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Vocé me pergunta
Aonde eu quero chegar
Se ha tantos caminhos na vida
E pouca esperanca no ar
E até a gaivota que voa
Ja tem seu caminho no ar
O caminho do fogo é a agua
O caminho do barco é o porto
O do sangue é o chicote
O caminho do reto é o torto
O caminho do bruxo é a nuvem
O da nuvem é o espaco
O daluz é o tunel
O caminho da fera é o lagco
O caminho da mao é o punhal
O do santo é o deserto
O do carro é o sinal
O do errado é o certo
O caminho do verde é o cinzento
O do amor é o destino
O do cesto é o cento
O caminho do velho é 0 menino
O da agua ¢é a sede
O caminho do frio € o inverno
O do peixe é a rede
O do pio é o inferno
O caminho do risco é o sucesso
O do acaso é a sorte
O da dor é 0 amigo

O caminho da vida é a morte...

Raus Seixas
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Lista de Abreviaturas:

°C graus célcius

ADP difosfato de adenosina

AMP monofosfato de adenosina
Ca** célcio

CO Cicloxigenases

EET &cido epoxieicosatetraendico
HEPTE acido hidroxiperoxieicosatetraendico
HETE acido Hidroxieicosatetraendico
kDA quilodaltons

Km constante de Michaelis

LO Lipoxigenases

ug microgramas

ug miligramas

Mg?* magnésio

uL microlitros

pL mililitros

uM milimolar

PAF Fator agregador de plaquetas
PG prostaglandinas

PRP plasma rico em plaquetas

Vil



Esta tese € apresentada no seguinte formato:

A primeira parte é constituida por uma introducdo que trata dos aspectos
gerais do trabalho, sua justificativa e objetivos. Logo em seguida estdo metodologia e

materiais utilizados, em especial no capitulo IV dos resultados.

Os resultados foram divididos em capitulos. O Capitulo | € composto pelo
artigo publicado no European Journal of Biochemistry (2004), intitulado, Jackbean,
soybean and Bacillus pasteurii ureases: Biological effects unrelated to ureolitic activity.
O Capitulo 1l apresenta o artigo intitulado, Urease display biological effects
independent of enzymatic activity. Is there connection to diseases causes by urease-
producing bacteria?; Brazilian Journal of Medical and Biological Research (2006)
Review (no prelo); os dados de revisdo bibliogréfica deste artigo complementam o
capitulo de introducéo geral, além de apresentar alguns resultados experimentais. O
Capitulo Il contém o artigo Bacillus pasteurii urease shares with plant ureases the
ability to induce aggregation of blood platelets; Archives of Biochemistry and Biophisics
(no prelo). No capitulo IV sdo apresentados os resultados ndo submetidos a

publicacéo até a presente data.

Na discussdo geral hd uma reflexdo a respeito dos resultados obtidos neste

trabalho e ja previamente tratados nos artigos que compdem esta tese.

As referéncias bibliograficas apresentadas no final compreendem as
referéncias presentes no corpo da tese (Introducdo Geral, Materiais e Métodos,

Discusséo Geral), as demais séo constantes nos artigos aqui apresentados.



1. RESUMO:

A urease de Canavalia ensiformis é de relevancia historica tendo sido a
primeira proteina a ser cristalizada, feito realizado por Sumner em 1926 comprovando
assim a natureza protéica das enzimas. Essa proteina também foi a primeira enzima
contendo niquel a ser identificada. As ureases sao amplamente encontradas em
vegetais, bactérias e fungos, apresentando um alto grau de homologia entre si. Esta
similaridade de sequéncia primaria indica um processo conservativo durante a
Evolucdo e um papel fisiolégico importante destas enzimas. As ureases microbianas
estdo envolvidas em processos patogénicos como formacdo de calculos urinarios,
incrustacéo de catéter, pielonefrites, Ulceras pépticas e possivelmente, na formacéo de
tumores de estdmago. Em vegetais, pouco se sabe a respeito da funcao biolégica das
ureases, embora sua presenca em tecidos vegetais seja frequente. Postula-se seu
envolvimento na biodisponibilidade de nitrogénio; ou mesmo como mecanismo de
defesa dos vegetais. A canatoxina, uma isoforma de urease isolada da C. ensiformis,
€ toOxica para insetos e possui outras atividades biolégicas de interesse, dentre as
quais destacam-se: 1) atividade secretagoga e pré-agregante em plaquetas de coelho;
2) atividade hemaglutinante indireta para hemacias de coelho; 3) propriedade pro-
inflamatodria, evidenciada nos modelos de edema de pata e pleuresia em ratos. Este
estudo propbe-se a investigar se ureases bacterianas apresentariam propriedades
biol6gicas como as da canatoxina; e se essas propriedades sdo dependentes ou néo

da atividade enzimatica dessas ureases.



2. INTRODUCAO GERAL

Ureases:

Ureases (EC 3.1.1.5) sdo hidrolases, niquel dependentes, que catalisam a
reacao de hidrélise da uréia a amoénia e acido carbdnico. Sumner e colaboradores, em
1953 demonstraram que o carbamato de aménio, um dos produtos da hidrdlise da
uréia catalisada pela urease, forma-se a partir de CO, e NHs Assim, a uréia seria
hidrolisada a acido carbénico e amoénia passando por uma intermediario de acido
carbamico ou carbamato, e varios trabalhos posteriores estabeleceram que este é o
primeiro intermediario livre na reacao de hidrodlise da uréia (Blakeley et al., 1969; Wang
and Tarr, 1955). (FIGURA. 1).

Urease
A H2N-CO-NH2 + H 2o > NH3 + HZN-CO-OH
B -CO-
HZNCOOH + H20 _— M—|3+ H2003
C H 003 -(—3 HY + HCOé

2NH_ + 2H20<_""‘“‘)'2NHZ + 20H

FIGURA 1. A reacao catalisada pela urease. A ureia é clivada pela urease para
produzir uma molécula de amdnia e uma de carbamato (A). O carbamato decompde-se
espontaneamente a aménia e acido carbbnico (B). O acido carbdnico equilibrado em
agua (C), com as duas moléculas da amobnia, que se tornam protonadas para render os
ions do amonio e hidroxido (D). A reacao resulta em uma ascensao no pH do meio da
reacdo. Adaptado de Burne & Chen, 2000.



Embora, por muitos anos, tenha-se acreditado que urease reconhecesse
especificamente a uréia, esta enzima também age sobre outros substratos. (Fishbein,
1969b) mostrou que hidroxiuréia e dihidroxiuréia sdo substratos para urease. Esta
enzima catalisa também a hidrélise de algumas uréias substituidas e ésteres de acido

carbamico, como a tiouréia e p-nitrofenilcarbamato (Bennett & Wren, 1977).

Ureases de diferentes fontes (bacterianas ou vegetais) apresentam diferentes
afinidades por estes substratos. Da mesma forma, estas ureases possuem diferente
suscetibilidade a inibidores, como acido acetohidroxamico (AHA) ou p-
hidroximercuriobenzoato (Rosenstein, 1982). A urease da Canavalia ensifomis (feijao
de porco) € uma enzima de importancia histdrica, por ter sido a primeira enzima a ser
cristalizada (Sumner, 1926), comprovando-se assim a natureza protéica das enzimas.
Esta enzima foi também a primeira a ser identificada como metalo-enzima niquel
dependente (Dixon et al., 1975). Apesar de ser uma proteina de facil cristalizacéo, os
cristais desta urease obtidos até a presente data apresentam baixa difracdo frente a
raio-X, de modo que sua estrutura ndo pode ser determinada por este método (Jabri et
al., 1992; Jabri et al.,, 1995a). Portanto, ainda ndo se conhece a estrutura

tridimensional dessa proteina.

Aspectos estruturais da urease da Canavalia ensiformis:

Ureases extraidas de diferentes sementes de C. ensiformis apresentam varios
comportamentos no que diz respeito a seu estado conformacional (Fishbein, 1969).
Esta enzima parece assumir formas de massas moleculares distintas (Sumner et al.,
1938; Creeth & Nichol, 1960; Seghal, et al., 1966; Reither, et al.,, 1967,
interconversiveis entre si. Esta série de diferentes formas € composta por isoenzimas
poliméricas e funcionais, com diferentes propriedades cataliticas, e que interagem
umas com as outras. Desta forma, a multiplicidade de isoenzimas de urease,
juntamente com sua interconversibilidade, pode explicar muitas das complexidades

cataliticas desta enzima. Lynn, 1962 e Lynn & Yankwich, 1964, utilizando estudos de



hidrélise de uréia marcada com C*3, deduziram que a urease ndo é uma entidade
catalitica homogénea e que multiplos sitios ativos, interativos e interconversiveis, sdo
necessarios para explicar os dados cinéticos obtidos. Ja os dados cinéticos obtidos
por (Fishbein, 1969a), indicaram que esta interacdo e interconversao ocorre entre
diferentes espécies moleculares, ao invés de diferentes sitios ativos da mesma
molécula. Estas diversas duavidas sobre a forma molecular da urease foram
parcialmente solucionadas com a deducdo da seqiéncia de aminoacidos desta
enzima a partir de cDNA (Riddles et al., 1991), seqiéncia esta que confirmou dados
obtidos no sequenciamento direto da proteina (Mamiya et al., 1985). A partir destes
dados, mostrou-se que a unidade estrutural basica dessa urease é uma cadeia
polipeptidica Unica com 840 residuos de aminoacidos e uma massa molecular de
90,770 kDa. A urease da C. ensiformis (Zerner, 1991b; Jabri et al., 1995b) apresenta,
em seu sitio ativo, dois atomos de niquel, sendo cada um deles coordenados por dois
residuos de histidinas e uma lisina carbamilada, compartilhada por ambos. A urease
também tem um residuo de cisteina importante localizado nas proximidades do sitio
ativo, mas que nao participa da reacdo de hidrélise de uréia. A forma minima da
proteina expressando atividade enzimatica € a de um trimero de 270 kDa, sendo que

a forma nativa € um hexamero de 540 kDa (Zerner, 1991a).

Ureases estdo amplamente distribuidas entre fungos, bactérias e plantas. Em
bactérias, estas enzimas estdo envolvidas em varios processos patogénicos,
principalmente na formacéo de calculos urinérios, incrustacdo de catéter, pielonefrites,
bem como em alguns casos de coma hepatico. Helicobacter pylori esta relacionada a
casos de Ulceras pépticas, e possivelmente na formacdo de tumores no estdmago;
estes processos, as ureases possuem um papel fundamental, principalmente na
sobrevivéncia das bactérias em ambientes de pH desfavoravel (FIGURA. 2). Apesar
de inibidores de urease terem sido utilizados no tratamento de algumas destas
patologias, seu uso foi descontinuado pelo fato de muitos pacientes apresentam

reacoes colaterais adversas. O uso clinico de acido acetohidroxamico, um inibidor de



urease, causa depressao na sintese de DNA, afetando a medula éssea, além de ser
teratogénico em doses elevadas.

NH3 +HT> -.\"H4+
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FIGURA 2.: rota metabdlica da uréia e efeitos no pH do meio. No caso da H. pylori
e talvez de outros organismos, a urease é um fator importante na sobrevivéncia em
ambientes  acidificados, provavelmente porque a neutralizacdo do meio extracelular
promovida pela urease, em torno das células é necessaria para impedir danos irreversiveis a
membrana celular. Adaptado de (Burne and Chen, 2000).

A primeira urease com sua estrutura 3D resolvida foi a de Klebsiella aerogenes,
(1FWJ), sendo representativa da maioria das ureases bacterianas. Esta urease possui
trés cadeias polipeptidicas, denominadas subunidades o (60,3 kDa), (11,7 kDa) e y
(11,1 kDa) (Mulrooney & Hausinger, 1990) com os dois &tomos de niquel do sitio ativo
localizados na subunidade o (Todd & Hausinger, 1989). Apesar da aparente variagao
na estrutura quaternaria, a comparagdo da sequéncia de aminoacidos mostra que
estas ureases possuem mais de 50% de homologia. Os dados de sequéncia priméria
mostram que as ureases de C.ensiformis e K. aerogenes sao homologas: as cadeias
a, B e y da urease da K. aerogenes correspondem, respectivamente, aos residuos 1 a

101, 132 a 237 e 272 a 840, da urease da C. ensiformis. A clara correspondéncia de



aminodacidos entre uma urease de planta de cadeia Unica e as bacterianas, com duas
ou trés subunidades, indicam a ocorréncia de uma fusdo de genes, ou eventos de
ruptura génica, durante a evolucdo desta enzima (FIGURA. 3). Estudos de
cristalografia de raio-X da urease da K. aerogenes (Jabri et al., 1995a) mostraram que
esta enzima forma um trimero de unidades (a.fy) em um arranjo triangular. Portanto a
forma nativa desta proteina & (ofy)s, diferenciando-se da oligomerizagdo (af2y2)s,
anteriormente proposta com base na analise da intensidade relativa das bandas
correspondentes as subunidades a, e y, em gel de eletroforese (Todd & Hausinger,
1987).

DCH407VHYI - .GLK490I H...NI H519TD. - .TYH545SE. .MVCHHLDR....TI DGSSSQ Canavalia ensiformis
DAH 36 IHFI . . .GLK19LH. . .AlHo48TD. . . TYHy74TE. .MVCHHLDR. . . . SSD35,SQ Bacillus sp.

DCH436VHY 1 . . .GLK51gLH. . .AlH548SD. . . SFH574VE. .MVCHHLKR. . . . T1D34,AL Bacillus pasteurii
DTHq37IHFI . . .GLKyogLH. . .AlHo49TD. . . TYHy751E. .MVCHHLDR. . . . SSD33SQ Bacillus subtilis
DTHya4IHFI . . .GLK5170H. - AlH546SD. . .VFH»7,TE. .MVCHHLDR. . . . SSD350SQ Proteus vulgaris

DTHq36IHFI . . .GFK19lH. . _AlHo48TD. . . TFH74,TE. .MVCHHLDR. . . . SSD35,SQ Helicobacter pylori
DCHy41VHLI - . .GFKoo4LH. - ALH553SD. . .AYH279TE. .MVCHHLNR. . . .GSD357,SQ Mycobacterium tuberculosis
DTHya3IHWE . . .GLK16lH. . ALH545SD. . . TFHy7,TE. .MVCHHLDR. . . . SSD35¢SQ Klebsiella aerogenes

FIGURA. 3:Alinhamento da seqiiéncia de aminoacidos das regides que participam
diretamente do sitio catalitico, ou estdo proximas a este, da urease da C. ensiformis e ureases
bacterianas. Em vermelho estéo assinalados os residuos criticos para a atividade ureésica. A
regido em azul estd proxima do sitio catalitico da enzima, mas ndo participa da reacao de
catdlise. E na cisteina desta regido que liga-se a reagentes oxidantes como o para

hidroximercuriobenzoato, resultando na inibicdo da reacdo por impedimento estéreo (dados
rnletadne dn Prntein Nata Rank)

A existéncia de ureases em tecidos vegetais € bastante comum, sendo em
leguminosas particularmente ricas (Polacco & Holland, 1993b), entre as quais destaca-
se a soja (Glycine max). Apesar de ampla distribuicdo desta proteina entre as
plantas, pouco se conhece sobre sua funcéo fisioldgica. Postula-se que, em plantas
superiores, a urease esteja envolvida com a biodisponibilidade de nitrogénio, e que
este esteja disponivel a partir da uréia apenas pela acdo de ureases (Polacco &

Holland, 1993b). Em plantas e culturas desprovidas de urease, quer induzidas



geneticamente (Meyer-Bothiling et al., 1989); (Polacco et al. ,1989), com o uso de
inibidores de urease ou por remoc¢ao do niquel (Polacco & Holland, 1993a), observa-
se um acumulo de uréia ou um comprometimento do emprego de uréia como fonte de
nitrogénio. A urease parece ser a Unica enzima niquel dependente nos vegetais, tendo
sido observado que plantas de soja crescidas na auséncia de niquel, apresentam o
mesmo fenétipo de plantas nas quais a expressdo da urease foi geneticamente
bloqueada (Polacco & Holland, 1993a).

Uma questao ainda discutivel sobre a funcdo da urease nas plantas é fato da
uréia ser uma forma de excrecdo de nitrogénio apenas em animais, ou seja, a uréia
ndo é um metabolito majoritario nos vegetais onde esta enzima é abundante. Contudo
€ conveniente ressaltar que uréia ndo é o Unico substrato para as ureases. A
descoberta de duas isoenzimas de urease na soja levantou uma série de duvidas a
respeito da funcéo destas proteinas na planta (Polacco & Holland, 1993a). A urease
ubiqua existente em todos os tecidos da planta, e a urease embrido-especifica,
sintetizada no embrido em desenvolvimento e acumulada na semente madura, onde a
atividade ureasica é 1000 vezes maior que a da urease encontrada em toda a planta
(Polacco & Winkler, 1984). Plantas mutantes com silenciamento da urease ubiqua
apresentam anormalidades, como necroses nas extremidades das folhas e raizes,
acumulo de uréia nas folhas e sementes, e retardamento na germinacdo (Polacco &
Holland, 1993a). Por outro lado, como a perda da urease embrido-especifica néo
acarreta danos visiveis na planta, acredita-se que esta enzima ndo desempenha
funcdo fisiologica ligada ao metabolismo de nitrogénio na planta. Uma questao
pertinente a este contexto é por que o embrido da soja em desenvolvimento
"investiria” em uma enzima com grande atividade ureolitica, se a quantidade de uréia
disponivel é praticamente inexistente. Estes dados sugerem que esta urease parece
nao estar envolvida no metabolismo de nitrogénio da planta, mas sim em algum outro
tipo de funcdo, como por exemplo, a defesa da planta (Polacco & Holland, 1993a). Em
outra leguminosa, a C. ensiformis, o fato da Canatoxina, uma isoforma de urease

apresentar atividade toxica para insetos e mamiferos (Carlini et al., 1997; Follmer et



al., 2001b; Follmer et al., 2001a; Stanis¢uaski et al., 2005; Follmer et al., 2004), reforca
a hipétese de que as ureases estariam envolvidas nos mecanismos de defesa das

plantas.

A Canatoxina

Em 1981, Carlini & Guimaraes isolaram a canatoxina, uma proteina toxica de
sementes da leguminosa C. ensiformis, que induz convulsdo e morte de ratos e
camundongos, com uma DLsg de 2 mg/kg, por via intraperitoneal. Esta proteina possui
atividade inseticida (Carlini et al., 1997; Ferreira-DaSilva et al., 2000), e portanto,
potencialidade para o desenvolvimento de plantas transgénicas resistentes a insetos
que sao pragas agricolas. Além disso, determinou-se a existéncia de proteinas
toxicas, supostamente homélogas a canatoxina em varias outras leguminosas, dentre

as quais, a soja (Carlini et al., 1988); (Vasconcelos et al., 1994).

A principal forma ativa da canatoxina apresenta uma massa molecular de

187 kDa quando analisada em gel-filtracdo em pH 7,5. Formas de massa molecular

- - 0
mais alto formam-se durante a estocagem prolongada da canatoxina a 4 C. Em SDS-
PAGE, em meio redutor ou ndo, sua massa molecular € de cerca. 95 kDa, sugerindo
que a forma nativa da proteina € provavelmente um dimero. A canatoxina é uma

metaloproteina contendo zinco e niquel (Follmer et al., 2001a).

Estudos de microssequenciamento indicaram que o residuo N-terminal da
canatoxina estd bloqueado. Varios peptideos internos da canatoxina ja foram
sequenciados, obtidos por hidrélise triptica ou por endoproteinase Lys-C, sendo que
todos eles revelaram um alto grau de homologia com a sequiéncia primaria de urease
da C. ensiformis. A homologia da canatoxina com a urease revelou-se maior na
porcdo N-terminal desta, sendo que peptideos que se alinharam com a porcdo C-

terminal da urease, mostrarem substituicdo de varios aminoacidos, algumas néao



conservativas. Também a composicao percentual de aminoacidos é indicativa de uma

grande semelhanca das duas proteinas.

O elevado grau de homologia encontrado levou a estudos comparativos das
duas proteinas, para averiguar a hipétese de que a canatoxina fosse uma variante da
urease. Follmer e colaboradores, 2001 e 2004 mostraram que era possivel separar
duas isoformas de urease a partir do extrato bruto de C. ensiformis, sendo que a
canatoxina apresenta maior avidez por metais (Zn'* e Co™") em cromatografia de
afinidade em metal imobilizado, o que permitiu o estabelecimento de protocolos de

purificacdo para a obtencdo das isoformas altamente purificadas.

Ensaios de atividade enzimatica sobre uréia indicaram que a canatoxina
purificada apresenta cerca de 25% da atividade ureolitica da propria urease (Tipo C-
3). A canatoxina apresenta Km de 1,50 a 7,70 mM, na faixa de pH 6,5 a 8,5,
semelhantes aos valores obtidos para a urease C-3 e citados na literatura (Carlini et
al., 1997; Follmer et al., 2001b; Follmer et al., 2001a; Zerner, 1991a). Os valores das
constantes cataliticas calculadas para a urease e a canatoxina foram de 61,0 mM/s
(trimero) e 18,09 mM/s (dimero), respectivamente, Com eficiéncia catalitica (Kcat/Km)

de 27x10° /s e 6x 10* para urease e canatoxina, respectivamente.

Estudos adicionais mostraram que as varias atividades bioldgicas descritas
para a canatoxina ndo sdo dependentes da atividade uredsica da molécula. Assim, a
canatoxina tratada com 200 uM de p-hidroximercuriobenzoato perde totalmente a
atividade ureéasica, mas mantém inalterada a sua atividade toxica em camundongos,
ainda induz agregacdo plaquetaria, produz hemaglutinacdo indireta e mantém sua
atividade inseticida. As mesmas observacdes foram feitas para a urease tratada com
p-hidroximercuribenzoato (Follmer et al., 2001la), A Tabela 1 resume os dados

comparativos disponiveis para as ureases de C ensiformis.

Estes resultados indicam que a canatoxina é uma variante da urease da
mesma semente; contudo, um dado importante obtido nesses trabalhos diz respeito a

existéncia de dominios protéicos distintos, nestas proteinas, 0s quais sao



responsaveis por atividades bioldgicas diferentes: um dominio com atividade hidrolitica

sobre uréia, suscetivel de inibicdo por agentes quelantes e oxidantes; e pelo menos

mais um outro dominio, niquel e tiol independentes, que seria responsavel pela

toxicidade intraperitoneal da canatoxina, pelo efeito pro-agregante, pela capacidade de

interac&o com glicoconjugados e pela atividade inseticida.

Tabela 1: Comparacéo fisico-quimica e atividades biologicas entre canatoxina e urease
(ECC3.5.1.5), adaptado de Carlini and Grossi-de-Sa, 2002.

Comparative data on physicochemical and biological properties of canatoxin and jack bean urease (EC 3.5.1.5)

Canatoxin Urease
Physicochemical properties
Molecular mass
SDS-PAGE 95-100 kDa 90-97 kDa
Native form Dimer Hexamer
Urease activity
K, (pH 6.5-8.5) 2-5mM 3-8 mM

Vinax (pH 6.5-8.5)

Inhibitors, IC50
p-Hydroxi-mercuribenzoate
Acetohydroxamic acid

Metal content (per 95 kDa)

Biological properties
Toxicity
Mouse, i.p.
C. maculatus, ingested
R. prolixus, ingested
Indirect hemagglutination
End-point (10° rabbit cells)
Inhibitors
Platelet aggregation (rabbit)

4-10 U/mg

5 pM

3 uM

Nickel-1 mol/mol
Zinc-1 mol/mol

LDsp—2 mg/kg ( p-OHMB treated, 100% active)
100% death—0.25% (w/w)
LDs;—0.4-0.8 mg/kg

1-2 pg
Gangliosides-fetuin ( p-OHMB treated-100% active)
ECsy—2-3 pg (p-OHMB treated-100% active)

15—45 U/mg

0.5 pM
3 M

Nickel-2 mol/mol
Zinc-not detected

Not toxic with 10 LD50
Not determined
LDs,—0.4-0.8 mg/kg

1-2 pg
Gangliosides-fetuin ( p-OHMB treated- 100% active)
ECsp—2-3 pg ( p-OHMB treated-100% active)
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Mecanismo De Acdo da Canatoxina Em Modelos Mamiferos

Estudos in vivo mostram que canatoxina induz em ratos bradicardia,
hipertensédo e hipotermia, que precedem o fenémeno convulsivo tonico-clénico
caracteristico de sua ac¢éo toxica. Em camundongos tratados com a toxina em doses
convulsivantes ou subconvulsivantes, ndo foram observadas alteragbes dos niveis
cerebrais e medulares de varios neurotransmissores. Preparacfes de musculos lisos e
estriados foram insensiveis a canatoxina. O fenbmeno convulsivo induzido por esta
proteina tem provavelmente origem medular, com modulacdo dos centros superiores
do encéfalo (Carlini et al., 1984).

AlteracBes dos niveis plasmaticos de gonadotrofinas e de prolactina (Ribeiro-
daSilva et al., 1989) s&o observadas em ratas tratadas cronicamente com doses sub-
letais da proteina, reforcando os dados que apontam uma acdo central para a
canatoxina. A canatoxina altera também a insulinemia e glicemia de ratos de maneira
dose- e sexo-dependente (Ribeiro-daSilva et al., 1986) (Ribeiro-daSilva & Prado,
1993).

Na quase totalidade dos modelos farmacologicos estudados, os efeitos
biolégicos da canatoxina parecem estar relacionados com a capacidade da proteina
em ativar os sistemas secretorios de diversos tipos celulares. Tal efeito secretagogo
da canatoxina envolve mediacdo por metabdlitos do acido araquiddnico via

lipoxigenases (Tabela 2).
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TABELA 2. Efeito secretagogo da canatoxina: modulagéo por inibidores de lipoxigenase.

MODELO EFEITO DEso INIBIDOR DOSE INIBICAO Ref
Plagquetas, coelho agregacédo 300 nM NDGA 520 uM 50 (@
ETYA 19 pM 50
BW755C 50 uM 50
secregdo: serotonina 300 nM NDGA 500 uM 75 (b)
Esculetina 100 uM 87
Sinaptossomas, rato secregdo: serotonina 500 nM NDGA 200 puM 90 (b)
Esculetina 100 uM 90
secre¢do: dopamina 2 uM NDGA 200 uM 42
Ihotas pancreéticas, rato secrecgdo de insulina 500 nM NDGA 200 puM 76 (b,c)
Esculetina 100 uM 36
Mastaocitos: rato secrecdo de histamina 500 nM nao testado (d)
macréfagos, camundongo secrecdo: enzimas 200 nM NDGA 150 uM nao inibe (e)
Rato, in vivo hipoglicemia 0,4 mg/Kg NDGA 125 mg/Kg 100 )

Esculetina 125 mg/Kg 100

Rato, in vivo hiperinsulinemia 0,4 mg/Kg NDGA 125 mg/Kg 100 (@)

Rato, in vivo hipoxia 0,4 mg/Kg NDGA 125 mg/Kg 72 (h)
Esculetina 125 mg/Kg 50

Rato, in vivo Edema de pata 0,4 mg/Kg NDGA 125 mg/Kg 66 0]
Esculetina 125 mg/Kg 50

Rato, in vivo convulsdes 0,4 mg/Kg NDGA 125 mg/Kg 75 (h)

(@)(Carlini et al., 1985); (b) (Barja-Fidalgo et al., 1991a); (c) (Barja-Fidalgo et al., 1991b); (d)
(Grassi-Kassisse & Ribeiro-daSilva, 1992); (e) (Ghazaleh et al., 1992); (f) (Ribeiro-daSilva et al.,
1986); (g) (Ribeiro-daSilva & Prado, 1993); (h) (Ribeiro-daSilva et al., 1992); (i) (Benjamin et
al., 1992; Ribeiro-daSilva et al., 1992).
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Conforme esses resultados, a canatoxina € capaz de induzir secrecdo de
dopamina e de serotonina em sinaptosomas de cérebro total de rato (Barja-Fidalgo
et al., 1991b), dados que sugerem que a acdo convulsivante da canatoxina poderia

ser consequente a liberacdo macica de neurotransmissores excitatorios.

Em outro modelo estudado, a canatoxina mostrou-se capaz de induzir
agregacdo de plaquetas de diferentes espécies animais, atuando na faixa nanomolar.
Este efeito se deve a uma acdo secretagoga da toxina, promovendo exocitose dos
granulos densos plaquetérios, ricos em serotonina e ADP, que desencadeiam a
reacao de agregacao (Carlini et al., 1985; Barja-Fidalgo et al., 1991b; Carlini et al.,
1985) Estudos com inibidores especificos indicam que nenhuma das vias classicas da
agregacao plaquetaria (ADP, Tromboxana A2 ou PAF-acether) esta envolvida na
resposta das plaquetas a canatoxina. O efeito agregante da canatoxina envolve
ativacdo da 12-lipoxigenase enddgena da plaqueta, uma vez que plaquetas pré-
tratadas com diferentes inibidores desta enzima, passam a ndo mais responder a
toxina (Carlini et al., 1985; Barja-Fidalgo et al., 1991b).

A hiperinsulinemia e a consequente hipoglicemia observadas em ratos tratados
com canatoxina (Ribeiro-daSilva et al., 1986; Ribeiro-daSilva & Prado, 1993) também
poderiam resultar de uma ativagcéo da 12-lipoxigenase, uma vez que a modulacdo da
secrecdo de insulina nas ilhotas pancreaticas depende desta enzima (Metz et al.,
1983d; Metz, 1985a). De fato, ilhotas pancreaticas isoladas de rato secretam insulina
em presenca da canatoxina de modo dose-, tempo e temperatura-dependente. A
canatoxina (1 uM) € 20.000 vezes mais potente que a glicose (20 mM) para a
inducdo da resposta maxima de secrecdo de insulina. Também aqui, através do uso
de inibidores especificos, constatou-se 0 envolvimento do sistema da 12-lipoxigenase
na resposta das ilhotas a toxina, quer in vivo como in vitro (Barja-Fidalgo et al.,
1991a; Barja-Fidalgo et al., 1991b; Ribeiro et al., 1993.
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Os macrofagos peritoneais de camundongo sdo também susceptiveis ao efeito
secretagogo da canatoxina, em concentragcbes nanomolares, liberando enzimas
lisossomais como a N-acetil-R-D-glicosaminidase, fosfatase acida e o-manosidase
(Ghazaleh et al., 1992). No entanto, o efeito secretagogo da canatoxina em
macrofagos ndo parece ser mediado por metabdlitos do acido araquidénico, quer via
lipo ou cicloxigenase, e envolve a ativacdo da guanilato ciclase e da NO sintase.
Estudos adicionais indicaram ainda que, em presenca da canatoxina, os macrofagos
apresentam-se ativados, provavelmente exercendo acdo tumoricida (Barja-Fidalgo et
al., 1992).

A canatoxina apresenta atividades pro-inflamatorias: é capaz de induzir
migracdo de neutrofilos e mondcitos nas cavidades peritoneal e pleural, além de
apresentar acdo no modelo “skin air pouches”, mediada pela liberacdo de fatores
quimiotaxicos de macréfagos peritoneais (Barja-Fidalgo et al., 1992). O edema de pata
em ratos é dose dependente com pico maximo apds 6 horas da injecao intraplantar e
com reducéo total em 48 horas, em doses de 50 ug e 100 pug de canatoxina por pata,
fendbmeno este que parece ser mediado por metabdlitos de lipoxigenase (Benjamin et
al., 1992).

Outros estudos abordaram o efeito inibitério da canatoxina sobre a acumulacao

2+ . . "
de Ca em vesiculas de membranas do reticulo sarco-plasmatico, resultante da

- L 2 2 . :
atividade enzimatica de uma Ca’ Mg ".ATPase presente neste tecido. A toxina
parece desacoplar o transporte de calcio, através da membrana, da atividade
hidrolitica da enzima sobre o ATP, um dado relevante para o0 entendimento das

propriedades secretagogas desta proteina (Alves et al., 1992)

— 2+ . )
Os fluxos e niveis de Ca intracelulares também foram estudados em plaquetas

. . - . 2+
de coelhos ativadas por canatoxina. Verificou-se que o aumento dos niveis de Ca
intracelular, decorrente da ativagdo plaquetaria, ndo esta associado com a formacéao

. . . - ~ . 2+
de inositol trifosfato ou mobilizacdo dos pools internos de Ca na plaqueta. Por outro
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lado, ocorre influxo de Ca2+ do meio externo, através de canais susceptiveis a
nitrendipina e verapamil. Este influxo ocorre nos primeiros 15 segundos apos
exposicdo das plaguetas a canatoxina, precedendo a secre¢cao e agregacao
plaquetarias, bem como a mobilizacdo de &cido araquidénico endégeno da plaqueta.

< . ~ . 2+,
Nestes estudos, mostrou-se também que a ativacdo desses canais de Ca "6
modulada por aumento nos niveis de GMP ciclico (Ghazaleh et al., 1997).

Helicobacter pylori:

A bactéria H. pylori, € uma bactéria, aerébia, gram-negativa, com 2,5 a 5,0 um
de comprimento e 0,5 a 1,0 um de largura, que possui de 4 a 6 flagelos com
aproximadamente 30 um de comprimento (Goodwin et al, 1987; Goodwin &
Armstrong, 1990)), essenciais para mobilidade da bactéria. Esse microrganismo foi
isolado pela primeira vez em 1982 por Marshall e Warren, conduzindo a uma nova era
na microbiologia gastrica (Marshall & Warren, 1984). Estes microrganismos nao
invadem a mucosa gastrica, mas estao presentes entre a camada de muco e de tecido
(Marshall, 1989, Warren & Marshall, 1983). Inicialmente essa bactéria recebeu
denominacdo cientifica de Campylobacter pyloridis, mais adiante passando a
Helicobacter pylori. Apds os relatos de Marshall e Warren, investigadores do mundo
todo confirmaram a presenca destes organismos na mucosa gastrica (Jones et al.,
1984; Langenberg et al., 1984; McNulty & Watson, 1984).

Em torno de 1984, associou-se fortemente a presenca de H. pylori com a
presenca de inflamacdo na mucosa gastrica (gastrites superficiais cronicas), e
especialmente, com a infiltracdo de células polimorfonucleares (gastrites ativas
cronicas). Em 1991, quatro artigos mostraram pela primeira vez a associacdo entre
infeccdo por H. pylori e a presenca (Talley et al., 1991) ou o desenvolvimento
(Forman et al., 1991; Nomura et al., 1991; Parsonnet et al., 1991a) de cancer gastrico.
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Em 1994, a Agéncia Internacional para Pesquisa de Cancer, um braco da
Organizacdo de Saude Mundial, revisou as evidéncias disponiveis e declarou que H.

pylori era um carcindgeno para a espécie humana.

Em 1994, uma conferéncia no “National Institutes of Health” (NIH), concluiu que
H. pylori € importante causador de Ulcera péptica, recomendando aos individuos com
Ulceras tratamentos para a erradicacdo do organismo (NIH Consensus Conferense,
1994). Taylor & Personnet, em 1995 revelaram que, em paises em desenvolvimento,
de 70 a 90% da populacdo sédo portadores de H. pylori, e que a maioria destes
adquirem a infeccdo antes dos 10 anos de idade. Em paises desenvolvidos, a
frequéncia da infeccédo esta entre 25 a 50% da populacdo, também adquirida durante
a infancia. A maioria dos estudos sugerem que a frequéncia da infec¢éo entre homens
e mulheres é a mesma, e ndo ha indicios de que a infeccdo por H. pylori seja

transmitida sexualmente (Perez-Perez et al., 1991; Polish et al., 1991).

Uma das questdes cruciais na transmissdo do H. pylori é como o
microrganismo € transportado do estdbmago de uma pessoa para outra. Trés caminhos

estao bem descritos:

1) pouco comum, um meio de transmissdo da-se através do uso de
instrumentos contaminados utilizados em exames endoscopicos introduzidos em uma
outra pessoa (Akamatsu et al., 1996), podendo o risco ser reduzido com a

esterilizacdo dos materiais (Katoh et al., 1993; Tytgat, 1995).

2) a transmissao fecal-oral parece ser importante, embora o H. pylori tenha sido
isolado das fezes de criangas infectadas com o microrganismo (Thomas et al., 1992).
Contudo o isolamento a partir de material fecal ndo € comum, o que pode indicar que
a descamacio gastrica deva ser intermitente. Agua contaminada por fezes também
pode sim ser uma fonte de infeccdo (Klein et al., 1991), embora o microrganismo

ainda nao tenha sido isolado de agua.

3) a transmissédo oral-oral foi identificada no caso de mulheres africanas que

pré-mastigam os alimentos de suas criancas (Megraud, 1995) Todos os pacientes
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infectados por H. pylori desenvolvem inflamacdo gastrica crbnica (Blaser, 1990a),
contudo esta condicdo normalmente € assintomética. A presenca de H. pylori
também estd fortemente associada com o risco de desenvolvimento de gastrite
atrofica (Blaser, 1990b), que é uma lesdo precursora de cancer gastrico. Dessa
forma, ndo é surpreendente que a presenca de H. pylori também esteja associada
com adenocarcinoma distal, mas ndo proximal, de estomago (Nomura et al., 1991;
(Parsonnet et al., 1991b; Talley et al., 1991). A associacdo da infecgao por H. pylori
com o desenvolvimento de tumores é extremamente importante, tendo em vista que o
cancer gastrico é a segunda principal causa de morte de cancer no mundo (Neugut
et al., 1996).

H. pylori associa-se exclusivamente as células da mucosa gastrica, e néo
aparece associado ao epitélio do intestino delgado ou em metaplasia intestinal. O H.
pylori é visto no bulbo duodenal s6 em associacdo com metaplasia gastrica. A
presenca de H. pylori € acompanhada por infiltragdo de células inflamatérias no
epitélio, o que nao € associado especificamente com modificacdes metaplasicas e
formacdo de granuloma (Dixon, 1995b). A importancia da inflamacdo é altamente
variavel, indo de uma infiltracdo minima superficial sem comprometimento do tecido
glandular, até uma inflamacgédo severa, com formacdo de microabscessos (Genta &
Graham, 1994). Em paralelo, freqiientemente h4 mudancas degenerativas de células
da superficie epitelial, inclusive com deplecédo de mucina, vacuolizacao citoplasmatica,
e desorganizacao de glandulas da mucosa. Depois da erradicacdo de H. pylori por
agentes antimicrobianos, a maioria destas caracteristicas desaparecem rapidamente

(Dixon, 1995a), porém a presenca de leucdcitos pode persistir durante varios meses.

Gastrites superficiais, caracterizadas por infiltracdo da mucosa gastrica por
células polimorfonucleares e/ou demais leucdcitos, invariavelmente é vista em
pacientes infetados com H. pylori, sugerindo que a presenca dessas células podem
ser importantes para a sobrevivéncia de H. pylori em vivo (Blaser, 1992).
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A infeccdo por H. pylori pode causar injuria da mucosa géstrica pela inducéo,
direta ou indireta, de incremento na secrecdo de acido gastrico. Essa inducédo da-se
devido a capacidade deste microrganismo em metabolizar um precursor nao
ulcerogénico, o “Lyso-PAF”, produzido por células da mucosa gastrica em condicdes
basais (em pessoas saudaveis), em resposta a gastrina, a PAF um potente agente
ulcerogénico. O PAF (1-O-alquil-2-acetil-sn-glicero3-fosforilcolina) estimula a secregéo
de &cido gastrico via receptores celulares especificos (Sobhani et al., 1992; Sobhani et
al., 1996). Outro aspecto a ser considerado, é o fato dessa bactéria inibir, in vitro, a
secrecdo de muco, afetando o mecanismo primario de defesa da mucosa gastrica
(Micots et al., 1993).

Urease de Helicobacter pylori:

A urease nativa de H. pylori € um hexamero de 540 kDa, cujo monbémero é
formado por duas subunidades, UreA de 30 kDa e UreB de 60 kDa, contendo &tomos
de niquel, na proporcdo estequiométrica de 2 Ni para cada mondmero UreA/UreB,
(Dunn et al., 1990; Hu & Mobley, 1990b). Essa enzima tem grande afinidade pelo
substrato uréia com um Km de ~ 0,3 mM, o que permite sua atividade em
concentracbes submilimolares de uréia (Dunn et al., 1990); (Hu & Mobley, 1990a),

normalmente presente no plasma e nos tecidos.

A urease de H. pylori & considerada um fator de viruléncia importante, tanto na
colonizacdo quanto na manutencado da infeccdo, por esse microrganismo. Mutantes
urease negativos sdo incapazes de colonizar porcos gnotobibticos e tampouco
camundongos “nude”. (Eaton et al., 1991; Tsuda et al., 1994). Presume-se que a
urease de H. pylori contribui para a producdo de um microclima neutro para o
microrganismo no lumen gastrico. Sabe-se ainda que essa proteina esta envolvida na
ativacdo de fagdcitos e na producgéo de citocinas inflamatorias (Harris et al., 1996). H.

pylori induz em macréfagos in vitro aumento da oxido nitrico sintase induzivel (iNOS)
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(Wilson et al., 1996) resultando em uma grande liberacdo de oxido, nitrico o qual esta

associado a ativacao de células do sistema imune no tecido lesado.

Plaquetas:

Plaguetas sdo microcélulas anucleadas com diametro aproximado de 2 — 3 um
que circulam em torno de 10 dias no sangue. No homem, a concentracao plasmatica
normal de plaquetas é de 150 — 400 X 10°L. As plaquetas podem ser ativadas por
varios agentes fisioldgicos, incluindo adenosina difosfato (ADP), noradrenalina,
colageno, trombina e Fator Ativador de Plaguetas (PAF). Esse tipo de célula também
pode ser ativado por complexos imunes gerados durante infeccdes, toxinas protéicas
de varias origens (animais, vegetais e microbianas), e também por estresse mecanico,

causado pela forca tangencial aplicada as células pelo fluxo sanguineo.

As caracteristicas de alta reatividade plaquetaria fazem desse tipo celular um
modelo experimental interessante, pela gama de resultados que podem ser obtidos a
partir de ensaios de agregacao, pela facilidade de obtencdo do material bem como
simplicidade e robustez do tipo de ensaio realizado, tornando-se assim uma
ferramenta importante no estudo de mecanismos de acao de diferentes moléculas em
nivel celular. A canatoxina, como citado anteriormente apresenta atividade biolégica
sobre plaquetas, induzindo a liberacdo de seus granulos densos e consequente

agregacao, via ativacao da 12-lipoxigenase, (Carlini et al., 1985).

Receptores plaquetarios desencadeiam entdo a ativacdo de fosfolipases de
membrana das plaquetas, as quais hidrolisam fosfolipidios de membrana liberando
acido araquidoénico, o qual é metabolizado via cicloxigenase ou lipoxigenase, com
liberacdo de eicosandides mediadores. A maioria dos ativadores plaquetarios atua
pela ligacdo a receptores especificos na superficie da membrana das plaquetas. Apos
a estimulacéo do receptor, varias rotas de ativacao de plaquetas podem ser iniciadas,

resultando em varias atividades bioldgicas:
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e Mudanca na forma das plaquetas ou “shape change”: as plaquetas mudam
sua forma de discoide para esférica, com emissao de pseuddpodes, o que facilita a

agregacao e a sua atividade coagulante.

e Adesao a parede do vaso sanguineo: Atraves da exposi¢cao da glicoproteina
GPIb-IX, a qual liga-se ao Fator de von Willebrand (VWF), fazendo a ponte entre as

plaguetas e o colageno sub-endotelial.

e Liberacdo de componentes envolvidos na hemostase: liberacdo de ADP,
serotonina tromboxana A, (TXA;) e (VWF) a partir de granulos intracelulares das

plaquetas.

e Agregacao via exposicao da glicoproteina GPIb-1X, um receptor para (VWF),
e pela exposicdo de outra glicoproteina de membrana, a GPlla-lllb, um receptor de
ligacdo a fibrinogénio. A interacdo entre este receptor e o fibrinogénio propicia a
formacdo de pontes entre as plaquetas, a ativacdo desse receptor sinaliza para a
mobilizacdo de Ca*", fosforilagéo da tirosina, ativacdo do metabolismo do fosfatidato e
reorganizacdo do citoesqueleto; essa série de eventos conduz a resposta de

agregacdo das plaguetas de uma fase reversivel a fase irreversivel do processo.

A agregacdo plaquetaria representa o mais importante evento durante a
formacéo do tampéo plaquetario (Ruggeri, 1997). Dois tipos de agregacédo podem ser
distinguidos in vitro: a agregacdo primaria é reversivel e ocorre sem reacdo de
liberacdo, e a segunda agregacdo, que € irreversivel e associada a reacdo de
liberacdo (Born, 1962). Esta segunda agregacdo € principalmente mediada por
endoperoxidos (Eps) e (TXAp), eicosandides derivados do acido araquidénico, e ADP
e Ca"" secretados dos granulos densos plaquetarios (Hamberg et al., 1975, Gachet,
2000). A eficiencia desse fendbmeno depende do agonista, e de sua concentracao,

para a inducao da agregacao in vitro.

O método mais utilizado para avaliacdo da atividade das plaquetas é a medida

da agregacdo plaquetaria em Plasma Rico em Plaguetas (PRP), obtido por
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centrifugacdo a partir de sangue na presencga de anticoagulantes, por turbidimetria
(Born & Cross, 1963). Os agentes de agregacao frequentemente utilizados sdo ADP,
noradrenalina, colageno, acido araquidénico, U46619 (que mimetiza TXA;) ou, um
peptideo ativador de receptor de trombina, como SFLLRN (a trombina ndo pode ser
usada em PRP por causa de sua agéo coagulante). Em condi¢ées normais, em PRP
citratado a agregacao causada por todos esses agonistas € associada a formacao de
TXA,, secrecdo do conteudo dos granulos plaquetarios e ao aparecimento da P-
selectina na superficie das plaquetas. Em PRP citratado, baixas concentracbes de
ADP causam somente a fase primaria reversivel da agregacédo (FIGURA.5), mas em
concentragdes superiores a 1 — 3 uM, a agregacao em plaquetas humanas evolui para
a segunda fase de agregacao irreversivel, dependente da formacédo de TXA,. Em altas
concentragbes de ADP as duas fases se fundem, resultando em uma curva de
agregacdo continua (FIGURA.5), efeito semelhante ao que acontece quando as
plaguetas sdo ativadas por colageno ou trombina. Na presenca de concentracdes
fisiolégicas de Ca'™ apenas a primeira fase da agregagdo acontece (Packham et al.,
1989). Um agonista fraco, a noradrenalina, em concentragcdes entre 5 — 10uM agrega
plaguetas em PRP citratado sem uma modificagcéo inicial no formato das plaguetas
“shape change”; contudo a noradrenalina é agonista pouco potente. Se for utilizado
algum agente com capacidade de inibicdo na formacéo de TXA, ndo ha formacao de

agregados em resposta a qualquer concentracdo de noradrenalina.
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FIGURA.5 Agregacdo induzida por ADP em PRP citratado, mostrando a fase
priméria de agregacéao induzida por uma baixa concentracdo de ADP (A), agregacao primaria
seguida pela segunda onda, induzida por uma concentracdo ligeiramente mais alta de ADP

(B), e fusdo das duas fases de agregacdo com uma alta concentracdo de ADP (C).
Adaptado de Rand et al., 2003.

Fibras de colageno (1 — 5 ug/mL) provocam, antes do inicio da agregacéo, um
caracteristico prolongamento de até 1 minuto, a fase “lag”. A agregacéao induzida por
coldgeno requer formacdo de TXA, e secre¢cdo do conteudo dos granulos
plaquetarios, e assim sendo, é essencialmente irreversivel. Inibidores da formacéo de
TXA, bloqueiam a agregacao induzida por baixas concentracdes de colageno, embora
haja “shape change”. Em uma rara deficiéncia da glicoproteina GPIV, as plaguetas
nado agregam em resposta ao coladgeno, mas agregam sob estimulo de outros
antagonistas (Moroi & Jung, 1997).

Na medicina humana as plaguetas tém participacdo na fisiopatologia de
doencas como aterosclerose, trombose, metastase, formacdo de tumores malignos,
rejeicdo de orgdos transplantados, inflamacéo e coagulacdo intravascular disseminada
(Fuse, 1996).
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Papel fisioldgico dos eicosandides:

Os eicosandides, metabdlitos derivados do &cido araquiddnico por rotas
metabdlicas distintas, entre as quais a via das cicloxigenases e a via das
lipoxigenases (FIGURA. 4), sdo hoje reconhecidos como segundo mensageiros
envolvidos na transducdo de sinais numa vasta gama de fenbmenos fisiol6gicos e
patolégicos. Diversas linhas de pesquisas tém demonstrado que produtos de
lipoxigenases, como leucotrienos, estariam envolvidos nos processos secretoérios de
diferentes tipos celulares (Snider et al., 1984; Metz, 1985b;Metz et al., 1983a; Metz et
al., 1983b; Metz et al., 1983c); Sasakawa et al., 1984; Piomelli et al., 1987; Naor et al.,
1985). O envolvimento de metabdlitos da 12-lipoxigenase na secrecdo de alguns
neurotransmissores e hormonios hipotalamicos também ja foi caracterizada, sendo
que a 12-lipoxigenase é a isoenzima predominante em tecido cerebral (Adesuyi et al.,

1985), bem como em plaquetas (Nugteren, 1982)

23



Phospholipid

[¢]
VOV N VN
CIJ—O—€I:I
o C—0—<C zZ X A
o
base— —0 —C

Phospholipase A2

- - COOH
Cyclo-oxygenase _ _
pathways
/ Arachidonic Acid

o] COOH Epoxydase
= pathways

© H

PGE2 and other prostaglandins

11,12-epoxyeicosatrienoic acid
and others EETs
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A liberacdo de acido

araquiddnico, constituinte minoritario dos fosfolipidios de membranas, ocorre por hidrélise catalisada por
fosfolipases tipo A2, em decorréncia da ativacdo celular. Uma vez liberado, o acido araquidénico sera
substrato para diferentes rotas metabdlicas, particulares para cada tipo celular. Através da via da
cicloxigenase formar-se-ao prostaglandinas e tromboxanas, enquanto que a acdo das diferentes
lipoxigenases levara a4 formacdo dos hidroperoxidos correspondentes. No caso do 5-HPETE, este
podera ainda ser transformado em leucotrienos ou lipoxinas. Adaptado de Stanley-Samuelson & Ogg,

1994,
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O &cido araquidbnico, atuando diretamente ou na forma de metabdlitos
eicosanoides, regula uma série de funcdes celulares (Sakata et al., 1987); (Sumida et
al., 1993). Além disso, modificagbes no metabolismo do acido araquidbnico estao

envolvidas em muitas alteracdes patologicas (Goetzl et al., 1995).

A mobilizagdo do &cido araquidbénico esterificado em fosfolipidios de
membrana da-se, principalmente a partir da acdo da fosfolipase A, (PLA,). Apds essa
liberacdo, o acido araquidbnico pode participar de mudltiplas rotas metabdlicas,
inclusive ser reincorporado aos fosfolipidios de membrana (Glatz et al., 1997). Como
uma alternativa a reincorporacdo, o acido araquidénico pode ser metabolizado nas
rotas da cicloxigenases, lipoxigenases ou citocromo P450, formando metabdlitos
chamados eicosandides, 0s quais possuem potentes atividades bioldgicas.

Os produtos de cicloxigenase estdo envolvimos na patogénese de varias
doenca doencas inflamatérias como aterosclerose devido ao potencial inflamatério de
PGE2 e tromboxana A2, (Linton et al., 2004) bem como seu envolvimento no
desenvolvimento de problemas vasculares decurrentes da diabetes (Natarajan &
Nadle, 2004), em contrapartida os produtos das lipoxigenases também estédo
implicados na patogénese da aterosclerose e em problemas vasculares ligados a
diabetes (Natarajan & Nadle, 2004).

As cicloxigenases convertem o &acido araquiddnico livre em prostaglandinas
(PG) e endoperoxidos, que sdo metabolizado a TXA;, TXB,, e outras prostaglandinas.
Na rota da lipoxigenase (LO), varios produtos diferentes sdo formados em funcdo da
isoenzima envolvida na reacao. A 5-lipoxigenase (5-LO) transforma acido araquidénico
em acido 5-hidroxiperoxieicosatetraendico (5-HPETE), e posteriormente levando ao
leucotrieno A4. As isoenzimas 12 e 14-lipoxigenases sao responsaveis pela conversao
do 4&cido araquidébnico em 12 e 15-acido hidroxieicosatetraendico (HETE)
respectivamente. Pela via do citocromo P450 sdo gerados a partir do &acido
araquidénico, varios metabdlitos oxigenados, incluindo (HETE) e &cido

epoxieicosatetraendico (EET) (Needleman et al., 1986). Em plaquetas, o &acido
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araquidénico é metabolizado pelas cicloxigenases e 12-lipoxigenase, obtendo-se
como metabdlito final TXA, e 12-HETE, respectivamente.

A sintese de PGs através das cicloxigenases e liberacdo de TXA, pelas
plaguetas ocorre sob estimulo de agonistas como trombina, coldgeno ou ADP
(Hammarstrom et al., 1975 Patrono & Salvati, 1989). A TXA; liberada pelas plaguetas
estimula receptores de TXA; nas proprias plaguetas (Coleman et al., 1994; Halushka,
1989). A ativacao dos receptores de TXA,, resulta em ativacéo da fosfolipase C (PLC),
liberando calcio de depositos intracelulares. O aumento do calcio intracelular amplifica
a agregacao plaquetaria, resultando na sintese e liberacdo de mais TXA, e ADP das
plaguetas ativadas (Kroll & Schafer, 1989a). O ADP secretado dos granulos densos
plaquetarios induz um répido influxo de célcio externo , a mobilizagdo de calcio
intracelular, bem como a inibicdo da adenilato ciclase (Mills, 1996). Ambos, TXA; e
ADP, participam do “feedback” positivo que leva a segunda e irreversivel fase de

agregacdao plaquetéria (Kroll & Schafer, 1989b).

O metabolismo do acido araquidbnico via 12-lipoxigenase em plaquetas, leva a
formacdo de 12-HPETE, o qual é reduzido a 12(S)-hidroxieicosatetraenoico [12(S)-
HETE], acredita-se que este tenha funcédo na regulacdo da agregacao plaquetaria; o
12-HETE potencializa a agregacao plaquetaria in vitro (Sekiya et al., 1989; Sekiya et
al., 1991). O uso de OPC-29030, inibidor especifico para 12-HETE, resultou em
inibicdo de agregacéao plaquetaria induzida por ADP. O OPC-29030, in vitro, também
inibe a ativagcdo do receptor para fibrinogénio, a glicoproteina (GPIlIb/llla), por
conseguinte a inibicdo de (GPIIb/IIIA) por OPC-29030 sugere a participagdo do
metabdlito plaquetario 12-(HETE) como mediador de agregacao (Katoh et al., 1998).
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3. JUSTIFICATIVA:

Sendo a urease uma enzima de interesse bioquimico e biotecnologico e
importancia histérica no estudo de proteinas e sabendo-se de sua conservacao e
ocorréncia em diferentes organismos, € pertinente a investigacdo das relacdes
existentes entre as diferentes ureases encontradas em organismos evolutivamente

distantes, tais como plantas e bactérias.

H. pylori, € uma bactéria produtora de urease é de conhecido interesse meédico
pelo fato de estar associada ao desenvolvimento de estados patolégicos em seres
humanos, sendo sua urease reconhecida como um importante fator de viruléncia para
esse patdgeno. Contudo a presenca de urease em microrganismos ndo é
exclusividade apenas de organismos patogénicos; outras bactérias ndo patogénicas,

como Bacillus pasteurii, também produzem essa enzima.

Em vegetais, a presenca de ureases é relativamente comum, especialmente em
leguminosas. Uma isoforma dessa proteina, encontrada em C. ensiformis, a
Canatoxina (Carlini & Guimaraes, 1981), é toxica para mamiferos e insetos,
apresentando propriedades farmacoldgicas interessantes, como inducdo de
agregacdo plaquetéaria e acdo pré-inflamatéria ndo relacionadas a sua atividade
enzimatica sobre uréia (Follmer et al., 2001b).

Pelo exposto acima, o interesse cientifico em estudar ureases microbianas
(bactérias e fungos), justifica-se ndo sO por sua associacdo em casos clinicos de
interesse médico, mas principalmente por constituirem, juntamente com ureases
vegetais, um conjunto de proteinas homédlogas para as quais ainda ha muitas

questdes estruturais e bioldgicas pouco compreendidas.

Resultados obtidos em estudos comparativos com ureases de diferentes fontes
podem contribuir, ndo s6 para o entendimento das relacbes entre a estrutura

tridimensional e propriedades biolégicas dessas enzimas, mas também podem trazer
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subsidios importantes para a terapéutica e compreensdo da etiologia de patologias
causadas por organismos produtores de ureases.
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4. OBJETIVOS:

Objetivos Gerais

Neste trabalho visamos realizar estudos comparativos de propriedades
farmacoldgicas independentes da atividade ureolitica entre uma urease vegetal, a

canatoxina, e as ureases bacterianas de H. pylori e B. pasteurii.

Objetivos especificos:

o Desenvolver protocolo para purificacdo da urease de H. pylori

recombinante;

e Investigar a capacidade das ureases bacterianas em induzir agregacao
plaquetaria e caracterizar os mecanismos de acao envolvidos, comparando-0s

com a canatoxina;

e Testar o envolvimento das rotas mediadas por ADP, Fosfolipase A, PAF na
resposta das plaquetas a urease;

e Testar vias metabdlicas/sinalizacdo: Cicloxigenase e Lipoxigenase nha

resposta das plaquetas a urease;
e Testar o influxo de célcio na resposta das plaquetas a urease;

e Investigar se a urease de H. pylori apresenta propriedades pré-inflamatérias
utilizando o modelo in vivo de edema de pata em camundongo, comparando

com a canatoxina.
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5. Materiais e Métodos:

Materiais:

Os compostos utilizados nestes experimentos foram adquiridos junto a Sigma
Chemical Co., St Louis, EUA.; monofosfato de adenosina (AMP) difosfato de

adenosina (ADP), Esculetina, dexametasona, Indometacina, cloranfenicol.
- Urease de B. pasteurii (Sigma Chem. Co)

- Cepa Se 5000. Escherichia coli gentilmente cedida pelo Prof. PhD. Harry |.T
Mobley (University of Michigan Medical School)

- Plasmidio pHP8080. gentilmente cedido pelo Prof. PhD. Harry I.T Mobley
(University of Michigan Medical School)

- Coelhos Nova Zelandia mantidos em ambiente climatizado, fotoperiodo

controlado, com agua e comida ad libitum até o momento dos experimentos.

- Camundongos “Swiss” mantidos em ambiente climatizado, com fotoperiodo

controlado, com agua e comida ad libitum até o momento dos experimentos.

Métodos:

. Preparacdo de Células competentes e transformacdo de Escherichia
coli: conforme (Sambrook et al 1989).

. Urea segregation Agar: conforme (Mobley et al, 1999).

Cultivo das Cepas de Escherichia coli recombinantes:

. Cepa SE5000: E. coli, recombinante, contendo o plasmidio (pHP8080), para
expressdo de urease de H. pylori, com marca de selecdo para cloranfenicol,
gentilmente cedida pelo Prof°.Dr. Harry L.T. Mobley (departament of Microbiology and
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Immunology — University of Maryland School of Medicine) As células foram
armazenadas a -80 em 50% (v/v) de glicerol.

o Pré cultura: pré-inéculos foram preparados na proporcdo de 1:50 em meio
“LB” estéril, liquido, na presenca de cloranfenicol, em capela de fluxo laminar. O
desenvolvimento dos microrganismos em pré-indculo foi feito em tubos de ensaio por

um periodo de 18 horas a 37°C sob agitacao.

. Cultura: pré-in6culos preparados na propor¢cdo 1:50 em meio “LB” estéril,
liguido, na presenca de cloranfenicol 20 pg/mL, em capela de fluxo laminar. O
desenvolvimento dos microrganismos em pré-inoculo foi feito em tubos Erlenmayer

por um periodo de 18 horas a 37°C sob agitacéo.

Preparacdo de extratos brutos a partir dos cultivos bacterianos:

. Apoés o desenvolvimento das cepas o cultivo foi centrifugado em centrifuga
Sorvall-Plus RC5b, a 35000G, a 4°C, durante 10 minutos. O material sobrenadante
foi desprezado e o precipitado suspenso em tampdo 20mM NaPB, 5mM j-

mercaptoetanol, 1ImM EDTA (tampé&o de extracéo).

. As células suspensas no tampao de extracdo foram lisadas, com a utilizacédo
de ultra-som (Ultrasonic Homogenizer 4710), com 10 pulsos de 30segundos, sob
banho de gelo. Em seguida esse material foi novamente centrifugado em centrifuga
Sorval Plus RC 5b, a 60000G, durante 20 minutos, o material precipitado foi

descartado e o sobrenadante denominado como Extrato Bruto.

Medida do conteldo protéico:

Dois métodos foram utilizados para determinacdo do conteudo protéico nas

amostras:
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. Absorcdo no ultravioleta em 280nm, utilizando-se cubetas de quartzo com

passo optico de 1 cm.

. Método de Bradford: Para tal utilizou-se 2,5 mL do reagente de Bradford para
um volume maximo de 50 upL de amostra. Apés 30 minutos de reacdo a
temperatura ambiente, foi feita a leitura de absorbancia a 595 nm. Uma curva
padrdo com BSA na faixa de 5 e 50ug por tubo foi utilizada como referéncia
(Bradford, 1976).

Ensaio para deteccdo de Atividade ureasica:

. Aliguotas de amostras de todas as etapas de purificacdo foram incubadas
com 10mM de uréia, a 37°C, em tampao PBS 1X pH 7,0. A aménia liberada pela
urease foi quantificada colorimetricamente pelo método de fenol-hipoclorito
(Weatherb.MW, 1967). Utilizando-se uma curva padrdo de sulfato de amonio na
faixa de 1 a 40 pg. Uma unidade enzimatica de urease foi definida como a
guantidade de enzima capaz de liberar 1umol de aménia por minuto, em pH 7,0 a
37°C.

Ensaio de Agregacao plaquetéria:

. Conforme Born & Cross, 1963. O plasma rico em plaguetas (PRP) foi
preparado a partir de sangue de coelho coletado da artéria central auricular, na
presenca de citrato de sodio na concentracéo final de 0,313% (v/v) as amostras de
sangue foram centrifugadas a 200 X G, por 20 minutos a temperatura ambiente para
a obtencdo de plasma rico em plaquetas. A agregacdo plaquetaria e o “shape
change” foram monitorados por turbidimetria usando Lummi-agregbmetro (Chrono-
Log Co. Havertown, Pa.) e registrada por 3 minutos. A agregacao plaquetéaria
também foi monitorada utilizando leitor de microplacas SpectraMax (Molecular

Devices, USA). Resumidamente, as amostras de urease na presenca ou ndo dos
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potenciais inibidores foram adicionadas em placas de 96 pocos com fundo plano e
completadas para o volume finas de 50uL com solugdo salina. A agregacao foi
ativada com a adic&o de 100uL da suspenséo de plaqguetas. A placa foi incubada por
2 minutos a 37°C antes do inicio da agitacéo e leituras que foram acompanhadas a
cada 11 segundos em comprimento de onda de 650nm, durante 20 minutos. Quando
testados os potencias inibidores, as plaguetas e estes componentes forma incubados
por 2 minutos a 37°C e a agregacao foi ativada com a adicdo das amostras de urease
ou do controle ADP. A mudanca da turbidez foi medida por unidades de absorbéancia
e 0s resultados expressos como a area sob a curva de agregacao.

Ensaio de Edema de pata em camundongos:

o Grupos com 9 camundongos foram submetidos ao ensaio de edema de pata;
onde na pata traseira direita foram aplicados com injecdo sub-plantar 30 uL de
amostra em diferentes concentracdes, diluidas em soro fisiolégico e como controle
negativo interno, no mesmo animal, pata esquerda traseira 30 uL de soro fisioldgico.
A evolucdo do edema foi acompanhada durante 48 horas através da medida da pata

com uso de micrémetro (Mitutoyo 0 — 25 mm x 0,002).

Andalise Estatistica:

o Os dados foram analisados por ANOVA seguido por Turkey-Kramer
utilizando o programa Instat Graf Pad e os valores de p < 0.05 (*), p < 0,01 (**) e 0,001

(***) foram considerados estatisticamente significantes.
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6. Capitulo I:

Jackbean, soybean and Baccillus pasteurii
ureases: Biological effects unrelated to
ureolytic activity.
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Resumo:

Neste trabalho comparamos duas ureases vegetais jackbean urease (JBU)
e a urease embrido-especifica de soja (SBU) e urease de Bacillus pasteurii (BPU),
guanto a seus parametros cinéticos e outras propriedades bioldgicas recentemente
descritas para as ureases e independentes de suas atividades ureolitica. O efeito
inseticida foi investigado usando como modelo Dysdercus peruvianus (Hemiptera),
praga do algoddo. Em contraste com BPU, ambas as ureases vegetais
apresentaram potente atividade inseticida, com valores de DLsp de 0,017% (m/m) e
0,052% (m/m) para JBU e SBU respectivamente. A atividade inseticida de JBU e
SBU néo foi afetada pelo tratamento com p-hidroximercuriobenzoato, um inibidor
irreversivel da atividade ureolitica de ambas proteinas. Em comparacdo a
canatoxina uma isoforma de urease de sementes de C. ensiformis que apresenta
toxicidade em camundongos (DLso 2 mg/Kg), ndo foi detectada atividade toxica com
injecao intraperitoneal de JBU e SBU (20 mg/Kg). Semelhante a canatoxina, as trés
proteinas promoveram agregacao plaquetaria com ECsg (400 pug/mL, 22.2 ug/mL e
15,8 pg/mL) para BPU, SBU e JBU respectivamente. Essa ativagdo de plaquetas é
independente da atividade ureolitica. A comparacdo dos parametros cinéticos
indicou que SBU € cinco vezes menos suscetivel a inibicdo por &cido
acetohidroxamico um agente quelante de niquel e zinco. As ureases também
mostraram diferente suscetibilidade a agentes que modificam residuos de cisteina,
como p-hidroximercuriobenboato e p-benzoquinona. Em suma estes resultados
indicam que as propriedades biologicas independentes da atividade ureolitica nao
se restringem apenas as ureases de C. ensiformis sugerindo que essas proteinas

podem ter fungéo na defesa da planta contra insetos predadores
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Jackbean, soybean and Bacillus pasteurii ureases
Biological effects unrelated to ureolytic activity

Cristian Follmer, Rafael Real-Guerra, German E. Wasserman, Deiber Olivera-Severo and Célia R. Carlini

Department of Biophysics, IB, and Graduate Program in Cellular and Molecular Biology, Center of Biotechnology,

Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil

In this work we compared two plant ureases, jackbean
urease (JBU) and embryo-specific soybean urease (SBU)
and a bacterial (Bacillus pasteurii) urease, for kinetic
parameters and other biological properties described
recently for ureases that are independent of the ureolytic
activity. The insecticidal effect of ureases was investigated in
feeding trials with the cotton sucker bug, Dysdercus peruvi-
anus (Hemiptera) as an insect model. Contrasting with
B. pasteurii urease (PBU), both plant ureases presented
potent insecticidal activity, with LDs, values of 0.017%
(w/w) and 0.052% (w/w) for JBU and SBU, respectively.
The insecticidal property of JBU or SBU was not affected
by treatment with p-hydroxymercuribenzoate, an irrevers-
ible inhibitor of ureolytic activity of both proteins. Also,
contrasting with canatoxin — a urease isoform from jackbean
seeds that displays a toxic effect in mice (LDsy = 2 mgkg™)
— no lethality was seen in mice injected intraperitoneally

with JBU or SBU (20 mgkg™). Similarly to canatoxin, the
three enzymes promoted aggregation of blood platelets
(ECso = 400.0 pgmL™", 22.2 pgmL™", 15.8 pgmL™" for
BPU, SBU and JBU, respectively). This platelet activating
property was also independent of urease activity. Compar-
ison of the kinetic properties indicated that SBU is fivefold
less susceptible than JBU to inhibition by acetohydroxamic
acid, a chelator of Ni*2? and Zn"? ions. The ureases also
showed different susceptibility to agents that modify cysteine
residues, such as p-hydroxymercuribenzoate and p-benzo-
quinone. Altogether, these data emphasize that biological
properties that are independent of ureolytic activity are not
restricted to jackbean ureases and that these proteins may
have a role in plant defense against insect predators.

Keywords: Bacillus pasteurii urease; insecticide; jackbean
urease; platelet aggregation; soybean urease.

Ureases (urea amidohydrolase; EC 3.5.1.5) are nickel
dependent enzymes [1] that catalyze the hydrolysis of urea
to form ammonia and carbon dioxide. Ureases have been
isolated from a wide variety of organisms including plants,
fungi and bacteria [2]. While fungal and plant (e.g. jackbean
and soybean) ureases are homo-oligomeric proteins of
~ 90 kDa subunits, bacterial ureases are multimers of two
or three subunit complexes [3,4]. The UreA, UreB and UreC
subunits of Bacillus pasteurii and most other bacterial
ureases are colinear with the single subunit of fungal and
plant ureases, the major difference being two gaps, between
UreA and UreB and between UreB and UreC. Helicobacter
pylori urease has two subunits, one being a fusion of UreA
and UreB [2,3]. So far only bacterial ureases have had their
3D crystallographic structure successfully resolved, e.g.
Klebsiella aerogenes (1FWI), Bacillus pasteurii (4UBP) and
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Helicobacter pylori (1E9Z). However, the high sequence
similarity of all ureases indicates they are variants of the
same ancestral protein and are likely to possess similar
tertiary structures and catalytic mechanisms [3].

Urease activity enables bacteria to use urea as a sole
nitrogen source. Some bacterial ureases play an important
role in the pathogenesis of human and animal diseases
such as those from Proteus mirabilis and Helicobacter
pylori [3].

Despite the abundance of urease in some plant tissues,
e.g. seeds of members of the families Fabaceae (Legumino-
sae) and Curcubitaceae, and its ubiquity in virtually all
plants [3,4], little has been revealed about its physiological
roles. Soybean contains two distinct urease isoenzymes: an
ubiquitous urease that is synthesized in all tissues examined
and an embryo-specific urease that is confined to the
developing embryo and is retained in the mature seed
where its activity is roughly 1000-fold greater than that of
the ubiquitous urease in many tissues [5,6]. One role of the
ubiquitous urease, in recycling metabolically derived urea,
has been demonstrated in a number of experimental
conditions [4,7-9]. In spite of the high concentration of
the protein in the seeds, it has been suggested that the
embryo-specific urease plays no role in nitrogen assimilation
from urea [4,7,10]. To our knowledge, no recent work has
addressed the question of the physiological relevance of this
highly active enzyme.

Recently, our group has shown that canatoxin, an
isoform of jackbean urease consisting of a dimer of
95 kDa subunits, displays several biological properties
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independent of its ureolytic activity, such as activation
of blood platelets and interaction with glycoconjugates
[11-15]. Moreover, canatoxin is lethal to rats and mice when
injected intraperitoneally (LDso 2.0 mg per kg body weight)
and presents insecticidal activity when fed to some groups
of insects, suggesting that ureases may be involved in plant
defense [16-18]. The kissing bug Rhodnius prolixus, and
three economically important crop pests, the cowpea weevil
Callosobruchus maculatus, the Southern green soybean
stinkbug Nezara viridula and the cotton stainer bug
Dysdercus peruvianus are highly susceptible to the entomo-
toxic effect of canatoxin [18].

In order to investigate if ureases from other sources share,
with jackbean ureases, the property of inducing biological
effects not related to their ureolytic activity, we have tested
soybean embryo-specific urease (SBU) and Bacillus pasteurii
urease (BPU) [19] for their lethality in mice and for their
insecticidal and platelet aggregating activities. Kinetic
parameters and susceptibility of SBU and BPU to different
inhibitors were also compared with those of the jackbean
urease (JBU).

Material and methods

Protein determination

The protein content of samples was determined by their
absorbance at 280 nm or, alternatively, by the method of
Spector [20].

Bacillus pasteurii urease

A commercially available preparation of BPU (U-7127,
Sigma Chemical Co.) was used in all experiments without
further purification. The freeze-dried protein was resus-
pended in 20 mm sodium phosphate, pH 7.5, 1 mm EDTA,
2 mm 2-mercaptoethanol to give 0.5 mg protein per mL
solutions.

Purification of jackbean urease

The jackbean enzyme was purified from jackbean meal
based on the method of Blakeley er al. [21] with modifica-
tions. Dry seeds (Casa Agrodora, Sdo Paulo, Brazil) were
powdered and 50 g of defatted meal were extracted with
buffer A (20 mm sodium phosphate, pH 7.5, 1 mm EDTA,
2 mM 2-mercaptoethanol) for 1 h at 4 °C. The meal was
removed by centrifugation (30 000 g, 20 min, 4 °C), and
28% (v/v) ice-cold acetone (final concentration) was added
to the supernatant. The suspension was kept at 4 °C
overnight and the precipitated proteins were removed by
centrifugation (30 000 g, 20 min, 4 °C). The concentration
of acetone in the supernatant was then increased to 31.6%
(v/v) and, after stirring at room temperature for 10 min,
the precipitate was removed by centrifugation (30 000 g,
20 min, 4 °C). The supernant was dialysed against buffer B
(20 mm sodium phosphate, pH 7.5, 1 mm EDTA, 5 mm
2-mercaptoethanol) and then mixed with 25 mL of
Q-Sepharose resin (Amersham-Biotech Pharmacia) equili-
brated in buffer B. After stirring in a beaker for 30 min
in an ice bath, the mixture was filtered and the resin was
washed with 100 mm NaCl in buffer B to remove the
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Fig. 1. SDS/PAGE patterns of JBU and SBU. SDS/PAGE analysis
was performed using a 10% (w/v) polyacrylamide gel containing 0.1%
SDS. After the run, the gel was stained with Coomassie Blue. Lane 1,
molecular mass standards; lane 2, JBU (12 pg); lane 3, concanavalin A
(12 pg, 27 kDa subunit); lane 4, SBU (10 pg).

nonretained proteins. Elution of an urease-enriched fraction
was achieved by adding 300 mm NaCl to buffer B. The
active fraction was concentrated using a CentriPrep cart-
ridge (Millipore). The urease-enriched material was then
applied into a Superose 6 HR 10/30 gel filtration column
(Amersham-Biotech Pharmacia) equilibrated in 20 mm
sodium phosphate, pH 7.5, 1 mm EDTA, mounted in a
FPLC system. The peak fraction containing urease activity
was dialysed against 20 mm sodium phosphate, pH 7.0,
500 mm NaCl (buffer C) and then submitted to affinity
chromatography on 10 mL of a Co *? loaded iminodiacetic
acid-Sepharose resin equilibrated in buffer C. Highly puri-
fied urease was recovered in the nonretained fraction

(Fig. 1).

Purification of soybean urease

A new method for purifying soybean embryo-specific urease
was developed based on the procedure of Blakeley er al.
[21]. Briefly, dry seeds of soybean (cultivar EM66, Crisciu-
mal, RS, Brazil) were powdered and 25 g of defatted meal
were extracted with buffer A for one hour at 4 °C. The meal
was removed by centrifugation (30 000 g, 20 min, 4 °C),
and 20% (v/v) ice-cold acetone (final concentration) was
added to the supernatant. The suspension was kept at 4 °C
for 2 h and the precipitated proteins were removed by
centrifugation (30 000 g, 20 min, 4 °C). The supernatant
was dialysed against buffer B and then mixed with 15 mL of
Q-Sepharose resin (Amersham-Biotech Pharmacia) equili-
brated in buffer B. After stirring in a beaker for 30 min, the
mixture was filtered and the resin was washed with 150 mm
NaCl in buffer B to remove the nonretained proteins.
Elution of an urease-enriched fraction was achieved by
adding 300 mm NaCl to buffer B. The gel filtration column
and the affinity chromatography in immobilized Co *? were
performed as described for JBU. As for JBU, SBU did not
bind to immobilized Co *? in the affinity chromatography
step. Purified SBU showed a major band in SDS/PAGE
analysis (Fig. 1).

SDS-PAGE

Electrophoresis in 10% polyacrylamide minigels contain-
ing 0.1% sodium dodecyl sulfate [22] were run at 20 mA
for 2-3 h. The gels were stained with Coomassie Blue
R-250.
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Assay of biological activities of ureases

Toxic activity was expressed as LDs and defined as lethality
of mice within 24 h after intraperitoneal injection of single
doses (20 mgkg™", equivalent to 10 LDs, of canatoxin)
of the samples [11]. Institutional (IB-UFRGS) protocols
designed to minimise suffering and limit the number of
animals killed, were followed throughout the experiments.

Platelet-rich plasma was prepared from rabbit blood
collected from the ear central artery in the presence of
sodium citrate to a final concentration of 0.313% (v/v).
Blood samples were then centrifuged at 200 g for 20 min at
room temperature, to give a platelet-rich plasma suspension
[12]. Platelet aggregation and shape change were monitored
turbidimetrically [23], using a Lumi-Aggregometer appar-
atus (Chrono-Log Co., Havertown, PA, USA) and light
transmission across the rabbit platelet-rich plasma suspen-
sion was registered on a chart recorder for 3 min. Platelet
aggregation assays were also performed on a SpectraMax
microplate reader (Molecular Devices, Sunnyvale, CA,
USA) as described previously [24]. The use of microplate
assays has been shown to give results similar to those
obtained with Born’s aggregometry. Briefly, urease samples
(previously dialysed against phosphate buffered saline) in
96-well flat-bottomed plates were prepared to a final volume
of 50 pL with saline. Aggregation was triggered by the
addition of 100 pL of platelet suspension. Controls were run
by adding platelet-poor plasma. The plate was incubated for
2 min at 37 °C before commencing agitation, and readings
were taken at 650 nm every 11 s for 20 min. Change in
turbidity was measured in absorbance units and results are
expressed as the area under the aggregation curves.

The insecticidal activity of ureases was evaluated in
feeding trials with the cotton stainer bug Dysdercus
peruvianus (Hemiptera), which is an economically important
crop pest. Groups of 15 second instar insects (from a colony
housed in this laboratory) were fed on cotton seed meal
mixed with freeze-dried urease in a final protein concentra-
tion of 0.02-0.1% (w/w). For this, solutions of ureases were
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added to cotton seed meal, the mixtures were homogenized,
freeze-dried, put inside gelatin capsules and then offered
to the insects. Control insects fed on cotton seed meal
containing equivalent volumes of freeze dried buffer A
alone or containing 20 puMm p-hydroxymercuribenzoate. For
proteins treated with 50 um p-HMB, excess reagent was
removed by dialysis against buffer A prior to the bioassays.
The insects were kept at 26 °C, 70-80% air humidity, 12-h
dark : 12-h light cycle and examined every 2 days during
20 days for lethality, body weight and developmental stage
(the insect goes through five instar stages before becoming
adult). The results are mean and SEM of triplicates and
expressed as survival rate and percentage of body weight of
the control insects. LDs, values were calculated by linear
regression of survival rates after 20 days plotted against
five doses of the ureases tested in the feeding trials.

Urease activity

The ammonia released was measured colorimetrically [25].
One unit of urease releases one pumol ammonia per minute,
at 37 °C, pH 7.5. Kinetic parameters (K, and specific
activity) were calculated as by Cleland [26]. For inhibitory
studies, the proteins were incubated with p-hydroxy-
mercuribenzoate (p-HMB), acetohydroxamic acid (AHA)
and p-benzoquinone (p-BQ), or the corresponding diluents,
for 18-24 h at 4 °C.

Results

Kinetic parameters and inhibitors of urea hydrolysis

Table 1 shows the kinetic parameters for the three ureases,
JBU, SBU and BPU. Purified JBU and SBU displayed
ureolytic specific activities at pH 7.5 of 22.2 + 0.7 and
142 + 0.6 Umg™", respectively. Susceptibility of the ureo-
lytic activity to different inhibitors was also evaluated
(Fig. 2, Table 1). The inhibitors tested were p-HMB and
p-BQ, two cysteine-binding inhibitors, and AHA, a chelator

Table 1. Comparative data on physicochemical and biological properties of soybean embryo-specific urease (SBU), jackbean urease (JBU) and

B. pasteurii urease (BPU). ND, not determined.

Physicochemical/Biological properties SBU JBU BPU
Physicochemical properties
Molecular mass, SDS/PAGE 90 kDa 90 kDaA 11,13 and 61 kDa [2,3]
(chains A, B and C, respectively)
Native form hexamer hexamer trimer
Urease activity
K 0.2-0.6 2-3.5[15] 40-130 [2]
Inhibitors, ICs,
p-hydroxymercuribenzoate 38 70 ND
acetohydroxamic acid 216 42 ND
p-benzoquinone 92 54 ND
Biological properties
Toxicity in mouse, interperitoneal not toxic not toxic ND
Dysdercus peruvianus, LDs, 0.052% (w/w) 0.017% (w/w) not toxic
Treated with p-hydroxymercuribenzoate 100% active 100% active -
Platelet aggregation, ECs, (rabbit) 22.2 pgmL™! 15.8 pgmL™! 400 pgmL™!

Treated with p-hydroxymercuribenzoate 100% active

100% active 100% active

# Values of ICs, were taken from Fig. 2 and are expressed as mol of inhibitor per mol of enzyme.
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Fig. 2. Inhibition of ureolytic activity of JBU and SBU by p-benzoquinone (p-BQ), p-hydroxymercuribenzoate (p-HMB) and acetohydroxamic acid
(AHA). Aliquots (0.1 mgmL™") of JBU (A) or SBU (@) were incubated for 18-24 h at 4 °C with p-BQ (A), p-HMB (B) or AHA (C) and then
assayed for residual ureolytic activity. Data are means = SEM of at least four independent experiments.

of Ni"?and Zn"? ions. JBU was fivefold more susceptible
to AHA than SBU. Although p-HMB and p-BQ have the
same mechanism of action, different inhibition patterns
were seen for JBU and SBU, two highly similar enzymes.

Insecticidal properties of ureases

As described for canatoxin [16,17], JBU and SBU were also
highly toxic to the cotton stainer bug Dysdercus peruvianus
in feeding trials, with calculated LDs, values of 0.017% and
0.052% (w/w) of protein added to the cotton meal,
respectively (not shown). The time dependency of the
entomotoxic effect was similar for both proteins, with a lag-
phase of 3-4 days for death of the first insects, and reaching
maximal lethality in about two weeks (Fig. 3). Contrasting
to the plant ureases, Bacillus pasteurii urease was not toxic
to the insects in the feeding trials at 0.1% (w/w) concen-
tration (not shown). After treating JBU and SBU with
p-HMB, an irreversible urease inhibitor, their insecticidal
property was re-evaluated. The results showed that p-HMB-
treated JBU or SBU maintained full toxic activity in the
insect (Figs 3B,D and 4), while the enzymatic activity of the

proteins was abolished (Fig. 4). Both plant ureases were
detrimental for the development of the surviving insects,
which showed decreased body weight and delayed progress
through the instar stages (Fig. 5).

Platelet aggregation

Similarly to both jackbean ureases, canatoxin [12] and JBU
[15], SBU and BPU also induced aggregation of rabbit
platelets (Fig. 6). ECs, for the platelet aggregation was
estimated to be 400.0, 22.2 and 15.8 pg-mL_l, for BPU,
SBU and JBU, respectively. As described for canatoxin and
JBU [12], SBU was also still fully able to activate platelets
after treatment with 50 um p-HMB (Table 1).

Lethality in mice

Canatoxin is lethal to rats and mice (LDsy 2 mgkg™" for
mice), while JBU is not [15]. Similarly to JBU, no signs of
toxicity were seen after 7 days in animals injected intraperi-
toneally with 20 mg SBU per kg of body weight. BPU was
not tested for intraperitoneal toxicity in mice.
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Fig. 3. Insecticidal effect of JBU and SBU in
Dysdercus peruvianus. The toxic activity of
ureases was assayed in feeding trials with
Dysdercus peruvianus (second instar) using
different concentrations of the freeze-dried
proteins added to cotton meal. (A) Insecticidal
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(C) Insecticidal effect of SBU: 0.1% (w/w) (CJ)
and 0.05% (w/w) (O); Control: cotton meal
alone (H). (D) Effect of p-HMB-treatment on
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cotton meal containing pHMB (). Data are
mean + SEM of triplicate points, with 20
insects each.
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Fig. 4. Effect of p-hydroxymercuribenzoate treatment on the insecticidal
and ureolytic activities of JBU and SBU. Ureases were incubated for
18-24 h at 4 °C with different concentrations of p-HMB (5 um and
50 um), dialysed against buffer A and then assayed for ureolytic
activity and toxicity for Dysdercus peruvianus. Data are means = SEM
of at least four independent experiments.
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Fig. 5. Detrimental effects of JBU and SBU on the cotton stainer bug,
Dysdercus peruvianus. The entomotoxic effects of JBU and SBU fed
to Dysdercus peruvianus were evaluated as survival rate, mean body
weight and stage of development of the surviving insects after two
weeks. The freeze-dried proteins in concentrations of 0.02% and
0.05% (w/w) were added to the cotton meal, and the insects feeding on
them were monitored over 20 days. Data are means + SEM of at least
four independent experiments.

Table 1 summarizes the data on kinetic parameters and
biological activities of the three ureases analyzed in this
work.
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Discussion

Despite their highly conserved structures and similar
mechanisms of catalytic action, little is known about the
physiological role of ureases in the source organisms.

The wide distribution of ureases in leguminous seeds as
well as the accumulation pattern of the protein during seed
maturation is suggestive of an important physiological role.
As soybean mutants lacking the embryo-specific urease do
not exhibit any of the abnormalities associated with loss of
the ubiquitous urease, this enzyme probably has no essential
physiological function [10]. Studies with developing cotyle-
dons of pea [27] and soybean seedlings [28,29] indicated
that urease(s) play little or no role in embryo nutrition.
The obvious question from this observation is why the
developing soybean embryo would invest in a very active
ureolytic protein when it never ‘sees’ urea.

Canatoxin, first isolated as a highly toxic protein [11] and
identified recently as an isoform of jackbean urease [15],
displays insecticidal activity against insects of Coleoptera
(beetles) and Hemiptera (bugs) orders, such as the cowpea
weevil, Callosobruchus maculatus, the kissing bug, Rhodnius
prolixus [16], the cotton stainer bug, Dysdercus peruvianus
and the green soybean stinkbug, Nezara viridula [18]. The
entomotoxic property of canatoxin is independent of its
enzymatic activity and requires the proteolytic activation
of the protein by insect cathepsin-like digestive enzymes
in order to produce entomotoxic peptide(s) [17]. The more
abundant isoform of urease, here designated JBU, was
previously shown to be as lethal as canatoxin in feeding
trials with the kissing bug Rhodnius prolixus [18].

Here we have analyzed the insecticidal properties of three
ureases, JBU, SBU and BPU, using the cotton stainer bug
Dysdercus peruvianus as the insect model. Only the plant
ureases were toxic in the feeding trials. JBU, with a LDsq of
0.017% (w/w) was as toxic as canatoxin [16], whereas both
jackbean ureases are three-fold more potent than SBU, with
a LDsy of 0.052% (w/w). Besides lethality, both ureases
induced severe detrimental effects in surviving insects,
reducing gain in body weight and delaying the develop-
mental stages of nymphs into adults. The insecticidal effect
of JBU and SBU was not altered after treating the proteins
with p-HMB, clearly indicating that this feature is inde-
pendent of their ureolytic activity (Figs 3 and 4). The lack
of insecticidal activity of Bacillus pasteurii urease may be
explained by its three-chain structure. Part of the region
comprising the sequence of the entomotoxic peptide
released from canatoxin ([17], patent pending) by insect
cathepsins is absent in microbial ureases, corresponding in
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plant ureases to a fragment located between the UreB and
UreC chains of Bacillus pasteurii urease. Altogether, our
findings suggest that insecticidal activity is a characteristic of
plant ureases and provide compelling evidence for a possible
defense role of these proteins. Additional studies are under
way in our laboratory to characterize and to study the mode
of action of entomotoxic ureases in order to establish their
biotechnological potential against phytophagous insects.

Contrasting with canatoxin, which is highly toxic in
rats and mice [11], both JBU and SBU were not lethal
to mice when given intraperitoneally (maximal dose tested
20 mg-kg™"). Thus, there is no correlation between the
insecticidal activity of ureases and the intraperitoneal
toxicity in mice, until now a property displayed only by
canatoxin. It is plausible to think that this unique feature of
canatoxin may be related to its dimeric form, as compared
to the hexameric JBU and the embryo-specific SBU,
making it more difficult for the larger proteins to be
absorbed from the site of injection into the blood stream.

All three ureases studied here shared with canatoxin
the ability of inducing activation of rabbit blood platelets
[12—-15]. JBU and SBU showed similar potency as inducers
of platelet aggregation (Fig. 6), with ECsy = 22.2 and
15.8 pgmL™" for SBU and JBU, respectively. BPU, on the
other hand, showed a 20-fold lower potency, with ECs, of
400 pgmL™". The time pattern of platelet response to the
ureases was very similar, showing a collagen-type shape
change reaction. As already described for canatoxin and
JBU [15], this activity was retained in p-HMB treated SBU
confirming it is independent of the enzymatic activity.

These newly described properties of plant and microbial
ureases may shed new light on the physiological roles
of these proteins in the source organisms. The involvement
of plant ureases in the bioavailability of nitrogen is still
controversial. Brodzik et al. [30] reported no significant
alteration in the growth pattern of tobacco plants expressing
Helicobacter pylori urease, which caused a two-fold increase
in the ureolytic activity and an eight-fold increase in
ammonia levels of the transgenic plants as compared to
controls. However, these authors did not test the transgenic
plants for their resistance to insects or phytopathogens.
Polacco and Holland [7] have proposed that plant ureases
may have a role in plant defense, assuming the released
ammonia would have a deleterious effect upon predators.
Altogether, our data reinforce the possibility of plant
ureases having a protective role through an entirely different
mechanism, unrelated to the release of ammonia.

We also compared the kinetic properties of these enzymes
on the hydrolysis of urea and susceptibility to different
urease inhibitors. Even the highly homologous JBU and
SBU (86% identity and 92% similarity in a BLAST analysis)
have different susceptibility to inhibition by p-HMB, AHA
or p-BQ. Our data showed that JBU is fivefold more
sensitive than SBU to inhibition by AHA, a Ni*?and Zn*?
ions chelator [31], suggesting a different environment for
the nickel atoms within the catalytic site. JBU and SBU
also showed different susceptibility to two cysteine-reactive
urease inhibitors, p-HMB [15,32] and p-BQ [33].

Taken together, our data show that ureases from plant
and microbial sources belong to a group of multifunctional
proteins with at least two distinctive domains: a thiol-
dependent domain containing the ureolytic active site and a
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thiol-independent domain involved in toxic effects in insects
(and mice, only for canatoxin) and the activation of blood
platelets. Further elucidation of the 3D structures of plant
enzymes should provide new insights for understanding
the structural basis of the multiple biological effects
displayed by ureases.
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Resumo:

Ureases sdo enzimas encontradas plantas, fungos e bactérias que
catalisam a hidrélise da uréia para a formacdo de amobnia e didxido de carbono.
Enquanto as ureases fungicas e vegetais sdo homo-oligdbmeros com subunidades
de aproximadamente 90-kDa, as ureases bacterianas sdo formadas por hetero-
oligbmeros compostos por duas ou trés cadeias polipeptidicas. Trabalhos anteriores
de nosso grupo mostraram que isoformas de urease encontradas em Canavalia
ensiformis, a canatoxina e a urease classica ligam-se a glicoconjugados e induzem
agregacao plaquetaria. A canatoxina também induz a liberacdo de histamina em
mastocitos; insulina em células pancredticas e neurotransmissores em
sinaptossomas. In vivo induz edema de pata e quimiotaxia de neutréfilos em ratos.
Estes efeitos sdo independentes de sua atividade ureolitica e requerem a ativacdo
do metabolismo de eicosandides e canais de célcio. Helicobacter pylori uma
bactéria gram-negativa que coloniza a mucosa gastrica humana, causa Ulceras
gastricas e cancer por um mecanismo que ndo €, todavia, elucidado. H. pylori
produz fatores que causam danos as células do epitélio gastrico, como a citotoxina
de vacuolizacdo VacA, a citotoxina CagA e a urease (até 10% de proteina
bacteriana) a qual neutraliza o meio &cido em torno da bactéria e permite sua
sobrevivéncia no estbmago. Células inteiras de H. pylori ou extratos aquosos de
proteinas de superficie promovem inflamac&o, ativam neutrdfilos e liberagdo de
citocinas. Neste trabalho revisamos dados da literatura que sugerem que a urease
de H.pylori apresenta muitas das atividades biologicas observadas em C. ensiformis
e mostra que ureases bacterianas tem um efeito secretagogo modulado por
metabdlitos de eicosanoides via rota da lipoxigenase. Estes achados. Estes
achados podem ser importantes a elucidacéo da funcédo da urease na patogénese

das doencas gastrointestinais causadas por H. pylori.
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Ureases display biological effects
Independent of enzymatic activity.

Is there a connection to diseases
caused by urease-producing bacteria?
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Abstract

Ureases are enzymes from plants, fungi and bacteria that catalyze the
hydrolysis of ureato form ammoniaand carbon dioxide. While fungal
and plant ureases are homo-oligomers of 90-kDa subunits, bacterial
ureases are multimers of two or three subunit complexes. We showed
that some isoforms of jack bean urease, canatoxin and the classical
urease, bind to glycoconjugates and induce platelet aggregation.
Canatoxin also promotes rel ease of histamine from mast cells, insulin
from pancreatic cells and neurotransmitters from brain synaptosomes.
In vivo it induces rat paw edema and neutrophil chemotaxis. These
effects are independent of ureolytic activity and require activation of
eicosanoid metabolism and calcium channels. Helicobacter pylori, a
Gram-negative bacterium that colonizes the human stomach mucosa,
causes gastric ulcers and cancer by a mechanism that is not under-
stood. H. pylori produces factors that damage gastric epithelia cells,
such as the vacuolating cytotoxin VacA, the cytotoxin-associated
protein CagA, and a urease (up to 10% of bacterial protein) that
neutralizes the acidic medium permitting its survival in the stomach.
H. pylori whole cells or extracts of its water-soluble proteins promote
inflammation, activate neutrophilsand inducetherel ease of cytokines.
In this paper we review data from the literature suggesting that H.
pylori urease displays many of the biological activities observed for
jack bean ureases and show that bacterial ureases have a secretagogue
effect modulated by eicosanoid metabolites through lipoxygenase
pathways. These findings could be relevant to the elucidation of the
role of urease in the pathogenesis of the gastrointestinal disease
caused by H. pylori.

Introduction

Key words

. Urease

. Canatoxin

- Helicobacter pylori
« Inflammation
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Ureases (urea amidohydrolase; EC 3.5.
1.5) are nickel-dependent enzymes (1) that
catalyze the hydrolysis of ureato form am-
monia and carbon dioxide. They have been
isolated from a wide variety of organisms

including plants, fungi and bacteria. While
fungal and plant (e.g., jack bean and soy-
bean) ureases are homo-oligomeric proteins
of ca. 90 kDa subunits, bacterial ureases are
multimers of two or three subunit complexes
(Figure 1) (2,3). Amino-terminal residues of
the monomers of plant and fungal enzymes
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are similar in sequence to the small subunits
of bacteria enzymes (e.g., UreA and UreB
of Klebsiella aerogenes). The large subunits
of bacterial ureases (e.g., UreC of K. aeroge-
nes) resemble the carboxy-terminal portions
of plant and fungal subunits. So far only
bacterial ureases have had their 3-D crystal-
lographic structure successfully resolved,
e.g., K. aerogenes(1FWJ), Bacilluspasteurii
(4UBP), and Helicobacter pylori (1E9Z) (2,
3). However, the high sequence similarity of
al ureases indicates they are variants of the
same ancestral protein and are likely to pos-
sess similar tertiary structures and catalytic
mechanisms (2,3). Despite their highly con-
served structures and enzymatic action, little
is known about the physiological role of
ureases in the source organisms. Urease ac-
tivity enables bacteria to use urea as a sole
nitrogen source. Some bacterial ureases play
an important role in the pathogenesis of
human and animal diseases such as those
from Proteus mirabilis and H. pylori (2).
Thewidedistribution of ureasesinlegumi-

Canavalia ensiformis
840
Helicobacter pylori
238 539
A 52% B 59%
Klebsiella aerogenes
100 106 567
A 60% B 51% © 61%

Figure 1. Schematic structure of ureases. Plant ureases such as the jack bean (Canavalia
ensiformis) enzyme have a single subunit while bacterial ureases have two (Helicobacter
pylori) or three (Klebsiella aerogenes) subunits. The number of amino acid residues of each
subunit is indicated. Note that the length of each box is not drawn to scale of total amino
acids. The percentage of identity to the corresponding fragment of the jack bean urease is
shown under the bacterial proteins.
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nous seeds aswell asthe accumulation pattern
of the protein during seed maturation suggest
an important physiological role. Soybean mu-
tants lacking the embryo-specific highly ac-
tiveisoform of urease do not exhibit any of the
abnormalities associated with loss of the less
active ubiquitousisoform, suggesting that this
enzyme probably does not have an essentia
physiologicd role (4). In vitro cultures of
devel oping soybean cotyledonshaveindicated
that ureases do not play an important role in
embryo nutrition since urea is an extremely
poor nitrogen source (4). The obvious ques-
tion from this observation is why would the
devel oping soybean embryo invest in produc-
ing a very active ureolytic protein when it
usually does not “encounter” urea. Polacco
and Holland (4) have proposed that plant ure-
ases may have arole in plant defense against
predatorsdueto the high toxicity of theammo-
nia released.

Plant-derived ureases: canatoxin and
jack bean urease

The jack bean Canavalia ensiformis is
the source of interesting proteinswhich have
contributed significantly to modern Bio-
chemistry. One of these is no doubt urease,
thefirst protein ever crystallized (5), and the
first nickel-containing enzymedescribed (1).
In 1981, we isolated a toxic protein, named
canatoxin, which accounts for 0.5% of seed
dry weight of jack beans (6). Canatoxin is
lethal to rats and mice by intraperitoneal
injection, but it isinactive when given orally
(7). Canatoxin, which consists of anoncova
lently linked dimer of 95-kDa acidic poly-
peptide chains, was characterized recently
asavariant form of the classical more abun-
dant jack bean urease (8). RT-PCR applied
to mRNA isolated from C. ensiformistissues
and Southern blots confirmed the presence
of afamily of urease-related genes with at
least two members sharing 86% similarity
(9). Jack bean ureases presented differential
behavior inimmobilized metal affinity chro-
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matography enabling separation of theisoen-
zymes(8,10). A particle-induced X-ray emis-
siontechniqueapplied to determinethemetal
content of the isoforms showed that cana-
toxin displays ca. 1 atom of nickel and 1 of
Zinc per monomer, contrasting with 2 atoms
of nickel and absence of zinc in the mono-
mer of the major form of ureasein C. ensi-
formis (8,11).

Insecticidal properties of plant
ureases

The insecticidal properties of plant ure-
ases were first described for canatoxin (12)
and later for C. ensiformis major urease and
soybean embryo-specific urease (13). The
kissing bug Rhodnius prolixus, and three
economically important crop pests, the cow-
pea weevil Callosobruchus maculatus, the
green stinkbug Nezara viridula and the cot-
ton stainer bug Dysdercus peruvianus, are
susceptible to the lethal effect of these pro-
teins when they are added to their diets at
0.02 to 0.1% (w/w) levels (14,15). Suscep-
tibleinsects have cathepsins of type B and D
as their main digestive enzymes. Canatoxin
and urease are hydrolyzed by these enzymes
to release an internal entomotoxic peptide of
10 kDa (16). No effects of intact canatoxin/
urease were seen in insects relying on tryp-
sin-likedigestiveenzymes, which apparently
degrade the proteins more extensively (12).
A recombinant peptide, equivalent to that
produced by hydrolysis of canatoxin with
insect cathepsins, was obtained by heterolo-
gous expression in Escherichia coli. This
peptide presented potent insecticidal effects
(17) and did not affect mice or neonate rats
upon oral or intraperitoneal administration.
In contrast, the urease from the soil bacte-
rium B. pasteurii is devoid of insecticidal
properties, as expected from its three-chain
structure, since part of the sequence of the
entomotoxic peptide is absent in microbial
ureases. In plant ureases this corresponds to
a fragment located between the UreB and

UreC chains of B. pasteurii urease (13).

Taken together, our results indicate that
plant ureases are probably involved in de-
fense mechanisms of plants against insect
predation and that their insecticidal proper-
ties are independent of their enzymatic ac-
tivity, being associated with an internal pep-
tide of these proteins.

Biological properties of canatoxin
and similarities with other ureases

Canatoxin administered intraperitoneal-
ly to rats or mice (LDsg, 0.4-0.6 and 2-3 mg/
kg, respectively) inducesrespiratory distress,
convulsion, and death (6,18). At subconvul-
sant doses canatoxin promotes increased
gonadotropin (19) and plasmainsulin levels
(20) and pro-inflammatory effects in rats
(21). Invitro, canatoxin displayspotent secre-
tagogue activity at nanomolar doses in sev-
eral isolated cellular systems, inducing plate-
let secretion and aggregation (22,23), secre-
tion of labeled dopamine and serotonin from
rat brain synaptosomes (23), histamine re-
lease from mast cells (24), and secretion of
insulinfromisolated pancreaticislets(23,25).
Thus, canatoxin induces dose-dependent
aggregation of platelets from different spe-
cies at concentrations as low as 20 nM (22).
Rat isolated pancredtic islets secrete insulin
when exposed to canatoxin (1 uM), making
this protein about 20,000-fold more potent
than glucose in provoking insulin release
(25). Most of these effects, either in vivo or
in vitro, apparently involve activation of
arachidonic acid metabolism mainly through
the lipoxygenase pathway, since they are
blocked by lipoxygenase inhibitors such as
nordihydroguaiaretic acid and esculetin, but
not by cyclooxygenase inhibitors (Table 1)
(21-23,25,26). Pretreatment of animals with
lipoxygenase inhibitors protected them also
against the lethal effect of canatoxin (26).

Canatoxin was shown to disrupt Ca?*
transport by the Ca?*,Mg?-ATPase of sar-
coplasmic reticulum membranevesicles(27)
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and to alter Ca2* flux across the plasma
membrane of platelets through a verapamil-
inhibitable Ca?* channdl (28). Canatoxin does
not activate phospholipase C, and the intra-
cellular calcium mobilization mediated by
inositol 1,4,5-triphosphate does not play a
rolein platelet activation by this toxin. Pre-
incubation of platelets with 8-bromo-gua
nosine 3',5'-cyclic monophosphate inhibited
the canatoxin-evoked calcium influx, ara-
chidonate release, ATP secretion, and cell
aggregation, showing that the calcium in-
flux is an early step in the mechanism of
platel et activation by canatoxin, being modu-
lated by cGMP (28).

Canatoxin displays pro-inflammatory
activity (21). Thus, intraplantar injection of
50-300 pg canatoxin induced adose-depend-
ent rat hind-paw edema characterized after 3

D. Olivera-Severo et al.

h by anintense cellular infiltration at the site
of administration. Pharmacological studies
suggested that canatoxin-induced edemaisa
phenomenon mediated by several compo-
nents. Initially histamine, serotonin, platelet
aggregating factor, and prostaglandins play
a role as agonists while lipoxygenase me-
tabolites, probably leukotrienes, may account
for the development of an intense cellular
infiltration at the inflammatory site. Cana-
toxin also induced neutrophil migration into
rat peritoneal and pleural cavities and into
air pouches (29). This effect was dependent
on the resident macrophage population and
was inhibited by glucocorticoids but not by
non-steroidal anti-inflammatory drugs. It has
al so been shown that rat macrophage mono-
layers treated with canatoxin release a neu-
trophil chemotactic factor (29). Mouse peri-

Table 1. Modulation of canatoxin-induced effects by inhibitors of the lipoxygenase pathway.

Model/Effect Canatoxin ECsg Inhibitor Dose % inhibition Ref.
Rabbit platelets
Aggregation 300 nM NDGA 0.52 mM 50 22
ETYA 0.02 mM 50 22
BW755C 0.05 mM 50 22
5-HT secretion 300 nM NDGA 0.5 mM 75 23
Esculetin 0.1 mM 85 23
Rat brain synaptosomes
5-HT secretion 500 nM NDGA 0.2 mM 90 23
Esculetin 0.1 mM 90 23
Dopamine secretion 2 uM NDGA 0.5 mM 42 23
Rat pancreatic islets
Insulin secretion 200 nM NDGA 0.2 mM 76 25
Esculetin 0.1 mM 36 25
Rat mast cells
Histamine secretion 0.5 mM Not tested - - 24
Mouse macrophages
Release of lysosomal enzymes 0.3 mM NDGA 0.15 mM No inhibition #
Rat - in vivo
Hypoglycemia 0.4 mg/kg NDGA 125 mg/kg 100 26
Esculetin 125 mg/kg 100 26
Hyperinsulinemia 0.4 mg/kg NDGA 125 mg/kg 100 20
Hypoxia 0.4 mg/kg NDGA 125 mg/kg 72 26
Esculetin 125 mg/kg 50 26
Paw edema 0.3 mg/paw NDGA 100 mg/kg 66 21
Esculetin 50 mg/kg No inhibition 21
Convulsions 0.4 mg/kg NDGA 125 mg/kg 75 26

5-HT = 5-hydroxytryptamine; NDGA = nordihydroguaiaretic acid; ETYA = eicosatetraynoic acid; BW755C = 3-
amino-I-[m-(trifluoromethyl)-phenyl]-2-pyrazoline. #Ghazaleh FA, unpublished results.



Urease biological effects are independent of enzymatic activity

toneal macrophages release lysosomal en-
zymes when exposed to canatoxin through a
pathway involving nitric oxide (NO) signal-
ing and guanyl cyclase activation (Ghazaleh
FA, unpublished data).

In addition to lethality to insects, jack
bean urease unexpectedly also displaysother
relevant biological properties observed for
canatoxin, such as activation of blood plate-
lets and monovalent lectin activity, but no
toxicity when administered intraperitoneal -
ly to mice, probably due to its larger size
(540 kDa as opposed to 185 kDa) (8). Cana
toxin aswell as urease interact with polysia-
logangliosides (GD1b and GT1b) and siado-
proteins (mucin, tireoglobulin, fetuin) on the
surface of erythrocytesand in ELISA micro-
plates (7,8). This property of binding carbo-
hydrates probably “directs’ the proteins to
cell surfaces enriched with this type of gly-
coconjugates and may provide an explana
tion for their selective tissue specificity. Pre-
treatment of the proteinswith thethiol oxidant
p-hydroxymercuribenzoate (pHMB) irre-
versibly abolished the ureolytic activity of
urease (1Csy 0.5 mM) and of canatoxin (I1Cs,
5mM) (8). In contrast, pHM B-treated cana-
toxin or urease was till fully active to pro-
mote platelet aggregation and binding to
glycoconjugates. Moreover, the intraperito-
neal toxicity of canatoxin was aso not af-
fected by pHMB treatment, indicating that
these biological effects are not related to the
enzymatic activity (8,10,13).

In order to determine if ureases from
other sources share with jack bean ureases
the property of inducing biological effects
independent of their ureolytic activity, soy-
bean embryo-specific urease and B. pasteurii
urease (30) were tested in rabbit platelets.
Both ureases induced platelet aggregation
even after being treated with pHMB (13).
Furthermore, purified recombinant H. py-
lori urease also displays platel et aggregating
activity (Figure 2) (Wassermann GE, un-
published data).

The pattern of platelet responseto al the

ureases tested so far wasvery similar, with a
collagen-type shape-change reaction. As is
the case for canatoxin (22,23), platelet ag-
gregation induced by B. pasteurii or H. py-
lori ureases also depends on lipoxygenase-
derived metabolites. Thus, treatment of plate-
lets with indomethacin, a cyclooxygenase
inhibitor, potentiates urease-induced aggre-
gation while the lipoxygenase inhibitor es-
culetin blocks platelet responses to the mi-
crobial enzymes (Figure 3).

Taken together, our data indicate that
plant and microbial ureases form a group of
multifunctional proteins with at least two
distinct domains. 1) a thiol-dependent do-
main containing the ureolytic active site,
and 2) thiol-independent domain(s) involved
intoxic effectson insects (and mice, only for
canatoxin), binding to glycoconjugates and
in the activation of blood platelets.

In addition to the platelet aggregating
activity found for B. pasteurii and H. pylori,
these and other bacterial ureases may share
other biological activities and pro-inflam-
matory properties with canatoxin, including
the ability to activate lipoxygenases and the
metabolism of eicosanoids. If true, these
considerations could change our present un-
derstanding of the pathogenesis of somedis-
eases caused by urease-producing bacteria,
such as urolithiasis due to Proteus mirabilis
or gastric ulcers consequent to H. pylori
infection.

Helicobacter pylori, its urease and its
implications in gastric diseases

H. pylori is a micro-aerophilic spiral-
shaped Gram-negative bacterium with polar
flagella that colonizes the human stomach
mucosa (31,32). The presence of this bacte-
rium has now been established as the main
risk factor in the development of diseases
such as duodenal and stomach ulcers, gastric
carcinomas and lymphomas (33,34). Gastric
cancer is the first or second most common
cancer in many devel oping countries, affect-
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Figure 2. Dose-response curve of platelet aggregation induced by purified Bacillus pasteurii (BPU, left panel) and Helicobacter pylori ureases (HPU,
right panel). Rabbit platelet-rich plasma suspensions were challenged with different concentrations of purified B. pasteurii (Sigma, St. Louis, MO, USA)
or recombinant H. pylori (Ref. 44) ureases. The decrease in absorbance at 650 nm indicating platelet aggregation was monitored every 11 s for 20 min
with a plate reader (13). Typical experiments are shown.

0.02 " gpuxESC
M 0.00
0.00 4" s

Only buffer

BPU + 0.5 mM ESC
BPU + 1.0 mM ESC
BPU alone, 650 pg/mL

800 1000 1200

Ty g
g 0.02 | § M
< Y FiL Ff
o I =
3 1 i TP T o
= -004 | 4 o
L -
% H"F‘ ﬁf
£ .0.06 iy o
2 '-._'."'-..l"".-"'
e} - |
< - ¥
-0.08 o T i I__.ll"
. 3
-0.10
. 3
-0.12
0 200 400 600
Time (s)

-0.10

-0.12

-0.14

-0.16

-0.18

BPU x INDO
e T . T | 2"
oy X =1 1_“-"".-‘

b |
o

L TR L

# Only buffer

“— BPU alone, 650 pg/mL

=  BPU + Indo 75 pM
BPU + Indo 150 pM

+— BPU + Indo 300 uM

200 400 600 800 1000 1200

Time (s)

Figure 3. Effect of inhibitors of arachidonate metabolism on platelet aggregation induced by Bacillus pasteurii urease. Rabbit platelet-rich plasma
suspensions were pretreated for 2 min with the indicated final concentrations of esculetin (ESC, left panel) and indomethacin (INDO, right panel) and
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ing 40 to 60 persons per 100,000 yearly.
Population-based intervention studies have
shown the beneficia effect of early treat-
ment of H. pylori in the prevention of gastric
cancer. Notably, the most common lym-
phoma of the stomach, mucosa-associated
lymphoid tissue (MALT) lymphoma, is
strongly associated with H. pylori infection
and H. pylori eradication therapy is today
thewidely accepted initial treatment of stage
| gastric MALT lymphoma, leading to re-
mission rates of as much as 70% (34).

H. pylori isestimated to infect half of the
world's population, with peaks of 90% of
the population infected in countries with
poor sanitary conditions and of low socio-
economic level (33,34). The prevalence of
the organism in the Brazilian population
ranges from 34% among urban children in
the richer Southeast region to over 82%
among adultsin the poorer Northeast region
(35,36). For the discovery of H. pylori and
demonstration of its association with gastric
disease, the Australian gastroenterologists
Warren and Marshall (31) received the 2005
Nobel Prize in Medicine.

H. pylori-induced gastroduodenal disease
depends on the inflammatory response of
the host and on the production of main viru-
lence factors, such as the vacuolating cyto-
toxinVacA and the cytotoxin-associated pro-
tein CagA, and of urease, al of which cause
damageto gastric epithelial cells (37-39). H.
pylori resides within the mucus and on the
apical surface of epithelia cells, where it
attaches firmly via adhesin molecules. All
H. pylori isolates, as well as each of the
gastric Helicobacter species identified to
date, produce large quantities of the enzyme
urease, which may account for 10-15% of
the bacterial protein. Urease and ureainflux
through Urel, a pH-gated urea channel, have
been shown to be essential for gastric colo-
nization and for acid survival in vivo. Intra-
bacterial urease generation of ammonia and
a membrane-anchored periplasmic carbonic
anhydrase regulate inner membrane poten-

tial and periplasmic pH to approximately 6.1
under acidic conditions, allowing adequate
bioenergetics for survival and growth (40).
Upon bacterial autolysis urease is released
and adsorbed onto the extracellular surface
of viable bacteria where it represents about
30% of the total cell urease content (38-39).

The native urease of H. pylori has a
molecular mass of approximately 540 kDa
and is a nickel-containing hexameric mole-
cule consisting of two subunits, UreA (26.5
kDa) and UreB (60.3 kDa), in a 1:1 molar
ratio (41,42). The residues involved in the
coordination of the two active site Ni%* ions
are completely conserved between H. pylori
and K. aerogenes ureases (42). The circular
genome of H. pylori encodes about 1500
genes, depending on the strain (43). The
biosynthesis of urease is coordinated by a
genecluster composed of two structural genes
encoding the UreA and UreB subunits and
five accessory proteins which are respon-
sible for Ni?* uptake and insertion into the
active site of the apoenzyme (44). Active
recombinant H. pylori urease was produced
in E. coli transformed with pHP8080, aplas-
mid encoding the whole operon with the two
subunit structural genes and the NixA nickel
transporter (44).

Pathogenesis of gastroduodenal
diseases and Helicobacter pylori

The exact mechanisms by which H. pylori
contributes to the development of gastroduo-
denal injury is unclear. Studies have shown
that H. pylori infection has no direct effect on
basal or peak acid secretion, thusraising doubts
as to the importance of hypergastrinemia in
mucosal injury pathogenesis(38,39). Themain
role of urease is thought to be the neutrdiza
tion of the acidic microenvironment by pro-
ducing ammonia. A stable urease-negative
(ureB-) mutant strain was reported to be un-
able to colonize the stomach of nude mice
(45). The co-inoculation of a urease-negative
(ure) strain with aurease-positive strainin the
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stomach of gnotobiotic pigletsresultedin pref-
erential colonization of the urease-positive
bacteria (46), suggesting that neutralization of
the gastric acidity isnot the solerole of urease
for colonization.

Severd reports have demonstrated H. py-
lori-induced apoptosisingastricepithelia cells
invivo and in vitro (47). Neutrophil apoptosis
and subsequent clearance by phagocytes are
critical to theresolution of acuteinflammation
(48), a process modulated by the NF-kappaB
pathway and inflammatory regulators such as
interleukin-8 (IL-8), lipopolysaccharide, or
leukotriene B4 (48,49).

Although this organism is known to be
noninvasive, H. pylori infection elicits gas-
tric mucosal infiltration of inflammatory
cells, especialy neutrophils (38,50). Histo-
logical observation in humans has indicated
that the degree of H. pylori infection and the
severity of mucosal injury aredirectly corre-
lated with the extent of neutrophil infiltra-
tion into the mucosa. Superfusion of the
exposed mesentery with agueous extracts of
H. pylori, which are rich in urease and de-
void of significant contamination by lipo-
polysaccharide from the cell wall, resulted
in a three-fold increase in adherent leuko-
cytes within the venules and a four-fold
increase in those that had emigrated into the
interstitium resulting in gastric mucosal in-
jury (50). Kim and co-workers (51) reported
that supernatants of H. pylori cultures en-
hance neutrophil degranulation and adhe-
sion capacity and up-regulate 1L-8 expres-
sion by activated neutrophils. Purified H.
pylori urease was shown to directly activate
primary human blood monocytes and to
stimulate dose-dependent production of in-
flammatory cytokines (IL-1b, IL-6, IL-8,
and tumor necrosis factor-alpha) (52). Re-
cently, Enarsson et al. (53) reported that H.
pylori induced significant T-cell migration
in a model system using human umbilical
vein endothelia cells. CD4* and CD8" T
cellsmigrated to the same extent in response
to H. pylori. Although the presence of a
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functional cag pathogenicity island contrib-
uted to the transendothelial migration, puri-
fied H. pylori urease alone induced a migra-
tion effect similar to that of wholelive bacte-
ria. On the other hand, mutant H. pylori nega:
tive for urease A subunit still promoted sig-
nificant cell migration (53), suggesting that
theability of thebacteria ureasetoinducethis
effect may rely only onits B chain.

InducibleNO-synthes zingenzyme(iNOS)
is expressed after activation by pro-inflam-
matory cytokines in macrophages, endothe-
lial cells and other cells. NO acts as a mes-
senger in various inflammatory pathways
and contributes to defense mechanisms
against microorganisms but can also have
cytotoxic effects. INOS levels are up-regu-
lated in a subgroup of patients with chronic
active gastritis (54). Recombinant H. pylori
urease was shown to stimulate directly mac-
rophage iNOS expression (55).

Ischemic lesions due to vascular insuffi-
ciency may lead to the development of ul-
cers within the gastric mucosa. Studies us-
ing fluorescent in vivo microscopy have
shown that H. pylori infection aters blood
flow, the endothelial lining of the vessels,
and leukocyte activity and often induces the
formation of circulating or adherent platel et
aggregates, consistent with epidemiological
studies that suggest a possible association
between H. pylori infection and the inci-
denceof cardiovascul ar diseases, asreviewed
by Kalia and Bardhan in 2003 (56). So far,
there are no published studies on the effects
of purified H. pylori urease on platelets. On
the other hand, it iswell known that platelets
participate in the inflammatory response by
modulating the activity of other inflamma-
tory cells and as a storage site of vasoactive
substances and inflammatory mediatorssuch
as histamine, serotonin, platelet aggregating
factor, thromboxane A2 and other eicosan-
oids, as well as by generating cytotoxic su-
peroxide and hydroxyl radicals which may
induce microcirculatory disturbances (56).

Histamine not only contributes to gastric
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secretion but is also a major vasoactive me-
diator in microcirculatory physiology. A
major source of histamine within the gas-
trointestinal tract is the mast cell and it was
demonstrated that H. pylori, and in particu-
lar its cell wall materials, could potentiate
secretogogue-induced histaminerel easefrom
isolated mast cells (57).

H. pylori adhesion to the gastric mucosa
represents the initial contact between the
bacterium and its host. Numerous adhesive
properties of H. pylori have been described,
including hemagglutination, attachment to
epithelial cells, and binding to oligosaccha
rides or proteins of the extracellular matrix.
Several research groups have reported that
H. pylori cells contain proteins that bind
NeuSAc (39,58).

Adhesins are bacteria proteins, glyco-
conjugates, or lipids involved in the initial
stages of colonization mediating the interac-
tion between the bacterium and the host cell
surface. It is predicted by genome sequenc-
ing that H. pylori possesses a supergene
family of 32 genes encoding putative outer
membrane proteins. Among these, the bac-
terial adhesin BabA2 has been identified to
bind human blood group antigen Lewisbin
the gastrointestinal mucosa. Two other mem-
bers of this family, Alp A and B, are neces-
sary for H. pylori to attach to human gastric
tissue. A sialic acid-binding adhesin, SabA,
was identified using a sialyl-Lex saccharide
as a probe. The adhesion of H. pylori to
fibronectin and lactoferrin is not dependent
on BabA or SabA activities because the
babA/sabA double mutant still bindsto these
proteins. Thus, the presence of an additional
binding activity of H. pylori has been sug-
gested (58,59).

In general, adhesin receptors are carbo-
hydrate moieties on glycoproteins or glyco-
sphingolipids. Extracellular matrix proteins
such as laminin and collagen type IV have
been proposed as receptorsfor H. pylori. For
cellular receptors, phosphatidylethanola-
mine, laminin, and sialic acid-containing

molecules are regarded as potential recep-
tors other than Lewis b. H. pylori-binding
gangliosidesand sialylated glycoproteinsare
present in relatively high amounts in human
neutrophils (59). Bacteria binding to nor-
mal gastric cells may be through nonsialyl-
ated receptors, like Lewis b antigenic struc-
tures, or lactotetraose. However, the level of
sidylated structures increases accompany-
ing inflammation. Siayllactose has been re-
ported to inhibit binding of H. pylori to
cultured gastrointestinal epithelia cells and
chronic atrophic gastritis in mice has been
shown to be associated with increased syn-
thesis of NeuSAca3Gal structures (58,59).

It has becomeincreasingly clear that ure-
ase has other functions in the physiology of
H. pylori besides akalization of the medi-
um. Icatlo’s group (60) has shown that puri-
fied H. pylori urease binds to gastric mucin
and sulfated cell membrane glycolipidsin an
acidic setting. This property is expressed
independently of its ureolytic activity which
requires pH above 5.0. The interaction of
urease with sulfated glycoproteins, heparin
and heparinoids at pH 4.0 was shown to be
dose- and time-dependent, and affected by
the pH and salt concentration of the medium.

Reports of antibiotic-resistant H. pylori
clinica isolates are increasing. Therefore,
specific drugs targeting factors important
for bacteria colonization, such as urease
and chemotaxis, may be useful to minimize
generation of drug-resistant bacteria. Carbo-
hydrates and their chemical analogs are rel-
evant candidates for anti-adhesion therapy
(58-60).

Perspectives

In view of our data on the biological
activities of jack bean ureases, particularly
the secretagogue, platel et-activating and pro-
inflammatory effects described for the cana
toxin isoform, our present research is based
on the hypothesis that bacterial ureases dis-
play the same properties. There are several
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lines of evidence that point in this direction
for H. pylori urease. These include a) pro-
inflammatory activity accompanied by mono-
nuclear phagocyte activation and neutrophil
chemotaxis; b) platelet aggregating activity;
¢) histamine release from mast cells; d) lec-
tin-like activity towards sialic-acid-contain-
ing glycoconjugates. Most studies reported
so far were carried out with whole H. pylori
cells or non-fractionated aqueous extracts
and therefore the conclusion of involvement
of urease in these phenomena is merely cir-
cumstantial.

As reviewed here, similar findings have
been reported for the plant urease canatoxin.
Thus, it is possible that H. pylori urease may

D. Olivera-Severo et al.

also haveother biological activitiespresented
by canatoxin, particularly the secretagogue
effect modulated by eicosanoid metabolites
through lipoxygenase pathways, dependent
on verapamil inhibitable calcium channels,
and involving cGMP and NO signaling.
Another important aspect to be investigated
is whether or not the biological activities
displayed by H. pylori urease depend on its
ureolytic activity. If proven to be true, these
findings could be extremely relevant to the
elucidation of mechanisms leading to gas-
trointestinal disease caused by this bacte-
rium and should be taken into consideration
in the development of more efficient thera-
peutic approaches.
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Baccilus pasteurii urease shares whith plant
ureases the ability to induce aggregation of

blood platelets.
Olivera-Severo, D.; Wasermann, G.E. and Carlini, C.R.
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Resumo:

Ureases (EC 3.5.1.5) sdo enzimas altamente homoélogas presentes em
plantas, bactérias e fungos. A Canatoxina, uma isoforma de urease em sementes
de Canavalia ensiformis, tem varias propriedades biologicas independentes de sua
atividade ureolitica, tais como agregacdo de plaquetas e efeitos pré-inflamatérios.
Neste trabalho descrevemos a propriedade da urease de Bacillus pasteurii de
também induzir agregacdo plaquetaria em plaquetas de efeito semelhante ao
apresentado pela canatoxina (EDsp 0,4 e 0,015 mg/mL, respectivamente). A
agregacdo plaquetaria induzida por BPU foi bloqueada utilizando plaquetas
pretratadas com dexametasona e esculetina; inibidores de fosfolipase A2 e
lipoxigenase respectivamente. Por outro lado, plaquetas tratadas com
indometacina, um inibidor de cicloxigenase apresentou um incremento na resposta
de agregacao por BPU. Metoxiverapamil (bloqueador de canais de célcio) e AMP
(antagonista de ADP) reduziram a agregacdo plaquetaria induzida por BPU
enquanto WEB 2170, antagonista de “PAF-acether” ndo teve nenhum efeito. Estes
dados nos permitem concluir que a agregacdo plaquetaria induzida por BPU é
mediada por eicosandides derivados de lipoxigenase e pela secrecdo de ADP das
plaguetas através de um mecanismo célcio dependente. Estes achados tém
implicacdo na elucidacdo das interacdes bactéria-planta e na discussdo da

patogénese de infeccbes causadas por bactérias produtoras de urease.

39



Available online at www.sciencedirect.com

science (@homecr:

Archives of Biochemistry and Biophysics 452 (2006) 149-155

ELSEVIER

www.elsevier.com/locate/yabbi

Bacillus pasteurii urease shares with plant ureases the ability
to induce aggregation of blood platelets

. Olivera-Severo .E. Wassermann ', C.R. Carlini **
D. Ol S sl GE.W al CR. Carlini *®*

& Programa de Pés-Graduagdo em Biologia Celular e Molecular, Centro de Biotecnologia, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil
b Departamento de Biofisica, Instituto de Biociéncias, Universidade Federal do Rio Grande do Sul, Porto Alegre CEP 91501-970, Brazil

Received 5 April 2006, and in revised form 1 June 2006
Available online 19 June 2006

Abstract

Ureases (EC 3.5.1.5) are highly homologous enzymes found in plants, bacteria and fungi. Canatoxin, an isoform Canavalia ensiformis
urease, has several biological properties unrelated to its ureolytic activity, like platelet-aggregating and pro-inflammatory effects. Here, we
describe that Bacillus pasteurii urease (BPU) also induces aggregation of rabbit platelets, similar to the canatoxin-induced effect (ED5, 0.4
and 0.015 mg/mL, respectively). BPU induced-aggregation was blocked in platelets pretreated with dexamethasone and esculetin, a phos-
pholipase A, and a lipoxygenase inhibitor, respectively, while platelets treated with indomethacin, a cyclooxygenase inhibitor, showed
increased response to BPU. Methoxyverapamil (Ca>* channel blocker) and AMP (ADP antagonist) abrogated urease-induced aggrega-
tion, whereas the PAF-acether antagonist Web2170 had no effect. We concluded that platelet aggregation induced by BPU is mediated by
lipoxygenase-derived eicosanoids and secretion of ADP from the platelets through a calcium-dependent mechanism. Potential relevance

of these findings for bacterium—plant interactions and pathogenesis of bacterial infections are discussed.

© 2006 Elsevier Inc. All rights reserved.
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Ureases (EC 3.5.1.5) are nickel-dependent enzymes
found in plants, bacteria and fungi, that hydrolyze urea into
ammonia and carbon dioxide [25,45]. Ureases from plants
and fungi are homotrimers or hexamers of a ~90kDa sub-
unit, while bacterial ureases are multimers of two or three
subunits complexes [46,55]. The N-terminal halves of plant
or fungal urease monomers are similar to the small subunits
of bacterial enzymes (e.g. B and y chains of Bacillus paste-
urii urease). The C-terminal portions of plant and fungal
chains resemble the large subunits of bacterial ureases (e.g.
o chain of B. pasteurii urease). The high sequence similarity
of all ureases indicate they are variants of the same ances-
tral protein and are likely to possess similar tertiary struc-
tures and catalytic mechanisms [46]. Only bacterial ureases

" Corresponding author. Fax: +55 51 3316 7003.
E-mail address: ccarlini@ufrgs.br (C.R. Carlini).
! These authors contributed equally to this work.
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had their 3D crystallographic structure successfully
resolved so far, e.g. Klebsiella aerogenes (1IFWI), B. paste-
urii (4UBP), and Helicobacter pylori (1E9Z).

Some bacterial ureases play an important role in the
pathogenesis of human and animal diseases such as those
from Proteus mirabilis and H. pylori [46]. Urease activity
enable bacteria to use urea as a sole nitrogen source [46]. B.
pasteurii is a widespread soil bacterium remarkable for its
large urease production [7]. B. pasteurii urease (BPU)> was
purified [42] and crystallized [9] being a heteropolymer
(apy); of three chains (a, 61.4kDa; B, 14.0kDa; v, 11.1 kDa)
featuring an active site containing two nickel ions [10]. B.
pasteurii urease (2BPU) and jackbean (Canavalia ensifor-

2 Abbreviations used: BPU, Bacillus pasteurii urease; CNTX, canatoxin;
AMP, adenosine monophosphate; ADP, adenosine diphosphate; D-600,
methoxyverapamil; COX, cyclooxygenase; 12-LOX, 12-lipoxygenase; 12-
HETE, 12-hydroxyeicosatetraenoic acid; TXA,, thromboxane A,; PAF
platelet-aggregating factor.
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mis) major urease (P07374), the first protein ever crystal-
lized [59], share 55% identity and 73% similarity despite the
difference in their quaternary structures. The high ureolytic
activity of living B. pasteurii cells and the presence of its
urease free in the soil [24,51] enable the use of urea as a fer-
tilizer. However, this widespread urease activity may also
cause plant damage by ammonia toxicity and soil pH
increase [16].

Despite the ubiquity of urease in virtually all plants, little
has been revealed about its physiological roles [50,55]. We
have shown that canatoxin (CNTX) [19], an isoform of
jackbean (C. ensiformis) urease [28], displays several biolog-
ical properties independent of its ureolytic activity, as acti-
vation of blood platelets, pro-inflammatory effect and
interaction with glycoconjugates [5,6,11,18-20,35] and
insecticidal activity, suggestive of a role in plant defense
[18,21,27,30,31]. The insecticidal activity is due to a
~10kDa internal peptide released from plant ureases upon
digestion by insect cathepsins [27,49,58].

Canatoxin induces exocytosis in platelets, synapto-
somes, pancreatic islets, macrophages, neutrophils, and
mast cells. The protein disrupts Ca’*-transport across
membranes [1,35] and lipoxygenase metabolites modulate
most its pharmacological effects [5,6,11,20]. Soybean and
B. pasteurii ureases also induced aggregation of platelets
in nanomolar concentrations independent of urease
activity [30].

Platelet release reaction with secretion of ADP promotes
aggregation of CNTX-stimulated platelets [20]. Blood
platelets are anucleated secretory cells derived from mega-
karyocytes. In the event of vascular injury or exposition to
agonists such as ADP, collagen or thrombin, the disc-
shaped non-stimulated platelets become spherical (shape
change) and adherent to each other and to surrounding tis-
sues [26,52]. Platelets secrete two types of vesicles, the a-
granules and the dense granules, whose contents contribute
to hemostasis [3,37]. Primary reversible platelet aggregation
induced by direct agonists such as ADP, PAF-acether or
thromboxane A, does not require the release reaction.
When platelets undergo the release reaction, the released
ADP amplifies the secondary aggregation response [34].

Platelet agonist-coupled receptors activate membrane-
bound phospholipase A, which hydrolyzes membrane
phospholipids yielding free arachidonic acid, which is the
precursor of eicosanoids either resulting from the cyclooxy-
genase pathway, such as thromboxane A,, or from the
lipoxygenase pathway, such as 12-hydroperoxy-eicosatetra-
noic acid, which mediate platelet’s response to the agonist
[2,38,47]. Platelets also synthesize from arachidonic acid the
phospholipid 1-0-alkyl-2-acetyl-sn-glycero-3-phosphocho-
line or platelet-aggregating factor (PAF-acether) which
interacts as a direct agonist with its own receptors on the
platelets [12,15].

Platelet ADP-receptors are P2-class G protein-coupled
purinergic receptors which regulate Ca**-dependent events
and the “shape-change” reaction [33,34,48]. ADP induces
phospholipase C activation seconds after addition to plate-

lets, through a receptor-mediated mechanism [33]. Elevated
intracellular levels of Ca®* are necessary for platelet aggre-
gation and release reaction (exocytosis) resulting from
influx of external Ca’* through voltage-dependent chan-
nels, inhibition of Ca’>* ATPases and/or by the action of
phosphatidylinositol-triphosphate upon intracellular Ca**
pools [8,13,40].

In the present work, we studied the mechanism of action
of platelet aggregation induced by B. pasteurii urease and
compared it with canatoxin-induced platelet responses.

Materials and methods

The following drugs were obtained from Sigma Chemi-
cal Co., St. Louis, USA: adenosine monophosphate
(AMP), adenosine diphosphate (ADP), esculetin,
dexamethasone, indomethacin, and methoxyverapamil
(D-600). PAF-acether (platelet-aggregating factor: 1-O-
alkyl-2-acetyl-sn-glycero-phosphocholine) and Web 2170
(Bepafant; 5-(2-chloro-phenyl)-3,4-dihydro-10-methyl-3-
[(4-morphol- inyl) carbonyl]-2H, 7H-cyclopenta (4,5) thi-
eno [3,2-f] [1,2,4 triazolo-[4,3-a] [1,4] diazepine]) were a
kind gift from Dr. Jodo Baptista Calixto, Dept. Pharma-
cology, Universidade Federal de Santa Catarina, Flori-
andpolis, SC, Brazil. Stock solutions were prepared as
follows: dexamethasone and esculetin were dissolved in
absolute ethanol and diluted in saline to give final concen-
trations of ethanol in the platelet assay of no more than
0.2% v/v; indomethacin was first dissolved in 0.1 M
Na,COj; then diluted with saline and adjusted to pH 6.0;
ADP and AMP were diluted in Tris buffer, pH 8.2 and 6.0,
respectively; PAF-acether was dissolved in a 0.1 w/v %
bovine serum albumin solution and used in the same day;
Web 2170 was dissolved in saline.

Bacillus pasteurii urease

Bacillus pasteurii urease (BPU) (194 U/mg of dry weight,
U-7127, Sigma Chem. Co.) was used in all experiments. The
freeze-dried protein was solubilized in 20 mM sodium phos-
phate, pH 7.5, 1 mM EDTA, and 5mM 2-mercaptoethanol
to give 0.5 mg protein/mL solutions.

Purification of jackbean ureases

The jackbean enzymes were purified from jack bean
meal according to [31]. The final step of the purification
protocol consists of an affinity chromatography on a Co?*
loaded iminodiacetic acid-Sepharose column. The major
isoform of jackbean urease (JBU, ca. 85% total urease pro-
tein) is recovered in the non-retained fraction while the iso-
form corresponding to canatoxin (CNTX, ca.l15% total
urease protein) binds to the resin, being eluted with ammo-
nium chloride [31]. CNTX and JBU solutions were dialyzed
against 20mM sodium phosphate, pH 7.5, 1mM EDTA,
and 2mM 2-mercaptoethanol to give 0.5mg protein/mL
solutions.
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Protein determination

The protein content of samples was determined by their
absorbance at 280 nm. Alternatively, the method of Spector
[57] was used.

Urease activity

The ammonia released was measured colorimetrically by
the alkaline nitroprussiate method [62]. One unit of urease
releases 1 pmol of ammonia per minute, at 37 °C, pH 7.5.

Platelet aggregation

Platelet-rich plasma was prepared from rabbit blood col-
lected from the ear central artery in the presence of sodium
citrate to a final concentration of 0.313% (v/v). Blood sam-
ples were then centrifuged at 200g for 20 min at room tem-
perature, to give a platelet-rich plasma suspension [20].
Platelet aggregation and shape change were monitored tur-
bidimetrically by the method of Born and Cross [14], using
a Lumi-aggregometer (Chrono-Log Co. Havertown, Pa.)
and light transmission across the rabbit platelet-rich
plasma suspension was registered on a chart recorder for
3 min. Platelet aggregation assays were also performed on a
SpectraMax microplate reader (Molecular Devices, USA)
as described [32]. Briefly, urease samples with or without
potential inhibitors in 96-well flat-bottomed plates were
completed to a final volume of 50 uLL with saline. Aggrega-
tion was triggered by the addition of 100 LL of platelet sus-
pension. The plate was incubated for 2min at 37°C before
beginning of agitation and readings were performed at
650nm every 11s, during 20 min. When testing potential
inhibitors, platelets and the compounds were pre-incubated
for 2min at 37 °C under stirring and aggregation was trig-
gered by addition of BPU or control inducer (ADP or
PAF-acether). Change in turbidity was measured in absor-
bance units, and results are expressed as area under the
aggregation curves.

Statistical analysis

Data were analyzed by ANOVA followed by the Tukey—
Kramer test using the Instat Graph Pad software and val-
ues of p<0.05 (x), p<0.01 (xx*) or p<0.001 (%) were con-
sidered statistically significant.

Results and discussion

Fig. 1 illustrates the pattern of aggregation of platelet-
rich rabbit platelet suspensions triggered by a commercial
preparation of B. pasteurii urease (BPU). Attempts at fur-
ther purifying this commercial preparation showed no
other fractions active upon platelets besides those contain-
ing urease activity (data not shown). However, contrasting
to the commercial material, the highly purified enzyme was
unstable making it very difficult to work with. We thus
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Fig. 1. Dose—effect curve of aggregation of rabbit platelet-rich plasma sus-
pensions induced by B. pasteurii urease. Rabbit platelet-rich plasma sus-
pension in microwell plates were exposed to increasing concentrations of
BPU or 5uM ADP (100% aggregation). Aggregation of platelets was
monitored ever 11s during 20 min in a SpectraMax plate reader. Results
(means + SD) are expressed as percentage of maximal aggregation for
four replicates. The inset shows the aggregation reaction induced by BPU
(arrow indicates addition of BPU) at 200 (a), 400 (b), and 800 (c) pg/mL
concentrations as registered on a Lumi-aggregometer apparatus. Note the
shape change reaction (decrease in transmittance) of platelets before the
aggregation takes place.

decided to conduct the experiments with the commercial
enzyme without further purification. BPU induced aggrega-
tion of rabbit platelets with an EDj; of ca. 0.4 mg/mL, with
a time course and collagen-type shape change reaction very
similar those induced by canatoxin (EDy, 15.8 pg/mL)
[20,28,30]. Table 1 shows that the ureolytic specific activity

Table 1
Comparison of ureolytic and platelet-aggregation inducing activities of
three plant-derived ureases and B. pasteurii urease

Source/urease Urease activity® Platelet aggregation®
(U/mg) ECs, ECs,
(pg/mL) (mU/mL)
Canavalia ensiformis
JBU 222407 15.8 0.350
CNTX 11.6+3.2 15.8 0.183
Glycine max (soybean) 1424+0.6 222 0.315
SBU
Bacillus pasteurii 194.0 400 77.6
BPU

Data for JBU and SBU were taken from [28,30,31].

% One unit of urease activity was defined as the amount of enzyme
releasing 1 pmol of ammonia per minute at 37 °C and pH 7.5.

b Aggregation of rabbit platelet-rich plasma suspension was measured
turbidimetrically and the effective dose 50% (ECs) of the proteins produc-
ing half-maximal aggregation in the conditions described was determined.
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of BPU is about 8- to 15-fold greater than that of CNTX or
jackbean urease [30]. Expressing the 50% effective dose in
terms of urease activity gives an EDs, of 77 U/mL for BPU
and 0.18 U/mL for CNTX, indicating that the ureolytic
activity of the proteins is not related to their platelet-aggre-
gating property. We have previously shown that treating
jackbean ureases [28] or the soybean embryo-specific urease
[30] with the irreversible inhibitor p-hydroxy-mercuriben-
zoate abolished their ureolytic activity but did not affect
their ability to induce platelet aggregation, clearly demon-
strating that these two biological activities are not related.
To elucidate the pathway(s) recruited by BPU to induce
platelet aggregation, pretreatments of platelets with antag-

onists such as adenosine monophosphate (AMP), which
blocks the receptor for adenosine diphosphate (ADP) [48],
or Web 2170, an antagonist of platelet-activating factor
(PAF-acether), were carried out. Fig. 2 shows that 1 mM
AMP was able to inhibit 70% the extent of BPU-induced
aggregation while Web2170 [22] had no significant
inhibitory effect. These results indicate that BPU-induced
aggregation does not require synthesis and release of PAF-
acether. In contrast, the inhibitory effect of 1 mM AMP
indicated that at least part of the aggregation response to
BPU is mediated by ADP released from the stimulated
platelets. ADP-induced platelet aggregation is known to
involve activation of P2 purinergic receptors which are
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Fig. 2. Effect of adenosine monophosphate (AMP) (upper panel) or Web 2170 (a PAF antagonist) (lower panel) on the BPU-induced platelet aggregation.
Rabbit platelet-rich plasma suspension in microwell plates were exposed to BPU (0.7 mg/mL), 5 uM ADP or 50 nM PAF (100% aggregation), in the pres-
ence or absence of the indicated concentrations of AMP or Web 2170. Aggregation of platelets was monitored ever 11 s during 20 min in a SpectraMax
plate reader. Results (means + SD) are expressed as percentage of maximal aggregation for four replicates. Values of *p <0.05 or ***p <0.001 were con-

sidered statistically significant and ns is not significant.



D. Olivera-Severo et al. | Archives of Biochemistry and Biophysics 452 (2006) 149—155

competitively blocked by AMP [34,48]. In a previous study,
we have demonstrated that CNTX-induced platelet aggre-
gation also does not require PAF-acether and depends on
the ADP secreted by stimulated platelets being inhibited by
AMP and by the creatine phosphokinase/creatine phos-
phate scavenger system. Moreover thrombin-degranulated
platelets were shown to be irresponsive to CNTX [20].

The involvement of arachidonic acid metabolites in
BPU-induced platelet aggregation was investigated in
platelets pretreated with dexamethasone (a phospholipase
A, inhibitor), or indomethacin (a cyclooxygenase inhibitor)
or esculetin (a 12-lipoxygenase inhibitor). Fig. 3 shows that
dexamethasone blocked aggregation induced by BPU, indi-
cating a requirement of free arachidonic acid. In indometh-
acin-treated platelets, BPU-induced aggregation was
augmented up to 175%, excluding the participation of
thromboxane A,, an indirect product of cyclooxygenase
activity in the aggregation response. In esculetin-pretreated
platelets, BPU-induced aggregation was reduced up to 70%
indicating that product(s) of the 12-lipoxygenase, which is
specifically inhibited by this compound [54], mediated
platelet’s response to the protein. This agrees with the
potentiation of BPU-induced aggregation of indomethacin-
treated platelets as more arachidonic acid would be avail-
able for the 12-lipoxygenase. Thus, similar to what we
described previously for CNTX [6,20], platelet aggregation
induced by B. pasteurii urease is also mediated by lipoxyge-
nase-derived eicosanoids.

In platelets treated with methoxyverapamil (D-600), a
blocker of voltage-dependent Ca’*-gated channels, the
aggregating effect of BPU was greatly diminished, as shown
in Fig. 4. In CNTX-stimulated platelets we also observed
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inhibition (ICs, 25 uM) of aggregation and release reaction
by D-600, indicating that these responses depend on the
influx of external Ca’' into the platelets [35]. We also
showed that CNTX-induced aggregation was independent
of activation of phospholipase C and the phosphatidyl-ino-
sitol pathway [35].

Fig. 5 summarizes our present knowledge on the mecha-
nism of platelet aggregation induced by B. pasteurii urease.
Except for its lower potency compared to CNTX, as indi-
cated by their respective ED5, both proteins activate rabbit
platelets through a Ca®"-dependent mechanism involving
arachidonic acid metabolite(s) of the 12-lypoxygenase
enzyme leading to exocytosis of platelet’s dense granule
and culminating with the secreted ADP promoting aggre-
gation.

Thus, in spite of the tri-chain structure as compared to
plant ureases consisting of single chain oligomers, the plate-
let-aggregating activity (a model for exocytosis) is a com-
mon feature of bacterial and plant ureases. Preliminary
data of our group indicate that other bacterial ureases, such
as H. pylori urease, also display platelet-aggregating prop-
erties. This fact contrast with the lack of insecticidal activity
reported for BPU [30]. We previously demonstrated that
this biological property relies on an internal peptide of
plant ureases which is partially absent in the microbial
enzymes, corresponding to a fragment located between
UreB and UreC chains of B. pasteurii urease [27,30]. The
fact that bacterial and plant ureases evolutionarily con-
served the property of inducing exocytosis in some cell
types independent of ureolytic activity may shed new lights
into the so far poorly understood biological functions of
these proteins.
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Fig. 3. Effect of inhibitors of platelet phospholipase A, or arachidonic acid metabolism on the BPU-induced platelet aggregation. Rabbit platelet-rich
plasma suspensions in microwell plates were incubated for 2 min at r.t. in the presence or absence of the indicated concentrations of the drugs and aggre-
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The ability to secrete a vast array of compounds is a
remarkable metabolic feature of plant roots, with as much
as 20% of the photosynthetically fixed carbon being trans-
ferred to the rhizosphere through root exudates [43,61].
Roots actively secrete high-Mr compounds forming a
mucilage, which consist of 95% polysaccharides and 5%
protein [36,44,53]. The mucilage is secreted largely from

the root cap, but the root epidermis, including root hairs,
also release mucilage [36,60,61]. It has been shown that
urease activity is significantly protected from thermal
denaturation and proteolysis by immobilization on Ca>*-
polygalacturonate gels such as those produced by roots
[4,23]. Thus it is conceivable that extracellular BPU pres-
ent in the vicinity of roots is active upon nearby cells, e.g.
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root hairs, inducing or potentiating the secretion of muci-
lage that would ultimately be consumed by living B. paste-
urii cells. Studies have shown that 64-86% of the carbon
released by roots into the rhizosphere are respired by
microorganisms [17,39,41,61]. On the other hand, beside
its role in the mobilization of urea N for the plant, BPU
may also affect mineral availability for to the plant by
increasing the soil pH and inducing CaCOj; precipitation
[4,23,56]. Moreover, ureases are nickel-containing pro-
teins [25] and we have shown that the jackbean urease,
and probably BPU, specifically binds copper [29]. Thus,
the presence of BPU in the soil may result beneficial to
both, bacterium and plant. Studies are under way in our
laboratory to investigate the effects of BPU upon plant
protoplasts.
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9. Capitulo IV:

Dados Nao Publicados:

- Producéo e purificacdo de HPU
- Agregacéo plaquetéaria induzida por HPU

- Edema de pata induzido por HPU
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Transformacgédo de coldnias de E.coli cepa SE 5000.
Para verificar o estado de transformacéo das colonias utilizou-se placas de
cultura contendo meio de cultura urea segregation Agar onde se pode identificar as
colonias produtoras de urease pelo aumento de pH o qual modifica a coloracédo do

meio para vermelha pela presenca do marcador vermelho de cresol, figura 1R.

Figura 1R: (A) Placa com coldnias transformadas com plasmidio php 8080; (B) placa
com coldnias ndo transformadas com plamidio php 8080.

Purificagcdo das urease de Helicobacter pylori:

Um método de purificacdo da urease recombinante de H. pylori foi desenvolvido
neste trabalho, com o objetivo de aumentar o rendimento da metodologia da
metodologia descrita por (Hu et al., 1992). A FIGURA 1R ilustra a marcha de
purificacdo aqui desenvolvida.

Fracionamento por precipitacdo com Sulfato de Aménio:

O extrato bruto, obtido a partir da cultura de células de E.coli SES5000,
dialisado contra o tampdo de extracdo, submetido & dosagem de proteinas, e
ensaiado para atividade ureésica, foi em seguida fracionado por precipitagdo com
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sulfato de amonio, obtendo-se trés fracdes: Fragao | - de 0 a 30%; Fracao Il —de 30 a
70% e Fracdao Il - o sobrenadante de 70% de saturacgao.

As fracOes obtidas a partir do fracionamento com sulfato de amonio foram
dialisadas para retirada do sal, submetidas ao ensaio para deteccdo de atividade

ureasica determinando-se que fragdo rica em urease € a Fracao |l.

Cromatografia de troca idnica Q-Sepharose:

A fracao rica em atividade ureasica (Fracaoll) foi submetida a cromatografia de
troca ibnica Q-Sepharose, na forma de “batch”, na proporcdo de 1mL de resina para
cada 10mg de proteina; a resina foi equilibrada em tampdo 20mM NaPB, 5mM f-
mercaptoetanol, 1mM de EDTA, pH 7,8. ApOs a adsor¢do da amostra a resina, esta foi
lavada com o tampao de equilibrio (L) e entdo eluida com gradiente descontinuo: Os
tampdes de eluicdo foram: 12 eluicdo - 20mM NaPB, 5mM B-mercaptoetanol, 1mM de
EDTA, 100 mM NaCl pH 7,8; 22 eluicdo - 20 mM NaPB, 5mM B-mercaptoetanol, 1mM
de EDTA, 200mM NaCl pH 7,8; 32 eluicdo - 20mM NaPB, 5mM B-mercaptoetanol,
1mM de EDTA,300mM NaCl pH 7,8; 42 eluicdo (D) - 20 mM NaPB, 5mM f-
mercaptoetanol, 1mM de EDTA, 500mM NaCl pH 7,8. A atividade uredsica
concentrou-se na fragéo oriunda da 22 eluicéo (B).

Cromatografia de exclusdo molecular:

A fragédo rica em urease, oriunda da 22 eluigdo, na cromatografia de troca
ibnica foi submetida a cromatografia de gel filtracio em coluna Superose 6,
equilibrada com tampédo de extracdo, em FPLC-System, obtendo-se o perfil

cromatografico apresentado na Figura.3R.
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Fluxograma de purificacao da urease de Helicobacter pylori

Extrato bruto

Precipitacdo (NH,;),SO,

ll

I: 0-30% II: 30 — 70% I: S —-70%

Q-Sepharose

|

L: Ndo Retido 12 Eluicéo 32 Eluicéo
NaCl 100 mM NaCl 500 mM

60@
Urease H. pylori

FIGURA.2R: Fluxograma de purificacdo da urease de H. pylori.
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FIGURA.3R: Perfil cromatografico da urease de H.pylori em cromatografia de exclusdo molecular em

coluna Superose-6. Representa a fragdo com atividade ureolitica, o volume de eluigéo,

conforme curva de calibracdo da coluna é de 540 KDa, equivalente ao hexamero da urease de

H.pylori.

SDS-PAGE e Western-Blot:

A fracdo com atividade ureolitica oriunda da cromatgrafia de excluséo
molecular foi submetida a eletroforese em gel de ploacrilamida 10% obendo-se duas
bandas majoritarias com massas relativas em torno de 60 e 30 kDA, o equivalente a
as subunidades da urease de H. pylori. O ensaio western-blot utilizando anticorpos
anticanatoxina revelaram imunorreatividade cruzada entre estes anticorpos e a

subunidade UreB de 60 kDa da urease de H. pylori. (dados ndo mostrados).

44



Agregacao plaquetéria:
A figura 4R apresenta uma curva dose resposta para a agregacao plaquetéaria
induzida por HPU em plasma rico em plaguetas de coelho com DEs, de

aproximadamente 150 ug/mL, com “shape change” e agregacdo semelhante a

agregacao induzida por colageno e canatoxina.

100+ ° °
o _
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2 s04 & °
O\O ]
25-
0
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Figura 4R: Curva dose resposta de agregacdo plaquetaria induzida por
urease recombinante de H. pylori. Experimento representativo da média de
quadriplicatas.
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O envolvimento dos metabodlitos do &cido araquiddénico na agregacgdo

plaquetaria induzida por HPU foi investigado em plaquetas pré-tratadas com

dexametasona (um inibidor de fosfolipase A), indometacina (um inibidor de

cocloxigenase) e esculetina (um inibidor de 12-lipoxigenase). A Figura 5R mostra que

a dexametasona bloqueia a agregacgéo plaquetéria induzida por HPU, o que indica o
envolvimento de &cido araquiddnico livre para a ocorréncia do fenémeno.

120

100 - * **x
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[=2]
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0 4
HPU% 25uM Dex 50uM Dex

Figura 5R: Efeito da dexametasona na agregacdo plaquetéria induzida por 650 ug/mL de
HPU. Ensaios realizados em quadriplicata. * P<0.05; ** p < 0,01.

Em plaquetas tratadas com indometacina, a agregacado plaquetaria induzida
por HPU foi aumentada em até 3 vezes, 0 que exclui a participacdo de tromboxana A,

um produto indireto da acdo da cicloxigenase na agregacdo como apresentado na
Figura 6R.
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Figura 6R: Efeito da indometacina na agregacédo plaquetaria induzida por 650 ug/mL de
HPU. Ensaios realizados em quadriplicata. *** p < 0,001.

Os experimentos com esculetina apresentaram uma reducao na resposta de
agregacao induzida por HPU, indicando a participacdo de produtos de lipoxigenase,

na mediacdo da resposta de agregacao induzida pela amostra, Figura 7R.
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Figura 7R: Efeito da esculetina na agregacao plaquetaria induzida por 650 ug/mL de HPU.
Ensaios realizados em quadriplicata. ** p < 0,01.
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Para investigar a o potencial pré-inflamatério de HPU foi realizado o ensaio

usando o modelo de edema de pata em camundongos, com a injecado sub-plantar da

amostra (0,5; 5 e 45 ug). Como resultado obteve-se uma resposta com a formacéo de

edema dependente da dose administrada, co

m pico entre 4 e 6 horas e reducao

completa em 24 horas (Figura 8R), 0 que sugere que esta molécula tem potencial pro-

inflamatorio Este resultado € semelhante ao edema induzido por canatoxina em ratos.

0.6+

0.4+

0.2+

6 Horas

Logig (ng)

—=— 0.5 g
——5ug

—>— 45 ug

Figura 8R: Edema de pata em camundongo i

nduzido por diferentes doses de HPU

recombinante, acompanhado ao longo de 48 horas. Cada grupo foi composto por um n=9

individuos. In set curva dose resposta do experimento.
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10. Discussao Geral:

As ureases sdo uma familia de moléculas amplamente conservadas,
presentes em uma vasta gama de organismos, como plantas fungos e bactérias.
Essas proteinas apesar de suas estruturas quaterndarias diversas mantiveram uma alta
conservacgao evolutiva tendo em vista a homologia de 50 — 60% dessas moléculas em
espécies muito distintas. Essa conservacao ao longo da evolucdo sugere fortemente
que estas moléculas exercam um papel fisiolégico relevante para os organismos que

as produzem.

Em plantas, a presenca de ureases tem sido abordada por alguns autores
como importantes no metabolismo da arginina e disponibilidade de nitrogénio para o
individuo, tendo em vista sua atividade enzimatica intensa; contudo permanece a
pergunta: Se a uréia nao é um metabdlito majoritario em plantas sera que sua funcao

fisiologica nestes organismos estd somente relacionada a hidrélise desse substrato?

Contudo vale a pena ressaltar a atividade inseticida apresentada por essa
molécula e por outras ureases vegetais. Pode residir ai uma importante funcéo

biol6gica para essas moléculas em vegetais “defesa”.

Mesmo tendo sido a primeira enzima a ser cristalizada, por Sumner em 1926
comprovando assim o carater protéico das enzimas; até hoje permanecem muitas
davidas sobre estrutura e funcdo das ureases. Em C. ensiformis, por exemplo, a
estrutura tridimensional da urease até a data ndo foi resolvida;, em microrganismos
temos apenas trés estruturas 3D a disposi¢cdo nos bancos de dados. Todavia, ndo é
indicio que as ureases foram pouco estudadas ao longo dos anos: hd uma vasta
literatura a respeito de suas funcgdes para 0s organismos que as produzem, e suas

relacbes com outros organismos.

Pelo fato de ndo haver ainda um consenso de suas func¢des fisioldgicas, é
pertinente uma abordagem que extrapole os limites de sua atividade como enzima,
ampliando assim a chance de obter informacdes que permitam entender a presenca e

a manutencao de tal molécula em organismos distintos.
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Com este enfoque chegamos aos trabalhos desenvolvidos pelo nosso grupo
de pesquisas. A canatoxina, uma isoforma de urease presente em sementes de C.
ensiformis exerce um leque de atividades biolégicas independentes de sua atividade
ureolitica, ja descritas em varias publicacdes e apresentadas neste trabalho como
arcabouco tedrico para as hipdteses construidas para as ureases bacterianas
estudadas.

Em se tratando de ureases bacterianas. Que outras atividades estariam
envolvidas na fisiologia desses microrganismos independentes de sua atividade
enzimatica? Em Bacillus pasteurii, por exemplo, uma bactéria de solo ndo patogénica,
as interagcdes entre este microrganismo e outros que convivem no mesmo ambiente
sdo importantes, em particular as interagcbes com as plantas. E em bactérias
patogénicas como H pylori: Que funcdes essa proteina pode exercer na viruléncia e

patogenicidade desse organismo?

Este trabalho apresenta resultados que enfatizam a grande conservagéo nao
apenas estrutural, mas também funcional das ureases em diferentes organismos. Os
achados aqui apresentados para as duas ureases bacterianas estudadas corroboram
os resultados conhecidos para canatoxina. A atividade secretagoga mediada por
eicosanoides derivados do acido araquidbnico via rota das lipoxigenases, e o potencial
pré-inflamatério dessas enzimas podem estar intimamente ligados a fisiopatologia

desses microrganismos.

Em B. pasteurii, o potencial secretagogo dessa proteina pode estar envolvido
com a inducdo de exudados de raizes vegetais e nas interagdes intertréficas com

outros organismos de solo.

Em H. pylori os dados apresentados representam uma nova abordagem na
tematica urease como fator de viruléncia desse organismo. Alem da evidente
importancia da atividade ureolitica em criar um microclima adequado para a
colonizagdo géstrica pelo H. pylori, a ativacao de plaquetas, o potencial secretagogo e

pro-inflamatdrio dessa molécula e o envolvimento de eicosandides via lipoxigenases,
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podem contribuir de maneira significativa como fatores de patogenicidade de H.pylori,
como também abrir uma nova luz aos estudos de doencas cardiovasculares

associados a esta bactéria.
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