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RESUMO

O cadmio ¢ um metal pesado com propriedades toxicas e carcinogénicas. A
toxicidade deste metal pode ser resultado da sua habilidade de (i) formar complexos com a
glutationa, gerando aumento do estresse oxidativo, (ii) competir com o zinco por sitios de
ligacdo em proteinas, (iii) causar quebras de fita simples no DNA e (iv) inibir a via associada
ao reparo de erros no emparelhamento de bases do DNA. A absor¢do de cadmio para o
interior celular pode ser feita por proteinas que transportam metais essenciais como zinco,
calcio, manganés e ferro, tal como a proteina Zrtl de leveduras (transportador de alta
afinidade para zinco). Em Saccharomyces cerevisiae, o mecanismo de desintoxicacdo de
cadmio mais conhecido envolve a conjugacdo do metal com glutationa, formandos complexos
Cd.[GS],, que sdo transportados para o interior do vacuolo pela proteina Ycfl. Além disso,
sabe-se que alguns poucos metais essenciais sdo capazes de reduzir a toxicidade do cadmio.

O objetivo do presente estudo foi verificar o efeito protetor de ions de magnésio e
calcio contra os danos causados pelo cadmio em linhagens de S. cerevisiae mutantes para
proteinas envolvidas com a homeostase de cadmio (gshiA, ycfiA e zrtiA). Além disso, foi
avaliado o envolvimento de proteinas transportadoras de calcio presentes no complexo de
Golgi e vacuolo (Pmrlp e Pmclp, respectivamente) com a desintoxicagdo de cadmio por
vesiculas da via secretoria de S. cerevisiae.

Os resultados demonstram que, tanto na linhagem selvagem quanto nas mutantes
gshlA, ycfiA e zrtA, a presenca de ions de célcio ou magnésio € capaz de proteger as células
contra os efeitos toxicos do cadmio. Essa protecdo esta associada a uma redugdo do contetido
intracelular de cddmio que ocorre nos tratamentos simultdneos com magnésio e calcio.

Em relagdo aos transportadores de calcio, foi possivel observar que a linhagem
pmclA ndo ¢é sensivel a cddmio enquanto que a linhagem pmriA ¢ altamente sensivel a
presenca do metal. Para confirmar o envolvimento da proteina Pmrl com a desintoxicagdo de
cadmio, a linhagem pmrIA foi submetida a um ensaio de complementagdo fenotipica
utilizando-se um vetor centromérico contendo o gene PMRI. Os resultados deste ensaio
confirmaram que o fendtipo de sensibilidade a cddmio da linhagem pmrIA pode ser revertido
pela presenga de uma copia funcional do gene PMRI. Adicionalmente, os resultados
utilizando PIXE (Particle Induced X- Ray Emission) para quantificar o contetido intracelular

, . , . , 24 4 n .
de cadmio mostraram que na pmrIA o acimulo intracelular de ions Cd”™" ¢ trés vezes maior do

XV



que na linhagem selvagem e na linhagem pmriA contendo o vetor com o gene PMRI
funcional.

A proteina Pmrl ¢ responsavel pelo acimulo de célcio em vesiculas do complexo de
Golgi, as quais podem ser destinadas para a via secretoria de S. cerevisae. Considerando os
resultados obtidos neste trabalho e a similaridade entre os ions Ca*" ¢ Cd** em termos de raio
atdmico, € possivel inferir que o caddmio, assim como o célcio, pode ser bombeado para o
interior do Golgi pela Pmrlp e posteriormente transportado pela via secretéria. Sendo assim,
este trabalho descreve desintoxicacdo de cddmio envolvendo a eliminacdo do metal pela via

secretoria de S. cerevisiae.
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ABSTRACT

Cadmium is a heavy metal with toxic and carcinogenic properties. The toxicity of
this metal depends on its ability to: (I) produce complexes with glutathione, therefore
increasing oxidative stress, (II) compete with zinc for binding to proteins, (III) cause DNA
chain single breaks, and (IV) inhibit the mismatch repair pathway associated. Cadmium
uptake into the cell occurs through proteins that transport essential metals, such as calcium,
zinc, manganese, and iron, such as the yeast Zrtl protein transporter with high zinc affinity. In
Saccharomyces cerevisiae, the best known cadmium detoxification mechanism involves metal
coupling with glutathione, forming the complex Cd[GS],, which is carried inside to the
vacuole through the Ycfl protein. Moreover, it is well known that some essential metals are

capable of reducing cadmium toxicity.

The aim of the present study was to verify the protective effect of magnesium and
calcium ions against the damages caused by cadmium in S. cerevisiae strains mutant for
proteins involved with cadmium homeostasis (gshid, ycfid e zrtid). In addition, the
involvement of a calcium transporter present in the Golgi apparatus and in the vacuole
(Pmrlp and Pmclp, respectively) with the detoxification of cadmium by vesicles of the

secretory pathway of S. cerevisiae was evaluated.

The results demonstrated that both in the wild type strain and in gshiA4, ycfiA, and
zrt4 mutant strains, the presence of calcium or magnesium ions was able to protect cells
against the toxic effect of cadmium. This protection was associated with a reduction of
intracellular cadmium content that occurs in the simultaneous treatments with magnesium and

calcium.

As to calcium transporters, it was possible to observe that pmcIA is not sensitive to
cadmium, whereas pmrIA is highly sensitive to the presence of this metal. In order to confirm
the involvement of Pmrlp with cadmium detoxification, pmrIA strains were submitted to a
phenotypic complementation assay using centromeric vector containing PMRI gene. The
results of this assay confirmed that pmrIA cadmium sensitive phenotype can be reversed by
the presence of a functional copy of PMRI gene. Additionally, when using PIXE (Particle
Induced X Ray Emission) to quantify intracellular cadmium content, results showed that
pmrIA intracellular accumulation of Cd”*" ions is three times higher than in the wild type

strain, and the pmrIA containing the vector with PMRI functional gene.
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Pmrl protein is responsible for the accumulation of calcium in vesicles of Golgi
apparatus, which can be directed to the secretory pathway of S. cerevisae. Considering the
results obtained in this study, and the similarity between Ca’" and Cd*" ions in terms of
atomic radius, it is possible to infer that both cadmium and calcium can be pumped inside the
Golgi apparatus by Pmrlp, and later transported by the secretory pathway. Therefore, this
work describes cadmium detoxification involving the elimination of this metal by the

secretory pathway of S. cerevisiae.
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I- INTRODUCAO

1. DISPONIBILIDADE DE METAIS E A CELULA

A vida esta constantemente em desenvolvimento e adaptacdo no planeta. Por tal
motivo, a constituicdo elementar dos organismos vivos reflete a abundancia, disponibilidade
quimica e a reatividade dos elementos quimicos presentes na hidrosfera e litosfera durante os
estagios iniciais da evolucdo da vida (WILLIAMS & FRAUSTO DA SILVA 1996). Em todos
esses processos, o meio exerce uma fungdo crucial, agindo de forma direta ou indireta na
interagdo de ions metalicos nos seres vivos. Por isso, todos os organismos, no decorrer da
evolucdo, desenvolveram mecanismos de alta e de baixa afinidade que regulam a acumulagao
de ions metélicos, removendo do citoplasma aqueles presentes em excesso ou 0s nao
essenciais e, assim, evitando a toxicidade dos metais pesados.

Diversos mecanismos de resisténcia existem para diminuir ou impedir a toxicidade
dos metais. Entre eles, a resisténcia aos metais que sdo sempre toxicos e nao exercem nenhum
papel benéfico as células, como o cadmio ¢ o mercurio, ¢ também a resisténcia aos metais
como o cobre, o ferro e o zinco, que sao toxicos em concentragdes elevadas, mas sdo
absolutamente necessarios em pequenas quantidades (SILVER & WAUDERHAUG, 1992).

O primeiro mecanismo de resisténcia envolve a sintese de compostos orgéanicos que
sdo liberados para o meio extracelular onde se ligam aos metais, para assim reduzir ou
aumentar sua biodisponibilidade. Este ¢ o caso dos sideroforos, que sdo excretados sob
condicdes de caréncia de ferro, com a funcdo de formar complexos sideroforos-Fe (III)
permitindo deste modo, a entrada dos complexos via transportadores especificos presentes na
membrana celular. (KALINOWSKI & RICHARDSON, 2005). Além disso, os ions metalicos
podem ser limitados a superficie externa da célula pela seletividade encontrada na membrana
plasmatica. Assim, formas complexas sdo geralmente mais dificeis de serem transportados
para o interior da célula.

Outro mecanismo distinto se baseia na capacidade das células de aumentar a taxa de
excrecao de ions metalicos usando as bombas de efluxo. Além disso, a resisténcia a metais
pode ser resultado do seqiiestro intracelular de ions. Este ¢ um dos mecanismos mais
importantes pelo qual as bactérias combatem a exposi¢do a metais pesados. Esse seqiiestro
dos ions metalicos intracelulares ¢ executado por oligopeptideos e/ou proteinas ricas em
grupamentos tidlicos, como as metalotioninas e a glutationa (YBARRA & WEBB, 1999).

Todos esses mecanismos de resisténcia permitem a sobrevivéncia de células expostas a metais
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toxicos ou ao excesso de metais essenciais através da manutencdo da homeostase metalica

celular.

1.1. A ocorréncia de metais pesados e mecanismos de toxicidade

Os metais pesados sdo encontrados em pequenas quantidades na natureza como
resultado de atividades vulcédnicas e erosdo. Sendo assim, niveis toxicos podem ocorrer
naturalmente no solo, ou mais comumente, como resultado da polui¢do ambiental provocada
por atividades industriais e/ou domésticas. Tais atividades estdo acelerando os ciclos
biogeoquimicos de um grande ntimero de elementos (STROUHAL et al., 2003), e contribuem
para o aumento da deposi¢do de metais pesados no ecossistema.

Do ponto de vista quimico, os metais pesados sdo altamente reativos, o que explica a
dificuldade de encontra-los em estado puro na natureza, onde estdo incorporados a minérios.
No entanto, os ultimos 50 anos foram caracterizados por um desenvolvimento da atividade
industrial, a qual influiu significativamente na separacdo destes metais dos minérios e na sua
redistribuicdo no ambiente. Por exemplo, o aumento de insumos quimicos na agricultura,
industrias metalurgicas e a expansdo do uso de derivados de petroleo, tém como resultado o
aumento das concentracdes toxicas de metais no ambiente (SEMCZUK & SEMCZUK-
SIKORA, 2001).

1.2. Calcio

O Calcio (Ca*") no meio intracelular medeia um grande numero de respostas
celulares com uma afinidade e especificidade elevada (STULL, 2000), sendo fundamental
para uma grande variedade de processos intracelulares e extracelulares em todos os
organismos. Intracelularmente, o Ca®" estd envolvido principalmente na proliferagdo,
diferenciagdo e motilidade celular, no controle da contragdo muscular e da secre¢cdo hormonal
(BERRIDGE, 1993), além de atuar como mensageiro e cofator enziméatico. No meio
extracelular, participa de numerosas fun¢des essenciais, tais como coagulagdo sangiiinea,
adesdo celular, manutencdo da integridade do esqueleto e regulacdo da excitabilidade
extracelular (BROWN, 1991; 1999).

O valor basal do calcio intracelular (Ca2+ 1), geralmente em torno de 100 nM, ¢
aproximadamente 10.000 vezes menor do que a concentragao do célcio ionizado extracelular

(Ca™ o), que ¢ de cerca de 1 mM. O Ca™"; pode sofrer rapidas elevagdes quando ocorre
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ativagdo celular, devido 4 liberagio de Ca*" do estoque intracelular e/ou proveniente do Ca**
extracelular (BROWN, 1991). Neste sentido, um mecanismo ultra-sensivel a pequenas
mudangas de Ca*’ regula e mantém a homeostase desse ion (BERRIDGE, 2002). Além disso,
uma grande variedade de estimulos pode desencadear a abertura de canais especificos de Ca®"
na membrana plasmatica ou no reticulo endoplasmatico, causando um massivo influxo e
posteriormente a acumulagdo de ions de célcio no citoplasma. Apds a estimulagdo, os niveis
basais de Ca®" sdo restaurados por ATPases dependentes de Ca™ e bombas antiporticas que
transportam o Ca>" do citoplasma através da membrana citoplasmatica e de algumas
membranas internas. Para regular as respostas aos sinais provocados por Ca™, as células
desenvolveram um amplo numero de transportadores (TON & RAO, 2004).

Em Saccharomyces cerevisiae, o vactolo € o maior local de estocagem de Ca"”, pois
nele se encontra 95% do Ca®" total presente na célula (DUNN et al., 1994). Este grande
estoque de Ca®" ¢ mantido por meio da agdo de dois transportadores especificos: a ATPase
dependente de Ca** Pmclp e o antiportador de Ca*'/H" Vexlp (CUNNINGHAM & FINK,
1994; POZOS et al., 1996; AIELLO et al., 2004).

1.3. Magnésio

O magnésio ¢ o cation divalente mais abundante em células vivas quando comparado
com outros macro e micronutrientes (LIU et al, 2002). Além disso, o magnésio tem um
reconhecido papel na manuten¢do da estabilidade da membrana, bem como um cofator com
ATP. Mudangas na concentragdo de ions de magnésio no meio celular podem regular

diferentes reacdes metabolicas em plantas, animais e microorganismos (OPEI ef al., 1999).

Waalkes & Poirier (1984) evidenciaram que o magnésio diminui a ligacdo do cadmio
a sitios no DNA. Além disso, Littlefield et al. (1994) mostraram um efeito protetor do
magnésio sobre quebras simples no DNA induzidas por cddmio. Outros estudos mostraram
que o magnésio pode diminuir o efeito do cadmio sobre os espagos intracelulares e podocitos
em células do epitélio amnidtico humano (GUIET et al., 1990). Em coelhos, foi demonstrado

que a absor¢ao de magnésio pode eliminar cddmio via urina (SOLDATOVIC et al., 1998).

Em Saccharomyces cerevisiae, os genes ALRI e ALR2 foram identificados por sua
capacidade de aumentar a tolerancia ao aluminio quando superexpressos (MAcDIARMID &
GARDENER, 1998) ¢ estdo envolvidos com o transporte de magnésio, pois os mutantes alr/

e alr2 apresentam um crescimento reduzido em meio desprovido de magnésio. Corroborando
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esta hipotese, Graschopf et al. (2001) demonstraram que a proteina Alrl esta localizada na
membrana plasmatica de S. cerevisiae, e que sua expressao pode ser controlada por diferentes

concentracdes de magnésio.

1.4. Manganés

O fon manganés (Mn>") é um elemento essencial que é acumulado e utilizado por
todas as formas de vida. O manganés atua ndo somente como ativador de enzimas, mas
também como constituinte estrutural de metaloenzimas, dentre as quais estdo incluidas a
arginase, desidrogenases, cinases e descarboxilases. Tanto como ativador ou como
componente estrutural de enzimas, o Mn>" ¢ frequentemente o cation prioritario, porém ele
pode ser substituido parcialmente por Mg2+ com pouca ou nenhuma perda da atividade
enzimatica (CROWLEY et al., 1999; KEEN et al., 1999).

Apesar de ser um nutriente essencial, o Mn>" também pode ser toxico. A exposi¢io
ao Mn”" pode causar severas lesdes neuroldgicas em seres humanos, levando ao quadro de
Parkinson, também conhecido como manganismo (PAL et al., 1999; BARCELOUX 1999;
WITHOLT et al., 2000; UVERSKY et al., 2001).

A importancia bioldgica do manganés ¢ reconhecida ha um longo tempo, mas pouco
ainda se sabe do mecanismo de homeostase do manganés. Em S. cerevisiae, as proteinas Smfl
e Smf2 pertencem a familia de transportadores de metais Nramp (natural resistance-
associated macrophage protein), que sao amplamente conservadas, e atuam no importe e
trafico intracelular de Mn®" (CELLIER et al., 1995). Quando o nivel intracelular de Mn*"
diminui, hd um aumento na expressdo das proteinas Smfl e Smf2. Deste modo, com os
transportadores acumulados na superficie da célula (Smflp) e intracelularmente (Smf2p),
ocorre um aumento no importe de ions de Mn?" e sua disseminagio intracelular (LIU &

CULOTTA, 1999b; PORTNOY et al., 2000; LUK & CULOTTA, 2001).
1.5. Cadmio

O fon cadmio (Cd*") ¢ um elemento sem fungio bioldgica conhecida, porém é um
dos mais perigosos poluentes ambientais (McMURRAY & TAINER, 2003). Devido a sua
baixa excrecdo organica ¢ um tempo de meia vida biologico de 10 a 30 anos, o cadmio tende a

se acumular no corpo, causando seus efeitos deletérios (McMURRAY & TAINER, 2003).
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Dentre os metais pesados, o cadmio constitui o exemplo tipico de ion metalico cuja
toxicidade depende da sua habilidade de produzir complexos. Possuindo uma alta afinidade
pelos grupos sulfidrila das proteinas, compete com o zinco em proteinas e se liga de forma
inespecifica ao DNA, causando quebras simples de cadeia (MCMURRAY & TAINER 2003).

Szczypka et al. (1994) mostraram que o cadmio ¢ mutagénico e carcinogénico e
sugeriram que esses efeitos seriam provenientes da inducdo de estresse oxidativo.
Corroborando esta hipotese, Brennan & Schiestl (1996) mostraram que linhagens de S.
cerevisiae deficientes nas enzimas antioxidantes superoxido dismutase citoplasmatica (Sod1p)
e mitocondrial (Sod2p) sdo hipersensiveis a caddmio. Contudo, foi evidenciado que o estresse
oxidativo induzido pelo cadmio ¢ gerado de forma indireta e ocorre como resultado de
alteracdes nos niveis intracelulares de glutationa e no balango redox da célula. A exposicao
aguda ao cadmio inativa as enzimas tiol transferase (Glutaredoxina) e glutationa redutase por
meio da quelagdo de seus di-tidis (SH-SH) vicinais e promove a retirada de glutationa de
proteinas (deglutatiolagdo) (CHRESTENSEN et al., 2000). Vido et al. (2001) demonstraram
que o cadmio provoca um aumento significativo na expressdo da tioredoxina (Trx2p), e que
linhagens disruptas para os genes das tioredoxinas (trx/4, trx24) ou para a tioredoxina
redutase (trriA) sdo hipersensiveis ao cadmio. Stohs & Bagchi, (1995) demonstraram que o
cadmio pode aumentar os niveis de peroxidagao lipidica intracelular.

Jin et al. (2003) descreveram que o efeito carcinogénico do cddmio se deve a
inibi¢do do sistema de reparo de erros de emparelhamento (MMR) e ndo a geracao (direta ou
indireta) de lesdes ao DNA. Segundo estes autores, o cadmio pode ter alto poder mutagénico
mesmo quando estd presente em concentragdes que ndo seriam sufientes para gerar um
numero significativo de lesdes ao DNA (na ordem de micromolar), mas que sdo semelhantes
as concentragdes de cadmio encontradas no meio ambiente ¢ acumuladas em humanos
expostos a niveis altos do metal. Portanto, ¢ mais provavel que o efeito mutagénico do cddmio
seja resultado de sua capacidade inibir at¢ 50% as enzimas envolvidas na reparacdo de erros
emparelhamento (MMR), levando a altera¢des no quadro de leitura ribossomico e substituicao
de pares de bases no DNA (JIN et al., 2003). Os resultados deste trabalho deixaram claro que
uma substincia ndo necessita gerar um aumento de danos ao DNA, mas apenas inibir a

reparacao normal de danos endogenos para ser classificada como mutagénica.
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2. ORGANISMO MODELQO - Saccharomyces cerevisiae

A levedura Saccharomyces cerevisiae é provavelmente o organismo eucariotico mais
estudado. Isso ocorre porque a levedura ¢ facilmente cultivada em laboratorio, e ¢ um
organismo extremamente adequado para estudos genéticos. Além disso, deve-se mencionar
que a S. cerevisiae ¢ o primeiro organismo eucaridtico cujo genoma foi seqiienciado
completamente. Aproximadamente 6000 genes foram identificados, sendo que a informagéo
esta livremente disponivel na Internet em http://www.yeastgenome.org. Entretanto, as funcdes
de muitos genes ainda ndo sdo conhecidas (VOLODYMYR & LUSHCHAK, 2006). A
levedura S cerevisiae ¢ um valioso organismo modelo para doengas humanas, pois
compartilha muitas proteinas homologas tanto em suas estruturas e/ou fungdes. Além disso, é
um modelo eucariotico no qual ¢ tecnicamente facil aumentar ou diminuir o nivel da

expressdo génica em cada gene (STURGEON et al., 2006).

2.1. Metabolismo

A S. cerevisiae é caracterizada por sua habilidade de degradar glicose e frutose em
etanol (Crabtree effect), tanto em condig¢des aerobias quanto anaerobias de crescimento. A
glicose ¢ a fonte de carbono preferida da levedura S. cerevisiae, uma preferéncia que ¢
mediada por um complexo processo de repressdo, ativacdo de genes e modificacdes pos-
traducionais de proteinas usualmente conhecido como “repressao catabdlica” (GANCEDO,
1998). Na presenga de concentragdes acima de um valor chamado de concentracdo tipica, a
glicose reprime a expressao dos genes que codificam enzimas do ciclo de Krebs, enzimas da
cadeia respiratdria e estruturas mitocondriais. A via a ser seguida pelo piruvato, neste caso, ¢
a anaerdbica com a formagdo de etanol, encontrando-se reduzida a atividade mitocondrial na
levedura. Em concentra¢des de glicose abaixo da concentragdo critica (0,2% no meio) e em
presenca de O,, o piruvato seguird a via aerdbica (HALLIWELL & GUTTERIDGE, 2000).
Ocorrendo, neste caso, uma gradativa desrepressdo de genes que codificam (i) enzimas que
participam da biossintese de mitocOndrias; (ii) proteinas necessarias para a utilizagdo de
fontes de carbono alternativas e (iii) outros fatores necessarios ao metabolismo respiratdrio
(DE WINDE et al., 1997; GANCEDO, 1998).

A S. cerevisiae apresenta um perfil de crescimento caracteristico. Apdés um curto
periodo de adaptacdo ao meio no qual foram introduzidas (chamado de fase lag), as células

iniciam uma divis@o celular a cada hora e meia (fase exponencial) com a energia proveniente
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da fermentacdo da glicose. Quando a concentracdo da glicose cai abaixo do limite de
repressao, ha uma parada transitoria no ciclo celular, enquanto as células sdo preparadas para
o metabolismo respiratorio (transicdo diduxica). Apos, reassumem a divisdo celular em um
ritmo mais lento (uma divisdo a cada trés ou quatro horas), metabolizando o etanol produzido
durante a fermentacdo (fase pods-diduxica). Quando todas as fontes de carbono forem
depletadas, as células entram na fase estaciondria, na qual podem sobreviver por muito tempo

na auséncia de nutrientes (FUGE & WERNER-WASHBURNE, 1997).

3. PROCESSOS DE DESTOXIFICACAO DE Cd** NA LEVEDURA S. cerevisiae

A levedura S. cerevisiae ndo sintetiza fitoquelatinas, que sdo a primeira linha de
defesa contra o caddmio para plantas, fungos filamentosos, varias leveduras e at¢ mesmo em
Caenorhabditis elegans (VATAMANIUK et al., 2001). As fitoquelatinas sdao polimeros de (y-
glutamil-cisteina),-glicina, e sdo sintetizadas em resposta aos niveis toxicos de metais
pesados, sendo esta sintese dependente da concentragdo intracelular de glutationa. Sao
produzidas por meio da clivagem da glicina de uma molécula de glutationa (y-glutamil-
cisteina-glicina) por uma enzima chamada fitoquelatina sintase, resultando em um fragmento
de y-glutamil-cisteina que ¢ combinado a outra molécula de glutationa para formar a (y-
glutamil-cisteina),-glicina (AL-LAHHAM et al., 1999). Este processo ocorre repetidamente,
aumentando o numero de unidades y-glutamil-cisteina na molécula, cujos abundantes tidis
complexam preferencialmente ions cddmio, mas também cobre e zinco. Estes complexos sao
transportados ¢ mantidos no vactiolo. Em §. cerevisiae, esta funcdo de quelacdo de metais ¢é

atribuida a glutationa (PENNINCKX, 2002).

3.1. Queladores: Glutationa (GSH) e Metalotioneinas (MTs)

A glutationa é um tripeptideo (y-glutamil-cisteina-glicina) importante na protecao
celular contra formacgao de radicais livres, na homeostase tidlica, na manuten¢ao do balango
redox da célula e na defesa contra agentes eletrofilicos, como os xenobidticos. E sintetizada
em dois passos por duas enzimas distintas: pela enzima y-glutamil-cisteina sintetase
(codificada pelo gene GSHI), que regula a producdo de glutationa, ¢ pela enzima glutationa

sintetase (codificada pelo gene GSH?2), capaz de catalisar a sintese de GSH pela adi¢dao da

glicina a uma molécula y-glutamil-cisteina. O grupamento reativo da glutationa ¢ o tiol da
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cisteina, que atua como captador de espécies reativas de oxigénio e de metais pesados,
principalmente ions cadmio (PENNINCKX, 2002). A glutationa ¢ essencial para eucariotos,
e em S. cerevisiae atua na primeira linha de defesa contra a toxicidade de cadmio, inativando-
o fisiologicamente pela formacdo do complexo bis(glutatiolato)-cadmio, Cd(GS),, que ¢
transportado para o vacuolo pelas proteinas Ycflp (PENNINCKX, 2002) e Bptlp (KLEIN e?
al., 2002).

Outro mecanismo comum utilizado pelos organismos para a resisténcia a metais
toxicos envolve a captacdo de ions metédlicos intracelulares por proteinas de baixo peso
molecular ricas em cisteina conhecidas como metalotioneinas (MTs) presentes em células
eucarioticas. Os residuos de cisteina geralmente estdo presentes em motivos de seqiiéncia
Cys-X-Cys ou Cys-X-X-Cys. A presenca multipla destas seqiiéncias predispde as MTs a
ligarem metais. Assim auxiliando na homeostase de zinco e cobre, na participacao da fixacao
dos referidos metais essenciais, no controle das concentragdes dos ions livres dentro da célula,
no transporte aos seus destinos celulares e na neutralizagdo de metais pesados toxicos tais
como o cadmio e o mercurio, juntamente com a protecdo celular contra o estresse oxidativo
(KAGI & SCHAFFER, 1998). Em certas condi¢des, como proliferagio celular, algumas
metalotioneinas sdo translocadas até o nucleo e assim suprem os niveis de cobre e zinco para
as enzimas e fatores de transcricdo que dependem destes ions essenciais (OGRA & SUZUKI,

2000).

Na levedura, os loci que codificam para metalotioneinas sdo o CUPI ¢ o CRS5. O
locus CUPI, dependendo da linhagem, contém de 1 a 14 copias do gene da MT repetidas em
série; a quantidade de copias se correlaciona com resisténcia a cobre e ao cddmio. O locus
CRS5 codifica uma metalotioneina, cuja fungdo na protegdo a concentragdes toxicas de

cadmio ndo se mostrou relevante (PEREGO & HOWELL, 1997).

3.2. Transportadores de Cd*" localizados no vactolo (Ycflp, Bptlp)

Células de S. cerevisiae com delecao no gene YCFI sdo hipersensiveis ao cadmio.
Baseado em suas caracteristicas estruturais primarias, Ycflp (Yeast-Cadmium Factorl)
pertence a superfamilia de transportadores ABC (ATP binding cassete proteins), assim como
hCFTR (human cystic fibrosis transmembrane conductance regulator) e MRP1 (multidrug
resistance associated protein) (PEREGO & HOWELL, 1997). O gene YCFI ¢ ortologo aos
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genes MRP1 e MRP2 de mamiferos (REBBEOR et al., 1998) e codifica um transportador
dependente de ATP e magnésio localizado no vactiolo. A proteina Ycfl de S. cerevisiae
possui um importante papel na defesa celular contra ions Cd™ apds sua associagio com o
grupo tiol (SH) da glutationa, pois ¢é responsavel pelo transporte dos complexos Cd(GS), para
o interior do vacuolo. Além disso, essa proteina também catalisa o transporte de conjugados
de glutationa com outros metais e xenobidticos (como, por exemplo, 1-cloro-2.4-

dinitrobenzeno) do citoplasma para o interior do vactolo (PENNINCKX, 2002).

O gene BPTI ¢ transportador que pertence a superfamilia ABC. A proteina Bptl
pode transportar para o interior do vacuolo até um terco dos conjugados de glutationa
formados no citoplasma (KLEIN et al., 2002). Curiosamente, porém, ndo funciona na sua
otima capacidade de transporte na auséncia de Ycflp (o contrario ndo ocorre), o que leva a
crer que haja alguma forma de interagdo entre estas proteinas, destacando a fundamental
importancia de Ycfl na desintoxicagdo. Enquanto a expressdo de Ycflp aumenta
drasticamente apds certos estresses, como a exposi¢do ao caddmio, a de Bptlp varia
moderadamente (SHARMA et al., 2002). Os niveis vacuolares de Bptlp aumentam quando as
células de S. cerevisiae se aproximam da fase estaciondria de crescimento (KLEIN et al.,

2002).

3.3 Transportadores de Cd*" localizados na membrana plasmatica (Cad2p, Zrtlp,

Alrlp, Yorlp)

O gene CAD?2 foi identificado por codificar a proteina Cad2 que controla o nivel
intracelular de cadmio, aumentando os niveis de transporte deste metal para fora da célula,
conferindo uma maior resisténcia as células de S. cerevisiae (SHIRAISHI et al., 2000).
Porém, o gene CAD2 ¢ uma mutagdo derivada da proteina Pcal, a qual exporta cobre por um
transportador do tipo P-ATPase. Assim, a proteina Cad2 adquiriu uma nova funcdo,
realizando somente o efluxo de cddmio (SHIRAISHI ef al., 2000).

Na membrana plasmatica de S. cerevisiae, os transportadores Zrtl e Zrt2 sdo
responsaveis pelo influxo de alta e de baixa afinidade de zinco (MAcDIARMID et al. 2000).
Gomes et al., (2002) evidenciaram que o transportador Zrtlp de alta afinidade para zinco
estaria envolvido com a importacao de ions de cadmio em baixas concentragdes (47,8 uM de
CdSOy), o que explicaria o baixo nivel de oxidagdo intracelular e a alta tolerncia a caddmio

encontrados nos mutantes zrt/4 (GOMES et al., 2002).
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A proteina Alrl é um transportador de magnésio de alta afinidade que esta localizado
na membrana plasmatica de S. cerevisiace (MAcDIARMID & GARDNER, 1998). A
expressao e degradacdo deste transportador sdo controladas pela concentragdo de magnésio
(figura 1) GRASCHOPF ef al., 2001. Em niveis normais de magnésio, a Alrlp € essencial
para o crescimento de células de levedura. Entretanto, em meios com alta concentragdo de
Mg®" os niveis de expressio de Alrlp na membrana sio drasticamente reduzidos
(MAcDIARMID & GARDNER, 1998). Em recente estudo Kern et al. (2005), demonstrou
que, em células de S. cerevisiae, a proteina Alrl estd envolvida com a desintoxicagdo de Cd*",
devido a sua capacidade de executar o efluxo de Cd* para o meio extracelular.

A proteina Yorl pertence a familia de transportadores ABC e possui uma identidade
de aproximadamente 30% com hMRP1 e a Ycflp de S. cerevisiae (CUI et al., 1996).
Recentemente Nagy et al. (2006) demonstraram que, em S. cerevisiae incubada a uma
temperatura de 23° C, a proteina Yorl proporciona resisténcia ao cddmio. Esta resisténcia
ocorre pela capacidade da Yorlp de transportar complexos Cd(GS), para o exterior da célula,
pois esté localizada na membrana plasmatica e utiliza um mecanismo molecular similar ao da

proteina Ycfl para efetuar o efluxo do cadmio.
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Figura 1. Localizacio e expressio da proteina Alrl em S. cerevisiae, observada por
microscopio confocal. A linhagem JS74A expressando a proteina fluorescente verde (GFP)
foi crescida a 28° C por 12 horas em meio sintético, contendo magnésio nas concentragdes de
(A) 5 uM; (B) 1 mM; (C) 200 mM. Figura correspondendo a diferenga de contraste,
mostrando a esquerda GFP expressado. Adaptado de Graschopf et al, (2001).

29



4. PRINCIPAIS TRANSPORTADORES INTRACELULARES DE CALCIO
PRESENTES EM S. cerevisiae

4.1. Transportadores presentes na membrana vacuolar: Pmclp e Vexlp.

Em S. cerevisiae duas proteinas sdo conhecidas por mediar o transporte de Ca' entre
o citoplasma e o vacuolo: a Vex1p/Humlp - que é uma bomba de troca de H'/Ca* ¢ a Pmclp

- que ¢ uma ATPase depende de Ca™ (figura 2) (POZOS et al., 1996; CUNNINGHAM &
FINK, 1996; MISETA et al., 1999).
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Figura 2. Modelo basico para sinalizagdo e transporte de Ca®" em Saccharomyces cerevisiae.
O Ca*' entra no citoplasma via membrana plasmatica por meio das proteinas Cch1/Mid1, ou
também pode ser liberado do vactiolo por meio da proteina Yvcl em resposta a estimulos
ambientais. O Ca®' liga-se a calmodulina, ativando a proteina fosfatase calcineurina, que por
sua vez ativa o fator de transcricdo Crz1/Tcnl, conduzindo sua translocagdo para o ntcleo e,
subseqiientemente, a transcri¢ao de genes alvos. As flechas sdlidas indicam o movimento do
calcio por transportadores de calcio na membrana (Pmclp e Pmrlp) e o antiportador vacuolar
H'/Ca" (Vex1). Adaptado de Ton & Rao (2004).

O gene VCXI codifica uma bomba vacuolar trocadora de H'/Ca** que esta envolvida

com a manuten¢do da homeostase do calcio e transducdo de sinais intracelulares. Vcxlp é
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responsavel por restaurar os niveis citosolico de Ca’" em resposta a um aumento da
concentragdo intracelular deste ion (POZOS et al., 1996; CUNNINGHAM & FINK, 1996;
MISETA et al,, 1999). Além disso, esta proteina compartilha seqiiéncias similares com os
transportadores de Ca’" em mamiferos e de plantas (POZOS et al., 1996; PITTMAN et al.,
2002).

Tanto Vex1p como Pmelp estdo envolvidas no acamulo de Ca** no vacuolo e ambas
sdo reguladas por calcineurina, que ¢ uma proteina fosfatase Ca**/calmodulina-dependente. A
calcineurina induz a expressao de PMCI e de PMR1 por meio da acdo do fator de transcricao
Crzlp. Entretanto, a atividade de Vcxl1p ¢é regulada negativamente por calcineurina em um
mecanismo independente de Crzlp (STATHOPOULOS & CYERT, 1997; MATHEOS et al.,
1997). A regulacdo de Vexl1p envolve também a Renlp que age como um inibidor endogeno
de retro alimentagdo da calcineurina (KINGSBURY & CUNNINGHAM, 2000).

O gene PMCI codifica uma ATPase que transporta o Ca®" do citoplasma para dentro
do vacuolo, auxiliando na regulacdo da homeostase deste metal. A seqiiéncia primaria da
Pmclp tem 40% de identidade com as ATPases dependentes de Ca®” (PMCAs) da membrana
plasmatica de mamiferos, e similaridade com Pmclp de S. pombe e as ATPases de Ca® de T
brucei e A. thaliana (CUNNINGHAM & FINK, 1994; GEISLER et al., 2000; LUO et al.,
2004).

Além da Pmclp, as células de S. cerevisiae possuem outra ATPase-dependente de
Ca’": a Pmrlp (CUNNINGHAM & FINK, 1994) — que ¢é a principal ATPase de Ca®" expressa
sob circunstancias normais do crescimento. Entretanto, na auséncia de PMRI ou em presenca
de niveis elevados de calcio, a Pmclp tem o seu nivel de expressio aumentada
(CUNNINGHAM & FINK, 1994; MARCHI et al., 1999).

O gene PMCI nao ¢ essencial para a viabilidade, sua disrup¢do ndo afeta o
cruzamento e a esporulacdo. Entretanto, a disrupcdo de PMCI resulta em inibi¢do no
crescimento e em uma grande redugio do pool de Ca** no vactiolo e aumento das
concentragdes citoplasmaticas de Ca*". Além disso, nos mutantes pmcl, o influxo de Ca**
para o vacuolo pode ser restaurado pela inativagdo do complexo calcineurina. A disrrupgao
simultanea de CNAI e de CMP2, que codificam as subunidades cataliticas da calcineurina,
restaura o crescimento dos mutantes pmcl. A disrup¢ao de CNBI, a subunidade regulatoria da
calcineurina, também restaura o crescimento desses mutantes (CUNNINGHAM & FINK,
1994; MARCHI et al., 1999). A calcineurina diminui a tolerancia ao Ca*" dos mutantes pmcl
por inibir a ativagdo de VCXI (CUNNINGHAM & FINK, 1996).
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Em ambientes com elevadas concentragdes de Ca>", uma maior expressio de PMCI
¢ necessaria para o crescimento celular. Entretanto, quando as concentracdes de Ca'
diminuem, o excesso da atividade da Pmclp ¢ regulado negativamente por Nyvlp, uma
proteina vacuolar do complexo v-SNARE. Nyvlp liga-se a Pmclp e inibe sua atividade no

transporte de Ca®" para dentro do vactiolo — in vivo e in vitro (TAKITA et al., 2001).

4.2. Transportador presente na membrana do Golgi: Pmrlp

O gene PMRI codifica uma bomba ATPase de Ca®’, localizada na membrana do
Golgi (figura 2), que é responsavel por transportar Ca®*" e Mn*" para o interior da organela
(RUDOLPH et al., 1989; SORIN et al., 1997; MANDAL et al., 2000,). Essa proteina é o
prototipo de uma familia de transportadores conhecidos como SPCA (Secretor Pathway
Ca’"-ATPases), cujos membros sdo encontrados em C. elegans, D. melanogaster e em
mamiferos (CULOTTA et al., 2005). Mutacdes no gene humano ATP2C1, que ¢ homologo a
PMRI1, estao associadas ao desenvolvimento de uma doenga que causa sérios problemas de
pele, conhecida como doenca de Hailey-Hailey (KELLERMAYER, 2005). Essa doenga tem
incidéncia de 1:5000 e se manifesta apds os primeiros dez anos de vida, normalmente na
puberdade (MISSIAEN ef al. 2007). Embora, os genes ATP2C1 e PMRI tenham um grau de
homologia de apenas 49%, o gene ATP2CI1 ¢ capaz de complementar inteiramente o fen6tipo
do mutante pmriA de S. cerevisiae (TON et al., 2002).

Tanto o calcio quanto o manganés sdo utilizados nas modificagdes pds-traducionais
de polipeptideos que acontecem no interior das vesiculas do Golgi. O Ca*" é requerido para
adesdo das proteinas 4 membrana, enquanto que o Mn”" é necessério para a glicosilagio de
proteinas. Por este motivo, a atividade de transporte da Pmrlp ¢ essencial para o
funcionamento adequado da via secretoria de S. cerevisiae.

Adicionalmente, quando a concentragdo intracelular de Mn*" se encontra muito alta,
a Pmrlp atua na principal rota de desintoxicagdo deste metal. Neste caso, os fons Mn”" sdo
captados para o interior do Golgi pela Pmrlp e posteriormente eliminados da célula por meio
de vesiculas secretorias (DURR et al., 1998, CULOTTA et al., 2005). Mutantes pmriA sdo
extremamente sensiveis quando expostos a niveis toxicos de Mn?**, o que esta associado a um
maior actmulo de Mn?" no citosol (TON et al, 2002; KELLERMAYER, 2005).
Presumivelmente, em linhagens onde o gene PMRI ¢ funcional, o excesso de manganés ¢

bombeado para o interior do Golgi pela Pmrlp e retirado da célula por meio de vesiculas da
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via secretora, que se fundem com a superficie da membrana celular, liberando o manganés

novamente no meio extracelular (figura 3) (CULOTTA et al., 2005).

Golgi

i Pho84p

e ——

Figura 3.Trafego de manganés sob altas concentragdes ou condicdes téxicas. Quando
células de S. cerevisiae sdo colocadas em condig¢des excedentes de manganés (~10 a 100 uM),
o metal é absorvido em grande quantidade na forma de fosfato de manganés, por meio do
transportador de fosfato Pho84p. Contudo, dois sistemas de destoxificagdo seqiiestram o metal
e ajudam a eliminar o excesso de manganés presente na célula. O excesso de manganés ¢
bombeado para dentro do Golgi via Pmrlp e o metal é retirado da célula através da via
secretora. O manganés também ¢ seqiiestrado para dentro do vacuolo por Ccclp e talvez por
Cosl6p. A funcdo vacuolar de Mam3p ndo ¢ conhecida, mas ela ajuda a contribuir com a
toxicidade provocada por manganés. Adaptado de Culotta et al. (2005).

Os transportadores representam um grupo de proteinas conhecidas por seu importante
papel na regulacdo homeostatica dos ions metalicos, pois também atuam na defesa celular
contra a toxicidade provocada por metais pesados. No entanto, ainda se conhece muito pouco
a respeito do envolvimento das proteinas transportadoras com os mecanismos de resisténcia

a0s metais tOxicos.
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II - OBJETIVOS

1. OBJETIVO GERAL

Avaliar o envolvimento dos ions de célcio e magnésio na reducdo da toxicidade do
cadmio, bem como estudar a influéncia de transportadores de calcio no processo de

desintoxica¢@o de cadmio pela via secretoria em células de Saccharomyces cerevisiae.

2. OBJETIVOS ESPECIFICOS

e Avaliar a ag¢do protetora de ions do magnésio nas linhagens selvagem, ycf14, gshiA
ztrlA contra os efeitos toxicos provocados por cadmio, por meio da construcdo de

curvas de crescimento.

e Avaliar a ag¢do protetora de ions do célcio nas linhagens selvagem, ycfid, gshid e
ztrlA contra os efeitos toxicos provocados por cadmio, por meio da construcido de

curvas de crescimento.

e Verificar a influéncia da presenca de Ca*™ e Mg2+ sobre a captagao de cadmio nas
linhagens selvagem, ycfid, gshiA e ztrid, por meio da técnica de PIXE (Particle
Induced X- Ray Emission).

e Analisar a sensibilidade de mutantes para proteinas transportadoras de calcio presentes
no complexo de Golgi e vacuolo (pmcid e pmciA, respectivamente) em presenga de

cadmio.

e Executar ensaio de complementacdo fenotipica com o mutante prmlA, utilizando o
vetor centromérico YcplLac33 contendo uma copia funcional do gene de PMRI ¢

executar ensaio para confirmar a reversao do fenotipo.

e Determinar a concentragao intracelular de cadmio na linhagem selvagem (contendo o
vetor YcpLac33 vazio) e na linhagem pmriA (contendo o vetor YcpLac33 vazio e
carregando uma copia funcional de PMR]I) utilizando método PIXE (Particle Induced
X- Ray Emission).
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Abstract

Cadmium is a heavy metal with toxic and carcinogenic properties. The biological
effect of this metal depends on its ability to: (I) produce complexes with glutathione, therefore
increasing oxidative stress, (II) compete with zinc for binding in proteins, (III) cause DNA
single breaks and (IV) inhibit DNA repair, especially mismatch repair. In this work we
focused on influence of calcium and magnesium ions on the toxicity caused by cadmium on
gshl, ycfl and zrtl, three protein mutant strains linked to the control of cadmium homeostasis
in S. cerevisiae. Glutathione acts as a radical scavenger, with the redox-active sulfydryl group
reacting with oxidants/metals. Ycfl, a vacuolar glutathione S-conjugate pump mediates
vacuolar accumulation of Cd—-GSH complexes in this organelle, and Zrtl protein mediates
cadmium uptake. The results suggest that both magnesium and calcium ions could have a
protective effect against damage caused by cadmium in yeast cells, and the PIXE analysis
indicates that intracellular Cd*" concentration is lower in strains supplemented with calcium or
magnesium than in those exposed to Cd** only. The results indicated that calcium or
magnesium ions can interfere with cadmium uptake to decreased intracellular Cd*" content in

cells and resulting increased of resistance in all strains as suggested by tested

Keywords: Calcium,; Magnesium,; Cadmium,; Saccharomyces cerevisiae; Protection,
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1. Introduction

Cadmium (Cd) is regularly found in ores along with zinc, copper and lead. Therefore,
volcanic activity is one natural reason for temporary increases in environmental cadmium
concentrations. Cadmium is a relatively abundant nonessential element widely used in
industrial processes, as anticorrosive agent, stabilizer in PVC products, color pigment, neutron
absorber in nuclear power plants, in the manufacturing of nickel-cadmium batteries, etc..
Moreover, phosphate fertilizers also present a big cadmium load [1]. Cd*" is a highly toxic
metal; in particular, it has been shown to produce cardiotoxicity [2], hepatotoxicity [3], as
well as neuropathological and neurochemical changes in the central nervous system resulting
in irritability and hyperactivity [4,5]. Cd is found in food (vegetables, grains, and cereals),
water, and tobacco leaves. Therefore, Cd*" is a metal considered to be a potential hazard for
the general population. Cd** accumulates unevenly in human tissue, and it concentrates
primarily in the lungs, liver, kidneys, brain, and heart [1,6]. A variety of mechanisms have
been attributed to Cd”>" induced toxicity. Cd*" interferes with the intracellular signaling
network and gene regulation at multiple levels [7]. It has been reported that Cd*" induces
changes in activities of antioxidant enzymes, such as superoxide dismutase [8], and catalase
[9]. Lipid peroxidation is also associated with cd* toxicity [9]. In addition, this metal has
been implicated in tumorigenesis [10], and is also associated with occurrences of the disease
Itai-Itai, in which patients show a wide range of symptoms such as decreased bone
mineralization, high fracture and osteoporosis rates. [11].

A few other metal compounds are known to reduce cadmium toxicity. Cd** toxicity
in bacteria and fungi can be reduced by the incorporation of zinc (Zn*") and calcium (Ca®")
[12,13]. Calcium ions contributed to the suppression of the toxicity of Cd*" in teleost eggs
[14]. Also, in acute Cd*" intoxication of male Swiss mice, pretreatment with magnesium
(Mg”") showed a significant decrease of Cd*" in kidney [15]. It is also reported that selenium
protected rats from harm caused by cd* (16).

The yeast Saccharomyces cerevisiae has been used as a model organism to study
metal homeostasis and resistance mechanisms. Yeast responds to heavy metal toxicity in a
variety of ways [17]. A general mechanism for heavy metal detoxification in yeast and in
other organisms is metal chelation by a ligand, and, in some cases, its subsequent
compartmentation as a ligand—metal complex [18]. In S. cerevisiae, one of the genes involved
in GSH biosynthesis is GSHI, which encodes y-glutamylcysteine synthetase [17]. The main

molecules responsible for the cytoplasmic sequestration of metals include glutathione (c-Glu-
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Cys-Gly, GSH); small metal-binding peptides known as phytochelatins (c-Glu—Cys)nGly),
which are not present in S. cerevisiae yeast; and metallothioneins (small cysteine-rich
proteins) [19,20]. Ycfl protein (a vacuolar glutathione S-conjugate pump), is located in the
vacuolar membrane, and has a particularly potent effect on S. cerevisiae sensitivity to
cadmium [21]. It was reported that Ycfl mediates the vacuolar accumulation of Cd—GSH
complexes in this organelle [22], thus limiting cytoplasm concentrations of heavy-metal ions
[22]. Ycfl shares a high sequence similarity with the human multi-drug resistance associated
protein Mrpl, and with the cystic fibrosis transmembrane conductance regulator hCTREF,
which belongs to the ATP binding cassette super family of transporter proteins [22].
Moreover, one of the pumps linked to the control of Cd*" influx is Zrtl protein, which is a
transporter with high affinity for zinc in yeasts and also mediates cadmium uptake [17]. We
used yeast mutants for the genes GSHI, YCFI, and ZRTI to assess the influence of
simultaneous administration of calcium and magnesium on cadmium toxicity . We also
analyzed Cadmium intracellular concentration in yeast strains with a particle-induced X-ray
emission (PIXE) method, a multi-elemental analysis that allows us to estimate and to

quantifing metals present in biological samples.

2. Materials and methods

2.1 Chemicals

CdCl,, MgCl; and CaCl,, analytical grade, were purchased from Sigma Aldrich
(USA).

2.2. Strain and growth conditions

Genotypes of yeast strains used in the present study are presented in Table 1. These
strains are isogenic derivatives of strain BY4741 [17]. Stationary-phase cultures were
obtained by inoculation of an isolated colony in YEL liquid media cultures (10 g/L yeast
extract, 20 g/L bacto-peptone, 20 g/L glucose) for 2 d at 30°C. The sensitivity assay and the
treatments for PIXE (Particle-Induced X-ray Emission) were performed in SynCo synthetic

complete media (0.17g/L yeast nitrogen base w/o amino acids and w/o ammonium sulfate, 5
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g/L ammonium sulfate, and 20g/L glucose with appropriate amino acids or/and bases added at

20 mg/L), (pH 6.0), and incubated in a shaker at 30°C.

2.3. Drop test

Cd*" sensitivity analysis was determined by the drop test. Yeast cultures in early
stationary growth phase (2 days in YEL media) were harvested by centrifugation, washed
twice with ultra-pure water, serially diluted (1:10 steps), and 10 pL from each dilution was
plated on SynCo medium supplemented with 0.6 mM of CdCl, and 250 mM CacCl, or MgCl,.
Plates were photographed after 3 days of growth at 30°C.

2.4. Microscopic analyses and Methylene-blue staining

Conventional microscopy was performed on a Zeiss microscope using 400x
magnification. Yeast cultures in early stationary growth phase (2 days in YEL media) were
harvested by centrifugation, and washed twice with ultra-pure water. Strains were inoculated
at density of 5x10° cells/mL in SynCo medium with 0.6 mM CdCl, and 250 mM of CaCl, or
MgCl,, and incubated in a shaker (150 rpm) at 30°C for 24 h. One-mL aliquots were removed
at the moment of the inoculation, and after 2, 4, 6, 8, and 24 hours. Yeast cells were
harvested by centrifugation, washed with ultra-pure water, mixed with a 0.01 % methylene
blue, and incubated for 5 min at room temperature. Live cells, which were not stained blue,
were scored [23,24] in Neubauer chamber. The experiment was repeated at least three times.
Mean values, along with the obtained standard deviations, are presented in diagrams in

section 3.

Table 1. S. cerevisiae strains used in this study

Strain Genotype Source
BY4741 (wild type) MATa; his3A1; leu2A0; met15DO0; ura3A0 1 1
gshiA like BY4741 except gshl::KanMX4 1 1
yefla like BY4741 except ycf1::KanMX4 1 1
zrtiA like BY4741 except zrtl::KanMX4 1 1

1—Euroscarf, Frankfurt, Germany.
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2.5. Target preparation for PIXE

For PIXE analysis, the cultures were obtained by inoculation of an isolated colony in
YEL liquid medium cultures for 2 d at 30°C to a final density of approximately 2 x 10%
cells/mL. Yeast cells were harvested by centrifugation, washed twice with sterile ultra-pure
water, resuspended, and diluted to a final density of about 5x10° cells/mL in 10 mL in liquid
SynCo medium with or without CdCl, at a final concentration of 0.6 mM with 250mM CacCl,
or 250 mM MgCl,, and then incubated in a shaker at 30°C. After 24 h, cells were harvested
by centrifugation, washed twice with ultra-pure water, and resuspended in 100 mL of the
same water. Cell suspensions were fixed on filters with 0.45-um diameter pores by vacuum
filtration. Cell-containing filters and the blank control were mounted in on a ring support for

PIXE measurements.
2.6. Particle-Induced X-ray Emission (PIXE)

PIXE analysis was carried out at a 3 MV Tandetron accelerator facility at the Physics
Institute of the Federal University of Rio Grande do Sul, Brazil. All measurements were
performed using a 2-MeV proton beam, with an average current of 5 nA. Acquisition time for
each sample was 10 - 20 min. Beam spot at the target position was about 9 mm?®. Targets
containing yeast cells, blank target, and calibration targets were placed in a target holder,
which accommodates up to 10 specimens. Each sample was positioned in the proton beam by
means of an electric-mechanical system. The characteristic X-rays induced by the proton
beam were detected by an HPGe detector from EG&G (GLP series, EG&G Ortec, CA, USA),
with an energy resolution of 180 eV at 5.9 keV. The detector was positioned at 45° relative to
the beam axis. The electronics consisted of a Telennec245 amplifier associated to a PCA3
multi-channel analyzer (Oxford Instruments, TN, USA) running in a PC-compatible

computer. GUPIX code [25,26] was used for data analysis.
3. Results and discussion

3.1. Phenotypic analysis of S. cerevisiae BY4741, gshlA, ycflA and zrtlA mutants

. . . . . . 2+
In order to test the interaction of divalent cations in S. cerevisiae, we carried out Cd
sensitivity experiments in the presence of calcium or magnesium. In the first series of

experiments we performed phenotypic analysis of S. cerevisiae. The drop test analysis carried
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out with strains is shown in Fig. 1. All strains showed high and similar sensitivity to CdCl, at

a concentration of 0.6 mM (Fig. 1A) as compared to control. Figure 1B presents the strains

which showed no sensitivity in SynCo medium supplemented with 250 mM Ca*" or Mg*".

The result showed in 1C suggests that in the presence of Ca®" and Mg®" the strains were able

to prevent cadmium toxicity in cells. However, ycfIA strain was more sensitive to Cd*"

treatment only when simultaneously treated with Mg®".

(A)

(B)

©

Yeast Strains Yeast Strains

Yeast Strains

Number of cells per mL

103

107

104 103

107 106 10°

103 106 105 104 103

Control 0.6 mM CdCl,

Number of cells per mL

108 107 10° 105 10* 103

108 107 10° 105 _10* 10°

1 =,
2
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4 :
250 mM CaCl, 250 mM MgCl,
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103 107 106

108 105 104 10°

107 10° 105 10 103

AL ; i

CdCl, + 250 mM MgCl,

0.6 CACL, +250 mM CaCl, 0.6

Figure 1. Sensitivity of S. cerevisiae to CdCl, (chronic exposure, Cd*" in solid medium).
Panel (A), control (no CdCl,) and 0.6 mM CdCl, addition. The number of cells per mL used
in the drop test varied from 10® to 10°. Yeast strains: 1. Strain BY4741; 2. Strain ycfiA; 3.
Strain gshlA; 4. Strain zrtlA; Panel (B), 250mM CaCl, (no CdCl,) and 250mM MgCl, (no
CdCl,). Panel (C), 0.6 mM CdCl, with 250 mM and CaCl, and MgCl,.

42



In order to confirm drop test results, cell number was estimated by methylene-blue
staining; the treatment is described in section 2.4 [23]. Strains were inoculated in liquid
medium containing CdCl,, and aliquots were withdrawn at regular time intervals to confirm
cell viability by methylene blue (Figure 2) The results showed that all strains were very
sensitive during the first 4 hours of exposure to CdCl,, and that sensitivity increased in 24

hours at a concentration of 0.6 mM (Figure 2).

Cd 0,6

100
9
S 10-
2
=]
7

1
0 4 8 24
exposure time (hours)

Figure 2. Sensitivity of BY4741 to 0.6 mM CdCl; (¢); ycfi4d (m); ztrid (A); gshlA (e) yeast
strains. In some points, error bars (standard deviation) do not exceed the size of the symbol.

After the second series of experiments, we tested the influence of simultaneous
exposure of yeast strains to cadmium when magnesium or calcium were included. The results
showed that both, Mg®" and Ca”" were able to prevent Cd*" toxicity in Wild Type strain, even
when high concentrations of this metal were present (Figure 3). Ca” reduced the toxic effect
of cadmium, and almost the same cellular growth as control without metals was obtained. The
experiments with Mg”" and Cd*" also reduced Cd*" toxicity, and showed a 50% protective
effect as compared with the control. However, the growth of cells exposed to CdCl, was only

inhibited during exposure time.
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BY4741

N° cells/mL

0.0%x10-204
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Time (h)
Figure 3. Protection of BY4741 yeast strains by MgCl, and CaCl, against toxic effects of
CdCl,. (m) Control; (A) 0.6 mM of CdCl, only (V¥); 0.6 mM of CdCl, + 250 mM of MgCl,

(#) 0.6 mM of CdCl, + 250 mM of CaCl,. In some points, error bars (standard deviation) do
not exceed the size of the symbol.

In yefIA cells (Figure 4), which were exposed to Cd*" with Ca*" treatment, cellular
viability was 50%, and the ycfIA cells grew less as compared to wild type cells submitted to
the same treatment. Cd** treatment combined with magnesium increased 3 times viable cells
concentration as compared to cells exposed to CdCl, only. It was observed that ycfIAcells
acquired higher resistance to cadmium exposure. These findings confirm that Ca*" and Mg**

play a crucial role in conferring resistance to cadmium stress.
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ycf1A

3.0x10%
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N
N

Figure 4. Protection of ycfiA strain by MgCl, and CaCl, against toxic effects of CdCl,. (m)
Control; (A)0.6 mM of CdCl, only (¥); 0.6 mM of CdCl; + 250 mM of MgCl, (4)0.6 mM of
CdCl; + 250 mM of CaCl,. In some points, error bars (standard deviation) do not exceed the
size of the symbol.

Zrtl protein, which is the transporter responsible for cadmium uptake mediation, was
also evaluated under simultaneous exposure to cadmium and magnesium or calcium (Figure
5). The results showed that cellular viability was 50% in the cells exposed to CdClI, and CaCl,
as compared to the control. In cells treated with Mg*", cell viability was 45% after 24 h as
compared to the control. The treatment with Ca®" or Mg*" showed a protective effect that was
almost the same after 24-h exposure. However, cells exposed to CdCl, only had their growth

inhibited during the time of exposure.
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ztr1iA
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Figure 5. Protection of zrt/A strain by MgCl, and CaCl, against toxic effects of CdCl,. (m)
Control; (A)0.6 mM of CdCl, only (¥); 0.6 mM of CdCl; + 250 mM of MgCl, (4)0.6 mM of

CdCl, + 250 mM of CaCl,. In some points, error bars (standard deviation) do not exceed the
size of the symbol.

In gshIA cells treated with Ca®" and exposed to cd* (Figure 6), cell viability was
84%. Mg*"-treated cells presented 68% viability as compared to the control. However, the
growth of cells exposed to CdCl, only was inhibited during the 24-h exposure time. The strain
deficient in the synthesis of glutathione showed that both Ca’" and Mg2+ had cytoprotective
effect against Cd-induced toxicity or the toxicity potentiated by Cd + GSH deprivation. This

result confirmed that the protective effect is not associated to the antioxidant defense system

linked to glutathione.
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To further understand the protective effect exerted by Mg®" and Ca”" in the control of
cadmium homeostasis, we analyzed if the sensitivity of the studied strains to Cd*" was related
to an increase in the intracellular level of this ion in strains BY4741, gshiA, ycfIA, ztriA. We
employed a multi-elemental method of analysis named particle-induced X-ray emission or

PIXE.
3.2. PIXE assay of intracellular Cd** concentration

The results showed that both Ca®" and Mg”" ions had cytoprotective effect against Cd*"
toxicity in yeast strains (Figure 3-6). This suggests that these ions could change Ccd* uptake
or Cd*" homeostasis. Considering this hypothesis, we compared Cd*" levels in simultaneous
treatment of yeast strains with Ca®" and Mg*" by applying the PIXE method, which allowed
us to correlate the intracellular Cd*" amount with its toxicity. In this sense, PIXE has been
conventionally used to estimate metal contents in organic and inorganic materials [27,28]. For
yeast cells, the stoichiometric ratio of intracellular metals was estimated considering cell
density retained in the target and the metal density calculated from the PIXE results,

expressed in ng/cm2 (g of cells)” dry weight.
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Table 2. Stoichiometric analysis of cadmium by PIXE in S. cerevisiae cells.

Treatment A B C
Strain Cd*" content Cd* content Cd*" content
(ng/ cm? g of cell)  (ng/ cm?/ g of cell) (ng/ cm?/ g of cell)
BY4741 (WT) 5389.1 541.2 707.1
gshliA 6353.5 <LOD <LOD
yefla 5424.5 <LOD <LOD
zrtid 7284.1 <LOD <LOD

Cadmium content of yeast cells in different treatments. (A) Cells exposed to 0.6 mM CdCly;
(B) Cells exposed to 0.6 mM CdCl, + 250 mM CaCly; (C) Cells exposed to 0.6 mM CdCl, +
250 mM MgCl,. (LOD) not present at limit of detection

PIXE results indicate that Cd*'concentration is approximately 10-fold higher in
strains exposed only to Cd*" as compared to simultaneous exposure to CaCl, or MgCl, (Table
2). The study of wild type and mutant strains showed that uptake patterns were slightly
different among the strains exposed to Cd*". The strain zrt/A had the highest intracellular
Cd*" concentration in the tested strains. However, in PIXE, Cd*" levels in simultaneous
treatment with Ca®" or Mg*"were not present at limit of detection (LOD) in gshlA, ycfIA,
ztr1 A strains. BY4741 in simultaneous treatment with Ca®" or Mg2+presented 10 times lower
Cd*" concentration as compared to cd* exposure only. These data support our previous
phenotypic results, indicating that strain sensitivity is due to an elevated intracellular Cd*"
content as compared with simultaneous exposure to CaCl, or MgCl,. Although the modes of
action of Cd*" in cells remain to be elucidated, potential interactions of Cd*" with Ca*" and

Mg*" need more careful investigations.
3.3. Cadmium uptake

Little is known on how Cd*" and other metal ions permeate cells. It was suggested
that the manganese transport system with high affinity for Mn*" is used for Cd* cellular
uptake [29]. The transport system for Mn®" is used for Cd*" uptake in mammalian cells. The
divalent metal transporter 1 (DMT]1) is the only known mammalian transporter involved in
the uptake of both Cd*" and Mn*". [29] or by a sulfthydyl-sensitive route [30, 31]. In excitable
tissues, Cd*" and Pb*" may enter cells primarily by passing through voltage-sensitive calcium

channels [32,33]. Also in bacteria, algae, and fungi, Cd*" can be transported into the cells
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through bivalent cation transporters [34]. Moreover, it was recently reported that Zrtlp is also
responsible for the uptake of extracellular Cd*", with yeast zr#/ mutants having low levels of

intracellular Cd** [17]

3.4. Calcium and cadmium interaction

There is substantial evidence that Ca®" and Cd** compete for binding sites in tissues
such as gill or intestinal cells, [35]. Free Cd*" ions have almost the same ionic radius as Ca*"
ions [36], and it is inevitable that Cd** ions will cross cell membranes via Ca®* channels [37],
and although Ca”" transporters are the main entry route to Cd**, the opposite could also occur,
i.e., the same mechanisms of the Ca”" pump that control intracellular Ca*" level may also be
used as a Cd*" efflux system. The protection provided by Ca*" against Cd*" possibly occurs by
competing for Ca®" channel access. Thus, an inhibitory effect protects the cells by limiting
cd* uptake. We can thus speculate that the rate of cd* uptake by Ca®" transporters decreases
with increasing Ca®" concentrations. In that case, the presence of 250 mM of CaCl, in CdCl,
solution significantly decreased Cd*" uptake in all strains of S. cerevisiae. Although the molar
amount of Cd*" was approximately 46 times lower than the amount of molar Ca®" present in
media, this is less than the amount of Cd*" capable of inducing cell cycle arrest and cellular
death. The biological effects of cadmium revealed that cadmium induced a delay in the

transition from G1 to S phase of the cell cycle and slow progression through S phase [38].

3.5. Magnesium and cadmium interaction

Magnesium plays an important role in many biological processes. This element
usually increases and stimulates protein synthesis through its effect on enzymes [39].
Magnesium protects the cell against oxyradical damage, and assists in the absorption and
metabolism of B, C and E vitamins, which are important antioxidants for cell protection.
Recent evidence suggests that vitamin E enhances glutathione levels, and may play a
protective role in magnesium deficiency-induced cardiac lesions [40]. In fact, glutathione
requires magnesium for its synthesis [41]. Glutathione synthetase requires B-glutamyl
cysteine, glycine, ATP, and magnesium ions to form glutathione [42]. The authors argue that
Mg2+ modulates selenium and GSH availability, and consequently selenium-dependent
glutathione-peroxidase (GPX) activity. These data could account for the protective effect of

Mg against Cd*"-induced oxidative stress. In tests, the presence of a Se-independent form of
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GPX, which was shown to be unaffected by Mg*" [43], could explain the lack of the
protective effect of Mg®" in Cd*"-induced lipid peroxidation [44]. However, the results of the
present study (Figure 6) showed that both Ca’" and Mg*" produced cytoprotective effect
against Cd*" toxicity potentiated by Cd + GSH deprivation in a strain deficient in glutathione
synthesis . This confirms that the protective effect is not associated to the antioxidant defense
system linked to glutathione.

Interference of magnesium on cadmium effect was also tested in order to determine
the effects of competition between Mg>" and Cd*" for Mg®" ions transporting proteins, as it
was shown that bivalent cations with an ionic radius of about 0.65-0.99 A are effective
stimulators of myofibrils ATPase activity [45]. There are still huge gaps in our knowledge of
Mg2+ homeostasis in cells. For example, even in the yeast S. cerevisiae, for which all of the
genes have been sequenced, only the genes that are important for the movement of Mg*" into
the cell are currently identified. Furthermore, we have no information on the control of Mg*"

storage, and only minimal information on the regulation of Mg®" homeostasis in general.
4. Conclusions

The present study provided evidence that Mg*" and Ca®" interfere in the uptake of
Cd*". The results reported here suggest a competition between Ca*", Mg®" and Cd*'.
Moreover, Ca*” channels represent one way of entry of Cd*", and the interference of Mg2+ on
Cd*" effect could stimulate the ATPase activity. In summary, we demonstrated that Ca*” and
Mg*" increase cell viability in Cd-induced toxicity. Further studies are required to fully
understand the complexity of Ca’" homeostasis in S. cerevisiae cells, the interactions of Ca*",
Mg®" and Cd*" in Ca’"-ATPase transporters. The biochemical and biological functions of
these individual transporter proteins, specifically monitoring changes in gene expression

during Cd*" stress need to be analyzed.
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Abstract

Cadmium ion (Cd*") is a non-essential, highly toxic heavy metal that shows similar
ionic properties when compared to calcium ion (Ca®"). These ionic similarities imply that
Cd*" is a Ca*"-agonist, using the same biochemical pathways needed for Ca®" homeostasis. In
this sense, the Ca®"-ATPases proteins are crucial to maintain the Ca®” homeostasis. In the
yeast Saccharomyces cerevisiae, the PMCI and PMRI genes codify for vacuolar and Golgi
Ca’"-ATPases, respectively, where Pmrlp belongs to the major route of Ca’" and Mn*"
homeostasis. Thus, the present study investigates the importance of Pmclp and Pmrlp for
Cd*" cellular detoxification and/or tolerance. Using standard techniques of yeast molecular
research and a multi-elemental procedure named particle-induced X-ray emission (PIXE), it
was possible to identify Pmrl as a protein that directly participates in the detoxification of
Cd*", possibly using the secretory pathway. The results allowed us to draw a model of Cd*"

detoxification where Pmrlp has a central role in cell survival in a Cd**-rich environment.

Keywords: Saccharomyces cerevisiae; Pmrlp; Secretory pathway, Ca®/Mn’'-

ATPases; Cadmium; PIXE.
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1. Introduction

Ca®" is an essential nutrient that plays a key role in the transduction of external signals
through the cytoplasm of eukaryotic cells. Fluctuations in the cytosolic free Ca®"
concentration ([Ca2+]c) directly elicit a cellular response by altering the functions of Ca'-
binding proteins and their targets [1]. A variety of stimuli can trigger the opening of Ca™
specific channels in plasma membrane or endoplasmic reticulum causing massive Ca®" influx
and accumulation in the cytoplasm. After stimulation, the basal [Ca®"]. levels are restored by
Ca’"-ATPases and antiporters that transport Ca™ from the cytoplasm through the plasma
membrane and several internal membranes. To regulate [Ca®*]. and induce the appropriate
responses to Ca*" signals, cells utilize a wide array of ion transporters and sensory factors [2].

Until now, a relatively small number of Ca*" transporters appear to maintain the
[Ca®"]. homeostasis in the yeast Saccharomyces cerevisiae. Some of these Ca*" transporters
are: the vacuolar Ca’"-ATPase Pmclp [2]; the vacuolar Ca’"/H" exchanger Vex1p/Humlp
[3,4]; the endoplasmic reticulum (ER) Ca*"-ATPase Codlp/Spflp [5-8]; and the Golgi Ca®'"-
ATPase Pmrlp [9,10]. These transporters respond to the calmodulin/calcineurin-signaling
pathway and are controlled by the transcription factor Tenlp/Crzlp, keeping the intracellular
levels of Ca”" at 50 to 200 nM even when the environmental concentrations of this ion range
from 1 mM to 100 mM [11-15].

Considering that two of four proteins responsible for yeast [Ca®"]. homeostasis are
located in the vacuole, it is not surprising that this organelle is the major Ca®" storage and
normally contains more than 95% of the total cellular Ca®" [13,14]. Interestingly, it was
shown that the loss of Pmrlp causes an increased sensitivity to high environmental Ca*" levels
when vacuolar Ca®" transport is compromised, indicating that the Golgi apparatus also plays
an important role in Ca’" sequestration and exit from the cell [15-17]. In this sense, the Pmrl
protein was the first member of the secretory pathway of Ca*"-ATPases (SPCA) identified in
eukaryotes [18,19]. In humans, mutations in the Pmrl-homologous protein SPCA1 cause the
acantholytic skin condition called Hailey—Hailey disease or HHD [20,21].

It is well known that some heavy metals like A", Pb*", Hg*", and Cd*" may interact
metabolically with Ca®". Cd*" competes with Ca®" in the nervous system and impairs the
cognitive development. Moreover, Cd*" interacts with Ca”" in the skeletal system to produce
osteodystrophies [22,23] and induces lung, kidney, prostate and testicular cancers in murine
models [24]. Human epidemiological data suggest that Cd*" causes tumors of the male

reproductive system and induces respiratory tumors [25].
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Despite all physiological information accumulated about the effects of Cd*" in
biological systems, the cellular routes for uptake from environment are not well understood.
In this sense, it has been shown that Cd*" could be captured and internalized through Ca®"
channels of the cytoplasmic membranes [26], which could be explained when we consider
that both Ca®" and Cd*" have similar ionic radii [27]. Thus, considering the cellular
mechanisms of [Ca®"] homeostasis, it might be possible that Golgi could have a role on Cd*"
detoxification. In the current study, we examined how Cd*" affects the phenotype of proficient
and deficient yeast strains for PMR1 gene. For this purpose, we used established techniques of
yeast cytotoxicity assays to access the Cd*"-induced sensitivity of these yeast strains. We also
analysed the intracellular concentration of Cd*" employing the multi-elemental technique
named particle-induced X-ray emission (PIXE), which allows to estimate and quantify metals

present in biological samples.
2. Materials and methods

Unless otherwise stated, all chemicals for yeast and bacterial cultures as well as for
molecular biology procedures were purchased from Sigma-Aldrich Corp. (St. Louis, MO),
BD Biosciences Co. (San Jose, CA), and Invitrogen Corp. (Calsbad, CA).

2.1. Strains, plasmids, growth conditions and molecular biology procedures

The yeast S. cerevisiae strains used in this work are all isogenic derivatives of wild-
type (WT) strain W303 (Table 1), and have been described previously [2]. Yeast was
routinely grown on synthetic complete (SynCo) medium (0.17 g L™ of yeast nitrogen base
w/o amino acids and w/o ammonium sulfate, 65 g L™ of ammonium sulfate, and 20 g L of
glucose with appropriate amino acids or/and bases added at 20 mg L™ For solid SynCo, the
medium was supplemented with 20 g L™ of bacto-agar). All yeast strains containing the
plasmids YCpLac33 and pPMRI were grown in SynCo minus uracil (SynCo-ura) medium.

Escherichia coli strain XL1-Blue (Table 1) was used as recipient for cloning
procedures and was grown in LB medium (10 g L™ of tryptone, 5 g L™ of yeast extract, and
10 g L' of NacCl). For selection and propagation of plasmid-containing bacterial cells, the LB
medium was supplemented with ampicillin solution at a final concentration of 150 pg mL™.

Techniques for yeast genetics were made according to Rose ef al. [28]. Standard

molecular procedures for yeast and E. coli transformation, plasmid isolation and DNA
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manipulation were performed as described by Sambrook et al. [29] and Ausubel et al. [30].
The bi-functional, yeast-E. coli centromeric vector YCpLac33 [31] was employed for yeast

transformation and PMR/ cloning.

Table 1. Saccharomyces cerevisiae and Escherichia coli strains employed in this study.

Organisms Strains Genotypes Sources

S. cerevisiae

W303  Mata ade2-1 his3-11 leu2-3,112 ura3-1 trpl-1 [2]
canl-100
W303T  W303; YCpLac33 This study
K605  Mata ade2-1 his3-11 leu2-3,112 ura3-1 trpl-1 (2]

canl-100 pmcl::TRP1
K610 Mata his3-11,15 leu2-3,112 ade2-1 ura3-1 trpl-1 [2]
canl-100 pmrl::TRPI
CML100 K610; YcpLac33 This study
CML200 K610; pPMRI This study

E. coli XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 reldl Invitrogen

lac [F" proAB laclqZ.M15 Tnl0 (Tetr)]

2.2. Yeast PMR1 gene cloning and analysis

The PMRI gene was amplified by polymerase chain reaction (PCR) using the phenol-
chloroform purified genomic DNA of yeast W303 (Table 1) as a template. For PCR
amplification, the proofreading Pfx enzyme was employed in order to avoid the introduction
of mutations in PMRI sequence. The following primers were used for PMRI amplification:

sense primer (5’-G GGT ACC CCC CCT CAT CAC AAC GAC ATC GTG TTT CAT CT-3),
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antisense primer (5’-GGG CCC CAA GCT TGG TCT CTT TGT AAA GTT GAG AAT-3’).
The underline in both sense and antisense primers indicates the restriction sites for Kpnl and
Xmal enzymes, respectively. Once amplified, the product was digested with Kpnl and Xmal,
gel purified, and the resulting fragment was cloned into plasmid YCpLac33. The PMRI-
YCpLac33 plasmid was named pPMRI, and the presence of insert was confirmed by both
double-digestion of pPMRI with Kpnl and Xmal and by PCR amplification, followed by
direct agarose gel analysis of PMR1 fragment.

2.3. Yeast Cd** sensitivity assay by drop test

The Cd** sensitivity of yeast strains was determined by the drop test standard
technique. In this case, yeast cultures in an early stationary phase of growth (1x10° cells mL™)
were obtained after 2 d of growth in SynCo or SynCo-ura media at 30 °C. The yeast cultures
were serially diluted (1:10 steps) in sterile saline solution (0.9% of NaCl) and 10 pL of each
suspension was plated on SynCo or SynCo-ura media supplemented or not with 0.02 mM of

CdCl,. Plates were photographed after 2 d of growth at 30 °C.

2.4. Yeast survival curves

Yeast cells from an early stationary phase (1x10% cells mL™) were re-inoculated in
SynCo-ura medium containing different concentrations of CdCl, (from 20 uM to 160 pM) at
final cellular concentration of 5x10° cells mL™". The yeast cultures were incubated for 24 h in
shaker (180 rpm) at 30 °C. The yeast cells were harvested by centrifugation, washed twice
with sterile ultrapure water and diluted to a final concentration of 2x10° cells mL™. Aliquots
of 100 puL were plated in triplicate on Synco-ura medium and incubated at 30 °C for 3 d for
colony counting. The data for survival curve were obtained from three independent

measurements.

2.5. Particle-Induced X-ray Emission (PIXE)

The target preparation for PIXE analysis consisted of growing the cells in plate
cultures for 7 d at 30°C, followed by its scrap and suspension with sterile double-distilled

water. The yeast cells were harvested by centrifugation, washed twice with sterile ultrapure
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water, resuspended and diluted to a final density of about 5x10°cells mL™ in 200 mL of liquid
SynCo-ura medium. CdCl, was added to the medium at a final concentration of 100 uM and
the cultures were incubated at 30 °C for 24 h. After this period of incubation, the yeast
cultures were harvested by centrifugation, washed three times with sterile ultrapure water,
freeze-dried, crushed and pressed into pellets [32]. Two independent rounds of sample
preparations and PIXE analysis were carried out. The average weight of the pellets was 0.085
g.

The PIXE analysis was carried out at the 3 MV Tandetron accelerator facility at the
Physics Institute of the Universidade Federal do Rio Grande do Sul, Brazil. All measurements
were performed using a 2 MeV proton beam with an average current of 5 nA. The acquisition
time for each sample was in the order of 10-20 min. The beam spot at the target position was
about 9 mm’. The targets containing the yeast cells, the blank target, and the calibration
targets were placed in a target holder, which accommodates up to 10 specimens. Each sample
was positioned in the proton beam by means of an electric-mechanical system. The
characteristic X-rays induced by the proton beam were detected by an HPGe detector from
EG&G (GLP series, EG&G Ortec, CA, USA), with an energy resolution of 180 eV at 5.9
keV. The detector was positioned at 45° with respect to the beam axis. The electronics
consisted of a Telennec245 amplifier associated with a PCA3 multi-channel analyzer (Oxford
Instruments, TN, USA) running in a PC-compatible computer. The GUPIX code [33] was
used for data analysis. The standardization procedure was carried out using a bovine liver

standard from NIST (SRM —1577b) [32].

3. Results and discussion

3.1. Phenotypic analysis of Saccharomyces cerevisiae strains proficient and deficient in

vacuolar and Golgi Ca’*-ATPases for Cd** sensitivity

With the purpose to analyse the sensitivity of yeast strains proficient and deficient in
vacuolar and Golgi Ca>*-ATPases (Table 1), we employed the drop test assay (Figs. 1A and
1B), which is currently used for an initial screening of specific yeast phenotypic
characteristics, like Cd*" toxicity. The results indicated that the yeast strain K610, which
harbors the pmrl/A mutation (Table 1), had the highest sensitivity to CdCl, at a final
concentration of 0.02 mM (Fig. 1A). On the other hand, both strains W303 (WT; Table 1) and
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K605 (pmcliA; Table 1) showed the same level of tolerance to CdCl; at 0.02 mM (Fig. 1A). In
order to confirm that the mutation pmrIA is responsible for Cd*" sensitivity, we transformed
the strain K610 with a centromeric plasmid carrying the complete yeast PMRI gene (pPMRI)
amplified by PCR (strain CML200; Table 1). In addition, W303 and K610 strains were also
transformed with the empty vector YCpLac33 (W303T and CML100, respectively; Table 1)
to be used as negative control. As expected, the CML200 strain (which contains a fully
functional copy of PMRI) shows similar WT-level of sensitivity when compared to strain
W303T (Fig. 1B). By its turn, the CML100 strain (harboring the empty vector YCpLac33) is
highly sensitive to CdCl, for the same conditions of treatment (Fig. 1B).

(A)

Number of cells - mL

Yoast strains

Control 0.02 mi CdCl.

-1

Mumber of calls  mL

Yoast strains

Control 0.02 mi CdCl_

Figure 1. Sensitivity of S. cerevisiae to CdCl, (chronic exposure, Cd in the solid medium).
Panel (A), control (no CdCl,) and 0.02 mM CdCl, added. The number of cells per mL used in
the drop test varied from 10® to 10°. Yeast strains: (1) W303; (2) K605; and (3) K610. Panel
(B), control (no CdCl,) and 0.02 mM CdCl, added. Yeast strains: (1) W303T; (2) CML200;
and (3) CML100.
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It is interesting to note that the Pmrl protein belongs to the yeast SPCAs family,
which are a group of Mn*" and Ca®" transporting P-type ATPases, located at the Golgi
apparatus [34,35]. These proteins are responsible for high affinity transport of Mn”>" and Ca*"
into the Golgi, where these ions are sequestered and effectively removed from the cytoplasm
[36]. Members of this family have been identified in the genomes of diverse organisms,
including S. cerevisiae, Caenorhabditis elegans, Drosophila melanogaster, and Homo
sapiens. In S. cerevisiae, the Pmrlp has distinct biochemical characteristics, which clearly
separate this protein from the well-studied mammalian sarcoendoplasmic reticulum (SERCA)
and plasma membrane (PMCA) Ca*"-ATPases [19,37]. In the past few years, the yeast Pmrlp
has received more attention due to the recognition that its mutated human homologue,
hSPCALI, is responsible for the chronic benign pemphigus or Hailey—Hailey disease (HHD)
[20,21].

To confirm the results obtained by drop test, we performed a survival curve with yeast
strains W303T, CML100 and CML200 submitted for 24 h to increasing doses of Cd*". The
data of survival curve clearly show that all strains with a functional copy of PMRI gene are
resistant to Cd*" doses from 20 pM to 160 pM (W303T and CML200 strains; Fig 2). On the
other hand, the strain harboring the pmr/A mutation shows sensitivity to the lowest dose of
CdClI, (CML100; Fig. 2). It should be noted that, despite the sensitivity of CML100 strain to
CdCl, when compared to WT strain, there is not a dose-response effect for an increase of
CdCl, concentration in the culture medium. This effect could be explained by the activation of
other mechanisms related to Ca* homeostasis when the intracellular levels of Cd*" surpass a

determined threshold.

65



108

== A

= 000

g e
—— % ZC0

'

Survival [%%5)
2

1 L] T L] L] L] T
0 £ al 73 1060 123 150 To

[Cd™]

Figure 2. Sensitivity of proficient and deficient PMR1 yeast strains to different
concentrations of CdCl,. The name of yeast strains employed is described in the inset. The
data represent an average of three independent experiments.

It is noteworthy to mention that Cd*" is an element with restricted biological function
[38], and is a heavy metal. A characteristic feature of Cd*" is its ability to act not only as a
dithiol reagent but also as a Ca®" agonist, due to the extreme closeness of ionic radii of both
bivalent metal ions [39]. Cd*" can also be absorbed leading to toxic intracellular
concentrations. In this sense, the high affinity Zn*" uptake system, characterized by ZRTI
gene, is also responsible for the uptake of extracellular Cd*", having the yeast zrt/ mutants
low levels of intracellular Cd*" [40]. Cd*" is accumulated intracellularly due to its binding to
cytoplasmic and nuclear material and, at elevated concentrations, it inhibits the biosynthesis
of nucleic acids and proteins, and induces lipid peroxidation. Recently, it was proposed that
Cd*" can bind to DNA bases with little sequence specificity, inducing DNA single-strand
breaks and a strong inhibition of the DNA mismatch repair pathway [41].

Thus, in order to evaluate if the sensibility of strain pmr/A to Cd*" is related to an
increase in the intracellular level of this ion, we employed a multi-elemental method of

analysis known as particle-induced X-ray emission or PIXE.
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3.2. PIXE assay of intracellular Cd** concentration

The phenotypic results of Cd*" toxicity in yeast strains proficient and deficient in
Pmrlp (Figs. 1 and 2) may suggest that Cd* is not being detoxified by pmrIA mutant.
Considering this hypothesis, we compared the levels of Cd*" in W303T, CML100, and
CML200 strains (Table 1) applying the PIXE method, which allowed us to correlate the
intracellular quantity of Cd*" with its toxicity. In this sense, PIXE has been conventionally
used to estimate metal contents in organic and inorganic materials [42,43]. For yeast cells, the
stoichiometric ratio of intracellular metals was estimated considering the cell density retained
in the target, and the metal quantity calculated from the PIXE results and expressed as ppm x
g cell dry weight.

The PIXE results indicate that [Cd*']. is approximately 3-fold higher in the CML100
strain [4.37 ppm x g cell dry weight] than in both W303T [1.62 ppm x g cell dry weight]
and CML200 [1.54 ppm x g cell dry weight] (Fig. 3). This data support our previous
phenotypic results, indicating that the sensitivity of pmr/A mutant is due to an elevated

intracellular Cd** content as compared to WT cells.

a

g™ coll dry weight]

[Cd ] {ppm -

WinaT CML10D CML200
Yaast stralns

Figure 3. Cytoplasmic Cd*" content ([Cd*].) of yeast cells, proficient and deficient in Pmrl
protein, as analysed by the particle induced X-ray emission (PIXE) technique. The data was
obtained from two independent experiments.
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Interestingly, some studies showed that yeast pmrIA strain lacks the ability to
properly maintain the normal Ca®" and Mn®" levels in compartments of the secretory pathway.
This Ca®" transport defect leads to an increased rate of Ca®" uptake and accumulation by a
mechanism that has many characteristics similar to the capacitative Ca®" entry (CCE)
response in non-excitable mammalian cells [44-46]. Moreover, the Pmrlp is also the major
route for eliminating toxic Mn®" and mutant cells lacking Pmrlp are exquisitely sensitive to
Mn”" toxicity, accumulating very high levels of this metal ion in the cytosol [35,47,48]. It was
postulated that the excess of Mn”" that is pumped into the Golgi by Pmrlp proceeds to exit by
secretory vesicles that merge within the cell surface and release the Mn?" contents back into
the extracellular environment [49]. In addition to its role on Mn** detoxification, the Golgi
apparatus acts in the transport of Ca™" into the exocrine fluid, a nutritional physiological
process found in mammary epithelia for milk synthesis. It was reported that the Ca*"
concentration in rabbit milk can approach 100 mM [50], which is approximately a million
times higher than the level of free Ca”" inside the cell and 50 times higher than total Ca*" in
the blood. The human milk also contains a large amount of Ca**, with the level around 12 mM
[51]. The Ca®" secretion needed for milk synthesis occurs synchronously with the secretion of
casein and lactose, an indicative that the transport occurs via Golgi-derived secretory vesicles
[52]. Ca®" is also released in milimolar concentrations from stimulated pancreas to produce
pancreatic juice mainly via exocytosis [53,54]. Considering the similar ionic properties of
Ca’™ and Cd*" [55-57], and the results obtained in this work with yeast cells mutant for
Pmrlp, it is not surprising that the proteins of Golgi complex associated with Ca®"

homeostasis could have an important role on Cd*" detoxification.

3.3. A model for Cd** detoxification by Pmrlp in S. cerevisiae

Taking into account the results of this work, it is possible to suggest a model of
intracellular control of Cd*" level by Pmrlp. When a WT cell faces a Cd**-containing
environment (Fig. 4A), some cytoplasmatic transmembrane pumps (e.g Ca*" transporters)
take up Cd*" that can promptly react with two molecules of glutathione (GSH) inside the cell,
generating bis(glutathionate)cadmium [(GS),Cd]. Once formed, vacuolar transmembrane
proteins (e.g Ycflp) bind the [(GS),Cd] conjugate and sequester it into the vacuole (Fig. 4A).
The Ycfl protein is a S. cerevisiae ATP-binding cassete (ABC) that has the capability to
transport glutathione-conjugates to vacuole [58] and mutations in this protein render the yeast

cells hypersensitive to Cd* at high doses when compared to the concentrations used for
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pmrlA strain [59]. However, as observed in our work, the inability of a pmrIA strain to
manage the excess of intracellular Cd*" could be explained by the fact that Golgi is necessary
to induce the formation of Cd*"-rich vesicles that exit the cell via the secretory pathway (Fig.
4B). In this case, the deficiency of exocytosis pathway mediated by the absence of Pmrlp
increases the intracellular pool of Cd*" and [(GS),Cd] in S. cerevisiae, leading to the vacuolar
saturation with Cd*" and [(GS),Cd], followed by the inhibition of thiol-dependent redox
systems (Fig. 4B) [60]. Without Pmrlp to capture the excess of intracellular Cd*, all
biochemical systems become unstable [41]. In particular, the DNA mismatch repair system
(MMR; Fig. 4B) is strongly inhibited by Cd** [41], leading to the accumulation of oxidized
nucleotide residues in mitochondrial and nuclear genomes (Fig. 4B). Ultimately, an elevated
generation of reactive oxygen species by thiol depletion associated with functional alterations
in DNA repair systems result in the activation of DNA nucleases and caspase-related
proteases, culminating in cellular death by apoptosis [61,62]. More biochemical experiments
are being conducted in yeast cells in order to refine our model of Cd*" detoxification by

Pmrlp.
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Figure 4. Model proposed for Cd*" detoxification mediated by Pmrlp in cells of S. cerevisiae.
In (A), the growth of a WT yeast cell in a culture medium containing both Cd*" and Ca**
induces the uptake of these ions by known transmembrane proteins, specially Ca*"
transporters. Once inside the cell, Cd*" reacts with glutathione (GSH), generating the complex
[(GS),Cd]. These complexes are internalized into the vacuole by the Ycfl proteins. On the
other hand, Cd*" ions could be transported to the Golgi by Pmrlp and excreted extracellularly
by vesicles of exocytic pathway. In (B), a deleterious mutation of Pmrlp allows a cytoplasmic
accumulation of free Cd*" and [(GS),Cd] (indicated by an arrow). These complexes induce a
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shutdown of glutathione and thiol-compounds synthesis, altering the redox homeostasis and
impairing the uptake of [(GS),Cd] by vacuolar Ycflp. In addition, DNA mismatch repair
enzymes (MMR) and mitochondrial functions could also be blocked by an excess of
intracellular Cd*", leading to the accumulation of oxidized bases in DNA (represented by two
stars). Finally, the inhibition of these important biochemical functions activate some nucleases
that act on nuclear DNA (represented by scissor) leading to cell death (skull-and-crossbone
representation). Abbreviations: extracellular environment (Out), nucleus (Nuc), mitochondria
(Mit), plasma membrane (PM), vacuole (Vac), vacuole membrane (VM).
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V - DISCUSSAO GERAL

O resultado do aumento das concentragdes toxicas de metais presentes no solo
(SEMCZUK & SEMCZUK-SIKORA, 2001) e no ambiente aquatico ¢ quase sempre o resultado
de multiplos componentes toxicos (KRASNOV et al., 2007). O cddmio ¢ um ion metélico
altamente toxico e amplamente utilizado na indudstria, por exemplo, em pigmentos, tintas, na
galvanizagao de metais e confec¢do de baterias (WANG et al., 2003).

O céadmio ¢ um ion metalico sem funcao biologica conhecida e € transportado através
das membranas por transportadores de cations essenciais ou canais que ndo sao completamente
seletivos (CLEMENS et al., 1998). Além disso, os canais de voltagem também estdo implicados
na absorcdo de Cd*" via membrana (LACROIX & HONTELA, 2006). Uma vez dentro da célula,
o ion cadmio possui alta afinidade pelos grupos sulfidrila das proteinas, compete com o calcio em
proteinas e possui efeito carcinogénico devido a inibi¢do do reparo de erros de emparelhamento
(BANERIJE & FLORES-ROZA, 2005).

Com o intuito de ampliar o conhecimento sobre a toxicidade do Cd**, o objetivo deste
trabalho foi verificar a influéncia do Ca®" e Mg®" contra os danos causados pelo Cd*" (Capitulo
I), bem como estudar a influéncia de transportadores intracelulares de céalcio no processo de
desintoxicacdo de cddmio pela via secretoria em células de Saccharomyces cerevisiae (Capitulo

).

1. A atividade protetora do magnésio e do calcio contra os efeitos toxicos causados pelo

cadmio na levedura Saccharomyces cerevisiae

Os ions de cadmio podem ser absorvidos pelas células por meio de processos de difusao
facilitada envolvendo proteinas transportadoras presentes na superficie da membrana celular ou
também por meio das vias de célcio, devido ao tamanho similar dos ions de calcio e de cadmio
(RAINBOW & BLACK, 2005). Adicionalmente, o transportador de alta afinidade para zinco
(Zrtlp) localizado na membrana plasmatica de S. cerevisiae (MACDIARMID et al. 2000)
também parece estar associado a importagdo de ions de cddmio em baixas concentragdes

(GOMES et al., 2002).
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Dentro da célula, a atividade téxica do cddmio pode ser diminuida por meio de sua
ligacdo a peptideos ricos em cisteina como as metalotioneinas e glutationa. O gene GSHI que
codifica a enzima y-glutamil-cisteina sintetase, a qual regula a producao de glutationa junto com
a enzima glutationa sintetase (codificada pelo gene GSH?2), tem um papel importante na protecao
contra a toxicidade do cddmio. Em S. cerevisiae, a glutationa atua na defesa contra a toxicidade
do céddmio inativando-o fisiologicamente pela forma¢do de complexos bis(glutatiolato)-cadmio,
Cd(GS),, que sao transportados para o vacuolo pela proteina Ycflp (PENNINCKX, 2002). A
proteina Ycfl (Yeast-Cadmium Factorl), de S. cerevisiae, possui um importante papel na defesa
celular contra fons Cd™* ap6s sua associagdo com o grupo tiol (SH) da glutationa, pois medeia o
transporte de conjugados de glutationa com cadmio do citoplasma para o interior do vacuolo
(PENNINCKX, 2002).

Fundamentalmente os principais mecanismos de homeostase metdlica envolvem duas
importantes estratégias: (i) o controle em nivel de proteinas transmembrana transportadoras de
metais, tanto na membrana plasmatica quanto no vacuolo e (ii) a atuagdo de quelantes
representados pelas moléculas de glutationa, metalotioneinas e outras proteinas ricas em cisteina
(PEREGO & HOWELL, 1997). O presente estudo investigou a influéncia dos ions divalentes de
calcio e magnésio sobre a toxicidade do cadmio em linhagens de S. cerevisiae deficientes tanto
para o sistema relacionado ao influxo de cddmio (representado por ztriA), quanto para o sistema
de quelagdo e compartimentalizagdo deste metal (representados por gshid e ycfiA,
respectivamente.

Com os resultados apresentados no Capitulo I (figura 1) mostrou-se que todas as
linhagens de leveduras testadas (selvagem, zrtid, gshlA e ycfiA) sdo extremamente sensiveis
quando expostas a altas concentragdes de Cd** (0,6 mM). No entanto, as células de leveduras que
foram expostas ao tratamento simultineo contendo Cd*" e Mg ou Cd*" e Ca**, constatou-se uma
recuperagdo praticamente total do crescimento celular em todas as linhagens. Para confirmar a
influéncia dos tratamentos com Ca®’e Mg”" contra a toxicidade do cadmio, foram montadas
curvas de crescimento, utilizando-se a técnica de coloragdo com azul de metileno, que permite
distinguir células vivas e mortas por observagdo direta ao microscopio optico (Capitulo 1, figura
2-6). Nesse estudo observou-se que a linhagem selvagem exposta ao Cd*™ teve crescimento
exclusivamente nos tratamentos simultaneos com Mg”>" ou Ca>"; 0 mesmo foi observado para as

linhagens mutantes ycf1A, zrtlA e gshlA. As analises utilizando o PIXE indicaram que os efeitos
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de protecdo exercidos pelos fons de Ca®" ¢ Mg®" sobre todas as linhagens testadas se devem a
uma diminui¢io da quantidade intracelular de Cd*" ap6s o tratamento simultdneo com esses ions.
Estes dados corroboram os resultados fenotipicos e indicam que a sensibilidade das linhagens ¢
devido a um alto nivel de Cd** contido intracelularmente.

E interessante ressaltar que a linhagem selvagem acumulou mais cadmio apds os
tratamentos simultaneos com Ca”" ou Mg2+ do que as mutantes ycf1A, zrtlA e gshlA, mas que, no
entanto, o efeito protetor desses metais sobre essa linhagem foi muito similar ao observado com
os mutantes (exceto no caso de calcio para a linhagem ycf1A). Isso significa que, se por um lado
células selvagens acumulam mais cddmio, por outro possuem mecanismos adequados para evitar
a toxicidade das concentragdes residuais do metal que permanecem no interior celular apds o co-
tratamento com magnésio e célcio.

Segundo Gomes et al. (2002), no mutante zrt/A a captagao de cadmio ¢ extremamente
reduzida apds tratamento com 48 puM deste metal. Neste trabalho, entretanto, ndo foram
observadas diferencas significativas entre os niveis de cadmio acumulados pela linhagem
selvagem e pela linhagem zrt/A. A proteina Zrtlp ¢ um transportador de alta afinidade para
zinco, o que significa que atua preferencialmente em condigdes onde a concentragio Zn' ¢
baixa. Considerando que fons Cd*" podem competir com fons Zn*', é possivel inferir que a
captagdo de cadmio por Zrtlp também ocorra num sistema de alta afinidade. Desta forma, a
atuacdo de Zrtlp na captacdo de cadmio seria fisiologiamente mais importante na presenga de
baixas concentracdes do metal, enquanto que em ambientes com altas concentragdes de cadmio,
outros transportadores de membrana (possivelmente sistemas de baixa afinidade para importe de
metais essenciais divalentes) teriam uma maior contribuigdo para a entrada de cddmio nas células
de S. cerevisiae. Neste sentido, ja foi demonstrado que uma alta concentragdo de Cd*" pode entrar
na célula, provavelmente por meio de transportadores de Ca*", Mn®" (PERFUS-BARBEOCH et
al. 2002).

Outro aspecto a ser ressaltado ¢ que, nos tratamentos com Cd**/Ca*" e Cd*"/Mg*", o
mutante gsh/A nao foi mais sensivel do que a linhagem selvagem, o que exclui a possibilidade de
que o efeito protetor esteja ligado a a¢do antioxidante da glutationa.

Os dados apresentados demonstraram claramente o efeito protetor do Ca®" e Mg™,
contra a toxicidade do cddmio nas linhagens gshiA, ycflA e zrtlA, e que tal protegdo

possivelmente estd relacionada a um mecanismo de competi¢do entre os ions. Desta maneira, a
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diminuigio dos efeitos provocados pela exposigio ao Cd*" ocorreria pela limitada absor¢do do
metal em presenca de excesso de fons Ca*™ e Mg*".

Em resumo, este trabalho mostrou pela primeira vez que Ca>" ¢ Mg®” podem proteger as
células de S. cerevisiae contra os efeitos toxicos provocados pelo Cd*". Michibata ez al. (1986)
mostraram que o Ca®" pode diminuir a toxicidade do Cd*" em ovos de teledsteo, enquanto que o
Mg®" ndo apresentou prote¢io. Entretanto, recentemente, Boujelben ef al. (2006) mostraram que
ratos que foram suplementados com magnésio apresentaram reducao nos niveis de peroxidagdo
lipidica e no acumulo de Cd*" nos érgios. Estudos demonstraram ainda que o pré-tratramento
com magnésio pode diminuir os niveis de cddmio no figado de camundongos (HYO-BONG et al.
1995; DJUKIC-COSSIC et al., 2006) constataram que a toxicidade do cddmio pode ser reduzida
em bactérias quando o meio € suplementado com calcio ou Zinco.

Os mecanismos, dos quais o0 Mg”" e o Ca’" influenciam na desintoxicagio e/ou na
restricio da entrada de Cd*" nas células, precisam ser melhor estudados. Além disso,
compreender e identificar transportadores de Ca*" e Mg”" que tenham possivel envolvimento com

o Cd*" ¢ de suma importancia para o entendimento da homeostase deste metal.

2. A proteina Pmr1, que é a principal Ca’*-ATPases do Golgi em leveduras, regula o nivel

intracelular do ion cadmio

Em S. cerevisiae, o gene PMC1 codifica para uma proteina de membrana vacuolar que
possui similaridade com as ATPases de Ca** de células de mamiferos, conhecidas como PMCAs.
Além disso, outra proteina que tem um importante papel na homeostase de Ca®" em leveduras ¢ a
Pmrlp — uma ATPase cuja localizagao se d4 nas cisternas medianas do complexo de Golgi e cuja
fungdo estd relacionada com influxo de Ca™ para o interior deste compartimento intracelular
(MANDAL et al. 2000).

Nos vertebrados, trés familias de Ca’’-ATPases contribuem para a remogdo do Ca’
utilizado no citoplasma durante a recuperagdo de um sinal de estimulacao: as PMCAs (plasma-
membrane Ca’ -ATPases) que retira o Ca>* para fora da célula, as SERCAs (sarco/endoplasmic-
reticulum) ¢ as SPCAs (secretory-pathway Ca’* ATPases), que bombeiam Ca>" para o interior de

organelas para ser estocado. Todas estas proteinas contém um motivo altamente conservado de
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fosforilagdo. O conhecimento a respeito das SPCAs ¢ muito limitado quando comparado com as
bombas ja bem caracterizadas como as SERCA e as PMCA.

O complexo de Golgi esta envolvido na classificagao e no processamento de proteinas
que transitam pela via secretora das células. Na maioria das células eucarioticas, o Golgi ocupa
uma posi¢do perinuclear que ¢ ideal para a regulacdo de multiplos processos celulares. As
mudangas na concentracdo do célcio dentro do limen do Golgi ou ainda no citosol regulam a
funcdo desta organela (BURGOYNE & CLAGUE, 2003; WUYTACK et al., 2003). Além disso,
o Golgi ¢ um local que serve para a estocagem de célcio, pois possui mecanismos de liberacdo e
retencao deste metal (PINTON et al., 1998).

A habilidade do Golgi de seqiiestrar calcio foi adquirida provavelmente em um periodo
precoce durante a evolugio, pois as bombas de Ca”" localizadas nele se mostram conservadas em
plantas (ORDENES et al., 2002), em leveduras (ATENBI & FINK, 1992) e em protozoarios
(ALMEIDA et al., 2000). Quando se altera a expressio das ATPases de Ca®" presentes no Golgi,
se observa defeito nas func¢des celulares. Por exemplo, mutacdes no gene que codifica a proteina
SPCA1, que se localiza no Golgi provocam uma doenca de pele chamada de Hailey-Hailey
(MISSIAEN et al., 2007; KELLERMAYER, 2005).

O complexo de Golgi também estd envolvido com a regulacio da homeostase de
manganeés, especialmente quando ha um excesso deste metal no citosol da célula de levedura.
Neste caso, os fons Mn®" sdo bombeados para o interior do Golgi por acdo da Pmrlp e retirados
da célula por meio de vesiculas da via secretora, as quais se fundem com a superficie da
membrana celular e liberam o manganés novamente ao meio extracelular (CULOTTA et al.,
2005).

No Capitulo II (figura 1), mostrou-se que a disrupcdo de PMRI causa aumento de
sensibilidade a cddmio, enquanto que a disrup¢do do gene PMCI nido altera a tolerancia a este
metal. Por meio de ensaio de complementagdo fenotipica com um plasmideo centromérico
(YcpLac33) contendo uma copia funcional do gene PMRI, foi possivel reverter a sensibilidade
da linhagem pmriA ao cadmio (Capitulo I, figura 2). Esses dados comprovam que existe um
envolvimento da Pmrlp com a desintoxicagdo de cadmio.

Para investigar a participagdo da Pmrlp no controle da homesotase intracelular de
cadmio em S. cerevisiae, foi utilizada a técnica de PIXE para determinar o contetido de cddmio

acumulado pelas linhagens selvagem (contendo o vetor YcpLac33 vazio) e pmriA (contendo o
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vetor YcpLac33 vazio ou carregando uma copia funcional de PMRI). Como resultado, foi
possivel observar que no mutante pmrl/A contendo o plasmideo vazio, o acumulo de cddmio ¢
cerca de trés vezes maior do que na linhagem selvagem ou no mutante pmri/A contendo a copia
funcional de PMRI.

Dessa forma, fica claro que, além dos conhecidos papéis da Pmrlp na manutencdo da
homeostase de calcio e manganés, esse transportador também tem uma participagdo importante
na desintoxicag@o de cadmio, utilizando a via secretora para eliminar os fons de cadmio, célcio e
manganés. Sabe-se que a Pmrlp tem alta afinidade por Ca®"/ Mn*" (TON et al., 2002).
Entretanto, pouco se sabe sobre sua func¢do no transporte de outros metais divalentes, assim
como, sobre a participacao do Golgi em processos de desintoxicacdo de metais pesados. Neste
sentido, ¢ importante destacar que este ¢ o primeiro trabalho que descreve o uso da via secretora
como um mecanismo de efluxo para o cddmio em células eucarioticas.

E preciso ressaltar que apesar de os resultados indicarem que o cadmio pode ser
desintoxicado pela via de forma similar ao que ocorre com o manganés, muitos aspectos
bioquimicos e fisioloégicos do transportador Pmrlp precisam ser esclarecidos, uma vez que
diferentemente do célcio e do manganés, o cadmio ndo exerce fun¢do bioldgica conhecida
(CUNNINGHAM & FINK 1994; CULOTTA et al., 2005). O célcio e o manganés tém um papel
fundamental para uma grande variedade de processos intracelulares, agindo como cofatores para
uma ampla gama de enzimas (CROWLEY et al., 1999; KEEN et al., 1999; STULL, 2000). O
calcio ainda atua como sinalizador intracelular (BARRON & ALBEKE, 2000) e ¢ conhecido por
ser um dos maiores responsaveis por mudangas na absor¢ao de outros metais em animais como
peixes (BARRON & ALBEKE, 2000), anfibios (WRIGHT, 1988), insetos (GRAIG et al., 1999),
oligoqueta (RATHORE & KHANGAROT, 2003) e mexilhdes (WANG & EVANS, 1993). Por
outro lado, o cadmio ndo possui fungdo bioldgica conhecida até o presente momento
(McMURRAY & TAINER, 2003). Entio, é provavel que o seqiiestro de fons de Cd*" pela Pmrlp
seja um resultado primario da alta similaridade entre os fons de Ca*" ¢ Cd*", ao invés de uma
adaptagdo evolutiva frente a toxicidade provocada por esse metal O raio atomico do ion calcio é
de 0,92 A° contra um raio de 0,94 A° do ion de caddmio (WILLIAMS et al., 1996). Tal
similaridade pode provocar um efeito mimético entre os dois tipos ions de forma que a Pmrlp
ndo seria suficientemente seletiva para evitar a captacdo de cadmio. Entretanto, esse mecanismo

pouco seletivo agiria em beneficio da célula, mostrando uma vantagem adaptativa em captar ions
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. P 2+
que poderiam provocar toxicidade celular, como no caso do Mn~ (quando em elevadas

~ +
concentracdes) e Cd*".

84



VI - CONCLUSOES
6.1 Conclusio geral

Com esse estudo, conclui-se que o Ca*" e Mg”" protegeram as células de S. cerevisiae
contra os efeitos toxicos provocados pelo Cd*", mesmo em leveduras deficientes para processos
ligados a homeostase do Cd*" (zrt14, gshlA e ycfiA). Além disso, mostrou-se que a Pmrlp de S.
cerevisiae tem um papel importante na resisténcia aos efeitos toxicos provocados pelo Cd*”,
contribuindo para a desintoxicacdao deste metal por um mecanismo possivelmente associado a via
secretora.

6.2 Conclusoes especificas

e O cloreto de calcio protege as linhagens: selvagem, gshlA, ycfiA e zrtlA contra a

toxicidade provocada por cadmio.

e O cloreto de magnésio protege as linhagens: selvagem, gshlA, ycfl1A e zrtl A contra

a toxicidade provocada por cadmio.

e O mutante pmrl A é extremamente sensivel ao cloreto de cadmio.

s O mutante pmrlA acumula uma maior quantidade intracelular de cddmio do que sua

respectiva linhagem isogénica.

e O fendtipo de sensibilidade ao cddmio apresentado pelo mutante pmriA pode ser

revertido pela complementacdo com um plasmideo contendo o gene PMR1 funcional.

e O mutante pmcAndo apresenta sensibilidade ao cloreto de cadmio.
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VII - PERSPECTIVAS

O transporte de metais desperta a curiosidade de muitos pesquisadores, pois seus
mecanismos bioldgicos e evolutivos continuam a nos desafiar em termos de funcdes, sistemas de
armazenamento, desintoxicagdo e manutencdo de homeostase. Estamos apenas comegando a
compreender os papéis de cdlcio, manganés e cadmio, junto ao aparelho de Golgi e a via
secretora. Com esse trabalho, esperamos contribuir para uma maior elucidagdo do transporte de
cadmio intracelular e seus mecanismos de desintoxificagdo, além de abrir novas possibilidades de

investigacdo, tendo as seguintes perspectivas:

e medir niveis de glutationa reduzida (GSH) e oxidada (GSSH) utilizando ensaios

bioquimicos especificos, avaliando linhagens selvagem, gshlA, ycflAe zrtlA de S. cerevisiae;

e testar a sensibilidade da linhagem mutante para a proteina calmodulina em
tratamentos simultdneos com célcio e cadmio, j4 que esta proteina ¢ fundamental para o
equilibrio homeostatico do célcio;

e testar a sensibilidade do mutante pmriA aos outros metais bivalentes;

e observar o transporte do cadmio retido em vesiculas da via secretora por meio de

microscopia eletronica de transmissdo (MET).
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