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RESUMO



Lectinas sdo proteinas ou glicoproteinas que reconhecem glicoconjugados de superficie
celular. Neste trabalho, nds investigamos se a lectina de sementes de Cratylia mollis
(Cramoll 1,4) tem efeitos téxicos em Trypanosoma cruzi. Cramoll 1,4 reconheceu
glicoconjugados presentes na superficie celular dos parasitas, levando a aglutinagdo de
epimastigotas e tripomastigotas, de uma maneira dose dependente (1-50 pg/ml). Além
disso, Cramoll 1,4 diminuiu a proliferacdo de epimastigotas; 93% de inibi¢do foi obtida
com 50 pg/ml. A incubacdo de células (1.25 x 10° /ml) na presenca de Cramoll 1,4 (50
ug/ml) e Ca** (10 uM) por 1 h induziu permeabilizacdo de membrana plasmética seguida
por influxo de Ca’" e actimulo de Ca* mitocondrial, resultado que se assemelha ao efeito
classico da digitonina. Cramoll 1,4 estimulou (cinco vezes) a producdo de espécies reativas
de oxigénio (EROs) mitocondrial, diminuiu de maneira significativa o potencial elétrico de
membrana mitocondrial (AWy,) e prejudicou a fosforilagdo de ADP. A geracdao de EROs
induzida por Cramoll 1,4 foi diminuida de forma significativa por EGTA. A
permeabilizacdo de membrana plasmdtica por digitonina (20 pM) em meio contendo Ca**
também estimulou a geracdo de EROs mitocondrial, mas numa propor¢io menor que
Cramoll 1,4. A velocidade de respiracao desacoplada em epimastigotas ndo foi afetada pelo
tratamento com Cramoll 1,4 + Ca**, mas a respiracdo de repouso induzida por oligomicina
foi 65% maior nas células tratadas do que nos controles. Experimentos usando fracdes
mitocondriais de 7. cruzi (MTc) mostraram que, em contraste com a digitonina, a lectina
diminuiu de forma significativa o A¥Y,, por um mecanismo sensivel a EGTA. Em
concordancia com os resultados da permeabilizacdo de membrana plasmatica e prejuizo da
fosforilagdo oxidativa pela lectina, experimentos de microscopia de fluorescéncia usando
iodeto de propideo revelaram que Cramoll 1,4 induziu morte de epimastigotas por necrose.
Experimentos feitos com mitocondrias isoladas de figado de rato (MFR) mostraram que
Cramoll 1,4 induziu transi¢do de permeabilidade mitocondrial, dependente de Ca®*, com
aumento na producdo de EROs. Em contraste ao que foi observado em MFR, o efeito de
Cramoll 1,4 em MTc € insensivel a ciclosporina A, um inibidor classico do poro de
transi¢do de permeabilidade mitocondrial. N6és mostramos que a toxicidade de Cramoll 1,4
em epimastigotas parece resultar de uma agdo conjunta nas membranas plasmadtica e

mitocondrial do parasita, sobrecarga de Ca”* mitocondrial e producao de EROs.
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ABSTRACT
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Lectins are proteins or glycoproteins that recognize cell surface glycoconjugates. In this
work, we investigated whether Cratylia mollis seed lectin (Cramoll 1,4) has toxic effects on
Trypanosoma cruzi. Cramoll 1,4 recognized glycoconjugates present on the cell surfaces of
parasites, leading to agglutination of both epimastigotes and trypomastigotes in a dose-
dependent manner (1-50 pg/ml). In additional, Cramoll 1,4 decreased epimastigote
proliferation; 93% inhibition was attained at 50 pg/ml. Incubation of cells (1.25 x 10® /ml)
in the presence of 50 pg/ml Cramoll 1,4 and 10 uM Ca** for 1 h induced plasma membrane
permeabilization followed by Ca®* influx and mitochondrial Ca** accumulation, a result that
resembles the classical effect of digitonin. Cramoll 1,4 stimulated (five-fold) mitochondrial
reactive oxygen species (ROS) production, significantly decreased the -electrical
mitochondrial membrane potential (AW,) and impaired ADP phosphorylation. ROS
generation induced by Cramoll 1,4 was significantly diminished by EGTA. Plasma
membrane permeabilization by 20 puM digitonin in a Ca’**-containing medium also
stimulated mitochondrial ROS generation but at a lower rate than Cramoll 1,4. The rate of
uncoupled respiration in epimastigotes was not affected by Cramoll 1,4 plus Ca®* treatment,
but oligomycin-induced resting respiration was 65% higher in treated cells than in controls.
Experiments using 7. cruzi mitochondrial fractions (MTc) showed that, in contrast to
digitonin, the lectin significantly decreased AW, by a mechanism sensitive to EGTA. In
agreement with the results showing plasma membrane permeabilization and impairment of
oxidative phosphorylation by the lectin, fluorescence microscopy experiments using
propidium iodide revealed that Cramoll 1,4 induced epimastigote death by necrosis.
Experiments performed with rat liver mitochondria (RLM) showed that Cramoll 1,4
induced Ca**-dependent mitochondrial permeability transition increasing the ROS
production. In contrast to RLM, the Cramoll 1,4 effect in MTc is insensitive to cyclosporin
A, a classic inhibitor of mitochondrial permeability transition pore. We showed that
Cramoll 1,4 toxicity to T. cruzi epimastigotes seems to result from a concerted action on the
parasite’s plasma and mitochondrial membranes, mitochondrial Ca** overload and ROS

production.
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CONSIDERACOES GERAIS SOBRE LECTINAS

Histérico, caracteristicas estruturais, distribuicio na natureza e funcoes

O termo “lectina” (do latim lectus, significa selecionado, escolhido) foi proposto por
Boyd e Shapleigh em 1954 para designar um grupo de proteinas que apresentava a
caracteristica comum de seletividade na interacdo com carboidratos. O termo aglutinina €
usado como sindnimo para lectina, em referéncia a habilidade de aglutinar eritrécitos ou outras
células (Peumans e Van Damme, 1995). Em 1980, Goldstein e colaboradores definiram as
lectinas como proteinas ou glicoproteinas de origem n@o imune, possuidoras de pelo menos
dois sitios moleculares de ligacdo através dos quais interagem com carboidratos levando a
aglutinacdo de células ou precipitacdo de polissacarideos sem alterar suas respectivas
estruturas.

Atualmente, a definicdo mais aceita é a baseada em suas estruturas, que define lectinas
como proteinas de origem nao imune contendo pelo menos um sitio ndo-catalitico de ligacao
reversivel a mono ou oligossacarideos especificos (Peumans e Van Damme, 1995, 1998a;
Peumans et al., 2001). O(s) sitio(s) de ligacao a carboidratos tende(m) a se dispor na superficie
da molécula protéica, e a seletividade da ligacdo é obtida através de pontes de hidrogénio,
interacdes de van der Walls e hidrofébicas (Surolia et al., 1996; Elgavish e Shaanan, 1997).

Quanto ao numero de sitios de ligacdo a carboidratos, a maioria das lectinas sao di ou
polivalentes. Algumas lectinas ndo apresentam um monossacarideo inibidor e sdo inibidas
apenas por oligossacarideos (Lis e Sharon, 1981). Segundo Sharon e Lis (1990), algumas
lectinas apresentam interacdes mais fortes com oligossacarideos em comparacdo com
monossacarideos, enquanto outras sao quase exclusivas para oligossacarideos. De acordo com
essas propriedades de ligacdo a carboidratos, as lectinas podem ser classificadas como
especificas quando apresentam interacdo com um monossacarideo ou nao especificas quando

interagem com diferentes oligossacarideos.

Em virtude da capacidade de reconhecimento a carboidratos, as lectinas sdo usadas
como ferramentas para a investigacdo funcional e estrutural de carboidratos complexos,

especialmente para a andlise de mudangas que ocorrem nas proteinas da superficie celular
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durante os processos fisioldgicos e patoldgicos, da diferenciacdo celular ao cancer (Sharon e
Lis, 2001).

As lectinas possuem ampla distribuicdo na natureza podendo ser encontradas em
microorganismos (Bhowal et al., 2005; Tsivileva et al., 2008), animais (Podolsky et al., 2006;
Sprong et al., 2009) e plantas (Vega et al., 2006; Oliveira et al., 2008). O reino vegetal tem
demonstrado ser uma 6tima fonte de lectinas, servindo como fonte para a purificacdo dessas
macromoléculas. Diferentes fungdes tém sido creditadas as lectinas de plantas, incluindo
transporte de carboidratos, empacotamento e/ou mobiliza¢do de proteinas estocadas (Nomura
et al., 1998, Ratanapo et al., 2001), defesa contra o ataque de insetos e outros predadores
(Sengupta et al., 1997); muitas lectinas sdo potentes imunomoduladores (Oudrhiri et al., 1985),
influenciando a proliferacao de linfécitos humanos (Ghosh et al., 1999).

As lectinas de plantas sdo agrupadas de acordo com a ligacdo aos carboidratos e os
grupos de especificidade, compreendem: fucose, manose, dcido sidlico, N-acetilglicosamina,
N-acetilgalactosamina-galactose e grupo glicanos complexos (Peumans e Van Damme, 1998b).
A defini¢do da especificidade da lectina e confirmacdo da presenca da mesma em uma amostra
podem ser feitas por ensaios de inibicdo da atividade hemaglutinante (AH) com diferentes
monossacarideos, oligossacarideos ou glicoproteinas, ou por ensaios de precipitacdo de
moléculas glicidicas (Sharon e Lis, 1990).

Uma outra classificagdo para lectinas de plantas baseia-se no nimero de dominios de
ligacdo a carboidratos e outros de natureza nao catalitica, dividindo-as em quatro principais
tipos: merolectinas, hololectinas, quimerolectinas (Peumans e Van Damme, 1998a) e
superlectinas (Peumans et al., 2001). Merolectinas sdo proteinas formadas exclusivamente por
um dominio de ligacdo a carboidrato e, por conta de sua natureza monovalente, sdo incapazes
de precipitar glicoconjugados ou aglutinar células. Como exemplo deste grupo tem-se a
proteina que se liga a quitina obtida do latex da seringueira (Hevea brasiliensis). Hololectinas
sdo proteinas formadas exclusivamente de dominios de ligacdo a carboidratos, que contém dois
ou mais destes dominios idénticos ou muito semelhantes. Este grupo compreende as lectinas
que possuem multiplos sitios de ligacdo, com capacidade de aglutinar células ou precipitar
glicoconjugados. A maioria das lectinas de plantas pertence ao grupo das hololectinas.
Quimerolectinas compreendem as proteinas que possuem um dominio de ligagcdo a carboidrato

e um dominio ndo relacionado que atua de forma independente. Como exemplos de
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quimerolectinas temos as proteinas que inativam ribossomos tipo 2. As superlectinas sdo
proteinas com dois sitios de ligacdo a carboidratos, estruturalmente diferentes, reconhecendo
carboidratos distintos (Peumans et al., 2001).

As lectinas de sementes podem diferir estruturalmente. Por exemplo, a lectina de
Vatairea macrocarpa € uma mistura de moléculas constituidas por uma tnica ou duas cadeias
polipeptidicas, que mantém 55% de sua atividade apds aquecimento a 100°C durante 5 min
(Cavada et al., 1998). Similarmente, a lectina isolada de sementes de Sphenostyles stenocarpa
(Machuka et al., 1999) também apresenta uma estrutura oligomérica, um tetramero de massa
molecular 122.000 Da, porém sua atividade foi totalmente abolida apds tratamento térmico
(80°C). Em folhas de Bauhinia monandra foi detectada quantidade em miligramas de uma
lectina galactose-especifica, purificada por cromatografia de afinidade, que apresentou
atividade anti-inseticida (Coelho e Silva, 2000, Macedo et al., 2007).

Duas lectinas de folhas de amoreira (Morus alba) MLL 1 e MLL 2 apresentam alta
especificidade de ligagdo ao dcido sidlico; inibicdo do crescimento de uma bactéria
fitopatogénica chamada Pseudomonas syringae pv mori foi observada com MLL 1. O 4cido
sidlico encontrado freqlientemente em carboidratos de glicoconjugados tem um papel
importante em muitos mecanismos de reconhecimento bioldgico. Lectinas com especificidade
para diferentes formas de dcido sidlico t€ém sido usadas como ferramenta diagndstica na
identificacdo de bactérias patogé€nicas e tumores malignos (Ratanapo et al., 1998; 2001).
Algumas lectinas incluindo aquelas de Helix pomatia, Agaricus bisporus e lectina de Arisaema
helleborifolium, conhecida como AHL, estdo sendo investigadas para seu possivel uso em
terapia contra o cancer (Kaur et al., 2006).

Em protozodrios observou-se que uma lectina de litex de Synadenium carinatum
(ScLL) mostrou efeito protetor em camundongos BALC/c infectados com Leishmania
amazonensis (Afonso-Cardoso et al ., 2007).

A ligacdo de lectinas a oligossacarideos na membrana celular € uma importante etapa
na morte celular mediada pela lectina (Coelho et al., 2007; Macedo et al., 2007). Células que
perderam esses carboidratos tornaram-se resistentes aos efeitos citotéxicos dessas proteinas
(Gastman et al., 2004). Em Trypanosoma cruzi, as lectinas também foram utilizadas para

avaliar mudangas na composicao e distribuicdo de agucares na superficie celular durante o
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processo de transformacdo de epimastigotas a tripomastigotas metaciclicos, que é a forma

infectante em humanos (Bourguignon et al., 1998).

Purificacao e caracterizacao de lectinas

As lectinas tém sido purificadas principalmente a partir de sementes de leguminosas
maduras, representando até 10% do conteido de proteina total (Konozy et al., 2003). Além
disso, também podem ser obtidas de diferentes tecidos vegetais tais como raizes (Wu et al.,
2000), cascas de arvores (Sa et al., 2009), folhas (Konozy et al., 2002), flores (Ito, 1986),
frutos (Cheung et al., 2009), bulbos (Mo et al., 1994) e rizomas (Ng et al., 2001).

A purificacdo é baseada em caracteristicas como tamanho molecular, solubilidade,
carga e afinidade especifica de ligacdo a carboidratos (Correia e Coelho, 1995). As técnicas
utilizadas para eliminar moléculas que nao sejam de interesse (contaminantes) sao diversas.

As condi¢des de extragdo envolvem vdrios pardmetros como, a selecio da solucdo
extratora, temperatura e tempo. A maioria das lectinas sdo soliveis em dgua e em solucdo
salina (Oshikawa et al., 2000; Moure et al., 2001). A preparacdo obtida, dita extrato bruto, é
entdo avaliada quanto a concentragdo protéica e utilizada como material inicial para o
isolamento da proteina.

A partir do extrato bruto, as proteinas podem ser fracionadas por métodos tais como a
precipitacdo seletiva de proteinas com sais (Paiva e Coelho, 1992) ou elevadas temperaturas
(Bezerra et al., 2001). O sulfato de amodnio € o sal mais comumente utilizado (Coelho e Silva,
2000) devido a sua elevada solubilidade.

O fracionamento salino é um processo que se baseia no principio de que a solubilidade
da maioria das proteinas € diminuida em altas concentracdes de sais. Esse efeito é chamado
salting-out e o sulfato de amonio € muito utilizado para este fim. Em geral as lectinas podem
ser parcialmente purificadas por este processo, uma vez que o sal retira a camada de solvatacao
existente ao redor das proteinas fazendo com que as mesmas precipitem. A precipitacdo com
sulfato de amdnio pode estabilizar a atividade hemaglutinante da proteina, mesmo apds longos
periodos de armazenamento (Kennedy et al., 1995; Coelho e Silva, 2000).

A técnica de didlise € utilizada para separar as lectinas, de moléculas pequenas, através

da utilizacdo de uma membrana (celulose) semipermedvel (Kabir et al., 1998). As moléculas
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com dimensdes maiores sdo retidas dentro do saco de didlise e as menores € os ions atravessam
os poros da membrana e permanecem na solucao.

Viérios métodos cromatograficos sdo realizados para purificar lectinas. As técnicas
cromatogréficas utilizadas incluem cromatografia de filtracdo em gel (Rego et al., 2002), de
troca ionica (Ng e Yu, 2001) e cromatografia de afinidade (Coelho e Silva, 2000). Contudo,
devido a propriedade de ligacao a carboidrato, cromatografia de afinidade em colunas contendo
suportes polissacarideos (Cavada et al., 1998; Machuka et al; 1999; Coelho e Silva, 2000) ou
glicoproteinas (Nomura et al., 1998; Kawagishi et al., 2001) tem sido a técnica mais
comumente utilizada.

Na cromatografia de filtracdo em gel ou exclusao molecular as moléculas sdo separadas
através do tamanho. A cromatografia de troca idnica separa as proteinas em funcdo de sua
carga; as proteinas com carga negativa (anidnicas) ligam-se em coluna de DEAE-Celulose,
contendo cargas positivas; as proteinas com cargas positivas (catidnicas) podem ser separadas
em colunas de CM-Cellulose, de carga negativa. Outro método eficiente € a cromatografia de
afinidade, técnica que se baseia na ligacdo da lectina a grupamentos quimicos especificos
existentes no suporte insolivel, como € o exemplo da ligacdo de lectinas que reconhecem
glicose a Sephadex, matriz formada por dextrana, biopolimero produzido pela acdo bacteriana
sobre a sacarose, um dissacarideo, formado por unidades de glicose (Brazil e Entlicher, 1999).
A proteina desejada € obtida com alto grau de pureza, alterando-se as condi¢des de pH (Datta
et al., 2001), for¢a idnica (Chung et al., 2001) ou pela eluicdo com solu¢do contendo um
competidor (Lima et al., 1997).

Na caracterizagdo estrutural de lectinas utilizam-se métodos eletroforéticos baseados no
principio que uma molécula com carga elétrica liquida mover-se-4 em um campo elétrico. A
velocidade de migrac@o de uma proteina depende da intensidade do campo, da carga liquida da
proteina e do coeficiente de atrito. As separagdes eletroforéticas sdo quase sempre feitas em
gel, onde os de poliacrilamida sdo os escolhidos por serem quimicamente inertes e porque o
tamanho dos seus poros pode ser controlado (Stryer, 2004). A inclusdo do detergente sulfato
sodico de dodecila (SDS) no sistema possibilita a desnaturacdo da molécula protéica e, como
conseqiiéncia, a defini¢do da massa molecular de subunidades (Coelho e Silva, 2000). Outra

caracterizacdo que pode ser feita é a definicdo da seqiiéncia aminoacidica ou estrutura primaria
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da lectina e a subseqiiente determinacdo da homologia com outras proteinas através de

espectrometria de massa (Rego et al., 2002).

Isolectinas e Isoformas

Sharon e Lis (1990) definiram isolectinas como um grupo de proteinas intimamente
relacionadas, resultantes da expressao de diferentes genes. A denominagdo pode ser dada em
relacdo a diferentes atividades bioldgicas, como a atividade hemaglutinante e mitogé€nica
(Aragon et al., 1993). Também pode estar relacionada ao padrio de migracdo em gel de
poliacrilamida em condi¢des ndo desnaturantes (Wongkham et al., 1995); quanto a diferente
especificidade para carboidratos, pequenas alteragdes na estrutura da molécula protéica podem
levar a modifica¢des na orientacdo do agucar ligado a ela alterando, portanto, a especificidade
da lectina (Guzman-Partida et al., 2004), diferenca de carga (Kawagishi et al., 1997) ou quando
sdo constatadas modificagdes pds-traducdo (Mandal et al., 1994). Trés isolectinas da aglutinina
de germe de trigo (WGA-1, WGA-2 e WGA-3) interagiram em diferentes graus com células
leucémicas e manifestaram citoaglutinacao e atividade citotoxica diferentes (Ohba et al., 2003).

O termo isoforma ¢ utilizado para designar multiplas formas de lectinas presentes na
mesma espécie ou variedade de origem genética nao definida (Paiva e Coelho, 1992). Algumas
espécies de plantas contém duas ou mais proteinas com atividade hemaglutinante, por
exemplo, Vicia villosa e Sambucus nigra (Kaku et al., 1990). Vdrias técnicas podem ser
utilizadas para a separacdo de isoformas como, focalizacdo isoelétrica, cromatofocalizacdo, ou
cromatografia de interagdo hidrofébica sdo mais comumente utilizadas para suas separacoes.
Contudo, a elucidacao das diferengas estruturais das isoformas por métodos de quimica de
proteinas pode ser trabalhosa. Um método baseado em particulas ndo porosas e monolitico
poliestireno-divinilbenzeno (PS-DVB) de fase estaciondria e espectrometria de massa foi
utilizado para separar isolectinas de trés espécies de plantas, Lens culinaris, Triticum vulgaris e

Canavalia ensiformis (Hochleitner et al., 2003).
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Lectinas e mitocondria

O efeito citotéxico de muitas lectinas resulta em processos de morte celular, por
apoptose, necrose e/ou autofagia, que podem ou nio ter participagdo da mitocondria. Gastman
et al. (2004) demostraram que a lectina de gérmen de trigo, WGA, promove apoptose em
células Jurkat através de uma via mitocondrial com ativacdo de caspase-9. Outra lectina de
planta, conhecida como VCA (Viscum album L. coloratum aglutinina) induziu apoptose por
ativacdo de caspases-3 em células de leucemia mielocitica humana (HL-60) (Lyu et al., 2001).
Além disso, uma outra lectina de Viscum album, a ML-1, ativa caspase-8 independentemente
de receptor de morte e promove apoptose por liberacdo de citocromo c¢ (Bantel et al., 1999).

O uso de Concanavalina A (ConA) como potencial agente anti-hepatoma tem sido
intensamente estudado. Apds a ligacdo de ConA a dominios de manose presentes em
glicoconjugados de membrana celular, ocorre a internalizacdo da lectina por endocitose
mediada por clatrina. A lectina acumula-se preferencialmente na mitocOndria e
subseqiientemente altera a permeabilidade de membrana mitocondrial (Lei e Chang, 2007). Ja
em melanoma (células A375) foi observado que a ConA exerce atividade anti-proliferativa e
induz morte celular de uma maneira dependente de caspases com participacdo da via

apoptotica mitocondrial (Liu et al., 2009).

Cratylia mollis

Cratylia mollis Mart. é o nome dado a uma planta nativa, perene da Regido Semi-Arida
do sertdo do Estado de Pernambuco pertencente a familia das Fabaceae, popularmente
conhecida como feijdo camaratuba ou camarati (Figura 1). E utilizada como forrageira na
alimentacdo de caprinos e bovinos, principalmente nos periodos de estiagem prolongada,
quando esta apresenta uma maior importancia por permanecer verde. Esta planta é de porte

arbustivo e produz grandes quantidades de sementes (Santos et al, 2004).
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Figura 1: Cratylia mollis Mart

As sementes de C. Mollis foram avaliadas quanto a presenca de lectinas (Cramoll)
obtendo-se trés isolectinas a partir de diferentes fragdes (F) de precipitados salinos (F0-40%,
F40-60% e F60-80%). Cramoll 1, a isolectina mais abundante nas sementes desta planta, foi
purificada através de F40-60%; desta fracdao obteve-se também por cromatografia de afinidade
uma preparagdo purificada (Cramoll 1,4) (Figura 2), mistura de Cramoll 1 e sua isoforma,
Cramoll 4, as quais podem ser separadas por cromatografia de troca idnica (Correia e Coelho,
1995). Cramoll 2 e Cramoll 3 foram isoladas por Paiva e Coelho (1992). A classificacdo das
isolectinas foi feita de acordo com a migracdo eletroforética em gel para proteinas bdsicas
nativas; Cramoll 1 apresenta a maior migracdo (proteina mais bdsica), seguida de Cramoll 2;
Cramoll 3 é a menos basica das trés. Cramoll 1,4, Cramoll 1 e Cramoll 2 pertencem a classe
das lectinas que se ligam a glicose/manose, Cramoll 3 € galactose especifica, além de ser uma

glicoproteina.

Figura 2: Estrutura terciaria da lectina Cramoll 1,4 (De Souza et al., 2003).
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As lectinas Cramoll 1,4 e Cramoll 1 vém sendo estudadas quanto a suas aplica¢des em
ensaios biolégicos onde observou-se uma forte ligacdo destas lectinas a tecidos transformados,
particularmente aqueles originados de tecidos mamadrios (Beltrao et al., 1998). Cramoll 1,4
imobilizada em Sepharose 4B foi capaz de isolar a enzima lecitina colesterol aciltransferase,
como também glicoproteinas do plasma humano (Lima et al., 1997). Cramoll 1 ji foi
cristalizada por técnica convencional e através da sua cristalizacdo no espago, experiéncia
idealizada pelo Prof. Dr. Glaucius Oliva, em colaboracio com a Agéncia Espacial Norte
Americana (NASA); a seqiiéncia de aminodcidos e estrutura tercidria dessa lectina foi definida
(De Souza et al., 2003). Os estudos das estruturas tridimensionais das diferentes formas
moleculares de C. mollis permitirdo uma caracterizacdo mais fina da relacdo estrutura-funcdo
destas moléculas, especialmente no que diz respeito as diferentes isoformas, ampliando tanto o
conhecimento na drea basica como direcionando a utilizacao biotecnoldgica de cada familia de
proteinas. Com esses resultados, pretende-se, em uma fase mais avancada, clonar e expressar
as lectinas que mostrem uma atividade bioldgica mais relevante, através do uso de biologia
molecular, além da utilizacdo de ressonancia magnética nuclear (RMN) para resolver a

estrutura ou dominios das referidas proteinas.

MITOCONDRIAS

Breve Historico

As mitocondrias sdo organelas responsdveis pela conversdo de energia de 6xido-
redugdo para a forma de energia quimica necessdria para os eventos celulares. Além dessa
funcdo, nos dltimos 40 anos, as mitocOndrias t€ém emergido como organela central em
processos de sinalizag@o, injuria e morte celular, ap6s a descoberta de novas proteinas e
moduladores metabdlitos nessas organelas (Inada et al., 2008). As mitocondrias variam de
tamanho, formato, quantidade e localizacao, dependendo do tipo e fungdo celular (Nelson e
Cox, 2000).

Entre os primeiros pesquisadores que descobriram as mitocondrias como organelas
citoplasmaticas, merece destaque o cientista Kollinker, que descreveu a existéncia de

granulos organizados no sarcoplasma de musculo esquelético e os estudou por vérios anos,
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a partir de 1850. Esses granulos, que por volta de 1890 foram chamados por Retzius de
“sarcossomos”’, eram na verdade as mitocondrias de tecido muscular (Lehninger, 1964).

A “nova era” das pesquisas com mitocondrias iniciou-se com o trabalho de Bensley
em 1930, que tentou isolar mitocondrias de células de tecido hepético por centrifugacio
diferencial. Apesar de todo o esforco, Bensley nao conseguiu isolar mitocondrias intactas,
porém o pioneirismo de seu trabalho foi destacado por reunir as pesquisas citolégicas com
as primeiras pesquisas bioquimicas de respiragdo mitocondrial. Em 1948, Hogeboom,
Schneider e Palade alcangaram éxito em isolar mitocdndrias intactas de figado de rato, por
centrifugacdo diferencial (Lehninger, 1964). Em 1949, os bioquimicos norte-americanos
Eugene Kennedy e Albert Lehninger isolaram mitocondrias hepéticas e demonstraram que
essa organela é o sitio celular responsavel pela sintese de ATP, associada a oxidagdo de
coenzimas (NADH + H" e FADH,). Essa observacdo deu origem a fase moderna da
investigagdo sobre os mecanismos de conversdo de energia em sistemas que consomem
oxigénio (Nelson e Cox, 2000). Durante cerca de 20 anos houve uma busca infrutifera por
um suposto intermedidrio quimico que seria responsdvel pelo acoplamento entre os
processos de respiragdo e sintese de ATP. Em 1961, o bioquimico inglés Peter Mitchell,
baseado na constatacdo de que a redugcdo do oxigénio (O;) a dgua (H,O) pela cadeia
respiratoria gera um gradiente de prétons (H') entre o meio interno (matriz) da mitocondria
€ 0 espago entre suas membranas interna e externa, propds a teoria quimiosmotica da

fosforilagdo oxidativa (Mitchell, 1961).

Cadeia transportadora de elétrons e Fosforilacao oxidativa

A energia necessdria para o processo de fosforilagdo oxidativa provém do potencial
eletroquimico de prétons gerado pela cadeia de transporte de elétrons que reduz o O, a
H,O. Esta energia € utilizada pela ATP sintetase para fosforilar o ADP a ATP. Assim, a
cadeia respiratéria converte a energia redox gerada pelo catabolismo em potencial de
membrana mitocondrial, que € a forca motriz para a fosforilacao oxidativa (Mitchell, 1961).

Normalmente, os elétrons provenientes das coenzimas NADH + H' e FADH,,
reduzidas durante a oxidacdo de carboidratos, aminodcidos e 4cidos graxos, sdo transferidos

ao atomo de ferro da NADH desidrogenase (complexo I, Figura 3). O complexo I transfere
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seus elétrons a forma oxidada da coenzima Q (UQ), gerando a forma reduzida desta
coenzima (UQH,). Elétrons originados a partir do succinato passam para a UQ através do
complexo II, resultando também na reduc@o da coenzima Q. Em alguns tecidos a coenzima Q
pode também ser reduzida pela glicerol-3-fosfato desidrogenase (na presencga de glicerol-3-
fosfato citos6lico) ou pela ubiquinona oxirredutase (como resultado da -oxidagdo de dcidos
graxos). A UQH, é entdo desprotonada, resultando na formacdo da espécie anidnica
semiquinona (UQH"), a forma que doa elétrons ao citocromo c. Existem dois conjuntos
separados de UQH", um na face citoplasmatica e outro na face matricial da membrana
mitocondrial interna, e as duas formas de UQH® sdo oxidadas juntas, regenerando UQ e
doando elétrons para o citocromo c. O citocromo c transfere elétrons para a citocromo
oxidase (complexo IV, Figura 3). Este complexo € responsavel pela transferéncia de elétrons
para o oxigénio, resultando na geracdo de dgua, em um processo envolvendo quatro passos

consecutivos de transferéncia de um elétron (Nicholls e Ferguson, 2002).

Fumarato

NADGI T ae Succinato ADP +P;
Matrix
ATP
—'| Sintese de
Potencial ATP [ Potencial |
quimico dirigida | | elétricoaw | - -00C
L’ pela forca
proton-
motriz

Figura 3: Cadeia respiratoria mitocondrial e teoria quimiosmoética (adaptado de
Nelson e Cox, 2000). Os nimeros romanos indicam os quatro complexos respiratérios. Os
elétrons do NADH + H' e de outros substratos oxiddveis passam através de uma cadeia de
transportadores arranjados assimetricamente na membrana. O fluxo de elétrons &
acompanhado pela transferéncia de préotons através da membrana mitocondrial, produzindo
tanto um gradiente quimico (ApH) quanto elétrico (A¥). A membrana mitocondrial interna
¢ impermedvel aos prétons, os quais podem reentrar na matriz através de canais especificos
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de prétons (F,). A forca préton-motora que impulsiona esses prétons de volta para a matriz
fornece a energia para a sintese do ATP, catalisada pelo complexo F; associado com F,,.

Segundo Mitchell (1961), a passagem de elétrons através da seqiiéncia de
intermediarios redox da cadeia respiratéria permite um fluxo de H" da matriz mitocondrial
ao espaco intermembrana, contra um gradiente de concentracdo. A formacdo deste
potencial eletroquimico transmembranico seria o elemento inicial do acoplamento entre a
oxidacdo de substratos e a utilizacdo desta energia. O componente elétrico (AW) deste
potencial atinge valores de aproximadamente 180 mV no estado de repouso, enquanto o
componente quimico (ApH) oscila na faixa de 0 a 1 unidade de pH. O fluxo de H" através
da F,F;-ATP sintase, de volta ao interior da mitocondria, desta vez a favor do gradiente,
estaria diretamente acoplado a fosforilagdo do ADP. A ATP sintase, responsdvel por esta
reacdo, € constituida de duas subunidades distintas denominadas F;, soluivel e localizada na
matriz mitocondrial, e Fo, hidrofébica e mergulhada na membrana mitocondrial interna,
onde estdo também localizados os complexos da cadeia respiratdria (Mitchell, 1961).

A geracio de um gradiente eletroquimico transmembranico de prétons (AUH") é um
elemento central no aproveitamento de energia em sistemas biologicos. Evolutivamente
este mecanismo é fundamental, j4 que é aproveitado tanto na fosforilacdo oxidativa em
mitocOndrias quanto na fotossintese, em cloroplastos. Além disso, este gradiente pode ser
usado diretamente para processos endergdnicos sem a participacdo de ATP. Sdo exemplos
deste mecanismo de acoplamento direto as trocas eletroforéticas de ATP* por ADP”, a
reducdo de NAD(P)" pela transidrogenase especifica e a captacdo eletroforética de Ca®* que
transporta duas cargas positivas para o interior da mitocondria (Nicholls e Ferguson, 2002).

Alguns mecanismos, denominados mecanismos de desacoplamento, sdo capazes de
desviar o gradiente de H" da sintese de ATP. Anions de 4cidos graxos (AG) possuem essa
habilidade quando protonados, pois atravessam facilmente as membranas mitocondriais,
carregando um proton para a matriz por mecanismo de “flip-flop” (Walter e Gutknecht,
1984; Andreyev et al., 1989). Devido a alcalinidade da matriz em relacdio ao espaco
intermembranas, o dcido graxo livre (AGL) € desprotonado no interior da mitocondria e,
em sua forma anidnica, pode ser transportado de volta ao espaco intermembranas por dois

processos eletroforéticos: 1) pelo translocador de nucleotideos de adenina (ANT), na
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auséncia de seus substratos especificos — ADP e ATP (Skulachev, 1991) e 2) por proteinas
desacopladoras (UCPs) (Garlid et al., 1996). Esse transporte de anions de AGLs para o
espaco intermembranas € seguido pelo seu rapido retorno na forma protonada, constituindo
um ciclo fitil, que resulta na transferéncia de um H* para a matriz mitocondrial.

A proteina desacopladora (UCP) foi descoberta em estudos com mitocondrias de
tecido adiposo marrom, sendo a responsdvel pelo desacoplamento da fosforilagdo oxidativa
para a geracao de calor (Nicholls, 1976). Posteriormente, essas proteinas foram também
identificadas em plantas (PUMP) (Vercesi et al., 1995). Em mamiferos, foram identificadas
outras isoformas de UCP em outros tecidos, designadas de UCP2 a UCP4. Sugere-se que
essas proteinas podem atuar no controle de peso e na reducdo da geracdo de espécies
reativas de oxigénio (EROs). No entanto, a func@o dessas novas isoformas ainda € incerta

(para revisao Krauss et al., 2005).

Homeostase de calcio, EROs e Sistemas antioxidantes

O cilcio (Ca*") desempenha um importante papel como segundo mensageiro no
controle de muitos processos bioldgicos, assim como, crescimento e diferenciagdo,
motilidade e contracdo, endocitose, exocitose e secrecdo, e regulacdo do metabolismo
intermedidrio (Campbell et al., 1983; Putney e Bird, 1993; Moreno et al., 1994).

A captacdo e liberacdo do Ca®* através da membrana plasmdtica e organelas
intracelulares ocorre pela acdo conjunta de distintos sistemas de transporte responsaveis
pelo controle da concentracio de Ca®* intracelular (Moreno et al., 2003). Para funcionar
apropriadamente, a célula deve manter essa concentracdo a niveis baixos. Em células de
mamiferos, a concentracao de Ca®* livre no citosol, em condig¢des de repouso, € mantida na
ordem de 0,1 UM, muito abaixo da concentracdao do Ca** extracelular, de 1 mM (Carafoli,
1987; Reed, 1990; Nicotera et al., 1992). A estrutura de acidos nucléicos e algumas
proteinas podem ser danificadas por altas concentracdes de Ca®*, entretanto niveis
intermedidrios podem interferir no controle de quinases especificas e ativar proteases
sensiveis a Ca”* ou fosfolipases levando 2 morte celular. Falhas nos sistemas envolvidos na
“proteco” citosélica contra altos niveis de Ca** é fregiientemente associada a danos
irreversiveis (Gunter e Pfeiffer, 1990). O aumento de Ca”" intramitocondrial pode levar a

inibicdo da fosforilacdo oxidativa, uma vez que o complexo Ca-ADP formado compete
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com Mg-ADP na liga¢do no sitio ativo da F,F;-ATP sintase (Vercesi et al., 1990). Assim, o
aumento da concentragcdo de Ca”* intramitocondrial com a redu¢do do nivel de ATP pode
conduzir a morte celular.

Alteracdes na permeabilidade da membrana mitocondrial interna induzidas por Ca*
podem ocorrer em conseqiiéncia da acdo de EROs geradas na mitocondria (Vercesi et al.,
1993; Vercesi e Hoffmann, 1993). Essas organelas sdo particularmente propensas a lesdao
oxidativa por EROs geradas continuamente pela cadeia respiratéria mitocondrial (Boveris e
Chance, 1973; Turrens, 1997; Kowaltowski et al., 1999) ou produzidas através do
metabolismo de compostos enddégenos, como o dcido 5-aminolevulinico, um precursor do
heme, ou xenobidticos (Hermes-Lima, 1995). Muitos estudos associam a disfungdo
mitocondrial causada por EROs a morte celular tanto por necrose quanto por apoptose
(Zamzami et al., 1997; Zhang et al., 1997; Zecchin et al., 2007).

Normalmente, o oxigénio é reduzido a dgua pela citocromo ¢ oxidase, em quatro
passos consecutivos de um elétron, pois o oxigénio molecular apresenta uma configuracao
triplete (Depierre e Ernster, 1977). Esta enzima € altamente especializada neste processo,
sendo capaz de se ligar fortemente ao oxigé€nio parcialmente reduzido, impedindo sua
liberacdo antes da obtencdo de sua reducgdo total (para revisdo, veja Turrens, 1997). Deste
modo, a produgdo de anions superéxido (O,") através da redugdo monoeletronica do O,
pela citocromo c¢ oxidase € praticamente inexistente. No entanto, até 2% do oxigénio
consumido pela mitocondria é convertido a O, em passos intermedidrios da cadeia
respiratéria mitocondrial (Boveris e Chance, 1973; Turrens, 1997), principalmente nos
complexos I (Turrens e Boveris, 1980) e III (Cadenas et al., 1977). A produgdo de O, no
complexo I € promovida pelos substratos dependentes de NAD tais como malato,
glutamato, e piruvato e estimulada por rotenona, um inibidor da transferéncia de elétrons do
complexo I a coenzima Q (Turrens e Boveris, 1980; Turrens, 1997; Kowaltowski et al.,
2009).

O vazamento de elétrons da cadeia respiratéria na coenzima Q ocorre
provavelmente durante a doacdo de elétrons do anion semiquinona, que € um radical livre,
para o oxigénio. O vazamento de elétrons neste ponto é estimulado por succinato, cianeto e
antimicina A (Boveris et al., 1976; Cadenas et al., 1977; Kowaltowski et al., 1998; Turrens,

1997; Turrens et al., 1985). A antimicina A tem notadamente um grande papel
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estimulatério, por bloquear a formacdo de UQH® na face matricial da membrana
mitocondrial interna, promovendo um acumulo de &anions semiquinona formados
anteriormente na face citosélica da membrana mitocondrial interna. Mixotiazol, um
inibidor da formagdo da UQH' na face citosélica da membrana interna mitocondrial,
previne a geracio de O," neste ponto (Cadenas e Boveris, 1980; Kowaltowski et al., 1998;

Turrens, 1997; Turrens et al., 1985).

Como a geragdo mitocondrial de O," é um processo continuo e fisiolégico, a
mitocondria possui eficientes sistemas antioxidantes, como enzimas tidlicas, superéxido
dismutase dependente de manganés (MnSOD), glutationa, NADPH, vitaminas E e C
(Sutton e Winterbourn, 1989; Watabe et al., 1997; Netto et al., 2002).

Além dos sistemas antioxidantes, a mitocondria possui mecanismos que promovem
um leve desacoplamento da fosforilacdo oxidativa e podem diminuir a geracdo de EROs
(Skulachev, 1991). Entre eles estdao as UCPs (Klingenberg et al., 2001), o translocador de
nucleotideos de adenina (ANT) (Samartsev et al., 1997) e os canais de K" sensiveis a ATP
(mitoKatp) (Ferranti et al., 2003). Eles promovem uma pequena diminuicdo do potencial
eletroquimico de H" suficiente para aumentar o consumo de O, e mudar o estado redox dos
transportadores de elétrons da cadeia respiratoria. Essa alteragdo € suficiente para diminuir
a reduc@o monoeletronica de oxigénio em estdgios intermedidrios da cadeia de transporte
de elétrons, principalmente nos complexos I e III (Skulachev, 1991).

Quando ocorre um desequilibrio com predominancia de EROs em relacdo aos
sistemas antioxidantes gera-se um estado de estresse oxidativo, que pode causar danos
mitocondriais. Tanto os lipideos, como as proteinas de membrana e o DNA mitocondrial
sdo alvos de acdo de EROs (Mehrotra et al., 1991; Vercesi 1993a; Vercesi e Hoffmann,
1993; Castilho et al., 1994; Mertens et al., 1995; Kowaltowski et al., 2009).

Transicao de Permeabilidade Mitocondrial (TPM)
A transicdo de permeabilidade mitocondrial (TPM) € caracterizada por uma

permeabilizacdo progressiva da membrana mitocondrial interna, que gradativamente se

2 2 . Lot 2 . 2
torna permedvel a prétons, fons, suporte osmotico e até mesmo pequenas proteinas. O Ca™
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parece ser o principal agente estimulador da geracao mitocondrial de EROs (Kowaltowski
et al., 2001). Este fendmeno foi primeiramente caracterizado por Hunter e Haworth, no
final dos anos 70, e foi sugerido ser o resultado da abertura de um poro de tamanho
discreto, que permite a passagem de moléculas com aproximadamente 1,5 kDa, na
membrana mitocondrial interna (Haworth e Hunter, 1979). A estrutura bésica do poro de
transicdo de permeabilidade mitocondrial (PTPM) € sugerida contendo o canal anion
voltagem dependente (VDAC), o translocador de nucleotideos de adenina (ANT) e a
ciclofilina-D (CyD), um membro de uma familia de isomerases de alta homologia cis-trans
peptil-prolil (Haworth e Hunter, 1979; Zoratti e Szabo, 1995; Brustovetsky e Klingenberg,
1996; Green e Reed, 1998; Woodfield et al., 1998; Crompton, 1999; Scheffler, 2001).
Acredita-se que essas proteinas interagem com sitios especificos entre as membranas
mitocondriais externa e interna e formam a estrutura basica do PTPM, interagindo
possivelmente com outros constituintes, incluindo o receptor benzodiazepinico, bem como
com a creatina e adenilato quinases (Fagian et al., 1990; Zoratti e Szabo, 1995; Crompton et
al.,, 1998; Green e Reed, 1998; Crompton, 2000; Breckenridge e Xue, 2004). Estudos
recentes com nocautes gé€nicos contestaram a validade desse modelo mostrando que em
mitocOndrias deficientes em ANT, VDAC e mesmo CyD ocorre transicio de
permeabilidade mitocondrial, tendo no entanto algumas propriedades alteradas (Kokoszka
et al., 2004; Krauskopf et al., 2006; Juhaszova et al., 2008). Por exemplo, em mitocdndrias
deficientes de ANT, o ligante do ANT, atractilosideo, ndo promove a abertura do PTPM
(Lemasters et al., 2009). Estudos recentes do nosso grupo demonstraram a abertura do
PTPM em mitoplastos, que sdo mitocOndrias sem a membrana externa, mostrando que
mesmo na auséncia de VDAC (que localiza-se na membrana mitocondrial externa) ocorre a
abertura do PTPM na presenca de Ca’* e de outros indutores (Ronchi et al — dados ndo
publicados).

A CyD contribui para a abertura do PTPM provavelmente devido uma mudanca
conformacional das proteinas da membrana interna. Recentes estudos com animais
deficientes de CyD mostraram que essa estrutura ¢ importante para a TPM e que esses
camundongos sao resistentes a morte celular causada por injuria isquémica e a inducdo de
TPM nesses animais requer elevadas concentragdes de Ca® (Nakagawa et al., 2005; Baines

et al., 2005; Lemasters et al., 2009). A ciclosporina A (CsA) é um dos mais efetivos
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membros da familia dos endecapeptideos ciclicos, que atuam como imunossupressores e foi
descoberta como um potente inibidor do PTPM (Fournier et al., 1987; Crompton et al.,
1988; Broekemeier et al., 1989). Estudos tém demonstrado que o efeito inibitério da CsA
na abertura do PTPM € mediado pela CyD (Halestrap et al., 1998).

A TPM induzida por Ca® pode ser estimulada por um grande nimero de compostos
conhecidos como indutores (Zoratti € Szabo, 1995), que incluem o fosfato inorganico (P;)
(Rossi e Lehningher, 1964), oxidantes de nucleotideos de piridina (Lehninger et al., 1978;
Castilho et al., 1995; Kowaltowski et al., 1996a, 1996b; Vercesi et al., 1997), proton6foros
(Bernardi, 1992) e reagentes ditidlicos (Lenartowicz et al., 1991; Bernardes et al., 1994). A
maioria destes indutores sdao compostos capazes de aumentar o estresse oxidativo
mitocondrial promovido pelo Ca** (Castilho et al., 1995; Kowaltowski et al., 1996a, 1996b;
Vercesi et al., 1997).

A primeira evidéncia de que a TPM era causada por EROs geradas pela mitocondria
foi apresentada quando Lehninger e co-autores demonstraram que o estado oxidado de
nucleotideos de piridina estimulava o efluxo de Ca** mitocondrial (Lehninger et al., 1978),
resultados estes confirmados por trabalhos posteriores (Vercesi 1984a, 1984b; Vercesi e
Pereira-da-Silva, 1984). Este efluxo foi posteriormente atribuido a uma permeabilizacio
mitocondrial ndo especifica (Nicholls e Brand, 1980). Os oxidantes de nucleotideos de
piridina promovem o acimulo de H,O, em mitocondrias porque o sistema glutationa
peroxidase/glutationa redutase mitocondrial € reduzido por nucleotideos de piridina
(Meister e Anderson, 1983; Chance et al., 1979). Experimentos comprovando que a
catalase, o quelante de Fe* o-fenantrolina e a anéxia inibem a TPM induzida por Ca™ e
préoxidantes (Valle et al., 1993; Castilho et al., 1995) confirmaram que a TPM ¢
dependente de EROs geradas pela mitocondria.

A Figura 4 representa o modelo proposto para explicar a formagao do poro induzido
pelo Ca® e EROs. O Ca** intramitocondrial liga-se a cardiolipina na face interna da
membrana mitocondrial interna causando alteracdo ultraestrutural da cadeia respiratdria que
facilita a producdo de O," e conseqiientemente de H,O, (Grijalba et al., 1999). Este lipideo
possui cabeca polar eletronegativa e estd presente em altas concentragdes (14-23%) na
membrana mitocondrial interna, em uma grande variedade de tecidos. Simultaneamente, o

Ca®* mobiliza Fe** na matriz mitocondrial que estimula a reacdo de Fenton e a producdo de
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radical hidroxil que ataca tidis de proteinas, lipideos e DNA mitocondrial (Merryfield e
Lardy, 1982; Castilho et al., 1995; Vercesi et al., 1997). A diminui¢do de NAD(P)H e GSH
causada por pré-oxidantes prejudica a eliminacdo de H,O, pelas enzimas glutationa
peroxidase (GP) e glutationa redutase (GR). Na presenca de altas concentracdes de fosfato
inorganico (Pj), a enolizacdo de aldeidos (Indig et al., 1988) formados por lipoperoxidag¢ao
de acidos graxos poliinsaturados (PUFA) leva a producdo final de espécies tripletes que
estimulam o processo de lipoperoxidacdo dos PUFA da membrana (Kowaltowski et al.,

1996a, 1996b).

Oxidagao de

A H,O + O,

TPM

SH
HS =——\ HO-
catalase
’Fe2+
Cadeia |Ca2* . MnSOD GPx/TPx H.O
Resp. | P, 2 I--|202 <\\\\\ 2
2GsHTsH <L N\gssarssT
Matrix

NADPH

Espaco
intermembrana

Figura 4: Modelo proposto para explicar a formacao do poro de transicio de
permeabilidade induzido por Ca’ e EROs na membrana mitocondrial interna
(Kowaltowski et al., 2001). A cadeia respiratdria, inserida na membrana mitocondrial
interna, constantemente gera pequenas quantidades de radicais O,". Estes radicais sdo
normalmente removidos pela Mn-superéxido dismutase (MnSOD), que promove a geragao
de H,O,. O H,0, é entdo reduzido a H,O pela glutationa peroxidase (GP), tioredoxina
peroxidase (TP) ou catalase (em mitocondria de coragdo). GSH, oxidado pela GP, e TSH,
oxidado pela TP, sdo recuperados pelo sistema enzimdtico glutationa e tioredoxina
redutases (GR e TR), que usam NADPH como doador de elétrons. NADH, que estd
presente em quantidades reguladas pela respiracio, reduz entio NADP" usando a NAD(P)
transidrogenase (TH). Quando a geracdo de O, aumenta na presenca de Ca>* e P;, e/ou os
mecanismos de remog¢do de H,O, estdo inativados, HO, acumula-se e na presenca de Fez+,
gera o radical OH" altamente reativo. OH" oxida grupos tiélicos (-SH) do complexo do poro
de TPM, levando a formacgdo e abertura do poro. Alternativamente, OH" pode promover
permeabilizacdo da membrana através da peroxidacdo lipidica, um processo fortemente
estimulado por P;.
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O conteido protéico das membranas mitocondriais pode chegar a 75% na
membrana mitocondrial interna (Lehninger, 1964; Nicholls e Ferguson, 2002). Devido ao
alto conteddo protéico da membrana mitocondrial interna, é esperado que estas proteinas
sejam um dos principais alvos das EROs geradas pela mitocondria e induzidos por Ca**
(Fagian et al., 1990; Valle et al., 1993; Castilho et al., 1995; Kowaltowski et al., 1996a,
1996b). As EROs, principalmente o radical hidroxil, sdo capazes de oxidar residuos de
cisteina e metionina protéicos, levando a formagao de ligagdes cruzadas S-S e sulféxido de
metionina, respectivamente. A disfuncdo mitocondrial devido a oxida¢do de proteinas da
membrana mitocondrial parece estar associada principalmente, a oxidacdo de residuos de

cisteina (Fagian et al., 1990; Castilho et al., 1996).

Mitocondrias e o Processo de Morte Celular

A morte celular, segundo Kroemer et al. (2009), pode ser classificada de acordo
com Varios aspectos: aparéncia morfoldgica (que pode ser apoptética, necrética, autofagica
ou associada com mitose), critérios enzimaticos (com e/ou sem envolvimento de nucleases
ou de distintas classes de proteases, como caspases, calpainas, catepsinas e
transglutaminases), aspectos funcionais (programada ou acidental, fisiolégica ou

patoldgica) ou caracteristicas imunoldgicas (imunogénica ou nao imunogénica).

Para que uma célula seja considerada morta um dos seguintes critérios morfolégicos
ou moleculares devem ser encontrados: perda da integridade de membrana plasmatica, pela
incorporagdo de corantes vitais in vitro (como o iodeto de propideo); ou quando a célula,
incluindo seu nicleo, sofre completa fragmentacdo em corpos discretos (conhecidos como
113 Z4t ’9 L . . ,

corpos apoptoéticos”); e/ou quando verifica-se in vivo o englobamento da célula morta (ou
fragmentos celulares) por uma célula adjacente (Kroemer et al., 2009). Esses eventos de

morte celular podem ou ndo ter participagao da mitocondria.

A TPM é um mecanismo comum de disfun¢do da mitocondria que ocorre na morte
celular, e esta relacionado a liberacdo de fatores pré-apoptéticos mitocondriais, devido ao
inchamento da organela, com ruptura da membrana mitocondrial externa (Green e Reed,

1998; Green e Kroemer, 2005). A morte celular apoptética ocorre de forma regulada e

42



apresenta vdrias caracteristicas como arredondamento celular, retracdo de pseuddpodes,
redugdo de volume celular (piquinose), condensacdo de cromatina, fragmentagcdo nuclear,
discreta ou nenhuma modificacdo ultra-estrutural de organelas citoplasmaéticas, protrusdes
de membrana plasmatica, porém com manutencao de sua integridade até os estigios finais

do processo e englobamento por fagdcitos mononucleares (in vivo) (Kroemer et al., 2009).

Ha vérios mecanismos descritos pelos quais as proteinas mitocondriais regulatérias
de apoptose podem ser liberadas para o citosol. Esses mecanismos sdo divididos em dois
grupos: (i) aqueles que envolvem permeabilizacdo da membrana interna com inchamento
mitocondrial, perda do potencial de membrana e habilidade de sintetizar ATP, como ocorre
ap6s a TPM e (ii) aqueles que envolvem apenas a permeabilizacdo da membrana externa e
permitem a manutencdo da funcdo mitocondrial (Green e Reed, 1998; Crompton, 1999;
Spierings et al., 2005). O primeiro mecanismo € tipico de condi¢cdes em que ocorre
“apoptose acidental”. O segundo mecanismo pode ser observado tanto na “apoptose
acidental” quanto na morte celular programada (Crompton, 1999). Neste caso, ocorre uma
permeabilizacdo da membrana externa provocada por membros pré-apoptoticos da familia
Bcl-2 como Bax, Bak e Bok. Essas proteinas, habitualmente citosélicas, formam poros na
membrana externa de modo estimulado por membros da familia Bcl-2 que contém apenas o
dominio BH3 (Bid e Bad) e inibido por Bcl-2, Bcl-xl e Becl-w (Adams e Cory, 2001;

Zimmermann et al. 2001; Green e Kroemer, 2005).

A apoptose € coordenada por um conjunto de proteases -cisteina/aspartato-
especificas conhecidas como caspases (Thornberry e Lazebnik, 1998, Zimmermann et al.,
2001; Strasser et al., 2000; Green, 2000). Essas proteases sdo sintetizadas como precursores
inativos e, mediante estimulos apoptdticos, sofrem ativagao proteolitica. Vdarias proteinas
podem regular a ativacdo de caspases, um numero grande dessas proteinas tem localizacao
ou interagdao mitocondrial (Ravagnan et al., 2002). O citocromo ¢, normalmente localizado
no espaco intermembranas mitocondrial, pode ser liberado para o citosol, onde se liga a
Apaf-1 (“apoptosis activating factor 1) e caspase 9, formando o apoptosomo, complexo de
alto peso molecular responsavel pela clivagem de vérias pré-caspases (Zimmermann et al.,
2001, Ravagnan et al., 2002). As mitocondrias também contém a proteina Smac/DIABLO,

que inativa proteinas citosélicas responsdveis pela inibi¢cdo de caspases (Du et al., 2000,
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Verhagen et al., 2000, Ravagnan et al., 2002). Também merece destaque, o AIF (“apoptosis
inducing factor”), uma proteina capaz de induzir condensacdo da cromatina nuclear de
modo independente da ativagdo de caspases, e a endonuclease G, capaz de promover
diretamente a fragmentacdo de DNA nuclear, estdo normalmente localizados no espago
intermembranas mitocondrial e migram para o citosol mediante estimulos pré-apoptoéticos
(Lorenzo et al., 1999, Van Loo et al., 2001, Ravagnan et al., 2002).

Uma outra forma de morte celular, a necrose, durante muito tempo foi avaliada
como um processo de morte acidental e descontrolado, mas vérios trabalhos t€ém mostrado
evidéncias que a execu¢do de morte celular necrética pode ser finamente regulada por um
conjunto de vias de transducao de sinais € mecanismos catabdlicos. Por exemplo, dominios
de receptores de morte (TNFR1, Fas/CD95 e TRAIL-R) e receptores “Toll-like” (TLR3 e
TLR4) tém demonstrado que provocam necrose, particularmente na presenga de inibidores
de caspases (Festjens et al., 2006). Embora ainda nio seja um consenso, alguns autores tém
sugerido o termo ‘“necroptose” para indicar uma necrose regulada, que depende
principalmente da atividade serina/treonina quinase de RIP1, a fim de diferencid-la de uma
necrose acidental (Kroemer et al., 2009).

Diversos mediadores, organelas e processos celulares tém sido implicados na morte
celular necrética, mas ainda ndo € claro como esses eventos interagem uns com 0s Outros
(Kroemer et al., 2009). No entanto, € conhecido que esse fendmeno inclui altera¢des
mitocondriais (desacoplamento, producdo de espécies reativas de oxigénio, estresse
nitroxidativo por 6xido nitrico ou compostos similares e permeabilizacdo de membrana
mitocondrial, freqiientemente controlada pela ciclofilina D), altera¢des lisossomais
(producao de espécies reativas de oxigénio por reacdo de Fenton e permeabilizacdo de
membrana lisossomal), mudancas nucleares (hiperativacio de PARP-1 e concomitante
hidrélise de NADY), degradacdo lipidica (ativacio de fosfolipases, lipoxigenases e
esfingomielinases), aumento na concentracdo de Ca®* citosélico que resulta em sobrecarga
mitocondrial e ativacdo de proteases ndo caspases (calpainas e catepsinas). Ainda hoje,
apesar do conhecimento de todas essas alteragdes, a caracterizagdo de uma morte celular
por necrose € avaliada principalmente por permeabilizacio de membrana plasmatica

precoce e auséncia de marcadores apoptéticos ou autofagicos (Kroemer et al., 2009).

44



ASPECTOS GERAIS DA TRIPANOSSOMIASE AMERICANA

O parasita Trypanosoma cruzi

O T. cruzi, descoberto pelo cientista brasileiro Carlos Chagas em 1909 e causador
da conhecida doenca de Chagas ou tripanossomiase americana, ¢ um protozodrio flagelado
pertencente ao género Trypanosoma; familia Trypanosomatidae; ordem Kinetoplastida;
superclasse Mastigophora; sub-filo Sarcomastigophora e filo Protozoa. Apresenta trés
formas evolutivas: tripomastigota, epimastigota e amastigota, morfologicamente distintas
pela posicdo do cinetoplasto em relagdo ao ntcleo e a insercao do flagelo. O cinetoplasto é
uma estrutura bastante especializada onde se concentra todo DNA mitocondrial do parasita.
As formas tripomastigotas tém seu cinetoplasto na parte posterior do parasita em relagdo ao
flagelo; nas epimastigotas, o0 mesmo se encontra na regido entre o nucleo e a base do
flagelo e nas formas amastigotas, o cinetoplasto encontra-se préximo ao nucleo e na regiao
do flagelo que é muito reduzido ou ausente nesta forma (Brener, 1992).

O T. cruzi é transmitido por mais de 130 espécies de insetos da ordem Hemiptera,
familia Reduviidae, subfamilia Triatominae (Barret et al., 2003). Cinco espécies tém
especial importancia epidemioldgica: Triatoma infestans, T. brasiliensis, T. dimidiata,
Rhodinius prolixus e Panstrongylus megistus. Nao apenas o hospedeiro humano, mas um
grande espectro de mamiferos pode ser infectado e atuar como reservatério do parasita
(WHO, 2002).

A organizac¢do mundial de saide estima que 100 milhdes de pessoas correm o risco
de serem infectadas, principalmente pela picada de insetos triatomineos (Branche et al.,
2006). A infec¢do humana prevalece em 21 paises da América Latina, desde o México até
Argentina e Chile (WHO, 2002; OPS, 2006). A maior parte dos casos de infec¢ao humana,
ou de outros vertebrados, é causada pela via vetorial, importante via de disseminacdo do
parasita, conseqiiéncia do contato da pele ou mucosas com as fezes ou urina de insetos
hemat6fagos contaminados pelo 7. cruzi (Schumuiiis, 2000). Com relagdo a esse tipo de
transmissdo, em 2006, o Brasil recebeu o certificado de eliminag¢do da transmissdo pelo
Triatoma infestans, considerado o principal vetor.

A transmiss@o congénita e a transfusdo sangiiinea s@o causas preocupantes de

infec¢do, sendo a congénita a mais importante, por conta dos efeitos colaterais causados
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nas maes e bebés pelos medicamentos disponiveis (Giirtler et al., 2003). Existem outras
formas de transmissdao do 7. cruzi, como a transmissdo oral por ingestdo de alimentos
contaminados, transplantes de 6rgaos infectados e acidentes laboratoriais (WHO, 2002).

O ciclo de vida do T. cruzi alterna entre mamiferos e insetos vetores com diferentes
formas evolutivas em cada hospedeiro. No intestino de insetos triatomineos (regiao
mediana) encontram-se as formas replicativas denominadas epimastigotas, que se
diferenciam para formas ndo replicativas denominadas tripomastigotas metaciclicos que
sao encontrados na parte posterior do intestino do inseto e sdo eliminados através das fezes
quando o inseto vetor pica o hospedeiro mamifero. Uma vez no hospedeiro vertebrado, os
tripomastigotas metaciclicos invadem vérios tipos de células e transformam-se em
amastigotas, que se reproduzem por fissdo bindria. Os amastigotas se diferenciam em
tripomastigotas e, apds ruptura celular, vao para corrente sangiiinea e invadem novas
células. Quando os tripomastigotas sangiiineos sdo ingeridos por um inseto triatomineo,

transformam-se em epimastigotas fechando assim o ciclo biolégico do parasita (Figura 5).

No inseto barbeiro
. O inseto pica e defeca ao mesmo tempo. O
1

tripomastigota passa a ferida através das fezes. ; Os tripomastigotas invadem células onde se
transformam em amastigotas.

No ser humano

&

Os tripanossomas Os amastigotas multiplicam-se
invadem novas células dentro das células
em diferentes regides assexuadamente.

Tripomastigotas
‘ sanguineos sao

do corpo e se
multiplicam como
absorvidos por
%\ novo inseto vetor.
n Transformam-se em

amastigotas.
epimastigotas no
intestino do inseto. % o
- = 2 A
A=Estég_io mfaccioso ! 1‘53[

A:Esta'gio disgndstico ; Os amastigotas transformam-se em
tripomastigotas, destroem a célula e viao
para o sangue.

Figura 5: Ciclo Biolégico do Trypanosoma cruzi. Fonte: Adaptado do Centro para Controle
de Doencas e Preven¢ao(CDC): http://www.dpd.cdc.gov/dpdx.
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A doenca de Chagas

A doenca de Chagas € um sério problema de saide que afeta aproximadamente 15
milhdes de pessoas nas Américas Central e do Sul sendo registradas de 50.000 a 200.000
novas infec¢gdes a cada ano (Tarleton et al., 2007). Nos dltimos anos, diversos casos tém
sido registrados no Brasil, com destaque para a regido amazoOnica, antes considerada de
baixa endemicidade (Dias et al., 2002). Essa regido atualmente registra aproximadamente
600 casos da forma aguda da doenga de Chagas caracterizando essa doengca como
emergente nessa regido (Valente et al., 2009). Fatores econdmicos e/ou politicos tém
aumentado a migracao de pessoas de paises endémicos para outros paises, onde estdo sendo
detectados casos de infeccdo humana através de transfusdes de sangue, transplante de
orgdos infectados e infec¢do congénita (Schmunis et al., 2007a), transformando a doenga
de Chagas de um problema rural da América Latina para um problema global (Schmunis et
al., 2007).

Em relacdo as fases clinicas, a doenca de Chagas pode ser dividida em aguda e
cronica, sendo a cronica subdividida em indeterminada, cardiaca, digestiva e nervosa.

A fase aguda da doenca, cujas caracteristicas aparecem de 7 a 10 dias apds a
infec¢do, faz com que o paciente apresente sintomas atipicos e de dificil diagnéstico; os
sinais da infec¢do s@o caracterizados por inchago na regido da picada semelhante a um
furinculo ao qual se dd o nome de “chagoma de inocula¢do” (Brener, 1992). Durante a fase
aguda da doenca, o T. cruzi conduz a um estado de imuno-comprometimento envolvendo
as células do timo e uma intensa ativacao policlonal de linfécitos (Reina-San Martin et al.,
2000).

Na fase cronica indeterminada da doenca de Chagas, ocorre baixo nivel de
parasitemia e alto teor de anticorpos. Apds a fase aguda, a maioria dos pacientes evolui
durante uma ou duas décadas nesta forma indeterminada, na qual, embora exista a infec¢ao
ativa, praticamente ndo ha lesdes clinicamente demonstriaveis e os Orgdos e sistemas se
encontram preservados (Cimerman e Cimerman, 1999). Nesta fase, as pessoas infectadas
que moram em dreas endémicas sdo importantes reservatorios do parasita (WHO, 2002).

Em média, 20 anos apds a infeccdo, cerca de 40 % dos pacientes desenvolvem

sinais patoldgicos caracteristicos da doengca de Chagas, como cardiomiopatia, danos do
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sistema nervoso periférico e disfuncdo do sistema digestivo que conduz ao megaesdfago
e/ou megacolon (WHO, 2002).

A forma cronica cardiaca € a mais importante por sua elevada morbimortalidade nas
areas endémicas. Inflamacao cronica, miocitdlise e fibrose ocorrem progressivamente nos
trés folhetos do 6rgao, cujo volume pode ser normal, pequeno ou aumentado. As principais
lesdes ocorrem no miocdrdio, com importante destruicio de miocélulas e do sistema
excitocondutor, o que origina as sindromes bdsicas, respectivamente, de insuficiéncia
cardiaca e arritimias. Na fase cronica digestiva, todo o tubo digestivo é acometido e as
lesdes predominam no eséfago e célon terminal. Macroscopicamente, o segmento pode
apresentar-se absolutamente normal (estdgios iniciais, ocorrendo somente disfungdo
motora) ou progressivamente dilatado (megaesofago, megacélon, megaestomago). No
c6lon, complicagdo freqiiente e grave nos casos mais avancados € uma torcao de al¢a, mais
comum na sigmdide (Cimerman e Cimerman, 1999).

A forma nervosa crdnica atinge o sistema nervos autobnomo, provocando disfuncdes
motoras e secretdrias periféricas, geralmente discretas e pouco perceptiveis. As lesdes no
sistema nervoso central podem ocorrer nos casos de reativacdo da doenga em pacientes
imunodeficientes (Pittella, 1993; Acquatella, 1998).

A terapia utilizada no tratamento da doenca de Chagas é baseada no benznidazol e
nifurtimox, drogas capazes de eliminar a parasitemia e reduzir titulos soroldgicos na fase
aguda da infec¢do, mas ndo sdo efetivas na fase cronica da mesma. Além disso, essas
drogas podem causar sérios problemas de satde decorrentes da sua alta toxicidade (Leite et
al., 20006).

O nifurtimox ndo estd mais sendo comercializado no Brasil devido a resisténcia
apresentada pelas cepas brasileiras (Coura e Castro, 2002). O aparecimento de resisténcia
torna imprescindivel a descoberta de novos agentes terapéuticos de origem natural
(Newman et al., 2000), semi-sintéticos ou sintéticos, além da utilizacdo da biologia
molecular para caracterizar a suscetibilidade das cepas infectantes as substancias em
questdao (Murta et al., 1998).

O uso de novos compostos de origem natural tem sido usado com sucesso no

tratamento de algumas doencas parasitdrias. Alguns extratos, como também compostos
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puros obtidos de plantas tem sido reportado por apresentar significantes atividades anti-
protozodrias sem grandes efeitos adversos (Giiida et al., 2007).

Por ser um parasita que apresenta diversas formas evolutivas durante seu ciclo
bioldgico e uma alta capacidade de se adaptar ao meio que vive faz-se necessario estudos
cientificos no sentido de compreender melhor a maquinaria celular do parasita a fim de
possibilitar o desenvolvimento de drogas mais especificas, sem grandes efeitos citotoxicos

ao paciente.

Metabolismo energético de Tripanossomatideos

As formas epimastigotas de 7. cruzi podem consumir ativamente carboidratos e
aminoécidos do meio. A oxidagdo da glicose, pelas diferentes formas desse parasita, resulta
na producdo de CO; e outras moléculas, principalmente succinato e L-alanina (Cazzulo,
1994). O T. cruzi ndo apresenta reservas intracelulares de glicose, como glicogénio ou
amido. Por conseguinte, a glicose € importada constantemente do meio externo (a partir do
sangue de mamiferos, por exemplo) através de transportadores de hexoses (Miletti et al.,
2006). Foi observado que epimastigotas degradam preferencialmente glicose, mas possuem
capacidade de metabolizar amino4cidos, principlamente a L-prolina, quando a glicose do
meio é esgotada (Cazzulo, 1994).

Ao contrario da maior parte dos eucariotos onde a via glicolitica ocorre no
citoplasma, nos tripanossomatideos esta via ocorre dentro de uma organela denominada
glicossomo, exceto a sintese de fosfoenolpiruvato que ocorre no citosol (Cazzulo, 1994;
Bringaud et al., 2006). O oxaloacetato, o produto final da oxidag¢do da glicose, é reduzido a
malato pela malato desidrogenase glicossomal. Na matriz mitocondrial, o malato pode ser
reduzido a fumarato, que por acdo da NADH-fumarato redutase pode ser reduzido a
succinato (principal doador de elétrons) que é oxidado pela cadeia respiratdria.

O T. cruzi também apresenta uma via alternativa de oxidacdo de glicose, a via das
pentoses fosfato, que leva a producao de ribose-5-fosfato e NADPH. Esta coenzima atua
como doadora de hidrogénio em sinteses redutoras (como sintese de &4cidos graxos e

colesterol) e em reacdes de protecdo contra agentes oxidantes (Maugeri e Cazzulo, 2004).

49



Em tripanossomatideos, as enzimas dessa via encontram-se tanto no glicossomo quanto no
citosol (Heise et al., 1999; Duffieux et al., 2000).

Tem sido descrito que nos trés estdgios de desenvolvimento de 7. cruzi
(epimastigota, amastigota e triomastigota) o parasita apresenta ciclo de Krebs e cadeia
respiratéria (Docampo et al., 1978; Cazzulo, 1994).

Um fato que merece bastante importancia nesses parasitas € a existéncia de uma
mitocOndria dnica, multilobulada, que ocupa aproximadamente 12 % do volume celular
(Paulin et al.,, 1975). Na matriz mitocondrial encontra-se o cinetoplasto (DNA
mitocondrial) que € responsdvel pela sintese dos citocromos a, az € b (Docampo et al.,
1978) podendo assim, regular o metabolismo aerébico destes parasitas (Affranchino et al.,
1986).

Semelhantemente como ocorre em mamiferos, o 7. cruzi apresenta uma completa
maquinaria enzimadtica voltada para o metabolismo oxidativo. Isto inclui uma cadeia de
transporte de elétrons funcional, que contém citocromos, além de outros componentes,
capaz de gerar um gradiente de prétons que é utilizado pela F F,-ATP sintase para a
producio de ATP. E desconhecido o mecanismo exato pelo qual os tripanossomatideos
regulam a fosforilagdo oxidativa. No entanto, os niveis de substratos disponiveis, oxigénio,
ADP e equivalentes reduzidos podem ter um papel importante, assim como o grau de
acoplamento entre a respiracao e a fosforilagdo oxidativa (Bringaud et al., 2006).

O complexo I (NADH: ubiquinona oxidoredutase) da cadeia respiratoria desse
parasita apresenta caracteristicas particulares que o diferencia do complexo I de humanos.
Viérios autores questionam a funcionabilidade desse complexo na transferéncia de elétrons
por conta de algumas observacdes especificas: a oxidacdo de NADH € insensivel a
rotenona (inibidor cldssico do complexo I em humanos); nenhum substrato dependente de
NADH ¢ capaz de promover a fosforilacio de ADP em formas prociclicas de 7. brucei
permeabilizadas com digitonina; e a reducio do citocromo ¢ por NADH ou por substratos
dependentes de NADH € insensivel a antimicina A, indicando que os elétrons do NADH
nao alcancam o citocromo ¢ via complexo III (Turrens, 1989). Recentemente, Carranza et
al., 2009 demonstraram que cepas de 7. cruzi com dele¢des em genes especificos do
complexo I ndo apresentaram diferencas no potencial elétrico de membrana mitocondrial e

no consumo de oxigénio quando comparado com cepas normais. Além disso, esse estudo
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mostrou que uma considerdvel fracio de NADH mitocondrial € oxidada pela fumarato
redutase NADH dependente. Acredita-se que apesar de ndo ter uma clara funcdo no
transporte de elétrons ao longo da cadeia, o complexo I atuaria na formacdo de super-
complexos possibilitando uma transferéncia de elétrons mais eficiente (Lazarou et al.,
2007).

Conforme descrito, o metabolismo energético de tripanossomatideos apresenta
caracteristicas particulares, além de um sistema enzimdtico bastante especializado que
permite o parasita se adaptar as diferentes condicdes do meio. Isso ressalta a importancia de
estudos bioquimicos com énfase na bioenergética mitocondrial a fim de se conhecer melhor

a maquinaria celular desse parasita.

Homeostase de Ca’* em Tripanossomatideos

O T. cruzi tem um complexo ciclo de vida envolvendo diferentes estdgios
morfolégicos que se adaptam a uma variedade de condi¢des impostas pelo vetor e
hospedeiro mamifero. Enquanto a forma sanguinea tripomastigota e o estagio epimastigota
de T. cruzi encontrado no inseto vetor proliferam em meio onde a concentracdo de calcio é
muito alta (da ordem de 1 mM), os amastigotas vivem em um meio intracelular onde a
concentracdo de cdlcio livre € muito baixa (da ordem de 0,1 uM). Essas mudancgas
dramaticas na concentragdo de calcio livre no meio durante o ciclo de vida deste parasita
sugere que a homeostase de Ca®* deve diferir entre amastigotas e os outros estdgios do
parasita, assim como, entre amastigotas e células hospedeiras (Vercesi et al., 1994).

Em tripanosomatideos, a participacao de Ca”* durante o processo de invasao celular
tem sido demonstrada, embora a exigéncia para a elevacdo do cdlcio citosélico na célula
hospedeira tenha variado entre os parasitas. Em 7. cruzi, um aumento na concentracdo de
Ca” intracelular é requerido para invasdo celular, em adicdo A mobilizacdo de Ca®* na
célula hospedeira (Moreno et al., 1994; Burleigh e Andrews, 1998). Uma baixa
internalizacdo dos parasitas ocorreu quando células hospedeiras foram tratadas, antes e
durante suas interagdes com tripomastigotas, com um quelante de cdlcio (EDTA) ou
verapamil, um bloqueador do canal de cdlcio (Osuna et al, 1990) ou quando tripomastigotas

foram tratados com quin-2AM (quin 2 acetoximetil ester), um quelante de calcio (Moreno
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et al, 1994). No sentido inverso, quando tripomastigotas foram pré-tratados com
ionomicina, um iondéforo de céalcio, alta taxa de infectividade foi observada (Yakubu et al,
1994).

A elevacdo do Ca®* intracelular também foi observada em promastigotas de L.
mexicana amazonensis apos a invasao de macréfagos, mas diferentemente de 7. cruzi, um
aumento transitério no Ca”* intracelular foi detectado nessas células e rapidamente
retornaram aos niveis basais. Apds tratamento de macréfagos com BAPTA-AM, outro
quelante de célcio, ndo houve mudanca na taxa de infec¢do (Lu et al, 1997).

Os sistemas de transporte de cdlcio em 7. cruzi precisa ser bastante eficiente para
manter a grande diferenca existente entre os meios externo e interno. No soro e fluidos
extracelulares a concentracdo de Ca”" livre ionizado (na faixa de mM) é 10.000 vezes maior
que os niveis citos6licos (variando de 100 a 300 nM) (Gunter e Pfeiffer, 1990). Em
tripanosomatideos, a operacdo conjunta de distintos mecanismos transportadores de Ca® na
membrana plasmdtica, mitocondria e reticulo endoplasmdtico regulam a concentracdo
citos6lica de Ca®* na faixa de 70-150 nM (Vercesi et al, 1991) dependendo do parasita.

Em T. cruzi, a captacio de calcio mitocondrial através de um uniporter de Ca’*,
depende da presenca do potencial elétrico de membrana mitocondrial, gerado pela
respiracdo ou hidrélise de ATP, que fornece a for¢a motriz para o actimulo de Ca® (Vercesi
et al., 1991), de uma maneira similar a mitocondrias de mamiferos. Como nestas células, o
transporte de cdlcio em 7. cruzi é estimulado por fosfato e inibido por vermelho de ruténio
(Docampo e Vercesi, 1989a), um inibidor do uniporter de Ca*t (Kowaltoswski, 2000). Uma
alta capacidade de retengdo de Ca®* por mitocondrias de 7. cruzi foi observado na presenga
de fosfato (Docampo and Vercesi, 1989a), que compensa as mudancas no gradiente de pH
mitocondrial através da membrana mitocondrial (Kowaltoswski, 2000). No entanto, o
efluxo de Ca®* da mitocondria parece ocorrer por troca eletroneutra de Ca** da matriz por
Na" ou prétons externos (Moreno e Docampo, 2003).

Em muitas células eucaridticas, a membrana plasmdtica possui um canal para
influxo de Ca*' (Vercesi et al., 1991). Uma vez no citosol, o Ca*t pode interagir com
proteinas ligantes de célcio ou podem ser captados por diferentes organelas (Figura 6).
Liberacao de Ca®™ para o meio extracelular ocorre principalmente por Ca®*-ATPases da

membrana plasmatica (Moreno e Docampo, 2003).

52



Ca2+

‘. & t PMCA @)
il A J\v
ATP

caz+ ———+ Proteinas

‘ ) , ligantes de Ca?*
/ Ca?*
SERCA
ATP /\ \
M a2+
RE

Ca2+

Ca2+

Figura 6: Representacio esquematica da distribuicao de Ca’™ em protozoarios
parasitas (Adaptado de Moreno e Docampo, 2003). A entrada de Ca* ocorre
provavelmente através de canais de Ca®*(1). Uma vez dentro da célula, o Ca®* pode ser
translocado novamente para o meio extracelular, primariamente pela acdo de Ca**-ATPase
de membrana plasmatica (2). Além disso, o Ca** pode interagir com proteinas ligantes de
Ca®* ou ser seqiiestrado pelo reticulo endoplasmaético (3), mitocondria (4), acidocalcisoma
(5) ou nicleo (6). O reticulo endoplasmético contém a Ca®*-ATPase de reticulo sarco-
endoplasmatico. A mitocOndria capta Ca®* através do seu potencial elétrico de membrana
(AW). Os acidocalcisomas contém uma Ca’*-ATPase de membrana plasmética. O Ca®*
parece difundir livremente para dentro do nudcleo. RE, reticulo endoplasmético; M,
mitocOndria; N, nucleo; A, acidocalcisoma; SERCA, Ca’*-ATPase do reticulo
sarcoplasmatico; PMCA, Ca**-ATPase de mebrana plasmaética.

Como em mamiferos, quando ocorre uma perda na capacidade desses sistemas
reguladores de transporte de Ca®™ ou quando ocorre uma permeabilizacdo de membrana
plasmdtica do parasita, hd um grande influxo de Ca®* na célula com consegiiente acimulo
pela mitocondria podendo levar a uma situacdo de estresse oxidativo e sinaliza¢do para

morte celular (Irigoin et al., 2009).
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Produciao de EROs e Sistemas Antioxidantes em Tripanossomatideos

Como descrito anteriormente, o 7. cruzi utiliza o oxigénio molecular como aceptor
final de elétrons gerando moléculas de dgua na mitocondria. Acoplado a este processo
ocorre a sintese de ATP. O oxigénio molecular também pode ser parcialmente reduzido,
aceitando um, dois ou trés elétrons gerando, respectivamente, o anion superoxido (O;"),
peréxido de hidrogénio (H,O,) e radicais hidroxila (OH").

Durante seu ciclo de vida, o T. cruzi € exposto a diferentes EROs geradas pelo
metabolismo aerdbico do parasita, na resposta imune do hospedeiro e/ou, ocasionalmente,
produzidas por medicamentos utilizados no tratamento da doenca de Chagas (Turrens,
2004).

A eficéacia de uma infec¢cdo em um ambiente oxidante depende, em grande parte, da
habilidade do parasita em detoxificar as espécies reativas. Apesar de os tripanossomatideos
ndo possuirem catalase, ou glutationa peroxidades dependentes de selénio (Fairlamb et al.,
1992; Flohe et al., 1999), eles apresentam um sistema de detoxificacdo particular (Figura
7), representado  por enzimas dependentes da tripanotiona  (N',N°®-bis-
glutatinilespermidina). A tripanotiona € mantida na forma reduzida pela tripanotiona
redutase (Fairlamb et al., 1992), que por sua vez, serve como fonte de reducdo da
triparedoxina, que € uma proteina doadora de elétrons para a reducdo de peréxidos pela
triparedoxina peroxidase (Alphey et al., 1999; 2000). A tripanotiona tem um importante
papel no metabolismo dos tripanossomatideos, similar ao da glutationa em outros
organismos.

Em T. cruzi foram caracterizadas a triparedoxina peroxidase citosélica (CPX) e a
triparedoxina peroxidase mitocondrial (MPX). Estas enzimas catalisam a reducido de H,O,
usando triparedoxina como substrato reduzivel, em combina¢do com a tripanotiona,
tripanotiona redutase e NADPH (Wilkinson et al., 2002). Essa proteina parece proteger o
parasita das oscilagdes na producdo de EROs geradas durante o seu metabolismo, uma vez
que, em condi¢des de estresse, observou-se um aumento no niveis citosélicos de CPX

(Finzi et al.,2004).
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Com relacdo a superéxido dismutase (SOD), o T. cruzi apresenta SOD dependente
de ferro (Fe-SOD), tanto no citosol quanto na mitocondria, que dismuta o anion superéxido

a H,O, (Marin et al., 2008).

Mitocondria

Matriz Mitocondrial

Citoplasma

Espaco
Intermembranas

T(SH),m , NADPH

TR
TS, NADP*

Citosol

2GSH +

Espermidina
)TS

ROCH TXNg T(SH)2 NADPH Ribulose-5-P
@) ) GPX-l ) ’
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TXNgr <

H2O +O2

llustragéo: Felipe G. Ravagnani

Figura 7: Sistemas antioxidantes em Trypanosoma cruzi (Adaptado de Piacenza et al., 2009).
Nesse esquema, representamos os sitemas antioxidantes presentes no citosol e na mitocondria de T.
cruzi. O doador final de elétrons para todos os sistemas enzimaticos € o NADPH, derivado da via das
pentoses-fosfato. Mitocdndria: a cadeia transportadora de elétrons (Complexo II: succinato
desidrogenase, C-1I; Complexo III: ubiquinol citocromo c redutase, C-III e complexo IV: citocromo
oxidase, C-IV) € um dos principais sitios para a geracao de anion superdxido (O,"), principalmente em
C-III. A isoforma mitocondrial da superéxido dismutase dependente ferro (FeSOD-A) catalisa a
dismutagdo do O, a H,0O,. A triparedoxina peroxidase mitocondrial (MPX) cataliticamente decompde
H,0, usando triparedoxina reduzida (TXNg) como substrato redutor. Citosol: As enzimas antioxidantes
incluem: triparedoxina peroxidase citosdlica (CPX), FeSOD-B e glutationa peroxidase I (GPX-I). A
tripanotiona reduzida (T(SH),) € sintetizada a partir de duas moléculas de glutationa (GSH) e uma de
espermidina, em uma reagdo catalisada pela enzima tripanotiona sintetase (TS). Tripanotiona redutase
(TR); triparedoxina oxidada (TXNyp); tripanotiona oxidada (TS,); glicose-6-fosfato desidrogenase
(G6P-DH).
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2 - OBJETIVOS



OBJETIVO GERAL

Este trabalho teve como objetivo o estudo da atividade de lectinas de Cratylia

mollis (Cramoll 1,4) sobre a fun¢do mitocondrial e viabilidade de Trypanosoma cruzi.

OBJETIVOS ESPECIFICOS

PARTE 1

Mediante o reconhecimento de glicoconjugados de superficie em 7. cruzi pela Cramoll 1,4,

foi avaliado o efeito da lectina na:

Viabilidade e inibi¢ao da proliferagao do parasita;

e Homeostase intracelular do Ca2+;

¢ Fung¢do mitocondrial de células inteiras: Potencial elétrico de membrana

mitocondrial e consumo de oxigénio;

¢ Producdo de EROs;

e Determinagdo do tipo de morte celular.

PARTE 11

Analisar o0 mecanismo de a¢do da Cramoll 1,4 em mitocOndrias isoladas de Trypanosoma

cruzi e de figado de rato em relacdo a (ao):
e Abertura do poro de transi¢ao de permeabilidade mitocondrial (TPM);

e Potencial elétrico de membrana mitocondrial

¢ Producao de peréxido de hidrogénio
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3 - RESULTADOS

PARTE 1
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Abstract

Incubation of 7. cruzi epimastigotes with the lectin Cramoll 1,4 in Ca®* containing medium
led to agglutination and inhibition of cell proliferation. The lectin (50 pug/ml) induced
plasma membrane permeabilization followed by Ca’* influx and mitochondrial Ca®*
accumulation, a result that resembles the classical effect of digitonin. Cramoll 1,4
stimulated (five-fold) mitochondrial reactive oxygen species (ROS) production,
significantly decreased the electrical mitochondrial membrane potential (AY¥,) and
impaired ADP phosphorylation. The rate of uncoupled respiration in epimastigotes was not
affected by Cramoll 1,4 plus Ca®* treatment, but oligomycin-induced resting respiration
was 65% higher in treated cells than in controls. Experiments using 7. cruzi mitochondrial
fractions showed that, in contrast to digitonin, the lectin significantly decreased A¥,, by a
mechanism sensitive to EGTA. In agreement with the results showing plasma membrane
permeabilization and impairment of oxidative phosphorylation by the lectin, fluorescence
microscopy experiments using propidium iodide revealed that Cramoll 1,4 induced

epimastigotes death by necrosis.

Keywords: Trypanosoma cruzi, mitochondria, calcium, ROS, cell death, Cramoll 1,4 lectin

Abbreviations: AA, antimycin A; ADP, adenosine 5’-diphosphate; CCCP, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone; Cramoll 1,4, Cratylia mollis seed lectin
(Isoform 1,4); EGTA, Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid;
H,DCF-DA, dichlorodihydrofluorescein diacetate; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide; PI, propidium iodide; ROS, reactive oxygen species; AWy,

electrical mitochondrial membrane potential.

60



Introduction
Chagas’ disease is caused by the protozoan Trypanosoma cruzi, and it is still an
important health problem in Latin America affecting several million people in rural regions

(http://www.who.int/tdr/diseases/chagas/swg_chagas.pdf). Current chemotherapeutics for

Chagas’ disease are based on the use of non-specific drugs, such as benznidazole, which
appears to exert its trypanocidal effect through reactive oxygen species (ROS) generation
and/or through the decrease in glutathione and trypanothione levels (Maya et al. 2007;
Wilkinson et al. 2008). Unfortunately, treatment is associated with a high frequency of
serious side effects in the host (Bua et al. 2004; Carraro et al. 2007; Pedrosa et al. 2001;
Urbina and Docampo 2003).

The T. cruzi lifecycle was identified a hundred years ago (Chagas 1909), but until
now, many aspects of its cell biology have remained a mystery. Therefore, a better
understanding of the 7. cruzi cell machinery could lead to the identification of targets for
the development of more specific trypanocidal agents. The search for new compounds from
natural sources is a widely used approach employed in the treatment of some parasitic
diseases. Extracts and pure compounds obtained from plants have been reported to possess
significant anti-protozoan activities without side effects (Gtiida et al. 2007). Artemisin and
its derivatives are a potent new class of anti-malarials originating from Artemisia annua, L.
(Asteraceae) (Kayser et al. 2003). Quinine is one of the best known alkaloids with anti-
plasmodial activity, and licochalcone A from Glycyrrhiza inflata is a strong inhibitor of
mitochondrial functions in Leishmania species (Kayser et al. 2003).

Compounds isolated from several plants from the Brazilian semi-arid region have
revealed trypanocidal activity against 7. cruzi epimastigotes (Vieira et al. 2008). In this
regard, the seed lectin Cramoll 1,4 (Isoform 1,4) isolated from Cratylia mollis, a native
forage from the semi-arid region in Northeast Brazil, is a protein that recognizes and binds
to specific carbohydrates on the cell surface inducing mitogenic activity (Maciel et al.
2004). It also exhibits anti-tumour activity when encapsulated into liposomes (Andrade et
al. 2004). Concanavalin A (ConA), a lectin with high homology to Cramoll 1,4, exerts a
potent anti-hepatoma effect. After binding to the mannose moiety on hepatoma cell
membrane glycoproteins, ConA is internalized and accumulates in the mitochondria

causing cell death (Lei and Chang. 2007). Some other lectins, including those from Helix
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pomatia, Agaricus bisporus and the Arisaema helleborifolium lectin (AHL), are being
investigated for their possible use in cancer therapy (Kaur et al. 2006).

With regard to parasites, a lectin from Synadenium carinatum latex (ScLL) showed a
protective effect against Leishmania amazonensis infection in BALB/c mice (Afonso-
Cardoso et al. 2007). Binding of some lectins to specific oligosaccharides on the cell
membrane seems to mediate cell death (Coelho et al. 2007; Macedo et al. 2007). Cells that
do not possess these carbohydrates are resistant to the cytotoxic effect of these proteins
(Gastman et al. 2004). Lectins can also be used to evaluate changes in the sugar
composition and distribution on cell surfaces during the process of 7. cruzi transformation
from epimastigotes to the mammalian-infective metacyclic trypomastigotes (Bourguignon
et al. 1998).

T. cruzi has only one mitochondrion, and the study on the mechanisms by which
different compounds interfere with its bioenergetics could be useful for the search and
development of new chemotherapies. Considering the property of ConA, a homologue of
Cramoll 1,4, to cross the cell membrane and localize to mitochondria, we evaluated the

effects of Cramoll 1,4 on 7. cruzi epimastigote mitochondrial functions and cell viability.

Material and Methods

Chemicals

Arsenazo III, MTT, Safranine O, Succinate, Digitonin, EGTA, CCCP, ADP,
Antimycin A and Oligomycin were purchased from Sigma (St. Louis, USA). H,DCF-DA
was purchased from Molecular Probes Inc. (Eugene, Oregon, USA). CAT was purchased
from Calbiochem of EMD Chemicals Inc. (Affiliate of Merck KGaA, Darmstadt,

Germany). All other reagents were of the highest purity grade available.

Cell cultures

T. cruzi epimastigotes (Tulahuen 2 strain) were grown in LIT medium, containing

20 mg 1"! hemin and 10% fetal bovine serum, as described (Castellani et al. 1967). After 5
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days, cells were harvested by centrifugation (1,000 g at 4°C) and washed once in phosphate
buffered saline (PBS), pH 7.2. The number of cells mI™" was determined using a Neubauer
chamber. T. cruzi trypomastigotes (Y strain) were grown and maintained as described
(Andrews and Colli 1982). HaCaT keratinocyte, a spontaneously transformed human
epithelial cell line, were grown in RPMI-1640 medium supplemented with 2 mM L-
glutamine and 10% fetal bovine serum in a humidified atmosphere with 5% CO, (v/v) at

37°C. For the experiments, keratinocytes grown to ~80 % confluence were used.
Preparation of T. cruzi mitochondrial fraction

Epimastigotes (log phase) were harvested by centrifugation (1,000 g, 10 min at
4°C), washed in 0.12 M sodium phosphate, pH 8.0 buffer, containing 86.3 mM NaCl and
56 mM glucose. After centrifugation, the pellet was mixed with 3 ml of acid-washed glass
beads (150-212 um — SIGMA), 100 ul of protease inhibitor cocktail (Sigma) and 80 pl of
0.1 M phenylmethanesulphonyl fluoride (PMSF). Cells were disrupted by abrasion in a
chilled mortar until 90% disruption was achieved (as determined under an optical
microscope), resuspended in 4 ml of 50 mM HEPES-NaOH, pH 7.2 buffer, containing 0.27
M sucrose, 1 mM EDTA, and 1 mM MgCl,, and centrifuged at 1,000 g for 5 min at 4°C in
order to remove the glass beads, unbroken cells and large debris. The supernatant was
submitted to another centrifugation (1,000 g for 10 min at 4°C) for total removal of the
glass beads. The supernatant was then centrifuged at 16,000 g for 10 min at 4°C to obtain
the mitochondrial fraction, which was washed in 2 ml of 10 mM potassium phosphate, pH
7.5 buffer, containing 0.25 M sucrose and 1 mM EDTA. After another centrifugation at
16,000 g for 10 min at 4°C, the pellet was resuspended in 200 pl of reaction medium (10
mM HEPES, pH 7.2, 125 mM sucrose, 65 mM KCI, 1 mM MgCl, and 2 mM K,PO,), and

the total protein concentration was determined by the Biuret method (Gornall et al. 1949).
Lectin preparation

Seeds of C. mollis Mart. (camaratu bean) were collected in the State of Pernambuco

(Brazil), and the lectin (Cramoll 1,4) was purified according to (Correia and Coelho 1995).
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The seed extract (10% w/v in 0.15 M NaCl) was ammonium sulphate-fractionated (40—
60%) and then purified by affinity chromatography on a Sephadex G-75 column. Cramoll
1,4 elution was performed with 0.3 M glucose in 0.15 M NaCl, and protein concentration

was determined according to (Lowry et al. 1951).

Microscopy

Epimastigotes or trypomastigotes (1.25 x 10® cells/ml) were incubated in PBS, pH
7.2, + 1 mM MgCl, with 2.5 or 50 pg/ml Cramoll 1,4 for 1 h. Phase contrast microscopic
images were captured on a Leica DM IRB inverted microscope (Leica Microsystems,
Wetzlar, Germany) coupled to an acquisition image system (CoolSnap-Pro/Colour). In
order to evaluate cell death caused by necrosis, epimastigotes (1 x 10’ cells/ml) were
incubated in PBS, pH 7.2, + 1 mM MgCl, with 50 ug/ml Cramoll 1,4 for 2 h at 28°C. Next,
cells were stained with 10 pg/ml propidium iodide (590 excitation/535 emission) for 10
min, and images were captured using an epifluorescence microscope (Axioplan, Carl Zeiss,

NY, USA).

DNA agarose gel electrophoresis

DNA fragmentation was evaluated based on the method described by (Piacenza et al.
2001). Briefly, epimastigotes (1.25 x 10® cells/ml) were incubated in PBS, pH 7.2, + 1 mM
MgCl, with 50 pg/ml Cramoll 1,4 for 1, 2, 4, 8, 18 or 24 h. Parasites were then collected by
centrifugation at 13,000 g for 5 min. Cell pellets were resuspended in 0.5 ml of TE buffer
(10 mM Tris-HCI + 1 mM EDTA, pH 8.0) containing 5% Triton X-100 and kept on ice for
15 min. Next, samples were centrifuged at 13,000 g for 15 min at 4°C to separate intact
chromatin (pellet) from DNA fragments (supernatant). After the addition of 5 ul of 1 M
MgClI, + 100 ul of 5 M NaCl + 1 ml of isopropyl alcohol, the supernatant was incubated
overnight at -20°C to precipitate DNA fragments. Intact chromatin and DNA fragment
pellets were resuspended in 50 ul of TE buffer and treated with 100 ug/ml RNase at 37°C
for 1 h. Then, samples were treated with 500 pg/ml proteinase K at 55°C for 1 h and
separated by electrophoresis on a 2% agarose gel at 80 V for 3 h. DNA was stained with
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ethidium bromide (10 pg/ml for 15 min) and visualized in a Fuji Fla 3000G Laser Scanner
(Fuji Film Co., Japan).

Determination of Cramoll 1,4 effect on cell viability and proliferation rates

T. cruzi epimastigotes (1.25 x 10® cells/ml) were incubated in PBS, pH 7.2, + 1 mM
MgCl, with different lectin concentrations (1, 2.5, 5, 10, 20 or 50 pg/ml) for 1 h at 28°C,
and cell viability was verified by the MTT method (Muelas-Serrano et al. 2000). This
method assesses viability by cellular conversion of the soluble tetrazolium salt MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) into the insoluble formazan by
mitochondrial enzymes. After cell treatment with the lectin as described above, cells were
centrifuged (1,000 g for 5 min at 4°C), and the pellet resuspended and incubated for 1.5 h in
PBS containing MTT (2.5 mg/ml). Formazan extraction was performed using 10% SDS
dissolved in 0.01 N HCI. Formazan formation was quantified in a spectrophotometer at 540
nm. In order to establish the effect of Cramoll 1,4 on cell proliferation rates after incubation
with different lectin concentrations, as described above, cells were centrifuged (1,000 g for
5 min) and grown in LIT medium for five days. The number of cells was determined in a
Neubauer chamber.

Treatment of the keratinocytes (1 x 10° cells/ml) with the lectin was performed after
trypsinization (0.05% trypsin + 0.025% EDTA solution). Keratinocyte viability was
analyzed by annexin V FITC and propidium iodide staining in a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA) equipped with an argon laser and
CellQuest software (version 4.1). Briefly, 10° cells were incubated with different lectin
concentrations (1, 2.5, 5, 10, 20 or 50 ug/ml) for 1h at 28°C, washed in PBS and
resuspended in binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCI, 1 mM
MgCl,, and 1.8 mM CaCl,) containing annexin V-FITC (1:500). After 20 min incubation in
the dark at room temperature, cells were also stained with propidium iodide (PI, 1:50).
Apoptosis was quantified by FACS analysis as the number of annexin V-FITC-positive and
Pl-negative cells divided by the total cell number, while necrosis was quantified as the

number of Pl-positive cells divided by the total cell number.

65



2
Measurement of Ca”* movements

Variations in free Ca** concentrations in whole cells were followed by measuring the
changes in the absorbance spectrum of arsenazo III (Scarpa 1979), using an SLM Aminco
DW 2000 spectrophotometer at the wavelength pair 675-685 nm (Docampo et al. 1983).
Calibration was performed by recording changes in absorbance after addition of known

amounts of CaCl,.

Estimation of mitochondrial membrane potential (A¥,,)

AY,, was estimated by following safranine O fluorescence (Vercesi et al. 1991a),
recorded on a F-4500 Hitachi spectrofluorimeter operating at excitation and emission
wavelengths of 495 and 586 nm, respectively, and a slit width of 2.5 nm. Relative changes

in membrane potential were expressed as fluorescence arbitrary units (A.U.)

Cellular oxygen consumption

Oxygen consumption was measured in a high resolution respirometry OROBOROS
Oxygraph-2k (Oroborus Instruments, Innsbruck, Austria) in PBS, pH 7.2, + 1mM MgCl, at
28°C. DatLab 4 software was used for data acquisition (Gnaiger 2001).

Reactive oxygen species production

After treatment for 1 h under the conditions described in the Figure 7 legend, cells
were incubated for 40 min in the dark with SuM dichlorodihydrofluorescein diacetate
(H,DCF-DA) under constant stirring. Fluorescence was determined on an F-4010 Hitachi
spectrofluorimeter at 488 and 525 nm for excitation and emission wavelengths,

respectively, and a slit width of 5 nm.
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Data analysis

All results are expressed as the mean * the standard error of the mean (SEM) for at
least four independent experiments. Statistical significance was determined by one way
ANOVA followed by Tukey’s test, with a significance level of p<0.05. The cell viability
and proliferation experiments were analyzed by polynomial regression (SigmaStat®,

version 2.0, 1992-1995, Jandel Corporation).

Results

Recognition of glycoconjugates on the T. cruzi cell surface by Cramoll 1,4

Using phase-contrast microscopy (Fig. 1), we observed that 7. cruzi epimastigotes (a-
¢) or trypomastigotes (a’-¢’) incubated for 1 h in the presence of lectin (either 2.5 or 50
pg/ml) underwent agglutination, likely due to the recognition of glycoconjugates present on
parasite cell surface. In contrast, incubation of keratinocytes with Cramoll 1,4 did not
generate the stable cell agglutination observed for 7. cruzi (data not shown).

In order to evaluate whether the lectin-glycoconjugate interaction decreased parasite

survival, we used the epimastigotes form in the following experiments.

Cramoll 1,4 inhibited T. cruzi epimastigote survival and proliferation but had no effect on

keratinocyte viability

Fig. 2A shows that treatment of epimastigotes with Cramoll 1,4 for 1 h caused a dose-
dependent impairment of cell viability, reaching a maximum decrease of 60% upon
treatment with 20 pg/ml. In order to ascertain whether the remaining cells were still capable
of proliferating, parasites (treated with Cramoll 1,4 for determination of cell viability) were
washed twice to remove unbound lectin, resuspended in culture medium, and after five
days, the number of live parasites was determined. As can be seen in Fig. 2B, a significant
decrease in the proliferation rate was observed with Cramoll 1,4 at concentrations higher

than 20 pg/ml, reaching almost 100% inhibition at 50 ug/ml. These results indicate that the
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parasites able to reduce MTT to formazan after lectin treatment were not capable of
proliferating in culture. This lectin had no significant effect on keratinocyte viability under
the same incubation conditions (Fig. 3). In that case, cell viability was analyzed by flow
cytometry because the agglutination promoted by the lectin in these cells was not stable as

in 7. cruzi and could be reversed with gentle stirring.

Cramoll 1,4 promoted T. cruzi epimastigote plasma membrane permeabilization followed

by medium Ca’* internalization and accumulation by the mitochondrion

Digitonin has been used over the years to permeabilize the plasma membrane of
trypanosomatids, allowing for the estimation of the mitochondrial membrane potential and
the study of oxidative phosphorylation and Ca”* transport by mitochondria in situ (Vercesi
et al. 1991 a, b; Vercesi et al. 1993). Indeed, when cells were incubated in the presence of
digitonin (Fig. 4, line a) permeabilization of the plasma membrane was followed by
mitochondrial Ca** uptake, as evidenced through the release of accumulated Ca®* caused by
the respiratory inhibitor antimycin A. Interestingly, incubation of T. cruzi epimastigotes in
the same reaction medium containing Cramoll 1,4, instead of digitonin, was also followed
by a slightly slower decrease in medium Ca®* that was reversed by antimycin A. This
indicates that, similar to digitonin, Cramoll 1,4 has the ability to permeabilize 7. cruzi
epimastigote plasma membranes to Ca®* (Fig. 4, line b). In both cases, addition of the
ionophore A23187 after antimycin A resulted in an additional release of Ca** from other
intracellular stores (Moreno et al. 1992 a, b). No Ca’ uptake was observed when T. cruzi
was incubated in the presence of heat-denatured lectin or in the absence of digitonin (Fig. 4,

lines c and d).

Cramol 1,4 treatment decreased mitochondrial membrane potential (A%¥,,) and impaired

oxidative phosphorylation
As illustrated in Fig. 5A, digitonin was used to permeabilize epimastigote plasma

membrane allowing for the determination of AW, and ADP phosphorylation, as indicated

by the fluorescence increase caused by ADP (100 uM) and reversed by
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carboxyatractylosyde (CAT, 5 uM), an inhibitor of the ADP/ATP carrier. At the end of the
experiment, a total elimination of AW, was caused by the classical uncoupler, carbonyl
cyanide m-chlorophenylhydrazone (CCCP, 1 uM) (line a). The line b of Figure 5 A shows
that even after a preincubation period of 1 h with digitonin, epimastigotes could still
phosphorylate added ADP. In contrast, when the parasites were submitted to lectin
treatment for the same period (1 h), a very low increase in fluorescence was observed after
ADP addition, indicating a significant impairment of oxidative phosphorylation (/ine c). On
the other hand, when heat-inactivated Cramoll 1,4 was preincubated for 1 h with the
epimastigotes, no safranine O uptake was observed, again indicating that denatured lectin
had no ability to permeabilize the plasma membrane of the epimastigotes (/ine d). It should
be noted that all experiments were performed in the presence of 10 uM Ca”.

In the experiments of Fig. 5B, the parasites were incubated during a longer period of
time (2 h), either in the presence of lectin (line a) or digitonin (/ine b), in reaction medium
containing 10 uM Ca”. In both cases, AW, was significantly lower than in the experiments
of Fig. 5A, and no ADP phosphorylation could be observed (lines a and b). The presence of
EGTA significantly protected AW, and ADP phosphorylation in the presence of either
digitonin (/ine c) or lectin (line d), indicating that Ca’" had a major effect on mitochondrial

dysfunction under both situations.

Cramoll 1,4 did not modify the uncoupled epimastigote respiration rate but released state 4

respiration

In the experiments of Fig. 6, we investigated the effect of Cramoll 1,4 (50 pug/ml for 1
h) on oligomycin-induced state 4 or CCCP-uncoupled epimastigote respiration. The lectin
caused a 65% increase in state 4 respiration in the presence of Ca** and a 52% increase in
free Ca’" in the medium (EGTA present). In contrast, Cramoll 1,4 did not alter the CCCP-
uncoupled respiration rate either in the presence or absence of Ca®*.

After 2 h incubation in the presence of Cramoll 1,4, respiration rates were similar in
the presence of oligomycin and CCCP, indicating that respiration was completely

uncoupled (data not shown). Accordingly, the results depicted in Fig. 5B (line a) showed
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that under these same experimental conditions, no changes in AW, was caused by ADP

addition.

Stimulation of ROS generation by epimastigotes treated with Cramoll 1,4 or digitonin:

effect of Ca’*

T. cruzi epimastigotes were treated with either lectin or digitonin for 1 h and
subsequently loaded with H,DCF-DA. Cramoll 1,4, but not denaturated Cramoll, increased
ROS generation 5.4-fold, while digitonin increased it 4.2-fold (Fig. 7). ROS formation
induced either by the lectin or digitonin was partially inhibited by EGTA. In agreement
with the AW, experiments, Cramoll 1,4 had a higher effect on ROS production than
digitonin (5.4- vs. 4.2-fold).

Cramoll 1,4, but not digitonin, decreased A ¥, in epimastigote mitochondrial fractions

All of the previous results suggested that, in addition to permeabilizing the
epimastigote plasma membrane, Cramoll 1,4 also exerted a direct effect on mitochondria.
This is possible because ConA, a plant lectin with high homology to Cramoll 1,4, is
internalized via endocytosis and accumulates in mitochondria after it binds to the mannose
moiety of the cell membrane glycoproteins (Lei and Chang 2007). Therefore, we
investigated the direct effect of Cramoll 1,4 on isolated epimastigote mitochondria (Fig. 8).
Similar to the experiments performed with permeabilized epimastigotes, isolated
mitochondria incubated in the presence of Cramoll 1,4 and EGTA (Ca2+—free medium)
generated a AY,, similar to that exhibited by the control mitochondria, and both
phosphorylated added ADP (Fig. 8A). In contrast, Figure 8B shows that in the presence of
10 uM Ca2+, Cramoll 1,4 significantly decreased AW, relative to the control experiment,
confirming that it interacts directly with the organelle. This result is in agreement with the
experiments showing that ConA penetrates in hepatoma cells and increases the

permeability of the inner mitochondrial membrane (Lei and Chang 2007).
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Cramoll 1,4-induces epimastigote death by necrosis

After epimastigote treatment with 50 pg/ml Cramoll 1,4 (2 h), the parasites were
stained with propidium iodide (PI), and images were captured by fluorescence microscopy.
The intense fluorescence signal obtained is compatible with cell death by necrosis (Fig. 9).
This is in agreement with the results of the plasma membrane permeabilization (Fig. 4) and
the impairment of epimastigote oxidative phosphorylation (Fig. 5A) after Cramoll 1,4
treatment. DNA fragmentation, which is characteristic of death by apoptosis, could not be
detected by electrophoresis, even when the epimastigotes were treated with Cramoll 1,4 for

up to 24 h (data not shown).
Discussion

Since the first description of the reactivity of epimastigotes and trypomastigotes with
ConA (Alves and Colli 1974), lectins have been used as cell surface markers in order to
evaluate changes in 7. cruzi membrane glycoconjugate composition in different stages of
the parasitic cell cycle (Bourguignon et al. 1998). Herein, we report that the interaction
between Cramoll 1,4 and T. cruzi surface glycoconjugates results in plasma membrane
permeabilization followed by medium Ca®* influx and cell death. The action of Cramoll 1,4
on T. cruzi allowed for a better understanding of both the mechanisms of lectin toxicity and
the molecular events that govern cell death in this parasite.

A large body of evidence demonstrates that mitochondrial calcium homeostasis plays
an important role in the modulation of numerous physiological cellular processes, including
cell death (Giacomello et al. 2007). The 7. cruzi mitochondrion is very active in calcium
accumulation and has a high storage capacity (Docampo and Vercesi 1989; Moreno et al.
1992 a, b), but under certain experimental conditions, 7. cruzi mitochondrial calcium
overload may lead to mitochondrial dysfunction. Indeed, it was observed that T. cruzi
epimastigotes exposed to Ca®* in the presence of fresh human serum underwent cell death
mediated by permeabilization of the plasma membrane by membrane attack complex
(MAC) deposition on the cell surface. This permeabilization was followed by cell Ca®

influx and mitochondrial Ca®* overload, a condition that stimulated ROS generation by the
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mitochondria (Irigoin et al. 2009). In this regard, Grijalba et al. (1999) demonstrated that
mitochondrial Ca®* overload alters the lipid organization of the inner mitochondrial
membrane by interacting with the anionic head of cardiolipin, an abundant component of
the inner mitochondrial membrane. These alterations in membrane organization may affect
the respiratory chain function, including coenzyme Q mobility, favouring monoelectronic
oxygen reduction (superoxide radical generation) at intermediate steps of the respiratory
chain and leading to mitochondrial oxidative damage followed by cell death.

It has also been shown that 7. cruzi epimastigote lysis by fresh human serum is
dependent upon the alternative pathway of complement activation (Nogueira et al. 1975). In
contrast, in trypomastigotes, the classical activation pathway of the human complement
system is inhibited in vitro by parasitic calreticulin, a phosphoprotein phosphatase (Ferreira
et al. 2004; Moreno et al. 2007) that renders this evolutionary form resistant to human
serum.

In the current study, we showed that Cramoll 1,4, a protein of non-immune origin, is
able to recognize glycoconjugates on the 7. cruzi cell surface, leading to epimastigote
agglutination (Fig. 1A), thus decreasing cell viability and proliferation (Fig. 2). Cramoll 1,4
was also able to recognize 7. cruzi trypomastigote surface membrane glycoconjugates
causing agglutination (Fig. 1B) and membrane permeabilization (data not shown). In
contrast, this lectin was unable to agglutinate and kill keratinocytes, a human cell line. This
indicates that the lectin-glycoconjugate interaction in this model was not strong enough to
cause pore formation (Fig. 3).

As in the case of fresh human serum, Cramoll 1,4 induced plasma membrane
permeabilization and mitochondrial calcium overload (Fig. 4). These processes were
followed by increased production of ROS (Fig. 7), a AWy, decrease and impairment in
oxidative phosphorylation (Fig. 5) that culminated with cell death by necrosis (Fig. 9). As
proposed by Grijalba et al. 1999, the attack of ROS to the inner mitochondrial membrane
caused oxidative damage to lipids and proteins that led to increased membrane permeability
with a consequent release of the resting respiration, as observed in Fig. 6.

In order to verify whether the lectin effect against 7. cruzi epimastigotes was strictly
the consequence of cell membrane permeabilization, we used digitonin as a positive

control. The comparison indicated that although calcium uptake promoted by digitonin was
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slightly higher when compared to that induced by the lectin (Fig. 4), the Cramoll 1,4 effects
on mitochondria were stronger than that caused by digitonin, as illustrated by higher
production of ROS (Fig. 7) and larger decreases of both AW, and oxidative
phosphorylation (Fig. 5A). This prompted us to investigate a direct effect of the lectin on
isolated epimastigote mitochondria. Indeed, the results indicated that Cramoll 1,4, but not
digitonin, caused a significant decrease in AY,, from isolated epimastigote mitochondria
incubated in medium containing Ca*t (Fig. 8B). In contrast, in Ca**-free medium, Cramoll
1,4 did not affect the ability of mitochondria to phosphorylate added ADP (Fig. 8A). The
direct effect of Cramoll 1,4 on mitochondria may explain the different mechanism of
epimastigote death caused by this lectin (necrosis) when compared to that caused by fresh
human serum. The latter also permeabilizes the plasma membrane and causes Ca**-
dependent T. cruzi epimastigote death by apoptosis (Irigoin et al. 2009).

To our knowledge, this is the first report investigating the mechanism of a seed lectin
on T. cruzi mitochondrial function and cell death. We showed that Cramoll 1,4 toxicity to
T. cruzi epimastigotes seems to result from a concerted action on the parasite’s plasma and
mitochondrial membranes, mitochondrial Ca®* overload and ROS production. The nature of

lectin interactions with the mitochondrial membranes is currently under investigation.

Acknowledgments

We would like to thank Luis Henrique Gonzaga Ribeiro and Roberto Zangrandi for
excellent technical assistance, and Juliana Giusti for help with the DNA fragmentation
experiments. This work was supported by Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq), Fundacdo de Amparo a Pesquisa do Estado de Sdo Paulo
(FAPESP) and Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES).

References
Afonso-Cardoso, S. R., Rodrigues, F. H., Gomes, M. A., Silva, A. G., Rocha, A.,

Guimaries, A.H., Candelouro, 1., Favoreto Jr, S., Ferreira, M. S., and de Souza, M. A.

(2007) Korean J Parasitol 45:255-266

73



Alves, M. J., and Colli, W. (1974) J Protozool 21:575-578

Andrade, C. A., Correia, M. T., Coelho, L. C., Nascimento, S. C., and Santos-Magalhaes,
N. S. (2004) Int J Pharm 278:435-445

Andrews, N. W., and Colli, W. (1982) J Protozool 29:264-269

Bourguignon, S. C., de Souza, W., and Souto-Padron, T. (1998) Histochem Cell Biol
110:527-534

Bda, J., Ruiz, A. M., Potenza, M., and Fichera, L. E. (2004) Bioorg Med Chem Lett
14:4633-4637

Carraro, R., Bua, J., Ruiz, A., and Paulino, M. (2007) J Mol Graph Model 26:48-61
Castellani, O., Ribeiro, L. V., and Fernandes, J. F. (1967) J Protozool 14:447-451

Chagas, C. (1909) Bulletin de la Société de Pathologie Exotique 2:304-307

Coelho, M. B., Marangoni, S., and Macedo, M. L. (2007) Comp Biochem Physiol C
Toxicol Pharmacol 146:406-414

Correia, M. T., and Coelho, L. C. (1995) Appl Biochem Biotechnol 55:261-273

Docampo, R., Moreno, S. N., and Mason, R. P. (1983) J Biol Chem 258:14920-14925
Docampo, R., and Vercesi, A. E. (1989) J Biol Chem 264:108-111

Ferreira, V., Valck, C., Sanchez, G., Gingras, A., Tzima, S., Molina, M. C., Sim, R.,
Schwaeble, W., and Ferreira, A. (2004) J Immunol 172:3042-3050

Gastman, B., Wang, K., Han, J., Zhu, Z. Y., Huang, X., Wang, G. Q., Rabinowich, H., and
Gorelik, E. (2004) Biochem Biophys Res Commun 316:263-271

Giacomello, M., Drago, L., Pizzo, P., and Pozzan, T. (2007) Cell Death Differ 14:1267-
1274

Gnaiger, E. (2001) Respir Physiol 128:277-297

Gornall, A. G., Bardawill, C. J., and David, M. M. (1949) ] Biol Chem 177:751-766
Grijalba, M. T., Vercesi, A. E., and Schreier, S. (1999) Biochemistry 38:13279-13287
Giiida, M. C., Esteva, M. 1., Camino, A., Flawia, M. M., Torres, H. N., and Paveto, C.
(2007) Exp Parasitol 117:188-194

Irigoin, F., Inada, N. M., Fernandes, M. P., Piacenza, L., Gadelha, F. R., Vercesi, A. E., and
Radi, R. (2009) Biochem J 418:595-604

Kaur, M., Singh, K., Rup, P. J., Saxena, A. K., Khan, R. H., Ashraf, M. T., Kamboj, S. S.,
and Singh, J. (2006) Arch Biochem Biophys 445:156-165

74



Kayser, O., Masihi, K. N., and Kiderlen, A. F. (2003) Expert Rev Anti Infect Ther 1:319-
335

Lei, H. Y., and Chang, C. P. (2007) Autophagy 3:402-404

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951) J Biol Chem
193:265-275

Macedo, M. L., das Gragas Machado Freire, M., da Silva, M. B., and Coelho, L. C. (2007)
Comp Biochem Physiol A Mol Integr Physiol 146:486-498

Maciel, E. V., Araujo-Filho, V. S., Nakazawa, M., Gomes, Y. M., Coelho, L. C., and
Correia, M. T. (2004) Biologicals 32:57-60

Maya, J. D., Cassels, B. K., Iturriaga-Vasquez, P., Ferreira, J., Faundez, M., Galanti, N.,
Ferreira, A., and Morello, A. (2007) Comp Biochem Physiol A Mol Integr Physiol
146:601-620

Moreno, S. N., Docampo, R., and Vercesi, A. E. (1992a) J Biol Chem 267:6020-6026
Moreno, S. N., Vercesi, A. E., Pignataro, O. P., and Docampo, R. (1992b) Mol Biochem
Parasitol 52:251-261

Moreno, V. R., Aguero, F., Tekiel, V., and Sanchez, D. O. (2007) Acta Trop 101:80-89
Muelas-Serrano, S., Nogal-Ruiz, J. J., and Gémez-Barrio, A. (2000) Parasitol Res 86:999-
1002

Nogueira, N., Bianco, C., and Cohn, Z. (1975) J Exp Med 142:224-229

Pedrosa, R. C., De Bem, A. F., Locatelli, C., Geremias, R., and Wilhelm Filho, D. (2001)
Redox Rep 6:265-270

Piacenza, L., Peluffo, G., and Radi, R. (2001) Proc Natl Acad Sci U S A 98:7301-7306
Scarpa, A. (1979) Methods Enzymol 56:301-338

Urbina, J. A., and Docampo, R. (2003) Trends Parasitol 19:495-501

Vercesi, A. E., Bernardes, C. F., Hoffmann, M. E., Gadelha, F. R., and Docampo, R.
(1991a) J Biol Chem 266:14431-14434

Vercesi, A. E., Hoffmann, M. E., Bernardes, C. F., and Docampo, R. (1991b) Cell Calcium
12:361-369

Vercesi, A. E., Hoffmann, M. E., Bernardes, C. F., and Docampo, R. (1993) Braz J Med
Biol Res 26:355-363

75



Vieira, N. C., Espindola, L. S., Santana, J. M., Veras, M. L., Pessoa, O. D., Pinheiro, S. M.,
de Araujo, R. M., Lima, M. A., and Silveira, E. R. (2008) Bioorg Med Chem 16:1676-1682
Wilkinson, S. R., Taylor, M. C., Horn, D., Kelly, J. M., and Cheeseman, 1. (2008) Proc Natl
Acad Sci USA 105:5022-5027

76



Figure Legends

Fig. 1 Phase-contrast microscopy of untreated and Cramol 1,4-treated 7. cruzi
epimastigotes and trypomastigotes. Epimastigotes (a-c) or trypomastigotes (a’-c’) were
incubated in the absence (a, a’), or in the presence of 2.5 pg/ml Cramoll 1,4 (b,b’) or 50
pg/ml Cramoll 1,4 (¢,c’) for 1 h. (a, a’,b, b’, and c’x 500); (c x 125). Bars represent 100

uM. The results shown are representative of four independent experiments.

Fig. 2 Effect of Cramoll 1,4 on T. cruzi viability and proliferation rates. Epimastigotes
(1.25 x 10® cells/ml) were incubated in PBS (pH 7.2), 1 mM MgCl; and 10 uM Ca® in the
presence of different lectin concentrations for 1 h at 28°C. (A) Cell viability was
determined by the MTT assay and expressed as the percentage of viable cells related to
control (r2 =0.90). (B) After treatment as in A, cells were washed in PBS, resuspended in
culture medium, and after five days in culture, the number of cells was determined in a
Neubauer chamber (r* =0.97). Data are the average *+ SEM of four independent

experiments.

Fig. 3 HaCaT keratinocyte viability after Cramoll 1,4 treatment. After trypsinization,
keratinocytes (1 x 10° cells/ml) were incubated in RPMI-1640 medium with 1% fetal
bovine serum in the presence of different Cramoll 1,4 concentrations for 1 h. Data are the

average = SEM of four independent experiments. p>0.05.

Fig. 4 Effect of Cramoll 1,4 or digitonin on Ca** uptake by 7. cruzi epimastigotes. Parasites
(1.25 x 108 cells/ml) were added to a reaction medium containing PBS (pH 7.2), 1 mM
MgCl,, 10 uM calcium, 5 mM succinate and 40 uM arsenazo III in a total volume of 2 ml.
Antimycin A (AA, 5 uM) and the ionophore A23187 (10 uM) were added at time points
indicated by the arrows. Lines represent incubation with: 20 uM digitonin (line a), 50
pg/ml Cramoll 1,4 (line b), reaction medium (line c), or denatured lectin (line d). The

results shown are representative of four independent experiments. A.U., arbitrary units.
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Fig. 5 T. cruzi epimastigote mitochondrial membrane potential (AW,,) after exposure to
Cramoll 1,4. Epimastigotes (1.25 x 10°® cells/ml) were added to a reaction medium
containing PBS (pH 7.2), I mM MgCl,, 5 uM safranine O and 5 mM succinate in a total
volume of 2 ml. AW, was determined after 1 h (A) or 2 h (B) of treatment. (A) Line a
represents the control with direct addition (no preincubation period) of digitonin (50 uM),
lines b-c represent experiments performed after 1 h incubation with either 20 uM digitonin
or 50 ug/ml Cramoll 1,4, respectively, and line d represents an experiment in the presence
of denatured lectin. All of the experiments were performed in the presence of 10 uM Ca**.
(B) Line a indicates cells incubated in the presence of 50 pg/ml Cramoll 1,4 + 10 uM Ca”™,
line b incubation with 20 uM digitonin + 10 uM Ca®*, and lines c-d with 20 uM digitonin +
500 uM EGTA (Ca** free medium) or 50 pg/ml Cramoll 1,4 + 500 uM EGTA (Ca®* free
medium), respectively, for 2 h. Additions are indicated by the arrows: 100 uM ADP, 5 uM
CAT and 1 uM CCCP. The results shown are representative of four independent

experiments. A.U., arbitrary units.

Fig. 6 O, consumption rates in epimastigotes exposed to Cramoll 1,4. Epimastigotes (1.25
x 10® cells/ml) were incubated with Cramoll 1,4 (50 pg/ml) in PBS (pH 7.2) + 1 mM
MgCl, in the presence of 10 uM Ca** or 500 uM EGTA (Ca®* free medium) for 1 h at
25°C, in a total volume of 2 ml. Cells were then diluted to 1 x 10’ cells/ml, and oxygen
consumption was determined in the presence of oligomycin (2 pg/ml) or CCCP (0.5 uM).
Data are the average + SEM of four independent experiments performed in duplicate. *p <
0.05 between the oligomycin control + Ca®* vs. oligomycin + Cramoll 1,4 + Ca®. #*p<0.05

between the oligomycin control + EGTA vs. oligomycin + Cramoll 1,4 + Ca®.

Fig. 7 ROS generation induced by Cramoll 1,4. Epimastigotes (1.25 x 10® cells/ml) were
treated with 50 pg/ml Cramoll 1,4 or 20 uM digitonin for 1 h in the presence of 10 uM
Ca>* or 500 uM EGTA (Cal2+ free medium). After H,DCF-DA loading, cells were added to
the reaction medium containing PBS (pH 7.2), I mM MgCl, and 5 mM succinate in a total
volume of 2 ml. Fluorescence was determined as described in the Materials and Methods
section. Data are the average + SEM of four independent experiments. Statistical analysis:

p < 0.05 among distinct groups.
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Fig. 8 Effect of Cramoll 1,4 on AY,, of isolated epimastigote mitochondria. AW¥,, was
determined in the presence of 100 uM EGTA (A) or 10 uM Ca'™ (B). Cramoll 1,4 (50
pg/ml) or digitonin (20 uM) was added to the reaction medium. This reaction medium
consisted of 125 mM sucrose, 65 mM KCI, 10 mM HEPES, 1 mM MgCl,, 2 mM K;,POQy,
0.05% BSA, 5 uM safranine and 5 mM succinate in a total volume of 500 ul. T. cruzi
mitochondrial fractions (MTc, 0.5 mg/ml), 200 uM ADP, 1 pug/ml oligomycin and 1 uM
CCCP were added where indicated by the arrows. The results shown are representative of

four independent experiments.

Fig. 9 Cramoll 1,4-induced epimastigote cell death occurs by necrosis. Epimastigotes (1 x
107 cells/ml) were incubated in the absence (a, a’), or in the presence of 50 pg/ml Cramoll
1,4 (b, b’) for 2 h. The parasites were stained with 10 pg/ml propidium iodide. Bars
represent 50 uM. The results shown are representative of two independent experiments

performed in duplicate.
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Fig. 1 — Fernandes et al.
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MECANISMOS DE ACAO DA LECTINA, CRAMOLL 1,4, EM MITOCONDRIAS
ISOLADAS DE Trypanosoma cruzi E DE FIGADO DE RATO

3 - RESULTADOS

PARTE I
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MATERIAIS E METODOS

Animais
Para os experimentos com mitocOndrias isoladas, utilizamos figados de ratos da
linhagem Wistar, fémeas adultas e adquiridas do Centro Multidisciplinar para Investigacao

Bioldgica (CEMIB) da UNICAMP.

Cultura de epimastigotas

Epimastigotas de T. cruzi, cepa Tulahuen 2, foram cultivados no Laboratério de
Bioenergética e Defesas Antioxidantes em Trypanosoma cruzi no Departamento de
Bioquimica do Instituto de Biologia da UNICAMP.

Epimastigotas foram crescidos 2 28°C em meio LIT contendo hemina (20mg/l") e
soro fetal bovino (10%) como descrito por Castelani et al. (1967). No inicio da fase
estaciondria, os parasitas foram coletados por centrifugacdo (5 min, 2.500 rpm, a 4°C)
lavados e ressuspensos em PBS (137 mM NacCl, 2,7 mM KCI, 8,1 mM Na,HPO,4 e 1,5 mM
KH,PO,4, pH 7,2) e MgCl, (1 mM). A contagem das células foi feita em camara de

Neubauer.

Isolamento de mitocondrias de figado de rato

As mitocondrias foram isoladas de figado de ratos adultos utilizando-se a técnica de
centrifugacdo diferencial, segundo Schneider e Hogeboom (1951). O figado, retirado apds a
morte do animal, foi lavado em solu¢do de sacarose 250 mM contendo tampao 10 mM de
HEPES (pH 7,2) e 0,5 mM de EGTA, picado com tesoura e homogeneizado em
homogeneizador Potter-Elvehjem. O material foi centrifugado a 2500 rpm por 10 minutos.
O sobrenadante resultante foi centrifugado durante 10 minutos a 8000 rpm sendo a fase
lipidica superior retirada com pipeta Pasteur. O sobrenadante foi descartado e o precipitado
ressuspenso em 250 mM de sacarose, 5 mM de HEPES (pH 7,2) e 0,3 mM de EGTA, e
novamente centrifugado como na condi¢d@o anterior. A fracdo mitocondrial foi ressuspensa
na mesma solucdo, porém isenta de EGTA, numa concentracdo de aproximadamente 80 mg

de proteina por mililitro de suspensao mitocondrial.

93



Preparacao da fracao mitocondrial de 7. cruzi

Epimastigotas (fase log) foram coletados por centrifugacdo (1.000 g, 10 min a 4°C),
lavados em tampao contendo 0,12 M de fosfato de sddio (pH 8,0), 86,3 mM de NaCl e 56
mM de glicose e apds centrifugacao, o precipitado foi misturado a 3 ml de pérolas de vidro
(150-212 microns — Sigma), previamente lavadas em PBS, 100 pl de um coquetel de
inibidor de protease (Sigma) e 80 ul de uma solucio 0,1 M de fluoreto de
fenilmetanosulfonil (PMSF). As células foram rompidas por abrasio em um cadinho de
porcelana até a obtencdo de aproximadamente 90 % de rompimento, determinado por
microscopia optica. A seguir, 4 ml de tampao contendo 50 mM de HEPES-NaOH (pH 7,2),
0,27 M de sacarose, ImM de EDTA e ImM de MgCl, foram adicionados e a suspensdo foi
centrifugada a 1.000 g, por 5 mim a 4°C para remocdo das pérolas de vidro, células que nido
romperam e debris celulares. O sobrenadante foi submetido a outra centrifugacao (1.000 g,
por 10 mim a 4°C) para total remogdo das pérolas de vidro. O sobrenadante foi entdo
centrifugado a 16.000 g, por 10 min a 4°C para obtengédo da fragdo mitocondrial, a qual foi
lavada em 2 ml de tampao contendo 10 mM de fosfato de potdssio (pH 7,5), 0,25 M de
sacarose ¢ | mM de EDTA. Ap6s uma nova centrifugagdo a 16.000 g, por 10 min a 4°C, o
precipitado foi ressuspenso em 200 ul de meio de reacdo (125 mM de sacarose, 65 mM de
KCl, 10 mM de HEPES, 1 mM de MgCl, e 2 mM de K,;HPQO,) obtendo-se assim a fragao

mitocondrial de T. cruzi.

Dosagem de proteina

A concentracdo de proteina das suspensdes mitocondriais foi determinada pelo
método de biureto (Gornall et al., 1949), modificado pela adi¢do de colato 1% (Kaplan e
Pedersen, 1983). O principio do método baseia-se na determina¢do da concentracdo de
ligacdes peptidicas através da medida da absorbancia do complexo cobre-nitrogénio. Este
complexo absorve em comprimento de onda de 540 nm. A absorbancia é considerada
diretamente proporcional a concentracdo de proteina na solu¢do analisada, onde uma

solug@o de BSA a 1% foi utilizada como padrio.
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Condicoes experimentais

Os experimentos com mitocondrias isoladas foram realizados a 28 °C em meio de
reacdo padrao contendo 125 mM de sacarose, 10 mM de HEPES (pH 7,2), 65 mM de
cloreto de potdssio, 2 mM de fosfato de potdssio e 1 mM de cloreto de magnésio. Como
substrato respiratério foi utilizado 5 mM de succinato nos experimentos com mitocondrias
de T. cruzi e uma mistura de substratos para o complexo I (2mM de malato, ImM de
piruvato, 1mM de «-cetoglutarato e ImM de glutamato) nos experimentos com
mitocOndrias de figado de rato. Os experimentos foram feitos na presenga ou auséncia de

0,5 mM de EGTA. Outros reagentes adicionados estao indicados nas figuras.

Medida de inchamento mitocondrial

As suspensdes mitocondriais sdo turvas e espalham a luz incidente. A luz espalhada
¢ uma funcdo da diferenca entre o indice de refracdo da matriz e do meio, e, qualquer
processo que diminua esta diferenca ird diminuir a luz espalhada e aumentar a
transmitancia (Nicholls e Akerman, 1982). Assim, um aumento no volume da matriz
mitocondrial, associado com a entrada de solutos permedveis, resulta numa aproximagao
entre o indice de refracdo da matriz e do meio de reacdo com a conseqiiente diminui¢do da
luz espalhada. Esta propriedade das mitocondrias fornece um método qualitativo simples
para se estudar o fluxo de solutos através da membrana mitocondrial interna. As
mitocOndrias sdo ideais a aplicacdo desta técnica porque sua matriz pode sofrer grandes
variagdes de volume, j4 que a membrana interna sofre apenas desdobramento de suas
pregas. O acompanhamento espectrofotométrico da reducdo da absorbancia a 520 nm
(Macedo et al, 1988) foi feito em um espectrofotometro U-3000 utilizando mitocondrias

isoladas de figado de rato (0,5 mg de proteina/ml).
Estimativa do potencial elétrico de membrana mitocondrial (A¥y,)

A estimativa do potencial elétrico de membrana mitocondrial foi avaliada através do
indicador safranina O (5 uM), que apresenta um deslocamento no espectro visivel

associado a sua ligacdo a membrana de mitocOndrias energizadas. Esta adsorcdo foi

seguida de alteracdo de espectro de absorbancia da safranina na faixa de 500 a 600 nm.
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Nestas condicdes as diferencas de absorbancia nos comprimentos 511-533 sdo diretamente
proporcionais a amplitude do potencial até valores de aproximadamente 170 mV (Akerman
& Wikstrom, 1976; Vercesi et al, 1991). As mudancas na fluorescéncia da safranina foram
monitoradas em um espectrofluorimetro Hitachi (F4500), nos comprimentos de onda de

excitacdo e emissdo de 495 e 586 nm, respectivamente, com largura de fenda de 2,5 nm.

Medida da geracio mitocondrial de peréxido de hidrogénio

A producido de perdxido de hidrogénio (H,O,) pelas mitocOndrias isoladas foi
determinada fluorimetricamente através da conversao de Amplex Red® 10 uM (Molecular
Probes, Invitrogen, Carlsbad, CA), na presenca de peroxidase 1 U/ml, a um composto
altamente fluorescente, resofurina (Zhou et al., 1997). A fluorescéncia foi monitorada ao
longo do tempo em um espectrofluorimetro Hitachi F-4500 usando comprimentos de onda
de excitacdo e emissdo de 563 e 587 nm, respectivamente, com largura da fenda de 5 nm.
Sob estas condi¢des, um aumento linear na fluorescéncia indica um aumento da taxa de
liberacdo do H,O, pelas mitocondrias. Uma curva de calibragdo foi feita através da adicao

de concentragdes conhecidas de peréxido de hidrogénio.

Analises Estatisticas

Os dados sao apresentados como média + epm. Todas as figuras apresentadas nos
resultados sdo representativas de pelo menos 4 experimentos realizados com preparagdes
bioldgicas independentes. As andlises estatisticas foram feitas utilizando ANOVA para

comparacdes multiplas, seguida pelo pds teste de Tukey com nivel de significancia p<0,05.

RESULTADOS

Inducdo de transicio de permeabilidade mitocondrial por Cramoll 1,4 em

mitocondrias de figado de rato

A obtencdo de um bom protocolo de isolamento da fragdo mitocondrial de 7. cruzi,

mitocOndria acoplada e com capacidade de fosforilar ADP, levou-nos a estudar mais
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detalhadamente a acdo de Cramoll 1,4 na mitocondria do parasita. Para isso avaliamos, em
paralelo, a acdo dessa lectina em mitocOndrias isoladas de figado de rato (MFR), uma vez
que nesse modelo o mecanismo de transicao de permeabilidade mitocondrial é amplamente
estudado.

A incubac¢do de MFR na presenca de Cramoll 1,4 (50 pg/ml) em meio de reacao
padrdao contendo Ca®* resultou em um significativo inchamento da organela visualizado
pela queda na absorbancia, em virtude de uma menor turbidez da suspensao mitocondrial

(Fig. 10, linha cinza claro) quando comparado com o controle (Fig. 10, linha preta).
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Fig. 10: Inibicdo do inchamento mitocondrial induzido por Cramoll 1,4 em
mitocondrias de figado de rato por inibidores do poro de transicao de permeabilidade.
Mitocondrias de figado de rato (MFR, 0,5 mg/ml) foram incubadas em meio de reagdo
padriio contendo 30 UM de Ca** (linha preta) ou 50 pg/ml de Cramoll 1,4 + 30 uM de Ca*
(linha cinza claro) na presenca de inibidores do poro de transicdo de permeabilidade
mitocondrial: catalase (2 UM, linha pontilhada), EGTA (0,5mM, linha cinza escuro) ou
ciclosporina A (CsA, 1uM, linha cinza escuro). Os graficos mostrados sdo representativos
de quatro experimentos independentes.

A abertura do poro de transi¢ao de permeabilidade mitocondrial (PTPM) é induzida
por Ca®*, substancias quimicas e estresse oxidativo e pode ser inibida na presenca de
ciclosporina A (CsA), agentes redutores de grupamentos tidis, antioxidantes e pH menor

que 7,0 (Kowaltowski et al., 2009; Lemasters et al., 2009). A fim de avaliarmos se o efeito

da lectina na organela foi decorrente da abertura do PTPM incubamos Cramoll 1,4 na
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presenca de catalase (Fig. 10, linha pontilhada), EGTA ou CsA (Fig. 10, linha cinza
escuro) e verificamos uma protecao total do inchamento. Esses resultados mostram que a
lectina causa permeabilizacio da membrana mitocondrial, dependente de Ca**, com

conseqiiente abertura do PTPM.

Ciclosporina nao previne contra a perda do potencial elétrico de membrana

mitocondrial (A%,,) induzido pela lectina em mitocondrias de 7. cruzi

A fim de compreendermos melhor a agao de Cramoll 1,4 na mitocondria realizamos
experimentos de AW, com mitocondrias de figado de rato, uma vez que através dos
experimentos de inchamento verificamos que a lectina também tem uma acdo direta nessas
mitocOndrias. A abertura do PTPM permite a entrada de moléculas (1,5 kDa) e dgua
resultando no inchamento da organela. Este processo causa eliminacdo do AW, e
conseqiientemente da fosforilagdo oxidativa (Inada et al., 2008).

Cramoll 1,4 dissipou completamente o A¥,, em mitocondrias de figado de rato (Fig.
11A, linha cinza claro) em comparacdo com o controle (Fig. 11A, linha preta). Em
concordancia com os experimentos de inchamento, na presenca de catalase (Fig. 11A, linha
pontilhada), EGTA ou CsA (Fig. 11B, linha cinza escuro) houve prote¢do contra a perda
do AY,, e da fosforilagdo oxidativa.

Na primeira parte do trabalho vimos que em 7. cruzi, tanto em células inteiras
quanto em mitocondrias isoladas na presenca de Ca®*, Cramoll 1,4 causou uma reducdo no
AY,, (Fig. 5B e 8B). Uma vez que verificamos a abertura do poro de transicdo de
permeabilidade em MFR, o proximo passo foi avaliar se 0 mesmo estava ocorrendo nas
fracdes mitocondriais de 7. cruzi. No entanto, diferentemente do que foi observado em
MFR, em mitocondrias de 7. cruzi ndo verificamos uma prote¢do contra a perda do AW, na
presenca de CsA (Fig. 11B, linha cinza escuro). Interessantemente, a catalase conferiu

protecao (Fig. 11B, linha pontilhada).
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Fig. 11: Efeito de Cramoll 1,4 no potencial elétrico (A¥) de mitocondrias isoladas na
presenca de inibidores do poro de transicao de permeabilidade. Mitocondrias isoladas
(0,5 mg/ml) de figado de rato (MFR, Figura A) ou fragdes mitocondriais de 7. cruzi (MTc,
Figura B) foram incubadas em meio de reacdo padrao contendo Cramoll 1,4 (50 pg/ml) +
Ca®™ (10 uM) na presenca de inibidores do poro de transicio de permeabilidade
mitocondrial: ciclosporina A (CsA, 1uM), EGTA (0,5 mM) ou catalase (2 uM). ADP (200
uM), oligomicina (1 pg/ml) e CCCP (1 uM) foram adicionados onde indicado pelas setas.
Nos exprimentos com MTc foi adicionado BSA (0,05 %) ao meio de reacdo. Os gréficos
mostrados sdo representativos de quatro experimentos independentes.
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Cramoll 1,4 aumenta a producao de H,O, mitocondrial

Os experimentos feitos com células inteiras revelaram que o tratamento com
Cramoll 1,4 causava uma condicao de estresse oxidativo no parasita (Fig. 7).

Como pode ser observado na Fig. 12, avaliando essa situacdo em mitocOndrias
isoladas com uma sonda especifica para HO,, demonstramos a participa¢dao da mitocondria
na produ¢do de EROs induzida pela lectina. Observamos um significativo aumento na
producdo de H,0,, sensivel a EGTA, tanto em mitocondrias de figado de rato quanto em
mitocOndrias de 7. cruzi (Fig. 12A e B), no entanto como observado nos experimentos de

AW, (Fig. 11B, linha cinza escuro) esse efeito foi insensivel a CsA, no parasita (Fig. 12B).
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Fig. 12: Efeito de Cramoll 1,4 na producio de H,O; em mitocondrias isoladas na
presenca de inibidores do poro de transicio de permeabilidade. Mitocondrias isoladas
(0,5 mg/ml) de figado de rato (MFR, Figura A) ou fracdes mitocondriais de 7. cruzi (MTc,
Figura B) foram incubadas em meio de reacdo padrdo contendo Cramoll 1,4 (50 pg/ml) +
Ca” (10 uM) na presenca de inibidores do poro de transicio de permeabilidade
mitocondrial: ciclosporina A (CsA, 1uM) ou EGTA (500 uM). Os gréficos mostrados sao
representativos de quatro experimentos independentes. p<0,05 entre grupos distintos,
representados por letras diferentes.

101



4 - DISCUSSAO
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O wuso de lectinas em 7. cruzi durante muito tempo esteve limitado ao
reconhecimento de glicoconjugados de superficie celular, para avaliar mudancas na
composi¢ao de membrana entre as diferentes formas evolutivas ou diferentes fases do ciclo
celular do parasita (Alves e Colli, 1974; Bourguignon et al., 1998).

No presente trabalho, demonstramos que a lectina Cramoll 1,4 liga-se a
glicoconjugados presentes na superficie celular de epimastigotas e tripomastigotas levando
a aglutinacdo do parasita de forma dose dependente (Fig. 1). Como conseqiiéncia dessa
ligagdo, ocorre permeabilizacdo da membrana plasmdtica promovendo um influxo de Ca**
do meio externo e posterior acimulo pela mitocondria, levando a uma situacdo de estresse
oxidativo e morte do parasita.

Em contraste, a lectina ndo causou morte em queratindcitos, outro modelo celular
(Fig. 3). Isso pode ser explicado pelo fato de uma lectina ligar-se a glicoconjugados de
superficie celular e ndo necessariamente levar a permeabilizacdo da membrana plasmética e
sinalizacdo para morte celular. A Cramoll 1,4, dentre outras lectinas, apresenta atividade
mitogénica a partir da ligagdo a dominios especificos na membrana (Maciel et al., 2004;
Zheng et al., 2007). O tipo de receptor ao qual a lectina se liga € que determina o tipo de
sinal que serd desencadeado na célula (Benoist et al., 2009). Diferente do que ocorre em 7.
cruzi, em queratindcitos a Cramoll 1,4, provavelmente, ndo se liga a um dominio que
resulte em permeabilizagdo de membrana plasmadtica e conseqiiente morte celular.

Em T. cruzi foi visto que a interagdo Cramoll 1,4-glicoconjugado reduz a
viabilidade (Fig. 2A) e inibe a proliferacdo celular (Fig. 2B), causando a morte do parasita
(Fig. 9). Os eventos celulares que precedem essa morte foram, entdo, investigados com a
forma epimastigota de 7. cruzi.

Em decorréncia da permeabilizagdo de membrana plasmadtica, observamos um
influxo de Ca®* e posterior acimulo pela mitocondria (Fig. 4). Virios estudos demonstram
que a homeostase mitocondrial de Ca®™* desempenha um papel importante na modulacao de
varios processos celulares fisioldgicos e que alteracdes nessa homeostase podem sinalizar o
inicio do processo de morte celular (Giacomelo et al., 2007; Kowaltowski et al., 2001). Um
importante processo relacionado ao Ca®*, tanto na apoptose, necrose ou necroptose, é a
transicio de permeabilidade mitocondrial (TPM). A sobrecarga mitocondrial de Ca™ §é

suficiente para induzir TPM (Kowaltowski et al., 2001). Apesar de a mitocOndria de 7.
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cruzi apresentar alta capacidade de estocar esse Ca®* (Docampo e Vercesi, 1989), quando
comparado a mitocondrias de eucariotos, sob certas condi¢des experimentais, sobrecarga de
Ca”* na mitocondria pode levar 2 disfuncdo mitocondrial e morte do parasita (Irigoin et al.,
2009). Entretanto, até o momento nao foi observado o processo de TPM em 7. cruzi.

Como tinhamos visto que o Ca** internalizado pelo T. cruzi estava sendo acumulado
na mitocondria (Fig. 4), avaliamos também o A¥,, e o consumo de oxigénio apds incubagdo
dos parasitas com a lectina. Ap6s 2h de incubacdo com Cramoll 1,4, na presenga de Ca®™,
verificamos diminuicao significativa do AW, do parasita, com prezuizo da fosforilacdao
oxidativa (Fig. 5B). Os experimentos de respira¢cdo mostraram que a lectina age como um
desacoplador uma vez que, na presenca de oligomicina, verificamos um aumento de 65%
na velocidade de consumo de oxigénio (Fig. 6).

Em trabalho prévio (Irigoin et al., 2009), mostramos que epimastigotas de 7. cruzi
expostos a soro humano fresco na presenca de Ca® sofrem morte celular mediada pela
permeabilizacdo de membrana plasmatica através da deposicdo do complexo de ataque a
membrana (MAC) na superficie celular do parasita. Essa permeabilizacdo antecedeu um
influxo de Ca®* na célula e sobrecarga de Ca”* mitocondrial, condi¢do que estimulou a
producdo de EROs pela mitocondria. Grijalba et al. (1999) mostraram que a sobrecarga de
Ca” mitocondrial altera a organizacdo de lipideos da membrana mitocondrial interna
devido a interagdo com a cabeca aniOnica da cardiolipina, um fosfolipideo abundante na
membrana mitocondrial interna. Essas alteracdes na organizacdo da membrana podem

afetar a cadeia respiratdria, incluindo mobilidade da coenzima Q, favorecendo a redugdo
monoeletronica do O, (geracdo O,") como etapa intermediéria da cadeia respiratéria, que

resulta em dano oxidativo mitocondrial seguido de morte celular. Semelhante ao que foi
verificado com o soro humano fresco, a permeabilizacio da membrana plasmética de
epimastigotas pela lectina também estimulou significativamente a produ¢dao de EROs pelo
parasita (Fig. 7).

Os protozodarios da ordem Kinetoplastida, como o 7. cruzi, apresentam uma Unica
mitocondria, ocupando até 12 % do volume celular do parasita (Paulin et al., 1975). A
complexidade ultraestrutural e algumas caracteristicas dos processos bioenergéticos que
ocorrem nessa organela, até o presente momento, sdo pouco conhecidas. Esse fato deve-se,

principalmente, a dificuldade de se obter uma mitocondria intacta apés o rompimento da
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membrana plasmdtica do parasita, devido as dimensdes da organela e a presenca de
microtibulos aderidos ao lado interno da membrana plasmética. Por conta disso, o estudo
da bioenergética mitocondrial de parasitas flagelados tem sido feito com células inteiras
permeabilizadas com digitonina, um glicosideo esteréide com propriedades detergentes
capazes de permeabilizar a membrana plasmaética (Vercesi et al., 1991).

Nesse sentido, para verificar se o efeito da lectina em epimastigotas era estritamente
conseqiiéncia da permeabilizacio da membrana plasmatica, utilizamos a digitonina como
controle positivo. Apesar de a captacio de Ca’* promovida pela digitonina ter sido
ligeiramente maior quando comparada aquela induzida pela lectina (Fig. 4), os efeitos da
Cramoll 1,4 na mitocondria foram mais intensos do que aqueles causado pela digitonina,
como ilustrado pela maior producdo de EROs (Fig. 7) e pela diminuicdo significativa no
AY,, e na fosforilagdo oxidativa (Fig. 5A). No entanto, a incubacdo do parasita com
digitonina por longos periodos de tempo causa disfuncdo mitocondrial (Fig. 5B).
Conhecendo essa limitagdo em relacdo ao estudo in situ da mitocondria do parasita, nos
estabelecemos um protocolo de isolamento que proveu uma fracao mitocondrial acoplada e
com capacidade de fosforilar ADP. Isso nos incentivou a investigar mais direta e
detalhadamente a acdo da Cramoll 1,4 em mitocOndrias isoladas de T. cruzi.

Os resultados indicaram que a Cramoll 1,4, mas ndo a digitonina, causou uma
diminui¢do significativa no A¥,, em mitocondrias isoladas de epimastigotas incubadas em
meio de reagcdo padrdo contendo Ca® (Fig. 8B). Quando em meio livre de Ca**, a Cramoll
1,4 ndo afetou a capacidade da mitocOndria de fosforilar o ADP adicionado (Fig. 8A). O
efeito direto da lectina na mitocondria pode explicar a diferenca no mecanismo de morte de
epimastigotas causado por esta lectina (necrose) (Fig. 9) quando comparado aquele
induzido pelo soro humano fresco, que também permeabiliza a membrana plasmatica e
causa morte de epimastigotas de 7. cruzi por apoptose (Irigoin et al., 2009).

A determinagdo do tipo de morte celular ndo € um processo facil. Muitos autores
téem questionado as metodologias utilizadas para definir esses tipos de morte e as
interpretagdes dos resultados, uma vez que as vias de apoptose e necrose programada
(necroptose) se interligam em alguns pontos (para revisdo, ver Galluzi e Kroemer, 2008). E
preciso que varios indicadores demonstrem a ocorréncia predominante de um tipo de morte

celular em relagdo a outro. Nossos resultados, segundo o estabelecido por Kroemer et al.
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(2009), sd@ao mais condizentes com morte predominantemente por necrose, uma vez que
constatamos: 1. permeabiliza¢do precoce de membrana plasmdtica, através da incorporagcao
de iodeto de propideo (Fig. 9); 2. sobrecarga mitocondrial de Ca®* (Fig. 4); 3. disfuncdes
mitocondriais, com prezuizo da fosforilacdo oxidativa e privagdo de ATP (Fig. 5),
desacoplamento (Fig. 6), aumento na producdo de EROs (Fig. 7) e 4. auséncia de
fragmentacdo de DNA (essa fragmentacdo € caracteristica de morte apoptética).

A fim de compreendermos melhor a acdo da lectina realizamos também
experimentos com mitocOndrias isoladas de figado de rato (MFR), uma vez que nesse
modelo a bioenergética mitocondrial é bastante estudada e conhecida (Coelho e Vercesi,
1980; Vercesi, 1987; Kowaltowski et al., 2001). Observamos que a Cramoll 1,4 promove
inchamento em MFR decorrente da abertura do poro de transicio de permeabilidade
mitocondrial (PTPM), uma vez que, na presenca de inibidores desse poro, como CsA,
catalase ou EGTA, houve uma protecdo total do inchamento da organela promovido pela
lectina (Fig. 10). Para confirmar esse resultado, analisamos o A¥,, e a producdo de H,O,,
uma vez que a abertura do poro causa dissipacdo do AW, e conseqiiente prejuizo a
fosforilagdo oxidativa (Inada et al., 2008), podendo haver aumento na producdo de EROs
pela mitocondria. Verificou-se que a Cramoll 1,4 causa um colapso no AW, em MFR,
podendo ser prevenido por CsA, catalase ou EGTA (Fig. 11A). A producdo de H,O,
induzida por Cramoll 1,4 também foi reduzida por CsA ou EGTA (Fig. 12A), indicando
que aumento na produ¢do de EROs induzido pela lectina ocorre em decorréncia da abertura
do PTPM. Embora os mecanismos que ligam a captacdo mitocondrial de Ca** & producio
de EROs ainda ndo estejam claramente definidos, trabalhos da literatura tem demonstrado
que o processo de TPM ocorre com a participacdo de Ca® e aumento de EROs
(Kowaltowski et al., 2009). Em mitocondrias isoladas de cérebros de roedores e de figado
humano, por exemplo, foi demonstrado que a geracdo de EROs induzida por Ca** &
mediada pela transicdo de permeabilidade (Hansson et al., 2008).

Nas fragdes mitocondriais de 7. cruzi também foi observada permeabilizacdo da
membrana mitocondrial do parasita pela lectina, com significativa perda do AWy, (Fig. 8B).
No entanto, diferente do que foi observado em MFR, ndo houve prote¢do na presenga de
CsA, apenas com EGTA ou catalase (Fig. 11B). Essa falta de protecao pela CsA pode

ocorrer pela auséncia de ciclofilina D na mitocOndria do parasita. Artigos da literatura tem
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mostrado a existéncia de genes da familia das ciclofilinas em 7. cruzi (Bua et al., 2001;
Carraro et al., 2006; Potenza et al., 2006) e muitas dessas isoformas de ciclofilinas, dentre
elas a TcCyP 19, TcCyP 22, TcCyP 28 e TcCyP 40 apresentam afinidade de ligagdo a CsA.
No entanto, esses trabalhos foram feitos com extratos de 7. cruzi e nenhum deles investigou
a localizacdo dessas proteinas no parasita. E conhecido que as ciclofilinas de eucariotos
estdo localizadas em diferentes estruturas celulares como citoplasma (Hanschumacher et
al., 1984), mitocondria (Schneider et al., 1994), reticulo endoplasmatico (Bergsma et al.,
1991), spliceossomo (Tiegelkamp et al., 1998), niicleo e membrana nuclear (Anderson et
al., 1993; Yokoyama et al., 1995).

Com base em nosso protocolo de isolamento de fragdes mitocondriais de 7. cruzi,
estudos podem ser feitos para investigar a existéncia de ciclofilinas em mitocondria do
parasita. Independente da presenca ou nao de ciclofilina mitocondrial em 7. cruzi, nossos
resultados mostraram que a Cramoll 1,4 induz transi¢do de permeabilidade mitocondrial
dependente de célcio, tanto em MFR quanto em fracdes mitocondriais de 7. cruzi. Esse
processo leva ao acimulo de cédlcio na mitocondria, aumento na geragao de EROs e morte

do parasita por necrose.
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5 - CONCLUSOES
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Neste trabalho mostramos que, apds a ligacdo da Cramoll 1,4 a glicoconjugados
presentes na superficie celular de epimastigotas e tripomastigotas de 7. cruzi, houve
aglutina¢do do parasita de forma dose dependente. Essa ligacao lectina-glicoconjugado
reduziu a viabilidade celular e inibiu a capacidade de proliferacdo de epimastigotas em
decorréncia da permeabilizacdo da membrana plasmdtica, levando a internalizac¢do de Ca®
do meio externo e acimulo pela mitocondria, com conseqiiente disfuncdo mitocondrial,
aumento da produ¢io de EROs e conseqiiente morte do parasita.

Nossos estudos sobre a agdo da Cramoll 1,4 em mitocondrias isoladas mostraram
que a lectina causa TPM, dependente de Ca®, tanto em mitocondrias de figado de rato
quanto em fracdes mitocondriais de 7. cruzi, promovendo aumento na produgdo de H,O,.
Entretanto, ao contrario do que foi observado em mitocondrias de figado de rato, o efeito de
Cramoll 1,4 em fra¢des mitocondriais de 7. cruzi € insensivel a CsA, um inibidor classico

do poro de transicdo de permeabilidade mitocondrial em células eucaridticas.
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The epimastigote stage of Trypanosoma cruzi undergoes PCD
(programmed cell death) when exposed to FHS (fresh human
serum). Although it has been known for over 30 years that comple-
ment is responsible for FHS-induced death, the link between com-
plement activation and triggering of PCD has not been established.
We have previously shown that the mitochondrion participates
in the orchestration of PCD in this model. Several changes in
mitochondrial function were described, and in particular it was
shown that mitochondrion-derived O,*~ (superoxide radical) is ne-
cessary for PCD. In the present study, we establish mitochondrial
Ca** overload as the link between complement deposition and the
observed changes in mitochondrial physiology and the triggering
of PCD. We show that complement activation ends with the
assembly of the MAC (membrane attack complex), which allows
influx of Ca** and release of respiratory substrates to the medium.
Direct consequences of these events are accumulation of Ca** in

the mitochondrion and decrease in cell respiration. Mitochondrial
Ca’* causes partial dissipation of the inner membrane poten-
tial and consequent mitochondrial uncoupling. Moreover, we
provide evidence that mitochondrial Ca’* overload is res-
ponsible for the increased O,*~ production, and that if cytosolic
Ca’ rise is not accompanied by the accumulation of the
cation in the mitochondrion and consequent production of O,*~,
epimastigotes die by necrosis instead of PCD. Thus our results
suggest a model in which MAC assembly on the parasite surface
allows Ca** entry and its accumulation in the mitochondrion,
leading to O,*~ production, which in turn constitutes a PCD signal.

Key words: apoptosis, membrane attack complex (MAC),
oxidative phosphorylation, reactive oxygen species (ROS),
Trypanosoma cruzi, trypanosomatid.

INTRODUCTION

Trypanosoma cruzi is a protozoan parasite of the order Kineto-
plastida that causes Chagas’ disease, an infection that affects sev-
eral million people in rural regions of Latin America (http://www.
who.int/tdr/diseases/chagas/swg_chagas.pdf; [1]). The lifecycle
of T cruzi involves an insect vector and a mammalian host, as well
as different forms of the parasite adapted to extremely different
environments. In the insect vector, the epimastigotes replicate
and transform into the non-proliferative, mammalian-infective
stage, namely the metacyclic trypomastigotes. In the mammalian
host, the parasite again alternates between a replicative,
intracellular stage, namely the amastigote, and a non-replicat-
ive, extracellular form, namely the bloodstream trypomastigote.
With no immediate prospect of a vaccine and problems associ-
ated with current chemotherapies, the development of new
treatments is an urgent priority. In this respect, basic research
in mechanisms that control parasite life and death may contribute
to the discovery of new potential targets for drug development.
For a long time it was assumed that PCD (programmed cell
death) arose along with multicellular organisms [2]. However,
features similar to those described in metazoan cell apoptosis
have also been reported in a variety of unicellular eukaryotes,

including several members of Kinetoplastida (reviewed in
[3-8]). These features include condensation of nuclear chromatin
and DNA fragmentation, loss of A, (mitochondrial inner
membrane potential), release of cytochrome ¢ to the cytosol
and PS (phosphatidylserine) exposure on the cell surface. In
several cases, it was observed that PCD occurred along with
the activation of proteases able to cleave typical substrates of
caspases, central players in the orchestration of metazoan cell
apoptosis, and the use of caspase inhibitors blocked some of the
features associated with trypanosomatid PCD. However, there is
still little information about the pathways and actors involved in
triggering, regulating and executing PCD in trypanosomatids.

T. cruzi was the first unicellular organism in which PCD was
described. In 1995, Ameisen et al. [9] showed that epimastigotes
maintained in culture for 1-2 weeks without medium renewal
transformed into metacyclic trypomastigotes or died showing
morphological features of apoptosis. Those features were also
observed in epimastigotes killed by the complement system
when exposed to FHS (fresh human serum) [9,10]. In this case,
epimastigote PCD involved activation of caspase-like activities,
DNA fragmentation and maintenance of plasma membrane
integrity assessed by [*H]uridine release [10]. Parasite death
was completely prevented by a caspase-3 inhibitor and partially

Abbreviations used: AA, antimycin A; [Ca?*];, intracellular Ca?* concentration; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; FHS,
fresh human serum; fura 2/AM, fura 2 acetoxymethyl ester; IHS, heat-inactivated human serum; MAC, membrane attack complex; MitoSOX, 3,8-
phenanthridinediamine, 5-(6'-triphenylphosphoniumhexyl)-5,6-dihydro-6-phenyl; MPT, mitochondrial permeability transition; SOD, superoxide dismutase;
PCD, programmed cell death; PI, propidium iodide; PS, phosphatidylserine; RCR, respiratory control ratio; ROS, reactive oxygen species; TUNEL, terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labelling; Ay, mitochondrial inner membrane potential
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inhibited by L-arginine through nitric oxide-dependent pathways
[10]. Recently, our group has established that, similar to what
happens in metazoans, the mitochondrion was involved in or-
chestrating PCD in this model. Shortly after the exposure
of epimastigotes to FHS, a decrease in cell respiration was
observed, together with loss of A, increased production of
0O,*” (superoxide radical) and release of cytochrome ¢ to the
cytosol [11]. Overexpression of mitochondrial SOD (superoxide
dismutase) partially inhibited epimastigote death, suggesting a
central role of O,°~ in signalling/executing PCD in this model [11].
However, no information was obtained about the link between
complement activation on the parasite surface and the observed
changes in mitochondrial physiology and the triggering of PCD.

Activation of the complement system on cell surfaces can end
with the assembly of the MAC (membrane attack complex) that
forms a pore in the plasma membrane. The consequences of
MAC assembly were thoroughly studied in red blood cells, in
which it leads to osmotic lysis [12]. However, on nucleated cells,
such consequences are more complex, ranging from necrosis
to apoptosis, cell proliferation and differentiation, depending
on the cell type and the amount of MAC deposited (reviewed
in [13-15]). Complement-dependent PCD, observed in several
mammalian models [16—18], has been proposed to involve either
signalling through cytosolic domains of the MAC or Ca’*-
dependent mechanisms. In other models of PCD, increases in
mitochondrial Ca** and concomitant production of ROS (reactive
oxygen species) by this organelle have been associated with
apoptotic death (reviewed in [19-21]). However, mitochondrial
Ca** overload has not been established as a link between
complement deposition and PCD in mammalian cells.

In the present study, we have deepened the understanding of
the mechanisms that govern PCD in T. cruzi. Using the model
of epimastigotes exposed to FHS, in which there is the most
information, we have identified mitochondrial Ca** overload as
the link between complement activation, changes in mitochondrial
function and O,*"-dependent PCD.

MATERIALS AND METHODS
Parasites

T. cruzi epimastigotes (Tulahuen-2) were cultured at 28°C
in 33 g/l brain heart infusion medium, 3 g/l tryptose, 0.02 g/l
haemin, 0.4 g/l KCI and 4 g/l Na,HPO,, supplemented with
decomplemented 10 % (v/v) fetal bovine serum, glucose (0.3 g/1),
streptomycin sulfate (0.2 g/l) and penicillin (200000 units/1).
Mid-exponential-phase parasites (5 days) were collected by
centrifugation at 800 g for 10 min and washed twice with the
corresponding buffer before the experiments. Cell density was
determined by counting in a Neubauer chamber.

Induction and evaluation of T. cruzi PCD

Parasite PCD was induced by incubating, at 28°C, 3 x 10% epi-
mastigotes/ml in PBS-Gle [PBS (1.5mM KH,PO,, 8.0 mM
Na,HPO,, 2.7 mM KCl and 137 mM NaCl) containing 5 mM glu-
cose] with 20% (v/v) FHS. FHS was obtained from healthy
volunteers, snap-frozen in liquid nitrogen and stored at —80°C
until used. Serum in which the complement system was
inactivated by heating at 56 °C for 30 min [IHS (heat-inactivated
human serum)] was used as a control in all the experiments.
In some experiments, cells were challenged with FHS in the
presence of 0.8 mM EGTA and 0.2 mM MgCl, in order to chelate
extracellular Ca®*. Cell death was assessed by measuring cell
proliferation by using [*H]thymidine (American Radiolabeled
Chemicals) incorporation [10]. The induction of apoptosis was

© The Authors Journal compilation © 2009 Biochemical Society

evaluated by: (i) assessing the exposure of PS together with the
maintenance of plasma membrane integrity, and (ii) analysing
DNA fragmentation. PS exposure was evaluated after 2 h of chal-
lenge by staining 1 x 10° cells with Annexin V conjugated with
Alexa Fluor® 488 (Invitrogen) according to the manufacturer’s
protocol. Before analysing the samples, 1 pg/ml PI (propidium
iodide) was added so as to evaluate plasma membrane integrity.
Cells were then analysed by flow cytometry, in a FACSCalibur™
apparatus (Becton Dickinson). DNA fragmentation was evaluated
(i) after 6 h of exposure to the stimuli using the TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labelling)
kit (Invitrogen) according to the manufacturer’s instructions and
analysing the samples by flow cytometry, and (ii) after 24 h of
exposure to the stimuli by analysing DNA fragments by agarose-
gel electrophoresis as previously described [10].

Evaluation of complement activation on epimastigote surface

Complement activation was evaluated by determining the amount
of C3d (the fragment of C3 that remains covalently attached to cell
surfaces after complement activation) deposited on epimastigotes
after 2 h of incubation with serum. After washing the cells
thoroughly with PBS-Glc in order to remove all the C3 that was
not covalently attached to the cell surface, cells were stained with
a rabbit anti-human C3d antibody (Dako, Denmark), followed by
an anti-rabbit IgG conjugated with Alexa Fluor® 488 (Invitrogen),
and analysed by flow cytometry. In addition, MAC assembly
on the parasite surface was evaluated on equivalent samples by
staining cells with an anti-human MAC monoclonal antibody
(Dako), which recognizes a neo-epitope of C9 that is exposed
when the protein is part of the MAC. Cells were then incubated
with an anti-mouse IgG conjugated with FITC (Sigma) and
analysed by flow cytometry.

Exposure of epimastigotes to digitonin or ionomycin

In order to evaluate the participation of Ca®* in the changes
observed in mitochondrial physiology, epimastigotes were
permeabilized with 1 fmol of digitonin per cell, an amount of
digitonin that does not disturb the mitochondrial inner membrane
[22], in the presence of 0.4 mM CaCl, or 0.1 mM EGTA as a
control. The concentration of Ca>* was chosen so as to mimic the
amount of Ca® present during the exposure of epimastigotes
to 20% FHS. Cells were resuspended at 2 x 107 cells/ml in
20 mM Hepes (pH7.4), 10mM KH,PO,, 2mM MgCl, and
200 mM sucrose, incubated at 28°C with digitonin plus Ca**
or EGTA, and then several parameters were evaluated: (i) the
amount of Ca** accumulated in the mitochondrion after 10 min
of permeabilization, (ii) cell respiration and (iii) mitochondrial
0,* production at different times after permeabilization. In other
experiments, epimastigotes were exposed to the Ca** ionophore
ionomycin (Alexis Biochemicals). Cells at 2.5 x 107 cells/ml in
50 mM Hepes (pH 7.4), 116 mM NaCl, 5.4 mM KCl, 0.8 mM
MgSO, and 5.5 mM glucose (Hepes-Glc) were incubated at 28 °C
with different concentrations of ionomycin (1, 5, 10 and 20 £M) in
the presence of 0.4 mM CaCl, or 0.1 mM EGTA as a control. The
following parameters were evaluated at the indicated times after
incubation with ionomycin: (i) cytosolic Ca** levels, (ii) cell pro-
liferation after 1 h, (iii) mitochondrial Ca>* after 10 min, (iv) mito-
chondrial O,*~ production, (v) PS exposure and plasma membrane
integrity after 2 h and (vi) DNA fragmentation after 6 and 24 h.

Spectrofluorimetric determination of cytosolic Ca?* levels

Cells (1 x 107 cells/ml) in Hepes-Glc buffer were loaded with
6 uM fura 2/AM (fura 2 acetoxymethyl ester) (Invitrogen)
for 45 min at 28°C. Cells were then washed twice so as to
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eliminate excess of probe. Loaded cells were challenged with
the stimulus, and at different times 2.5 x 107 cells were collected
by centrifugation at 800 g for 5 min and resuspended in 1 ml of
buffer, and the excitation spectrum (300-400 nm) of fura 2 was
recorded at A.,=3510nm in an Aminco Bowman Series 2
fluorimeter (Thermo). [Ca>*]; (intracellular Ca** concentration)
was calculated by using the following formula [23]:

[Ca®Ti = Kul(R: = Ruin)/(Ryux — ROI X S

where K is the dissociation constant of the fura 2-Ca’" complex
(224 nM), and R,, R,.x and R, are the ratio of fluorescence at
340 nm (maximum A, for Ca**-bound fura 2) and fluorescence
at 380 nm (maximum A, for free fura 2) for the sample,
saturating Ca’" and Ca’*-free conditions respectively. R, and
R, were obtained by recording spectra of loaded control cells first
permeabilized with 200 M digitonin in the presence of 1 mM
CaCl, (R,,,) and then after the addition of 8 mM EGTA (pH 8)
(Roun)-

Spectrophotometric determination of mitochondrial Ca+

Mitochondrial Ca®" was quantified as previously described [24]
by releasing it through dissipation of Avr,, in cells permeabilized
with digitonin. Ca®* in the medium was then estimated measuring
the changes in the absorbance spectrum of Arsenazo III [25],
using the SLM Aminco DW2000 spectrophotometer at the
wavelength pair 675-685 nm. Briefly, after challenge with
different stimuli, cells were collected by centrifugation at 800 g
for 5 min, rinsed in 20 mM Hepes (pH 7.2), 1 mM MgCl,, 2.5 mM
Na,HPO, and 200 mM sucrose, and resuspended in 2 ml of
the same buffer at 2.5 x 107 cells/ml in the presence of 5mM
succinate, 40 uM Arsenazo III, 40 uM digitonin (1.6 fmol of
digitonin per cell) and 5 uM AA (antimycin A) or 1 uM CCCP
(carbonyl cyanide m-chlorophenylhydrazone). When indicated,
Ca?* stored in other compartments was released by the addition of
10 M A23187. Calibration was performed by recording changes
in absorbance after the addition of known amounts of CaCl,.

High-resolution respirometry

Epimastigote respiration was evaluated using Oxygraph 2K
(Oroboros Instruments). Cells were washed with respiration
buffer (20 mM Hepes, pH 7.4, 10 mM KH,PO,, 2 mM MgCl,
and 200 mM sucrose) and resuspended at 2 x 107 cells/ml, and O,
consumption was recorded at 28 °C. The rate of O, consumption
was calculated by means of the equipment software (DataLab)
and was expressed as pmol of O,-s™'-ml~'. Cell respiration
was evaluated after a 30 min exposure to FHS or THS as a
control. In some cases, serum-treated cells were permeabilized
with 1 fmol of digitonin per cell while respiration was being
measured. In other experiments, cells without previous treatment
were permeabilized with 1 fmol of digitonin per cell in the
presence of 0.4 mM CaCl, or 0.1 mM EGTA. The following
compounds were added when indicated: 5 mM succinate, 2 mM
ADP, 2 pug/ml oligomycin, 1M FCCP (carbonyl cyanide
p-trifluoromethoxyphenylhydrazone) and 5 uM AA.

Fluorimetric detection of mitochondrial-derived 0,°~

Mitochondrial O,*~ production was evaluated during the exposure
of epimastigotes to ionomycin or digitonin in the presence or
absence of Ca’" using the fluorescent, O,* -sensitive, mitochon-
drial-targeted probe MitoSOX [3.8-phenanthridinediamine, 5-
(6'-triphenylphosphoniumhexyl)-5,6-dihydro-6-phenyl; Invitro-
gen] [11]. Cells (3 x 10* cells/ml) were loaded with 5uM
MitoSOX for 10min at room temperature (22°C) and then
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Figure1 Cytosolic Ca?* levels and MAC deposition on epimastigote surface

after exposure to FHS

(A) Epimastigote were loaded with fura 2/AM, incubated at 28°C with 20% FHS, IHS or
FHS in the presence of 8 mM EGTA and 2 mM MgCl,, and their [Ca?*]; was determined as
explained in the Materials and methods section. Results are expressed as means + S.D. for
four independent experiments. (B) The assembly of the MAC on epimastigotes incubated
for 2 h with FHS was studied by flow cytometry after staining cells with a monoclonal antibody
that recognize a neo-epitope of C9 exposed when the protein is part of the complex. The
percentage of MAC-positive cells is expressed in each plot. Histograms are representative of
two independent experiments.

washed with the corresponding buffer before the assays. Loaded
cells were exposed to the stimuli, and after different times
the fluorescence of 2 x 107 cells/200 wl, for the experiments in-
volving ionomycin, and 5 x 10° cells/250 pl, for the experiments
involving digitonin, was measured in a fluorescence microplate
reader (FLUOStar Galaxy; BMG Labtechnologies) at iy =
510 nm and A, =580 nm. In some of the experiments, cells
were exposed to 10 uM AA, a stimulus known to induce O,*~
production by mitochondria.

RESULTS

Exposure of epimastigotes to FHS induces a rapid accumulation

of Ca%* in the mitochondrion

In order to assess the participation of Ca’* in the triggering
of PCD, changes in the intracellular levels of the cation
were evaluated in epimastigotes exposed to FHS. Cytosolic
Ca’* levels were estimated at different times after exposure
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Figure 2 Mitochondrial Ca?+ accumul induced hy exposure to FHS

The amount of Ca*+ stored in the mitochondria was quantified by releasing it to the medium
after dissipation of Avrr, with AAin cells permeabilized with digitonin, and measuring changes
in the absorbance spectrum of Arsenazo Ill as described in the Materials and methods section.
Cells were incubated with 20 % IHS or FHS for the indicated times. After washing, cells were
resuspended in a buffer containing 40 <M digitonin, 5 <M AA, 5 mM succinate and 40 ;<M
Arsenazo [ll, and the difference in absorbance at 675 and 685 nm was recorded over time. Arrows
indicate the addition of 10 ;cM A23187, a Ca®* ionophore. Traces are representative of at least
six independent experiments. A.U., arbitrary units.

of parasites to FHS, IHS or FHS in the presence of 8§ mM
EGTA and 2 mM Mg**. The last condition was used to chelate
extracellular Ca®*, allowing complement activation to occur
through the Ca’*-independent, Mg*"-dependent, alternative
pathway. Exposure of cells to FHS produced a rapid increase in
cytosolic Ca**, which rose from approx. 70 nM to 800 nM after
20 min (Figure 1A). Depletion of extracellular Ca’* completely
abrogated this increase, suggesting that FHS induced an influx of
extracellular Ca®* rather than a mobilization of the cation from
intracellular stores. Ca’* influx takes place through the assembly
of the MAC on the epimastigote surface (Figure 1B), a pore that
is freely permeable to ions.

Table 1

Rates of 0, consumption of epimastigotes exposed to different stimuli

In all eukaryotic cells, cytosolic Ca** is kept at very low
concentrations (10-100 nM) by pumping out across the plasma
membrane and by sequestration in intracellular compartments,
such as the endoplasmic reticulum and mitochondria. Whereas
the former has high affinity and low capacity, mitochondria
have lower affinity for Ca®" transport but enormous capacity
for Ca** storage [24,26]. The driving force for Ca** movement
into the mitochondria is the electrical component of A,
which determines a net negative charge in the mitochondrial
matrix. Obviously then, Ca®* influx transiently dissipates Ayr,,.
Taking into account that mitochondria were quickly compromised
in epimastigotes exposed to FHS [11], the accumulation of
Ca’ in this organelle was explored. Thus mitochondrial Ca*™*
levels were estimated by releasing the cation into the medium
through the dissipation of A, in permeabilized cells [24].
Mitochondria from epimastigotes exposed to FHS for 10 min
released approx. 0.5 fmol of Ca** per cell, whereas Ca** released
from mitochondria of control cells was almost undetectable
(Figure 2). Cells exposed to FHS for longer times also released
Ca®* from their mitochondria, although in smaller amounts.
Taking into account the number of cells and the volume occupied
by the mitochondrion in each cell (approx. 12%; [27]), the
total Ca** concentration in the mitochondrion of cells exposed
to FHS for 10 min was estimated at 80—140 mM (depending on
the experiment). Thus the influx of extracellular Ca*>* induced by
FHS was paralleled by mitochondrial Ca** overload.

FHS-induced changes in mitochondrial respiration were explained
by substrate loss and Ca?* overload

Exposure of epimastigotes to FHS induced a rapid decrease in
cell respiration and Av,,, impairment of ATP synthesis and ADP
transport into the mitochondria, as well as increased production
of O,* [11]. In order to explain these observations and their
relationship with the accumulation of Ca** in the mitochondria,
O, consumption on intact and digitonin-permeabilized cells was
assessed by high-resolution respirometry.

Epimastigotes incubated with FHS for 30 min showed a 54 %
reduction in O, consumption with respect to control cells, i.e.
the cells treated with IHS (Table 1A). Interestingly, the addition
of succinate increased the respiration rates of FHS-treated cells

Cell respiration was evaluated by high-resolution respirometry at 28°C. Rates of O, consumption were calculated by the instrument software and expressed as pmol of 0, - s="-ml=". (A) 0,
consumption by cells pre-incubated for 30 min at 28 °C with 20 % FHS or IHS as a control. (B) The same experiment as in (A) but cells were permeabilized with 1 fmol of digitonin per cell after
challenge with FHS or IHS. In (A) and (B), ‘basal’ corresponds to respiration of cells after 30 min of incubation with FHS or IHS. (C) 0, consumption of cells permeabilized with digitonin in the
presence of 0.1 mM EGTA or 0.4 mM CaCl,. In this case, ‘basal’ corresponds to rates of respiration of cells before any treatment. When indicated, the following compounds were added: 5 mM
succinate, 2mM ADP, 2 zeg/ml oligomycin, 1 <M FCCP, 5 «M AA, 0.4 mM CaCl,, 0.1 mM EGTA and 1 fmol of digitonin per cell. Results shown are the means + S.D. for three (A, B) and two

(C) independent experiments. n.a., not applicable, n.d., not determined.

Rates of O, consumption (pmol - =" - mI=")

Basal +Digitonin +Succinate +ADP +0ligomycin +FCCP +AA
(A) Epimastigotes-+IHS/FHS
IHS 49.9+0.6 na. 49+1 47+2 164 2+2 49.5+0.9 4+2
FHS 23+6 na. 52 42+ 54+2 3242+ 44+6 3+2
(B) Epimastigotes++IHS/FHS, then permeabilized with digitonin
IHS 546+0.2 2+2 30.9+04 47 + 43 n.d. 65+ 5% 11401
FHS 295+0.7 16+2 46+3 49+2 n.d. 60+ 1% 17404
(C) Epimastigotes permeabilized with digitonin+EGTA/Ca®*+
EGTA 60+7 15+1 2342 5343+ n.d. 65+5 04+04
Ca?* 61+7 7+2 52+3 5548 n.d. 58+10 05+04

*Significant difference (P < 0.05 by Student’s t test) from basal respiration, 2respiration in the presence of ADP and respiration in the presence of succinate.
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to the level of control ones, whereas it had no effect on the
latter (Table 1A), suggesting loss of respiratory substrates due
to the partial permeabilization of the plasma membrane by
the MAC. The subsequent addition of ADP did not enhance
further the respiration of FHS-treated cells (Table 1A). The
addition of oligomycin, an inhibitor of ATP synthase, decreased
O, consumption, the effect being more pronounced in control
cells (decrease of 68 % with respect to basal respiration) than in
FHS-treated cells (decrease of 42 % with respect to respiration
in the presence of succinate). However, in these experiments
it was difficult to compare the two groups of cells, as in the
ones exposed to IHS, respiration was based on endogenous
substrates, whereas FHS-treated cells were using non-limiting
amounts of exogenously added succinate. Thus, in order to
compare both groups under the same conditions, the plasma
membrane was permeabilized and respiration on exogenous sub-
strates was measured. It is important to take into account that tryp-
anosomatids possess a single, very large, mitochondrion that is
almost impossible to isolate in an intact form. In order to bypass
this difficulty, the strategy normally used is the permeabilization of
the plasma membrane with a concentration of digitonin that does
not affect the mitochondrial inner membrane [22]. Table 1(B)
shows respiration of digitonin-permeabilized cells that were
previously treated for 30 min with FHS or IHS. Cells exposed
to THS showed a decrease in respiration after permeabilization of
the plasma membrane due to the loss of endogenous substrates,
a moderate increase (1.4-fold) in respiration after addition
of succinate, and a significant rise in O, consumption after
addition of ADP (Table 1B). Mitochondrial coupling is usually
evaluated by the RCR [respiratory control ratio; respiration in the
presence of succinate+ADP (state 4)/respiration in the presence
of succinate (state 3)], which equalled 1.50 in control cells.
Contrarily, cells exposed to FHS showed a 2.8-fold increase in
respiration after addition of succinate, they did not display further
increase after ADP addition (RCR was 1.07), and only a moderate
one was observed with FCCP (Table 1B). Thus it seemed that
exposure of epimastigotes to the death stimulus led to a loss
of respiratory substrates as well as a partial uncoupling of the
mitochondrion.

Coupling between electron transport and ATP synthesis
depends on Av,,. It was shown that Ca** accumulated in the
mitochondria of FHS-treated cells, a process expected to decrease
A, This could explain the apparent uncoupling observed in
mitochondria of cells exposed to FHS. In order to assess this
hypothesis directly, cells were permeabilized with digitonin in
the presence or absence of Ca’*, and then mitochondrial Ca**
accumulation and cell respiration were evaluated. It was observed
that cells permeabilized in the presence of Ca** for 10 min
accumulated in the mitochondria approx. 0.8 fmol of Ca*" per
cell (Figure 3A), an amount similar to that estimated in cells
exposed to FHS. Moreover, cells permeabilized in the presence
of Ca’* showed a pattern of O, consumption very similar to the
one observed with epimastigotes exposed to FHS (Table 1C):
decrease in respiration after plasma membrane permeabilization,
7.3-fold increase in respiration after addition of succinate, and no
significant further increase after ADP (RCR =1.04) or FCCP
addition. Contrarily, mitochondria of cells permeabilized in
the absence of Ca** were coupled, showing an RCR of 2.29
(Table 1C). Also, it was determined that mitochondria of cells
permeabilized in the presence of Ca** produced measurable
amounts of O,*", a fact that was not observed in the absence
of the cation (Figure 3B). Thus accumulation of Ca®* in the
mitochondrion explains the apparent uncoupling of mitochondria
as well as the increase in O,*" production observed in cells
exposed to FHS [11].
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Figure 3 Mitochondrial Ca2+ and 0,°~ production in cells permeabilized in
the presence of Ca?*

Epimastigotes were permeabilized by incubation with 1 fmol of digitonin per cell at 28°C in the
presence of 0.4 mM CaCl, or 0.1 mM EGTA as a control. (A) Ca?* stored in the mitochondria
after a 10 min exposure to digitonin plus Ca?* or Ca?* alone was estimated as described in
Figure 2. The plot is representative of two independent experiments. (B) Mitochondrial 0,°~
production was evaluated using the fluorescent probe MitoSOX. Results are expressed as
mean fluorescence (in arbitrary units) + S.D. for three independent experiments. ‘Background’
indicates cells not loaded with the probe; ‘Ca?t" indicates cells exposed to 0.4 mM Ca?* in
the absence of digitonin; ‘digitonin + Ca?*" indicates cells permeabilized with digitonin in the
presence of 0.4 mM Ca®*; ‘digitonin + EGTA" indicates cells permeabilized with digitonin in
the presence of 0.1 mM EGTA.

Mitochondrial Ca%+ overload is needed for triggering PCD
in T. cruzi epimastigotes

A link between mitochondrial Ca** overload and the triggering
of PCD was explored. First, parasites were exposed to FHS
in the presence of EGTA and Mg**, a condition that was
previously shown to inhibit Ca** influx into the cell (Figure 1A).
Under this condition, cell death was not observed after 1 h of
challenge (Figure 4A), it was significantly reduced after longer
incubations (results not shown) and DNA fragmentation was
not detected (Figure 4B). However, restricting complement
activation to the alternative pathway through chelation of Ca**
resulted in an important reduction in complement activation on
the parasite surface, as indicated by 80 % less C3d deposited
on cells incubated with FHS+EGTA+Mg** with respect to
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on FHS-dependent parasite death and complement activation

Epimastigotes were incubated with 20 % IHS or FHS in the presence or absence of 8 mM EGTA+2mM MgCl, and 40% FHS with 8 mM EGTA+-2 mM MgCl,. (A) Cell death was evaluated
after 1h of incubation by assessing cell proliferation by measuring [*H]thymidine incorporation. Results are expressed as means + S.D. for the radioactivity measured for triplicates. Results
are representative of two independent experiments. The asterisk indicates significant difference (P < 0.05 by the Student’s ¢ test) between the indicated conditions; n.d., not determined.
(B) DNA fragmentation was evaluated 24 h after exposure to the stimuli by agarose-gel electrophoresis. (G) Complement activation was assessed by analysing C3d deposition on parasite surface
by flow cytometry. The percentage of C3d-positive cells, indicative of the extent of complement activation under each condition, is expressed in each plot. Histograms are representative of two

independent experiments

FHS-treated cells (Figure 4C). This implied that epimastigotes
activated the complement system by the Ca’"-dependent
pathways, a fact that was underestimated in previous studies
[28]. In addition, the observation did not make it possible to
establish a direct link between complement-mediated Ca** influx
and triggering of PCD, as the eventual involvement of other
complement-dependent events could not be ruled out. As an
alternative approach, the use of an intracellular chelating agent
{BAPTA/AM [bis-(0-aminophenoxy)ethane-N,N.N'.N'-tetra-
acetic acid tetrakis(acatoxymethyl ester)]} was attempted, but it
was revealed to be not fully effective in attenuating the increase
in intracellular Ca>* (results not shown).

Then, an indirect approach to associate mitochondrial Ca**
with PCD was used. It consisted in evaluating cellular status after
ionomycin-mediated Ca** influx. First, different concentrations
of ionomycin were tested, so as to choose one that produced a Ca**
influx similar to the one observed with FHS. This was achieved
only with high concentrations of ionomycin (10-20 M) (Fig-
ure 5), which were then used for evaluating mitochondrial Ca**
overload, mitochondrial O,*~ production and cell death. First, it
was observed that the ionophore, although increasing the cytosolic
Ca’* levels, did not allow the accumulation of the cation in the
mitochondrion (Figure 6A). This was due to the ionophore itself,
which also mediates the mobilization of Ca** out of the mitochon-
drion. Secondly, under these conditions, formation of O,* in the
mitochondrion was not detected (Figure 6B), reinforcing the idea

© The Authors Journal compilation © 2009 Biochemical Society

that mitochondrial Ca** overload is the cause of the increased O,*~
generation observed in cells exposed to FHS or permeabilized
with digitonin in the presence of Ca**. Cells exposed to ionomycin
and Ca’* died after 1-2 h of challenge (Figure 7A). Interestingly,
the analysis of different parameters so as to discriminate necrotic
from apoptotic-like death showed that ionomycin induced
necrosis rather than apoptosis: plasma membrane integrity was
not maintained after 2 h of challenge (Figure 7B) and DNA frag-
mentation was not detected either by TUNEL and flow cytometry
(Figure 7C) or by resolving DNA fragments by using agarose-gel
electrophoresis (Figure 7D). In summary, the results obtained with
ionomycin showed that a rise in cytosolic Ca®*, if not paralleled
by its accumulation in the mitochondrion and the concomitant
production of O,*", led to necrotic rather than to apoptotic death.

DISCUSSION

It has been known since 1975 that T. cruzi epimastigotes, contrar-
ily to the mammalian infective forms, are killed by complement
[28]. Epimastigote death was described in the cited work and
subsequent ones from the 1980s in terms of necrosis [28-30].
This idea was reasonable at that time, when the concept of PCD
was only arising and there was no evidence that complement could
induce another type of cell death apart from necrosis. However,
it has now been established that complement kills epimastigotes
through a process with morphological characteristics of apoptosis
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Figure 5 Comparison of cytosolic Ca?* levels after challenge of
epimastigotes with FHS or ionomycin

Cytosolic Ca?* levels were estimated as in Figure 1. Cells preloaded with fura 2 were exposed
to 20% IHS, FHS and FHS in the presence of 8 mM EGTA+2 mM Mg?*, or 10 or 20 M
ionomycin (lonom) in the presence of 0.4 mM CaCl, or 0.1 mM EGTA. After a 30 min incubation
at 28°C, the [Ca®*]; was determined. Results are expressed as means + S.D. for at least four
independent experiments.

[9,10]. We have used this model to learn about the molecular
mechanisms that govern PCD in this parasite. We showed that, as it
happens in metazoans, the mitochondrion is a central organelle in
the orchestration of PCD [11]. Changes in mitochondrial function,
and, in particular, the production of O,*~, were identified as key
events in the signalling/execution of the process [11]. In the
present study, we establish mitochondrial Ca®* overload as the link
between the observed mitochondrial changes and the activation
of the complement system on the parasite surface.

The complex changes in mitochondrial function observed pre-
viously in epimastigotes exposed to FHS [11] can be reinterpreted
in the light of the results presented in the current study. In addition
to allowing the influx of Ca**, MAC deposition led to a partial loss
of respiratory substrates and was thus responsible for the decrease
in cell respiration observed (Table 1A and [11]). However, it is
important to note that this loss was not total, as it was possible to
decrease O, consumption further by additional permeabilization
of the plasma membrane with digitonin (Table 1B). Thus, after
treatment with FHS, electrons are still being delivered to the
respiratory chain, albeitatlower rates. The study of cell respiration
also showed that after challenge with FHS, the mitochondrion
became partially uncoupled (Table 1B). This phenomenon is in
line with the observed massive accumulation of Ca** by this
organelle (Figure 2), a process expected to reduce Ay, and thus
inhibit ATP synthesis [31], two events known to occur soon
after exposure to FHS [11]. In agreement with this scenario,
it was possible to mimic the changes in respiration observed
in epimastigotes exposed to FHS by permeabilizing the plasma
membrane with digitonin in the presence of Ca** (Table 1C).

Calcium overload was also responsible for the increased
production of O,* observed in epimastigotes exposed to FHS.
A connection between these two phenomena has been reported
in several other eukaryotic, and especially mammalian, systems
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Figure 6 Mitochondrial Ca%+ and 0,*- production in cells challenged with
ionomycin

Epimastigotes were exposed to ionomycin in the presence of 0.4 mM Ca?* or 0.1 mM EGTA
(A) Mitochondrial Ca®* levels were estimated as described in Figure 2 after a 10 min exposure
to Ca®* alone (line a), ionomycin 20 «M+EGTA (line b), ionomycin 20 .M+Ca?* (line c)
or fonomycin 5 «M+Ca®* (line d). (B) Mitochondrial 0,° production was evaluated as
described in Figure 3(B). Results are expressed as mean fluorescence (in arbitrary units) + S.D
for three independent experiments. ‘Background' indicates cells not loaded with the probe; ‘AA’
indicates cells exposed to 10 z«M AA, an inhibitor of complex IIl of the respiratory chain, known
to stimulate O, production

(reviewed in [19-21]); however, the mechanisms underlying such
a link have not been clearly unravelled. In fact, the connection is
certainly counterintuitive, as an influx of Ca** into mitochondria
is expected to dissipate A, an event normally associated
with decreased ROS production. Moreover, Ca** overload and
ROS have been implicated in the induction of the MPT
(mitochondrial permeability transition), a non-selective increase
in inner membrane permeability. Although the mitochondria of
epimastigotes accumulated high amounts of Ca>* during exposure
to FHS (Figure 2), MPT did not occur, coincident with a previous
work that showed that the 7. cruzi mitochondrion is extremely
resistant to MPT [24]. In agreement, it was observed that even
after 1 h of exposure to FHS, the mitochondrion was able to
take up Ca** from the medium (see Supplementary Figure S1 at
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Figure 7 Calcium-dependent, ionomycin-induced cell death

Cells were exposed to ionomycin (1, 10 and 20 1M) in the presence of 0.4 mM Ca%*+ or 0.1 mM EGTA. For comparison, cells were incubated in parallel with 20 % IHS, FHS or buffer. (A) Cell death
was evaluated after 1 h of challenge by assessing cell proliferation by measuring [*Hlthymidine incorporation. Results are expressed as means + S.D. for quadruplicates. Results are representative
of two independent experiments. The asterisk indicates significant difference (P < 0.05 by the Student’s ¢ test) between the indicated conditions. (B) PS exposure and plasma membrane integrity
were evaluated after 2 h of incubation with the stimuli, by staining cells with Annexin V—Alexa Fluor® 488 and Pl and analysing the fluorescence by using flow cytometry. Numbers shown in the
quadrants corresponding to double-positive cells indicate the percentage of cells undergoing necrotic death. Results are representative of two independent experiments. (C) DNA fragmentation was
analysed after 6 h of incubation with the stimuli using the TUNEL assay and flow cytometry. Numbers shown in the quadrants corresponding to double-positive cells indicate the percentage of cells
undergoing apoptosis. Note that in the TUNEL assay, Pl is used as a counterstain rather than to indicate membrane integrity, as cells are permeabilized during the technique. Results are representative
of two independent experiments. (D) DNA fragmentation was evaluated 24 h post-stimuli by resolving cytosolic DNA fragments on agarose-gel electrophoresis
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http://www.BiochemlJ.org/bj/418/bj4180595add.htm), something
that would not be possible after MPT.

We have obtained evidence that mitochondrial Ca** overload
was directly associated with the triggering of PCD through
the production of O,*~. When the cytosolic Ca** rise was
not paralleled by mitochondrial overload and O,*~ production,
as happened in cells exposed to ionomycin (Figures 6A and
6B), PCD was not activated (Figures 7B—7D). Thus signalling
and/or execution of PCD in 7. cruzi may involve molecules that
can be modified by O,* -dependent oxidation/reduction. These
targets probably do not react readily with H,0,, the product
of O,*” dismutation, as overexpression of mitochondrial SOD,
which is expected to increase the steady-state levels of H,O,,
protected parasites from FHS-induced death [11]. It is interesting
to note that ROS appear as central players in several models
of trypanosomatid PCD, either acting as inductors [32,33] or
participating in the signalling/execution of the process [11,34—
36]. Indeed, early reports on 7. cruzi cell death induced by S-lap-
achone, a redox cycling agent, showed morphological features
that could be compatible with PCD [37].

In mammalian cells exposed to complement, mitochondrial
Ca’* overload frequently leads to necrosis, due to a complete
loss of mitochondrial function and an associated energetic crisis
[38]. Why does T. cruzi respond to complement-dependent Ca**
rise by triggering PCD instead of necrosis? Some clues may be
found in peculiar characteristics of the 7. cruzi metabolism. One
is the high capacity of the 7. cruzi mitochondrion for Ca** storage,
and its resistance to MPT [24]. This allows the organelle to act
as an efficient buffer for high rises in cytosolic Ca** without
collapsing completely, and to serve as a source of redox signals.
In addition, 7. cruzi has special organelles for Ca** storage, the
acidocalcisomes (reviewed in [39]), whose participation in Ca**
homoeostasis in this model was not explored. Lastly, T. cruzi, as
well as the other trypanosomatids, have an extraordinary capacity
for obtaining ATP from glycolysis [40], and this is probably the
main source of energy for completion of the apoptotic programme
once the mitochondrion becomes unable to perform oxidative
phosphorylation.
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Figure S1  Mitochondrial Ca%+ uptake after treatment of epimastigotes with

Epimastigotes were incubated with HS or FHS for 1 h and then permeabilized with digitonin
in the presence of succinate. Under this condition, mitochondria were allowed to take up Ca?*
from the medium, which was shown by a decrease in the absorbance changes of Arsenazo Ill.
Arrows indicate the addition of 3 «M CCCP, so as to inhibit mitochondrial Ca?+ uptake through
dissipation of Avry, and 10 «M A23187, so as to release Ca%* from other compartments.
Traces are representative of at least three independent experiments.
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Goalp of Candida albicans Localizes to the Mitochondria during

Stress and Is Required for Mitochondrial Function
and Virulence"t
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Using a Tn7 transposon library of Candida albicans, we have identified a mutant that exhibited sensitivity in
drop plate assays to oxidants such as menadione and hydrogen peroxide. To verify the role of the mutated gene
in stress adaptation, null mutants were constructed and phenotypically characterized. Because of its apparent
functions in growth and oxidant adaptation, we have named the gene GOAI. Goalp appears to be unique to the
CTG subclade of the Saccharomycotina, including C. albicans. Mutants of C. albicans lacking goal (strain
GOA31) were more sensitive to 6 mM H,0, and 0.125 mM menadione than the wild type (wt) or a gene-
reconstituted (GOA32) strain. The sensitivity to oxidants correlated with reduced survival of the GOA31
mutant in human neutrophils and avirulence compared to control strains. Other phenotypes of GOA31 include
reduced growth and filamentation in 10% serum, Spider, and SLAD agar media and an inability to form
chlamydospores. Since Goalp has an N-terminal mitochondrion localization site, we also show that green
fluorescent protein-tagged Goalp shows a mitochondrionlike distribution during oxidant or osmotic stress.
Further, the inability of GOA31 to grow in medium containing lactate, ethanol, or glycerol as the sole carbon
source indicates that the mitochondria are defective in the mutant. To determine how Goalp contributes to
mitochondrial function, we compared the wt, GOA32, and GOA31 strains for mitochondrial electrical mem-
brane potential, respiration, and oxidative phosphorylation. We now show that GOA31, but not the wt or
GOA32, had decreased respiration and mitochondrial membrane potential such that mutant cells are unable
to drive oxidative phosphorylation. This is the first report in C. albicans of a respiratory defect caused by a loss

of mitochondrial membrane potential.

Antioxidant proteins are part of the fungal cellular response
to reactive oxidant species (ROS) in Candida albicans, both in
vivo when the organism encounters phagocytic cells or com-
petitors on the mucosal surfaces of humans or in vitro when
confronted with external or internal metabolically generated
ROS. Interestingly, increased ROS production in C. albicans,
and probably fungi in general, occurs following treatment with
antifungal compounds, such as diallyl disulfide (the active in-
gredient in garlic) and with miconazole, observations that may
explain in part the activity of these compounds (35, 39).

To counter the stress induced by ROS, a number of antiox-
idant proteins are induced in C. albicans, including catalases
(43, 58), superoxide dismutases (30, 40), and enzymes that
require the cofactor glutathione (13). Biosynthesis of trehalose
also provides protection against oxidant stress (4, 27, 41). Of
the mitogen-activated protein kinase (MAPK) signal pathways
that regulate new gene transcription during stress, the MKC1
MAPK and HOG1 MAPK (for hyperosmotic glycerol) path-

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Georgetown University Medical Center, Med-
ical/Dental Bldg., 312SE, Washington, DC 20007. Phone: (202) 687-
1137. Fax: (202) 687-1800. E-mail: calderor@georgetown.edu.

T Supplemental material for this article may be found at http://ec
.asm.org/.

Y Published ahead of print on 28 August 2009.
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ways are prominent in a number of yeasts and filamentous
fungi in regard to adaptation to hyperosmotic and/or oxidant
stress (2,3, 5, 6, 11, 12, 18-21, 29, 44, 50, 52, 55). Transcription
factors such as Caplp are also critical to oxidant resistance (7,
20, 21, 60). The Cek2 MAPK is not apparently required for
stress adaptation (14).

Resistance to stress in C. albicans is complex but, in general,
genes can be assigned to two categories based upon transcrip-
tional profiling: (i) genes that make up a general response (or
core) profile to common stress conditions such as osmotic,
oxidative, and heavy metal and (ii) genes that are specific for
each stress condition (20, 21, 52). In C. albicans a core tran-
scriptional response to all stress conditions included genes that
encode redox regulation, mitochondrial activity, carbohydrate
metabolism, and cell wall biogenesis, among others (20). In-
terestingly, the core stress response set of genes in C. albicans
is much smaller than that of Saccharomyces cerevisiae or
Schizosaccharomyces pombe, suggesting that C. albicans relies
more upon diversity in gene transcription to counter stress
conditions (20, 52). A common theme is that most stress con-
ditions result in an increase in ROS during cellular respiration.
Thus, resistance to osmostress, for example, requires restora-
tion of redox potential, reduction of ROS, and increased
mitochondrial function.

Adaptation to stress in C. albicans is also most likely critical
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TABLE 1. Strains of C. albicans used in this study

Strain Genotype Source or reference
DAY286 ura3:iimm434/ura3::imm434 hisl::hisG/lhisl::hisG arg4::hisG/arg4::hisG,ARG4,URA3 56
SC5314 Clinical isolate; Ura™ parent of CAI4 23
CAI4 ura3::imm434fura3::imm434 23
DAY185 ura3Az:Nimm434/ura3A:Nimm434 hisl::hisG/HIS1::his1::hisG 16

arg4::hisG/URA3::ARG4::arg4::hisG
BWP17 ura3:iimm434/ura3::imm434 hisl:hisGlhisl::hisG arg4::hisGargd::hisG 56
SN148 argdAarg4 A leu2Alleu2 A hisl Afhis] Aura3A::imm434/ura3::imm434 46

irol Azimm434/irol Az:imm434
GOA21 goal::UAUI/goal ::=URA3 ura3::imm434/ura3::imm434 hisl::hisG/his1:hisG arg4::hisGarg4::hisG This study
GOA31 goal::URA3/goal :ARG4 argdjargdleu/leu2 hisl/hislura3A::imm434/ura3::imm434 irol::imm434 This study
GOA41 goal::URA3[goal::ARG4 ura3:iimm434/ura3::imm434 hisl::hisG/hisl:hisG arg4::hisGlargd::hisG This study
GOA22 goal::UAUI/goal ::URA3::GOAI-HISI This study
GOA32 goal::URA3/goal :ARG4::GOAI-HISI This study
GOA42 goal::URA3/goal :ARG4::GOAI-HISI This study
GOA-GFP GOA1/GOAI-GFP-URA3 ura3::imm434/ura3::imm434 This study

to interactions of the organism during encounters with host
defenses. For example, innate immunity including phagocytic
killing by human polymorphonuclear cells (PMNs) and acti-
vated macrophages is critical to protection against blood-borne
Candida species. Unactivated macrophages provide some pro-
tection although less so than neutrophils. This important ob-
servation has been demonstrated both clinically (neutropenic
patients are susceptible to blood-borne candidiasis) and exper-
imentally (25, 26, 47). In the latter instance, a sevenfold-
greater killing of C. albicans by PMNs was reported compared
to blood monocytes; additionally, germination of the organism
occurred in monocytes. Similar data have been previously re-
ported by another group (38). After phagocytosis, in both
PMNs and monocytes, the expression of many fungal genes
associated with oxidative stress responses was especially prom-
inent (25). However, it would appear that resistance to oxidant
stress, and probably other anti-Candida factors, was achieved
only in infected monocytes. Thus, in neutropenic patients, the
paradigm is that mononuclear phagocytes are less able to kill

the organism that, in turn, favors spread of the organism in
tissues.

We have identified a gene (GOAI) from C. albicans whose
deletion results in oxidative sensitivity. One of the features of
this protein is that it becomes localized to the mitochondria
during oxidant stress. In the absence of GOAI, we show that
mitochondrial functions are compromised as revealed by a
decrease in respiration and membrane potential. We hypoth-
esize that Goalp provides functions that relate to its role in
mitochondria energetics especially during stress.

MATERIALS AND METHODS

Strains, strain maintenance, and plasmids. All strains used in the present
study are listed in Table 1 and were maintained as frozen stocks and propagated
on yeast extract-peptone-dextrose (YPD) agar when needed (1% yeast extract,
2% peptone, 2% glucose, 2% agar). Plasmids pPGEM-URA3, pRS-ARG4, and
pGEM-HISI were provided by Aaron Mitchell (56, 57). To create pPGEM-HIS1-
GOAL, GOAI was amplified by using primers listed in Table 2, which contained
flanking BamHI restriction sequences. The PCR product was purified and di-

TABLE 2. Primer sets used in this study

Primer Sequence Application
AnuKOF CAGCCATTAAGAGATTGCCAATAAAATAACTAAGAATCACAAACC URA3/ARG4 disruption cassette: 5
CTGGTGCTAAATTGCGTTTTCCCAGTCACGACGTT region of GOAI
AnuKOR CCAAGTAAAACACCCCTTGAATTATCAGTATGCCAACATGTTTCAT URA3/ARG4 disruption cassette: 3’

TGTTTGTGTTAGTAATTGTGGAATTGTGAGCGGATA

ABA-REV-BamHIF  GGATCCGGCATTCAATGTCTGCGTGC

ABA-REV- GGATCCCTCCCATGACGAAATGACG
BamHIR

19.3818F ACGTGCACCCACGGTATTACATCA

19.3818R ACTTCTGATCTCCAATTCGGGCAA

AnuDIAGF GGGTCAGGCAGGGGTTACCTA

AnuDIAGR CACGGTGTTTTGGGTACCTCTC

SouthernF ACTTCTGAATTTGATGGATCTCGGA

SouthernR AGCAATCCAACAGGTGGACCTAGA

GOA-GFPF CACAAAGCTTGAAAGTAAAGCATTAATGCAAAGTGACATATACA
AATCTCTCAACAAAGAAAATCAGAATGGTGGTGGTTCTAAAGG
TGAAGAATTATT

GOA-GFPR TATCAGTATGCCAACATGTTTCATTGTTTGTGTTAGTAATTTTTGA

region of GOAI

Upstream region of GOAI with BamHI
restriction sequence to create GOA32
and GOA42

Downstream region of GOAI with
BamHI restriction sequence to create
GOA32 and GOA42

GOAI specific

GOAI specific

Confirm intergration at the GOAI locus

Confirm intergration at the GOAI locus

Generate probe for Southern blot

Generate probe for Southern blot

GFP cassette, 3 region of GOAI
excluding stop codon

GFP cassette, downstream of GOAI

GCTTGCATTCCTAGTCGGAATACGTCTAGAAGGACCACCTTTG

ATTG

147

6002 ‘€2 10qUIBAON U0 GHOAXO 40 AINN 18 BI0WSe08 Woiy papeojumod



1708 BAMBACH ET AL.

gested with BamHI restriction enzymes and ligated into pGEM-HIS1. which had
been digested using BamHI.

Construction of GOAI deletion mutants. GOA21 was obtained from a trans-
poson mutagenized library (16). In addition to GOAZ21, we constructed two other
GOAI deletion mutants, GOA31 and GOA41. To do this, cassettes for trans-
formation were designed by amplifying ARG4 and URA3 from plasmids pRS-
ARG4 and pGEMI1-URA3 using the primers described in Table 2. Primers
containing the GOAI flanking sequences were also used for PCR amplification,
and URA3 or ARG4 was inserted within the GOAI flanking sequences (46).
Cassettes were then transformed into SN148 to generate GOA31 or into BWP17
to generate GOA41 (see Fig. 1A [only GOA31 is shown]).

Construction of the gene reconstituted strains GOA22, GOA32, and GOA42.
GOA22 was constructed as follows. GOAI was amplified by using primers listed
in Table 2. The PCR product was purified and digested with Ndel and ligated
into pGEM-HISI, which had been digested by using Ndel. The pGEM-HISI1-
GOAL1 plasmid was linearized by using Sall and subsequently transformed into
GOA2I (Fig. 1B). The integration and orientation of GOAI were confirmed by
PCR using primers listed in Table 2. GOA32 and GOA42 were constructed as
follows. GOAI was amplified using primers listed in Table 2, which contained
flanking BamHI restriction sequences. The PCR product was purified, digested
with BamHI, and ligated into pGEM-HISI, which had been digested by using
BamHI. The pGEM-HIS1-GOAL plasmid was linearized using EcoRI and sub-
sequently transformed to yield strains GOA32 and GOA42.

Southern hybridization. We utilized standard methods for doing Southern blot
hybridization (8, 23). Purified C. albicans genomic DNA was isolated and di-
gested with Ndel and separated by gel electrophoresis and transferred to a nylon
membrane. The reaction proceeded overnight in a solution containing 0.4 M
NaOH and 1 M NaCl. The membrane was then placed in a neutralization buffer
(0.5 M Tris, 1 M NaCl [pH 7.2]), UV cross-linked and placed in a 2 SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) solution for hybridization. A
600-bp probe was generated by PCR with primers (Table 2) containing se-
quences upstream of and within GOAI. The probe (Fig. 1C) was purified and
labeled with [**P]JdCTP. All blots were hybridized at 68°C in a solution contain-
ing 0.5 M NaH,PO, (pH 7.2), 7% sodium dodecyl sulfate, and 1 mM EDTA.
After hybridization, the membranes were washed with decreasing concentrations
of SSC and sodium dodecyl sulfate. All membranes were imaged by using a
Storm phosphorimager (Amersham Biosciences) (Fig. 1D).

Screening of the transposon mutant library for oxidant sensitivity. Approxi-
mately 400 transposon insertion mutants were evaluated for oxidant sensitivity by
plating each strain on YPD agar medium containing 0, 4, 6, or 8 mM H,O, using
a pin replicator. Plates were incubated at 30°C for 48 h and growth was evaluated.
Strains that failed to grow or exhibited reduced growth from at least three
experiments were screened further by plating known numbers of cells onto YPD
medium containing either hydrogen peroxide or menadione as described below.

Determination of generation time and growth measurements. To determine
generation times of all strains, yeast cells from overnight cultures grown at 30°C
were diluted to a starting optical density at 600 nm (ODyq) of 0.10 in 50 ml of
YPD broth containing leucine, histidine, arginine, and uridine. Cultures were
incubated at 30°C, the ODyq, was recorded hourly for 12 h or 20 h (see Results
for details), and the generation times were calculated by using the method of
Walia and Calderone (55).

Drop plate sensitivity assays. According to the method of Chauhan et al. (11),
the sensitivity of all strains to oxidant and osmotic stress was tested by plating
serial dilutions of 5 X 10" to 5 X 10° cells (each in a total of 5 ul) onto YPD agar
plates containing 6 mM H,O, or 0.125 mM menadione. Yeast cells were ob-
tained from overnight cultures grown in YPD broth at 30°C, washed with saline,
and standardized by hemacytometer counts. The growth of each strain was
evaluated for sensitivities after 48 h of incubation at 30°C.

Strains were also evaluated for their growth on YNB (yeast nitrogen base) agar
supplemented with histidine (20 mg/ml) and leucine (30 mg/ml) containing 2%
glucose, 4% glycerol, 4% lactate, or 6% ethanol. Drop plates were incubated at
30°C for 5 days and then photographed.

PMN killing and phagocytosis assays. Neutrophil killing assays were per-
formed as previously described (18, 49). Briefly, PMNs were isolated from the
peripheral blood of healthy human volunteers by dextran sedimentation and
centrifuged through the lymphocyte separation medium Polymorphprep (Axis-
Shield). PMNs were enriched in number by a brief hypotonic lysis of erythrocytes
and then suspended in RPMI 1640 medium containing 10% fetal bovine serum
(FBS). Cells were judged as >99% viable by trypan blue dye exclusion. Strains
were grown in YPD broth overnight as described above, washed with phosphate-
buffered saline (PBS; pH 7.4), and then opsonized with 50% human serum for 30
min at 37°C. PMNs and opsonized yeasts (collected by centrifugation) were
suspended in RPMI medium containing 10% FBS at a ratio of 10:1 (107 PMNs
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to 10° yeasts). Cultures were incubated at 37°C for 3 h, centrifuged, and sus-
pended in water to lyse the neutrophils. Serial dilutions were performed of the
yeast cells, and 100 pl was plated onto YPD agar. Plates were incubated for 48 h
at 30°C, at which time CFU were counted. The percent killing was calculated by
using the following formula for each strain: [(CFU without PMNs) — (CFU with
PMNs/CFU without PMNs)] X 100.

To determine the percent phagocytosis of all strains, we used the method of
Klippel and Bilitewski (34). Human neutrophils were prepared as described
above. For fluorescence labeling, 107 yeasts were harvested by centrifugation
(13,000 rpm, 5 min, 4°C), washed twice with PBS, and stained with 1 ml of
carboxyfluorescein diacetate succinimidyl ester (CFSE: Molecular Probes, Lei-
den, The Netherlands; 500 pM in PBS-0.1% dimethyl sulfoxide) for 1.5 h at
37°C. Stained cells are green in color. Yeasts were washed three times in PBS to
remove the residual dye. For phagocytosis assays, in brief, 6 X 10> PMNs/ml/well
were incubated with CFSE-labeled Candida (1:2) for 30 min at 30°C in a final
volume of 400 wl. Samples were kept on ice until immediately before analysis. To
quench the fluorescence of yeasts that were not internalized, trypan blue (0.2%,
final concentration) was added. The images were analyzed and captured with
a Zeiss Axiovert 200M microscope, coupled with a digital camera (magnifi-
cation, X400). Thus, intracellular (phagocytized) cells appear green, whereas
nonphagocytized yeasts are red. We determined the percentage of PMN that
contained phagocytized yeasts of each strain, as well as the number of yeast
cells per PMN per strain, from 20 fields of mixed suspensions.

Morphogenesis assays. For these experiments, cells from an overnight culture
grown in YPD were washed, and 250 cells of each strain were plated on YPD,
10% serum, Spider, and SLAD agar media and incubated at 37°C for 5 days
according to standard procedures (8, 15). Representative colonies were then
photographed.

Chlamydospore formation was evaluated by spotting 10 pl of an overnight
yeast culture (10° cells) of each strain onto cornmeal agar, placing a coverslip
over the cells, and incubating the cultures for 5 days in the dark at room
temperature. Subsequently, chlamydospore formation was evaluated for each
strain by light microscopy. Cultures were photographed by using an Olympus
DP12 microscope equipped with a digital camera.

Murine model of k y di: i d didiasis. We followed the
method of Calera et al. (8) to evaluate the virulence of a set of wild-type (wt),
null, and gene-reconstituted strains. All strains were grown overnight in YPD at
30°C. Cells were washed in PBS (pH 7.2), counted by using a hemacytometer,
and suspended in PBS. Three groups of 13 female BALB/c mice (Harlan) were
injected intravenously via the lateral tail vein with 10° yeast cells in 50 pl of
SC5314, GOA31, and GOA32 samples. At 24, 48, and 72 h postinfection, one
mouse per group was cuthanized. One kidney from each animal was removed,
fixed in 10% formalin, and prepared for histological examination using the
periodic acid-Schiff stain. The other kidney was removed, weighed, and homog-
enized in PBS. The homogenates were diluted and plated on YPD agar contain-
ing 50 pg per ml of streptomycin to inhibit bacterial growth. The plates were
incubated at 30°C and, after 48 h, the number of colonies was counted to
determine fungal load per gram of kidney. All remaining mice were observed for
signs of morbidity twice per day. If moribund, animals were cuthanized by
cervical dislocation.

Construction of GOA1-GFP. Using primers (Table 2) containing sequences
from the 3" end of GOAI (excluding the stop codon) and downstream of GOAI,
as well as containing sequences of the green fluorescent protein (GFP)-URA3
cassette from plasmid pGFP-URA3, a GOA-GFP cassette was amplified by
PCR. This cassette was transformed into CAI4. The resultant strain was verified
by PCR (data not shown).

Mitochondrial colocalization. Strain GOA-GFP was grown at 30°C overnight
and then diluted to a starting ODy, of 0.10 in 50 ml of YPD broth. Cells were
incubated at 30°C and upon reaching log-phase were stained with 250 nM
MitoTracker Red (Molecular Probes) for 45 min. Cells were washed and stressed
with 1 M NaCl or 5 mM H,O, for 15 min, or grown in glycerol-YP for 15 min,
and then imaged by using an Olympus Fluoview-FV300 laser scanning confocal
system.

Spheroplast formation. Cultured GOA31, GOA32, or SC5314 cells in expo-
nential phase were harvested by centrifugation from 350-ml of cultures from
YPD medium, and the cells were washed with cold water, followed by a wash
using buffer A (1 M sorbitol, 10 mM MgCl,, 50 mM Tris-HCI [pH 7.5]). Cells
were suspended in buffer A (3 ml/g of cells) containing 30 mM dithiothreitol.
After 15 min of incubation at 30°C with shaking, the cells were harvested by
centrifugation, suspended in buffer A containing lyticase (1 mg/g of cells) and 1
mM dithiothreitol, and incubated at 30°C until ca. 90% of the cells converted to
spheroplasts (60 to 80 min). The digestion was stopped by the addition of an
equal volume of ice-cold buffer A, and spheroplasts were washed twice with the
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FIG. 1. Construction of the goal/A deletion mutant (GOA31) and its gene-reconstituted derivative GOA32. (A) Cassettes for transformation
were constructed by amplifying ARG#4 and URA3 from plasmids pRS-ARG4 and pGEM-URA3 using primers homologous to sequences upstream
and downstream of GOAI (Table 2). These cassettes were then transformed into SN148 to create GOA31 and into BWP17 to generate GOA41
(data not shown). (B) GOAI was amplified using primers containing BamHI restriction sites. pPGEM-HIS1 and the amplified GOA! fragment were
digested with BamHI and the GOA! fragment inserted into pPGEM-HIS1. The plasmid was digested with EcoRI and transformed into GOA31 to
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same buffer. Protein concentration of the final suspension was determined using
the biuret assay (28) in the presence of 0.2% deoxycholate.

Mitochondrial b p ial. The mitochondrial membrane potential
(AW,,)) of permeabilized cells (spheroplasts) was monitored by measuring the
fluorescence spectrum of Safranine O on a RF5301PC Shimadzu spectrofiuoro-
photometer (Kyoto, Tokyo, Japan) operating at excitation and emission wave-
lengths of 495 and 586 nm, respectively, and with slit widths of 5 nm (24). All
experiments were performed at 28°C with 1 mg of spheroplasts in 2 ml containing
5 uM Safranine O, 5 mM succinate, and 0.05% bovine serum albumin. Relative
changes in membrane potential were expressed as arbitrary fluorescence units.

Oxygen uptake. Oxygen uptake was measured polarographically at 28°C using
a Clark-type electrode (Hansatech Instruments, Ltd., England) with 1 mg of
spheroplasts in 1 ml of standard incubation medium containing 125 mM sucrose,
65 mM KCl, 10 mM HEPES (pH 7.2), 2.5 mM KH,PO,, and 1 mM MgCl, with
1 mg of spheroplasts.

Statistical analysis. The Student 7 test was used for all analyses. Differences
were considered significant when P was <0.05.

RESULTS

Isolation of GOA21 from a UAU insertion mutant library. A
library of ~400 transposon insertion mutants was used to
screen for oxidant-sensitive strains on YPD agar plates con-
taining 0, 4, 6, and 8 mM H,O,. From this primary screen, 34
strains exhibited a peroxide sensitive phenotype and were fur-
ther evaluated for sensitivity to both peroxide and menadione
in drop-plate assays. Of these strains, a single mutant desig-
nated strain GOA21, named for growth and oxidant adapta-
tion, was chosen for further study based upon its sensitivity to
both peroxide and menadione and its slower growth rate (see
below). The DNA sequence corresponding to the transposon
insertion site was provided by Aaron Mitchell. The open read-
ing frame (19.3818) encodes a protein of 279 amino acids (aa)
in length. SMART (Simple Modular Architecture Research
Tool) analysis indicated protein domains that include a puta-
tive mitochondrial localization signal (aa 1 to 15), areas of
intrinsic disorder (aa 1 to 23, 93 to 103, and 202 to 211), and a
coiled-coil domain (aa 115 to 142) (Fig. 1E).

Orthologs of Goalp were identified by BLAST comparison
with fungal, plant, and animal genomes in the NCBI database
and genomics provided by the Fungal Genome Initiative at the
Broad Institute. The presence of orthologs was confined to
species within the CTG subclade of the Saccharomycotina, so
named because the CTG codon of most of the species within
this subclade has been reassigned from leucine to serine (17,
22). An apparent ortholog was present in each of the available
genome sequences of species within this subclade, even those
that have lost the codon reassignment. There are no known
homologues in Saccharomyces cerevisiae or other human
pathogens except the Candida species in this subclade.

Construction of null strains GOA31 and GOA41. To address
the concern of secondary mutations due to the use of the TN7
transposon insertion cassette in the original library, we con-
structed new deletion mutants in the SN148 and BWP17 back-
grounds (Fig. 1A). Cassettes for transformation were
constructed by amplifying ARG4 and URA3 from plasmids

EukARYOT. CELL

pRS-ARG4 and pGEM-URA3 using primers containing se-
quences homologous to regions upstream and downstream of
GOAI. The null mutant GOA31 was constructed by using
these cassettes in the transformation of strain SN148 (46). The
same cassettes were used to construct a second null mutant
(GOAA41) using BWP17 as the parental strain (not shown).
Here, we describe only data from GOA31, although GOA41
exhibited similar phenotypes in assays described below.

To reconstitute GOAI into its native locus, the gene was
amplified using primers containing BamHI restriction sites and
subcloned into the BamHI site of pGEM-HIS1 (Fig. 1B).
pGEM-HIS1 and amplified GOAI were digested with BamHI,
ligated to create pGEM-HIS-GOAL, and evaluated by PCR to
ensure that GOAI was inserted. After digestion with EcoRI,
the cassette was transformed into GOA31 to generate strains
GOA32 and GOA42 from GOA41 (only GOA31 and 32 are
shown). All strains were confirmed by Southern Blot (Fig. 1C
and D). Subsequent results in the present study will focus on
strains GOA31 and GOA32.

A strain lacking GOAI has a longer generation time. To
determine the generation time for each strain, overnight grown
cells in YPD (30°C) were diluted to a starting ODyy,, of 0.10,
and growth was monitored hourly spectrophotometrically
(ODyq) for 12 h at 30°C (Fig. 2). The data represent averages
from three independent experiments for the strains indicated
and three replicates per time point. The wt strains SN148 and
SC5314 doubled at 2.09 and 1.88 h, respectively (P = 0.009). In
contrast, GOA31 (goal/goal) doubled significantly more
slowly at 2.9 h (P = 0.0005 versus SN148). The GOAI recon-
stituted strain (GOA32) had a doubling time equal to SC5134
of 1.86 h (P = not significant versus SC5314; P = 0.003 versus
SN148; and P = 0.0002 versus GOA31). We also found that
GOA31 had a longer lag phase than the parental or gene-
reconstituted strains and did not reach the same density at
stationary phase (Fig. 2), even if incubation was carried out for
20 h (not shown). Therefore, GOAI is required for optimum
growth and did not reach the same stationary phase by 12 h as
wt cells, or even at 20 h (data not shown).

Goalp protects cells against some oxidants. We tested the
sensitivity of the strains to H,O,, fert-butyl hydrogen peroxide,
menadione, and potassium superoxide. Cells were grown over-
night, dilutions were plated on YPD agar containing each
oxidant mentioned above, and the plates were incubated at
30°C for 48 h. Compared to the wt, GOA31 showed increased
sensitivity to 6 mM H,O, and to 0.125 mM menadione (Fig.
3A). Resistance to these oxidants was partially or completely
restored in GOA32. There was no difference in growth among
strains on YPD agar containing fert-butyl hydrogen peroxide
and potassium superoxide (data not shown). Thus, GOAI is
required for protection to some but not all types of oxidants, a
result we have observed with the C. albicans ssk2A null mutant
(54). We also evaluated the killing of each strain (107 cells/

create GOA32. (C) Restriction maps of GOAI and derived constructs. (D) Southern hybridization. Strains were digested with Ndel (sites are
indicated with a cross). Lanes 1 to 4: 1, SC5314; 2, heterozygote; 3, GOA31; 4, GOA32. The probe for the blot is shown in Fig. 1C. (E) The Goalp
of C. albicans. Goalp is 279 aa in length. The cross-hatched box (aa 1 to 15) indicates a putative mitochondrial localization signal. The black boxes
(aa 1 to 23,93 to 103, and 202 to 211) indicate areas of intrinsic disorder. The vertical-lined box (aa 115 to 142) indicates a coiled-coil region.
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FIG. 2. Deletion of GOAI results in a longer generation time. The growth curves of strains SC5314, SN148, GOA31, and GOA32 are shown.
Strains were grown overnight in YPD, transferred to fresh YPD at an ODy, of 0.1, and incubated at 30°C. The absorbance was measured every
1 h for 12 h, and the generation times were calculated. The growth curves represent the averages of three experiments and three replicates per
time point per strain. Generation times: GOA31, 2.9 h; GOA32, 1.8 h; SC5314, 1.8 h; SN148, 2.09 h.

strain) in the presence of 10 mM H,O, by incubating strains
with H,O, for 6 h (Fig. 3B). The concentration chosen for this
assay was greater than the drop plate assays since we also used
a greater number of yeast cells (107 per strain). We found that
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FIG. 3. The GOA3I1 strain is sensitive to H,O, and menadione and is
killed significantly more by H,O,. (A) Drop plate assays of strains
GOA31, GOA32, and wt (SC5314) cells in the presence of H,O, or
menadione. Strains were grown overnight and standardized as described
in Materials and Methods. Pictured is the growth of strains on YPD or
YPD containing H,0, (6 mM) or menadione (0.125 mM) at yeast cell
concentrations of 5 X 10°, 10*, 10°, 102 and 50 cells. Plates were incubated
at 30°C for 48 h. (B) Killing of strains was determined in vitro by incu-
bating 107 yeasts with 10 mM H,O,. Samples were removed after 6 h of
incubation at 30°C, and dilutions were plated on YPD agar.

% Killing
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GOA31 was killed to a significantly greater extent than wt or
GOA32 by H,O, (P = 0.03, GOA31 versus GOA32).

The GOA-null strains are more sensitive to killing by neu-
trophils. Since GOA31 is sensitive to oxidant stress imposed by
incubating cells in medium containing menadione or H,0,, we
hypothesized that this strain would be more sensitive to killing
by PMNs. To measure killing of all strains, PMNs were isolated
and mixed with yeasts previously opsonized with 50% human
serum at a 10:1 (PMN-to-yeast) ratio in RPMI medium con-
taining 10% FBS for 2 h at 37°C. PMNs were then lysed with
water, the yeast cells were plated on YPD agar, and cultures
were incubated for 48 h at 30°C. Colonies were counted from
three independent experiments, and the averages are shown in
Fig. 4A. The survival of GOA31 cells was significantly less than
that of wt cells (P = 0.018) and lower for GOA32 than GOA31
(P = 0.04), while there was a significant difference observed
between wt and GOA32 strains (P = 0.05). Killing of the
original transposon mutant GOA21 versus its parental strain
(DAY286) by PMNs was significantly greater also, similar to
the results with GOA31 (data not shown). Thus, these exper-
iments indicate a correlation between the sensitivity of the
goalA null mutant to hydrogen peroxide and menadione and
survival in human PMNs.

Reduced survival of the GOA31 null mutant than the wt or
the reconstituted strains might be associated with a higher
amount of phagocytosis by neutrophils. To address this issue,
we determined the percentage of neutrophils that phagocy-
tized each strain by observing 20 microscope fields of PMN-
yeast mixtures. We found that the percentage of phagocytosis
was unexpectedly lower for GOA31 than the wt or reconsti-
tuted strains (ca. 67% for SC5314, 26% for GOA31, and 63%
GOA32 (P = 0.0001, wt versus GOA31; P = 0.01, GOA31
versus GOA32, and wt = GOA32) (Fig. 4B). We also deter-
mined the number of yeast cells of each strain per PMN, which
was, on average, wt = 3.4, GOA31 = 1.1, and GOA32 = 1.8
(data not shown). The differences between GOA31 and both
the wt and GOA32 strains were significant (P = 0.0001, wt
versus GOA31; P = 0.005, GOA31 versus GOA32; wt versus
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FIG. 4. GOA3L1 is killed more by human PMNs than wt or GOA32
but is phagocytized less. (A) GOA31 is more susceptible to killing by
PMN:ss. Strains were grown overnight at 30°C, standardized, opsonized
with human serum, mixed with human PMNs at a ratio of 10:1 (PMNs
to yeast), and incubated at 37°C for 3 h, after which PMNs were lysed,
and the yeast cell suspensions were plated on YPD plates (30°C for
48 h). The colonies were counted, and the percent survival was calcu-
lated. GOA31 versus SC5314, P = 0.018. (B) Percent phagocytosis by
human PMNs of wt, GOA31, and GOA32 strains. Phagocytosis was
determined by mixing CFSE-treated, green fluorescing yeast cells of
each strain with PMNs. Subsequently, after phagocytosis for 30 min,
extracellular, green fluorescent yeasts were quenched with trypan blue,
whereas internalized yeasts remained green. The percentage of PMN
cells containing green fluorescing yeasts was greater with wt and
GOA32 cells than with GOA31 cells.

GOA32, P = not significant). Thus, these data indicate that the
increased killing (reduced survival) of GOA31 is not associated
with greater phagocytosis or a greater number of GOA31 cells
per PMN. In fact, we found less phagocytosis of GOAZ31,
suggesting that killing occurs by a different mechanism.
GOAI is required for morphogenesis and chlamydospore
formation. The role of C. albicans genes in nutrient stress can
be evaluated in medium lacking specific carbon sources or low
nitrogen (15). Most often, wt cells under these conditions con-
vert from yeast to hyphal growth. To determine whether GOAI
is required for the yeast-to-hyphal transition, we evaluated the
morphogenesis and growth of all strains on YPD (nutrient
rich), 10% serum, spider, and SLAD agar at 37°C for a mini-
mum of 5 days (Fig. SA). In a comparison of the strains, there
were 3- to 10-fold differences in the colony diameters. On YPD
agar, GOA31 colonies were smaller than those of wt and
GOA32 strains, a finding consistent with the slower growth
rate and longer lag phase (Fig. 2). On 10% serum agar,
GOA31 colonies were smaller that those of the wt and
GOA32, and all strains formed filaments, although GOA31
hyphae were considerably shorter in length than those of the
wt but the same as GOA32 (Fig. 5A). On Spider and especially
SLAD agar media, GOA31 colonies appeared minute and
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lacked filamentation. Each of these phenotypes was partially
restored in GOA32, indicating a gene dosage-related pheno-
type. Thus, GOAI is required for morphogenesis under the
conditions tested.

Chlamydospore formation by all strains was also evaluated.
To do this, 10-pl portions of overnight grown YPD cultures
were standardized to cell number, spotted onto cornmeal
Tween agar plates, and then covered with a glass coverslip. The
plates were then allowed to incubate at room temperature for
up to 5 days in the dark. GOA31 was unable to form chlamy-
dospores compared to wt cells, while chlamydospore produc-
tion in GOA32 was intermediate to that of wt and GOA31,
indicating that GOAI is required for chlamydospore formation
(Fig. 5B).

GOALI is required for virulence in a hematogenously dissem-
inated murine model of candidiasis. To investigate the role of
Goalp in virulence, wt, GOA31 and GOA32 strains were in-
oculated intravenously into immunocompetent mice. The sur-
vival of mice over a 21-day period of time was determined for
each strain, as shown in Fig. 6, and the colonization of their
kidneys determined from mice infected for 24 to 72 h. We
found that mice infected with wt cells rapidly succumbed to the
infection during 4 days, whereas mice infected with the null
strain GOA31 survived for at least 3 weeks. Mice infected with
the gene-reconstituted strain (GOA32) showed attenuation of
virulence, such that 40% survived for 21 days. Tissue loads of
the organism, expressed as CFU/g of kidney, were relatively
constant for all strains over the course of 72 h but much lower
in strain GOA31 (Table 3). Hyphae were visible in kidneys of
infected animals, although much more difficult to find in mice
infected with GOA31 (data not shown). These data clearly
demonstrate that Goalp is required for virulence in this mu-
rine model.

Goalp is translocated from the cytoplasm to mitochondria
during oxidant and osmotic stress. Since Goalp has a putative
mitochondrial localization signal, we tagged Goalp with GFP
and performed fluorescence microscopy. Cells were grown to
early log phase in YPD and then stained with MitoTracker
(Molecular Probes) in order to visualize mitochondria. Cells
were either treated or not with 5 mM H,0O, or 1.0 M NaCl or
had glycerol substituted for glucose. We observed that, in un-
stressed cells, Goalp was located in a punctuate pattern in the
cytoplasm; the fluorescent signal was not uniformly coincident
with the MitoTracker signal, indicating that Goalp is not gen-
erally found in the mitochondria (Fig. 7A). However, upon
either peroxide or osmotic stress, Goalp partially relocalizes to
the mitochondria as evidenced by merged photographs that
indicate superimposition of GFP and MitoTracker (Fig. 7B,
peroxide, and Fig. 7C, osmotic; see also Fig. S1 in the supple-
mental material). Goalp also shows a mitochondrionlike dis-
tribution when cells were incubated in glycerol as a carbon
source (data not shown). These data indicate that during per-
oxide or osmotic stress, the function of Goalp is probably
related to its ability to translocate to mitochondria.

To determine whether Goalp is critical for mitochondria
function, we evaluated growth of all strains on YNB medium
supplemented with 2% glucose or nonfermentable carbon
sources such as glycerol, lactate, and ethanol. We observed
that while wt and GOA32 grew on all carbon sources, GOA31
was unable to utilize glycerol, lactate, or ethanol (Fig. 8). We
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FIG. 5. GOA31 is compromised in growth on hypha-inducing media and lacks chlamydospore formation compared to other strains.
(A) GOA31 colonies are smaller than those of wt and GOA32 and fail to filament or filament less extensively on 10% serum, Spider, or SLAD
medium than other strains. Strains SC5314, GOA31, and GOA32 (indicated to the left of the figure) were grown overnight in YPD at 30°C and
counted, and an equal number were incubated at 37°C on YPD, 10% serum, Spider, and SLAD agars for 48 h. Representative colonies are
indicated. Note that the differences in the colony sizes of the strains on filamentation or YPD medium. A bar in each photograph indicates 0.3,
1, or 3 mm. (B) GOA3LI fails to form chlamydospores compared to wt and GOA32 strains, which is intermediate in spore formation compared to
wt and GOA3I strains. Cells of all strains were plated on cornmeal-Tween agar and incubated in the dark at room temperature for 5 days. After

5 days, chlamydospore formation was viewed by using light microscopy.

surmise that mitochondria function in the mutant was compro-
mised as the nonfermentable carbon sources were not utilized
via mitochondrial oxidation.

Mitochondria of GOA31 have defective membrane potential
and reduced respiration. Safranine O is a dye whose fluores-
cence spectrum shifts as it binds to and stacks upon increas-

ingly polarized inner mitochondrial membranes (1). The spec-
tral shift is related to a developed mitochondrial membrane
potential (AW,,) up to at least 170 mV (1) and can be moni-
tored by using a spectrofluorophotometer operating at excita-
tion and emission wavelengths of 495 and 586 nm, respectively
(9). Figure 9A shows that spheroplasts suspended in the stan-
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FIG. 6. GOA31 is avirulent in a murine model of hematogenously disseminated candidiasis. Mice were infected with 10° cells of each strain
(wt, GOA31, and GOA32) in a murine model of hematogenously disseminated candidiasis. The survival of mice at 0 to 21 days postinfection is

shown for each strain.

dard buffer containing 5 mM succinate as a substrate and 5 pM
safranine was followed by a large decrease in fluorescence,
which reached a steady state after a period of about 2 min. The
blue line (Fig. 9A) shows that the addition of ADP to the
experiment with the SC5314 spheroplasts, after the fluores-
cence had stabilized, was followed by an increase in fluores-
cence compatible with the utilization of the electrochemical
proton potential to drive ADP phosphorylation by the F F,-
ATP synthase, as previously observed with Candida parapsi-
losis (9) and C. albicans (32). As expected, this fluorescence
increase was reversed by carboxyatractyloside (CAT), an
inhibitor of the adenine nucleotide translocase (Fig. 9A,
black line). After CAT addition, the AW, returned to values
slightly higher than the initial value, suggesting that, even in
the absence of exogenous ADP, the mitochondria were us-
ing the membrane potential to phosphorylate endogenous
ADP. The addition of FCCP, a protonophore, promoted a
fast downward deflection of the trace compatible with de-
polarization of the inner mitochondrial membrane and re-
turn of safranine to the water phase. In contrast to the
SC5314 spheroplasts, the GOA31 spheroplasts developed a
very small AW, = that was not modified by the addition of
ADP, strongly indicating that this strain is not able to oxi-
datively phosphorylate ADP (Fig. 9A, green line). Figure 9B
shows that GOA32 spheroplasts develop a AW, similar to

m

TABLE 3. CFU counts in mice infected with strains of C. albicans®

Log,, CFU/g of tissue (mean + SD) in kidneys at:

C. albicans strain

24h 48 h 72 h
SC5314 6.0=x03 6.6 =02 6.6 =02
GOA3l1 3.7+03 3201 3.0+02
GOA32 58+04 55x03 52x02

“ At 24,48, and 72 h postinfection, mice were sacrificed, and the CFU of each
strain were determined by plating homogenates of kidneys on YPD agar. Cul-
tures were incubated at 30°C, and colonies were counted after a 48-h incubation.

SC5314 spheroplasts, allowing ADP phosphorylation consis-
tent with the development of a membrane potential. Com-
patible with the AW experiments of both SC5314 and
GOA32 strains, respiration supported by endogenous sub-
strates was similar and much faster than the GOA31 respi-
ration (Fig. 10). The respiratory rates for strains SC5314,
GOA32, and GOA31 were 13.62, 15.06, and 5.56 nM O,/
min/mg of protein, respectively.

DISCUSSION

From a transposon mutant library of C. albicans, a gene was
identified that provided adaptation to 6 mM H,O, (16). Sub-
sequently, null mutants were constructed in two strain back-
grounds, and both exhibited sensitivity to peroxide and mena-
dione. Since mutants lacking this gene also had growth defects,
the gene was named GOAI to indicate its functions in both
growth and oxidant adaptation. A thorough search of the lit-
erature and genome databases indicated its absence in S. cer-
evisiae as well as non-Candida human pathogenic fungi but a
similarity to proteins only from the CTG subclade of the Sac-
charomycotina that includes, in addition to C. albicans, five
other human pathogenic Candida species (17, 22). SMART
analysis of the protein revealed an N-terminal mitochondrial
localization domain as well as a coiled-coil and intrinsic disor-
der domains, the latter two of which indicate that it may func-
tionally be important in its interactions with other proteins.
Interestingly, Goalp is required for optimal growth in the
presence of H,O, and menadione in vitro as well as optimum
survival in human PMNs. Presumably, the latter function is
associated with the ability to partially withstand the ROS of
these phagocytes. Our data on killing of strains by PMNs was
not related to a difference in the percent phagocytosis since wt
cells were phagocytized more than GOA31. Our interpretation
of this observation is that GOA31 is more susceptible to ex-
tracellular killing by PMN, which has been shown to be part of
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C GFP Mitotracker

osmotic stress
FIG. 7. Translocation of Goalp to mitochondria is dependent upon peroxide or osmotic stress and a nonfermentative (glycerol) carbon source.
A Goalp-GFP fusion was incubated at 30°C, grown to early log phase, stained with MitoTracker Red (Molecular Probes/Invitrogen) for 45 min,
washed, and subjected to treatment regimes for 20 min in YPD. Cells were immediately viewed by using fluorescence confocal microscopy.
(A) Unstressed; (B) 5 mM hydrogen peroxide; (C) 1.0 M NaCl.

the PMN killing repertoire of C. albicans (25). Alternatively, murine model of candidiasis. The null strain GOA31 was to-
while the percent PMN phagocytosis is lower in GOA31, the tally avirulent in this model and, based upon tissue counts, the
intracellular killing is still greater. Of importance, Goalp is organism colonized (or persisted) in kidney tissue to a much
also required for virulence in a hematogenously disseminated lower extent than wt and GOA32.
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FIG. 8. The GOA31 mutant is unable to utilize nonfermentable carbon sources. Drop plate assays of wt, GOA32, and GOA31 strains on YNB
agar medium supplemented with histidine, leucine, and either 2% glucose, 4% glycerol, 4% lactate, or 6% ethanol. GOA31 is able to grow only
on YNB plus 2% glucose.

156



VoL. 8, 2009

>

STRESS AND MITOCHONDRIAL FUNCTION IN C. ALBICANS

1717

[......_... GOAS31
$C5314

N
t
D

Safranine Fluorescence (a.u.)

2min

Safranine Fluorescence (a.u.)

prand

GOA32

2min

}
Fccp

FIG. 9. Electrical membrane potential (AW,) in different strains of C. albicans. GOA31 is unable to drive the phosphorylation of ADP.
Spheroplasts (S, 1 mg/ml) were added to a reaction medium containing 125 mM sucrose, 65 mM KCl, 10 mM HEPES (pH 7.2), 2.5 mM KH,PO,,1

mM MgCl,, 5 uM Safranine O, and 5 mM succinate in a total volume of

2 ml. Additions—200 uM ADP, 0.5 pM CAT, and 1 uM FCCP—are

indicated by the arrows. (A) The dark green line represents GOA31 spheroplasts; the blue and black lines represent experiments performed with
SC5314 spheroplasts in the absence (blue) or presence (black) of CAT (dashed line), respectively. (B) Experiments performed with GOA32
spheroplasts. The results shown are representative of four independent experiments performed in duplicate. a.u., arbitrary units.

One of the more striking phenotypes of strain GOA31 was
its minimal growth on media that induce filamentation such as
10% serum, SLAD, and Spider agar media. This observation
demonstrates the importance of respiratory metabolism in fila-
mentation of C. albicans. Interestingly, there remains a con-
troversy over the role of metabolic status associated with mor-
phogenesis since both a need for and a lack of an intact
respiratory pathway have been both suggested as important
(10, 36, 37, 42, 54). Our data support the former conclusion.

Because of its mitochondrial localization signal, we inte-
grated a GOAI-GFP cassette in wt cells and monitored
translocation of the protein with or without stress to deter-
mine whether in fact the protein shuttled to the mitochon-
dria during stress. In stressed cells or those grown in glyc-
erol, the protein did partially relocalize to the mitochondria
from the cytoplasm, whereas in unstressed cells, Goalp was
not associated with mitochondria. It is clear that adaptation
to these stress conditions requires extensive energy produc-

tion and mitochondria activity (see below). Cellular ROS
accumulation is an outcome of increased cell metabolism
and in addition, as cells sense increased external ROS, a
stress response is induced to adapt cells. The relationship
between stress adaptation and energy metabolism has been
shown by others. During treatment with peroxide or high
salinity, genes associated with energy production and mito-
chondrial functions are upregulated in S. cerevisiae (48, 59)
and the halotolerant black yeast, Hortaea werneckii (53). In
S. cerevisiae, respiration-associated transcripts (metabolism
and energy functions) were especially strongly induced
within 30 min of osmotic stress and persisted throughout
exposure (59). The authors of that study showed that after
treatment with high salinity, ca. 10% of the open reading
frames were changed transcriptionally, and ca. 9% of the
altered transcripts included open reading frames function-
ally important in providing energy via mitochondrial activi-
ties. In addition, a number of genes referred to as “cell
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FIG. 10. The GOA3L1 strain shows a significantly reduced rate of
respiration compared to wt and GOA32 strains, as measured by oxygen
consumption. The test system (final volume, 1 ml, 28°C) contained 125
mM sucrose, 65 mM KCI, 10 mM HEPES (pH 7.2), 2.5 mM KH,PO,,
and 1 mM MgCl, The addition of C. albicans spheroplasts (1 mg/ml)
is indicated by an arrow. The results shown are a representative trace
from four independent experiments performed in duplicate. Respira-
tory rates for each strain are listed in the text.

defense” transcripts, including those for glycerol and treha-
lose production and cell detoxification (glutaredoxin and
metallothionein) also increased significantly. Posas et al.
(48) showed that a number of functional gene families are
induced early during saline stress, including carbohydrate
metabolism (as represented by increased glycerol, glycogen,
and trehalose content), sugar transporters, protein biosyn-
thesis, ion homeostasis, and signal transduction. Clearly,
osmotic stress can cause the loss of mitochondrial functions
and apoptotic programmed cell death, as evidenced by mi-
tochondrial swelling, reduction of mitochondrial inner
membranes, and increased production of ROS (51). Growth
of H. werneckii in a hypersaline medium resulted in in-
creased ATP synthesis and oxidative damage protection
(53). In the same study, the authors identified the 14-3-3
protein-encoding gene HwBMH] that localized to the mito-
chondria during hypersaline stress but not during growth of
cells in physiological saline. In S. cerevisiae, the Bmh1/2
proteins are thought to be involved in the regulation of the
mitochondrial proteome, especially in regard to carbohy-
drate metabolism (31). Transcriptional studies of stress re-
sponses have been carried out in C. albicans, although there
were differences reported in regard to whether or not this
organism has a core stress response (20, 21, 52). If a core
stress response to adapt cells to oxidative, osmotic, or heavy
metal (Cd*™") stress does exist in C. albicans, it apparently
upregulates a smaller set of genes compared to S. cerevisiae
or S. pombe. The core stress response includes genes in-
volved in redox regulation, cell wall biogenesis, protein fold-
ing and degradation, and carbohydrate metabolism, as well
as genes encoding mitochondrial activities. In summary, it
appears that an increase in energy metabolism is part of a
stress response in a variety of yeasts and that adaptation to
most stress conditions includes regulation of redox condi-
tions and ROS detoxification.

Little is known about the coordination of events that

EukaryoT. CELIL

shuttle cytoplasmic proteins to the mitochondria during
stress in C. albicans although the literature is abundant with
studies in other eukaryotes (reviewed in reference 45).
About 10 to 15% of nuclear genes encode mitochondrial
proteins, and they are recognized by translocase receptors
that are of two general groups of proteins: transmembrane
outer proteins and transmembrane inner proteins. Goalp,
by nature of its intrinsic and coiled-coil domains, may have
functions related to protein escorting that are critical to
translocation.

There are no other reports of proteins in C. albicans that
are translocated to the mitochondria that play a role in
membrane potential and ATP synthesis. C. albicans Hmilp,
like that of S. cerevisiae, has a C-terminal mitochondria
targeting signal. Deletion of HMII causes fragmentation of
mtDNA, reduction of mtDNA mass, and loss of nucleoid
distribution, but the deletion is not lethal, and the deleted
strain is able to grow on nonfermentable carbon sources,
unlike the goalA null mutant (33). Recently, a hog/ A null
mutant was shown to be sensitive to inhibitors of the respi-
ratory chain, with an enhanced respiratory basal rate and
increased ROS production, although oxidant-detoxifying
enzymes were elevated (2). However, mutant cells were able
to still undergo oxidative phosphorylation even though the
mitochondrial membrane potential was lower (2). In our
studies, the functional activity of Goalp is clearly related to
its ability to mediate membrane integrity and, in the pres-
ence of peroxide, this event is lethal in the GOA31 strain.
The studies described here focused upon the suggested pro-
tein escort function in which Goalp may participate, as well
as the identity of mitochondrial proteins lacking in GOA31.
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