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1. RESUMO

As Microcistinas sdo heptapeptidios ciclicos produzidos como metabdlitos secundarios
por diferentes espécies de cianobactérias, sendo relevantes pelo seu potencial
hepatotdxico. Peixes apresentam estratégias bioquimicas para detoxificar contaminantes
ambientais, incluindo a ativacgéo de enzimas de fase Il de biotransformagao, que incluem
as isoformas de glutationa S-transferase (GST). As GST catalizam a conjugacdo de
glutationa reduzida (GSH) com uma variedade de xenobiéticos, incluindo as
microcistinas. O presente estudo avaliou os niveis transcricionais de quinze isoformas
de GST a fim de identificar isoformas possivelmente envolvidas na detoxificacdo de
contaminantes ambientais como a microcistina-LR (MC-LR) em Danio rerio. A técnica
de PCR em tempo real (RT-qPCR) foi utilizada para avaliagdo dos niveis
transcricionais, permitindo analise das GST em diferentes orgdos, abundancia e a
ativacao/repressdo das isoformas de GST pela exposi¢do a MC-LR. Foram avaliados os
possiveis efeitos causados em branquia e figado apds exposicdo por 24 hs as
concentracdes de 5 pg.L™ e 50 ug.L™? de MC-LR. Baseado nos scores de estabilidade
para oito genes normalizadores, foram selecionados glicose-6-fosfato desidrogenase
(g6pdh), p-actinal e beta-2-microglobulina (b2m); b2m, alfa-tubulina 1 (tuba) e [-
actinl; e tuba, b2m e g6pdh, para normalizacdo dos niveis trancricionais de GST para
distribuicdo Orgdo-especifica, abundancia e efeito da MC-LR em branquia e figado,
respectivamente. A avaliacdo transcricional da distribuicdo Orgdo-especifica revelou
niveis significativos de gstal e gstk1.1 no figado; gstpl e gstp2 em branquia; mgst3a,
gstrl, gstm2, gstm33, gstpl, gstp2 e gstk1.1 no intestino; gstm2, gstm3 e gstal no olho e
gsttla e gsta2.1 no cérebro. Considerando os niveis de transcritos para um dado 6rgéo,
gstk1.1, gstal, gstpl e gstt2 foram mais abundantes nos orgdos de detoxificacdo, tais
como o figado, branquias e intestino, enquanto gsttla e gsta2.1 foram mais abundantes
no rim. Em branquia, gsta2.1 e gsttlb foram reprimidas por 5 pg.L”? de MC-LR e
mgst1.1 foi reprimida em 50 pg.L™* de MC-LR. No figado, as isoformas gst2.2 e gstp2
foram reprimidas em ambas as concentracdes, gstal foi reprimida em 5 pug.L™?, e gsttla e
gstk1.1 foram reprimidas em 50 pg.L™" de MC-LR. As isoformas gstal, gstrl, gstpl,
mgst3a, gstml, gstm2 e gstm3 ndo foram alteradas pela exposicdo a MC-LR. Os

resultados obtidos fornecem informacGes para a escolha de isoformas especificas de



GST possivelmente envolvidas na detoxificacdo/toxicidade de MC-LR, a serem
melhores caracterizadas ao nivel protéico e também contribui para a escolha de genes

normalizadores a serem utilizados em outros estudos da mesma natureza.

Palavras-chave: GST, microcistina-LR, Danio rerio, genes normalizadores, peixe,
poluicéo.



2. ABSTRACT

The microcystins are cyclic heptapeptides produced as secondary metabolites by
different cyanobacteria species, being relevant for its potential hepatotoxicity. Fish
possess biochemical strategies for detoxification of environmental contaminants,
including the activation of phase Il enzymes of biotransformation like glutathione S-
transferase isoforms (GST). The GSTs catalyze the conjugation of reduced glutathione
(GSH) with a variety of xenobiotics, including microcystins. The present study aimed to
evaluate the transcriptional levels of fifteen GST isoforms to identify possibly isoforms
involved in detoxification of environmental contaminants such as MC-LR in Danio
rerio. The technique of real-time PCR (RT-gPCR) was used to assess the transcriptional
level, allowing the analysis of the levels of fifteen GSTs in different organs, abundance
and activation/repression of specific isoforms of GSTs by exposure to MC-LR. The
possible effects caused by the exposure for 24 hours at concentrations of 5 pg.L™ and
50 pg.L™ of MC-LR on gill and liver transcriptional levels were evaluated. Based on the
stability scores for eight housekeeping genes, were selected glucose-6-phosphate
dehydrogenase (g6pdh), p-actinal and beta-2-microglobulin (b2m); b2m, alpha-1
tubulin (tuba) and g-actinl; and tuba, b2m and g6pdh, to normalize the levels of GSTs
trancriptional distribution organ-specific, abundance and effect of MC-LR in gill and in
the liver, respectively. Analysis of organ-specific distribution showed significant levels
of gstal and gstk1.1 in the liver; gstpl and gstp2 in gill; mgst3a, gstrl, gstm2, gstm3,
gstpl, gstp2 and gstk1l.1l in intestine; gstm2, gstm3 and gstal in eye; and gsttla and
gsta2.1 in brain. Considering the levels of transcripts for a given organ, gstkl1.1, gstal,
gstpl and gstt2 were the most abundant in the detoxification organs such as the liver,
intestine and gill, while gsttla and gst2.2 were the most abundant in the kidney. In gill,
gsta2.1 and gstt1b were down-regulated by 5 pg.L™* of MC-LR and mgst1.1 was down-
regulated by 50 pg.L™? of MC-LR. In the liver, the isoforms gsta2.2 and gstp2 were
down-regulated by both concentrations, gstt2 was down-regulated by 5 pg.L?, and
gsttla and gstk1.1 were down-regulated by 50 pg.L™ of MC-LR compared to the control
group. Isoforms gstal, gstrl, gstpl, mgst3a, gstml, gstm2and gstm3 were not altered by
exposure to MC-LR. The results obtained provide basic information for the selection of

specific GST isoforms possibly involved in the detoxification/toxicity, for better



characterization in the protein level and the results also contributed for the choice of

housekeeping genes to be used in other similar studies.

Keywords: GST, microcystin-LR, Danio rerio, housekeeping genes, fish, pollution.



3. INTRODUCAO GERAL

3.1. ACONTAMINACAO AMBIENTAL POR MICROCISTINAS

Inimeros episodios de floracBes toxicas de cianobactérias com efeitos nocivos
para 0s organismos aquaticos e seres humanos tém sido descritos no Brasil e no mundo
(Minillo et al., 2000; Ballot et al., 2005; Kotak e Zurawell, 2007; Amado e Monserrat,
2010; Amado et al., 2011a). Muitos destes episddios sdo ocasionados ou intensificados
pelo enriquecimento dos corpos d’agua com nutrientes e por mudancas climaticas em
escala global, resultantes de atividades antrépicas poluidoras (Paerl e Huisman, 2009).

Cada género de cianobactéria pode ser composto por dezenas ou centenas de
espécies, tdxicas ou ndo, de acordo com as substancias quimicas secretadas (Chorus e
Bartram, 1999). Varias cianobactérias, como as pertencentes aos géneros Microcystis,
Anabaena, Nodularia, Oscillatoria (Planktothrix) e Nostoc, produzem microcistinas
(MCs), um potente grupo de hepatotoxinas, com mais de 70 isoformas conhecidas
(Amado et al., 2011b), sendo a microcistina-LR (MC-LR) uma das mais comuns e bem
estudadas (Kotak e Zurawell, 2007). A representacdo estrutural da MC-LR pode ser
visualizada na Figura |1 (Ding e Ong, 2003) e apresenta uma por¢do em comum
composta de cinco aminoacidos e dois aminoacidos variantes, do qual as microcistinas
sdo denominadas de acordo com o0s seus aminoacidos varidveis, onde o termo “L” e “R”
refere-se a presenca de uma leucina e arginina, respectivamente, na sua estrutura ciclica
peptidica. O género Microcystis € conhecido pela sua toxicidade e a principal toxina
produzida pelas microalgas deste género é denominada microcistina. A Organizacgao
Mundial de Saiude (OMS) estabeleceu um guia com valores provisorios para a variante
MC-LR, onde se observa que o recomendado desta toxina para aguas de consumo
humano ¢ de 1pg.L™, e portanto 4guas com uma concentracio inferior a este valor séo

seguras do ponto de vista de saude pablica (Hoeger et al., 2005).
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Figura I. Estrutura de microcistina-LR com seus 5 aminoacidos comuns e seus 2
aminoacidos variantes representados por Leucina (Leu) e Arginina (Arg),
segundo Ding e Ong (2003).

Varias espécies envolvidas em fendmenos de floracdo de microalgas sdo
produtoras de toxinas, as chamadas cianotoxinas (metabolitos secundarios), que
possuem efeito  neurotoxicos (neurotoxinas), hepatotoxicos (hepatotoxinas),
dermatotoxicos ou citotoxicos (Chorus e Bartram, 1999). As cianotoxinas sdo
endotoxinas (toxinas intracelulares), sendo somente liberadas para agua apos lise celular
(Azevedo et al., 2002).

Estima-se que 25 a 75% de floracGes de cianobacterias séo toxicas e a producédo
de cianotoxinas inclui riscos para a salde humana e animal, desta forma, as
cianotoxinas representam um importante grupo de compostos quimicos do ponto de
vista da quimica toxicoldgica ambiental e ecotoxicologia (Blaha et al., 2009). A
contaminagdo dos corpos d'dgua por essas toxinas traz serias consequéncias
econdmicas, ecologicas e de saude publica (Wiengand e Pflugmacher, 2005; Amado e
Monserrat, 2010). Os principais mecanismos de toxicidade, pelo qual as MCs atuam ao
nivel bioguimico, envolve o aumento da fosforilagdo proteica pela inativacdo das
fosfatases PP1 e PP2A (Zegura et al., 2004) e a geragdo de estresse oxidativo e
carcinogénese (Ding e Ong, 2003). Novas evidéncias sugerem outros mecanismos de
toxicidade incluindo além do estresse oxidativo, efeitos sobre a osmorregulacdo em
peixes e outros organismos aquaticos (Yunes, 2009).

O tripeptideo glutationa (GSH) € um dos mais importantes antioxidantes e tem

sido observada a sua conjugagdo com a microcistinas (Pflugmacher et al., 1998). Esta



conjugacdo diminui os estoques intracelulares de GSH, deixando as células mais
suscetiveis ao estresse oxidativo (Pflugmacher et al., 2001).

O conhecimento dos mecanismos de toxicidade atuantes em organismos
expostos a MC-LR requer ndo apenas um conhecimento detalhado dos mecanismos de
toxicidade destes compostos em peixes, mas também dos mecanismos moleculares e

bioguimicos de biotransformacéo utilizado pelos mesmos.

3.2. 0 USO DE Danio rerio COMO MODELO BIOLOGICO

O uso de peixes em estudos toxicoldgicos foi revisado recentemente por Hinton
e colaboradores (2009) que apontaram duas principais vertentes: (1) Peixes como alvo
em estudos ambientais utilizando biomarcadores de contaminacdo (2) Peixes como
modelo para estudos mecanisticos em toxicologia e doencas humanas. A primeira
vertente vem sendo abordada pela ecotoxicologia aquatica para a analise de risco de
substancias toxicas liberadas no ambiente (Hinton et al., 2009 apud Zanette, 2009). A
segunda vertente é mais recente, e utiliza peixes como um “modelo” para compreensédo
de mecanismos gerais de toxicidade no grupo dos vertebrados. A recente identificacdo
dos genomas e transcriptomas de alguns destes peixes possibilitou um grande avanco
nos estudos toxicoldgicos com estes organismos. Estes e outros aspectos na utilizacdo
de peixes como modelos em estudos toxicologicos sdo bem descritos em peixe-zebra
(Danio rerio), killifish (Fundulus heteroclitus), medaka (Oryzias latipes) e truta arco-
iris (Oncorhynchus mykiss) (Hinton et al., 2009 apud Zanette, 2009).

O peixe-zebra (Danio rerio Hamilton, 1822) tornou-se um dos mais importantes
organismos modelo em varios campos de pesquisa, incluindo a genética, neurociéncia,
desenvolvimento, fisiologia, toxicologia e biomedicina, onde ¢é frequentemente usado
para estudo de doengas humanas (L6pez-Olmeda e Sanchez-Vazquez, 2011). D. rerio
(figura I1) é um peixe de porte pequeno, tropical, de agua doce, e usado extensivamente
na pesquisa cientifica, especialmente em biologia do desenvolvimento e medicina (Hsu
et al., 2007). Uma serie de atributos contribui para o uso desta espécie em pesquisas
cientificas, dentre eles, rapido desenvolvimento, transparéncia Otica durante o
desenvolvimento inicial, certa similaridade genética com seres humanos, além de
poderem ser mantidos em laboratério com facilidade e baixo custo (Lawrence, 2007).

Assim como a maioria dos organismos usados em estudos biomédico, o peixe-zebra foi



escolhido por seus tragos particulares que o tornam conveniente para estudos em
laboratdrio. Apesar da riqueza de informacBes sobre desenvolvimento e genética e do
arsenal de recursos e técnicas para o estudo de peixe-zebra, esta espécie permanece sub-
explorada para a pesquisa nas areas de ecologia, evolugdo e comportamento (Engeszer
etal., 2007).

Figura Il. Zebrafish adulto do tipo selvagem. Créditos http://zfatlas.psu.edu/,
NIH grant 5R24 RR01744, Jake Gittlen Cancer Research Foundation, and PA

Tobacco Settlement Fund.

O peixe-zebra tem muito a oferecer como um instrumento para delinear
diferencas entre espécies em relacdo a toxicidade. Entre o quadro de genes identificados
como sendo parte de um mecanismo de agdo contra agentes toxicos, pode-se esperar
que estes genes desempenhem as mesmas fungdes ou funcdes semelhantes em outros
organismos e outras espécies de peixes (Carvan 11 et al., 2005).

O recente advento da biologia molecular permitiu a identificagdo de genomas em
varios organismos, incluindo o peixe-zebra, permitindo explorar uma série de técnicas
moleculares para uma melhor caracterizagdo das respostas bioldgicas destes peixes. Por
exemplo, aproximadamente dezesseis isoformas de GST podem ser encontradas a partir
do genoma/transcriptoma de peixe-zebra, possibilitando o uso de técnicas como a
avaliacdo transcricional por PCR em tempo real utilizando iniciadores especificos.
Desta forma, é possivel avaliar a regulacdo ao nivel transcricional de ativacao/repressao
das isoformas de GSTs individualmente, frente a exposi¢do a contaminantes ambientais.
Outro avanco importante proporcionado pela identificacdo destas sequéncias de GST é a
possibilidade da utilizacdo de técnicas de expressdo recombinante ou a traducdo
artificial (in vitro) das proteinas GSTs traduzidas a partir destes transcritos, com base
nas sequéncias nucleotidicas obtidas, para producdo, purificacdo e caracterizacdo

catalitica.
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3.3. AS GLUTATIONA S-TRANSFERASES

Os peixes obtiveram ao longo do processo evolutivo, estratégias bioquimicas
para se defenderem dos efeitos toxicos das eventuais floragdes de cianobactérias
produtoras de microcistinas. Um destes mecanismos de defesa envolve a ativagdo de
enzimas de biotransformacdo, dentre as quais, estdo as isoformas de glutationa S-
transferases (GSTs) (Pflugmacher et al., 1998). A conjugacdo de um xenobidtico pela
GSH ¢ catalisada pela GST, sendo ilustrada na figura Il (Towsend e Tew, 2003) e
representa uma via crucial na defesa e detoxificagdo de cianotoxinas, atuando tanto na
inativacdo quimica quanto na atenuacdo dos efeitos induzidos pela geracdo de espécies
reativas de oxigénio (ERO) decorrente da exposicdo a este composto (Ding e Ong,
2003). O trabalho de Metcalf et al. (2000) claramente mostra que a poténcia inibitoria
das microcistinas na atividade das fosfatases PP1A, um dos mecanismos de toxicidade
mais bem conhecidos frente & exposicdo a MC-LR, foi muito diminuida quando a
microcistina tinha sido conjugada a GSH. Portanto, tal resultado indica que a reagdo de
conjugacao da toxina com este tripeptideo, catalisada pela GST, é de fato uma reacdo de
detoxificagdo importante para o organismo.

As glutationa S-transferases sdo uma familia multigénica de enzimas de
detoxificacdo que catalizam a conjugacédo do tripeptideo glutationa reduzida (GSH) com
uma ampla variedade de moléculas eletrofilicas. As GSTs sdo amplamente distribuidas
na natureza, sendo encontradas em todos 0s organismos eucariotos e em muitos
procariotos (Suzuki et al., 2005). Uma ampla variedade de substratos sdo metabolizados
pelas GSTs. Compostos xenobidticos eletrofilicos notavelmente téxicos que sao
conjugados por estas enzimas, e que sdo de interesse para 0 campo da toxicologia,
incluem carcindgenos e seus metabdlitos, como aflatoxina B1, benzo(a)pireno, 7,12-
dimetilbenzoantraceno, 5-metilcriseno, pesticidas (ex.: atrazina, DDT, lindano e
metilparation) e cianotoxinas. Algumas GSTs também possuem importantes funcbes
enddgenas, pois catalizam reagdes biossintéticas dos leucotrienos e prostaglandinas (as
isoformas microssomais), ou atuam como peroxidases organicas e isomerases de
esterdides (DiGiulio e Hinton, 2008). As GSTs geralmente se encontram no meio
biolégico como homo ou heterodimeros (outros complexos também podem existir),
apresentando dois sitios ativos por dimero cujas atividades sdo independentes uma da

outra. Cada sitio ativo consiste no minimo de duas regides de ligacdo, um para a
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glutationa (GSH) que é muito especifico para este tripeptideo, e outro sitio de ligagdo

com menor especifidade para os eletréfilos (Huber e Almeida, 2008).

SH
0
NH» ! f NH__COOH + Xenobidtico (X)

I\'H\“’

COOH 0

Glutationa

|
NH, NH COOH
YJ\I\_” | —~

COOH O

Glutationa-S-conjugado

Figura Ill. Conjugacdo de glutationa com um Xxenobidtico genérico (X),
catalisada pela GST, resultando na formacdo do conjugado GS-X (Towsend e
Tew, 2003).

Em seres humanos, as isoformas de GST podem ser divididas nas classes: alfa,
mu, PIl, teta, sigma, zeta, Omega, kapa e quatro subgrupos de enzimas MAPEG
(proteinas de membrana associadas ao metabolismo de eicosandide e glutationa,
trambém chamadas de isoformas microssomais) de acordo com sua homologia e
propriedades (Suzuki et al., 2005). Isoformas de GST pertencentes a mesma classe
apresentam identidade igual ou superior a 40-60% em suas sequéncias de aminoacidos
(Yang et al., 2004). Apesar de mais de uma isoforma ter sido identificada na maioria
das classes de GST de Homo sapiens, em peixe-zebra o estudo das classes de GST tem
sido abordado de forma incompleta até 0 momento, uma vez que apenas uma isoforma
para cada classe foi considerada por muitos estudos (Lee et al., 2006). InformacGes

sobre as isoformas de GST sdo limitadas em peixes, mas a0 menos uma isoforma das
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classes alfa, mu, pi e teta, ja foram identificadas em muitas espécies e uma isoforma
especial denominada gstrl, que ndo tém isoformas homologas em mamiferos, vem
sendo identificada somente em peixes (Fu e Xie, 2006). A tolerdncia de diferentes
espécies de peixe para a exposi¢do a MC é variavel, e o trabalho realizado por Liang et
al. (2007) sugerem que estas diferencas estdo relacionadas a distintas capacidades de
biotransformacdo e inducdo de isoformas de GST, principalmente as isoformas das
familias rho e alfa.

As varias classes de GST podem ser agrupadas em trés grandes familias: GSTs
citosdlicas, mitocondriais e microsomais, sendo que as citosolicas representam a maior
familia. Todas estas trés familias contém membros que catalizam a conjugacdo de GSH
com 1-cloro-2,4-dinitrobenzeno (CDNB) e exibem atividade glutationa peroxidasica
para 0 cumeno hidroperéxido (CuOOH), e portanto, estes substratos sdo
comunentemente utilizados para realizacdo de ensaios cataliticos com estas enzimas
(Hayes et al., 2005).

A maioria das isoenzimas de GST citosoélicas sdo encontradas no citoplasma da
célula. Além de catalisar a conjugacdo, reducdo e reagdes de isomerizagdo, as GST
citosdlicas, também se ligam covalentemente e ndo covalentemente, ligando substratos
ndo hidrofébicos. Este tipo de atividade contribui para o transporte intracelular,
disposicdo e sequiestro de xenobidticos e hormoénios. As GST citosdlicas sdo uma parte
integrante de um mecanismo de defesa dindmico e interativo, que protege contra 0s
produtos quimicos citotoxicos eletrofilos e permite a defesa para uma possivel situacao
de estresse oxidativo. InvestigacGes tém mostrado que membros da familia MAPEG
tém contribuido na resposta inflamatéria, embora alguns membros também estejam
envolvidos nas defesas antioxidantes. Estes membros da superfamilia de GST
constituem um grupo onde a maior parte das proteinas esta envolvida na producao de
eicosandides. As GST mitocondriais ndo estdo presentes no citoplasma, mas ja foram
também localizados em peroxissomos (Hayes et al., 2005).

O estudo da superfamilia de enzimas GST também se deve ao fato delas
fornecerem um vasto campo de aplicacbes de interesse para 0s campos da
biotecnologia, farmacologia e ecotoxicologia. Isto porque, as GSTs biotransformam
agentes quimioterapicos do tratamento do cancer, inseticidas, herbicidas, carcindgenos e
moléculas reativas geradas pelo estresse oxidativo. Por exemplo, niveis elevados de

GST vém sendo associado a tolerancia de insetos para inseticidas, portanto, seu estudo
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tem servido como ferramenta na escolha de estratégias adequadas para o tratamento de
lavouras (Deng et al., 2009).

A caracterizacdo das GSTs € de interesse também para estudos farmacoldgicos,
por fornecer alvo para terapias anti-asmatica e anti-tumoral. A inducdo de GST em
células tumorais de mamiferos tem sido implicada na resisténcia para varios agentes
anti-cancer e carcin6genos quimicos. Do ponto de vista ecotoxicoldgico, em micrébios,
plantas, peixes, e mamiferos, a analise de GSTs ao nivel de transcricdo génica,
induzida/reprimida pela exposicdo a contaminantes, podem servir como biomarcadores
de contaminagao aquatica (Suzuki et al., 2005).

Em resumo, as GSTs representam uma resposta celular conservada
evolutivamente para a defesa contra moléculas exdgenas e para 0 estresse oxidativo.
Assim como sua caracterizacdo fornece importante alvos para terapias, na area da
medicina e tecnologia de agrotdxicos, seu estudo também pode fornecer informacoes
importantes no desenvolvimento de estratégias para biorremediacdo de contaminantes
ambientais como as microcistinas, e avaliagdo dos impactos causados pelas mesmas em
peixes para 0 monitoramento dos ecossistemas aquaticos.

Os mecanismos moleculares que resultam na inducéo/repressdo de isoformas de
GST ao nivel de transcricdo génica sdo conhecidos apenas em parte. Por exemplo, sabe-
se que em situacOes de estresse oxidativo, a inducédo transcricional da GST, pode ocorrer
via ativacdo da rota de sinalizagdo celular Keapl-Nrf2-ARE (Nguyen et al., 2003). O
Nrf-2 € um fator de transcricdo da familia “zipper de leucina” e interage com o
elemento de resposta antioxidante (ARE), presente na regido promotora de genes que
codificam enzimas envolvidas na defesa contra o estresse oxidativo. Nrf-2 efetua sua
migracgao ao nucleo quando dissociado da proteina Keapl (Kwak et al., 2004). Acredita-
se que a exposicdo as microcistinas pode ocasionar um efeito potencializdor deste
processo de dissociacdo de Nrf-2, aumentando a transcricdo de enzimas de
detoxificagdo como as GSTs. Em humanos e camundongos, foi demonstrado que
isoformas gstp, gstm e gsta possuem regides ARE funcionais. Outras isoformas
possuem regides similares a ARE, denominadas EpRE (elemento responsivo para
eletrofilo) e GPEI (elemento indutor de gstp) (Hayes, 2005).

A dissociacao de Nrf-2 de Keap-1 é aparentemente regulada pela fosforilacdo da
proteina quinase C de residuos especificos em Nrf-2 e por interacfes diretas entre

eletrofilos e os grupos sulfidrila em Keap-1. A atividade de transcricdo de Nrf-2 parece
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também ser influenciada por uma série de outros coativadores que presumivelmente se
ligam a fatores de transcricdo especificos do EpRE (elemento de resposta a eletréfilos) e
melhoraram a transcricdo dos genes de resposta ao estresse oxidativo, permitindo a
remodelacgdo da cromatina (Carvan Ill et al., 2005).

Em peixe-zebra, Suzuki e colaboradores (2005) demostraram que as duas
isoformas de gstp existentes, possuem regides (ARE) no promotor de seus genes, e que
a transcricdo desses genes é dependente da presenca do fator Nrf-2. Apesar disso, €
possivel que diferencas na presenca de outros elementos de resposta nas regides
promotoras destes dois genes, sejam responsaveis por causar distintos padrdes de
inducdo/repressdo da transcricdo destas isoformas de GST, frente a exposicao a toxinas
variadas. Ao nivel protéico, as gstp de peixe-zebra apresentam diferencas nas suas
sequéncias traduzidas de aminoacido (87% de identidade), portanto, diferencas na
capacidade de conjugar substratos devem existir entre as isoformas. De fato, cada uma
das duas isoformas de gstp possui dois sitios de ligacdo importantes, um sitio de ligacdo
a GSH altamente conservado (sitio G) e o sitio de ligacdo ao substrato eletréfilo (sitio
H) que pode apresentar variagdes. Estudos estruturais das proteinas gstpl e gstp2
mostram que substituigfes sutis de aminoacidos no sitio-H sdo responsaveis por
variacdes nas preferéncias por substratos destas isoformas (Suzuki et al., 2005). Apesar
das diferencas recentemente conhecidas para essas duas isoformas, muitos estudos em
peixes tem se referido, equivocadamente a gstp, como sendo um Unico gene/proteina
(ex.: Yu et al.,, 2008; Yanagi et al., 2004). Da mesma forma, outros estudos tém
ignorado a existéncia de mais de uma isoformas dentro de outras classes de GST (Lee et
al., 2006). Em peixe-zebra, constatamos, por exemplo, trés isoformas de GST da classe
mu e trés isoformas da classe teta. E muito provavel que, assim como é observado para
as isoformas de gstp (Suzuki et al., 2005), diferencas na regulacdo transcricional e
especificidades cataliticas para substratos, devem existir para as isoformas de GSTs
conhecidas em peixe-zebra. Apesar disso, tal caracterizagdo detalhada destas isoformas
ainda permanece para ser melhor investigada. O presente trabalho visou contribuir para
uma melhor caracterizagdo ao nivel transcricional das diferentes isoformas citosolicas,
microssomais e mitocondriais de GSTs de peixe-zebra.

Tanto em mamiferos como em peixes, trabalho realizado demonstra que as
isoformas de GST possuem especificidades variadas para substratos distintos e além

disso, a capacidade de biotransformar compostos (ex.: microcistina) via GST, varia de
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espécie para espécie de peixe, e é orgdo-especifica (Setlikova e Wiegand, 2009). Sendo
assim, por varias décadas o estudo das GSTs em peixes se limitou, quase que
totalmente, a ensaios cataliticos em extratos de tecidos utilizando substratos gerais desta
enzima, como por exemplo, para CDNB, ETHA (acido etacrinico) e HNE (4-
hidroxinonenal). Tais estudos ndo eram capazes de diferenciar quais das inumeras
isoformas estavam sendo avaliadas, uma vez que os substratos citados séo de amplo
espectro, ou seja, ndo diferenciam as isoformas de GST (DiGiulio e Hinton, 2008).
Portanto, existe uma dificuldade historica em conseguir-se avaliar a capacidade de
isoformas especificas de GST em serem induzidas/reprimidas e de conjugar diferentes
tipos de substratos.

O presente estudo aborda técnicas de avaliacdo transcricional por PCR em
tempo real para avaliagio da distribuicdo Orgdo-especifica/abundancia e
ativacao/repressdo de isoformas de GST pela exposi¢do a microcistina MC-LR. Com o0s
resultados obtidos, pretende-se inferir quais GSTs seriam potencialmente envolvidas na
detoxificacdo de MC-LR em peixe-zebra. Esta abordagem é possivel devido a recente
identificacdo do genoma e transcriptomas desta espécie modelo, 0 que permitiu a
utilizacdo de sequéncias disponiveis no Genbank (ncbi.nlm.nih.gov). Tal estudo podera
servir como ponto de partida para que, em uma etapa futura, isoformas importantes na
detoxificacdo de MC-LR também sejam identificadas em outros organismos. Os
resultados também poderdo fornecer conhecimentos basicos para diversas aplicacoes,
como por exemplo, no desenvolvimento de técnicas de biorremediagdo que requerem a
identificacdo e caracterizacdo de isoformas especificas de proteinas envolvidas nas

reacOes de biotransformacgéo de microcistina.
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5. OBJETIVOS
5.1. Objetivo Geral
e Caracterizar ao nivel transcricional as isoformas de GST de peixe-zebra e

avaliar sua possivel alteracdo pela exposi¢do a microcistina-LR.

5.2. Objetivos Especificos

e Avaliar a estabilidade de oito genes normalizadores para comparacgao
transcricional o6rgédo-especifica, abundéncia e para exposicdo a8 MC-LR em
branquia e figado;

e Avaliar a distribuicdo 6rgdo-especifica e abundancia de quinze isoformas de

GST ao nivel transcricional;

e Identificar quais isoformas de GST sdo induzidas/reprimidas em branquia e
figado de peixe-zebra pela exposicdo as concentracdes 5 ug.L™* e 50 pg.L™
de MC-LR;
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Abstract

The study of glutathione S-transferase (GST) isoforms is required for understanding the
biotransformation of numerous environmental contaminants, such as the microcystin-
LR (MC-LR) produced by cyanobacterial blooms. The organ-specific distribution and
abundance of fifteen GST transcripts in zebrafish Danio rerio using RT-qPCR and the
possible induction or repression in liver and gills after 24-hrs waterborne exposure to 5
ng.L™ and 50 pg.Lt MC-LR were evaluated in the present study. The transcriptional
levels for gstk1.1, gstal, gstpl and gstt2 in important detoxification organs such liver,
gill and intestine indicates a possible contribution of those isoforms in the
biotransformation of contaminants. Significant levels of gstal and gstk1.1 in liver; gstpl
and gstp2 in gill; mgst3a, gstrl, gstm2, gstm3, gstpl, gstp2 and gstkl.1l in intestine;
gstm2, gstm3 and gstal in eye; and gsttla and gsta2.1 in brain, suggest an important
function of the corresponding proteins in these organs. The exposure to 5 ng.L™ and 50
ug.L™ of MC-LR caused repression of gsta2.1, gstp2 and gstt2 (52 and 90; 76 and 71;
47 and 22 fold, respectively) in liver. The gsta2.1 in gill and gsttlb in liver were down-
regulated only in the lower concentration of 5 ug.L™, and mgst1.1 in gill, and gsttla in
liver were down-regulated only in the highest concentration of 50 pg.L™, compared
with the control group. The gstal, gstrl, gstpl, mgst3a, gstml, gstm2 and gstm3
isoforms were not altered by exposure to MC-LR. It is concluded that different isoforms
have distinct abundance and organ-specific distribution, even within a certain GST
class, and various GST isoforms are down-regulated at the transcriptional level by MC-
LR.
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Introduction

Numerous episodes of harmful toxic cyanobacterial blooms have been reported
in Brazil and worldwide (Minillo et al., 2000; Ballot et al., 2005; Kotak and Zurawell,
2007; Amado and Monserrat, 2010; Amado et al., 2011). Several groups of
cyanobacteria produce microcystin (MC) isoforms (Amado et al., 2011) and the
microcystin-LR isoform (MC-LR) is one of the most common and well-studied (Kotak
and Zurawell, 2007). The MCs are cyclic heptapeptides produced as secondary
metabolites by cyanobacteria (Ding et al., 2000). The main known mechanisms of
toxicity of MC-LR involve increased protein phosphorylation by inactivating
phosphatase protein PP1 and PP2A (Zegura et al., 2004) and the generation of oxidative
stress and carcinogenesis (Ding and Ong, 2003).

The biochemical defense mechanisms in organisms that are exposed to MC-LR
involve the conjugation of the toxin with reduced glutathione (GSH) by glutathione S-
transferases (GSTs) phase-11 biotransformation enzymes (Pflugmacher et al., 1998). The
GSTs act in the biotransformation of MCs that led to elimination of that compound
from the cells and attenuating the effects of reactive oxygen species (ROS) resulting
from the exposure to these compounds (Ding and Ong, 2003). The inhibitory potency of
microcystins in PP1LA phosphatase activity was greatly diminished when the MC is
conjugated to GSH (Metcalf et al., 2000).

The GSTs are part of a superfamily of multigene detoxification enzymes that
catalyze the conjugation of reduced glutathione (GSH) on a wide variety of substrates.
The GSTs are widely distributed in organisms, being found in all eukaryotes and in
many prokaryotes (Suzuki et al., 2005). In humans, the GST family is fully
characterized and grouped into the classes Alpha , Mu, Pi, Theta, Sigma, Zeta, Omega,
Kappa and four subgroups of MAPEG enzymes (membrane proteins associated with the
metabolism of eicosanoids and glutathione) according to their properties and homology
(Suzuki et al., 2005). Althought most of those classes, such the alpha, mu, pi and theta,
have been identified in many species of fish as well in the zebrafish genome, fish posses

a particular class called rho, that do not have counterparts in mammals (Fu and Xie,
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2006). The major GSTs isoforms involved in detoxification of MCs in zebrafish and
other fish species, still remain to be identifyed.

The zebrafish Danio rerio became one of the most important model organisms
in various research fields, including genetics, neuroscience, development, physiology,
toxicology and biomedicine, and is often used to study human diseases (Lopez-Olmeda
and Sanchez-Vézquez, 2011). A number of attributes contributes to the use of this
species in scientific research, including, rapid development, optical transparency during
early development, some genetic similarity with humans, and can be kept in the
laboratory with ease and low cost (Lawrence, 2007).

The main objectives of this study were to evaluate the distribution of organ-
specific GST isoforms at the transcriptional level, look at the relative abundance of each
isoform in specific organs and identify which GST isoforms are induced or repressed at
the level of gene transcription by exposure to MC-LR.

Methods

Laboratory animal care and experimental treatment

Adult Zebrafish (D. rerio) were commercially obtained, transported to the
Agquatic Animal Facility of the Institute of Biological Sciences (ICB) of the Federal
University of Rio Grande - FURG and acclimated for two weeks in a 100 liter aquarium
with constant aeration at 28 °C, cycle 12:12 hours dark:light and fed with commercial
Tetracolor™ Tropical Granules (Tetra) twice daily. A purified MC-LR (Cayman
Chemical, purity > 95%, 1 mg.mL™ ethanol) was diluted in water to produce two-liter
working solutions with 5 ug.L™ and 50 pg.L™ of MC-LR, respectively. The solutions
were mixed for 30 minutes and then distributed in aliquots of 200 mL in beakers (10
beakers per exposure group). Another ten beakers with 200 mL of water were kept as
control group. Individual fish were transferred to the thirty beakers and exposed to
concentrations of 0 pg.L™, 5 ng.L™* and 50 pug.L™* of MC-LR over a period of 24 hours
(n= 10 fish per exposure group). The MC nominal concentrations used in the exposure
experiment are equivalent to concentrations measured in the environment (Matthiensen
et al., 1999) and were shown before to cause biological effects without causing lethality

in zebrafish (Baganz et al., 1998). For example, Yunes et al., (1996) recorded 200 pg.L’
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! of MC in a Microcystis aeruginosa algal blooms found in the Patos Lagoon, Rio
Grande (Brazil). A group that was not exposed to MC-LR was also kept under the same
experimental conditions, totaling three experimental groups: control, exposed to 5 pug.L”
! and 50 pg.L™ MC-LR. The experimental procedures were approved by the FURG
Ethics Committee (CEUA-FURG, n° 23116.003245/2011-58, CEUA n° P010/2011).
The organs liver, gill, intestine, kidney, brain and eye were dissected; and preserved in

RNAlater® (Ambion) for 24 hours at room temperature and then stored in -80 °C.

Dosage of MC-LR in the water

The MC-LR concentration in the water was analyzed using a specific
immunoassay QuantiPlate™ Kit for Microcystins (EnviroLogix, Portland, ME, USA) in
the end of the exposure period. The method consisted in the addition of 125 pL of a
diluent solution into each well and adding 20 pL of sample. The contents were mixed
and the wells were covered with parafilm and incubated for 30 minutes in an orbital
shaker at room temperature. Thus, there were added 100 puL of microcystin conjugate to
each well and again the contents mixed and incubated for 30 minutes. After incubation,
the contents of the wells were discarded and the wells were washed 4 times with wash
solution and excess solution was removed. Was added 100 pL of substrate and the plate
was covered with parafilm, incubated and stirred for a further 30 minutes. Soon after,
were added 100 pL of final solution and the plate was read on a microplate

spectrophotometer reader at 405 nm (Biotek Lx 800).

Phylogenetic analysis of D. rerio GSTs

A preliminary search for D. rerio GST nucleotide sequences was performed in
the references sequence database (RefSeqs) available in the GenBank
(www.ncbi.nlm.nih.gov) and allowed the collection of nineteen D. rerio and twelve
human GST sequences (Genbank accession numbers are in the supplementary material
table 1). The deduced amino acid sequences from the GST coding sequences were
aligned using CLUSTAL W Multiple Alignment and PROTDIST program was used to
compute distance matrix from protein sequences. PROTDIST uses protein sequences to

compute a distance matrix, under three different models of amino acid replacement.
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The distance for each pair estimates the total branch length between the two sequences,
and can be used in the distance matrix program NEIGHBOR. Bioedit software was

used in the alignments and to build the phylogenetic tree (Hall, 1999).

Quantification of GST transcripts

The organs intestine, brain, kidney and eye of D. rerio fish from the control
group (n=6 per organ) and gill and liver from all three experimental groups (control, 5
Hg.L™* MC-LR and 50 pg.L™ MC-LR, n=10 per organ) were homogenized for total
RNA extraction using TRIzol reagent (Invitrogen™). The quality of RNA was
evaluated on agarose gel 1% to evaluate possible degradation and after confirmation of
good quality has been treated with DNAse (Invitrogen™) to avoid contamination of
RNA samples with genomic DNA. Total RNA was reverse transcribed to cDNA using
the high capacity cDNA reverse trascription kit (Applied Biosystems) and a mixture of
oligo-dT and random primers.

The sequences for gstal, gsta2.1, gsta2.2, gstrl, gstml, gstm2, gstm3, gstpl,
gstp2, gsttla, gsttlb, gstt2, mgstl.l, mgst3a, gstkl.1 and the housekeeping genes
glucose-6-phosphate dehydrogenase (g6pdh), p-actinl, beta-2-microglobulin (b2m),
alpha-tubulin 1 (tuba), elongation factor-lalpha (ef-/a ), TATA binding protein (tbp),
18s Ribosomal RNA (18s), and translocator aryl hydrocarbon receptor nuclear 2
(arnt2) were selected for primer designing. The primers and accession numbers of the
target and housekeeping genes sequences are shown in Table 1 and Table 2,
respectively. The GST primers were designed based on alignments performed
(supplementary material), avoiding conserved regions in different isoforms, possessing
characteristics as % CG, Tm, and amplicom size suitable for use in qPCR. Primer3
software (Rozen and Skaletsky, 2000) was used in the primer design. The primer tests
for specificity and absence of dimers were done using FastPCR software (Kalendar et
al., 2009) and the Primer Blast tool available in the Genbank (www.ncbi.nlm.nih.gov).
The gPCR efficiencies for the primer pairs were tested using 1x, 2x, 4x, 8%, 16x and
32x serial cDNA dilutions and the primers were accepted if efficiency were 1.8 - 2.2
(Schmittgen and Livak, 2008). The gPCR reactions were performed using GoTag qPCR
Master Mix kit (Promega) and the ABI PRISM 7300 system (Applied Biosystems).

Each sample was analyzed in duplicate using the following protocol: 95 °C for 2 min
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and 40 cycles of 95°C for 15 s and 60°C for 30 s. A melting curve analysis was
performed on the PCR products after all runs to verify the amplification of a single
product.

The "M" stability score for housekeeping genes were tested using Data Assist'
software (Applied Biosystems). Housekeeping genes belonging to different functional
classes were selected, which according to Vandesompele et al. (2002) significantly
reduce the chance of co-regulation. The cycle threshold (Ct) average for the three more
stable housekeeping genes was used for target gene normalization, considering a given
data set: g6pdh, p-actinal, b2m Ct average was used for normalization of organ-specific
distribution and abundance of GSTs in control fish; b2m, tuba and p-actinl Ct average
was used for normalization of GSTs in liver of fish exposed to MC-LR and control; and
tuba, b2m and g6pd Ct average was used for normalization of GSTs in gill of fish
exposed to MC-LR and control. The genes that showed the worst normalization factors
were ef-1a, tbp, arnt2 and 18s, and then were not used in the gPCR calculations.

The E™* method (Schmittgen and Livak, 2008) was used to compare the
transcriptional levels of the different GST in a given organ (relative abundance) and for
comparing transcriptional levels in different organs of a given GST isoform (GST organ-
specific distribution). The threshold used for Ct inference was fixed as 0.2 ARn
(fluorescence normalized by internal ROX dye) for all runs in order to provide
equivalent Ct values for relative abundance calculation. Permute Matrix software

(Version 1.9.3) was used in the production of heat maps.

Statistics

Data was logarithmically transformed and tested for normality and
homoscedasticity, accepting P > 0.05 (Cochran test). The differences in the
transcriptional levels for GST organ-specific distribution and abundance was evaluated
using variance analysis (ANOVA) with Tukey post-hoc test, setting the significance
level as p <0.05, using STATISTICA software (version 7.0 for Windows), and data are
presented as mean + standard deviation using GraphPad Prism 5.0 software, Inc. The
REST software (QIAGEN®, 2009) was used to calculate changes in responses of MC-
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LR treatment in respect to the control group in terms of fold induction (Pfaffl et al.,
2002) setting the significance level as p < 0.05.

RESULTS

Phylogenetic sequence analyses

All zebrafish GSTs clustered together with the known human GST classes, such
Zeta, Theta, Omega, MAPEG, Kappa, Alpha, Pi and Mu, with the exception of the

Class Rho isoform gstr1.

Dosage of MC-LR in the water

The MC-LR concentration was measured in the water in the end of the 24 hours
of exposure. The MC-LR concentrations were 1.8 pug.L™* in the beaker with 5 pg.L™
nominal concentration and 17.29 pg.L™ in the beaker with 50 pg.L™ nominal

concentrations. There was no mortality of fish during the MC-LR exposure experiment.

Organ-specific distribution and relative abundance of GST isoforms

Distinct organ-specific distribution of GST isoforms was observed and was
distinct between isoforms within a given class in some cases (Figure 2). The Alpha class
has higher transcriptional levels in liver and eye for gstal, kidney and brain for gsta2.1
and kidney and gut for gsta2.2. The Mu class showed similar distribution to gstm1 and
gstm2 isoforms with high levels in eye, gut and gill, and gstm3 was higher in gut, gill
and liver. The Pi class gstpl and gstp2 showed similar distribution with high levels of
transcription in gill and gut. The gstrl was similarly expressed in all organs, except in
the kidney that showed low levels. The Kappa class, represented by the mitochondrial
isoform gstk1.1 was higher in liver and gill, comparing to other organs. The Theta class
gsttla was higher in the brain and kidney, gsttlb is higher in the brain and eye and gstt2
was higher in the kidney. The microsomal family showed higher transcriptional levels

for mgst1.1 and mgst3a in gut, liver and gill, comparing to other organs.
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Comparing the abundance of different GST transcripts in a given organ, the
transcripts gstk1.1, gstal, gstpl and gstt2 were in general the most abundant in the main
detoxification organs such as liver, gills and intestine. Those transcripts were also very
abundant in the eye. The most abundant GSTs in the kidney were the gsttla and gsta2.2.
In the brain, the GSTs from the Theta and Kappa classes were the most abundant. The
less abundant isoform was gstp2 compared with the abundance of other isoforms in a

particular organ.

Response of zebrafish GST transcripts after MC-LR exposure

Three GST isoforms in gill (gsta2.1, gsttlb and mgst1.1) and five GST isoforms
in liver (gsta2.1, gstp2, gstt2 and gsttla and gstk1.1) were repressed in D. rerio after
24-hours exposure to MC-LR, compared to the control group. The gsta2.1 was
repressed 10-fold in gill of D. rerio exposed to 5 pug.L™ and 52- and 90-fold in the liver
of D. rerio exposed to 5 and 50 pg.L™ MC-LR, respectively. The mgstl.l was
repressed 10-fold in gill after exposure to 50 pg.L™* MC-LR. The isoform gstp2 was
strongly repressed in liver of fish exposed to 5 and 50 pg.L™ MC-LR (76- and 71-fold,
respectively). The gstt2 was strongly repressed in liver of fish exposed to 5 and 50
ug.L™* MC-LR (47- and 76-fold, respectively). The gsttla and gstk1.1 was repressed in
the liver of fish exposed to the higher MC-LR concentration of 50 ug.L™ (34- and 47-
fold, respectively). Eight GST transcripts, were not altered in the gill or liver after MC-
LR exposure, the Alpha GSTs gstal and gsta2.2, the Rho GST gstrl, all the three Mu
class GSTs (gstm1, gstm2 and gstm3), the Pi GST gstpl and the MAPEG GST mgst3a
(Figure 5).

Discussion

Our search for GST nucleotide sequences in the Genbank and the preliminary
phylogenetic analysis revealed that similarly to human that posses a high number of
isoforms represented by at least twelve GSTs, zebrafish possess about nineteen GST
sequences. All zebrafish GSTs clustered together with the known human GST classes,
such Zeta, Theta, Omega, MAPEG, Kappa, Alpha, Pi and Mu, with the exception of the
Class Rho isoform gstrl that is present only in fishes. The GSTs analyzed in the present
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study showed distinct levels of transcription for organ-specific distribution, abundance
in a given organ and effects caused by 24-hour MC-LR exposure. Those differences in
transcriptional levels were noted even within a given class, which suggests peculiarities
of each GST relating to regulation at the transcriptional level, probably related with the
presence of different response elements and/or other mechanisms regulating those
genes. That finding is very important, considering that many studies conducted so far, in
the GST transcript or protein level, ignored the existence of different isoforms within
GST classes (e.g.: Wiegand, 1999; Kim et al., 2010). The present study evaluated the
individual transcriptional levels for GST classes that possess multiple isoforms, Alpha:
gstal, gsta2.1 and gsta2.2; Theta: gstt2, gsttla and gsttlb; Mu: gstm1, gstm2 and gstm3,
Pi: gstpl and gstp2; and MAPEG: mgstl.1 and mgst3a. The gstkl (Kappa) and gstr
(Rho), that are the only member into their classes, were also evaluated. A carefully
choice of adequate housekeeping genes, based on the testing of eight housekeeping
genes and use of the three more stable for normalization, allowed a refined evaluation of
the transcriptional levels for the target GST genes. Results shown here would guide the
choice of specific GST isoforms for further characterization in the transcript and protein

level in further studies.

Organ-specific distribution and relative abundance of GST isoforms

The evaluation of transcriptional levels in classic detoxification organs such
liver, gill and gut could help to infer which ones of the many GST isoforms that exists in
fish could be the major involved in the phase-11 biotransformation of organic
contaminants and other detoxification processes. Zebrafish possess high hepatic
transcriptional levels for gstal and gstk1.1, comparing with the other organs evaluated.
Lee et al. (2006) also demonstrated higher basal transcription in the liver for gstal
isoform in the fish Rivulus marmoratus. Liang et al. (2007) reported that cyprinid fish
may has class alpha as the predominant class in the liver, and that alpha GST class is
probably important in the combat against oxidative stress by conjugation of lipid
peroxidation products (Hayes et al., 2005). Although the gstal isoform followed the
expected organ distribution with high levels in the liver, the other Alpha class isoforms
gsta2.1 and gsta2.2 did not follow the same pattern, showing higher basal transcription

in kidney and brain for gsta2.1, comparing to other organs, and an equivalent



29

distribution gsta2.2 in all organs, respectively. Thus, it is possible that those isoforms
possess important functions in extra-hepatic organs. The isoforms of Mu class were
mainly expressed in the eye, followed by intestine, gill and liver. The Mu isoforms that
has the highest transcriptional levels in the liver, intestine and other organs in the
pufferfish T. obscurus (Kim et al. 2010) and high transcription in the hepatopancreas in
the shrimp Litopenaeus vannamei (Zhou et al., 2009) did not present the same organ-
distribution trend in zebrafish.

The gstrl isoform, which is exclusive for fish and not found in other animals
such mammals, showed increased intestinal transcriptional levels and is considered the
main isoform in liver of some species of flounder, mullet and bass (Konish et al., 2005).
This study suggest that gstrl is involved in protecting the intestine, because gstrl plays
an important role in reducing harmful effects by the exposure to xenobiotics in
Pleuronectes platessa (Martinez-Lara, 2002). Significant levels of gstrl basal
transcription was observed in most of the organs of zebrafish and we could hypothesize
that this isoform is involved in the defense to chemical insults caused by environmental
contaminants such MC-LR. Major transcriptional levels of both isoforms of the pi class
was found in the intestine and gills of zebrafish, a divergent result comparing to other
studies, where the highest levels of this transcriptional isoform were observed in the
liver of human (Hayes, 2005) and fish (Doi et al. 2004; Fu and Xie, 2006). Actually, the
gstpl, but not the gstp2, also presented high levels in the liver, as expected. It is
suggested that the high transcription of these isoforms in those organs involved in
detoxification of many compounds play an important role in the biotransformation and
detoxification of xenobiotics and assists combating oxidative stress. High hepatic
transcription for gstpl points this isoform as possibly important in detoxification
processes.

As the organ-specific distribution is variable, depending on the GST isoform in
the focus, this pattern also was noted considering the abundance of each isoform in a
given organ. Four isoforms were the most abundant in most of the organs: gstkl.1,
gstal, gstpl and gstt2, including the major detoxification organs, such as liver, gill and
intestine. The gstt2 and gsttla was also abundant in the kidney, and gsttla and gstk1.1
in the brain. The gstp2 isoform was very low in the transcriptional levels, comparing to
other isoforms. Nevertheless, other studies suggest that gstp2 is predominant in fish and

abundant in the liver (Konish et al., 2005). Based on the observed organ-distribution
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and abundance for gstal and gstk1.1 isoform, in most of the organs analyzed, it is
possible that translated proteins will be present in high levels too, and could represent
important enzymes protecting cells against oxidative stress and conjugating endogenous
and/or xenobiotic compounds. Leaver et al (1993) and Lee et al (2006) have also
pointed the importance of alpha class isoforms in fishes. Despite the low abundance of
gstp2 isoform in our study this isoform have gained special attention in other studies,
since it is abundant in normal and malignant tumors (Suzuki et al., 2005).

It has been shown that tetha class is highly expressed in liver of the pufferfish,
Takifugu obscurus (Kim et al., 2010). The isoforms of class Theta: gstt2 and gsttla
presented an equivalent distribution in all organs and gsttla showed higher
transcriptional levels in brain and kidney, suggesting that those isoforms could has

important functions in extra-hepatic organs in the case of the zebrafish.

MC-LR affecting transcript levels of Danio rerio GSTs

The severity of MC-LR toxicity depends on the intensity and duration of internal
exposure, determined by the balance between absorption, detoxification and excretion
(Buratti et al., 2011). The quantification of MC-LR in the experimental water was
conducted in order to verify the real MC-LR concentration in the end of the 24-hour
experiment. It was observed a probable MC-LR decay of about 65% in the water,
comparing the analyzed and the MC-LR nominal concentrations of 5 and 50 pg.L™,
which could indicate a possible absorption and metabolism of this compound. It is
possible that MC-LR was absorbed sometime in the 24 hours of exposure through the
skin, mouth or by direct absorption via gill respiration, since food was not provided
during exposure and this would not be a major route of absorption of the contaminant in
this case.

The tolerance or susceptibility for MC-LR exposure is variable in fishes and
studies suggest that those differences are related to specie-specific capabilities of
biotransformation and induction of GST isoforms (Liang et al., 2007). The present study
evaluated the transcriptional level (induction/repression) of fifteen GST isoforms in
zebrafish after waterborne exposure of the animals to MC-LR. The major effect caused
by MC-LR was the repression of specific GST isoforms instead of transcriptional

activation. The gsta2.1, gstp2, gstt2, gsttla and gstkl.1 were repressed in the liver of
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zebrafish, which is possible the main target organ for MC-LR toxicity. It is recognized
that MC-LR triggers disruption of biochemical and cellular processes causing changes
in the structures of the cytoskeleton and disorganization of hepatic architecture, causing
breakdown of cellular structures and hemorrhage (Wei et al., 2007). In the zebrafish
gills, gsta2.1, gsttlb and mgst3a were down-regulated against exposure to MC-LR.
Microcystin can also cause pathological changes in a number of extra-hepatic organs
(intestine, kidney, spleen, heart and gills) of fish and epithelial cells of gill undergo
degeneration and cell necrosis following intraperitoneal application of the toxin (Carbis
etal., 1996).

Similarly to the down-regulation of the gstk1.1 isoform observed in the liver of
zebrafish exposed to 50 pg.L™ in the present study, Hao et al. (2008) also found down-
regulation of gstk1l.1, and other GSTs, in liver, kidney and intestine of goldfish
Carassius auratus after microcystin exposure (50 and 200 pg of MC-LR.Kg™ b.w.).
Those results suggest that down-regulation of gstk1.1, and maybe other GST isoforms
in liver, could be involved in the MC-LR toxicity in different cyprinid fishes, and
maybe other animals. Kim et al., (2010) also found down-regulation of GSTs in river
pufferfish (Takifugu obscurus) caused by contaminants, and suggests that this response
can be associated with the general toxicity observed. The decreasing in the protein level
for those GST isoforms and the possible involvement of this alteration in the disruption
of cellular processes could be addressed in further studies. The study of receptors and
response elements involved in that GST transcriptional regulation also remain to be
better elucidated and could indicate other important biological cellular pathways that are
similarly affected by MC-LR exposure.

The mitochondrial GSTs kappa was originally isolated from mitochondria and is
not present in the cytoplasm but has also been found in peroxisomes. To date, the
precise relationship between kappa GSTs and other transferases is unclear (Sherrat and
Hayes, 2008), but it is speculated that they would be involved in the metabolism of fatty
acids, either through its catalytic activity, some transport function, or by interaction with
a membrane pore (Hayes et al., 2005). The gstk1.1 isoform may have an important role
in the detoxification of lipid peroxides generated in peroxisomes and mitochondria that
are involved in lipid metabolism and produce considerable amounts of reactive oxygen
species (Morel et al., 2004). It is possible that down-regulation of this gstk1.1 isoform,

could contribute to the toxic effects of MC-LR, by alteration in the organelle capability
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for lipid peroxide detoxification and could leading to an oxidative stress situation. It is
well recognized that oxidative stress is one of the major effects caused by MC-LR
exposure (Amado et al., 2010).

Due to increased susceptibility to skin tumorigenesis in gstpl and gstp2
knockout rats exposed to toxins (Hayes et al., 2005), we could assume that
transcriptional down-regulation of GST pi isoforms could lead to increasing toxic
effects after exposure to MC-LR. This hepatotoxin present carcinogenic potential
(Nishiwaki-Matsushima et al., 1992) and it is possible that down-regulation could made
the organism more susceptible to MC-LR insult such tumorigenesis. Interestingly, the
catalitical activity of the recombinant human GSTs presents low specific activity to
conjugate the general GST substrate CNDB in vitro (Buratti et al., 2011). Despite the
low abundance found in liver for gstp2 isoform, and the possible importance of this
isoform in MC-LR effects could not be ignored, especially because gstp2, but not gstp1,
was highly suppressed in liver in both concentrations of MC-LR in the present
experiment.

Few studies have reported the transcriptional alteration of GST isoforms after
exposure to MC-LR in zebrafish. Zhang et al. (2010) evaluated the transcriptional level
of seven GST isoforms (gstrl, gstal, gstpl, gstp2, gstz, gstm3 and gsttl) after
intraperitoneal MC-LR injection at different temperatures (12, 22 and 32 °C) and
exposure time (3-, 12-, 24- and 48-hour) and found that at least three of them, gstm3,
gsttl and gstp2 were induced. Similarly, to our study, the gstrl, gstal and gstpl
transcriptional level were not altered at by MC-LR exposure. Possible differences
among the two studies may be due to different temperatures and route of exposure
employed. The differences could be also related to different strategies used in the
normalization of gene expression evaluation, since Zhang et al. (2010) used only one
housekeeping gene, 18s, to normalize the expression of the target GST genes. In our
study, that evaluated eight housekeeping genes, 18S was not choosen to normalize the
data, since the other genes that were used presented better stability scores.

The heterologous expression of all those zebrafish GST isoforms, evaluated
here, and catalytic characterization, could contribute in the future for the better
understanding of the cellular function and involvement of specific isoforms in the MC-
LR detoxification and or toxicity. Buratti et al. (2011) used five recombinant human

GSTs, and identified the main isoforms involved in the conjugation with MC-LR.
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Isoforms with the highest specific activities to form the conjugate GS-MC-LR were
Alpha and Theta. The involvement of the Alpha and Theta gsts that were down-
regulated in the present study (gsta2.1 and gsttla) that were repressed in the liver of
zebrafish by MC-LR could be possibly Some studies suggest that MC-LR suppresses
GST isoforms at the level of gene transcription, which could cause increased
susceptibility of the organism after exposure to the toxin itself (Best et al., 2002).
Considering that MC-LR is occasionally observed in the aquatic environment, the
transcriptional down-regulation of GSTs could made aquatic organisms more
susceptible to injuries after cyanobacterial blooms, due to reduced capacity of phase-Il
biotransformation and detoxification. This hypothesis is very possible, given the fact
that the main route of MC-LR detoxification is the conjugation with reduced glutathione
(GSH) catalyzed by GST (Pflugmacher et al., 1998). The altered GSTs by MC-LR
observed here could be used as potential exposure and/or effect biomarkers of

environmental contamination by MC-LR and possibly other organic contaminants.

Conclusions

Different GST isoforms of Danio rerio exhibit transcriptional differences in
organ-specific distribution and relative abundance, even considering isoforms that
belong to the same class. Some GST isoforms are down-regulated in gill and liver at the
transcriptional level by environmentally relevant concentrations of MC-LR after 24-
hour exposure of zebrafish. The characterization of the GST transcriptional levels
summarized here could help in the choice of the main important isoforms to be further
evaluated in the protein level, in the aim to understand the real importance of each
isoform to defend and cause toxic effects by organic contaminants and toxins such the
MC-LR.
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7. CONCLUSOES GERAIS

- Os transcritos mais estaveis para normalizacdo da distribuicdo Orgdo especifica;
exposicdo a MC-LR em figado; e branquia, foram g6pdh, g-actinal e b2m; tuba, b2m e
g6pdh; e b2m, tuba e p-actinal, respectivamente.

- Os transcritos menos estaveis para normalizacdo dos dados de exposicdo a MC-LR

foram ef-1a, thp, arnt2 e 18s.

- A distribuicdo 6rgdo-especifica e a abundancia relativa é distinta para as diversas

isoformas de GST em D. rerio.

- As isoformas mais abundantes nos 6rgdos de D. rerio foram gstk1.1, gstal, gstpl e

gstt2 e gstp2 foi a isoforma mais escassa nos érgdos de D. rerio.

- As isoformas gsta2.1, gstp2, gstt2, gsttla e gstk1l.1 representam as principais GSTs

reprimidas pela exposi¢do a MC-LR em figado.

- As isoformas gst2.1, gsttlb e mgst3a representam as principais GSTs reprimidas pela

exposicdo a MC-LR em branquia.
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8. PERSPECTIVAS

A caracterizacdo transcricional de isoformas de glutationa S-transferase do presente
estudo podera auxiliar na escolha de proteinas a serem estudadas para uma melhor
compreenssdo dos mecanismos de defesa/toxicidade de MC-LR em peixe-zebra. Para a
posterior caracterizagdo da proteina podera ser realizada a técnica de expressao
hetr6loga, purificacdo e teste da capacidade catalitica in vitro das isoformas de GST
isoladas, utilizando ensaio de atividade enzimatica para substratos conhecidos de GST
(ex.: CDNB) e ensaio competitivo com MC-LR. Também sera possivel avaliar o
potencial in vitro das diferentes isoformas de GST isoladas em formar o conjugado

microcistina-glutationa pela analise do conjugado por técnica de HPLC.
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TABLE 1. Forward (F) and reverse (R) primers used in the gPCR for GST isoforms.
Accession numbers of the nucleotide sequences and Chromosome localization were

obtained in the GenBank.

TABLE 2. Forward (F) and reverse (R) primers used for gPCR analysis of

housekeeping genes and accession number in the GenBank.

FIGURE 1. Protdist neighbor phylogenetic tree made based on the alignment of 19
Danio rerio (Dr) and 20 Homo sapiens (Hs) GST amino acid deduced sequences. The
Genebank accession numbers for the nucleotide sequences used are in the table 1 of the

supplementary material.

FIGURE 2. Heatmap showing the organ-specific transcriptional levels for GST isoforms
in gut, brain, liver gill, kidney and eye of D. rerio from the control group. The Ct
average of b2m, g-actinal and g6pdh were used in the normalization of the data, using
the E™**" method. The color scale is represented by a gradient that goes from dark (low

transcription ~ 0%) to red (high transcription - 100%).

FIGURE 3. Relative abundance of each GST isoform in a given zebrafish organ (liver,
gill and intestine). Equal letters indicate absence of difference among the GST isoforms
(ANOVA - Tukey, p < 0.05, n=6).

FIGURE 4. Relative abundance of each GST isoform in a given zebrafish organ (brain,
kidney and eye). Equal letters indicate absence of difference among the GST isoforms
(ANOVA - Tukey, p < 0.05, n=6).

FIGURE 5. GST fold induction in gill and liver of D. rerio after 24-hour waterborne
exposure to 5 and 50 ug.L-1 of MC-LR compared to the control group. The calculations
were based on the threshold cycle (Ct) of the target gene and the average of
housekeeping genes tuba, b2m and g6pdh to liver and b2m, tuba and fg-actinl to gill.
Data are presented as the mean = error. * refers to statistical significance using REST
analysis (p < 0.05, n=10 per group).

SUPPLEMENTARY MATERIAL: TABLE.
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Genbank accession numbers for the Human and Zebrafish GST nucleotide sequences

used to predict the amino acid sequences used in the phylogenetic tree of Figure 1.

SUPPLEMENTARY MATERIAL: FIGURES.

Alignment of the nucleotide sequences of Alpha, Mu, Pi, Theta, Rho, MAPEG and
Mitochondrial isoforms used in the primer design, avoiding conserved regions among

different isoforms. Region 1 refers to the location 5' — 3' where the forward primer (F)
were designed and the region 2 refers to the site 5' «— 3' where the reverse primer (R)

were designed.
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Primers Sequence of primers 5°- 3" GenBank Acess  Chromosome
*Dr_gsta2.1_F AGGTTCCTTTGGTGGAGATT NM_001102648 13
*Dr_gsta2.1_R TCCTTGTTTTCAGCCGGTCCT

*Dr_gsta2.2_F GGGATGAAACTCGTACAGTGCAG NM_001109731 13
*Dr_gsta2.2_R CTCCTCGATGTTTCTGAAGGTTTC

*Dr_gstal_F GGTCTGATAGATCTGATGGA NM_213394 13
*Dr_gstal_R TTCCTCAATGTTACTGAAGAC

*Dr_gstrl_F ACTTCAGCATGGCCGACGTG NM_001045060 19
*Dr_gstrl R ACTGGGCCGATCCTTCACCA

*Dr_gstml_F ATACGCGGGCTTGCTCAACCC NM_212676 8
*Dr_gstml_R GGGAGCTTCGCCGCATGTATAG

*Dr_gstm2_F ATACGAGGGCTTGCTCAACCT NM_001110116 8
*Dr_gstm2_R GGGAGCTTCACCACATGAATAC

*Dr_gstm3_F ATCCGCGGGATTGCTCAACCA NM_001162851 8
*Dr_gstm3_R AGGAGCTTCACCACAGGAGTAG

*Dr_gstpl_F GAGAACCTGGTGACCTTTGAAGAG NM_ 131734 4
*Dr_gstpl R TGTCTCAGCATGGCGTTGGA

*Dr_gstp2_F GAGAATGTGGTGACCGTACAGGAC NM_001020513 4
*Dr_gstp2_R TGAGTATGGCATTGGACTGAT

*Dr_gsttla_F CGGATGCATGGAGCTAAGAT NM_200584 21
*Dr_gsttla _R CACCAACAATGAACGGTTTG

*Dr_gsttlb F GTGCCCAAAGAAAAGATGGA XM_687335 8
*Dr_gsttlb R GCCTGCCTTCAAACACATCT

*Dr_gstt2_F TGAGCGGCACACTAGACAAG NM_200521 5
*Dr_gstt2_R CTCGACTCCTCCAGCTCATC

**Dr_mgstl.1 F CCGCCATGGCAATAGCAGAAG NM_001005957 4
**Dr_mgstl.1_ R CCGATCACCACGAAAGGAACG

**Dr_mgst3a_F  CATCTGGCTCATGGCGTCGT NM_213427 20
**Dr_mgst3a_R  TGCGGCCAGTCTCTGGATCA

***Dr_gstkl.1 F TGCCATGTTAACGGGAAGGTTG XM_001922164 16

***Dr_gstkl.1_ R TTGGACAAGGTCCTGCCCACT

* GSTs cytosolics ** GSTs microssomals ***GST mitochondrial
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Primer Sequence of primers 5~ 3" GenBank acess
Dr_g-actinl_F  GCTGTTTTCCCCTCCATTGTT AF180887
Dr_p-actinl_ R  TCCCATGCCAACATCACT

Dr_arnt2_F CACCTTTGGATCACATCTCATTG NM_131674.1
Dr_arnt2_R TCACCCTCCTTAGACGGACC

Dr_18s F TGCATGGCCGTTCTTAGTTG NM_001098396.1
Dr_18s R AGTCTCGTTCGTTATCGGAATGA

Dr_g6pdh_F AACGGTCCCGAAAGGCTCCA BM182602
Dr_g6pdh_R GCCATCCCAGCGTTCGTTCT

Dr_tbp_F ACACCGCAGCCTGTGCAGAA NM_200096
Dr_tbp_R TGGCCTGAACCTCCCACCAT

Dr_tuba_F CTTCGAGCCGGCCAATCAGA AF029250
Dr_tuba_R TTGCGGCGTTCACGTCTTTG

Dr_b2m_F GCCTTCACCCCAGAGAAAGG BC062841
Dr_b2m_R GCGGTTGGGATTTACATGTTG

Dr_ef-1o_F CAAAATTGGAGGTATTGGAACTGTAC AY 422992

Dr_ef-1a_R

TCAACAGACTTGACCTCAGTGGTT



http://www.ncbi.nlm.nih.gov/nuccore/58372113
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FIGURE 5
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SUPPLEMENTARY TABLE

Danio rerio GST GenBank Homo sapiens GST GenBank
Dr_gsta2.1 NM_001102648 Hs_gstal NM_145740.3
Dr_gsta2.2 NM_001109731 Hs_gsta2 NM_000846.4
Dr_gstal NM_213394 Hs_gsta3 NM_000847.4
Dr_gstrl NM_001045060 Hs_gsta4 NM_001512.3
Dr_gstml NM_212676 Hs_gstab NM_153699.1
Dr_gstm2 NM_001110116 Hs_gstpl NM_000852.3
Dr_gstm3 NM_001162851 Hs_gstml NM_000561.3
Dr_gstpl NM_131734 Hs_gstm2 NM_000848.3
Dr_gstp2 NM_001020513 Hs_gstm3 NM_000849.4
Dr_gsttla NM_200584 Hs_gstm4 NM_000850.4
Dr_gsttlb XM_687335 Hs_gstm5 NM_000851.3
Dr_gstt2 NM_200521 Hs_gsttl NM_000853.2
Dr_mgstl.1 NM_001005957 Hs_gstt2 NM_000854.3
Dr_mgst2 NM_001045302.1 Hs_mgstl NM_001260511.1
Dr_mgst3a NM_213427 Hs_mgst2 NM_001204366.1
Dr_gstkl1.1 XM_001922164 Hs_mgst3 NM_004528.3
Dr_gstol NM_001002621.1 Hs_gstkl NM_001143679.1
Dr_gsto2 NM_001007372.1 Hs_gstol NM_001191002.1
Dr_gstz NP_001025442.1 Hs_gsto2 NM_001191013.1

Hs gstzl

NM_001513.3
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SUPPLEMENTARY FIGURES
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................... Y o P o S o
.......... G........C... .. it L C
220 230 240 250 260 270
T TS O O O O (P

REGION 1
280 290 300 310 320 330 340 350 360
T 1 e e e I R I P PR U PR B |
A'I‘GATCGACATT'I‘ACTCAGAGGGTCTGATAGATCTGATGGGAATGATCATAATGGCTCCGTIEGGACCGGCTGAAAACAAGGPIAAAGACC
.................................................... T.......CAC...T..C........A. .dc.A...
..................... ... ... ... .2l ... ....GG..T.......CAC...T..C........A..G..ApT.
REGION 2
370 380 390 400 410 420 430 440 450
e T T T T e e T
TACAGTAGCATCGAGGAAARGGCCAAAGTGCGCTTCCTTCCAGTGTTCGAGAAGGCTCTCGCAAACTCTTCTTTCCTCGTGGGARAGCAG
T...AA......... Ao o
Teon.. F NP S S
460 470 480 490 500 510 520 530 540
T T T T T e T L I e
CTGAGCCGTGCTGATGTTCATCTTCTGGAAGCTACGCTGATGCTGCAGGAGCTGTTTCCCTCCATACTGGCCACATTCCCCARARTTCAG
...................................................................................... A..
...................................................................................... A.
550 560 570 580 590 600 610 620 630
T T T T T L |
GCGTTTCAGGACCARATGAAGGCTTTACCAGCGATCAGCAAGTTCCTCCAGCCGGGCAGCGCTAGGAAACCTCCACCAGATGAGGAGTAT
................................ N
........... N
640 650 660 670
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REGION 1
10 20 30 40 50 60 70 80 90
T T T S [ L S [ (O [ |
gstml ATGGCAATGAAATTGGCT TATTGGGAYATACGCGGGCTTGCTCAACCCRTCCGTCTGCTGTTGGAATACACCGGTACCARATACGAGGAA
gstm2 ................ TA..C.....J)..... Al 1 T......
gstm3 ........... GC....A..C...... ..C...... A.......... AB....... Ao T...T..... T..... T......
100 110 120 130 140 150 160 170 180
B N I I I I S L L L L N T T e E T IR TR I TP
gstml AAGTYCTATACATGCGGCGAAGCTCCCRACTATGACAAARAGCTGTTGGTTTAATGAGARAAGCAAGCTTGGGATGGACTTTCCARATTTA
gstm2 ....| P G.......ovun A..... T..... T..A..CAA. ......oiiinirnans G
gstm3 ....L__ cr.c T .T.. _....._ T, - e Co e A...A...... cC...C...... T..... G
REGION 2
190 200 210 220 230 240 250 260 270
| | | | | | | | o | | | | | | | | |
gstml CCCTACCTAGAGGACGGAGACCGAAAGATCGTCCAGAGCAATGCCATAATGAGATACATCGCTCGCARACACAACCTCTGTGGGGARAACT
gstm2 .............. T.oonn. A....... N €
gstm3 .............. T..T..TAC...AG.A. ... ...ttt enunnnn CA........ T..C...... A e e
280 290 300 310 320 330 340 350 360
| | | | | | | | | (IR | | | | | | |
gstml GAAGAAGAACAAATGAGAGTTGACATTTTGGAAAATCAGGCGATGGACTTCCGCAATGGATTTGTCCAGCTCTGCTACTTAGACTTTGAC
gstm2 ........... G B e et e e )
gstm3 ........... G.CC........... C..... G e T..CA.....cniiiunn TGG..........
370 380 390 400 410 420 430 440 450
SR AR | | | | | | | | ol | | | | | el | sl
gstml AAAAA TCCAGTTATTGTGAGARACTTTCAGGAACTCTARAGCAGTTCTCTGACTTCCTTGGTGACAGARAGTGGTTTGCTGGGGAC
gstm2 .......... .. ..., C.oivininn. G i ittt e e e et Gt e e
gstm3 ......... C.AT....C........ G..GC..... Do i et i et e e e, G........ Cooiiinn
460 470 480 490 500 510 520 530 540
| | | | | | | | | (IR | | | | | | RN
gstml AAGATCACATTTGTGGATTTCATCATGTATGAGTTGTTGGATCAGCATCGCATGTTTGAGCCAGCATGCCTGGATGACTTTARAAACCTT
e o 11 Gt e e e C..... T...
gstm3 . ... c..C...C..... TTA..C..T..... AC.T....AG..TT......... AC.G.......
550 560 570 580 590 600 610 620 630
| | | | | | | | | ol | | | | | | | |
gstml AGATGTTTCCTGGATCACTTTGAGAGTCTTGAGAAGATTGCAGAATACATGAAGTCAAACAGGTTCATGGAAACGCCTGTGAACAACAAG
gstm2 . ... Bl ettt ettt e e e A....A.. ... ..., G....
gstm3 C...C......cuiireninnanaannn [ B o AL A .. A ... Tt
640 650 660
I IR IR I | I
gstml ATGGCCARAATGGGGAAACAAGAAGGAGTGA
gstm2 . ... A......
gstm3 ... i



52

SUPPLEMENTARY FIGURES

gstpl
gstp2

gstpl
gstp2

gstpl
gstp2

gstpl
gstp2

gstpl
gstp2

gstpl
gstp2

10 20 30 40 50 60 70 80 90
T T T T T T T [ |
ATGGCTCCCTACACACTCACATACTTCGCAGTCARAAGGCAGATGTGGTGCTTTGAAGATCATGCTGGCGGACARAGACCAGCAGCTIGAAG

REGION 1

100 110 120 130 140 150 160 170 180
T T T T T T T T o O I I

GAGRACCTGGTGACCTTTGAAGAGFGGATGAAGGGCGACTTGAAAGCCACCTGTGTCTTTGGGCAGTTGCCTARATTTGAAGATGGTGAC

......... A..C. T A.........G...G.....A..G......T..........T......
REGION 2

280 290 300 310 320 330 340 350 360

T T T O O O N I

GACGTGATGAACGACGGCGTTGAAGATCTTCGCCTGAAGTACATAAAGCTGATCTACCAGGAATATGAGACCGGTAAAGAAGCGTTCATC

370 380 3%0 400 410 420 430 440 450
T T T T T T e e R I

480 470 480 430 500 510 520 530 540
R I T I o O T T N [ T I T |

550 560 570 580 590 600 610 620
T T e T e T
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10 20 30 40 50 60 70 80 20
P T T L T I e P T
gstt2 ATGACCGGCAGACAGGCGGTARAAGCGTATTTAGATCTCATGTCACAGCCATGCAGAGCTGTGCTGATATTTCTAAAACATAATAAAATA
gsttla AT.C..C.GG.GCT....C.C..... GCAT..C......... C.CT....CT.T...... GCC..GATA..C..... o]
gsttlb AT.A.TC.GG. .ATT..C..G..C..GT.T..C..... C..TC.CT..... TAC..C...GCT..GA.A..C..C..C
100 110 120 130 140 150 160 170 180
T T T P T
gstt2 CCACACACGGTGGAACAAATTGCGATAAGAAAAGGGGAGCAGAAAACACCCGAGTTCACCAAACTCAACCCTATGCAAAAGGTGCCAGTG
gsttla ..CTTTGA.TACA..GCCG.G.ATT..TCTGC...T..A..AT.TGG.GA...A...GG....G...G.ATC. .AAGG. .A..T..T.CT
gsttlb .AGTT.GACTACA.GA.G...T.TC.GTTTG....TT.T..AT.TGGTGAA..A..TGGA...A....... AC.AAG...AT.C...ACA
190 200 210 220 230 240 250 260 270
O T T L F A O T e e .
gstt2 CTGGAGGACAATGGCTTTGTTCTTACTGAAAGTGACGCTATTTTGAAGTATCTGGCAACAACCTACAAAGTGCCCGATCACTGGTACCCC
gsttla ..CA.A..TGGA.AT..CC....C..A..G...ATA..... CC..CT...C...... GG..AAC...GCACT..T..C........ T..A
gsttlb A.CA.A..TGGA.A....TGCT.AG......... T...G A...TC..C..... TGAC.AA.T.C.CACT..A..C..T....TT..A
REGION 1
280 290 300 310 320 330 340 350 360
T T [ I . e e a1 P |
gstt2 AAGCTTCCTGAGARAAGAGCGCGAGTTGATGAATACACAGCCTGGCATCACATGAACACTCGCATGCACGCTGCCACAGTCTTCTGGCAA
gsttla GCTGAC.TGC..... C....AA...G..... G.TTCICT....... %&M_]TT.GCT.A.AG ......... TTC
gsttlb GC.GACTTGC....GC....TA....AA....... TCTGT.G..... CTTC. T (] .GA..T.AGA.TA..... TTT
REGION 1 REGION 1
410 420 430 440 450
. PP PRSP PP |

370 380 390 400
I
GAGGTTTTACTGCCACTCATGACAGGACAGCCGGCAAATACTGCAAAGCTGGAAAAGGCCCTATCAGACCEGAGC CACTAGACAAGI

gstt2
gsttla A...GAG.CT....TGCGG.{,_. ... CGCT. A TGCCC. AR.A....A....TTCT...T.GGAG..T..C.A.ATGT.TT.GA.G.TC
.GCTGA..TCCC..AA.A....A....G..C..AGA.GAGA.T....AT.TGG....GC.GCTC

540

530

gsttlb A..A.C..GA.T..TGAAG..CTG..

460 470 480 490 500 510 520
e T T T L T T . e e B T I .

gstt2  CTGGAAAACATGTTTCTGAAGAGACAGGCCTTCCTGTGCGEGGATGACATCTCATTGGCTGACTTGCTTGCGATTTGTGAACTCATGCAG

gsttla T.T..GG...AA...... C....CAG.C..... A.ARTA...... AA..LA..TC....... TA.TG.A..C...GTG..GA.G......

gsttlb T.TC.GG.T.Al...... C.AGACA.AC.G.] .A.TGTT..T...C.G.............. T...G....T...GTG...A........

REGION 2

580 590 600 610 620 630

[ (- P I |

GTCCGACTCC

550 560 570
T T O T T IO I TN IR e P TN
CCAATGAGCAGCGGGAGGGACATTCTGAAGGACAGACCCARACTRATGAGCTGGAGGAGTCGAGICCAGTCAGCGCT
AGAC..T..GA..RAG.A.G.CGGCGTG. .ACT.
AGAGT....A.CGG.G.TA.GCTG

gstt2
..GG TG.A.G...G..TGCT..A.GCGC......
.......... G..C.A.GCG....ARGAC......
REGION 2
[ [ [ \ I

gsttla
gsttlb ..GT.TGCTGCT..T.T...TG.GT.TG..A
REGION 2
640 650 660 &70 €80 £90 700 710 720
R I T B L IR IR I B e B -
gstt2 TTTGATGAAGCTCACACCATTGTCTACCGCCTGAGGGACARATTCACTGCTAAACTGCGARRAATCACAGGGCA AGGTGTTTCTGCA
gsttla ..C........... T.AAG..A..ATGAATG. T.AAT.GTTGC. .. ....CTTTG....CA.AG.TTT.CCAGA..T...TARAT
gsttlb ........ G..... TCAGGCAAC.ATGTC.T..C....... TGC. . ...TCATTG.TCCCA.AG..TT GA..CCA.TGRA.
730 740 750
. | even]- . |
gstt2 CTTGACTTAGTGTGA

gsttla TA A.GA..CA.AA ATGTTTAACTGA
asttlbh GACA. GA.TT..AAGTATTTCCTCTCATARA
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10 20 30 40 a0 60 70 80 90
O O [ L T T P e R O O I T I IR I I

gstrl ATGGCGCAGAATATGTTGCTGTACTGGGGCACGGGCTCTCCGCCGTGCTGGAGGCTGATGATCGCCCTGGAGGAGAAGCAGCTGCAGGGC

100 110 120 130 140 150 160 170 180
B L T B L L B B T e
gstrl TACAAACACAAGCTGCTGTCGTTCGATAAGAAGGAGCACCAGAGCCCGGAGGTGAAGGCGCTCAATCCCAGAGCTCAGCTTCCAACATTC

190 200 210 220 230 240 250 260 270
T S T T S O T e T |

gstrl AAGCACGGAGAGATCGTGGTGAACGAGTCTTTCGCCGCGTIGCCTTTATCTGGAGAGTGTGTTTAAGTCTCAAGGCACTCGACTGATCCCA

280 290 300 310 320 330 340 350 360
T T T T T T e e (|

gstrl GACAATCCTGCTGAAATGGCGCTCGTCTACCAGCGCATGTTTGAGACCGAGAACCTGCAGCAGAAGATGTACGAAGTGGCCTTTTATGAT

370 380 390 400 410 420 430 440 450
O T [ o O P T O O IR T R R IR I

gstrl TGGCTTGTGCCTGAAGGAGAGAGACTGGAATCTGCTCTGAAGAGGAATARAGAGAAGCTGATTGAGGAGCTCAAGCTGTGGGAGGGATAC
REGION 1
460 470 480 490 500
T T T e P P e I e [ e
gstrl CTGGAGAAGATGGGTAAAGGCTCATATCTGGCTGGCAAG#ACTTCAGCATGGCCGACGTd;TTTGTTTCCCCGTCATTGCATATTTCCCT

510 520 530 540

550 560 570 580 590 600 610 620 630
T T T L L | | L [ A |

gstrl CGACTACAGTGTCCTAAAGAGAGATGTCCCAGACTGATGGAGTATTATGAGHTGGTGAAGGATCGGCCCAGTRTTARAGCCTCCTGGCCT
REGION 2

640 650 660 670 680
T 1 A e

gstrl CCAGAGTGGCTGGAGAAGCCGGTGGGTGAAGACATTCTCAAGAGCCTCTGA
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10 20 30 40 50 60 70 80 90
T e T T T e e T T I T I
igstkl.l ATGTCCAGTTCCAGAAAAGTGGTTGAATTGTTCTATGATGTCGTTTCTCCTTATTCCTGGCTGGCATTTGAGGTGCTGTGTCGCTACAAA

100 110 120 130 140 150 160 170 180
T T e T T T T T T T I

igstkl.l AATGTTTGGAACATTGACCTCAAATTTAAACCATCATTTTTAGGAGGAGTTTTTCACGGTTCAGGTAARCACTGAACCTGGAATGGTCGAT

190 200 210 220 230 240 250 260 270
T T T T T T L T T L I I

igstkl.l AATAAGCTCCATTATATGATCACAGATCTGAAACTGATGTCTGAGTACTATGGGGTCCCTGTAAATCCACCTTCGCCTTGTAAGARAGAT

280 290 300 310 320 330 340 350 360
T T S 1 O Tt (P A (A
igstkl.l ACTTTGCCTGCAATGCGCTTTGTGACTGCTATAGCAGAGAAARACCAAGAGGAAAATGTGCTGGTGGAGAAGGTTTCTAGAGAGCTTTGG

370 380 3%0 400 410 420 430 440 450
P T T 1T T T o 1 L e T T L

igstkl.l AAACGAATGTGGCAAAAGCATCAGGACATTACCCAGCCTCTCTCGCTTACTGAGGCAGGATTACTGGTAGGTCTCTCATCCAATGAGGTG

460 470 180 450 500 510 520 530 540
T T T 1 e T T O e I

igstkl.1l GAAGAATTGCTGACCAATGCCAAATCTCAACCAATTAAAGACAAGCTGAAGAGTGTCACACAGGAGGCACTAGAGARARATGCCTTTGGT

REGION 1
550 560 570 580 590 600 610 020 630
P T O (PO (PO PP P S S (R S BRI IR B IR R |
gstkl.l CTTCCATTCATTGT@IGCCATGTTAAC TTGRGGTTTTCTTTGGTTGTGACAGATTTGAGCTCATAGCTCATTGCATCGGGGAG
640 650 660
F T I E S IR EN R N B
gstkl.1 a4eT GGACCTTGTCCAMICAAGACCACAATGTGA

REGION 2
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gstl.1l
gst3a

Egstl.l
gst3a

mgstl.1l
mgst3a

mgstl.1
mgst3a

gstl.1l
gst3a

gstl.1l
ggst3a

REGION 1
10 20 30 40 50 60 70 80 20
R R B R B I (R L [ I I R ER R PR R P
ATGGCAGAAGTTGTGCACATGATCGACAGTGAGGTCTTTCTGGCCTTCTCCACATACGCAACCATAGTCATCCTCAARATGATGCTCATG

ATGGTGGTTTTATCTAAAGAGTACGGATATGTGGCGCTAACCGGA — GCGGCGTCGTTYCTCCT — GATGGT _TCAT
REGION 1

100 110 120 130 140 150 160 170 180
T T T T (P P AN B

AGCCTCATGACCTCTTACCTGCGATTGACAAAACAGGTCTTCTCCAACTTGGAGGACHCCGCg@TGGCAATAGCAGAAdACAA

TGGCTCAL&@L&LLGTGAA&&L1thAAGAAGTACAATGTCCCGTAdECAACAATGTACAGTGATE&#C CAGAGACTGGCCGCATA
REGION 2

190 200 210 220 230 240 250 260 270
. T O O T O o O (O U I B US|
CTGGTTAGGACTGATCCAGAT GTGGAAAGAGTGCGACGATGCCATCTGAATGACCTGGAAA CGTTCCTTTCGTGGTGATCYGTCT
TTCAACTGTATCCAGCGAAGTCATCAGAACACTATTGAAATCTTGTCTCCATTCCTCTTT CATTTATCTGTGGGTGGGATTCAGCAT

REGION 2
280 290 300 310 320 330 340 350 360

T T T e T T e T L I T e e |
TC-TGTATGCAC TGACGGGGCCGGTTCTCTCCACTGCTC TTTTGCACTTCCGGGTGTTTGTAGTGTCCCGATTCATCCATA
CCACGTCTGGCCAGTGTGTTGGGGATGATCTGGATTGTCAGTCGAGTGCTTTACGCTCAAGGATACTC  TACTGGARAGCCTCAAAAGCG

370 380 390 400 410 420 430 440 450
T T T T T T T o T L s I

CAGTCGCGTACATAATGGCTCTTCCGCAACCTACCAGAGGTGTAGCCTTTGGCGTAG GGCTGCTTACAACTTTATCTATGGCCTACAGG
CCACCGTGGGACTTTCGGTATGGTTGC -~ TTTAGTGGGACTGT - TCTTTTGCACAGTGGACACCGGGAGAGTGATGCTCGGATGGGGAC

460 470 480
R [ [ [Tt IPUP [

GTGCTCACTACTG CTCTTTTTCTTTAA
CTGGCATCAAATGGCCCAGATGTTTTAAATAA
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