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RESUMO

Lectinas sdo proteinas ou glicoproteinas de origem ndo-imunoldgica que possuem a
capacidade de aglutinar eritrocitos ou outras células e precipitar polissacarideos ou outras
glicoproteinas. Cramoll 1, Cramoll 2, Cramoll 3 e Cramoll 4 sdo lectinas extraidas das
sementes de Cratylia mollis. Cramoll 1,4 é uma mistura de Cramoll 1 e sua isoforma Cramoll
4 e rCramoll foi sintetizada pela técnica de expressao heterdloga, a partir da sequéncia de
aminoacidos de Cramoll 1. Este trabalho objetivou avaliar a atividade indutora de morte
celular das lectinas Cramoll 1,4 e rCramoll em células de adenocarcinoma de préstata
humano (PC-3), além de verificar as propriedades das lectinas Cramoll 1, Cramoll 2, Cramoll
3 e Cramoll 4 em aglutinar plaguetas lavadas de diferentes tipos sanguineos humanos e de
sangue de coelho. Cramoll 1,4 e rCramoll diminuiram a viabilidade das células PC-3 com o
aumento das concentracbes das lectinas ou do tempo de exposicdo. Os valores de
concentracdes capazes de matar 50% das células PC-3 expostas as lectinas foram 39.69
pg/mL e 29.91 pg/mL para Cramoll 1,4 e rCramoll, respectivamente. Elas apresentaram
maior citotoxicidade para células PC-3 quando comparadas a lectina ConA. Tratamento com
Cramoll 1,4 e com rCramoll induziu a morte celular por necrose, com um aumento de cerca
de 3 vezes nos niveis de superéxido mitocondrial, bem como aumento dos niveis de calcio
citosolico. Quando utilizados inibidores da abertura do poro de transicdo de permeabilidade
mitocondrial ndo foi observada protecdo das células PC-3 no processo de morte celular.
Provavelmente, a morte de células PC-3 ocorreu devido aos aumentos nas concentracdes
de calcio citosdlico e de espécies reativas de oxigénio (EROs) mitocondrial, culminando com
uma diminuicdo na fosforilagdo oxidativa, deficiéncia de ATP e privacdo de energia. Com
relagcdo a propriedade em aglutinar plaguetas, a aglutinacdo ocorreu em maior percentual
nas plaguetas provenientes de sangue tipo A e em menor intensidade em plaquetas
provenientes de sangue tipo AB e apesar da especificidade a carboidratos diferente entre
Cramoll 3 e Cramoll 4, estas isoformas apresentaram semelhanca quanto a promocéao de
aglutinacdo de plaquetas humanas. Quanto aos ensaios de inibicdo da aglutinacdo de
plaquetas, foi observado que, na maior parte das vezes, os carboidratos especificos nao

inibiram completamente a aglutinacédo de plaquetas.

Palavras-chave: Cratylia mollis, Morte Celular, Necrose, Espécies Reativas de Oxigénio,

Célcio Citosdlico, Aglutinacéo Plaquetaria.
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ABSTRACT

Lectins are proteins or glycoproteins of non-immune origin that have the ability to agglutinate
erythrocytes or other cells and precipitating polysaccharides and glycoproteins other. Cramoll
1, Cramoll 2, Cramoll 3 and Cramoll 4 are lectin extracted from seeds Cratylia mollis. Cramoll
1,4 is a mixture of Cramoll 1 and isoform Cramoll 4. rCramoll was synthesized by
heterologous expression technique, from the Cramoll amino acid sequence 1. This study
evaluated the activity of inducing cell death of lectins Cramoll 1,4 and rCramoll in human
prostate adenocarcinoma cells (PC-3), and evaluate the properties of lectins Cramoll 1,
Cramoll 2, Cramoll 3 and Cramoll 4 washed platelets agglutinate in different human blood
types and rabbit blood. Cramoll 1,4 and rCramoll decreased viability of PC-3 cells with
increasing concentrations of lectins or exposure time. The values of effective concentrations
to kill 50% of PC-3 cells treated were 39.69 ug/ml and 29.91 ug/mL for the lectins Cramoll
1,4 and rCramoll, respectively. They showed greater toxicity for PC-3 cells compared to the
lectin ConA. Treatment with Cramoll 1,4 and rCramoll induced cell death by necrosis, with an
increase about 3 times higher the levels mitochondrial superoxide as well as in cytosolic
calcium levels. When used inhibitors opening of the mitochondrial permeability transition
pore protection was not observed in PC-3 cells in cell death process. Probably, PC-3 cell
death occurred due to these previous increases in cytosolic calcium concentrations and
reactive oxygen species (ROS) mitochondrial, culminating in a decrease in oxidative
phosphorylation, ATP deficiency and deprivation of energy. Platelet agglutination occurred in
a higher percentage in platelets from blood type A and to a lesser intensity in platelets from
blood type AB. Despite the specificity of different carbohydrates between Cramoll 3 and
Cramoll 4, these isoforms were similar as to promoting platelet agglutination human. As for
inhibition assays of platelet agglutination it was observed that, in most of times, the specific

carbohydrate didn’t completely inhibit platelet agglutination.

Keywords: Cratylia mollis, Cell Death, Necrosis, Reactive Oxygen Species, Cytosolic

Calcium, Platelet Agglutination
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1. INTRODUCAO

1.1 LECTINAS

As lectinas apresentam-se como proteinas ou glicoproteinas de origem néo
imunologica, as quais se ligam especifica e reversivelmente a monossacarideos ou
a residuos terminais ou subterminais de carboidratos presentes em glicoconjugados
(PEUMANS et al., 2001; VAN DAMME et al., 1998; SHARON & LIS, 1972).

O estudo com lectinas teve inicio no século 19, com a descoberta de que
alguns extratos aquosos de plantas, além de apresentarem toxicidade para alguns
animais, também aglutinavam hemacias. Na época, acreditava-se que este efeito
ocorria devido a contaminacgdo por toxinas bacterianas. Esta hipétese foi quebrada
quando, em 1884, Bruylants e Vennerman, demonstraram que a toxicidade da
semente de Abrus precatorius devia-se a uma fracdo proteica que podia ser
precipitada com alcool a partir do extrato aquoso, chamada abrina (MOREIRA et al.,
1991). A pesquisa com lectinas iniciou em 1888, quando Hermann Stillmark, um
estudante de doutorado da Universidade de Dorpat, na Estbnia, descobriu que
extratos de Ricinus communis possuiam a propriedade de aglutinar eritrcitos. Ele
demonstrou que o principio ativo, responsavel por esta habilidade de aglutinacdo de
células, era uma proteina, a qual foi denominada de ricina. O termo aglutinina foi,
entdo, disseminado para descrever moléculas que possuiam a capacidade de
aglutinar eritrécitos ou outras células. Estas informacdes foram bastante atrativas e,
na ultima década de 1800, Paul Ehrlich que trabalhava com as lectinas de Ricinus
communis e de Abrus precatorius, introduziu estas moléculas em pesquisas que
deram origem a Imunologia basica. Ele vacinou animais com pequenas doses orais
de sementes de Ricinus communis e observou a secre¢do de imunoglobulinas
capazes de neutralizar os antigenos das toxinas de Ricinus communis, além de
mencionar o processo de transferéncia da imunidade a prole através do leite
materno (KENNEDY et al., 1995; SHARON, 1989). Apenas em 1954, Boyd e

Shapleigh introduziram o termo “lectina” para designar um grupo de proteinas que
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apresentava uma caracteristica comum seletividade em sua interacdo com
carboidratos (BIES et al., 2004; HARTLEY et al., 2004).

A partir dos anos 60, duas grandes descobertas dos pesquisadores Peter C.
Nowell e Joseph C. Aub impulsionaram a pesquisa com lectinas. Nowell, em 1960,
estabeleceu que a lectina de Phaseolus vulgaris, conhecida como fitohemaglutinina
(PHA), possui a capacidade de estimular linfécitos a entrar em mitose e, que a
primeira lectina vegetal purificada por Summer em 1919, a partir da semente de
Canavalia ensiformis, conhecida como concanavalina A ou simplesmente ConA,
também possui essa mesma atividade mitogénica; contudo, diferentemente da PHA,
a atividade da ConA podia ser inibida por pequenas concentracdes de
monossacarideos, como a manose. Aub, nos anos de 1963 e 1965, estabeleceu que
a aglutinina do gérmen de trigo, denominada WGA, possui a habilidade de aglutinar,
preferencialmente, células malignas. Estas investigacfes levaram a hipotese de que
as alteracdbes nos acucares da superficie celular sdo associadas com o
desenvolvimento do céncer, propondo que a alta suscetibilidade a aglutinagdo por
lectinas era uma propriedade compartilhada por todas as células malignas
(SHARON & LIS, 2004; SHARON & LIS, 1987).

Atualmente, a definicdo mais aceita foi proposta na metade da década de 90,
quando Peumans & Van Damme conceituaram lectinas como proteinas nao-
pertencentes ao sistema imunoldgico, que possuem um sitio ndo catalitico de
reconhecimento especifico e reversivel a mono ou oligossacarideos, sem alterar a
estrutura covalente das ligacdes glicosidicas (PEUMANS & VAN DAMME, 1995a).

Lectinas diferem entre si quanto a sequéncia de aminoacidos, ao requerimento
de metais, ao peso molecular e a estrutura tridimensional, mas o aspecto comum
entre elas é a presenca de, pelo menos, um sitio especifico de ligacdo a
carboidratos, também chamado de dominio de reconhecimento de carboidrato. Elas
se ligam, de maneira reversivel, a carboidratos ou glicoconjugados em solugéo ou
gue estejam conectados a membrana celular (HONG et al., 2001, PEUMANS et al.,
2001; SOUZA et al.,, 2001; SATO et al.,, 2000; VIJAYAN & CHANDRA, 1999;
ELGAVISH & SHAANAN, 1997). Algumas lectinas possuem um unico dominio de

reconhecimento a carboidratos, o que néo € suficiente para conferir a elas a
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caracteristica funcional de lectinas, como a hemaglutinacdo; porém, ndo as excluem

de pertencer a este grupo.

Elas possuem ampla distribuicdo na natureza, podendo ser encontradas em
micro-organismos (TSIVILEVA et al., 2008; BHOWAL et al., 2005), animais (MACIEL
CARVALHO et al., 2012; NUNES et al., 2011; SPRONG et al., 2009; PODOLSKY et
al., 2006) e plantas (SILVA et al., 2012; SOUZA et al., 2011; SANTOS et al., 2009;
OLIVEIRA et al., 2008; VEGA & PERES, 2006; CORREIA & COELHO, 1995). O
reino vegetal se apresenta como uma Otima fonte para purificacdo destas
macromoléculas. A fungdo fisiologica das lectinas tem sido relacionada ao
reconhecimento ou ligacdo de bactérias fixadoras de nitrogénio, como o Rhizobium,
desempenhando papel no estabelecimento de simbiose (VAN EIJSDEN et al., 1995),
a protecdo da planta contra micro-organismos fitopatogénicos ou predadores, a
processos de polinizacdo e podem atuar como proteinas de reserva ou no transporte
de glicoconjugados (Ng, 2004; CARLINI & GROSSI-DE-SA, 2002; SHARON &
GOLDSTEIN, 1998; PEUMANS & VAN DAMME, 1995b).

Dentre as atividades biolégicas e aplicacBes biotecnologicas, destacam-se a
identificacdo de grupos sanguineos, a caracterizacdo de micro-organismos, a
estimulacdo mitogénica de linfécitos, a aglutinacdo de células tumorais e a detec¢éo
e/ou o isolamento de carboidratos em solucdo, ligados a macromoléculas ou
presentes em superficies celulares (ARANDA-SOUZA et al., 2014; DE MELO et al.,
2011a; MACIEL et al., 2004; SHARON & LIS, 2001; BELTRAO et al., 1998; LIMA et
al., 1997; BEUTH et al., 1995; LIS & SHARON, 1973).

Algumas lectinas demonstram alta toxicidade para insetos, quando adicionadas
a uma dieta artificial (DE OLIVEIRA et al., 2011; HILDER et al., 1995). A lectina
purificada a partir de Opuntia ficus indica (OfiL) foi capaz de matar operarios de
Nasutitermes corniger, podendo perturbar a organizacdo, estrutura e manutencéo de
colénias de cupins (PAIVA et al.,, 2011); esta atividade também foi observada
guando a lectina de Microgramma vaccinifolia (MvRL) foi utilizada, indicando que o
mecanismo da agdo termiticida pode incluir suas propriedades de ligagdo a quitina e
atuacdo como modulador enziméatico (ALBUQUERQUE et al., 2012). J& a lectina
obtida a partir de sementes de Moringa oleifera (WSMoL) apresenta atividade

larvicida contra Aedes aegypti, além de atuar como um estimulante quimico para
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oviposicdo das fémeas e como agente ovicida (SANTOS et al., 2012); a atividade
contra 0 A. aegypti também foi observada com a lectina da folha de Myracrodruon
urundeuva (MuLL), podendo estar ligada a resisténcia da lectina a protedlise pelas
enzimas das larvas e a interferéncia na atividade de enzimas digestivas das larvas
(NAPOLEAO et al., 2012). Estes resultados incentivaram nos ultimos anos, triagens

que avaliem a acao de lectinas como potenciais pesticidas biolégicos.

1.1.1 Classificacao das Lectinas

1.1.1.1 Classificacdo de acordo com a especificidade ao carboidrato

Van Damme et al. (1998) agruparam as lectinas de acordo com a ligagado aos
carboidratos, dentre eles destacam-se: fucose, manose, acido sialico, N-

acetilglicosamina, N-acetilgalactosamina/galactose e glicanos complexos.

A especificidade de uma lectina e a confirmacdo da presenca dessas proteinas
na amostra sao feitas através de ensaios de inibicdo da atividade hemaglutinante,
com diferentes monossacarideos, oligossacarideos ou glicoproteinas (SHARON &
LIS, 1990).

1.1.2.2 Classificacdo de acordo com a topologia do sitio ligante

Os sitios de ligacdo a carboidratos tendem a se dispor na superficie da
molécula proteica e a seletividade da ligagdo € obtida por meio de pontes de
hidrogénio, interacbes de van der Walls e interagcbes hidrofébicas (ELGAVISH &
SHAANAN, 1997; SUROLIA et al., 1996).

Com a finalidade de identificar e agrupar lectinas, elas sdo classificadas de
acordo com a topologia do dominio de reconhecimento de carboidratos. Assim, elas
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sao divididas em dois grupos, segundo Elgavish & Shaanan (1997). O Grupo |
compreende as lectinas de transporte, tais como as proteinas transportadoras
periplasmaticas. Nestas lectinas, os sitios de ligacdo encontram-se mais internos,
envolvendo completamente o ligante. Ja no Grupo Il, estdo a maioria das lectinas
conhecidas. Ao contrario das lectinas que pertencem ao Grupo |, os sitios de ligacao
nas do Grupo Il sdo mais externos, ou seja, topologicamente mais rasos,

acomodando o carboidrato ligante numa depressao superficial molecular.

1.1.2.3 Classificacdo de acordo com a estrutura molecular

De acordo com a estrutura molecular e o namero dos dominios de ligacéo,
elas podem ser divididas em quatro grandes grupos: merolectinas, hololectinas,

quimerolectinas e superlectinas (VAN DAMME et al., 1998).

Merolectinas sdo proteinas de pequeno tamanho e que possuem um Unico
dominio de reconhecimento de carboidratos, sendo incapazes de precipitar
glicoconjugados ou aglutinar células. Hololectinas sdo moléculas proteicas com no
minimo dois dominios idénticos ou muito semelhantes que se ligam ao mesmo
carboidrato ou a acucares de estrutura similar. Tém capacidade de aglutinar células
ou precipitar glicoconjugados. A maioria das lectinas de plantas pertence a este
grupo. Quimerolectinas possuem ao menos dois dominios com atividades diferentes.
Um deles é capaz de reconhecer carboidratos e o outro possui uma funcédo distinta,
como por exemplo, atividade enzimética. As superlectinas apresentam dois dominios
de ligacdo a carboidratos, de maneira semelhante as hololectinas. Mas,
diferentemente destas, as superlectinas sdo capazes de reconhecer agucares com
estruturas diferenciadas (VAN DAMME et al., 1998).
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1.1.3 Purificagao e caracterizagao de Lectinas

Lectinas sdo encontradas em diversas fontes, mas a purificacdo destas
moléculas ocorre, principalmente, a partir de sementes de leguminosas, nas quais
representam até 10% do conteudo de proteina total (SHARON et al., 2004; KONOZY
et al., 2003). A estratégia para o isolamento de lectinas depende da natureza do
material bioldgico, bem como € baseada em algumas caracteristicas exibidas pelas
mesmas, como tamanho molecular, solubilidade, carga e afinidade de ligacdo a
carboidratos, as quais variam de uma proteina para outra (CORREIA & COELHO,
1995).

Existem varias técnicas utilizadas para eliminar moléculas que ndo sejam de
interesse, e envolvem parametros como a selecdo da solucdo utilizada para a
extracdo, a temperatura e o tempo. A maioria das lectinas sdo sollveis em agua e
em solucéo salina (MOURE et al., 2001; OSHIKAWA et al., 2000).

O primeiro passo é a preparacdo de extratos em solucdo salina ou tampao
(MLADENOV et al., 2002). O extrato bruto € avaliado quanto a concentracdo
proteica e a atividade hemaglutinante sendo utilizado como matéria-prima para o
isolamento da lectina. Estes extratos sdo submetidos a purificagdes parciais por
meio de técnicas convencionais para purificacdo de proteinas, incluindo o
fracionamento salino com sulfato de amoénio, devido a alta solubilidade deste sal. O
fracionamento salino baseia-se no principio de que a solubilidade da maioria das
proteinas diminui na presenca de elevadas concentracdes de sais. Esse efeito é
chamado salting-out. Normalmente, os extratos lectinicos passam por este processo
para a remocao de toda a camada de solvatacdo existente ao redor das proteinas,
precipitando as mesmas. Apds o fracionamento salino, a dialise é realizada para
remocgdo do sal, através de uma membrana de celulose semipermeavel (KABIR et
al., 1998). Moléculas maiores séo retidas dentro da membrana, enquanto que as
menores e 0s ions passam através dos poros da membrana e permanecem na

solugéo.

A utilizacdo de técnicas cromatograficas € muito comum para a purificacdo de

lectinas, sendo que a cromatografia de afinidade € a mais usada devido a
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propriedade que elas apresentam de se ligar a carboidratos. As colunas de
cromatografia de afinidade sdo formadas por suportes de polissacarideos ou de
glicoproteinas imobilizadas (COELHO et al., 2012). Outros tipos de cromatografia
também podem ser utilizados, tais como a cromatografia de filtracdo em gel, na qual
as moléculas sdo separadas através do tamanho; a cromatografia de troca ibnica,
que separa as proteinas de acordo com sua carga - proteinas com carga negativa
(anidnicas) ligam-se em coluna contendo o grupo dietilaminoetil (DEAE) que contém
cargas positivas, enquanto que proteinas com cargas positivas (catibnicas) séo

separadas em colunas contendo o grupo carboximetil (CM), com carga negativa.

Para caracterizar as lectinas sao avaliados o pH e a temperatura em que elas
apresentam atividade hemaglutinante. E de grande importancia conhecer a faixa de
pH que estas proteinas se mantém estaveis, desempenhando suas func¢des. O pH
pode alterar a carga liquida das proteinas, provocando repulsdo eletrostatica por
rompimento de pontes de hidrogénio. Quanto a temperatura, esta pode causar
alteracbes na estrutura tridimensional das lectinas, através do processo de
desnaturacdo (COELHO et al., 2012).

Ainda séo utilizados métodos eletroforéticos baseados no principio que uma
molécula com carga elétrica mover-se-a em um campo elétrico, sendo que a
velocidade de migracao ir4 depender da intensidade do campo, da carga liquida da
proteina e do coeficiente de atrito. As separacfes eletroforéticas, geralmente, sao
realizadas em gel de poliacrilamida, porque sao quimicamente inertes. A eletroforese
em gel de poliacrilaminda para proteinas em condigbes ndo desnaturantes é
utiizada para analisar a pureza de estruturas moleculares nativas. Quando
submetidos a condi¢cdes desnaturantes (presenca de dodecil sulfato de sédio) e
redutoras (presenca de B-mercaptoetanol) revelam o grau de pureza da proteina, a
composicdo de subunidades e através de coloracdo especifica, a natureza
glicoproteica (COELHO e SILVA, 2000).
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1.1.4 Lectinas de leguminosas

As lectinas de leguminosas sdo o grupo de lectinas vegetais mais bem
estudado e caracterizado (SHARON, 2007). A ConA foi a primeira lectina de
leguminosa que teve sua estrutura tridimensional resolvida (BECKER et al., 1975;
REEKE et al., 1975; EDELMAN et al., 1972) e, até o0 momento, é a lectina que foi
melhor caracterizada dentre aquelas obtidas a partir de leguminosas (SANZ-
APARICIO et al., 1997). As lectinas de leguminosas exibem uma grande diversidade
na oligomerizacdo dos monémeros em dimeros e tetrameros (CHANDRA et al.,
2001; SRINIVAS et al., 2001).

Os tetrameros de lectinas obtidas de sementes dos géneros Cratylia e
Canavalia envolvem associa¢des cruzadas de lados posteriores de dois dimeros por
alinhamento antiparalelo das folhas beta (DEL SOL et al., 2007). As estruturas
quaternarias das lectinas purificadas de plantas da subfamilia Diocleinae sofrem
influéncia do pH e exibem equilibrio dimero-tetrdmero dependente de pH, mas,
apenas os tetrameros sdo capazes de interagir com receptores ha membrana celular

induzindo processos de transducéo de sinal (CALVETE et al., 1999).

1.1.4.1 Cratylia mollis

Cratylia mollis é uma espécie pertencente a familia Fabaceae, tribo
Phaseoleae, subtribo Diocleinae, que também contém o género Canavalia,
botanicamente relacionado a Cratylia. Nativa da regido semiarida do sertdo do
Estado de Pernambuco, é popularmente conhecida como feijdo camaratuba ou
feijdo camaratu (Figura 1) e utilizada como forrageira na alimentacdo de caprinos e
bovinos, principalmente nos periodos de estiagem prolongada, quando esta
apresenta uma maior importancia porque permanece verde. Tem porte arbustivo,
produzindo grande quantidade de sementes (ARAUJO et al., 2011; SANTOS et al.,
2004).
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Figura 1: Sementes (A), arvore (B) e flores (C) de Cratylia mollis.

As sementes de C. mollis foram avaliadas quanto a presenca de lectinas,
sendo obtidas isolectinas a partir de diferentes fragbes de sobrenadante ou
precipitados salinos (F0-40% e F40-60%). As isolectinas foram denominadas
Cramoll 1, Cramoll 2, Cramoll 3 e Cramoll 4 (Figura 2).

Cramoll 1 é a isolectina mais abundante e foi purificada a partir da F40-60%, da
qual também foi obtida, através de cromatografia de afinidade uma preparacdo
purificada, mistura de Cramoll 1 e sua isoforma Cramoll 4 (Cramoll 1,4), que podem
ser separadas por cromatografia de troca idbnica em coluna de CM-celulose
(CORREIA & COELHO, 1995). As isolectinas Cramoll 2 (60 kDa) e Cramoll 3 (31
kDa) foram isoladas a partir do sobrenadante da F40-60% e do precipitado da FO-
40%, respectivamente. A classificacdo das isolectinas foi feita de acordo com a
migracao eletroforética em gel para proteinas basicas nativas; Cramoll 1 apresenta a
maior migracdo (proteina mais basica) (pH 8.5-8.6), seguida de Cramoll 2 (pH 4.15-
6.7) e por fim, Cramoll 3 (pH 5.25-5.8) (PAIVA & COELHO, 1992).
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Figura 2: Principais etapas para purificacdo das isoformas de lectinas de Cratylia mollis

Preparacao de extrato
bruto a 10%

Fracionamento salino
0-40%

A estrutura terciaria de Cramoll 1 foi determinada através de cristalografia de
raios X e revelou trés folhas B conectadas por loops, conhecidos como dominios
jellyroll (quase idénticos aos dominios da ConA) (Figura 3) (VAREJAO et al., 2010).
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Figura 3: Estrutura terciaria de Cramoll 1(A), Dimerizacdo envolvendo alinhamento antiparalelo de
folhas beta (B) e tetramerizacao consistindo da associagéo de dois dimeros (C). Fonte: VAREJAO et
al., 2010.

Monomer -

L

Quanto a especificidade por carboidratos, Cramoll 1,4, Cramoll 1 e Cramoll 2
pertencem a classe das lectinas que se ligam a glicose/manose, enquanto que
Cramoll 3 é uma glicoproteina especifica para galactose. A topologia de Cramoll 1,4
€ quase idéntica a da ConA (Figura 4) (DA SILVA et al., 2014). Tanto Cramoll quanto
ConA apresentam sitios de ligacdo para os ions Mn*?e Ca*? (SOUZA et al., 2003).

Figura 4: Similaridade de estrutura entre as lectinas Cramoll e ConA. Fonte: DA SILVA et al., 2014.

Cramoll ConA
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A purificacdo de proteinas exige tempo e grande volume de material biologico,
além de que pode haver um baixo rendimento e contaminacdo das fracoes
purificadas. Objetivando solucionar esses problemas, surgiu o processo de
expressao heterdloga, o qual exibe uma producédo mais efetiva de proteinas e com
um maior grau de pureza (GEMEINER et al., 2009).

Ja foi relatada a expressdo e a purificacdo da Cramoll 1 recombinante
(rCramoll) em Escherichia coli, o que foi conseguido através da introducdo de um
DNA sintetizado quimicamente capaz de codificar a sequéncia de aminoacidos de
Cramoll 1 dentro de um vetor de expressao de origem bacteriana, sob o controle do
promotor de T7. Grande parte da lectina recombinante foi encontrada em agregados
insoltveis, também chamados de corpos de inclusdo, mas através da diminuicdo da
temperatura de inducdo de proteinas, foi possivel recuperar quantidades razoaveis
da lectina solavel na sua forma ativa. A lectina recombinante foi purificada até a
homogeneidade através de cromatografia de afinidade. A Cramoll 1 nativa
(pCramoll) e a Cramoll recombinante (rCramoll) apresentam propriedades fisico-
guimicas, tais como peso molecular, densidade de carga e estruturas secundaria e
terciaria semelhantes. No entanto, pCramoll possui menor estabilidade
termodindmica quando comparada com a rCramoll. Esta caracteristica,
provavelmente, € causada pela presenca de tetrameros compostos de monémeros
fragmentados, que sao formados nos cotilédones da planta, mas ausentes na
proteina recombinante. rCramoll também partiiha com a pCramoll outras
particularidades, como a especificidade por monossacarideos, bem como suas
atividades aglutinantes em eritrécitos de coelho (VAREJAO et al., 2010).

Cramoll 1,4 pode ser utilizada para o isolamento e caracterizacdo de moléculas
bioativas. Quando imobilizada em Sepharose 4B (Cra-Sepharose) foi capaz de isolar
a enzima lecitina colesterol aciltransferase, além de outras glicoproteinas do plasma
humano (LIMA et al., 1997). Este mesmo sistema foi usado para isolar proteina de
sementes de Glycine max com atividades de anticoagulacdo e antiagregacéo
plaguetaria in vitro (SILVA et al, 2011). Napoledo et al. (2013) isolaram
glicoproteinas provenientes de soro fetal bovino, colostro humano, ovo de galinha e
plasma humano a partir de matrizes contendos lectinas de C. miollis imobilizadas

(Cramoll 1,2,3-Sepharose e Cramoll 3-Sepharose).
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Cramoll 1,4 é descrita como agente cicatricial, pois promove maior migracéo de
células polimorfonucleares, aumento de tecido de granulacdo e de deposi¢do de
fibras de colageno em feridas experimentais (DE MELO et al., 2011b). Além disso,
grupos de ratos Wistar tratados com hidrogel de Cramoll 1,4 apds inducdo de
queimaduras de segundo grau mostraram proliferacdo fibroblastica intensa e
presenca de colageno denso (PEREIRA et al., 2012).

A primeira indicacdo que Cramoll 1,4 tem propriedade imunomodulatéria foi
devido a sua capacidade de induzir efeito mitogénico em linfocitos T, de maneira
semelhante a ConA (MACIEL et al., 2004). A atividade mitogénica também foi
demonstrada em linfécitos esplénicos de camundongos BALB/c inoculados por dois
dias com uma dose Unica intraperitoneal na concentracdo de 100 pg/mL de Cramoll
1,4. Este trabalho mostrou que Cramoll 1,4 foi capaz de estimular quantidades
significativas de células na fase S do ciclo celular e altos niveis de IL-2, IL-6 e IFN-y,
bem como producdo de éxido nitrico (DE MELO et al., 2011a). Em uma pesquisa
semelhante, os camundongos BALB/c foram inoculados com uma dose Unica
intraperitoneal na concentracdo de 235 pg/mL de Cramoll 1,4 e a andlise dos
esplendcitos apos sete dias mostrou uma producdo aumentada de espécies reativas
de oxigénio (EROs) citosdlicas e mitocondriais, bem como aumento dos niveis de
calcio (DE MELO et al., 2010a). Cramoll 1,4 induz a resposta Thl, através da
producdo de IFN-y e mostra atividade anti-inflamatéria pela supressao de oxido
nitrico em linfécitos experimentais (DE MELO et al., 2010b). E capaz de gerar
memoria imunolodgica através da inducdo de IL-6, IL-17A, IL-22 e IL-23 por linfdcitos
de camundongos BALB/c ou por células mononucleares do sangue periférico de
humanos (OLIVEIRA et al., 2013).

Cramoll 1,4 apresentou potencial atividade anti-helmintica quando testada
contra a infecgdo por Schistossoma mansoni em camundongos Swiss infectados
subcutaneamente. Dois esquemas de tratamento foram realizados: uma dose Unica
na concentracdo de 50 mg/kg apos 40 dias de infeccdo ou uma dose diaria na
concentracdo de 7 mg/kg durante 7 dias apOs a infeccdo. Ambos os tratamentos
foram eficientes na reducdo da oviposi¢cao ou dos granulomas no figado (DE MELO
et al., 2011c). Cramoll 1,4 causou a morte de Trypanossoma cruzi por necrose e
esta morte esta associada a permeabilizacgdo da membrana mitocondrial,

possibilitando a entrada de ions Ca?* e seu acimulo na mitocondria, aumentando os
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niveis de EROs (FERNANDES et al., 2010). Estudo comparando o tratamento com
Cramoll 1,4 em mitocondrias isoladas a partir de T. cruzi e mitocondrias isoladas de
figado de rato revelou que a lectina € capaz de causar aumento nos niveis de EROs
em ambas, caracterizando, desta maneira, 0 estresse oxidativo. Este aumento esta
diretamente relacionado a abertura do poro de transicdo de permeabilidade
mitocondrial (PTPM), sendo que a transicao de permeabilidade mitocondrial (TPM)
pode ser inibida por Ciclosporina A (CsA) apenas na mitocondria de figado de rato
(FERNANDES et al., 2014).

A atividade antitumoral de Cramoll 1,4 encapsulada em lipossomos foi testada
contra Sarcoma 180 de camundongos Swiss, demonstrando que o encapsulamento
melhora sua atividade antitumoral e diminui a toxicidade tecidual, particularmente no
figado e nos rins (ANDRADE et al., 2004). Cramoll 1,4 possui forte capacidade de
ligacdo a células transformadas originadas de tecidos mamarios, uterinos e
cerebrais (BELTRAO et al., 1998). E capaz de reconhecer carboidratos alterados na
membrana de células prostaticas, sendo boa candidata a sonda histoquimica para
patologias de prostata (DE LIMA et al., 2010).

1.1.5 Lectinas e morte celular

O interesse pelo estudo das lectinas aumentou a partir de 1960, apds a
verificacdo de que a PHA estimula linfécitos, resultando em divisdo mitética, e que a
aglutinina de Triticum vulgaris (WGA), do gérmen de trigo, é capaz de aglutinar mais
intensamente células transformadas do que normais (SHARON & LIS, 1987). Apés a
descoberta de INBAR & SACHS (1969), de que a ConA também aglutinava
preferencialmente células malignas, € que houve um impulso na pesquisa das
atividades bioldgicas e aplicacdes de lectinas. Algumas lectinas ja foram utilizadas
como ferramentas para diferenciar tumores malignos de tumores benignos, bem
como o grau de glicosilacdo associado a metastases (MODY et al., 1995); e, nos
altimos anos tém sido desenvolvidos microarranjos que permitem reconhecer melhor

tumores malignos nos diagndstico e prognéstico do cancer (GUPTA et al., 2010).
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O estudo com lectinas exerce um papel importante na terapia contra o cancetr,
pois algumas delas inibem o crescimento das células tumorais. Os mecanismos de
acao destas proteinas variam desde a origem celular até a concentracao da lectina
analisada. O efeito citotoxico de muitas lectinas resulta em processos de morte
celular, por apoptose, necrose e/ou autofagia, que podem ter ou nao a participacéo
da mitocondria (GIANSANTI et al., 2011; LI et al., 2009).

Estudos recentes mostram que a ConA exerce um potente efeito indutor de
morte celular, pois se liga a glicoproteinas da membrana celular, € internalizada e
causa morte celular por acimulo na mitocondria, levando a um colapso do potencial
de membrana, liberagdo do citocromo c e ativacdo de caspases (LI et al., 2010; LIU
et al., 2010; LIU et al., 2009a; LIU et al., 2009b; LEI & CHANG, 2007). GASTMAN et
al. (2004) demonstraram que a WGA promove apoptose em células JURKAT através
de uma via mitocondrial com ativacdo de caspase-9. A lectina VCA (aglutinina de
Viscum album L. coloratum) induziu apoptose por ativacdo de caspase-3 em células
de leucemia mielocitica humana (HL-60) (LYU et al., 2001). Além disso, outra lectina
de Viscum album, a ML-1, ativa caspase-8 independentemente de receptor de morte
e promove apoptose por liberacdo de citocromo ¢ (BANTEL et al., 1999). A lectina
purificada a partir do veneno de Bothrops leucurus (BIL) mata preferencialmente
células de melanona B16-F10 do que células ndo transformadas da linhagem
HaCaT. BIL € capaz de causar necrose em células B16-F10 através do aumento de
EROs e da concentracéo de ions calcio citosdlico, com envolvimento da mitocéndria,
causando sobrecarga de ions célcio na mitocondria e abertura do PTPM (ARANDA-
SOUZA et al., 2014).

Portanto, lectinas sdo promissores candidatos a farmacos antitumorais e,
algumas delas tém sido analisadas em terapias pré-clinicas e clinicas (FU et al.,
2011; GUPTA et al., 2010).
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1.2 CANCER

O equilibrio entre os mecanismos de divisdo e de morte celular é responsavel
pela homeostase, pela integridade e pela funcéo tecidual. Este equilibrio € mantido
atravées de um complexo sistema de sinalizagdo intracelular e extracelular.
Dependendo da necessidade do tecido, as células podem se multiplicar a uma taxa
elevada, em um processo conhecido como hiperplasia, o qual € cessado apos o
término do estimulo que o provocou. Entretanto, quando ocorre um descontrole em
uma Unica célula e, esta é capaz de sofrer alteracBes genéticas que lhe permitam
sobreviver e se multiplicar, produzindo células-filhas também anémalas, ocorre a
formacdo de uma grande quantidade de células desordenadas, a qual constitui um
tumor primario (INCA, 2014; KUMAR, 2010).

A neoplasia ou, mais popularmente, o cancer, refere-se a uma doenca genética
gue pode ocorrer em todos os tipos de tecido do organismo, sendo consequente a
uma alteracdo na informagdo contida no material genético. Essas mutagdes séo
capazes de modificar a expressdo de genes codificadores de proteinas
comprometidos com o controle da proliferacdo e da diferenciacédo celular ou, ainda,
envolvidos nos mecanismos de reparo do acido desoxirribonucleico (DNA). Em
decorréncia, as células anormais proliferam de maneira mais rapida que as células
normais, sendo capazes de invadir tecidos circunvizinhos, levando a metéastase.
Estas alteracbes no material genético podem ser desencadeadas por fatores
externos ou internos. Fatores externos compreendem dieta, radiacdo ionizante,
agentes quimicos e fisicos e alguns micro-organismos. Estes agentes, conhecidos
como carcinégenos, desempenham um papel importante nas alteracdes genéticas
causadoras de cancer. Ja as causas internas sdo, na maior parte das vezes,
geneticamente pré-determinadas e estdo associadas a capacidade que o organismo

tem de se proteger das agressoes externas (INCA, 2014; KLUG et al., 2012).

As doencas ndo transmissiveis (DNT), tais como doencas cardiovasculares,
cancer, diabetes e doencgas pulmonares cronicas sdo as principais causas de morte
em todas as regides do mundo, exceto na Africa subsaariana. Quatro fatores de

risco comportamentais sdo os responsaveis pela maioria das DNT: uso do tabaco,
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dieta incorreta, atividade fisica insuficiente, e uso nocivo do &lcool (PRB, 2012). A
predisposicdo genética também é um fator de risco, proporcionando 20% de casos
de cancer. Assim, a maioria dos canceres sdo associados a carcinogénese
ambiental (REDDY et al., 2003).

Em 2012, de um total de aproximadamente 56 milhdes de mortes ocorridas no
mundo, o cancer foi responsavel por 8,2 milhdes, o que representou cerca de 14%
de todas as mortes. Estima-se que, no ano 2030, ocorram 21,4 milhdes de casos
incidentes de cancer, 13,2 milhdes de mortes por cancer e 75 milhdes de pessoas
vivas, anualmente, com cancer (WHO, 2013; PRB, 2012).

No Brasil, as estimativas para o ano de 2014, validas também para o ano de
2015, apontaram a ocorréncia de aproximadamente 576 mil novos casos de cancer,
incluindo os de pele ndo-melanoma, reforcando a magnitude do problema do cancer
no pais. Com excec¢do do cancer de pele ndo-melanoma, estima-se um total de 394
mil novos casos, 204 mil para o sexo masculino e 190 mil para sexo feminino. Os
tipos mais incidentes séo os canceres de pele ndo-melanoma (182 mil novos casos),
de préstata (69 mil), de mama feminina (57 mil), de cdélon e reto (33 mil), de pulméo
(27 mil), de estbmago (20 mil) e de colo do atero (15 mil). Em homens, os mais
predominantes sdo o0s canceres de prostata, de pulmado, de coélon e reto, de
estbmago e de cavidade oral; e, nas mulheres, os de mama, de cdlon e reto, de colo

do utero, de pulméao e de glandula tireoide (INCA, 2014).

Grande parte das mutacfes que acontecem no material genético € somatica,
ocorrendo nas células do corpo ja desenvolvido e ndo sdo passadas para as
geracbes futuras através das células germinativas; mas, em uma pequena
porcentagem, as mutacfes ocorrem nos genes da linhagem germinativa e séo
transmitidas a progénie, causando susceptibilidade ao cancer (KLUG et al., 2012).
Por isso, alguns individuos herdam mutagbes em sua linhagem germinativa em
genes supressores de tumor ou em oncogenes, 0s quais sdo formas ativas dos
proto-oncogenes que estdo presentes em células normais na forma inativa e séo
responsaveis por produzir proteinas que regulam a divisdo e a adesao celular. Proto-
oncogenes sdo genes normais capazes de codificar proteinas que ajudam a regular
o crescimento e a diferenciacdo celular, porém tornam-se um oncogene devido a

uma mutacdo ou ao aumento de expressao génica; de forma semelhante, a mutagcéo
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de genes supressores de tumor podem retardar a inibicdo da progressédo do ciclo
celular, facilitando o crescimento anormal. Apesar dos avangos no estudo, ao longo
dos anos, a respeito da genética do cancer, os mecanismos pelos quais as
mutacdes, a perda de genes supressores e como as alteracdes genéticas ocorrem
nao sado conhecidos. Algumas pessoas, provavelmente, possuem uma predisposi¢ao
a quebras na molécula do DNA e a incapacidade de reparar erros (FOSTER, 2008;
WEINBERG, 2008; VERMEULEN et al., 2003).

As células cancerosas atuam diferentemente das células normais: possuem
origem clonal, autonomia e capacidade de metastase, ou seja, algumas células do
tumor priméario perdem a capacidade de adesdo, invadem a membrana basal do
tecido de origem através da producdo de enzimas proteoliticas, atravessam a
parede dos vasos sanguineos, caem na circulacdo e formam areas de proliferacédo
em outros tecidos. Células tumorais podem viver de forma independente em cultura
in vitro, as quais tendem a crescer de forma desorganizada, umas sobre as outras,
ao contrario das células normais, que exibem inibigcdo por contato (KUMAR, 2010). A
transformacdo maligna refere-se ao processo pelo qual uma célula normal é
convertida em outra célula que exibe as caracteristicas mencionadas acima
(KUMAR, 2010) e pode ser estudada observando-se as modificacdes no glicocalix e
a perda de juncdes celulares (BROOKS & CARTER, 2001).

Os agentes antitumorais incluem varios compostos que atuam interferindo nos
mecanismos de sobrevivéncia, de proliferacdo e de migracdo celular. Os agentes
atualmente disponiveis manifestam toxicidade significativa sobre os tecidos normais
como maior complicagdo do seu uso, devendo-se considerar criteriosamente o
risco/beneficio destes medicamentos. As drogas antitumorais devem entrar na célula
para produzir os efeitos citotoxicos desejados, porém devem apresentar baixa

citotoxicidade em células normais (REDDY et al., 2003).
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1.2.1 Cancer de Préstata

Estima-se que 1,1 milhdo de homens em todo o mundo foram diagnosticados
com cancer de prostata em 2012, respondendo por 15% dos casos de cancer
diagnosticados em homens, com quase 70% dos casos (759 mil) ocorrendo em
regides mais desenvolvidas. A incidéncia do cancer de préstata varia mais de 25
vezes em todo o mundo; com taxas mais elevadas na Australia/Nova Zelandia
(111,6/100 mil habitantes) e América do Norte (97,2/100 mil habitantes), e na Europa
Ocidental e do Norte. Esse numero elevado pode ocorrer, provavelmente, como um
reflexo das préticas de rastreamento pela dosagem do antigeno prostatico especifico
(PSA) (INCA, 2014).

No Brasil, o cancer de prostata representa o segundo tipo mais comum de
tumor maligno, atras apenas do cancer de pele ndo-melanoma; também é o sexto
tipo mais frequente no mundo, representando 10% do numero total de casos de
cancer. E considerada uma doenca da terceira idade, visto que cerca de 65% dos
casos acometem homens com 65 anos ou mais. No ano de 2012, o numero de
mortes chegou a 13.354, enquanto que a estimativa de novos casos em 2014,
também valida para o ano de 2015, foi de 68.800 (Figura 5 e Figura 6), sendo o mais
incidente em todas as regifes do pais. O aumento da expectativa de vida, a
melhoria e a evolucdo dos métodos diagndésticos e da qualidade dos sistemas de
informacdo do Brasil, bem como a ocorréncia de diagnéstico em funcdo da
disseminacgédo do rastreamento do cancer de prostata com PSA e toque retal, podem
explicar o aumento das taxas de incidéncia ao longo dos anos (INCA, 2014).
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Figura 5: Estimativas do ano de 2014, no Brasil, das taxas brutas de incidéncia por 100 mil
habitantes e de nimero de casos novos por cancer, segundo o sexo e a localizagdo priméaria*. Fonte:
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INCA, 2014.
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Figura 6: Distribuigdo proporcional dos dez tipos de cancer mais incidentes, no Brasil, em 2014 por
sexo, exceto pele ndo melanoma*. Fonte: INCA, 2014.
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Quando o tumor esta localizado apenas no 6rgdo de origem, ele pode ser
removido por cirurgia ou por radiacdo. Alguns dos tumores de prOstata podem
crescer rapidamente, espalhando-se por outros Orgaos. Assim, quando ocorrem
metédstases, a doencga torna-se quase incurdvel (AMANATULLAH et al.,, 2000).
Porém, a maioria deles cresce de forma bastante lenta, demorando cerca de 15
anos para atingir 1 cm?, ndo ameagando a sallde do homem durante este periodo
(INCA, 2014).

Apoés o trabalho de Charles Huggins, a terapia de restricdo de andrdgeno
tornou-se o tratamento mais utilizado para o cancer de prostata em estagio
avancado (DENMEADE & ISAACS, 2002). Infelizmente, esse tipo de tratamento ndo
elimina totalmente as células tumorais e depois de um periodo, que pode variar
entre 9 e 30 meses, ocorre a selecdo e a proliferacdo de células independentes de
androgeno (LAUFER et al., 2000). Portanto, medicamentos que induzem morte das
células de cancer de prostata podem constituir uma alternativa para o controle desse
tipo de tumor.

As linhagens de células humanas de cancer de préstata mais utilizadas para
estudos in vitro sdo: LNCaP, PC-3 e DU 145 (PEEHL, 2005). Nesse trabalho foram
utilizadas células PC-3 (Figura 7), que constituem uma linhagem considerada
independente de andrdégeno. Estas ceélulas foram obtidas do osso de um homem
caucasiano de 62 anos com diagnostico de metastase de adenocarcinoma de
prostata em estagio IV (KAIGHN et al., 1979).
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Figura 7: Linhagem celular de cancer de prostata. Foto de cultura de células PC-3, obtida do site da
ATCC (American Type Culture Collection). Escala da barra = 100 pm.

1.3 MITOCONDRIA

1.3.1 Bioenergética mitocondrial

As mitocondrias sdo as organelas responsaveis pela conversdo de energia de
oxido-reducdo em energia quimica utilizada pelos eventos celulares. Além disso,
elas tém emergido como uma organela central nos processos de sinalizacdo, de
injuria e de morte celular (INADA et al.,, 2008). Mitocbndrias estdo presentes na
maioria das células eucariéticas animais e vegetais, tendo dimensdes da ordem de

grandeza de 1 um.
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Entre os primeiros pesquisadores que relataram a existéncia das mitocondrias
como organelas citoplasméticas, destaca-se o cientista Kollinker, o qual observou
que existiam granulos bem organizados no sarcoplasma de musculos esqueléticos.
Em meados de 1890, estes granulos foram denominados sarcossomos, pelo
cientista Retzius (LEHNINGER, 1964). A partir dai, Bensley, em 1930, tentou isolar
mitocondrias provenientes de células do tecido hepético, através de centrifugacao
diferencial. Ele ndo obteve sucesso no isolamento de organelas intactas, mas seu
trabalho tem um enorme destaque por reunir pesquisas bioquimicas de respiracéo
mitocondrial. O isolamento de mitocondrias intactas foi realizado, pela primeira vez,
em 1948, por Hogeboom, Schneider e Palade. Em 1949, os cientistas Eugene
Kennedy e Albert Lehninger isolaram mitocéndrias de figado, demonstrando que ela
€ a responsavel pela sintese de adenosina trifosfato (ATP), associada a oxidacao de
coenzimas (NELSON & COX, 2014).

Estruturalmente, sdo constituidas por duas membranas e dois compartimentos
limitados por estas membranas. O compartimento mais interno, delimitado pela
membrana mitocondrial interna, € denominado de matriz mitocondrial e contém
enzimas presentes em reagoes do ciclo de Krebs, da p-oxidacdo de acidos graxos e
da oxidacdo de aminoacidos. O segundo compartimento é denominado espaco
intermembranar, pois localiza-se entre as membranas interna e externa (VERCESI,
2003).

A membrana mitocondrial externa é permeavel a pequenas moléculas e ions
que se movem livremente através de canais transmembranas formados por uma
familia de proteinas integrais de membranas denominadas porinas. A membrana
interna é impermeavel a maioria das pequenas moléculas e de ions, incluindo
protons (H*), sendo permeével somente a O2, CO2, NO e H20. As Unicas moléculas
capazes de atravessar a membrana mitocondrial interna sdo aquelas para as quais
existem transportadores especificos, como por exemplo, ATP*#, ADP-3, piruvato e

Ca?" (NELSON & COX, 2014).

Na membrana mitocondrial interna encontram-se 0s componentes da cadeia
respiratoria e a ATP sintase (NICHOLLS & FERGUSON, 2002). A energia
necessaria para o processo de fosforilagdo oxidativa provém da diferenca de
potencial de oxido-reducdo entre NADH ou FADH2 e O2. Segundo Peter Mitchell
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(1961), a passagem dos elétrons retirados dos substratos respiratorios pela cadeia
respiratéria € um processo exergdnico cuja energia livre resultante é convertida em
um potencial eletroquimico de H* através da membrana mitocondrial interna. Esta
energia é utilizada pela ATP sintase para fosforilar ADP a ATP. Normalmente,
elétrons provenientes das coenzimas NADH, reduzidas durante a oxidacdo de
carboidratos, aminoacidos e acidos graxos, sao transferidos a NADH desidrogenase,
conhecida como complexo I. O complexo | transfere seus elétrons a forma oxidada
da coenzima Q (UQ), gerando a forma reduzida, UQH2. Os elétrons que sé&o
originados do succinato passam para a UQ através do complexo I, resultando na
reducdo da coenzima Q. Esta coenzima também pode ser reduzida pela glicerol-3-
fosfato desidrogenase, na presenca de glicerol-3-fosfato citosolico, ou pela
ubiquinona oxiredutase, como resultado da -oxidacdo de acidos graxos. A forma
reduzida € desprotonada, originando a espécie anidnica semiquinona (UQH"),
responsavel por doar elétrons ao citocromo c, o qual transfere elétrons a enzima
citocromo c oxidase, conhecida como complexo IV da cadeia respiratoria. A
citocromo c¢ oxidase € responsavel pela transferéncia de elétrons ao oxigénio
molecular, culminando com a geracdo de agua, em um processo envolvendo quatro
passos consecutivos de transferéncia de um elétron (NICHOLLS & FERGUSON,
2002).

De acordo com Peter Mitchell (1961), a passagem de elétrons através da
sequéncia de intermediarios redox da cadeia respiratoria permite um fluxo de H* da
matriz mitocondrial ao espaco intermembranas, contra um gradiente de
concentracdo e a formacéo deste potencial eletroquimico entre as membranas € o
ponto de partida do acoplamento entre a oxidacdo de substratos e a utilizacdo da
energia obtida com a transferéncia dos elétrons. O componente elétrico (AW) atinge
valores de aproximadamente 180 mV, no estado de repouso, enguanto o
componente quimico (ApH) oscila entre 0 a 1 unidade de pH. O fluxo de H* através
da ATP sintase, de volta ao interior da mitocéndria, desta vez a favor do gradiente
de concentracdo, esta relacionado a producdo de ATP a partir da fosforilacdo do
ADP. A ATP sintase é constituida por duas subunidades distintas, F1 — solavel e
localizada na matriz mitocondrial; e Fo — hidrofébica e mergulhada na membrana
mitocondrial interna, na qual também estdo localizados os outros complexos da

cadeia respiratéria (Figura 8).
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Figura 8: Esquema simplificado da cadeia respiratéria e da teoria quimiosmética aplicada a
mitocondria.Fonte: https://thinkbio.wordpress.com/2011/12/31/processos-energeticos-celulares/
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1.3.2 Geracao de Espécies Reativas de Oxigénio (EROs)

Normalmente, durante o metabolismo celular aerdbio, sédo produzidas
substancias eletricamente instaveis, denominadas radicais livres, que atuam como
mediadores para a transferéncia de elétrons em varias reagfes bioquimicas,
desempenhando funcbes importantes no metabolismo. Estdo envolvidas na
producdo de energia, na fagocitose, na regulacdo do crescimento celular, na
sinalizacdo celular e na sintese de substancias biologicas importantes. Entretanto,
podem reagir com biomoléculas, tais como DNA ou proteinas, gerando novos
radicais livres além de espécies reativas nao-radicalares, as quais causam danos
irreparaveis nas células (FERREIRA & MATSUBARA, 1997).
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A passagem de elétrons através da cadeia respiratéria tem como consequéncia
a geracdo de EROs. Aproximadamente 2% dos elétrons que entram na cadeia
respiratoria ndo sao utilizados para reduzir Oz a H20. Esses elétrons séo capazes de
se combinar com o0 oxigénio em passos intermediarios da cadeia respiratoria,
promovendo a reducdo do Oz e gerando o radical superéxido (O?), principalmente
nos complexos | e lll (BOVERIS & CHANCE, 1973; LIU, 1997). A producio de O?-
pelo complexo | € promovida pelos substratos dependentes de NAD como a-
cetoglutarato, malato, glutamato e piruvato, além de ser estimulada por rotenona, um
inibidor da transferéncia de elétrons do complexo | a coenzima Q (KOWALTOWSKI
et al.,, 2009). Os anions O?%- sdo, posteriormente, convertidos em peréxido de
hidrogénio (H202) (KATOCH & BEGUM, 2003).

Como a geragdo mitocondrial de O%- é um processo continuo e fisiolégico, a
mitocdndria apresenta alguns sistemas antioxidantes, tais como enzimas tidlicas,
superoxido dismutase dependente de manganés (MnSOD), glutationa, NADPH,
vitaminas E e C. Além desses sistemas, a mitocondria também tem mecanismos que
promovem um pequeno desacoplamento da fosforilacdo oxidativa, o que pode
diminuir a geracdo de EROs (SKULACHEV, 1991). Entre os desacopladores
encontram-se as proteinas desacopladoras (UCPs) e o translocador de nucleotideos
de adenina (ANT). Eles sdo capazes de promover uma pequena diminuicdo do
potencial eletroquimico de H*, que é suficiente para aumentar o consumo de Oz e
mudar o estado de oOxido-reducdo dos transportadores de elétrons da cadeia
respiratoria (KLINGENBERG et al., 2001; SAMARTSEV et al., 1997)

Em processos fisiol6gicos normais, as espécies reativas interferem em vias de
sinalizacao intracelular relacionadas com apoptose e processos inflamatérios. Séo
mediadoras de morte celular, pois altos niveis de estresse oxidativo podem causar
necrose enquanto que baixos niveis podem desencadear a apoptose, processo
importante em mecanismos fisiolégicos (DYPBUKT et al., 1994). Participam ainda da
defesa celular, através da destruicdo de micro-organismos durante a fagocitose.
Porém, esse processo passa a ser prejudicial quando a inflamagédo se torna
sistémica, como na sepse, em que a perda de controle da producéo de EROs pode
causar lesdo a distancia. Além disso, nas doencas inflamatdrias crénicas esta

producéo torna-se excessiva, provocando lesdes teciduais (LEITE & SARNI, 2003).
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As principais espécies reativas de oxigénio formadas sdo o radical superoxido
(O27), o radical hidroxila (OH") e o perdxido de hidrogénio (H202) (LEITE & SARNI,
2003; ANDERSON, 1996). Tanto o H202 quanto o O2™ sdo extremamente toxicos,
pois causam lesdes ao se unirem aos acidos graxos das membranas celulares. Esta
toxicidade deve-se a capacidade destes radicais transformarem-se em OH™, 0 que
caracteriza a reacao de Fenton. A OH™ é um radical lesivo, porque causa quebras e
modificacdes nas bases do DNA, alteracdes de cadeias proteicas e peroxidacao
lipidica. Ainda podem inativar varias proteinas ao oxidar os grupamentos sulfidrilas (-
SH) a pontes dissulfeto (-SS) (FERREIRA & MATSUBARA, 1997).

1.3.3 Homeostase de Calcio

O célcio (Ca?') exerce importantes papéis como segundo mensageiro no
controle de muitos processos bioldgicos, tais como, crescimento, diferenciacao,
motilidade, contracdo, endocitose, exocitose, regulagdo do metabolismo
intermediario, expressdo de genes e apoptose (MORENO et al., 1994). Vérios
aspectos envolvem a complexa relacdo existente entre os ions Ca?* e a sinalizacéo
da morte celular. O Ca?" é responsavel por regular inUmeros passos que
caracterizam mecanismos de iniciacdo de morte celular, efeitos de morte celular e

reconhecimento desta por macréfagos (BERRIDGE et al., 2000).

A captacdo e a liberacdo do Ca?* através da membrana plasmatica e das
organelas intracelulares ocorre através da acdo conjunta de sistemas de transporte
responsaveis pelo controle da concentracdo de Ca?* intracelular (MORENO et al.,
2003). Trés familias de canais estdo envolvidas na entrada de célcio na célula. Sédo
eles: canais voltagem dependentes (VDAC), ativados por despolarizacdo da
membrana; canais operados por receptores, modulados pela ligacdo
agonista/antagonista; e canais capacitativos, operados por estoques que se abrem
em resposta a reducdo na concentracdo de Ca?* intracelular mediada pela
participacdo do reticulo endoplasmético (PUTNEY & BIRD, 1994).

Para que uma célula funcione normalmente, a concentracdo de Ca?*

intracelular deve ser mantida a niveis baixos em relacdo ao meio externo. Em
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mamiferos, a concentracdo de Ca?* citosélico, em condicdes de repouso, é mantida
na ordem de 0,1 uM, bem menor que a concentracdo do Ca?* extracelular, que é em
torno de 1 mM (MARIN et al., 1998; NICOTERA & ORRENIUS, 1998; NICOTERA et
al., 1992). Esta grande diferenca de concentracdo de ifons Ca?* entre os
compartimentos intra e extracelulares possibilita a transdugéo de sinais bioquimicos
no interior das células. A distribuicdo do Ca?* intracelular é controlada por processos
de transporte através da membrana plasmatica e das membranas de organelas,
como o reticulo endoplasmatico, o nucleo e a mitocondria (CARMELIET, 2004;
GUNTER & GUNTER, 1994).

A mitocdndria tem um papel fundamental na sinalizacdo exercida pelo célcio.
Por um lado, sdo maquinarias complexas para manipulacdo destes ions através de
rotas eletroforéticas de acumulo de calcio na matriz abaixo do gradiente
eletroquimico (através de canais uniporter mitocondriais de calcio - MCU) e
trocadores de Ca?* por Na?* ou H*. Por outro lado, o efeito do célcio dentro da
mitocondria pode estimular desidrogenases e mudancas nucleares e lisossomais,
por exemplo, culminando na morte celular por apoptose ou necrose (RIZZUTO et al.,
2003).

A versatilidade dos ions Ca?* é importante ndo apenas em condicdes de
normalidade, mas também em processos celulares patolégicos. Privar as células de
fons Ca?* (através da remocdo do calcio extracelular, do tamponamento ou
esgotando os estoques intracelulares), resulta em morte celular rapida; enquanto
que o excesso de Ca?* é extremamente toxico, e a célula morre por sobrecarga de
Ca?*, representando o mecanismo geral mais provavel de morte celular (RIZZUTO et
al., 2003). Altas concentracGes de Ca?* podem danificar a estrutura de &cidos
nucleicos, de algumas proteinas ou de lipideos (GRIJALBA et al., 1999; VERCESI et
al., 1997), enquanto que niveis intermediarios podem interferir no controle de
quinases especificas e ativar proteases sensiveis a Ca?* ou fosfatases, como a
calcineurina, por exemplo, levando a morte celular (IWAI-KANAI & HASEGAWA,
2004; WANG et al., 1999). O aumento de Ca?* mitocondrial pode desencadear a
inibicdo da fosforilacdo oxidativa, uma vez que o complexo Ca?*-ADP formado
compete com Mg-ADP na ligagdo ao sitio ativo da FoFi1-ATP sintase (VERCESI et
al., 1990). Desta forma, quando ha aumento da concentracdo de Ca?* mitocondrial e

reducdo do nivel de ATP, mecanismos de morte celular podem ser iniciados.
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Alteracdes na permeabilidade da membrana mitocondrial interna induzidas por Ca?*
podem ocorrer como consequéncia da acdo de EROs geradas na mitocondria
(VERCESI et al., 1993), pois estas organelas sdo organelas sensiveis a lesao por
EROs geradas pela cadeia respiratoria mitocondrial (KOWALTOWSKI et al., 1999).
Muitos estudos associam a disfungdo mitocondrial causada por EROs e por

aumento de ifons Ca?" a morte celular tanto por necrose quanto por apoptose
(ZECCHIN et al., 2007; ZAMZAMI et al., 1997).

1.3.4 O Processo Desencadeador de Morte Celular

Inimeros sinais modulam a proliferacdo, sobrevida e morte celular e a acao
coordenada destes estimulos permite que a célula normal cresca e se divida até sua
senescéncia (FOSTER, 2008; MESTER & REDEUILH, 2008). Entretanto, quando se
trata de células tumorais, elas perdem a capacidade de regular esses sinais,
resultando no descontrole da proliferacdo e na auséncia de morte celular,
contribuindo para o desenvolvimento de massas tumorais. Além de proliferarem
continuamente, as células tumorais também apresentam uma caracteristica
conhecida como imortalidade replicativa, na qual a célula ndo é direcionada para o
processo de senescéncia e posterior apoptose. No decorrer da vida de uma célula
normal, os telémeros (sequéncias repetidas de DNA que formam as extremidades
dos cromossomos) vao se encurtando e dirigindo a célula ao envelhecimento e
morte celular programada. A telomerase, enzima que previve o encurtamento dos
Cromossomos, esta presente em quantidades diferenciadas em células embrionarias
e em células de cancer, pois além de prevenir o encurtamento dos cromossomos,
retardando o envelhecimento celular, ela também ativa genes que permitem que as
células dividam-se indefinidamente (HANAHAN e WEINBERG, 2011).

Normalmente, estimulos toxicos ou deletérios a célula podem desencadear a
morte celular por apoptose ou por necrose, que se diferenciam através da morfologia
e vias bioguimicas celulares (FOSTER, 2008; KUWANA & NEWMEYER; 2003). A
morte celular pode ser classificada de acordo com varios aspectos, tais como:

aparéncia morfologica (que pode ser apoptotica, necrotica ou autofagica), critérios
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enzimaticos (com e/ou sem envolvimento de nucleases ou de vérias classes de
proteases, tais como caspases, catepsinas, calpainas e transglutaminases),
aspectos funcionais (programada ou acidental, fisiologica ou patologica) ou
caracteristicas imunoldgicas (imunogénica ou nao-imunogénica). Para que uma
célula seja considerada morta um dos seguintes critérios morfoldégicos ou
moleculares deve ser encontrado: perda da integridade de membrana plasmética,
detectada pela incorporacdo de corantes vitais in vitro; quando a célula, incluindo
seu nucleo, sofre completa fragmentacdo em corpos discretos, conhecidos como
“corpos apoptoéticos”; e/lou quando verifica-se in vivo o englobamento da célula morta

ou fragmentos celulares por uma célula adjacente (KROEMER et al., 2008).

A apoptose € coordenada por um conjunto de proteases cisteina/aspartato
especificas conhecidas como caspases (ADAMS e CORY, 2007; STRASSER et al.,
2000; GREEN, 2000). Essas proteases sao sintetizadas como zimogénios e,
mediante estimulos apoptéticos, sofrem ativacdo proteolitica. Existem duas vias
principais de regulacédo da apoptose: 1) Apoptose mediada por receptores de morte
(TNF, TNFR1l, TRAMP, TRAIL e Fas) presentes na membrana plasmaética,
denominada via extrinseca e 2) Apoptose mediada pela mitocéndria, denominada
via intrinseca (ADAMS e CORY, 2007; HAIL et al., 2006; WILLIS e ADAMS, 2005;
HAJRA & LIU, 2004). Tanto a via extrinseca quanto a intrinseca possuem um grupo
independente de caspases iniciadoras que convergem sinais para 0 mesmo grupo
de caspases efetoras com a finalidade de executar eventos intracelulares que
resultardo na morte celular programada (HAJRA & LIU, 2004; ZHANG et al., 2004).
Vérias proteinas podem regular a ativacdo de caspases e grande parte dessas
proteinas tem localizacdo ou interacdo 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 (do inglés, apoptosis activating
factor 1) e caspase 9, formando o apoptossomo, complexo de alto peso molecular
responsavel pela clivagem de varias pré-caspases (ADAMS e CORY, 2007;
RAVAGNAN et al., 2002; ZIMMERMANN et al., 2001). As mitocondrias também
contém a proteina Smac/DIABLO, a qual inativa proteinas citosélicas responsaveis
pela inibicdo de caspases. Também merece destaque, o AlF (do inglés, apoptosis
inducing factor), uma proteina capaz de induzir condensacdo da cromatina nuclear

de modo independente da ativagdo de caspases, e a endonuclease G, que promove
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diretamente a fragmentacdo de DNA nuclear. Ambas estdo, normalmente,
localizadas no espaco intermembranas mitocondrial e migram para o citosol
mediante estimulos pro-apoptoticos (RAVAGNAN et al., 2002; VAN LOO et al.,
2001; LORENZO et al., 1999).

A necrose, outra forma de morte celular, durante muito tempo foi descrita como
um processo de morte acidental e descontrolado. Porém, diversos trabalhos tém
evidenciado que a morte celular necrotica pode ser regulada por um conjunto de vias
de transducdo de sinais e mecanismos catabdlicos. 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 presenca de inibidores de
caspases (FESTJENS et al., 2006). Alguns mediadores, organelas e processos
celulares tém sido implicados na necrose, mas ainda ndo € claro como esses
eventos interagem uns com os outros (KROEMER et al., 2008). Entretanto, se sabe
que esse fendbmeno inclui alteragbes mitocondriais (desacoplamento, producdo de
EROs, estresse nitroxidativo por 6xido nitrico ou compostos similares e
permeabilizacdo de membrana mitocondrial), alteracGes lisossomais (producédo de
EROs por reacdo de Fenton e permeabilizacdo de membrana lisossomal),
mudancas nucleares (hiperativacdo de PARP-1 e concomitante hidrélise de NAD™),
degradacdo lipidica (ativacdo de fosfolipases, lipoxigenases e esfingomielinases),
aumento na concentracdo de Ca?* citosélico, o que resulta em sobrecarga
mitocondrial e ativacdo de proteases como as catepsinas e/ou calpainas. Apesar do
conhecimento de todas essas alteragcdes, a caracterizacdo de uma morte celular por
necrose € avaliada principalmente por permeabilizacdo de membrana plasméatica
precoce e auséncia de marcadores apoptéticos ou autofagicos (KROEMER et al.,
2008).

1.3.4.1 Transicao de Permeabilidade Mitocondrial e Morte Celular

Ha alguns anos, a mitocondria era considerada uma organela cuja funcdo se
restringia a producdo de energia através da fosforilacdo oxidativa. Mas, com o

passar do tempo, ficou evidente que esta organela possui outra funcdo: o controle
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da morte celular (KROEMER et al., 2007). A mitocondria e a homeostase do calcio
regulam a geracéo de EROs mitocondrial, causando transicdo de permeabilidade da
membrana mitocondrial (TPM) (MACIEL et al., 2001; GRIJALBA et al., 1999;
CASTILHO et al., 1995; KOWALTOWSKI et al., 1995), um fendbmeno caracterizado
pela abertura de um poro proteico ndo especifico, conhecido como poro de transi¢cao
de permeabilidade mitocondrial (PTPM) (HUNTER, 1979), o qual desencadeia uma
disfungéo mitocondrial (KOWALTOWSKI et al., 2001; KOWALTOWSKI & VERCESI,
1999). Nesta condicdo, ocorre uma permeabilizacdo gradativa da membrana
mitocondrial interna a protons, ions e pequenas proteinas (VERCESI, 1997). A
permeabilizacdo é dependente da presenca de ions Ca?* no espaco
intramitocondrial, e € inibida por pequenas concentraces de ciclosporina A (CsA),
um imunossupressor (BROEKEMEIER et al., 1989; CROMPTON et al., 1988) que
inibe a abertura do PTPM devido a ligacdo da CsA a ciclofilina-D (CyD), que seriam
necessarias para a abertura do poro. A estrutura basica do PTPM é sugerida
contendo o canal anion voltagem dependente (VDAC), o ANT e a CyD. A TPM € um
mecanismo comum de disfuncdo da mitocdndria que ocorre na morte celular, e esta
relacionado a liberacdo de fatores pro-apoptéticos mitocondriais, devido ao
inchamento da organela, com ruptura da membrana mitocondrial externa (GREEN &
KROEMER, 2005).

A TPM induzida por ions Ca?* pode ser estimulada por inlmeros compostos,
tais como o fosfato inorgénico (Pi) (ROSSI & LEHNINGHER, 1964), oxidantes de
nucleotideos de piridina (VERCESI et al.,, 1997; KOWALTOWSKI et al.,, 1996a;
KOWALTOWSKI et al., 1996b), protondforos (BERNARDI, 1992) e reagentes
diti6licos (BERNARDES et al., 1994). Muitos destes compostos sdo capazes de

aumentar o estresse oxidativo mitocondrial promovido pelo Ca?*.

Os ions Ca?* presentes dentro da mitocondria ligam-se a cardiolipina da face
interna da membrana mitocondrial interna, levando a uma modificagdo estrutural da
cadeia respiratéria, o que facilita a producdo de radicais Oz, 0s quais sao
normalmente removidos pela MnSOD, promovendo a geracdo de radicais H20:2
(GRIJALBA et al.,, 1999). O H20:2 é reduzido & agua pelas enzimas glutationa
peroxidase (GP), tioredoxina peroxidase (TP) ou catalase (CAT). Glutationa

peroxidase reduzida (GSH) e Tioredoxina peroxidase reduzida (TSH) sé&o
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recuperados pelo sistema enzimético glutationa e tioredoxina redutases (GR e TR),
que usam NADPH como doador de elétrons. NADH, que estd presente em
quantidades reguladas pela respiracdo, reduz entdo NADP* usando a NAD(P)
transidrogenase (TH). Quando a geracdo de Oz aumenta na presenca de Ca?* e P,
e/ou os mecanismos de remocao de H20:2 estdo inativados, H202 acumula-se e na
presenca de Fe?* (reacdo de Fenton), gerando o radical OH" altamente reativo. OH"
oxida tidis do complexo do PTPM, levando a formacédo e abertura do poro.
Alternativamente, OH® pode promover permeabilizacdo da membrana através da
peroxidacao lipidica, um processo fortemente estimulado por Pi. (KOWALTOWSKI et
al., 2001; VERCESI et al., 1997; CASTILHO et al., 1995) (Figura 9).

Figura 9: Modelo proposto para explicar a formacéo do poro de transicdo de permeabilidade induzido
por CaZ* e EROs na membrana mitocondrial interna. Fonte: KOWALTOWSKI et al., 2001.
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1.4 PLAQUETAS

As plaquetas sao fragmentos citoplasmaticos anucleados presentes no sangue
e produzidos a partir de megacariocitos na medula 6ssea (ITALIANO & HARTWIG,
2002; LEVIN, 2002). Do total das plaquetas presentes no organismo humano, cerca
de 70% encontra-se no sangue periférico e o restante no baco, permanecendo na
circulacdo durante uma média de dez dias, quando séo retiradas pelas células
reticuloendoteliais do baco e do figado (SCHULZE & SHIVDASANI, 2005;
ANDREWS & BERNDT, 2004; ITALIANO & HARTWIG, 2002). Apesar de
apresentarem-se de forma simples ao microscopio 6ptico, as plaquetas possuem
uma estrutura complexa (ANDREWS & BERNDT, 2004; HARTWIG, 2002), sendo
dividida, internamente, em quatro zonas: zona externa ou periférica, zona sol-gel ou

citosol, zona de organelas e sistema de membranas internas (LORENZI, 2006).

A zona periférica inclui as membranas externa e interna, que contém varias
invaginacdes com um sistema de canais conectados a superficie, denominado
sistema canalicular aberto (SCA). A membrana plaquetaria possui antigenos,
enzimas e varias glicoproteinas, que ficam permeadas entre os fosfolipideos de
membrana, com a porcdo hidrofilica livre na zona periférica (Figura 10). Algumas
glicoproteinas tém fungcédo especifica de interacdo com determinados fatores de
coagulacédo, como a GPIb que atua como receptor para a trombina e o fator de von
Willebrand. As glicoproteinas Ilb e Illla formam um complexo (GPllib-llla)
extremamente abundante e que reconhecem o fibrinogénio, a fibronectina, a
vitronectina e o fator de von Willebrand (FvW). Portanto, elas funcionam como alvos
durante o processo de adesdo, ou como receptores, desencadeando a ativacao
plaguetaria (HEEMSKERK et al., 2005; YIP et al., 2005). As principais glicoproteinas
de superficie plaquetaria e seus ligantes especificos estéo relacionados na Tabela 1.
A camada dupla de fosfolipideos é importante para a coagulacdo, pois proporciona
uma superficie onde alguns fatores serdo ativados. Esses fosfolipideos servem
também como substrato para produgéo de acido araquiddnico e consequentemente
de tromboxano A2 (TXA2), potente agonista nos processos de agregacao plaguetaria
e de vasoconstricao (FURIE & FLAUMENHAFT, 2001).
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Figura 10: Modelo esquematico da anatomia da membrana plaquetéaria. ZP = zona periférica; CF =
camada dupla de fosfolipideos; P = proteina; GP = glicoproteinas; R = receptor; ENZ = enzima; SM =
submembrana; MT = microtdbulos. Fonte: LORENZI, 2006.

Tabela 1: Principais glicoproteinas plaquetérias de superficie e seus ligantes

Proteina de membrana Receptor

GPla-lla Colageno

GPIb-IX-V FvW, Trombina

GPlc-lla Fibronectina

GPlIb-llla Fibrinogénio, FVYW, Fibronectina, Vitronectina
GPIV Trombospondina, Colageno

GPVI Colageno

A zona sol-gel est4 abaixo da zona periférica e € composta pelo citoesqueleto,
que fornece a sustentacdo para a forma discoide ou elipsoide da plaqueta; e pelo
sistema contréatil, o qual permite a mudanca conformacional da plaqueta, com o
prolongamento de pseuddpodes, a contracdo interna e a liberagdo dos constituintes
granulares. Os granulos plaquetarios apresentam entre 30% e 50% do conteudo de
proteina total da plaqueta (HARTWIG, 2002). Esta zona é formada por microtubulos

(tubulina) e microfilamentos (actina e miosina), os quais orientam a centralizacdo dos
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granulos para a liberacao do contetido através do sistema canalicular aberto na zona
periférica (LORENZI, 2006).

A zona de organelas consiste basicamente de granulos alfa, que contém
proteinas adesivas, FvW, trombospondina, fibronectina, vitronectina, fatores de
crescimento derivado de plaquetas, fator IV plaquetério, fatores da coagulacdo e
inibidor do ativador plasminogénio; granulos densos, os quais possuem ATP, ADP,
serotonina e calcio; e componentes celulares, tais como lisossomos e mitocondria,
que além de conter ATP e ADP também participam dos processos metabolicos da
plaqueta e armazenam enzimas e outras moléculas criticas para a funcgéo
plaquetaria (FLAUMENHAFT, 2003).

A Ultima zona, conhecida como sistema de membranas internas inclui o
sistema tubular denso, o qual concentra os ions célcio, desencadeando a ativacdo
de enzimas calcio-dependentes e o0s eventos de contracdo apos ativacdo
plaguetaria, além de estar envolvido na producdo de sintese de prostaglandina e
tromboxano (LORENZI, 2006; HARTWIG, 2002); e o sistema canalicular aberto, que
€ ligado intracelularmente ao sistema tubular denso, permitindo a troca de
substancias com o meio externo com a liberacdo de diversas moléculas apos a
ativagcdo plaquetaria (HARTWIG, 2002). Esta reacdo de secrec¢do do contetado dos
granulos ocorre sem lise celular e com manutencdo da integridade da membrana,

apesar de haver mudancas nas suas caracteristicas (FLAUMENHAFT, 2003).



Objetivos
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2. OBJETIVOS

2.1 OBJETIVO GERAL

Investigar os efeitos bioldgicos, in vitro, de lectinas de Cratylia mollis em células

de adenocarcinoma de prostata humano e em plaquetas.

2.20BJETIVOS ESPECIFICOS

e Escrever um artigo de revisdo sobre os principais e mais recentes estudos de
lectinas vegetais e animais associados ao diagndstico ou uso terapéutico em

células tumorais;

e Avaliar a viabilidade de células de adenocarcinoma de préstata humano (PC-3)
através do ensaio utilizando MTT, apds o tratamento in vitro com as lectinas

Cramoll 1,4 e rCramoll;

e Investigar a morte de células tumorais PC-3 através do método de Annexina V-
FITC / lodeto de Propidio, apés o tratamento in vitro com a Cramoll 1,4 e com a

rCramoll;

e Analisar, in vitro, a liberacdo de Espécies Reativas de Oxigénio pelas células

PC-3, apds exposicao as lectinas Cramoll 1,4 e rCramoll;

e Investigar, in vitro, a homeostase intracelular de calcio apos o tratamento das

células PC-3 com as lectinas Cramoll 1,4 e rCramoll;

e Analisar os efeitos das lectinas Cramoll 1,4 ou rCramoll na funcdo mitocondrial
de células PC-3 através do monitoramento do potencial elétrico de membrana

mitocondrial;
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e Analisar o efeito de Cramoll 1,4 e de rCramoll sobre a abertura do poro de

transicao de permeabilidade mitocondrial (PTPM);

e Avaliar a atividade das isolectinas Cramoll 1, Cramoll 2, Cramoll 3 e Cramoll 4
nos processos de aglutinacdo de plaquetas lavadas obtidas de diferentes tipos

sanguineos, comparando com a atividade das lectinas WGA e ConA.
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ABSTRACT

Lectins are proteins of non-immune origin, found in animals, plants, fungi and
bacteria with the ability to recognize specific carbohydrate structures. They play
important roles in cell recognition, trigger mechanisms of death. They are very
important in the study of pathological conditions such as cancer. This review aims to
provide some basic fundamentals of the structure and function of carbohydrates, the
altered glycosylation patterns in tumor cells, carbohydrate recognition processes and
induction of cell death, via apoptosis, necrosis or autophagy. In conclusion,
molecules that bind to carbohydrates, such as lectins, are great candidates for

cancer therapeutics.

Keywords: Lectins, Tumor cells, Cell death, Apoptosis; Necrosis; Reactive oxygen

species, Mitocondrial permeability transition
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1. INTRODUCTION

Lectins are a group of non-immunological proteins that exhibit the property of binding
to carbohydrates specifically and reversibly. These molecules are distributed in

nature in various organisms such as animals, plants, bacteria and fungi.

Most lectins are present in plants, mainly in the seeds, but may also be purified from
other parts such as leaves, bark and roots. They have specific functions for plant
survival, but its importance stands out due to the activities and biological applications
after purification. One of the activities studied in recent years is the ability to induce
death of tumor cell, as these have an altered glycosylation pattern on its surface,
expressing altered oligosaccharide chains in greater quantities, which can be
detected by the lectin. Thus, lectins have been used as important tools in the study of

areas of cell biology, immunology, biochemistry and genetics.

We carried out a literature review on the structure and function of carbohydrates, the
history of lectins, the interaction between these two macromolecules, changes in
glycosylation patterns of tumor cells and the main studies on the effect of lectins in
the death of cells, allowing us to understand the mechanism of action of these

substances.

2. STRUCTURE AND FUNCTION OF CARBOHYDRATES

Carbohydrates, also known as hydrates of carbon, are the most abundant
biomolecules found in nature [1]. The term "carbohydrate", originated because the
simple sugars had chemical formula containing carbon, hydrogen and oxygen atoms,
CnH2nOn, with n = 3; they are poly-hydroxyaldehydes or poly-hydroxyketones, or even

substances which release these compounds by hydrolysis.

They have various characteristics, which provide a greater structural diversity.
Among them are the number of sugar monomers capable of performing glycosidic
bonds with other residues; the number of carbon atoms; types of anomeric linkage;
and the presence or absence of branching [2]. A single sugar residue is capable of
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producing many different molecules, making use of these linking and branching
characteristics, especially [3,4]. However, the most interesting is that carbohydrates
are not encoded by the genome. But, what explains the wide variety of biological
information they carry is that the glycosyltransferases and glycosidases are encoded

by the genetic code [3,5].

Carbohydrates are involved in photosynthesis, are the basis of the diet in most of the
world and are the largest non-photosynthetic energy source. They act as structural
components or as protection in vegetable or bacterial cell walls, in addition to acting
as a lubricant in joints. The wide variety and complexity of carbohydrates present on
the cell surface allows them to act as signaling molecules, recognition and adhesion
[4,6]. They are involved in many biological processes, such as cell growth and
differentiation, cell-cell recognition, contact inhibition, pathogen-host interaction,

development of diseases, metastasis and immune response [3,6-10].

3. LECTINS

Lectins are proteins or glycoproteins of non-immune origin, which bind specifically

and reversibly to carbohydrate [11-13].

The study with lectins began in the 19th century, with the discovery that some plants
agueous extracts showed some toxicity to animals and agglutinated erythrocytes. At
the time, it was believed that this effect occurred due to contamination by bacterial
toxins. This hypothesis was broken when, in 1884, Bruylants and Vennerman
demonstrated that the toxicity of Abrus precatorius seed was due to a protein fraction
which could be precipitated with ethanol from aqueous extract, called abrin [14]. In
1888, Hermann Stillmark, a doctoral student at the University of Dorpat, Estonia,
found that Ricinus communis extracts possessed the property of agglutinate
erythrocytes. It has been shown that the active principle responsible for this cell
agglutination ability was a protein called ricin. The term agglutinin was then
disseminated to describe molecules that had the capacity to agglutinate erythrocytes
or other cells. This information was very attractive and in the last decade of the
1800s, Paul Ehrlich, who worked with the Ricinus communis and Abrus precatorius

lectins, introduced these molecules in researches that led to the Basic Immunology.
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[15,16]. Only in 1954, Boyd and Shapleigh introduced the term "lectin" to designate a
group of proteins that had a common feature: selectivity in their interaction with
carbohydrates [17,18].

From the 60’s, two maijor findings of researchers Peter C. Nowell and Joseph C. Aub
began modern research with lectins. Nowell, in 1960, established that Phaseolus
vulgaris lectin, known as phytohemagglutinin (PHA), has the ability to stimulate
lymphocytes to enter mitosis, and that Canavalia ensiformis seed lectin, known as
concanavalin A, or simply ConA (the first plant lectin purified by Summer, in 1919)
also has the same mitogenic activity, but unlike PHA, ConA activity could be inhibited
by low concentrations of monosaccharides, such as mannose. Aub, in the years
1963 and 1965, established that the wheat germ agglutinin, called WGA, has the
ability to bind, preferably tumor cells. These investigations led to the hypothesis that
changes in cell surface sugars are associated with the development of cancer,
suggesting that the high susceptibility to agglutination by lectins was a property
shared by all tumor cells [7].

Currently, the definition of lectin most accepted was proposed in the mid 90's when
Peumans & Van Damme conceptualized lectins as non-immune proteins, which have
a non-catalytic site for specific and reversible recognition of mono or
oligosaccharides without changing the covalent structure glycosidic linkages
[11,19,20].

They have wide distribution in nature and can be found in microorganisms [21, 22],
animals [23-28] and plants [29-34]. The plant kingdom is a great source for

purification of these macromolecules.

They have different characteristics, such as amino acid sequence, requisition of
metals, molecular weight and three-dimensional structure. They have specific sites of
binding to carbohydrates; are therefore able to interact with molecules of biological
fluids and cell surface receptors. Among the biological activities include identification
of blood groups, characterization of micro-organisms, mitogenic stimulation of
immune cells, agglutination of the tumor cells and the detection and/or isolation of

carbohydrate in solution or in macromolecules or cell surfaces [35-41] (Table 1).

Lectins have large structural diversity and have at least one site for binding to

carbohydrates, also called carbohydrate recognition domain. They bind, reversibly,
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carbohydrate or glycoconjugate in solution or that are connected to the cell envelope
[11,42-46]. Some proteins have a single carbohydrate recognition domain, which is
not sufficient to confer to them a functional characteristic of lectins, such as

hemagglutination; however, this does not exclude them from belonging to this group.

The selectivity of lectins occurs due to multiple additional binding domains. The areas
that determine the specificity of the lectin are called primary sites. Multiple linkages

are provided by binding subsites or multivalent subunit.

Some lectins have stronger interaction with oligosaccharides compared to
monosaccharides, while other lectins interact exclusively with monosaccharides.
Taking into consideration the properties of binding to carbohydrates, lectins can be
classified as specific as they interact with one monosaccharide or non-specific when

interacting with different mono or oligosaccharides.

Van Damme et al. [12] grouped the lectins according to binding specificity to
carbohydrates, including: fucose, mannose, sialic acid, N-acetylglucosamine, N-
acetylgalactosamine/galactose and complex glycans.

The specificity of a lectin and confirmation of the presence in the sample are made
through inhibition assays of hemagglutination activity with different monosaccharides,

oligosaccharides or glycoproteins [45].

The carbohydrate binding sites are present, usually, at the surface of the protein
molecule and binding selectivity is obtained by means of hydrogen bonds, Van der

Waals interactions and hydrophobic interactions [46,48].

In order to identify and group lectins, they are also classified according to the
topology of the carbohydrate recognition domain. They are divided into two groups
according to Elgavish & Shaanan. Group | consists of transport lectins, such as the
periplasmic carrier protein. In these lectins, binding sites are more internal,
surrounding the ligand. In Group Il are present the best known lectins. In this group,
the lectin binding sites are more external, accommodating a carbohydrate ligand in a

molecular surface depression [46].

According to the molecular structure and the number of binding domains, they can be
divided into four groups: merolectins, hololectins, chimerolectins and superlectins
[12] (Fig. 1).
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Merolectins are small proteins that have only one carbohydrate recognition domain
and are unable to precipitate glycoconjugates or to agglutinate cells. Hololectins are
protein molecules which have, at least, two identical or very similar domains that bind
to similar or identical sugar structures. They are able to agglutinate cells and
precipitate glycoconjugates. Most plant lectins belonging to this group.
Chimerolectins have, at least, two domains with different activities. One is able to
recognize carbohydrate and the other has a distinct function, such as enzymatic
activity. The superlectins have two carbohydrate recognition domains, similar to

hololectinas. However, they can recognize sugars with different structures [12].

4. LECTIN-CARBOHYDRATE INTERACTION AND CHANGES IN
GLYCOSYLATION PATTERN ON TUMOR CELLS

Changes in oligosaccharide domains of cell surface glycoconjugates may occur
during normal cell development, being related to important physiological functions [8].
Signals are recognized by molecules, such as lectins, which act in a manner similar
to the ligand-receptor complex [6]. However, there are many research showing that
the phenotype changes of cell surface carbohydrates during malignant
transformation and metastasis, as well as the expression level of endogenous lectins
that bind to carbohydrates on the cell membranes [10,68-71]. For example, human
and experimental tumors have increased levels of N-linked [B-1,6-GIcNAc

oligosaccharides [8, 72, 73].

Normal cells have multiple levels of regulation, which allows them do not become
malignant cells and, consequently, invade surrounding tissues. However, when
occurs genetic alterations, these cells begin to express more intensely some growth
factors, and not react to tumor suppressor genes. Genetic and phenotypic alterations
allow malignant cells replicate quickly, and escape into the surrounding tissues,
mainly by angiogenesis [74]. One of the most interesting phenotypic changes, refers
to the pattern of glycosylation in the cell membranes, which is different when
comparing normal cells and transformed cells [8,10,68,75,76]. Altered membrane

carbohydrates, such as glycoproteins and glycolipids, are often observed in
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malignant cells due to altered activities of glycosyltransferases or glycosidases
[2,8,10,68,74-76].

5. LECTINS AND CELL DEATH

Interest in the study of lectins increased since 1960, after checking that the
Phaseolus vulgaris agglutinin (PHA) stimulates lymphocytes, resulting in mitotic
division, and that the Triticum vulgaris agglutinin (WGA), wheat germ, is able to bring
together more intensely transformed cells than normal cells [77]. Lectins such as
PHA-L, is mitogenic for non-tumor cell line of human colon CRL-1459, and is
cytotoxic to human colon cancer cells, belonging to the cell line CCL-220 [2,7,8].
After the discovery Inbar and Sachs, 1969, showed that ConA also preferably
agglutinated malignant cells is that the lectins have an impulse on their research and

application [78].

Lectins were proposed as mediators in disease therapy from 1988 by Woodley and
Naisbett [17]. More studies have been done to discover drug systems acting at
specific sites, increasing the effectiveness of treatment and difficult exposure of
healthy cells or tissues to the side effects of drugs [79]. Drugs that cross the
gastrointestinal tract are susceptible to degradation or changes due to the acidic
environment of the presence of digestive enzymes or enzymes of bacterial origin
[79]. The production of specific target drugs requires the presence and three
components: drug, target and carrier, which may have direct or reverse via. The
specific target in cancer therapy is also beneficial due of their potential cytotoxicity

and apoptosis-inducing [2,8,80].

The toxic effect of the lectins is linked to its ability to modulate the growth,
differentiation, proliferation and death of cells. In malignant cells, biochemical effects
are associated with inhibition of synthesis of DNA, RNA and proteins. The cytotoxic
effect of several lectins results in cell death processes, apoptosis or autophagy and
necrosis, which may or not participation of mitochondria. These processes always

aiming to eliminate harmful cells and maintain body homeostasis.

Apoptosis or type | programmed cell death is a very complex process of cell death,
but highly defined, coordinated by a group of caspases [81-83] that are synthesized
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as zymogens, and by apoptotic stimuli, undergo proteolytic activation. It can be
mediated by death receptors (TNF, TNFR1, TRAMP, TRAIL and Fas) on the plasma
membrane which is known as the extrinsic pathway or can be mediated by
mitochondria, which is called intrinsic pathway [84,85]. Both routes have a specific
group of proteases signals that converge, resulting in intracellular events that lead to
cell death [85,86]. Apoptotic cell has condensed chromatin, fragmentation of DNA,
volume loss and increased granularity of the cell, maintaining the structure of the
organelles, formation of folds in the plasma membrane and cellular fragmentation
into apoptotic bodies. The loss of plasma membrane asymmetry allows the exposure
of internalized molecules, but integrity is not lost [87,88].

Necrosis is a type of cell death in which exposure to a strong aggression leads to
irreversible cell injury. For a long time it was described as a process of accidental
death, but necrotic cell death may be regulated by a multiple signal transduction
pathways and catabolic mechanisms. Death Receptor (TNFR1, Fas/CD95 and
TRAIL-R) and Toll-like receptors (TLR3 and TLR4) may trigger necrosis, particularly
if they are in the presence of caspase inhibitors [89]. It remains unclear how necrotic
events interact with each other [90], however there is swelling or rupture of the cell,
denaturing and coagulation of cytoplasmic proteins and degradation of cellular
organelles, including mitochondrial alterations (uncoupling, production of species
reactive oxygen species, oxidative stress and changes in mitochondrial membrane
permeability), lysosomal changes (production of reactive oxygen species by Fenton
reaction and permeability of lysosomal membrane) and nuclear changes
(hyperactivation of PARP-1 and concomitant hydrolysis of NADY). There is an
increase in the concentration of cytosolic Ca?* that results in mitochondrial overload
and activation of proteases such as cathepsins and/or calpains (Fig. 2). The
disruption of the plasma membrane seen in necrotic cell allows the cell contents
output to the environment and can cause direct tissue damage or induction of a local

inflammatory reaction [90].

Mitochondria was considered for a long time as an organelle whose function was
restricted to the production of energy through oxidative phosphorylation. But over
time, it became evident that this organelle has another function: the control of cell
death [91]. The mitochondria and calcium homeostasis regulating mitochondrial ROS

generation, causing permeability transition of mitochondrial membrane (PTM) [92-
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95], a phenomenon characterized by an opening a non-specific protein pore, known
as the mitochondrial permeability transition pore (MPTP) [96], which triggers

mitochondrial dysfunction [97,98].

In this condition, there is a permeabilization of the inner mitochondrial membrane,
with release of protons, ions and small proteins [99]. The permeabilization is
dependent on the presence of Ca?* ions in intramitochondrial space. The basic
structure of MPTP is suggested containing the voltage dependent anion channel
(VDAC), the adenine nucleotide translocator (ANT) and the cyclophilin-D (CyD). The
PTM is a common mechanism of mitochondrial dysfunction that occurs in cell death,
and it is related to the release of mitochondrial pro-apoptotic factors, due to swelling

of the organelle with rupture of the outer mitochondrial membrane [100].

The Ca?* ions present within mitochondria bind to cardiolipin at the inner face of the
inner mitochondrial membrane, leading to a structural alteration of the respiratory
chain, which facilitates the production of superoxide radicals (O2"), which are
normally removed by the manganese dependent superoxide dismutase (MnSOD),
promoting generation of hydrogen peroxide (H202) [93]. When the generation of O2™
increases in the presence of Ca?* and/or ROS removal mechanisms are inactivated,
occurs the thiol oxidation in MPTP complex, leading to the formation and opening of
the pore [97].

The cancer is closely associated with apoptosis. However, if the molecules or
apoptotic pathways used for the suppression of tumorigenesis are identified, come a
perspective for new therapeutic targets. Various molecular components present in
the cell death processes can be modulated by plant lectins [101] ou animal lectins
[126]. These lectins have the characteristic of binding to cell surface glycoconjugates,
which can trigger the mechanisms necessary for apoptotic, necrotic or autophagic
cell death. Among the families of known lectins, the Proteins with legume lectin
domains, Proteins with hevein domains, Ricin-B family and GNA family have been
studied in recent years because of their its connection to various diseases such as
cancer. Some plant lectins are used to differentiate malignant and benign tumors and

the glycosylation pattern may be associated with the metastasis mechanism [8].
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6. LECTINS TOXICITY TO TUMOR CELLS

Concanavalin A (ConA), the plant lectin most studied, specific for mannose/glucose
carbohydrates has apoptosis-inducing activity and can initiate apoptotic cell death
mediated by mitochondria [102]. It exerts a potent anti-hepatoma effect it binds to the
cell membrane glycoproteins, it is internalized and causes autophagic cell death due
to accumulation in the mitochondria [103]. ConA was also able to cause the death of
murine macrophage line PU5-1.8 by apoptosis, inducing DNA fragmentation,
clustering into regions near mitochondria and release of cytochrome c into the
cytosol [104]. ConA exerted antiproliferative effect and induced apoptosis in A375
melanoma cells and HepG2 cells causing collapse of the mitochondrial membrane
potential, release of cytochrome ¢ and caspase activation [102,105,106]. Other plant
lectins, such as Cramoll, obtained from Cratylia mollis seeds, also have the ability to
inhibit growth or cause death of tumor cells. Cramoll can strongly bind to transformed
cells, such as cells originating from the breast, uterus and brain tissues [107]. It can
also bind to prostate tissues, and is a strong candidate for immunohistochemical
probes [108] and encapsulation in liposomes enhances its antitumour activity and

decreased toxicity [109].

WGA, wheat germ lectin, is a chitin-binding lectin, that promotes apoptosis in Jurkat
cells through a mitochondrial pathway with a loss of transmembrane potential,
disruption of the inner mitochondria membrane, release of cytochrome c¢ and
caspase-9 activation after 30 min of cell interaction [110]. Due to their interaction with
sialic acid residues, WGA s internalized and triggers apoptotic characteristics such
as chromatin condensation and DNA fragmentation, as well as stimulates the

production of proinflammatory cytokines [111].

Mistletoe lectins (Viscum album L. coloratum), known as VCA, classified as type Il
ribosome-inactivating proteins (RIPsIl), has antiproliferative activity and induces
apoptotic mechanisms in cancer cells [112]. It induced cell death by apoptosis
through caspase-3 activation in human myelocytic leukemia cells (HL-60) [113]. VCA
has also been used to investigate the activities death in melanoma cells B16BL6 line,
demonstrating that there is a decrease of cell growth and dose-dependent induction

of apoptosis and angiogenesis [114]. VCA also induced apoptosis in hepatocellular
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carcinoma cells of human SK-Hep-1 strains and Hep3B through activation of Bax and
Bcl-2 inhibition [115]. Mistletoe lectins can be classified into three types: ML-I, ML-II
and ML-IIl. They have the A-chains that contains three individual domains conserved
and B-chains containing two domains with similar configuration. The specificity of the
B chains of carbohydrates is essential for cytotoxic activity exerted by A chains. ML-I
(which has two subunits — B-chain binds to the cell membrane and internalize the A-
chain, which is involved in the inhibition of protein synthesis), active caspase-8 and
promotes apoptosis by cytochrome c release in leukemic T and B cells [116,117].
ML-I can trigger cell death by apoptosis through cooperation mechanism with the
death receptors of the TNF-family for some types of cancer [117]. ML-ll promotes
death receptors-independent apoptosis of myeloleukemic U937 cells. Apoptosis
occurs because there is an increased production of pro-oxidants, such as H202, with
changes in mitochondrial membrane potencial, which mediates cytochrome c
release, activation of caspase-9 and caspase 3-like protease, chromatin
condensation, nuclear fragmentation, DNA release, externalization of membrane
phophatidylserine and PARP cleavage [117,118].

It was reported that the lectin purified from Polygonatum cyrtonema — PCL — is able
to induce cell death by apoptosis in HelLa cells, in A375 cells, in MCF-7 cells and
L929 cells, but show low toxicity to normal cells [119-122]. The lectin-induced
apoptosis, regulated by pro-apoptotic protein — BAK —, and anti-apoptotic protein —
Bcl-2 and Bcl-xL — and triggering depolarization of the mitochondrial membrane,
release of cytochrome c and caspase activation. This exposition of cells to PCL
impaired the glutathione antioxidant system, promoting increased production of ROS
and its accumulation in A375 cells, activating important proteins such as p53 and p38
[120]. PCL, OJL and LNL obtained from P. cyrtonema, Ophiopogon japonicus, and
Liparis noversa, respectively, can growth inhibit brain adenocarcinoma cell — MCF-7
—, through a caspase-dependent pathway. These lectins have a similar tertiary
structure and mannose binding sites, which are related phylogenetically [121]. PCL
and OJL were able to induce apoptosis in L929 cells, with activation of caspases -9, -
8 and -3, suggesting that this is a caspase-dependent pathway [122]. POL lectin
purified from Polygonatum odoratum also has specificity for mannose and induces
caspase-dependent apoptosis in L929 cells. There was a collapse of the

mitochondrial membrane potential, release of cytochrome c¢ and activation of
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caspase-3 and caspase-9 [123]. Fig. 3 and Fig. 4 are schematic models of signaling
pathways and mechanisms for inducing cell death by apoptosis or necrosis triggered

by lectins derived from plants.

The C-type lectins are originated from animals and bind carbohydrate in a manner
dependent of calcium ions. C-type lectins can be purified from the venom of snakes
and show activity inducing tumor cell death. BIL, a galactose-binding C-type lectin,
was purified from the venom of Bothrops leucurus [124] and shows activities related
to toxicity to K562 cells, NCI-292 cells and Hep-2 cells, probably due to
externalization of phosphatidylserine and collapse of the mitochondrial membrane
potential [125]. This same lectin, BIL, also caused the death of B16F10 cells by
necrosis due to increased ROS and [Ca?*]eyt, with the involvement of mitochondria

via, Ca?* overload and MPT pore opening [126].

6. CONCLUSIONS

Due to the growing number of studies of the mechanisms of cell death caused by
exposure to lectins, they have been identified as promising candidates for antitumor
drugs being tested in preclinical and clinical studies [127]. Plant lectins from Ricin-B
family and proteins with legume lectin domains are families with more published
research on the induction of cell death mechanisms [102-107,109,113-118].
However, other families of lectins has recently been studied and shown to be also
able to induce the death of tumor cells. Cell death by apoptosis, necrosis or
autophagy may occur by various molecular mechanisms, including: inactivating
ribosomes of tumor cells; endocytosis of lectin and location on some organelles, such
as mitochondria; or binding to sugar-containing receptors on the membrane of tumor
cells [127]. These mechanisms can stimulate reactions within the cells able to induce
cell death processes and novel anticancer agents must have a high efficiency and a

low toxicity for normal tissues.
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Fig. (1). Classification of lectins according to structural feature. Hevein from Hevea
brasiliensis; CrataBL from Crataeva tapia, Cramoll from Cratylia mollis and TxLC-1
from Tulipa gesneriana. Adapted from Liu et al. (2010) and da Silva et al. (2014).
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Fig. (2). Schematic representation of ionic changes and the concentration of
cytosolic and mitochondrial calcium, activation of proteolytic enzymes, opening of the
mitochondrial permeability transition pore, release apoptosis inducing factors and
ATP depletion in accordance with the type of cell death, apoptosis (A) or necrosis

(B).
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Fig. (4). Model of the molecular basis on lectin-induced necrosis. Lectins induce
necrosis through mitochondrial pathways, increase cytosolic calcium and reactive

oxygen species in tumor cells.



FIGUEIROA, E. 0. (2015) | 104
Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de préstata humano e em

plaquetas
Table 1. Examples of the main biological activities of lectins.
Biological Activity Species Lectin Reference
Antibacterial Araucaria angustifolia AaL [49]
Anticoagulant Daboia ruselli ruselli RVsnaclec [27]
. , Crenomytilus grayanus CGL [28]
Antifungical Setcreasea purpurea SPL [50]
Araucaria angustifolia AaL [49]
Anti-inflammatory Cratylia mollis Cramoll 1,4 [51]
Caulerpa cupressoides CcL [52]
Antinociceptive Caulerpa cupressoides CcL [52]
Phaseolus vulgaris PHA [53]
Antioxidant Cratylia mollis Cramoll [66]
1,4/rCramoll

Anti-parasite Cratylia mollis Cramoll 1,4 [54-56]
Antitumoral Bothrops leucurus BIL [57]
Antiviral Setcreasea purpurea SPL [50]
Canavalia brasiliensis ConBr [58]

Immunomodulatory Cratylia mollis Cramoll [35,59,60,67]
1,4/rCramoll

Larvicide Moringa oleifera WSMoL [61]
Myracrodruon urundeuva MuLL [62]
Mitogenic Arisaema speciosum ASL [63]
Termiticide Opuntia ficus indica OfiL [64]
Microgramma vacciniifolia MvRL [65]
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4.2 MANUSCRITO 2

Mechanism of human prostate adenocarcinoma cells (PC-3) death induced by

Cramoll 1,4 and rCramoll lectins

Evellyne de Oliveira Figueirda?; Mary Angela Aranda-Souza?, Nathalia Varej&o
Nogueira da Paz®, Franco Aparecido Rossato®, Rute Alves Pereira Costa®, Tiago
Rezende Figueira®; Roger Frigério Castilho®; Anibal Eugénio Vercesi®; Maria Tereza
dos Santos Correia?

& Laboratorio de Glicoproteinas, Departamento de Bioquimica, Centro de Ciéncias
Biologicas, Universidade Federal de Pernambuco, CEP 50670-420, Recife, PE,
Brazil

b |nstituto de Bioguimica Médica, Programa de Biologia Estrutural, Centro Nacional
de Ressonéancia Magnética Nuclear de Macromoléculas, Universidade Federal do
Rio de Janeiro, CEP 21941-590, Rio de Janeiro, RJ, Brazil

¢ Laboratorio de Bioenergética, Departamento de Patologia Clinica, Faculdade de
Ciéncias Médicas, Universidade Estadual de Campinas, CEP 13083-887, Campinas,
SP, Brazil

* Corresponding author. Tel.: +55 81 21268540; fax: +55 81 21268576. E-mail
address: mtscorreia@gmail.com (M.T.S. Correia)



FIGUEIROA, E. 0. (2015) | 106
Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de préstata humano e em
plaquetas

ABSTRACT

Lectins were purified from a plant native to Brazil, Cratylia mollis. Cramoll 1,4 is a
lectin specific for mannose/glucose, with similarity to ConA. A recombinant form of
Cramoll 1 (rCramoll) has been expressed and purified by introducing a bacterial
expression vector containing a chemically synthesized DNA encoding amino acid
sequence of Cramoll 1. This study evaluated molecular mechanisms by which
Cramoll 1,4 and rCramoll induce death of human prostate adenocarcinoma cells (PC-
3). For this, tests were performed to evaluate the viability and type of cell death by
MTT assay and flow cytometry, respectively. Analysis using fluorescent probes
MitoSox Red and Fura 2-AM measured the rate of mitochondrial superoxide
generation and cytosolic free calcium concentration, respectively. Mitochondrial
membrane potential was studied by safranin O fluorescence. Cramoll 1,4 and
rCramoll were capable of killing PC-3 cells by necrosis. These lectins have a similar
action mechanism, increasing by three-fold the generation of ROS as well as the
concentration of cytosolic calcium. These changes lead to a decrease in oxidative
phosphorylation, impairing the formation of ATP, leading to cell death, which cannot
be protected using MPT inhibitors Debio 025 or bongkrekic acid. These data suggest
that Cramoll 1,4 and rCramoll promote the PC-3 cell death by necrosis through

calcium signaling with an increase in mitochondrial ROS.

Keywords: Cratylia mollis, Cell death, PC-3 cells, Reactive oxygen species,

Cytosolic calcium, Mitocondrial permeability transition
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1. INTRODUCTION

Lectins are known as a wide class of proteins that do not belong to the immune
system, but are able of recognize specific sites and bind reversibly to carbohydrates,
without changing the structure of their ligands. They are proteins which exhibit a wide
variety of structure and size (Peumans et al., 2001; Peumans & Van Damme, 1998;
Peumans & Van Damme, 1995). Lectins are found in several sources, but purification
of these molecules occurs mainly from legume seeds, representing up to 10% of the
total protein content (Sharon et al., 2004; Konozy et al., 2003). Plant lectins represent
the largest group, but differ in structure, the specificity of carbohydrates and

biological activities (Liu et al, 2010; Van Damme et al., 1998).

Cratylia mollis is a species native to semi-arid region of Brazil (Caatinga biome), it is
popularly known as camaratu bean. Four lectin isoforms have been purified from
seeds of C. mollis, named Cramoll -1, -2, -3, and -4, which have distinct specificity for
carbohydrates (Correia & Coelho, 1995; Paiva & Coelho, 1992). It has also been
reported the expression and purification of recombinant Cramoll 1 (rCramoll) in
Escherichia coli by introduction of a chemically synthesized DNA encoding the lectin

amino acid sequence within a bacterial vector expression (Varejéo et al., 2010).

Biological activities of C. mollis lectins have been studied over the years. Cramoll 1,4
have immunomodulatory property due to its ability to induce mitogenic effect on T
lymphocytes, as well as ConA (Maciel et al., 2004). The mitogenic activity was also
demonstrated in splenic lymphocytes of Balb/c mice inoculated for two days with a
single intraperitoneal dose at a concentration of 100 pg/ml Cramoll 1,4. This work
showed that Cramoll 1,4 was able to stimulate significant amounts of cells in the S
phase of the cell cycle and high levels of IL-2, IL-6 and IFN-y as well as nitric oxide
production (de Melo et al.,, 2011a). In a similar study, the BALB/c mice were
inoculated with a single intraperitoneal dose at a concentration of 235 pg/ml Cramoll
1,4 and analysis of splenocytes after seven days showed an increased production of
cytosolic and mitochondrial reactive oxygen species (ROS) as well as calcium
increased levels (de Melo et al., 2010a). Cramoll 1,4 induces Thl response by IFN-y
production and shows anti-inflammatory activity by nitric oxide in suppression of

lymphocyte experimental (de Melo et al., 2010b). It is able to generate immunological
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memory by IL-6, IL-17A, IL-22 and IL-23 induction by BALB/c mice lymphocytes or
mononuclear cells from peripheral blood of humans (Oliveira et al., 2013).

Cramoll 1,4 caused the death of Trypanosoma cruzi by necrosis and this death is
associated with mitochondrial membrane permeabilization by lectin, allowing the
entry of Ca?* and its accumulation in the mitochondria, increasing the levels of ROS
(Fernandes et al., 2010). Another study compared treatment with Cramoll 1,4 in T.
cruzi mitochondria and isolated rat liver mitochondria and revealed that the lectin is
capable of causing increas in levels of ROS, characterizing an oxidative stress. This
increase is directly related to opening of the permeability transition pore (PTP), and
the mitochondrial permeability transition (MPT) can be inhibited by cyclosporin A

(CsA) only in rat liver mitochondria (Fernandes et al., 2014).

The antitumor activity Cramoll 1,4 encapsulated in liposomes was tested against
Sarcoma 180 in Swiss mice, demonstrating that the encapsulation enhances their
antitumor activity and decreases tissue toxicity, particularly liver and kidney (Andrade
et al., 2004). Cramoll 1,4 have strong bind to tumor cells, which have altered
membrane carbohydrates. An example of cells that can be bind by these lectins are
those originating from breast, uterus and brain tissues (Beltrdo et al., 1998). It is able
to bind to prostatic tissues, with good candidate for histochemical probe prostate
pathologies (De Lima et al., 2010).

Cell death by apoptosis or necrosis may exhibit interaction with the mitochondria.
Studies have reported that lectins such as BIL, MLL, PCL, ConA and POL, obtained
from the respective species Bothrops leucurus, Musca domestica, Polygonatum
cyrtonema, Canavalia ensoformis and Polygonatum odoratum are able to promote
tumor cell death through mechanisms involving mitochondria (Aranda-Souza et al,
2014; Zhao et al., 2010; Liu et al, 2009a; Liu et al, 2009b; Liu et al, 2009c; Liu et al,
2009d). The MPT is a non-specific inner mitochondrial membrane permeabilization,
triggered by mitochondrial calcium overload, release of mitochondrial ROS and may
result in cell death (Kowaltowski et al., 2001; Maciel et al., 2001; Grijalba et al 1999;
Kowaltowski & Vercesi, 1999; Castilho et al, 1995; Kowaltowski et al, 1995). Due to
the involvement of MPT in cell death (Figueira et al., 2013), there is growing interest
in natural compounds that modulate the opening of PTP, such as lectins. In this
context, our aim was to investigate the biological effects, in vitro, of C. mollis lectins

in human prostate adenocarcinoma cells (PC-3).
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2. MATERIALS AND METHODS

2.1 Lectin preparations

Seeds of Cratylia mollis Mart. (camaratu bean) were collected in the State of
Pernambuco (Brazil) and seed extract (10% w/v prepared in 0.15 M NaCl) was
fractionated using ammonium sulphate (40—-60% wi/v), and the fraction obtained was
submitted to affinity chromatography in Sephadex G-75. Cramoll 1,4 preparation was
selectively eluted with 0.3 M D-glucose in 0.15 M NaCl, dialysed against 0.15 M NacCl
during 24 h and lyophilized (Correia & Coelho, 1995). The protein concentration was
determined according to Lowry et al. (1951). rCramoll was obtained according to
Varejao et al. (2010), by introducing a chemically synthesized DNA encoding the
mature Cramoll 1 amino acid sequence into a bacterial expression vector. ConA was

obtained from Sigma-Aldrich (St. Louis, USA) and used as experimental control.

2.2 Cell culture

PC-3 cells were obtained from American Type Culture Collection (ATCC, USA) and
grown in RPMI-1640 (Vitrocell, Brazil) supplemented with 10% fetal bovine serum,
100 pg/mL gentamycin, 100 IU/mL penicillin and 100 pg/mL streptomycin (Vitrocell,

Brazil). The cells were maintained at 37°C in a humidified atmosphere with 5% COs..

2.3 Determination of ConA, Cramoll 1,4 or rCramoll effect on the PC-3 cells

viability

Cell viability was determined by colorimetric assay using the reagent MTT. This
assay is based on the ability of mitochondrial dehydrogenases have to reduce MTT
to a purple water-insoluble salt. Cells were cultured in 24-well plates (7000 —
8000/cm?) and exposed for 24 h of treatment with lectins ConA, Cramoll 1,4 and

rCramoll at concentrations ranging from 1 pg/mL and 300 pg/mL. After treatment, the
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medium was aspirated and replaced with RPMI 1640 medium containing 1 mg/ml
MTT in the absence of fetal bovine serum. The cells were incubated for 90 min at
37°C in a humidified atmosphere with 5% CO2. Then, was added sodium dodecyl
sulfate (SDS) to each well, until complete solubilization of the formazan generated.
Reading the absorbance was at 570-650 nm using on spectrophotometer (Bio-Rad,
USA). A dose x response curve was constructed and cell viability was expressed as
a percentage relative to controls (Sylvester, 2011). This same test was performed to
evaluate the viability of cells treated with 50 pg/ml of lectins as a function of time in

hours.

2.4 Analysis of PC-3 cells death by flow cytometry after Cramoll 1,4 or rCramoll

treatment

Cells were cultured in 6-well plates (7000 — 8000/cm?) and exposed to 50 pug/mL of
Cramoll 1,4 or rCramoll for 4 h. For the analysis, 108 cells were incubated in binding
buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCI, 1 mM MgClz, and 1.8 mM
CaCl2) and annexin V conjugated with fluorescein isothiocyanate (FITC) (1:500,
Invitrogen, USA) and propidium iodide (PI, 20 pg/ml; Molecular Probes, USA) were
added to each labelled cytometer tube. The tubes were maintained at room
temperature for 20 min in the dark. Flow cytometry was performed in a FACSCalibur
(Becton Dickinson Biosciences, USA) equipped with an argon laser and analysed
using CellQuest software (version 4.1). Ten thousand events were acquired and
result analysis was performed in graphs by dot plot. AV/PI* cells were considered
necrotic cells and AV*/Plrepresented cells in the early stage of apoptosis. Double

negatives were considered viable cells.

This assay was also performed to assess whether the PC-3 cell death was blocked
after exposure of the cells to compounds capable to inhibit the MPT. They were used
1 puM Debio 025, an analogue of CsA (Quarato et al.,, 2012), which binds to
component a PTP protein called cyclophilin; and 1 uM boncrecato, which binds to the
adenine nucleotide translocator (ANT). These inhibitors were added to the cell
culture approximately 30 minutes before treatment the cells with lectins. After 4 h, the
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cell death assay was performed similarly to that described above. However, this time
the cells were labeled only with Pl and quantified by flow cytometry.

2.5 Estimates of levels of mitochondrial superoxide after Cramoll 1,4 or

rCramoll lectins treatment

ROS production, mainly superoxide (O2"), was measured by flow cytometry using the
MitoSox Red (Molecular Probes, USA), a highly selective fluorescent probe for the
detection of ROS generated within mitochondria. Cells were cultured in 6-well plates
(7000 — 8000/cm?) and exposed to 50 pug/mL of Cramoll 1,4 or rCramoll for 2 h. After
the treatment with lectins, PC-3 cells (108 cells/mL ) were preincubated in RPMI 1640
medium containing 5 uM MitoSox Red, at 37°C in a humidified CO2 incubator (5%)
for 10 min. The cells were then washed with PBS. Fluorescence intensity was
analyzed using a FACSCalibur flow cytometer (BD Biosciences, USA) with excitation
at 488 nm and emission at 620 nm. A minimum of ten thousand events were
collected. Results were presented as single-parameter histograms of cellular counts

versus fluorescence intensity.

2.6 Spectrofluorimetric measurement of cytosolic Ca?* levels

After the treatment of PC-3 cells with 50 pug/mL of Cramoll 1,4 or rCramoll for 30 min,
1068 cells were washed twice at 1600 rpm for 5 min in PBS containing 11 mM glucose
and 0.8 mM MgSOa4, pH 7.2. Cells were resuspended in PBS containing 11 mM
glucose and 0.8 mM MgSOg4, pH 7.2., and 5 pM Fura 2-AM (Sigma-Aldrich, USA).
The suspensions were incubated for 45 min and maintained at 37°C in a humidified
atmosphere with 5% CO2. Subsequently, the cells were washed with PBS to remove
extracellular dye. Cells were resuspended to a final density of 10° cells/mL in PBS.
For fluorescence measurements, 10° cells/mL were diluted into PBS in a cuvette
placed into a thermostatically regulated (37° C) F-7000 Hitachi spectrofluorimeter
(Hitachi, Japan). Excitation was at 340 nm and 380 nm and emission was at 510 nm.

Calibration was performed at the end of each experiment.



FIGUEIROA, E. 0. (2015) | 112
Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de préstata humano e em
plaquetas

2.7 Determination of mitochondrial membrane potential

The mitochondrial membrane potential (AWm) was estimated in PC-3 cells
permeabilized with digitonin by safranin O the fluorescence changes, using an F-
7000 spectrofluorimeter (Hitachi, Japan) operating at the wavelengths of excitation
and emission 495 nm and 586 nm, respectively. The indicator safranin O binds to
energized mitochondria membranes, which causes a change in their fluorescence in
amplitude proportional to values of approximately 170 mV-180 mV (Akerman &
Wistron, 1976). After 30 min treatment with 50 pg/mL of Cramoll 1,4, PC-3 cells were
trypsinized using 0.25% trypsin and 0.03% EDTA (Vitrocell, Brazil), resuspended in
assay medium (125 mM sucrose, 65 mM KCI (pH 7.2), 10 mM HEPES, 2 mM
K2HPO4, 1 mM MgCl2) containing the probe safranin O 5 uM, 20 uM EGTA (Sigma-
Aldrich, USA) and 0.5 mM from a pool of respiratory substrates S1 (a-ketoglutarate,
glutamate, malate and pyruvate) and 20 pM digitonin. 300 uM ADP was added to
observe cellular respiration and phosphorylation to ATP, which was reversed with 2.5
UM carboxyatractyloside (CAT). 20 uM calcium was added to promote mitochondrial
permeability transition. During the experiments the samples were maintened under
constant stirring at 37°C. 1 uyM FCCP was used to dissipate the AWm and allow
comparison of the differences in amplitude between AW of control and treated cells.

2.8 Statistical analysis

All tests were performed in at least three independent experiments. The
concentration needed to kill 50% of cells (ECso0) was estimated graphically by non-
linear regression analysis. Other data were plotted as mean values of groups *
standard error mean (S.E.M) and were analyzed considering the value of p<0.05 as
statistically significant. Statistical significance was determined by One-Way Analysis
of Variance (ANOVA) with Tukey’s post-tests analysis, Two-Way ANOVA with
Bonferroni’'s post-tests analysis and the differences between the groups were
analyzed using Student's t-test. For statistical analysis was used GraphPad Prism 5®
software.
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3. RESULTS

3.1 Lectins reduce PC-3 cells viability according to the concentration or

treatment time

Figure 1 shows a progressive decrease in the PC-3 cells viability with the increase of
ConA, Cramoll 1,4 and rCramoll concentrations. Cramoll 1,4 and rCramoll have
higher toxicity compared to the lectin ConA. ConA, Cramoll 1,4 and rCramoll reduced
significantly the viability of PC-3 cells from a concentration of 30 pg/mL, rCramoll was
the most active, reducing the viability cell in 46.25 + 1.29% (P < 0.002). Using a
linear regression graph, it was possible to determine the concentration values able to
kill 50% of treated cells (Figure 2). Viability was reduced according to the treatment
time. Cramoll 1,4 and rCramoll caused decreased in viability of PC-3 cells after 2 h of

treatment (Figure 3).

3.2 Cramoll 1,4 or rCramoll induces necrosis in PC-3 cells

Flow cytometry analysis after exposure of PC-3 cells for 4 h to Cramoll 1,4 or
rCramoll at 50 pg/ml revealed that these lectins induce cell death by necrosis. The
ratio of PI* cells to total number of cells was 46.27 + 2.19% and 51.94 + 3.19%, (P <
0.001) for Cramoll 1,4 and rCramoll, respectively (Figure 4).

3.3 Cramoll 1,4 or rCramoll increases both calcium cytosolic and mitochondrial

superoxide anion levels in PC-3 cells

In order to study the mechanisms of action involved in PC-3 cell death caused by
Cramoll 1,4 or rCramoll, we determined the levels of mitocondral superoxide anions
and cytosolic calcium after short period of incubation. Exposure to lectins cause

increase in about three-fold in the levels of mitochondrial superoxide (Figure 5), while
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the ratio of fluorescence at wavelengths of 340 nm and 380 nm in the assay of
cytosolic calcium release increased in about two-fold (Figure 6).

3.4 MPT inhibitors doesn’t prevent cell death and lectins causes death by

necrosis, probably, due to decrease in oxidative phosphorylation

To assess whether the MPT was involved in the necrotic process induced by lectins,
PC-3 cells were exposed to Cramoll 1,4 or rCramoll for 4 h in the presence of MPT
inhibitors. The analysis by flow cytometry demonstrated that the cell death induced
by lectins continued to occur and there was not statistically significant difference
between the number of inviable cells in the presence or absence of inhibitors MPT
(Figure 7).

Figure 8 shows that PC-3 cells exposed to Debio 025 showed partial protection
against cell death, as this MPT inhibitor conferred a higher capacity for retention of
the mitochondrial membrane potential after addition of 20 uM of calcium ions. Cells
treated with Cramoll 1,4 died by necrosis, probably because they have a reduced
oxidative phosphorylation, culminating in an ATP deficiency. This indicates that
occurs a small MPT, but the presence of the inhibitor was not sufficient to protect
against cell death.

4. DISCUSSION

This study demonstrates that Cramoll 1,4 and rCramoll lectins are able to cause the
death of human prostate adenocarcinoma cells (PC-3) by necrosis with higher
cytotoxicity compared to the lectin ConA. Previous studies report that lectins can
differentiate normal cells from tumor cells (Sabova et al., 2010) because the tumor
cells have an altered pattern of glycosylation in the membrane (Nolte et al., 2012;
Sharon et al., 2007). Recent data indicate that the lectin BIL preferably causes death

by necrosis of melanoma cells than non-tumor cells (Aranda-Souza et al., 2014).
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Cramoll 1,4 and rCramoll can recognize glycoconjugates on the surface of PC-3 cells
membranes, leading to cell agglutination. According to previous data, Cramoll 1,4 is
able to bind to membrane glycoproteins present in T. cruzi epimastigotes and then is
internalized, being located in the mitochondria (Fernandes et al., 2014). In T. cruzi,
the cytotoxicity of Cramoll 1,4 is due to increased cytosolic Ca?* concentration
followed by a mitochondrial Ca?* overload and ROS production, resulting in necrosis
(Fernandes et al., 2010). Evidence shows that mitochondrial calcium homeostasis
plays important roles in various cellular processes, including the cell death (Giorgi et
al., 2008; Giacomello et al.,, 2007). This calcium homeostasis may trigger the
generation of ROS and, consequently, the death of cells through the MPT pore
opening (Figueira et al., 2013).

Exposure of PC-3 cells to Cramoll 1,4 and rCramoll promoted increase in
mitochodrial superoxide generation and increase in cytosolic calcium levels, signs
that precede cell death. Thus, it was not possible to determine what is the primary
cause of death (increase of Ca?* levels or generation of ROS). These data are similar
to those presented by Aranda-Souza et al. (2014), where the lectin BIL was able to
cause necrosis in B16-F10 cells by increasing ROS and [Ca?']et, with the

involvement of mitochondria via the Ca?* overload, MPT pore opening.

In this regard, MPT inhibitors, such as Debio 025 and bongkrekic acid, are used in
order to evaluate the involvement of MPT in cell death. The Debio 025 is an analog
of the immunosuppressant cyclosporin A (CsA). Submicromolar concentrations of the
CsA is capable of inhibiting MPT (Broekemeier, 1989; Crompton, 1988), probably
due to binding to cyclophilins at the inner mitochondrial membrane (Nicolli 1996;
Connern, 1994). The MPT depends on the presence of Ca?* in intramitochondrial
space and membrane proteins such as cyclophilins, which changes their
conformation facilitating the opening of the MPT pore. MPT can be stimulated by a
series of compounds known as inductors, such as inorganic phosphate, oxidizing of
pyridine nucleotides (Vercesi et al., 1997), protonophore (Bernardi, 1992) and
dithiolics reagents (Bernardes et al., 1994). These inductors are able to increase the
mitochondrial oxidative stress induced by Ca?*. The difference between Debio 025
and CsA is that the latter can inhibit calcineurin (Quarato et al., 2012), which has
been extensively studied in cell death processes by apoptosis or necrosis (Cheng et
al., 2012; lwai-Kanai & Hasegawa, 2004; Wang et al., 1999). The bongkrekic acid
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inhibits the MPT pore opening by binding ANT channel (Halestrap et al., 2002). Both
inhibitors, Debio 025 or bongkrekic acid, were not able to protect the cells against
death caused by Cramoll 1,4, with a reduction in oxidative phosphorylation and,

subsequent, deprivation of ATP.

However, it was noted that PC-3 cells exposed to Debio 025 and, subsequently,
treated with Cramoll 1,4 had a higher retention capacity of membrane potential after
the addition of calcium ion, suggesting that Debio 025 confers partial protection these
cells, although not sufficient to keep them alive. The permeabilization followed by an
influx of calcium ions and calcium overload within the mitochondria, favors the
generation of ROS (Irigoin et al., 2009). This calcium overload is also able to change
the organization of mitochondrial membrane, which affects the respiratory chain and
leads to oxidative damage, resulting in cell death (Figueira et al., 2013; Grijalba et al.,
1999).

5. CONCLUSIONS

The increasing number of biological activities presented by plants lectins has been
investigated over the years and, several experimental models are used in the search
for substances with lower toxic effects in normal cells but exhibit cytotoxicity in cells
with altered glycosylation membrane pattern. These substances may help in the
treatment of pathologies such as cancer. The results from this work indicate that
Cramoll 1,4 or rCramoll are able to cause the death of PC-3 cells quickly by necrosis.
Cell death is probably triggered by an increase in cytosolic calcium and release of
mitochondrial superoxide, resulting in a poor oxidative phosphorylation and small

energy production.
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Figure 1: ConA, Cramoll 1,4 and rCramoll reduce PC-3 cells viability. PC-3 cells
were treated with varying concentrations of ConA, Cramoll 1,4 or rCramoll for 24h;
cell viability was determined using MTT (1 mg/mL). The values represent the mean +

S.E.M of at least three independent experiments. *Significantly different from the
respective control at P < 0.002, Student’s t-test.
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Figure 2: Cramoll 1,4 or rCramoll decreases PC-3 cells viability according to
the concentration. Dose—response curve of PC-3 cells after 24 h treatment with

varying concentrations of Cramoll 1,4 or rCramoll lectins. The cell viability was
determined using MTT (1 mg/mL).
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Figure 3: Lectins decrease cell viability according to the treatment time. PC-3
cells were treated with ConA, Cramoll 1,4 or rCramoll lectins, in function of time, in
hours. The cell viability was determined using MTT (1 mg/mL), after treatment with 50
pug/mL of the respective lectins. Values are the means = S.E.M. of at least three
independent experiments. * P<0.05 : ConA, Cramoll 1,4 or rCramoll versus Control in
respective time; # P<0.05 : Cramoll 1,4 or rCramoll versus ConA in respective time.
Two-Way Analysis of Variance with Bonferroni’s post-tests analysis.
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Figure 4: Cramoll 1,4 or rCramoll induces necrosis in PC-3 cells. PC-3 human
prostatic tumor cells were treated with 50 ug/mL of Cramoll 1,4 or rCramoll for 4 h.
The percentages of necrotic (Pl +) or apoptotic (AV +) cells were determined using
flow cytometry after Annexin V-FITC and propidium iodide staining. * Significantly
different from the respective control relative to necrosis at P < 0,001, Two-Way
Analysis of Variance with Bonferroni’s post-tests analysis.



126

FIGUEIROA, E. O. (2015)

Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de préstata humano e em

plaquetas

‘suun Arenigie ““n-e ‘sisAjeue s1sa)-}sod s Aayn| yum aoueleA Jo SisAleuy Aepp
-auQ ‘T0‘0 > d 1e |011u0d wouy Jualayip Apuediubis, ‘siuswiladxa Juspuadapul JNoJ JO |N'J'S F Sueaw ay) ale sanjeA ‘sisAjeue
Anaw01£2 MoJ} Jo sadel] anneuasalday g "apIxoiadns [elIpuoy20liW 3SBaldUl JO 1USIXD dANR|aY W "Al1aw01fo mojl Aq pazAjeue
uayl a1am S|aAd| apixoladng ulw QT 10} O /€ 18 XOSOUN NN G yum pajeqgnoul alam s[|99 ‘|joweldl 10 $'T |joweld yim
wswieal Jo Yy g Buimo|io4 "s|199 £-Od Ul S|9A3| apixoladns [elipuoyo0liw Sasealoul |[joweldl 10 ¢'T [jowel) G ainbiH

JubleH - 714 jloweidl sgd 7L llowels auljes o
| |

0 =
70} ¢0} 201 10} o0} o
vy » T e - W.-»un\u:.\:... drrdreerd S
e 3y 0 L 00z O
‘.n ' 1 o ,,E ,..-. 1 A1 f— n
| LW ( w9 e
. [[OWEID] c o
s8d —| 2 098
p'L owes)y — [ 08 Loog  ©
SUlES = M
[ oz 000 £

g A/



127

FIGUEIROA, E. O. (2015)

Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de préstata humano e em

plaquetas

‘syun Arenigse ‘'n e ‘sisAreue sisaj-1sod
s /Aayn] yum aouele/ Jo sisAleuy Aepp-2uO ‘TO00'0 > d 18 |01U0d wod) ualayip ApuediubiS, ‘IN'3'S F sueaw ay] ale sanjea
"Sluswiadxs Juspuadapul UBASS JO sadkel) aAeIuasaldal ‘g ul "S|9Al) , D 21]10S01AD ainseaw 0} (Youp|v-ewbis) NWv-g eind AN
G yum pagold uayl pue uiw Qg 10j [[oWeID) NO ‘T [owelD YUM paljeal) alam S||8d £-Od ‘v U] "S||82 Jown] d1eisold uewny
€-Dd Ul o1kl 8duadsalon]} wWu Q8E/wu OyE sasealoul (qw/br 0g) jJjoweldl 10 $'T [[oweld Ylim juswieal] :9 ainbi4

(wu) yybusjanepp

owelinl ¢ owels aulje
05y GOF - - [ o1 s&d VLI < eules

lloweip) ——

S8d ——

b’} llowei)
aulles

T
-

- 0¢

i

i
~
oljeJ aouadsalony
wu 08g /U oy€

-0V

('n'e) Wy-z eang
A)isuaju| asuaasaion|4

M
™D

-09

SlI92 €-0d

m
<



128

plaquetas

‘sisA[eue s1sa1-1s0d s Aayn] Yum asuelieA Jo sisAjeuy Aepp-auQ 'S||99 |04U0D SNSISA TO'0 > dx "UONIPUOD Ydea 1o} Ssiuswiiadxa
Juspuadapul Inoj JO IN'T'S F Sueaw ay) se passaldxs ale sanjeA ayl ‘g pue v u| “(youp|v-ewbis) apipol wnipidoid Jo sisAjeue
Anawo01Ad moj) Ag passasse sem yreap |90 "(wMg) pioe aanbuog AT T 10 G20 olgaq AN T 10 Jo aduasge 10 aduasald ayl ul
U ¥ 4o} (g) lloweldl 1o (V) +'T ([joweltd yum payeal) aism s||8d £-0d ‘ploe aialybuog pue Gz olgag siolqiyul 1diA 8yl yum
juswieal) Aq pajuniq aq },ued |joweida 10 | [jowes) Aq pasnpul yjesap s||92 Jown} snejsosd uewny ¢-Od ;2 ainbi4

FIGUEIROA, E. O. (2015)

Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de préstata humano e em

7 z
8 3
= -
& 2
o 3]

o

8 8

) )

-_ o

i P o~

GEE 0 <= -

¥

Lg) l*7




FIGUEIROA, E. O. (2015)

Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de préstata humano e em

PC-3 cells

A Digitonin

Safranin Fluorescence (a.u.)

100s

ca”

plaquetas
i
FCCP
Saline
Saline + Debio 025
Cramoll 1,4

Cramoll 1,4 + Debio 025

129

Figure 8: Lectin causes death by necrosis, probably, due to a large decrease in
oxidative phosphorylation. PC-3 cells were treated with 50 pg/mL Cramoll 1,4 for
30 minutes; then, approximately 1 x 10° viable cells/mL were permeabilized with 20
UM digitonin. AWYm was estimated by safranin fluorescence. The arrows indicate the
addition of 20 uM digitonin, 300 uM ADP, 2,5 uM carboxyatractyloside (CAT), 20 uM
calcium ions and 1 uM FCCP. Representative traces of at least three independente

experiments. a.u., arbitrary units.
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ABSTRACT

Cratylia mollis seed lectin (Cramoll) contains molecular forms (Cramoll 1, Cramoll 2,
Cramoll 3 and Cramoll 4), which have previously been highly purified. The effects on
platelet agglutination induction and inhibition of Cramoll 1, Cramoll 2, Cramoll 3 and
Cramoll 4 were analyzed and compared with wheat germ agglutinin (WGA) and
concanavalin A (ConA), two lectins that induce platelet agglutination. The lectins
were assayed with platelets from different types of human blood and rabbit platelets.
Results obtained in this study showed that isoforms of C. mollis despite performing
the same specificity for carbohydrates, exception for Cramoll 3, human platelets
agglutinated from different blood types and rabbit platelets. Agglutination inhibition
test with lectin-specific carbohydrates only decreased the percentage of
agglutination, demonstrating the connection between lectins and membrane
carbohydrates present in platelets, probably occurred through hydrophobic

interactions or of another nature.

Keywords: Cratylia mollis lectin, platelets, platelet agglutination, inhibition of platelet
agglutination.
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1. INTRODUCTION

Lectins are proteins or glycoproteins from non-immunologic origin that recognize
carbohydrate structures selectively and reversibly. The main feature of this class of
proteins is the ability to interact with carbohydrates and therefore bind to
glycoconjugates from cell and tissue surfaces; these proteins promote erythrocyte
and tumor cells agglutination [1]. Due to these properties, lectins have been studied
in order to investigate membrane structure of platelets or other cells [2]. Cratylia
mollis (camaratu bean) is a plant native to semi-arid Region in the state of
Pernambuco, Brazil. From the seeds of C. mollis were isolated multiple molecular
forms of lectins, known as isolectins, called Cramoll 1, Cramoll 2 and Cramoll 4,
which are specific for glucose/mannose, and Cramoll 3 which is galactose specific [3]
[4].

Evidences showed that the binding between the lectin and the receptor are
prerequisites for various effects in cells. However, it has been suggested that one of

the reasons for the lectin/cell reactions different is the localization of their receptors,

specifically carbohydrates, localized on membrane glycoproteins [5].

Studies on lectin effects on platelet functions have shown that some of them are able
to stimulate platelet aggregation [6] [7] [8] or stimulate serotonin secretion [9] [10].
Such lectin property may be used not only to analyze the carbohydrate structures of
platelets glycoproteins, but also to study how these molecules are involved in the
process of activating the platelets [10]; Canavalia ensiformis lectin (Concanavalina A,
ConA) showed to be able in react with platelets glycoproteins (GP) Ib and llla [10] as
well as to isolate GP Il [12] [13] while Lens culinaris lectin was able to purify GP llb-
llla [14].

The aim of this work was to evaluate Cramoll 1, Cramoll 2, Cramoll 3 and Cramoll 4
activity regarding the processes of platelet agglutination. In addition, it was analyzed
if there is any difference between agglutination in platelets from distinct
types of human blood and rabbit blood. All of the activities from different

isoforms lectins were compared with the effect of WGA and Con A.
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2. MATERIALS AND METHODS

2.1 Reagents

The reagents were acquired from Sigma (USA), WGA and Con A from Pharmacia
Chemical (Swedish).

2.2 Isolation of Cramoll lectins

C. mollis lectin isoforms were purified following previously established protocols [3]
[4]. C. mollis seed extract (10% w/v prepared in 0.15M NacCl) was fractionated using
ammonium sulphate (40—60% w/v) and the fraction obtained was submitted to affinity
chromatography in Sephadex G-75 for Cramoll 1 and Cramoll 4 ; gel filtration in
Sephadex G-100 followed by ion exchange chromatography with CM-Cellulose for
Cramoll 3. To purify Cramoll 2, SF 40-60% was chromatographed on a Sephadex G-
75 column and the unadsorved fractions were passed through a Bio-Gel P-200

column. Lectin concentrations were adjusted to 1 mg/ml.

2.3 Washed platelets

Human venous blood from healthy volunteers and adult rabbit venous blood was
collected into plastic tubes containing 3.8% trisodium citrate. Platelet rich plasma
(PRP) was obtained by centrifugation at 141 x g for 12 min at room temperature.
Washed platelets (WP) were obtained by centrifugation of PRP containing 2% EDTA
(EDTA/PRP 1:20) at 880 x g for 15 min followed by two washes with washing buffer
(140 mM NacCl, 10 mM NaHCOs, 2.5 mM KCI, 0.9 mM NazHPO3, 2.1 mM MgClz, 22
mM CsHsNasO7, 0.055 mM glucose, 0.053 mM BSA, pH 6.5). The pellet was
suspended in 2mL Tyrode buffer (10 mM Hepes, 134 mM NaCl, 1 mM CaClz, 12 mM
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NaHCOs, 2.9 mM KCI, 0.34 mM Naz2HPO4, 1 mM MgClz, 0.055 mM glucose, pH 7.4).
The platelets were counted in a Sereno-Baker 9020+AX System and adjusted for a

final concentration of 3x10%/mL with Tyrode buffer.

2.4 Platelet agglutination by lectins

Agglutination tests were done on microtitre plates, 50 pL of 0.15 M NaCl were placed
in each well of the plate and then 50 pL of each lectin were added to the second well
of each row. The serial dilution method was performed and 50 pL of washed platelets
were added to each well; after 45 min, the absorbance at 450 nm was determined in

plate reader.

2.5 Platelet agglutination in carbohydrate presence

Tests for of platelet agglutination in carbohydrate presence were similar to previous
test, replacing the 0.15 M NaCl solutions by monosaccharide (0.2 M): D-glucose
when using Cramoll 1, 2 and 4; D-galactose with Cramoll 3, methyl-a-D-
manopiranoside with Con A and N-acetyl-D-glucosamine with WGA. Incubation of
lectin with carbohydrate was performed 15 min at room temperature before adding
the preparation containing platelets; after 45 min, the absorbance at 450 nm was

determined in plate reader.

2.5 Statistical analysis

Data were plotted as mean values * standard desviation (SD) and were analysed
considering the value of p < 0.05 as statistically significant. Statistical significance
was determined by Two-Away analysis of Variance with Bonferroni’'s post-test

analysis. For statistical analysis was used GraphPad Prism 5® software.
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3. RESULTS AND DISCUSSION

Platelets respond to certain lectins with aggregation and/or discharge of secretion
organelles (reaction of secretion). There are some lectins that selectively induce
agglutination and others which cause a strong secretion reaction without
accompanied agglutination [13]. In this study, it was detected that binding of the
lectin isoforms from C. molllis, Con A and WGA on washed human platelets and

rabbit; the percentage of agglutination ranged from 15 to 83% (Table 1).

Many studies about agglutination of intact platelets or isolated platelet membrane
don't discriminate the type of human blood [2] [10] [15]. Con A agglutinated human
and rabbit washed platelets almost with same percentage, differing only in platelets
of blood type O. Similar results with this lectin were obtained with intact human
platelets [2] but when they were tested with only isolated platelet membranes
presented a different profile [10]. The agglutination of the membranes may be a
consequence of exposure of interaction sites during the isolation process. It has been
shown that platelet membranes washed in buffer without EDTA, containing Triton X-
100 showed a pattern different than unwashed platelets with EDTA in the same
buffer containing EDTA [16].

WGA lectin display best results with blood types A and AB as well as rabbit platelets.
The best agglutination percentage results were similar to Cramoll 1 and Cramoll 3 for
blood type A, O platelets. Cramoll 2 and Cramoll 4 presented best result of
agglutination to blood type A platelets. The agglutination of washed platelets by
different lectins was probably due to the washing procedure, because studies have
shown that human washed platelets contain glycoproteins exposed and the

procedure for obtaining these cells did not destroy these interaction sites [11].

The different isoforms of Cramoll agglutinated with less intensity, platelets obtained
from human blood type AB. Con A, lectin with similar structure to the Cramoll 1 [12]
also showed less effect with blood type AB and type B platelets. Studies report that
affinity of lectins to cells can be due to factors such as: existence of non specific
interactions with cell-surface with components not glycidic; the presence in the lectin
structure of a binding site with specificity to oligosaccharide and a cooperative effect

resulting from the multivalent nature of these proteins [13]. The results obtained in
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agglutination assays using platelets from different blood types, revealed that the
isoforms Cramoll differ structurally and that between the isoforms, Cramoll 3 and
Cramoll 4 are the most similar in promote agglutination human platelets, despite the

different monosaccharide specificity of these lectins.

The platelet agglutination tests were done using solutions of monosaccharides that
are inhibitors of hemagglutinating activity of lectins. In Figures 1 and 2, there is a
comparison of the agglutination activity in the absence and presence of
monosaccharide. It was not observed total inhibition of agglutination with the
monosaccharide solution; however, the reduction in agglutination activity was

detected for all tested lectins.

The inhibition of lectin results in different answers depending on the used platelets.
Only the agglutination of blood platelets type A was reduced when WGA was
incubated with monosaccharide inhibitor (Figure 1A); inhibition of Con A (Figure 1B)
and Cramoll 2 (Figure 2B) affected the agglutination of blood platelets type O;
inhibition of Cramoll 1 and Cramoll 3 decrease agglutination on rabbit platelets
(Figure 2A and Figure 2C), however inhibition Cramoll 1, Cramoll 2 and Cramoll 4

reduce blood platelets type B agglutination (Figure 2A, 2B and 2D).

The GP of platelet membrane differ as to the content and composition of the
carbohydrates. GP llb consists of similar amounts of mannose, galactose, and N-
acetylglucosamine; GP llla contains a percentage of carbohydrate (16%) similar to
GP lIb (14%) but mannose is the main component [14]. Monosaccharide specificity of
Con A, WGA and the isoforms of the lectin of C. mollis enable specifically interact
with the GP through the carbohydrate binding site. [15] In any case was observed
total agglutination inhibition with the monosaccharide solution, however the reduction

in agglutinate activity was detected in all lectins evaluated.

Relating the results obtained with the carbohydrates specificity of lectins showed that
the inhibition of lectins with similar sugar specificity (Cramoll 1, Cramoll 2, Cramoll 4
and Con A), resulted in reduced platelet agglutination of different blood types. This
fact associated with the partial inhibition in some of the tests of agglutination,
probably reflects the participation of other types of interaction between lectin and the
platelet, beyond that specific, via the carbohydrate binding site [11].
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Platelet agglutination tests as well as the inhibition of this process, using the isoforms
of C. mollis has shown that the interaction between the lectins and platelets was

distinct and contributed to identify the nature structurally different of the isoforms
Cramoll 1, 2, 3 and 4.
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Table 1: Agglutination of washed platelets obtained from human blood and rabbit
blood by commercial lectins and lectin isoforms of C. mollis

138

Agglutination (%)

Lectin
Specificity
(2 mg/mL)
A B AB o R

Con A Methyl-D- 101476  38:4.97 37+4.55 77.5¢5.97 40.7+2.22

mannopyranoside
WGA N-acetyl-D- 524245 15+3.91 43+2.83 34.7+17 64+3.16

glucosamine
Cramoll 1 D-glucose 63+2.16 60.2+25 43.7+15 425+2.38 73+1.63
Cramoll 2 D-glucose 81.2+41.7 64.2+0.96 55+1.63 73+2.16  62+1.63
Cramoll 3  D-galactose  62.5+2.08 51.7+1.7 32.5¢2.08 43.7+1.5 59.2+1.7
Cramoll 4 D-glucose  83.5+2.64 54.7+0.96 35.24¢0.96 457+1.7 71.25+3
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Figure 1: WGA e ConA promote platelet agglutination. Platelets from blood type

A, AB, B, O and rabbit blood was washed and exposed to WGA (A) and ConA (B)
lectins. The percentage of agglutination compared to the control was calculated.

Specific monosaccharides were added to each well containing the lectin and
inhibition of platelet agglutination was measured spectrophotometrically. The values
represent the mean + S.D. of at least three independent experiments. *Significantly

different from the respective control at P < 0.05, Two-Way Analysis of Variance with

Bonferroni’s post-tests analysis.
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Figure 2: Cramoll Isoforms promote platelet agglutination. Platelets from blood
type A, AB, B, O and rabbit blood was washed and exposed to Cramoll 1 (A) Cramoll
2 (B), Cramoll 3 (C) and Cramoll 4 (D). The percentage of agglutination compared to
the control was calculated. Specific monosaccharides were added to each well
containing the lectin and inhibition of platelet agglutination was measured
spectrophotometrically. The values represent the mean + S.D. *Significantly different
from the respective control at P < 0.05, Two-Way Analysis of Variance with
Bonferroni’s post-tests analysis.



Conclusoes




FIGUEIROA, E. 0. (2015) | 142
Efeitos bioldgicos de lectinas de Cratylia mollis em células de adenocarcinoma de prdstata humano e em
plaquetas

5. CONCLUSOES

Os protocolos experimentais utilizados no decorrer desta pesquisa, permitem

concluir que:

e A viabilidade de células PC-3 diminuiu, progressivamente, com o0 aumento das

concentracdes das lectinas Cramoll 1,4 e rCramoll;

e Cramoll 1,4 e rCramoll apresentaram toxicidade maior para células PC-3 quando

comparas a lectina ConA,;

¢ A viabilidade de células PC-3 foi reduzida ap6s 2 horas de tratamento com as

lectinas Cramoll 1,4 e rCramoll;
e Todas as lectinas avaliadas induzem morte celular por necrose;

e Células PC-3 expostas as lectinas Cramoll 1,4 e rCramoll apresentaram um

aumento de cerca de 3 vezes nos niveis de superdxido mitocondrial;

e Niveis de célcio citosélico mostraram-se aumentados apds o tratamento de

células PC-3 com as lectinas Cramoll 1,4 e rCramoll;

¢ Inibidores da abertura do poro de transicdo de permeabilidade mitocondrial nédo
foram capazes de proteger células PC-3 da morte ap6és exposicdo as lectinas

Cramoll 1,4 e rCramoll;

e A morte de células PC-3 ocorreu, provavelmente, devido a uma diminuicdo na

fosforilagdo oxidativa, culminando na deficiéncia de ATP e privagdo de energia;

e Isoformas de Cramoll aglutinaram plaquetas em graus variando entre 32.5+2.08

% a 83.5%£2.64 % quando comparadas ao controle;

e A aglutinagdo plaguetaria ocorreu em maior percentual nas plaquetas
provenientes de sangue tipo A e em menor intensidade em plaquetas provenientes

de sangue tipo AB;
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e Apesar da especificidade a carboidratos diferente entre Cramoll 3 e Cramoll 4,
estas isoformas apresentaram semelhanca quanto a promoc¢ao de aglutinacdo de

plaguetas humanas;

e Ensaios de inibicdo da aglutinacdo de plaquetas mostraram que, na maior parte
das vezes, os carboidratos especificos ndo conseguiram inibir totalmente a

aglutinacao de plaquetas.



