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RESUMO

Cryptococcus gattii € uma levedura basidiomicética causadora da criptococose,
doenga que acomete diferentes 6rgdos de pacientes imunocompetentes, entre eles, pulmaes,
pele e sistema nervoso central. Durante o processo infeccioso, o fungo expressa diversos
fatores de viruléncia, como a produ¢do de melanina e capsula polissacaridica, além de
possuir a capacidade de replicar-se no interior de macroéfagos. Em contrapartida, as células
do hospedeiro também possuem estratégias para conter a dissemina¢do do patéogeno, uma
delas ¢ a imunidade nutricional, na qual ocorre redugdo da disponibilidade de nutrientes no
sitio de infec¢do. A disponibilidade de zinco ¢ um fator crucial para o desenvolvimento de
uma infec¢do fungica, mesmo assim, pouco se sabe sobre o metabolismo desse metal na
espécie C. gattii. No presente trabalho, primeiramente, descrevemos o fator de transcri¢ao
Zapl em C. gattii, a partir da andlise in silico foi identificado um ortdlogo do gene
regulador da homeostase de zinco ZAPI de Saccharomyces cerevisiae do genoma de C.
gattii. Foram realizadas andlises de expressdao, demonstrando que o gene selecionado possui
sua expressao aumentada na condicdo de privagdo de zinco, comprovando assim, sua
relagdo com a homeostase desse metal. Para caracterizar funcionalmente a proteina Zapl,
linhagens mutante e mutante complementada para o gene ZAPI foram construidas e
caracterizadas. A diminui¢do dos niveis de transcritos dos genes codificadores para os
transportadores de zinco da familia ZIP na linhagem mutante, concluimos que Zap1 regula
positivamente a expressdo desses genes. Na caracterizagdo fenotipica, a linhagem mutante
zapIA demonstrou maior sensibilidade a condi¢do de privag¢do de zinco do que a linhagem

selvagem e mutante complementada, além de demonstrar altos niveis intracelulares de

\



espécies reativas de oxigénio (EROs) e maior sensibilidade as espécies reativas de
nitrogénio (ERNs) caracteristicas que explicam a menor viruléncia da linhagem mutante
quando comparada com a linhagem selvagem. Por meio da andlise do transcriptoma
demonstramos que Zap1 regula a expressao de genes envolvidos no metabolismo de zinco,
estresse oxidativo e de genes codificadores para proteinas ligadoras de zinco.
Secundariamente, na caracterizacdo inicial de sistemas de aquisicdo de zinco em C. gattii,
foram realizadas andlises por PCR quantitativo em tempo real para avaliar os niveis de
transcritos dos genes que codificam para transportadores de zinco da familia ZIP. Um
aumento significativo nos niveis de transcritos referentes ao gene ZIP3 (CNBG_5361), foi
observado quando C. gattii foi cultivado em meio definido contendo o quelante de ferro
BPDS ou o quelante de zinco TPEN, quando comparados a condi¢do controle. Este fato
sugere que o transportador Zip3 pode apresentar baixa seletividade, podendo transportar
outros metais, em contraste aos transportadores Zipl e Zip2, cuja modulag¢do da expressao

por BPDS foi menos acentuada.
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ABSTRACT

Cryptococcus gattii is a basidiomycetous yeast that causes cryptococcosis, a life-
threatening disease that can affect different organs of immunocompetent hosts, including,
lungs, skin and central nervous system. During the infection process, the fungus express
several virulence factors, such as melanin production and polysaccharide capsule, besides
the ability to replicate inside macrophages. In contrast, the host cells express strategies to
stop the spread of the pathogen, one of them is nutritional immunity, reducing nutrient
availability in the infection site. Zinc availability is a crucial factor for fungal infection
development, nevertheless, little is known about zinc metabolism in C. gattii. In the present
work, firstly, we described Zapl transcription factor in C. gattii. In silico analyses
identified a Saccharomyces cerevisiae ZAPI ortholog in C. gattii genome. Expression
analyses demonstrated that, ZAPI is positively regulated in zinc deprivation condition,
confirming that the selected gene is involved in zinc metabolism. With the purpose to
characterize the role of Zapl in zinc metabolism, mutant and complemented strains were
constructed and characterized. Expression analyses demonstrated that genes codifying for
ZIP family of zinc transporter are up regulated by Zapl. On phenotypic characterization,
mutant strain demonstrated higher sensibility to zinc deprivation condition when compared
to wild type or complemented strain. Moreover, mutant strain demonstrated higher levels of
reactive oxygen species (ROS) and higher sensibility to reactive nitrogen species (RNS).
Transcriptomic analyses demonstrated that Zap1 regulates the expression of genes involved
on zinc homeostasis, oxidative stress and genes codifying for zinc-binding proteins. Taken
together, these results, explain the low virulence of mutant strain when compared to wild

type and complemented strain. On the second part, on initial characterization of ZIP family
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of zinc transporters, relative transcript levels of ZIP family codifying genes was measured
on different conditions. ZIP3 (CNBG_5361) demonstrated higher transcript levels when C.
gattii cells were cultured on iron deprivation condition, for that, iron chelating agent
(BPDS) was add to the medium. These results suggest that, Zip3 may present low
selectivity, and may carry other metal, in contrast to Zipl and Zip2, that expression

modulation by BPDS was less pronounced.



1. INTRODUCAO GERAL

Com o surgimento de linhagens de patogenos resistentes as terapias quimioterapicas,
fungos patogénicos tornaram-se um sério problema de saide mundial, especialmente em
pacientes imunocomprometidos, seja devido a epidemia da AIDS, seja por terapias
imunossupressoras em transplantados ou ainda pacientes com cancer (Perlin, 2007). Apesar
disso, apenas trés tipos de drogas antifungicas sdo utilizadas em casos de infecg¢des sistémicas,
alertando para a necessidade de pesquisas para o descobrimento de novos alvos terapéuticos
para infecgdes fungicas (Simm et al, 2011). Nesse contexto, a homeostase de metais
demonstra-se ser um promissor alvo para esse tipo de pesquisa, pois niveis basicos de metais
como ferro, cobre e zinco sdo essenciais para todos os organismos poderem sobreviver e
proliferar, além disto, durante um processo infeccioso, esses metais sdo considerados fatores
criticos para que o patdogeno possa disseminar-se pelo organismo do hospedeiro, pois tanto as
células do hospedeiro quanto as células do patdgeno possuem estratégias bastante complexas
para capturar esses microelementos (Schaible e Kaufmann, 2004). Nesse contexto, a
homeostase de zinco ¢ um potencial alvo de estudo para o desenvolvimento de drogas
antifingicas, sendo que alguns patdgenos demonstram maior sensibilidade a privag¢do de zinco

do que a privagdo de ferro (Lulloff ef al., 2004).

Simm e colaboradores (2012) partiram do pressuposto que, mutantes nulos para
transportadores de zinco perdem a capacidade de proliferar-se em ambientes com limitagdo de

zinco, além de apresentarem viruléncia atenuada. Com isso, realizaram uma busca de novas



drogas antifingicas as quais atuariam na homeostase de zinco. Para tal, utilizaram uma
metodologia de fusdo de um gene reporter, o qual codifica para a proteina fluorescente GFP,
sob o controle de um promotor responsivo a zinco. Dessa maneira, foi possivel avaliar a
expressdo do gene quando diferentes drogas foram utilizadas. Quando um composto quimico
era utilizado e causava o aumento dos niveis de GFP, concluia-se que a atuagdo dessa droga
estava envolvida na homeostase de zinco. Diversas moléculas de diferentes classes
terapéuticas foram encontradas como atuantes no metabolismo de zinco. Uma delas,
Atovaquona, foi capaz de inibir um importante fator de viruléncia de Candida albicans, a
filamentacdo. Desta forma, esta avaliacdo representa um grande avanco na area de busca por

drogas terapéuticas relacionadas a homeostase de metais.

O metabolismo de zinco, diferentemente do metabolismo de ferro, ainda é pouco
caracterizado nas espécies C. neoformans e C. gattii (Kronstad et al., 2008). Sabe-se que,
proteinas ligadoras de zinco sdo secretadas pelas células de defesa do hospedeiro,
desempenhando papel importantissimo no controle da disseminacdo de C. neoformans
(Mambula et al., 2000), ressaltando assim, a importancia desse metal para o desenvolvimento
da doenga. Nesse contexto, o presente trabalho tem por objetivo caracterizar funcionalmente o
fator de transcricdo Zapl em C. gattii, além de determinar sua relagdo com a viruléncia desse
microrganismo. Demonstramos por diferentes metodologias que Zapl compartilha diversas
caracteristicas com homologos de diferentes espécies de fungos, além de apresentar papel

essencial na viruléncia desse patogeno.

1.1  Cryptococcus neoformans e Cryptococcus gattii



Diversas espécies de fungos causam doencas em pacientes imunocomprometidos,
enquanto outras sdo capazes de causar doengas em pacientes imunocompetentes. O complexo
de espécies do género Cryptococcus, € capaz de causar doencas tanto em pacientes
imunocomprometidos quanto em pacientes imunocompetentes (Perfect, 1989). Atualmente 37
espécies de fungos pertencentes ao género Cryptococcus estdo descritas, embora a grande
maioria ndo apresente risco a saide humana, as espécies C. neoformans e C. gattii sdo
patdégenos que acometem tanto humanos quanto animais. Além dessas espécies, C. laurentii e
C. albidus raramente podem acometer pacientes imunocomprometidos (Cheng et al., 2001).
Estima-se que a divisdo do complexo de espécies Cryptococcus nas subespécies C.
neoformans e C. gattii tenha ocorrido a aproximadamente 37 e 18 milhdes de anos,
respectivamente (Lin e Heitman, 2006). A espécie C. neoformans inicialmente era
classificado em 4 sorotipos (A ao D) de acordo com as caracteristicas de diferengas nos
antigenos capsulares (Franzot et al., 1999). Entretanto, com caracterizagdes moleculares, os
sorotipos B e C passaram a ser classificados como uma nova espécie, denominada C. gattii
(Kwon-Chung e Varma, 2006). Uma classificagdo por tipo molecular também foi realizada,
classificacdo a qual separou as duas espécies em 4 diferentes tipos moleculares, onde a espécie
C. neoformans passou a ser classificada como VNI, VNII, VNIII e VNIV, e a espécie C. gattii

nos tipos VGI, VGII, VGIII e VGIV (Figura 1) (Meyer et al., 1999; Ellis et al., 2000).



Tipo molecular

Sorotipos
VNI
Sorotipo A
var. grubii VNI
VMNE
Cryptococcus neoformans - . \
18.5 millides F/,f Hibrido AD —— VNIII
de anos !
Complexo de espécies Serotipe D VMY
var. negformans
Cryptococcus negformans
37 milhdes de anos
Sorotipo B — )
T~ vall

. VGl
Sorotipe C - i
VGIV

Cryptococcus gattii

9.5 milhdes de anos

Figura 1. Evolu¢do do complexo de espécies Cryptococcus. O complexo de espécies
Cryptococcus possui duas subespécies, C. neoformans e C. gattii. A espécie C. neoformans €
dividia em dois sorotipos, A e D, enquanto a espécie C. gattii, em B e C. Além disso, pelo

menos 9 tipos moleculares sdo descritos. Adaptado de (Lin e Heitman, 2006).

A espécie C. neoformans ¢é considerada saprofita, geralmente associada com excretas
de aves, especialmente de pombos (Irokanulo et al., 1997). Sabe-se que excretas de pombos
oferecem um ambiente favoravel para a divisdo mitotica e mating desse fungo, sendo os
sorotipos A, D e hibridos AD frequentemente encontrados nesse ambiente (Nielsen et al.,
2007). A infeccdo causada por C. neoformans ocorre principalmente em individuos
imunocomprometidos, geralmente pacientes com AIDS, transplantados, com cancer ou que
fazem tratamento com medicamentos imunossupressores (Pagano et al., 2006; Moosbrugger et
al., 2008; Li e Mody, 2010). Estudos clinicos demonstram que a espécie C. gattii ¢ restrita
geograficamente (Kwon-Chung e Bennett, 1984), sendo inicialmente considerada uma espécie

de regides de clima subtropical e tropical (Sorrell, 2001). Essa espécie, normalmente isolada



de vegetais em decomposi¢do, arvores e solo (Chakrabarti et al., 1997), apresenta uma
epidemiologia diferenciada em relagdo a espécie C. neoformans. A espécie C. gattii apesar de
ser responsavel por menos de 1% dos casos de criptococose no mundo (Lin, 2009), demonstra-
se ser um patogeno de grande importancia, pois esta possui a capacidade de causar a doenga
em hospedeiros imunocompetentes (Kwon-Chung e Varma, 2006). Além disso, um recente
surto de criptococose ocasionado por uma linhagem hipervirulenta ocorrido na Ilha de
Vancouver (Kidd et al., 2004) e nos Estados Unidos (Byrnes ¢ Heitman, 2009), aumentou a

aten¢do dos grupos de pesquisa por este patdégeno.

Durante o processo de uma infec¢do fingica, muitas vezes, o patdgeno necessita
expressar fatores de viruléncia para que seu desenvolvimento ocorra no hospedeiro, dessa
maneira, transpondo as barreiras impostas pelo sistema imune. Em Cryptococcus, alguns
fatores de viruléncia j& s3o bastante descritos, como a presenga de uma capsula
polissacaridica, producdo de melanina, capacidade de crescimento a 37°C (Perfect et al., 1998)
além de capacidade de proliferacdo intrafagossomica, o que permite a infeccdo do sistema
nervoso central (He et al., 2003). Dentre os fatores, a produg¢do da cépsula polissacaridica ¢
considerada o principal fator de viruléncia de Cryptococcus. Além de proteger a célula contra
dessecacdo, sabe-se que atua como fator antifagocitico (Del Poeta, 2004), atua inibindo a
liberagdo de citocinas pelas células defesa, reduzindo o recrutamento de outras células do
sistema imune para o sitio de infec¢do (Bose et al., 2003) e, além disso, estudos realizados
com as propriedades imunossupressivas de glucuroxilomanana, o qual é o principal
componente da capsula, demonstraram a capacidade desse componente em induzir apoptose

em células T do hospedeiro (Pericolini et al., 2006).



A producdo de melanina € outro importante fator de viruléncia em Cryptococcus.
Sabe-se que esse pigmento atua na protecao da célula contra radiacdo UV (Perfect et al., 1998)
e inibindo a resposta imune do hospedeiro, protegendo a célula contra agentes antioxidantes e
contra a acdo dos macrofagos (Zhu e Williamson, 2004). A sintese desse pigmento ¢ realizada
pela da enzima lacase, a qual ¢ codificada pelo gene LACI. Em um estudo realizado, mutantes
nulos para esse gene demonstraram menor viruléncia do que a linhagem selvagem (Salas et
al., 1996), demonstrando a importancia desse pigmento na patogenicidade desse

microrganismo.

1.2 Criptococose

As espécies C. neoformans e C. gattii sdo o0s principais agentes etiologicos da
criptococose, doenca que pode acometer diferentes 6rgdos do hospedeiro, como pulmdes e
pele, além de acometer o sistema nervoso central (SNC) (Sorrell, 2001). O inicio do processo
de infeccdo ocorre geralmente pela inalagdo das células fungicas dessecadas, as quais, devido
ao seu pequeno tamanho de aproximadamente 3pum irdo se depositar no interior dos alvéolos
pulmonares, devido a essa potencial capacidade de iniciar o processo infeccioso, células
dissecadas sdo consideradas potenciais propagulos de infec¢do. Similarmente, os esporos
apresentam tamanhos ainda menores, de 1-2 um (Botts et al., 2009), os quais, além de serem
mais resistentes no ambiente, sdo mais facilmente dispersos através do ar. Entretanto, a
producdo de esporos de Cryptococcus nunca tenha sido observada na natureza, o
desenvolvimento sexual desse fungo foi demonstrado experimentalmente em plantas (Xue et

al., 2007). Apods a inalagdo e consequente processo de infec¢do pulmonar, células de C.



neoformans ¢ C. gattii disseminam-se pelo sistema hematogénico, onde por meio de diferentes
estratégias as células flingicas atravessam a barreira hematoencefalica ocasionando

meningoencefalite, representando o quadro mais grave da doenca (Figura 2) (Sorrell, 2001).

Agentes de dispersao
ﬁ Ambientais . S
Disseminagdo
Infecgdo Animal hematogénica

ﬁ Infecqéo Pulmonar

Sobrevwenma em
hospedeiros ambientais

*: guadey <> | B ,
E - e Esporos/Levedura ¥

q:ﬂ’ Excretas de pombos

Meningite Criptococica

Interagdo com outros
microrganismos

‘J@_@&

Figura 2. Ciclo infeccioso de Cryptococcus. O fungo sobrevive no solo geralmente associado
com excretas de pombos e em troncos de arvores, assim, possui a capacidade de infectar
outros hospedeiros, como gatos, coalas e cabras. Os pombos sdo considerados a principal
forma de dispersdo do fungo. Além disso, as células fungicas podem sobreviver em associacao
com predadores como, amebas, carrapatos e vermes. Como citado anteriormente, a principal
forma de infec¢do ocorre por inalacdo de esporos ou células dessecadas, depositando-se no
pulmdo, ocorrendo disseminag¢do hematogénica e infeccdo do SNC. Adaptado de (Lin e

Heitman, 20006).

Estudos realizados para determinar os mecanismos de infeccdo de Cryptococcus
demonstraram que esse fungo possui a capacidade de se aderir e de ser internalizado pelas
células do epitélio pulmonar (Merkel e Cunningham, 1992). Além disso, a interacdo com

macrofagos alveolares ¢ o que permite a disseminagdo do fungo pelo organismo (Mansour e



Levitz, 2002). Uma vez internalizado, as células do fungo irdo replicar-se e ocasionar acimulo
de vesiculas contendo polissacarideos, levando a formag¢ao de fagossomos onde irdo localizar-
se diversas células fungicas (Feldmesser et al., 2000). Apos replicacdo intrafagossdmica, por
meio de um mecanismo denominado “Cavalo de Tréia”, as células fungicas internalizadas
podem atravessar a barreira hemato-encefalica, sendo posteriormente liberadas no SNC, com
consequente possibilidade de disseminagdo pelos SNC. E importante citar que a capacidade de
replicagdo intrafagossdmica também permite a infeccdo hematogénica (Alvarez e Casadevall,
2006). Além do mecanismo “Cavalo de Tréia”, as células de Cryptococcus podem atravessar a
barreira hemato-encefalica por meio de um mecanismo denominado transcitose, onde a célula
adquire uma morfologia ovoide, logo no inicio da interagdo com células endoteliais (Figura 3)

(Shi et al., 2010).
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Figura 3. Mecanismos de disseminaciao de Cryptococcus pelo sistema hematogénico e pelo

SNC. Logo apos a inalagdo, as células de Crypfococcus sdo fagocitadas pelos macrofagos



alveolares e por outras células fagociticas. Devido a capacidade de sobreviver e de replicar-se
dentro dos macrofagos, ocorre disseminagdo hematogénica painel esquerdo. Infeccdo do SNC
ocorre de duas maneiras: em uma das maneiras, célula pode sofrer alteracdes morfologicas,
adquirindo formato ovoide e interagindo com as células endoteliais cruzando a barreira
hemato-encefalica por transcitose, o outro mecanismo, conhecido como “Cavalo de Tro6ia”, os
macrofagos com Cryptococcus internalizados atravessam o endotélio, onde posteriormente

ocorrerd a expulsdo das células fungicas painel direito. Adaptado de (Kronstad et al., 2011).

A infec¢do causada por C. neoformans apresenta um quadro clinico diferenciado da
causada por C. gattii. Além de apresentar niveis de mortalidade mais elevados, as lesdes
pulmonares e cerebrais apresentam-se na forma de infiltrados difusos. J& nas infecg¢des
causadas por C. gattii, onde normalmente ocorre a presenca de criptococomas no cérebro e
pulmdes, necessita-se, muitas vezes, de interven¢do cirurgica para a remo¢ao dos mesmos,
porém, apesar de apresentar niveis mais baixos de mortalidade, altos niveis de morbidez

neurologica e resposta fraca a terapia antifingica ocorrem (Mitchell e Perfect, 1995).

1.3  Sistemas de homeostase de metais e sua relacio com a viruléncia em
espécies patogénicas do género Cryptococcus

Metais de transicdo como ferro, cobre, manganés e zinco sdo nutrientes essenciais e
participam de uma grande diversidade de processos bioquimicos. Ferro e cobre, por exemplo,
atuam como cofatores na cadeia transportadora de elétrons (Eide, 1998), zinco, o qual ¢

considerado o segundo metal mais importante presente nas células, participa da atividade



catalitica ou na estabilidade estrutural de mais de 300 enzimas (Auld, 2001). Nesse contexto,
tanto células de hospedeiros mamiferos quanto células de patdogenos desenvolveram
mecanismos para aquisicao destes metais em condi¢des de onde ocorre privagdo dos mesmos.
Como exemplo, células de hospedeiros mamiferos reduzem a disponibilidade de ferro no local
da infeccdo, dificultando assim a dispersdo do patogeno (Weinberg, 2009). Além disso, sabe-
se que a disponibilidade de ferro estd diretamente envolvida com mudancas fenotipicas em C.
neoformans, como por exemplo, baixa disponibilidade desse metal induz o aumento da

capsula polissacaridica e repressdo da enzima lacase (Kronstad ef al., 2008).

1.3.1 Ferro

O papel do ferro na viruléncia de microrganismos j& ¢ bastante caracterizado, onde a
competicdo entre patégeno e hospedeiro por esse metal é um aspecto critico para o
desenvolvimento de uma doenca (Schaible e Kaufmann, 2004). Ferro estd presente em baixas
concentragdes nos tecidos e fluidos corporais. A baixa concentragdo ocorre devido a presenga
de proteinas secretadas pelas células de mamiferos hospedeiros, como lactoferrinas e
transferrinas (Bullen et al., 2006). As transferrinas, as quais acumulam aproximadamente 1%
do total de ferro presente corpo humano, efetivamente sequestram esses ions do plasma
sanguineo, preferencialmente em condi¢des de pH neutro (Weinberg, 1974). Lactoferrinas, por
sua vez, atuam quelando ferro preferencialmente em condigdes de pH acido, normalmente em
sitios de inflamag¢do (Baveye et al., 1999). Apesar da sua funcdo de conter a disseminagdo do

patogeno, transferrinas sdo importantes fontes de ferro para o patéogeno C. neoformans, visto
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que, mutantes para genes que codificardo permeases de ferro, eventualmente sdo capazes de
causar doenga, sendo assim, sugere-se que existam mecanismos alternativos para aquisi¢ao

desse ion. (Jung et al., 2008).

Em um estudo realizado por Crestani e colaboradores (2012), uma analise
comparativa do proteoma de C. gattii cultivado na condi¢do de privacdo e disponibilidade de
ferro foi realizada. Um total de 48 proteinas foi identificado exclusivamente quando o fungo ¢
cultivado na condi¢do de privagcdo de ferro. Dentre as proteinas identificadas, UDP-glicose
desidrogenase, a qual possui relagdo com formagao capsular, e GMC-oxiredutase que possui
relacdo tanto com formagdo capsular quanto produ¢do de melanina, apresentaram expressao
elevada nesta condi¢do. Demonstrando assim, a relacdo dos niveis de ferro e a viruléncia de C.
gattii. Na espécie C. neoformans a homeostase de ferro também estd diretamente relacionada
com a viruléncia, sabe-se que residuos de &cido glucurdnico presentes na capsula
polissacaridica podem interagir com cations divalentes. Essa associacdo, além de ser
importante para a estrutura capsular, sugere-se que seja um mecanismo para concentrar ferro
nas proximidades da superficie celular (Gomez e Nosanchuk, 2003). Além disso, sabe-se que
a atividade e a expressdo da enzima lacase estd diretamente envolvida com a disponibilidade

de ferro (Jacobson e Compton, 1996).

Fungos utilizam redutases presentes na superficie celular reduzindo ions férricos para
posterior captagdo. Em C. neoformans, trés mecanismo de redugdo de ferro sdo descritos:
redutases de superficie celular, exportagdo de redutores como o acido 3-hidroxi-antranilico
3HAA e o pigmento melanina presente na superficie celular (Jung et al., 2008). Apos redugao

do ion férrico, o transporte € realizado pela permease Cftl e pela ferroxidase Cfol, além disso,
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o transportador de sider6foro Sitl também atua transportando esse ion, presente em moléculas
como heme e outros quelantes de ferro. Importante citar, que os genes os quais codificardo
proteinas envolvidas na homeostase desse metal, possuem sua expressdo regulada pelo fator
de transcricao Cirl (Figura 4) (Jung et al., 2006), o qual participa do mating e da formagdo de

filamentos nessa mesma espécie (Jung e Kronstad, 2011).

JHAA
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Figura 4. Mecanismos de captura e homeostase de ferro em Cryptococcus. Redutases de
superficie Fre reduzem ion férrico em ion ferroso, onde posteriormente ocorrera o transporte
por meio de permeases (Jung ef al. 2006) e ferroxidases (Cfol). Redutores extracelulares
como o acido 3-hidroxi-antranilico (3HAA), assim como a melanina também participam na
reducdo ionica desse metal. Sitl estd representando o transportador de sider6foro e Cigl e as
proteinas mitocondriais Frrl, 2 e 3 que também participam na homeostase desse metal. A
regulacdo da expressdo desses genes ¢ realizada pelo fator de transcricdo Cirl. Adaptado de

(Jung e Kronstad, 2008).
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1.3.2 Cobre

O metal de transi¢do cobre ¢ requerido tanto por células de fungos patogénicos,
quanto por células de hospedeiros mamiferos (Rees e Thiele, 2004), ocorrendo assim, uma
grande competitividade entre células de hospedeiro e do patégeno pela aquisicdo desse metal.
Sabe-se que pacientes com AIDS apresentam altos niveis de cobre no plasma, representando
assim uma desvantagem frente a infecgdes causadas por Cryptococcus neoformans (Moreno et
al., 1998). Estudos recentes demonstram que o metal de transicdo cobre possui importante
papel na viruléncia desse patdgeno, onde pelo menos dois determinantes sdo dependentes de
cobre: alteracdo nos niveis de Cu/Zn superoxido dismutase (Cox et al., 2003) e indugdo da
transcricdo do gene LACI, o qual ird codificar a enzima lacase (Salas et al., 1996). Além
desses determinantes, defeitos na homeostase desse metal, ocasionados por mutagdes de genes
que codificardo transportadores de cobre, apresentaram maior sensibilidade a privacdo de
cobre, redu¢do na formacgao capsular, melaniza¢do e maior suscetibilidade a fagocitose (Chun

¢ Madhani, 2010).

A homeostase de cobre em Cryptococcus neoformans tem sido caracterizada usando
ferramentas de biologia e genética molecular. Uma das técnicas utilizadas ¢ a construgdo de
mutantes nulos para genes que codificam fatores de transcri¢do envolvidos no metabolismo de
cobre e que codificam proteinas transportadoras desse metal. A linhagem mutante para o fator
transcri¢do Cufl, envolvido no metabolismo de cobre, demonstrou-se mais sensivel a privagao
desse metal. Porém, ndo demonstrou defeitos na melanizagdo nem na formagdo capsular

(Waterman et al., 2007). Em contrapartida, o mutante gerado para o transportador de cobre
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CTR2, demonstrou mé formacgao capsular, defeitos na melanizagdo e maior suscetibilidade a
fagocitose (Chun e Madhani, 2010). Nesse contexto, a Figura 5 esquematiza a regulagdo da
homeostase de cobre em C. meoformans, demonstrando inclusive, sua participagdo em

mecanismos de captura de ferro, através da acdo da oxidoredutase Cfol.

Cobre
CTR? \
CUF1 VPS25
RIMZ2() Captura de cobre Captura de ferro CFT1
RIM101 CFO1
Caps ula
Fagoutose Crescimento

Figura 5. Modelo da homeostase de cobre em C. neoformans. O metal cobre ¢ necessario
para a captura de ferro através da acdo da oxiredutase Cfol. A captura de cobre depende da
acdo dos genes CTR2, CUFI, RIM20 e RIMI101. Esse metal atua na formacdo da capsula,
inibi¢do da fagocitose e crescimento do fungo. Adaptado de (Chun e Madhani, 2010).

1.3.3 Zinco

Zinco ¢ um elemento essencial para todos os organismos. Em mamiferos, por
exemplo, mesmo a moderada deficiéncia de zinco pode ocasionar problemas graves, como a

anemia, defeitos nos sistema imune, problemas de desenvolvimento e teratogénese. Entretanto,
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o excesso de zinco também ¢ prejudicial para o organismo necessitando um controle rigoroso
de sua homeostase na célula, sendo esse, exercido por diferentes mecanismos, como 0s
mecanismos de captura de zinco (Eide, 2009) e proteinas que atuam no transporte intracelular
desse metal (Palmiter e Findley, 1995). Nesse contexto, células fingicas precisam manter
niveis adequados de zinco intracelular, prevenindo também, o acimulo desse metal no interior
da célula (Quaife et al, 1986). Além disso, devido ao fato de que muitos organismos
demonstram uma maior suscetibilidade a privagdo de zinco do que a privacao de ferro (Lulloff
et al., 2004), estudos tem sido desenvolvidos na busca por moléculas envolvidas no
metabolismo de zinco, como alvo para o desenvolvimento de novas terapias antifungicas

(Simm et al., 2011).

A aquisicdo de zinco ¢ o primeiro passo no estabelecimento de uma infecg¢ao, visto
que este metal ¢ altamente sequestrado por proteinas ligadoras de zinco, as quais sao
secretadas pelas células de hospedeiros mamiferos (Sugarman, 1983). Dentre estas proteinas,
estdo os complexos calprotectina, que sdo proteinas heterodiméricas e ligadoras de zinco, as
quais compdem mais de 40% das proteinas citoplasmaticas (Santhanagopalan et al., 1995).
Estudos realizados demonstraram que fragdes citoplasmaticas de leucdcitos inibem o
crescimento de C. neoformans. A atividade inibitéria foi relacionada com a presenga de
complexos calprotectina presentes no citoplasma das células de defesa, visto que a adi¢do de
ZnCl, reverteu a atividade inibitoria da fragcdo citoplasméatica (Mambula et al., 2000). Apesar
da grande relagdo entre o metabolismo desse metal e a viruléncia do patégeno, pouco se sabe

sobre o metabolismo de zinco em espécies do complexo Cryptococcus.

15



1.3.4 A homeostase de zinco em Saccharomyces cerevisiae e em fungos patogénicos

Em Saccharomyces cerevisiae o controle da homeostase de zinco ja ¢ mais bem
caracterizada. Sabe-se que aproximadamente 3% do proteoma dessa levedura necessita de
zinco para o correto funcionamento (Eide, 1998). O controle da homeostase de zinco ¢
exercido pelo fator de transcricdo Zaplp, ativando a expressdo de genes relacionados a
homeostase de zinco em resposta a deficiéncia desse metal (Zhao et al., 1998). Andlises de
microarranjo demonstraram que, mais de 42 genes possuem sua expressao regulada por Zaplp
em resposta a disponibilidade de zinco (Lyons et al., 2000). Dentre os genes regulados por
Zaplp estdo os genes codificadores das proteinas transportadoras de zinco ZRT1, ZRT2 (Zhao
et al., 1998) e ZRT3 (Macdiarmid et al., 2000). A Figura 6 demonstra esquematicamente a
homeostase de zinco em S. cerevisiae, onde a captura de zinco ¢ realizada principalmente por
dois transportadores de membrana plasmatica, um deles, considerado um sistema de alta
afinidade, ¢ a proteina codificada pelo gene ZRTI, o outro, de baixa afinidade, pelo gene
ZRT2. Além disso, sabe-se que um aumento de expressdo desses genes ocorre na condigdo de
privagdo de zinco (Zhao e Eide, 1996b). Além desses genes, a proteina codificada pelo gene
ZRT3 também atua na homeostase desse metal. Esta proteina possui massa molecular predita
de 55 kDa, ndo ¢ proximamente relacionada com Zrtlp ou com Zrt2p, mas apesar disto, essas
trés proteinas sdo consideradas de uma mesma classe de transportadores, designado de
transportadores de zinco da familia ZIP (Gaither e Eide, 2001). Uma das caracteristicas que
une essas trés proteinas em uma mesma classe de transportadores ¢ que as trés apresentam 8

dominios preditos transmembrana (Eng et al., 1998).
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Mutagdes nos genes codificadores para as proteinas Zrtlp e Zrt2p revelaram a
existéncia de outros sistemas de captura de zinco de baixa afinidade em S. cerevisiae, um
deles, ¢ o transportador Fetd4p, conhecido pelo seu papel no sistema de captura de baixa
afinidade de ferro e cobre (Waters ¢ Eide, 2002). Em outro estudo realizado, onde uma
mutagdo causada no gene codificador para a proteina transportadora Pho84p, conferiu
tolerancia ao excesso de zinco além de reduzir o acimulo desse metal, sugerindo assim, que
esse transportador também esta envolvido no transporte de zinco (Bun-Ya ef al., 1991). Além
desses transportadores, outros também sdo descritos como importantes proteinas envolvidas na
homeostase desse metal, no caso dos transportadores CDF, assim como os transportadores de
zinco da familia ZIP, apresentam motivos ricos em histidina localizados entre os motivos
transmembrana, o que confere alta afinidade por metais durante o transporte (Persans et al.,
2001). Esses transportadores CDF, atuam principalmente como transportadores de atividade

secunddria, utilizando o gradiente de outros ions para o transporte de zinco (Eide, 20006).

Estudos sugerem que zinco ¢ armazenado em vesiculas no interior das células. Essas
estruturas denominadas zincossomos, sdo encontradas em diferentes tipos celulares, como em
células de mamiferos (Haase e Beyersmann, 2002). Zincossomos sdo estruturas também
observadas células de leveduras (Figura 6), onde foi demonstrado que o aciimulo intracelular
de zinco nessas estruturas depende do sistema de transporte de zinco Zrtl (Devirgiliis et al.,

2004). Porém, a identidade e fun¢ao desses compartimentos permanecem desconhecidas.
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Figura 6. Representacdo esquematica dos sistemas de captura de zinco em S. cerevisiae.
Os transportadores de zinco da familia ZIP estdo representados em azul, os transportadores de
baixa afinidade Fet4 e Pho84 em cinza e os transportadores da familia CDF em vermelho. O
controle da expressao de diversos genes envolvidos na homeostase de zinco ¢ realizado pelo

fator de transcri¢do Zaplp. Adaptado de (Eide, 2006).

Em um estudo recentemente publicado, foi descrito o papel de uma proteina
denominada Pral, a qual ¢ secretada por Candida albicans durante o processo de infec¢do. A
proteina apresenta dominios de ligag¢do a zinco, e ap0ds estar carregada com este metal, ocorre
interagdo com o transportador de zinco Zrtl, transportando zinco para o citoplasma celular
(Citiulo et al., 2012). Além dessa proteina, o gene codificador da proteina Csrlp, em C.
albicans, a qual ¢ homdloga do fator de transcricdo Zaplp de S. cerevisiae, também foi
caracterizado. Linhagens mutantes para esse gene demonstraram severa sensibilidade a
condi¢do de privacdo de zinco, defeitos no crescimento filamentoso, viruléncia (Kim et al.,
2008) e formagao de biofilme, com deposicao de matriz extracelular. Além disto, demonstrou-

se que Zapl regula a expressdo de genes envolvidos na formagao de biofilme (Nobile et al.,
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2009). Em virtude desses resultados, demonstra-se a importancia da homeostase desse metal

na viruléncia de fungos patogénicos.

Sabe-se que os niveis de Zn®" livre no plasma sanguineo sio em torno de 4x10™
vezes menor do que o minimo requerido por A. fumigatus para que seu crescimento ocorra,
sugerindo que esse patogeno, assim como outros, desenvolveu mecanismos de captura de
zinco durante a infec¢do de tecidos do hospedeiro (Schaible e Kaufmann, 2004). Esse
patdgeno ¢ capaz de desenvolver-se no pulmdo de pacientes imunocomprometidos onde o
ambiente é bastante alcalino e apresenta limitagdo de zinco, onde os ions Zn>* estdo
fortemente ligados a proteinas ligadoras de desse metal (Tatsumi et al., 1994). Entretanto, foi
demonstrado que os transportadores de zinco ZrfA e ZrfB, os quais assemelham-se aos
transportadores Zrtl/Zrt2 de S. cerevisiae, ndo sdo requeridos para o crescimento do fungo na
condi¢do de privacdo de zinco em pH neutro ou alcalino, sugerindo a presenca de diversos
outros genes envolvidos na captura desse metal (Vicentefranqueira et al., 2005). Nesse
contexto, analises do genoma de A. fumigatus demonstraram que este fungo possui 8 genes
codificadores para transportadores de zinco da familia ZIP, o que explica a capacidade de
crescimento do fungo na condicdo de privacdo de zinco em pH neutro ou alcalino

independentemente de ZrfA ou ZrfB (Amich et al., 2009).

Assim como em S. cerevisiae ¢ em C. albicans, um homologo de Zaplp e Csrlp foi
caracterizado em A. fumigatus. A proteina em questdo, denominada ZafA, atua como ativador
da transcri¢do, tendo sua propria expressdo aumentada quando cultivado na condi¢do de
privagdo de zinco, além de ativar a expressdo dos genes codificadores dos transportadores de

zinco zrfA e zrfB quando cultivado nessa mesma condi¢do. No mesmo trabalho, demonstrou-
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se que o fator de transcricdo ZafA ¢ essencial para a viruléncia de A. fumigattus, onde
camundongos infectados com a linhagem mutante para esse fator de transcri¢do apresentaram
uma maior sobrevida (15 dias) do que camundongos infectados com a linhagem selvagem (5

dias) (Moreno et al., 2007).

2. OBJETIVOS

2.1 Objetivo Geral

Avaliar genes envolvidos na homeostase de zinco na levedura C. gattii e seu

envolvimento com a viruléncia.

2.2 Objetivos Especificos

- Identificar in silico ortdlogos de fatores de transcri¢do envolvidos com o
metabolismo de zinco no genoma de C. gattii,

- Identificar in silico ortélogos de transportadores de zinco na familia ZIP em C.
gattii;

- Avaliar a expressdo do ortdlogo identificado, assim como dos transportadores de
zinco da familia ZIP, em condi¢des de privagdo ou disponibilidade de zinco;

- Avaliar a expressao dos transportadores de zinco da familia ZIP em condic¢des de
privacdo ou disponibilidade de cobre ou ferro;

- Construir mutante nulo e complementado para ZAP1;
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- Avaliar a capacidade de desenvolvimento do mutante em condi¢des de privagao ou
disponibilidade de zinco;
- Auvaliar os genes regulados pelo fator de transcricao por meio de RNA-seq;

- Avaliar a viruléncia dos mutantes em modelos ex vivo e in vivo de patogenicidade.

3. RESULTADOS

Os resultados obtidos durante o periodo de Mestrado encontram-se divididos em dois
capitulos. O Capitulo 1 consta da caracterizacdo funcional do gene regulador da homeostase
de zinco ZAP1 em C. gattii. A colecdo de resultados propiciou a publicacdo de um artigo
intitulado, “Zapl Regulates Zinc Homeostasis and Modulates Virulence in Cryptococcus
gattii” (Schneider et al., 2012). O Capitulo 2, trata da caracterizagdo inicial de transportadores

de zinco da familia ZIP em C. gattii.
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4. CAPITULO 1 — Manuscrito: Zapl Regulates Zinc Homeostasis and

Modulates Virulence in Cryptococcus gattii
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Introduction

The function of many proteins depends upon the essential role
of Zn, acting as both a catalytic constituent and as a core
component of structural motifs. The zinc metalloproteome consists
of more than 300 proteins in yeast, and the majority of these
proteins are zinc finger transcription factors [1]. The molecular
mechanisms that control zinc homeostasis in cells are best
characterized in Saccharomyces cerevisiae. The critical importance of
zinc in yeast cells is suggested by the fact that approximately 3% of
the proteome requires zinc for proper functioning [2]. Zinc
acquisition from the environment, especially in zinc-limiting
conditions, is mainly performed by the well-characterized ZIP
family of plasma membrane transporters Zrtlp and Zrt2p [3,4]
and by the multi-metal transporter Fetdp [5]. Intracellular
transport of zinc to organelles, a process associated with high-
zinc growth conditions, is mediated by the cation diffusion
facilitator families Zrclp, Cotlp and Msc2p [5-8]. The expression
of the majority of these transporters is directly regulated by the
master zinc regulator Zaplp [9], a multi-zinc finger transcription
factor [4] that specifically binds to zinc-responsive elements in the
promoter regions of over 40 genes in the yeast genome, including
ZRTI and ZRT2 [10].

Zinc is an indispensable micronutrient for all organisms.
Pathogenic microorganisms require zinc for successful growth
and development of infectivity [11]. Therefore, mammalians limit
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zinc availability as a defensive strategy against invading pathogens
by forming zinc complexes with proteins such as calprotectin
[12,13]. However, in comparison to the well-characterized
microbial iron homeostasis system and its importance in host-
pathogen interactions [14,15], relatively little is known about the
role of zinc in the host-pathogen interplay in the infection milieu.
Zinc metabolism studies in pathogenic fungi have mainly focused
on Aspergillus fumigatus and Candida albicans. The A. fumigatus
transcription factor Zaf4 is a functional homolog of S. cerevisiae
Zaplp, and its transcript levels are regulated by zinc availability.
Moreover, ZafA is associated with the regulation of the zinc
transporter-encoding genes z7f4 and z1/B, further underscoring its
role in zinc homeostasis. Mutant cells lacking Zafd display
attenuated virulence, as assessed in murine models of aspergillosis
[16]. The functional homologues of S. cerevisiae Zaplp in C. albicans
were identified in two independent studies and were named Csrlp
[17] and Zapl [18], respectively. C. albicans mutant cells lacking
Csrlp display a severe growth reduction in low-zinc environments
and defects in filamentous growth, an important virulence-
associated trait [17]. In addition, this protein positively regulates
the expression of zinc transporters [18], further reinforcing its role
in zinc homeostasis.

The basidiomycete yeasts Cryptococcus neoformans and C. gattii are
the etiological agents of cryptococcosis, a life-threatening disease
mostly characterized by meningoencephalitis. Cryptococcosis is a
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devastating disease in Africa and a major cause of death in
immunosuppressed patients in many countries [19,20]. C. negfor-
mans var grubi (serotype A) is the most prevalent cause of human
cryptococcosis, accounting for over 95% of cryptococcal cases
worldwide, while C. gattii infections account for less than 1% of
cryptococcosis cases [21]. However, C. gattii is usually associated
with cryptococcosis in immunocompetent individuals [22]. In
addition, cryptococcosis outbreaks caused by a hypervirulent
strain of C. gattiz on Vancouver Island [23] and in the USA [24,25]
reinforce the need for a thorough molecular characterization of
the virulence determinants of this species. At least four well-
characterized pathogenic determinants are shared by C. negformans
and C. gattii: (i) the presence of a polysaccharide capsule, (ii) the
synthesis of a melanin-like pigment, (iii) the ability to proliferate at
human body temperature and (iv) the ability to proliferate inside
macrophages [26]. Nevertheless, only a few genes for other
virulence determinants have been characterized in C. gattiz to date
[22].

Despite its importance, zinc metabolism is poorly characterized
in both C. negformans and C. gattii. This is in contrast to both iron
metabolism [15] and copper metabolism [27,28], which have been
well-studied. Zinc chelation by calprotectin impairs the growth of
C. negformans, and this mechanism is also likely to be important
during interactions between cryptococcal cells and neutrophils and
other immune cells [29]. Here, we characterized the ZAPI gene
and its role as a transcriptional regulator of zinc metabolism in C.
gattii. ZAPI shares structural and functional features with other
fungal zinc regulators, and functional analysis revealed that Zapl
regulates the expression of several genes involved in zinc
metabolism. In addition, the results of this study demonstrate that
Zapl 1is necessary for key events in various cryptococcal
pathogenesis-related mechanisms.

Results

Identification of the C,H, Zn-finger transcription factor
Zap1 in C. gattii

Scrutiny of the C. gattii R265 genome [30] using the S. cerevisiae
zinc finger metalloregulatory protein Zaplp revealed the presence
of 25 predicted CyoHy zinc finger domain-containing proteins.
Considering that S. cerevisiae Zaplp is characterized by a
concentration of zinc fingers in its C-terminus [4], proteins
without this feature were not considered for further analysis. The
best-hit protein matching these criteria is encoded by the gene
CNBG_4460, which contains four CoHy domains. As previously
demonstrated, S. cerevisiae Zaplp possesses seven zinc finger
binding domains [4]. Thus, a direct comparison of the predicted
CNBG_4460 encoded protein with the orthologs of the C.
negformans H99 and JEC21 strains was performed. The overall
identity between proteins from the two C. negformans strains was
very high (>98%). However, when each predicted C. negformans
protein was compared to the putative C. gatti protein, the
similarity was found to be only 78% (Figure S1), which may be
due to a gap in the sequence corresponding to the C-terminus of
the C. gattii protein. Analysis of the CNBG_4460 locus sequence
relative to proteins from both C. neoformans strains was conducted
employing the Gene Wise algorithm (http://www.ebi.ac.uk/
Tools/Wise2/) to search for possible frameshift or annotation
errors. The resulting sequence of the C. gattu Zapl protein
displayed increased identity with proteins from both C. negformans
strains (84%), and the similarity is likely due to the presence of an
additional 70-bp exon (Figure S1). Moreover, RNA-seq confirmed
the presence of an extra exon in the C-terminal coding region of
the C. gatti API gene. In this way, the proposed annotation for
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the C. gattu ZAPI gene is quite identical to the C. negformans
orthologs (Figure S1). Thus, the JAP! gene encodes a 699-aa
protein containing six CoH, zinc finger domains that are
distributed along its sequence, as observed in fungal Zapl
functional homologs (Figure 1A). The domain architecture in C.
gattt Zapl protein is similar to those observed in C. neoformans
functional homologs. Additionally, phylogenetic  analysis
(Figure 1B) including Zap1 sequences from different fungal species
demonstrated that C. gattic Zap]l is highly similar to Zap1 from C.
neoformans and A. fumigatus but less similar to Zapl from C. albicans.

The expression of Zap1p is regulated by zinc levels in S. cerevisiae
[4]. To further characterize the functional homology of C. gattit
Zapl, the transcript levels from the JAPI gene were assessed by
gRT-PCR analysis using RNA isolated from C. gattii that were
cultured in both the presence and the absence of the zinc chelator
TPEN. A significant increase in {API transcripts (25-fold) was
detected in zinc-limiting conditions compared to control condi-
tions (Figure 1C), suggesting a possible role for C. gattu Zapl in
zinc metabolism. An increase in the transcript levels of distinct ZIP
family zinc transporters (JIPI — CNBG_6066, JIP2 -
CNBG_2209, and ZIP3 — CNBG_5361) could also be detected
in the same experimental conditions (Figure 1D). This result
indicates the utility of TPEN as a tool to evaluate the zinc
deprivation responsiveness of C. gattir, and confirms that AP/
transcript levels can be regulated by zinc availability.

C. gattii Zap1 regulates zinc transport and growth during
zinc deprivation

To evaluate the function of Zapl in C. gattii, null mutants and
complemented strains were constructed. Knockout and comple-
mentation of the JAPI gene were confirmed by both Southern
blotting and RT-PCR analysis (Figure S2). To evaluate the role of
C. gattii Zap! in zinc homeostasis, the ability of WT, zap/A mutant
and zaplA::ZAPI complemented strains to grow in zinc-limiting
conditions (YNB containing TPEN) were assayed. Zinc depriva-
tion induced decreased growth in all strains analyzed in
comparison to their growth in zinc-rich medium. However, this
growth reduction was much more pronounced in the zaplA
mutant (Figure 2A). To evaluate the possibility that the growth
arrest in zapIA mutants exposed to zinc deprivation conditions
might be related to lower intracellular zinc levels, fluorometric
analyses were performed with the cell permeable zinc probe
Fluozin — 1 AM. Relative fluorescence levels of zap/A mutant were
approximately 5 times lower than those of the WT strain and were
comparable to background fluorescence levels obtained from the
treatment of WT and zap/A mutant cells with the membrane
permeable TPEN (Figure 2B). Because fungal Zapl orthologs
regulate the expression of ZIP family zinc transporters [16,18,31],
qRT-PCR analyses were conducted to evaluate the relative
transcript levels of three genes encoding ZIP domain containing
proteins. The expression of two of these genes (JIPI —
CNBG_6066 and ZIP2 — CNBG_2209) was regulated by Zapl
because the relative transcript levels of these genes were drastically
reduced in the zap/A mutant cells compared to WT cells
(Figure 2C). Collectively, these results confirm that C. gattic Zapl
plays a key role in the regulation of zinc homeostasis.

C. gattii cells lacking Zap1 display alterations in oxidative
stress pathways

Zinc deficiency generates a burst of oxidative stress in . cerevisiae
cells, and the adaptive responses to overcome some of the damage
caused by reactive oxygen species (ROS) can be mediated by
Zaplp [32]. Assays to evaluate the sensitivity of WT, zapIA
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amino acids) is indicated to the right. B. Phylogenetic analysis applying the Neighbor-Joining method and including Zap1 sequences from distinct
fungi. The bar marker indicates the genetic distance, which is proportional to the number of amino acid substitutions. C. Quantitative real time RT-
PCR of ZAP1 gene transcripts after growth of C. gattii in YNB with or without TPEN. D. Quantitative real time RT-PCR of ZIP gene transcripts after
growth of C. gattii in YNB with or without TPEN. The measured quantity of the mRNA in each of these samples was normalized using the Ct values
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mutant and zaplA::JAPI complemented strains to hydrogen
peroxide, menadione or T-BOOH revealed no differences in their
relative growth when exposed to these distinct ROS generators
(data not shown). However, assays employing the intracellular
fluorescent ROS probe CM-H2CFDA revealed an accumulation
of ROS in mutant cells, compared to the level in WT and
complemented strains, after cultivation in YNB with TPEN
(Figure 3A). To gain insight into this phenomenon, the relative
transcript levels of three catalase- (CAT1 — CNBG_4696, CAT2—
CNBG_5786 and CA73 — CNBG_4667) and two superoxide
dismutase (SOD)-encoding genes (SODI — CNBG_0599 and SOD2
— CNBG_2661) were measured by qRT-PCR. Comparison of the
relative transcript levels of the CAT genes from WT and zapIA
mutant cells revealed no statistically significant differences
(Figure 3B). Nevertheless, a slight increase (1.9-fold) was observed
in the levels of the Cu-Zn SOD encoded by CNBG_0599 but not
in the Mn SOD encoded by CNBG_2661 (Figure 3C).

The accumulation of intracellular ROS in C. gattii zapIA mutant
cells suggested that other mechanisms might also be involved in
the regulation of ROS homeostasis in such cells. The S. cerevisiae
Zaplp is also known for its role in the regulation of the expression
of distinct genes involved in sulfur and glutathione metabolism
[33,34]. To test this possibility, the sensitivity of zap/A mutant cells
to the glutathione depletion agent diethyl malate (DEM) was
examined. While the addition of DEM to WT or zapIA:ZAPI
complemented strains reduces their growth to approximately 60%
of the level of non-treated cultures, it caused a more intense
growth inhibition in the zap/A mutant strain to approximately
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40% of the level of non-treated cultures (Figure 4A). This result
suggests that the lack of {API leads to a reduction in glutathione
levels in these cells. In an attempt to correlate the proposed
diminished glutathione levels with the elevated intracellular ROS
levels, the relative transcript levels of two glutathione peroxidase
(GPx)-encoding genes (GPX! — CNBG4202 and GPX2 -
CNBG5153) were evaluated. GPxs catalyze the reduction of
hydrogen peroxide with the consumption of reduced glutathione,
yielding oxidized glutathione [35]. The relative GPX2 gene
transcript levels were 4 times higher in the zap/A mutant
compared to WT cells (Figure 4B), confirming an imbalance in
glutathione and ROS metabolism in the absence of JAPI. In
addition, analysis of the sensitivity of WT cells, zap/A mutants and
zaplA::ZAPI complemented strains to the reactive nitrogen species
(RNS) generator DETA-NONOate revealed that the absence of
ZAPI gene activity leads to a marked decrease in the viability of
the zapIA mutant compared to the WT or complemented strains
(Figure 5).

Effects of ZAP1 deletion on C. gattii virulence

The zapIA strain was evaluated for its ability to synthesize
melanin and capsule and for its ability to grow at 37°C, as these
are the most well studied virulence factors of C. gattiz [26]. The lack
of ZAPI does not interfere with any of these traits (Figure S3), but
a decrease in the ability to cause experimental cryptococcosis was
observed in zapIA cells. Using an intranasal model of murine
infection, we found that mice infected with the ZAPI null mutant
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Figure 2. C gattii ZAPT1 null mutants are defective in zinc
metabolism. (A) Growth of the WT, zapTA mutant and zap1A::ZAP1
complemented strains in low-zinc or control media was evaluated
spectrophotometrically. The ratio between growth in low-zinc and
control conditions is show as the mean * SD from three biological
replicates. (B) Fluorometric determination of intracellular zinc was
accomplished using the probe Fluozin-1-AM. The relative zinc
concentration was determined based on the fluorescence in WT or
zap 1A mutant cells cultured in YNB or YNB +10 uM TPEN as a control to
determine the level of background fluorescence. Bars represent the
mean of the cell count of normalized fluorescence levels. C.
Quantitative real time RT-PCR of ZIP gene transcripts after growth of
the C. gattii WT or zap1A mutant in YNB + TPEN. The measured quantity
of the mRNA in each of the samples was normalized using the Ct values
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obtained for the actin gene. Data are shown as the mean * SD from
three experimental replicates of three biological replicates.  P<<0.01.
P<0.001. NS, not significant.

doi:10.1371/journal.pone.0043773.g002

survived longer (median survival 11.5 days) than those infected
with the WT (P=0.0078) and complemented strains (P =0.0253)
(median survival 6 and 6.5 days, respectively; Figure 6A). In this
context, interactions between yeast cells and macrophages play a
pivotal role in the pathobiology of C. negformans [36]. To evaluate
whether the lower virulence of the zap/A mutant is associated with
changes in the interplay between macrophages and C. gatti,
phagocytosis assays were performed employing the macrophage
cell-like RAW264.7 line. Assays with the WT, zap/A mutant and
zapIA::ZAPI complemented strains revealed that cells lacking
ZAPI have increased CFU counts after 18h of interaction with
macrophages (Figure 6B). In conjunction, these results confirm the
role of ZAPI in C. gatti virulence.

ZAP1 regulates the expression of zinc transporters,
oxidative stress-related proteins and zinc-binding
proteins

To evaluate the response of the JAP! regulon to zinc
deprivation, RNA-seq analyses were conducted using RNA
isolated from WT or zapIA mutant cells after a 2-h exposure to
TPEN, as this condition promotes the intense expression of AP/
and ZIP zinc transporters (Figure 1C and 1D). Analysis of the two
transcriptomes revealed a total of 183 and 328 genes that were
significantly (p<<0.05) up-regulated and down-regulated, respec-
tively, in WT cells compared to zap/A mutant cells. As expected,
two ZIP zinc transporters were found among the up-regulated
genes, providing a positive control for the analysis. In addition,
one gene related to nitrosative stress, the flavohemoglobin
encoding gene, was also up-regulated in WT cells (Table 1). The
full list of JAPI-regulated genes and the corresponding fold-
changes are shown in Table S1. To further characterize the genes
regulated by ZAPI in C. gattii, a screen for genes encoding putative
zinc-binding proteins was conducted, employing gene ontology
(GO) classification after analysis on the UFO server [37]. Among
the 183 WT up-regulated genes analyzed, four zinc-binding
proteins were detected, and all are transcription factors containing
distinct zinc finger domains (Table 1). However, when the 328
WT down-regulated genes were subjected to the same analysis,
thirteen different genes encoding putative zinc-binding proteins
were identified. The majority of these genes encode proteins with
dehydrogenase activity, and only two encode zinc finger
transcription factors (Table 1).

Discussion

Zinc is a fundamental micronutrient in cell physiology, as it is a
key component of the cores of several proteins [38]. Fungal cells
have evolved a regulatory mechanism to acquire and distribute
zinc inside cells [32]. In all fungal systems characterized to date,
including S. cerevisiae, C. albicans and A. fumigatus, the Zaplp
transcription factor and its functional homologs control zinc
homeostasis through the modulation of zinc transporter and zinc-
binding protein expression [4,16-18]. In the present study, the
functional homolog of S. cerevisiae Zaplp was characterized in C.
gattu, allowing us to analyze the influence of zinc in cryptococcal
virulence. Four lines of evidence support the assumption that Zap1
is a zinc-responsive transcriptional regulator that is responsible for
zinc homeostasis in C. gattii. First, JAPI transcript levels increase in
response to zinc deprivation. Second, @ silico analysis of the
predicted Zapl protein sequence identified several CoHy zinc
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Figure 3. Disruption of ZAP7 generates an imbalance in ROS
metabolism. (A) Fluorometric determination of intracellular ROS levels
employing the probe CM-H2DCFDA. The relative ROS levels were
determined based on the fluorescence in WT, zaplA mutant or
zap1A:ZAP1 complemented cells cultured in YNB + TPEN. Bars
represent the mean of the cell count with normalized fluorescence
levels. (B) Quantitative real time RT-PCR of CAT gene transcripts after
growth of C. gattii WT or zap1A mutant cells in YNB + TPEN. (C)
Quantitative real time RT-PCR of Mn-SOD or Cu/Zn-SOD gene transcripts
after growth of the C. gattii WT or zapTA mutant cells in YNB + TPEN.
The measured quantity of the mRNA in each of the samples was
normalized using the Ct values obtained for the actin gene. Data are
shown as the mean = SD from three experimental replicates of three
biological replicates. * P<0.05. “ P<0.01. NS, not significant.
doi:10.1371/journal.pone.0043773.9g003

finger domains that are common to all fungal Zapl functional
homologs described to date [4,16,17]. Third, Zapl is associated
with the regulation of zinc transporter expression because in C.
gattii ZAPI null mutants, the relative transcript levels of genes
encoding the ZIP family transporters are drastically reduced
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compared to WT cells. Fourth, the growth of the C. gattii zaplA
strain is reduced in zinc-limiting conditions. Additionally, C. gattii
null mutants for the AP gene display attenuated virulence in the
intranasal murine model of cryptococcosis, and these mutants
associate more with macrophages than do W'T' and complemented
strains in phagocytosis assays. The modulation of virulence was
also demonstrated for mutants of the SAPI homolog in A. fumigatus
(ZafA gene) [16], further indicating the importance of zinc
homeostasis in the virulence of fungal pathogens.

At least three transcription factors that regulate metal homeo-
stasis were described in the phylogenetically related yeast C.
neoformans. The CIRI and HAPx genes are involved in the
regulation of iron homeostasis [39,40], and CUFI regulates copper
metabolism in C. negformans [28]. Lack of CIRI in C. negformans
yields cells with enhanced melanization, decreased capsule size,
and temperature-sensitive growth [40], while C. negformans CUFI
null mutants are hypomelanized [28]. The CUFI and CIRI
mutant phenotypes contribute to their reduced virulence, as
assayed by murine models of cryptococossis [28,40]. The analyses
presented here demonstrate that C. gattii {API null mutants also
display reduced virulence in the same animal models and that this
phenotype could not be associated with any detectable alteration
in the classical virulence traits, such as melanin and capsule
formation and host temperature growth. The results observed with
C. gattu APl are in agreement with those described for C.
neoformans, in which the lack of ZAPI leads to a severe defect in
murine infectivity and reduced melanization [41]. A recent report
evaluated the phenotypes associated with the knockout of distinct
genes encoding functional homologs belonging to distinct func-
tional classed in both C. neoformans and C. gattii. Despite
conservation in phenotypes concerning the predicted activity of
the encoded protein, subtle differences could be found when
compared to the classical virulence traits among the species [22]. It
is therefore reasonable to assume that the decrease in virulence of
C. gatti ZAPI mutants can be attributed to defects in their ability to
grow in low-zinc conditions and to take up zinc from the
environment. Indeed, the reduction in zinc availability in the
infection milieu is a host strategy designed to hamper pathogen
replication [11]. For instance, a decrease in cytoplasmic zinc
concentration is observed in murine macrophages infected with
Histoplasma  capsulatum or treated with cytokines that induce
antimicrobial activity [42]. It has also been reported that abscesses
resulting from infection with the bacterium Staphylococcus aureus are
rich in the SB100 zinc-binding protein calprotectin, leading to zinc
chelation and thereby reducing zinc availability to the pathogen
[12]. Furthermore, the exposure of C. negformans cells to
calprotectin leads to growth inhibition and cell death [29].
Altogether, these data reinforce the dependence of C. negformans
and C. gattii on zinc availability for development within the host
milieu.

We observed that C. gattii ZAPI mutant cells display several
defects in their ability to handle oxidative stress. In addition to the
accumulation of intracellular ROS, such cells display alterations in
glutathione metabolism. For instance, C. gattii {API mutant cells
display increased GPX?2 transcript levels and are more sensitive to
diethyl malate compared to WT cells. This suggests a decreased
concentration of intracellular glutathione in C. gattii {API mutant
cells. In light of these results, we hypothesize that as an adaptive
response to the zinc deprivation-induced accumulation of intra-
cellular ROS levels, C. gattii SAPI mutant cells modulate the ROS
balance through glutathione metabolism. Via the activity of GPx,
cells can detoxify ROS with the concomitant consumption of
glutathione [35]. Accordingly, GPX null mutants of C. negformans
are hypersensitive to oxidative stress [43]. It is well documented
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Figure 4. Lack of ZAP17 leads to alterations in glutathione metabolism. (A) The WT, zap1A mutant and zap1A::ZAP1 complemented strains
were incubated in YNB or YNB +0.5 mM DEM. After 24 h of incubation, the cell density was spectrophotometrically determined. The ratio between
growth in DEM and control conditions is shown as the mean = SD from three biological replicates. (B) Quantitative real time RT-PCR of GPX gene
transcripts after growth of C. gattii WT or zap1A mutant cells in YNB + TPEN. The measured quantity of the mRNA in each of the samples was
normalized using the Ct values obtained for the actin gene. Data are shown as the mean = SD from three experimental replicates of three biological

replicates. "P<<0.05. “P<0.01. ""P<0.001. NS, not significant.
doi:10.1371/journal.pone.0043773.9g004

that zinc depletion results in enhanced ROS levels inside S.
cerevisiae cells [32,44]. As an adaptive response to elevated ROS
levels caused by zinc deprivation, S. cerevisiae cells activate the
expression of the TSA7 gene, which encodes a peroxiredoxin, to
degrade hydroperoxides [44]. The JAPI gene from S. cerevisiae is
also involved in the regulation of the catalase encoding gene €777
in low-zinc conditions, suggesting that this enzyme plays a role in
ROS detoxification under conditions of zinc deprivation [31]. The
uptake and metabolism of sulfate is largely dependent upon AP/
activity in S. cerevisiae and is repressed in zinc-limiting conditions
[33]. Methionine, cysteine, and (most likely) other metabolites
from sulfur metabolism, including glutathione, are found at lower
concentrations in zinc-limited S. cerevisiae cells, suggesting that the
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Figure 5. C. gattii ZAP1 gene null mutant shows defects in the
response to RNS. The WT, zaplA mutant and zaplA:ZAP1
complemented strains were incubated in YNB or YNB +1 mM DETA-
NONOate. After 24 h of incubation, the cell density was spectropho-
tometrically determined. The ratio between growth in DEM and control
*cgnditions is shown as the mean = SD from three biological replicates.

P<0.001.
doi:10.1371/journal.pone.0043773.g005
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detoxification of ROS in zinc-limiting conditions also relies on
proper glutathione metabolism [32]. Altogether, these findings
suggest that C. gattu likely evolved a Zapl-independent strategy to
cope with the elevated ROS levels caused by zinc-limiting
conditions, unlike those observed in S. cerevisiae.

The generation of RNS is a common strategy used by immune
cells to hamper the development of C. negformans and other fungi
[45]. The successful growth and virulence of C. negformans in
nitrosative conditions, both i wvitro and i vivo, depends on the
activity of flavohemoglobin denitrosylase and S-nitrosoglutathione
reductase, which are encoded by the FHBI and GNOI genes,
respectively [46,47]. C. gattit SAPI null mutants are more sensitive
to the RNS generator DETA-NONOate, possibly as a conse-
quence of reduced transcript levels of the FBHI ortholog in C.
gattii, as observed in our transcriptome analysis. Therefore, in
addition to defects in zinc transport and metabolism, the
attenuated virulence observed in the C. gattii API null mutants
may also be associated with defects in dealing with nitrosative
stress.

The comparison of the C. gatti JAPI regulon with its
counterparts from S. cerevisiae and C. albicans revealed some
overlapping circuits. The ZIP family of zinc transporters is
positively regulated by JAPI in yeasts [18,31]. However, Zapl
regulates several other genes that are not necessarily associated
with zinc homeostasis. When specifically analyzing the zinc-
binding proteins, as inferred from their GO annotations, we
observed that Zap]l is a negative regulator of several zinc-binding
proteins. The results presented here show that some alcohol
dehydrogenases are downregulated in WT cells compared to the
ZAPI null mutants. The same expression pattern is also observed
in S. cerevisiae and C. albicans [18,31]. This strategy could represent
an adaptation to low zinc availability named “zinc conservation”
[32], in which other metalloproteins necessary to survive in such
conditions are preferentially associated with zinc. Alcohol dehy-
drogenases are among the most abundant zinc-binding proteins in
the cell, representing a significant proportion of the total cellular
zinc [32]. As a result, the reduced expression of some zinc-binding
proteins would make zinc available for other proteins, such as Cu/
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Figure 6. Zap1 is required for full C. gattii virulence in mice and influences phagocytosis by macrophages. (A) Virulence assay of WT,
zap1A mutant and zap1A:ZAP1 complemented strains in an intranasal inhalel'gi*on infection model with BALB/c mice. (B) CFU counts after macrophage
infection with WT, zapTA mutant and zap1A::ZAP1 complemented strains. ~ P<<0.001.

doi:10.1371/journal.pone.0043773.9g006

Zn SODs, as a strategy to cope with the harsh conditions of a zinc-
limiting milieu.

In conclusion, this report describes the identification and
characterization of Zapl, a general regulator of zinc homeostasis
in (. gatti. Two key events are responsible for the observed
reduced virulence of C. gattiv SAPI null mutants in the intranasal
murine model of infection: the reduced zinc load in cells and the
corresponding increase in intracellular ROS. The C. gattii Zapl
regulon includes zinc transporters and several zinc-binding
proteins, and there is some conservation between it and the
regulatory circuits of other yeast Zapl regulons.

Materials and Methods

Ethics statement

The use of animals in this work were performed with approval
of The Universidade Federal do Rio Grande do Sul Ethics
Committee for Use of Animals (CEUA — protocol number 19801).
Mice were housed in groups of four in kept in filtered top
ventilated cages, maintained on 12 h dark/light cycle, with food
and water ad lbitum. The animals were cared according to the
Brazilian National Council for Animal Experimentation Control
(CONSEA) and Brazilian College of Animal Experimentation
(COBEA) guidelines. All efforts to minimize animal suffering were
made. Before mortality analysis, mice were intraperitoneally
anesthetized with 100 mg/kg Ketamine and 16 mg/kg Xylazine.
Mice were analyzed twice daily for any signals of suffering, defined
by weight loss, weakness or inability to obtain feed or water. In the
first signals of suffering, mice were humanely sacrificed.

Strains and culture conditions

The C. gatti strain R265 was used in this work. It was routinely
cultured in YPD (2% glucose, 2% peptone, and 1% yeast extract).
Agar was added to a final concentration of 1.5% when solid media
was used. YPD plates supplemented with 100 pg/ml nourseo-
thricin were used to select for the C. gattii zapIA mutant strain.
YPD +200 pg/ml hygromycin was used to select for the C. gattit
zapl A:ZAP1 complemented strain. Phenotypic assays were
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conducted in Yeast Nitrogen Base (YNB, without amino acids
and ammonium sulfate) with the addition of asparagine to a final
concentration of 40 mM. The murine macrophage-like cell line
was used for the evaluation of phagocytosis-related phenotypes. It
was routinely cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% heat-inactivated fetal bovine serum (FBS) in a
humidified incubator at 37°C and 5% CO,.

In silico identification and characterization of C. gattii
ZAP1

The putative C. gatti APl gene was identified by BLAST
analysis of the Broad Institute C. gattii R265 database using the S.
cerevisiae Zaplp sequence as a query (NCBI accession number
NP_012479.1). Amino acid sequences of Zapl orthologs from .
cerevisiae, C. albicans, A. fumigatus, C. gattii and C. neoformans were
aligned using ClustalX?2 [48]. Megad was utilized for phylogenetic
analysis applying the Neighbor-Joining method; tree architecture
was inferred using 1000 bootstraps [49]. Searches for zinc-binding
domains were conducted using the ScanProsite tool [50].

Construction of knockout and complemented C. gattii
ZAP1 strains

The Delsgate methodology was used to construct the AP gene
inactivation allele by employing the vector pDONR-NAT, as
previously described for C. neoformans [51,52]. The nourseothricin
resistance cassette from pAl4 was subcloned into the EcoRV site of
pDONR201 (Gateway donor vector, Invitrogen) to construct
plasmid pDONR-NAT. The 5" and 3" ZAPI flanking sequences
(953 and 801 bp, respectively) were PCR-amplified and gel
purified (Illustra GFX PCR DNA and Gel Band Purification kit,
GE Healthcare). The plasmid pDONR-NAT and each PCR
product were mixed at equimolar ratios in a BP clonase reaction
according to manufacturer’s instructions (Invitrogen). This reac-
tion was then transformed into Escherichia coli OmniMAX 2-T'1
cells. The inactivation construct plasmid was linearized by I-Scel
digestion prior to (. gatt biolistic transformation [53]. For
complementation, a 5-kb fragment spanning the {API gene was
amplified from C. gattii R265 DNA and subcloned into the £coRV
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Table 1. List of selected ZAP1-regulated genes in C. gattii.

Zinc Regulation in Cryptococcus gattii

Category/ Accession” Description® PFAM* Fold Change®
Transport

CNBG_2209 zrt1 protein ZIP zinc/iron transport family 6.96
CNBG_6066 zinc ion transporter ZIP zinc/iron transport family 6.42
CNBG_4611 sodium: inorganic phosphate symporter Phosphate transporter family 2.05
Oxidative metabolism

CNBG_3964 flavohemoglobin Oxidoreductase NAD-binding domain 2.24
Sulfate metabolism

CNBG_1788 glutathione S-transferase Mak16 protein 2.08
CNBG_6075 S-adenosylhomocysteine hydrolase S-adenosyl-L-homocysteine hydrolase 2.00
CNBG_6043 glutathione transferase N/A —1.87
CNBG_1291 cystathionine beta-synthase Pyridoxal-phosphate dependent enzyme —4.34
Zinc-binding®

CNBG_1642 transcription factor Illb TFIIB zinc-binding; Brf1-like TBP-binding domain 3.67
CNBG_2093 RNA polymerase Ill smallest subunit Transcription factor S-l (TFIIS) 1.87
CNBG_3335 DNA-directed RNA polymerase | polypeptide Transcription factor S-l (TFIIS) 2.10
CNBG_0427 conserved hypothetical protein Zinc-binding dehydrogenase —2.21
CNBG_1120 conserved hypothetical protein Putative GTPase activating protein for Arf —2.00
CNBG_1321 cytoplasm protein Zinc-binding dehydrogenase —0.62
CNBG_2992 alcohol dehydrogenase Alcohol dehydrogenase GroES-like domain —0.81
CNBG_3576 quinone oxidoreductase Alcohol dehydrogenase GroES-like domain —2.00
CNBG_3878 zinc-binding dehydrogenase Alcohol dehydrogenase GroES-like domain —273
CNBG_3919 xylitol dehydrogenase Alcohol dehydrogenase GroES-like domain —248
CNBG_4844 conserved hypothetical protein Fungal Zn(2)-Cys(6) binuclear cluster domain —1.59
CNBG_4875 R,R-butanediol dehydrogenase Alcohol dehydrogenase GroES-like domain; —2.67
CNBG_5308 conserved hypothetical protein Zinc finger, ZZ type —1.81
CNBG_5559 conserved hypothetical protein LIM domain —1.80
CNBG_6001 extracellular elastinolytic metalloproteinase Fungalysin metallopeptidase (M36); —2.70
CNBG_6010 mannose-6-phosphate isomerase Phosphomannose isomerase type | —-2.41

mutant cells during growth in YNB + TPEN using a log scale.

doi:10.1371/journal.pone.0043773.t001

site of pJAF15, and the plasmid was transformed into the C. gattit
zapl A strain. Correct integration of the inactivation cassette into
the WT' ZAPI locus was evaluated by Southern blot and RT-PCR
analysis. The primers used in these constructions are listed in

Table S2.

Phenotypic assays

The viability of mutant cells in zinc-limiting media was assessed
by pre-growing the WT, zapIA and zaplA::ZAP1 strains in YPD
overnight (30°C). The cells were then washed with water and
1x10° cells were inoculated in YNB containing 10 uM TPEN or
YNB containing 10 pM TPEN and 10 pM ZnCl,. After 24 h of
incubation at 30°C, the ODg was determined. To evaluate the
viability of cells when exposed to other chemicals, the cells were
washed after the YPD incubation, and 1 x10° cells were inoculated
in YNB with various concentrations of diethyl malate or DETA-
NONOate. After 24 h of incubation at 30°C, the ODgyy was
determined. Capsule formation was examined by microscopy after

incubation for 24 h (37°C and 5 % COy) in DMEM media with

PLOS ONE | www.plosone.org

A: Gene accessions, descriptions and PFAM descriptions were obtained from the Broad Institute Database.
B: Data are presented as the ratio of FPKM (fragments per kilobase of exon per million fragments mapped) of genes in WT cells compared to their expression in ZAP1

C: Zinc-binding proteins were selected based on UFO analysis [37] using the predicted protein sequences of significantly differentially expressed genes in the WT or
zap1A strains as input. The sequences that contained the GO term “zinc ion binding” (GO:0008270) were selected for further functional classification.

10 % FBS that was prepared with India ink. Relative capsule sizes
were defined as the ratio between the capsule thickness and cell
diameter. Image] software was utilized to determine the capsule
measurements of 100 cells of each strain. Niger seed medium
plates were used for melanin synthesis evaluation.

RNA-seq analysis

WT and zapIA cells were pre-grown in YPD media (30°C for
24 h) and then inoculated in YNB media for a further period of
growth (30°C for 18 h). YNB + 10 pM TPEN was inoculated with
1x107 cells/mL and incubated for additional 4 h at 30°C. Cells
were collected by centrifugation (10,000 g for 10 min), and RNA
was isolated by Trizol (Invitrogen) after cellular lysis via mortar
and pestle. RNA integrity and concentration were assessed by
electrophoresis on a 1% agarose gel and by fluorometry analysis
using a Qubit fluorometer and a Quant-iT RNA assay kit
according to the manufacturer’s instructions (Invitrogen). mRNA
was purified from total RNA samples, processed and sequenced
using Solexa technology on an Illumina Genome Analyzer GAII
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(Fasteris Life Sciences SA, Plan-les-Ouates, Switzerland). The
resulting fastq files were aligned to the C. gattii R265 reference
sequence [30] with the help of Tophat [54]. Aligned transcripts
were quantified using cufflinks [55] with the current annotation of
the C. gattii R265 genome provided by the Broad Institute.
Differential expression was evaluated by the cuddiff module of
cufflinks with a False Discovery Rate (FDR) set at 5%. Genes with
an FDR corrected p-value <0.05 were considered to be
statistically significant. Functional classification against PFAM
and GO of differentially expressed genes was performed using the

web server UFO [37].

Real time RT-PCR analysis

RNA samples were prepared as above. cDNAs were prepared
from DNAse (Promega)-treated total RNA samples (500 ng) with
ImProm-II Reverse transcriptase (Promega) using oligo-d'T. qR'T-
PCR was performed on a Real-time PCR StepOne Real-Time
PCR System (Applied Biosystems) with thermal cycling conditions
set with an initial step at 95°C for 5 min followed by 40 cycles at
95°C for 15 s, 55°C for 15 s and 60°C for 60 s. Platinum SYBR
green qPCR Supermix (Invitrogen) was used as a reaction mix,
supplemented with 5 pmol of each primer and 1 pl of the cDNA
template in a final volume of 25 pl. All experiments were
performed using three independent cultures, and each cDNA
sample was analyzed in triplicate with each primer pair. Melting
curve analysis was performed at the end of the reaction to confirm
the presence of a single PCR product. Data were normalized to
actin cDNAs amplified in each set of PCR experiments. Relative
expression was determined by the 2747 method [56]. Statistical
analyses were conducted via a two-tailed Student’s t-test. The
primers used in these analyses are listed in Table S2.

ROS measurement.

Cells were grown overnight in YPD medium at 30°C, washed in
YNB and incubated for an additional 24 h in YNB. Cells were
washed and inoculated at a cell density of 1 x107 cells/mL in fresh
YNB +10 uM TPEN. The acetoxymethyl ester of dichlorodihy-
drofluorescein diacetate (CM-H2DCFDA) (Molecular Probes) was
added to a final concentration of 10 uM and incubated for an
additional 2 h to load the dye into cells. After 2 h, the cells were
washed with PBS and analyzed for fluorescence determination
using a SpectraMax M4 plate reader fluorometer (Molecular
Devices) with the emission and excitation wavelengths set at 488
and 520 nm, respectively. Fluorescence values were normalized to
cell count, based on the ODggo determination. Statistical analyses
were conducted with a two-tailed Student’s t-test.

Intracellular zinc level determinations

Cells were cultivated for ROS assessment. After a 24-h
incubation in YNB, cells were washed and inoculated at a density
of 1x107 cells/mL in fresh YNB. The acetoxymethyl ester of
Fluozin-1 (Fluozin-1 AM — Molecular Probes) was added to a final
concentration of 10 uM and incubated for an additional 2 h to
load the dye into the cells. A control experiment was conducted in
which TPEN was included to evaluate the fluorescence back-
ground. After 2 h, the cells were washed with PBS and analyzed
for fluorescence determination in a SpectraMax M4 plate reader
fluorometer (Molecular Devices) with its emission and excitation
wavelengths set to 495 and 517 nm, respectively. Fluorescence
values were normalized to the cell count, as determine by ODg
measurement. Statistical analyses were conducted using a two-
tailed Student’s t-test.
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Macrophage assays

Phagocytosis assays were conducted to evaluate the susceptibil-
ity of W, zapIA and zap1A::ZAP1 cells to the antifungal action of
phagocytes. Macrophage-like RAW264.7 cells were seeded at a
density of 1x10° cells/100 pul of DMEM supplemented with 10%
FBS in each well of the 96-well culture plates (I'PP). After 24 h of
incubation (37°C and 5% COy), the medium was replaced with
fresh medium containing 1x10° cells of cach fungal strain,
obtained after a 24-h incubation in YPD and extensive washing in
PBS. The plates were further incubated (18 h, 37°C, and 5%
COy), and vyeast cells that were not associated with the
macrophages were removed by PBS washes. Fungal survival was
evaluated after macrophage lysis with sterile ice-cold Milli-Q) water
and subsequent plating on YPD for CFU determination. This
assay was performed in triplicate for each strain. A Student’s t-test
was used to determine the statistical significance of the observed
differences in fungal survival.

Survival assays

Virulence studies were conducted as previously described [51].
Briefly, fungal cells were cultured in 50 ml YPD medium at 30°C
overnight with shaking, washed twice and re-suspended in PBS.
Groups of eight female BALB/c mice (approximately 5 weeks old)
intraperitoneally anesthetized with 100 mg/kg Ketamine and
16 mg/kg Xylazine were infected with 1x107 yeast cells
suspended in 50 pl PBS and monitored twice daily for moribund
signals. We used a high C. gattii inoculum since BALB/c mouse is
moderately resistant to cryptococcal infection [57]. The median
survival values were calculated by Kaplan-Meier survival analysis.
Animal studies were approved by the Federal University of Rio
Grande do Sul Ethics Committee.

Supporting Information

Figure S1 In silico characterization of C. gattii Zapl.
Multiple sequence alignment of the Zap! ortholog sequences of C.
neoformans  serotype D Zapl (CryneoD_Zapl — Genbank
XP_572252) and C. negformans serotype A Zapl (CryneoA_Zapl
— Broad Institute CNAG_05392) with the C. gattu Zapl Broad
Institute (A) and the proposed sequences (B). The predicted zinc
fingers are shown as shaded black boxes. (C) Comparison of the
CNBG_4460 locus (Supercontig 11: 588643-591042) automatic
annotation and the proposed annotation with the annotated
sequences of SAPI from C. negformans serotype D (CryneoD_ZAPI
— Genbank NC_006693) and C. negformans serotype A (CryneoA_-
KZAPI — Broad Institute CNAG_05392). Exons are depicted with
arrows and arrowheads.

(TIF)

Figure S2 Construction of the C. gattii ZAPl gene
knockout and complemented strains. A. AP/ deletion
scheme. TV represents the targeting vector constructed by
Delsgate methodology. 5 ZAP1 and 3 ZAPI represent the 5’
and 3’ flanking regions of the JAPI gene, respectively. 5F and 5R:
primers utilized to amplify the 5’ flanking region of ZAPI. 3F and
3R: primers utilized to amplify the 3’ flanking region of JAPI.
Nat: cassette that confers nourseothricin resistance. WT represents
the wild type locus of the AP/ gene in the R265 strain. 4
represents the JAPI locus in the zap! mutant strain. The cleavage
sites of the Bg/II restriction enzyme are indicated. B. Confirmation
by Southern blotting. Genomic DNA (10 pg) from WT (lane 1),
zapIA::ZAPI complemented (lane 2) and zapIA mutant (lane 3)
strains was digested with Bg/Il. The 3’ flanking region was used as
the probe for Southern hybridization. Numbers on the left indicate
the hybridization signal sizes based upon the position of the
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molecular size marker. C. Semi-quantitative RT-PCR using
¢DNA from WT, zap!A mutant and zapIA::ZAP1 complemented
strains as the template. RNA samples were used as templates for
reactions employing (+) reverse transcriptase. Control reactions
without reverse transcriptase addition (—) were used to confirm the
absence of genomic DNA. The upper panel shows the AP/
amplicons, while the lower panel shows the ACT/ amplicons
(loading control).

(TIF)

Figure S3 Analysis of virulence-related phenotypes of
the C. gattii ZAPI null mutant. (A) Melanin production was
assessed by plating ten-fold serial dilutions of WT, zap/A mutant
and zaplA:ZAPI complemented strains in niger seed agar and
incubating for 48 h. (B) Ability to replicate at body temperature
was assessed by plating ten-fold serial dilutions of WT, zaplA
mutant and zaplA::API complemented strains in YNB agar and
incubating at 30 or 37°C for 24 h. (C) Capsule production was
evaluated by analysis of the capsule/cell ratio of 100 distinct cells
from WT, zapIA mutant and zaplA:ZAPI cells cultured in
capsule-inducing conditions.

(TTF)
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Figure S1: In silico characterization of C. gattii Zap1l. Multiple sequence alignment of the
Zap1 ortholog sequences of C. neoformans serotype D Zapl (CryneoD Zapl — Genbank
XP_572252) and C. neoformans serotype A Zapl (CryneoA Zapl — Broad Institute
CNAG 05392) with the C. gattii Zapl Broad Institute (A) and the proposed sequences (B).

The predicted zinc fingers are shown as shaded black boxes. (C) Comparison of the



CNBG 4460 locus (Supercontig 11: 588643—-591042) automatic annotation and the proposed
annotation with the annotated sequences of ZAPI from C. neoformans serotype D
(CryneoD_ZAPI — Genbank NC 006693) and C. neoformans serotype A (CryneoA ZAPI —
Broad Institute CNAG_05392). Exons are depicted with arrows and arrowheads.
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Figure S2: Construction of the C. gattii ZAPI gene knockout and complemented strains.
A. ZAPI deletion scheme. TV represents the targeting vector constructed by Delsgate
methodology. 5 ZAP1 and 3 ZAP1 represent the 5" and 3’ flanking regions of the ZAP1I gene,
respectively. SF and 5R: primers utilized to amplify the 5’ flanking region of ZAPI. 3F and
3R: primers utilized to amplify the 3’ flanking region of ZAPI. Nat: cassette that confers
nourseothricin resistance. WT represents the wild type locus of the ZAPI gene in the R265
strain. 4 represents the ZAPI locus in the zap! mutant strain. The cleavage sites of the Bg/II
restriction enzyme are indicated. B. Confirmation by Southern blotting. Genomic DNA (10
ng) from WT (lane 1), zapIA::ZAPI complemented (lane 2) and zap /A mutant (lane 3) strains
was digested with Bg/Il. The 3' flanking region was used as the probe for Southern
hybridization. Numbers on the left indicate the hybridization signal sizes based upon the

position of the molecular size marker. C. Semi-quantitative RT-PCR using cDNA from WT,
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zapIA mutant and zaplA::ZAP1 complemented strains as the template. RNA samples were
used as templates for reactions employing (+) reverse transcriptase. Control reactions without
reverse transcriptase addition (—) were used to confirm the absence of genomic DNA. The
upper panel shows the ZAPI amplicons, while the lower panel shows the ACT] amplicons

(loading control).

36



w000 @
zap1A. . . .

zap1A::ZAP1

B 30 °C 37 °C

WT

zap1A

zap1A::ZAP1

2.0-

1 T T .

0.5-

Relative capsule size
-—
o
'l

o-c ) ) L)

Figure S3: Analysis of virulence-related phenotypes of the C. gattii ZAPI null mutant. (A)
Melanin production was assessed by plating ten-fold serial dilutions of WT, zap /A mutant and
zaplA::ZAP1 complemented strains in niger seed agar and incubating for 48 h. (B) Ability to

replicate at body temperature was assessed by plating ten-fold serial dilutions of WT, zaplA
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mutant and zapIA::ZAPI complemented strains in YNB agar and incubating at 30 or 37°C for
24 h. (C) Capsule production was evaluated by analysis of the capsule/cell ratio of 100 distinct

cells from WT, zap A mutant and zapIA::ZAP1 cells cultured in capsule-inducing conditions.
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Table S1: Complete list of Zapl-regulated genes with at least 2-fold differential
expression. A  lista completa pode ser encontrada no  endereco
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/jo

urnal.pone.0043773.s004
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Supplementary Table 1: List of primers used in this work.

Primer Sequence (5°-3°) Purpose
name
ZAP1-5F AAAATAGGGATAACAGGGTAATCA  5-flank amplicon of ZAPI knockout
GCCACAACAATCCTTGGG construct / RT-PCR
GGGGACAAGTTTGTACAAAAAAAG .
ZAP1-5R CAGGCTATATCCCACATGCACGATA - ank amplicon of ZAPT knockout
construct / RT-PCR
GTA
GGGGACCACTTTGTACAAGAAAGC .
ZAP1-3F TGGGTAGCGGTAAGAAATTTTCAC - Hank amplicon of ZAPI knockout
construct
GT
ZAP1-3R AAAAATTACCCTGTTATCCCTAGCA  3-flank amplicon of ZAPI knockout
i ACTTGAGACCGTCCCCT construct
7 AP1lcomnF ACAGCTATGACCATGATTACTTTTC ZAPI amplicon for
comp TATATGCAACAAACTAGTCG complementation
GCACACTGGCGGCCGTTACTAATA
ZAPIcompR AATTGATTACACGA ZAPI amphcqn for
complementation
Amplification of ACT for RT-
CGACTF CGGTATCGTCACAAACTGG PCR/GRT-PCR
Amplification of ACT for RT-
CGACTR GGAGCCTCGGTAAGAAGAAC PCR/GRT-PCR
Amplification of ZAP1 for qRT-
RTCgZAPIF GTGGCGAAGAAGGGAGAATG Péné’ Hication o ord
Amplification of ZAP1 for qRT-
RTCgZAPIR  ACAGTACGGGCAGACAAATGG Péné’ Hication o ord
CNBG5153R CAACATCGCTAACCTTAGTGC ﬁgl{’ lification of GPXZ for qRT-
CNBG5153F GAGTGACTTTCCCTATTGCC ﬁgl{’ lification of GPXZ for qRT-
CNBG4202F GAACGAGGTCTTTGCTTG Amplification of GPX/ for qRT-
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CNBG4202R

CNBG4667F

CNBG4667R

CNBG5786F

CNBG5786R

CNBG4696F

CNBG4696R

CNBGO599F

CNBGO0599R

CNBG2661F

CNBG2661R

CNBGS5361F

CNBGS5361R

CNBG6066F

CNBG6066R

GCTTCTCTGGCTTAGTGG

ACTTCCGACTCTGCTGATTC

GCTGAAAGGGGTAGATTCC

CGTCAGTGAGGTTTATGCG

GATGTGTATGCCGTAACTCG

TCACTACTGCGAAGGTTTTG

AAGACTGGGATGTTGTTGC

TCCCGTTACTGTTTCTGG

GTTGCCGTCAGTCTTGAC

CCTTCCCCGAACTACTCTC

CGTAAGTCTGGTGATGCTTG

GTGTAGCCCTTCTTTTCTCC

CAATCCTGTCCGTTGGTAC

GCTGAAGTCGCCGCTTATC

GGGAGGGATGGATGTGATG

PCR

Amplification of GPX! for qRT-
PCR

Amplification of CAT3 for qRT-
PCR

Amplification of CAT3 for qRT-
PCR

Amplification of CAT2 for qRT-
PCR

Amplification of CAT2 for qRT-
PCR

Amplification of CAT1 for qRT-
PCR

Amplification of CAT! for qRT-
PCR

Amplification of Cu/Zn SOD
transcript for gRT-PCR

Amplification of Cu/Zn SOD
transcript for gRT-PCR

Amplification of Mn-SOD
transcript for gRT-PCR

Amplification of Mn- SOD
transcript for gRT-PCR

Amplification of ZIP3 for qRT-
PCR

Amplification of ZIP3 for qRT-
PCR

Amplification of ZIPI for qRT-
PCR

Amplification of ZIPI for qRT-
PCR
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CNBG2209F

CNBG2209R

GTCATATTGGGCAAACTGG

AGGGGCAACAGACTCATAG

Amplification of ZIP2 for qRT-
PCR

Amplification of ZIP2 for qRT-
PCR
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5. CAPITULO 2 — Caracterizacio dos transportadores de zinco da familia

ZIP em Cryptococcus gattii

5.1 Introducao

Transportadores de zinco da familia ZIP sdo encontrados em todos os niveis
filogenéticos, incluindo bactérias, fungos, plantas e mamiferos. O mecanismo de transporte
realizado pelos transportadores ZIP ainda ndo ¢ bem caracterizado. Sabe-se que em S.
cerevisiae o transporte realizado por Zipl é dependente de energia, ao contrario de Zip2 em
humanos (Gaither e Eide, 2001). Em Saccharomyces cerevisiae, o0 mecanismo de captura de
zinco ¢ primariamente realizado por dois mecanismos, um de alta afinidade, realizado pela
proteina codificada pelo gene ZRT! (Zhao e Eide, 1996a), e outro de baixa afinidade,
realizado pela proteina codificada pelo gene ZRT72 (Zhao e Eide, 1996b). Apesar da
classificagdo, tanto a expressao do gene ZRT1 quanto de ZRT72, é regulada pela disponibilidade
de zinco, a limitagdo desse metal induz a expressdao de desses genes, ja a disponibilidade,

reprime a transcri¢do (Zhao e Eide, 1997).

Em A. fumigatus, as proteinas ZrfA e ZrfB sdo similares a transportadores de metais
de membrana, especialmente quando comparados com os transportadores de zinco da familia
ZIP. Além disso, a expressao relativa dos genes zrf4 e zrfB ¢é regulada pela disponibilidade de
zinco, visto que, quando o fungo ¢ cultivado na condi¢@o de privag¢do de ferro ou cobre, ndo
sdo observadas diferencas nos niveis de transcritos, j4 quando cultivado na condi¢ao de
privagdo de zinco, altos niveis de transcritos foram detectados (Vicentefranqueira et al., 2005).

Nesse contexto, demonstramos por meio de analises de expressdo que alguns transportadores
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de zinco da familia ZIP em C. gattii ndo sdo apenas regulados pela disponibilidade de zinco,

sugerindo assim, que alguns poderiam compor mecanismo de baixa afinidade.

5.2 Materiais e Métodos

5.2.1 Condicoes de cultivo

Células de C. gattii, linhagem R265, foram cultivadas em 3 diferentes condi¢des. O
meio de cultura utilizado foi o Yeast Nitrogen Base (YNB) (Difco), sendo que, para mimetizar
a condicdo de privacdo de ferro, utilizou-se o agente quelante BPDS na concentragdo de
10uM, e para a condicdo de privacdo de cobre, o agente quelante BCS, na mesma
concentracdo. Um pré-cultivo de 18 horas, a 37°C sob agitacdo constante de 200 RPM foi
realizado. Para tal, utilizou-se o meio de cultura YPD, composto de 1% de extrato de levedura,
2% de peptona e 2% de dextrose. Apds o pré-cultivo, as células foram centrifugadas, lavadas 3
vezes e ressuspendidas em tampdo PBS. Um volume de 107 células/ml foi inoculado em 50 ml
de YNB contento ou ndo o respectivo agente quelante. Apds duas horas, o cultivo foi
centrifugado e as células congeladas para posterior extragdo de RNA. Importante lembrar que

os cultivos para extracdo de RNA foram realizados em triplicatas biologicas.
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5.2.2 Extracido de RNA e sintese de cDNA

Para a extracdo de RNA utilizou-se o protocolo do reagente TRIzol (INVITROGEN).
O RNA extraido foi tratado com enzima DNase I (PROMEGA) e uma reacdo de PCR foi
realizada, certificando assim, que a amostra encontrava-se livre de DNA. Para a sintese de
cDNA, utilizou-se 0,2pg de RNA, e a reagdo foi realizada utilizando a enzima M-MLV
Reverse Transcriptase (INVITROGEN) seguindo o protocolo descrito pelo fabricante. Uma
reacdo de PCR também foi realizada utilizando primers da actina, comprovando a sintese da

fita complementar.

5.2.3 qPCR em Tempo Real

As reagdes de PCR quantitativo em tempo real foram realizadas utilizando o kit
Platinum SYBR green qPCR Supermix (INVITROGEN) de acordo com instru¢cdes do
fabricante. As reagdes foram suplementadas com 5Spmol de cada primer e 1 pl de cDNA, em
um volume final de 25ul. As reagdes foram realizadas com um estdgio de desnaturagdo inicial
de 5 mim a 95°C, seguido de 40 ciclos composto de 3 etapas, desnaturacio por 15 s a 95°C,
anelamento por 15 s a 55°C e extensdo por 1 mim a 72°C. As reac¢des foram realizadas no
sistema de PCR em Tempo Real Applied Biosystems StepOne e as andlises de expressao

2724 (Livak e Schmittgen, 2001), utilizando o gene

relativa foram realizadas pela metodologia
codificador da actina como normalizador. No final da reacdo, a andlise da curva de

desnaturagdo foi realizada, comprovando a presenca de um tnico produto de PCR.
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5.3 Resultados

5.3.1 Identificacdo de genes codificantes para os transportadores de zinco da familia ZIP
no genoma de C. gattii

Primeiramente foi realizada uma andlise in silico utilizando dominios conservados
das proteinas da familia ZIP (PFAM ID PF02535) no proteoma predito de C. gattii junto ao
Broad Institute
(http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans_b/MultiHome.ht
ml). Por meio desta andlise, identificamos 4 genes codificadores para os transportadores de
zinco da familia ZIP no genoma de C. gattii: ZIP1 (CNBG_2209), ZIP2 (CNBG_6066), ZIP3
(CNBG_5361) e ZIP4 (CNBG 3336). Apos identificacdo dos genes, foram construidos
primers para posteriores andlises de expressdo. Analises de expressao do gene ZIP4 por RT-
PCR em tempo real revelaram que a indugdo da expressdo deste transportador se da pela
presenga de zinco no meio de cultura, efeito oposto aos dos demais transportadores (Figura 7).

Assim este transportador nao foi utilizado nos testes posteriores.
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Figura 7. Niveis de transcritos do gene ZIP4 em presenca e auséncia de zinco. Linhagem
R265 de C. gattii foi cultivada por duas horas na condi¢dao controle (YNB) ou privagdo de
zinco (Cho et al.). A quantidade de transcritos foi normalizada usando os valores de Ct
referentes aos transcritos de actina. Dados se referem a média de 3 réplicas de 3 réplicas

bioldgicas, assim como o desvio padrdo. * , P < 0.05 de acordo com o teste t-student.

5.3.2 ZIP1 e ZIP3 possuem expressiao regulada pela disponibilidade de ferro

Como resultados preliminares, analisamos os niveis de expressdo dos trés
transportadores de zinco da familia ZIP em C. gattii em trés diferentes condi¢des: controle,
privagdo de ferro (BPDS) e privagdo de cobre (BCS). Demonstramos que ZIP1 (CNBG_2209)
apresentou leve aumento na expressdo na condicdo de privacdo de ferro, e ZIP3
(CNBG_5361) apresentou elevado aumento de expressdo nessa condicdo, sugerindo que esses
transportadores ndo atuam somente no transporte de zinco, sendo assim, uma evidéncia da

baixa especificidade tanto de ZIP1 quanto de ZIP3 (Figura 8).
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Figura 8. Niveis de transcritos dos genes codificadores dos transportadores de zinco da
familia ZIP em diferentes condi¢cées. Linhagem R265 de C. gattii foi cultivada por duas
horas na condi¢do controle (YNB), privacao de ferro (BPDS) e privacdo de cobre (BCS). As
andlises de expressdo demonstraram que ZIP1 e ZIP3 apresentaram aumento nos niveis de
transcritos quando na condicdo de privacdo de ferro. A quantidade de transcritos foi
normalizada usando os valores de Ct referentes aos transcritos de actina. Dados se referem a

média de 3 réplicas biologicas, assim como o desvio padrdo. * , P < 0.05 de acordo com o

teste t-student.
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6. DISCUSSAO

A homeostase de zinco na célula ¢ realizada por mecanismos regulatorios
homeostaticos, os quais podem ser tanto em niveis poOs-traducionais, como em niveis
transcricionais (Lyons et al., 2000). Em S. cerevisiae, dois mecanismos de captura de zinco
sao descritos. Um deles, considerado um sistema de alta afinidade, é ativado na condigdo de
privagdo de zinco, e o outro, considerado de baixa afinidade por esse metal, ndo possui sua
atividade regulada pela disponibilidade de metal (Zhao e Eide, 1996b). Porém, a regulacdo da
expressdo tanto do sistema de alta quanto do de baixa afinidade ¢ realizada pela fator de
transcricdo de Zaplp, o qual possui papel fundamental na homeostase desse metal (Zhao e
Eide, 1997). Além disso, a exposicdo de C. neoformans a complexos calprotectina resulta em
inibicao do crescimento ¢ morte celular (Mambula ez al., 2000), demonstrando a condigdo de
privagcdo de zinco a qual o patdogeno € exposto durante o processo infeccioso. No presente
trabalho, caracterizamos o homoélogo de Zaplp de S. cerevisiae em C. gattii. O estudo
permitiu concluir que o fator de transcricdo Zapl regula a homeostase de zinco nesse
patdgeno, além de avaliar as influéncias que os baixos niveis desse metal causam na célula e
seus efeitos na patogenicidade.

Primeiramente, a andlise in silico da proteina predita demonstrou a presenca de
diversos dominios dedos de zinco C;H,, além disso, uma maior conservagdo na sequencia
dessa proteina foi constatada justamente nesses dominios de ligagdo ao DNA, demonstrando
sua conservacao em relacdo aos homologos de outras espécies ja descritos até o momento.

Ap6s a identificacdo do ortdlogo, andlises de expressdo de ZAP! foram realizadas, e o grande
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aumento da expressdo do gene na condi¢do de privacdo de zinco serviu-nos de evidéncia que
essa proteina possui papel importante na homeostase desse metal. Assim, para melhor
caracterizar a funcdo desse fator de transcri¢do na célula, uma linhagem mutante de C. gattii
para ZAPI foi construida e caracterizada. A linhagem mutante demonstrou sensibilidade a
condi¢do de privagdo de zinco, corroborando com dados descritos na literatura, onde a
linhagens mutantes para os homoélogos ZAPI em S. cerevisiae (Zhao et al., 1998), ZafA em A.
fumigattus (Moreno et al., 2007) e CSRI em C. albicans (Kim et al., 2008) demonstraram essa
mesma caracteristica. Além disso, o aumento da expressdo dos genes codificadores dos
transportadores de zinco da familia ZIP na linhagem selvagem, nos levou a concluir que Zapl
regula positivamente a expressdo desses genes na condicdo de privacdo de zinco. Este
resultado serve de evidéncia para os baixos niveis de zinco intracelular detectados na linhagem
mutante.

Em linhagens mutantes de ZAP! de S. cerevisiae, o acimulo de EROs intracelular ¢
observado (Eide, 2009). Além disso, o gene ZAPI de S. cerevisiae esta envolvido na regulacao
do gene codificador de catalase C7T1, provavelmente atuando na detoxificacdo de EROs na
condi¢do de privacdo de zinco (Wu et al., 2007). Nesse contexto, testes de sensibilidade a
fontes de EROs, como menadiona, TBOOH e perdxido de hidrogénio foram realizados,
porém nenhuma diferenga de sensibilidade foi observada. Além disso, ndo foram observadas
diferengas nos niveis de transcritos de genes codificadores para catalases, demonstrando que
Zapl ndo participa da regulagdo da expressdo desses genes. Apesar disso, em C. gattii, na
auséncia de ZAPI, um acimulo de EROs intracelular € observado e, além disto, um aumento
na expressao de Cu/Zn-SOD foi detectado na linhagem mutante, provavelmente atuando como

mecanismo de adaptagdo aos altos niveis de EROs intracelular. Entretanto, existe outra
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possibilidade para esse aumento na expressdo observado, frente a reducdo nos niveis de
proteinas com dominios de ligagdo a zinco na linhagem mutante, ocorreria uma maior
disponibilidade desse metal para outras proteinas, como a propria Cu/Zn-SOD, atuando na
adaptagdo das células frente a condig@o de estresse.

Em S. cerevisiae, os niveis intracelulares de glutationa sdo mais baixos quando na
condi¢do de limitagdo de zinco, sugerindo que essa enzima atua diretamente na detoxificacao
de ERO (Eide, 2009). Em C. gattii, a linhagem mutante zap! demonstrou maior sensibilidade
ao agente depletor de glutationa dietilmalato, sugerindo assim, niveis mais baixos dessa
enzima na célula. A comprovagdo dessa evidéncia foi possivel, pois um grande aumento na
expressdo do gene GPx2 foi observado na linhagem mutante. Certamente o produto deste
gene, o qual utiliza glutationa no combate as EROs, mantém baixos os niveis dessa enzima nas
células mutantes. Além do estresse oxidativo, patdogenos sdo expostos a espécies reativas de
nitrogénio (ERN) durante o processo infeccioso. Essa produ¢do dos agentes estressores ¢
realizada pelas células do sistema imune, onde ja foi demonstrado que gragas a essa estratégia,
C. neoformans e outras espécies de fungos patogé€nicos possuem seu desenvolvimento
dificultado durante o processo infeccioso (Gross et al., 1999). Em C. gattii, demonstramos que
a auséncia de ZAPI ocasiona uma maior sensibilidade ao agente indutor de espécies reativas
de nitrogénio DETA-NONOato, demonstrando a importancia da homeostase de zinco no
processo infeccioso, frente as defesas impostas pelo sistema imune do hospedeiro, justificando
a baixa viruléncia da linhagem mutante. Além disso, a andlise do transcriptoma de C. gattii
revelou que a linhagem mutante apresentou uma baixa expressao do gene FBHI, ortdlogo de
S. cerevisiae e codificador da enzima flavohemoglobina-denitrosilase, explicando a maior

sensibilidade da linhagem mutante.
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A andlise do transcriptoma demonstrou que varios genes sdo regulados tanto
positivamente quanto negativamente por Zapl. Porém, a expressdo de alguns deles, como de
algumas proteinas ligadoras de zinco, poderia estar relacionada com o cultivo na condicdo de
privagdo de zinco, e assim, ndo serem diretamente regulados negativamente por Zapl. Alguns
genes codificadores para desidrogenases apresentaram expressdo mais baixa na linhagem
selvagem. Esse perfil de expressdo poderia estar relacionado com os baixos niveis de zinco na
qual a célula foi cultivada, visto que, Eide e colaboradores (2009), descreveram um
mecanismo denominado conservagdo de zinco, no qual metaloproteinas essenciais para a
sobrevivéncia da células na condi¢do de estresse, teriam a preferéncia pela associagdo por
zinco. Sabendo que as desidrogenases sdo as proteinas ligadoras de zinco mais abundantes na
células (Eide, 2009), sua expressao seria reduzida, liberando zinco para outras proteinas, como
a Cu/Zn-SOD, a qual ¢ de extrema importancia para a sobrevivéncia da célula na condi¢do em
questao.

No presente trabalho foi demonstrado que Zapl desempenha papel fundamental no
metabolismo de zinco em C. gattii. Corroborando com resultados obtidos em S. cerevisiae,
onde a proteina Zaplp regula positivamente os genes ZRTI e ZRT2 em resposta a
disponibilidade de zinco, sendo que, nesse microrganismo, a proteina codificada pelo gene
ZRT2 ¢ considerada um transportador de baixa afinidade (Zhao e Eide, 1997). Neste estudo,
demonstramos que trés transportadores de zinco da familia ZIP possuem sua expressao
regulada pela disponibilidade de zinco, sendo que ZIP1 e ZIP2 apresentaram menores niveis
de transcritos auséncia do fator de transcricio Zapl. Além disso, C. gattii cultivado na

condi¢do de privacdo de ferro, demonstrou aumento nos niveis de transcritos de ZIP3,
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sugerindo ser um sistema de transporte de baixa afinidade. Apesar dos resultados obtidos,

mais ensaios bioquimicos sdo necessarios para tal conclusdo.

7. CONCLUSOES E PERSPECTIVAS

Por meio de diferentes experimentos, podemos afirmar que Zapl é o principal
regulador da homeostase de zinco em C. gattii. O fator de transcricdo demonstrou regular a
expressdo de diversos genes envolvidos na homeostase desse metal, dessa maneira alterando
os niveis de zinco intracelular. Tal estudo ¢ de grande importancia, pois podemos observar os
efeitos que os baixos niveis de zinco causam na células, além da relacdo feita com estresse
oxidativo e nitrosativo. Outro importante fator, ¢ que mais uma vez provou-se que a
homeostase de zinco esta diretamente relacionada com a viruléncia dos patégenos, sendo o
presente fator de transcri¢cdo, um candidato para futuros estudos de desenvolvimento de drogas
terapéuticas.

Como citado anteriormente, o trabalho desenvolvido por Simm e colaboradores (2011),
um composto antiprotozoario e antiparasitico (atovaquona) e um agente antimaldrico
(halofantrina), foram capazes de diminuir os niveis de zinco intracelular em Candida albicans
e consequentemente, diminuindo a filamentacdo, um importante fator de viruléncia nesta
levedura. Assim, a caracterizacdo de sistemas conservados de metabolismo de zinco em
leveduras e fungos podera levar ao desenvolvimento de novas estratégias terapéuticas por
meio da utilizagdo de compostos quimicos ja bem caracterizados do ponto de vista

farmacocinético e farmacodindmico, assim como a seguranga para o paciente.
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Diversas vezes foi demonstrado que o metabolismo de zinco ¢ de extrema
importancia para o desenvolvimento de uma infec¢do fungica. Além disso, os tranportadores
de zinco da familia ZIP sdo importantes para o crescimento de S. cerevisiae na condigdo de
privagdo de zinco (Eide, 2006). Em virtude disso, em experimentos futuros daremos
continuidade a caracterizacdo dos transportadores de zinco da familia ZIP em C. gattii. No
presente trabalho foi demonstrado que trés deles apresentaram sua expressdo regulada pela
disponibilidade de zinco, e que ZIP3 apresentou evidéncias de ser um transportador de baixa
afinidade. A construcdo de mutantes nulos para os genes codificadores para essas proteinas ira
permitir a melhor compreensao do funcionamento da homeostase de zinco em C. gattii, visto a

importancia da homeostase de metais na viruléncia deste patdgeno.
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