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RESUMO

Hemoglobinas de vamas espécies de vertebrados apresentam  capacidade
polimérizar—se através da formacdo de pontes de disulfeto. Nestas espécies, a
hemoglobina apresenta grupos tiois reativos, os quais levam também a formagédo de
pontes de disulfeto mistas com a glutationa. Muitos autores tem relacionado a
presenca destes grupos ti01is na hemoglobina a resisténcia do animal a hipéxia. Outros
estudos tem também relacionado estes grupos a um mecanismo adicional de
participagdo da Hb em processos de protec¢do celular contra agentes oxidantes.

Dentre os grupos de vertebrados, os répteis destacam-se por apresentarem muitas
espécies com hemoglobinas ricas em grupos tidis reativos. O jabuti Geochelone
carbonaria, pertencente a familia Testudinidae, apresenta cerca de 4 SH reativos na
hemoglobina, ¢ um complexo padrido eletroforético, o qual foi demonstrado ser uma
consequéncia da intensa formagao de disulfetos. Outra espécie pertencente ao mesmo
género, (Geochelone deniiculata, apresenta apenas 2 grupos tidis reativos/Hb e um
padrio eletroforético do hemolisado comparativamente mais simples.

Os estudos de susceptibiidade da Hb stripped da 2 espécies a oxidagdo mostraram
que a Hb de G. denticulata ¢ mais susceptivel, provavelmente devido ao menor
niumero de grupos ti10is reativos na Hb. A modificagdo da hemoglobina de G.

carbonaria por diamida ou GS-SG ndo induziu significante alteracfo nas propriedades

hemoglobina a oxidagdo foi sensivelmente alterada pelas mesmas modificagles. A
peroxidagdo lipidica da membrana de entrocitos humanos na presenca destas
hemoglobinas modificadas ou ndo, mostraram também que as alteragGes na molécula
induziam a perda da capacidade da hemoglobina de prevenir a peroxidagdo. O mesmo
comportamento ndo foi observado para a hemoglobina tratada com diamida.
Adicionalmente foi determinada a atividade das enzimas que fazem parte do sistema
antioxidante das 2 espécies de queldnios. A glutationa peroxidase ¢ a glutationa

redutase foram mais ativas na espécie (. denticulata, enquanto que a superoxido

iticionais da Henioglobing e & carbonaria Por ouitro 1ado; 4 susceptibitidade dg



dismutase e catalase foram mais ativas na espécie GG. carbonaria. A titulagio da
concentragdo de GSH no eritrocito de G. carbonaria mostrou que esta é cerca de 2
vezes maior que na espeécie (. denmficulata. Portanto, a espécie (. carbonaria
apresenta maior poder redutor no interior do eritrécito e a presenga de tiois reativos na

hemoglobina pode ser um mecanismo adicional de protecdio celular.
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1-INTRODUCAQ

Hemoglobma ¢ uma hemeproteina essencial para a vida de todos os vertebrados,
ocorrendo também em alguns invertebrados, nddulos de algumas plantas leguminosas,
assim como leveduras, protozoarios ciliados, crustaceos e anelideos. A hemoglobina
humana normal € constituida por 4 cadeias polipeptidicas (subunidades), sendo 2
cadeias oo com 141 residuos de aminoacidos ¢ 2 cadeias B que apresentam 146
residuos de aminoacidos. O conjunto das 4 subunidades possui massa molecular de 64
kDa. Cada subunidade possui um grupo heme inserido em uma fenda hidrofobica; o
grupamento heme € constituido por um atomo de ferro I1 (Fe**) que ocupa a posicdo
central do anel da porfirina. O ferro possui 6 sitios de coordenagio dos quais 4 sdo
ocupados pelos atomos de nitrogénio pirrolico do anel porfirinico e o quinto ligante é o
atomo de nitrogénio de um imidazol da histidina proximal (F8) que, provavelmente,
ancora o heme na proteina. O sexto sitio estd livie para ligar um ligante extra
(ANTONINI & BRUNORL 1975)

O estado reduzido do ferro no grupamento heme (Fe**) é fundamental para a
realizagio do transporte do oxigénio. Alguns residuos invariaveis, de natureza
hidrofébica sdo responsaveis pela manutengdo do ambiente ndo polar em torno do sitio
de ligagdo do oxigénio ¢ que € a base para a estabilidade do complexo ferro-oxigénio

(ANTONINI & BRUNORI, 1975). Qualquer alteragdo no ambiente do heme pode

levar 4 formag@o de metahemoglobina (Hb Fe’™). A hemoglobina férrica liga-se
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preferencialmente a 4nions. Em meio acido a metahemoglobina apresenta a sexta
coordenagdo do ferro ocupada pela H>O que, em meio alcalino, passa a ser ocupada
pelo ion hidroxil (ANTONINI & BRUNORI, 1975).

Adicionalmente, as caracteristicas funcionais da hemoglobina como
cooperatividade na ligagdo do oxigénio, efeito Bohr e efeito de polifosfatos orginicos
sdo de grande importancia para a realizagdo do transporte do oxigénio. A importancia
de alguns aminoacidos para a fungdo da proteina foi demonstrada por CAUGHEY
(1967) que, estudando hemoglobinas anormais onde a histidina distal esta substituida
por outros residuos, determinou que a velocidade de autoxidagdo ¢ maior,
caracterizando assim, a importincia deste aminoacido na estabilidade na mnteracdo da
hemoglobina com o oxigénio.

Quando a hemoglobina liga-se ao oxigénio, um elétron & polarizado do ferro para
o oxigénio, formando momentaneamente a forma férrica (HbFe®). Em condi¢cdes
 mormats este elétron € devolvido ao ferro no momento em que o oxigénio ¢ liberado,
restabelecendo sua forma ferrosa (HbFe?").

Em individuos normais, aproximadamente 3% da hemoglobina total circulante é
convertida a metahemoglobina diariamente. Fisiologicamente, a metahemoglobina
(HbFe™) presente na célula ¢ reduzida pela enzima metahemoglobina redutase que

utiliza o NADPH como fonte de poder redutor (KURATA ef al, 1993). Com a
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formagdo da metahemoglobina ocorre simultaneamente a formagio do 4nion
superéxido (O, de acordo com a reagio (1):

(1) HbFe” + 0, - HbFe*-0, — HbFe*™ + Oy

Sendo assim, devido ao processo continuo de oxigenagio e desoxigenagdo da Hb,
o &nion superoxido ¢ continuamente gerado no interior do eritrocito. E conhecido que
este radical ivre (O;) pode atacar direta ou indiretamente o DNA, horménios e
membranas (KURATA er al., 1993; MARTINEZ-CAYUELA, 1995). No eritrocito,
o O promove grandes danos quando interage com o peroxidos, produzindo
mtermediarios altamente reativos, como por exemplo, o radical hidroxil (THOMAS et
al., 1978). Os radicais produzidos podem, entdo, atacar os lipidios e as proteinas da
membrana resultando em hemolise e perda da fungéo celular.

O énion superoxido, quando ndo reage com macromoléculas celulares, pode, por

processo de dismutagdo (reagdo 2), gerar peroxido de hidrogénio. Esta reacdo pode ser

catalisada pela enzima superoxido dismutase, como serd descrito em detalhes
posteriormente (MISRA & FRIDOVICH, 1972; WINTERBOURN et al., 1976).

2) 20, +2H - H,0, + O,

Em adicdo a capacidade da hemoglobina de gerar o 4nion superéxido, os
processos  oxidativos, no interior dos eritrdcitos, sdo favorecidos devido as

caracteristicas estruturais como, (i) alta concentragdo de acidos graxos poliinsaturados



Introducio-7

na membrana citoplasmatica, (i) rico suprimento de oxigénio e (1) a presenca de
metais de transi¢@o. A hemoglobina por apresentar ferro em sua estrutura pode ainda
comportar-se como um reagente biologico de Fenton, sendo assim, uma molécula com
grande potencial promotor de processos oxidativos (SADRAZADEH et al., 1984;
CLEMENS & WALLER, 1987 PUPPO & HALLIWELL, 1988). Além disto, o
eritrocito maduro € anucleado, portanto, incapaz de substituir componentes celulares
danificados por processos oxidativos.

E conhecido que, em condigdes de intenso estresse oxidativo, os radicais livres e
espécies oxidantes podem atacar as principais classes de moléculas presentes na célula
como acidos nucléicos, proteinas, carboidratos e lipidios, levando a sérios danos &
célula (KURATA et al, 1993). Os danos oxidativos da hemoglobina podem levar a
perda de fungdo ¢ precipitagio no interior da célula como corpos de Heinz,

provocando a prematura morte celular. No entanto, em condigdes fisiologicas, o

ertrocito humano apresenta um tempo de vida médio de cerca de 120 dias em um

ambiente, como descrito anteriormente, propicio aos processos oxidativos. Durante
este periodo o eritrécito desenvolve suas fungbes sem aparente dano peroxidativo
(CHIU et al., 1982). Isto deve-se a uma eficiente compartimentaliza¢do celular e 3

presenca de um sistema antioxidante formado por enzimas € compostos antioxidantes.
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1.1.5 - Glutaﬁona-&trénsferase

Esta enzima catalisa a reagdo da GSH com uma variedade de compostos
eletrofilicos e tem importante papel de detoxificagdo no figado. A glutationa-S-
transferase encontrada no eritrécito tem sido classificada diferentemente da glutationa-
S-transferase encontrada no figado sob o ponto de vista imunoldgico, fisicoquimico e
eletroforeticamente (MARCUS et al., 1978; BOARD, 1981a.; SUZUKI ef al., 1987).

Entretanto, estas enzimas atuam conjuntamente com as enzimas metahemoglobina
redutase e glicose-6-fosfato desidrogenase (G6PD), responsavel pela redugdo do
NADP*. Assim, este sistema antioxidante é capaz de prevenir os danos oxidativos
sobre a membrana, hemoglobina e outros constituintes celulares, como demonstrado

pelo esquema abaixo (CHIU ef al., 1982).

GESG NADPH

Glatationa Glutationa
Via Met Hb
Glicolitica Redutase k Catalase Peroxidase Redutase
MET fb » Superoxido

— HZOZ

D:smutase
Bedt / ! Oxigénio \

| N =

) Radical hidroxil
Hemicromo / \
i Desnaturagio da Hb Membranz da célula
Corpos de Heinz

©

= Hemolise
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Auxiiando na detoxificagdo celular, existem pequenas moléculas largamente
distribuidas em sistemas biolégicos que podem atuar por outro mecanismo, gue ndo
enzimatico, sobre radicais livies. Dentre estes compostos a GSH, a vitamina C, a
vitamina E ¢ o 4cido trico sdo os mais conhecidos. A GSH, como descrito
anteriormente, pode reduzir o peroxido de hidrogénio formando H,O em uma reacdo
catalisada pela enzima glutationa peroxidase. A GSH também reage diretamente com
os radicais (Re) formando o radical tiil (GSe) e, posteriormente, a glutationa oxidada
(GS-5G) (FREEMAN & GRAPO, 1982: MEISTER & ANDERSON, 1983;
CADENAS, 1989) (reagdo 7 ¢ 8)

(7) Re + GSH <> RH + GSe

(8) GSe + GSe— GS-SG

A vitamina C, assim como a GSH, podem reduzir radicais de oxigénio. O
deidroascorbato formado pela reagdo do acido ascorbico com os radicais Iivres pode,

por sua vez, ser reduzido pela GSH. O 4cido trico, como descrito DOT VArios.autores,

tem um importante papel contra processos oxidativos no plasma (AMES, 1983;
SEVANIAN er al., 1985; AMES & SAUL, 1986; DAVIES ez al., 1986). A vitamina
E desempenha importante papel antioxidante na célula. Devido ao carater hipofilico de

sua estrutura, a vitamina E é responsavel, principalmente, pela defesa da membrana
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celular contra a a¢ao do 4nion superoxido e de hidroperoxidos como demonstrado pela
reacdo 9 (FEE & TEITELBAUN, 1972).

%) LOO® + o-TH—> LOOH + o-T*

O radical o-T" produzido pela oxidacdo da vitamina E é estavel devido ao elétron
desemparelhado do atomo de oxigénio estar em ressondncia no anel aromatico da
estrutura. A redugéo do radical formado (a-T") é realizada pelo ascorbato aumentando,
portanto, a capacidade antioxidante da vitamina E na presenga da vitamina C (CHIU et
al., 1982).

Durante o processo de envelhecimento celular varias mudangas bioquimicas
foram observadas como, por exemplo, mudangas no contetido de lipidios e proteinas
da membrana, atividade enzimatica, permeabilidade i6nica, tamanho e deformabilidade
celular (WESTERMAN er al., 1963; CLARK & SHOHET, 1985). A longevidade e a

alteracdo dos pardmetros descritos acima em eritrocitos de mamiferos sdo

__inversamente relacionadas a taxa metabolica basal e a auto-oxidacdo dos tecidos =

(CUTLER 1984a; 1984b; 1985).

Dentre as mudangas observadas durante o processo de envelhecimento, a
alteragdo da atividade de varias enzimas tem sido utilizada como referéncia para a
determinagdo da idade dos eritrocitos (KURATA er al., 1993). Usando técnicas de

separagio em gradiente de densidade de Percoll, IMANISHI er ol (1986),
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descreveram valores menores de atividade das enzimas G6PD, GSH-Px ¢ GR em
fungdo do envelhecimento do eritrécito. Resultados similares também foram
observados por SUZUKI et al (1 984ab) e SPODARYK (1990), analisando a
atividade da GR. Posteriormente, FAZI ef al. (1991), sugeriram que o envelhecimento
da célula vermelha estava associado com a reducdo da capacidade de detoxificagio.
Os mecanismos que levam ao decréscimo da atividade enzimética sio pouco
conhecidos, contudo, este tem sido atribuido as alteracdes na estrutura quaternaria das
moléculas (PAGLIA & VALENTINE, 1970).

As alteragOes nos sistemas enzimaéticos e consequentemente, no metabolismo
celular, levam a uma diminuigio da capacidade redutora celular e a uma maior
susceptibilidade ao ataque de radicais livres ¢ compostos oxidantes. Quando a
capacidade antioxidante da célula é superada pelo nivel de oxidacdo, um estado de

estresse oxidativo € instalado. A toxicidade dos radicais livres foi descoberta somente

de muitas patologias tais como, inflamagdo, envelhecimento celular, carcinogénese e
toxicidade de drogas (SIES, 1985; McCORD, 1985; FLOHE, 1988).

No entrécito algumas patologias sfo conhecidas devido aos danos oxidativos
provocados pela deplecdo do sistema redutor. A deficiéncia do sistema redutor celular
pode ser causado pela auséncia ou baixa atividade de enzimas antioxidantes e enzimas

que fazem parte da via que fornece poder redutor para a célula, como por exemplo o
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metabolismo anormal da glutationa, baixa producdo de NADPH e deficiéncia na
atividade da catalase (CARSON ef al., 1961; LOOS et dal., 1976, SPILBERG et al.,
1978). Por outro lado, as alteragdes na estrutura da hemoglobina, muitas vezes, estio
relacionadas com a sua maior susceptibilidade aos processos de desnaturagio. Neste
contexto, CHIU et al. (1996) demonstraram que hemoglobinas anormais tanto
induziram maior peroxidagdo em células vermelhas quanto maior era a sua tendéncia
em liberar o heme da estrutura. Adicionalmente estes autores demonstraram que o
ferro heminico apresentava maior poder de induzir a peroxidagdo lipidica em
membranas de eritrocitos que o ferro ndo heminico. Portanto, eritrocitos de individuos
que apresentam patologias ligadas a alteragGes estruturais da hemoglobina como B-
talassemia ¢ anemia falciforme, também mostraram maior susceptibilidade a danos
oxidativos (MENGEL et al., 1967, LUX et al., 1976, CHIU et al., 1979). Muitas

vezes a prematura destruigio celular estava associada a deficiéncia nutricional, como a

_ caréncia em vitamina ¢ o aumento da susceptibilidade celular 2 peroxidaciio lipidica

(DODGE et al, 1967, GORDON-SMITH & WHITHE, 1974; CHIU & LUBIN,

4 2

1979),
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1.2 - OXIDACAO DA HEMOGLOBINA

No eritrocito, a principal proteina citoplasmatica é a hemoglobina e suas
caracteristicas estruturais, bem como a presenga do grupo heme, tornam esta proteina
o principal alvo do ataque de compostos oxidantes. O processo oxidativo da
hemoglobina leva a produgdo de formas oxidadas que podem promover danos a
célula. Esta hemeproteina, na presenca de compostos oxidantes, produz a
metahemoglobina ¢ o anion superoxido através do mecanismo descrito anteriormente.
A metahemoglobina (HbFe®") pode converter-se a hemicromo apos sofrer adicional
processo de oxidagdo que leva a desestabilizagdo da globina. Neste estado a histidina
distal ou um outro ligante ocupa a sexta coordenacdo do ferro heminico. A formacdo
do hemicromo € sua precipitagdo no interior da célula também tem sido atribuida a

oxidagdo de grupos tidis da hemoglobina. Primeiramente sio oxidadas as Cis B93 que

leva a dissociagdo da hemoglobina, formando um estado reversivel de hemicromo. A

exposi¢do ¢ oxidagdo de grupos tidis extras (Cis B112 e Cis 104) que ndo estdo
acessiveis sobre condigdes fisiologicas, leva a formagdo do hemicromo irreversivel e
sua precipitagdo (KELLET & SCHACHMAN, 1971: BIRCHMIER et al., 1973). Este
mecanismo de formagdo dos corpos de Heinz pode ser esquematicamente representado

COmo segue;
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Oxidante + hemoglobina

¥

Metahemoglobina + dnion superéxido
e

Hemicromos reversiveis (tetrimeros)
{

(oxidacdo dos tiois 112 e f104)
¥
Hemicromos irreversiveis (monomeros)
s
Precipitacio como corpos de Heinz
No mecanismo descrito acima, com a constante formacio do anion superdxido e

uma deficiéncia no sistema antioxidante celular, o superéxido, por dismutagdo

..espentanea. pode gerar perdxido de hidrogénio. Na presenca de ambos. ion superdxido. ...

¢ perdxido de hidrogénio, o radical hidroxil (OH") pode ser gerado através da reagdo
de Harber-Weiss (reagéio 10).

(10) Oy + H0,— OH® + OH + O,

Na presenga de um ;:ataiisador metalico, como o ferro, esta reagdo ocorre muito

mais rapidamente (reagdes 11 e 12).
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(1) O, +Fe**—> Fe** + 0,

(12) Fe’"+ HyO— Fe™ + OH" + OH

A reagdo (12) € conhecida como Reacio de Fenton e segundo alguns autores a
hemoglobmma poderia participar da mesma como um reagente bioldgico de Fenton
fornecendo ferro heminico, promovendo, assim, maior formacgdo de radicais hidroxila
(SADRAZADEH et dl, 1984; GUTTERIDGE, 1986; PUPPO & HALLIWELL,
1988) e radical ferril (HbFe™-OH) (GTULIVI & DAVIES, 1990). A hemina também
tem sido atribuidos efeitos deletérios na célula como perda de potassio, fragilidade
osmotica e eventualmente hemolise (KIRSCHNER-ZILBER e? al., 1982; FITCH et
al., 1983). Na membrana, a hemina promove a dissociagdo das proteinas do
citoesqueleto (espectrina) e associagdo com a proteina 4.1 (LIU et al., 1985; SOLAR
& SHAKLALI 1989).

Quando a oxidagdo da hemoglobina no eritrécito ¢ induzida in vitro por

. hidroperoxidos orgénicos, como t-BOOH (reagio 13 e 14).0s radicais t-butilaleoxil (t-

BOs) ¢ t-butilperoxil (+-BOOe) sdo formados e os mesmos podem atuar sobre lipidios
e proteinas da membrana e enzimas citoplasméticas (THORNALLEY et al., 1983;
VAN DER ZEE et al., 1989).

(13) HbFe*"-0, + -BOOH—>HbFe* + O, + t-BOw + OH-

(14) HbFe™ + -BOOH — Hb HbFe?" + t-BOOe
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Estudos realizados por VAN DER ZEE et al. (1989), mostraram que em um
sistema contendo entrocitos e t-BOOHM, o radical t-butilalcoxil foi responsavel pelo
desencadeamento da reagdo em cadeia da peroxidagio lipidica, enquanto que o t-
butilperoxil promoveu a perda de potassio da célula.

Por outro lado, quando a hemoglobina interage com radicais livres ou com
compostos oxidantes como 0 H;O,, podem-se formar os radicais hidroxil e ferril, como
demonstrado por SADRAZADEH et al(1984) e PUPPO & HALLIWELL (1988).
Estes autores demonstraram que a rea¢do da metahemoglobina com H,0,, em excesso,
produziu radicais hidroxil. Este radical foi formado pela interagdo do H,O; com o ferro
liberado da hemoglobina. Nestes estudos, a detecgdo do radical hidroxil foi realizada
através da degradacio da desoxiribose € por cromatografia liquida de alta pressdo que
possibilitou a identificagdo da fenilalanina hidroxilada pelo radical hidroxil. Por outro

lado, o radical ferril-hemoglobina, por outro lado, ¢ formado em condi¢des onde o

peroxido de hidrogénio esta em excesso em relagdo a concentragdo de hemoglobina

(GIULIVI & DAVIES, 1990; EVERSE & HSIA, 1997). Segundo GIULIVI &
CADENAS (1998), através de estudos realizados com a mioglobina, o radical ferril
(HbFe*") reage com os aminoé4cidos vizinhos ao grupo heme produzindo um radical
secundario. Um desses radicais seria o radical de tirosina formado pela redugdo do

radical ferril. Este, através de um processo de transferéncia de elétrons, da origem a
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outros radicais de aminoacidos. Este mesmo mecanismo pode ser aplicado a
hemoglobina considerando a similaridade estrutural desta molécula com a mioglobina.

Adicionalmente, a hemoglobina pode também interagir com outros compostos
como xenobidticos redutores (XH;) e metabolitos que dardo origem a radicais livres
(reaglo 15). Estes, por sua vez, iniciam uma série de reagdes gerando outros radicais
¢ espécies oxidantes que podem produzir desnaturagdo oxidativa da hemoglobina
(WINTERBOURN, 1990).

(15) HbFe-O; + XH, —> HbFe*" + H,0, + Xe

Como o eritrocito e, consequentemente, a hemoglobina estio distribuidos por
todos os tecidos através do sistema vascular, os radicais formados no interior desta
célula podem promover danos em diferentes tecidos do corpo. Quando o nivel de
estresse oxidativo € alto nos eritrécitos, o rompimento da membrana celular leva &

liberag@o da hemoglobina. Esta hemeproteina livre no meio extracelular é rapidamente

degradada produzindo grande quantidade de hemina e ferro livre. E conhecido que a

hemina em grande quantidade ¢ extremamente toxica e o ferro livre pode participar da
reagio de Fenton produzindo radicais hidroxil.

Recentemente, varios estudos foram realizados procurando produzir
hemoglobinas modificadas por reagentes quimicos que possibilitem a administragdo
extracelular desta proteina. Todas as hemoglobinas testadas produziram severos

efeitos colaterais como vasoconstricdo € conseqiiente aumento da pressio sangiiinea,
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danos hepéticos e renais, ativagdo de macrofagos e neutrofilos, agregacdo plaquetaria
e outros (EVERSE & HSIA, 1997). A modificagdo quimica da hemoglobina pode
minimizar alguns efeitos colaterais, mas o nivel de oxidagdo do heme e o envolvimento
da hemoglobina em mecanismos de geragdo de radicais no meio extracelular,
necessitam de estudos adicionais. O potencial oxidante de derivados de hemoglobina &
de extrema relevancia para o desenvolvimento de uma forma modificada que possa ser
administrada livre da célula. Varios estudos tem demonstrado que tanto a hemoglobina
presente no interior do entrocito como a hemoglobina livre produzem danos
generalizados como inativagdo enzimatica ¢ peroxidagdo lipidica em diferentes
tecidos (THORNALLEY ef al, 1983; RICE-EVANS & BAYSAL, 1987, VAN DER

ZEE et al., 1989).

1.3 - PEROXIDACAO LIPIDICA

A membrana de células e das organelas sdo constituidas principalmente de

lipidios e proteinas. Compostos oxidantes e/ou radicais livres de oxigénio podem
atacar os acidos graxos presentes na membrana, iniciando um processo de reagdo em
cadeia denominado peroxidacdo lipidica. Os danos oxidativos, ocorrem
preferencialmente, sobre acidos graxos poliinsaturados na membrana devido a baixa

energia de dissociacio de seus hidrogénios alilicos (CLEMENS & WALLER, 1987).
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Estudos realizados com lipossomas preparados na presenca de hemoglobina
mostraram que a peroxidagdo lipidica ocorre mais rapidamente em lipossomas
constituidos de lipidios insaturados do que de lipidios saturados (HALLIWELL &
GUTTERIDGE, 1989).

No processo de peroxidagio lipidica o radical livre primario retira um atomo de
hidrogénio da ponte metilénica da cadeia de carbonos, produzindo um radical centrado
no carbono. Através de um arranjo molecular o radical é estabilizado na forma de um
dieno conjugado, o qual facilmente reage com o oxigénio molecular formando o radical
peroxil (MARTINEZ-CAYUELA, 1995).

/¥——-_/\—_—_J\ Lipidio poliinsaturado
geb!s];::fgzm lC X - (radical livre)

N AN YN Radical livre de fipidio

!

M—\%_____/\ Radical dicno conjugade

J e,

W Radical peroxil de lipidio

7

O

Dl l < LH (Lipidio poliinsaturade)
W Lipidio hidroperoxido

P
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A peroxidagdo lipidica, uma vez iniciada, pode propagar-se por si, produzindo
alteracdes nas propriedades da membrana.

O envolvimento da hemoglobina no processo de peroxidagdo lipidica em
eritrocitos foi estudado por MACCORD & DAY (1978), AMBRUSO & JOHNSTON
(1981) e SADRAZADEH et al (1984) Este estudos sugeriram o envolvimento de
proteinas que apresentavam ferro ou grupo heme, como a lactoferrina, a transferrina e
a hemoglobina, como catalisadores da reacdo de Fenton (Reacio 8), gerando radicais
que promoveriam a peroxidacdo lipidica. GUTTERIDGE (1986) demonstrou que a
peroxidagdo de micelas de 4cido linoléico na presenca da hemoglobina, ¢
significantemente 1nibida pela haptoglobina mas nfo é inibida pela transferrina ou
desferoxamina. Estes resultados demonstraram que a hemoglobina estd também
envolvida na peroxidacfo lipidica do eritrécito em condigdes de estresse oxidativo. O

radical ferril formado pela interagio da hemoglobina com hidroperdxidos ataca a

EVERSE & HSIA, 1997). No entanto, estudos anteriores realizados por CLEMENS et
al. (1985) demonstraram que entrocitos contendo cerca de 40% de metahemoglobina
sdo menos susceptiveis a peroxidacdo lipidica e que o ferro somente no seu estado
reduzido, pode catalisar a peroxidacdo lipidica. Estes autores mostraram que a
hemoglobina no estado oxidado (HbFe™) comporta-se como um antioxidante,

seqilestrando intermedidrios da peroxidagédo lipidica.
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1.4 - OXIDACAO DE GRUPOS TIOIS DE PROTEINA

A oxidac¢ido de grupos tidis ou grupos sulfidrilas e a formacio de dissulfetos
reversiveis ¢ uma resposta celular aos processos oxidativos (CHAI et al, 19%4a;
1994b; RAVICHANDRAN ef al., 1994; THOMAS et al, 1995). A mudanga no
estado redox dos grupos sulfidrilas pode promover sinais que afetam a atividade
biologica de enzimas, receptores, transportadores ¢ fatores de transcri¢do. Na célula,
os tidis podem ser agrupados em 2 classes: os tidis de baixa massa molecular
(glutationa reduzida, glutationa oxidada, cisteina e cistina) e os tidis de alta massa
molecular, como os tiois protéicos (ROSSI er al., 1995). O principal tiol ndo protéico
presente intracelularmente € a glutationa (GSH) cuja concentragio pode variar de 2 a
10 mM. Por outro lado, a concentracdo da sua forma oxidada (GS-SG) é de 10 a 100
vezes menor sob condigdes fisiologicas. Da mesma maneira sdo encontradas altas
concentragdes de tid1s protéicos na célula, como por exemplo em eritrocitos, onde a

concentragdo pode vanar entre 15 ¢ 25 mM (JOCELYN, 1972).

Os grupos sulfidrilas de proteinas (PSH) podem estar localizados na superficie da
molécula e, portanto, serem reativos formando pontes de dissulfeto entre proteinas
diferentes e entre grupos sulfidrilas de uma mesma proteina (PS-SP). Adicionalmente
os tidis reativos de proteinas podem reagir com dissulfetos de baixa massa molecular,
como por exemplo a glutationa oxidada (GS-SG), dando origem a dissulfetos mistos

(PS-SG), de acordo com a reagéo 16:
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(16) PSH + GS-8G<« PS-SG + GSH
A glutationa, no entanto, pode reduzir dissulfetos de proteinas (PS-SP) originando

um grupo sulfidrila livre na proteina e um dissulfeto misto (reagdo 17).

) 2 GSH + PS-SP-»PS-SG + PSH

As reagbes 16 e 17 podem ocorrer espontaneamente ou serem enzimaticamente
catalisadas (FREEDMAN, 1979). Alguns autores acreditam que a formacdo de pontes
de dissulfetos mistas pode ter como fungdes a protegfio de grupos tidis especificos
contra reagdes ndo desejadas ou, ainda, a geragdo de GSH a partir de PS-SG e
modulagdo da atividade de varias enzimas, como glicose-6 fosfato desidrogenase,
fosfofrutoquinase, frutose-1,6-bifosfatase, através da formagdio de pontes de
dissulfetos nos sitios alostéricos (ZIEGLER, 1985).

O metabolismo, em geral, ¢ afetado por mudangas no estado da GSH e,

consequentemente, no contelido de dissulfetos mistos. A concentragdo de dissulfetos

mistos aumenta quando orgdos ou células sdo expostos a_condighes oxidantes

(DELUCIA er al., 1975, KEELING et al., 1982; DI SIMPLICIO & ROSSI, 1994).
Varios tecidos de roedores apresentaram maior concentracio de dissulfetos mistos
ap0s estresse oxidativo (BRIGELIUS et al., 1982; BELLOMO et al.. 1987). Estudos
realizados por SRIVASTAVA et al. (1974) demonstraram que a concentragdo GSH

ligada a proteinas especificas de eritrocitos aumentou de 0,004 M para 0,248 M apés
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tratamento com diamida, um oxidante especifico de grupos tiois. Adicionalmente, o
tratamento do eritrécito com t-BOOH induziu aumento significativo na concentracio
de dissulfetos mistos. As proteinas de eritrécitos humanos submetidos ac tratamento
com t-BOOH apresentaram mobilidade eletroforética alterada em decorréncia da
ligagdo de GSH a estas proteinas (LII & HUNG, 1997). A modificacio da mobilidade
eletroforética destas proteinas ocorreu principalmente pela formacgio de dissulfetos
mistos e dissulfetos entre proteinas. Em condigdes oxidantes, as proteinas da
membrana podem polimerizar-se formando agregados que sdo revertidos por agentes
redutores, como DTT. Sob condi¢bes oxidantes a espectrina, principal proteina da
membrana do eritrocito, apresenta-se associada principalmente & hemoglobina levando
a alteragGes nas propriedades da membrana. Este comportamento foi primeiramente
observado por TROTTA et al. (1981) através de estudos realizados com eritrocitos

incubados na presenga de t-BOOH. Mesmo apOs exaustivas lavagens, as membranas

(“ghost”) permaneciam escurecidas sugerindo que derivados oxidados da hemoglobina..

permaneciam ligados.

1.5 - PRESENCA DE GRUPOS TIOIS REATIVOS NA HEMOGLOBINA
A hemoglobina humana normal apresenta 6 residuos de cisteina/tetrimero. Em
sua conformag&o nativa, entretanto, apenas 2 grupos ti01s sdo acessiveis, os das Cis 93

das duas cadeias [ (KLEINSCHIMIDT & SGOUROS, 1987). Estes residuos
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encontram-se em uma regido importante que esta envolvida na estabilizacdo do estado
T (Tenso) ¢ também muito proximo da regido de contato entre as subunidades no
tetramero. Devido a sua localizagdo e seu papel na estrutura da proteina, estes residuos
foram conservados em diferentes espécies animais. Portanto, a presenga de grupos
tiois reativos na hemoglobina nfo é uma caracteristica exclusiva da hemoglobina
humana. Em hemoglobma de vertebrados em geral, o namero de residuos de cisteina
pode variar de 2 a 18 por tetramero (SULLIVAN & RIGGS, 1967; FYHN &
SULLIVAN, 1975; REISCHL & DAFRE, 1992). O padrdo de ocorréncia de grupos
tidis adicionais em hemoglobinas de wvertebrados indica que estes devem ter um
significado fisiolégico importante para o eritrocito (REISCHL, 1989; DAFRE &
RESICHL, 1990; TORSONI et al., 1996). A presenga de grupos tidis reativos no
hemolisado de diferentes espécies animais estd associada a presenga de um grande

namero de bandas de hemoglobinas em eletroforese, em decorréncia do processo de

A polimerizagdo de hemoglobinas (HbS-SHb) apds a hemdlise, através da
formagdo de pontes de dissulfeto, ¢ um fenémeno frequentemente encontrado em
espécies de elasmobrinquios, anfibios e répteis (SVEDBERG & HEDENIUS, 1934,
SULLIVAN, 1974ab; FYHN & SULLIVAN, 1975). A reversibilidade intracelular da
polimerizagdo foi descrita por SULLIVAN & RIGGS (1964) em estudos realizados

com hemoglobma de tartaruga. As espécies que apresentam hemoglobinas ricas em
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grupos tiois reativos, a formagdo de pontes de dissulfetos pode ocorrer entre os tiois da
proteina e tidis de baixa massa molecular, como a glutationa (GSH), dando origem aos
dissulfetos mistos (HbS-SG). Em hemoglobina humana, a formacdo de dissulfetos
mistos induz wma maior afimdade da hemoglobina pelo oxigénio e reduz a
cooperatividade e o ecfeito Bohr (HUISMAN & DOZY, 1962). Entretanto, em
eritrocitos humanos, a glutationa ndo esta ligada a hemoglobina em significante
quantidade devido a baixa concentrag@o da sua forma oxidada (GS-SG) no interior do
eritrocito.

Estudos eletroforéticos em hemolisado de aves e tubario, demonstraram que a
formagfo dos dissulfetos mistos também levam a uma maior heterogeneidade
eletroforética. A ligagdo de uma molécula de glutationa 3 hemoglobina adiciona uma
carga positiva a proteina e, portanto, altera a sua mobilidade eletroforética (REISCHL
& DAFRE, 1990; DAFRE & REISCHL, 1992). Este comportamento foi descrito em

hemoglobinas de diferentes espécies quando expostas a condi¢des que favorecem a

formagdo de pontes de dissulfeto com glutationa. KOSOWER er al., (1977)
demonstraram que o tratamento de eritrocitos de ratos e humanos com diamida, um
reagente oxidante de tidis, promoveu a completa oxida¢do da GSH a GS-SG. Estes
mesmos autores demonstraram que em eritrocitos humanos, a GSH foi totalmente
recuperada apos tratamento com agente redutor. Adicionalmente, no eritrocito de rato,

a GSH néo foi oxidada a GS-SG, entretanto, a dosagem dos grupos ti6is reativos na
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hemoglobina ap6s o tratamento com a diamida, revelou menor concentra¢do de tidis
reativos por molécula. Estes resultados sugeriram a formagio de pontes de dissulfetos
mistas entre a GSH e os tidis presentes na hemoglobina de rato. Recentemente, DI
SIMPLICIO & ROSSI (1994) demonstraram que o eritrocito e o sangue de ratos,
quando submetidos ao tratamento com agente oxidante (t-BOOH), apresentaram
intensa oxidagdo da GSH a GS-SG este ultimo posteriormente formou pontes de
dissulfetos mistos na célula.

Nos répteis, em particular no quelémo da espécie (G. carbonaria, as bandas
eletroforéticas derivadas da ligagdo da glutationa a hemoglobina estavam presentes
mesmo quando a hemolise era realizada com um agente alquilante. Estes resultados
sugeriram a presenc¢a intracelular destes derivados (TORSONI et al., 1996). A
polimerizagdo da hemoglobina nesta espécie, no entanto, somente foi observada

quando o hemolisado foi estocado. A formacgdo de polimeros € reversivel pelo

 tratamento com um agente reduto_r (SULLIVAN & RIGGS, 1964; 1967, REISCHLL
1986).

A presenga de grupos ti0is reativos em hemoglobina de algumas espécies tem
sido relacionado a resisténcia do ammal a hipoxia. Estes grupamentos, em conjunto
com a glutationa (GSH) e outros grupos tidis ndo protéicos, ofereceriam uma

capacidade de tamponamento redox superior e/ou detoxificagdo de excesso de cations

metalicos (REISCHL, 1986; DAFRE & REISCHL, 1990),
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Assim, especies que apresentam hemoglobina rica em grupos tidis, capacidade de
polimerizagdo e formago de dissulfetos mistos podem estar refletindo um processo
evolutivo que levou a sele¢io destas caracteristicas. A presenga de proteinas ricas em
grupos tiois reativos no interior do eritrocito poderiam fornecer adicional poder redutor
para a célula como citado acima. No entanto, ndo se conhece sobre existéncia da
relagdo entre presenca dos tiois reativos na hemoglobina € o maior poder redutor
nestes eritrocitos.

Os estudos eletroforéticos do hemolisado das 2 espécies de tartarugas (G.
carbonaria e (. denticulata) demonstraram diferencas na capacidade de
polimerizagdo das hemoglobinas ¢ no numero de bandas de hemoglobina em
eletroforese em condigSes ndo desnaturantes (TORSONI er al, 1996; 1998¢).
Enquanto no hemolisado da espécic G. denticulata apenas 2 bandas principais de

hemoglobinas foram evidenciadas (Hb1 e Hb2), na espécie G. carbonaria pudemos

dias a 4°C levou a uma maior heterogeneidade eletroforética. O mesmo
comportamento ndo foi observado para o hemolisado de G. denticulata que mesme
apds a estocagem mostrou o mesmo numero de bandas. O perfil eletroforético do
hemolisado em condigGes desnaturantes demonstrou que ambas as espécies
apresentavam 3 tipos de cadeias de globina.(GI, G2 e G3) (TORSONI et al., 1998a;

1998b). Portanto, a heterogeneidade eletroforética do hemolisado de (. carbonaria &
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proveniente da presenca de grupos sulfidrilas reativos na hemoglobina confirmado pela
titulagdo que demonstrou a presenga 4 e 1,5 SH reativos/tetrAmero de Hb em G.
carbonaria e G. denticulata, respectivamente.

A hipétese anteriormente citada, da participagdo de tidis de proteinas na
detoxificagdo celular de agentes oxidantes fornecendo poder redutor ou GSH & célula é
dependente de que as reagdes de oxidofreducdo dos grupos tidis das proteinas ndo
altere as suas fungdes (DAFRE & REISCHL, 1990; REISCHL & DAFRE, 1992; DI
SIMPLICIO & ROSSI, 1994; DI SIMPLICIO ef al., 1998). Muitas enzimas, quando
formam dissulfetos mistos, tem sua atividade catalitica reduzida, devido a um
mecanismo fisiologico de modulagdo da enzima. Para a hemoglobina, o papel na
detoxificagdo celular, seria uma fungfio adicional e, portanto, esta ndo deveria acarretar
alteragdes significativas em suas caracteristicas funcionais e conformacionais.

O hemolisado ndo modificado por reagentes de tidis das 2 espécies de tartarugas

as quais apresentam diferengas no nuimerc de tidis reativos na hemoglobina foi

analisado com relagdo as propriedades funcionais como a afinidade da hemoglobina
pelo oxigénio, o efeito de polifosfatos orgénicos e o efeito do pH. Diferencas
importantes entre as 2 espécies foram observadas: a afinidade da hemoglobina pelo
oxigénio demonstrada pelos valores de Ps, (pressdo de oxigénio necessaria para
saturar 50% dos sitios de ligagdo na hemoglobina) foi menor na espécie G.

denticulata. Da mesma maneira, a hemoglobina de G. denticulata foi mais sensivel a
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presenga de efetores alostéricos como ATP ou IHP. No entanto, similar efeito de pH
(efeito Bohr) foi observado para as 2 espécies (TORSONI e al., 1997; 1998c).

De acordo com os resultados descritos acima foi possivel observar que a
modificagdo da hemoglobina de G. carbonaria com a iodoacetamida promoveu
significantes alteragdes nas propriedades funcionais, como efeito Bohr ¢ afinidade pelo
oxigénio. No entanto, o tratamento com glutationa oxidada (GS-SG), que induz a
formagdo de dissulfetos mistos com glutationa (PS-SG), ou o tratamento com diamida,
que induz principalmente a formagdo de polimeros de hemoglobina, ndo alterou
significativamente os parametros como afinidade pelo oxigénio, efeito Bohr e
cooperatividade (TORSONI et al., 1996). Por outro lado, estas mesmas hemoglobinas
modificadas apresentaram importantes alteragdes na susceptibilidade do heme a
oxidagdo. A hemoglobina modificada por IAA ou GS-SG apresentou maior
susceptibilidade a oxidagdo induzida por t-BOOH. A  forma polimérica da

hemogiobmma apresentou, contudo, similares niveis de oxida¢do daquela ndo tratada

com reagentes de tiois. Estes resultados sugerem que a hemoglobina em condigdes de
estresse oxidativo, pode sofrer oxidagdo de seu grupos tidis e formar polimeros ou
dissulfetos mistos sem que isto leve a uma alteragfo significativa da fungdo. Contudo,
a ligago da glutationa a hemoglobina tornou a proteina mais suceptivel 4 oxidagdo.

A modificagdo da hemoglobina nas 2 espécies também foi analisada com relagio

ao seu efeito em potencializar a peroxidagdo lipidica da membrana de eritrécitos
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humanos induzida por t-BOOH. A forma ndo tratada da hemoglobina de G.
carbonaria mostrou um pequeno efeito antioxidante em baixas concentragdes. Este
efeito foi totalmente abolido quando a hemoglobina foi modificada por reagentes tiois,
como IAA e NEM que potencializaram o efeito oxidante do t+-BOOH sobre a
membrana dos eritrocitos. Entretanto, a modificagdo da hemoglobina por diamida
resultou em smmilar efeito ao demonstrado para a hemoglobina ndo modificada. As
hemoglobinas humana ¢ de G. denficulata ndo induziram significativa alteracio. A
dosagem dos grupos suifidrilas livres na hemoglobina apos o tratamento com os
reagentes t101s mostrou que apenas a IAA € capaz de reagir com todos os tidis na
hemoglobina, enquanto que a diamida e a GS-SG promoveu apenas a oxidagdo parcial
dos ti6is reativos da hemoglobina (TORSONI e al., 1996). Isto nos levou a sugerir
que radicais formados pela interagdo da hemoglobina com o oxidante tem papel
fundamental no processo de peroxidagfio lipidica em eritrocitos. A interagdo do heme

com hidroperoxidos e a postertor formagao de radicais que podem atacar membranas ¢

outros componentes celulares foram sugeridos por VAN DER ZEE er al. (1989) ¢
VAN DER BERG et al (1992)

A atividade das enzimas glutationa redutase, glutationa peroxidase, catalase e
superdxido dismutase foi determinada nos eritrocitos das 2 espécies de tartarugas
(TORSONI et al., 1998b). Os resultados demonstraram que as enzimas relacionadas

com a manutengdo da razdo GSH/GS-SG na célula foram mais ativas na espécie G.
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denticulata e as enzimas superoxido dismutase e catalase foram mais ativas na espécie
G. carbonaria. 1a mesma maneira na espécie G. carbonaria foi observada maior
razdo entre a glutationa reduzida ¢ a hemoglobina (1:1), enquanto que na espécie G.
denticulata a raz8o foi de 0.5:1. Estes resultados sugerem que o sistema antioxidante
do eritrocito de (. carbonaria tem maior capacidade de atuar sobre radicais formados
pela autoxidag@o da hemoglobina (reagéio 1) e ainda, como sugerido por REISCHL et
al. (1986) e DAFRE & REISCHL (1990), a presenga de grupos tidis reativos em

proteinas poderia oferecer um tamponamento redox adicional a célula.
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2-PUBLICACOES REFERENTES AO PROJETO DE TESE
2.1-“EFFECT OF THIOL REAGENTS ON FUNCTIONAL PROPERTIES
AND HEME OXIDATION IN THE HEMOGLOBIN OF G. CARBONARIA”
Biochem. Mol. Biol. Int. 40(2):355-364, (1996)
Resumo

A reacgdo de reagentes ti0is com a hemoglobina de G. carbonaria foi estudada e o
equilibrio com oxigénio e a cinética de oxidagdo dos derivados, determinadas. A
afinidade pelo oxigénio ¢ a cinética de oxidagdo dos derivados de hemoglobina foram
modificadas com diferentes intensidade dependendo da natureza do reagente de tiol
utilizado. A diamida produziu aproximadamente 80% de hemoglobina polimérica,
embora nio tenha levado a alteracdo da cinética de oxida¢do e as propriedades
funcionais (T%=10 min; P50=5.0 mmHg em pH 7.4; efeito Bohr alcalino=-0,64).
Todoacetamida ndo modificou significantemente padriio eletroforético, embora todos os
grupos tiois livres da hemoglobina tivessem sido alquilados. Um P50 de 2,5 mm Hg
em pH 7.4 e efeito Bohr de -0,15 foram obtidos; o T' de cerca de 6,4 min foi menor

que aquele determinado para a hemoglobina nfio modificada. Similares T'% foram

-obtidos para-a hemoglobina tratada com-glutationa oxidada,-que preduziv hemeglebina-—

polimérica e glutationil-hemoglobina. As caracteristicas da ligagdo com a oxigénio
mostraram que ambos derivados da hemoglobina, glutationil-hemoglobina e

hemoglobina polimérica, conservaram sua capacidade de transportar o gas.
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EFFECT OF THIOL REAGENTS ON FUNCTIONAL PROPERTIES AND HEME
OXIDATION IN THE HEMOGLOBIN OF Geochelone carbonaria
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SUMMARY? The reaction of thiol reagents with G. carbonaria hemoglobin was studied, and the
oxygen equilibrium and kinetic of oxidation of derivatives determined. The oxygen affinity and
kinetic of oxidation of hemoglobin derivatives were modified to various extents depending on
the nature of thiol reagents used. Diamide yielded approximately 80% polymeric hemoglobin,
although the oxidation kinetic, and the functional properties, were practically invariant (T
=10.0 min.; P50 = 5.0 mm Hg at pH 7.4; alkaline Bohr effect = -0.64). lodoacetamide did not
modify the electrophoretic pattern significantly, although all the free SH groups of hemoglobin
were alkylated. A P50 of 2.5 mmHg at pH 7.4 and the Bohr effect of -0.15 were obtained; the
Ty of about 6.4 min. was shorter than that for un-modified Hb. Similar T were obtained for
Hb treated with oxidized glutathione, which produced polymeric Hb and glutathionyl-Hb. The
oxygen binding characteristics showed that both of Hb derivatives, glutathionyl-Hb and
polymeric Hb, maintain the capacity to transport the gas.

Key Words: Geochelone carbonaria, polymeric hemoglobin, available SH groups, functional
properties, glutathionyi-Hb.

INTRODUCTION

Considerable attention has been focused on reactive sulphydryl groups of Hb. Several

regorts have descrived-the-effect of thiot i T KT GEIOOT T2 3 SR AT Fagiear ™
generation in rat erythrocytes treated with oxidizing agents (4,5). Different thiol reagents showed
different rates of reaction with hemoglobin, as well as modifications of functional properties.
The rate of oxidation of heme in hemoglobin modified by thiol reagents seems to be faster than
that in un-modified hemoglobin (2).

Human hemoglobin contains cysteine $93 residues which provide the only two accessible
thiol groups at the surface of the molecule (a,B,). Husmain & Dozy (6} demonstrated a highly
increased oxygen affinity, a reduced cooperativity and a reduced alkaline Bohr effect in
glutathionyl-Hb (HbS-8G). The Cys [B93 is located close to the subunits contact region within
the tetramer and is very important in the stabilization of T state. The oxidation of this group
promotes changes in the functional properties and leads to the dissociation of human
hemoglobin (3). Hemoglobins of certain animal species present additional cysteine residues
other than P93, which may have physiological significance (7). SH rich hemoglobin is found in

1G39-9712/96/020355-10%505.00/0
Copyright © 1996 by Acadensic Press Australia,
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various species of elasmobranchs, amphibians and reptiles (8,9,10,11), and the oxidation of these
groups may lead to the formation of disulfide bridges either between tetrameric hemoglobin
molecules or between hemoglobin and glutathione (glutathionyl-Hb or mixed disulfide), thus
promoting electrophoretic heterogeneity (12,13,14). The formation of glutathionyl-Hb has also
been reported in rat erythrocytes under oxidative stress conditions (15) and “in vitro”
experiments with chicken Hb treated with oxidized glutathione (GSSG) (13). The formation of
mixed disulfides "in vivo" may be related to regulatory and defensive processes (5,16), although
the effect of thiol reagents on the functional properties of SH-rich Hb is afmost unknown.

The hemoglobin of G. carbonaria provides an excellent model for studying the effect of
thiol reagents on the functional properties of modified hemoglobin because it possesses
approximately four available SH/tetramer, as weil as a high level of polymerization and
significant eletrophoretic heterogencity. This heterogeneity is a consequence of oxidation of
available SH groups, producing maialy glutathionyl-Hb and polymers of Hb that may be present
“in vive” {12). Another interesting approach to be considered is the redox-state of red biood
cells. According to Reglinsky et al, (17}, the redox state of a cell can be transferred to other cell
through the plasma membrane; hence, the thiol groups of hemoglobin in the reduced state could
augment the redox buffer capacity not only of red blood cells, but also of the entire body, as
happens with the acid-base balance.

In this context, we report here the functional behavior of glutathionyl-Hb and polymers of
Hb that were obtained by treatment with oxidized glutathione (endogenous thiol reagent) and
diamide (specific thiol reagent), respectively. The data obtained with these derivatives that seem
to oceur “in vivo” (12) are compared with un-modified Hb and with alkylated Hb {treated with
iodoacetamide). The reaction of thiof reagents with hemoglobin was analyzed by: i- hemoglobin
electrophoretic patterns; ii- changes in molecular mass of hemogiobin; iii- remaining thiol
groups in the Hb after reaction with thiol reagents and iv- susceptibility of the Fe2+ heme of
hemoglobin to oxidation. As model oxidant, we used, terc-butyl hydroperoxide (t--BOOH), a

imple-organic-hydroperoxide-thatmay produse tbutony (RS yor thuylperoxy (RO pradicals

MATERIALS AND METHODS

Chemicals: Diamide, oxidized glutathione (GSSG), terc-butyl hydroperoxide (+-BOOH),
Tris, Sephadex G-25 and G-100, Monobed MRB-3 Amberlite, DTNP {2.2°-dithiobis[3-
nitropyridine]), heparin and iodoacetamide (IAA) were purchased from Sigma Chemical
Company {St. Louis, MO).

Preparation of erythrocytes and hemoglobin solutions: Whole blood was drawn by
cardiac puncture from adult specimens of G. carbonaria, using heparin (5,000 IU/ml) as an
anticoagulani. The blood was centrifuged, the buffy coat removed and the red blood cells were
washed twice with cold 1% NaCl. The total hemolysate was obtained by lysing the cells in
distitied water and centrifuging out the cell membranes (2,500 g). The supernatant was freed of
salts and small organic molecules by passage through a Sephadex G-25 column (2 X 25 cm)
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equilibrated with 0.05 M Tris-HCI buffer at pH 9.0 and on monobed resin {2 X 15 cm), obtaining
the stripped hemoglobin.

Modified hemoglobin: The stripped hemoglobin of G. carfonaric was modified by
mixing with iodoacetamide (molar ratio 1:200), or diamide (molar ratio 1:5), both mixtures
were incubated at 25°C for 1 h. GSSG (molar ratio 1:1) was zllowed to react for only 15 min. at
25°C, 1in order to avoid the formation of methemoglobin. Following incubation, the samples

were passed through a Sephadex G-25 column. All procedures were performed in 0.05 M Tris-
H{Cl buffer, pH 74, :

Protein thiol titration: A 30 i sample of 10 mM DTNP solution (3.1 mg/mi in ethanol}
was added to 3 ml of hemoglobin solution at a concentration of 10 uM (as heme) 1in 0.1 M
phosphate buffer, pH 8.0. After 20 min., the Ajg, was measured against the blank consisting of
hemoglobin at the same concentration and 30 ul of ethanol. The absorption of DTNP was also
subtracted, and the thiol concentration determined using an €34 (mM) value of 14.0 (18).

Oxygen dissociation measurements: The oxygen dissociation curves of stripped and
modified hemoglobin were determined in a Hitachi U2000 spectrophotometer at 25°C by
tonometric method (19). The hemogiobin (50-60 uM heme) were brought to 0.05 M ionic
strength in Tris-HCI buffer containing 1 mM EDTA, in a pH range of 7.0-8.0. Oxygen binding
curves were determined for stripped hemoglobin, as well as for stripped hemogiobin pre-treated
with diamide, iodoacetamide or GSSG. The Bohr effect was expressed as AlLogP50/ApH
between pH 7.0 and 8.0. Methemoglobin formation during Hb-O, affinity determinations was
not significantly modified in samples treated with thiol reagents, remaining at a level below 10%
{Table 1) .

The hemoglobin concentration of the hemolysate was estimated spectrophotometricaily
using extinction coefficient for human hemoglobin A (gnu of 13.8 cm™ at 541 nm ¥20) or as
cyanomet-Hb by Drabkin reagent (100 mg NaCN and 300 mg K FeCNg/L) (21). The hemoglobin
solution was dissolved in Drabkin reagent to a concentration of 0.5-1.0 mg/ml and the
absorbance (at 540 nm) after 20 min. determined against a Drabkin solution blank. Calculation
of hemoglobin concentration was made using an gy, 0f 11.5 cm™ at 546 nm {21}

The kinetics of oxidation of un-modified Hb and hemoglobin modified by thiol reagents
were determined by the addition of 3.2 uM t-BOOH. The hemoglobin concentrations were 40
uM as heme. Determination of oxyhemoglobin, methemoglobin and hemicrome concentrations

“was performed measuring the absorbance of the solution at 560, 577, and 630 nm according to.

‘the method described by Winterbourn (21).

Gel filtration: Polymeric Hb and subunit dissociated Hb were determined by gel filtration
on a Sephadex G-100 (94 X 2.5 cm) column previously equilibrated with 0,05 M Tris-HCl
buffer, pH 7.4, containing 1 mM EDTA, at 25°C. A sample containing approximately 12 mg of

protein was applied to the column and the flow rate was maintained at about 12 ml/h. The Hb
was eluted with the same buffer. The absorbance of the eluate was read at 541 nm.

PAGE: Electrophoresis was carried out under non-denaturant conditions at room
temperature {22, 23} in 7.5% {for resolution gel) and 3.5% polyacrylamide (for stacking gel).
0.05 M Tris-HCI, pH 8.1, was used as anodic buffer and 0.05 M Tris-glycine, pH 9.0, as the
cathodic buffer; the current was maintained constant throughout the experiment (1.5
mA/sample}. Both control samples and those treated with a reducing agent (dithiothreitol), each
containing about 40 g of protein, were applied; staining of the gel was performed with 0.05%
Coomassie Brilkant Blue dissolved in a solution of 7% acetic acid and 14% methanol
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RESULTS AND DISCUSSION

All three of the thiol reagents analyzed reacted at least partially with the hemoglobin of G.
carbonaria as seem in the electrophoretic pattern (Fig.1) and by the fact that there were thiol
groups remainder (Tabie I). The hemoglobin treated with GSSG showed a modified
electrophoretic pattern, with higher mobility bands in the direction of the anode as compared to
un-modified Hb (Fig. 1A, B). Oxidized glutathione reacted partially with available SH groups of
hemoglobin forming glutathionyl-Hb, derivatives from original bands 3 and 6, {Fig.1B); similar
phenomenon was previously described for chicken Hb (13). Nevertheless, reactive thiol groups
of the protein were still present after incubation with GSSG (2.9 SH/Hb tetrameric) (Table I).

In samples treated with diamide (Fig. 1C), the band 5 and the polymeric band with little
anodic mobility (band 7) became more evident. In a GSH-free solution of G. carbonaria Hb, the
specific thiol oxidizing reagent, diamide, yielded approximately 80% polymeric Hb after | h. of
reaction, and about 1.6 SH/tetrameric Hb remained intact (Fig. 1C, and Table I). When GSH
was present, the introduction of diamide promoted the formation of not only polymeric Hb, but
also mixed disulfides, corroborating previous data (15),

Treatment with IAA (Fig. 1D) did not produce any significant alterations in electrophoretic
pattern, except that bands | and 2 became somewhat weaker. No remnant reactive thiol groups
were observed (Table I) indicating that IAA, a non-charged molecule, reacted completely with

Fig. 01: Electrophoretical pattern of Geochelone carbonaria Hb at pH 8.9 treated
with thiol reagents. The gels were stained with Coomassie Blue. (A): Un-modified
hemoglobin {control}, (B): Hemoglobin treated with GSSG; (C): Hemocglobin treated
with diamide; (DD): Hemoglobin treated with IAA, _
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Table I- Summary of oxygen equilibria and kinetics of oxidation of Geochelone
carbonaria hemoglobin expressed as Ty

Compound  P50mmHg  Bohr effect nH Tinp(min) Polymer* SH/HDL % **
(atpH7.4) (pH 7.0-8.0) (at pH7.4) =5 tetrameric  HbFe™
remmant i
None 6.3 -0.55 1.5 126 +1.0 6% 4.1 5
{control)

Diamide 5.0 -0.64 L5 10.0+0.8 80% 16 8
IAA 2.5 -0.15 L5 6.430.5 4% 0 8
. GS8G 15.1 -0.70 1.2 5.0 0.5 24% 2.9 7

* obtained from Fig. 2.

++ 0% methb at beginning of equilibrium experiments.

hemoglobin, although it did not markedly modify the surface charge of the molecule. Garel et
al. (2) pointed out that the treatment of a suspension of red blood cell with IAA also leads to
complete modification of human hemoglobin.

The data on molecular mass determination on Sephadex G-100 enable the verification of
the presence of subunits or pelymers in the Hb solution (Fig.2), At pH 7.4 essentially all un-
modified Hb was eluted as a single peak with an elution volume (Fig. 2A) corresponding to the
tetrameric form, according to the calibration curve. The treatinent of hemoglobin with GSSG,
[AA and diamide failed to induce much dissociation, although the hemogiobin did react with
diamide (Fig.2C), resulting in a substantial increase in the polymeric fraction (about 80% )
which eluted at a lower elution volume. The polymeric fraction detected by gel filtration in the
‘Hb treated with GSSG (Fig.2D) was probably formed during the experiment, since it was not

detected by electrophoresis (Fig. 18B).

. A study of the oxidation of hemoglobin promoted by t-BOOH made it possible to establish
the time regquired to oxidize 50% of hemoglobin (T};). The rate of oxidation was greater for
modified Hb than for un-modified control: 50% of the alkylated hemoglobin and hemoglobin
pre-treated with GS8G were oxidized in 6.4 min and 5.0 min. respectively, while for un-
modified hemoglobin, this took 12.6 min. (Figs. 3A, 3C, 3D and Table ). These increases in the
rate of oxidation were probably due to conformational alterations of Hb exposing the Fe2+ heme
to oxidation (2).

The modification of proteins in the cell by the attack of oxidant agents may increase
hydrophobicity, thus leading to Hb denaturation (24). However, certain thiol oxidants fike
diamide can modify the functional properties of hemogiobin without denaturation and
proteolysis (2, 23). In fact, the kinetic of oxidation (Figs.3A, 3B and Table 1) as well as the
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(control), B: hemoglobin treated with diamide; C: hemoglobin treated with 1AA; D
hemoglobin treated with GSSG. Experimental conditions are given in Material and

Methods.

" functional properties (Fig. 4A, 4B) of polymeric Hb, that was obtained by reaction with diamide,

were similar to those of stripped un-modified monomeric Hb (a;f3;), indicating that the protein

treated with diamide, did not undergo denaturation process.

The oxygen affinity of hemoglobin was modified with thiol reagent like iodoacetamide
(Fig. 4A; Table I). The stripped hemoglobin (un-modified) revealed a P50 of 6.3 mmHg at pH
7.4, whereas the alkylated Hb (ireated with IAA) showed a P50 value of 2.5 mmHg In
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Fig. 04, Oxygen affinity expressed by Log P50 and nH values as a function of pH
of Geochelone carbonaria Hb, at 25°C. The solutions were buffered against (.05 mM
Tris-HCL + 1 mM EDTA. (¥} Un-modified hemoglobin (control), (&) Hb treated with
1AA; (4) Hb treated with diamide; (#) Hb treated with GSSG

glutathionyl-Hb obtained by treatment with GSSG (1:1 molar ratio), this value increased to 5.1
mmHg. The nH values (cooperativity) of modified hemoglobins remained low of about 1.5 in the
range of pH studied (Fig. 4B; Table I). The alkaline Bohr effect (between pH 7.0-8.0) observed
in hemoglobin modified by GSSG and diamide was -0.70, -0.64, respectively, similar to un-

‘Todified Eb (control). Sarmples treated with 1AA, owever, fevealed a significant reguction of ™
the Bohr effect (-0.15) {Table I} Therefore, the alkyiated derivative with a greatly increased
oxygen affinity and a reduced Bohr effect, suggest that the alkylation of thiol groups promotes
the destabilization of the protein. The hypothesis of dissociation was eliminated by molecular
mass determinations that revealed essentially tetrameric forms (Fig. 2B). It should be
emphasized that Hb derivatives, glutathiony]-Hb and polymeric Hb, maintain the reversible
Hb-O2 binding properties, as indicated by data of functional properties (Fig.4). As suggesting by
Torsoni ¢t al., (12,) these products of oxidation of thc Hb avaitable SH groups seem to ocour in
the blood of G. carbonariu, under oxidative stress condition,

Some authors related the presence of free thiol groups in hemoglobin and the capacity to
forming mixed disulfides to mechanism of ccilular protection. The formation of this compoenent
(HbS-SG) in erythrocytes could prevent the accumulation of G8SG i the cell {7}, thus avoiding
the deleterious effect of oxidized glutathione on celluiar function.
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Under physiological conditions the reduced thiol exceeds the oxidized forms, thus
maintaining a low polymer or glutathionyl-Hb content. Under condition of oxidative stress,
however the oxidized forms of thiol (polymeric Hb and mixed disulfide) should increase
avoiding the accumulation of intracellular GSSG. This may be part of the defense mechanism of
the ceil, since the SH groups of Hb seem to have a direct participation in the detoxification
process of erythrocyte environment (16).

GSH is the most important non-protein thiol source and plays an essential role in the
maintenance of redox status and antioxidant defense (26). In G.carbonaria biood 1.08 GSH/Hb
(tetramer) were found for every 4.1 Hb-SH/Hb (tetramer) (12). This ratio and the high reactivity
of Hb-SH suggest that thiol groups of Hb may be relevant as a reservoir of reduced power in the
biood. Both glutathionyl-Hb and polymeric Hb prevent the accumulation of intracellular GSSG
or avoid the extrusion by ATP dependent translocase (27). If the oxidized glutathione is not
reduced to GSH or extruded into extracellular space, it might interact with enzymes, and
transport system activities and membrane proteins, causing disturbance of the proteins function
during oxidative stress and leading to cytotoxicity (28).

Although the thiol oxidation may be one of the first steps in the degradation process of the
protein, it seems that the reactions leading to the formation of polymers and glutathionyl-Hb are
reversible; thus, monomeric Hb (0;32) and GSH can be recuperated (5). The oxygen binding
properties of G. carbonaria Hb were not substantially modified in either the polymeric form of
Hb nor the glutathionyl-Hb, thus indicating that the protein is still in the native form. Therefore,
reversibility of the reaction forming polymers and mixed disulfide of Hb means that the protein
is available to fulfill its function even under oxidative stress condition.
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2.2-“INVOLVEMENT OF AVAILABLE SH GROUPS IN THE
HETEROGENEITY OF HEMOGLOBIN FROM THE TORTOISE G,
carbonaria”
Biochem. Mol. Biol. Int. 44(4):851-860, (1998)
Resumo

A hemoglobina de (. carbonaria foi analisada por eletroforese em gel de
poliacrilamida (PAGE) e vpurificada por cromatografia de troca ibnica em
CM-celulose. Sete fragSes foram obtidas usando hemoglobina recém coletada. A
cromatografia em CM-celulose da hemoglobina reagida com iodoacetamida mostrou
um componente menor (Hbl) e uma maior (HbII). A analise da massa molecular da
hemoglobina recém coletada e da hemoglobina estocada determinada por filtracdo em
gel mostrou que a polimerizagdo aumentou com a duragdo da estocagem. A reacgio
com a glutationa oxidada mudou o padriio eletroforético da hemoglobina e aumentou
as bandas que correspondiam a glutationil-hemoglobina. A presenca destas bandas na
hemoglobina recém coletada e as amostras alquiladas sugerem que elas podem ocorrer
in vivo. PAGE em condigbes dissociantes mostrou que o hemolisado continha 3

. L, @i%é@g iﬁﬁ{@}}@g&ﬁ% } ..... ﬁ}ﬁ%}ﬁg @gﬁ@ﬁiﬁﬁﬁ%ﬁféﬁ

apresentam a globina G1, contendo o componente HbI, as globinas G1 ¢ G2 ¢ o
componente HbII, G1 e G3.
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SUMMARY

Geochelone carbonaria hemoglobin (Hb) was analyzed by polyacrylamide gel electrophoresis
(PAGE) and purified by ion exchange chromatography on CM-cellulose. Seven fractions were
obtained using fresh Hb preparations. CM-cellulose chromatography of Hb reacted with
iodoacetamide, showed one minor (HbI) and one major band (HbID). Analysis of the molecular
masses of recently collected Hb and of aged sclutions determined by gel filtration showed that
polymerization increased with the duration of storage. The reaction with oxidized glutathione
changed the electrophoretic pattern of Hb, and highlighted the bands corresponding to
glutathionyl-Hb. The presence of these bands in fresh Hb solutions and in alkylated preparations
suggests that they may occur in vivo. PAGE under dissociating conditions showed that the
hemolysate contained 3 different polypeptide chains (G, Gz and Gs). Both Hb components shared
the G, giobin chain with Hbl containing G, and G, and Hbll, Gy and Gj; chains.

Key words: Tortoise, Geochelone carbonaria, Hb heterogeneity, Sulphydryl groups,
Polymerization, Hb-mixed disulfide.

INTRODUCTION

The diversity in the structure and function of Hb reflects the remarkable variation in

‘morphology and adaptation among members of the animal kingdom. Multiple Hbs frequently
occur in vertebrate red blood cells (1-6). The physiological significance of this heterogeneity has
been hypothesized to represent an adaptation to cope with a variable environment (4.5). Many
vertebrate groups such as elasmobranchs, reptiles and amphibians display Hbs that polymerize
under oxidizing conditions or upon storage to form aggregates of teiramers {4-8). These Hbs
contain reactive sulphydryls and polymerize through disulfide bridges, thereby generating a

complex electrophoretic pattern that is frequently difficult to interpret.
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The oceurrence of $H groups in-Hb and their phystological significance have been extensively
studied (9-12). A possible role of Hb as an auxiliary mechanism for protection against reactive
oxygen and other oxidant molecules has been proposed. In this case, the Hb would function as a
redox buffer of red blood cells, thereby augmenting the resistance of the animal to bypoxia,

We have investigated the occurrence of reactive SH groups in the Hb of G. carbonaria, as well
as this protein’s capacity to polymerize and to form mixed disulfide bonds with glutathione.
Torsoni et al. {13), demonstrated that G. carbonaria erythrocytes have a SH/Hb ratio of 4.1 and a
GSH/HD ratic of around 1.0. To examine contribution of the reactive thiol groups in this Hb to
the electrophoretic heterogeneity of the hemolysate, disulfide bridge formation was prevented by
the sulphydryl reagent, iodoacetamide (1IAA). The results suggest that disulfide bridges involving
two or more Hb molecules and Hb/non-protein SH groups are responsible for the complex
electrophoretic pattern observed. This interaction may represent a strategy for avoiding the
accumulation of GSSG in erythrocytes, since oxidized glutathione is known to have deleterious

effects (14},

MATERIAL AND METHODS

Specimens of the terrestrial tortoise G. carbonaria (1.5 to 2.5 Kg) (15) used in the present
investigation were supplied by the Bosque dos Jequitibds, Campinas, and were kept in the
laboratory for approximately one month. Blood obtained by cardiac puncture was collected into a
cooled syringe containing 100 ui of sodium heparin (5000 IU/mi). Prior to sampling, the
puncture site was disinfected with ether and a local anesthetic (lidocaine) was applied at a low
dose that had no systemic effects (16). Using this technique, blood could be drawn aseptically
from a conscious tortoise within a few minutes,

Preparation of Hb solutions: Red blood cells were washed three times in 10 vol. of cold
NaCl (1.7% w/v), containing | mM ethylenediamine tetraacetic acid {EDTA} and then lysed in 50
mM Tris-HCl, 1 mM EDTA, pH 8.5, as previously described (17). The mixture was centrifuged

22500 s gfor 15 minto remove cellular debris: The Superiatint was sirpped of saits and small
molecules by passing through 2 2.0 cm x 25 cm column of Sephadex G-25 equilibrated with 50
mM Tris and 1 mM EDTA, followed by chromatography on a column of MB-3 Ambetlite (2.0
cri x 20 cm).

Hb concentrations were estimated spectrophotometrically using the mM extinction coefficient
for human Hb A (18}, or as cyanometHb using Drabkin reagent (100 mg NaCN and 300 mg
KzFeCNg dissolved in 1 liter of water). Total conversion was ensured by adding a known
volume of blood (25-50ul) to 1 ml Drabkin’s solution {19). The purified Hb was used as soon as
possible after preparation and was not frozen.

Modified Hb: The reaction of Hb with oxidized glutathione (GSSG) was performed - at a final
Hb:G5S5G ratio of 1:10. The reaction was allowed to proceed for 60 min at 25°C, pH 7.5 and the
formation of glutathionyi-Hbs was subsequently monitored by PAGE at alkaline pH.
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The reaction of SH groups with iodoacetamide (IAA) (20) was carried out by incubating
freshly prepared hemolysate (1.3 mM) with IAA (0.38 M) for 1 h at 25 °C or by incubating 0.3 ml
of washed packed red blood cells with 2 ml of 0.10 M IAA. The solutions were dialyzed against
50 mM Tris-HCL, pH 6.5, containing 1 mM EDTA, for 20 h at 4°C.

Jon exchange chromatography: The stripped Hb was dialyzed against 25 mM Trs-HCI plus
1 mM EDTA, pH 6.0, and applied to a column (1.8 cm x 20 cm) of CM-cellulose equilibrated
with the above buffer. The column was washed with this same buffer and the first peak eluted
immediately. Subsequent fractions were eluted by changing the pH from 6.0 to 8.0 in a gradient
fashion. The last component was eluted by changing the pH of the buffer to 9.0. The separation
was carried out at 20°C and the elution monitored at 541 nm. The fractions thus obtained were
checked by PAGE.

Hemolysate treated with TAA was chromatographed ona 2.5 cm x 15 cm column of CM-
cellulose equilibrated with 50 mM Tris-HCl, pH 6.5, containing 1 mM EDTA. The Hb fractions
were ehated with a pH gradient from pH 6.5 to 8.0.

PAGE: Identification of the Hb components was achieved by slab polyacrylamide gel
electrophoresis (PAGE) at room temperature using. stackmo gel of 3.5% acrylamyde and running
gels of 7.5% acrylamide. All gels were run at 1.5 mA/sample for about 4 h using 50 mM Tris-
glycine, pH 8.9, in the upper buffer reservoir and 50 mM Tris-HCl, pH 8.1, in the lower buifer
reservoir (21,22). The samples for electrophoresis were prepared by mixing 20 pl of Hb solution
(about 50 ug of protein), 20 ul of upper electrode buffer, 20 p! of glycerol and 20 i of lower
electrode buffer. The Hb bands were detected using 0.05% Coomassie Brilliant Biue R in an
acetic acid ; methanol : water solution (1:2:4, v/v} and destained in a solution containing 7%
acetic acid and 14% methanoi.

Globin chains in 30 ug samples of Hb were separated by a modification of the method
described by Alter et al. (23) using electrophoresis on 12% polyacrylamide gels containing 6 M
urea and 2% Triten X-100 in 5% acetic acid. The gels were run at 10 mA for 15 k and then
stained for 24 h in 0.05 % Coomassie Blue followed by destaining in a 7% acetic acid and 30%
methanol solution.

Gel filtration: The molecular masses of the Hbs were determined by gel fltration on a column
(2.5 cm x 100 cm) of Sephadex G-200 equilibrated at 20° C with 50 mM Tris-HCI buffer, pH 7.4,
containing 1 mM EDTA. Samples of Hb (2.0 ml, 12 mg/ml) were applied and the absorbance of
the eluate was read in a Hitachi spectrophotometer at 541 nm. The void volume (Vo) was
determined using blue-dextran. The column was calibrated with dimeric L. mifiaris Hb, 32 KDa
(24), tetrameric human Hb, 64 KDa and catalase, 240 KDa. The parameters Vo, Vt and Ve were

..used to calculate the constant Kav, as described by Laurent and Killander (25). The data were

plotted as Kav of the marker proteins and unknown samples vs molecular mass.

RESULTS AND DISCUSSION
Electrophoretic analysis of hemolysates from G. carbonaria indicated the presence of multiple
Hb components (Fig. 1A). In agreement with this, fresh Hb solutions could be separated into 7
fractions by chromatography. (Fig. 1B). An additional band (number 8) appeared following
storage of the Hb (Fig. 1A). PAGE of hemolysates treated with the reducing agent P-
mercaptoethanol {24 mM) yielded three main Hb bands: 3, 4, and 6, thus indicating that bands
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1,2,5 and 7 were disulfide bond products (Fig. 1A). Sullivan and Riggs (3) have reported that the
Hb of many turtle species can show varying degrees of polymerization.

The treatment of fresh hemolysates with (GSSG in equimolar amounts Jead to the formation of
more mixed disulfides (HbS-SG), thus intensifyving the bands 2 and 4 (Fig. 2). Thus, bands 1 and
2, and bands 4 and 5 appear to originate from bands 3 and 6, respectively, through the binding of
different amounts of glutathione. Reischl and Dafré (12) observed that the reaction of chicken Hb
with GSSG increased the electrophoretic mobility of the Hb through the formation of
glutathionyl-Hb, in which each glutathionyl residue bound added two negative charges to the Hb
molecule at the specified pH and ionic strength.

The glutathionyl-Hb of G. carbonaria can be partially reduced by DTT aithough the original
eiectrophoretic profile can be recovered as shown in figure 2.

To avoid the oxidation of thiol groups, alkylation with IAA was carried out. The elution
profile of alkylated Hb revealed a minor (34%6, Hb1), and a major (66%, Hb2) component (Fig.
3A). PAGE of the alkylated preparations showed several small components in addition to Hbl
and Hb2, probably resulting from glutathionyl-Hb formation (Fig. 3B). Although the reaction with

Fig. 2: PAGE profile (pH 8.9) of G. carbonaria Hb reacted GSSG. (a) Total hemolysate, (b) Hb
reacted with GSSG (1:10} for 15 min at 25°C, pH 8.9, and (¢} Hb reacted with GSSG (1:10) for
15 min. at 25°C, pH 8.9, and then reduced with 24 mM DTT. The gels were stained with
Coomassie blue.
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Fig. 3: (A) Elution profile of IAA-treated G. carbonaria Hb from a column of CM-cellulose
using 50 mM Tris-HCI, containing 1 mM EDTA, and a pH gradient 6.5 - 8.C. The sample was
prepared by lysing 2 mi of washed, packed red blood cells with 2 ml of 0.1 M IAA and dialyzing
against 50 mM Tris-HCl, pH 7.0. The absorbances were determined at 541 nm and the eluted

fractions named Hb1 and Hb2 according to their order of elution. (B) PAGE profile (pH 8.9) of e

widdAreated G oarbonaria B The gols were suitied with Cooninsse biue () TAA freated total

hemolysate, (b) component Hb1, and (c) component Hb2 from CM-cellulose chromatography of
the IAA-treated hemolysate.

IAA was performed soon afier blood collection by hemolysis in a 100 mM IAA solution, the
above heterogeneity was still seen. We, therefore, hypothesized that glutathionyl-Hb was present
invivo,

PAGE under dissociating conditions showed three distinct polypeptide subunits (G, G; and
Gs) in the total hemolysate (Fig, 4A). The alkylated components Hbl and Hb2, isolated by
chrematography contained G, + G, and G+ Gs globin chains, respectively (Fig. 4B). Other
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Fig. 4. PAGE of the globin chains of G. carbonaria Hb in the presence of Triten X-100 and
Urea, at acid pFL The gels were stained with Coomassie blue. (A) non-alkylated Hb: () human
Hb, (b) G. carbonaria Hb. (B) Alkylated Hb: (a) total Hb, (b) component Hbi, and (¢)
component HbZ.

turtle species have a similar composition. Thus, Chrysemis picta bellii and Phrynops hilarii (26)
possess two Hb components and three types of polypeptide chains. In these case, the J chain was
common to both components (HbA and HbD), whereas the o chain present in MbA (the major
component) was substituted by an &” chain in HbD (the minor component). The o chain has
been reported to occur only in birds and turtles and is considered to represent embryonic gene
expression that persists in adult {27).

As mentioned above, the multiple Hb components with molecular masses = 65 KDa present in
G. carbonaria hemolysates may be attributed to the presence of polymer and mixed disulfide Hb.

The capacity for polymerization involving disulfide bridges was examined by gel filtration on

Septiadex Q=200 Polymerization-increased -witlr theduration of “storage-as-freshly pr parcd
hemolysate contained little polymer. After 210 days of storage at 4°C, 73% of the total
hemolysate was consisted of Hb molecules of 256 KDa. Similar findings have been reported for
Hb from several elasmobranch (6) and numerous turtle (9,28) species. The electrophoretic profile
of hemolysate stored for 210 days, as well as the monomeric and polymeric fractions obtained by
gel filtration, are shown in figure 5A. The distribution of globin chains in the monomeric {1x
tetramer) and in the polymeric (4x tetramer) fractions is shown in figure 5B. In the monomeric
fraction, G; and G polypeptide chains were present, whereas in the polymeric fraction, the globin
chains G;, G; and G; were present, thus indicating that Hbl and Hb2, participated in the

polymerization.
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Fig. 5: (A) PAGE of fractions obtained by chromatography of G. carboraria Hb on Sephadex

-200. The gels were stained with Coomassie blue. Hb stored for (a) 15 days and (b) 210 days;
(¢} monomeric and (d) polymeric Sephadex G-200 fractions of Hb stored for 210 days. (B)
PAGE of the globin chains of monomeric and polymeric fractions from G. carbonaria Hb stored
for 120 days. The electrophoresis was carried out in the presence of Triton X-100 and urea at
actd pH. (a) total hemoglobin; (b) monomeric fraction; (c) polymeric fraction. The gels were
stained with Coomassie blue.

The ability of turtle and shark Hb to polymerize and to form mixed disulfides has also been
reported by others (11,29). Such a capacity indicates the presence  of externally positioned,
highly reactive SH groups that are able to interact extensively,

The presence of SH groups allows the polymerization of Hb to produce aggregates larger than

the tetramer. In the presence of non-protein SH groups, Hb can also form mixed disulfide bridges

that result in a high level of heterogeneity as evidenced by PAGE and chromatog{aghy (Figs, IA

" and 1B). The great majority of Hbs .aﬁpénar to pbiy&iedze by forming intermolecular disulfide
bonds; this is the case for mouse Hb (30) and for various elasmobranchs (6). The Hb of ¢
carbonaria has been shown to possess 4.1 available SH groups (13},

SH rich Hb is often found in animal species that are highly resistant to hypoxia. Chrysemis
picta belli and several other fresh water turtle species are highly resistant to hypoxia, being able
to survive under hypoxic conditions for more than half a year (31). The sluggish terrestrial
torteise U. carbonaria rarely experiences such extreme conditions of hypoxia. Thus, the presence

of 4.1 SH groups/Hb tetramer (13) must provide this species with some advantage, perhaps
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through the ability of SH groups to participate in the oxidation-reduction mechanism of heme
coupled to thiol disulfide exchange reactions. SH rich Hb has also been suggested to be involved
in protecting the organism from the deleterious actions of reactive oxygen and non-oxygen free
radicals, metal cations and other toxic molecules (10). In this regard, it is interesting that 2 small
proportion of the available SH groups in G. carbonaria Hb was oxidized at the time of hemolysis
soon after blood coliection. Following reduction with DTT and subsequent filtration on Sephadex
G-25, the number of SH groups/Hb tetramer increased from 4.1 to 4.7 {(data not showed). This
difference of 0.6 SH groups/Hb tetramer represents the content of very reactive SH groups
already involved in disulfide bridge formation in the red blood cells. If the function of highly
reactive thiol is to prevent the oxidation of Hb and other macromolecuies in erythrocytes, then
cells with a reduced content of such SH groups should exhibit a greater susceptibility to the
deleterious effects of oxidant compounds.

Reischl and Dafré (12) have emphasized that mixed disulfides may be of particular value in
conditions of mild oxidative stress. Thus the mixed disulfide-Hb present in G. carbonaria
erythrocytes may protect the cells by preventing the intracellular accumulation of GS8G and
minimizing its extrusion by ATP-dependent translocase (32). If not reduced to GSH or if extruded
into the extracellular space, GSSG could interact with other proteins to form glutathione mixed
disulfides with enzymes or membrane components, thereby modifying their functions.

In summary, hemolysates from G. carboraria contain two main components that are able to
form disulfide bridges with glutathione or between molecules of Hb. The highly reactive SH
groups of Hb may have an important role in protecting Hb, membrane proteins and other

macromoiecules against oxidative damage.
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2.3-“SULPHYDRYL GROUPS AND THEIR RELATION TO ANTIOXIDANT
ENZYMES OF CHELONIAN RED BLOOD CELLS”
Biochem. Mol Biol. Int. 46(1):147-156, (1998)
Resumo

A concentragdo dos grupos ti6is de hemoglobina e glutationa do sangue mostraram ser
maior em Geochelone carbonaria que em Geochelone denticulata. Exposigdo da
hemolisado “stripped” de ambas os jabutis ao t-butil hidroperéxido resulton em maior
oxidagdo do ferro heminico da hemoglobina de G. denticulata. Neste caso a glutationa
redutase ¢ a glutationa peroxidase ndo estavam ativas devido a auséncia da GSH e do
NADPH, sugerindo que os grupos tidis da hemoglobina de (. carbonaria atuaram
como antioxidantes, de manetra similar ao GSH. No hemolisado total, entretanto, onde
as enzimas antioxidantes estdio ativas, ambas as espécies mostraram nivel similar de
oxidagdo da hemoglobina, indicando que o efeito protetor dos grupos tidis da
hemoglobina € menos significante sobre o protecdo do heme. A glutationa redutase e
glutationa peroxidase foram mais ativas no eritrécito de G. denticulata ao passo que
catalase ¢ superdxido dismutase, nos eritrocitos de G. carbonaria. A contribuicdo dos

_ grupos tidis reativos das protefnas parecem ser importantes para minimizar os efeitos.

deletérios de agentes oxidantes sobre a célula.
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SUMMARY

Thiol groups of hemoglobin and blood glutathione are higher in Geockelone carbonaria than in
Geochelone denticulata. Exposure of stripped hemolysate of both tortoises to terc-butyl
hydroperoxide, resuited in a higher ferroheme oxidation of G. denticulata hemoglobin. In this
example glutathione reductase and glutathione peroxidase, were not active due to the absence of
GSH and NADPH, suggesting that the thiol groups of G. carbonaria hemoglobin act as
antioxidant, similar to GSH. In the total hemolysate, however, where the antioxidant enzymes are
active, both species showed similar levels of hemogiobin oxidation, suggesting that the protective
effect of thiol groups of hemoglobin are less effective for heme protection. The activity of
glutathione reductase and glutathione peroxidase was higher in erythrocytes of (. denticulaia
and the activity of catalase and superoxide dismutase was higher in erythroeytes of G.
carbonaria.

Key words: hemoglobin, thiol groups, antioxidant enzymes, erythrocytes, reactive oxvgen

species, lipid peroxidation.

INTRODUCTION
The toxic effects of ROS have been recognized in the past few decades (I). A stable,
intraceliular oxireductive state is of vital importance since any disturbance of the cell redox state
| may.impair physiological functions and lead to extensive tissue dameage: To protect apainst ROS
induced damage, prokaryotic and eukaryotic cells maintain enzymatic and chemical systems
which scavenge reactive species thereby arresting the propagation of injury. Erythrocytes possess

an antioxidant systern that diminishes the toxic effects of ROS (2).

Abbreviations: CAT, catalase, DTNB, 5,5’ ~dithio-bis(2-nitrobenzoic acid); DTNP, 2,27 -dithio-bis(3-
nitropyridine); DTT, dithiothreitol: EDTA, ethylcnediamine tetraacetic acid; GR. glutathione reductase; GSH,
reduced giutathione; GSH-Px, glutathione peroxidase; GSSG, oxidized glutathione; HbS-SHb, polymeric Hb; HbS-
5G, glutathionyl-Hb;, HPX, hypoxanthine; MDA, maiondialdchyde; NBT, nitroiiue fetrazolivm; NPSH, non-
protein sulphydryl: Oy'e, superoxide anion; OHe, hydroxyl radical; ROS, reactive oxy:ien species; SOD, superoxide
dismutase; TBA, 2-thicbarbituric acid; +-BOOH, tert-butyl bydroperoxide; XO, xanthinc oxidase,
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During the life-span of erythrocytes, various changes are known to occur (3). Nakai e7 al. (4);
Jain (5) demonstrated significant lipid peroxidation in the erythrocyte during aging in vivo. Sohal
et al. (6) showed a positive correlation between [ife expectancy and the level of antioxidant
defenses and a negative correlation between the former and the levels of ROS,

Hb of some species of reptiles is rich in reactive sulphydryl groups, so that this protein is able’
to form disulfide bridges such as HbS-SHb and HbS-SG (7). The role of disulfides in protecting
erythrocytes from oxidative stress has been suggested (8). Some workers (7, 9) have associated
the presence of reactive thiol groups with the resistance to ancxia, detoxification of RQOS and
excess metal cations, in some species.

DiSimplicio and Rossi (10) observed the formation of reversible mixed disulfides in rat
erythrocytes subjected to oxidative stress. Thus, mixed disulfides could avoid the accumulation of
oxidized glutathione within the cell (10,11). The concentration of GSSG may be also decreased
by glutathione reductase or by cellular extrusion (12). The rate of GSSG and mixed disulfide
formation has been proposed to represent an index of free-radical-induced oxidative stress (13).

In a previous study of Geochelone carbonaria (tortoise) Hb was showed that mixed disulfides
occur upon hemolysis (14). In this paper the antioxidant system of two species of tortoise, that
have different numbers of Hb reactive thiol groups was compared. The activities of glutathione
reductase (GR), ghutathione peroxidase (GSH-Px), catalase (CAT), superoxide dismutase (SOD},
and the level reduced glutathione (GSH) were determined in erythrocytes of both species in order
to examine the relationship between reactive thiol groups of Hb and the antioxidant system. The
susceptibility to lipid peroxidation and Hb oxidation in both species of turtle was also
investigated, as was the contribution of reactive thiol groups from proteins in minimizing the

deleterious effects of oxidant compounds on Hb and cell membranes.

MATERIALS AND METHODS

Specimens of Geochelone carbonaria and Geochelone denticulata were obtained from the
Bosque dos Jequitibas, Campinas. Blood was sampled by cardiac puncture and drawn into 2 cold
heparinized syringe (100 ui of sedium heparin, 5000 TU/ml). The blood was centrifuged for 5 min
at 1100 g and the plasma removed. The red cells were washed three times in 10 volumes of 0.9%
NaCl and resuspended in 0.1 M phosphate buffered-saline or Iysed with distilied water obtaining
the total hemolysate. The stripped Hb solution was achieved by passage through a 2.0 cm x 25
cm column of Sephadex G-25 equilibrated with 0.1 M phosphate buffer.

GSH determination: The non-protein sulphydryl (NPSH) concentration was assayed using
5,5"-dithio-bis(2-nitrobenzoic acid) (DTNB) (15). 200 ul of a cell suspension (containing 2 mM
Hb) was mixed with 2 ml of distilled water and 0.2 ml of this fysate was used to determine the Hb
concentration. 3 ml of precipitating solution (one hundred milliliter contain 1.67 g of glacial
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. metaphosphoric acid, 0.2 g of disodium ethylenediamine tetraacetic acid (EDTA), and 30 g of
NaCl in 100 ml of distilled water) was added to 2 ml of hemolysate. After standing for 5 min, the
mixture was centrifuged. NPSH was assayed in the clear supernatant fluid. The reaction cuvette
contained 0.2 M Na,HPO,, pH 8.0, 0.5 mM DTNB (2 mg in 10 mi of 1% sodium citrate
solution), and the sample in a final volume of 2 ml. The absorbance was read at 412 nm against a
blank containing 2 mi of 0.2 M Na;HPO,. The concentration of NPSH was expressed as the
nember SHitetrameric Hb. An  £52 (mM) value of 13.6 was used to calculate the NPSH
concentration.

Protein thiol titration: A 30 pl sample of 10 mM 2,2°-dithiobis(5-nitropyridine) (DTNP)
solution (3.1 mg/ml in ethanol) was added to 3 ml of Hb solution {10 uM, as heme) in 0.1 M
phosphate buffer, pH 8.0. After 20 min, the Asy was measured against the blank consisting of Hb
at the same concentration and 30 ui of ethanol. The absorption of DTNP was subtracted, and the
thiol concentration determined using an €355 {(mM) value of 14.0 (16). Thiol groups of Hb were
also determined in a hemolysates obtained with | mM dithiothreitol (DTT) and passed through a
2.0 cm % 25 em column of Sephadex G-25.

Catalase activity: The breakdown of H,O: by catalase was followed by monitoring the
absorbance at 230 nm. The reaction cuvette contained 9 mM H;0,, 50 mM Tris-HCL and 0.25
mM EDTA. The mixture was incubated at 37°C for 10 min before the addition of different
concentrations of hemeclysate (15). An gy, (mM) value of 0.071 was used to calculate the
enzyme activity.

Glutathione reductase activity: The activity of this enzyme was measured by following the
oxidation of NADPH spectrophotometrically at 340 am according to (15). The activity was
assayed in 50 mM Tris-HCI buffer, pH 8.0 containing 0.25 mM EDTA, 9 pM FAD, 3.3 uM
GSSG, 0.1 mM NADPH and hemolysate (1:20) at 37°C. No GSSG was present in the biank
cuvette. The activity of the enzyme was expressed as pmoles of NADPH consumed/min/g of Hb,

Glutathione peroxidase activity: The enzyme activity was measured by following the
reduction of GSSG by GR, using NADPH. The reaction cuvette contained 2 mM GSH, 0.6 mM
NADPH, 0.1 mM Tris-HCI buffer, pH 8.0, 0.5 mM EDTA, and 1 U GR/mi. The mixture was
incubated at 37°C for 10 min and 0.07 mM t-BOOH was added in the reaction cuvette. The
oxidation of NADPH was followed according to (15), An 234 {mM) value of 622 was used to
calculate the enzyme activity.

Superoxide Dismutase activity: SOD activity was determined by reduction of NBT (nitro
blue tetrazolium} by superoxide anion generated through the hypoxanthine (HPX)/xanthine
oxidase (XO) system, at 37°C. The inhibition of the above reaction by SOD was followed

3;383?? o ?ﬁ&tﬁ oy @f?‘} ffﬁﬁy %y ey @fﬁii Gf’%ﬁ g iﬁefofmaﬁ{jﬁ 0 f f@mﬁzaﬁ af§66 ﬁm'}n{nﬁfﬁﬁowing ISR

reagents were added to the reaction cuvette: 0.1 M phosphate buffer, pH 7.4, 0.07 U of XO/ml,
100 uM HPX, 600 uM NBT and varying concentrations of hemolysate (17).

Hb exidation: The Hb oxidation was determined by adding different concentrations of t-
BOOH to Hb sciutions (40 pM as heme). The oxidation was followed for 15 min at 37°C.
OxyHb, metHb and hemichrome concentrations were measured spectrophotometrically according
to {16).

Lipid peroxidation: The lipid peroxidation of erythrocytes was assessed as described by (18).
The experiments were carried out in a suspension of cells containing 1 mM of Hb, in the presence
of t-BOOH (0.1 to 2 mM). After 30 min at 37°C, 500 ul of 25% trichloracetic acid (TCA) was
added to 1 ml of suspension. The mixture was centrifuged at 1100 g for 5 min. To I ml of the
resulting superpatant fluid was added 1 ml of 1% 2-thiobarbituric acid (TBA) in 0.05 M NaOH
followed by boiling for 15 min. The malondialdehyde (MDA) concentration was determined using
an £s2; (mM) of 1356
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RESULTS AND DISCUSSION

The GSH titration indicated the presence of 0.6 GSH/Hb (tetramer) in G. demticulata
erythrocytes, a value approx. haif that of G. carbonaria (14). The reduced glutathione
concentrations were expressed as the number of GSH per tetrameric Hb because of the wide
variation of hematocrit and Hb concentration in erythrocytes of the two species, In addition :to
the lower level of GSH, the Hb of G. denticulata possessed one third of the available SH groups
present in . carbonaria Bb. Titration of the reactive thiol groups of G. carbonaria Hb obtained
by hemolysis in the presence of a reducing agent such as DTT, revealed a 22% increase in SH
groups (4.9 SH/tetrameric Hb) in comparison to that in hemolysates prepared without DTT.
Similar treatment of a G. deaticulata hemolysate did not change the number of reactive thiol
groups {Table 1), suggesting that HbS-SG is present in vive in G. carbonaric. Oxidation of the
thiol groups of both Hb and GSH resulted in the polymerization of Hb and the formation of
glutathionyl-Hb. As a consequence, G. carbonaria Hb showed complex chromatographic and
electrophoretic profiles (14), in which the multiple components are the product of Hb
polymerization and Hb-mixed disulfides formation. The HbS-SG components had higher
electrophoretic mobilities (9). Aithough the physiological signiﬁcafsce of this reaction is not
understood, some authors have suggested that protein-bound glutathione may serve as an reserve
pool of glutathione (19). The reduced glutathione is a NPSH, one of the main reductants found in
the erythrocyte (20). The chemical properties of NPSH allow it to serve as a nucleophile and as
an effective reductant by interacting with numerous electrophilic agents and oxidant compounds
such as H20;, Oz's and OHs (21). In this context, the presence of reactive thiol groups in the Hb

of G. carbonaria may provide an additional mechanism for protecting erythrocytes through HbS-

-S8C and polymer. formation. Torsonier.al. (14} reported. that . glutathionyl Hb and nolymerio BTh s

have similar functional properties to unmodified Hb in G. carbonaria. Thus even under
conditions of oxidative stress oxygen transport should not be impaired in this species. As
previously mentioned, the presence of multiple Hb components detected by electrophoresis
suggests extensive oxidation of Hb sulphydryl groups.

In conditions of oxidative stress induced by t-BOOH in stripped hemolysates, the level of
ferroheme oxidation was lower in G. carbonaria Hb (Fig. 1A), although no difference was found
in the total hemolysate of both species (Fig. 1B).The latter observation suggests that in the
presence of an antioxidant system consisting of GSH-Px; GR, CAT, SOD, NADPH and GSH

(Fig. 1B), both species have similar levels of Hb oxidation. In the stripped hemolysate, the
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Table I- Hematological parameters and the number of reactive thiols in Hb (SH/Hb) from G

carbonaria and G. demticulota erythrocytes. Each point represents the mean + SD of 9

experiments.
Hematocrit [Hb] in the blood SH/Hb SH/Hb*
(%) {mM) after DTT
G. carbonaria 24+0.7° 3.0x02° 41+£05° 49+0.1
G. denticulata 32+02° 57+02° 1.5+0.3 1.7£02

*Number of SH/Hb determined in the hemolysate obtained by lysis with 1 mM DTT
a (28); b (29).c(14).

enzymes related to the detoxification of t-BOOH (GSH-Px, GR) should be non-active since the
reducing substrates (GSH and NADPH) have been eliminated. However, the available SH groups
in G. carbonaria Hb minimized the oxidant effect of t-BOOH through a mechanism similar to
that mediated by GSH.

The Hb SH groups also reduced the Ievel of membrane damage when added to the cell
suspension. The addition of stripped hemolysate from G. earbonaria to human erythrocytes
prevented membrane lipid peroxidation by t-BOOH by approx. 16% (Fig. 2), possibly through
the reducing activity of Hb-SH groups. In contrast, G. denficulata Hb showed no such
protection. High concentrations of Hb from both species increased the level of MDA formation

(Fig. 2), suggesting that excessive production of ferryl-Hb may promote the oxidative damage of

membranes throughthe withdrawal of 2n electron from unsaturated fatty acids of via a fafty acid
hydroperoxide resulting in the formation of fatty acid radicals, which, in the presence of oxygen
could lead to lipid peroxidation (22).
_ The antioxidant enzymes related to thiol groups were more active in G. demticvlata
erythrocytes (Table II). GSH-Px was approx. twice as active in G. denticulaia than in G.
carbonaria. Similar behavior was observed for GR activity (Table II). Thus, the lower
concentrations of GSH and Hb reactive thiol groups in G. denticulata erythrocytes required more
active GSH-Px and GR in order to maintain a high GSH/GSSG ratio. The data agree with those
of (23,24) who demonstrated a close correlation between the intracellular GSH/GSSG ratio and

the level of the mixed disulfide.
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Fig. 1. Oxidation of stripped Hb (A) and total hemolysate (B) from G. carbonaria (M) and
G.denticulata {O) by t-BOOH. The samples were incubated with different concentrations of t-
BOOH for 15 min at 37°C. Each point represents the mean * SD of 8 experiments. The
experimental conditions are described in Materials and Methods.
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Fig. 2: Effect of Hb from G. carbonaria () and G. denticulata (O) on the lipid peroxidation of
human erythrocytes. Lipid peroxidation was induced by 1 mM t-BOOH. Each point represents

the mean = SD of 5 experiments. The experimental conditions are described in Materials and
Methods.

~ The higher activities of GSH-Px and GR in G. denficulata erythrocytes apparerdly does not
interfere with the membrane lipid peroxidation induced by t-BOOH. According to (25), cummene
hydroperoxide (or t-BOOH) promote damage by initially attacking the membrane, such that the
intracellular antioxidant enzymes or chemical antioxidants are unable to prevent membrane
damage induced by this kind of oxidant. The data presented here show slightly greater resistance
by G. denticulata erythrocyte membranes to peroxidation by t-BOOH (Fig. 3), where the MDA
content was lower, consistent with membrane fragility (not shown).

The enzymes not related to thiol groups, (SOD and CAT) but which are important in

attenuating oxidative damage in vivo, were more active in G. carbonaria erythrocytes (Table I1).
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" Table II- Activity of antioxidant enzymes in the erythrocytes of G. carbomaria and G.

@enticulata. Each point represents the mean =+ SD of 9 experiments.

GSH-Px GR _CAT SOD
(TU/mg Hb) (IU/mgHb)  (x10° IU/mgHb)  (ICs%)

G. carbonaria 304%46 247442 65.7+£272 0.338

G. denticulata 67+3.6 36467 24.2+43 0.54

*1Cso= concentration of Hb (mg/mi) necessary to inhibit the reduction of NBT by 50%.
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Fig. 31 MDA formation in a suspension of erythrocytes from G. carbonaria (&) and G.
depticulata (O). Lipid peroxidation was induced by incubating the cells with different
concentrations of t-BOOH for 30 min at 37°C. Each point represents the mean = SD of 8
experiments. The experimental conditions are described in Materials and Methods.
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SOD has a central role in the metabolism of ROS. SOD converts superoxide, a species with
relatively low reactivity that does not freely cross membranes, into hydrogen peroxide, which is
freely permeable. In the presence of heavy metals such as Fe, hydrogen peroxide is
nonenzymatically converted into hydroxyl radicals {Fenton reaction). Yim et al (26) reported that
CvZn-80D catalyzes the production of hydroxyt radical from hydrogen peroxide. Thus, the
product of the SOD reaction is potentially more deleterious than the superoxide anion itself. A
common assumption is that any significant increase in SOD activity must be accompanied by a
comparable increase in CAT and/or GSH-Px activity in order to prevent excessive build up of
hydrogen peroxide (27). The SOD in G. carbonaria erythrocytes was approx. two folds more
potent at inhibiting (NBT) reduction than that of G, denticulata and, accordingly, CAT was also
approximately 25% more active in . carbonaria (Table II), thereby preventing the accurnulation
of hydrogen peroxide in these cells.

In this report, the available thiol groups of Hb are shown to be as important as GSH, in
protecting erythrocytes against oxidative damage. The principal mechanism mvolved appears o
be the oxidation of SH groups to form polymers of Hb or mixed disulfides between Hb and GSH.
Consequently, the enzymes related to GSH metabolism (GR and GSH-Px), participate of the
process. An identification of these enzymes in the erythrocytes of the two related turtles indicates
that a correlation must exist between the intracellular SH level and the activity of these enzymes.

In conclusion, thiol-rich Hb, in addition to GSH, acts as a reducing agent under conditions of
mild oxidative stress and acts to diminish the deleterious effects of the oxidant compounds in the
cell. The resulting dissulfides (polymeric Hb or HbS-SG) do not appear to suffer conformational
éhanges and retain their oxygen transport ability. The enzymes related to GSH metabolism are

. important in the formation of disuifide bridges under conditions of stress as weli as in the
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2.4- HIGH REACTIVE THIOLS OF GEOCHELONE CARBONARIA Hb CAN
REDUCE OXIDATIVE DAMAGE IN ERYTHROCYTE MEMBRANE.
Biochem. Biophys. Res. Commun. (submetido)

Resumo
Oxadantes tais como t-BOOH e H,0-, sio capazes de oxidar o grupo heme e os grupos
tidis da Hb. H,O, causou maior oxidagio do heme em baixas concentragdes, embora a
oxidagdo dos grupos tidis tenha sido similar para ambos oxidantes. Hb de G
carbonaria inibiu a formagio de malondialdeido em eritrécitos humanos expostos ao t-
BOOH em cerca de 30%. Este decréscimo foi menor (10% de inibigdo) quando na
presenga da hemogiobina de G. denticulata. Com concentragdes maiores que 150 uM
ambas as hemoglobinas potencializaram o efeito do t-BOOH, possivelmente através da
formagdo de outros radicais (t-BOe e t-BOOs). O tratamento da hemoglobina de G.
carbonaria com reagentes de tidis como, diamida, iodoacetamida ¢ glutationa oxidada
diminuiu o efeito antioxidante desta proteina, indicando o envolvimento dos grupos

t101s na protegéo contra a peroxidagio lipidica.
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ABSTRACT

~ Oxidants such as -BOOH and H,0;, are capable of oxidizing heme and thiol groups of
Hb. H>O, caused greater oxidation of heme at a lower concentration, although the
oxidation of thiol groups was similar for both oxidants. Geochelone carbonaria Hb
mhibited the malondialdehyde formation of human erythrocytes exposed to t-BOOH by
about 30%; this decrease was smaller (10% inhibition) with Geochelone denticulata Hb.
At concentrations > 200 uM both Hbs potentiated the effect of t-BOOH, possibly
through the production of other radicals (t-BOs and t-BOQOe). The treatment of G.
carbonaria Hb with thiol reagents decreased the antioxidant action of this protein,

indicating the involvement of thiol groups in the protection against lipid peroxidation.
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INTRODUCTION

The sulphydryl groups of Hb have been associated with mechanisms of cellular
protection (1-3). Hb rich in thiol groups is found in many species of elasmobranchs,
amphibians and reptiles (4-7) and the oxidation of these groups may lead to the formation
of disulfide bridges within tetrameric Hb or between Hb and glutathione to yield
glutathionyl-Hb or mixed disulfide. The formation of mixed disulfide has been described
in mouse erythrocytes exposed to oxidative stress (8,9). Several studies have examined
the effects of thiol reagents on human Hb (10, 11) as well as the generation of thiil
radicals m mouse erythrocytes treated with oxidant agents (12, 13). Torsoni et al. (14)
demonstrated that modification of Hb by thiol reagents such as iodoacetamida and
oxidized glutathione increased the oxidation of heme, whereas treatment with diamide,
which causes Hb polymerization, did not significantly alter the susceptibility of heme to

oxidation. Polymeric Hb has similar functional properties to non-polymeric Hb, which

. suggests that the thiol groups of Hb may be oxidized without alterations in the finction of

the protein. This property should increase the redox capacity in red blood cells.

Hb can serve as a source for radical formation through the oxidation of heme by
organic hydroperoxides, such as terc butyl hydroperoxide (t-BOOH). This oxidant
requires metal ions to cause oxidation in the cell membrane, mainly through the

production of the radicals t-BOOe (terc-butyl peroxyl) and t-BOs (terc-butyl alcoxyl). Hb
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which is susceptible to oxidation may behave as a catalyst for reactions that produce free
radicals, as shown m equations 1 and 2 (15, 16).
HbFe" 0, + t-BOOH—>HbFe* + O, + t-BOs + OH- (1)
t-BOe + -BOOH — t-BOOse + t-BOH (2)

In the present paper, we have investigated the direct involvement of SH containing
Hb 1n the inhibition of lipid peroxidation. The modification of SH groups of Hb by thiol
reagents potentiated peroxidation by t-BOOH of membrane lipid, probably as a result of
the increased susceptibility of Hb to oxidation (see equation 1).

MATERIAL AND METHODS

Chemicals: Diamide, oxidized glutathione (GSSG), terc-butyl hydroperoxide (t-
BOOH), iodoacetamide (IAA), Sephadex G-25, 2.2°-dithiobis[ 5-nitropyridine] (DTNP),
n,n-ethylmaleimide (NEM) and trichloracetic acid (TCA) were purchased from Sigma

Chemical Company (St Louis, MO). 2-thiobarbituric acid (TBA) was purchased from

_Merck KGaA (Darmstadt, Germany).

Blood: Specimens of Geochelone carbonaria and Geochelone denticulata were
obtained from the Bosque dos Jequitibas, Campinas. Blood obtained by cardiac puncture
was drawn into a cold, heparinized syringe (100 ul of sodium heparin, 5000 IU/ml). The
blood was centrifuged for 5 min at 1100 g and the plasma removed. The red cells were

washed three times in 10 volumes of 0.9% NaCl and Iysed with distilled water to produce
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a total hemolysate. A stripped Hb solution was obtained by passing hemolysate through

to 2.0 cm x 25 cm column of Sephadex G-25 equilibrated with 0.1 M phosphate buffer,

pH 7.4.

Preparation of modified Hb: Stripped Hb from G. carbonaria was modified by
mixing with IAA or NEM (molar ratio 1:200) or diamide (molar ratio 1:5) followed by
mcubation at 25°C for 1 h. GSSG (molar ratio 1:1) was reacted with Hb for only 15 min
at 25°C in order to avoid the formation of methemoglobin (14).

Hemoglobin thiol titration after treatment with oxidant: The Hb solution (40 uM of
heme) in 0.1 M phosphate buffer, pH 8.0, was incubated with different concentrations of
t-BOOH or H,O». After 5 min, 30 ul of 10 mM DTNP solution (3.1 mg/m! in ethanol)
was added to the solution and the Asgs was measured against a blank consisting of Hb at
the same concentration and 30 ul of ethanol. The absorption of DTNP was subtracted,

and the thiol concentration determined using an €355 (mM) of 14.0 (18).

e AR O30aton:. The  oyidation  of . Hb-was - measured-— %;5; ffiﬁﬁlﬁmg = cifferert

concentrations of t-BOOH or H,O, with Hb (40 uM of heme) for 5 min at 37°C. The
oxyHb, metHb and hemichrome concentrations were measured spectrophotometrically as
described by Winterboum (18).

Lipid peroxidation: The peroxidation of erythrocyte lipids was assessed as described

by Stocks and Dormandy (19). The experiments were carried out with a suspension of



Publica¢des-73

human erythrocytes containing 1 mM of Hb, in the absence or presence of modified Hb
and t-BOOH (1 mM). After 30 min at 37°C, 500 ul of 25% TCA was added to 1 ml of
suspension. The mixture was centrifuged at 1100 g for 5 min. To 1 ml of the resulting
supernatant, 1 ml of 1% TBA in 0.05 M NaOH was added followed by boiling for 15

min. The malondialdehyde (MDA) concentration was determined using an €s3; (mM) of

156.
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RESULTS AND DISCUSSION

Several studies have suggested the involvement of the thiol groups of proteins in
protecting cells agamst oxidant agents (1-3, 20). These thiol groups may participate in
disulfide formation (9), which in turn may serve as a reservoir of reducing power and a
source of GSH.

G. carbonaria erythrocytes contain thiol-rich Hb. The thiol groups promote mntense
polymerization and the formation of mixed disulfides in vivo (14); and therefore play a
role similar to glutathione as scavengers of free radicals produced within erythrocytes
(21, 22). The importance of Hb thiols in providing protection against oxidant agents was
evaluated by examining the effect of oxidants on the sulphydryl groups and heme of Hb.
The titration curves of the free thiol groups of Hb before and after treatment with
different concentrations of t-BOOH or H,O,, are shown in the Figures 1 and 2. The HO,

needed a concentration about 5 times smaller than t-BOOH to oxidize the similar number

~of thiol groups 1n Hb. In the presence of 1,5 mM t-BOOH or 0.3 mM H,0, the number of

reactive thiol groups diminished to about 1,0 SH/tetrameric Hb. It is important to
emphasize that both oxidants, t-BOOH and H,0,, oxidized the thiol groups; these results
suggest that the hydroperoxides may be reduced by reactive thiols of Hb preventing their
direct attack to cellular components. These experiments showed also that the heme

oxidation promoted by t-BOOH was sensibly smaller than by H,0, (Fig. 1 and 2).
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The antioxidant property of reactive thiols of Hb was further examined using the
peroxidation human erythrocytes membrane lipid in the ‘presence 1 mM t-BOOH, as
model of cellular damage. G. carbonaria and G. denticulata Hb which possess four and
two reactive SH groups, respectively, were used in these experiments (14, 23). The lipid
peroxidation of human erythrocyte studied in the absence or presence of each Hb showed
that when a low concentration of G. carbonaria Hb was added to a suspension of human
ervthrocytes, the level of MDA was approximately 30% lower than the control (absence
of Hb). It was not observed significant antioxidant effect with a stmilar concentration of
G. denticulata Hb (23). Higher concentrations of either un-modified and modified G.
carbonaria Hb (200 uM) increased MDA production (Fig. 3), probably as a result of
increased alcoxyl radical formation (equation 1) (17). 1t is known that heme of modified
G. carbonaria Hb is more susceptible than un-modified Hb to oxidation (14).

The modification of G. carbonaria Hb by GSSG or IAA abolished its antioxidant

thiol groups in the Hb (14). These modifications increased the susceptibility of heme to
oxidation (14) raising the formation of free radicals derived from interaction between
heme and t-BOOH (15-17). The modification of Hb by diamide did not influence the
protein ability to inhibit the lipid peroxidation by t-BOOH (Table I). Although some
thiols (2,5 SH/Hb) of Hb were involved in disulfide bridges formation the susceptibility

of heme to oxidation was not altered (14). In this context, we believe that reduced state
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of thiol groups in the hemoglobin may participate in process of cellular protection. Rossi
et al (24) recently demonstrated that thiol groups of rat Hb intercept damaging species
more efficiently than glutathione. The capacity of heme to generate oxidant species
(through equations 1 and 2) may overcome the reducing power of reactive thiols of Hb at
high protein concentrations. In this condition, the participation of heme in reaction
leading to radical formation may stimulate oxidation. Depending on the oxidation state of
the heme iron, Hb can release ron and/or hemin that may participate in the Fenton
reaction, thereby generating hydroxyl radical (17). This is particularly important in
oxidative stress process since significant modification of the protein may occur.
Therefore, G. carbonaria Hb may participate effectively, through thiol, in the reduction
of hydroperoxides and other oxidants within the RBC, avoiding oxidative damage during

mild oxidative stress.
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Fig. 1 - The oxidation of heme (®) and reactive thiols (W) of G. carbonaria Hb by t-
BOOH. The OxyHb concentration and number of reactive thiols were determined after

incubation of Hb (40 uM) with t-BOOH for 5 min at 37°C.
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Fig. 2 - The oxidation of heme (®) and reactive thiols (W) of G. carbonaria Hb by H,0,.
The OxyHb concentration and number of reactive thiols were determined after incubation

of the Hb (40 uM) with H,O, for 5 min at 37°C.
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Table I - Lipid peroxidation in human erythrocytes in the absence or presence of G.
carbonaria Hb (50 pM) before or after modification by thiol reagents. The lipid
peroxidation was quantified in a suspension of human erythrocytes (containing 1 mM of

Hb) incubated with 1 mM t-BOOH for 30 min at 37°C.

Relative
Conditions nmoles MDA/g Hb lipid peroxidation (%)
(1) Suspension of human RBC + t-BOOH 61+3.6 100%
(1) + un-modified G. carbonaria Hb 45 + 2.0 73%
(1) + G. carbonaria Hb modified by diamide 46 + 1.4 75%,
(1) + G. carbonaria Hb modified by IAA 58 + 0.5 9594

(1) + G. carbonaria Hb modified by GSSG 55 £ 20 90%
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Fig. 3 - Effect of G. carbonaria and G. denticulaia Hb (200 uM) on the lipid
peroxidation of human erythrocytes. (A) G. carbonaria stripped Hb, (B) G. denticulata
stripped Hb, (C) G. carbonaria Hb modified by iodoacetamide and (D) G. carbonaria
Hb modified modified by NEM. The cells were incubated with 1 mM t-BOOH in the

absence (control) or presence of non-modified or modified Hbs for 30 min at 37°C.
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3-DISCUSSAO
As propriedades funcionais e estruturais da hemoglobina de 2 espécies de

tartarugas foram estudadas e mostraram diferengas quanto a afinidade da hemogiobina
pelo oxigénio no hemolisado e também no nimero de bandas em eletroforese
(TORSONI & OGO, 1994; TORSONI et al., 1997; 1998a; 1998c). A presenga de
uma grande heterogeneidade eletroforética no hemolisado tem sido associada a 2
mecanismo principais: (i) a presenga de varias cadeias de globinas que poderiam se
combinar gerando diferentes hemoglobinas, ou entfio (ii) a presenca de tidis protéicos
acessiveis que levariam a formacdo de pontes de dissulfeto gerando derivados de
hemoglobinas, como polimeros ¢ dissulfetos mistos (DAFRE & REISCHL, 1990;
REISCHI. & DAFRE, 1992; DI SIMPLICIO & ROSSIL, 1994: DI SIMPLICIO et
al., 1998).

Nas 2 espécies estudadas o mamero de cadeias de globinas presente no

hemolisado ndo possibilita a fonnagao de indmeras bandas em eletroforese como

” observado no hemohsado de G carbonarza (TORSONI et .a.f. 1998a; 19980)
Portanto, foi investigada para a espécie (. carbonaria que apresenta grande
heterogeneidade eletroforética, a possibilidade da heterogeneidade ter sido gerada pela
presenga de tiois reativos na hemoglobina. E conhecido que diferentes espécies de
vertebrados apresentam hemoglobinas ricas em grupos tidis reativos, que sob

condigdes oxidantes ou apés estocagem, podem polimerizar-se ou formar pontes de
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dissulfeto mistas (SULLIVAN, 1974a; 1974b; DAFRE & REISCHL, 1990: REISCHL
& DAFRE, 1992).

A ocorréncia de grupos tidis reativos em hemoglobina e seu papel fisiologico tém
sido intensivamente investigado (BRIGELIUS, 1985; DAFRE & REISCHL., 1990;
REISCHL. & DAFRE, 1992). A participagdo destas hemoglobinas como um
mecanismo auxiliar de protegdo celular contra espécies reativas de oxigénio e outros
oxidantes tem sido proposta. Neste caso, a hemoglobina poderia participar como um
tampdo redox das células vermelhas, aumentando, portanto, a resisténcia do animal a
hipoxia (REISCHL, 1986, DAFRE & REISCHL, 1990; REISCHL & DAFRE, 1992).

No hemolisado de G. carbonaria a titulagdo dos grupos tidis da hemoglobina e
de tidis ndo protéicos mostraram, que nesta espécie, a hemoglobina apresenta 4.1
SH/tetrAmero e que existe cerca de 1 molécula de GSH/Hb no interior do eritrocito

(TORSONI et al, 1996). Estudos adicionais realizados com este hemolisado

mostraram que a hemoglobina apresenta capacidade de polimerizar-se ¢ de formar

pontes de dissulfeto mistas com a glutationa. Para examinar a contribui¢io dos grupos
sulfidrilas da hemoglobina na heterogeneidade -eletroforética do hemolisado, 2
formagéo de pontes de dissulfeto foi prevenida através da hemolise em presenca de
iodoacetamida (IAA). Os resultados mostraram que os polimeros formados pelas
pontes de dissulfetos entre 2 ou mais moléculas de hemoglobinas eram responsaveis

pela heterogeneidade ¢ que a formagdio da glutationil-Hb também contribuia
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efetivamente para o complexo padrio eletroforético observado. A exposi¢do do
‘hemolisado a 3it35 concentragbes de glutationa oxidada (GS-SG) levou a um aumento
da concentragdo das bandas que correspondiam ao glutationil-Hb (TORSONI ez al,
1998a).

O tratamento do hemolisado com agente redutor logo apos a hemdlise e
subsequente filtragdo em Sephadex G-25 , produziu um aumento no nimero de grupos
ti01s reativos na hemoglobina de cerca de 4.1 para 4.7 SH/Hb. Este resultado sugeriu-
nos que alguns tiois poderiam estar envolvidos na formagdo de pontes de dissulfetos
no mterior do eritrocito (TORSONI et al., 1998a). Esta hipétese foi posteriormente
comprovada através da hemolise em presenca de JAA. Com este tratamento os grupos
tiois foram alquilados, impossibilitando a formacéo de pontes de dissulfetos adicionais
apos a hemolise. No entanto, o complexo padrdo eletroforético do hemolisado de G.

carbonaria ndo mudou apos este tratamento, sugerindo que este tenha sido formado

antes da hemolise. Outros estudos mostraram que o hemolisado de G. carbonaria .

apresenta apenas 3 principais cadeias de globina, 0 que possibilita a formacgéo de 2
tipos de hemoglobina. Qutras espécies de tartarugas também apresentam similar
composi¢do de globina e apenas 2 tipos de hemoglobinas. Nas espécies Chrysemis
picta belli e Phrynops hilarii as 2 hemoglobinas presentes no hemolisado sdo
chamadas de HbA e HbD (RUCKNAGEL et al., 1984). Concluindo, a

heterogeneidade eletroforética do hemolisado de ¢ carbonaria teve origem da
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formardo de pontes de dissulfeto, produzindo bandas a partir das 2 principais
hemogliobinas, como descrito por TORSONI et ol (1998a).

De acordo com DI SIMPLICIO er al. (1998) e BRIGELIUS (1985), a presenca
de grupos tidis reativos na hemoglobina ¢ particularmente importante em situagdes de
moderado estresse oxidativo. Portanto, em G. carbonaria, nessa condigdo de estresse
oxidativo, os dissulfetos mistos presentes nos eritrocitos poderiam proteger as células
prevenindo o acumulo de GS-SG e minimizando a exportagio de GS-SG por
translocases dependentes de ATP (SRIVASTAVA & BEUTLER, 1969). O acumulo
do GS-SG no interior do eritrécito pode promover a sua ligagdo inclusive as proteinas
de membrana e enzimas citoplasmaticas, alterando as suas fungdes.

Para que as proteinas possam participar em processos de oxido/redugio e
conseqiiente formagéo de polimeros ou dissulfetos mistos na célula, é imprescindivel
que as caracteristicas funcionais destas proteinas nfo sejam alteradas. Neste sentido,
muitos estudos tem procurado produzr hemoglobinas que possam ser utilizadas como
substitutos do sangue. Entretanto, muitos problemas tem surgido principalmente,
devido ao aumento na susceptibilidade do heme a oxidagdo. O uso de hemoglobinas
extracelular leva a geragdo de muitos radicais, devido a rapida oxidacdo do heme ¢
consequentemente, a grande liberagdo de ferro.

E conhecido que em sistemas oxidantes os grupos tiois de proteinas sdo o alvo

primario e a sua oxidagdo, como discutido anteriormente, leva a formacdo de
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dissulfetos. Para que fosse possivel conhecer o efeito da polimerizagdo e/ou da
formacdo de pontes de dissulfeto mistas, foram realizadas avaliagdes do
comportamento funcional, susceptibilidade do heme a oxidacdo, nivel de
polimeriza¢do e dissociagdo das hemoglobinas modificadas pelos reagentes de tidis
(TORSONI ez al., 1996). A susceptibilidade do heme 3 oxidagdo foi analisada através
da mcubagéio destas hemoglobinas com t-BOOH. A formagdo de metaHb e hemicromo
fol acompanhada em fun¢fo do tempo de exposicdo ao oxidante. A partir destes
estudos foi possivel determinar o tempo necessério para a oxidagdo de 50% da
hemoglobina (T'2). As hemoglobinas modificadas por IAA e GS-SG foram mais
susceptiveis a oxidagdo que a hemoglobina ndo modificada. Enquanto as hemoglobinas
modificadas por IAA e GS-SG apresentaram T% de 6.4 ¢ 5,0 min, respectivamente, a
hemoglobina ndo modificada apresentou um T% de 12,6 min. Estes resultados
sugerem que a modificagfo tanto por IAA como por GS-SG, promoveu a alteragio

conformacional da hemoglobina, modificando o ambiente do heme e expondo 0 Fe’* a

oxidago pelo t-BOOH, como sugerido por GAREL ef al. (1982) para a hemoglobina
humana.

A hemoglobina polimérica, obtida através do tratamento com diamida, no
entanto, nao apresentou significativa alteragfo da susceptibilidade do heme a oxidacéo.
A hemoglobina tratada com diamida apresentou um valor de T (10 min) proximo ao

valor observado para a hemoglobina ndo modificada (T2=12,6 min). A polimerizagdo
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da hemoglobina n&o induziu mudangas significativas no ambiente hidrofébico em que
esta inserido o heme. E conhecido que a oxidagdo de proteinas pode expor regides
hidrofobicas da mol¢cula que a tornam alvo de proteases diminuindo o tempo de vida
do eritrécito na circulagdo (GAREL er al., 1982; BELLOMO ef dl., 1987).
Adicionalmente, a susceptibilidade da hemoglobina de ambas as espécies, G.
denticulata ¢ . carbonaria, a oxidagdo por t-BOOH foi estudada. O nivel de
oxidagdo da hemoglobina “stripped” foi menor na espécie G. carbonaria, embora
nenhuma diferenga tenha sido observada quando as medidas foram realizadas no
hemolisado total em ambas as espécies. A tltima observagio sugere que, na presenga
de um sistema antioxidante consistindo de GSH-Px, GR, CAT, SOD, NADPH e GSH,
ambas as espeécies tem similar nivel de oxidagdo da hemoglobina. No entanto, o
hemolisado “stripped” apresenta as enzimas relacionadas com a detoxificacdo do t-

BOOH (GSH-Px ¢ GR) mativas devido a auséncia de substratos redutores, os quais

foram eliminados no momento em que a cromatografia em Sephadex G-25 foi

realizada. Nestas condigBes, o efeito oxidante do t-BOOH no hemolisado “stripped”
de G. carbonaria foi mimimizado pela presenga de grupos tidis reativos na
hemoglobina que podem atuar reduzindo o nivel dos compostos oxidantes (TORSONI
et al., 1998b).

Os estudos funcionais e estruturais das hemoglobinas modificadas tornaram-se

importantes considerando que a oxidagdc do heme na forma polimérica da
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hemoglobina ¢ similar a oxidagdo observada para a hemoglobina ndo modificada.
 Neste contexto, primeiramente, foi determinada a taxa de polimerizagio - - ou
dissociagdo das hemoglobinas através da cromatografia em Sephadex G-100. Em pH
7,4 toda hemoglobina ndo modificada eluiu com um volume correspondente a0
tetramero de acordo com a curva de calibragfio. O tratamento destas hemoglobinas
com GS-S8G e diamida ndo induziu dissociagdo, embora o hemolisado que reagiu com
diamida apresentava cerca de 80% de hemoglobina polimérica, que eluiu com um
volume menor. Para as amostras tratadas com GS-SG foi observada uma fracdo
polimérica que correspondia a 24% do total de hemoglobina aplicada na coluna. Esta
provavelmente foi formada durante a realizagdo da cromatografia, desde que esta
fragdo ndo foi detectada em eletroforese.

Os estudos funcionais das hemoglobinas modificadas mostraram que a forma

polimérica tem similar comportamento em relagdo hemoglobina nfo modificada. No

IAA. Enquanto a hemoglobina nio modificada apresentou valor de Pso de 6,3 mmHg
em pH 7.4 a hemoglobina alquilada (tratada com JAA) revelou um valor de P, de 2,5
mmHg. Para a hemoglobina modificada por GS-SG, por outro lado, o valor de Ps, foi
15,1 mmHg. A cooperatividade na ligagio do oxigénio pelas hemoglobinas
modificadas foi similar & observada para a hemoglobina ndo modificada. Em todos os

valores de pH estudados os valores de nH permaneceram proximos de 1,5.
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O efeito Bohr entre pH 7,0-8,0, no entanto, foi semsivelmente menor em
hemoglobinas modificadas por IAA. Enquanto que as hemoglobinas nio modificadas,
modificadas por GS-SG e modificadas por diamida apresentaram valores de efeito
Bohr de -0,55, -0,70 ¢ 0,64, respectivamente, a hemoglobina modificada por IAA
apresentou o valor de -0,15. Apesar do tratamento com IAA ndo ter induzido a
dissociagdo da hemoglobina, este pode ter promovido a desestabilizacdo da proteina, o
que explicaria a sua maior susceptibilidade 4 oxidagdo por t-BOOH e as alteragdes
significativas nas propriedades funcionais da proteina.

 importante enfatizar que a glutationil-Hb e a forma polimérica da Hb de G.
carbonaria mantiveram as principais propriedades funcionais, como, a reversibilidade
da ligag&io com oxigénio, efeito Bohr e cooperatividade. Neste contexto, o hemolisado,
ou, mais precisamente, a hemoglobina, seria uma proteina com propriedades

antioxidantes em potencial.

A_p;gﬁenga .d_e um me.c:ani_s.mq_adici.o_n_ai de prote¢do na célula pode refletir nouma
menor susceptibibdade do eritrécito a danos oxidativos ou entio numa maior
resisténcia a processos oxidativos devido a presenga de mecanismos redutores
adicionais. As 2 possibilidades foram investigadas através da determinacio da
atividade das enzimas antioxidantes eritrocitarias. Adicionalmente a G. carbonaria a
espécie (. denticulata foi estudada como parimetro para comparagio A segunda

espécie de tartaruga, ao contranio da espécie G. carbonaria, apresenta Hb com apenas
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cerca de 1.5 SH/Hb e o numero de GSH/Hb, aproximadamente a metade do observado
para a especie G. carbonaria (TORSONI et al., 1998a; 1998b). A capacidade da
célula de realizar a detoxificaglio enzimatica foi investigada através da determinagdo
da atividade das enzimas GSH-Px, GR, SOD e CAT no erittécito das 2 espécies. As
enzimas relacionadas aos grupos tidis estavam mais ativas no enitrocito de G
denticulata. A GSH-Px foi cerca de 2 vezes mais ativa mesta espécie. Similar
comportamento foi observado para a atividade da enzima GR, sugerindo que a alta
atividade destas enzimas pode ser reflexo da baixa concentracdo de GSH na célula.
Desta maneira, a célula necessitaria de maior atividade da glutationa redutase para
manter a razdo GSH/GS-SG elevada. Segundo BRIGELIUS ef al (1982) a formagéo
de dissulfetos mistos na célula esta diretamente relacionada com a razio GSH/GS-SG.

As enzimas ndo relacionadas aos grupos tidis, SOD e CAT, mas mmportantes em

atenuar os danos oxidativos iz vivo, foram mais ativas no eritrocito de G. carbonaria

(TORSONL ef _al., 1998b). A SOD  converte o 4nion super6xido, uma espécie com
rélativamente baixa reatividade ¢ sem a capacidade de atravessar a membrana
livremente, em peroxido de hidrogénio. Este composto oxidante pode passar através da
membrana e na presenga de metais como Fe*, o peroxido de hidrogénio pode ser
quimicamente convertido em radical hidroxil, que ¢ extremamente reativo {reacdo de
Fenton). Portanto, o produto da reacfio catalisada pela SOD € potencialmente mais

deletério que o anion superoxido. Segundo WARNER {(1994) um aumento na atividade
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da SOD deve ser acompanhado por similar aumento na atividade da CAT e GSH-Px a
fim de prevenir a excessiva producdo de peroxido de hidrogénio. Este comportamento
foi observado ocorrer em ambas as espécies. A atividade da SOD foi cerca de 25%
maior no eritrocito de G. carbonaria, que também apresentou maior atividade da
CAT. Portanto, nestas células, as enzimas parecem oferecer uma eficiente protegdo
contra o acimulo de peroxido de hidrogénio (TORSONI et al., 1998b).

Apesar das diferencas no sistema antioxidante das 2 espécies de tartarugas, a
susceptibilidade do eritrocito a peroxidagio lipidica induzida por t-BOOH foi similar.
Isto indica que apesar do elevado nimero de grupos tidis na hemoglobina e alta
concentragdo de GSH por hemoglobina no eritrécito de G. carbonaria a peroxidagio
lipidica fo1 a mesma para ambas as espécies devido alta atividade das enzimas GSH-
Px e GR no eritrocito de G. denticulata, minimizando o efeito deletério dos oxidantes.

A participagdo dos grupos tidis de proteinas na prote¢do celular contra agentes

oxidantes tem sido sugerida por varios autores (BRIGELIUS, 1985; DAFRE &

REISCHL, 1990; REISCHL & DAFRE, 1992; ROSSI et al., 1995). Estes estudos
tém demonstrado que os tidis protéicos presentes na célula podem participar de
reacdes de formagdo de dissulfeto (DI SIMPLICIO & ROSSI, 1994; DI SIMPLICIO
et al., 1998), comportando-se como um reservatorio de poder redutor e fonte de GSH.

O envolvimento direto dos grupos tidis de hemoglobina na reducio de compostos

oxidantes foi primeiramente avaliado através do efeito de oxidantes sobre os grupos
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sulfidrilas e sobre o heme da hemoglobina. A titulagdo dos grupos tidis livres da
hemoglobina antes e apos o tratamento com diferentes concentragdes de t-BOOH ou
H,0,, mostrou que os grupos sulfidrilas sdo oxidados de maneira dependente da
concentragdo do oxidante, assim como a oxidacdo do heme da hemoglobina. Estes
resultados sugerem que os hidroperoxidos sio reduzidos pelos tidis reativos da
hemoglobina, diminuindo seu efeito sobre os componentes celulares.

Esta hipotese foi avaliada através da peroxidagdo lipidica da membrana em uma
suspensdo de eritrdcitos humanos, na presenga de t-BOOH (ImM). Para isto foram
utilizadas a hemoglobina de G. carbonaria, que apresenta 4 SH/Hb, e a hemoglobina
de G. denticulata que apresenta apenas 1.5 SH reativos por molécula de Hb
(TORSONI er al., 1996; 1998b; 1998d). A peroxidagdo lipidica na suspensdo de
eritrocitos foi induzida na auséncia ou presenca de ambas as hemoglobinas. Quando a

suspensdo de enfrocitos humano estava na presen¢a de baixa concentracio de

hemoglobina de G. carbonaria, a concentracio de MDA formado foi cerca de 30%

menor, enquanto que, na presenca da mesma concentragio a hemoglobina de G.
denticulata, ndo apresentou significativo efeito antioxidante. Concentragdes crescentes
de hemoglobina, tanto de G. carbonaria como de G denticulata, induziram um
aumento na produgdo de MDA de maneira concentragdo dependente. Este efeito

provavelmente ocorreu devido ao aumento na producio de radical alcoxil, peroxil
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(reagdo 13 e 14) e ferril-Hb ou ainda devido a liberagio do ferro, que podem promover
danos adicionais & membrana (GUTERIDGE, 1986; EVERSE & HSIA 1997).

A modifica¢do da hemoglobina de G carbonaria por IAA levou ao
desaparecimento do efeito antiperoxidativo devido a alquilagdo dos grupos tidis e o
aumento da susceptibilidade do heme a oxidacio (TORSONI ef al., 1996). Por outro
lado, a meodificagdo da hemoglobina pela diamida nio alterou a capacidade da
hemoglobina de inibir parcialmente a peroxidagio lipidica induzida pelo t~-BOOH,
embora alguns de seus tidis tivessem sido comprometidos na formacao de pontes
dissulfeto (TORSONI e al., 1996). No entanto, o tratamento da hemoglobina de G.
carbonaria com GS-8G, apesar de cerca de 3 SH/Hb tetramérica ainda permanecer na
forma livre, a glutationa oxidada aumentou a exposigdo do heme ao t-BOOH
(TORSONI er al, 1996). Estes resultados sugerem que os grupos sulfidrilas da

hemoglobina tem importante papel na susceptibilidade do heme 2 oxidacdo. Isto nos

_leva a acreditar que o grupo sulfidrila da hemoglobina de G. carbonaria_pode... .

participar na redugéo de hidroperéxidos e outros compostos oxidantes na célula, mas a
participagdo do heme em reagdes de formagdo de radicais pode, contudo, potencializar
os processos oxidantes. Segundo GUTTERIDGE (1986) dependendo do estado de
oxidag¢do do ferro heme da hemoglobina, esta pode liberar o ferro e/ou a hemina, que

participam da reagdo de Fenton, gerando radical hidroxil. Este Gltimo, pelo seu alto
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potencial oxidativo poderia oxidar lipidios da membrana iniciando o processo de
peroxidacdo.

Assim acreditamos que 0s grupos tidis da hemoglobina, em adi¢do a GSH, podem
agir como agentes redutores sob condigdes de estresse oxidativo suave. Os dissulfetos
formados ndo parecem promover mudangas conformacionais e portanto a Hb
permanece capaz de transportar oxigénio. Neste contexto, as proteinas-tidis presentes
no interior da célula ou livres no plasma seriam antioxidantes em potencial, desde que
a oxidacdo de seus grupos sulfidrilas ndo leve a mudangas em seu comportamento
funcional. A propriedade adicional de proteinas-tidis no plasma ¢ muito significativa
considerando-se que através do sangue estas proteinas podem atuar em diferentes
tecidos oferecendo um tamponamento redox adicional (REISCHL et al., 1986) e

DAFRE & REISCHL 1990).
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4- SUMMARY

Several species of vertebrates present Hb which is capable to polymernize through disulfide
bridges. In these species, hemoglobin shows reactive thiol groups, which lead to formation of
polymerized Hb as well as mixed disulfides with glutathione. Many authors have been related
the presence of reactive thiol in the Hb to resistance of animal to hypoxia. Others studies have
been related these groups to additional mechanism of cellular protection. Among vertebrates,
the teptiles present many species with sulphydryl rich Hb. The tortoise, G. carbonana,
belonging to Testudinidae family presents approximately 4 reactive thiols i 1ts Hb and a
complex electrophoretic pattern. The specie G. denticulata, on the other hand, presents only 2
reactive thiols in its Hb and a smmpler electrophoretic pattern. This study is attempt to
investigate the involvement of these Hb in antioxidant mechanisms. Comparative studies of
oxidation of stripped Hb of both species showed that the (. denticulata Hb 1s mores
susceptible to oxidation, probably due the small number of reactive thiols. The modification of
G. carbonaria Hb by diamide or GSSG did not induce significante alteration in the functional
properties. However, Hb-O, binding properties was sensibly altered when the modification
was promoted by IAA and GSSG. The studies of lipid peroxidation from human erythrocytes
in the absence or presence of these modified and non-modified Hbs showed that G.

carbonaria stripped Hb (non-modified Hb) dimimished the lipid peroxidation. This protective

offect was abolished in the presence of modified hemoglobm. This results snggests that

involvement of sulphydryl groups of Hb in the prevention of lipid peroxidation. The
antioxidant enzymes were also analyzed in these 2 species of tortoises. GSH-Px and the GR
were more active i the specie G. denticulata, whereas the SOD and the CAT were more
active in the G. carbonaria. Titration of GSH showed that the number of GSH/Hb was two
times higher in G. carbonaria erythrocyte than in G. denticulata. Thus, the specie G.
carbonaria present higher reducing power into RBC and the presence of thiol groups in its Hb

is a additional mechanism of cellular protection.
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