosadpimtseta) observando-se a presenca de esmagasmento
depresséo (seta preta), ruptura e extravasamentordetdo celular (asterisc@®) Microscopia eletrfnica

de transmissdo de células leveduriformes Rle brasiliensis (A-C, na parte superior) uma célula
leveduriforme tipica com nucleo (n), mitocondria),(meticulo endoplasmatico (re), parede celular am
espessura uniforme e vacuolos pequenos (v) é aukeriNa porgdo inferior, (A e B) fragdo aquosaE(C-
oenoteina B. (A e B) Células leveduriformes cullas na presenca da fragdo aquosa. (A) Observa-se a
presenca de aumento da estrutura nuclear (n) eraugh membrana citoplasmatica (seta preta). (Byd&3o
(seta preta) na membrana citoplasmatica celulaaicgiolos grandes (va), com quase nenhuma densidade,
pode ser visualizado. (C-E) Células leveduriforimdtivadas na presenca de oenoteina B. (C) Pasddiarc
parcialmente rompida (seta branca) e mudancas s@stugas citoplasmaticas (asterisco) podem ser
observadas. (D e E) Mudancas na espessura da pzekdar (w) e auséncia (seta preta) da membrana
citoplasmatica celular foram observadas. Materiaiamente eletrodensos (seta vazia) sao visiveis
abundantemente e irregularmente depositados nafigipelefinida da célula do fungo(Fonte: Santos et

al. 2007).

O RDA se baseia na geracgao, por digestdo com erg@mestricdo e amplificacao por
PCR, de versdes simplificadas dos transcriptomds iseestigacdo conhecidas como
“representacdes”. Se um fragmento de restricdo ihodpkel (o alvo) existe numa
representacaotgste) e estd ausente em outmriyer — controle), um enriquecimento
cinético do alvo pode ser alcancado por hibridiaagébtrativa deesterna presenca de um
excesso ddriver. Sequéncias com homologos ariver ndo sao amplificadas, enquanto o
alvo hibridiza apenas com ele mesmo e retéem aitiatdd de ser amplificavel por PCR.
InteracOes sucessivas da subtracdo e o proced3GRIeoroduzem fragmentos de cDNA
visiveis num gel de agarose correspondendo aceairiquecido (Hubank & Schatz 1994).

Na técnica de RDA as populacbes de cDNA podemraerohadas por um numero de
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enzimas de restricdo com sequéncias curtas dehedaomento para produzir conjuntos de
cDNAs. Este aspecto do RDA melhora grandementdasces de se clonar com sucesso
espécies diferencialmente expressas. Além dissmfgte de que cada cDNA é restringido
no seu comprimento para produzir fragmentos, ogaliotento de RDA oferece multiplas
chances de se recuperar um gene de interesset&Ndcerassim como acontece em outras
técnicas de obtencdo de genes expressos diferapoi@, a técnica de RDA pode
apresentar algumas desvantagens, como 0 aparegidefdlsos-positivos, porém trata-se
de um procedimento relativamente barato e rapidst¢ifianet al.,2000).

A técnica de RDA tem sido utilizada visando o caminento de genes expressos em
diversas condicdes. Baildo et al. (2006) utilizamart@écnica de RDA a fim de identificar
genes diferencialmente expressos de duas populagde®DNA, uma obtida a partir de
células leveduriformes de. brasiliensisprovenientes de camundongos infectados e outra
proveniente de células leveduriformes do fungo biadas com sangue humano. As
andlises identificaram genes relacionados a a@isie ferro, sintese de melanina e defesa
celular.

Os genes envolvidos no processo infeccios@ragophyton rubrunforam analisados
por Baeza et al. (2007), utilizando a técnica ddARDpartir de duas popula¢gdes de cDNA,
uma proveniente de RNA extraido do fungo expostiuératina e outra obtida de RNA
extraido do fungo cultivado em meio minimo. Geredacionados a transducao de sinal,
proteina de membrana, resposta a estresse oxidatiatguns provaveis fatores de
viruléncia se apresentaram super-expressos.

Borges et al. (2010), utilizaram a técnica do RDAfimm de identificar genes
diferencialmente expressos entre as ceélulas lefedues de dois isolados diferentes de
P. brasiliensis isoladosPb01, que se apresenta com morfologia caracterisfieaglulas
leveduriformes, e o isolad®b4940, que se apresenta tipicamente na forma nmeglsgem
a presenca de conversao para a fase levedurifase alterar a temperatura de cultivo. A
técnica foi utilizada a fim de compreender os ex@mholeculares que ocorrem no fungo
durante a resposta ao aumento de temperaturabelesienento da fase leveduriforme do
iIsoladoPbO1. Nesse trabalho, o isolaB@01 foi utilizado comdestere o isoladd”b4940
como driver. Um total de 258 clones se mostram super-exprgss@s 0 isoladd?b01,
comparado ao isolad®4940, que correspondem a proteinas de membrandépeetular,
HSP30, C6 fator de transcricdo (CTF1b) e fatoraescricdo GATA (NSDD).
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Faganello et al. 2009 utilizaram a técnica de RDAnma de isolar sequéncias que
representam diferencas no DNA gendmicdCdeneoformansar. grubii e C. gattii. Nesse
estudo foram sequenciados, cerca de 200 clonespeuatiram a identificacdo de 19
sequéncias diferentes em relacdo ao genomg&.deeoformansDentre as sequéncias
identificadas, genes envolvidos com o polimorfisemo espécies d€ryptococcusoram

observados, como o gene codificante para IDE équsintase.
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Cortar cDNA com enzimas de restricao
ligar adaptadores

|
l
-
|
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Amplificar por PCR e digerir

l com enzima de restrigao
Amplicon tester Amplicon driver (em excesso)
o l Ligagao dos adaptadores =
Tester df Hibrido Tester s Driver df Driver fs
l Preencher as terminagdes com polimerase
Amplificar por PCR
l Nenhuma amplificagéo
Amplificagao exponensial Amplificagéo linear
Digestao do DNAfs

Produto diferencial l Digestao com enzima de restrigao

Clonagem nos vetores e analise

Figura 5 — Diagrama esquematico da metodologia do RDA. Os ADK&o digeridos com enzima de restricdo
SawBAIl para gerar fragmentos amplificaveis por PCRoen csitios de restricdo para ligar os adaptadores. O
produtos da digestao sao purificados em sistemaimah GFX (GE Healthcare, Chalfont St. Giles, UKgados
aos adaptadores (16 h a 16 °C) e amplificados @ 25 ciclos de 45 s a 95 °C e 4 min a 72°C, cada)
produtos finais da reacdo de PCR sédo purificados cosistema comercial GFX. Ambo®ster e driver, sdo
digeridos conSaBAIl para remoc¢éo dos adaptadores e purificados al@digacdo de um novo par de adaptadores
somente naester Para a geracdo do primeiro produto diferendider e testersdo hibridizados, numa relagéo de
10:1, por 16 h a 67 °C e amplificados por PCR ¢loside 45 s a 95 °C e 3 min a 72 °C, cada). Odupos séo
submetidos a uma nova etapa de amplificacdo (20sgiem que osestes dupla fita (df) sdo exponensialmente
amplificados, e os cDNAs fita simples (fs) sdo reitos. Para geragdo de um segundo produto diferdemcivos
adaptadores séo ligados ao primeiro produto diéémkrque é hibridizado adriver numa relacao de 100:1.
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4. Caracterizacao de alvos para agentes antifungiso

4.1. Ciclo do Glioxalato

A glicose é a fonte de carbono preferencial paratamuorganismos, podendo ser
convertida em um acgucar contendo cinco carbon@aeooatabolizada a acetil-CoA através
da glicdlise. Entretanto, ndo € sempre que a gliesta disponivel como fonte de carbono
para 0s micro-organismos, sendo necessaria a atuBgc@®utras vias metabodlicas para
suprir as necessidades energéticas de acordo céonte de carbono disponivel no
ambiente (Cozzone 1998).

Uma das vias regulatorias utilizadas é o ciclo diddtricarboxilico, que resulta na
geracdo de moléculas produtoras de energia, e tandi@a como reservatorio de
precursores metabdlicos essenciais para a sintesaninoacidos, acidos graxos e
acucares. Esse ciclo pode ser regulado, e as enenvalvidas podem ser induzidas ou
reprimidas de acordo com a necessidade da célala¢H& Appanna 2001).

Outra via que possui grande importancia no procesgaatorio € o ciclo do glioxalato
(Figura 6), originalmente descrito por Kornberg &kKs (1957) em bactérias crescidas em
acetato. O ciclo do glioxalato trata-se de uma ailternativa ao ciclo do &acido
tricarboxilico, oxidando acetato aos acidos dicailimms: succinato, malato e oxaloacetato
(Flavell et al. 1971). A funcéo do ciclo do glioaed € sintetizar compostos contendo 4
carbonos a partir de compostos contendo 2 carbteies;omo acetato e etanol (Kornberg
1966).

O acetil-CoA entra no TCA, onde é convertido, aésade 0ito passos enzimaticos, em
intermediarios que alimentam numerosas vias bit&gias, incluindo as vias para a
sintese de aminodcidos, acidos graxos e glicoseerfzo& Fink 2002). Nesse processo
participam enzimas comuns ao ciclo do &cido triogitico e também as especificas do
ciclo do glioxalato, a isocitrato liase (ICL) e aalato sintase (MLS). A enzima ICL
catalisa a reacdo de clivagem do isocitrato a satwie glioxalato. Em seguida, a enzima
MLS condensa o glioxalato, com acetil coenzima wiando malato (Kornberg 1966).

O ciclo do glioxalato possui um papel importante giaoneogénese (Kornberg &
Beevers 1957), visto que o primeiro passo compridimatessa via é a conversao de
oxaloacetato a fosfoenolpiruvato através da enfsfaenolpiruvato carboxiquinase (PEP
carboxinase) (Figura 6). Essa enzima e a frutd&dilgsfatase sdo as mais importantes na
gliconeogénese por atuarem como regulatorias mdupéo de glicose. EI8. cerevisiage
sob fagocitose, frutose-1,6-bifosfatdB8P1) € altamente induzida (Lorenz & Fink 2001),
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validando a idéia de que o primeiro objetivo naugéb do ciclo do glioxalato é a producéo

de glicose.
GLICOSE
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piruvato .,
4
. I-CoA CoA
PEP % acetil-Co,
Carboxquinase
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Figura 6: Esquema representativo do ciclo do acido tricattmmxiciclo do glioxalato e gliconeogénese.
Estédo evidenciados os passos enzimaticos basicegloodo acido tricarboxilico (linhas finas), oajuwe
comum para todos 0s organismos; passos no ciclgliokalato (linhas tracejadas), o qual € comum para
micro-organismos e plantas; passos compartilhags mlois ciclos (linhas grossas); e a reacaoainis
gliconeogénese (linhas sombreaddspnte: Lorenz & Fink 2002).

As enzimas do ciclo do glioxalato sdo induzidassapdagocitose er@. albicanse S.
cerevisiag possibilitando a sobrevivéncia desses micro-osgams no interior de
macrofagos (Lorenz & Fink 2002). Somente as enziexatusivas do ciclo do glioxalato
sao induzidas durante o processo de infec¢do enelx@t@am enzimas comuns ao ciclo do
acido tricarboxilico (Minard & Mcalister-Henn 1991Entretanto, o mesmo nao €
observado em resposta a meios condicionados, sstr@sdativo, ou contato com
macrofagos inativados por aquecimento (Lorenz & FA001). De acordo com Cozzone
(1998), o macréfago é pobre em compostos compleeosarbono, mas sé@o ricos em
acidos graxos e seus produtos de degradacado, maimeite acetil-CoA, 0s quais sao
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assimilados através do ciclo do glioxalato, condincio ser a Unica rota de sintese de
glicose nesse ambiente.

O ciclo do glioxalato e as enzimas ICL e MLS sagontantes para a viruléncia de
alguns patdégenos, con®. albicans(Lorenz & Fink 2002),C. neoformangRude et al.
2002) e o fungo fitopatogéncibeptosphaeria maculanddnurn & Howlett 2002). A
enzima ICL foi encontrada super expressa no trgteana deP. brasiliensisrealizado a
partir de células leveduriformes do fungo recuparatk camundongos infectados,
mostrando a atuacao do ciclo do glioxalato no mseenfectivo da doenca (Costa et al.
2007).

Estudos utilizando isolados de. albicans coletados de trés grupos de pacientes
apresentando candidiase em regides diferentesrgdo, goostraram que as enzimas ICL e
MLS apresentaram atividade em todos os casos atadis confirmando a presenca do
ciclo do glioxalato como fator de viruléncia pardungo. Porém, os niveis de atividade
dessas enzimas se apresentaram alterados de awoondo local da infecgcédo. Estudos
utilizando isolado deC. albicans proveniente de pacientes diabéticos desenvolvendo
candidiase vulvovaginal apresentaram niveis dedatie das enzimas ICL e MLS mais
elevados quando comparado a isolado obtido da adwidrofaringea dos pacientes
HIV/AIDS e da pele de pacientes queimados (Latt&le2006).

Em Tuber borchij os transcritos de ICL eMLS foram encontrados sugressos
qguando o fungo foi cultivado na presenca de acetattanol, indicando que o ciclo do
glioxalato era induzido na presenca de fontes deAbBGa et al. 2007).

Estudos a fim de identificar um inibidor para ol@ido glioxalato em_eptosphaeria
maculans um fungo fitopatogenico, foram relizados &rassica oleraceavar. botrytis
Os pesquisadores realizaram uma modelagem molemuiara finalidade de desenvolver
peptideos como um candidato a agente indutor detéesia contrd.. maculansem B.
oleracea var. botrytis basenado-se no sitio de interagdo da ICL com ssdstrato
isocitrato. Foi demonstrado que a inibicdo de tsaid, ligado a ICL previne a acédo do
ciclo do glioxalato que € essencial para o metabmlidel.. maculansemB. oleraceavar.
botrytis Esse bloqueio do ciclo do glioxalato provavelmeantbe o crescimento do fungo
sem causar efeito a planta (Srivastava et al. 2010)
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4.2. Via de degradacao da alantoina

O nitrogénio € um dos componentes presentes narimadas estruturas de
macromoléculas dos organismos vivos. Assim, a naamos organismos, procariotos e
eucariotos, possuem mecanismos de controle elat®pata proporcionar um suprimento
constante de nitrogénio. Os fungos podem usar wawadg diversidade de compostos
como fonte de nitrogénio utilizando muitos caminkddsrentes. Estudos de metabolismo
do nitrogénio, e sua regulamentacdo, tém sidozesdds emS. cerevisiagAspergillus
nidulanse Neurospora crass@Marzluf 1997).

Alguns compostos de nitrogénio — amoénia, glutamiea glutamato - séao,
preferencialmente, utilizados por fungos como fagenitrogénio. Porém, quando essas
fontes primarias ndo se encontram disponiveis oerme®ntram presentes em baixas
concentragcdes, muitas outras fontes de nitrogéadem ser utilizadas, como: nitrato,
nitrito, purinas, amidos, a maioria dos aminoacidogroteinas (Marzluf 1997). Prolina
também pode ser utilizada como fonte de nitrogguoalguns fungodA. nidulans utiliza
prolina como fontes de carbono e nitrogénio (Hullaé 1989; Sophianopoulou &
Scazzocchio 1989). Porém, eB cerevisiage prolina serve apenas como fonte de
nitrogénio, nao fornecendo assim carbono para coroiganismo (Des Etages 1996).

Purinas séo os principais componentes dos nuckastid sdo sintetizadas a partir do
fosforibosilpirofosfato, aminoacidos, G@ formato (Nygaard 1983). A degradacao das
purinas, em C®e amobnia, ocorrem naturalmente em alguns orgasisnwmentanto, em
outros, esse processo ocorre parcialmente por deeseus intermediarios, através de vias
alternativas (Wu et al. 1989; Keilin 195%9. cerevisiaaitiliza a alantoina como fonte de
nitrogénio, tendo ainda, a capacidade de estod@dagenes necessarios para a utilizacédo
da alantoina sdo induzidos por compostos intermedi@gue podem ser degradados a
alofanato (Cooper et al. 1987).

O primeiro experimento realizado para estudar aradlegdo de purinas e seus
catabdlitos por micro-organismos foi realizado p@ohler (1853), que inoculou uma
solugdo de alantoina com uma levedura ndo ideaddic identificando a presenca de
amonia, uréia, oxalato e carbonato, entre os posdirtais formados.

Em E. coli, as purinas sdo degradadas produzindo alantoioge(% & van der Drift
1976). A alantoina é utilizada como fonte de nérmug em condicfes de crescimento

anaerobioS. cerevisiag capaz de utilizar alantoina como Unica fontaittegénio, pelo
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fato de ser capaz de degrada-la em amoénia, gltoxaldiéxido de carbono (Cooper et al.
1979). Para a assimilacao de nitrogénio, alantéipameiro convertido a ureidoglicolato
por alantoinase e alantoato amino-hidrolase (Clerg). 1993; Vogels & van der Drift
1976). EmBacillus fastidiosusp ureidoglicolato é degradado em glioxalato eau(®u et

al. 1995). A uréia pode ser o produto final da degradap ser metabolizada pela enzima
urease, em amonia e dioxido de carbono. O gliaxaatentdo, incorporado ao carbono
celular (Bongaerts & Vogels 1976).

Em S. cerevisiaeglioxalato é produzido utilizando fontes de 2 cad® e através
metabolismo de nitrogénio (Cooper 1982; Fraenké2l9Acetil-CoA, produzido pelo
catabolismo de fontes de carbono nao-fermentageimp acidos graxos, etanol e acetato,
€ condensado com glioxalato para produzir malassaEcondensacédo irreversivel é
catalisada pela enzima MLS (Fraenkel 1982). O magladduzido dessa forma é utilizado
como precursor da gliconeogénese, sendo convgréithbglicose ou seus metabdlitos por
meio do fosfoenolpiruvato (Fraenkel 1982). Outracio do malato € que este pode ser
convertido em isocitrato, reabastecendo os inteidried do TCA, fornecendo, desta
forma, uma fonte de glioxalato pela reacdo da IEdagco & Gancedo 1984). Glioxalato €
também produzido, quando alantoina é metabolizad#zo donte de nitrogénio (Cooper
1982), por meio da reacao reversivel catalisadaigdoglicolato hidrolase (Gaudy et al.
1965).

4.3. A enzima MLS

A enzima MLS (EC 2.3.3.9) catalisa a reacdo de eonsacao que produz malato a
partir de acetil-CoA e glioxalato; essa reacadanante especifica para esses substratos e
requer Mg+ como um cofator (Nogales et al. 2004). A MLS é wnaima fundamental do
ciclo do glioxalato, e também esta envolvida naragggdo de purinas, convertendo o
glioxalato produzido do acido urico, alantoina @ldalantdico, em malato (Hartig et al.
1992) que pode participar do ciclo da acido trioaflico ou ciclo do acido dicarboxilico
(Ornston & Ornston 1969).

As MLSs sédo classificadas em trés familias baseadatamanho da sequéncia de
aminoacidos. As maiorias das MLSs conhecida, dgdsinbactérias e plantas superiores
se agrupam no clado das MLSs com tamanho internedldoward et al. 2000). Com

base nas caracteristicas das sequéncias de andomaas MLSs podem se dividir ainda,
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em duas principais familias, as isoformas A (MSAGe(MSG). MSA, com massa
molecular em torno de 65 kDa, ocorre em bactéc@s,0 por exemplds. coli (Kornberg
1966), em fungos, com®. cerevisiagéLorenz & Fink 2001), e plantas superiores, como o
pepino Cumcumis sativys(Eastmond & Graham, 2001). MSG possui massa mlalec
em torno de 80 kDa, ocorrendo somente em baci®&szawa et al. 2005).

Alguns micro-organismos possuem duas classes desMieddo codificadas por genes
diferentes, como er&. coli, ondeaceB codifica a forma A, a qual € predominante em
células crescidas em meio contendo acetatglcB codifica a forma G, uma proteina
monomeérica induzida pelo glicolato (Molina et a994). EmE. coli, o operon aceBAK
contendo os genes ICladeA e MLS @ceB é reprimido por glicose e induzido por
acetato ou acidos graxos (Clark & Cronan 1996).

Hartig et al. 1992, identificaram duas isoenzimas godificam MLS enS. cerevisiae
MLS1eDAL7. MLS1se apresentou super expressa na presenca dederdadhono, como
acetato, indicando que essa isoenzima particip&iclo do glioxalato. No entanto, a
segunda MLS encontrada nesse micro-organidd#d,7, se mostrou super expressa na
presenca de fontes de nitrogénio, como prolinaicamiio seu envolvimento na via de
degradacédo da alantoina.

Nakazawa et al. (2005) purificaram uma proteina ntamsa molecular de 116 kDa, que
codifica uma MLS deEuglena graciliscrescida na presenca de etanol. Entretanto, sua
localizac&o é mitocondrial, e ndo glioxissomal, oaescrito em fungos (Szabo & Avers
1969) e plantas superiores (Beevers 1980). Essdizacdo mitocondrial de EgGCE é
confirmada pela presenca do peptideo sinal de egcal®ento para a mitocéndria. Em
contraste, Woodcock & Merret (1978) isolaram ou##hS de E. gracilis crescida na
presenca de acetato; essa proteina apresenta maissalar de 175 kDa e esta localizada
em glioxissomos (Liu et al. 1995).

Kunze et al. (2002) mostraram que MIslp encontssvpresente no citoplasma quando
células deS. cerevisiagforam crescidas na presenca de etanol. Entretgoimdo as
células eram crescidas na presenca de &acido ol®&itsilp apresentou localizacéao
peroxissomal. EnCorynebacterium glutamicurWLS e ICL sdo essenciais para 0 seu
crescimento na presenca de acetato, etanol e gpiaboss (Arndt et al. 2008).

A estrutura tridimensional de MSG @& coli foi elucidadaatravés de Ressonancia
Magnética Nuclear (NMR) (Tugarinov et al. 2002). 1S uma proteina globular

multimérica apresentando uma estrutura TIM b@8il8. O sitio ativo de MSGesta
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localizado em uma cavidade na interface entre i@ogg-terminal e otoopsno final da
regido C-terminal das folhdgsdo TIM barril (Howard et al. 2000). Essa posi¢c&ositio
ativo esta coerente com as posicdes descritas gas@nzimas que contém a estrutura de
TIM barril; o sitio ativo esta localizado dentrosdoops no final do barril (Branden &
Tooze 1991). Enk. coli, os residuos conservados do sitio ativo, Glu427 e BSpds
quais se ligam ao ion magnésio, Arg338 que unidoogénio ao oxigénio aldeidico do
glioxalato, e a base catalitica proposta, Asp6dt, ®nservados entre as sequéncias de
MLSs conhecidas. Os dominios criticos para a attdedde MLS parecem ser o dominio
do barril e a ligacdo C-terminal que cobre o sitigo, e que também contribui para a base
catalitica proposta (Asp631). O dominio C-termiéaomposto por 589 residuostoop,
formado pelos residuos 577-588 parece ser flexpezinitindo o movimento do dominio
para o restante da enzima. Tal movimento permatieeatura do sitio ativo para entrada do
substrato e liberagdo do produto (Howard et al0200

Na bactéria marinh&olwellia maris a MLS é descrita como uma enzima dimérica
composta por subunidades de 76,3 kDa, com temparatuna de 45°C, caracteristico de
enzima mesofilica, e possui parametros cinéticesaalos apos a reducdo da temperatura
(Watanabe et al. 2001). Nas bactéiainetobacter calcoaceticusC. glutamicumMLS
se apresenta como uma proteina monomérica com medseular de 75 kDa (Park et al.
1986) e 82 kDa (Reinscheid et al. 1994), respetiarde. EmFomitopsis palustrisum
fungo basidiomiceto, a MLS apresenta-se na formantd@ctamero, com massa molecular
de 520 kDa, distribuidas em oito subunidades deklB&. Essa enzima apresentou
afinidade para ambos os substratos, glioxalato enduM) e acetil-CoA (Km de 2,2
uM) (Munir et al. 2002).

Da Silva Neto et al(2009) mostraram, recentemente, que a ML dérasiliensis
(PbMLS) se encontra associada a superficie celuldunigo, onde foi capaz de se ligar a
componentes da matriz extracelular. A propriedadadesina dBbMLS foi demonstrado
através deFar-Western,ELISA e ensaios de ligacdo, que mostraram que &ipeo
recombinante reconheceu as proteinas presentesatre mxtracelular, fibronectina e
colageno tipo | e IV, assim como células epiteligigmonares. Esse evento indica que
PbMLS pode ter um papel de interacdo do fungo compaorantes do hospedeiro. Os
estudos revelaram a presenca da enzima na porigaelse em filtrado de cultura celular,
sugerindo quédPbMLS € secretada pdP. brasiliensis Microscopia confocal a laser foi

realizado a fim de identificar os acumulosRIMLS em células leveduriformes do fungo
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crescidas em diferentes fontes de carbono. Ostadssl mostraram que o acumulo de
PbMLS foi maior em células leveduriformes do que maef miceliana. O acumulo de
PbMLS foi maior em células leveduriformes cultivadeaspresenca de acetato.

As enzimas MLS e ICL tém sido descritas como fatode viruléncia em varios
patdgenos humanos (Olivas et al. 2007; Rude et2@02; Lorenz & Fink 2002),
particularmente envl. tuberculosigGraham & Clark-Curtss 1999%enes que codificam
essas enzimas sao induzidos na fagocitos€ eatbicanse S. cerevisiagLorenz & Fink
2002).

Estudos com pacientes da india revelaram que Mséntigeno imunodominante
reconhecido por 80% dos pacientes imunodeficierggglenciando que o ensaio de
sorodiagnostico baseado na MLS pode ser utilizadmoc técnica suplementar a
microscopia no diagndstico rapido da tuberculosghkar et al. 2006).

Wanchu et al. (2008) mostraram que anti-MLSWduberculoistem alta sensibilidade
e especificidade para o diagnostico de tubercultess@acientes em regides endémicas,
além de um grande potencial para identificar a ruese sub-clinica em pacientes

considerados de alto risco para a doenca.
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JUSTIFICATIVAS

P. brasiliensisé um fungo termodimorfico e agente causador da P@ivg micose
humana sistémica, crénica e progressiva prevalemtdmérica Latina (San-Blas et al
2002; Brummer et al1993). O tratamento prolongado da doenca, a akiaidade dos
medicamentos, e 0 aparecimento de isolados rewsten multi-resistentes (Hahn et al.
2003) tém complicado o tratamento de doencas iieas, incluindo PCM (Corti et al.
2003), e levado a necessidade do desenvolvimentowtss farmacos.

O uso de plantas medicinais no mundo, contribuiit@tivamente, para os cuidados
de saude primaria, principalmente anti-inflamat@ri@antimicrobianos e antitumorais
(Santos Pimenta et al. 2003; Holetz et al. 2003,eBaga et al. 2002E. uniflora L.,
conhecida como pitangueira, € uma planta encontesdaregifes tropicais, como 0
Cerrado Brasileiro. Nosso grupo tem realizado oidreamento das folhas de uniflorae
testado, através de bioensaios, as fracdes e oostangtivo purificado, oenoteina B, no
crescimento e viabilidade de. brasiliensis A acdo dessa substancia na expressado de
genes do fungo tem sido estudada, mostrando quempasto, inibe o acumulo de
transcritos de 1,B-glicana sintase Rbfksl). Estudos de microscopia eletronica de
varredura mostraram alteragbes caracteristicasnitiédares de 1,B-glicana sintase
ocorridas na morfologia das células leveduriforndesP. brasiliensis Os resultados
mostraram que oenoteina B afetou as células leWednes de maneira dose-dependente
(Santos et al. 2007).

O fato de oenoteina B ter causado danos na pagtdaraleP. brasiliensissugere que
esse composto possa ser um bom candidato a ageifi@gico. Nesse sentido, torna-se
relevante a elucidacédo do modo de acao de oer@esnbhreP. brasiliensis

A busca por alvos para agentes antifungicos presemh micro-organismos e ausentes
em humanos tem levado a avaliagdo da atuacdo @e gendiferentes vias metabolicas.

Micro-organismos sao capazes de crescer em foateardono nao-fermentaveis, como
acetato, etanol e acidos graxos, uma vez que posswelo do glioxalato, via metabdlica
que utiliza fontes de dois carbonos. Duas enzirdasespecificas do ciclo do glioxalato,
MLS e ICL. MLS catalisa a reagao de condensacaopgueuz malato a partir de acetil-
CoA e glioxalato. MLS também se encontra envolvitla degradacdo de purinas,
convertendo o glioxalato produzido a partir de @didco, alantoina e acido alantéico em

malato, que pode participar do ciclo do acido thoailico ou ciclo do &cido dicarboxilico.
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Estudos recentes mostraram que ML3dbrasiliensid{PbMLS) se encontra associada
a superficie celular do fungo, onde foi capaz delig® a componentes da matriz
extracelular, como fibronectina e colageno tipo INg assim como as células epiteliais
pulmonar. Os estudos revelaram ainda a presenganzimma na porcdo soluvel e em
filtrado de cultura celular, sugerindo gqBbMLS ¢é secretada pd?. brasiliensis Analises
de microscopia confocal a laser identificaram onmadd de PbMLS em células
leveduriformes do fungo crescidas em diferentetefode carbono; o acumulo BBMLS
foi maior em células leveduriformes, cultivadaspnesenca de acetato (Da Silva Neto et
al. 2009).

O fato de oenoteina B ter causado danos na pagtdaraleP. brasiliensissugere que
esse composto possa ser um bom candidato a ageifiegico, tornando-se relevante a
elucidacdo do modo de acdo desse composto gobbbeasiliensis Da mesma forma o
conhecimento da atuagdo BBMLS em diferentes vias metabolicas Bebrasiliensisse
faz importante, visto que a presenca EBMLS na superficie celular de células
leveduriformes do funge também sua auséncia em humanos, sugerliMeS possa

ser um candidato a alvo de agente antifungico.
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OBJETIVOS

Visando estudar o mecanismo de acédo da oenoteam M brasiliensisem resposta

ao composto oenoteina B, propomos 0s seguintegvaigje

» Identificar o sinergismo existente entre oenot&r@os anti-fungicos anfotericina
B, itraconazol, sulfametoxazol e a combinagédo tiamemn-sulfametoxazol,
utilizados no tratamento da PCM.

» Utilizar a metodologia de RDA e células levedurfies deP. brasiliensis
crescidas na presenca e na auséncia de oenotebtal® dekE. uniflorg

» Sequenciar as ESTs Be brasiliensisobtidas pela técnica de RDA;

* Identificar os genes induzidos e reprimidos Bmbrasiliensisna presenca de
oenoteina B;

* Validar os genes induzidos e reprimidos é&m brasiliensisna presenca de

oenoteina B;

Visando investigar a atuacdo BBMLS no metabolismo dP. brasiliensis propomos

0S seguintes objetivos:

* Clonagem e Caracterizagado da sequéncia codifipané&bMLS deP. brasiliensis

* Determinagédo do numero de cOopiaPdILS através d&outhern blott

* Andlise da expressao dMLS em diferentes fontes de carbono, através de RT-
PCRy, Western blotte atividade enzimatica;

* Andlise da expressédo d@MLS em fontes de nitrogénio, através de RT-RLCR

Western blotte atividade enzimatica.
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Abstract

The active compound oenothein B, isolated from dsaef Eugenia uniflora a
Brazilian Savannah plant, has been evaluated ontlyyaiability and gene expression of
Paracoccidioides brasiliensisThe compound interferes with yeast cell morphglagd
decreasedB-1,3-glucan synthase transcripts. In the preseuatlystthe synergism of
oenothein B with drugs currently used in the treaimof PCM was evaluated by test
sensitivity plate. The greatest inhibition occurnedhe presence of oenothein B associated
with sulfamethoxazole/trimethoprim followed by anopdéricin B, itraconazole and
sulfamethoxazole, respectively, shown a putativeesyic effective alone the compounds.
The transcriptional profiling experiments were al®alized in order to elucidate the
response of oenothein B to the fung®s brasiliensisby Representational Difference
Analysis (RDA) technique. Treatment &f. brasiliensisfor 90 min with oenothein B
resulted in the identification of 463 ESTs up regedl clustered in 35 contigs and 25
singlets and 121 ESTs down regulated, clusterecbfhfigs and 11 singlets. After 180 min
of tratment, 301 ESTs were up regulated and 143dmgulated, clustered in 20 contigs
and 13 singlets and 13 contigs and 6 singletsedsfely. Analyses indicated the presence
of transcripts with functions related to cell walid membrane, transcription factors, genes

of stress response, cell morphology and hypotlpetiteins.

Keywords: Paracoccidioides brasiliensisantifungal, oenothein B, representational

difference analysis, transcriptome, savannah plant.
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Introduction

Paracoccidioides brasiliensiscauses paracoccidioidomycosis (PCM), a human
systemic granulomatous disease, prevalent in LAtimerica, where up to 10 million
individuals are infected (Brummaat al., 1993; Restrepat al., 2001; San-Blast al.,
2002). The infection is acquired by inhalation mbarne propagules of the mycelia phase,
which reach the lungs and differentiates into thasy phase.

The treatment of PCM is lengthy, starting with aggressive dosage of antifungal
agents, to which a maintenance treatment followsrfonths or years (Halat al, 2003).
The classic drugs used for PCM treatment are saifides, amphotericin B and
imidazolic derivates, such as ketoconazole, itrazole and fluconazole (Ramos-e-Silva
and Saraiva, 2008). The drugs used in the fundattions has not provide an effective
therapy (Karen & Ernst, 2004), since resistant aitianesistant strains have emerged
(Hahn et al, 2003) and the high toxicity of these drugs haweher complicated the
treatment of patients, mainly of the immunocompadi (Cortiet al, 2003). In this way,
the search of new drugs becomes necessary. Selangéd have been used for traditional
treatment of different types of diseases, offearigrge potential source of new therapeutic
agents (Dasgupta & Benard, 2006).

Eugenia unifloraL. is a plant very well known in the Brazilian semah (Septimio,
1994) and have been used in the popular medicime Vvariety of diseases (Bandaatial,
1972; Aliceet al., 1991; Amat & Yajia, 1991; Souzat al, 2002; Holetzet al, 2002;
Coelho de Souzat al, 2004). Oenothein B is macrocyclic hydrolysal@denin dimmer,
isolated from leaves of the. uniflora, and shown to have displays antimicrobial activity
(Funatogawaet al, 2004), host-mediated antitumor activity (Miyamadt al., 1987),
suppression of mouse mammary tumor gene expreésaki et al., 1995) and inhibits 5-

a-reductase activity, enzyme related to benign ptashyperplasia (Lesuisst al, 1996).
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Bio-guided assays identified oenothein B fre&munifloraleaves. Santost al., (2007)
have shown that the aqueous, soluble and insotubtabolic fractions, sub-fraction IM-7
and oenothein B fronk. uniflorainhibited theP. brasiliensisgrowth. About 90% of the
yeast cells ofP. brasiliensisshowed deformations, including squashing and dsjpoe,
cracking, rough surface, flat appearance, disraptimd leakage of cellular contents after
collapse of cell wall. The cell surface either tiaed or wrinkled resulting in irregular
thickened shapes. Typical swollen and irregulapstacells were also observed. The
transmission electron microscopy identified cellllgvgartly disrupted and cytoplasmic
organelles leaked out of the cell. In addition, aibein B inhibited the accumulation of
1,3B-glucan synthase Ppfksl) transcript, which synthesizes Bajucan polymer
deposited in th®. brasiliensiscell wall (Santo®t al, 2007).

The aim of this work was the observed the existeheesynergism of oenothein B
associated with antifungals used on PCM treatmexst mwwvestigated and to elucidate the
response of action of oenothein B, by using Appiicaof Representational Difference
(RDA) technique making possible the knowledgédobrasiliensisgenes involved on this

process.

Methods

Plant material

E. unifloraleaves were collected in Anapolis City, Goias &tatd voucher specimens
were deposited at the Herbarium of the Universidadéderal de Goias UFG, with code
number UFG 25477. Access authorization and sangt@ttance of component of the

genetic property is’n005/2007.
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Extraction, isolation and identification of oenothén B from E. uniflora

The extraction, isolation and identification of oémein B fromE. uniflora,was realize
by chemistry scientist of the Institute of Chenyistf Universidade Federal de Goias, as
described in Santos et al. (2007). Briefly, powdea#-dried leaves oE. uniflora were
homogenized in 50% aqueous acetone. The fat anorogilyll were eliminated by
filtration. After AcCOEt fractionation, the aqueofiactions were separated by methanol
solubilization. The insoluble fraction was purifiegg CC and HPLC systems, resulting in
the isolation of oenothein B [Retention Time (RT) 12.4 min]. The macrocyclic
hydrolysable tannins, eugenifloringRT = 13.55 min) and eugeniflorin,RT = 8.89

min) were also identified.

Microorganism

P. brasiliensisisolate Pb01 (ATCC MYA 826) has been studied in our labonator
(Pereiraet al.,2000; Santost al.,2007; Zambuzzi-Carvalhet al.,2009; Da Silva Netet
al., 2009) was obtained from a patient with PCM aimst fdescribed by Dr. Maria do
Rosario Rodrigues Silva in the Mycology Laboratatyhe Institute of Tropical Pathology

and Public Health of the Federal University of Gajie TSP / GO) (Silvat al.,1994).

Culture and cell viability

P. brasiliensisyeast cells were sub-cultured every seven daysotid Bava-Netto
medium (1% w/v peptone, 0.5% w/v yeast extract¥Ov@/v protease peptone, 0.5% beef
extract, 0.5% w/v NaCl, 4% wi/v glucose and 1.4% agar, pH 7.2) (Fava-Netto, 1955) at
37°C and used throughout this study. For viability exments, yeast cells were grown in
the presence or in the absence of oenothein Bwend kept in broth McVeigh Morton

(MMcM) chemically defined medium (Restrepo & Jimen&980) for 60, 90, 120, 180,
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240 and 300 min at 3C and viability of the cells determined by Trypatu® method
(Freshney, 1987). In brief, cells from all inculbatitime were incubated with a dye
solution (0.1% Trypan Blue Stain) for 5 min at rodemperature and viability was

assessed by counting viable and unviable cellsNeuwbauer chamber.

Synergism between oenothein B and the antifungalsmghotericin B, itraconazole,
sulfametoxazole and combination of sulfamethoxazadlemethoprim

Sensitivity test on plate was performed to evaltlag¢esynergism between oenothein B
and antifungals used in the treatment PCM such raphatericin B, itraconazole,
sulfametoxazole and the combination sulfamethoxdzohethoprim. The drugs
concentrations were determinate from inhibitionagissy macro dilution in broth method
according the CLSI M27-A2 (Clinical and LaboratoB8tandards Institute, formerly
NCCLS - National Committee for Clinical Laboratd@yandards), with modifications.

The inhibition assays were performed ugthdrasiliensisyeast cells grown in MMcM
solid medium, for 7 days, at 36 and inoculated in MMcM liquid broth medium. The
stock solutions (1mg/ml) of amphotericin B, itraeanle, sulfametoxazole and the
combination sulfamethoxazole/trimethoprim (Bacffymwere prepared with DMSO 2%,
as solvent. The stock solution of oenothein B weaepg@red with MilliQ water. All the
solutions were prepared and filtered at the morognse.

Serial dilution of each compound, was realized Igingom the solutions stock
previously prepared using MMcM broth medium as &fits, yet added of the appropriate
antibiotics in order to obtain the concentrationeath compound varying of 0.0625 — 4
png/ml (0.08 — 5 mM) and 0.25 — 4 pg/ml (0.4 — 6 miMamphotericin B and itraconazole,
respectively (Hahn & Hamdan, 2000), 1.25 — 320 jdbn- 1260 mM) and 10 — 640

pug/m (20 - 1200 mM) to sulfametoxazole and the looation
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sulfamethoxazole/trimethoprim (Haleh al, 2003), respectively and 125 — 500 pg/ml (80
— 320 mM) to oenothein B (Santesal, 2007). The values were chosen based on minimal
inhibitory concentration (MIC) values describedtire literature forP. brasiliensis As
controls media alone or media with DMSO was inctud&@he inoculum size was
determined by spectrophotometer, using yeast celgpension in sterile 0,85% NaCl
solution. The suspension was agitated to dispéesedlls aggregate. The yeast cells were
collected from the MMcM broth medium and countedNimubauer chamber to be used in
the study. The initial densities of the inoculumsrevof 10 cells/ml and an aliquot of 0.1
ml was added to 2.4 ml de MMcM broth medium addethe drug.P. brasiliensiswas
grown on this condition for seven days, at@6under orbital agitation of 150 rpm. Daily
readings were realized using spectrophotometer2ét im. To each reading the.
brasiliensisyeast cells suspension were agitated, in ordeisfiecse the cells aggregate.
After determination of the MIC concentrations fdrampounds, it was performed the
sensitivity test on Petri dishes. For those asPaysasiliensisyeast cells were grown for 7
days in Fava-Netto medium (Fava-Netto, 1955). Ttiansferred to a new medium and
grown for 16h. A total the 320 mM of oenothein Badated with amphotericin B (0.08
mM), itraconazole (0.6 mM), sulfametoxazole (40 mMyr the combination
sulfamethoxazole/trimethoprim (40 mM) were addedthe petri dishes containing
medium. Control petri dishes without the compouretevalso processe®. brasiliensis
yeast cells grown in broth medium were seeded enpitri dishes in a cell serial dilution
(1 cells/ml, 10 cells/ml and 1®cells/ml). The petri dishes were incubated £C3&nd

monitoring during 5 days for cellular growth.
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RNA isolation

P. brasiliensisyeast cell were cultured in MMcM broth medium orMMcM broth
medium added of 500 pg/ml (320 mM) of oenotheinfd3, 90 and 180 min. For RNA
isolation, cells were harvested by centrifugatimashed in cold water and the RNA of
cultures driver and tester were extracted with diridnvitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RNAalgy was assessed by the use of the
AzsonndA2sonm ratio, and by visualization of RNA on 1.5% agargséelectrophoresis. The

RNAs were used to construct subtracted librariesglT-PCR experiments.

Subtractive hybridization and generation of subtraded libraries

Since has been synergic effect among oenotheirdBhendrugs used to PCM treatment
was realized the RDA methodology for identified fheative responses of the compound
the fungalP. brasiliensis

Subtractive hybridization was performed as desdritye Pastoriaret al. (2000). First-
strand cDNA synthesis was performed with 1 pg tBdA obtained from cultures driver
and tester, through the use of SuperScript Il r®vetranscriptase (Invitrogen Life
Technologies). Three microliters of the first-stanDNA was used as template to
synthesize the second-strand of cDNA. The cDNA pr@apared using the SMART PCR
cDNA synthesis kit (Clonetech Laboratories, PaltoACA, USA). The resulting cDNAs
were digested with the restriction enzynSau®l (Amershan Pharmacia Biotech,
Amershan Place, UK). Four cDNA subtracted libraviese constructed. The up-regulated
cDNA libraries were construed from cDNA obtainednfr P. brasiliensisyeast cells,
grown for 90 and 180 min in MMcM medium as driverdaof cDNA synthesized from
RNA extracted fromP. brasiliensisyeast cells grown for 90 and 180 min in MMcM

medium added of 320 mM oenothein B as tester. Dwendegulated cDNA libraries were
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construed from cDNA obtained froR brasiliensisyeast cells, grown for 90 and 180 min
in MMcM medium added of 320 mM oenothein B as drigsad cDNA, synthesized from

RNA extracted fromP. brasiliensisyeast cells grown for 90 and 180 min in MMcM
medium as tester. The resulting products were ipdrifising GFX kit (GE Healthcare,

Chalfont St. Giles, UK). The tester-digested cDNA,90 and 180 min, was linked to

adapters (a 24-mer annealed to a 12-mer) and aedapbfy PCR. For the generation of the
differential products, up- and down-regulated,aesind driver cDNA, of both conditions,

were mixed, separately; the hybridization occure®?C for 18 h and the amplification

occurred by PCR using the 24-mer oligonucleotidat(®et al., 2004). Two successive

rounds of subtraction and amplification using hglaation tester-driver ratios 1:10 and
1:100 were performed. Adapters were changed betwexss-hybridization, and different

products were purified using the GFX kit. The adapused for subtractive hybridizations
are listed in Table 1.

After the second subtractive reaction, an aliquothe final RDA products (DP2
fragments) was purified using GFX kit and cDNA maelere cloned directly into the
pGEM-T Easy vector (Promega, Madison, USEB}¥cherichia coliXL1 Blue competent
cells were transformed with the ligation produc&elected colonies were picked and
grown in deep-well plates. Plasmid DNA was prepafemn clones using standard
protocols. In order to generate the EST (expressgdence tags) sequences, single-pass,
5-end sequencing of cDNAs by standard fluorescdabeling dye-terminator protocols
with T7 flanking vector primer was performed. Saesplvere loaded onto a MegaBACE

1000 DNA sequencer (GE Healthcare) for automatgdesece analysis.
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EST processing pipeline, annotation and differentibproducts analysis

The ESTs sequences were processed using Phred g(Estirel., 1998) and
Crossmatch (http://www.genome.washington.edu/UW G&lisistools/Swat.cfm)
programs. It was considered to analysis the segsendith at least 75 nucleotides and
Phred quality grater or equal to 20. ESTs wereeswé for vector sequences against the
UniVec data. The ESTs assembly was performed uSAig3 program (Huang & Madan,
1999) to clustery and creation of contigs and gitsglAll these tools were integrated in a
specific pipeline (http://www.lbm.icb.ufg.br/pipekUFG/). The filtered sequences were
compared against the GenBank (http://www.ncbi.nimgov) non-reduntant (nr) database
from the National Center for Biotechnology Informoat (NCBI) using Blast X program
(Altschul et al., 1997) and the nucleotide database fi@nbrasiliensisstructural genome
(http://www.broad.mit.edu/annotation/genome/paramhoides_brasiliensis/). The
database sequence matches were considered signitda-values10™.

The search for functional categories was perforimedsing the bioinformatics tool
Blast2GO that joints in one application GO annotatbased on similarity searches with
statistical analysis and highlighted visualizatmm directed acyclic graph. (Conesial,
2005). The annotation was performed by applyingaanotation rule to the obtained
ontology. The rule seeks to find the most spedimotations with a certain level of
reliability. The Blast2GO annotation algorithm aldy took multiple parameters into
account such as sequence similarity, BLAST HSPhgsg scoring pair) length and e-
values, the GO hierarchical structure and GO tevidemce codes (Conesa et al., 2005;
Gotz et al, 2008). Gene Ontology (GO) (htt://www.geneontglogg), and INTERPRO
were used for domain and functional site searclh& Munich Information Center for
Protein Sequences (MIPS) (http://mips.gsf.de/), @ad Kyoto Encyclopedia of Genes

and Genomes (KEGG) (http://www.genome.ad.jp/kednehisa & Goto, 2000) were
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used to designate the functional categories, ECbeunand the metabolic pathways,
respectively. Clusters were compared with sequerices databases using Blast X

program.

Quantitative analysis of RNA transcripts by reversetranscription Real-Time PCR
(QRT-PCR)

This assay was performed to confirm the RDA resaltd the reliability of our
approaches. The total RNA of yeast cell freBmbrasiliensiscultured in the presence and
in the absence of oenothein B was obtained as qusly described, in independent
experiments from that used in RDA analysis. TothlAR were reverse transcribed using
Superscript 1l reverse transcriptase (Invitrogendl aligo (dT)s primer. The qRT-PCR
analysis was performed on a StepOnePIlusTM realB@R system (Applied Biosystems,
Foster City, CA) in triplicate. The PCR thermal kiyg was 40 cycles of 95°C for 15 s;
60°C for 1 min. The SYBR green PCR master mix (AgapIBiosystems) was used as
reaction mixture, added of 10 pmol of each spegfimer and 40 ng of template cDNA,
in a final volume of 25 pl. A melting curve analysvas performed to confirm a single
PCR product. The data were normalized with thestapt encoding the protein tubulin
amplified in each set of qRT-PCR experiments. A-template control was also included.
Relative expression levels of the genes of intesese calculated using the standard curve
method for relative quantification (Bookoeit al, 2006). The specific, sense and antisense
primers are listed in Table 1.

The genes oP. brasiliensisare’s used by qRT-PCR were the following: betaine
aldehyde dehydrogenasePbBADH, glutamine synthetase PIGLN), threalose
phosphatase POTPS, histone deacetylase-RPD®OHDAQ, Gacl PbGAC), Pall

(PbPAL and C-5 sterol desaturase-ER@PBERG3J.
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Results

Sensibility test on the plates

To evaluate the inhibitory effect of amphotericiniBaconazole, sulfamethoxazole and
a combination of the sulfamethoxazole/trimethopri,brasiliensis yeast cells, strain
Pb01, was grown in the presence of different conedioins of the antifungal drugs,
separately. The assay was performed using contensaf 0.08 — 5mM for amphotericin
B, 0.4 — 6mM for itraconazole, 5 — 1260 mM for anfiethoxazole 20 — 1200 mM for
combination of the sulfamethoxazole/trimethoprirhevalues were chosen based on MIC
values described in the literature for brasiliensis(Hahn & Hamdan2000; Hahret al.,
2003). For oenothein B the inhibitory effect wasfgened using concentrations from 80 —
320mM as described before (Santdsal, 2007). The MIC values to amphotericin B,
itraconazole, sulfamethoxazole, combination of shifamethoxazole/trimethoprim and
oenothein B were 0.08mM, 0.6mM, 40mM, 40mM and 3ROnnespectively (data not
shown).

The interaction between oenothein B and the argdlnabove were evaluated using
the concentration described above by performingstesitivity test on petri dishes. The
growth of P. brasiliensisyeast cells was evaluated after five days of iatioh. The higher
inhibition was found to oenothein B associated witombination of the
sulfamethoxazole/trimethoprim (70,9%) followed byEhotericin B (63,8%), itraconazole

(50,3%), and sulfamethoxazole (40,9%), as shoviigare 1.
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Identification of P. brasiliensisgenes with differential expression during exposuréo
oenothein B

To identify P. brasiliensisgenes differentially regulated in the presenceesfothein
B, we determined the transcriptional profile Rf brasiliensisexposed to 320mM of this
compound for 90 and 180 min at°87 This concentration was chosen based on a previou
report describing that the MIC of oenothein B frbrasiliensis(Pb 01 isolate) was of
320mM (Santost al., 2007). Aiming to verify if oenothein B could aftecell viability,
we exposed. brasiliensisyeast cell at 320mM of oenothein B for 60, 90, ,1280, 240
and 300 min at 3. Under these conditions. brasiliensis yeast cell retained
approximately 70% viability (data not shown). Arne times 90 and 180 min were chosen
for libraries construction. The RDA technique wasried out with RNA obtained from
yeast cell incubated for 90 and 180 min in the gmes 320mM of oenothein B. The RDA
experimental design included two conditions: Hi) brasiliensisyeast cells exposed in
MMcM medium with 320 mM oenothein B for 90 and 1®n; (ii) P. brasiliensisyeast
cells grown in MMcM medium for 90 and 180 min. Ftire up regulated libraries
construction, the first (i) condition was used astér populations and the latter (ii) as
driver population. However, for the down regulatdataries construction, the first (i)
condition was used as driver populations and theerla(ii) as tester population.
Subtractions were performed by incubating the drared testers. Selection of the cDNAs
was achieved by construction of subtracted libsatip and down-regulated in pGEM-T
Easy, as described in materials and methods.

In total, 1028 clones were successfully sequenEemin these, 463 and 121 clones
up and down-regulated, respectively, were obtafnam yeast cells after incubation with
oenothein B for 90 min; and 301 and 143 clones wprand down-regulated, respectively,

were obtained from yeast cells after incubatiorhvaénothein B for 180 min. The ESTs
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were processed using the tools Blast2GO progranghwddlowed us to annotate and to

identify the different functional groups.

Expression profile of P.brasiliensisyeast cells after 90 min of exposure to oenotheih

For comparative analysis, the 463 genes up-reglufaden yeast cells exposure for 90
min to oenothein B were grouped in 60 clustersraggnted by 35 contigs and 25 singlets;
The 121 genes down-regulated were grouped in 2&echki corresponding to 15 contigs
and 11 singlets. Using Blast2GO program to anatileeESTs obtained was possible to
observe that among up-regulated ESTs, 1% wereecklaith cellular transport, 1%
corresponded to transcripts involved in cell cyaled DNA processing, 2% functional
unclassified proteins, 5% corresponded to energy,w&re related to metabolism, 11%
were related to protein fate, 26% correspondednidassified proteins and 46% of the
transcripts corresponded to EST related to trapison (Figure 2A). Among the ESTs
down-regulated, 1% of the ESTs corresponded tcepr®tinvolved with cell rescue, 3%
corresponded to energy, 5% corresponded to celthrdl3% were related to transporter,
13% corresponded to unclassified proteins, 16%hefttanscripts corresponded to EST
related to transcription, 22% corresponded to signraamsducer and 27% were related to
metabolism (Figure 2B).

The adaptations made W. brasiliensisafter treatment with oenothein B can be
inferred by classifying the ESTs into seven groopginctionally related genes (Table 2).
We analyzed the occurrence of the transcript bgrdehing the number of ESTs founded
to each transcript. The greatest occurrence of c®Bfter oenothein B treatment for 90
min were as following for up-regulated ESTs: URGB54 ESTS), arginine N-
methyltransferase skbl (52 ESTs), GATA-type sexdeaelopment transcription factor

NsdD (22 ESTSs), trehalose phosphatase (20 ESTahsdription factor steA (18 ESTSs),
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histone deacetylase RPD3 (12 ESTSs), glutamine stagk (11 ESTs) and phosphatase
regulatory subunit (Gacl) (10 ESTs). For down-ragpd ESTs the greatest occurrence
number to cDNAs were the following: betaine aldelydehydrogenase (29 ESTS),
guanine-nucleotide-binding protein alpha-1 suby88 ESTs), C6 transcription factor

(Ctf1B) (15 ESTSs), , MFS transporter (15 ESTS).

Expression profile of P.brasiliensisyeast cells after 180 min of exposure to oenothein
B

For comparative analysis, the 301 genes up-reglfeden yeast cells exposure for 180
min to oenothein B were grouped in 33 clusterstaggnted by 20 contigs and 13 singlets;
the 143 genes down-regulated were grouped in XMerkicorresponding to 13 contigs and
6 singlets. Using Blast2GO program to analyze & @§enes up-regulated, was possible
observed that, 2% were related to protein fate t@rotein synthesis, 3% were related to
metabolism, 5% of ESTs corresponded to biogenefsisellular components, 24% to
functional unclassified proteins, 25% corresponttedinclassified proteins, 39% of the
transcripts corresponded to EST related to trapison (Figure 2C). Among the 143 genes
down-regulated, 3% of the transcripts corresportddelST related to transcription, 4% of
the ESTs sequence similarity at encoding hypotaketicoteins, 10% corresponded to
cellular growth, 15% were related to transportéolwere related to metabolism, 21% of
the ESTs would correspond to protein synthesis 3it#b corresponded to transduction
(Figure 2D).

The adaptations made W3. brasiliensisafter treatment with oenothein B can be

inferred by classifying the ESTs into seven groopginctionally related genes (Table 3).
We analyzed the number occurrence of the transbyiptetermining the number of ESTs

related to each transcript. The greatest numbeuromce cDNAs appearing after
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oenothein treatment for 180 min were as following @ip-regulated ESTs: transcription
factor of fungi (65ESTs), C6 transcription fact@tflB) (53 ESTs), Arp 2/3 complex
subunit Arcl6 (12 ESTs). For down-regulated ESTes gheatest number occurrence of
cDNAs were the following: PAS (44 ESTs), MFS tramdpr (22 ESTs), CAP 20 —
Pathogenesis associated protein (21 ESTs), betddmhyde dehydrogenase (16 ESTSs),

Mpv17/PMP22 (15 ESTSs).

Confirmation of the expression of selected genes Bf brasiliensis

To further define gene response patterns and comratdthe RDA findings was qRT-
PCR analysis was realized on independently gerteRIAs of yeast cells recovered after
incubation with oenothein B for how long. The exgmien of seven genes was
investigated. The transcripts encodiRgGLN PbTPS PbHDAC PbGAC1and PbPAL
were up-regulated . brasilienisisexposed for 90 min to oenothein B. The transcript
encodingPbBADH PbERG3were down-regulated during 90 min of exposureeioabhein
B. Figure 3 shows a representative profile of tR&-@CR analysis, confirming the up and
down-regulation of genes in the cited conditiondamonstrated in the subtracted cDNA

libraries.

Adaptive response oP. brasiliensisto oenothein B

The most prominent adaptations undergond®b¥rasiliensisduring treatment with
oenothein B are summarized in Figure 4. Some ES3& important listed in Tablésand
3 indicate a possible strategy Bf brasiliensisto face the compound. Figureshows a
model of the adaptive changes Bf brasiliensisto the oenothein B. See section of

discussion for details.
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Discussion

Sensitivity test on the plate

The occurrence of fungal infections has increasadhdtically, and frequently being
associated with important morbidity and mortalityainly in immunocompromised
patients (Kauffman, 2006). Most of the opportucistungi show high resistance to
conventional antifungal agents, even to the neaess (; Gilgadet al.,2006; Azoret al.,
2007; Mariménet al., 2008). Combining available antifungal drugs wittmpound of
different active mechanisms could be a promisingrapeutic approach (Clemons &
Stevens, 2006). The aim of antifungal combinatimsnot so much to broaden the
spectrum or to avoid the development of resistaboeto increase efficacy by means of a
potential synergistic effect and the compensatibrpassible pharmacokinetic defects
(Candelet al.,2008).

The classic drugs used for PCM are sulfonamideghatericin B and imidazolic
derivate, such as ketoconazole, itraconazole ambiilazole (Ramos-e-Silva and Saraiva,
2008). Those drugs do not provide an effective tgm@Karen and Ernst, 2004), as
resistant or multi-resistant strains have emergtdh(et al, 2003) and the high toxicity of
these drugs has further complicated the treatmentpatients, mainly of the
immunocompromised (Coret al, 2003). So, the association of oenothein B wlidsée
drugs was realized in order to observe the exist@i@ possible synergic effect between
the compounds.

The mechanism of action of amphotericin B occursugh the formation of channel
structures in the membrane, what causes releasglofar components, mainly potassium
ions, and eventually leads to cell death (De Krwjid Demel, 1974, De Kruijfét al.,

1974, Gale, 1974). Azoles (fluconazole, itraconazdletoconazole, and voriconazole)
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interact with the enzyme cytochrome P-450didgterol demethylase (ERG11), which is
essential for the synthesis of ergosterol, by lmgdo the heme group located in the active
enzyme (Kellyet al, 1993; Sanglard, 2002). This inhibition causedetem of ergosterol
and accumulation of altered membrane sterol (Gemgmgakou & Walsh, 1996).
Sulfonamides act as a competitive antagonigtaminobenzoic acid (PABA), which is an
integral component of the structure of folic acithe result of decreased folic acid
synthesis is a decrease in nucleotides, with sulesggnhibition of growth (Zinner &
Mayer, 2000). Trimethoprim-sulfamethoxazole actesgistically againsP. brasiliensis
(Restrepo & Arango, 1980; Stevens & Vo, 1982; Wiakteal., 1992; Kunzet al., 1995;
Bartlettet al.,1998).

Since the response Bf brasiliensigegarding oenoteina B were identified in the cell
wall damage and transcripts involved in cell walinodeling (Santost al, 2007) and
osmotic stress, and also the growth of yeast @dlihe fungus was reduced when the
compounds currently used in PCM treatment (amploiter B, itraconazole,
sulfamethoxazole and to combination sulfamethoxawohethoprim) were associated,
can be inferred that there was a synergistic etfetiveen the substances probably due to

different mechanisms of action of compounds.

Effects of oenothein B on the mRNA expression . brasiliensis

According to the results obtained in the experirmaritthe sensitivity test on plates,
we observed a possible synergic effect betweente@B and antifungal agents used in
the treatment of PCM, so the technique of RDA wadgomed in order to identify the
genes are involved in the likely response of thepaund to the funguB. brasiliensis

By subtractive hybridization of genes in the preseaf oenothein B, we identified

463 and 301 ESTs up-regulated and 121 and 143 B&®Ws-regulated, after 90 and 180
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min of exposition to compound, respectively. A diesl analysis of the modulated genes
identified through our ESTs libraries allowed us detect several genes up or down
regulated involved in a wide range of cellular msses. This modulation is likely

implicated with theP. brasiliensisadaptation to the presence of oenothein B.

The table 2 list up and down-regulated genedirbrasiliensisafter 90 min of
exposition to oenothein B, which were classifieddifferent functional categories, in
agreement with MIPS. Among the genes involved ia wall cell metabolisn-1,6-
mannosyltransferase was identified. These molechiesee many functions, including
participation in the structurs proteins, mainteraraf the cell wall and membrane,
synthesis of the extracellular matrix, storage loé nutrients, and ligand for cell-cell
interaction (Dwek, 1996). The polysaccharide neknisruniformly distributed all around
the cell and is essential for cell integrity (Udetl et al,, 2006).

The glutamine synthetase gene expression also pveesgulated irP. brasiliensisin
the presence of oenothein B. Glutamine synthetatdyses the synthesis of glutamine
from glutamate and ammonia (Shapiro & StadtmanQL9h Saccharomyces cerevisiae
the mutation of glutamine synthetase caused a tieduof the chitin content, causing
defects in the cell wall (Shimizet al., 1997). In previous studies realized wikh
brasiliensis the synthesis of chitin was related to increasascription of glutamine
synthetase in the deposition chitin in responsectages in external osmolarity faced by
the fungus (Bailaet al.,2006).

The ergosterol is one of the most important comptsna fungal membranes (Bard
et al, 1993). It and its biosynthetic pathway are esakfdr fungal growth (Alcazar-Fuoli
et al.,2008). Previous studies have shown that oenoiexposure resulted in damage of

the cell cytoplasmic membrane (Sangdsl. 2007) corroborating with the down-regulation
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of C-5sterol desaturase (ERG3) enzyme involved Wl ergosterol pathway, d®.
brasiliensisin the presence of oenothein B.

Some transcription factors were found down-regdlate P. brasiliensis after
exposure to oenothein B. Proteins containing PA®aios are located in the cytosol, and
therefore they detect internal signals, but they ba also sense for to environmental
factors that cross the cell membrane (Taylor & #ul999), suggesting that the fungal is
responding to compound.

Genes involved in multidrug resistance, such as MR8 ABC-transporter were
differentially expressed in response to oenotheineBtment. Pal 1, protein involved with
cell morphology and lipid/fatty acid transport (€teal.,2005), was up-regulated while the
MFS transporter was down-regulated (Jeziral, 2009) inP. brasiliensisin the presence
of oenothein B.

Table 3 lists up and down-regulated genesPinbrasiliensisafter 180 min of
exposition to oenothein B. Up and down-regulatedegebelonging to different functional
categories were identified.

Genes involved in the cell wall biosynthesis, as photein KRE6, were also up-
regulated after 180 min of exposure for oenotheirKBE and KRE-related genes have
been isolated as genes that are required fordudll$ of cell wall31,6-glucan and which,
when nonfunctional, confer resistance to K1 kitlexin (Orlean, 1997). As several of the
corresponding proteins have been localized in th@éoplasmatic reticulum (Kre5 and
Cwh41), in the Golgi complex (Kre6 and possiblyoaits homolog Sknl), and at the cell
surface (Krel and Kre9), it has been proposedthiggt might to be involved in sequential
steps of the biosynthesis p1,6-glucan to cell wall (Boone, 1990; Montigt al, 1994;
Klis, 1994; Orlean, 1997). I8. cerevisiagthe disruption of KRE6 reducgtdl,6-glucan

levels to half of that measured from wild-type s€lRoemer & Bussey, 1991). THel,6-
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glucan and the genes involved in its synthesis argcal for maintaining growth,
morphology and cell wall integrity i€. neoformangGilbert et al., 2010). As observed
after 90 min of exposure at oenothein B, glutansyr@hetase continued up-regulatedPin
brasiliensis after 180 min. The presence of these two geneshiad in the cell wall
biosyntheses indicate that the fungal continue dtiiog the wall cell propably due to the
damage caused by oenothein B.

The subunit 16-Arc of the Arp2/3 complex was fowmdregulated irP. brasiliensis
after 180 min exposed to oenothein B. Arp (actiatezl protein)3 2/3 complex nucleates
actin filaments as branches on pre-existing adaments so that growth of these filaments
can transmit force for cellular motility throughetlcytoskeleton (Pollard, 2007). Dynamic
rearrangements of the actin cytoskeleton are aabefor cellular responses to the
environment (Pollaret al, 2000). Actin nucleation by the Arp2/3 complex rgical for
initial steps of newly formed endocytic vesicle raoent. In addition, this complex is
involved in intracellular organelle (e.g., mitocluoia) transport (Boldoglet al ,2003;
Fehrenbachegt al,.2004).

Among the down-regulated genes found after 180 ahimcubation of yeast ceR.
brasiliensiswith oenothein B, transcripts associated with pgémesis were observed, as
the CAP20. IrColletotrichum gloeosporioide®oth RNA and CAP20 protein accumulated
during formation of the appressoria and whose rehdetermines a marked reduction in
virulence (Hwanget al 1995).

Genes involved in multidrug resistance, as MFS nram protein transporters,
transcription factors, PAS domain and the transdvpvl7, also were down regulated.
Mpv17 of S. cerevisiagés homolog to peroxisomal membrane protein PmpRhas been

also localized to the peroxisomal membrane of malmmaells (Trott & Morano, 2004).
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For further confirmatory data about the expressievel of ESTs found with
subtractive libraries, assessmentPofbrasiliensisPbBADH PbGLN PbTPS PbHDAC
PbGAC1 PbPAL and PbERG3was provided by qRT-PCR analysBbGLN PbTPS
PbHDAC PbGAC1 and PbPAL were confirmed to be up-regulateBbBADH and
PbERG?3were confirmed to be down-regulated in yeast adlR. brasiliensisafter 90 min

of exposure at oenothein B, confirming our findilysRDA experiments.

Adaptive response oP. brasiliensisto oenothein B

The knowledge of ESTs up- and down-regulateB.ibrasiliensisafter growning in
the presence of oenothein B enable the elaboraifoa putative model of adaptive
response oP. brasiliensigo this compound.

The transcription factors atfl, prrl and RPD3, egdtated inSchizosaccharomyces
pombe under osmotic stress conditions (Yamameto al., 2003), could induce the
transcription of a-1,6-mannosyltransferase (Serat al., 2007). In this way,a-1,6-
mannosyltransferase, could synthesize mannopropegsent on the cell wall (Uccelledt
al., 2006). Alanine glyoxylate aminotransferase thatveots alanine to pyruvate (Takada
et al.,1985) and urease that producessNMobley & Hausinger, 1989) used by glutamine
synthase to produce glutamine (Magasanik, 1992)dccarry the production of chitin in
the cell wall (Ramet al., 2004). Similarly, the protein KRE, that is assoethtvith the
biosynthesis of)-1,6-glucan from of the Golgi apparatus (Orlear@7)9 could carry the
production ofp-1,6-glucan to repair of the cell walMannoproteins3-1,6-glucan and
chitin are required to maintenance of the cell vaall therefore to the cell viability. Since
oenothein B interferes with the cell wall viabilibausing damage on cell surfaceRof

brasiliensis(Santoset al, 2007), genes involved on synthesis of mannoprsi@+1,6-

73



Estratégias na identificacdo e caracterizacéo tpiais antifiingicos e seus alvos Baracoccidioides brasiliensis

Patricia Fernanda Zambuzzi Carvalho

glucan and chitin could be inducing the repairtad tell wall in order to survive in this
condition.

Hexokinase converts glucose to glucose 6P (Kasat., 2000) that is precursor of
trehalose 6P, which by action of trehalose phogigeaproduces trehalose (lordachescu &
Imai, 2008). The accumulation of this sugar prosigeotection against damage caused by
stress (Elbeiret al.,2003).

Acyl-CoA dehydrogenase could produce acetyl-CoA tmauld produce long-chain-
fatty acids by action of fatty acid elongase GNXIRE (Baudryet al.,2001). These fatty
acids could be transported by PAL1, a protein #ws on cell morphology (Get al.,
2005).

In this way, the presence of oenothein B seemadade a mechanism of response

similar to osmotic stress and biosynthesis of maméiand cell wall dP. brasiliensis
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Figures legends:

Figure 1 - Sensitivity test plateP brasiliensisyeast cells were growth in the presence of
oenothein B (320mM) and of antifungal agents, anwgiwn B (0.08mM), itraconazole
(0.6mM), sulfamethoxazole (40mM) and combinationsaffamethoxazole/trimethoprim

(40mM).

Figure 2 - Functional classification of P. brasiliensiscDNAs derived from RDA
experiments. (A) up-regulated genes obtained from cDNAs synthetizeth RNAs of
yeast cells exposure to oenothein B for 90 rfi8). down-regulated genes obtained from
cDNAs synthetized from RNAs of yeast cells expogoreenothein B for 90 mir{C) up-
regulated genes obtained from cDNAs synthetizeoh fRNAs of yeast cells exposure to
oenothein B for 180 min(D) down-regulated genes obtained from cDNAs synthetize
from RNAs of yeast cells exposure to oenothein B180 min.The percentage of each
functional category is shown (refer to Table 2 dmdble 3). Functional classification was
based on BLASTX homology of each EST against theBaek non-redundant database at
a significant homology cut-offt 1e-05 and the MIPS functional annotation schenaehE
functional class is represented as a segment apikssed as a percentage of the total

number of ESTs in each library.

Figure 3 - Average of gene expression oPbBADH, PbGLN, PbTPS, PbHDAC,
PbGAC] PbPAL and PbERG3as determined by quantitative real time qRT-PCR.
gRT-PCR plot ofPbGLN PbTPS PbHDAC PbGACandPbPAL up-regulation levels of
P. brasiliensisyeast cells after 90 min of exposure to oenothRigRT-PCR plot of

PbBADH an PbERG3down-regulation levels dP. brasiliensisyeast cells after 90 min of
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exposure to oenothein B. The values of genes wamdardized using the values of
expression of the constitutive gene encoding topitmeein tubulin. The expression level
was calculated by relative standard curve methde Standard deviations are presented

from three independent experiments. *Significaitiyreased expression £70.05).

Figure 4 - Distribuition of genes responding to oesthein B in P. brasiliensis Data are
shown for a subset of genes that were significamtjuced or repressed. Data were
organized into various biological process usingdional Categories MIPS and GO tools.
GO terms shown are those that were consideredfisgmiy over expressed by the
analyses. The term “cell wall/membrane organizatias including separately to highlight
additional genes that are relevant to the bioldgieaponse to oenothein B. Signals in
parentheses represent average change in gene sa@pre$ositive signal indicate
induction, and negative values indicate represshooomplete list of all significant genes

can be found in Tables 2 and 3.
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Figure 1
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Figure 4
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Table 1- Oligonucleotides used during the work.

Oligonucleotides Sequences Reaction
cDNA 5 AGCAGTGGTATCAACGCAGAGTACGCGGG 3’ Synthesiof the
first-strand
CDS 5" AAGCAGTGGTATCAACGCAGAGTACT(30)NIN 3 Synthesiof the
first-strand
PCRII 5 AAGCAGTGGTATCAACGCAGAGT & Synthesis of the

second-strand

RBam12 5" GATCCTCGGTGA 3’ Adapter 1 (RDA)
RBam24 5" AGCACTCTCCAGCCTCTCTCACCGAG 3 Adapter 1 (RDA)
JBam12 5" GATCCGTTCATG 3 Adapter 2 (RDA)
JBam24 5" ACCGACGTCGACTATCCATGAACG 3 Adapter 2 (RDA)
NBam12 5" GATCCTCCCTCG 3’ Adapter 3 (RDA)
NBam24 5" AGGCAACTGTGCTATCCGAGGGAG 3 Adapter 3 (RDA)
T7 5 GTAATACGACTCACTATAGGGC 3’ Sequencing

BetS 5" GTTGAAGAGCCATTTGGTCC 3’ Real Time PCR
BetAS 5" CAGATCATTGGACCACACAGA 3’ Real Time PCR
GlutS 5" CGATCAAAAACAAAGACCCT 3 Real Time PCR
GlutAS 5" GGTCTGGGTACATGGCAAC 3’ Real Time PCR
TreS 5" AGTGGCAAGACAAGGTGGTT 3’ Real Time PCR
TreAS 5" CAACGCAATATACTGAGGGA 3 Real Time PCR
HisS 5" TGGCTTCTGCTATGTAAATGAT 3 Real Time PCR
HisAS 5" AGGCTTCTTCCACTCCATCT 3 Real Time PCR
GacS 5" AGTACTGCTTCTATGGATCTTC 3’ Real Time PCR
GacAS 5" ACTATTTCCTGGGGTCGTTG 3 Real Time PCR
Pals 5" TGCTGCGGAACTCTTTGAA 3 Real Time PCR
PalAS 5" GGGCTTATCGTCGGAGAGTC 3 Real Time PCR
ERGS3 sense 5" CACTTGGATCTTCGGCCTAAT 3 Real Time PCR
ERGS3 anti-sense 5" TGCATAGCCACGGACTTCGA 3 Real TimemP
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Table 2: Annotated ESTs up and down-regulated genes of gelis after exposure at oenothein B for 90 mirsus control yeast cells.

Functional Gene product Function e-value with genes P.  Occurrence number Occurrence number
category brasiliensis 01/Acession  up-regulated genes down-regulated
number genes
Metabolism Alanine-glyoxylate Metabolic process of the glyoxylate; Serinet.0E-37/PAAG03138.1 2
aminotransferase pyruvate transaminase activity
Alpha 1,6 Transferring hexosyl groups 1.0E-69/ PAAG01658.1
mannosyltransferase
Betaine aldehyde Oxidation reduction, betaine biosynthetic procedd,0E-42/PAAG05392.1 29
dehydrogenase betaine aldehyde dehydrogenase activity, amino acid
metabolis
Beta-glucosidase Sugar, glucoside, polyol and carboxylaté.0E-91/PAAG04545.1 1
(Glycosyl hydrolase) metabolism
Cysteine desulfurase Biosyntheses of Fe-S clusters, thiamind,0E-56/ PAAG05850.1 4
thionucleosides in tRNA, biotin, lipoic acid and
NAD
C-5 sterol desaturaseSteroid biosynthetic process; Lipid metabolism 1.0E-41/PAAG03651.1 4
(ERG-3)
Fatty acid elongaseFatty acid and isoprenoid metabolism; Members ®fOE-70/PAAG08553.1 2
GNS1/SUR4 this family are involved in long chain fatty acid
elongation systems that produce the 26-carbon
precursors for ceramide and sphingolipid synthesis
Glutamine synthetase Metabolism of nitrogen by algaing the 1.0E-89/ PAAG07003.1 11
condensation of glutamate and ammonia to form
glutamine, precursor of the chitin synthesis
Hexokinase-1 C-compound and carbohydrate metahpli0.0/ PAAG01377.1 2
regulation of glycolysis and gluconeogenesis
NADP-dependent 15-oxoprostaglandin 13-oxidase igtiWetabolic 1.0E-19/PAAG05416.1 1 95
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leukotriene B4 12- process

hydroxydehydrogenase
Urease Urea metabolic process, nickel ion binding 1.0E-59/PAAG00954.1 1
Phosphatase  regulatoryTemperature perception and response 1.0E-97/PAAZRDD1 10

subunit (Gacl)

Energy Acyl-CoA dehydrogenase Catalyse the first step in each cycle of beta-didda 1.0E-33/PAAG05211.1 1
in mitochondrion. Oxidation reduction

Succinate/fumarate Mitochondrial inner membrane; integral tdl.0E-37/ PAAG06563.1 4
mitochondrial transporter membrane; transport

Trehalose-phosphatase Stress response; Metabolism of energy reserves (&.E-87/PAAG06703.1 20
glycogen, trehalose)

Transcription ATP-dependent RNA ATP-dependent helicase activity, RNA binding]l.0E-18/ PAAG00689.1 1
helicase elF4A ATP binding, Translation initiation factor activity
(eukaryotic  translation
initiation factor 4)

C2H2 transcription factor Osmotic stress response 1.0E-69/PAAG03287.1 2
— Sebl
C6 transcription factor Regulation of transcription; Fungal transcriptional.0E-60/PAAG01359.1 15
(Ctf1B) regulatory protein
Fork head box protein D1 Involvement in early developmental decisions of cel.0E-47/PAAG07388.1 1
fates during embryogenesis
GATA-type sexual - Zinc ion binding; Regulation of transcription.l.0E-52/ PAAG05818.1 22
NsdD Nitrogen regulatory factor
Histone deacetylaseTranscription control. Modification of acetylation, 12
RPD3 deacetylation
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RING finger protein Protein binding, transcriptiofactor activity, 1.0E-31/ PADG07987.1 3
nucleous, zinc ion binding, regulation of
transcription

Transcription factor atfl  Regulates transcription in response to stress Btima.0E-24/PAAG01945.1 1
Osmotic stress
Transcription factor prrl Regulates transcription in response to stre89O/PAAG05064.1 1
(HSF) oxidative and sexual development
Transcription factor steA  Transcription factor ihwed in sexual reproduction 0.0/PAAG00406.1 18
Urg3 DNA replication, transcription, and recombination 0.0/PAAG04190.1 154
Protein RNP domain RNA recognition motif. Regulation of alternativel.0E-28/ PAAG03136.1 2
splicing
Signal Guanine-nucleotide- G-protein  coupled receptor protein signaling.0E-35/ PAAG04436.1 23
Transducer binding protein alpha-1 pathway, signal transducer activity, GTP binding
subunit
Protein with PYP- Detect internal signals cellular and can alsbOE-101/ PAAG06301.1 4
likesensor domain (PAS sensitivity to environmental factors that cross the
domain) cell membrane
Protein Fate Arginine N- Posttranslational modification of amino acids (e.d.0E-87/ PAAG02402.1 52

methyltransferase skb1l hydroxylation, methylation)

Cellular Calcium-transporting Transport facilities 1.0E-46/PAAG00774.1 1
transport, ATPase
transport sarcoplasmic/endoplasmi
faciliies  and c reticulum type
transport
routes
MFS transporter Tetracycline transport, integral toembrane, 1.0E-61/PAAG06077.1 15

response to antibiotic, tetracycline: hydrogen
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antiporter activity

Pall cell morphology ABC transporters; Lipid/fatty acid transport 1.0E-57/PAAG2031.1 1
protein
Cell cycle and Ribonuclease reductaseDNA synthesis and replication 1.0E-31/PAAG02210.1 1
DNA processing large subunit, C-terminal
SH3 domain-containing Cytokinesis (cell division) /septum formation and.0E-78/PAAG02301.1 2
protein hydrolysis
Cell Rescue, HSP70 - like protein ATP binding; response stress .OET4/ PAAG08003.1 1
Defense and
Virulence
Cell growth, Integral membrane Environment stress response. May contribute to thé®E-40/ PAAG02868.1 6
cell division and Mpv17/PMP22 unspecific permeability of the organelle membrane
DNA synthesis (peroxisomes)
Functional GYF domain protein 1.0E-64/PAAG00627.1 5
unclassified
proteins
Protein lysine-rich. 1.0E-50/PAAG03092.1 5
'Pleckstrin Homology'
(PH) domain
Unclassified Conserved hypothetical 1.0E-135/ PAAG06834.1 25
protein protein
Conserved hypothetical 0.0/PAAG07365.1 34
protein
Conserved hypothetical 1.0E-56/PAAG04733.1 10
protein
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Conserved
protein

Conserved
protein

Conserved
protein

Conserved
protein

Conserved
protein

Conserved
protein

Conserved
protein

Conserved
protein

Conserved
protein
Conserved
protein

Hypothetical

hypothetical

hypothetical

hypothetical

hypothetical

hypothetical

hypothetical

hypothetical

hypothetical

hypothetical

Hypothetical protein

Hypothetical protein

Hypothetical protein

_ 1.0E-68/PAAG6301.1 3 _
_ 1.0E-53/PAAG03580.1 7 _
_ 1.0E-101/PAAG05009.1 7 o
o 1.0E-29/PAAG07364.1 2 _
_ 1.0E-46/PAAG04732.1 1 _
_ 1.0E-33/PAAG03559.1 11 _
o 1.0E-40/PAAG02868.1 11 o
o 1.0E-92/ PAAG_04190.1 o 1
_ 0.0/ PAAG06301.1 _ 14
_ 1.0E-46/ PAAG05850.1 _ 1
o 1.0E-49/PAAG06820.1 5 _
o 1.0E-21/PAAG1170.1 5 -
1.0E-52/PAAG01169.1 1

& Accesion number at Broad (http://www.broadinsétatg).
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Table 3: Annotated ESTs up and down-regulated genes of gelis during exposure at oenothein B for 180 w@rsus control yeast cells.

Functional category

Metabolism

Transcription

Gene product

Betaine aldehyde
dehydrogenase

Elongation factor 1-
gamma 1
(Glutathione S-
transferase)

FAD binding domain-
containing protein

Function e-value ith genes P.

brasiliensis 01/Acession

number?
Metabolic process, 1.0E-44/PAAG05392.1
oxidation reduction,

oxidoreductase activity

Translational elongation, 1.0E-42/PAAG03556.1
eukaryotic translation

elongation factor 1

complex GST -

Metabolism of vitamins,

cofactors and prosthetic

groups

Oxidoreductase activity =~ 1.0E-3PAAG05850.1:
FAD binding

Glucose-methanol-choline Oxidoreductase activity, 1.0E-6/PAAG_08146.1

oxidoreductase, N-
terminal
Glutamine synthetase

Ferric-chelate reductase

C6 transcription factor
(Ctf1B)

Sexual development
transcription factor

acting on CH-OH group

of donors
Metabolism of nitrogen iy OE-9/PAAG_07003.1
catalyzing the

condensation of glutamate
and ammonia to form
glutamine, precursor of
the chitin synthesis

Integral to membrarkPE-32/AAG_05370.1
Oxidation reduction;
Electron carrier activity
Regulation of
transcription; Fungal
transcriptional regulatory
protein
Regulation of cellular
transcription, DNA-
dependent, zinc ion
binding, sequence-specific

1.0E-21/AAG_01359.1

1.0E-47/PAAG05818.1

Occurrence number up-

Occurrence number

regulated genes down-regulated genes

- 16
- 1
- 5

3 -

3 -

2 -
53
4
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DNA binding
Transcription factor fungi  Transcription; DNA1.0-67/PAAG_02049.1 65
binding; Zinc ion binding
Signal Transduction Protein with PYP- Detect internal signals 1.0E-04PAAG06301.1 44
likesensor domain (PAS cellular and can also
domain) sensitivity to

environmental factors that
cross the cell membrane

Biogenesis of Cellular B-glucan synthesis- Role in the biosynthesis of1.0E-08/AAG_00091.1 3
Components associated protein KRE6 f-1,6-glucana in the cell
wall
Arp 2/3 complex subunit Regulation of  actin 1.0E-24/AAG_03624.1 12
Arcl6 filament polymerization;
Cytoskeleton
Membrane biogenesis Eukariotic plasm 1.0E-4/PAAG_00481.1 1
protein Yop 1 membrane. Integral to
membrane
Cell growth, cell division Mpv17/PMP22 Integral to membrane 1.0E-56/PAAG02868.1 15

and DNA synthesis

Protein fate (folding, Proteasome component Proteasomal degradatior0.0/PAAG_07802.1 6
modification, PREG6 (ubiquitin/proteasomal
destination) pathway); Ubiquitin-

dependent protein

catabolic process;

Proteasome core complex,
alpha-subunit complex

Protein synthesis ATP-dependent RNA Nucleic acid binding, 1.0E-85/PAAG00689.1 9
helicase elF4A ATP-dependent helicase
activity
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CAP 20 - Pathogenesis
associated protein

Ribosomal protein
S$19/S15

Cellular Transporter MFES transporter

Functional unclassified Uncharacterized protein
protein family UPF0121
Unclassified protein Conserved hypothetical
protein

Conserved hypothetical
protein

Conserved hypothetical
protein

Conserved hypothetical
protein

Conserved hypothetical
protein

Conserved hypothetical
protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical Protein
Hypothetical Protein

Hypothetical Protein

Translation control. 1.0E-84/PAAG06538.1

Disruption of CAP20

stimulates the growth of

yeast cells

Translation; Structural 1.0E-19/ABG_04880.1
constituent of ribosome

Integral to membrane; 1.0E-49/PAAG01353.1

Transmembrane transport

Integral to membrane 1.0E-40/AAG_00184.1

1.0E-9/PAAG_00520.
1.0E-0/PAAG_07364.1
1.0E-38AAG_07770.1
1.0E-31AAG_06925.1
1.0E-52PAAG05009.1
1.0E-39PAAG05850.1

1.0E-1AAG_08066.1

NRanEnn

& Accesion number at Broad (http://www.broadinstitatg).

1.0E-17/ AAG_05558.1
1.0E-6/PABG_06807.1
1.0E-48AAG03580.1

1.0E-8/PAAG_03099.1

1.0E-14/ ADG_03257.1

Patricia Fernanda Zambuzzi Carvalho

21
5 -
22
4 S
65
2 -
1 -
1
- 3
- 2
27 ;
1 -
1 -
- 1
45 -
1
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The malate synthase of Paracoccidioides brasiliensis PbO0 |
is required in the glyoxylate cycle and in the allantoin
degradation pathway

PATRICIA FERNANDA ZAMBUZZI-CARVALHO* ALINE HELENA DA SILVA CRUZ*, LUDIER KESSER SANTOS-SILVA¥,
ALFREDO MIRANDA GOESt, CELIA MARIA DE ALMEIDA SOARES* & MARISTELA PEREIRA*

*Laboratorio de Biologia Molecular, Departamento de Bioquimica e Biologia Molecular, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Goids, Goidnia, GO, Brazil, and tDepartamento de Bioquimica e Imunologia, Universidade Federal

de Minas Gerais, Belo Horizonte, MG, Brazil

In the present study, we examined the characteristics of cDNA, the regulation of the
gene expression of Paracoccidioides brasiliensis MLS (Pbmls), and the enzymatic
activity of the protein P. brasiliensis MLS (PbMLS) from the P. brasiliensis PbO1
isolate. Pbmls cDNA contains 1617 bp, encoding a protein of 539 amino acids
with a predicted molecular mass of 60 kDa. The protein presents the MLSs fam-
ily signature, the catalytic residues essential for enzymatic activity and the
peroxisomal/glyoxysomal targeting signal PTS1. The high level of Pbmls transcript
observed in the presence of two-carbon (2C) sources suggests that in P. brasilien-
sis, the primary regulation of carbon flux into the glyoxylate cycle (GC) was at the
level of the Pbmls transcript. The gene expression, protein level, and enzymatic
activity of Pbmls were highly induced by oxalurate in the presence of glucose and
by proline in the presence of acetate. In the presence of glucose, the gene expres-
sion, protein level, and enzymatic activity of Pbmls were mildly stimulated
by proline. Our results suggested that PbPMLS condenses acetyl-CoA from
both 2C sources (GC) and nitrogen sources (from proline and purine metabo-
lism) to produce malate. The regulation of Pbmls by carbon and nitrogen sources
was reinforced by the presence of regulatory motifs CREA and UIS found in the
promoter region of the gene.

Keywords Paracoccidoides brasiliensis, malate synthase, glyoxylate cycle, tricarboxylic
acid cycle, carbon and nitrogen sources

Introduction

of carbohydrates from two-carbon (2C) units [1]. The
GC differs from the tricarboxylic acid cycle (TCA) in

Microorganisms are able to grow on non-fermentable
carbon sources such as acetate, ethanol or fatty acid,
since they possess the glyoxylate cycle (GC), an anaple-
rotic metabolic pathway, which allows the bio genesis
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that it bypasses the two decarboxylation steps, has two
acetyl-CoA entries and generates succinate as the final
product. Although both cycles share most enzymes,
malate synthase (MLS) and isocitrate lyase (ICL) are
specific to the GC [2].

MLS catalyzes the condensation reaction that
yields malate from acetyl-CoA and glyoxylate. This
reaction is highly specific to those substrates and
requires Mg?" as a cofactor [3]. MLS is a key GC
enzyme and is also involved in the degradation of
purines. It converts the glyoxylate produced from uric
acid, allantoin and allantoic acid into malate [4], which

DOI: 10.3109/13693780802609620
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can participate in TCA or dicarboxylic acid cycles
(DAC) [5].

In eukaryotic cells, the GC occurs in specialized
peroxisomes called glyoxysomes, whereas in prokary-
otes it occurs in the cytosolic compartment [6]. In Sac-
charomyces cerevisiae, two isoenzymes encoding to
MLS, MLS1 and DAL7, were identified [4]. The subcel-
lular location of MLS, a SKL-terminated protein,
was examined in yeast cells grown on different carbon
sources. MLS was cytosolic in cells grown on ethanol,
whereas it was peroxisomal in cells grown on oleic
acid [7].

The GC and the enzymes ICL and MLS were
important for the virulence of some pathogens, such as
Mycobacterium tuberculosis [8], Candida albicans [9],
Cryptococcus neoformans [10] and for that of the
phytopathogenic fungus Magnaporthe grisea [11]. Upon
phagocytosis ICL and MLS were induced for the survival
of C. albicans and S. cerevisiae inside the macrophages
[9.12].

C. albicans is known to regulate central carbon metab-
olism in a niche-specific manner during the establishment
and progression of disease. During the early stages of a
systemic infection, C. albicans activates the GC and glu-
coneogenesis in response to phagocytosis. In the latter
stages of an infection, when the fungus is colonizing tis-
sue, glycolytic metabolism predominates. Presumably,
this increases the biological fitness of this pathogen
within its host [13].

Paracoccidioides brasiliensis is the etiologic agent
of paracoccidioidomycosis (PCM), a chronic and sys-
temic granulomatous disease very common in Latin
America [14]. Epidemiological data indicate a broad
fungal geographic distribution in Central and South
America [15]. Phylogenetic analyses have grouped iso-
lates of P. brasiliensis into three groups, with a single
exception, the Pb01 isolate [16]. In isolate PbO1, the
GC seems to be functional, since ICL and MLS genes
were found in transcriptome analyses. The ICL tran-
script was up-regulated in yeast cells when compared
to the mycelial phase [17] and during the infectious
process in mice liver [18]. In addition, ICL and MLS
were up-regulated during the transition from mycelium
to yeast [19,20].

We characterized the MLS cDNA from P. brasiliensis
(Pbmls), PbO1 isolate, and showed that PbMLS and
homologues from fungi maintained a high level of con-
servation. Our results suggest that PP MLS was active
in the GC when the fungus was grown on 2C sources.
In addition, this enzyme seems to be active in the allan-
toin degradation pathway of the purine metabolism,
where the fungus used oxalurate or proline as nitrogen
sources.

© 2009 ISHAM, Medical Mycology, 47, 734-744

Materials and methods
Growth conditions of P. brasiliensis

P. brasiliensis, isolate Pb01 (ATCC-MYA-826), was
studied in our laboratory [21,22]. It was grown in
solid Fava-Netto medium (1.0% w/v peptone, 0.5%
w/v yeast extract 0.3% w/v proteose peptone, 0.5% w/v
beef extract, 0.5% w/v NaCl, 4% w/v glucose and
1.4% wl/v agar, pH 7.2) as yeast cells for 7 days at
36°C [23].

For semi-quantitative RT-PCR (sqRT-PCR) experi-
ments, Western blot, and activity assay, yeast cells
(1.5 g) were sub-cultured in Mc Veigh & Morton liquid
minimal medium (MMcM; 50 ml) [24]. Yeast cells
were grown in 2.0% glucose (w/v), 2.2% glycolic acid
(w/v), 2.8% potassium acetate (w/v) or 3.0% (v/v)
ethanol, for 1 and 3 h, at 36°C and were shaken at 150
rpm to evaluate the Pbmls transcript level in different
carbon sources. To evaluate PbDMLS protein level by
Western blot and enzymatic activity, cells were culti-
vated in the above-mentioned same carbon sources for
24 h. In experiments to evaluate the Pbmls transcript,
protein levels and enzymatic activity of P. brasiliensis
in the presence of nitrogen sources, yeast cells were
grown in MMcM (without amino acids and ammonia)
12 h at 36°C and shaken at 150 rpm. 2.0% (w/v) sodium
acetate, pH 6.0 and 0.1% (w/v) proline, or 2.0% (w/v)
glucose and 0.1% (w/v) proline or 0.25 mM oxalurate,
an allantoin pathway gratuitous inducer, were added.
As a control, yeast cells were grown in the presence
of 2.0% (w/v) sodium acetate, pH 6.0, or 2.0% (w/v)
glucose.

Cloning of the cDNA encoding to Pbmls

We had previously obtained a partial cDNA encoding
Pbmls (Accession Number AAQ75800) of P. brasiliensis,
PbO1 isolate. In order to obtain the complete sequence,
the anti-sense oligonucleotide (MS2) was drawn based on
the C-terminal sequence of the partial cDNA Pbmls; a
degenerated sense oligonucleotide (MS1) was drawn
based on the alignment of encoding MLS cDNA sequences
of Aspergillus nidulans (GenBank Accession Number
XP_664257.1) and Neurospora crassa (GenBank Acces-
sion Number XP_959453.1). Both oligonucleotides sense
MS1 (5'-ATGKCTYMSGTCGASRCYCWKC-3") and
anti-sense MS2 (5'-GAGCAAATTTACAGTTTGGCAG
CGCTTC-3") were employed in the polymerase chain
reaction (PCR).

The PCR reaction was performed with P. brasiliensis
yeast cDNA library (2 1) [25] as a template, 2.5 mM of
each deoxynucleotide triphosphate (ANTP), 10 M of each
oligonucleotide, PCR buffer containing (KCl 50 mM,
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Tris-HCI 10 mM, pH 8.3), 25 mM MgCl, and 2.5 U of
Tag DNA polymerase (Invitrogen Life Technologies,
Carlsbad, CA). PCR conditions were: initial denaturation
at 94°C for 3 min followed by 35 thermal cycles at 94°C
(1 min), 64°C (2 min), 72°C (1 min) and final extension
at 72°C (10 min) (GeneAmp PCR2400, Perkin-Elmer,
Stamford, CT). An amplified PCR product of 1617 bp was
purified from the gel, subcloned into pPGEM-T-Easy vec-
tor (Promega, Madison, WI, USA) and sequenced on both
strands.

c¢DNA sequencing and sequence analysis

cDNA sequencing was performed using the double-
strand dideoxy-chain termination a MegaBACE 1000
sequencer (GE Healthcare, Chalfont St. Giles, UK) was
used for automated sequence analysis. The analyses of
the Pbmls cDNA sequence and predicted protein were
carried out using the programs available at the ExPA
Sy [26] website. National Center for Biotechnology
Information (NCBI) servers (http://www.ncbi.nlm.nih.
gov/BLAST/) [27] were used for Blast database
searches. Multiple sequence alignments were performed
using CLUSTAL X [28].

DNA extraction of P. brasiliensis and Southern blot analysis

P. brasiliensis Pb01 yeast cells were harvested, washed
and frozen in liquid nitrogen. Grinding with a mortar
and pestle broke the cells, and the cationic hexadecyl
trimethyl ammonium bromide (CTAB) method as
described by Del-Sal et al. (1989) [29] was used to
prepare genomic DNA. The cell powder was suspended
in extraction buffer [(2% (w/v) polyvinylpolypyrroli-
done (PVP), 1.4 M NaCl, 0.1 M Tris-HCI pH 8.0,
0.02 M ethylenediaminetetracetic acid (EDTA), 2%
(w/v) CTAB]. The mixture was incubated at 65°C for 1
h, extracted with 50% chloroform/50% isoamyl alcohol
and precipitated with 100% ethanol. After treatment
with RNase I, the DNA was precipitated with ethanol,
centrifuged, resuspended in sterile water and stocked at
—20°C.

The total DNA (20 pg) was digested with the restric-
tion enzymes Xhol, Dral, EcoRV, and HindlIll. Standard
conditions for electrophoresis were used [30]. The blot
was probed to full-length cDNA Pbmls, labeled using the
Gene Images Random Prime labeling module (GE Health-
care) and washed under high-stringency conditions [60°C,
1.0XSSC (0.15 M NaCl, 0.015 M trisodium citrate),
0.1% (w/v) SDS and 0.5 X SSC, 0.1% (w/v) SDS] accord-
ing to the manufacturer’s instructions. Hybridization was
detected with the Gene Image CDP-Star detection module
(GE Healthcare).

RNA isolation

Total RNA from P. brasiliensis PbO1 yeast cells was
obtained using the Trizol reagent following the supplier’s
instructions (Invitrogen Life Technologies). To remove
genomic DNA contamination, the RNA samples were
treated with RNase-free DNase-I (Promega) at room tem-
perature for 15 min following standard procedures.

c¢DNA synthesis and sqRT-PCR

The first-strand cDNA was synthesized from the total
RNA (1 pg) using SuperScript II reverse transcriptase
(Invitrogen Life Technologies) and 2.5 pM antisense
synthetic oligonucleotide dT15, with a final reaction vol-
ume of 20 pl. Reactions were incubated at 42°C for 90
min, followed by the addition of 80 ul TE buffer (Tris
10 mM, EDTA 1 mM) and incubation for 7 min at 72°C
to inactivate the reverse transcriptase. In the control
reactions, 2.5 uM of anti-sense synthetic oligonucleotide
28S-A was used, constructed on the basis of the 28S
ribosomal gene sequence (nucleotide 225 to 243) of
P. brasiliensis (Pb28S) (GenBank Accession Number
AY445662).

To synthesize double-strand DNA, the PCR reactions
were carried out with the RT reactions (3 pl) as template,
2.5 M of the oligonucleotides MS3 (5'-CGCAATGGGT
GGCAT GGC-3') and MS2, 25 mM MgCl,, 2.5 mM of
each dNTP, 2.5 U Tag DNA polymerase. In the control
reactions, 2.5 M of the oligonucleotides 28S-A (5’
—CGGATCAGGTAGGGATACC-3') and 28S-S (5'-
CGAAGACGGGATTCTCACC-3") were used. The oligo-
nucleotide 28S-S was also constructed, based on the Pb28S
gene (nucleotide 21 to 39). PCR conditions were: initial
denaturation at 94°C for 3 min followed by 30 thermal
cycles at 94°C (1 min), 60°C (2 min), 72°C (1 min) and
final extension at 72°C (10 min) (GeneAmp PCR2400).
The number of amplification cycles was standardized
before the reactions reached a plateau. Amplifications were
analyzed in electrophoresis in agarose gel (1%). Scion
Image Beta 4.03 was used to capture and quantify the
images [31].

Antibody production

The cDNA encoding the PPMLS was subcloned into the
expression vector pGEX-4T-3 to obtain the recombinant
protein overexpressed in Escherichia coli BL21 C43
(DE3). The recombinant protein was used to produce
anti-PbMLS polyclonal antibody in New Zealand rabbits.
The immunization protocol consisted of an initial injec-
tion of recombinant protein (200 pg) in complete Freund’s
adjuvant and two subsequent injections of the same

© 2009 ISHAM, Medical Mycology, 47,734-744
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amount of the antigen in incomplete Freund's adjuvant.
Each immunization was followed by an interval of 14
days. Fifteen days after the third immunization, the serum
containing anti-PbMLS polyclonal antibody was col-
lected and stored at —20°C. Western blot was used to test
the serum’s reactivity to the PbPMLS recombinant pro-
tein.

Protein extraction of P. brasiliensis yeast cells

P. brasiliensis Pb01 yeast cells grown for 24 h in liquid
minimal medium MMcM with different carbon sources
and for 12 h with different nitrogen sources (see growth
conditions) were centrifuged for 5 min at 2500 g. Pro-
teins were extracted according to Ebel et al. (2006) [32]
with modifications. The cells were washed with steril-
ized water and frozen in liquid nitrogen. The material
was ground to a fine powder that was harvested and
agitated for 20 min at 4°C with glass beads and 500 pl
of 50 mM potassium phosphate buffer, pH 7.0 supple-
mented with 1 mM dithiothreitol (DTT). After this, the
material was centrifuged once at 5,000 g for 15 min at
4°C, and the supernatant was harvested and centrifuged
twice at 12,000 g for 15 min at 4°C. The resulting
extract was stocked at —20°C for further analyses. The
protein extract was quantified according to Bradford
(1976) [33].

Western blot analysis

The proteins were separated by SDS-PAGE, transferred
to a nylon membrane and checked for equal loading by
Ponceau S. The membrane was washed with water and
incubated in a buffer containing PBS (50 mM) and 0.1%
(v/v) Tween-20, 5% (w/v) skimmed milk powder for 18
h at 4°C. After three 10-minute treatments in washing
buffer (50 mM PBS, 0.1% (v/v) Tween-20), the mem-
brane was incubated for 2 h at 37°C with rabbit
polyclonal antibody (diluted 1:4000 in PBS) to detect
PbPMLS. Then, the membrane was washed three
times with washing buffer and incubated for 1 h at
37°C with the secondary antibody alkaline phosphatase
coupled with anti-rabbit IgG (Sigma Aldrich, Co.,
St. Louis, MO). At this point, the membrane was washed
for 10 min in washing buffer, 10 min in PBS and 10
min in alkaline phosphatase buffer (100 mM NacCl, 5
mM MgCl,, 100 mM Tris-HCI, pH 9.5). The blots
were developed with 5-bromo-4-chloro-3-indolylphos-
phate/nitro-bluetetrazolium (BCIP/NBT). Negative con-
trols were obtained using rabbit preimmune serum.
The images were acquired by scanning and the bands
were quantified with Scion Image Beta 4.03.

© 2009 ISHAM, Medical Mycology, 47, 734-744

Enzymatic activity

MLS activity was determined as described by Dixon and
Kornberg (1959) [34] and modified by Polakis and Bartley
(1965) [35]. The enzymatic assay was carried out at room
temperature. The assay buffer (0.IM K,HPO,, pH 6.5;
10mM MgCl,) was freshly prepared from its components.
25 ug samples were added to 500 ul assay buffer containing
SmM acetyl-CoA (20 pl) and water to a volume of 980 pl.
The reaction had the optical densities read at 232 nm until
stabilization. The enzymatic reaction was started by the
addition of 100 mM glyoxylate (20 pl). The method is
based on the consumption of acetyl-CoA at 232 nm. The
activity was calculated considering that one unit at 232 nm
is defined as 222 nmols/mg of acetyl-CoA. The specific
activities were given in U/mg protein, with U being equal
at nmol/min.

Results and Discussion

Nucleotide, predicted amino acid sequence and sequence
similarity of Pbmls

The Pbmls cDNA sequence was composed of 1882 bp,
comprising an ORF of 1617 bp and a 3’ untranslated
region of 265 bp. A polyadenylation signal, ATAA, was
identified 118 nucleotides downstream of the TAA termi-
nation codon (data not shown). Howard er al. (2000) [36]
suggested three different families or types of MLSs based
on size of the amino acid sequences: long, intermediate
and short. Most MLSs, including those from higher
plants, as well as bacterial and fungal enzymes, are from
the intermediate family. Some microorganisms, such as
E. coli [37], Deinococcus radiodurans [38] and S. cerevi-
siae [4,7], possess two classes of MLSs, encoded by dif-
ferent genes. In this study, it was observed that PbMLS
encodes a predicted protein of 539 amino acid residues
(Supplementary Fig. 1 — online version only), with a
molecular mass of 60 kDa and calculated p/ of 8.45. This
suggests that PPMLS belongs to the intermediate MLSs
family.

A public database search revealed that PbMLS
presents characteristic motifs (Supplementary Fig. 1).
The signature sequence described for MLSs ([K/R]-[D/E/
N/QJ-H-X (2)-G-L-N-C-G-R-W-D-Y-[L/I/V/M]-F) was
found in PDPMLS (268-283) as RDHSSGLNCGRWDYIF
[39,40]. PDPMLS has the AKL tripeptide that is a peroxi-
somal/glyoxysomal targeting signal PTS1 [41], suggest-
ing that POMLS could be directed to the peroxisomes of
P. brasiliensis. The PTS1, defined by the consensus (A/C/
S)-(K/R/H)-(L/M) [42], was also found in other MLS
sequences [43].

A BLAST search in the GenBank database showed
that the deduced amino acid sequence of PbMLS was
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not identical to that of fungus MLSs. Clustal X was used
to align predicted PDMLS with reported sequences. High
levels of identity were observed with MLSs from Coc-
cidiodes immitis (89%), Aspergillus fumigatus (87%),
Aspergillus oyzae (86%), and A. nidulans (84%). Also,
high levels of identify of amino acid residues were iden-
tified at the catalytic site (Supplementary Fig. 1).
Amino acids involved in the catalytic site were identi-
fied in the MLS of the E. coli MSG. The Arg 338 amino
acids form a hydrogen bond with the aldehyde oxygen of
glyoxylate, Glu427 and Asp455 and bind the magnesium
ion; Asp 631 is the proposed catalytic base [36]. These
amino acids were also present in the MLS of M. tubercu-
losis (GlcB) [44]. In PDMLS, they were identified in the
Argl68, Glu252, Asp280 and Asp 449 positions, respec-
tively (Supplementary Fig. 1), suggesting that they may be
involved in the formation of the active site of the protein.

Southern blot analysis

The genomic organization of the MLS in P. brasiliensis was
analyzed by Southern blot. Total DNA was digested with the

restriction endonucleases Xhol, Dral, EcoRV and HindIIl.
The DNA was fractionated on agarose gel (1%) and hybridi-
zed with the complete cDNA Pbmls as a probe, as shown
in Fig. 1. Southern blot analysis was able to detect a single
DNA fragment in the P. brasiliensis DNA digested with
the restriction enzymes Xhol and Dral (Fig. 1, lanes 1 and 2).
EcoRV and HindIll digestion produced fragments consis-
tent, in number and size, with the single restriction site
presumed to occur in Pbmls (Fig. 1, lanes 3 and 4). The restric-
tion profiles indicated that the P. brasiliensis genome con-
tained a single copy of gene encoding MLS. The presence
of only one mls gene in P. brasiliensis, isolate Pb0O1, was
confirmed by analyses in the Pb01 structural genome from
the Broad Institute [40].

Pbmls transcript, protein levels and activity are regulated by
carbon sources

Since MLS enzyme acts on the GC, 2C sources were used
in the experiments. Yeast cells were grown in the presence
of glucose, glycolic acid, potassium acetate and ethanol

A) Kb 1 2 3 4
4.5 —
S—
BT ™
3.0 — e
2.0 —
| —
1.5 —
B)
A. fumigatus RDHSSGLNCGRWDYIF
A. nidulans RDHSSGLNCGRWDYIF
A. oryzae REHSSGLNCGRWDYIF
P. brasiliensis RDHSSGLNCGRWDYIF
C. immitis REHSSGLNCGRWDYIF
%k 7k ok %k %k Kk ok %k ok Kk Xk %k k

Fig. 1 (A) Southern blot analysis. Twenty micrograms of total DNA was digested with the following restriction enzymes: Xhol (lanel), Dral (lane2),
EcoRV (lane3), and Hindlll (lane4). The blot was hybridized to the Pbmls cDNA probe. The positions of the size markers are indicated. (B) Alignment
of the deduced amino acid sequence of the characteristic signature present on protein belonging to the MLSs class of PDMLS with MLSs from fungi.
Asterisks indicate conserved amino acid residues. The symbol (:) denote similarity between each corresponding amino acid pair. The accession numbers
are the following: Paracoccidioides brasiliensis — AAQ75800, Coccidioides immitis — EAS27501, Aspergillus fumigatus — XP747723, Aspergillus oryzae

— BAES54993 and Aspergillus nidulans — XP664257.
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and used as carbon sources for a period of 1 and 3 h for
RNA extraction and 24 h for protein extraction. To eval-
uate Pbmls transcript, protein, and enzymatic activity
levels in different carbon sources and to analyze the puta-
tive role of the enzyme in metabolic routes, sqRT-PCR
was performed using total RNA and Western blot and an
activity assay was done using the total protein extract of
P. brasiliensis.

After 1 h of incubation, the Pbmls transcript level was
similar in all carbon sources. The transcript level in the
presence of glucose decreased after 3 h of treatment and
was lower than that of other carbon sources. After 3 h,
the transcript level had increased in the presence of gly-
colic acid, potassium acetate and ethanol when compared
to the level after 1 h. The data are displayed in the Fig.
2A. Fig. 2B shows the transcript level after 1 h and 3 h
of treatment. These results suggest that in P. brasiliensis,
the primary regulation of carbon flux into the glyoxylate
pathway was at the Pbmls transcript level.

To facilitate data visualization, Scion Image Beta 4.03
was used for a densitometric analysis. Relative expres-
sion values were calculated using the ratios of Pbmls and
Pb28S to transcripts and of formamidase to protein. The
ratio values obtained relative to different treatments were
compared to glucose.

The protein extracts were subjected to gel electropho-
resis analysis and stained with Coomassie blue (Fig. 2C).
The samples were blotted to nylon membranes and immu-
noblotted using anti-PbMLS polyclonal antibody obtained
against recombinant protein (data not shown). A positive
reaction corresponding to PPMLS (60 kDa) was obtained
in all conditions and significant expression level differ-
ences can be observed (Fig. 2D). The highest expression
level was found for cells growing in the presence of
potassium acetate, followed by glycolic acid, ethanol and
glucose. A similar pattern was observed in the MLSs of
Streptomyces griseus and Streptomyces clavuligerus,
where genes were induced in cells growing in acetate as
a carbon source [46]. No cross-reactivity to the rabbit
preimmune serum was evident from the samples (Fig.
2E). Formamidase (45 kDa) was used as an internal con-
trol for equal protein quantity in the different samples
(Fig. 2F).

Pbmls activity was evaluated after yeast cells had
grown in the presence of glucose, glycolic acid, potas-
sium acetate and ethanol for 24 h. The highest specific
activity level was found for cells growing in the presence
of potassium acetate (3729.6 U/mg), followed by glycolic
acid (3128.0 U/mg), ethanol (1953.6 U/mg) and glucose
(834.7 U/mg). In Fig. 2G the transcript and protein levels
and specific activity were compared to those of glucose.

The presence of Pbmls transcripts, protein, and enzyme
activity in all carbon sources evaluated demonstrated that

© 2009 ISHAM, Medical Mycology, 47, 734-744

the yeast phase of P. brasiliensis induces the GC regard-
less of the carbon source. Several pathways that provide
substrates for GC were up-regulated in the yeast cells
grown on rich medium [17]. Here the overexpression and
regulation of Pbmls by carbon sources could indicate that
it is a key enzyme for the GC, and could act together with
ICL to regulate carbon influx through the GC. The induc-
tion of the GC in P. brasiliensis yeast cells grown on rich
and carbon-controlled media indicate complex metabolic
regulation.

Pbmls transcript, protein levels and activity are regulated by
nitrogen sources

Analysis of P. brasiliensis transcriptome permitted the
identification of all genes involved on the allantoin deg-
radation pathway, which is induced by nitrogen sources,
producing glyoxylate by the reversible ureidoglycollate
hydrolase catalyzed reaction [47,48]. The function of the
MLS enzyme is to remove toxic glyoxylate from
the cell [47,49]. In this way, proline and oxalurate, an
allantoin pathway gratuitous inducer, were used here to
verify the participation of Pbmls in the allantoin degrada-
tion pathway. The combination of 2C, 6C (six-carbon)
and nitrogen sources was used to evaluate the activity of
PbMLS on glyoxylate from the GC or the allantoin deg-
radation pathway and to keep the fungus growing.

P. brasiliensis Pb0O1 yeast cells were incubated in the
presence of proline, as a nitrogen source or oxalurate, an
allantoin pathway gratuitous inducer, for sqRT-PCR,
Western blot, and enzymatic activity analysis. The treat-
ments were combined with carbon sources (glucose or
sodium acetate) or in the presence of a single carbon
source, as a control, for 12 h.

After 12 h of incubation a high induction of Pbmls
transcript on acetate/proline medium was observed
when compared to acetate without proline. The Pbmls
transcript level in glucose/oxalurate medium was higher
than in glucose/proline medium or in the treatment with
glucose without oxalurate or proline (Fig. 3A).

The protein extracts were subjected to gel electrophore-
sis analysis and stained with Coomassie blue (Fig. 3B).
The samples were blotted to nylon membranes and immu-
noblotted. A positive reaction corresponding to POMLS (60
kDa) was obtained in all conditions. Significant differences
in expression level were observed (Fig. 3C). When the cells
were grown in the presence of oxalurate as the nitrogen
source, the PDMLS expression level was higher than with
sodium acetate/proline, sodium acetate, glucose/proline and
glucose only. No cross-reactivity to the rabbit preimmune
serum was evidenced with the samples (Fig. 3D). For-
mamidase (45 kDa) was used as an internal control to ensure
equal protein quantity in the different samples (Fig. 3E).
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Fig. 2 Evaluation of the Pbmls transcripts and protein levels and enzymatic activity in yeast cells in different carbon sources. (A) Comparative analyses
of Pbmls gene expression from Paracoccidioides brasiliensis yeast cells were performed by sqRT-PCR analysis with oligonucleotides MS2 and MS3.
The control reaction was performed using oligonucleotides (28S-S and 28S-A) constructed on the basis of the PH28S gene. The expression values were
calculated using the ratio between Pbmls and Pb28S. Using varied cycle numbers the exponential amplification phase was determined and used to allow
semi-quantitative analysis of the reactions. The same amounts of cDNAs were used for all PCRs. The RNAs used for sqRT-PCR were obtained from
samples of P. brasiliensis yeast cells grown for 1 h and 3 h on the following carbon sources: Glucose 2.0% (Glu), Glycolic acid 2.2% (Gly), Potassium
acetate 2.8% (Ace) and Ethanol 3.0% (Eth). Gene names are written on the left side of each figure. The sizes of the amplified cDNA fragments are
637 bp to Pbmls and 223 bp to Pb28S. (B) Densitometric analysis of the level expression transcripts after 1 h and 3 h of treatment. Ratios referring to
different treatments were compared to glucose to produce the graph. (C) SDS-PAGE analysis of proteins (20 ug) after 24 h in the same treatment as
in A. The values of protein levels were calculated from the ratio of Pbmls to formamidase. Numbers to the left refer to the marker molecular mass. (D)
Reactivity of the P. brasiliensis MLS analyzed by Western blotting with the polyclonal antibody produced by rabbit recombinant protein. (E) Reactivity
analyzed by Western blotting with the rabbit preimmune serum. (F) Reactivity of the P. brasiliensis formamidase analyzed by Western blotting with the
polyclonal antibody produced by the recombinant protein. (G) Comparison between P. brasiliensis MLS transcripts and protein levels obtained from
sqRT-PCR, Western blot and PDMLS specific activity. The values were calculated in relation to glucose. The Y axis shows relative expression to the
left (gene/28S or gene/formamidase), and specific activity to the right.

Pbmls activity was evaluated after yeast cells were grown
under the above conditions. The highest level of activity was
found in cells grown in the presence of oxalurate/glucose
(2699.52 U/mg), followed by that of cells grown in the
presence of sodium acetate/proline (2486.4 U/mg), sodium
acetate (1634.0 U/mg), glucose/proline (710.4 U/mg), and
glucose only (532.8 U/mg). Densitometric analyses were
carried out as shown in Fig. 2. In Fig. 3F, the transcript and
protein levels and specific activity were compared in rela-
tion to glucose.

In S. cerevisiae, the DAL7 gene, which codes a MLS, is
required for allantoin degradation, and its expression exhibits

all the regulatory characteristics of the other allantoin path-
way genes; it is induced by oxalurate, an allantoin pathway
inducer [50]. The high induction of Pbmls in the presence of
acetate/proline and glucose/oxalurate indicates that the fun-
gus can use allantoin as a nitrogen source, since proline is
degraded to allantoin, producing glyoxylate during the purine
metabolism, and oxalurate is an inducer of the genes of the
allantoin degradation pathway [51]. In the presence of glucose/
proline, the Pbmls expression was mildly stimulated indi-
cating that the metabolism of the proline, which is not an
obligated activator of the allantoin degradation pathway, is
following preferentially through its classical pathway to

© 2009 ISHAM, Medical Mycology, 47,734-744
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Fig.3 Evaluation of Pbmls transcripts protein levels and enzymatic activity after growth of Paracoccidioides brasiliensis yeast cells in nitrogen sources.
(A) sqRT-PCR analysis was carried out with oligonucleotides MS2 and MS3. The reaction control was performed using oligonucleotides (28S-S and
28S-A). The expression values were calculated from the ratio of Pbmls to Pb28S. Using varied cycle numbers the exponential amplification phase was
determined and used to allow semi-quantitative analysis of the reactions. The same amounts of cDNAs were used for all PCRs. The RNAs used for
sqRT-PCR were obtained from samples of P. brasiliensis yeast cells grown for 12 h on nitrogen sources L-Proline 0.1% (PRO) or oxalurate 0.25 mM
(OXU) associated with the following carbon sources: Glucose (Glu) 2.0% or Sodium Acetate (Ace) 2.0%, pH 6.0. A positive signal (+) indicates presence
and a negative signal (—) indicates absence of the compound. Gene names are written on the left side of each figure. The sizes of the amplified cDNA
fragments are 637 bp to Pbmls and 223 bp to Pb28S. (B) SDS-PAGE analysis of proteins (20 ug) after 12 h in the same treatment as in A. The protein
levels were calculated from the ratio of Pbmls to formamidase. Numbers to the left refer to the marker molecular mass. (C) Reactivity of the P. brasiliensis
MLS analyzed by Western blotting with the polyclonal antibody produced by the recombinant protein. The protein levels were calculated from the ratio
of Pbmls to formamidase. (D) Reactivity analyzed by Western blotting with the rabbit preimmune serum. (E) Reactivity of the P. brasiliensis formamidase
analyzed by Western blotting with the polyclonal antibody produced by recombinant protein. (F) Comparison between P. brasiliensis MLS transcripts
and protein levels obtained from sqRT-PCR, Western blot and specific activity of POMLS enzyme. The values were calculated in relation to glucose.
The Y axis shows relative expression to the left (gene/28S or gene/formamidase), and specific activity to the right.

glutamate and then to alpha-ketoglutarate to feed TCA cycle.
The experiments with oxalurate were not performed with
acetate as the carbon source since acetate medium possesses
a pH of 6.0, which does not permit transport of oxalurate
into the cell [52].

A model for utilization of 2C and nitrogen sources in
P. brasiliensis

On the basis of our results, a model for utilization of 2C
and nitrogen sources in P. brasiliensis PbO1 was proposed

© 2009 ISHAM, Medical Mycology, 47, 734-744

(Fig. 4A). The analysis of transcript, protein levels, and
enzymatic activity in the presence of different carbon
sources suggests that PDMLS condenses acetyl-CoA from
2C sources with glyoxylate yielding malate in the GC. In
the presence of a nitrogen source, the glyoxylate pro-
duced from proline and purine metabolism was condensed
with acetyl-CoA producing malate by PPMLS action.
Proline can also follow through its classical pathway to
glutamate and then to alpha-ketoglutarate to feed TCA
cycle. To our knowledge, PDMLS is the first enzyme to
be described as acting in both routes: in the GC, when 2C
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Fig. 4 (A) Model for utilization of 2C and nitrogen sources in Paracoccidioides brasiliensis. Thick lines represent steps in common of the cycles.
(B) Comparison of sequences situated 5° from the Pbmls gene with upstream induction sequences (UIS) contained in the upstream regions of S. cerevisiae
genes that respond to the allantoin pathway inducer, allophanate (Hartig et al., 1992 [4]).

sources are used, and in the allantoin degradation path-
way from purine metabolism, when used oxalurate or
proline is used as a nitrogen sources. In both routes,
PbMLS condenses glyoxylate and acetyl-CoA to yield
malate, which is a central molecule of the TCA or GC.
Analysis of the Pbmls promoter region identified the
presence of CREA (5'-SYGGRG-3") (data not shown)

and upstream induction sequence (UIS) [50] regulatory
motifs (Fig. 4B), indicating that Pbmls could be regulated
by carbon and nitrogen, respectively. In addition, all
enzymes involved in the proline and purine metabolism to
form glyoxylate were found in transcriptomes of P. brasil-
iensis [17,18]. Taken together, these data reinforce the
model proposed above.

© 2009 ISHAM, Medical Mycology, 47,734-744
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Supplementary Fig. 1 Alignment of the deduced amino acid sequence of PPMLS with MLSs from fungi. Asterisks indicate conserved amino acid
residues. The symbols (:, .) denote a decreasing order of matching similarity between each corresponding amino acid pair. The amino acid residues in
the gray boxes belong to the predicted active site. The boxed region shows the characteristic signature present on protein belonging to the MLSs class.
The amino acids (A/SKL) in black letters indicate guidance to peroxisomes. The MS1, MS2 and MS3 oligonucleotides are marked by arrows. The
oligonucleotides MS1 and MS2 were used for PCR amplification of the PDMLS from P. brasiliensis yeast cDNA library. The accession numbers are
the following: P. brasiliensis — AAQ75800, Coccidioides immitis — EAS27501, Aspergillus fumigatus — XP747723, Aspergillus oryzae — BAE54993 and

Aspergillus nidulans — XP664257.
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CONCLUSOES

I. Os processos influenciados por oenoteina B e ospastos utilizados
atualmente no tratamento da PCM (anfotericinarB¢@nazol, sulfametoxazol e
bactrin’) foram identificados e indicam que oenoteina Bepiadser utilizada

juntamente com os antifungicos;

i. Os estudos realizados através da analise de ESUgidas e reprimidas do
fungo P. brasiliensisna presenca do composto bioativo oenoteina B Jaldgp
E. uniflora, puderam identificar a presenca de transcritos eidasd no
remodelamento da parede celular do fungo, bem agenes envolvidos com
estresse osmotico, possibilitando a elaboracdo rdeprovavel modelo de

resposta do fungo ao composto;

iii. A resposta de oenoteina B com foco em apenas dhic®sie importantes
processos celulares (remodelamento da parede rcaukstresse osmotico)

sugere que oenoteina B atue Rnbrasiliensis

iv. Pbmlsse apresentou com uma ORF de 1617 pares de baseodifica uma
proteina de 539 residuos de aminoacidos, com ursaamaolecular predita de
60 kDa;

V. Analises deSouthern blotdetectaram uma Unica cOpia do gene codificante par

MLS, no genoma dB. brasiliensis

vi.  Os niveis de transcritos, proteinas e atividadea8pa dePbmls,na presenca
de fontes de 2C, mostraram-se aumentados em addgajpotassio, acido
glicdlico e etanol, respectivamente, em relacabcage, indicando quebMLS
seria uma enzima especifica para o ciclo do gladrale poderia atuar,
juntamente conPblCL, a regular o fluxo de carbono;

vii.  Os niveis de transcritos, proteinas e atividadea@Bpa dePbmls,na presenca

de fontes de nitrogénio, mostraram-se aumentadagliease/oxalurato, acetato
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de sédio/prolina, acetato de sddio, glicose/proéimglicose somente, indicando

que o fungo pode utilizar alantoina como fonte itl@génio;

As andlises de transcritos, niveis de proteinadividades enzimaticas na
presenca de diferentes fontes de carbono e niimgégerem qu®bMLS esta

atuando em ambas as vias: no ciclo do glioxalatando fontes de 2C séo
utilizadas, e na via da degradacéo da alantoiremdguprolina € utilizada como

fonte de nitrogénio, ou quando oxalurato € utilepdra induzir os genes da via.
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PERSPECTIVAS

i. Avaliar a toxicidade de oenoteina B;

ii. Dosar os polimeros de parede celulaPdérasiliensisapos exposi¢cao a oenoteina
B;

iii. Estudar o mecanismo de a¢do de oenoteina BPerbrasiliensisatravés da
protedmica do fungo na presenca do composto;

iv. Avaliar a efetividade da oenoteina B no tratameiat®CM em modelo animal;
v. Determinar os parametros cinéticos pabanls

vi.  Busca por inibidores paRbmls
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