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RESUMO

O fungo patégeno termodimérfico Paracoccidioides é o agente da
paracoccidioidomicose. Esta doenca € caracterigadama inflamacdo granulomatosa
onde as formas clinicas vao da infeccéo localizashagna a uma uma disseminada. As
drogas triazdlicas sdo antifungicos de amplo especsdo usadas atualmente para tratar
infeccdes causadas por varios fungos patogénidoages. O mecanismo de acao dos
azoélicos foi elucidado em alguns fungos, emboracpae sabe erRaracoccidioides
Aqui, em primeiro lugar pretendemos investigar @amésmo de acao do itraconazol em
Paracoccidioidesusando andlise de diferenca representacionaPacoccidioides
células de levedura crescidas na auséncia e nangeesle itraconazol por 1 e 2 horas.
Entre os gene®aracoccidioidesup-regulados pelo itraconazol foram os envolvidos,
principalmente no transporte celular, metabolismerga, transcricdo, defesa e
viruléncia. ERG11, ERG6, ERG3, ERG5 e ERG25 foragulados quando avaliados de
forma temporal. Experimentos de infeccdo em camuga® corroborou resultados in
vitro. O ciclo do glioxilato e suas enzimas chasacitrato liase (ICL) e malato sintetase
(MLS) desempenham um papel fundamental na patddeadie e viruléncia de varios
fungos, assim como patogénese em humanos. Nebtdhtva descrevemos um estudo
realizado para desenvolver ligantes racionais caaradidatos pra inibir o receptor
PbMLS. Apresentamos um passo importante na buscagdatés para este receptor
baseando-se em homologia de estruturas, dinamitecatar e acoplamento molecular
envolvendo varredura virtuaviftual screeniny) por meio do programa AutoDock Vina.
Identificamos a partir de banco de compostos niatujdata bank ZINC) potenciais
ligantes candidatos a inibir a atividade BeBMLS quando comparados ao ligante
original. Este processo nos conduziu aos alcaldmédicos monoterpénicos do género
Palicourea(Rubiaceae) que compreende cerca de 230 espétiesagbustos e pequenas
arvores distribuidas, principalmente, nas regidepidais.A partir da ancoragem
molecular quinze compostos foram testados quast@a&ficacia na inibicdo da atividade
de PbMLS. A atividade especifica dEbMLS foi afetado pelos compostos. Quatro
alcaldides inddlico mostraram capacidade de reduatividade da enzima. Desde que
PbMLS é uma proteina associada a superficie que sarta como uma adesina
ancorada também foi investigado se os compostd®ermia adesdo da proteina as
matrizes extracelulares. O processo de eletrofoeesegel bidimensional foi utilizado
para investigar as proteinas diferencialmente espge durante o tratamento com
itraconazol e anfotericina B. Gel de trés réplidaslégicas independentes foram
digitalizadas e as imagens foram analisadas usandmftware 6.0 Platinum 2D
ImageMaster (GE Healthcare). Intensidades dpsts foram normalizados e foram
estimadas as analises estatisticas por ANOVA ore-®a spots de interesse foram
excisadas do gel digerida com tripsina e os pépfidiam analisados por MS e / ou MS /
MS e sequenciados. Os resultados obtidos aqui deyjadar na compreensao do
mecanismo de agéo de drogas fRanacoccidioidese delinear estudos de identificagédo
de compostos com atividade antifangica.

Palavras-chaveé?aracoccidioidesantifingico, inibidoresjockingmolecular, malato
sintase, adeséo.
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ABSTRACT

The thermally dimorphic fungal pathoge®aracoccidioides is the agent of
paracoccidioidomycosis. This disease is charaaerizy a granulomatous inflammation
with clinical forms ranging from a benign localizedection to a disseminated one. The
triazole drugs are broad-spectrum antifungal agemd are currently used to treat
infections caused by various pathogenic yeast aoldanThe mechanism of action of
azoles has been elucidated in some fungi, althdittghis known inParacoccidioides
Here we aim to investigate the mechanism of aatifoitraconazole ofParacoccidioides
by using Representational Difference Analysis frBaracoccidioides/east cells grown

in the absence and presence of itraconazole ford12ah. Among théaracoccidioides
genes up-regulated by itraconazole were those ynawolved in cellular transport,
metabolism/energy, transcription, cell rescue, medeand virulenceERGL1, ERGS,
ERG3, ERG andER@&25 were up-regulated when evaluated in a timelymaan vivo
infection experimentn mice corroborated in vitro results. The glyoxglaycle and its
key enzymes isocitrate lyase and malate synthadeSYMblay a crucial role in the
pathogenicity and virulence of various fungi suchthe human pathogens. Here, we
describe a study conducted to develop rationahtigaas candidates to inhibit receptor
PbMLS. The important step in the search for liganaistlis receptor based on structural
homology, molecular docking and molecular dynamiegolving scanning virtual
(virtual screening) through the program AutoDock Identified from the database of
natural compounds (ZINC data bank) potential caatgidigands to inhibit the activity of
PbMLS when compared to the original binder. This psxcled us to monoterpene indole
alkaloids of the genuBalicourea(Rubiaceae) comprises about 230 species from shrub
and small trees distributed mainly in tropical oegs. From the molecular docking fifteen
compounds were tested as to its effectivenesshibiting the activity ofPbMLS. The
specific activity ofPbOMLS was affected by the compounds. Four indol aliks showed
ability to reduce the enzyme activity. SinP&MLS is a linked surface protein that
behaves as an anchorless adhesin, RIi@L is here described as adhesin, we also
investigated if those compounds inhibit the adhesibthe protein to extracellular. Two-
dimensional gel electrophoresis we used to invatigthe proteins expressed
differentially during treatment with itraconazoleda amphotericin B. Gels of three
independent biological replicates were digitalized the images were analyzed using
the ImageMaster 2D Platinum 6.0 software (GE Health). Spot intensities were
normalized and the statistics analyses were estrag one-way ANOVA. The spots of
interest were excised, in-gel digested with trypsind the peptides were then analyzed
by MS and/or MS/MS and and sequenced. The resblsned here should assist in
understanding the mode of action of drugsParacoccidioides and outline studies
identifying compounds with antifungal activity.

Keywords:Paracoccidioidesantifungal inhibitors, molecular docking, malatnthase,
adhesion.
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1. INTRODUCAO
1.1 Consideracdes Gerais

1.1.1 Aspectos Gerais do Fung®aracoccidioides

No ano de 1908 Adolpho Lutz, pai da medicina trabiw Brasil, descrevia pela
primeira vez a paracoccidioidomicose (PCM), quamdl@nalisar exames histolégicos de
um de seus pacientes, observou a auséncia delasféom esporos no seu interior o que
diferenciava este fungo de outros espécimes caistates de coccidioidomicose. Alguns
anos depois, Splendore descreveu novos casos emantgac da Santa Casa de
Misericordia de Sao Paulo e estudou minuciosamentenorfologia do fungo,
denominando-&ymonema brasiliensisio entanto em 1930, Floriano Paulo de Almeida
instituiu a denominacaParacoccidioides brasiliensisma vez que até o0 momento era
classificado como espécie unica (Porgesl, 2000). Atualmente se aceita a existéncia
de pelo menos quatro espécies filogenéticas: Jié¢es 1 com 38 isolados), PS2
(espécie filogenética 2, com 6 isolados), P@3pécie filogenética 3, com 21
isolados) é”b01-like (incluindo o isoladoPb01 e isolados filogeneticamente similares),
logo mais adiante relataremos estes estudos gep®nastruturais assim como a
distribuicdo de cada uma das quatro espécies fifggas.A paracoccidioidomicose €,
também, denominada doenca de Lutz, blastomicosamsulcana, blastomicose
brasileira, moléstia de Lutz Splendore-Almeida easé de Lutz.

Paracoccidioidesfilogeneticamente considerado um fungo ascomjeetapaz de
adaptar-se para sobreviver no hospedeiro causamtiersga PCM, a mais prevalente
micose sistémica na América Latina (Restrepo e ipB605). O fato de ser um fungo
termodimorfico torna-o capaz de crescer na formaderiforme nos tecidos do
hospedeiro ou quando cultivado a 36°C, e na formealiana em condi¢cfes saprofitas ou
qguando cultivado a temperatura ambiente (18-23B2jgdgliet al, 2006; Restrepo
1985). O aspecto miceliano quando examinado aoosudpio de luz, apresenta hifas
finas e septadas com raros clamiddsporos terminaistercalares e com varios nucleos
(Francoet al, 1989). As células leveduriformes apresentam ohmgfa oval ou alongada,
contendo multiplos nucleos (2 a 5 por células). far@de celular é birrefringente com
blastoconidios simples ou multiplos gerados pomgeacao, onde observamos 0 aspecto
de “roda de leme” uma caracteristica primordialsemm identificacdo (Lacaa al, 1991)

(Figura 1). O aspecto morfolégico do fungo tambémn descrito nos tecidos do
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hospedeiro, onde foi possivel observar que duiiréeccdo ativa, as lesées contém um

elevado numero de leveduras, sendo que destas, 23 % apresentam multiplos
brotamentos (Restrepo, 2000).

Figura 1 — Microscopia confocal demonstrando a morfologiddracoccidioidessoladoPb01. As
figuras A e B demosntram o aspecto leveduriforme¢idob pelo canal DIC e por conformagéo
respectivamente enquanto C e D revelam a formaliemeedo fungo ParacoccidioidegFonte: Henrique
Leonel Lenzi & Benedito R. da Silva Neto).

Determinadas caracteristicas climaticas ou tippsafcos de solos provavelmente
auxiliam na adaptacdo do fungo ao habitat natiRappleye e Goldman, 2006). As
diferentes condic¢des de solos alteram a capacadeescimento da forma miceliana e a
producdo de conidios p&aracoccidioidegTercarioli et al,2007). O nicho ecoldgico
alternativo deParacoccidioidessdo animais com temperatura corporal de 36°C &€,37°
onde a transicdo para a forma leveduriforme promwmwestabelecimento da doenga.
Desta forma o fungo tem sido descrito em isoladdaties Dasypusnovem cinctuso
Brasil e Cabassous centralisa Coldmbia) em areas endémicas e esses anintais sa

reconhecidos como reservatorios naturais do fu@gerédoret al, 2005; Bagaglet al,
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2008). O patogeno também tem sido relatado em oashd@Farias et al, 2011),
pinglins (Garcia et al,1993) e morcegos frugivoros (Grose e Tamsitt519%estes
sorologicos e intradérmicos também sugeriram aepges do fungo em animais
domeésticos e primatas (Cortt al, 2007). Richini-Pereira e colaboradores (2008)
demonstraram, por técnicas moleculares, a presg@garacoccidioidesem animais
selvagens mortos em estradas e rodovias. Por rediested-PCR (reacdo em cadeia da
polimerase) com oligonucleotideos ITS especifiara Paracoccidioidesdetectou-se o
fungo em tatu@asypus sj)), prea Cavia apereg porco espinhogphigurrus spinosiis
guaxinim @rocyon cancrivorus e furdo Qallictis vittatg). A detecgcdo do fungo
Paracoccidioidesem diferentes érgdos de diferentes espécies mps&ra fungo pode
ter diferentes perfis de disseminacéo.

A auséncia de forma sexuada tem dificultado a iflessdo taxondémica de
Paracoccidioides(San-Blaset al, 2002). Deste modo a classificagdo aceita tern sid
baseada através de comparacfes filogenéticas &migps dermatofitos e fungos
dimorficos, baseada na subunidade rRNA 28S riboakoheclerc e colaboradores
(1994) classificaranfParacoccidioidesna ordem Onygenales, familia Onygenaceae (filo
Ascomycota), juntamente comBlastomyces dermatitidie Histoplasma capsulatum
(Peterson e Singler 1998). Atualmente o fungo a&gtiidado pertence ao reino Fungi,
filo  Ascomycota, subdivisdo Euascomycotina, clasBéectomyceto, subclasse
Euascomycetidae, ordem Onygenales, familia Onygaacsubfamilia Onygenaceae
Anamorficos, géner®aracoccidioidesespécieParacoccidioides brasiliensi€San-Blas
et al 2002).

Conforme relatamos acima, fungaracoccidioidesaté entdo era considerado uma
espécie Unica de seu género até se propor a exastd® quatro espécies filogenéticas:
PS3 um grupo geograficamente restrito a Colomi#&, éhcontrado predominantemente
no Brasil, nos Estados de S&o Paulo e Minas Gergasnbém na Venezuela; S1 esta
distribuida no Brasil, Argentina, Paraguai, Perenezuela (Matuteet al, 2006).
Posteriormente, Carrero e colaboradores (2008) rarast por meio de analises das
regides codificantes e ndo codificantes de vamreg, bem como a regido ITS, que com
excecao dos genes FKS1 e Catalase A, o isd&da ficou distante de todos os outros
isolados ddParacoccidioidesutilizados nesse estudo, se agrupando com a knhaigM
54648, um isolado atipico, obtido de um pacienteesiado do Parana, regido sul do
Brasil, sugerindo a possibilidade de mais do qués tespécies filogenéticas de

Paracoccidioidesonde o isolad®b01 seria uma nova espécie dentro do género (Carrero
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et al, 2008, Theodoret al, 2008). A fim de confirmar a existéncia da quaspécie

filogenética do fungdParacoccidioides Teixeira e colaboradores (2009), utilizando o
método de reconhecimento filogenético (GCPSR) esokdos deParacoccidioides
pertencentes aos grupos S1, PS2 e PS3 identificgueamo isoladdPb01 apresentou
grande divergéncia morfoldgica quando comparadoismlados pertencentes a esses
grupos. O sequenciamento dos genomas estruturaissdi@adosPb01, Pb03 e Pbl8,
permitiu identificar a presenca de cinco cromossorem cada isolado. As analises
permitiram verificar que o isolad®b01 apresenta 9132 genes e 32,94 Mb, apresentando
um maior nimero de genes quando comparado aoslasdd03 e Pbl8. O isolado
Pb03 apresentou um genoma de 29,06 Mb com 7.875 gd?lat8 um genoma de 29,95

Mb, contendo 8.741 genes (Desjardtsl, 2011).

1.1.2 A Doenga Paracoccidioidomicose

O termo paracoccidioidomicose (PCM) foi instituiégen 1971 na reunido de
micologistas das Américas em Medellin e persidte haje, como nomenclatura oficial
(Valle e Costa, 2001). A PCM é uma micose infeagiogranulomatosa, cronica e
sistémica. A principal rota de infec¢do ocorre pedacdo de conidios produzidos pela
forma miceliana do fungo, que ao atingirem os pesn@dodem transformar-se em células
leveduriformes.

A PCM apresenta duas formas clinicas principaisméo aguda ou subaguda
(juvenil) e forma cronica (adulta). A forma agué@pnresenta 3 a 5% dos casos descritos,
sendo a maioria dos pacientes constituidos pongag adolescentes ou adultos jovens.
E a forma clinica menos frequente e o periodo debcido é de semanas até meses
(Barrozoet al, 2009). A doenca caracteriza-se por um desenwelvio rapido e por
marcante envolvimento de 6rgdos como baco, figgéluglios linfaticos e medula dssea.
Apesar de ndo haver manifestacbes clinicas ou légitas de comprometimento
pulmonar, pode-se isolar o fungo do lavado brorauewidenciando a participagdo do
pulm&@o como porta de entrada, mesmo na ausénciiedacdo radioldgica (Restrepb
al., 1983). Nao existem relatos de transmisséao miarana (Brummeet al,, 1993).

Apds a penetracdo no hospedeiro, o fungo se cenpara a forma patogénica de
levedura, sendo este processo considerado como asso pfundamental para o
estabelecimento bem sucedido da infeccdo (Frar@®/)le fase inicial da interacao
parasito-hospedeiro (Camargo e Franco, 2000). Angieé caracterizada pelo

polimorfismo das lesGes (De Almeida, 2005), fornsagé granulos epiteliais com areas
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de necrose central, um halo de linfomononucledbrede (Camargo e Franco, 2000). A

PCM pode se apresentar em duas formas principaaguda/subaguda e ii) cronica. Na
forma aguda/subaguda também chamada de forma ljugemaioria dos pacientes sao
criancas, adolescentes ou adultos jovens com iddeieor a 25 anos (Mendes, 1994),
apresentando uma variacdo sistémica de leve a sdaléMarques, 2003), além de
decréscimo na resposta imune celular, respostaamatioria granulomatosa e
disseminacéao fungica (Arango e Yarzabal, 1982;dearahal, 1987). A forma cronica é
a forma encontrada em adultos e € a mais freq@0%), acometendo principalmente
homens com mais de 30 anos de idade. O periodaté&tecia pode variar desde alguns
meses ou até décadas. Ao contrario da forma agudmadro clinico apresenta um
desenvolvimento lento com comprometimento pulmoeedente (Brummeret al.,
1993). Em aproximadamente 25% dos casos, o0 pulntiddréco orgao afetado (forma
unifocal), mas é uma doenca que tem tendénciasardisagcdo, sendo pouco frequentes
0s quadros pulmonares isolados (Restrepal, 1983) uma vez quB. brasiliensisé
notavelmente um patodgeno versatil, capaz de infectamnerosos nichos no hospedeiro,
como a pele, as mucosas oral, nasal e gastroirdgshbaco, 0ssos, prostata, figado,
pancreas e sistema nervoso central (Silva e Sar20@8; Lopest al, 2009; Forte®t
al., 2009; Goldaniet al, 2011).

1.1.2.1 Epidemiologia

A infeccdo ocorre na América Latina, desde o Mésigba Argentina, excetuando-
se paises como Chile, Guiana, Guiana Francesayagei Nicaragua, Belize e varias
ilhas da América Central que nédo possuem registeo€asos autdctones da doenca
(Martinez, 2004). No Brasil, a maior incidéncia weonos estados de S&do Paulo, Rio de
Janeiro e Minas Gerais. Nas ultimas décadas hounvasralteracdes da frequéncia e na
distribuicdo geografica da doenca chegando a atiagi a regido Norte do pais,
sobretudo a Amazodnia. E possivel que atividadescimriadas a agropecuéaria e a
melhoria dos testes diagnosticos expliqguem estasagbes (Shikanai-Yasuda al,
2006). Os casos relatados fora da area endémicaesgpacientes que visitaram ou
residiram por algum tempo em um pais latino-amedd®icalhoet al, 2001; Paniaget
al., 2003). O conhecimento sobre a epidemiologianfiec¢do baseia-se em inquéritos
com a reacao intradérmica de leitura tardia, quensiderada uma estratégia simples,
adequada e de baixo custo para avaliar a prevaléagional do patégeno. Embora

existam relatos mostrando a dificuldade de compasaresultados desse exame, face a
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heterogeneidade dos antigenos, ha dados que deamortgie esses testes sdo positivos

nas formas subclinicas e crénicas e negativos orawsaé agudas e subagudas (tipo
juvenil). Apesar da possibilidade de reac&o cruzada outros fungos, particularmente o
Histoplasma capsulatuma resposta imunologica especifica Baracoccidioidesé

identificavel (Mangiaterrat al, 1996).

1.1.2.2 Patogénese

A maioria dos casos de PCM ocorre em individuosad®m masculino, fumantes e
etilistas cronicos, cujas condicdes de higienericiahais e socioecondmicas sao
precarias. Esses individuos costumam ser trabaksdarais que, por sua atividade,
permanecem com mais frequéncia diretamente emtoaraen a terra e vegetais (Araujo
et al, 2002). A incidéncia da doenca até a puberdadem@sma em ambos os sexos,
porém na fase adulta, mais de 80% dos pacientesia&®exo masculino (Martinez,
1997). Acredita-se que esse fato seja explicada pefio protetora que os hormonios
estrogenos conferem ao sexo feminino (Sanhal, 1999), e pela auséncia ou menor
contato das mulheres com as fontes de infeccaoqg(Maet al, 1983). A implantacéo
traumética do fungo na mucosa oral, era errone@massociada a fragmentos de
vegetais comumente usados para limpeza dentanaeim rural, fosse a via de entrada
desse agente infeccioso em razdo de muitos pasiaptesentarem ulceracdes na boca.
Contudo, em experimentos com animais de laboratdéo foi comprovada essa teoria.
As lesdes em mucosa oral sdo geralmente precedidascompanhadas por lesdes
pulmonares (Bisinellet al, 2002; Martinezt al, 2004). A infancia ou a adolescéncia é
o periodo em que infeccdo geralmente ocorre, eegolaicdo depende da viruléncia do
fungo, da quantidade de conidios inalados (esperda)integridade do hospedeiro. Apos
longo periodo de laténcia do fungo em um nodulmfibo no pulméo, um desequilibrio
na relagdo entre hospedeiro e parasita pode ocer@ipaciente, entdo, evolui para 0s
sinais e sintomas da doenca. Sendo assim, apesacal@ato inicial do homem com o
fungo e a infeccdo ocorrerem, muitas vezes, nandéida as manifestacdes clinicas da

PCM, em geral, sdo vistas em pacientes adultosiset al, 2002).

1.1.2.3 Diagnéstico
Embora esfregaco e cultura possam ser utilizadés,0 hinconveniente de o
Paracoccidioidescrescer lentamente. A biopsia é recomendada paddaagnostico

definitivo mostrando um granuloma supurativo contuleé gigantes e blastoporos,
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estruturas como cistos, com aproximadamente 30 goh&metro, geralmente seguidos

por esporos filhos (Bicalhet al, 2001). Os testes sorolégicos revelam a exisiédai
micro-organismo antes mesmo dos exames cultunat@phatoldgico, e sdo de amplo uso
na confirmacdo da doenca (Blogh al, 1999). A glicoproteina de peso molecular 43
Kda (GP43) é um antigeno exocelular secretado thiranfase de infeccdo pelo
Paracoccidioides GP43 é o principal antigeno diagnosticado na PEM, todas as
formas clinicas, sendo reconhecidos nos mais @gitabtes sorologicos (Marqustsal,
2003). A deteccao de anticorpos da classe IgM eelgAdeterminacdo sequencial desses
anticorpos para a GP43 pode ser uma ferramentpaitl o sorodiagnostico e avaliacdo
da eficacia do tratamento (Mendes-Gianmhial, 1990). Doencas com caracteristicas
clinicas semelhantes devem ser consideradas noddiggp diferencial da PCM tais
como as manifestacbes estomatoldgicas de carcirespaocelular, histoplasmose,
coccidioidomicose, sifilis, tuberculose, granuloosat de Wegener, leishmaniose e
sarcoidose (Giovardt al, 2000; Bicalheet al, 2001; Spostet al, 1993)

1.1.3 Mecanismos de acao conhecidos dos antifungico

Os antifungicos disponiveis pertencem as classesulfbnamidas, azois, polienos,
fluorocitosina e equinocandinas. Os mais utilizadwos tratamento da PCM sdo as
sulfonamidas, polienos e azois (Travassicsl., 2008).

Sulfonamidas foi a primeira classe de farmacosodieis para o tratamento de
pacientes com PCM, sendo utilizada sozinha, ou ombmacdo trimetoprim-
sulfametoxazol (TMP-SMT). E usada em pacientes westricdo a anfotericina B e aos
imidazois, e em pacientes que apresentam cardaopathepatopatia e com restricdo de
idade (Dillonet al,, 1986). Embora a resposta clinica inicial sefesfsdidria, € necessario
um longo periodo de tratamento, usualmente mais dpie anos, evidenciando a
toxicidade do medicamento, o custo do tratamento,ase elevadas taxas de
incompatibilidade com a terapia. As sulfonamidasamt inibindo a sintese de acido
folico competindo com o acido p-aminobenzéico neaacé® catalisada pela
dihidropteroato sintase, que envolve a condensagi@cido p-aminobenzdico e 6-
hidroximetil-dihidropterina pirofosfato para produgihidropteroato. A inibicdo dessa
reacdo leva a deplecédo de folato intracelular, @ uessencial para o crescimento do
organismo patogénico (Homg al, 1995).

Os polienos (anfotericina B e nistatina) sdo fuidgie que atuam aumentando a

permeabilidade da membrana plasmatica por se figame esterdis de membrana,
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principalmente ao ergosterol, esterol presente eralmana de fungos, comprometendo a

integridade da membrana, e levando a morte celBkaiuvais e Latgé, 2001; Lyman e
Walsh, 1992; Galliset al, 1990). Embora a anfotericina B seja o antifingmwais
utilizado no tratamento de micoses sistémicas,useuclinico tem sido limitado devido
ao alto nivel de nefrotoxicidade (Wet al, 2004). A anfotericina B é geralmente
utilizada em casos disseminados de PCM nos quaissaierapias nao foram efetivas, ou
em casos de intolerancia a sulfonamidas ou sulf(umatholaryet al, 1999).

Os azois (fluconazol, itraconazol, cetoconazol, esamazol e voriconazol)
interagem com a enzima citocromo P-450aidsterol demetilase (ERG11), a qual é
essencial para a sintese do ergosterol, se ligamdpupo heme no sito ativo da enzima
(Sanglard, 2002; Kellyet al, 1993). Essa inibicdo causa a deplecdo de ergbse
acumulo de esterois alterados na membrana (Geogagiepu e Walsh, 1996). Embora a
ERG11 também esteja envolvida na sintese de calesten mamiferos, os azois
apresentam uma afinidade significativamente magda pnzima de fungos (Wet al,
2004). O N-substituido triazol itraconazol € um rageantifingico de amplo-espectro
disponivel para uso oral nas formas de céapsulalegé&o para o tratamento e/ou
profilaxia de aspergillose, blastomicose, infecgi@Candidanas formas disseminada e
superficial, cryptococose, esporotricose, dermiaedis, histoplasmose, algumas formas
de coccidioidomicose e PCM (Harousseaal., 2000; Odds, 1996).

O imidazol (cetoconazol) e os triazdéis (fluconazalperconazol e itraconazol) tém
sido utilizados para o tratamento da PCM (FagurateyPaet al, 2006). Os azbis sao
altamente ativos contra determinados fungos enuraslin vitro e tém se mostrado
efetivos para propoésitos clinicos, apresentando omesn efeitos adversos quando
comparados a anfotericina B (Hahn e Hamdan, 2000)traconazol foi sugerido
recentemente pela Sociedade Brasileira de Mediiopical como a melhor alternativa
para terapia de primeira linha no tratamento da FEkanai-Yasudat al, 2006).

A 5-flucitosina (5-FC) é o unico antimetabdlito @ituente utilizado como um
agente antifangico (Krcmery, 2005). A 5-FC é captpéla célula do fungo através da
citosina permease sendo convertida em 5-fluordufadtU) pela citosina deaminase e
posteriormente em acido 5-fluorouridilico, que &fdoilado e incorporado ao RNA
interferindo na sintese protéica. O 5-FU tambénorvertido em monofosfato de 5-
fluorodeoxiuridina, um potente inibidor da timiddesintase, enzima envolvida na sintese

de DNA e em processos de divisdo nuclear (Carilioidzet al, 2006).
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A severidade da doenca, o local da lesdo e a emliGacdo para o uso de

determinada medicacdo, baseado no histérico préeo falha ou reacdo de
hipersensibilidade, sdo os parametros consideradogscolha do antifingico a ser
utilizado na terapia (Yasuda, 2005). O tratame@d@M é lento, iniciando com uma
dosagem agressiva de agentes antifungicos, sengewsido por meses ou anos, causando
a frequente desisténcia do paciente (Memtes, 1994; Hahret al, 2003).

O fato dos antifungicos sintéticos néo propiciatema cura efetiva (Kareet al,
2004), o surgimento de isolados resistentes asedade antifingicos disponiveis (Hahn
et al, 2003), mesmo utilizando-se terapia combinada\ida, 2005), e a alta toxicidade
comprovada tém complicado o tratamento de pacienf@sncipalmente o0s
imunocomprometidos (Cortet al, 2003). Mesmo o antimetabolito 5-FC e o novo
antifingico da classe das equinocandinas tém gilittados com moderacéo, devido ao
alto indice de isolados resistentes e ao limitesjzeetro de atuagdo (Krcmery, 2005;
Messeret al, 2004). Desta forma, torna-se relevante a nedadsi de pesquisa e

desenvolvimento de novas abordagens terapéuticas.

1.1.4 Transcritoma e Proteoma do Fung®aracoccidioides

A fim de estudar a expressédo diferencial de gereesurd organismo em um
determinado processo ou tratamento, diversas &ctéen sido utilizadas. Essas técnicas
permitem detectar as mudancas na expressao de R¥¢Amqgualquer conhecimento
prévio de informacdes da sequéncia dos genes Bspe@m questdo. Um dos métodos
utilizados para clonar genes diferencialmente esgm® é a técnica do RDA (Hubank e
Schatz, 1994). A técnica de RDA € um processo beagio acoplado a amplificacao,
originalmente desenvolvido para uso com DNA gendntemo um meétodo capaz de
identificar as diferencas entre dois genomas caxopléHubank e Schatz, 1994). A fim
de permitir analise de populacdes de RNAm difesdmznte expressos, Lisitsyn 1995
modificou o processo. Baseado em rounds sucesse/bghridizacdo subtrativa, seguido
por PCR (reacdo em cadeia da polimerase), estecdépassui a vantagem de elimina
fragmentos presentes em ambas as populacdes de RiéEwando apenas os genes
expressos diferencialmente.

O RDA se baseia na geracao, por digestdo com arnenmestricdo e amplificacao
por PCR, de versbes simplificadas dos transcriptosoé investigacdo conhecidas como
“representacdes”. Se um fragmento de restricdo iacdpkel (o alvo) existe numa

representacaadste) e esta ausente em outidriyer — controle), um enriquecimento
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cinético do alvo pode ser alcancado por hibridieag@btrativa ddesterna presenca de

um excesso dariver. Sequéncias com homdlogos ddver ndo sao amplificadas,
enguanto o alvo hibridiza apenas com ele mesmtémra habilidade de ser amplificavel
por PCR. Interacdes sucessivas da subtracdo ecesgmde PCR produzem fragmentos
de cDNA visiveis num gel de agarose correspondermdalvo enriquecido (Hubank e
Schatz, 1994).

Na técnica de RDA as popula¢gdes de cDNA podenraeiohadas por um numero
de enzimas de restricdo com sequéncias curtas amhecimento para produzir
conjuntos de cDNAs. Este aspecto do RDA melhoradgmente as chances de se clonar
com sucesso espécies diferencialmente expressas disso, pelo fato de que cada
cDNA é restringido no seu comprimento para prodéragmentos, o procedimento de
RDA oferece multiplas chances de se recuperar ura de interesse. No entanto, assim
como acontece em outras técnicas de obtencdo @s gepressos diferencialmente, a
técnica de RDA pode apresentar algumas desvantagmm® o0 aparecimento de falso-
positivos, porém trata-se de um procedimento relatente barato e rapido (Pastorén
al., 2000).

A técnica de RDA tem sido utilizada visando o caifnento de genes expressos
em diversas condi¢des. Baildo e colaboradores ja@0@aram a técnica de RDA a fim
de identificar genes diferencialmente expressogules populacdes de cDNA, uma
obtida a partir de células leveduriformes @aracoccidioides provenientes de
camundongos infectados e outra proveniente de aséllidveduriformes do fungo
incubadas com sangue humano. As andlises idengificgenes relacionados a aquisi¢ao
de ferro, sintese de melanina e defesa celular.

Os genes envolvidos no processo infeccioso Tdehophyton rubrumforam
analisados por Baeza e colaboradores (2007),artdiz a técnica do RDA a partir de
duas populagbes de cDNA, uma proveniente de RNAaigit do fungo exposto a
queratina e outra obtida de RNA extraido do fungitivado em meio minimo. Genes
relacionados a transducao de sinal, proteina debnaem, resposta a estresse oxidativo e
alguns provaveis fatores de viruléncia se apresmntasuper-expressos. A fim de
identificar genes diferencialmente expressos easrecélulas leveduriformes de dois
isolados diferentes dearacoccidioidesisoladosPb01, que se apresenta com morfologia
caracteristicas de células leveduriformes, e oadoIlPb4940, que se apresenta
tipicamente na forma miceliana, sem a presencaneecsdo para a fase leveduriforme

ao se alterar a temperatura de cultivo, Borgedabomdores (2010), utilizaram a técnica

25



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto
de RDA. A técnica foi utilizada a fim de compreends eventos moleculares que

ocorrem no fungo durante a resposta ao aumentendpetatura e estabelecimento da
fase leveduriforme do isolad®0l1. Nesse trabalho, o isolaé®01 foi utilizado como
tester e o isoladoPb4940 comodriver. Um total de 258 clones se mostram super-
expressos para o isolad®b01, comparado ao isolad®b4940, que correspondem a
proteinas de membrana/parede celular, HSP30, ©6 dattranscricdo (CTF1b) e fator
de transcricdo GATA (NSDD).

Faganello e colaboradores (2009) utilizaram a técmie RDA a fim de isolar
sequéncias que representam diferencas no DNA gea@miCryptococcus neoformans
e Cryptococcus gattii Nesse estudo foram sequenciados, cerca de 20@sclgue
permitiram a identificacdo de 19 sequéncias diteserem relacdo ao genoma @e
neoformans Dentre as sequéncias identificadas, genes edweshdcom o polimorfismo
em espécies dE€ryptococcusforam observados, como o gene codificante para éDE
quitina sintase.

O mapeamento dos genes expressospoacoccidioidesem diferentes condicbes
tem sido objetivo de varios projetos transcritontieste fungo. O Projeto Genoma
Funcional e Diferencial foi desenvolvido visando aunmelhor compreensédo do
metabolismo deParacoccidioides isoladoPb01, na fase de micélio e levedura. Nos
transcritomas relativos as fases leveduriforme eelaina foram sequenciados um total
de 6.022 ESTs. Dentre os transcritos encontradamfobservados genes relacionados a
viruléncia e potenciais alvos para drogas, comtingudeacetilase, isocitrato liasene
1,3-glicana sintase, uma vez que eles nao possoamlbgia em humanos. As analises
do transcritoma também revelaram alguns provaveimponentes das vias de
sinalizacdo, como CGHcalmodulina-calcineurina, MAPKs e AMPc/proteina rese,
(Felipeet al, 2005a; Felipet al, 2003).

Um total de 4.692 genes expressos na fase levedudf deParacoccidioides
isolado Pbl8, apds infeccdo em camundongo foram identificapos Goldman e
colaboradores (2003). Foram encontrados varios sggremoélogos aC. albicans
considerados fatores de viruléncia e envolvidogatagenicidade.

Estudos realizados coAspergillus fumigatugBrownleeet al, 2004) eC. albicans
(Lock et al. 1998), os quais possuem o gene 4-HPPB, mostrquanNTBC exerce um
efeito inibitdrio no crescimento desses fungos nassomo observado por Nunes e

colaboradores (2005) paParacoccidioidesia fase leveduriforme .
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As técnicas de Hibridizagdo Subtrativa por Sugr@gSSH) e de microarranjo

foram utilizadas por Marques e colaboradores (2Q@p identificar genes que sao
preferencialmente expressos na fase leveduriforenBagacoccidioides isoladoPbl8,
guando comparado com a fase miceliana. Os genek(CiBtkina dioxigenasey-1,3-
glucana sintase, CIT1 (citrato sintetase) e ERGRfesentaram elevados niveis de
expressao na fase leveduriforme Baracoccidioides Os genes codificantes para a
tiredoxina peroxidase e glutamina-S-transferaseresgmtaram uma expressao
preferencial na fase leveduriforme dRaracoccidioides Os produtos desses genes
poderiam atuar como antioxidantes reduzindo ossdeespécies reativas com oxigénio
durante o crescimento da levedura.

Bastos e colaboradores (2007) avaliaram o peafilsicricional déaracoccidioides
durante a diferenciacdo morfolégica de micélio pewadura, onde mostraram transcritos
relacionados com a sintese de proteinas de membr@dmparede celular estdo induzidos
durante a diferenciagdo transitoria de micélio pewadura apos 22 horas, sugerindo que
Paracoccidioidedavorece o remodelamento de membrana e paredarcéiuante esse
processo. Foram observados ainda, transcritosiorins a provaveis fatores de
viruléncia e ao sistema de transducéo de sinal.

A andlise do transcritoma dearacoccidioidesdurante o processo infeccioso foi
também realizada a fim de identificar as alteragi@eexpressao génica do fungo durante
esse processo (Costhal, 2007). Um total de 4.934 ESTs de células leviemtunes de
Paracoccidioides isoladoPb01, provenientes de figado de camundongo infectado
sequenciado e anotado. Genes envolvidos no metatmlanaerébico da glicose, e
alguns responsaveis pelo metabolismo de lipidi@sricencontrados nesta condicao.

Dentro deste aspecto observamos no trabalho dea@amg colaboradores (1995)
genes relacionados a via de biossintese do Ergbstamo transcritos de ERG6 (esterol
C-metil transferase) e ERG9 (esqualeno sintasefmAldisso, precursores para
biossintese do ergosterol, também se mostraram rdados durante o processo
infeccioso, além transcritos relativos a enzima O{Belta-9 acido graxo desaturase),
responsavel pela fluidez da membrana em célulamasi e em microrganismos
(Gargancet al. 1995).

Com o objetivo de identificar as respostas adagtatileParacoccidioidedurante
a infeccdo, Baildo e colaboradores (2006) utilrara técnica de RDA (Analise
Diferencial Representacional), para analisar célldaeduriformes daracoccidioides

provenientes de modelo animal e células leveduniésr do fungo incubado em sangue
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humano. A gliceraldeido-3-fosfato-desidrogenaseRBH), uma adesina que se liga aos

componentes da matriz extracelular e € capaz déame@deréncia e internalizacdo de
Paracoccidioideem cultura de células vitro, se apresentou induzida.

Em andlises do perfil transcricional em célulagtkwriformes dé’aracoccidioides
apos incubacdo com plasma humano foi possivel tdetacsuper expressdo de genes
relacionados a sintese de proteinas, respostarcalnaiudanca de osmolaridade do meio,
remodelamento celular e defesa. Os transcritodicandties para enzimas déoxidacao
também se mostraram induzidos sugerindo que o fumggsa condicdo, desvie 0 seu
metabolismo para a degradacédo de lipidios (Ba&ild&t 2007).

Outro aspecto interessante estudado € a respassaricional dé’aracoccidioides
a internalizacdo por macrofagos murinos analisamolpvares e colaboradores (2007)
que identificaram genes super-regulados, relacmsad biossintese de aminoacidos e
proteinas de choque térmico, sugerindo que estess @80 relevantes durante o processo
de fagocitose por macréfago. Genes relacionadosido do glioxilato também se
apresentaram super-regulados, sugerindo @asacoccidioides utilize essa via
metabolica para obtencdo de carbono durante analieamcdo por macrofagos
(Derengowsket al, 2008).

Borges e colaboradores utilizando a técnica do Rib&e os isolado®b01 e
Pb4940, este ultimo ndo sendo capaz de transitarlpaealura, descobriu que durante
essa fase de levedura alguns genes induzidos etaconados com resposta a estresse,
viruléncia e desenvolvimento. Todos esses genearap®m concepcdo de que a fase de
levedura pode potencialmente responder ao atacgieattmicdes do hospedeiro. Genes
chave nesse processo incluem proteinas de supegioteinas relacionadas a estresse,
bem como proteinas envolvidas na morfogénese eoteritanscricional (Borgest al.
2011a).

Deste modo podemos concluir que muitos trabalhderagp dos ultimos anos tém
descrito o perfil de expresséo génicaRdgacoccidioidesob determionadas condicoes,
com a finalidade de compreender a sua biologia.adipdo, outros métodos tém sido
utlizados para analises da expressao de RNAmM, &W&E (analise serial da expressao
génica) (Velculescet al, 1995) e a tecnologia de microarranjos de DNéhédaet al,
1995 e Shaloret al, 1996). Entretanto, a analise de RNAmM néo refiistetamente o
conteudo de proteinas na célula (Graves e Hays2€a8@) e, além disso, alguns estudos

tém mostrado a pequena relacdo entre os niveisNdenRe de proteina (Gygi, 1999;
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Ideker, 2001). Ainda, a funcdo das proteinas pedenodificada a nivel pos-traducional

e esta informacao ndo é acessivel nas andlisssriconais (Gyget al, 1999).

O perfil de expressdo das proteinas altera-se tewc8es distintas em um mesmo
organismo, constituindo-se um fluxo dinamico resfsmo a estimulos internos e
externos. As proteinas envolvidas nos processdsdgiios sdo detectadas devido a
alteragbes quantitativas — pouco ou muito regulaa@@ecimento ou desaparecimento, e
modificacdes pos-traducionais (Westermeearl, 2002). A analise proteémica ganhou
consideravel atencdo desde que foi revelado quenonga humano consiste de poucos
genes (cerca de 35.000) (Venter, 2001). Atualmemtéermo proteGmica tem sido
definido como a analise em grande escala de pestaiRpressas por uma determinada
célula, tecido ou organismo numa condicédo espadidlkinset al, 1995).

Gradativamente os estudos protedmicos de fungasggratos dimorficos tém
aumentado, acompanhando o desenvolvimento dos $aealados (Orsborat al,
2006; Teutschbeiret al, 2010; Xiet al, 2007). A andlise protebmica das proteinas
citoplasmaticas dearacoccidioidesob restricdo do ion ferro foi avaliado por Parent
al. (2011). Enzimas da via glicolitica foram induddanquanto que varias enzimas do
ciclo do acido tricarboxilico, ciclo do metilcitmte glioxalato, e proteinas da cadeia
transportadora de elétrons mostraram-se reprimidas.

Rezendeet al (2011) utilizaram a técnica de eletroforese batisional (2-DE)
acoplada a identificacdo por espectrometria de asas8IALDI-QTOF MS e MS/MS
como ferramentas protedbmicas para investigar al gierforoteinas d@aracoccidioides
durante a morfogénese de micélio para células lgifecmes 22 h apés a transigéao.

Weberet al. (2012) avaliaram proteinas diferencialmente sedastgor micélio e
levedura. Neste estudo, 160 proteinas foram idesdihs, sendo 30 secretadas
preferencialmente na fase miceliana e 24 na fassllgiforme. As analises silico
mostraram que 65% das proteinas identificadas f@raaiitas serem secretadas por vias
nao convencionais. Adicionalmente, foi investigadafluéncia da inibicdo da secrecéo
protéica em leveduras durante a fagocitose porafegws. Foi mostrado também neste
trabalho que a adicdo de Brefeldina A ao meio direudiminuiu significativamente a
guantidade de proteinas secretadas e de levedut@asalizadas por macréfagos,
indicando que a secrecdo de proteinasRamacoccidioidegpode facilitar os estagios

iniciais da invasao/coloniza¢céao do fungo no hospede
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Vallejo e colaboradores (2012) também utilizaragramentas proteémicas (LC-

MS/MS) no intuito de caracterizar proteoma extnaleel da fase leveduriforme de
Paracoccidioide$?b18; foram identificadas 120 proteinas, sendo 7&ae&tulares.
Grossklauset al. (2013) avaliaram a resposta dearacoccidioidesao stress
oxidativo utilizando como estratégia a espectroimeate massas e submissdo da massa
monoisotopica dos peptideos ao banco de dados di. MG categorias com maiores
frequéncias de proteinas/isoformas encontradamfogagate, viruléncia celular e defesa,
metabolismo e energia. O perfil metabolico foi ctedzado, verificando-se ativacédo da
via das pentoses fosfato. Ensaios confirmatorioatid@ade enzimatica e citometria de
fluxo confirmatam os dados obtidos, sugerindo Baeacoccidioidegpossui um amplo
repertorio antioxidante composto por diferentestggnas que atuam de maneira

complementar.

1.1.5 A Genbmica na elucidagdo de mecanismos de@ci@ antifungicos
Os agentes antifungicos atuam através de uma adeede mecanismos, alguns

dos quais sdo pouco entendidos. Novas abordageascaeacterizar o mecanismo de
acao de agentes antifungicos sdo Uteis no prockssgesenvolvimento de antifingicos.
Um dos caminhos pelos quais as células se ajustandancas ambientais € através da
alteracéo do padrédo de expressao de genes. Assiradida de mudancas na expressao
de genes em exposicao a antifungicos pode ajudateaminar como os antifingicos e
candidatos a antifungicos trabalham em célulasganismos. Nesse sentido, alteracdes
no perfil de expresséo de genes de fungos témesidmladas (Liet al, 2005; Agarwal
et al, 2003; Ferreirat al, 2006; Yuet al, 2007).

Utilizando esse enfoque, estudos do perfil genérfdcam realizados para avaliar
o efeito da anfotericina B, 5-FC, e varios azolesSaccharomyces cerevisia€andida
albicans (Bammert e Fostel, 2000; De Baclatral, 2001; Zhanget al, 2002; 2002a).
Esses estudos forneceram uma excelente visdodpsrglenes com alteracao no perfil de
expressdo em resposta ao tratamento com essamgitiifs. Entretanto, esses estudos
utilizaram concentragdes inadequadas para uma cagdmaapropriada entre as drogas.

Visando fazer uma analise comparativa entre asadrogjlizadas num mesmo
estudo, os genes & cerevisiadoram investigados em resposta aos representdases
classes dos polienos, pirimidinas, azoles, e egamtnas. Nesse estudo foi
demonstrado que diferencas nas condicbes ambietdEscomo meio de crescimento,

concentracdo de antifungico, e periodo de exposigdantifingico pode contribuir para

30



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto
alteracdes na expressdo dos genes. Foram idetdi$icalteracoes classe-especifica e

mecanismo-independente. Genes responsivos a cetmmipncaspofungina, e 5-FC
indicaram efeitos droga-especifico. A exposicdo detoconazol afetou genes
primariamente envolvidos na biossintese e captaddoergosterol; exposicdo a
caspofungina afetou genes envolvidos na integridied@arede celular; e 5-FC afetou
genes envolvidos na sintese de proteina e DNAroepalano no DNA, e controle do
ciclo celular. Ao contrario, alteracfes induzidas gnfotericina B na expressao de genes
foram relacionadas ao estresse celular, reconstrdedmembrana celular, transporte,
captacao de fosfato, e integridade da parede celabora tenham sido identificados
genes com maior especificidade para um antifUngiooparticular (genes antifungico-
especificos), também foram encontrados genes spetiisidade para as classes de
antifungicos. Os resultados obtidos forneceram siavi@rmacdes sobre 0 mecanismo de
acao dessas classes de agentes antifungicos e stesmam o potencial de utilizacdo do
perfil de expressdo de genes no desenvolvimentrat@s antifangicas (Agarwat al,
2003).

Estudos similares foram desenvolvidos p@raalbicansutilizando as mesmas
classes de antifungicos e condi¢cbes similares @scitnento. Foram encontradas
similaridades, mas também diferencas, eBtreerevisiaee C. albicans na resposta a
esses agentes antifungicos. Os experimentos do @erexpressao génica revelaram
respostas antifingico-especifica consistentes cewmn nsecanismo de acao, respostas
indicativas de outras vias que devem ser afetadasgses agentes, e respostas que
refletem mecanismos conhecidos e potenciais dstéaesia a esses agentes antifiungicos
(Liu et al, 2005).

Analise do transcritoma dispergillus fumigatysum fungo filamentoso, exposto
a voriconazol revelou que a expressao do RNAmM des/genes € dependente da via de
sinalizacdo por proteina quinase-AMP ciclico coreda evolutivamente, auxiliando no
entendimento de como o fungo se torna resistent@@aconazol (Ferreirat al, 2006).
Estudos utilizando microarranjos com o objetivo adaliar o perfil transcricional de
Trichophyton rubrumem resposta a cetoconazol e anfotericina B reaelaesultados
consistentes com 0s mecanismos de acdo conheé&dt®tanto, houveram também
achados especificos em rubrum que diferiram dos resultados obtidos em trabalhos
anteriores para outros fungos (¥ual,, 2007).

S. cerevisia@ um excelente organismo modelo para estudardeaatifiingicos

devido ao seu genoma ter sido totalmente sequeneidgm caracterizado, e também ao
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desenvolvimento de microarranjos, possibilitandonmooar globalmente alteracbes na

expressdo de genes em resposta a uma variedadadigdes experimentais. Em adicéo,
existe a disponibilidade de estoque de mutantes genes deletados, facilitando a
validacdo de novas hipéteses geradas pelos expeosnge microarranjos (Viscadt al,

1999). Entretanto, os trabalhos acima demonstraramportancia da realizacdo desses

estudos em outros fungos de relevancia.

1.2 Caracterizacao de Alvos para Agentes Antifungas

1.2.1 Ciclo do Glioxalato

Para muitos organismos a fonte de carbono prefeteh@ glicose. Esta pode ser
convertida em um acucar contendo cinco carbon@s,ctano ribose e desoxirribose,
através da via pentose fosfato ou ser cataboligadapiruvato e posteriormente acetil-
CoA através da glicolise. O acetil-CoA entra pamgoto do &cido tricarboxilico (TCA)
(Figura 2), onde é convertido através de oito passaimaticos, em intermediarios que
alimentam numerosas vias, incluindo as vias deshitsse de aminoacidos, acidos
graxos e glicose (Lorenz e Fink, 2002).

O TCA resulta na geracdo de moléculas produtoraesngegia, e também atua
como reservatorio de precursores metabodlicos essengara a sintese de aminoacidos,
acidos graxos e acucares. Este ciclo pode seragmué as enzimas envolvidas podem
ser aumentadas ou diminuidas de acordo com a aEssla célula (Hamel e Appanna,
2001).

Nos animais, um dos primeiros eventos da infecgagi€¢a € o englobamento do
micro-organismo pelos macréfagos. O interior doscrdfagos apresenta glicose
limitante, por isso o fungo induz a producdo dereag que lhe permitam a utilizacédo de
outras fontes de carbono presentes nos macrofagbsndo os lipidios (Selitrennikoff e
Nakata, 2003). Assim, na busca de novas fontesad®wco, fungos e muitos outros
micro-organismos procariotos e eucariotos utilizgtanol, acetato e acidos graxos. Para
utilizacdo destes compostos formados por dois cahé requerido um ciclo ausente em
mamiferos, o Ciclo do Glioxalato (CG) (Figura 2aidta e Selitrennikoff, 2002).

O CG é uma via alternativa para o TCA que permitxidacdo de acetato para
formacéao de acidos dicarboxilicos (succinato, roaabxalacetato) (Flavell e Wooward,
1970), ou seja, a funcdo do CG é sintetizar coropasbntendo 4 carbonos a partir de

compostos contendo 2 carbonos, tais como acetatarml (Kornberg, 1966). Neste
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processo participam enzimas comuns ao TCA e tamagnespecificas do CG, a

Isocitrato Liase (ICL) e a Malato Sintase (MLS).edzima ICL catalisa a reagao de
clivagem do isocitrato a succinato e glioxalato. &gguida, a enzima MLS condensa o
glioxalato com acetil-CoA formando o malato (Korrdpel966), o qual é convertido em
oxalacetato, seguindo-se as etapas enzimaticanu&mticas as do TCA resultando na
regeneracao do isocitrato (Lorenz e Fink, 2002).

Em plantas, o CG é processado para a conversacetieCoA produzido pelf-
oxidacdo de acidos graxos em oxaloacetato, e sudstsmente em acucar (Smith,
2002). Nas células eucaridticas o ciclo localizeese peroxissomos especializados,
denominados de glioxissomos; em procariotos o Gisreao compartimento citosélico
(Treleaseet al, 1974).

GLICOSE
Fosfoenol- - co,
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Figura 2 — Esquema representativo do ciclo do &cido trapdtico, ciclo do glioxalato e gliconeogénese.
Estao evidenciados os passos enzimaticos basicoklnodo acido tricarboxilico (linhas finas), oajé
comum para todos 0s organismos; passos no ciclglidgalato (linhas tracejadas), que é comum para
microorganismos e plantas, e os passos compaxghgelos dois ciclos (linhas grossas) e a reagéialin
de gliconeogénese (linhas sombreadas). Fonte: tarefRink (2002). Life and Death in a Macrophage:
Role of the Glyoxylate Cycle in Virulence. EukargoCell. 657-662.

O CG possui um papel importante na gliconeogénesmberg e Beevers, 1957),
visto que o primeiro passo comprometido nessa véaodnversdo de oxaloacetato a

fosfoenolpiruvato através da enzima fosfoenolpitoivacarboxiquinase (PEP
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carboxinase). Essa enzima e a frutose-1,6-bifasfasio as mais importantes na

gliconeogénese por atuarem como regulatorias rdupéom de glicose. E/A. cerevisiage
sob fagocitose, frutose-1,6-bifosfatase (FBP1) tanante induzida (Lorenz e Fink,
2001), validando a idéia de que o primeiro objeti@oinducédo do CG € a producéo de
glicose. Macrofagos sé@o deficientes em glicosejeepsoducédo € a principal funcéo do
CG (Lorenz e Fink, 2001). Dado que a fagocitoseCdalbicanspromove inducao de
enzimas do CG, sugere-se que a aquisicao e o $soutidentes sejam prioritarios em
células leveduriformes sob fagocitose. Em adicadmagrofago € pobre em compostos
carbbnicos complexos e rico em &cidos graxos e gsgadutos de degradacéo,
primeiramente acetil-CoA, que somente € assimiktdavés do CG, sendo a Unica rota
de sintese de glicose neste ambiente (Cozzone).1998

O CG e as enzimas ICL e MLS sédo importantes paw@wéncia de muitos
patégenos, comMycobacterium tuberculosi@Mickinney et al, 2000), C. albicans
(Lorenz e Fink, 2002) €. neoformangRudeet al, 2002). A indugcéo de genes do CG
foi observada por RT-PCR eRaracoccidioidesmostrando que os niveis de transcricéo
de genes da icl e mls neste fungo aumentaram afag@®eitose por macrofagos murinos
(Derengowski et al, 2008). Igualmente, e. albicanse S. cerevisia@pods fagocitose
por macrofagos, as principais enzimas do CG mastrae supra reguladas (Lorenz e
Fink, 2002). Desta forma, esses micro-organismas &Epazes de obter glicose e
consequentemente sobreviver no interior de maan&fagntretanto, o mesmo nao é
observado em resposta a meios condicionados, ®st@dgdativo, ou contato com
macrofagos inativados por aquecimento (Lorenz &,FAA01) embora seja amplamente
aceito que o ciclo do glioxalato opera em bactgfiasgos, alguns protistas e plantas, a
alegacdo de que esse ciclo é funcionalmente ativaammais superiores permanece
controverso (Kondrashast al, 2006).

Diante do exposto acima podemos concluir que o CGmé via metabdlica
importante, uma vez que ha evidéncias da sua idpoa em muitos sistemas
hospedeiro-patégenos e o conhecimento sobre o mgsth via em patogénese €
fundamental, ja que proporciona o desenvolvimento imbidores especificos das
enzimas ICL e MLS que poderiam ser usados para a&@mldoencas fungicas e
bacterianas (Dunet al, 2009).
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1.2.2 Malato Sintase

O CG nos fungos é normalmente processado nos peomios. A enzima MLS
esta localizada nos peroxissomos em todos os @rgasi eucariotos estudados até o
momento, porém estudos recentes mostraram que adelP&racoccidioides(PbMLS)
também é localizada na parede celular (M¢tal, 2009).

A enzima MLS catalisa a reacdo de condensacao poip malato a partir de
acetil-CoA e glioxalato. Essa reacédo é altamenieafica para esses substratos e requer
Mg** como o cofator (Nogalest al, 2004) com base nas caracteristicas das segsiéncia
de aminoacidos, as MLSs podem se dividir aindagdeas principais familias, isoformas
A (MSA) e G (MSG). MSA, com massa molecular em ¢tode 65 kDa, ocorre em
bactérias, como por exemplg, coli (Kornberg, 1966) e fungos, cont cerevisiae
(Lorenz e Fink, 2001); MSG possui massa molecufart@no de 80 kDa, ocorrendo
somente em bactérias (Nakazatal, 2005).

Em E. coli, encontramos deascrito duas classes de MLSs, sedificadas por
genes diferentes. aceB codifica a forma A, a uatedominante em células crescidas
em meio contendo acetato, e glcB codifica a foBpnama proteina monomérica a qual
é induzida pelo glicolato (Molinat al, 1994). EnE. coli, o operon aceBAK contendo
os genes ICL (aceA) e MLS (aceB) é reprimido picogle e induzido por acetato ou
acidos graxos (Clark e Cronan, 1998einococcus radiodurangossui duas MLSs, as
quais estéo localizadas em cromossomos diferewasdet al, 2003).

A estrutura tridimensional de MSG de. coli foi elucidada através de
Ressonancia Magnética Nuclear (NMR) (Tugarinet al, 2002). MSG se apresenta
como uma proteina globular multimérica; sua estauéubaseada no enovelamepdm
(TIM barril). O dominio C-terminal da enzima (resid 589-722) consiste de cinco
hélices, as quais se encaixam no final do barritrdedo loop C-terminal das folh$s
Essa ligacdo € conectada ao barril por um loogdydlirn-hélice-loop (Howaret al,
2000).

E descrito que sitio ativo de MLSG Hecoli estéa localizado em uma cavidade na
interface entre a regido C-terminal e os loopsimal fla regido C-terminal das folhgs
do TIM barril (Howardet al, 2000). Essa posicdo do sitio ativo esta coeremie as
posicdes descritas em outras enzimas que conténMobarril. Este sitio ativo esti
localizado dentro do®opsno final do barril (Branden and Tooze, 1991). Encoli, 0s
residuos conservados do sitio ativo, Glu427 e Aspd$ quais se ligam ao ion magnésio,

Arg338 que uni o hidrogénio ao oxigénio aldeidiap glioxalato, e a base catalitica
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proposta, Asp631, sdo conservados entre as segsédei MLSs conhecidas. Os

dominios criticos para a atividade de MLS parecenoglominio do barril e a ligagéo C-
terminal que cobre o sitio ativo, e que tambémrdmritpara a base catalitica proposta
(Asp631) o dominio C-terminal € composto por 588ideos; o loop formado pelos
residuos 577-588 parece ser flexivel, permitindoowimento do dominio para o restante
da enzima. Tal movimento permite a abertura do siivo para entrada do substrato e
liberacdo do produto (Howast al, 2000).

Em Fomitopsis palustrisum fungo basidiomiceto, a MLS apresenta-se nador
de um octadmero, com massa molecular de 520 kD@ibdiglas em oito subunidades de
65 kDa. Esta enzima apresentou afinidade para aodbassibstratos, glioxalato (Km de
45uM) e acetil-CoA (Km de 2,AM) (Munir et al, 2002).

A sequéncia codificante para a enzima malato €nt@es Paracoccidioides
(PbMLS), foi clonada e caracterizada por Zambuzzi-Gbrw et al (2009). O cDNA
apresenta 1882 pares de bases, incluindo uma OREBl1depares de bases. A sequéncia
deduzida da proteina é constituida por 539 resideoaminoacidos com uma massa
molecular predita de 60 kDa, pl de 8.45. A proteipeesenta assinatura caracteristica da
familia das MLSs, residuos cataliticos essenciaia @ atividade enzimatica, e sinal
PTSL1 de localizacao peroxissomal/glioxissomal (ZamabCarvalhcet al, 2009).

Pbmls tem motivos que poderiam indicar sua regulaug#ofontes de carbono e
nitrogénio. Além disso, todas as enzimas envolvitasnetabolismo de purinas para
formar glioxalato foram encontradas em transcri®aeParacoccidioidegCosta et al,
2007, Bastoset al, 2007). Os dados sugerem q&MLS condensa acetil-CoA a
partir de compostos contendo dois carbonos maafale acetato e etanol (Andradé
al., 2005). Na presenca de fontes de nitrogéngliosalato produzido do metabolismo
de prolina e purina € condensado com acetil-CoAdyrimdo malato por acdo de
PbMLS. A regulacdo dé’bmls por fontes de carbono e de nitrogénio é reftargaela
presenca de motivos reguladores encontrados na&orede promotora do gene
(Zambuzzi-Carvalhet al, 2009).

Neto et al (2009) demonstraram qubMLS estd associada a parede de
Paracoccidioidesonde é capaz de se ligar a componentes da reatrecelular, como
fibronectina e coladgeno tipo | e IV. Além disso, d@monstrado que a MLS é capaz de
mediar a aderéncia e internalizacadoP@eacoccidioidesas células cultivadas vitro, o

gue sugere o seu papel potencial no estabelecirdanitdeccao.
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1.2.3 Isocitrato Liase

A isocitrato desidrogenase (IDH) e a isocitrat@diasdo enzimas que utilizam o
mesmo substrato, o isocitrato. B coli crescida em acetato, o fluxo de carbono se
divide entre o ciclo do glioxalato e o ciclo do ditricarboxilico. Essa divisdo é
regulada pela inativacdo da IDH através de fosfgéib reversivel. Esse processo
proporciona ao ciclo do glioxalato a utilizac&o idocitrato em diferentes condicdes,
como variacOes de fontes de carbono (Cozzone, 1998)

As isocitrato liases apresentam comportamentoeatitgados durante o processo
de infeccdo. EnC. albicanse M. tuberculosis a isocitrato liase é induzida apds o
microrganismo ser fagocitado por macréfagos. Derdedtes in vivo conCryptococus
neoformanse S. cerevisaea auséncia de isocitrato liase ndo afetou a aghpte
viruléncia desses microrganismos, sugerindo assien ajisocitrato liase e o ciclo do
glioxalato sdo importantes para a viruléncia dessesorganismos, mas nem sempre sao
essenciais nesse processo (Lorenz e Fink, 2002).

As isocitrato liases da maioria dos microigiauos s&o induzidas na presenca de
etanol e tém sua expresséao inibida na presencicdeey EmA. fumigatusa presenca
ICL e conidios, sugerem que lipidios podem sergima@ fonte de carbono durante a
germinacgao. A presenca de ICL em organelas foireada no fungo apenas durante o
crescimento em condicbes que requerem o ciclo mxakhto, como por exemplo, a
presenca de acetato (Ele¢lal, 2006).

A fosforilagdo da isocitrato liase também tem saBsociada a mecanismos
regulatérios. Enk. coli, a fosforilagdo da enzima resultou na ativacdmdama, e apos
ser desfosforilada a enzima tornou-se inativa (Rebe et al, 1988). De forma
contraria, ens. cerevisiaa isocitrato liase fosforilada na presenca deogécapresentou
um decréscimo na atividade enzimatica tendendoativatédo (Lopez-Boadet al,
1988).

A enzima isocitrato liase dearacoccidioides(PblCL) apresenta uma ORF de
1614 pares de base, foi realizada também a expressterologa da PbICL,
determinando uma massa molecular de 60 kDa, sgmeloaPbICL predita apresenta
homologia com ICLs de outros fungos. Andlises dedatde dePbICL confirmam a
inducdo da enzima na presenca de acetato de potasisio glicdlico, etanol e reprimida
na presenca de glicose, principalmente apds 24ltréscimento do fungo nestas

condicbes. A presenca de proteinas com difererdézes de |5 nas analises de
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Western blotsugerem regulagdo pos-traducional da proteiRBICL em nivel de

fosforilacao (Cruzet al, 2011).

As isocitrato liases tém sido descritas em badgraqueobactérias, fungos,
plantas (Nakazawaet al, 2005; Wanget al, 2003; Maharjanet al, 2004; Ebelet al,
2006; Yinget al, 2005) e também em animais invertebrados e wvadeb (Morgunoet
al., 2005; Popovet al, 1998; Van Eyk et al, 1993). Essas enzimas apresentam um
hexapeptideo conservado, K(KR) CGH (LMQR), desa@mo motivo caracteristico das
isocitrato liases (Wangt al, 2003). As isocitrato liases geralmente sdo catagopor
guatro subunidades idénticas tanto em procariobmsocem eucariotos. As isocitrato
liases possuem massas moleculares consideravelrdgatentes nesses organismos;
bactérias possuem isocitrato liases com subunidddeaproximadamente 47 kDa e
eucariotos possuem subunidades com massas moéscwkiando entre 60 e 64 kDa
(Nakazaweet al, 2005).

Munoz-Elias e McKinney (2005), aatés de andlises de bioinformética,
mostram a presenca de trés grupos de proteinagratmdiases que se diferem em
relacdo ao tamanho e organizacdo do dominio. Gdruppresentado pelas eubactérias,
compreende as isocitrato liases pequenas; o giuponposto por fungos e plantas, as
isocitrato liases médias; o grupo lll, identificagtamente enMycobacteriumé formado
por isocitrato liases grandes. O grupo Il apresenta regido central ausente no grupo |,

e o grupo lll possui uma sequéncia C-terminal aeseos grupos | e Il.

1.3 Componentes de Matriz Extracelular

A matriz extracelular (MEC) € uma rede complexa rdacromoléculas que
proporciona um arcabouco fisico para a estabilzaltz estrutura tecidual e modula o
comportamento celular. Essa matriz € composta ipar grande variedade de proteinas e
de polissacarideos que séo secretados localmeiosienam uma rede organizada, em
estreita associacdo com a superficie celular qupr@duz. A matriz extracelular do
tecido conectivo € rica em polimeros fibrosos, esfraente colageno, suportando a
maioria dos estresses mecanicos sofridos pelootecid

No tecido epitelial, as células estdo ligadas feete formando diferentes
camadas, uma delas é a matriz extracelular a qualste basicamente de uma cobertura
fina chamada lamina basal, responsavel por darrt®upo tecido. A matriz extracelular
possui um importante papel nas interacfes entreélagas, fornecendo condi¢cdes as

mesmas para aderirem e proliferarem, modulandotadiente a forma e funcdes
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celulares. As principais classes de macromoléqui@sentes na matriz extracelular sdo

as cadeias de polissacarideos da classe das gliooggicanas, encontradas
normalmente ligadas as proteinas formando protsows, e as proteinas fibrosas, as
quais desempenham funcfes estruturais como o owolageas proteinas adesivas,
incluindo nessa classe, fibronectina e lamininagtfepen e Klis, 2006).

Fibronectina é uma glicoproteina de 440 kDa, pitesea forma soluvel no plasma
sanguineo, bem como em outros fluidos corporaisarato a coagulacéo, e na forma
fibrilar, como componente essencial da matriz eeltdar de diversos tecidos (Mohri
1996). Essa glicoproteina atua como adesina cairidb para a organizacdo da matriz
extracelular no processo que envolve a ligacdoedeptores especificos da superficie
celular com dominios presentes na molécula derféoiina (Butleret al, 2008).

Laminina é uma glicoproteina encontrada na matxizaeelular, possui massa
molecular em torno de 900 kDa, apresenta difereisteformas, € um dos principais
constituintes da membrana basal, e esta presentpiase todos 6rgaos, principalmente
nos pulmdes (Lebleet al, 2007). A laminina associa-se a receptores darfoe
celular interligando a membrana basal a camadaéligas adjacentes (Schéeade al,
2007).

Células que séo capazes de migrar da correnteisaagpara os tecidos, como 0s
macrofagos, leucdcitos e células tumorais metaagtitambém podem exibir esses
receptores (Wrighet al, 2008). A interacdo da laminina com outras maotéoulas da
matriz € importante para definicdo da forma, mowvitnecelular, sendo também crucial
em varios processos biolégicos que requerem adesi@tar, tais como, diapedese,
coesao celular dentro do tecido, metastase deasétahcerosas e infecces (Bethl,
1990; Colognato e Yurchenco, 2000).

Colageno € a proteina mais abundante emiferas sendo o principal constituinte
da matriz extracelular e representando um impataiio para a adesdo de muitas
espécies de microrganismos (Vakonakisa e Cam@@¢ll). Existem atualmente mais de
vinte tipos de colageno caracterizados, sendo ds mgportantes nos processos de
adesdo de patdgenos o colageno tipo IV, que € wadonprincipalmente na lamina
basal, um dos componentes da membrana basal débospé o colageno tipo | que é o
mais abundante na constituicdo da matriz inteadtos varios tecidos, sempre formando
fiboras e feixes resistentes (Gilet al, 1996). Como constituintes das matrizes
extracelulares, os colagenos ja foram descritosocaimos para adesdo de células

tumorais (Kazariaret al, 2003) e de proteinas de microrganismos cobeptospira
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(Atzingen et al, 2008), Bartonella henselae (Datm al, 2006), Paracoccidioides
(Barboseet al.,, 2006), aumentando sua capacidade de invaséao.

1.3.1 Moléculas envolvidas no processo de adesaduleyos

Os fungos dimorficos utilizam uma variedade de wwbis de superficie para se
ligar & matriz extracelular da célula hospedeiestabelecer a infeccdo (Lengedtral,
2000). As moléculas de adesao celular sdo glicepras expressas na superficie celular,
onde mantém o contato entre duas células ou eélinas e a matriz extracelular. Um
grande numero de moléculas que se comportam coesinad em fungos patogénicos
tém sido estudadas, uma vez que o processo devatkegdicrorganismos as proteinas da
matriz extracelular € bastante importante paratabekecimento do processo infectivo
nos tecidos do hospedeiro (Pattal, 1994).

C. albicans possui uma familia génica denominada ALS (Aggiotidke
Sequence), composta por oito genes, 0s quais cadifipara proteinas capazes de
influenciar na aderéncia do fungo (Sheppatal, 2004; Filler 2006). A delecédo dos
genes ALS1 e ALS3 ocasionaram na reducéo da cajukecak aderéncia dos mutantes as
células endoteliais da veia umbilical humana elaglde epitélio bucal, em relacdo ao
tipo selvagem (Zhaet al, 2004). No genoma de. glabrataforam encontrados vinte e
trés membros da adesina epitelial (EPA), que smresaveis pela aderéncia do fungo as
células do hospedeiro (Kast al, 2005). A funcdo de adesina foi confirmada pe&a t
membros da familia EPA (EPAL, EPA6, EPAY); essastepras continham ligantes que
se aderiram ao residuo terminal galactose contdlouipara a aderéncia de células
epiteliais e endoteliais in vitro (Zupanatal, 2008).

Penicillum marneffeié o agente etiologico de uma micose conhecida como
peniciliose, a qual apresenta manifestacdes ctiritoano febre, anemia, perda de peso,
linfadenopatia e hepatoesplenomegalia. A habilidddeP. marneffeiem iniciar a
infecc@o esta relacionada com a capacidade deadesgeus esporos as moléculas da
MEC e ao tecido epitelial pulmonar. Ensaios de @ledemonstraram a participacao de
uma proteina de 20 kDa, caracterizada como umtigde laminina e fibronectina,
potencialmente relevante no processo de adesd dearneffeiao tecido hospedeiro
(Srinoupraseret al, 2006).

A capacidade doHistoplasma capsulatuminteragir com a laminina € um
importante mecanismo para estabelecer a histoptesntestudos onde o fungo foi

colocado em contato com laminina imobilizada dertrarem queH. capsulatum
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interage com a proteina de maneira rapida e egecK presenca do anticorpo anti-

laminina inibiu significantemente a adesdo do fundtssa adesdo € mediada
possivelmente por uma glicoproteina de 50 kDa ifiesda na parede celular d¢.
capsulatum O anticorpo anti-proteina de 50 kDa e o peptil@dAV presente na
molécula de laminina foram capazes de inibir a&ae® fungo a laminina (McMahat
al., 1995).

O fungo Sporothrix schenckii o qual comumente acomete individuos
imunocomprometidos € o causador da esporotricase, micose subcutanea, que pode
se disseminar por varios tecidos e 6rgdos. Estddomteracdo entr&. schenckiie
proteinas da MEC mostraram que o fungo foi capagedaderir a laminina, colageno e
fibronectina, e que essa interacao foi mediadarmdéculas de 90 e 135 kDa localizadas
na superficie do fungo.

A colonizacéo eficiente dos tecidos por fungos g@&micos € um evento complexo,
gue envolve geralmente adesinas codificadas pelaog@ao. Paracoccidioidestem a
capacidade de atravessar rapidamente as célulasekaid e provavelmente alcancar
tecidos mais profundos do hospedeiro (Sitaal, 2005). Os componentes da MEC
envolvidos na interagdo dearacoccidioidescom o hospedeiro tém sido recentemente
caracterizados (Mendes-Gianngtial, 2006).

Uma glicoproteina de 43 kDa (gp43) tem sido descritmo uma importante
adesina determinante da patogenicidade Riracoccidioides(Carvalho et al, 2005;
Cisalpino et al, 1996), e com a capacidade de interagir com rigctna (Mendes-
Giannini et al, 2006) e com laminina (Vicentinet al, 1994). Foi demonstrado que a
interacdo da gp43 com a laminina foi inibidavivo e in vitro por anticorpos anti-gp43
(Vicentini et al, 1994; Gesztest al, 1996). A laminina € uma das principais moléculas
gue promovem a adesdo laracoccidioidesfacilitando a sua patogenicidade (Mendes-
Gianniniet al, 2008).

Andreotti et al (2005) descreveram moléculas deParacoccidioides
provavelmente envolvidas no processo de adesaardm.f Esses autores isolaram uma
adesina deParacoccidioidesde 30 kDa com a capacidade de se ligar a lami@na.
tratamento de células epiteliais em cultura com aaesinas de laminina de
Paracoccidioidesle 30 kDa, inibem a adesao desse fungo as cépitdiais. Em outro
estudo, outras duas proteinas de superficie cetlddParacoccidioidescom massas
moleculares de 19 e 32 kDa apresentaram interam@oddferentes proteinas da matriz

extracelular, tais como laminina, fibrinogénio lerdinectina (Gonzalezt al, 2005).
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Estudos experimentais de PCM utlizando camundonB#d.B/c, com o

tratamento prévio de conidios (forma infectantefuggo com laminina, fibronectina e
fibrinogénio promoveram um menor dano tissularmdmodes, baco e figados analisados
por exame histopatolégico no periodo poés-infecc@mparado aos 6rgaos de animais
ndo tratados. Assim, os componentes da matriz eettdar bloqueariam moléculas na
superficie dos conidios dearacoccidioidesque estariam atuando como fatores de
adesédo, diminuindo o potencial do patdgeno de radedisseminar no foco inicial de
infeccdo (Gonzaleet al, 2008).

No ciclo biolégico deParacoccidioidesas leveduras sdo expostas ao hospedeiro,
portanto suas proteinas de superficie sdo fortedidatas a antigenos e moléculas de
adesdo. Barbosat al. (2006) verificaram que a expressdo da glicerdéd8-fosfato
desidrogenase (GAPDH) recombinante Baracoccidioidesem leveduras é importante
para a adesdo do fungo as células do hospedeB®FDH se localiza no citoplasma, na
camada mais externa da parede celular e interagepooteinas da matriz extracelular,
tais como laminina, fibronectina, desencadeando esposta na célula hospedeira no
estagio inicial da infeccdo. Dfgbp, uma proteindagienada com a formacdo e
manutencdo da parede celular de fungos, estandenpeena fase leveduriforme de
ParacoccidioidesDfg5p apresenta motivo RGD em sua sequénciatprdesa proteina
liga-se a laminina, fibronectina e ao colageno lim IV evidenciando um importante
papel da Dfg5p na interacao Baracoccidioidesom as células do hospedeiro (Castro
al., 2008).

Outra possivel adesina Baracoccidioides a triose fosfato isomerase (TPI), uma
enzima da via glicolitica, que esta localizada moptasma, e também na parede celular
da fase leveduriforme do fungo. Assim, a TPI pod&areenvolvida na interacdo do
Paracoccidioidessom componentes da matriz extracelular como laraieifibronectina.
Essa interacdo pode ser crucial na aderéncia edowdo fungo a tecidos do hospedeiro
(Pereiraet al, 2007).

Neto et al (2009) mostraram, recentemente, que a MLS PBlaracoccidioides
(PbMLS) se encontra associada a superficie celuldumigo, onde foi capaz de se ligar a
componentes da matriz extracelular. A propriedade adlesina dePbMLS foi
demonstrado através dear-Western ELISA e ensaios de ligacdo, que mostraram que a
proteina recombinante reconheceu as proteinas npgssena matriz extracelular,

fibronectina e colageno tipo | e IV, assim comoulad epiteliais pulmonares. Esse
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evento indica qu@€bMLS pode ter um papel de interagdo do fungo compoomantes do

hospedeiro.

1.4Consideracdes sobre os Alcaldides

Os alcal6ides podem ser encontrados predominanten®m angiospermas,
principalmente nas familias Apocynaceae, PapavaeacBRanunculaceae, Rubiaceae,
Solanaceae e Berberidaceae. Sdo compostos nitcimgeqgae podem ser definidos como
uma substancia organica ciclica contendo um nifiogém um estado de oxidacao
negativo e cuja distribuicdo é limitada entre agaarsmos vivos, englobando a maioria
dos compostos considerados como alcaldides (Fee)l&883 apud Bhadt al, 2007).

O género Palicourea (Rubiaceae) compreende cerc23@eespécies entre
arbustos e pequenas arvores distribuidas, primegrak, nas regides tropicais. Apesar de
incluir plantas téxicas para bovinos, tem sido osa& medicina tradicional para
tratamento de infecgBes fungicas, tosse, doresstismago (El-Seed, 1999) e como
agente antitumor (Hartwell, 1972). A familia Rulgae produz alcaloides pertencentes a
mais de dez classes diferentes, onde se destasasuquinolinicos, com 44 substancias
elucidadas; os quinolinicos com 70 alcaldides; einolicos, com 391 compostos
isolados (Cordelet al, 2001).

Quimicamente esse género caracteriza-se por biessar alcaldides indolicos
contendo uma unidade secologaninica, classe d&salas extremamente importante do
ponto de vista biologico (Dusmaet al, 2004). Adicionalmente, tem se observado na
literatura, o relato da presenca de alcalbideolpidolicos (Nakano e Martin, 1976),
terpendides, cumarinas e compostos fenolicos (EttSE99).

Os alcaldides apresentam uma ampla bioatividades t@mo: efeitos
antiespasmadicos, antitumorais, antialérgicosmeséintes do Sistema Nervoso Central,
analgésicos, controle da pressao sanguinea, eutresaGudiet al, 1990). Muitos
alcal6ides apresentam efeitos farmacol6gicos emifaera e outros organismos e, com
isso, constituem importantes agentes terapéutioosneedicinais. Alguns exemplos mais
comuns sdo cafeina, cocaina, nicotina, estricnimaoefina (Gudi et al, 1990;
Morikawa et al, 2004).

1.5Docking Molecular
Experimentos de modelagem molecular codumxrking e dinamica molecular

podem também confirmar a hip6tese de interaca® ehtas proteinas, e, além disso,
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identificar amino&cidos envolvidos na interacdotgioca e fornecer um conhecimento

energético e estrutural detalhado destas intergd@esdidier et al, 2009). E importante
destacar que a compreensdo do modo como as psotnkgam entre si e formam
complexos s6 é possivel através de experimentataleesolucdo, usando estruturas
tridimensionais, uma vez que estes fornecem detatienicos necessarios para entender
como os componentes individuais do complexo sdotados e coordenados para
funcionar como uma unidade molecular.

O dockingcomputacional visa prever a estrutura de um coxodl@mado por duas
proteinas que interagem a partir das estruturaoimponentes individuais e fornecer
uma avaliacdo da afinidade de ligacdo (Mostal, 2009). Essencialmente, o objetivo
do docking molecular € dar uma previsdo da estrutura do copligante-receptor
usando métodos computacionais.d@kingpode ser obtido através de dois passos inter-
relacionados: primeiro, por amostragem das confodes do ligante no sitio ativo da
proteina, em seguida, classificando estas confd@esa@través de uma funcdo de
pontuacdo. ldealmente, os algoritmos de amostratpy®m ser capazes de reproduzir o
modo experimental de ligacédo e a funcdo de pontudedie ser a de maior classificacao
entre todas as conformacdes geradas (Mstrag, 2011). J& a dindmica molecular é uma
ferramenta importante para a compreensdo da bsiea fila estrutura e funcdo de
macromoléculas bioldgicas. A visao de proteinasleastruturas relativamente rigidas
foi substituida por um modelo dindmico em que osimentos internos e resultantes de
alteracdes conformacionais desempenham um pap@icigisnas interacbes protéicas e
consequentemente nas fungdes das proteinas (Karma€ammon, 2002).

Deste modo, todos os métodos de deteccdo de R&degisdo complementares,
devendo ser aplicados em combinacdo para produapasnde interacdo proteina-
proteina confiaveis e de alta qualidade. Como andaaexistem ferramentas moleculares
para abordagens genéticas classicas e reversaseptudo de funcdo génica em
Paracoccidioidestem-se utilizado o estudo de PPI para inferédeifuncoes (Borgest
al., 2009; Cheret al, 2007).
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2. JUSTIFICATIVA

Os poucos agentes antifungicos disponiveis apm@aselimitacbes em relacdo a
efichcia e toxicidade. A necessidade por estragégiternativas no tratamento de
infec¢des fungicas tem aumentado com o surgimemtnodos patdogenos fungicos e o
desenvolvimento de resisténcia a antifungicos. @dstma, novas abordagens para
identificar alvos para drogas antifungicas Unic@s secessarias. Em adicdo, um maior
entendimento do mecanismo de acao de agentesrgitid8 disponiveis auxiliaria nesse
esforgo.

Utilizando-se ferramentas de bioinformatica, em uetapa pos-gendmica, foi
possivel identificar genes/proteinas especificoidgoParacoccidioidese ausentes em
humanos. Dessa forma, espera-se que inibidoretvittade enzimatica ou do processo
de adeséao destes sejam mais efetivos, mais segyapesentem menos efeitos colaterais
para o homem, quando comparados aos farmacossj@reis, visto a relevancia dessas
moléculas, principalmente em fungos.

Muitos alcaloides apresentam efeitos farmacol6gieas mamiferos e outros
organismos e, com isso, constituem importantestageaarapéuticos e/ou medicinais. A
relevancia da presenca de alcaloides indolicos teqménicos e a ampla gama de
atividades biolégicas atribuidas as diversas espéln géner®alicoureaa (Rubiaceae)
motivaram-nos a investiga-los fitoquimicamente wea que ocorre em ambientes de
Cerrado, visando o isolamento e a identificacdoutstl dos principais metabdlitos
secundarios presentes na planta como que inibidiaeatividade enzimatica ou do
processo de adeséo das enzimas do ciclo do Glioxala

Sabemos também que um dos caminhos pelos quai€l@ascse ajustam a
mudancas ambientais é através da alteracdo doopderéxpressdo de genes. Assim, a
medida de mudancas no padrdo de expressdo de gmmesxposicdo a drogas pode
ajudar a determinar como as drogas e candidatomgag trabalham em células e
organismos.

Nesse sentido, as enzimas chave do ciclo do gdtixaldquirem notada relevancia,
uma vez que representam um importante papel ndémgia do fungo dentro do
hospedeiro. Alem de que torna-se de extrema impm&éo estudo e avaliacdo das

alteracdes no perfil de expressao de genes e mpastdeParacoccidioidesuma vez que
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estudos comparativos tém demonstrado a import&@teieealizacdo desses estudos em

fungos de relevancia.

A alta prevaléncia de infec¢des @gearacoccidioideg o conhecimento dos genes
obtidos atravées dos genomas estruturais e funsionai realizados, elegem
Paracoccidioidescomo um bom modelo para estudos. Assim, por irddion deste
trabalho forneceremos informacdes sobre os mecasisnoleculares do metabolismo,
patogénese, atividade de enzimas especificas, mdesdisténcia a drogas e
genes/proteinas alvos para o desenvolvimento d&iragitos. Os resultados obtidos

nesse projeto deverdo suportar trabalhos futunmsasogenes de interesse.
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3. OBJETIVOS

O objetivo geral do presente estudo € investigaitasacées no perfil de expressao
génica e/ou protéica dearacoccidioidesapds exposicdo a determinados antifingicos,
assim como buscar inibidores da atividade enzimaiou do processo de adesao de

enzimas chave do ciclo do glioxalato.

Visando estudar o mecanismo de aca®@amcoccidioideem resposta ao farmaco
itraconazol, propomos 0s seguintes objetivos eBpesi

v/ Utilizar a metodologia de RDA e células levedunfes de
Paracoccidioidesrescidas na presenca e na auséncia de itracpnazol

v' Sequenciar as ESTs Baracoccidioideobtidas pela técnica de RDA;

v Identificar os genes induzidos e reprimidos dtaracoccidioidesna
presenca de itraconazol;

v' Validar os genes induzidos e reprimidos Baracoccidioidesna presenca
de itraconazol.

Visando detectar e avaliar diferencas qualitateagiantitativas nas proteinas de
Paracoccidioides na condicdo controle e tratado com os farmacos
itraconazol/anfotericina B, propomos 0s seguintgstivos especificos:

v' Padronizacdo de mapas eletroforéticos bidimensiaaiproteinas totais
hidrosoluveis na forma leveduriforme dRaracoccidioidesem contato
com os diferentes farmacos;

v' Realizacdo de analises computacionais dos mapamdnisionais de
proteinas capturadas em sistema de fotodocumen&camcessa-las,
detectando o numero de spots de proteinas, a madsaular e ponto
isoelétrico nas diferentes condicdes;

v' Realizacdo de analises estatisticas para obtepais das proteinas de
Paracoccidioides que sao diferencialmente expressas nas condi¢cdes
controle e tratado;

v Retirada dos spots protéicos de interesse dobigiisensionais e realizar
digestdo com tripsina para, posteriormente, olderspectros de massas

v' Sequenciament®e novodos espectros de MS e MS/MS obtidos com o

programa PepSeq;
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Visando avaliar a atividade inibitéria de composatsaloides sobre a atividade

enzimatica e adesdo da enzima malato sintasé®atacoccidioides propomos 0s
seguintes objetivos especificos:
v' ScreeningVirtual para busca de compostos com afinidadentleracao
com o sitio ativo da enzima;
v' Padronizar a atividade enzimaticaPlaMLS em microplacas e avaliar da
inibicdo da atividade por compostos alcal6ides;
v' Realizar testes para Concentracao Inibitéria Mingratotoxicidade com
compostos alcaldides;
v Avaliagdo da inibicdo d€bMLS por compostos alcaléides através de

imunnobloting ELISA e microscopia de fluorescéncia;
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Abstract

Itraconazole is currently used to treat paracooaidimycosis. The mechanism of
action of azoles has been elucidated in some fatthiough little is known regarding its
mechanism of action iRaracoccidioides spprhe present work focused on identification
of regulated transcripts using representation&idihce analysis dfaracoccidioides
sppyeast cells treated with itraconazole for 1 and. EST sequences were clustered
using the CAP3 program, annotated using the Blastpagram and classified into
different functional categories in agreement witlit possible functions using the
FunCat2 scheme. The database sequence matchéBLAET e-values<10°were
considered significanParacoccidioides PBl genes up-regulated by itraconazole
included genes involved in cellular transport, rhetesm/energy, transcription, cell
rescue, defense and virulenERGL1, ERG5, ERG3, ERG andER&25 were up-
regulated at multiple time points. In vivo infectiexperiments in mice corroborated the
in vitro results. Ergosterol levels and distribatiwere evaluated iRaracoccidioides
Pbl8 yeast cells, and the results demonstrate thhtfactors were changed in the fungus
treated with itraconazole. To our knowledge, thithie first transcriptional analysis of
Paracoccidioides sppxposed to a triazole drug. The results obtained $leould assist

in understanding the mode of action of itraconamoRaracoccidioides spp.

1. Introduction

Paracoccidioides spm complex of several phylogenetic species, iatent of
paracoccidioidomycosis (PCMparacoccidioides sp a thermodimorphic fungus,
which grows in the soil as saprobic mycelium, rasglin the formation of propagules,
which initiate infection in humans when inhaledoitihe respiratory tract. Subsequently,

in the lung, the mycelia propagules develop intasyeells [1]. PCM is endemic in Latin

50



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto
America [2], with 80% of cases reported in Brazihere it is the eighth-leading cause of

mortality among infectious and parasitic diseasstgblishing it as a serious public
health problem [3,4].

Itraconazole is suggested to be the best altem&iifirst-line therapy of PCM
and should be administered over a long periodifiaiconazole is a triazole antifungal
drug, which are multi-ringed synthetic compoundstaming three nitrogen atoms in the
azole ring. Mechanistically, the triazole drugsiloitithe synthesis of ergosterol, an
essential component of fungal cell membranes, andecabnormalities in the membrane
permeability and consequently cell death [6]. ir@azole and related azole derivatives
act by blocking the ergosterol biosynthesis paththagyugh the inhibition of the fungal
cytochrome P450 enzyme lanosterol demethylase (B{@l

The global response to azoles, including itracoleazd fungi such
asSaccharomyces cerevisif], Trichophyton rubrunj9], Aspergillus fumigatus
[10] andCandida albicang11,12] has been studied using transcriptional @moteomic
approaches. In general, the findings revealed $p#gific and nonspecific antifungal-
induced changes in gene and protein regulationr€llvas an increase in expression of
the genes involved in lipid, fatty acid and ster@tabolism, as well as genes involved in
drug adaptation, including cell stress responag éfflux and small molecule transport.

Despite of the importance Bfaracoccidioides spmothing is known about the
mechanism of itraconazole inhibition in this pateogHere, cDNA libraries were
constructed to obtain expressed sequence tags ([BSFaracoccidioides spprhe
representational difference analysis (RDA) techeigas used to identify changes in the
transcriptional profile oParacoccidioides spjm response to itraconazole, with the aim

of identifying the adaptative response of the fusguthe compound. Transcript levels
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were also measured during the infection procesaddfition, the transcript levels BRG

genes, ergosterol levels and ergosterol localizatiere evaluated.

2. Materials and Methods
2.1. Culture and cell viability

Paracoccidioides PBl andPbl8 have been studied at our laboratory previously
[13,14].Pb01 andPbl8 yeast phase was maintained in vitro by subdofjuat 36°C in
Fava Netto’s semisolid medium [15] every seven dBgsa Netto’s semisolid medium
components were as follows: 1% (w/v) peptone, 0(&%%) yeast extract, 0.3% (w/v)
proteose peptone, 0.5% (w/v) beef extract, 0.5%)(NACI, 4% (w/v) glucose and 1.2%
(w/v) agar, pH 7.2. The determination ofs¢@as performed according to Santos et
al.[16] and in accordance with the macro dilution noetklescribed in the Clinical and
Laboratory Standards Institute (CLSI)M27-A2(200&ith modifications. To determine
the 1G,, yeast cells in the exponential growth phase waamtained in the chemically
defined solid medium McVeigh Morton (MMcM), [17]fseven days at 3& and
inoculated in liquid MMcM. A stock solution (1 mghhtontaining sterile itraconazole
(Sigma-Aldrich, St. Louis, MO, USA) was preparedlimethylsulfoxide (DMSO,
Merck).The final concentration of the solvent ie tnedium never exceeded 2% (v/v)
and had no effect on the cell growth. From thigls®olution, the drug was serially
diluted in sterile MMcM (pH 7.0), producing a finedncentration of 1.25 — 32@/ml (5
— 1260 mM). The drug concentration range was saddoased on previous studies [18].
The controls without antifungal and DMSO were inldd. The concentrations of
inoculums were determined by spectrophotometegusiyeast cell suspension in sterile
0.85% NaCl with 10% transmittance at 520 nm. Thetune was stirred to disperse

aggregated cells. Yeast cells were collected ftoerliguid MMcM and counted in a
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Neubauer chamber. An initial inoculum containing 5¢° cells/ml was collected, and 0.1

ml aliquots were added to 2.4 ml of MMcM containihg drug dilutions. The fungus
was grown at 38C under agitation at 150 rpm for five days. ThegMas determined
using measurements of the turbidity of the medilj.[The experiments were processed
in triplicate.

For viability experiments, yeast cells were grownhe presence or absence of 4
ug/ml (1Csp) of itraconazole and were kept in liquid MMcM [1foy 1, 2, 3, 4 and 5 h at
36 °C before the viability of the cells was determifgdTrypan Blue method [20]. In
brief, cells from all incubation times were incuiéivith a dye solution (0.1% Trypan
Blue Stain) for 5 min at room temperature, and Nitgtwas assessed by counting viable

and unviable cells in a Neubauer chamber.

2.2. RDA: RNA extraction and synthesis of cDNAs

Paracoccidioides Pl yeast cells were cultured in MMcM broth mediumthie
presence or absence ofig/ml of itraconazole for 1 h and 2 h, corresponding
viability of 95% and 85%, respectively. For RNAl&ion, cells were harvested by
centrifugation, washed in cold water and the RN#frdriver and tester cultures were
extracted with Trizol (Invitrogen, Carlsbad, CA, A)fsaccording to the manufacturer’s
instructions. RNA quality was assessed using thgn&A2sonmratio. The RNA was
treated with DNAse | RNAse-free (Invitrogen) to r@vme chromosomal DNA. The
concentration and purity of RNA were determinedspgctrophotometer, and RNA
integrity was visualized after electrophoresis &2?4 agarose gel. The RNAs were used
to construct subtracted libraries and gRT-PCR exysarts.

The cDNA fragments used for processing the RDA vgemreerated according to

the protocol previously described by Hubank andaBc21] and modified by Pastorian
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et al. [22]. Briefly, first-strand cDNA synthesisag/performed with 1 pg total RNA,
obtained from driver and tester cultures, usingeB8pript Il reverse transcriptase
(Invitrogen). The first-strand cDNA obtained (3 pkas used as template to synthesize
the second-strand of cDNA. The cDNA was preparéagute SMART PCR cDNA

synthesis kit (Clonetech Laboratories, Palo Alté, OSA).

2.3. RDA: Subtractive hybridization

The cDNAs were digested with the restriction enzyBaa3|l (Amershan
Pharmacia Biotech, Amershan Place, UK). Two sucoessunds of subtraction
employing different adapters (J-Bam and N-Bam, @dblwere performed to enrich the
differentially expressed sequences. Four cDNA-suibéd libraries were constructed.
The cDNA libraries containing up-regulated genesawmmnstructed from driver cDNA
obtained fromParacoccidioides P@1 yeast cells grown for 1 h and 2 h in MMcM
medium and from tester cDNA, which was synthesizech RNA extracted from
Paracoccidioides P@l yeast cells grown for 1 h and 2 h in MMcM mediplus
itraconazole. The cDNA libraries containing dowgirkated genes were constructed
from driver cDNA, obtained frorParacoccidioides P@1 yeast cells, grown for 1 h and
2 h in MMcM medium plus itraconazole and tester éDMWhich was synthesized from
RNA extracted fronParacoccidioides P@l yeast cells grown for 1 h and 2 h in MMcM
medium. The resulting products were purified uam@FX kit (GE Healthcare, Uppsala,
Sweden). The tester-digested cDNA, from 1 h- aheésamples, was linked to adapters (a
24-mer annealed to a 12-mer) and amplified by PCR.

For the generation of the differentially up- andwteregulated products, the
tester and driver cDNAs of both conditions were ediseparately; the hybridization

occurred at 67C for 18 h and the amplification occurred by PCigshe
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oligonucleotide matching the 24-mer adaptor [23le Buccessive rounds of subtraction

and amplification were performed using hybridizatiester-driver ratios of 1:10 and
1:100. Adapters (Table 1) were changed betweers¢rgisridization, and the different
products were purified using the GFX kit. After $econd subtractive reaction, the
cDNA was purified and cloned directly into the pGHMEasy vector (Promega,
Madison, WI, USA)Escherichia coliXL1 Blue competent cells were transformed with
the ligation products. The plasmid DNAs were preddrom selected clones of
subtracted libraries and sequenced with the ET Txyeninator kit Dyenamic (GE
Healthcare) in a MegaBACE 1000 DNA sequencer (GRltHeare) using primers

corresponding to the pGEM-T Easy vector.

2.4. Processing and annotation of ESTs

The sequences of at least 75 nucleotides, withREIHscore> 20 were
considered for the assembly and formation of chasfEhe assembly of these ESTs was
performed using CAP3 [24] and clustered to genearateigs and singlets, which were
analyzed. All these tools were integrated in a $jggupeline
(http://www.lbm.icb.ufg.br/pipelineUFG/). The anatibn of genes was performed using
the program Blast2GO (http://www.blast2go.org/) jethprovides a comparison between
clusters of sequences obtained from public databd$e BLAST program from the
National Center for Biotechnology Information (NGBI
(http://www.ncbi.Im.nih.gov/BLAST), processed witte non-redundant sequences (nr)
GenBank and the nucleotide database generatedqavatoccidioides spptructural
genome
(http://www.broad.mit.edu/annotation/genome/paramioides_brasiliensis/MultiHome.

html), was used for the annotation. The databagpaesee matches were considered
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significant at e-values10°. The program INTERPROSCAN
(http://www.ebi.ac.uk/interpro/) [25] was used tat&@in information about the domains
present in clusters and the classification of feesilThe metabolic pathways were
analyzed using maps obtained from the KEGG datalas#o Encyclopedia of Genes
and Genomes) (http://www.genome.ad.jp/kegg) [26hwnnotated EC numbers, and
this information was used to help elucidate thefiom of ESTs. The Munich

Information Center for Protein Sequences (MIPSp(titmips.gsf.de/) was used to
designate the functional categories. Additionaguences were grouped into functional

categories using the PEDANT 3 databds#(//pedant.helmholtz-

muenchen.de/index.jp

2.5. Analysis of RNA transcripts by gRT-PCR

An aliquot of RNA from treated and untreated samp¥@s used to perform
reverse transcription qRT-PCR. Total RNAs frearacoccidioides Pl yeast cells
cultured in the presence or absence of itraconaxete obtained as previously
described, in independent experiments from thosed uwsthe RDA assays. After
treatment with DNAse, cDNAs were synthesized frotaltRNA using Superscript I
reverse transcriptase (Invitrogen) and oligo (gpJyimer according to the supplier's
instructions. Gene-specific primers were desigmedHe selected genes and for the
control geneg-tubulin, using Primer Express software (Applied8istems, Foster City,
CA, USA) (Table 1). qRT-PCRs were performed inlicgte in a StepOnePIU$ real
time PCR system (Applied Biosystems). The PCR tlakaycling program consisted of
40 cycles of 95C for 15 s; 60C for 1 min. The SYBR green PCR master mix (Applied
Biosystems) was supplemented withriiol of each gene-specific oligonucleotide and 40

ng of template cDNA in a final volume of 20 uL. Arge melting analysis was
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performed to confirm the amplification of a sinfl€R product. The data were

normalized to the-tubulin transcript amplified in each set of gRTHRExperiments. A
no-template control was included. Samples of e&XiAwere pooled and serially

diluted 1:5 to generate a relative standard cURedative expression levels of genes were
calculated using the standard curve method fotivelguantification [27]. Statistical
comparisons were performed using Student’s t-tedtsamples with p-values < 0.05
were considered statistically significant. The sfpesiense and antisense primers are
listed in Table 1. Itraconazole-regulated trandsnpere selected for qRT-PCR validation

assays.

2.6. Preparation of protein extracts and validatioihdata obtained by specific activity of
Glutathione S-Transferase (GST)

GST activity was measured with GST assay kit (Sigxaaich). Briefly, the GST
Assay Kit employs 1-Chloro-2,4-dinitrobenzene (CDN® produce 1-glutathionyl-2,4-
dinitrobenzene (GS-DNB) by conjugation of the tigobup of glutathione (GSH). The
reaction product GS-DNB absorbs at 340 nm, andateeof increase in the absorption is
directly proportional to the GST activity of thensale.

Protein extracts frorRaracoccidioides P8 yeast cells were prepared by
inoculating 50 ml of Fava Netto’s liquid medium kit@ cells/ml. Cultures were
incubated overnight at 3& with gentle shaking for 16 h. Cells were cengéd at
5,000 xg for 5 min and transferred into MMcM media contagpitraconazole for 1 h.
Control cells were incubated in MMcM without druighe cells were centrifuged at
10,000 xg for 15 min at 4C, frozen in liquid nitrogen and disrupted by matien [28].
Extraction buffer (20 mM Tris-HCI pH 8.8; 2 mM Caftontaining a mixture of

protease inhibitors (serine, cysteine and calpdiibitors) (GE Healthcare) was added to
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the yeast cells. After the addition of glass bg@d45 mm), the cells were lysed in a

bead-beater, followed by centrifugation at 10,0@pfar 15 min at 4°C. The supernatant
was collected, and the protein concentrations wetermined using Bradford reagent
(Sigma-Aldrich). The samples were stored in aligLait-80°C.

The increase in absorbance is directly proportibtm#the GST activity. The GST-
specific activity is defined as mmol of GS-DNB eg of total protein per min
(mmol/mg/min). The enzymatic activity results reg@et the mean of three independent
determinations, and statistical comparisons werlopeed using Studentistest. The

samples withp-values<0.05 were considered statistically significant.

2.7. Sterol quantification method

The quantification of total intracellular ergosten@s performed as previously
described [29], with slight modifications. Cell eagtts fromParacoccidioides Pb8 yeast
cells were prepared as already described above.rfivwf 25% alcoholic potassium
hydroxide solution (25 g KOH and 35 ml sterile dlistl water added to 100 ml 100%
ethanol) was added to each tube, and the samptesmieed on a vortex for 2 min. The
cell suspensions were incubated in arf@%water bath for 3 h and allowed to cool to
room temperature. Sterols were extracted by adddf@® ml of sterile distilled water and
5 ml n-heptane (Sigma-Aldrich), followed by vigorous nmgiin a vortex mixer for 5
min. The samples were kept at room temperaturé for2 h to allow the phases to
separate or were stored at@ overnight. One ml of the heptane layer (contgnin
ergosterol) was transferred to a 1.5 ml quartz tenand analyzed
spectrophotometrically by scanning at waveleng#tavben 200 and 300 nm. If
necessary, the samples were diluted five fold widP4 ethanol and reanalyzed. The

ergosterol content as a percentage of the wetveadjht was calculated by the following
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equations: value 1 = [(A..4290) xF]/wet cell weight, value 2 = [(£&¢/518) xF]/wet
cell weight, and percent ergosterol = value 1 ued.F is the factor for dilution in
ethanol, and 290 and 518 are fixed values deternfiarextystalline ergosterol and

24(28) dihydroergosterol, respectively.

2.8. Fluorescence microscopy

Filipin stained samples were prepared using a pusly described protocol for
fixing and staining filamentous fungi [3®aracoccidioides P8 yeast cells were
prepared by inoculating 50 ml of Fava Netto’s ldjaiedium with 18cells/ml. Cultures
were incubated overnight at 36 under gentle shaking for 16 h. Cells were cargefl
at 5,000 xg for 5 min and transferred in MMcM media containitrgconazole. Control
cells were incubated in MMcM without drug. The fuisgvas then removed and fixed for
30 min in 3.7% formaldehyde and rinsed with @A 5 mg/ml stock solution of filipin
(Sigma-Aldrich) dissolved in DMSO was diluted to 2§/ml and used to stain the fixed
samples for 10 min. Samples were then rinsed vdth@®, mounted on a microscope

slide and sealed with nail varnish.

2.9. BALB/c mice infection witharacoccidioides Ri8

The animals were bred at the Universidade Feder@alas animal facility under
specific-pathogen-free conditions. All animal expents were performed in accordance
with the international rules for animal experimeiwta. The animal protocol was
approved by the Universidade Federal de Goias cttewrof the ethical treatment of
animals (Number: 008/11 CEUA-UFG).

Female BALB/c mice, 8-12 weeks old, were inoculatéith 1 x 10 of

Paracoccidioides PB8 yeast cells. In brief, yeast cell suspensiahén?" day of in vitro
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growth were washed in PBS 1X and inoculated intiggreeally in mice. The mice were

divided into three groups of five animals to bergeed 21 days post-challenge. Each
group was subdivided by treatment options as fdldwe uninfected mice (negative
controls), five yeast cell-infected mice (posita@ntrols) and five yeast cell-infected
mice treated with itraconazole starting at thedthweek post-infection. The animals were
sacrificed in the sixth week after infection. Thegns were removed and homogenized
in 5 ml of sterile PBS 1X. The homogenized samps pwlated in brain heart infusion
agar supplemented with 4% (v/v) fetal calf serurd 2% (w/v) glucose. The plates were
incubated at 36C and colony-forming units (CFUs) were determintdra20 days.

Gene expression analysedRaracoccidioides Pb8 from infected mice were
performed by isolating yeast cells from spleenprasiously described with minor
modifications [31]. The spleens of infected micaevieomogenized in 1X PBS using a
tissue grinder. The homogenate was then filtergihusylon mesh to remove large
pieces of animal tissue. The sample was frozeigind nitrogen and then centrifuged at
500 xg for 5 min to remove any remaining animal tissuexf\the sample was
centrifuged at 7,000 g for 15 min to isolate fungal cells. Total RNA wasracted from
recovered cells using TRIZOL reagent (Invitrogetgording to the manufacturer’s

instructions. RNA was used to perform qRT-PCR axdeed above.

3.0 Mass spectrometry analysis

Spots of interest were manually excised and digesseoreviously described [50].
Briefly, the gel pieces were resuspended in 10@catonitrile (ACN) and dried in a
speed vacuum. The gel pieces were then reducedl@ithM DTT and alkylated with 55
mM iodoacetamide. The supernatant was then remawebithe gels were washed with

100 mL ammonium bicarbonate by vortexing for 10 niine supernatant was removed,
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and the gel pieces were dehydrated in 100 ml ofwien containing 25 mM ammonium

bicarbonate/50% (v/v) ACN, vortexed for 5 min, arahtrifuged. This step was then
repeated once. Next, the gel pieces were driedspead vacuum and 12.5 ng/ml trypsin
(sequencing grade modified trypsin, Promega, Maigdl, USA) solution was added
followed by a rehydration step performed on icé°& for 10 min. The supernatant was
removed, 25 ml of 25 mM ammonium bicarbonate wakeddnd the supernatant was
then incubated at 37°C for 16 h. Following digestithe supernatant was placed in a
clean tube. Next, 50 mL 50% (v/v) ACN and 5% (whfjuoroacetic acid (TFA) were
then added to the gel pieces. The samples werexeaattfor 30 min, sonicated for 5 min,
and the solution was then combined with the aquegtraction above. The samples
were dried in a speed vacuum, the peptides weubisiakd in 10 ml ultrapure water, and
the samples were subsequently purified in ZipTippeRe Tips (ZipTipsH C18 Pipette
Tips, Millipore, Bedford, MA, USA). Two microlitersf each peptide sample were
deposited onto a matrix-assisted laser desorpbioization quadrupole time-of-flight
mass spectrometry (MALDI-Q-TOF MS) target plate anéd at room temperature.
Next, the peptide mixture was covered with 2 minaitrix solution (10 mg/ml a-cyano-4-
hydroxyciannamic acid matrix in 50% (v/v) ACN anth3v/v) trifluoroacetic acid). The
mass spectra were recorded in the positive refleettode on a MALDI-Q-TOF mass
spectrometer (SYNAPT, Waters Corporation, Manchigbti€). The search against the
NCBI non-redundant database using the MS/MS dasapgdormed using Mascot
software v. 2.4 (http:// www.matrixscience.com) tkbaScience, Boston, USA). The
Mascot MS/MS ion search parameters were as folltwstic peptides with one missed
cleavage allowed; fungi taxonomic restrictionsgtixnodifications:
carbamidomethylation of Cys residues; variable rications: oxidation of methionine;

and na MS/MS tolerance of 0.6 Da. The identifieokt@ins were described in functional
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categories according to the MIPS Functional Catasddgatabase

(http://fsd.riceblast.snu.ac)kiFor the identification of the MS spectra usihgNiCBI

database, we included the analysis of post-traosktmodifications (PTMs) for

multiple identified proteins/isoforms. We includeariable modifications in the search as
follows: the acetylation of lysine and the phosptation of serine/tyrosine/tryptophan.
All proteins/isoforms that presented matches witdirted modified peptides were

selected for manual spectral analysis.

3. Results
3.1. Construction of cDNA libraries

A viability curve of Paracoccidioides P&l yeast cells was created at different
time intervals using a sub-inhibitory concentratair ng/ml of itraconazole to
determine the time point to be used for the RDAegixpents. Total RNAs were collected
at 1 h and 2 h, corresponding to 95% and 85% viplddata not shown), to obtain
cDNAs to be used in the construction of librariBlse differential expression products
generated were cloned into pGEM-T Easy and seqdence

A total of 861 ESTs were successfully sequencemmRhese, 224 up- and 208
down-regulated ESTs were obtained from yeast eéis incubation with itraconazole
for 1 h, containing 55 singlets and 26 contigsupiregulated transcripts and three
singlets and 20 contigs for down-regulated oneadufition, 230 up- and 199 down-
regulated ESTs were obtained from yeast cells afterbation with itraconazole for 2 h,
containing three singlets and 10 contigs for upstagd and seven singlets and 12
contigs for down-regulated. The ESTs obtained walamitted to the National Center for
Biotechnology Information (NCBI) database underesstommumbers: LIBEST_028165

Paracoccidioides Pl itraconazole 1h up Library, LIBEST 0281Bdracoccidioides
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PbO1 itraconazole 1h down Library, LIBEST_0281@&racoccidioides P&l
itraconazole 2h upibrary and LIBEST_02816Faracoccidioides P®l itraconazole 2h
down Library.

The ESTs were processed using the Blast2GO progndrich allowed us to
annotate and identify the different functional ggeuThe functional classification was
based on the homology of each EST, consideringliesa10° significant, using
BLASTx against the GenBank non-redundant databas# the MIPS functional
annotation scheme (Table 2). The analyses indictitedoresence of transcripts from
different functional categories: metabolism/enetggnscription, cell rescue, defense and
virulence, protein synthesis and biogenesis, pndgie, cellular transport, biogenesis of

cellular components and cellular communication.

3.2. Global gene expression monitoring Raracoccidioides R upon itraconazole
treatment

A total of 86 genes were differentially express@om exposure to itraconazole,
of which 55 were up-regulated and 31 were down{eggd. ESTs obtained from 1 h
treatment with itraconazole were clustered intafiomal classes which were defined
as metabolism/energy (26.12%); transcription (1%)Q9 cell rescue, defense and
virulence (10.32%); protein synthesis and biogeneq.90%); protein fate
(2.90%); cellular transport (23.87%); biogenesis@fular components (1.61%); cellular
communication (1.29%); and unclassified protein8.§1%). ESTs from 2-h samples
were clustered into functional classes which wesedindd as: metabolism/energy
(11.61%); transcription (19.5%); cell rescue, dseterand virulence (20.74%); protein
synthesis and biogenesis (0.82%); protein fatel@@)4 cellular transport (41.90%); and

unclassified protein (4.97%) (Fig. 1).
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From these functional categories, several genes feend from different

metabolic pathways, including production of preocussof acetyl groups, such as acyl-
CoA dehydrogenas@&DH), isovaleryl-CoA dehydrogenask/D), pyruvate kinaseRK)

and cysteine desulfurase{SD. In addition, genetic precursors to the compomneht
membrane and cell walls were found, such as phdipdeand carbohydrates, as well as
genes related to detoxification. These componartsliacylglycerob-acyltransferase
(DGAT), chitin synthase regulator £KSn, hemolysin-iii channel proteirH_Yiii),
tetracycline resistance proteifiTA), voltage-gated Gaalpha subunitGAV) and the

MFS transporter.

3.3. Expression profiles of genesHaracoccidioides P yeast cells

Confirmation of the expression levels of the ESGisnd in the redundancy
analysis was performed by gRT-PCR analysis, inolgiBiaracoccidioides P@l
glutathione S-transferas€$T), (CHS), betaine aldehyde dehydrogenaBADH),
CYSD ribulose-phosphate 3-epimeraB®@B, carnitine/acyl-carnitine carrier
transcription factor@TFIB), acylADH, heat shock proteirHSP30,
GPR1/FUN34/Y AAHamily protein,PK, DGAT, IVD, ubiquitin-protein ligaselBl),
family integral membrane proteitMP), HSP1Q HSP70and ATP synthase fO subunit 9
(ATPS9. These genes were chosen because of their l@gbdncy or as representatives
of different functional categories. Differentialpession profiles of genes corroborated

RDA data (Fig. 2A).
3.4. Analysis of ERG transcripts by gRT-PCR
Becaus&RGtranscripts and proteins levels were changedermptlsence of

azoles in fungi such a rubrum[9], S. cerevisiag¢8], A. fumigatug32] andC.
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albicans[11, 12], we investigated whether ergosterol sgsisgtrelated transcripts such as

lanosterol 14i-demethylaseERG1), C5,6-desaturas&€RG3J, delta-24-sterol C-
methyltransferaseERGH, C-22 sterol desaturaseRGH and C-4 methyl sterol oxidase
(ERG25 were changed iRaracoccidioides P®1 after 1 h, 2 h and 6 h of exposure to
itraconazole using specific oligonucleotides in gRTR. The results showed that all

transcripts were increased at all time points (ERB).

3.5.Paracoccidioides A8 transcripts identified in mice treated with it@azole

We investigated whether the regulated transcrgsstified by RDA experiments
usingPb01 also occurred in another cryptic specisl8, in vivo. Balb/c mice infected
with Paracoccidioides Pb8 were treated with itraconazole, and spleens wareved.
The treatment with itraconazole reduced the furlgaten 42% in the spleens. RNAs
extracted from recovered fungus were analyzed im-BRR experiments usingiFS,
GSTandCHSrgenes. In agreement with the RDA data, all theuataell genes were up-

regulated in spleen fungal samples after treatiweéhtitraconazole (Fig. 2C).

3.6. GST-specific activity correlates with trangtional data

BecausdésSTtranscripts were up-regulated in our study anddaseribed in the
literature as important for the detoxification cny different xenobiotics [33], we
evaluated the GST-specific activity in protein akts of fungus grown in the presence of
itraconazole. GST-specific activity in the presentéraconazole (0.26 pmol/mg/min)

was 6.5 times higher than in the absence of itr@azole (0.04 pmol/mg/min) (Fig. 2D).

3.7. Analysis of the ergosterol level

65



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto
Because transcript levels of ergosterol pathwaypmrants were changed in the

presence of itraconazole, we evaluated if itracoleazould disturb the total intracellular
level of ergosterol. The method for quantificatidrergosterol used here takes advantage
of the unique four-peak spectral absorption pafpeoaduced by extracted sterols between
240 and 300 nm. Comparing the scans obtained foorirad (1.2 g of ergosterol/g yeast
cells) and the corresponding itraconazole-exposé#dres (0.62 g of ergosterol/g yeast
cells), a decrease of 48,6% was identified in tigesterol content dParacoccidioides

Pbl18 yeast cells grown in the presence of itracoreazol

3.8. Effect of itraconazole on ergosterol localiaatin Paracoccidioides RI8 yeast cells

Because itraconazole induces changes in transtxi@ls in the ergosterol
pathway and disturbs the total intracellular ergadtcontent [34], the localization of
ergosterol molecules was assesseBaracoccidioides P8 yeast cells. Ergosterol was
detected by its ability to bind to the dye filipihhis characteristic has been used to detect
ergosterol in dimorphic fungi [35], yeasts, filanmums fungi [36, 37] and mammalian
cells [38].

The distribution of ergosterol on the surfacd’afacoccidioides Pb3 yeast cells
treated with itraconazole was strikingly differeinobm that observed in the control
untreated cells. Control cells showed a homogenBooescence distribution. In
contrast, the cells treated with itraconazole digptl dark regions without filipin

fluorescence (Fig. 4).

3.9. A model for thParacoccidioides spgdaptation to the itraconazole

The most prominent adaptations undergon@émacoccidioides spguring

exposure to itraconazole are summarized in Fi§eé.the Discussion for details.
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3.9. Proteomic analysis of yeast cells submittédaimonazole treatment

The changes in protein profiles upon exposure as$tyeells to itraconazole were
analyzed using 2-DE gel electrophoresis. The cbofrprotein loading was performed
by using the Bradford reagent. Using the gel imsgfevare a total of 463 spots from
early and late conditions were successfully matdyetdieen control and itraconazole
treatment being 135 differentially expressed (6&éins induced and 73 repressed as
shown in Fig. 5.) amog them Succinyl-CoA ligasewubbeta, Cytochrome P450 55A1,
CobW domain-containing protein, Propionyl-CoA catlase, L-threonine 3
dehydrogenase, Heat shock protein 60 and Peptrdifis-trans isomerase B (Table

3).

4. Discussion

Among theParacoccidioides P@l genes up-regulated by itraconazole were those
involved in cellular transport, metabolism/energgnscription, cell rescue, defense and
virulence. Similar groups were also observed ireotingi in response to azoles [34, 9,
8,12, 11].

AlthoughERGgenes were not identified in the RDA experimegRT-PCR
results showed th&#RG11 ERG3 ERGG ERG5andERG25genes were temporally
regulated, particularly after longer contact while drug (6 h). Acetyl is a precursor to the
production of ergosterol [8]. Acetyl COA seems &ibtensively produced due to up-
regulation of transcripts from different metabg&thways, including lipid degradation
by hormone-sensitive lipasklIPE) and acyl-CoA dehydrogenas®GAD) and amino
acid metabolism bivD. Acetyl CoA is also produced from citrate, whishmade from

isocitrate by the action of aconitagedO). In addition, the induction dADH and

67



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto
CYSDcould lead to production of thiamine, a cofactopyruvate dehydrogenase

(PDH), which produces acetyl CoA from pyruvate, whoselpction would be increased
by the action of pyruvate kinase (Fig. 5).

Ergosterol is produced by the action of erg enzyj&8F Here, the action of
itraconazole on ergosterol biosynthesis and itsidigion onParacoccidioides Pb3
yeast cells surface was documented. Ergosteral éssential component of fungal
plasma membranes; it affects membrane permeabiiiiythe activities of membrane-
bound enzymes. This sterol is a major componesgoifetory vesicles and has an
important role in mitochondrial respiration andaeadive phosphorylation [40, 41]. It can
thus be expected that changes in ergosterol levelsn sterol structure could influence
the activities of several metabolic pathways. Theemanism responsible for the global
up-regulation oERGgenes in response to azoles remains unclear. @oeytpostulates
that depletion of ergosterol or another sterol fedrtate in the pathway increases global
ERGexpression; another argues that accumulation efay substrate or toxic sterol by-
product induce&RGexpression [34].

Here on our results of proteome can highlight therexpression of the enzyme
Cytochrome P450 55A1, the azoles exert their agthw specifically binding to the
heme group in the active site of the cytochromeORgtizyme 14-lanosterol demethylase
(ERG11). The inhibition of Ergl1p results in inscint amounts of ergosterol within
the fungal membrane and the accumulation of thie erol 14i-methylergosta-8,24-
(28)-dien-3,6a-diol, which also inhibits fungal growth.

The correlation between cell wall integrity andtpdsation of the ergosterol
pathway inT. rubrunsuggests that changes in the cell wall may comperfgastress in
the plasma membrane [9]. The phospholipid levéhéencell membrane seems to be

affected inParacoccidioides P®1, as indicated by up-regulation@GAT) and
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phosphatidyl synthas®HS), which produce phospholipid®GAT has been found in
several transcriptomes to date, indicating it maynbportant for the fungi response to
azoles [41, 34].

CHSand their regulatory genes are important for ttoevth and virulence of
human fungal pathogens, includi@g albicang43, 44]. It has been observed that high
ergosterol levels can inhibit chitin synthases, ieheC. albicansmutants with low
ergosterol content showed increased levels ofrchymthesis [45]CHSrwas up-
regulated irParacoccidioides P@1 in the presence of itraconazole.

Glutathione S-transferases (GSTs), which are inapbffor the detoxification of
many xenobiotic compounds, are a family of multdtional enzymes that play a role in
cellular detoxification and excretion of a wide iedy of xenobiotic substances [33]. It
has been reported that GSTs correlate with funiginde in response to damage caused
by oxidative stress, xenobiotics and antifungal pounds [46]GSTwas up-regulated in
Paracoccidioidesn the presence of itraconazole.

In Paracoccidioides PB1, genes encoding several classes of transparézes
up-regulated upon exposure to itraconazole. MA&parter an@ETA for example,
have been implicated in azole resistance [47]. Desgstance is often associated with the
overexpression of genes encoding efflux pumps, Wisipresumed to prevent
intracellular accumulation of itraconazole in fusdd8, 9]. The up-regulation of
Paracoccidioides Pl MFS GSTandCHSrtranscripts also occur in vivas
demonstrated here by gRT-PCR using RNAs extracted §pleens of mice.

It should be noted that a number of genes invoiresmall molecule transport,
especially in ion transport, were differentiallypegssed ifParacoccidioides PBL in
response to itraconazole. Up-regulated genes iadiGdV, IMP andHLYiii. Down-

regulated genes included carnitine/ acyl carnitiaeier CAR and integral membrane
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MPV17/PMP22 The inhibition of ergosterol, which is an essaintbmponent of fungal
biological membranes, including the plasma memhreae lead to destabilization of the
membrane, leakage of cellular components and irdfiextracellular ingredients.
Therefore, the regulation of transporter gene®cessary to maintain ionic homeostasis
within the fungal cell when membranes are damagsttdconazole [49, 9].

This is the first study to analyze the changesi@Paracoccidioides spgene
expression profile following triazole exposure. Amyahe genes affected, we identified
genes unique tBaracoccidioides P@1, as well as genes in common with other fungi. In
vitro results were validated by in vivo experimeriibe results obtained here should

assist in understanding the mode of action of @inazole inParacoccidioides spp.
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Figure 1 — Functional classification of genes respding to itraconazole in

Paracoccidioide€DNAs obtained from RNAs of yeast cells after inatibn with
itraconazole for 1 fA)and 2 h(B). The numbers of ESTs are indicated with white bar
segments for the up-regulated genes and blackelganents for the down-regulated
genes. The annotation of genes was performed by tiseé Blast2GO program
considering significant homology cut-cffle°. Sequences were grouped in functional
categories according to the classification of tHe®$functional catalog. Additionally,
sequences were grouped into functional categarggsg PEDANT 3 database.Each
functional class is represented as a segment gndssed as a number of ESTs in each

library.

Figure 2 — Relative fold change for genes determiddoy qRT-PCR. (A) For twenty
genes listed in Table {B) for the ergosterol pathway genéS) In vivo gene expression
profile of Paracoccidioidesecovered directly from a systemic mice spleerar@es in
gene expression levels were calculated by relataedard curve method using the
control non-treated samples as the calibrd@y GST activity was measure in protein
extract obtained frorRaracoccidioides P8 yeast cells growth in the presence and
absence of itraconazole. Each error bar repretiemtstandard error of the mean (£SD)
from three independent experiments performed phi¢eate, and significant-fold changes
are denoted by asterisks in the figurp €:0.05). Data were normalized with the
transcript encoding the-tubulin protein. Student’s t test was used faistteal

comparisons.

Figure 3 - Sterol distribution in ParacoccidioidesYeast cells were fixed, stained with
filipin, and followed to observation in microscopf/fluorescence(A) Staining in the
control cells was diffuse with homogeneous mark(Bg.Cells treated with itraconazole
displayed no homogeneous fluorescence, predomindetieted either diffusely.

Figure 4 —Hypothetical model for the mode of actiorof itraconazole against
ParacoccidioidesThe up-regulation of transcripts as hormone-sessiipase, acyl-CoA
dehydrogenasédDH), isovaleryl-CoA dehydrogenask/D) and aconitaseACO) from
different metabolic pathways would produce acetyRGhat would be used to ergosterol
synthesis by the action &RGenzymes. Acetyl CoA would produce phospholipid to
membrane by the action of diacylglyceostcyltransferasedGAT) and phosphatidil
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synthaseRHS. The induction of betaine aldehyde dehydrogef@s®H) and cysteine
desulfurase@YSD would lead to production of thiamine, cofactoptguvate

dehydrogenasd”OH), which also would produce acetyl CoA. Gluthati@wransferase
(GST) would conjugate glutathione to xenobiotic and lddead itraconazole out of the

cell by transporters allowing the detoxification.

Figure 5 - Profile of proteins Paracoccidioideg&dentified by mass spectrometry 2-

DE Image related to control (A) and treated witadgbnazole (B). The pH gradient is
marked above the gel and molecular weight stan@dd) are indicated on the left of the
gels.
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Table 1— Gene-specific primers used for qRT-PCR assag$:@nA.

; ey ; "o Amplicon
Sequence Name Forward primer (5'-3") Reverse prine(5’-3") size (bp)
Glutathione S-transferase  GAACCGCAAACCCTAACCCT ACAGCGGCTGAAAAGTCCCA 157
(GST)
Chitin synthase regulator 2 AGAGCTGCAGAATTAGGCCTT TTTCGCCCGTTCATCTCCGT 140
(CHS)H
Betaine aldehyde GTTGAAGAGCCATTTGGTCC CAGATCATTGGACCACACAGA 120
dehydrogenasé8@ADH)
Cysteine desulfurase CAACAGAAGAGATGGAGTATGA AGCGAATGACACGTTGACACA 143
(CYSD
Ribulose-phosphate 3- CAATGGATCGACCTGATATGG GACCTCCGTCAACTTCGATG 141
epimeraseRP3B
Carnitine/acyl-carnitine GAAGGCATTGCCAGGGGGT CATTATGAACGGGGACGGTG 139
carrier CAR
Glutamine TGAGAGACTTTGTCAAGAACCA TGCGCGGATAAATACACCCAT 143
amidotransferase subunit
pdxT (GLAT)
Mfs transporterNIFS) CTAATTATGTTCTTTTGGGGTAC GCATCGCCTATACCAACAAGA 136
C6 transcription factor CAAACCACTCGTCAACACAATC GATTGCCTTGAGTCTGATAGAG 138
(CTF1B
Acyl-CoA dehydrogenase GAGAACGAGACGCCCGAAG GTTGTAGTAAGGACTCTTGTAG 108
(ACAD)
GPR1/FUN34/YAAH ACTGGCTGGGATGTGGGAG TTCTTCTCCGTCATTTCCTTGA 141
family protein
Pyruvate kinaseRK) ATGCGATGATAAATATCTCTACG GACACTTGGCGCGGAGAGA 143
Diacylglycerolo- TATTAGATATACCAAGTGGCCG TACCCTGGGTTTGTATTCAATG 143
acyltransferaseDGAT)
Isovaleryl-CoA GATGTGGATTACCAACGGGC TCATGCCAAGCTTGTCGAGTT 152
dehydrogenasé\(D)
Ubiquitin-protein ligase GGAGGCATGCAGATCTTCGT ACGACCGTCCTCAAGCTGC 168
(UBI)
Family integral membrane  CGCCAGCAATCTGATTATCTC AACCCAGCTGACCTTCATTAC 142
protein (MP)
Heat shock protein TCTTCCTCCCAGAGAGCGC CAGGGCTGCCTCCATACTG 143
(HSP10Q
Heat shock protein GGCCTTGACAGCATTCTGG CTGGCGATAAAGGGCAGAAG 130
(HSP30Q
Heat shock protein GCAGAAGGAGCTTGAAAGTGT GTCAACCTCCTCGACAGTAG 181
(HSP7Q
ATP synthase fO subunit 9 AAGCAGCGAAAATAATGGGATC GCAAATAATCCTGTAGCTTCTG 181
(ATPS9
Lanosterol 14:- CTGAGCTGTAGGGAAAAGTAC TCCTCAGCGCAAACGTCCTT 131
demethylaseERG1])
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C5,6-desaturag&RG3 GGAGAATATGTATACCAGCCC ATCCAAGTGATGAGATACAGAG 128
Delta-24-sterol C- GCTACTCTTACCCGACATTAC AATGGGCAAGGTAATGTTCATG 142
methyltransferaseERGH
C-22 sterol desaturase GGTCCCATGTTCAAAATCCCT AAATTTGTGGAAAACCGAGACG 123
(ERGH
C-4 methyl sterol oxidase GGACCATGGCCTACCAAATC GCGGAGTATTGGTGGTGGAT 129
(ERG2Y
cDNA* AGCAGTGGTATCAACGACAGAGTACG
CGGG
CDS* AAGCAGTGGTATCAACGCAGAGTACT
(30)NIN
PCRII* AAGCAGTGGTATCAACGCAGAGT
JBami2* GATCCGTTCATG
JBam24* ACCGACGTCGACTATCCATGAACG
NBam12* GATCCTCCCTCG
NBam24* AGGCAACTGTGCTATCCGAGGGAG
RBam12* GATCCTCGGTGA
RBam24* AGCACTCTCCAGCCTCTCACCGAG
T7* GTAATACGACTCACTATAGGGC
Oligo (dT)s* AAGCAGTGGTATCAACGCAGAGTACT
(30)NIN

* Primers used in RDA experiments.

Table 2 —Genes differentially expressed Haracoccidioidesin response to treatment
with itraconazole.

Functional Best hlt/ _ Number of
c Gene Product Paracoccidioides  e-value occurrenced
ategory
genome locus 1lh 2h

Metabolism/

Energy 3-deoxy-7- PAAG_03237 9.2e-29 +2
phosphoheptulonate synthase
(DAHP)
Cysteine desulfuras€l SD PAAG_05850 2.2e-58 +22
Betaine aldehyde PAAG_05392 2.1e-19 +2
dehydrogenaséBADH)
NADP-specific glutamate PAAG 07689 1.6e-26 +1
dehydrogenaseésDH)
NAD dependent epimerase PAAG_05580 1.6e-30 +1
dehydrataseEDH)
Succinyl 3-ketoacid-coenzime  PAAG_05093 2.6e-17 +1
A transferaseCO)
Isoform cra_b PAAG_05467 3.2e-15 +1
Ribulose-phosphate 3- PAAG_ 01632 6.5e-42 -17
epimeraseRP35
Aconitase ACO) PAAG_05328 5.8e-18 -2
D-amino-acid oxidase PAAG 02361 2.4e-38 -3
(DAAO)
Er-associated proteolytic PAAG 04633 8.6e-40 -4
system proteinERAD
Oxysterol-binding protein PAAG_ 06807 3.6e-45 +6
(OSBR
Isovaleryl-CoA PAAG_ 06830 1.0e-23 +4
dehydrogenasé\(D)"
Acyl-CoA dehydrogenase PAAG_05211 1.0e-30 +1
(ADH)®
Acyl-CoA dehydrogenase PAAG_01222 2.1e-19 -8
(ADH)
Hormone-sensitive lipase PAAG_06218 7.6e-37 +1
(LIPE)
Pyruvate kinasePK)® PAAG_06380 3.1e-31 +1
Aldehyde dehydrogenase PAAG 05249 1.0e-44 -4
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(ALDH)
Glutamine amidotranferase PAAG_ 07505 1.3e-23 -5
subunit pdxT GLAT)
ATP synthase fO subunit 9 PAAG_12009 3.0e-17 +22
(ATPSY°
Short chain dehydrogenase PAAG 04787 3.2e-48 +1
(DHS-14
Transcription
Transcription factor§TEA PAAG_00406 8.4e-50 +3
Pirin PIR) PAAG_04726 2.5e-52 +7 +47
RING finger protein RNF) PAAG 06129 1.5e-18 +2
Apses transcriptionrAPSE$ PAAG 02379 1.6e-30 +1
Myosin class ii heavy chain PAAG_02991 4.9e-37 +1
(MHC)
mRNA-nucleus export PAAG_04548 4.0e-45 -27
ATPase
C6 transcription factor PAAG_ 01359 45e-65 -12
(CTFIB)
Cell Rescue,
Defense and
Virulence
Survival factorl $VF) PAAG 02425 4.7e-36 +1
Mannan polymerase ii PAAG_03940 9.4e-54 +2
complex ANP1 subunit
(ANPD
Heat shock proteirS(TI1)" PAAG_ 06811 2.2e-24 +2
Heat shock protei(HSP1Q PAAG_05142 6.5e-32 +1 +2
Heat shock proteirHSP3Q° PAAG_00871 5.4e-52 -26 -33
Heat shock proteinr{SP7Q° PAAG_08003 4.4e-40 +3
Heat shock proteirHSP6Q" PAAG_08059 4.3e-55 -12
Protein synthesis
and biogenesis
ATP-dependent RNA helicase = PAAG_00689 1.3e-24 +7
(elF4n)
Serine threonine-protein PAAG_06726 7.6e-66 -2
kinase ERK)
40S ribosomal protein S4 PAAG 03816 7.3e-37 +2
(RPS3
Protein Fate
(folding,
modification,
destination)
Ubiquitin-protein ligase PAAG_02632 3.7e-11  +2
(UBI)°
WD repeat containing protein PAAG_00103 1.0e-25 +1
(WDR
Ubiquitin thioesteraseQTU1) PAAG 08841 1.0e-32 -5
Ubiquitin fusion degradation PAAG 01475 1.0e-62 +1
protein (JFD)
Proteasome component PAAG_07802 6.1e-5 +1
(PREP§
Cellular transport,
transport facilities
and transport
routes
Tetracycline resistance PAAG 01353 1.0e-56 +13
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Biogenesis of
Cellular

Components (cell
wall/ membrane)

Cellular

communication/

Signal
transduction
mechanism

Unclassified
protein

protein, TETA

Mfs transporterMIFS)°
Nucleoporin GONB
Voltage-gated Cd alpha
subunit CAV)
Sodium-dependent phosphate
transporter $PIT)

Gluthatione S-transferase
(GST°

Rep-helicase

Zinc finger membrane protein
(DHHC)

autophagy regulatory protein
GPR1/FUN34faAHfamily
protein

Carnitine/acyl carnitine carrier
(CAR"

General secretion pathway
protein.

Family integral membrane
protein (MP)®

Hemolisyn-iii channel protein
(HLYiii)

Integral membrane
MPV17PMP22

Vesicular fusion protein
(SEC17}

Chitin synthase regulator 2
(CHSH®

Diacylglycerolo-
acyltransferaseDGAT)®
Phosphatidyl synthas@S

FluG Domain-containing
protein

Leucine —rich repeat Igi
member 41(Gl4)
Conserved Lysine protein

(LYS

Conserved hypothetical
protein
Conserved hypothetical
protein
Conserved hypothetical
protein
Conserved hypothetical
protein

PAAG_02191 7.3e-56 +9
PAAG_02655 1.1e-36  +1
PAAG_01353 9.9e-15 +1
PAAG_03892 1.5e-11 +1
PAAG_03931 1.0e-33 +1
PAAG_02735 4.2e-27 +1
PAAG_06616 6.6e-53 -4
PAAG_04970 2.6e-33 -2
PAAG_08587 1.2e-47 -13 -5
PAAG_03452 1.7e-30 -18 -89
PAAG_05009 2.7e-60 -10
PAAG_03183 4.1e-50 +1
PAAG_01871 6.0e-34 +3
PAAG_02868 6.6e-37 -2
PAAG_06233 2.8e-77 -1
PAAG_04860 2.0e-17 +3
PAAG_07527 l.4e-64 +1
PAAG_03571 6.5e-34 +1
PAAG_05486 1.0e-53 +1
PAAG_00833 1.0e-25 +1
PAAG_03092 6.2e-43 +2
PAAG_02735 1.3e-39 +2
PAAG_01353 1.3e-18 +6
PAAG_07364 5.8e-30 +4
PAAG_00520 3.9e-27 +3
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Conserved hypothetical PAAG_02379 1.5e-19 +2

protein

Conserved hypothetical PAAG_02210 1.8e-37 +6

protein

Conserved hypothetical PAAG_02236 1.0e-15 +1

protein

Conserved hypothetical PAAG 03559 4.8e-47 +1

protein

Conserved hypothetical PAAG 03596 4.4e-83 +3

protein

Conserved hypothetical PAAG 08759 1.5e-63 +2

protein

Conserved hypothetical PAAG_07907 1.0e-42 +2

protein

Conserved hypothetical PAAG_04000 1.0e-44 -4

protein

Conserved hypothetical PAAG_06816 1.7e-8 -2
protein

Conserved hypothetical PABG_06807 1.0e-51 -6
protein

Conserved hypothetical PAAG 01871 1.0e-51 -2
protein

Conserved hypothetical PAAG_07034 3.4e-33  +2

protein

Conserved hypothetical PADG_04444 6.7e-17 +2
protein

Hypothetical protein PAAG_ 02259 1.0e-18 -3
Domain-containing protein PAAG_04000 7.5e-17 +2

(DUF1688

#0ccurrences are expressed as the fold changeveeiatthe value for the nontreated. control; +pictebn; -, repression.
Genes found in other fungi when exposed to itrapolea

‘Genes found in other fungi when exposed to otheleaz

Genes not marked are specifidtaracoccidioides

Table 03 — Paracoccidioidesidentified proteins with differential expression riohg exposition to

itraconazole.

MS/MS
Exp/ Exp/
Gene Bank — NCBI reference/Proteindescriptioh Matched pl? Mw"
Score peptided

XP_002796422.1/ Integral membrane protein 198 6 9.70 42210.74
XP_002796455.1/ Succinyl-CoA ligase subunit beta 160 8 5.74 48257.22
XP_002795809.1/ Cytochrome P450 55A1 118 3 5.97 44774.42
XP_002794607.1/ CobW domain-containing protein 174 2 4.67 46759.65
XP_002789134.1/ Hypothetical protein PAAG_08963 129 5 9.66 30782.21
XP_002791682.1/ Conserved hypothetical protein 127 6 5.36 85520.02
XP_002790000.1/ Conserved hypothetical protein 141 4 5.80 63356.53
XP_002798063.1/ Propionyl-CoA carboxylase 98 1 8.44 645652.74
XP_002797107.1/ L-threonine 3-dehydrogenase 102 7 5.85 37542.45
AAC14712.1/ Heat shock protein 60 132 4 5.51 62132.91
XP_002796880.1/Peptidyl-prolyl cis-trans isomer@se 112 4 7.87 22829.04

**Spots visualized only in exposition itraconazatendition;
PAccesion number/Protein description — accessionbauraf matched protein from GenBank general infdionaidentifier;
9Expt/ pl — experimental/ isoelectric poifExpt/MW (kDa) — experimental/molecular weigh;
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Abstract

As part of our continuing chemical and biologicahblyses of Rubiaceae species from the
Cerrado, we isolated new alkaloitlgnd?2, together with a known epicatechB),(

ursolic acid, and oleanolic acid, froBalianthe ramosaAlkaloid 2 inhibited the malate
synthase from the pathogenic fundReracoccidioides spprhis enzyme is considered an
important molecular target because it is not fonmldumans. The results were supported

by molecular docking simulations.

R=0CH,=Alkaloid (1) Epi-catechin (3)
R=H=Alkaloid (2)

Keywords Galianthe ramosaindole alkaloids, malate syntha&gracoccidioides spp
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Introduction:

Paracoccidioides sppre dimorphic fungi that cause paracoccidioidomic(BCM), the
most prevalent invasive fungal disease in South #gagl]. There are distinct forms of
PCM [2], and treatment regimens of longer duraticarequired to treat patients with the
more severe forms, resulting in greater toxicity amen therapy relapse [3]. In addition,
cases of PCM associated with AIDS have recentiy beported [4-5]. Over the latest
decade, efforts have been focused on finding dpedaifgets for antifungal drugs that are
absent in mammalian cells. The role of the glyoteytaycle and the associated enzymes
isocitrate lyase (ICL) and malate synthase (MLSiarobial virulence has been
reported for several pathogens, includiigcobacterium tuberculos[§], Candida
albicans[7-8], Cryptococcus neoformar8], Paracoccidioides spmnd the
phytopathogenic fungudagnaporthe grise§l0]. Expression of the MLS gene in
Paracoccidioides sps induced during the infectious process, suggggshat this
enzyme has an important role in the establishmieinfection [11-14]. Therefore, this
enzyme may be an attractive target for new antdilagents against PCM.

Indole alkaloids are a diverse and complex clasgairal products. Because this class
has been found to have a wide range of biologic@iges, including antifungal activity,
we included carboline alkaloids isolated from Rgbge species in our antifungal
screening program to identify natural moleculeslite potential to inhibit
Paracoccidioides spgrowth andPbMLS activity.

In this paper, we describe the structural elucmhatf two novel indole alkaloid4,and

2, isolated from the aerial part Glalianthe ramos&. L. Cabral. We also present their
activity againsParacoccidioideandPbMLS and the results of molecular docking

investigations.

Results and Discussion:

Structural elucidation

Alkaloid 1 was obtained as a brown solid and was deduceohtaio a nitrogen function
based on TLC analysis using Dragendorff's reagemalysis of the HRMS data
indicated that compountihas the molecular formula,6N-Os [(M+H): m/z
367.2027, calculatenh/z367.2022]. The IR spectrum suggested the presdrare [dH
and/or OH (3390 cif) functionality and an alkene group (1625 9mirheH NMR
spectrum has resonance® & 33 (1H, dJ=5.4 Hz), 7.89 (1H, d)=5.4 Hz), 6.28 (1H,
d, J=1.8 Hz) and 6.54 (1H, d=1.8 Hz) that were correlated with 138.4, 114.59%hd
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87.2, respectively (Table 1), suggestive of a sefibatituted phenyl ring and 1,2-pyridine
ring. The presence of seven quaternafcapbons, at 135.4 (C-2), 141.9 (C-3), 128.7 (C-
7), 106.3 (C-8), 157.5 (C-9), 162.3 (C-11) and 84£2-13), together with the HMBC
correlations between H-6 and C-8 (106.3) and C35.d) and the H-5/C-7 (128.3), H-
10/C8 (106.3) and H-12/C-10 (91.9) correlationgphdlus to elucidate the presence of an
disubstituted moietf3-carboline. In the HSQC spectrum, the resonancég &l (3H, s)
and 3.86 (3H, s) correlated with resonances at &5J655.8, respectively, and there were
HMBC correlations between both C-& (57.5) and C-11& 162.3) and these methoxy
groups. These correlations corroborated a presgremetasubstituted3-carboline core
at C-9 and C-11. Four methylene hydrogen®,13-1.83 (m, H-16 and H-17), correlated
with 6 41.8 and 28.6, and two methine hydroger.,72-3.67 (1H, m, H-18) ari3.76
(1H, d,J=11 Hz), correlated with. 46.5 and 57.6, respectively. An oxymethine
hydrogen was also observed&@3.3. The COSY correlations H-16/H-17/H-18 and the
HMBC correlations H-14/C-15/C-16 confirm the presenf a cyclopentane unit in
compoundL. Additionally, in the HMBC spectrum, the methybgp até 0.98 (3H, s, H-
22) correlated with C-1%(83.3), suggesting that the five-membered ring sudsstituted
by hydroxyl and methyl groups.

The indole unit and the cyclopentane ring were ébtmbe connected by C-3 and C-14,
as demonstrated by the HMBC correlations betweeinyrogens at 4.61 (1H, br s, H-
20a) andb 4.67 (1H, brs, H-20b) and the’s@rbon at 109.5. Additionally, the methyl
hydrogens aé 1.71 (3H, s, H-21) correlated witia 20.9 (C-21) in the HSQC spectrum
and with C-20 (109.5) and 147.4 (C-19) in the HM&g&ctrum, indicating the presence
of an isopropenyl unit.

The main HMBC correlations, H-14/C-3/C-15/C-18 &h@0/C-18, demonstrated that
the three units are connected. Further HMBC caiela are listed in Table 1. All these
data were consistent with a new alkaldidDur data for compountiwere in accordance
with the literature data for a similar alkaloid lested fromGalianthe thalictroide$15].

The relative configuration of the asymmetric cemie€-20 was determined based on the
coupling constant of H-148(3.76, d, J=11.0), which corresponded tGJ14.115 Vicinal
coupling. The large coupling constant observearsistent with the cis orientation. The
NOE difference peaks for H-14/H-16/H-17 and H-18whhe methyl group was

irradiated verified that the methyl proton H-14 ad.8 were in theis orientation.
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Alkaloid 2 was obtained as a brown solid and was deducedsteps a nitrogen function

based on TLC analysis using Dragendorff's reagemélysis of HRMS data indicated
that compoun@ has the molecular formulaEsN-0, [(M+H)": m/z337.1965,
calculatedn/z337.1916]. This ion was 30 amu lighter than thatlkéloid1, suggesting
that compoun@ has only one methoxy unit.

The IR spectrum suggested that an NH and/or OHX848") functionality and an
alkene group (1620 ch) are present ig.

The NMR spectrum showed resonances &#0 (1H, dJ=5.3 Hz, H-5)5 8.02 (1H, d,
J=5.3 Hz, H-6)p 6.68 (1H, dJ=8.11 Hz, H-10)¢ 7.11 (1H, dJ=8.11 Hz, H-12), and
6 7.45 (1H, tJ= 8.11 Hz, H-11)characteristic of an indolic moiety with meta
substitution. The HSQC and HMBC correlations astell in Table 1. Only one methoxy
was identified, aé 4.07 (s, 3H), and it correlated width 55.7. The HMBC correlation of
this methoxy group with the resonance at 157.2taatfC assignments for the aromatic
ring system suggest a 9 substitution onfffearboline indolic ring. The comparison of
the data fo2 with those for alkaloid indicated that alkaloi@ is 9-methoxy indolic
alkaloid derivative. Epicatechin, ursolic acid anthixture containing ursolic acid and
oleanolic acid were also isolated fr@gn ramosaand the data for these compounds are
accordance with the literature [16-17].

Compoundd and2 were tested for activity againBaracoccidioides sppnd its enzyme
PbMLS. Both1 and2 inhibited the growth oParacoccidioides sppvith MIC values of
185 uM and 26 uM, respectively. We evaluated tfeces of alkaloidsl and2 on

PbMLS using pyruvic acid as a positive control [18-18kaloid 1 had no inhibitory
activity onPbMLS, but alkaloid? inhibited this enzyme with an égof 50 uM (Fig. 1),
similar to that of the positive control, pyruviciéc

Homology model

The 3D-homology model of PbMLS was built using adelong algorithm based on the
3D-structures oEscherichia coliandBacillus anthracis malate synthadewhich both
have49% identity to PbMLS (PDB id: 3CUZ; resolution04 A). TheRamachandran plot of
the homology model was used to asses®thad¥ distributions, and 95.2% of bonds
were in the favored region and 3.6% were in allonegons. The quality factor of this
structure was estimated to be 76.209 by ERRAT.

86



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto
Molecular dynamics

PbMLS was subjected to 20 ns simulation with tregpam Gromacs to achieve a stable
RMSD for the non-hydrogen atoms with respect tostiiecture homology models. Fig.
2A shows that the conformation BBMLS remained stable at around RMSD = 0.4 nm
after approximately 10 ns of simulation. The stnoetselected faPbMLS after the MD
simulations had a higher RMSD with respect to thmblogy model, with an increase of
approximately 2.55 A. Differences in the secondsryctures between homology model
and the MD model were small. The alpha helix-likdgt@rn was reduced by only 2.5%,
and the beta sheet-like pattern was increased llgy0d8f%. The conformation of the
binding pocket was preserved after the MD simuregidViore pronounced deviations
were observed in sections involving the residue®B33-ALA346, THR489-PR0O497
and, in particular, VAL468-VALA476.

Molecular docking

The molecular docking of alkaloids RBMLS was performed using AutoDock Vina.
Only the best model structures (lowest score) pleiby AutoDock Vina were selected.
Fig. 2B shows how each compound is accommodat#eeibinding pocket and the
PbMLS residues that interact most strongly.

Note that for both alkaloids and2, the residue ARG50 is critical for stability thighu
theTrinteractions. The heterocycles of alkaloidand2 are accommodated in the cavity
in a more constrained conformation that favorsftimation ofreinteractions. Strong
electrostatic interactions between chemical grqupsent in both compounds occur with
LEU43 and SER251. In the case of LEU43, a hydrdgerd with2 occurs via the
methoxy group of the indole, and for alkaldidhis interaction occurs via the NH of the
indole core. The residues ARG46, SER251, and GLURa$9 also contribute to the
stability of alkaloidl via electrostatic interactions. In the case ofitig®le group of
alkaloid 2, the electrostatic interaction with ARG47 favorstienger bond than that
between the indole group dfand LEU43. Conversely, the electrostatic inteoacti
between the methoxy group bnd ARG46 favors a stronger bond than that between

the same group iBand LEU43.

The energies obtained by AutoDock Vina 1of-7.3) and2 (-8.1) are very close, with is
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a difference of only 0.8. These data indicate #tledloid 2 tends to be somewhat more

stable thari (the lower the score, the greater the stabilithjs small energy difference

is certainly not sufficient to explain the diffems in the experimental activity results for
these compounds. However, when we observe theathestics of each compound
relative to its specificity and ability to accomnade the binding pocket, it is clear that
alkaloid2 has a greater propensity for binding. LigPlot deexgs of the protein/ligand
binding modes (Fig. 2B) show that there is a higiveportion of nonpolar contacts f2r
than forl. These contacts result in a large increase iet®py of the medium when
this ligand, or its non-polar groups, are well anooodated in the cavity (#bMLS
(greater complementarity). This conclusion is supggbby the fact that alkalo@ihas a
lower accessible surface area than alkaloidis non-polar groups are better protected in
the PbMLS cavity (see Fig. 2B). Our hypothesis is thati@wer polar content provides
sufficient specificity to ensure greater accesybib the binding pocket, resulting in a
lower binding free energy (not estimated here).

In conclusion, two new alkaloid4 @nd2) were isolated fronGalianthe ramosaand
alkaloid2 was found to have relevant activity agaiRatacoccidioides sppnd the
enzymePbMLS. Alkaloid 2 is the first example of a MS inhibitor reportedtie

literature. Additionally, the results of the moléudocking analysis corroborated the

experimental findings.

Material and Methods:

General Experimental Procedures:

IR spectra were obtained with a Perkin Elmer Spect#00 FT-IR. 1H, 13C, and 2D
spectra were recorded on a Bruker Avance Il 500M8Rpectra were recorded with a
Waters Xevo Q-Tof spectrometer.

Plant Material: Fresh material (stems, leaves, éi®yand roots) db. ramosavas
collected by Piero Delprete on 19 November 2006 fem area with cerrado vegetation
with rocky outcrops at Mun. Cocalzinho, Parque &issh dos Pireneus (15°48'23"S,
48°49'21"W; at 1100-1200 m altitude). The voucheeamen, Delprete et al. 9955, was
identified by Piero Delprete and deposited at thdarium (UFG) of the Federal
University of Goias, Goiania, Brazil.

Plant extract and isolation of individual compounds
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The plant material was dried at room temperaturd,the dry material (leaves (87 g),

stems (102 g), flowers (22 g) and roots (103 g)3 mawdered and extracted with 99%
ethanol several times. The ethanol was removedrwadeium to afford crude ethanolic
extracts of the leaves (EEL, 24.5 g), flowers (E&R,g), stems (EES, 11.9) and roots
(EER, 12.6 g). The EEL extract was partitioned ssstvely with hexane (HL, 0.9 g),
chloroform (CL, 1.5 g), ethyl acetate (AL, 2.3 gid methanol (ML 5.0 g). This process
was repeated with the EES and EER extracts.

The successive purification of the CL fraction gsinchromatography column yielded
alkaloid1 (12 mg), alkaloi® (2 mg) and ursolic acid (44 mg). After purificatiche AL
fraction yielded epicatechin (6 mg), oleanolic a@@ mg) and ursolic acid (25 mg).

Minimum inhibitory concentration (MIC)

The yeast assay was performed using the microalilutiethod as described in
M27-S3 reference method of the CLSI [20] with maddifions and as previously
described by de Paula e Silva et al. (2013) [2Heti@rmine the minimum inhibitory
concentration (MIC). Alkaloid4¢ and2 from G. ramosawere prepared as described
above and diluted according to CLSI M27-A3 methadcula were prepared in RPMI-
1640 (GIBCAM) with L-glutamine and without sodium bicarbonatiglemented with
2% glucose and buffered to pH 7.0 using 0.165 M IBOBigma-Aldrich, St. Louis,

MO, USA). TheParacoccidioides sppuspension was adjusted to a final concentration
0.5x10 to 2.5x18 cells/mL in RPMI-1640. In 96-well plates, seridutions (250 mg/L

to 0.48 mg/L) of the analyzed compounds were adidl&ells containing yeast. The
plates were incubated at 35°C and 150 rpm for 4§ter this period, alamarBlue®
(BIOSOURCE) was employed (according the manufactinestructions), and the plates
were incubated for an additional 24 h, thus reqgiii2 h for the MIC final reading. The
lowest concentration of antifungal agent that sattslly inhibited the growth of the
organism was visually determined as the point atkwvthere was no change in the

original blue color of the reagent.

PbMLS activity assays

The activity assays as well as the inhibition assang pyruvic acid and indole
alkaloids were performed as described previouslRbycourtet al [22]. Briefly, an
endpoint assay that measures the amount of CoAisext The amount of free thiol

groups on CoA was determined using 5,5'-dithioBisifrobenzoic acid) or DTNB
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(Sigma Aldrich,) [23]. The absorption at 415 nm wasasured in a microplate reader

(Model 680 microplate reader, Bio-Rad Laboratori®)NB was added to a final
concentration of 2 mM. The addition of DTNB to tiéxture arrests the reaction, most
likely due to reaction of the DTNB with the freedhgroups of cysteine residues [24].
The standard reaction mixture contained PbiILS, 100 mM Tris-HCI, 5 mM MgGl,

2 mM glyoxylate (Sigma-Aldrich), and 1 mM acetyl £@AppliChem GmbH). Unless
stated otherwise, the reactions were incubated@@anin at pH 7.5. All experiments were

conducted in triplicate. The error bars correspimnoine standard deviation.

Receptor preparation

The 3D structure dPbMLS was initially predicted by homology modelingng the
ModWeb server [25]. The quality of the predictedisture was assessed using the NIH-
MBI laboratory servershitp://nihserver.mbi.ucla.efiwith ERRAT [26]. The
Ramachandran plot foMLS was prepared on the RAMPAGE web server [274, an

Verify 3D was used to evaluate the environmenthefamino acids [28].

The molecular dynamics (MD) simulations for thisisture were performed with
GROMACS [29-31] to reproduce the structural stapdif this receptor in its native
environment [32]. The Particle Mesh Ewald methadgl Bas used with periodic
boundary conditions in all directions. The entiystem was composed of 5406 atoms of
PbMLS, 03 CI- counterions and 22500 solvent atomstelease conflicting contacts, the
simulation was then subjected to minimization usheysteepest descent energy and was
considered complete only when the tolerance of 0ol was no longer exceeded.
After minimization, the system was subjected t®@ fis simulation in the NVT and

NPT ensembles. For both ensembles, the tempematigset to 300 K, and the position
of the protein was restrictebh the NVT ensemble, temperature coupling was peréal
with the V-rescale Berendsen thermostat (thermostaxation constant = 0.1 ps), and
the velocities were determined from the Maxweltriigition. In the NPT ensemble,
pressure coupling was performed with the ParrirRRédman barostat under the
following conditions: pressure, 1 atm; time-stefis;2and isothermal compressibility of
water, 4.%10-5 bar-1. Only after these steps was the systéected to MD

simulations. The simulation was performed for 2@maoseconds) at a constant
temperature of 300 K and a pressure of 1 atm witme-step of 2 fs (femtoseconds) and

without any restriction of the protein’s confornwati Data concerning the trajectory of
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these times were collected every 5 ps. The egatldom of the trajectory was assessed by

monitoring the equilibration of quantities suchtlas root-mean-square deviation
(RMSD) of non-hydrogen atoms with respect to thieahstructure.

The average structure of the trajectory was alseraened using the g_rms algorithm
[34]. The first 10 ns of the trajectory were notdgo determine the average structures.
Water molecules and ions were removed (includinigi@d water molecules) from the

selected structure used in molecular docking sitrauia.
Ligand preparations

The 3D structures df and2 were generated using the GlycoBioChem PRODRG2e8erv
[30]. Following conversion into PDB format, chargesl non-polar hydrogen atoms
were added using the prepare_receptord.py scapt MGLTools [35], and pdbqt files
(format for AutoDock) containing the individual cpounds and the receptor were
created. The conformations in those files were @aseithe initial conformations in the

molecular docking simulations.
Molecular docking

The conformations of the compounds on the surfaédbILS were limited to only a
region surrounding the binding pocket of the pmaterhich was defined using the
DogSiteScorer - Active Site Prediction and Analys&ver [36, 37].

AutoDock Vina [38, 39] was used for the moleculacking simulations with the
PbMLS model and the compounds. Simulations were perxd with no pre-conceived
bias toward particular interactions, and the bestehstructure of the complex was
considered the one with the greatest stabilityaoo@ssibility (highest hits).

The scores for the conformations generated by AotéD/ina (global energy) take into
account the weak attractive and repulsive van daalg/forces (hydrophobic

interactions), hydrogen bonds, and torsional pessaj#0].
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Structural Formulas

Alkaloid 1 = R = OCH,; Alkaloid 2 R=H

Legends

Figure 1. Dynamic profile for the RMSD as obtained in MD siations of PbICL
during 20 ns. In Figure inserted superimpositibhamology-model (blue) and DM-
structure (green) of PbMLS.

Figure 2. Molecular surface representation of the PbMLS argplots of the
protein/ligand in binding pocket of GR1 (gree) &2 (orange) compounds. Pink
circles indicate residues involved in hydrogen-bpothr or charged interactions; green
circles indicates residues involved in van der Waatieractions. Pi-interactions are
represented by orange lines. The structures afdhgounds shown refers to the lowest
score obtained from the docking simulations witii@fock Vina.

Figure 3. The influence of compounds alkaloids 1 and 2 omthtate synthase activity.
The relative activity of malate synthase is showfunction of the pyruvic acid and
compounds indole alkaloids concentration (in uMjeTeaction without malate synthase
(indicated by yellow) and with malate synthase i¢ated by red) serves as reference.
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Control

Suplementary Materidlable 1: NMR data of (500.13 MHz, CDGQJ) of alkaloid1.

13 1

C/HSQC &'H cos

* (n°H; mult, JHz) Y HMBC
1 9.57 (1H; sI) _ _
2 135.4 - - -
3 141.9 - - -
4 _ _ _
5 138.3 8.33(1H;d;5.4)  H-6 (1(3:[3-5 (G); 128.3 (G); 141.9
6 1145 789 (1H;d;5.4)  H-5 (1(?3-3 (G); 135.4 (G); 138.3
7 128.3 - - -
8 106.3 - - -
9 157.5 - - -

. 87.2 (Go); 106.3 (G); 157.5
10 91.9 6.28 (1H: d: 1.8)  H-12
( ) (Co); 162.3 (Gy)
11 162.3 - - -
. 91.9 (Go); 106.3 (G); 162.3
12 87.2 6.54 (1H: d; 1.8)  H-10
( ) (C1); 142.8 (G
13 142.8 - - -
83.3 (Ga); 25.5 (Gy); 46.5
14 57.6 376 (1H: d: 11) -  (Cig); 135.4 (G); 141.9 (G);
147.3 (Go)

15 83.3 - - -
16 s 213-204 2H;m) .-

2.01—1.94 (1H; m)
17 28.6 2.13-2.04 (2H; m) H-18 —
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1.90 — 1.83 (1H; m) H-16

18 46.5 3.72-3.67 (1H; m) H-17 57.64C
19 147.3 - _ _
20 109.5 4.61 (1H; sl) - 20.94(; 46.5 (Gg)
4.67 (1H:; sl) - 20.9 (%); 46.5 (Gg)
21 20.9 1.71 (3H: s) _ E‘és (Ga); 147.3 (Gg); 109.5
22 25.5 0.98 (3H; s) - 41.8 {{; 57.6 (G.); 83.3 (Gs)
9-0OCH 55.6 4.01 (3H; ) . 157.54C
11 - OCH 55.8 3.86 (3H: s) - 162.3 (¢

*Os carbonos néo hidrogenados foram assinaladegéstde andlises do espectro de
HMBC.

Experimental Data for compound i

Yellow solid;

I.R.V¥B" (cmit) — 3419 crit e 1624 crit

HRMS (ESI): m/z 367,2027 [M+H] calculated for [GH.7N,O3]" 367,2021;

(PF) 129-131 °C

[0]p?°= +23.33 (c=0.46, C}Cl,)

Table 2: NMR data 'H (500.13 MHz, CDGJ) of alkaloid 2;

13 o'H
N C/HSQC COSY HMBC
(n°H; mult, J Hz)
1 _ 9.39 (1H; s) _ _
2 1353 - - -
3 1427 - - -
4 _ _ _ _
5 1385 840 (1H:d:53) H-6  115.44C127.8 (G): 142.7 (Q)
6 1154 802 (1H:d:53) H-5 112141353 (Q)
7 1278 - - -
8 1121 - - -
9 1572 - - -
10 100.4  6.68(1H:d:8.1)  H-11 1044451121 (Q): 157.2 (G)
11 129.3 7.45 (1H: t; 8.1) Ejg 157.2 (G); 141.8 (Gy)
12 1044  711(1H:d:8.1)  H-11  112.16C
13 1418 - - -
14 57.5 378 (1H: d: 11.8)  — 83.4.4, 46.5 (Gs)
15 83.4 - - -
2.01—1.94 (1H; m _
16 41.9 o oos ElH; mg H-17  83.4 (Gy): 28.6 (GY)
1.95 — 1.87 (1H: m _
17 28.6 S e ElH; m; H-16  83.4 (Gy):
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18 46.5 3.75-3.71(1H;m) - 57.5.4C
19 147.3 - - -
20 109.8 4.68 (1H; s) - 21.5 (3, 46.5 (Gs)
109.8 4.63 (1H; sl) - 21.5 §g; 46.5 (Gg)
21 21.5 1.74 (3H; s) - 46.5 {§, 147.3 (Go); 109.8 (Go)
22 25.9 0.98 (3H; s) - 41.9 (&, 57.5 (Ga); 83.4 (Gs)
9 - OCH, 55.7 4.07 (3H; s) - 157.2 §C

*the signal of carbonos were assigned by HMBC spemtalyses.
Experimental Data for compound i

Yellow solid;

I.R. v¥®" (cm?) — 3432 crit e 1620 crit

HRMS (ESI): m/z 337.1965 [M+H] calculated for [GH»7;N,O5]" 337.1916;
(PF) 155-158 °C

[a]p?°= +13.85 (c=0.24, ChCl,).

Epicatechin (iii)

colorless crystals;

LR.VF®" (cm?)

[0]p®= — 38.1 (c=0.61, MeOH)

'H NMR (500.13 MHz, CROD,) 5 6.97 (1H, d, J=2.0, H-2’), 6.80 (1H, dd, J=2.@,84-6"), 6.76 (1H, d,
J=8.0, H-5'), 5.94 (1H, d, J=2.3, H-6), 5.92 (1HJd2.3, H-8), 4.82 (sl, H-2), 4.17 (1H, ddd, JsB®D,
4.6, H-3), 2.86 (1H, dd, J=16.8, 4.6, k)42.73 (1H, dd, J=16.8, 3.0, Hp}i

13C NMR (125,7 MHz, CROD) 5 158.9 (C-5 and C-7), 157.3 (C-9), 145.9 (C-3)574(C-4’), 132.2 (C-
1), 119.3 (C-6"), 115.4 (C-2"), 115.3 (C-5’), 1A0(C-10), 96.4 (C-6), 95.9 (C-8), 79.9 (C-2), 6{53),
29.3 (C-4).

Ursolic acid (iv)

white solid;

LR V8" (cm?)

'H NMR (500.13 MHz, CROD/CDCE) § 5.21 (1H, t, J=3.5, H-12), 3.15 (1H, dd, J=5.001H-3), 2.17
(1H, d, J=11.0, H-18), 1.91 (2H, d, J=3.5, H-11581(2H, dd, J=3.7, 11.0, H-2), 1.35 (1H, dd, J=210,
H-19), 1.08 (3H, s, H-27), 0.96 (3H, s, H-23), O(8#, d, J=6.2, H-30), 0.92 (3H, s, H-25), 0.85 (8H
J=6.5, H-29), 0.81 (3H, s, H-26), 0.75 (3H, s, B;B472 (1H, d, J=11.0, H-5).

13C NMR (125,7 MHz, CROD/CDCE) § 182.0 (C-28), 139.7 (C-13), 127.0 (C-12), 80.03)C56.8 (C-5),
54.4 (C-18), 49.2 (C-17), 49.1 (C-9), 43.4 (C-¥9),9 (C-8), 40.5 (C-4), 40.4 (C-19), 40.2 (C-20),14(C-
1), 38.3 (C-10), 38.2 (C-22), 34.5 (C-7), 32.0 (0);29.4 (C-15), 29.2 (C-23), 28.1 (C-2), 25.6 ()1
24.7 (C-27), 24.6 (C-11), 22.1 (C-30), 19.7 (CH,1 (C-29 and 26), 16.8 (C-24), 16.5 (C-25).
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Abstract

The thermally dimorphic pathogenic fundg@aracoccidioidess the agent of
paracoccidioidomycosis. This disease is charaeedw a granulomatous inflammation
with clinical forms ranging from a benign localizedection to a disseminated one,
affecting several parts of the body.The glyoxylatele and its key enzymes
isocitratelyase and malate synthase (MLS) playaial role in the pathogenicity and
virulence of various fungi such as the human pathegThe enzyme MLS catalyzes the
production of malate from glyoxylate and acetil-Cdtdis thought that inhibitors of the
MLS will be powerful antifungal without side effescin the patients, once this enzyme is
absent in humans. Here, virtual screening was padgd aiming to obtain compounds
inhibitors toParacoccidioidesspMLS (PbMLS). By using AutoDockVina a total of
89,415 compounds were screened considering theziardaffinity and efficiency. The
amino acids involved on ligation wittbMLS were identified. Since those compounds
were structurally similar to alkaloids compound®atly isolated from natural products
by our group, we performed molecular docking betwlaMLS and those alkaloids
aiming investigate if these compounds could biritiehtly toPbMLS.The alkaloids and
reduced alkaloids were classified according thmigffto POMLS. From 14 compounds
tested, 4 of them inhibitddbMLS, and two of them inhibited the fungus growtn. |
addition, those compounds inhibited the adhesidh@fungus an®bMLSto

extracellular matrix components Fibronectin, Cofagand IV.

Keywords:Paracoccidioides sppnalate synthase, natural products, alkaloidg,afir

screening, adhesion.
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Introduction

Several plant and human pathogenic fungi and baaiélize the glyoxylate
cycle during host infection (Duret al, 2009). This pathway has not been observed in
mammals; therefore, it has been determined asemipaittarget for discovery of new
drugs. Novel active molecules should shorten thratchn of therapy, prevent resistance
development and eliminate latent disease (Kratki\&inSova, 2012; Kriegest al,

2012; Myler and Stacy, 2009).The unique enzymehisfroute are isocitrate
lyase and malate synthase.

In the human pathogenic fungBaracoccidioides sppghe enzyme malate
synthaseRPbMLS) participates in the glyoxylate pathway, whiaables fungus to
assimilate two-carbon compounds from the tricartioxacid cycle and in the allantoin
degradation pathway of the purine metabolism, whiétws the fungus to use nitrogen
compounds (Zambuzzi-Carvalet al, 2009).PbMLS is localized in peroxisomes, on
the cell surface, and is secreted. ABDILS plays a role as adhesin, with capacity to
mediate adhesion and internalization of the furigusost cells (Netet al, 2009).
However, no inhibitor t&’bMLS has been investigated until now.

Here we performed virtual screening aiming to deémc compounds binding to
PbMLS. In the last several years, virtual screeniag become an accepted tool in drug
discovery. It has been successfully applied inmber of therapeutic programs, in
particular, at the lead discovery stage, where-tigbughput molecular docking can play
an important role (Ghosh & Huang, 2006; LavecchiBi&iovanni, 2013) . Receptor-
based virtual screening docks each molecule dirarly into a receptor binding site of
known or predicted 3D structure. It has been swsfablly used to predict high affinity
protein ligands (Leet al, 2009). The molecules of the library are rankecbading to

their predicted binding affinity for the receptompakt from saving time and costs in the
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discovery of ligands for a protein target, an adddl benefit is the increased specificity

of the predicted ligands, because receptor-basadhl/screening is directed against a
known binding site or even against a particulaeptéar conformation (Bruningt al.,
2010).

Indole alkaloids are a class of compound from radoroducts. Due their already
described antifungal activity, we have includedesal/carboline alkaloids isolated from
Rubiaceaespecies in our screening antifungal program ainongjscover compounds
with potential to inhibifParacoccidioides sppndPbMLS. GaliantheGriseb.
(Rubiaceae, tribe Spermacoceae) is a genus congphSiendemic species in South
America, its main center of diversity is locatectantral and southern Brazil (Cordetl
al., 2001; Gudet al, 1990).

Here, we report compounds candidates inhibiRilglLS obtained by using
virtual screening and natural indole alkaloids Inmitimg Paracoccidioides sppnd

PbMLS.

Materials and Methods

Experimental chemistry

General Experimental Procedures: IR spectra wetiarad with a Perkin Elmer
Spectrum 400 FT-IRH and*®C, and 2D spectra were recorded on a BrukerAvance |
500. HRMS were conducted with a spectrometer TokeYWeevo Q-Tof. Plant Material:
biomass (stems, leaves, flowers and root$j.alamosawvas collected on november 2006
and identified by Delprete. The voucher specimesifizte 9955) was deposited at
Federal University of Goias Herbarium.The vegetatarial was dried at temperature

room and the dry material [leaves (879); steam&d},Glowers (22g) and roots (103 g)]
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were powdered and extracted with ethanol 99% feerse times. The ethanol were

removed under vaccum to afford crude ethanolicaexérfrom leaves (EEL, 24.5 g),
flowers (EEF, 9.2 g), steams (EES, 11.9 g) andsr(®ER, 12.6 g). The EEL were
extracted successively with hexane (HL, 0.9 g)pdibrm (CL, 1.5 g), ethyl acetate

(AL, 2.3 g) and methanol (ML, 5 g). This processwepeated with EES and EER).

Receptors preparations

The 3D structures d?PbMLS has not yet been resolved experimentally, h@rev
in our work yet to be submitted (in preparation) wiesent a model to its 3D structure
following two steps: (1) prediction of a 3D modgi lssing homology modWeb (Eswar
al., 2003); (2) Molecular Dynamic simulations witHtsecare GROMACS (Berendsen &
Van Drunen, 1995; Lindahl & Spoel, 2001; Gunsteztal, 1996) to improve relaxation
and orientation of their side chains in solutiorori®linformation about the protocol used

can be checked in this paper we describe in déeileceptor.

Ligands preparations
The structures of natural compounds were obtairad the ZINC database

(Irwin & Shoichet, 2005) format pdbqt. A total 09,815 compounds were selected for
testing without any selection criteria and withaay modification to the original files.
The files of each compound were provided for AutolbWina proceed with molecular
docking simulations, within the parameters of tonsibond angle and bond pre-defined
by them.

3D structures of alkaloids compounds were genenagady the GlycoBioChem
PRODRG2SERVER (Schiittelkopf & Van Aalten, 2004)llé¢wing conversion to PDB

format, charges and non-polar hydrogen atoms wadedausing the
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prepare_receptor4.py script from MGLTools (Moetsal, 2009) and files pdbqt (format
for Autodock) containing individual compounds aedeptor were created. The
conformations of those files were used as inittadformations for proceed with the

molecular docking simulations.

Molecular docking

Molecular docking studies require treatment ofittieraction between the ligand
and receptor through simple functions that may eitne most fundamental aspects of
the affinity between them. AutoDock Vina is a neengration of programs that allows to
proceed with molecular docking of new inhibitorsngsquasi-Newton optimization
method (Nocedal & Wright, 1999) that uses not dhyvalue of the scoring function,
but also its gradient, i.e. the derivatives of shering function with respect to its
arguments (Trott & Olson, 2010). It allows finditige minimum of the function more
quickly within the defined grid (also includes &dbsearch stochastically). Thus,
molecular docking tests were limited to a GRID sunding the main binding pockets of
the protein, which were defined using DogSiteScesstive Site Prediction and
Analysis Server (Grombacher, & Rarey, 2010; Volkgri612). The GRID involving the
main binding pockets of the protein was defineshgdMGLTools (Morriset al, 2009).
Only for simulations involving alkaloids, score togram of 1000 independent
simulations was built the 100 ligands lowest sc@eeincrease the efficiency of the

sampling by AutoDockVina. Score histogram was Hoilteach ligand.

Ligand Efficiency

Recently (Abad-Zapatero, 2007), there has beenggempa simple function able

to select compounds not only by affinity, but féfiaeency. Such function depends on the
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binding energyAG linker between the receiver and the total numbefratoms

(excluding hydrogen), i.e.

Such function depends on the binding enex@ybetween ligand and receptor as well as
the total numben of atoms (excluding hydrogen), i.e.

LE= AG/n,

which classifies the efficiency of ligands accoglio their size. Compounds with fewer
atoms and lower affinity are more efficiency. Fallog this idea, we classify ligands
ZINC database in two ways: (1) according to theestioat AutoDock Vina provides
without any modification and (2) as a function lo¢ tigands with lower LE, since your
score is limited to a maximum pre-set. This ensthexlassification of small ligands and
stability in the cavity. Two scripts were develofectlassify ligands as already

mentioned.

RecombinantPbMLS

RecombinanPbMLS (PbMLSr) was obtained as described by Neto et al. $200
Briefly, cDNA encoding td?bMLS was inserted in the pET-32a(+) expression wecto
(Novagen, Inc., Madison, Wis). The resulting pladmvas transferred to Escherichia coli
BL21 C41 (DES3). His-taggeBbMLSr was purified using the Ni-NTA Spin Kit (Qiagen
Inc., Germantown, MD) and the tags were subsequesithoved by the addition of

EKMax™ Enterokinase (GIBCO™, Invitrogen, Carlsb@d).

PbMLS activity assayin microplate and screening formhibitors
The activity assays as described previously by Roret al (2009) with
modifications. Briefly, were performed with an ewod assay which measures the

amount of CoA. The amount of free thiol groups ofAGvas determined using 5, 5'-
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dithiobis-(2-nitrobenzoic acid) or DTNB (Sigma Aich) (Ornston&Ornston, 1969). The
absorption at 415 nm was measured in a micropéatgar (Microplate reader model 680,
Bio-Rad Laboratories). DTNB was added to a finalaatration of 2 mM. Addition of
DTNB to the mixture arrests the reaction, probahlg to reaction of the DTNB with the
free thiol groups of cysteine (Beeckmans et al94)9The standard reaction mixture
contains 2 pdPbMLS, 100 mMTris.HCI, 5 mM MgGl, 2mMglyoxylate (Sigma-

Aldrich), 1 mM acetyl CoA (AppliChem). Pyruvic acahd fifteen compounds alkaloids
were added at a concentration of 40uM as a positwérol and to assess the inhibitory
potential respectively. Unless stated otherwise réactions were incubated for 30 min at
pH 7.5. The Specific activities are given as U/gdtein. Compound concentrations were
10 uM, 20 uM, 30 uM and 40 uM to recombinBBMLS. All experiments were

conducted in triplicate. The error bars correspimnoine standard deviation.

Minimum Inhibitory Concentration

Paracoccidioides Pb8 (ATCC-MYA-826) was cultivated on Fava-Netto’s
medium (1.0% w/v peptone, 0.5% w/v yeast extra@%@Ow/v proteose peptone, 0.5%
w/v beef extract, 0.5% w/v NaCl, 4% w/v glucosed &M% w/v agar, pH 7.2) (Fava
Nettoet al, 1969) as yeast cells for 7 days at 36°C.

The test folParacoccidioides P8 yeast cells growth was carried out in
accordance with de Paula e Silva et al. (2013gterchine the minimum inhibitory
concentration (MIC). The pure substances extraitted GaliantheGriseb. (Rubiaceae,
tribe Spermacoceae) were prepared as describexlilimas were prepared in RPMI-
1640 (Gibcd™) with L-glutamine, without sodium bicarbonate, plgmented with 2%
glucose, and Htered to a pH of 7.0 using 0.165 M MOPS, (Sigma-istdr. The

Paracoccidioides P8 yeast cells suspension was adjusted to a fimalecdration
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0.5x10 to 2.5x18 cells/mL in RPMI-1640. In the 96-well plates, statrees were added
in serial dilutions, starting from a concentrat@r250 mg/L to 0.48 mg/L. The plates
were incubated at 36°C at 150 rpm for 48 h. Afies period, the
alamarBlue®(Biosource) was employed according thaufacturer’s instructions, and
the plates were incubated for an additional 2étalizing 72 h for the MIC final reading.
The lowest antifungal agent concentration that wuttlly inhibited the growth of the
organism was visually determined at the point whigdre was no change in the original

blue color of the reagent.

Affinity ligand assays

Far-Western blot assays were carried out as prslialescribed (Netet al,
2009) PbMLSr was submitted to SDS-PAGE and blotted ontamnyinembrane. After
being blocked for 4 h with 1.5% BSA in 10 mM PBSkrand then washed three times
(for 10 min each time) in 10 mM PBS-T, the membsawere incubated with fibronectin
(20 ug/mL), or type | and IVcollagen (30g/mL), diluted in PBS-T with 2% BSA for 90
min, and then washed three times (for 10 min emeb)tin PBS-T. The membranes were
incubated for 18 h with rabbit anti-fibronectin, tistype | collagen or anti-type IV
collagen antibodies in PBS-T with 2% BSA (dilutedd0). The blots were washed with
PBS-T and incubated with peroxidase-labeled gottrabbit immunoglobulin (diluted
1:1000). The blots were washed with PBS-T and #deetive signals were developed
with hydrogen peroxide and diaminobenzidine (Sightdrich) as the chromogenic
reagent. The positive control was obtained by iatiny thePbMLSr with the polyclonal
anti-PbMLSr antibody (diluted 1:500), and the reaction wieveloped as described

above.
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ELISA analysis

ELISA was carried out as described by Netal (2009). Briefly, polypropylene
96-well microtiter ELISA plates were sensitized lwilQug/mL extracellular matrix
(ECM) proteins, overnight at 4°C, and then blockigkv2% BSA, 10% fetal bovine
serum and 1% milk. For analysis the percentagebitbm Paracoccidioides Pb3
adhesion to the ECM by compounds, 100 uM eachpound was added, separately, and
incubated for 60 min. A total of $@ells/mL. Paracoccidioides Pb8 was added and
incubated for 16 hours at 37°C. For the analyses ghrcentage inhibition dPbMLS
adhesion to the ECM (ratio 1:1; 5 ug eacRpMLS and 100 puMeach compound,
separately, were added on the plate. Tgercentage inhibition ofPbMLS and
Paracoccidioides Pb8 adhesion to the ECM by compounds was calculated.

The reaction was developed using buffer citrate 4B conjugated witho-
phenylenediamine as chromogenic substrate. Negatiwérols were performed using
PbMLSr or ECM only. Positive controls were performeding antiPbMLSr, anti-
fibronectin, anti-collagen | or anti-collagen IVtdody. The absorbance was measured at
490 nm and the results were analyzed by using @oétwlicrocal ™Origin ™ software

version 5.0 Copyright© (Microcal, 1998).

Adhesion assays and fluorescence microscopy by INECL

The cell lines A549 and MRC5 were used for adhesesting to evaluate the
pattern of adherence Waracoccidioides Pb38, as described by Mendes-Gianrehial
(2004). The epithelial cells were grown in glasstlbs, in a culture medium specific for
this cell line, and maintained at 36.5° C. Afted3ays, the cell line monolayer formed
was trypsinized. Briefly, the cell monolayer was ket with 1 mL of 0.2% trypsin

solution and 0.02% Versene (ATV), and then 1 mIA®Y was added. In the followingl
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to 2 min, the cells were mixed with variable amaunit their corresponding medium plus

10% fetal calf serum. At this stage, the trypsirswautralized by the fetal bovine serum
present in the culture medium. The total volumecefl suspension obtained was
transferred to new bottles to obtain cell concéiums of 16 cells/mL. Cells were
subcultured 2 days in advance. This procedure dredurypsinization with 2 mL of ATV
and the addition of 20 mL of culture medium. Fiventired pL of this mixture were
placed on coverslips in each well of a 24-well @lgx1d cells/well). After adjusting the
Paracoccidioides Pb8 yeast inoculum (1x£05x1¢ cells/mL), the infection was
initiated. Initially, the old medium was removedrn the wells containing the cell line
monolayer and 500 pL of fresh medium were adde@nTB00 pL of yeast suspension
were added to each corresponding plate-well, fabwy incubation at 37° C, for 5 h.
The supernatant was then removed and the wells washed three times with PBS.
Finally, 500 pL of 4% formaldehyde were added toheaell and incubated overnight at
4°C. Then, the infected plates were washed thneestiwith PBS and the potential fungal
infection of pneumocytes was observed by using emagrocessed by the IN Cell
Analyzer 2000 System. All nuclei were DAPI staireetl actin filaments were revealed
with phalloidin-FITC.Paracoccidioides Pb8 andPbMLSr were detected with an Alexa
594-conjugated antibody. All experiments were régebat least three times. Data were
evaluated using one-way ANOVA followed by the Tukegt. A value o< 0.05 was

considered significant.

Cell Cytotoxicity Assay
The assay was performed according (Mosmann, 1988¢. cytotoxicity of
alkaloids compounds was assessed bytetrazolium matction (MTT; 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium broda) method for cell lines A549 and
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MRCS5. The cells were grown in own culture medium B Ham’'s F12 medium

supplemented with 2mM L-glutamine and 5% fetal bevserum, and maintained at
36.5°C. A concentration ranging from 2.5 to 5.0%aélls/mL was used for the formation
of monolayer cells. The pure substances were kegobntact with the cells for 24 h.
After that, the cells treated with 5mg/mL MTT reagéSigma-Aldrich, St. Louis, MO,
USA) and incubated for 4h. After the formation adrrhazan crystals, 1QQ of
isopropanol was added to solubilize the precipitate allow the reading of the result by
changing the color of the medium. The absorbanderaiazan was quantified using an
ELISA reader (enzyme-linked immunosorbentassay)as&60 nm. Hydrogen peroxide

was used as a positive control.

Results and Discussion

Virtual Screening

The simulations involving the search of conformasiaf the compounds on the
surface ofPbMLS were limited to only a region surrounding thaimbinding pockets of
the protein, which was defined as the highest meluof cavity according to the
classification of DogSiteScorer. A total of 13 petk were found inPbMLS by
DogSiteScorer, which have the highest volume of5224%. The second in rank only
have 335.2A.

Using only the classification criteria of AutoDowkna through its function score,
and performing a simulation with each compound (tital of 89415 compounds), two
types of classification were performed: affinitywwolving the selection of 20 compounds

with the lowest scores obtained by AutoDock Vinad eaefficiency - involving the
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selection of 20 compounds with the lowest valuesabH limited to a maximum score of

-8.0 Kcal/mol.

In Figure 1 shows all the compounds that were sadleaccording to two criteria
of classification. For affinity selection, the seaf the lowest value reached was -12 kcal
/ mol for compound ZINC02121309 (Figure 1A). Alrgadelection for efficiency,
compound ZINC00366861 with score -8.2Kcal/mol, hest the lowest LE. Note by
Figure 1B and Table 01 that the selection critéaraefficiency, not necessarily result in
lower scores for the best. For example, the selecempound in twenty have -
9.2Kcal/mol score, while the compound with the leigthscore (-8.1Kcal/mol) ranks third
among the 20 selected compounds.

Figure 2 shows as the top five compounds are acamated in the binding
pocket and aBPbMLS residues that can interact more strongly wahheother. Note that
the two best ligands are accommodated in a cavitigrent from that of other
compounds. In this cavity, the compounds 0212139 @8300073 both are in contact
with the polar residues ARG164, ASP445, ASP117, BEBR ASP114, THR92,
GLU248, TRP275 and MET328. However, there are atgrenumber of hydrophobic
contacts that appear to be most important for takilgy of these compounds than for
other interactions, since the coverage of suchpggdavor an increase in entropy of the
medium. In the case of compounds 08918302, 0070888500709383, all of them are
in a favorable position to interact with ARG50 thgh interactions PI. The polar residues
GLU215, SER251, GLU255, ARG70, HIS217 and LYS28tabute to stability
through electrostatic interactions.

Note further that the compounds 00709385 and 0B®%Be nearly identical

except for a single atom attached to one of heyetes. In this case, our hypothesis for
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the selection of these two compounds is that rteciral forms should result in a very

good complement to this cavity, a fact that cacloecked directly by Figure 2A.

For criterion efficiency rating is noted that thengpound 00366861 presents a
larger number of polar-contact compared to hydrbphoesidue. LYS213 is important
for interactions Pl and HIS169 and THR519 for tberfation of H-bonds (see Figure
2B). ARG164 and GLU248 is critical for stabilitynabst all of compounds shown in

Figure 02B, except for the compound 04293378 whABIG50 assumes this role.

Inhibitory effect of alkaloids compounds onPbMLS activity

PbMLSr inhibition by alkaloids compounds was inveated. From 14
compounds tested, 4 of them inhibit&®bMLS. PP6, RB 16.1, fraction containg
Reserpine as marjoritary compound (LKRW R) and GRR&ibited POMLS more
effectively than the substrate pyruvic acid. Thieiition was higher to LKRW R than to

PP6, GR2, and RB16.1, respectively (Table 4).

Inhibitory effect of alkaloids compounds onParacoccidioides spgrowth

The interference of the alkaloids compounds inRheacoccidioides Pb8 yeast
cells growth was investigated. The microdilutioncroplate assay method Microplate
Alamar Blue Assay (MABA) was used to measure thabiity of Paracoccidioides
Pbl8 yeast cells (de Paula e Siktal, 2013).The results showed that GR2 and LKRW

R inhibited the fungus growth (Table 5).

Inhibition of PbMLS adhesion to ECM

BecausePbMLS is an anchorless adhesin, and binds to fibrametype | and IV

collagen, we investigated if PP6, RB16.1, GR2 akK&®W R could prevent the adhesion
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of PbMLS to those ECM by using Far-Western blot. GR2RW R, RB 16.1 and PP6
(lanes 1-4, respectively) inhibited the adhesioRINILSr to Fibronectin, Collagen I and
Collagen IV (Figure 5A, B and C, respectively). Bigs reaction was visualized to ECM
bound toPbMLS immobilized in the membrane (Figure 5 A, B d&dines 5).

Aiming validate the data obtained above, we ingasé if this process could also
occur by using ELISA assay (Table 7). So, ECM wamobilized in the plate, and after,
the compounds anBbMLS were also added. Negative controls were pertormsing
PbMLSr or ECM only. Positive control was performedings antiPbMLSr, anti-
fibronectin, anti-colagen I, or anti-colagen IV iy (data not shown). It was observed
that PP6, RB16.1, GR2 and LKRW R inhibited #18MLS andParacoccidioides P8
adhesion to fibronectin, type | and IV collageneTihhibition was higher t€bMLS that
to Paracoccidioides Pb3.

ConsideringPbMLS, the higher inhibition was observed to GR2, WWRR and
RB16.1 when type | collagen was used. The higheibition to PP6 was observed using
fibronectin followed for type | collagen. The smatihibition to all compounds was
observed to type IV collagen. Considering the fuggthe higher inhibitions were

observed to type | and IV collagen.

Fluorescence microscopy by IN CELL

Adherence inhibition patterns ¢#bMLS pneumocytes MRC5 and A549 was
evaluated using IN Cell Analyzer 2000 System lightroscopy (Figure 7). The more
intense the red mark, the greater the adhesiongarpocytes MLS. Immunofluorescence
staining of POMLS pneumocytes and adhesion inhibition of MLS Ilkakoids to MEC
was measured (Figure 8 A and B). Adherence inbibfiaracoccidioides/east to A549

and MRCS5 cells were also evaluated (Figure 8 C@ndPhalloidin-FITC (green); DAPI
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(blue); antiParacoccidioidegolyclonal serum plus Alexa 594-conjugated antibfrdd-

to-yellow). The fluorescence staining intensitgi®wn in graphs.

Cell cytotoxicity assay
The cytotoxic effect of the compounds was inveséidan A549 and MRCS5 cells
using MTT assay. The results showed that PP6, RBI&BR2 and LKRW R were not

cytotoxic to MRC5 and A549cells (Table 7).
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Legends

Figure 1. Structures of ligands classified by the criteridimiéty (A) and (B) efficience by AutoDock Vina.

Figure 02. Molecular surface representation of fBBMLS and Ligplots of the protein/ligand in binding
pocket of the five top-ranked compounds by LE. Riimkles indicate residues involved in hydrogenbon
polar or charged interactions; green circles ingigaesidues involved in van der Waals interacti®is
interactions are represented by orange lines; gre@nvs indicate hydrogen-bonds interactions witfira
acid main chains; blue arrows indicate side chamrdgen-bond interactions. The structures of the

compounds shown refers to the lowest score obtdioadthe docking simulations with AutoDock Vina.

Figure 3. Structures of the alkaloids (A) and reduced alldddB).
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Figure 4. Molecular surface representationRMLS and Ligplots of the protein/ligand in bindinggket

of the four top-ranked compounds by LE. Green esgcindicate residues involved in van der Waals
interactions; Pl-interactions are represented lapge lines. The structures of the compounds sheven r

to the lowest score obtained from the docking satioihs with AutoDockVina.

Figure 5. Binding PbMLSr to extracellular matrix component8bMLSr (0,51g) was subjected to SDS-
PAGE and electroblotted. Negative control was ol#di by incubating th&bMLSr with peroxidase-
conjugated anti-rabbit IgG (data not show). Membgawere reacted with fibronectin and types | and IV
collagen (A, B and C, respectively) incubated vatkaloids and subsequently incubated with rabl@ Ig
anti-laminin, anti-fibronectin, and mouse anti-tyljpgnd anti-type 1V collagen antibodies, respedjivéhe
positive control was obtained by incubating theorabinant protein with anti-MLS polyclonal antibody

(A, B and C lane 5). Use of peroxidase-conjugatedrabbit and anti-mouse IgG reveal the reactions.

Figure 6. PbMLS residues which interact with the ligand bindisite in ZINC bank, and position of this

ligand on the surface of the cavipMLS.

Figure 7. PbMLS residues which interact with the ligand bindsitg, and alkaloids position of the surface

of the cavityPbMLS.

Figure 8 (A) and (B) adherence inhibition patterns BbMLS to cells A549 and MRC5 respectively.
Immunofluorescence staining BBMLS pneumocytes. Adhesion inhibition of MLS by alka®it MEC.

(C) and (D) adherence inhibition patternsPafracoccidioides/east to pneumocytes. Immunofluorescence
staining infection after incubation for 2 h withetPbl8 strain in A549 and MRC5 cells respectively.
Phalloidin-FITC (green); DAPI (blue); ariaracoccidioidegpolyclonal serum plus Alexa 594-conjugated
antibody (red-to-yellow); the fluorescence stainimignsity is shown in graphs. The assays were wtted

in an IN Cell Analyzer 2000 using light microscopy.
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5.
A
1 2 3 4 5
P |<— 73kDa
B
1 2 3 4 3
<—73 kDa
C
1 2 3 4 5
<— 73 kDa
6.
A Control PbMLSr
without compound Fibronectin Collagen 1 Collagen IV A549 cells
GR 2
LKRW R
RB 16.1
PP 6
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B Control PAMLSr

without compound

GR2

LKRW R

RB 16.1

PP 6

Fibronectin

Collagen I

Collagen IV MRCS cells

C Paracoccidioides
without compound

GR2

LKRW R

RB 16.1

PP 6
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D Paracoccidioides
without compound Fibronectin Collagen I Collagen IV MRCS cells

)
]
O . N
: -

GR2

LKRW R

LKRB 16.1

PP 6

Table 1 - Ligands in ZINC database Malate Synthatsssified by the criterion of
affinity and efficiency with their respective affilres (AutoDock Vina).

¢ number o number o'
compound:  score compounds  score

Rank ranked by ADVina — &l0MS .04 py ADVina ~ OMS
affinity (Kcal/mol) non- non-

hydrogen efficiency (Kcal/mol) hydrogen
1 02121309 -12.0 32 0366861 82 15
o 08300073  -12.0 31 (3847013 82 15
5 08918302  -12.0 36  (oo32s27 81 15
4 00709385  -11.9 29 3847799 -84 16
5 00709383  -11.8 28 gapg337g -84 16
g 03845566  -11.7 34 oag5644 83 16
7 04222182 -11.7 35 01686135 83 16
g 09033168  -11.7 32 3ga7798 83 16
g 02124782  -11.6 37 00077349 88 17
10 02097658  -115 27 00459445 82 16
11 01085815  -115 28 3881730 82 16
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12
13
14
15
16
17
18
19
20

01207786
08790287
02122985
02120656
08789039
08918445
03840447
04086315
04799397

-11.5
-11.5
-11.4
-11.3
-11.3
-11.3
-11.2
-11.2
-11.2

30
34
39
29
37
35
33
30
36
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01042109 82 16
04267457 82 16
00154770 82 16
00488866 82 16
03131006 82 16
03846454 82 16
01651171 8.7 17
03851049 87 17
04027009 92 18

Table 2 - Molecular Docking between Alkaloids aedaptor Malate Synthase.

Classification Compound

*Affinity

Number of

with greater occurrences Lower affinity value reached in
occurrences inthe 1000 Kcal/mol (humber of occurrence)

(Kcal/mol)  simulations
1° GR1 7.1 532 7.7 (90)
2° PP6 -8.6 252 -8.7 (220)
3° PP1 -7.9 348 -8.1 (37)
3° GR2 -6.9 273 -7,6 (96)
5° PP3 75 150 7.8 (1)
6° PP2 -7.3 121 -7.6 (53)
7° PP5 -7.4 11 -7.4 (11)
8° PP4 7.2 3 7.3 (2)

*Affinity found in Molecular docking simulations ithe binding pocket of Malate Synthase structutee T
statistics were generated through a 'filter' ordyrting the occurrences of a particular score ifpands
that are embedded into the binding pocket of theptor.
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Classification =~ Compound  Affinity with Number of Occurrences Occurrences
greater occurrences of  affinity that affinity smaller
frequency affinity with major affinity  than the affinity
(Kcal/mol) greater greater of greater
frequency in frequency frequency
the 1000
simulations
1° LKRW 24.3 -8 996 0 (none) 4 (with -7,9
Kcal.mol)
. 1 (with -7,7 271 (until -6,5
2 LKRB 16.1 7,6 717 kcal/mol) Keal/mol)
. 592 (until -8,9 181 (until -7,4
3 LKRW R 79 226 Kcal/mol) Kcal/mol)
. 159 (until-7,0 128 (until -5,5
3 LKRB 30.8 6 111 Kcal/mol) Kcal/mol)
. 198 (until -7,5 100 (until -5,4
5 LKRB 44.3 -5,9 100 Keal/mol) Keal/mol)
. 29 (until -7,7 244 (until -5,5
6 LKRB 41.2 73 71 Kcal/mol) Kcal/mol)
. 2 (with -7,4 214 (until -5,4
! LKRB 16.3 73 >4 Kcal/mol) Kcal/mol)

*Simulations performed on a region covering muchhaf structure of Malate Synthase.The statisticewe
generated through a 'filter' only counting the agoences of ligands that are embedded into therniater
cavity of the receiver. As a result, the sum ofuroences do not total 1000. Were discarded becdiase
fittings out of the internal cavity (Figure 1 B a@ql.

Table 4 - Inhibitory effect of alkaloids compoundghe PbMLS specific activity.

Compound  Specific activity (U*/ pL)
Control 521.7+0.2
Pyruvic acid 104.5+0.4
PP6 80.5+0.1
RB 16.1 102.4+0.1
GR2 97.5+0.3
LKRW R 46.2+0.1
GR1 488.410.4
PP3 501+0.3
PP2 512+0.3
PSP11 507.4+0.3
Wedelin 499.8+0.5
Hidantoin 520.1+0.1
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RB 30.8 518.3+0.2
Flawo 21.25 511.6+0.3
RW 19.4 519.9+0.3
LW 24.3 515.540.1

U* = 1 mol of coenzyme A formed per minute.

Table 5 - MIC of compounds alkaloids Baracoccidioides P8 yeast cells.

Alkaloids compounds LKRW R PP6 GR2 RB 16.1

MIC (uM) 102 501 23 709

Table 6. Percent inhibition of the adherencePbMLS and Paracoccidioides PBS to
ECM.

Compound Fibronectin Collagen | Collagen IV
PbMLS/Pb18 PbMLS/Pb18 PbMLS/Pb18
GR2 19.60/30.0 27.59/33.98 21.38/34.63
LKRW R 25.93/5.05 33.03/12.59 21.62/14.36
RB 16.1 18.88/5.27 37.17/31.45 19.47/34.31
PP6 41.10/8.51 31.52/9.18 17.79/12.64

Table 7. Cytotoxic activity of compounds.

ICso valuesuM £ SD

Compound A549 MRC5
GR2 670+0.9 810+1.2
LKRW R 280+ 0.6 410+1.0
RB 16.1 140 +1.3 760 +2.1

PP6 600+1.1 700+0.8
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6 DISCUSSAO

Manuscrito | -Transcriptional and proteomic profile of Paracoccidioidesn response

to itraconazole

Diante da exposicdo a drogas, os fungos tém cagubeide superar a atividade
inibitoria desses compostos através de mecanisspesidicos de resisténcia, alterando o
padréo de expressao génica nestes organismos (Aledralg 2012).

Estudos tém demonstrado que itraconazol induzeaghbo da expresséo de genes
envolvidos no transporte, metabolismo, membrarsgpo®a a estimulos e biossintese do
ergosterol enC. albicans(De Backeret al, 2001). O itraconazol age contra o citocromo
P450 fangico, o qual est4 envolvido nartemetilagdo da molécula de lanosterol. Esse
passo é fundamental para a biossintese de erdpsi@anantém a funcdo da membrana
plasmatica (Sanglard, 2002).

Ergosterol € um componente essencial da membrammatica de fungos,
afetando a permeabilidade da membrana e a atividedeérias enzimas (Vanden
Bossche, 1985). Este esterol tem importante pajpelraspiracdo mitocondrial e
fosforilacdo oxidativa (Dauret al, 1998). Dessa forma, é esperado que mudancgas nos
niveis de ergosterol influenciem a atividade deriaras vias metabdlicas. A deplecéo de
ergosterol e subsequente acumulo de metil-estaraiscélula podem resultar em
alteragbes na membrana, na sintese e atividadeadas venzimas e na atividade
mitocondrial (De Backeet al, 2001).

No presente estudo foi confirmada a inducdo tenhespecialmente no tempo
de 6 h) de genes da via de biossintese do ergbdiste resultado estd de acordo com
estudos prévios, os quais revelaram uma inducdmigtins genes ERG em resposta ao
tratamento com itraconazol (De Bacletral, 2001) e outros azéis (Let al, 2005; Yu
et al, 2007), corroborando o fato de que a via do eegolsé o principal alvo dos azais.
O mecanismo de inducdo da expressao global de g&@sainda ndo € bem conhecido.
Entretanto, a deplecdo de ergosterol na membrasha gsiar levando a esse aumento da

expressao de tais genes.
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Para proteger as células de agentes danificadarematromoléculas como

proteinas, lipidios e DNAs, 0s organismos gerandytas como a glutationa (Takasti
al., 2010). Esta exerce um papel importante na tiesoacdo por xenobidticos e
regulacdo da atividade de muitas proteinas pelatginilacdo (Kauet al, 2012), bem
como metabolismo de vitaminas e co-fatores. As Gibscategorizadas como enzimas
de desintoxicacdo com a habilidade de conjugarudatgpna uma ampla gama de
xenobidticos potencialmente prejudiciais, consiidioi uma superfamilia de enzimas
multifuncionais que catalisam a conjugacdo da giarta a um grupo eletrofilico de
produtos metabdlicos e compostos xenobidticos (Rerfgingh, 2009). Portanto, tais
caracteristicas condizem com a inducdo da expreks&ene codificador da glutationa
S-transferase, a qual provavelmente esta agindoroa a direcionar o itraconazol para
fora da célula. A maioria dos genes de transporémdode membrana esta induzida
provavelmente devido ao desequilibrio da homeosiiséar.

Genes envolvidos no metabolismo de acidos gravtipsdeos podem alimentar a
via do ergosterol, bem como os genes codificaregeecursores metabdlicos e producao
de energia podem produzir acetil-CoA, a qual paar a producédo de ergosterol e
fosfolipidios de membrana. Foram encontrados imbh&zigenes relacionados a tais
aspectos: betaina aldeidodesidrogenase, cistefudfutase, acil-CoA desidrogenase e
piruvato quinase.

Chen e colaboradores (2012) apontam que a ciglegwfurase esta envolvida na
manutencdo da homeostase, no metabolismo de eistaminoacidos, co-fatores e
sintese e processamento de tRNA. A cisteina gelmdaetabolismo pode ser usada para
geracao de importantes metabolitos como a CoAletatigna (Pandegt al, 2011).

Foi demonstrado que em leveduras, a via da piruyaittase aumenta a taxa de
respiracdo do organismo, indicando o requerimerdoedzima para tal processo
(Bluemlein et al, 2012). A piruvato quinase catalisa o Utilmo pada glicolise com
concomitante fosforilagdo do ADP a ATP, levando eétagdo de energia. Price e
colaboradores (2011) mostraram que a delecdo do dgemiruvato quinase bloqueou a
saida de carbono da glicélise, de forma a demarastm@mportancia do metabolismo de
glicose para a viruléncia ef@ryptococcus neoformansleste caso, a producéo de ATP
foi severamente diminuida. Em leveduras, essa enziomtrola diferentes alvos em
resposta as mudancas nas condicdes ambientaisléoul, 2002).

A betaina aldeidodesidrogenase participa da oxidde&arios aldeidos usando o

NADP" como co-fator, reduzindo-o a NADPH. Dessa forraaala geracio de energia e
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participa do processo biossintético da carnitinaufidk-Clares, 2010). Tal enzima

também catalisa a oxidacdo NADP-dependente irrenedrsla betaina aldeido, cujo
produto pode funcionar como osmoprotetor para lman estresse osmotico (Mufoz-
Clares, 2010), o qual pode ser relacionado, nese, @ vulnerabilidade da membrana
desestabilizada pela acédo do itraconazol. Portaniaducdo desses genes pode estar
levando a producéo de ergosterol pelo metabolisen@aidos graxos ou producdo de
acetil-CoA. Outro gene também envolvido no metanoii de acidos graxos e
encontrado induzido foi o da isovalerii CoA desgkpase. Esta enzima catalisa a
degradacdo de leucina e realiza a desidrogenac&o sdbstratos de acil-CoA
influenciando na producéo de acetil-CoA (Uratal, 2010).

Visto que o itraconazol age na célula interferimdo sintese de ergosterol, a
integridade da membrana/parede celular é comprdeel enzima quitina sintase age
polimerizando N-acetilglicosamina produzindo qutim qual é integrada na membrana
plasmatica e parede celular (Bamtsal, 2005). Esta enzima exerce importante papel no
metabolismo de carboidratos, regulacdo da atividaadeica, resposta ao estresse
osmotico e crescimento celular. Takeshita e cotmes (2005) demonstraram que a
quitina sintase possui funcao crucial na manutedgdiotegridade da parede celular. Foi
demonstrado que altos niveis de ergosterol inibenuitina sintase, enquanto que
mutantes d€andida albicansom baixo conteudo de ergosterol mostraram aunta#o
niveis de quitina sintase (Vanden, 1985). No presestudo, o gene codificante para o
regulador da quitina sintase foi encontrado induzgligerindo que a sintese de quitina
direcionada para a parede celular, esteja supandeficiéncia de ergosterol, visando o
reestabelecimento da integridade da membrana pli@sima

Os triacilglicerdis sdo a mais importante formaatiazenamento de energia e
biossintese de acidos graxos requeridos para a raganbelular de eucariotos. A enzima
fundamental na biossintese desses gliceréis écigtizerol aciltransferase (Sorger &
Daum, 2002; Liuet al, 2010). Kalscheuest al (2004) demonstraram que tal enzima é
chave para o armazenamento de lipidios e sinteseadiglicerol em bactérias gram-
negativas €5. cerevisiacbem como na biossintese de esteréis em leveAusaper-
expressao do gene da diacilglicerol aciltransfe@esa um significativo aumento no
acumulo de lipidios er8. cerevisiagKamisakaet al, 2010), e os fosfolipidios formados
pela acdo da enzima podem afetar a biogénese darararcelular (KAMISAKAet al.,
1997).
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A resposta celular a condicbes de estresse, ta® &evacdo de temperatura,

estresse oxidativo ou inanicdo, € um processo DEGE em organismos vivos. Tais
tensdes podem resultar em desdobramento protejgegacdo ndo especifica, e em
altima analise, morte celular. Dessa maneira, deda neutralizar os prejuizos causados
a célula, ocorre a sintese das heat shock profei8®s), também conhecidas por
chaperonas, as quais sao proteinas especializadaatupm auxiliando o enovelamento
proteico, evitando erros no desdobramento e agbiegage proteinas. As chaperonas
encaminham a proteina a destruicdo, caso nao ssgivpl atingir o enovelamento
correto (Richteret al, 2010). Existem quatro grandes familias de HSBsHSP100,
HSP90, HSP70 e HSP60, as quais sdo proteinasodeeald molecular e dependentes de
ATP. Em nosso trabalho encontramos e confirmamodanga de expressao de trés
genes pertencentes a essa familia, tais como HEFRRB0 e HSP70. Nagab al (2012)
demonstraram er@. albicansa importancia da proteina MSI3, pertencente alfamas
HSP70, relacionado a sua resposta celular em masda fluconazol. Testes de
susceptibilidade a drogas indicaram que a repredadexpressdo de tal proteina em
linhagens mutantes resultou na hipersensibilidatiecanazol. Os niveis de expressao de
HSP70 foram aumentados nas linhagens controle gposta ao antifingico, sugerindo
gue esse processo confere tolerancia ao flucordamgaoet al, 2012). Tais dados
corroboram com nossos resultados tendo em vistalgdo de HSPs, confirmando a
condicao de estresse Baracoccidioidesausada por itraconazol.

Uma das maneiras da célula expulsar agentes esterndesintoxicar-se é a
utilizacdo das bombas de efluxo. Tem sido desqut® emS. cerevisiae(Niimi et al,
2005) e enC. albicansum dos mecanismos moleculares de resisténciais @aosuper
expressdo de genes de bombas de efluxo de drogsisréMdt al, 2007; Gauret al,
2008; Holmeset al, 2012). MFS (Major Facilitator Superfamily) é urfamilia de
transportadores de pequenos solutos em resposif@grandas no gradiente quimico-
osmotico da célula (Gauet al, 2008), e esta envolvida na desintoxicacdo aelula
transporte de drogas, acucares, intermediariososimrilacdo glicolitica (Paet al,
1998). Gauret al (2008) observaram que a inducdo do gene MFS dexesisténcia
especifica a drogas. Jacquot e colaboradores (H@3¢jeveram que o produto do gene é
uma permease, mantendo a concentracdo da droga alealimiar dos niveis tdxicos ou
de inibicdo do crescimento € cerevisiae

As alteracdes nos perfis de protéicosPdgacoccidioidesapos exposicao de ao

itraconazol foram analisados utilizando eletroferem gel 2D. Utilizando o gel image
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software de um total de 46§potsa partir das condi¢cdes tratado e controle foram

sobrepostos com sucesso, encontrando assim, l&®rdifalmente expressos onde, 65
proteinas eram induzidas e 73 reprimidas. Destaterpos destacar as proteinas
correlacionadas a via de atuacdo do itraconazolocomocromo P450 55A1, dentre
outras tais como succinil-CoA-ligase subunidade,b@atoteina contendo dominio CobW,
propionil-CoA-carboxilase, L-treonina desidrogengge proteina de choque térmico
HSP60 e peptidil-prolil cis-trans isomerase B.

Finalmente, foi investigado se os transcritos diferalmente expressos no RDA
também foram expressos na condig@eivo utilizando camundongos Balb/c infectados
com Paracoccidioides Pb3 tratados com o itraconazol. Foi evidenciado que
tratamento com itraconazol reduziu a carga fungmad2% nos animais infectados. Em
seguida, utilizando RNAs extraidos do fungo recagerapos o processo de infeccéo e
tratamento, concluimos por gRT-PCR, que os genes$S,MEST e CHSr foram
diferencialmente expressos, corroborando os ddutios no RDA.

Manuscrito Il -p - carboline alkaloids from Galianthe ramosaRubiaceae) inhibiting
Malato Synthase from theParacoccidioides spp

Os compostos alcaldides 1 e 2 foram testados cBanaccoccidioides para a
enzimaPbMLS. Os alcaldides 1 e 2 inibiram o crescimentd’deaccocidioidessom os
valores de MIC de 185 uM e 26 uM, respectivameteefeitos dos alcaldides 1 e 2 na
PbMLS foi avaliado. Alcaléide 1 nédo teve atividadebitoria sobrePbMLS, mas o
alcaldide 2 inibiu @2bMLS com G de 50 pM.

Aqui elucidamos de formula estrutural dos alcaldidee 2, além disso é o
primeiro relatério de que alcaldides sejam id@#dos como um inibidor dBbMLS.
Nos nossos testes de bioatividade coRtlsILS observamos que o alcaloide 2, mostrou
resposta dose dependente semelhante ao acidocpir(oontrole); o alcaldide 1 né&o
inibiu PbMLS.

Em conclusdo, temos que dois novos alcaléides @) éoram isolados de
Galianthe ramosa sendo que alcaldéide 2 exibe atividade relevantatra
Paraccoccidioide® PbMLS. O alcaldide 2 é o primeiro alcaloide inibidie PbMLS, e
este nos fornece uma evidéncia adicional para apoimportancia desta classe como
uma fonte rica de novos compostos bioativos e ca@erbrasileiro como fonte de novos

alcaldides bioativos. Os resultados acima foranpborados por dados obtidiwssilico.
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Manuscrito Il -Virtual screening and natural products ininhibiting malate synthase

of Paracoccidioides spp

Nos ultimos anos, ascreeningvirtual tornou-se uma ferramenta aceita na
descoberta de medicamentos, sendo aplicada consssu@n diversos programas
terapéuticos. Receptores baseadosserseningvirtual de uma molécula no local de
ligacdo do receptor a estrutura 3D da proteinahecida ou previsivel, tem sido utilizado
com sucesso para prever ligantes de alta afinidadma determinada proteina (Lete
al., 2009). Alcaldides sdo uma classe de compostiddasha partir de produtos naturais.
Devido a sua atividade antifingica ja descritaluiimeos varios alcaldides carbolinicos
isolados de espécies de Rubiaceae em nem®®ningcom o objetivo de identificar
compostos com potencial para iniBiaracoccidioidese POMLS. Deste modo, relatamos
aqui compostos obtidos por meio siereeningvirtual, bem como a partir de produtos
naturais, os quais interferiram détaracoccidioides PbMLS.

Utilizando os critérios de classificacdo de Autob&ina através de sua fungéo
de pontuacdo, realizamos uma simulacdo com cadgpaston (0 total de 89.415
compostos), foram realizados dois tipos de classgifio: afinidade (envolvendo a selecao
de 20 compostos com as pontuacdes mais baixasasbpidlo AutoDock Vina) e
eficiéncia (envolvendo a selecdo de 20 compostos e® menores valores de LE e
limitado a uma pontuagdo maxima de -8,0 Kcal / mol)

A inibicdo dePbMLSr por compostos alcaldides foi investigadaalertodo que
dos 14 compostos testados, quatro deles inibirativi@lade dePbMLS, séo eles: PP6,
RB 16,1, fracdo contendo Reserpina como composjaritdaio (LKRW R) e GR2.

A interferéncia dos compostos alcaléides no cremcion de células
leveduriformes dé”aracoccidioides P18 foi investigada. Através do método de ensaio
de microdiluicdo em microplacas (MABA) investigam®gjuantificamos a viabilidade
das células leveduriformBaracoccidioides Pb8 (de Paula e Silvat al, 2013). Os
resultados mostraram que GR2 e LKRW R inibiram es@mento do fungo de forma
significativa, indicando assim que ambos 0s congsosfo promissores No processo de
inibicdo de crescimento fungico.

Uma vez qué’bMLS é uma adesina, e se liga a fibronectina, colaggo | e IV,
investigamos se PP6, RB16.1, GR2 e LKRW R podenapedir a adesdo de@bMLS e
de Paracoccidioides Pb3 aos MEC utilizandd~ar-Western blgt ELISA e IN Cell
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Analyzer 2000 System light microscopy. Os resuléadwostraram que PP6, RB16.1,
GR2 e LKRW R inibiramPbMLS e Paracoccidioides Pb8 no processo de adesdo a
fibronectina, colagenos do tipo | e IV. A inibicdoi maior paraPbMLS que a
Paracoccidioides Pb3. ConsiderandBbMLS, a inibicdo maior foi observada para GR2,
LKRW R e RB16.1 utilizando colageno tipo |. A maiaibicdo para PP6 foi observada
usando fibronectina seguido por colageno tipo |.cOspostos PP6, RB16.1, GR2 e
LKRW R né&o foram citotoxicos para as linhagens élelas A549 e MRC5 utilizando
MTT.

Analises Protedmicas IV Anfotericina B

Nesta etapa do trabalho, utilizamos a técnica eleoébrese bidimensional (2D)
acoplado a identificacdo por espectrometria de asaB$ALDI-QTOF MS e MS/MS
como ferramentas prote6micas para investigar al gierforoteinas d@aracoccidioides
durante o contato com anfotericina B.

Osspotsde proteinas obtidos dos géis 2D foram retiradiggridos com tripsina
e os peptideos foram analisados por PMF e/ou MSAshtidas por meio de modo de
operacgédo refletido e LIFT (manual e automatico).afdlises de PMF e MS/MS feitas
por sequenciament®e novo utilizando o programa PepSeq. Todas as proteinas
identificadas foram pesquisadas no banco do NC&inr restricdo para fungos. Vinte e
nove proteinas foram identificadas e sequenciadaspndicdo tratada com anfotericina
B por MS/MS.

Na presenca de anfotericina B varias proteinasPdeacoccidioidesforam
induzidas. HSPs esta envolvida nos processos dealetlular e viruléncia; sabe-se que
existem quatro grandes familias de HSPs, as HSPH®P90, HSP70 e HSP60, as quais
sdo proteinas de alta massa molecular e dependdnt@3P, que atuam auxiliando o
enovelamento proteico, evitando erros no desdobreme agregacdes de proteinas. As
chaperonas encaminham a proteina a destruicdo, r@soseja possivel atingir o
enovelamento correto (Richtet al, 2010). Nagao e colaboradores (2012) observaram
gue os niveis de expressdao de HSP70 foram aumentado linhagens controle em
resposta ao antifiingico, sugerindo que esse pmcesgere tolerancia ao fluconazol.

A enzima enolase, a qual cataliza a desidratag@vsieel da 2-fosfo-D-glicerato

a fosfoenolpiruvato na segunda metade da via diica| foi induzida em nossos estudos.

138



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto
Sabe-se que no fund®aracoccidioidesa enolase tem sido encontrada tanto no citosol

guanto na superficie celular do fungo e também gl relacionada a viruléncia por
atuar como receptor do plasminogénio, aumentancldamizacao e invasao (Velosd
al., 2010). Além do plasminogénio, foi demonstrada pwmnofrio et al. (2009) a
capacidade da enolase em se ligar ao fibrinogéoitnaspedeiro, o que facilitaria a
disseminagdo do patdgeno em tecidos do hospedestabelecendo o processo de
infeccao.

Winterset al. (2008) detectaram 35 proteinas que tiveram sieessrdiminuidos,
dentre elas enolase, malato desidrogenase, satagsidrogenase, HSP70, asparaginil-
tRNA sintetase e uma proteina néo caracterizadaesEsesultados sugerem uma
necessidade dd. capsulatunpor induzir funcdes metabdlicas especificas panapetir
com alterac6es no ambiente do hospedeiro.

Diversos estudos tém descrito que acidos-graxopa@nciais fontes de carbono
para fungos patogénicos durante infeccdo e a deldedgenes envolvidos na beta-
oxidacdo causa uma acentuada atenuacdo da viaul@Remirez & Lorenz, 2007).
Encontramos aqui, um aumento na expressao de gmmkficantes para proteinas
envolvidas na beta-oxidacéo de lipideos, tais cenmil-CoA hidratase e 3-cetoacil-CoA
tiolase.

As diferentes categorias funcionais evidenciada®stado tais como sintese e
enderecamento de proteinas, ciclo celular, vialjlica, ciclo do acido citrico, transporte
celular, metabolismo de lipidios e sintese e emdenento de proteinas, reforcam os
dados da literatura da a¢do de amplo espectro fdestaco.
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8. CONCLUSOES

1 — Este é o primeiro estudo visando analisar atangas na expressao génica em
ParacoccidioidesPb01 diante da exposicdo ao itraconazol. Entre oegeafetados,
foram identificados genes unicos pdParacoccidioides PBl, bem como genes em
comum encontrados em outros fungos. Os resultadogtro foram validados por
experimentosin vivo. ERG11, ERG6, ERG3, ERG5 e ERG25 foram regulados
temporalmente. E o0s niveis de distribuicdo de ¢egols foram avaliados em
Paracoccidioides Pb8, e os resultados demonstram a influencia deoivazol na
distribuicdo deste componente de membrana do fubgoesultados obtidos aqui devem
ajudar a compreender o modo de acao do itracoeazBhracoccidioides spp

2 — Simulagbes de acoplamento molecular permiticdassificar potenciais
compostos que se ligam ao sitio cataliticdPthILS. Devido a similaridade estrutural
dos compostos com 0s podutos naturais alcaldidsgseforam obtidos de plantas do
Cerrado. Os alcaldides PP6, RB 16,1, fracdo contdRdserpina como composto
majoritario (LKRW R) e GR2 inibiram a atividade d@MLS, o crescimento de
Paracoccidioidese a adesdo debMLS e do fungo aos ECM utilizandéar-Western
blot, ELISA e IN Cell Analyzer 2000 System light miccopy. Os compostos nao foram
citotoxicos para as células A549 e MRCS5.

3 — As andlises protedmicas identificaram proteinasréifcialmente expressas
para a condi¢do de tratamento com AnfotericinasBaseforam confirmadas por MS/MS.
Proteinas envolvidas nos processos de defesa rcetlaviruléncia, sintese e
enderecamento de proteinas, ciclo celular, vialjiica, ciclo do acido citrico, transporte
celular, metabolismo de lipidios e sintese e empdenento de proteinas, corroborando os
dados da literatura da acdo de amplo espectro f&staco e direcionando 0s proximos
estudos em HPLC-MS de caracterizacdo do perfilémot de Paracoccidiodesem

contato com estes farmacos.
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Abstract

Background: The pathogenic fungus Paracoccidioides brasifiensis is the agent of
paracoccidioidomycosis (PCM). This is a pulmonary mycosis acquired by inhalation of fungal
airborne propagules that can disseminate to several organs and tissues leading to a severe form of
the disease. Adhesion and invasion to host cells are essential steps involved in the internalization
and dissemination of pathogens. Inside the host, P. brasiliensis may use the glyoxylate cycle for
intracellular survival.

Results: Here, we provide evidence that the malate synthase of P. brasiliensis (PbMLS) is located on
the fungal cell surface, and is secreted. PbMLS was overexpressed in Escherichio coli, and polyclonal
antibody was obtained against this protein. By using Confocal Laser Scanning Microscopy, PbMLS
was detected in the cytoplasm and in the cell wall of the mother, but mainly of budding cells of the
P. brasiliensis yeast phase. PbMLSr and its respective polycional antibody produced against this
protein inhibited the interaction of P. brasiliensis with in vitro cultured epithelial cells A549.

Conclusion: These observations indicated that cell wall-associated PbMLS could be mediating the
binding of fungal cells to the host, thus contributing to the adhesion of fungus to host tissues and
to the dissemination of infection, behaving as an anchorless adhesin.

Background Paracoccidioides brasiliensis, a thermally dimorphic fungus
Paracoccidioidomycosis (PCM), the most important sys-  pathogen, is the pulmonary infective agent [1,2]. This ini-
temic mycosis in Latin America, is a chronic granuloma-  tal interaction appears to govern the subsequent mecha-
tous disease that affects about 10 million people. nisms of innate and acquire immunity, which result in

localized infection or overt disease [3].

FPage 1 of 12
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Abstract

Background: The fungus Parococcidioides spp is the agent of paracoccidicidomycosis (PCM), a pulmonary rmycosis
acguired by the inhalation of funga! propagules. Paracoccidioides malate synthase (PBMLS) is important in the
infectious process of Paracoccidicides spp because the transcript is up-regulated during the transition from
mycelium to yeast and in yeast cells during phagocytosis by murine macrophages. In addition, PBMLS acts as an
adhesin in Paracoccidioides spp. The evidence for the multifunctionality of PBMLS indicates that it could interact
with other proteins from the fungus and host. The objective of this study was to identify and analyze proteins that
possibly bind to PBMLS (PBMLS-interacting proteins) because protein interactions are intrinsic to cell processes, and
it might be possible to infer the function of a protein through the identification of its ligands.

Results: The search for interactions was performed using an in vivo assay with a two-hybrid library constructed in

S. cerevisige; the transcripts were sequenced and identified. In addition, an in vitro assay using pull-down GST
methodology with different protein extracts (yeast, mycelium, yeast-secreted proteins and macrophage) was performed,
and the resulting interactions were identified by mass spectrometry (MS). Some of the protein interactions were
confirmed by Far-Western blotting using specific antibodies, and the interaction of PEMLS with macrophages was
validated by indirect immuncfluorescence and confoca! microscopy. in silico analysis using molecular modeling,
dynamics and docking identified the amino acids that were involved in the interactions between PAMLS and
PbMLS-interacting proteins. Finally, the interactions were visualized graphically using Osprey software.

Conclusion: These observations indicate that POMLS interacts with proteins that are in different functional categories,
such as cellular transport, protein biosynthesis, modification and degradation of proteins and signal transduction. These
data suggest that PLMLS could play different roles in the fungal cell.

Keywords: Paracoccidioides spp, Malate synthase, Protein-protein interactions

Background

In vivo, the Paracoccidioides spp transition from mycelium
to yeast cells is governed by an increase in temperature that
occurs upon contact of the mycelia or conidia with the
host. The fungus, a complex of several phylogenetic species,
causes paracoccidioidomycosis (PCM), a human systemic
mycosis. The infection begins with the inhalation of fungal
propagules, which reach the epithelium of the alveoli,
where the mycelium differentiates to the yeast pathogenic

* Correspondence: maristelaufg@gmait.com
sttute de Ciéncias Bioldgicas

Laboratdric de Biologia Mo'ecular, |

form [1]. Although most clinical forms of the disease are
asymptomatic, severe and progressive infections involving
pulmonary and extra-pulmonary tissues occur [2]. A high
percentage (80%) of cases of the disease is reported in
Brazil, where PCM is the leading cause of death among the
systemic mycoses. PCM is the eighth-leading cause of mor-
tality among infectious and parasitic diseases, which estab-
lishes it as a serious public health problem [3-5].
Paracoccidioides malate synthase (PEMLS) appears to be
important to the infectious process of Paracoccidioides
spp because the transcript is up-regulated during the tran-
sition from mycelium to yeast, during the infectious phase
[6], and in yeast cells during phagocytosis by murine
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Anexo 4 — Anadlises Protedmicas

Apresentaremos agora os resultados protedmicodoshdité o presente momento
nas condicdes tratado e controle diante do aniiférenfotericina B.

Os extratos protéicos nas condicbes estudadas fotatidos seguindo um
procedimento ja estabelecido (Fonsesa al, 2001). O tempo determinado para
incubagdo com o antifungico foi determinado por PER tempo real, 6 horas para
itraconazol e 4 horas para anfotericina B, utild@se genes ja descritos expressos nas
mesmas condi¢cdes em outros fungos (De Batké, 2001;Diao et al, 2009).

As condi¢Bes para eletroforese bidimensional (2-0&3 proteinas do fungo
Paracoccidioidesforam padronizados para a faixa de pH de 3-11lim&ar. Os géis
foram realizados com amostras preparadas em diésrezondicées como o0 uso do
reagente Clean-up (GE Healthcare) para eliminarfertentes que pudessem prejudicar a
focalizagcdo isoelétrica das proteinas. Através olaracdo comComassie bluefoi
possivel a resolucdo e deteccdo de cerca de 9gdts de proteinas com massas
moleculares de 11 a 127 kDa e pl de 3,3 a 11 pawendicdo determinada. O perfil
protéico tratado com anfotericina B apresentou umglia de 481spots Os perfis
protéicos foram reprodutiveis considerando-se @dicedas técnicas e as amostras
biolégicas. Para se avaliar os niveis de expresdde proteinas do fungo
Paracoccidioides a intensidade de coloracdo dgotsnas condicbes especificas foi
comparada através do software Image Master Platifuth (GE Healthcare).
Inicialmente, foi realizado o pareamento entreripidatas das amostras de controle; em
seguida o mesmo procedimento foi realizado pamatarhento com cada antifungico.
Logo apas, pareou-se o0 gel mais representatinastej da forma controle com master
da forma tratada com o antifingico itraconazol terfoina B. Foi gerada entdo, uma
lista dosspotscontendo dados como volume, volume normalizadad€eadaspo) e
valores experimentais de massas moleculares dad®zglimensdo e pl da primeira
dimenséo de todos ospots Para comparar as diferencas na expressao dasnaot
entre as condicbes analisadas, spsts que parearam entre as trés condi¢cdes foram
analisados estatisticamente pelo teste de ANOVA (p05). As analises revelaram que
78 spots de proteinas foram diferencialmente egpsero tratamento com anfotericina
B. A Figura 3 (A e B) apresenta um gel bidimensignaste) da condicéo realizada.
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Figura 3 — Perfil de proteinas dearacoccidioidesdentificadas por espectrometria de massa. Imagem

2-DE referente a controle (A) e tratado com anfoies B (B). O gradiente de pH esta marcado aclma

gel e a massas moleculares do padrao (kDa) est@adas a esquerda dos géis.

Osspotsde proteinas obtidos dos géis 2-D foram retiradigridos com tripsina
e 0s peptideos foram analisados por PMF e/ou MSAMBabela 1 mostra a relacdo de
todas as proteinas identificadas até o momentajasbpor meio de modo de operacao
refletido e LIFT (manual e automatico) e as andlide PMF e MS/MS feitas por
sequenciamentoDe novo utilizando o programa PepSeq. Nas tabelas também
eoncontramos 0 comop e a massa molecular tedricos e experimentais akespat 0
namero de peptideos encontrados, a porcentagewbeetura de sequéncia em relacdo a
sequéncia total e os peptideos confirmados por MS/Mdas as proteinas identificadas
foram pesquisadas no banco do NCBInr com restrgd@@a Fungos. Cada peptideo
apresentado na Tabela obteve seore acima do valor aceitavel, indicando identidade
confiavel (p < 0,05). Foram identificadas e segisgtas, na condi¢cdo tratada com
anfotericina B, 29 proteinas por MS/MS, dentre &l&Ps envolvidas nos processos de
defesa celular e viruléncia, sintese e enderecam@mtproteinas, ciclo celular, via
glicolitica, ciclo do acido citrico, transporte welr, metabolismo de lipidios e sintese e
enderecamento de proteinas, corroborando os daaldgechtura da acdo de amplo
espectro deste farmaco.

154



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto

Tabela 01: Paracoccidioidesidentified proteins with differential expression duing exposition to
amphotericin B.

MS/MS

Matched
Score  peptided

Exp/ Exp/
Gene Bank — NCBI JE Mw "

reference/Proteindescriptior!
XP_002794019.1/Nucleoside diphosphate 112

6 8.32 678032
XP_002790476.1/Heat shock protein SSB1 143 4 9.75 234743
3

XP_002796904.1/Proteasome component 135 6.51 367498
XP_002796993.1/Proteasome component C1 201 5 5.38 37845.82
XP_002795393.1/ Phosphoglycerate kinase 160 9 5.97 43404
XP_002797404.1/Hsp70-like protein 174 7 5.77 68784.13
XP_002796914.1/ DNA damage checkpoint 189 3 4.74 32333.87
XP_002796107.1/ Fructose-bisphosphate 129 6 6.89 40325
XP_002793322.1/ Osmotic growth protein 150 7 6.90 67912.01
XP_002789587.1/ Serine 187 4 6.39 422384
XP_002796872.1/ Bifunctional purine 105 8 S5.47 422855
biosynthesis protein ADE17

XP_002795188.1/ 3-ketoacyl-CoA thiolase 176 4 8.65 43441.12
XP_002792358.1/ Endoplasmic reticulum and 144 8 6.64 99190.98
nuclear membrane proteinc Npl4

XP_002793533.1/ Spermidine synthase 188 7 6.23 32640.32
XP_002791570.1/ Enoyl-CoA hydratase 79 5 8.62 72146
XP_002797514.1/ Malate dehydrogenase 144 3 7.99 34635.01
XP_002795760.1/ Ran-specific GTPase- 193 6 6.81 25932
XP_002789992.1/ Heat shock protein 110 3 5.51 48432
XP_002789119.1/ Tropomyosin-1 165 9 6.45 613594
XP_002788998.1/ ATP 128 6 8.87 26277
XP_002795658.1/ Thioredoxin 146 5 4.80 234389
EEH47729.1/ Hexokinase 134 7 4.89 47471.76
XP_002789006.1/ TCTP family protein 198 6 4.75 20183.65
XP_002797866.1/ General alpha-glucoside 206 1 5.58 70340.27
XP_002794041.1/ Fatty acid transporter 162 9 5.47 71527.38
XP_002796912.1/ Enolase 138 3 6.27 63468
XP_002791305.1/ Conserved hypothetical 172 2 6.36 32909.65
XP_002795966.1/Hypothetical protein 153 2 4.82 13997.74

**Spots visualized only in exposition amphotericin B condition;

®Accesion number/Protein description — accession number of matched protein from GenBank general information identifier;
Expt/ pl — experimental/isoelectric point;

"Expt/MW (kDa) — experimental/molecular weigh;
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Anexo 5 — Patente para utilizacdo de compostos aléales como inibidores da MLS
no tratamento de micoses

“UTILIZAC,‘AO DE COMPOSTOS ALCALOIDES COMO INIBIDORES DA
MALATO SINTASE NO TRATAMENTO DE MICOSES”, descreva aplicacao de
alcaléides como candidatos a prototipo de farmamo pssa atuar diretamente sobre a
enzima malato sintase (MLS), uma das enzimas ath@wéclo do glioxalato, presente em
patégenos causadores de enfermidades em verteprasloguais por sua vez, nao
possuem a referida enzima. O modelo foi propossedizo em estudda vivo com
células leveduriformes dearacoccidioides in vitro com a enzima MLS recombinante
(PbMLST), visando propor um novo candidato a antiféogiara o tratamento alternativo

da paracoccidioidomicose (PCM), bem como outracigfies fungicas.

CAMPO DA INVENCAO

A presente invencdo relata a indicacdo de compadtadoides a prototipo de
farmaco, visando o desenho racional de antifGngiana atuar diretamente sobre enzima
MLS, uma das enzimas chave do ciclo do glioxalat@ fundamental para a
sobrevivéncia de microorganismos patogénicos neriont de hospedeiros. Para tal,
foram realizados testes de atividade enzimaticRl¢LSr, bem como a determinagéo
da concentracdo inibitéria minima (CIM) sobre a#ul leveduriformes de

Paracoccidioides

BACKGROUND DA INVENCAO E ESTADO DA TECNICA

O fungoParacoccidioides o causador da PCM, uma micose humana sistémica
granulomatosa, enfermidade de alta prevaléncia midamle, inicialmente descrita por
Adolpho Lutz (LUTZ, 1908). O fungo infecta o hospgd humano usualmente atraves
das vias respiratorias, por inalacao de conidiomsade miceélio a 2&€, diferenciando-
se para a fase de levedura 4@6resultando na formacao de um foco inflamatods n
pulmbes do hospedeiro (BRUMMERt al, 1993; RESTREP@t al, 1985), de onde
pode disseminar-se por vias hematogénica ou liafataicometendo outros 6rgaos e
sistemas como figado, bago, ossos e sistema necevdml (VALERA et al, 2008;
CAMARGO & FRANCO, 2000; SAN-BLAS, 1993). O contaioicial do hospedeiro
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com o fungo aparentemente evolui para uma infe#irlinica ou assintomatica.

Quando h& progresso da infec¢do ocorre o estatmeleto da doenca em uma das duas
formas clinicas conhecidas, a forma aguda ou tigenjil e a forma cronica ou adulta
(FRANCOet al, 1987).

Independentemente do 6rgéo afetado, a PCM é usni@rassociada a formacéo
de fibrose que, na maioria das vezes, interfenm@eentemente na qualidade de vida das
pessoas afetadas (TOB@Mal, 2003). Em estudo de reviséo realizado por Peadi
(2009), entre 1996 a 2006, um total de 3.583 psssmareram acometidas por micoses
sistémicas, sendo a PCM responsavel por 53,9%sdesiges, posicionando-se como a
nona causa de morte entre as doencas parasitéripaisie a primeira causa de morte
entre as micoses humanas sistémicas.

A PCM ¢ tratada com dosagens agressivas de antfggnas como em outras
infec¢gBes fungicas, o tratamento € um processo,l@oddendo se estender por meses ou
anos (HANHet al, 2003; MENDESet al, 1994). Em consequéncia disso, o tratamento
tem como caracteristica efeitos colaterais adverssoscerteza da cura efetiva (KAREN
et al, 2004). As medicacdes disponiveis atualmente rmposker administradas via oral,
intravenosa e intramuscular (MENDESal, 1994). A sulfonamida foi a primeira droga
empregada no tratamento da PCM na década de 40 NBEEELRO, 1985), agindo de
maneira competitiva com o acido para-aminobenz{&BA), impedindo a utilizacao
deste para a sintese do acido folico (PETRI, 20@d3teriormente, foram utilizados os
polienos, com destaque para a anfotericina B, & fqueeficiente no tratamento de
infecgcBes viscerais e de infecgbes fungicas ineasém pacientes imunocomprometidos
(ODDS et al, 2003). A anfotericina B atua ligando-se ao daeyo$ presente na
membrana do fungo prejudicando as fun¢gbes de mamli@ mesmo (BENNET, 2001).
Os azoles, também muito utilizados, atuam inibimdacdo da enzima esterol d4-
dimetilase fazendo com que ocorra uma diminuicabidssintese do ergosterol situado
na membrana plasmatica do fungo (ESPINEL-INGROR12MHAHN & HANDAM,
2000; SHEEHAN, 1999).

Estudosin vivo mostraram a resisténcia @aracoccidioidesas sulfonamidas,
azoles e anfotericina B (LACAZt al, 1959; RESTREPO & TABARES, 1984). A
resisténcia a cetoconazol e trimetropim-sulfametokeambém foi descrita em isolados
de pacientes que apresentavam falhas ao tratanoemto combinacdo de drogas
(YASUDA, 2005).
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O Unico antimetabdlito administrado como antifuogé& o 5-fluorocitosina (5-

FC), uma pirimidina sintética que interfere tantbmetabolismo das pirimidinas como
na sintese de RNA, DNA e proteina de células fasgi&RCMERY, 2005). A nova
geracdo de agentes antifungicos da classe dasoegoaiinas, que compreende a
caspofungina, micafungina e anidulafungina, inibansintese do polimero de 13-
glucana de fungos, resultando na producédo de uredgaelular osmoticamente instavel
e estruturalmente comprometida (KLEPSER, 2003)effartto, apresentam um limitado
espectro de atividade pdParacoccidioidegNAKAI et al, 2003).

Varios problemas relacionados aos antifUngicogenies tém sido evidenciados,
principalmente em relacdo a toxicidade dos mesmM&GARWAL & SINGH, 2006;
KLEINBERG, 2006; LEMKEet al, 2005; FUKUIet al, 2003; ZEICHNERet al, 2003;
RUHNKE et al, 1994; GALLISet al, 1990). Apesar da existéncia de potentes agentes
antifingicos, isolados resistentes ou multi-resist® continuam surgindo (HANEt al,
2003; KOHLIet al, 2002; ONYEWUet al., 2003).

Assim, torna-se necessaria a busca permanente @eos ncandidatos a
antifingicos utilizando-se vias especificas presenho patdgeno e ausentes no
hospedeiro, com o intuito de obter compostos méasos ao paciente. Nesse sentido,
o ciclo do glioxalato adquire relevancia. Sabe-se devido a existéncia desta via, que
permite a biogénese de carboidratos a partir depostos de dois carbonos
(KORNBERG, 1966), a grande maioria dos microorgans € capaz de crescer em
fontes de carbono ndo fermentéveis tais como acetttnol ou &cidos graxos (KUNZE
et al., 2002). Das enzimas envolvidas no ciclo do glidalduas delas, isocitrato liase
(ICL) e MLS séo consideradas enzimas-chave (KORNBERBEEVERS, 1957). Essas
enzimas sao supra-reguladas sob condi¢cdes de dmixantracdo de glicose e de tensao
de oxigénio, na presenca de acetato, etanol eteitperatura, bem como durante
crescimento intracelular (COSTét al, 2007; EBELet al, 2006; RUDEet al, 2002;
MCKINNEY et al, 2000; BENTRURet al, 1999; FERNANDESt al, 1993).

Véarios estudos sugerem que ICL e MLS sejam fatatesviruléncia de
microorganismos patogénicos corwycobacterium tuberculosi€EBEL et al, 2006),
Candida albicansMagnaporthegrisea e Leptosphaera maculanlSOLOMON et al,
2004; IDNURM & HOWLETT, 2002; LORENZ & FINK, 2001)Em C. albicanse S.
cerevisiae,sob fagocitose, a maioria das enzimas do ciclglixalato sdo induzidas

permitindo que esses microorganismos sejam capdeessobreviver dentro de
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macrofagos, ambiente caracterizado por ser pobreaboidratos e rico em lipidios

(LORENZ & FINK, 2002).

Em Paracoccidioidesos niveis dos transcritos 88ICL e PbMLS séo alterados
durante a transicdo de micélio para levedura (BAS€0al, 2007; GOLDMANet al.,
2003), sugerindo que essas enzimas atuem nesssgro© gene que codifica para ICL
€ super expresso na fase leveduriforme quando cadgpacom a fase miceliana
(FELIPE et al, 2005), bem como em células do figado de camwuoretiradas apos
infeccdo comParacoccidioides Os altos niveis dd’bICL encontrados sugerem a
importancia dessa enzima para o fungo durante cepso de infeccdo (COST# al,
2007). PbMLS esté localizada no citoplasma, na superficlalag principalmente em
células com brotamento, é secretada, e esta edaahd interacdo dearacoccidioides
com células epiteliais A549 (NET®t al, 2009). PbMLS é regulada por fontes de
carbono e nitrogénio, atuando no ciclo do glioxakta via de degradacdo da alantoina
(ZAMBUZZI-CARVALHO et al, 2009).

OLIVEIRA e colaboradores (2013) identificaram e le@@am as possiveis
interacbes de proteinas-MLS BaracoccidioidegPbMLS). A busca de interacdes foi
realizada por ensaim vivo utilizando uma biblioteca de duplo-hibrido congteuem
Saccharomyces cerevisjaeujos transcritos foram sequenciados e identifisa Além
disso, foi realizado ensain vitro usando metodologia grill-downGST com diferentes
extratos protéicos (levedura, miceélio, proteinasretadas e de macrofagos) e as
interacbes resultantes foram identificadas por acspeetria de massas. Algumas
interacdes protéicas foram confirmadas p@r-Western blotutilizando anticorpos
especificos e a interacdo d®bMLS com macrofagos foi validada por
imunofluorescéncia indireta e microscopia confocAhalises in silico utilizando
modelagem molecular, dinamicaleckingidentificaram os aminoacidos envolvidos nas
interacBes proteindBbMLS. Por fim, os autores representaram as intesagle
graficamente usando o software Osprey. Os resudtal@ste trabalho indicaram que
PbMLS interage com proteinas de diferentes categduiasionais, tais como transporte
celular, sintese protéica, modificacdo e degraddedwoteinas e transducao de sinal.

Dessa forma, estudos na busca de inibidores paas emnzimas se fazem
necessarios visando o combate a PCM e outras @@satausadas por microorganismos
ou parasitas.

Os produtos naturais representam a maior fonteheatcos e de modelos para

alvos sintéticos da histéria da humanidade. Naaitnahto quimioterapico, 74% das
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drogas sao produtos naturais ou derivados (T&aMN, 2006). Sabe-se que 0 género

Hyptis € uma fonte de constituintes bioativos com impuaes propriedades bioldgicas,
tais como atividades antimicrobianas, citotoxicasseticidas (OLIVEIRAet al, 2004;
PORTERet al, 1995). Plantas desse género sao utilizadas gropehte no tratamento
de infecgdes gastrintestinais, colicas, doresgcqtfes cutaneas e reumatismo (FATIMA
et al, 2004), além de serem considerados potentes emgenti-inflamatérios e anti-
infecciosos, especialmente contra infec¢cdes caagamtabacterias (BISPEX al, 2001).

Os alcaldides podem ser encontrados predominantemsm angiospermas,
principalmente nas familias Apocynaceae, PapavaeacBRanunculaceae, Rubiaceae,
Solanaceae e Berberidaceae. Sdo compostos nitdmgegae podem ser definidos como
uma substancia organica ciclica contendo um nifiogém um estado de oxidacao
negativo e cuja distribuicdo é limitada entre agarsmos vivos, englobando a maioria
dos compostos considerados como alcaldides (Fee)l&883 apud Bhait al, 2007).

O género Palicourea (Rubiaceae) compreende cerc23@eespécies entre
arbustos e pequenas arvores distribuidas, primegrak, nas regides tropicais. Apesar de
incluir plantas toxicas para bovinos, tem sido osa@d medicina tradicional para
tratamento de infec¢gBes fungicas, tosse, doresstiemago (El-Seed, 1999) e como
agente antitumor (Hartwell, 1972). A familia Rulg@ae produz alcaldéides pertencentes a
mais de dez classes diferentes, onde se destasasaquinolinicos, com 44 substancias
elucidadas; os quinolinicos com 70 alcaldides; einol®licos, com 391 compostos
isolados (Cordelet al, 2001).

Quimicamente esse género caracteriza-se por biessar alcaléides inddlicos
contendo uma unidade secologaninica, classe d&sglzs extremamente importante do
ponto de vista biolégico (Dusmaet al, 2004). Adicionalmente, tem se observado na
literatura, o relato da presenca de alcaldideolpiddlicos (Nakano e Martin, 1976),
terpendides, cumarinas e compostos fendlicos (EtSE99).

Os alcaldides apresentam uma ampla bioatividades t@mo: efeitos
antiespasmadicos, antitumorais, antialérgicosmeséintes do Sistema Nervoso Central,
analgésicos, controle da pressdo sanguinea, eutresaGudiet al, 1990). Muitos
alcal6ides apresentam efeitos farmacol6gicos emifaera e outros organismos e, com
iISso, constituem importantes agentes terapéutioosneedicinais. Alguns exemplos mais
comuns sdo cafeina, cocaina, nicotina, estricnimaoefina (Gudi et al, 1990;
Morikawa et al, 2004).

160



Perfil transcricional e protedmico de Paracoccidies em resposta a itraconazol e anfotericina Beatificacao de
compostos com potencial antiflingico

Benedito Rodrigues da Silva Neto

DESCRICAO RESUMIDA DA INVENCAO

Alcaldides sdo uma classe de compostos obtidogta da produtos naturais.
Devido sua atividade antifingica ja descrita, test varios alcaléides carbolinicos
isolados de espécies Belbiaceaecom o objetivo de encontrar compostos com poténcia
para inibir Paracoccidioides sppe PbMLS. Aqui, nos descrevemos compostos
candidatos a inibidores d@bMLS obtidos por meio de triagem virtual usando
AutoDockVina, onde um total de 89.415 compostosrforrastreados considerando o
critério de afinidade e eficiéncia. Os aminoacieéosolvidos na ligacdo coRbMLS
foram identificados. Dos 14 compostos testados tquan inibicdo da atividade
enzimatica, quatro deles, PP6, RB 16.1, fracdoecmiat Reserpina como composto
marjoritario (LKRW R) e GR2 inibiranPbMLS. Além disso, os compostos inibiram a
adesdo do fungo ®bMLS aos componentes da matriz extracelular fibronac

colagénio |l e IV.

DESCRICAO DETALHADA DA INVENCAO

Procedimentos Experimentais Gerais: 0s espectrofoi&m obtidos com um
Perkin Elmer 400 Espectro de FT-IR. 1H e 13C e @spe 2D foram registrados num
BrukerAvance 1l 500. HRMS foram realizadas com uspeetrometro de ToF Agua
Xevo Q-Tof. A biomassa (galhos, folhas, flores igeg) deG. ramosafoi coletada em
novembro de 2006 e identificado por Delprete. Oéeispe (Delprete 9955) foi

depositado na Universidade Federal de Goias Herbari

EXEMPLO 1

Avaliacdo da capacidade inibitoria dos compostogaldides sobre células

leveduriformes d®aracoccidioides

As substancias puras foram preparadas como des@goinoculos foram
preparadas em meio RPMI-1640 (GibcoTM) com L-glutean sem bicarbonato de
sodio, suplementado com 2% de glicose e tamponaan pH de 7,0 usando 0,165 M,

MOPS (Sigma-Aldrich). A suspensédo de células dedexiformes dd?aracoccidioides
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Pbl8 foi ajustada para uma concentracdo final del0’&.5x1G células/mL em meio

RPMI-1640. Nas placas de 96 pocos, as substanoiasfadicionados em diluicbes
seriadas, partindo de uma concentracdo de 250 mdll48 mg/L. As placas foram
incubadas a 36 ° C a 150 rpm durante 48 h. ApGs pstiodo, a alamarBlue ®
(Biosource) foi utilizado de acordo com as insteg;@o fabricante. O crescimento de
Paracoccidioidegoi avaliado através da leitura da densidade Opliiceneio de cultura.

EXEMPLO 2

Avaliacdo da capacidade inibitéria dos compostosal@ides sobre a proteina
recombinantébMLSr

Os ensaios de atividade, foram realizados comorittegmor Roucourtet al
(2009) com modificagdes. Resumidamente, foi redbzaim ensaio que mede a
quantidade de CoA. A quantidade de grupos tiolevide CoA foi determinada
utilizando-se 5, 5'-ditiobis-(acido 2-nitrobenzdicou DTNB (Sigma Aldrich). A
absorgcéo a 415 nm foi medida num leitor de micigs(leitor de microplacas modelo
680, Bio-Rad Laboratories). DTNB foi adicionadoraauconcentragao final de 2 mM. A
reacdo contém 2 u§bMLS 100 mM TrisHCI, 5 mM de MgCI2, 2mM glyoxylate
(Sigma-Aldrich), 1 mM de acetil-CoA (APPLICHEM). A& pirGvico (controle
positivo) e quatorze compostos alcaldides forantiadiaidos a uma concentracdo de
40uM, para avaliar o potencial de inibicao, respectigate. As reagdes foram incubadas
durante 30 minutos a pH 7,5. As atividades espesifisdo dadas como U/mL de

proteina.

EXEMPLO 3

Avaliacdo da capacidade inibitéria dos compostasl@ides sobre a capacidade de

adesédo da enzima MLS a componentes de matriz ekitac

Uma vez qué’bMLS € uma adesina, e se liga a fibronectina, coldgipo | e 1V,
investigamos se PP6, RB16.1, GR2 e LKRW R poderapedir a adesdo debMLS
aos componentes de matriz extracelular utilizafrersWestern blgtconforme descrito
por Netoet al, (2009).PbMLSr foi submetido a SDS-PAGE e transferidas parea u
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membrana de nylon. Apos bloqueados durante 4 h, 6 de BSA em 10 mM de
PBS-leite e, em seguida, lavou-se trés vezes (tuddhmin de cada vez) em 10 mM de
PBS-T, as membranas foram incubadas com fibrorse¢8 ug / ml), ou do tipo | e
IVcollagen (30 ug / ml), diluido em PBS-T, com B&&2% durante 90 minutos, e depois
lavou-se trés vezes (durante 10 min de cada veBEST.

Para também validar estes dados utilizamos a megidode ELISA conforme
descrito por Netcet al (2009). Assim, os componentes de matriz extréaelfioram
imobilizados na placa, e depois, os compostBEMLS foram também adicionados. Os
controles negativos foram realizados utilizando esat@PbMLSr ou ECM. Observou-se
gue PP6, RB16.1, GR2 e LKRW R inibiram RBMLS e Paracoccidioides Pb3 no
processo de adesdo a fibronectina, colagénio tipolV. A inibicdo foi maior para
PbMLS que aParacoccidioides PbS.

EXEMPLO 4

Determinacdo da influéncia dos compostos alcaldmdemibicdo da adesdo de MLS e
Paracoccidioides Pb8 a células A549 e MRC5

A inibicdo da aderéncia debMLS as linhagens de células MRC5 e A549 foi avaliad
utilizando IN Cell Analyzer 2000 System light misompy, como descrito por Mendes-
Gianniniet al (2004). Resumidamente, a monocamada de céluldesvima com 1 mL
de solugéo de tripsina a 0,2% e 0,02% de Verseh¥)Ae em seguida 1 mL de ATV foi
adicionado. O volume total da suspenséo celuladalfoi transferida para frascos novos
para obter as concentracdes de células deélolas / mL. Depois de ajustar o volume de
células leveduriformes dearacoccidioides P8 (1x10-5x1C células / mL), a infeccdo
foi iniciada. Todos os nucleos foram marcados coaPDe filamentos de actina foram
revelados com phalloidin-FITCRaracoccidioides Pb8 PbMLSr e foram detectados
com um conjugado Alexa 594. Todos os experimert@s realizados em triplicata. Os

dados foram avaliados utilizando ANOVA.

EXEMPLO 5

Avaliacdo da citotoxicidade de compostos alcaldidas linhagens celulares A549 e
MRCS5.
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O ensaio foi realizado de acordo com (Mosmann, J1983citotoxicidade de
compostos alcaloides foi avaliada através da reddgasal bytetrazolium (MTT, 3 -
(4,5-dimetiltiazol-2-il) -2,5-difeniltetrazdlio) pa as linhagens de células A549 e MRC5.
As células foram cultivadas em meio F12 préprioarae cultura de DMEM de Ham
suplementado com 2 mM de L-glutamina e 5% de s&tal bovino, e mantidas a 36,5 °
C. Uma concentracdo que varia de 2,5 a 5,0*céfilas/mL foi usada para a formacao
da monocamada de células. As substancias puras foi@tidas em contacto com as
células durante 24 h. Depois disso, as célulaadagtcom 5 mg / ml de MTT (Sigma-
Aldrich, St. Louis, MO, EUA) e incubou-se durante Apés a formacao dos cristais de
formazano, com 100 mL de isopropanol foi adicionpdca solubilizar o precipitado e
permitir que a leitura do resultado, alterando radmmeio. A absorbancia de formazano
foi quantificada utilizando um leitor de ELISA (gmze-linked immunosorbentassay) em
560 nm.

REIVINDICACOES

1. “UTILIZA(;AO DOS COMPOSTOS ALCALOIDES (PP6, RB 16.LKRWR e
GR2) COMO INIBIDORES DA MALATO SINTASE NO TRATAMEND DE
MICOSES”, caracterizada por ser candidato a protétipo de farmaco com base
em sua capacidade inibitoria sobre MLS recombinaatzima chave para o
estabelecimento de processos infecciosos, presente microorganismos
patogénicos, ausente em seres humanos.

2. “UTILIZACAO DOS COMPOSTOS ALCALOIDES (PP6, RB 16.LKRWR e
GR2) COMO INIBIDORES DA MALATO SINTASE NO TRATAMEND DE
MICOSES”, de acordo com a reivindicagcdocéracterizada por atuar em via
prépria de microorganismos patogénicos, podendaziedieste modo, os efeitos
colaterais causados por antifingicos existentes.

3. “UTILIZACAO DOS COMPOSTOS ALCALOIDES (PP6, RB 16.LKRWR e
GR2) COMO INIBIDORES DA MALATO SINTASE NO TRATAMEND DE
MICOSES”, de acordo com a reivindicagdo chracterizada por apresentar
resultados positivos na inibicdo do cresciment®aeacoccidioidespodendo ser
estendida para a inibicdo do crescimento de ofurggs patogénicos.

4. “UTILIZA(;AO DOS COMPOSTOS ALCALOIDES (PP6, RB 16,LKRWR e
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GR2) COMO INIBIDORES DA MALATO SINTASE NO TRATAMEND DE
MICOSES”, de acordo com a reivindicagdo chracterizada por apresentar
estrutura molecular simples, lipofilica e de batxanplexidade estrutural, o que

facilita a manipulacdo da mesma na busca por agiifa ideal.

165



