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RESUMO

Ureases sao enzimas niquel-dependentes que catalisam a hidrélise da
ureia em amobnia e didxido de carbono. Além disso, apresentam diversas
propriedades independentes da catalise, sendo consideradas proteinas
moonlighting. Sdo amplamente distribuidas na natureza, sendo encontradas em
bactérias, arqueas, plantas e fungos, podendo se organizar em unidades
funcionais compostas por uma, duas ou trés subunidades. Sua ativagao, que
envolve a passagem da enzima de sua forma apo-urease a sua forma holo-
urease, requer pelo menos trés proteinas acessorias. Parte de suas
propriedades nao-cataliticas é associada a liberagao de peptideos internos da
proteina nativa. Nesse contexto, a presente tese se dedicou ao estudo de
diferentes aspectos da biologia estrutural de ureases. Ao elaborar uma narrativa
filogenética, envolvendo varredura de bancos de dados em larga escala e
diferentes algoritmos de reconstru¢ao de arvores, foi possivel propor uma rota
evolutiva indicando a transigado de trés subunidades para uma unica unidade
funcional, sem passar por intermediarios de duas cadeias. Quanto ao seu
processo de ativagao, por meio de multiplos calculos de atracamento baseados
em dados experimentais prévios (especialmente SAXS), foram propostas
estruturas para suas diferentes etapas, em resolugéo atomistica. Finalmente, o
comportamento dindmico de diferentes peptideos derivados de urease foram
analisados computacionalmente por meio de simulag¢des de longa duragao (500
ns) e associados a outros dados obtidos in vitro, permitindo justificar efeitos
diferenciais obtidos na aplicacédo destes peptideos. De maneira geral, o trabalho
empregou técnicas computacionais a analise de ureases, fornecendo bases para
futuros estudos de suas propriedades, sejam cataliticas ou nao, incluindo sua

aplicagao biotecnoldgica.
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ABSTRACT

Ureases are nickel-dependent enzymes that catalyze the hydrolysis of
urea into ammonia and carbon dioxide. They have many catalysis-independent
properties, being considered moonlighting proteins. Ureases are found in
bacteria, archaea, plants, and fungi, and may be organized in functional units
composed by one, two, or three subunits. Their activation, involving the transition
from apo to holourease, requires at least three accessory proteins. Some of their
non-catalytic properties are related to the release of internal peptides from the
native protein. In this context, this thesis was developed upon the study of
different aspects of urease structural biology. By phylogenetical reconstruction,
employing large-scale databank scans and different tree-building algorithms, we
were able to propose an evolutionary route by which the transition from three to
one functional subunits was possible, with no need for a two-chained
intermediate. Regarding the activation mechanism, we have proposed structural
models for the oligomeric intermediates of the process by multiple docking
calculations, at atomistic resolution, based on previous experimental data
(especially SAXS). Additionally, the dynamical behavior of different urease-
derived peptides was analyzed by computational simulations at large time scales
(500 ns) and correlated to in vitro results, allowing us to explain the variable
effects observed after their application on test systems. In short, in this work we
have employed computational techniques to the analysis of urease, providing
working grounds for further studies of this enzyme and its properties (catalytical

or not), including its biotechnological applicability.
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1. INTRODUCAO
“1 centrifuged some of the filtrate and

looked at the precipitate under the
microscope. It appeared to  be
crystalline. It had extremely high urease
activity. I telephoned to my wife that I
probably  had  obtained  crystalline
urease. That night I slept but little.”

James B. Sumner

1.1 UREASES: ASPECTOS HISTORICOS

Ureases (ureia amidohidrolases, EC 3.5.1.5) sdo enzimas amplamente
distribuidas na natureza, sendo encontradas em plantas, fungos e bactérias.
Elas se caracterizam por uma mesma propriedade catalitica, a hidrolise da ureia

a amonia e acido carbamico (Figura 1) (KRAJEWSKA, 2009A).

H,0
H,N-CO-NH, + H,0 —33%€ | 11 N-COOH + NH, —=— H,CO, + 2NH,
Reagéo ndo
catalisada de
eliminagéo

2H,0
HN=C=0 + NH; ——— H,CO, + 2NH,

Figura 1. Esquema da reagéo catalisada pela urease: hidrélise da ureia produzindo carbamato e aménia,
com o primeiro sendo hidrolisado espontaneamente a outra molécula de amédnia e &cido carbbnico
(adaptado de KRAJEWSKA, 2009A).

Tanto a ureia quanto as ureases representam marcos da investigagao
cientifica (MOBLEY ET AL. 1995). Conforme levantamento realizado por FEARON
(1923), a ureia foi descoberta em 1773, em urina humana, sendo posteriormente,
0 primeiro composto organico a ser sintetizado a partir de compostos
inorganicos, por WOHLER (1828). Em 1798, foi proposto que a amdnia da urina
provinha da fermentagao da ureia, mas o isolamento do primeiro microorganismo

ureolitico (Micrococcus ureae), deu-se apenas em 1864. Em 1874, uma enzima



ureolitica foi obtida a partir de urina putrida, sendo tal enzima chamada, a partir
de 1890, de urease.

A urease passou a estar disponivel em grandes quantidades a partir de
1909, quando Takeuchi e Inone descobriram que sementes de soja (Glycine
max) eram ricas nesta enzima. Este trabalho foi, também, o primeiro a identificar
a urease nos chamados vegetais superiores. Em 1916, Matter e Marshall
descobriram que o feijao-de-porco, ou jack bean (Canavalia ensiformis),
apresentava até quinze vezes mais urease que a soja, promovendo-o a material
ideal para estudos dessa enzima (dados retirados de SUMNER, 1937).

Em 1926, James Sumner cristalizou a urease a partir de feijdo-de-porco
(SUMNER, 1926). Seu trabalho teve importancia fundamental para a Bioquimica
por demonstrar, pela primeira vez, que enzimas sao proteinas e que podem ser
cristalizadas. A época (e até meados da década de 1930), as enzimas eram
consideradas compostos diferentes de todos os outros conhecidos até entdo
(sendo descritas como coldides possivelmente associados a proteinas), o que
dificultou a aceitacao e a divulgagao adequada deste trabalho pioneiro (SUMNER,
1937). Em 1946, Sumner recebeu o Prémio Nobel pela “descoberta de que
enzimas podem ser cristalizadas” (MANCHESTER, 2004).

Em 1975, foi demonstrado que a urease de feijao-de-porco possuia ions
de niquel em seu sitio ativo e que estes eram essenciais para catalise (DIXON ET
AL., 1975). Até entdo, o niquel era tratado como um metal sem relevancia
biolégica (THAUER, 2001), mesmo quando consideradas as dificuldades
analiticas que impediam uma analise adequada deste metal naquela época
(ZERNER, 1991). Além da urease, somente outras oito enzimas contendo niquel
foram descritas até o momento (RAGSDALE, 2009; SYDOR & ZAMBLE, 2013; BOER
ETAL., 2013).

Desde a descoberta de sua presenga em soja, em 1909, a urease tem
sido alvo de intensas pesquisas, incluindo analises de sua ocorréncia e papel na
natureza; mecanismo e especificidade de acao; interagdo com compostos
diversos; sequenciamento; organizacdo génica e cristalizacdo (QIN & CABRAL,
2002; KRAJEWSKA, 2009A). Um trabalho desenvolvido por nosso grupo descreveu
uma neurotoxina oriunda do feijdo-de-porco, identificada como uma isoforma da
urease majoritaria da planta (CARLINI & GUIMARAES, 1981; FOLLMER ET AL., 2001).

Suas propriedades neurotdxicas mostraram-se independentes de sua



capacidade ureolitica, 0 que deu inicio a busca de outras propriedades catalise-
independentes em ureases (CARLINI & PoLACcO, 2008).

Considera-se que o papel principal de ureases seja o de permitir que os
organismos utilizem a ureia, endégena ou exdgena, como fonte de nitrogénio
(JABRIET AL., 1995; QIN & CABRAL, 2002; KRAJEWSKA, 2009A). Além deste papel,
todavia, as ureases apresentam grande versatilidade de aplicagbes, podendo
atuar no transporte de nitrogénio, na defesa em plantas e na neutralizagdo da
acidez no ambiente gastrico de mamiferos para colonizagcédo bacteriana (CARLINI
& PoLAcco, 2008; FOLLMER, 2010).

Além das plantas, arqueas, bactérias e fungos sintetizam ureases. De
maneira geral, considera-se que todos os animais perderam essa enzima em
sua histéria evolutiva (FUJIWARA & NOGUCHI, 1995), apesar de algum autores
proporem sua existéncia em moluscos e cordados basais (PEDROzZO ET AL.
(1996AB; XUE ET AL., 2006).

As ureases tém papel importante na patogénese de varias espécies
bacterianas, incluindo Proteus mirabilis, Staphylococcus saprophiticus, Yersinia
enterocolitica e Ureaplasma urealiticum (MOBLEY ET AL., 1995). O exemplo mais
frequente na literatura € o da urease de Helicobacter pylori, devido a alta
prevaléncia desse microrganismo como patégeno humano e pelo papel
essencial da enzima em sua patogénese (EATON ET AL., 1991, SIRKO & BRODZIK,
2000, OLIVERA-SEVERO ET AL., 2006, FOLLMER, 2010).

A atividade ureasica foi encontrada em varias espécies de fungos, mas a
descrigao genética correspondente esta disponivel para apenas algumas delas
(SIRKO & BRoODzIK, 2000; KRAJEWSKA, 2009A). Exemplos incluem
Schizosaccharomyces pombe (TANGE & NIWA, 1997) e os patdégenos humanos
Coccidioides immitis (YU ET AL., 1997); e Cryptococcus neoformans (COX ET AL.,
2000; SINGHETAL., 2013).

Em relagdo a ureases de plantas, os dados genéticos mais abrangentes
estdo disponiveis para soja (G. max) (PoLAccO & HOLLAND, 1993, PoLACCO &
HOLLAND, 1994). Genes distintos, que codificam duas isoformas da urease, uma
ubiqua e uma embrido-especifica, assim como genes nao ligados, codificadores
de proteinas acessorias, foram identificados nessa planta (MEYER-BOTHLING &
PoLAcco, 1987). A urease embrido-especifica € uma proteina abundante em

sementes de varias espécies de plantas, incluindo soja, feijao-de-porco



(PoLacco & HOLLAND, 1994) e Arabidopsis thaliana (ZONIA ET AL., 1995),
enquanto a forma ubiqua é encontrada em baixas quantidades nos tecidos
vegetativos da maioria das plantas (SIRKO & BRODzIK, 2000). Recentemente, uma
possivel terceira isoforma foi proposta com base no genoma de soja (WITTE,
2011).

A urease das folhas da amoreira M. alba ja foi purificada e caracterizada
(HYRAIAMA ET AL., 2000B), bem como a urease das sementes do algodoeiro,
Gossypium hirsutum (MENEGASSI ET AL., 2008). Entretanto, bioquimicamente, a
urease vegetal melhor caracterizada é a isoforma majoritaria da urease de C.
ensiformis, JBURE-I (TAKISHIMA ET AL., 1988, RIDDLES ET AL., 1991, HIRAI ET AL.,
1993, KARMALI & DOMINGOS, 1993). Sabe-se menos a respeito das isoformas
minoritarias, sendo reconhecidas pelo menos duas: a canatoxina e a JBURE-II
(CARLINI ET AL., 1997; FOLLMER ET AL., 2001, PIRES-ALVES ET AL., 2003, MULINARI
ETAL., 2011).

1.2 ESTRUTURA DE UREASES

As ureases de plantas e fungos sao proteinas homo-oligoméricas (isto €,
formadas por subunidades idénticas), enquanto as ureases bacterianas sao
multimeros formados por complexos de duas ou trés subunidades (MOBLEY ET
AL., 1995, TANGE & NIwA, 1997). Observa-se uma similaridade significativa entre
as sequéncias peptidicas de todas as ureases conhecidas (SIRKO & BRODZIK,
2000).

Residuos amino-terminais dos mondmeros das enzimas fungicas e
vegetais sdo similares aos das subunidades menores das enzimas bacterianas,
enquanto as subunidades maiores de ureases bacterianas assemelham-se as
por¢cdes carboxiterminais de ureases de plantas e fungos (Figura 2). A alta
similaridade entre as sequéncias de ureases indica que sao todas variantes de
uma mesma enzima e que, provavelmente, possuem estruturas terciarias e
mecanismos cataliticos similares (MOBLEY ET AL., 1995), o que permite que dados
obtidos para ureases bacterianas sejam extrapolados para as enzimas vegetais

ou fungicas (FOLLMER, 2008).
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Figura 2. Representagéo esquematica das subunidades de urease (adaptado de SIRKO & BRODZIK, 2000; e
KRAJEWSKA, 2009A).

As subunidades idénticas que compdem as ureases de plantas e fungos
(com aproximadamente 90 kDa cada) sdo geralmente organizadas em trimeros
a3 ou hexadmeros as (KRAJEWSKA, 2009A). Exemplos de ureases vegetais homo-
hexaméricas incluem as enzimas de soja (G. max), feijdo-de-porco (C.
ensiformis), feijdo-guandu (Cajanus cajan) e sementes de algodoeiro (G.
hirsutum) (PoLAccO & HAVIR, 1979, DAS ET AL., 2002, MENEGASSI ET AL., 2008).
Organizagdes alternativas incluem a2 para canatoxina, urease de amoreira (M.
alba) e do fungo S. pombe e a4 para urease do fungo C. immitis (LUBBERS ET AL.,
1996, HYRAIAMA ET AL., 2000B, FOLLMER ET AL., 2001, MIRBOD ET AL., 2002).

As ureases bacterianas sdo compostas por trés subunidades distintas,
uma maior (a, 60-76 kDa) e duas menores (B, 8-21 kDa e vy, 6-14 kDa) (Figura
2), geralmente formando trimeros do tipo (aBy)s (SIRkO & BRobDzik, 2000,
KRAJEWSKA, 2009A). Os exemplos tipicos sao as ureases de Klebsiella
aerogenes (JABRI ET AL., 1995) e de Bacillus pasteurii (BENINI ET AL., 1999).
Organizagbes alternativas incluem (afy)s para a enzima de Staphylococcus
saprophyticus (SCHAFER & KALTWASSER, 1994) e (aBy)s para a de Staphylococcus
leei (JINETAL.,2004). Em contraste a organizacao geral das ureases bacterianas,

as ureases de Helicobacter spp. sdo compostas por duas subunidades, a (61-66



kDa) e B (26-31 kDa), que em H. pylori e H. mustelae se organizam em um
complexo dodecamérico ((ap)s)s (HAET AL., 2001; CARTER ET AL., 2011).

Algumas ureases bacterianas e vegetais tiveram suas estruturas
tridimensionais resolvidas por cristalografia de raios X. As estruturas das
enzimas de K. aerogenes, B. pasteurii, € H. pylori foram as primeiras ser
determinadas e analisadas (JABRI ET AL., 1995, BENINI ET AL., 1999, HA ET AL.,
2001). Apesar de ter sido a primeira enzima cristalizada (SUMNER, 1926), apenas
recentemente foi descrita a estrutura tridimensional da urease do feijao-de-
porco, C. ensiformis (BALASUBRAMANIAN & PONNURAJ, 2010). A essa, seguiu-se a
cristalizacdo e descricdo estrutural da urease de feijdo-guandu, C. cajan
(BALASUBRAMANIAN ET AL., 2013A). Uma listagem detalhada das estruturas
tridimensionais de ureases e suas variantes, depositadas no Protein Data Bank,
encontra-se no Apéndice A.

As ureases apresentam um enovelamento tipico das amidohidrolases,
caracterizado pela presenga de um barril (ap)s (barril TIM) ligeiramente
distorcido, onde se localiza o sitio ativo com dois atomos de niquel, seguido por
um conjunto de fitas B antiparalelas (NAGANO ET AL., 2002), ambos formando a
subunidade a. No caso de ureases de plantas e fungos, essa porgéao
corresponde ao dominio a, podendo ser separado em sub-dominios (a1
correspondendo ao barril TIM e a2 correspondendo ao conjunto de fitas)
(BALASUBRAMANIAN & PONNURAJ, 2010; BALASUBRAMANIAN ET AL., 2013A). As
subunidades 3 e y apresentam predominantemente estruturas do tipo af3 (JABRI
ET AL.,1995, BALASUBRAMANIAN ET AL., 2013A) (Figura 3).

Uma estrutura do tipo hélice-volta-hélice forma uma aba (flap) sobre o sitio
ativo, sendo associada a alta especificidade das ureases pelo seu substrato, a
ureia (JABRI ET AL., 1995). Esta aba encontrar-se-ia aberta enquanto a enzima
ndo recebesse do meio o substrato, fechando-se de forma simulténea a entrada
da ureia no sitio ativo (BENINIET AL., 1999, BENINI ET AL., 2001, BALASUBRAMANIAN
ET AL., 2013). A movimentagao desta aba seria facilitada por regides de algas,

consideradas conformacionalmente mais flexiveis.
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Figura 3. Organizagao estrutural de ureases, representada com base na estrutura cristalografica da enzima
de C. cajan (PDB ID 4G7E). Atomos de niquel representados como esferas em laranja.

1.3 SITIO CATALITICO E ATIVACAO DE UREASES

A resolucdo das estruturas cristalograficas de ureases bacterianas e
vegetais permitiu uma analise detalhada do sitio ativo destas enzimas. Estes sao
praticamente sobreponiveis, indicando que um mesmo perfil de enovelamento
deva ser comum a todas as ureases (KRAJEWSKA, 2009A; BALASUBRAMANIAN ET
AL., 2013A). O sitio ativo possui um centro binuclear com niquel. Casos onde ha
substituicdo natural deste por ferro ou zinco foram relatados, mas sempre com
atividade muito reduzida em relag&o a enzimas equivalentes com niquel no sitio
ativo (CARTER ET AL., 2011B; FOLLMER ET AL., 2002). Os ions de niquel' sdo
ligados a cadeia lateral da lisina carbamilada por meio de seus atomos de
oxigénio. O Ni(1), € também coordenado a duas histidinas, por meio de seus
atomos de nitrogénio (Ne em uma delas e Ns em outra), enquanto o Ni(2),
coordena a atomos de nitrogénio de duas histidinas (N¢) e ao oxigénio do acido
aspartico (Os) (Figura 4). Além disso, os ions de Ni' estdo conectados a um ion
hidroxido (WB, hidréxido-ponte) que, juntamente com duas moléculas de agua,
W1 no Ni(1) e W2 no Ni(2), e uma terceira molécula de agua, W3, proxima a
saida do sitio ativo, formam um grupamento tetraédrico de agua. Esse

grupamento (cluster) € unido por ligagdes de hidrogénio e preenche a cavidade



do sitio ativo, sendo substituido pela ureia quando da reagao catalisada pela

urease (BENINIET AL., 1999).
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Figura 4. Sitio ativo de ureases: (A) Representacdo esquematica (adaptado de BENINI ET AL., 1999); (B)
Representacdo espacial (PDB ID 2UBP). A numeragdo dos residuos corresponde a urease de C.
ensiformis.

Uma série de etapas € necessaria para que a urease passe de sua forma
inativa (apourease) para sua forma ativa (holourease), contendo niquel. A
insercdo desse metal no sitio ativo requer a interacdo da enzima com proteinas
acessorias. O processo melhor descrito deriva de estudos em K. aerogenes,
onde as proteinas UreD, UreF e UreG atuam como chaperonas da urease inativa
(UreABC), permitindo mudangas conformacionais, carbamilacdo da lisina e
hidrélise de GTP, enquanto a proteina UreE atua como metalochaperona,
transportando Ni'" (ZAMBELLI ET AL., 2011). A proposta mais difundida é de que
essas proteinas se liguem sequencialmente a apourease, mas a hipotese
alternativa, de que um oligbmero formado por elas atue diretamente sobre a
enzima, ndo esta descartada (Figura 5) (CARTER ET AL., 2009).

Devido a obstaculos em sua purificacdo, pouco se sabe a respeito da
UreD, a primeira proteina a ligar na apourease. A UreF, que liga no complexo
apourease-UreD, parece atuar como ativadora de GTPase, sendo
correlacionada a atividade de GTPase da UreG, quando essa liga na apourease-
UreDF. E proposto que a UreG catalise, na presenca de CO2, a formacdo de
carboxifosfato, um agente reconhecido para carbamilagéo da lisina do sitio ativo.

Enquanto o GTP ¢é hidrolisado, a ligadora de niquel UreE entrega os ions



metalicos ao complexo apourease-UreDFG. (CARTER ET AL., 2009; ZAMBELLI ET

AL., 2011).
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Figura 5. Via de ativagdo da urease de K. aerogenes. A rota alternativa é representada pela seta em cor
cinza (baseado em CARTER ET AL., 2009).

Em plantas, o sistema de ativacéo € equivalente, apesar da auséncia da
metalochaperona UreE (WITTE, 2011). Nesses organismos, a atividade ligadora
de niquel parece ter sido incorporada na UreG, que apresenta uma cauda amino-
terminal rica em residuos de histidina e aspartato, cuja capacidade de ligar
metais ja foi estudada (POLACCOETAL.,2013). A mesma combinacdo de

fungdes ocorre em fungos (SINGH ET AL., 2013).

1.4 PROPRIEDADES CATALITICAS E CATALISE-DEPENDENTES EM UREASES

A urease é considerada uma das enzimas mais proficientes conhecidas
até o momento (KRAJEWSKA, 2009A). Devido principalmente ao fato de a hidrdlise
nao catalisada da ureia nunca ter sido observada, é dificil estabelecer um valor
inequivoco para a proficiéncia da enzima. Baseando-se em comparagdées com a
reacgao nao catalisada de eliminagao, a proficiéncia da enzima foi estimada como
sendo 10" vezes superior a esta, enquanto estudos tedricos propuseram um
valor de até 1032 vezes (ESTIU & MERZ, 2004).
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Os mecanismos de hidrélise da ureia catalisados pela urease atualmente
considerados s&o aqueles propostos por BENINI ET AL. (1999) (Figura 6) e por
KARPLUS ET AL. (1997) (Figura 7). Baseados em trabalhos anteriores, eles
assumem que, no sitio ativo da enzima, a ureia liga-se ao ion Ni(1), mais
eletrofilico, e ao atomo de oxigénio do grupo carbonila, tornando o carbono da
ureia mais eletrofilico e, portanto, mais susceptivel a ataque nucleofilico. Apds
tomar o lugar das moléculas de agua W1-W3, a ureia liga-se ao Ni(2), por meio
do atomo de nitrogénio de um dos seus grupos amino, tornando sua ligagao
bidentada com a urease. Acredita-se que essa ligacao facilite o ataque
nucleofilico da agua sobre o atomo carbono do grupo carbonila, resultando na
formacdo de um intermediario tetraédrico, do qual NHs e carbamato séo

liberados.
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Figura 6. Mecanismo de uredlise proposto por BENINI ET AL., 1999. A reagao envolve um intermediario
tetraédrico que gera carbamato apos a liberagdo de NHs. O hidroxido-ponte age como nucledfilo para a
carbonila, além de protonar o NH; livre. A numeragao corresponde aos residuos na urease de K. aerogenes
(adaptado de ESTIU & MERZ, 2007).
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Figura 7. Mecanismo de uredlise proposto por KARPLUS ET AL., 1997. A reacgao envolve um intermediério
tetraédrico que gera acido carbamico apds a liberagao de NHs. O mecanismo se baseia nas suposicdes de
que uma molécula de &gua fica retida apds a coordenacéo da ureia € que a His320 estd protonada. A
numeragao corresponde aos residuos na urease de K. aerogenes (adaptado de ESTIU & MERZ, 2007).
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Enquanto BENINI ET AL. (1999) propdéem que o ataque nucleofilico é
executado pelo hidréxido-ponte, que atua também como acido geral, fornecendo
prétons para o grupo NHs, KARPLUS ET AL. (1997) defendem que € uma histidina,
localizada na aba do sitio ativo, que age como acido geral nessa protonacgao.
Estes autores consideram como possibilidade alternativa a ligagdo monodentada
da urease ao Ni(1), com o Ni(2) fornecendo a molécula de agua como nucleéfilo
para o atomo de carbono do grupamento carbonila da ureia.

Além disso, EsTIu & MERZ (2007), baseado em modelos simplificados do
sitio ativo da enzima, propdem que os mecanismos de hidrolise e eliminagao
poderiam ocorrer de maneira competitiva na urease, € que um mecanismo
batizado por eles de “eliminacdo assistida por proteina” seria favorecido.
Considera-se que 0s mecanismos cataliticos propostos para a urease
apresentam varias controvérsias que permanecem n&o esclarecidas
(KRAJEWSKA, 2009A), embora novas evidéncias, especialmente oriundas de
estudos envolvendo inibidores (BENINI ET AL., 2013) tenham apontado para o
mecanismo proposto por BENINIET AL. (1999).

Independente da maneira como ocorre, a hidrolise da ureia possui papel
importante em diversos organismos. Em plantas, a urease se junta a arginase e
a glutamina sintetase no grupo das enzimas-chave no metabolismo de ureia.
Nesses organismos, quantidades significativas de nitrogénio fluem na forma de
ureia, derivada da arginina e, possivelmente, da degradagdo de purinas e
ureidos (PoLAccO & HOLLAND, 1994). O nitrogénio presente na ureia néo esta
disponivel para a planta até que seja hidrolisado pela urease. Apds a hidrolise,
a amodnia gerada é incorporada em compostos organicos por meio da glutamina
sintetase, principalmente (SIRKO & BRoODzIK, 2000).

Ureases também possuem papel importante na germinagdo e no
metabolismo de nitrogénio das plantulas, podendo atuar conjuntamente a
arginase na utilizagado das reservas proteicas da semente enquanto germinam
(PoLacco & HoLLAND, 1993). Enquanto a urease ubiqua (encontrada em
virtualmente todos os tecidos vegetais) é responsavel pela reciclagem da ureia
oriunda do metabolismo da planta, a urease embrido-especifica, originalmente
descrita para soja, tem papel fisioldgico desconhecido. E proposto que ela esteja
envolvida na protecdo contra predadores devido a toxicidade da amdnia

produzida (PoLAccO & HOLLAND, 1994, FOLLMER, 2008), embora mecanismos
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adicionais de toxicidade, independentes da atividade catalitica da enzima,
venham sendo descritos (ver adiante).

Entre as bactérias ureoliticas, as patogénicas sao as mais frequentemente
estudadas, uma vez que a patogénese € descrita como relacionada a hidrolise
da ureia, ocasionando aumento do pH e toxicidade pela amdnia e seus derivados
(BURNE & CHEN, 2000). A ureia € o principal produto de excregao de nitrogénio
da maioria dos animais terrestres, sendo amplamente disponivel para bactérias
ureoliticas. Em humanos, os sistemas urinario e digestério sdo os locais mais
comuns de infecgao por essas bactérias (BURNE & CHEN, 2000; FOLLMER, 2010;
KONIECZNA ET AL., 2012).

O aumento do pH da urina pode causar varias complicacées em humanos,
incluindo a precipitagdo de ions soluveis presentes na urina, causando a
formacao de calculos renais e, em casos extremos, a necrose do tecido renal.
Tais calculos sdo compostos principalmente por estruvita e apatita e seu principal
agente causador é a bactéria Proteus mirabilis (MOBLEY ET AL., 1995, BURNE &
CHEN, 2000).

No trato digestério humano, a bactéria ureolitica H. pylori € o principal
causador de infecgdo (BURNE & CHEN, 2000). Ela normalmente coloniza a
mucosa estomacal, aumentando localmente o pH altamente acidico, o que
permite que a bactéria sobreviva nesse ambiente hostil (HA ET AL., 2001).
Simultaneamente, ocorre dano ao tecido do hospedeiro, causando gastrite e
ulceras gastrointestinais. Este dano esta principalmente relacionado a aménia,
derivada da ureodlise, e a monocloramina, derivada da reagao oxidativa das
células imunitarias (FOLLMER, 2010; KONIECZNA ET AL., 2012).

A atividade ureolitica que ocorre no solo € de grande importancia para a
agricultura. Apesar de microrganismos serem relevantes para esse processo, ele
deriva principalmente das chamadas “ureases de solo” (BREMNER & KROGMEIER,
1989). Essas ureases sao residuos de plantas e células bacterianas mortas, e
sua estabilidade no meio extracelular se deve a imobilizacdo em argilas e
substancias humicas do solo (GIANFREDA ET AL., 1995). A alta estabilidade destas
ureases € 0 que permite que a ureia seja utilizada como fertilizante de maneira
eficiente (KRAJEWSKA, 2009A).

Adicionalmente, as ureases podem promover a formacgéao de carbonato de

calcio em sedimentos geoldgicos, solos, e fontes de agua. Apesar de nao estar
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totalmente resolvido, o papel das ureases bacterianas nesse processo parece
ser triplo, aumentando a alcalinidade de forma favoravel a precipitacdo de
CaCOs, aumentando a concentragao de carbono inorgéanico dissolvido no meio
e, por fim, servindo de sitio de nucleacgao para os cristais (CASTANIERETAL., 1999,

METAYER-LEVREL ET AL., 1999).

1.5 PROPRIEDADES CATALISE-INDEPENDENTES EM UREASES

A capacidade de catalisar a hidrélise de ureia a amoénia e acido carbamico
€ considerada a caracteristica fundamental das ureases. Tem-se demonstrado,
entretanto, que essas enzimas sdo proteinas multifuncionais, apresentando
varias propriedades independentes da catalise.

Descoberta em 1981, a canatoxina € uma proteina altamente téxica de C.
ensiformis que induz convulsdo e morte em ratos e camundongos quando
injetada intraperitonealmente (CARLINI & GUIMARAES, 1981). Posteriormente, a
canatoxina foi identificada como uma isoforma menos abundante de urease
(FOLLMER ET AL., 2001) e uma familia de genes relacionados a ureases foi
descoberta nessa planta (PIRES-ALVES ET AL., 2003).

Além de neurotoxica em mamiferos, essa isoforma de urease apresenta
atividade inseticida contra besouros (Coleoptera) e percevejos (Hemiptera),
propriedade compartilhada com a isoforma majoritaria da enzima de C.
ensiformis e com a urease ubiqua de soja (CARLINI ET AL., 1997, CARLINI &
GROSSI-DE-SA, 2002, FOLLMER ET AL., 2004, STANISCUASKI ET AL., 2005). Esses
grupos de insetos possuem catepsinas como principais enzimas digestivas,
contrastando com grupos que possuem tripsinas realizando tal fungdo, que séo
imunes a toxicidade da canatoxina. Essa diferenca evidencia a importancia da
chamada “ativacdo proteolitica” das ureases. Nesse processo, originalmente
descrito para canatoxina, um peptideo entomotoxico de 10 kDa é liberado pela
digestdo da enzima por catepsinas, sendo o principal responsavel pela atividade
inseticida da canatoxina (ver item 1.5.1) (CARLINI ET AL., 1997; FERREIRA-DASILVA
ET AL., 2000). Adicionalmente, os efeitos inseticidas das ureases de soja e feijao-
de-porco persistem apds tratamento com inibidores irreversiveis de ureases,
demonstrando que um dominio distinto do sitio ativo estd envolvido nas

propriedades inseticidas (FOLLMER ET AL., 2004, CARLINI & PoLAccCO, 2008).
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O mecanismo de acgao associado a atividade inseticida de ureases ou de
seus peptideos derivados aguarda elucidagéo. Entre os efeitos entomotdxicos,
a diminuicdo da diurese em Rhodnius prolixus (Hemiptera) foi investigada,
revelando que o peptideo e a urease intacta modulam diferentes cascatas de
sinalizagdo em tubulos de Malpighi intactos: enquanto a urease ativa a via dos
eicosanoides e transporte de calcio, o peptideo altera os niveis de cGMP e o
potencial trans-epitelial (CARLINI & POLACCO, 2008, STANISGUASKI ET AL., 2009).

Além de propriedades inseticidas, as ureases possuem outros efeitos que
sao independentes da catalise. As enzimas de soja, feijao-de-porco e, em menor
grau, de H. pylori, inibem o crescimento vegetativo de diversos fungos
filamentosos e leveduras, possivelmente induzindo plasmolise e danos a parede
celular (BECKER-RITT ET AL., 2007; POSTAL ET AL., 2012). Além do “dominio
inseticida”, existem indicativos de que outras regides da urease podem estar
envolvidas no efeito sobre fungos, incluindo uma possivel atividade de celulase
(BALASUBRAMANIAN ET AL., 2013A).

Outras propriedades testadas para essas ureases incluem a ligacao a
glicoconjugados (FOLLMER ET AL., 2001) e a ativagao de plaquetas (FOLLMER ET
AL, 2004), que ocorre por meio da via das lipoxigenases (CARLINI ET AL. 1985;
OLIVERA-SEVERO ET AL., 2006; WASSERMANN ET AL., 2010). Efeitos pré-
inflamatorios também foram observados em estudos com a urease de H. pylori,
envolvendo ativagao de neutrdéfilos e inibicdo de sua apoptose (UBERTI ET AL.,
2013). Algumas dessas propriedades, como a ativagdo de plaquetas, foram
descritas recentemente para a urease de P. mirabilis (BRoOLL, 2013).

Uma propriedade proposta, mas ainda nao testada, é a de que a urease
extravasada de B. pasteurii, uma das “ureases de solo” presentes na rizosfera,
possa atuar sobre células de raizes, induzindo secrecdo de compostos que
podem ser consumidos, em ultima instancia, pela bactéria (CARLINI & POLACCO,
2008). Recentemente foi demonstrado que a urease de Bradyrhizobium
Japonicum, uma bactéria fixadora de nitrogénio em plantas de soja, ndo esta
envolvida nos processos de nodulacdo ou fixagdo. O mesmo trabalho
demonstrou, no entanto, que ureases de soja estdo implicadas na eficiéncia da
fixagdo biolégica de nitrogénio e possuem papel quimiotatico sobre a referida

bactéria (MEDEIROS-SILVA, 2012).
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Embora a maioria dos casos estudados retrate propriedades “belicosas”
dessas enzimas, as ureases podem ter papel importante na interagao positiva
entre diferentes organismos. E o que ocorre em algumas associacgdes liquénicas.
Ureases com glicosilagdes especificas, aderidas a parede celular da alga, séo
ligantes especificos para lectinas secretadas pelo fungo, tendo papel
fundamental no reconhecimento da compatibilidade interespecifica do liquen
(SACRISTAN ET AL., 2006).

Por apresentarem pelo menos duas fungdes nao relacionadas, as ureases
podem ser incluidas no grupo das chamadas moonlighting proteins.
Originalmente chamado de “compartilhamento génico” (PIATIGORSKY & WISTOW,
1989; PIATIGORSKY, 2007), esse fendbmeno descreve cadeias polipeptidicas
unicas com fungdes multiplas, que nao sao efeito de fusao génica, variagao de
splicing ou atividade enzimatica promiscua (JEFFERY, 1999). Esse grupo de
proteinas tem sido mais extensivamente estudado em leveduras e mamiferos
(JEFFERY, 2009; WANG ET AL., 2013), tornando as ureases um exemplo

interessante de multifuncionalidade em proteinas vegetais e microbianas.

1.5.1 Peptideos derivados de ureases

Apos as primeiras evidéncias de que a canatoxina poderia ser ativada
proteoliticamente, varios estudos foram desenvolvidos para investigar essa
hipotese (STANISCUASKI & CARLINI, 2012). A digestdo in vitro da proteina com
enzimas oriundas das larvas de Callosobruchus maculatus (Coleoptera) originou
peptideos que foram fracionados e testados quanto a toxicidade em ninfas e
adultos de R. prolixus (FERREIRA-DASILVA ET AL., 2000). Das diferentes fragoes
produzidas, a que continha peptideos de cerca de 10kDa mostrou-se toxica para
adultos por injecao, contrastando com a auséncia de efeitos observada para a
proteina intacta quando empregada a mesma rota. Fragdes com peptideos
menores foram ativas também contra ninfas, indicando que a atividade inseticida
possa ser compartilhada por uma familia de peptideos, ou que o peptideo
principal possa sofrer etapas posteriores de digestdo (STANISCUASKI & CARLINI,
2012).

O principal peptideo das fragdes de 10kDa foi sequenciado e denominado
Pepcanatox (CARLINI ET AL., 2000). Estudos posteriores quanto a sua atividade e

mecanismos de agao foram desenvolvidos com um peptideo recombinante,
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chamado Jaburetox-2Ec (MULINARI ET AL., 2007). Esse peptideo mostrou-se
téxico a varios insetos (Dysdercus peruvianus, R. prolixus, T. infestans),
incluindo espécies que nao sao afetadas pelas ureases nativas (como
Spodoptera frugiperda) (conforme sumarizado por STANISGUASKI & CARLINI,
2012).

Em relacdo aos peptideos derivados de ureases, € importante destacar
que o termo “peptideo” é usado para definir um fragmento de proteina
(independentemente de sua massa molecular), uma vez que o proprio
Jaburetox-2Ec possui 93 aminoacidos, um tamanho comparavel a pequenas
proteinas (YANG ET AL., 2011). Antes da determinagdo da estrutura de uma
urease de cadeia unica por cristalografia de raios X (BALASUBRAMANIAN &
PONNURAJ, 2010), uma estudo de modelagem ab initio do peptideo Jaburetox-
2Ec sugeriu a presencga de motivos estruturais similares aos encontrados em
peptideos formadores de poros (Figura 8) (MULINARI ET AL., 2007; BARROS ET AL.,
2009). Por simulagao de dinamica molecular foi demonstrado que o peptideo se
ancorava na interface polar:ndo-polar, enquanto experimentos com vesiculas
unilamelares demonstraram sua capacidade de desorganizar bicamadas
lipidicas com caracteristicas acidicas (BARROS ET AL., 2009).

Com a determinacdo da estrutura da urease de C. ensiformis
(BALASUBRAMANIAN & PONNURAJ, 2010) e de C. cajan (BALASUBRAMANIAN ET AL.,
2013A), foi confirmada a presenga de um motivo B-hairpin na regido
correspondente ao peptideo entomotdxico, conforme proposto pela modelagem
ab initio (Figura 8). Adicionalmente, BALASUBRAMANIAN ET AL. (2013B),
propuseram que a regido do [B-hairpin poderia se oligomerizar, formando um
poro, o que poderia estar associado a sua atividade desorganizadora de
membranas.

Em estudos visando identificar dominio(s) ou regido(ées) relacionado(s) a
atividade fungicida da urease de C. ensiformis, POSTALET AL. (2012) empregaram
digestdo enzimatica para obter fragmentos da proteina e testa-los frente a
diferentes fungos. Cinco dos peptideos gerados por essa metodologia (menores
que 10 kDa) foram identificados por espectrometria de massas e néao
apresentaram correspondéncia com nenhuma proteina antifingica descrita. E
ainda incerto se tais peptideos estdo realmente envolvidos na atividade

antifungica de ureases. Um dos peptideos mostrou-se como parte da regidao N-
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terminal do Pepcanatox, permitindo testes com sua forma recombinante,
Jaburetox, frente a diferentes fungos. O peptideo foi capaz de inibir o
desenvolvimento micelial, mas em doses mais altas que as da urease completa,
indicando que outras regides podem estar envolvidas em sua atividade

antifungica (POSTAL ET AL., 2012).

T
C N

Figura 8. (A) Localizagdo do peptideo Pepcanatox na urease intacta; (B) peptideo Pepcanatox isolado;
peptideos toxicos com motivo B-hairpin: (C) polifemusina (PDB ID 1X7K), (D) protegrina (PDB ID 1PG1),
(E) taquiplesina (PDB ID 1WQQ0). Os amino- e carboxiterminais dos peptideos estao indicados. Figuras A e
B baseados na estrutura da urease de C. ensiformis (PDB ID 3LA4).

1.6 APLICACOES BIOTECNOLOGICAS DE UREASES

As diferentes propriedades apresentadas pelas ureases permitem um
amplo conjunto de aplicagdes biotecnoldgicas, tanto ja testadas quanto
hipotéticas. Diferentes métodos analiticos aplicados a ureases imobilizadas
permitem medir a concentragao de ureia em sangue, urina, agua potavel, esgoto
e bebidas alcodlicas; além de permitir a avaliagdo de metais pesados em solos
e reservatorios de agua (QIN & CABRAL, 2002). Sistemas empregando urease
como parte do método de deteccgao ja foram propostos para analise dos niveis
de arginina, creatinina e IgG no sangue (ALONSO ET AL., 1995; CULLEN ET AL.,
1990; SANSUBRINO & MASCINI, 1994).

Também foi proposto o emprego de ureases na remogao da ureia em

casos de faléncia renal (acoplado a um sistema de remogado da amoénia)
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(PRAKASH & CHANG, 1995); na producdo de bebidas alcodlicas (KODAMA &
YOTSUZUKA, 1996); e na recuperagdo de agua contaminada, inclusive em
sistemas de suporte a vida no espacgo (KRAJEWSKA, 2009B). Ureases também ja
foram propostas como agentes de controle de pH em sistemas multi-enzimaticos
industriais (QIN & CABRAL, 2002).

A precipitacdo de carbonatos induzida pela enzima tem sido empregada
como meio de corrigir fissuras e outros pequenos danos em objetos artisticos e
monumentos histéricos (KRAJEWSKA, 2009B; RAUT ET AL., 2013). Além disso, sua
aplicacao na fixacao de dunas e criagdo de ambientes projetados em desertos
tem sido perseguida por arquitetos e bioquimicos (LARSSON, 2013).

A identificacdo de varias de suas propriedades moonlighting permitiu
propor aplicagdes ainda mais abrangentes para ureases. Tais aplicagbes
incluem o controle de fungos patogénicos para plantas e animais (POSTAL ET AL.,
2012; BALASUBRAMANIAN ET AL., 2013A) e o desenvolvimento de plantas de
importancia agricola resistentes a diferentes tipos de pragas (CARLINI & GROSSI-
DE-SA, 2002; MULINARI ET AL., 2007; STANISCUASKI & CARLINI, 2012).

1.7 MODELAGEM MOLECULAR COMPARATIVA

A modelagem molecular comparativa (ou “modelagem por homologia”) é
uma técnica que permite a construgdo de modelos tridimensionais para uma
proteina de estrutura desconhecida, baseando-se em estruturas de proteinas
similares a ela em suas sequéncias de aminoacidos (MARTI-RENOM ET AL., 2000).
Tais estruturas, determinadas por cristalografia de raios X ou ressonancia
magneética nuclear, sdo empregadas como moldes para obtengdo da estrutura
da proteina de interesse, chamada de proteina-alvo.

A modelagem comparativa consiste de quatro passos sequenciais
principais: selecdo do molde, alinhamento entre as sequéncias do molde e da
proteina-alvo, construcdo do modelo e avaliagcado/validacdo do modelo. Se o
modelo nao for satisfatério, os trés primeiros passos podem ser repetidos até
que um modelo satisfatério seja obtido (SANCHEZ & SALI, 2000).

Uma vez alinhados molde e proteina-alvo, uma variedade de métodos
pode ser utilizada para construir o modelo tridimensional de interesse. Entre eles,
destaca-se a modelagem por satisfacdo de restricbes espaciais, que utiliza

distancias interatdbmicas ou técnicas de otimizagdo para satisfazer restricoes
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espaciais extraidas do alinhamento. Tais restricdes sao geralmente
complementadas por restricbes estereoquimicas de comprimentos de ligagao,
angulos de ligacdo, angulos diedrais e contatos entre atomos nao ligados,
obtidas do campo de forgca de mecanica molecular. O modelo é entao derivado
ao minimizarem-se as violagdes de todas as restricdes obtidas (SCHWEDE ET AL.,
2008).

Apos sua construcdo, o modelo é avaliado e validado. As avaliacbes
destes modelos podem ser de dois tipos: internas, quando avaliam sua
autoconsisténcia, se ele satisfez ou néo as restricbes usadas para calcula-lo; ou
externas, quando baseadas em informacgdes que nao foram utilizadas para
calcular o modelo. Entre as variedades de avaliacdo externa tem-se o calculo de
perfis de energia do modelo e a avaliagao estereoquimica (FORSTER, 2001). A
validagcdo do modelo envolve a comparagao da estrutura obtida com dados
experimentais pertinentes, como a conservagao de sitios ativos ou de superficies
de contato com outras proteinas, por exemplo (SCHWEDE ET AL., 2008). A

metodologia de modelagem comparativa € apresentada com mais detalhes no

Apéndice C.

1.8 ATRACAMENTO PROTEINA-PROTEINA

O atracamento (ou docking) de proteinas € uma técnica que visa calcular
a estrutura tridimensional de um complexo proteico, partindo das estruturas
individuais das proteinas constituintes (RITCHIE, 2008). Ela requer a amostragem
de uma grande quantidade de uma proteina em relagdo a outra, buscando
identificar o complexo que apresente a menor energia livre, considerado como
sendo o complexo proteico mais préximo do complexo nativo (GRAY, 2008).

Trés elementos sdo essenciais para o atracamento proteina-proteina:
uma representagcdo adequada das estruturas proteicas e dos graus de liberdade
que serao buscados; um algoritmo que explore o espago conformacional o0 mais
completamente possivel; e uma fungdo de pontuagéo (scoring) que classifique
os complexos obtidos (SALADIN & PREVOST, 2008). Diferentes propostas e
combinagdes sdo possiveis entre esses elementos, sendo implementadas em
diferentes programas de atracamento proteico.

Apesar de avancgos significativos nesse campo de pesquisa, ainda é

frequente a obtengao de grandes quantidades de falsos-positivos, prejudicando
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a identificagdao do complexo nativo (COMEAU ET AL., 2004). Uma das maneiras de
contornar tal obstaculo envolve o emprego de dados bioquimicos e biofisicos
para filtrar os resultados obtidos ou para guiar o processo de atracamento. Esses
dados podem ser oriundos de experimentos de cross-linking, mutagao sitio
dirigida e co-purificagdo, por exemplo, e sdo usados para limitar as regides de
interagdo a serem analisadas pelo algoritmo de busca (MELQUIOND & BONVIN,
2008).

1.9 DINAMICA MOLECULAR

As simulagbes de dindmica molecular (DM), procedimentos baseados na
computagdo do movimento dos atomos em uma molécula, remontam a década
de 1950 (MAGINN & ELLIOT, 2010). Vém sendo empregadas desde a década de
1970 no estudo de biomoléculas, quando se analisou um sistema protéico
envolvendo um inibidor pancreatico de tripsina bovina (MCCAMMON ET AL., 1977).
Atualmente, tais simulagdes tornaram-se ferramentas amplamente difundidas.
Seu emprego inclui a investigagao da estrutura e dindmica de biomoléculas em
geral, abrangendo, por exemplo, desnaturacdo e enovelamento protéicos
(PONDER & CASE, 2003), translocac¢ao de tRNAs no ribossomo (SANBONMATSU ET
AL., 2005) e dissolucao de capsideos virais (LARSSON ET AL., 2012).

A integracdo da equacdo de movimento de Newton (abaixo) é a
caractristica fundamental dos calculos de DM que, quando realizada
sucessivamente e sobre todos os atomos do sistema, gera uma sequéncia de
diferentes posigdes dos atomos em fungao do tempo, ou seja, uma trajetoria de

movimento das moléculas em estudo (LEACH, 2001).

forga exercida
aceleragéo dzri(t)5= F; —

y : sobre 0 atomo i
oatomoi : , .
dt2 I — massa do atomo i

A integracdo é realizada de forma que uma forca F; causa uma
aceleracdo sobre um determinado atomo i e, em consequéncia, acarreta
mudanca de sua posi¢cao num intervalo de tempo At relativo a aceleragao. As

equagdes de movimento, portanto, sdo integradas de maneira determinar a
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trajetéria de cada atomo, ou seja, sua posicéo e velocidade entre o tempo t e 0
tempo t+dt. As trajetorias de todos os atomos, expressas como um numero pré-
definido de passos (time-steps), sao entdo armazenadas para analises
posteriores. Passos de calculo de 1 fs sdo normalmente empregados em
simula¢des de dinamica de proteinas, de maneira que 1 ns de simulacéo requer
108 calculos de forca e energia para cada atomo (LEACH, 2001; ScHLICK, 2006;
SERDYUK ET AL., 2007). A referida equacado, entretanto, ndo é capaz de
determinar a magnitude e a diregao da forga Fi sobre os atomos do sistema, nem
sua relacdo com as caracteristicas quimicas de cada molécula em estudo
(LEACH, 2001). Tais parametros sao calculados em fungdo de mudangas na
energia potencial/cinética entre a posigao atual e a posicédo seguinte (a que
representara o proximo passo da simulagdo) sobre cada atomo separadamente.
Esta superficie de energia potencial representa a energia de cada molécula,
sendo descrita pelo denominado Campo de Forga (ScHLICK, 2006).

O campo de forga pode ser definido como um conjunto de fungdes e
parametrizagdes usadas em calculos de mecanica molecular (DE SANT'ANNA,
2002). Estas fungdes definem as energias de estiramento de ligacdo e de
distorcdo de angulo de ligacdo (tanto de valéncia quanto de diedro) de uma
molécula quando comparadas com a sua conformagao n&o tensionada (aquela
caracterizada pelos valores-padrao de comprimentos e de angulos de ligagao)
(Figura 9). Nesse contexto, os campos de forga, juntamente com possiveis
termos adicionais (e.g. de interacdao entre atomos nao ligados, de efeitos
eletrostaticos, de ligagdo de hidrogénio e de outros efeitos estruturais),
expressam o somatorio das fungdes de energia potencial de cada atomo e
calculam a energia dos sistemas em funcdo das posicées dos nucleos dos
atomos, que sao, por sua vez, representados por esferas unidas por molas
(LEACH, 2001; ScHLICK, 2006).
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Figura 9. Fungdes de energia que compdem campos de forga empregados em dindmica molecular
(adaptado de SERDYUK ET AL., 2007).

1.10 FILOGENETICA MOLECULAR

A filogenética molecular € o estudo de relagdes evolutivas com o emprego
de dados moleculares, como sequéncias de proteinas e acidos nucleicos (GRAUR
& LI, 2000). Essas analises comparativas normalmente sdo representadas na
forma de uma filogenia, ou arvore filogenética, que descreve as relagbes

evolutivas entre as sequéncias (BALDAUF, 2003).
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Uma filogenia é uma arvore formada por nés conectados por ramos. Cada
ramo representa a persisténcia de uma linhagem ao longo do tempo, enquanto
cada né representa o surgimento de uma nova linhagem. Arvores filogenéticas
nao podem ser observadas diretamente, sendo inferidas a partir de sequéncias
moleculares, por exemplo (GREGORY, 2008).

Para a reconstrucao filogenética, parte-se normalmente de um grupo de
sequéncias homdlogas, com a possivel adigdo de sequéncias que permitam
enraizar a arvore. Essas sequéncias sdo agrupadas, por meio de um
alinhamento multiplo, que constitui a base para o processamento pelos
diferentes algoritmos empregados em estudos de filogenia. Adicionalmente, um
modelo de evolugao de sequéncias deve ser escolhido. Os dados e o modelo
sao entdo usados para gerar uma grande quantidade de arvores que podem ser
resumidas em uma arvore-consenso (representando ramificagdes que ocorrem
na maioria das arvores amostradas) (HOLDER & LEwIS, 2003).

Os meétodos de reconstrugédo filogenética podem ser baseados em
distancias ou caracteres. Nos métodos baseados em distancia, a distancia entre
pares de sequéncias € calculada e a matriz resultante é empregada na
reconstrugdo da arvore. Exemplos desse tipo de método incluem neighbour
joining e UPGMA. Os métodos baseados em caracteres comparam
simultaneamente todos as sequéncias do alinhamento, considerando um
caractere (uma posigao no alinhamento) de cada vez, para calcular a pontuagéo
de cada arvore. Exemplos desses métodos incluem maxima parciménia, maxima
verossimilhanca e inferéncia Bayesiana. (YANG & RANNALA, 2012)

Em teoria, a arvore com melhor pontuacdo é identificada por
comparagao de todas as arvores possiveis. Na pratica, devido a enorme
quantidade de arvores possiveis, uma busca exaustiva nao é factivel
computacionalmente (exceto para conjuntos de dados muito pequenos). Por
esse motivo, algoritmos heuristicos sdo empregados (HOLDER & LEWwIS, 2003;
YANG & RANNALA, 2012). Aspectos tedricos e detalhamento metodoldgico

referentes a filogenética molecular sdo apresentados no Apéndice D.
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2. OBJETIVOS

Considerando as diversas atividades apresentadas por ureases e suas
possiveis aplicagdes biotecnologicas, o presente trabalho visa ampliar o
conhecimento acerca dessas enzimas, aplicando técnicas computacionais ao
estudo de diferentes aspectos de sua biologia estrutural. Trés desses aspectos
se destacam: a histéria evolutiva dessas enzimas, o processo de ativagao das
mesmas, e o comportamento conformacional dos peptideos biologicamente
ativos delas derivados.

Para o presente trabalho, portanto, as seguintes metas foram
estabelecidas:

» analisar a histéria evolutiva de ureases, buscando compreender as
relagdes de ancestralidade e derivacdo estabelecidas entre as enzimas de
diferentes organizacgdes estruturais;

» oferecer um arcabouco estrutural para as etapas de ativagao de
ureases, empregando os dados disponiveis na construgdo de modelos
envolvendo a interagdo da urease com suas proteinas acessorias;

» compreender as diferencas de comportamento conformacional entre os
peptideos derivados da urease de C. ensiformis, sendo capaz de propor
otimizagdes a sua aplicagéo biotecnoldgica.

Espera-se, a partir dos resultados alcangados aumentar a compreensao
das relagdes estrutura-funcdo em ureases, contribuindo em sua aplicacéo
biotecnolégica além de aprofundar o conhecimento de aspectos evolutivos a

respeito dessas enzimas.
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3. METODOS

“Computers are useless. They can only
give you answers.”

Pablo Picasso

3.1 ANALISE FILOGENETICA
3.1.1 Obtencao e alinhamento de sequéncias

A prospeccao por sequéncias de aminoacidos de ureases foi realizada por
meio de busca por palavra-chave (“‘urease”) no National Center for Biotechnology
Information (SAYERS ET AL., 2012). As sequéncias obtidas foram manualmente
inspecionadas. Sequéncias incompletas (com tamanho inferior as menores
ureases confirmadas), erroneamente rotuladas (verificadas por comparagao a
outras ureases) ou relacionadas as proteinas acessorias de ureases foram
removidas.

Sequéncias de bactérias e arqueas foram alinhadas (com base em género
de origem), visando encontrar similaridades. Sequéncias com identidade igual
ou superior a 95% foram consideradas idénticas e agrupadas, sendo uma das
componentes do grupo eleita como sequéncia representativa. O algoritmo
ClustalW (LARKIN ET AL., 2007) foi utilizado em todos os alinhamentos. Do
conjunto original de 14221 sequéncias, 32 delas provinham de fontes
eucaridticas. Sua menor quantidade e auséncia de duplicidades dispensou
filtragens manuais. Através dos alinhamentos por espécie e género, o numero
de sequéncias microbianas representativas foi reduzido a 162.

As sequéncias de ureases de bactérias e arqueas foram alinhadas as
ureases de plantas e fungos, e suas subunidades foram unidas manualmente
em uma sé sequéncia com base nesses alinhamentos, formando uma sé
sequéncia yBa, ou equivalente. O numero de sequéncias microbianas foi
reduzido ainda mais, visando diminuir a carga computacional. Baseado na
arvore-guia gerada pelo ClustalW, sequéncias altamente similares (80% de
identidade ou superior) foram consideradas idénticas, e somente um

representante foi escolhido. O conjunto microbiano final foi montado e alinhado
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com as sequéncias eucaridticas, totalizando 124 sequéncias de ureases.

Regides com longos gaps foram removidas manualmente dos alinhamentos.

3.1.2 Anélise de sequéncias e construgao de arvores filogenéticas

Regides altamente variaveis nas sequéncias alinhadas foram
identificadas com emprego da ferramenta SimPlot (LOLE ET AL., 1999). Tal
ferramenta compara o percentual de identidade entre grupos de sequéncias
dada uma janela de cobertura especifica. Para este procedimento, foi utilizada
uma janela de 20 aminoacidos, deslocando-se residuo a residuo. Com base
nesses resultados, o alinhamento inicial originou trés subconjuntos distintos:
sequéncias completas de urease (sem gaps longos), regides altamente variaveis
e regides conservadas.

Os programas ProtTest (ABASCAL ET AL., 2005) e MEGAS (TAMURA ET AL.,
2011) foram usados para identificar o modelo de substituicdo de aminoacidos
mais adequado para as sequéncias alinhadas. Nesse caso, foi sugerido o
modelo de Whelan e Goldman (WAG) com distribuicio Gamma discreta para
contabilizar diferengas na taxa evolutiva entre sitios (+G), considerando alguns
deles como evolutivamente invariaveis (+|) (WHELAN & GOLDMAN, 2001).

Arvores filogenéticas foram calculadas por maxima verossimilhanca
(maximum likelihood, ML) utilizando o MEGAS5 com 1000 replicatas de bootstrap,
e por inferéncia Bayesiana (Bayesian inference, Bl) utilizando o programa
MrBayes (HUELSENBECK & RONQuIST, 2001) por 7,5 x 108 geragdes, amostradas
a cada 10 geragdes. Todas as arvores foram enraizadas no ramo contendo o
maior numero de sequéncias de ureases pertencentes a arquea. As arvores
obtidas foram visualizadas e editadas por meio do programa FigTree (RAMBAUT,
2012).

3.2 FORMACAO DE COMPLEXOS PROTEICOS
3.2.1 Estruturas proteicas
A estrutura da urease nativa de K. aerogenes foi obtida do Protein Data
Bank, PDB ID 1FWJ (PEARSON ET AL., 1997). A sua organizagdo trimérica

(trimeros de mondmeros funcionais, 3xUreABC) foi reconstruida a partir da
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informacéao de simetria cristalografica com o programa PyMol 1.3 (SCHRODINGER
LLC).

A modelagem molecular comparativa foi empregada para obtencéo das
estruturas completas das proteinas acessérias UreD, UreF e UreG de K.
aerogenes. As proteinas UreD (UniProt ID Q09063.1) e UreF (UniProt ID
P18318.1) foram modeladas tendo o complexo UreH-UreF de H. pylori (PDB ID
3SF5) (FONGET AL., 2011) como molde. A proteina UreG (UniProt ID P18319) foi
modelada com base na HypB de Methanocaldococcus jannaschii (PDB ID 2HF9)
(GASPER ET AL., 2006), seguindo uma sugestao prévia da literatura (CARTER ET
AL., 2009). Todos os alinhamentos de sequéncia foram realizados com ClustalW
(LARKIN ET AL., 2007) e a construcdo de modelos foi realizada com o programa
Modeller 9v10 (SANCHEZ & SALI, 2000). Para cada caso, vinte modelos foram
construidos. Esses modelos foram avaliados estereoquimicamente com
Procheck (LASkowskl ET AL., 1993) e seus perfis tridimensionais foram
comparados a perfis ideais com Verify3D (LUTHY ET AL., 1992). O modelo de

melhor pontuagao para cada proteina foi entdo selecionado.

3.2.2 Atracamento proteina-proteina

O complexo de ativacédo da urease foi construido de maneira sequencial,
conforme proposto por QUIROZ-VALENZUELA ET AL. (2008). A primeira etapa
envolveu o acoplamento UreD-(UreABC)s. A estrutura (UreABC-UreD)s
resultante foi entdo acoplada com UreF, formando a estrutura (UreABC-UreDF)s.
Esta, por sua vez, foi acoplada a UreG, resultando no complexo (UreABC-
UreDFG)s. Adicionalmente, o dimero UreD-UreF, obtido por sobreposigdo dos
modelos de UreD e UreF a estrutura cristalografica de FONG ET AL. (2011), foi
também acoplado a (UreABC)s para comparagao. As poses de ligacédo das
proteinas acessorias foram replicadas para obter a ligagéao tripla a (UreABC)s.

Com excecgéo do ultimo estagio (ligacdo de UreG), todos os calculos de
atracamento foram realizados sem restricdo, ou seja, cada proteina acessoéria
estava livre para varrer toda a superficie do oligbmero em busca de seu sitio
preferencial de ligagéo. Os sitios mais provaveis de ligagdo da UreG a estrutura
(UreABC-UreDF)s foram obtidos do trabalho de BOER & HAUSINGER (2012) e
empregados na restricdo das poses obtidas. Cada estagio de atracamento foi

realizado em trés programas independentes: PatchDock (SCHNEIDMAN-DUHOVNY
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ET AL., 2005), Hex (MACINDOE ET AL., 2010), e PIPER (Kozakov, ET., 2006)

implementado no ClusPro 2.0 (COMEAU ET AL., 2004).

3.2.3 Comparagao com dados de SAXS

O espalhamento de raios-X a baixo angulo (SAXS) é um método
estabelecido para a caracterizagao estrutural de biomoléculas em solucdo. A
técnica fornece estruturas tridimensionais globais, empregando reconstrugdes
ab initio e modelagem hibrida, permitindo caracterizar sistemas flexiveis
(MERTENS & SVERGUN, 2010; PETOUKHOV & SVERGUN, 2013). O funcionamento da
técnica é representado esquematicamente na Figura 10. De maneira geral,
partindo-se do perfil obtido sdo construidos modelos estruturais ab initio
formados por contas (beads), até que se obtenham estruturas que possam gerar
o mesmo perfil. Muitas vezes, modelos comparativos sdo empregados para guiar

a interpretacao destes perfis (SVERGUN & KOcCH, 2002).
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Figura 10. Etapas gerais da técnica de SAXS. (A) Representagéo esquematica do experimento tipico de
SAXS. (B) Padrdes de espalhamento de raios-X de uma amostra proteica, do tampao, e a sua diferenga,
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contendo apenas a contribuicdo da proteina ajustada pela concentragdo de soluto. (C) Exemplos de sdlidos
geométricos e suas intensidades de espalhamento (Ig) e fungbes de distribuicdo de distancia (p(r)); os
modelos de beads s&o equivalentes aos empregados na modelagem de estruturas obtidas a partir da
técnica de SAXS (adaptado de MERTENS & SVERGUN, 2010).

Dados estruturais obtidos a partir de perfis experimentais de SAXS podem
ser comparados a estruturas proteicas, para as quais um perfil teérico de SAXS
deve ser calculado. No presente trabalho, tal calculo foi realizado no servidor
FoXS (SCHNEIDMAN-DUHOVNY ET AL., 2010). Os perfis experimentais de SAXS
para os complexos (UreABC-UreD)s e (UreABC-UreDF)s foram obtidos do
trabalho de QUIROZ-VALENZUELA ET AL. (2008).

3.2.4 Avaliacao de energia relativa de interacdo e modos normais

Levando-se em conta a auséncia de dados de SAXS para validagao das
poses de ligagdo da UreG aos modelos de (UreABC-UreDF)s, as solugbes de
atracamento foram agrupadas (“clusterizadas”) com o MMTSB Tool Set (FEIGET
AL., 2004), pelo método de clusterizagao hierarquica baseada em RMSD mutuo,
além de serem avaliadas em termos de energia relativa com FoldX (GUEROIS ET
AL., 2002). Preferiu-se tal abordagem em vez da escolha da solugéo de melhor
pontuacdo devido ao fato das conformacgdes proteicas de baixa energia,
proximas da conformacgao nativa, tenderem a se agrupar, fazendo com que
clusters maiores indiguem com maior confiabilidade a solugdo real para o
atracamento (conforme revisado por RITCHIE, 2008). Assim, € esperado que
poses de ligagao proximas da orientagao nativa apresentem termos de energia
mais baixos. Por serem derivados de atracamento rigido, os modelos tiveram
suas interagdes de interface refinadas com ferramentas dedicadas para tal fim
no FoldX antes de serem avaliados em termos energéticos.

Para inspecionar possiveis movimentos funcionais da estrutura obtida
para o complexo (UreABC-UreDFG)s, a apoproteina e o oligbmero da urease
foram submetidos a analise de modos normais (NMA). Essa andlise é
empregada no estudo de movimentos lentos de larga escala em macromoléculas
(YANG ET AL., 2007). A analise classifica todas as deformag¢des que uma proteina
(modelada como um sistema oscilante harmonico) pode sofrer em torno de seu
estado de equilibrio. Os modos vibracionais de baixa frequéncia (ou baixa

energia) correspondem aos movimentos coletivos, enquanto os movimentos de
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alta frequéncia representam deformacdes locais. Os modos de baixa frequéncia
estdo associados a movimentos funcionalmente importantes para proteinas, e
apenas um ou poucos deles sao suficientes para descrever transi¢coes
conformacionais nesses sistemas (SKJAERVEN ET AL., 2011). No presente
trabalho, a analise de modos normais foi realizada com o servidor EINémo
(SUHRE & SANEJOUAND, 2004).

3.3 DINAMICA DOS PEPTIDEOS DERIVADOS DA UREASE
3.3.1 Estruturas peptidicas

A modelagem molecular comparativa foi empregada para obtencéo das
estrutura tridimensional do peptideo Jaburetox e de seus mutantes (por¢cdes N-
e C-terminais do peptideo completo, correspondendo aos residuos 1-44 e 45-93,
respectivamente). A isoforma majoritaria da urease de C. ensiformis, PDB ID
3LA4 (BALASUBRAMANIAN & PONNURAJ, 2010) foi empregada como molde. Todos
os alinhamentos de sequéncia foram realizados com ClustalW (LARKIN ET AL.,
2007) e a construgao de modelos foi realizada com o programa Modeller 9v10
(SANCHEZ & SALI, 2000). Para cada caso, dez modelos foram construidos. Esses
modelos foram avaliados estereoquimicamente com Procheck (LASKOWSKIET AL.,
1993) e seus perfis tridimensionais foram comparados a perfis ideais com
Verify3D (LUTHY ET AL., 1992). Os modelos de melhor pontuacdo para cada
peptideo foram entdo selecionados. A metionina aminoterminal e o segmento
carboxiterminal LEHHHHHH, presentes nos trés peptideos e oriundos do
processo de transformagao, foram adicionados com SwissPDBviewer (GUEX &
PEITSCH, 1993). Andlises de hidropatia dos peptideos foram realizadas via
ProtParam (GASTEIGERET AL., 2004), empregando a escala de KYTE & DOOLITTLE
(1982).

3.3.2 DinAmica molecular
O protocolo geral de simulacdo foi baseado em procedimentos
previamente descritos (por exemplo, por DE GROOT & GRUBMULLER, 2001;
SACHETT & VERLI, 2011; PoL-FACHIN & VERLI, 2012). Foram realizadas trés
simulagdes: Jaburetox completo, mutante N-terminal e mutante C-terminal. Os

calculos de dindmica molecular foram realizados com o pacote GROMACS 4.5
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(HESS ET AL., 2008) empregado o campo de forca GROMOS96 53a6
(OOSTENBRINK ET AL., 2004).

Os sistemas foram solvatados em caixas triclinicas, usando condi¢cdes
periodicas de contorno e o modelo de agua SPC (BERENDSEN ET AL., 1987).
Contra-ions (Na*) foram adicionados para neutralizagdo dos sistemas. O método
Lincs (HEss ET AL., 1997) foi aplicado na restricdo de ligagdes covalentes de
forma a permitir um passo de integracdo de 2 fs, enquanto as interagdes
eletrostaticas foram calculadas utilizando o método Particle-Mesh Ewald
(DARDEN ET AL., 1993). A temperatura e a pressao do sistema foram mantidas
constantes através do acoplamento dos peptideos, ions e solvente a banhos
externos de temperatura e pressao, utilizando constantes de acoplamento de,
respectivamente, 1= 0,1 ps e T = 0,5 ps (BERENDSEN ET AL., 1984). A constante
dielétrica do meio foi tratada como € = 1.

As simulagdes por dindmica molecular geralmente iniciam com uma etapa
de equilibragcdo ou termalizagcdo. Nessa etapa ocorre 0 aquecimento gradativo
do sistema, visando uniformizar as energias contidas na estrutura analisada
(seja cristalografica, derivada de RMN ou obtida por modelagem comparativa)
para que sejam evitadas deformagbes nas moléculas em estudo. Para
termalizacdo, apds 1 ps de restricdo de posi¢cdo, cada um dos sistemas foi
aquecido lentamente de 50 K a 300 K de maneira que, em cada um dos seis
passos de 5 ps, ha o aumento da temperatura em 50 K. A simulagao teve
prosseguimento sem restrigdes na temperatura de equilibrio de 300 K, por 500
ns, considerando um valor de referéncia de 3.5 A entre 4tomos pesados para
ligacdes de hidrogénio, e um angulo de corte de 30° entre doadores e aceptores

de hidrogénio (HESS ET AL., 2008).
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4. RESULTADOS

“The section called ‘results’ consists of a
stream of factual information in which
it is considered extremely bad form to
discuss the significance of the results
you are getting.”

Peter Medawar

Os resultados oriundos das metas propostas para este trabalho séo
apresentados na forma de artigos cientificos. Cada uma das areas é abordada
conforme descrito a seguir.

A analise filogenética de ureases é apresentada no artigo “3-to-1:
unraveling structural transitions in ureases”, Ligabue-Braun R, Andreis FC, Verli
H, Carlini CR. Naturwissenschaften. 100:459-467 (2013).

As propostas de modelos estruturais para os intermediarios de ativagao

de ureases sao apresentadas no artigo “Evidence-based docking of the urease

activation complex”, Ligabue-Braun R, Real-Guerra R, Carlini CR, Verli H.
Journal of Biomolecular Structure & Dynamics. 31:854-861 (2013).

Por sua vez, a analise conformacional dos peptideos bioativos derivados

da urease de C. ensiformis foi somada a um conjunto de dados obtidos em

bancada e € apresentada no artigo “Structure-function studies on jaburetox, a

recombinant insecticidal and antifungal peptide derived from jack bean

(Canavalia ensiformis) urease”, Martinelli AH, Kappaun K, Ligabue-Braun R,
Defferrari MS, Piovesan AR, Stanisguaski F, Demartini DR, Dal Belo CA, Aimeida
CG, Follmer C, Verli H, Carlini CR, Pasquali G. Biochimica et Biophysica Acta.
1840:935-944 (2014)
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Abstract Ureases are nickel-dependent enzymes which cat-
alyze the hydrolysis of urea to ammonia and carbamate.
Despite the apparent wealth of data on ureases, many crucial
aspects regarding these enzymes are still unknown, or con-
stitute matter for ongoing debates. One of these is most
certainly their structural organization: ureases from plants
and fungi have a single unit, while bacterial and archaean
ones have three-chained structures. However, the primitive
state of these proteins — single- or three-chained — is yet
unknown, despite many efforts in the field. Through phylo-
genetic inference using three different datasets and two
different algorithms, we were able to observe chain number
transitions displayed in a 3-to-1 fashion. Our results imply
that the ancestral state for ureases is the three-chained
organization, with single-chained ureases deriving from
them. The two-chained variants are not evolutionary
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intermediates. A fusion process, different from those
already studied, may explain this structural transition.
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Background

Ureases (urea amidohydrolases, EC 3.5.1.5) are found in plants,
fungi and bacteria. These enzymes catalyze the hydrolysis of
urea to ammonia and carbamate. The latter undergoes sponta-
neous hydrolysis to form carbonic acid and a second ammonia
molecule (Mobley et al. 1995). Both urea and urease are
hallmarks in the development of natural sciences (as reviewed
by Krajewska 2009). After being discovered in human urine in
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1773, urea became the first organic compound synthesized
from inorganic materials, in 1828. The notion that urine-
derived ammonia originates from urea dates back to 1798,
but only in 1890 the ureolytic enzyme was isolated. Jack bean
(Canavalia ensiformis) urease was the first enzyme ever to be
crystallized (Sumner 1926), proving that enzymes were pro-
teins and that they could be crystallized. Of equal importance,
this enzyme was the first shown to posses nickel ions in its
active site, which are essential for its activity (Dixon et al.
1975). Despite the apparent wealth of data on ureases, many
crucial aspects regarding these enzymes are still unknown, or
constitute matter of ongoing debates. Such topics include the
very nature of ureolysis (Karplus et al. 1997; Benini et al.
1999; Estiu and Merz 2007) and the mechanisms underlying
urease activation (Carter et al. 2009; Zambelli et al. 2011).
One of the most striking aspects of ureases is their structural
organization (Fig. 1). Microbial ureases are composed by three
or two chains, while plant and fungal ureases are composed by a
single subunit. The amino acid sequences of the smaller subunits
of microbial ureases are very similar to the corresponding re-
gions in the single units of eukaryotic ureases (Krajewska 2009).
This high similarity observed among ureases from different
kingdoms suggest that they all derive from a common

Klebsiella aerogenes

- B o J

567 aa

100 aa 106 aa
Helicobacter pylori
B | a J
238 aa 569 aa

Canavalia ensiformis

o J
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Fig. 1 Structural organization of ureases. Three-dimensional and sche-
matic representations of the subunit organization of ureases. a Typical
microbial urease composed by three chains (crystallographic structure
from PDB ID 1FWI). b Helicobacteraceae urease composed by two
chains (crystallographic structure from PDB ID 1E9Z). ¢ Typical
eukaryotic urease composed by a single chain (crystallographic struc-
ture from PDB ID 3LA4)
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ancestral protein, and are likely to have similar tertiary struc-
tures and catalytic mechanisms (Jabri et al. 1995; Mobley et
al. 1995; Sirko and Brodzik 2000; Carlini and Polacco 2008).
These observations, however, do not address a central topic in
urease structure, i.e., what was the primitive structural state of
these enzymes? To this point, two possibilities arise, as point-
ed out previously by Hausinger (1993): “Did the gene
encoding the single-subunit plant enzyme undergo disruption
to yield the multiple genes encoding the two or three bacterial
subunits? Or did the bacterial genes fuse to form the gene
encoding the plant subunit?” Our work intended to help
answering these long-held questions which, despite many
efforts in the field, remained unanswered. By means of
large-scale phylogenetic analyses, we were able to track the
structural transition from three to one subunit in ureases,
revealing also that the two-chained variants are not evolution-
ary intermediates between them. Hypotheses for the genetic
fusion in these enzymes are also presented.

Methods

All urease amino acid sequences (resulting from the “urease”
keyword search) were retrieved from the National Center for
Biotechnology Information (Sayers et al. 2012) on July 5, 2010.
In order to obtain only complete urease sequences, manual
filtering was carried out. Sequences that were incomplete, mis-
takenly labeled or related to urease accessory proteins were
removed. All sequences related to Bacteria and Archaea in the
resulting data were cross-compared to find similarities among
them. The ClustalW algorithm (Larkin et al. 2007) was
employed on all alignments, clustering together sequences with
identity greater than 95 %. For practical reasons, these sequences
were grouped by source organism genus. From the original
14,221 sequences data set, 32 sequences were from eukaryotic
sources and did not require further filtering. Through sequence
separation by genus, the number was reduced to 162 microbial
representative sequences. These microbial ureases had their sub-
units’ sequences aligned to ureases from plants and fungi, and
these subunits were then joined together in a single sequence
based on these alignments (forming a single 'y 3o sequence, or
equivalent). The number of microbial sequences was further
decreased to reduce the computational load. Based on the
Clustal W alignment guide tree, highly similar sequences (80 %
identical or higher) were considered as identical, and only one
representative sequence was chosen. The final microbial data set
was put together and aligned with the eukaryotic sequences,
totaling 124 sequences in the final urease list (Table S1).
Alignment sections with long gaps were removed.

To inspect the aligned urease sequences for highly vari-
able regions, SimPlot software (Lole et al. 1999) was
employed. To do so, the edited dataset was branched into
three distinct subsets: complete urease sequences (without
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long gaps), highly variable regions and conserved regions.
Amino acid sequences evaluation by the ProtTest software
(Abascal et al. 2005) and MEGAS software (Tamura et al.
2011) suggested the Whelan and Goldman (WAG) mod-
el with discrete Gamma distribution to account for
evolutionary rate differences among sites (four catego-
ries, +G), considering some sites to be evolutionarily
invariable (+I) (Whelan and Goldman 2001). Maximum
likelihood (ML) phylogenetic trees were calculated
with MEGAS5 with 1000 bootstrap replicates, and
Bayesian inference (BI) trees with MrBayes software
(Huelsenbeck and Ronquist 2001) for 7.5x10° genera-
tions, sampled every tenth generation. All trees were
rooted in the branch containing the most archaean
urease sequences. The obtained trees were visualized
and edited with FigTree software (Rambaut 2012).

Results

Using ML and BI upon our alignments (Fig. S1), we
were able to generate two phylogenetic trees for the
complete urease sequences dataset (Figs. 2 and 3) and

Fig. 2 Molecular phylogenetic
analysis of complete urease
sequences by maximum
likelihood method. The
evolutionary history was
inferred by using the ML
method based on the
WAG+G+I model. The number

of chains composing ureases ‘1,,&{%
from different groups is given T
in brackets. General microbial _ T, 0, )
phyla separations are marked in M“‘%‘;:“’%:

grey (I Euryarchaeota, 2 ,Q‘%,‘:“”
Firmicutes, 3 Actinobacteria, 4 %%
Proteobacteria, 5 A g
Cyanobacteria). Grouping %' m:’““‘
outliers are marked with black ettt 1 3

dots co,: B

bl Morahs

® Archaea (3)

® Bacteria (3)

two for the conserved regions dataset (Figs. 4 and 5).
For the highly variable regions dataset, one tree was
generated through ML (Fig. S1), with very low boot-
strap values. Convergence could not be reached throughout
BI calculations, meaning that no considerable result could be
obtained with these variable regions.

All trees displayed similar general convergence re-
garding their branching, with minor differences. We
observed that, in the majority of cases, sequences be-
longing to organisms within the same phylum grouped
together. All inferences displayed a similar distribution trend
regarding ureases from five microbial groups composed of
Euryarchaeota, Firmicutes, Actinobacteria, Proteobacteria and
Cyanobacteria. Also, all phylogenetic inferences suggest
that the number of urease chains evolved in a 3-to-1
fashion: three-chained ureases (those of most mi-
crobes) were of earlier existence, with a later structur-
al unification originating single-chained ureases (those
of plants and fungi). Two-chained ureases, belonging
to Helicobacteraceae, are displayed as special situa-
tions among the three-chained enzymes, opposing the
hypothesis considering them as intermediates between
single- and three-chained ureases.

®Helicobacteracaea (2) @Plants (1) @Fungi (1)

@ Diatoms (1)
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Fig. 3 Molecular phylogenetic
analysis of complete urease
sequences by Bayesian
Inference method. The
evolutionary history was
inferred by using the Bayesian
method based on the
WAG+G+I model. The number
of chains composing ureases
from different groups is given
in brackets. General microbial
phyla separations are marked in
grey (I Euryarchaeota, 2
Firmicutes, 3 Actinobacteria, 4
Proteobacteria, 5
Cyanobacteria). Grouping
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Discussion chains, supporting the “fusion hypothesis” (Hausinger

Urease has been considered an ancient enzyme, related to
the putative primordial peptide cycle (Huber et al. 2003).
This enzyme is found in the three domains of life, being
synthesized in archaea, bacteria, fungi and plants (Carlini
and Polacco 2008). There is uncertainty regarding urease
presence in animals, and while some findings indicate its
presence in some invertebrates (Pedrozo et al. 1996), others
indicate that the enzyme comes from exterior sources
(Hirayama et al. 2000) and that all animals lost urease in
their evolutionary history (Fujiwara and Noguchi 1995). For
this reason, ureases from putative animal sources were not
included in our datasets.

Previous published attempts to establish the evolutionary
history of ureases were based only in the catalytic subunit of
microbial ureases (Contreras-Rodriguez et al. 2008), the full
eukaryotic enzyme (Mulinari et al. 2011), or association of
phylogenies at the organism level with enzyme characteris-
tics (Navarathna et al. 2010). In this work we were able to
reconstruct the possible evolutionary pathway followed by
ureases in their structural transitions from multiple to single
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1993). It could be argued that this hypothesis was already
supported by application of Ockham’s razor (Gernert 2007),
since the most abundant and primitive ureases appear to be
three-chained, and therefore less likely to have all suffered
fission. Only this observation, however, is too simplistic to
grant validity to this assumption. The convergent results
from four phylogenies, built based on two different methods
upon two different datasets, nevertheless lend weight to the
parsimony-derived conclusion. Additionally, these trees
agree with previous analyses of the urease operon organiza-
tion in fully sequenced microbial genomes (Zambelli et al.
2011). The clades as obtained in this work have ure operons
with distinct structures: Clade 1 representatives (H.
marismortui, N. pharaonis, H. walsbyi) are organized as
UreBCAGDEF; Clade 2 (C. thermocellum, H. influenzae, G.
kaaustophilus, S. aureus, C. urealyticum, A. aurescens, L.
sphaericus, U. urealyticum) are organized as UreABCEFGD
with the exception of Helicobacter pylori and H. hepaticus
which are organized as Ure(4B)C-(unrelated gene)-
UreEFGD; Clade 3 has only one analyzed representative
(M. gilvum), organized as UreABCGDEF;, Clade 4 has mixed
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Fig. 4 Molecular phylogenetic
analysis of conserved regions of
urease sequences by Maximum
Likelihood method. The
evolutionary history was
inferred by using the ML
method based on the
WAG+G+I model. The number
of chains composing ureases
from different groups is given
in brackets. General microbial
phyla separations are marked in
grey (I Euryarchaeota, 2
Firmicutes, 3 Actinobacteria, 4
Proteobacteria, 5
Cyanobacteria). Grouping
outliers are marked with black
dots

® Archaea (3)

assembles, including urease genes not organized in recogniz-
able operons (4. marina); and Clade 5 (P. aeruginosa, R.
eutropha, B. pseudomallei, H. chejuensis, A. macleodii, P.
haloplanktis, A. borkumensis, P. putida, E. coli, N.
multiformis, P. naphtalivorans, P. denitrificans, M. silvestris,
R. denitrificans) is organized as either UreDABCEFG or
UreDA-(unrelated gene)-UreBCEFG.

The enzyme dihydroorotase is considered the ancestral of
all urease-related amidohydrolases (Holm and Sander 1997)
and would be the ideal sequence to root the urease phylog-
enies. Dihydroorotase, however, is much shorter than urease
and alignments including its sequence would interfere in the
resulting trees. For this reason, a root had to be chosen
among the clades in the urease trees. This rooting was
performed by manually selecting the Archaean urease clade
as a midpoint root, considering the intermediate phyloge-
netic position of Archaea in the tree of life (Woese et al.
1990), as a way of allowing comparisons among the differ-
ent trees. When rooted by mathematical midpoint (Hess and
Russo 2007), the trees showed no significant change in respect
to those rooted in Archaean ureases (Supplementary Figs. S3,
S4, S5 and S6). Inclusion in the alignments of regions that are
highly variable among species was shown to be a source of
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“molecular noise” in the phylogenetic analyses. Attempts to
obtain phylogenetic data from the highly variable regions
were not statistically reliable, while removal of these regions
had little impact on the obtained trees. These observations
point to advantages in working with less variable regions of
alignments, an approach employed for taxonomic phylogenies
of fungi (Camara et al. 2002), arthropods (Arango 2003; Hunt
and Vogler 2008), cyanobacteria (Gaylarde et al. 2005), and
viruses (Korber et al. 2001).

The occurrence of three-chained ureases in two of the
three domains of life (i.e., Bacteria and Archaea) indicates
that this structural organization is widespread and may be
considered primitive in relation to one-chained ureases. The
two-chained enzymes, which could have been taken as in-
termediates between single- and triple-chained ureases,
seem to have arisen from bacterial triple chains in a process
unrelated to the origin of single chained enzymes. Bacteria
from the genus Helicobacter spp. are known to be subject to
distinct selective pressures related to surviving in the gastric
environment (Gueneau and Loiseaux-De Goér 2002) and
the dodecameric macromolecular organization observed for
H. pylori and H. mustelae ureases seem to be an adaptive
response to such harsh conditions (Ha et al. 2001; Carter et
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Fig. 5 Molecular phylogenetic
analysis of conserved regions of
urease sequences by Bayesian
Inference method. The
evolutionary history was
inferred by using the Bayesian
method based on the
WAG+G+I model. The number
of chains composing ureases
from different groups is given
in brackets. General microbial
phyla separations are marked in
grey (I Euryarchaeota, 2
Firmicutes, 3 Actinobacteria, 4
Proteobacteria, 5
Cyanobacteria). Grouping
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al. 2011). The linking region (connecting the equivalents of
subunits v and () of Helicobacter spp., which is highly
divergent in relation to the same region in eukaryotes (Ha et
al. 2001), could take part in this differential organization.
There are advantages associated with linking subunits.
By artificial genetic fusion, it has been shown that some
oligomeric viral proteins are benefited with enhanced fold-
ing rate and structural stability, and increased tolerance to
insertions of other segments (Liang et al. 1993; Ma et al.
1993; Peabody 1997). When artificially fused, the genetic
subunits of cytochrome ubiquinol oxidase from E. coli
yielded an active enzyme, similar to the one from Thermus
thermophilus (Ma et al. 1993). Differently from natural
genetic fusions in Drosophila (Jones and Begun 2005),
which resulted in new genes with new functions, the joining
of urease subunits at the genetic level incorporating linking
segments kept the original ureolytic activity. Ureases, how-
ever, are recognized as multifunctional (or moonlighting)
proteins. They have many catalysis-independent effects, in-
cluding neurotoxicity to mammals, insecticidal activities
against Coleopterans and Hemipterans, fungistatic properties,
pro-inflammatory roles, glycoconjugate binding properties,
platelet activation ability, and inter-specific communication
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action (reviewed by Carlini and Polacco 2008; Stanisguaski
and Carlini 2012). Most of these properties have not yet been
mapped to particular regions of these proteins, the exception
being an “entomotoxic domain” containing the insectcidal
peptide(s) released by Canavalia ensiformis ureases upon
insect digestion (Ferreira-DaSilva et al. 2000; Piovesan et al.
2008; Defferrari et al. 2011). This “domain” is located in the
[3—o¢ intersubunit region, and may be subject to faster diver-
gence rates, since it is not involved in catalysis or subunit
association (Mulinari et al. 2007). Also intriguing is the need
for non-catalytic subunits/domains in urease, considering that
only the TIM-barrel sub-domain from the o subunit is respon-
sible for catalysis (Balasubramanian and Ponnuraj 2010).
While the (3 subunit has been implicated in the urease activa-
tion process (Carter et al. 2011), no specific function was
ascribed to the y subunit.

Reviewing the literature we were not able to track other
proteins that have undergone a similar process of natural
subunit fusion. The events observed for ureases seem un-
paralleled, and not related to immunoglobulin genetic fusion
(Tonegawa 1983) or exon shuffling (Kaessman 2010). The
main difference is that for most of the studied microbial
ureases, the v, 3, and « subunits are ordered and genetically
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adjacent in the same operon (Zambelli et al. 2011), and not
dispersed along the genome, as is the case for precursors of
many merged genes. It is expected from the different mech-
anisms that may lead to chimeric genes that both inter and
intragenic regions can be equally affected by segment inser-
tions (Kaessman 2010). This does not seem to have occurred
for ureases, since only intergenic regions were incorporated.
From the phylogenies, it is inferred that the transition from
three subunits to one unit occurred as a single event. One
mechanism that could be held responsible for such one-step
result would be transcription or translation readthrough, which
bypasses stop codons, incorporating intergenic regions as cod-
ing sequences. Translation bypass of stop codons has been well
documented in yeast, where it takes part in complex regulatory
mechanisms (von der Haar and Tuite 2007), while transcrip-
tional readthrough has been implicated in human genetic dis-
orders (Du et al. 2009), plant responses to stress (Hernandez-
Pinzon et al. 2009), and prostate adenocarcinoma, where many
transcription-induced chimeras were found (Nacu et al. 2011).
For ureases, however, readthrough events alone would not
explain how the fused genes were finally incorporated into
the genomes of their source organisms, requiring other subse-
quent process(s) at transcriptional and translational levels. We
speculate that different genetic codes would be responsible for
stop codons being unrecognized as such, allowing continuous
transcription of the urease Y3 complex into a single chain.
One such candidate would be the Chlorophyceae Scenedesmus
obliquus mitochondrial code, which takes UCA as a stop
codon instead of coding for serine, as occurs in the standard
genetic code (Nedelcu et al. 2000). In this scenario, for
intergenic codes to be translated it would be required that
urease genes were transferred from the mitochondrial genome
to the nuclear genome, where stop codons would not be
recognized as such. There are, however, some difficulties with
this hypothesis. No UCA codon is found in the terminal serine
position of region y from plants and fungi enzymes, and no
clear serine position is found in the 3 chain terminus of the
same ureases. Regarding the serine codons in the terminus of y
chain, it could be argued that serine would be beneficial in that
position, thus allowing only conservative mutations of that
originally misinterpreted codon. Regarding cellular location,
urease is generally considered a cytoplasmic protein, but it has
also been found in membrane fractions and cell wall from
plants (Aguetoni Cambui et al. 2009). Proteomic studies also
indicate that C. ensiformis urease is either bound to mitochon-
dria or spatially related to mitochondrial proteins (Demartini et
al. 2011). Inter-specific horizontal gene transfer could also be
responsible for the hypothetical readthrough. These transfers
are now considered a major genome shaping tool when in-
volving transposable elements (Schaack et al. 2010), and
many instances of gene transfer from bacteria to eukaryotes
have been documented, including organelle-to-nucleus trans-
fers, such as the nuclear mitochondrial insert transferred to the

A. thaliana chromosome 2 (Dunning Hotopp 2011). Little
data is available on inter-specific urease genetic transfers and
the only case reported so far is the second ure gene cluster
from Brucella suis (Contreras-Rodriguez et al. 2008).

The genetic code readthrough hypothesis would also re-
quire intergenic regions of sufficient length to account for the
incorporated segments. Urease operons from some bacteria
related to Clade 2, such as Staphylococcus saprophyticus,
Streptococcus thermophilus, and Corynebacterium
glutamicum (Gene IDs 3616069, 3167116, and 1021080,
respectively), have intercistronic regions that would satisfy
this requirement. In other cases, exemplified by the Proteus
mirabilis urease, there are not enough codons in these regions.
On the contrary, there is even superposition of the last codon
of the 3 subunit with the start codon of the & subunit (Jones
and Mobley 1989). When eukaryotic gene organization is
taken into account, the picture becomes even more complex.
A preliminary inspection of annotated genomes at the
Ensembl database (Flicek et al. 2012), revealed that all urease
genes from plants deposited in there, i.e., Arabidopsis
thaliana, Brassica rapa, Glycine max (both isoforms), Oryza
sativa, Physcomitrella patens, Populus trichocarpa, Sorghum
bicolor, and Vitis vinifera, have their coding sequences ar-
ranged in 18 exons. The same number of exons is observed for
Solanum tuberosum, the first (and so far, only) case of alter-
native splicing in ureases (Witte et al. 2005). For fungal urease
genes deposited at Ensembl, the number of exons is variable.
It ranges from a single coding sequence with no introns
(Magnaporthe poae, Ustilago maydis, Schizosaccharomyces
pombe), to a variable number of exons: three (Fusarium
oxysporum, Gaeumannomyces graminis, Gibberella
moniliformis, Magnaporthe oryzae), four (Aspergillus
fumigatus, Neurospora crassa), five (A. fumigatus, A.
niger, Nectria haematococca, Gibberella zeae), 6 (A.
flavus, A. nidulans), 7 (Neosartorya fischeri,
Phaeosphaeria nodorum), 8 (Aspergillus terreus), 9
(Fusarium oxysporum), 13 (Puccinia graministritici),
14 (Gibberella zeae) or 15 (Puccinia graministritici).
The difference in exon number between plants and
fungi may be a reflection of strict structural conserva-
tion in plants. Until more genomes are deciphered,
allowing a more in-depth analysis of their urease-
coding segments, this interpretation remains speculative.

Conclusions

From the phylogenies presented in this work, we con-
clude that ureases were originally composed by three
chains, and their transition to single-chained enzymes
did not involve two-chained intermediates. We also
speculate that the 3-to-1 transition took place as a single
event, and hypothesize on a mechanism that would
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result in the fused urease. Nonetheless, many questions
remain unanswered. It is as if the unraveling of urease
evolutionary paths (the “what”) begins to be established,
while the mechanisms underlying the urease structural
transitions (the “how”) still await further investigation.
We expect that the large datasets and multiple ap-
proaches employed in this work contribute to enhance
the comprehension of the unique case of urease subunits
fusion, encouraging further research on the subject.
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Table S1: GenlInfo Identifiers for the urease sequences used in this work.

. Gl
Source organism Alpha Bota Gamma
Acaryochloris marina 158338215 | 158338212 | 158338210
Acetobacter pasteurianus 258543403 | 258543404 | 258543405
Actinomyces naeslundii 4249601 4249599 | 326774128
Actinosynnema mirum 256374659 | 256374660 | 256374661
Agaricus bisporus 108859293

Agrobacterium tumefaciens

15889672 | 159185200 | 159185201

Ajellomyces capsulatus 154281373

Ajellomyces dermatitidis 261194902
Alcanivorax borkumensis 110835580 | 110835581 | 110835582
Alteromonas macleodii 332142250 | 332142251 | 332142252
Anaerococcus tetradius 227500923 | 257066223 | 227484813

Arabidopsis thaliana 15220459

Arthrobacter aurescens

119962058 | 119961176 [ 119961081

Arthroderma otae 296818321
Aspergillus clavatus 121702879
Aspergillus flavus 238486420
Asperygillus fumigatus 70990710
Aspergillus nidulans 259489323
Bacillus pasteurii 4557957 | 4557956 | 4557955
Bacillus thuringiensis 229061206 | 228909453 | 42782714
Blochmannia floridanus 33519971 | 33519972 | 33519973
Brachybacterium faecium 257067541 | 257067542 | 257067543
Bradyrhizobium japonicum 27376568 | 27376566 | 27376565
Brucella suis 225627811 | 237815759 | 225627809
Brucella suis 23501177 | 17987936 | 62289265
Burkholderia pseudomallei 53726283 | 53720268 | 53720267
Caldicellulosiruptor saccharolyticus 146297464 | 146297465 | 146297467
Campylobacter sputorum 260162332 | 260162331 | 260162330
Canavalia ensiformis 465008
Canavalia ensiformis 219391588
Cenarchaeum symbiosum 118575651 | 118575650 | 118575649
Chitinophaga pinensis 256420519 [ 256420518 | 256420517
Chromohalobacter salexigens 92114426 | 92114427 | 92114428
Chryseobacterium gleum 300776841 | 300776840 | 300776839
Citrobacter koseri 157148630 | 157148629 | 237729986
Clostridium thermocellum 256003460 | 125974321 | 125974322
Coccidioides posadasii 303322831

Congregibacter litoralis

88703327 | 88703326 | 88703325

Coprinopsis cinerea

299750141

Corynebacterium urealyticum

172041452 | 172041451 | 172041450

Cryptococcus neoformans var. grubii 23822289
Cryptococcus neoformans var. neoformans 58270418
Ectocarpus siliculosus 299469707




Escherichia coli 187775871 | 15800665 [ 15800664
Ethanoligenens harbinense 317133580 | 317133581 | 317133582
Frankia alni 111220900 | 111220901 | 111220902
Geobacillus kaustophilus 56420465 | 56420466 | 56420467
Geodermatophilus obscurus 284988814 | 284988813 | 284988812
Glomus intraradices 297185890
Glycine max 351722261
Glycine max 351724331
Haemophilus influenzae 260582757 | 16272484 | 16272485
Hahella chejuensis 83647213 | 83647212 | 83647211
Halalkalicoccus jeotgali 300710018 | 300710019 | 300710017
Haloarcula marismortui 55376690 | 55376689 | 55376691
Haloferax volcanii 292654327 | 292654326 | 292654328
Haloquadratum walsbyi 110669477 | 110669476 | 110669478
Helicobacter hepaticus 32265907 32265906
Helicobacter mustelae 291277506 291276538
Helicobacter pylori 208434038 15644703
Hirschia baltica 254295077 | 254295078 | 254295080
Klebsiella aerogenes 10835900 | 3212375 | 152971982
Ktedonobacter racemifer 298249513 [ 298249512 | 298249511
Laccaria bicolor 170098735
Lactobacillus reuteri 194467060 | 194467061 | 194467062
Laribacter hongkongensis 226939965 | 226939964 | 226939963
Lysinibacillus sphaericus 169828213 | 169828212 [ 169828211
Methylibium petroleiphilum 124265860 | 124265861 | 124265862
Methylocella silvestris 217978168 [ 217978169 | 217978170
Methylosinus trichosporium 296447068 | 296447069 | 296447070
Micromonospora aurantiaca 315504551 | 302868979 | 302868980
Microsporum canis 238839950
Minibacterium massiliensis 152980166 | 152980572 | 152980409
Mitsuokella multacida 255658020 | 260881031 | 255658018
Morus alba 222143560
Mycobacterium gilvum 145223938 | 145223939 | 145223940
Mycobacterium ulcerans 183982730 | 118618421 | 183982728
Nakamurella multipartita 258650533 | 258650532 | 258650531
Natronomonas pharaonis 76801650 | 76801649 | 76801651
Neosartorya fischeri 119477773
Neurospora crassa 85116050
Nitrosospira multiformis 32966209 | 82702369 | 82702368
Nostoc punctiforme 186681311 | 186681310 | 186681309
Oryza sativa 17402589
Ostreococcus lucimarinus 145343758
Paracoccidioides brasiliensis 295673098

Paracoccus denitrificans

119383953 | 119383954 | 119383956

Penicillium chrysogenum

255945993

Penicillium marneffei

212540166




Photobacterium profundum 90414537 | 90414538 | 90414539
Photorhabdus asymbiotica 253989859 | 253989860 | 253989861
Polaromonas naphthalenivorans 121603883 | 121603884 | 121603886
Prochlorococcus marinus subsp. pastoris 33861519 | 33861520 | 33861521
Pseudoalteromonas haloplanktis 77360699 | 77360698 | 77360697
Pseudomonas aeruginosa 15600061 | 15600060 | 15600058
Pseudomonas putida 167033934 | 167033935 | 170721596
Pyrenophora tritici-repentis 189197501
Ralstonia eutropha 113867104 | 113867103 | 73540695
Rhodococcus opacus 226365149 | 226365148 | 226365147
Roseobacter denitrificans 339502215 | 339502218 | 339502219
Roseomonas cervicalis 296536422 | 296536421 | 296536420
Saccharopolyspora spinosa 348172145 | 348172144 | 41350155
Schizosaccharomyces japonicus 213406373
Schizosaccharomyces pombe 19115725

Segniliparus rotundus

296394185 [ 296394186 | 296394187

Solanum tuberosum 14599413
Sphingobacterium spiritivorum 300772489 | 227537815 | 227537814
Staphylococcus aureus 15925280 | 257423771 | 15925278
Stappia aggregata 118591406 | 118591403 | 118591402
Streptococcus salivarius 2507522 2501628 2501633
Streptomyces albus 291450084 | 291450085 | 291450086
Streptosporangium roseum 271964227 | 271964226 | 271964224

Thalassiosira pseudonana 224014054
Thermocrinis albus 289548494 | 289548493 | 289548481
Thermomicrobium roseum 221632556 | 221632557 | 221632558
Tolumonas auensis 237808376 | 237808377 | 237808378
Trichodesmium erythraeum 113474593 | 113474588 | 113474587
Tsukamurella paurometabola 296141089 [ 296141090 | 296141091

Uncinocarpus reesii 258565811
Ureaplasma urealyticum 171920953 | 185178985 | 167972857
Verminephrobacter eiseniae 121608691 | 121608692 [ 121608694
Verrucomicrobium spinosum 171911815( 171911816 | 171911817
Vibrio splendidus 84387642 | 84387641 | 84387640
Yersinia pestis 45442252 | 108808387 | 22125138
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Figure S1 (previous page). Alignment of urease sequences employed in this work.
Regions marked in red were removed for containing gaps and regions marked in yellow
were removed after SimPlot variability analyses. The regions corresponding to subunits

Y, B, and o are marked accordingly.
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sequences by Maximum Likelihood method. The evolutionary history was inferred

by using the ML method based on the WAG+G+I model. The number of chains

composing ureases from different groups is given in brackets.
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Ureases require accessory proteins for their activation and proper function. In Klebsiella aerogenes, UreD, UreF, UreG,
and UreE are sequentially complexed to UreABC as required for its activation. Until now, only low-resolution structures
are available for this activation complex. To circumvent such limitation, our work intends to provide an atomic-level
model for the (UreABC-UreDFG); complex from K. aerogenes, by employing comparative modeling associated to
sequential macromolecular dockings, validated through small-angle X-ray scattering profiles and comparison with results
from cross-linking, mutagenesis, and pull-down experiments. Additionally, normal mode analyses of the obtained com-
plex supported the characterization of the elevated flexibility of both UreD—UreF dimer and (UreABC-UreDFG); oligo-
mer, explaining the previously observed diffuse binding of UreD to the apoenzyme. The model shown here is the first
atomic-level depiction of this complex, a required step for the unraveling of the urease activation process.

An animated Interactive 3D Complement (I3DC) is available in Proteopedia at http://proteopedia.org/w/Journal:JBSD:6

Keywords: oligomer; macromolecular docking; UreD; UreF; UreG; UreABC

Introduction

Ureases (urea amidohydrolases, EC 3.5.1.5) are metallo-
enzymes that catalyze the hydrolysis of urea to carbon
dioxide and ammonia (Krajewska, 2009). The vast
majority of ureases have nickel in their active sites, with
exceptions having iron or zinc (Carter, Tronrud, Taber,
Karplus, & Hausinger, 2011; Follmer et al., 2001). X-ray
crystallography studies revealed that, despite having dif-
ferent quaternary structures, plant and bacterial ureases
share a common basic trimeric tertiary structure. The
active site is composed by two nickel atoms coordinated
by four histidine residues, an aspartate, a carbamylated
lysine, and four water molecules (Balasubramanian &
Ponnuraj, 2010; Benini et al., 1999; Ha et al., 2001,
Jabri, Carr, Hausinger, & Karplus, 1995; Pearson,
Michel, Hausinger, & Karplus, 1997; Sheridan, Wilmot,
Cromie, van der Logt, & Phillips, 2002). Genetic and
biochemical studies carried out in prokaryotic and
eukaryotic systems have shown that most of these

enzymes require accessory proteins for the correct
assembly of their metallocenters, as reviewed by Carter,
Flugga, Boer, Mulrooney, and Hausinger (2009) and
Zambelli, Musiani, Benini, and Ciurli (2011).

The current model for urease metallocenter assembly
(Figure 1) derives mostly from studies based on Esche-
richia coli expression of the Klebsiella aerogenes urease
gene cluster (Mulrooney & Hausinger, 2003). In K. aerog-
enes, genes for the accessory proteins UreD, UreE, UreF,
and UreG are grouped with the urease genes UreA, UreB,
and UreC in the ureDABCEFG cluster. Knockout and
complementation studies of each accessory protein
revealed that all of them (with the exception of UreE) are
essential for the production of a functional urease, being
generally considered as urease-specific chaperones (Carter
et al., 2009; Lee, Mulrooney, Renner, Markowicz, & Hau-
singer, 1992; Mulrooney, Ward, & Hausinger, 2005). Lit-
tle is known about UreD, the first protein to bind the
(UreABC); oligomer, facilitating activation. UreF, which

*Corresponding author. Email: hverli@cbiot.ufrgs.br
'Both authors share senior authorship.

Copyright © 2012 Taylor & Francis
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(UreABC),

{UreABC-UreD),
(UreABC-UreDF),

Figure 1.

Active Urease
+3GDp
3C0,+  +3p,
3GTP

(UreABC-UreDFG),

Urease activation pathway in K. aerogenes based on Quiroz-Valenzuela et al. (2008). The (UreABC); apoprotein is

formed by UreA, UreB, and UreC. The trimeric representation considers UreABC as a functional unit. The accessory proteins UreD,
UreF, and UreG sequentially bind to form the (UreABC—UreD)s, (UreABC—UreDF)s, and (UreABC—UreDFG); activation complexes.
The dimeric UreE metallochaperone delivers Ni*? jons to (UreABC—UreDFG); (requiring GTP hydrolysis). UreE and (UreDFG); are

then released from the activated enzyme.

binds (UreABC—UreD);, may act as a GTPase-activating
protein, as it correlates to the UreG GTPase activity when
the latter binds (UreABC-UreDF);. As GTP is hydro-
lyzed, the nickel-binding chaperone UreE delivers the
metal ions to the (UreABC—UreDFG); oligomer (Carter
et al., 2009; Zambelli et al., 2011).

Despite the apparent wealth of information on these
proteins, many aspects of the urease metallocenter
assembly remain obscure. One of such aspects is the
structural behavior of these proteins when acting together
towards urease activation. Major advances were made in
this field when different oligomeric stages in the urease
activation were studied by small-angle X-ray scattering
(SAXS) (Quiroz-Valenzuela, Sukuru, Hausinger, Kuhn,
& Heller, 2008). These analyses allowed the description
of the K. aerogenes oligomers (UreABC-UreD);, and
(UreABC—UreDF); at low resolution.

In the present work, we submitted structural models
of the urease accessory proteins (based on very recently
solved structures) to macromolecular docking calcula-
tions, comparing the results with the previous SAXS-
derived data. The obtained model includes a putative ori-
entation for UreG at the (UreABC-UreDFG); oligomer,
for which there is no structural depiction to date. Our
results offer a model of the complex of proteins required
for urease activation.

Materials and methods
Protein structures

The structure of native K. aerogenes urease was taken
from PDB ID 1FWIJ (Pearson et al., 1997). Its trimeric

organization was reconstructed from the crystal
symmetry data with PyMol 1.3 (Schrodinger LLC).
Comparative molecular modeling was used to obtain
K. aerogenes UreD, UreF, and UreG full-length struc-
tures. UreD (UniProt ID Q09063.1) and UreF (UniProt
ID P18318.1) were modeled taking the very recent Heli-
cobacter pylori UreH-UreF complex (PDB ID 3SF5)
(Fong et al., 2011) as template. UreG (UniProt ID
P18319) was modeled based on HypB from Methano-
caldococcus jannaschii (PDB ID 2HF9) (Gasper, Scrima,
& Wittinghofer, 2006), as previously suggested by Carter
et al. (2009). All sequence alignments were made with
ClustalW (Larkin et al., 2007) (Supplementary Figures
1-3) and the modeling was carried out with MODEL-
LER 9v10 (Sanchez & Sali, 2000). Twenty models were
built for each modeling case. These models were stereo-
chemically evaluated and theoretically validated for their
three-dimensional profiles with PROCHECK (Laskowski,
Macarthur, Moss, & Thornton, 1993) and Verify3D
(Luthy, Bowie, & Eisenberg, 1992), respectively. The
best scored model for each protein was then selected.
Despite uncertainties regarding the oligomeric state of
some of the accessory proteins (Carter et al., 2009; Zam-
belli et al., 2011), their monomeric form was considered
in the present work, as based on SAXS results (Quiroz-
Valenzuela et al., 2008).

Molecular docking

The urease activation complex was built in a stepwise
approach, as proposed by Quiroz-Valenzuela et al. (2008).
The first step was the docking of UreD—(UreABC);. The
resulting (UreABC-UreD); structure was then docked
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with UreF, forming the (UreABC—UreDF); structure that
was further docked with UreGj to give (UreABC—UreD-
FG);. Additionally, the UreD-UreF dimer, obtained by
superposition of the UreD and UreF models to the crystal-
lographic data from Fong et al. (2011), was also docked to
(UreABC); for comparison. Each accessory protein bind-
ing pose was replicated to produce its threefold binding to
(UreABC);. With the exception of the last stage (binding
of UreG), all docking calculations were performed without
restrictions, that is, each accessory protein was free to
search the entire oligomer surface for its preferential bind-
ing site. The most likely binding sites of UreG in the (Ure-
ABC-UreDF); structure were taken from the work by
Boer and Hausinger (2012) and used to restrict the result-
ing docked poses. Every docking stage was performed by
three independent macromolecular docking programs:
PatchDock (Schneidman-Duhovny, Inbar, Nussinov, &
Wolfson, 2005), Hex (Macindoe, Mavridis, Venkatraman,
Devignes, & Ritchie, 2010), and PIPER (Kozakov, Bren-
ke, Comeau, & Vajda, 2006) via ClusPro 2.0 (Comeau,
Gatchell, Vajda, & Camacho, 2004).

Comparison with SAXS results

Structural data from experimental SAXS profiles can be
compared to atomic structures, for which a theoretical
SAXS profile must be calculated. In the present work,
this process was carried out in the FoXS server (Sch-
neidman-Duhovny, Hammel, & Sali, 2010). The experi-
mental SAXS profiles for the (UreABC-UreD); and
(UreABC—-UreDF); complexes were taken from the work
by Quiroz-Valenzuela et al. (2008).

Relative energy evaluation

Considering the lack of SAXS data to validate the bind-
ing poses of UreG to the (UreABC—UreDF); models, the
docking solutions were clustered with MMTSB Tool Set
(Feig, Karanicolas, & Brooks, 2004) by hierarchical clus-
tering based on mutual RMSD and evaluated in terms of
relative energy with FoldX (Guerois, Nielsen, & Serrano,
2002). This approach was chosen instead of selecting the
best scoring solution, since near native, low-energy con-
formations of proteins tend to cluster together and larger
clusters may point to the real docking solution, as
reviewed by Ritchie (2008). Binding poses close to the
native orientation are therefore expected to present lower
energy terms. Since the obtained models were derived
from rigid docking, refinement of the interface interac-
tions in the complex were carried out with dedicated
tools from FoldX prior to energy evaluation.

Normal mode analysis

To inspect potential functional motions of the obtained
(UreABC-UreDFG)j; structure, the urease apoprotein and
oligomer were subjected to normal mode analyses

(NMA) employing the EINémo server (Suhre & Sanejou-
and, 2004).

Results and discussion

The models of UreD, UreF, and UreG were obtained
from comparative modeling and further validated
(sequence alignments and similarity information are pre-
sented in the Figures 1-3). UreH from H. pylori was
chosen as template for UreD from K. aerogenes consid-
ering that the novel fold presented by UreH may likely
be shared by UreD (Fong et al., 2011). Previous attempts
of comparative modeling of this protein yielded only par-
tial structures (Musiani, Bellucci, & Ciurli, 2011), thus
supporting a model based on the most similar structure
to date, that is, UreH from H. pylori.

Three docking softwares were employed in this
work, as an attempt to sample diverse docking solutions
(considering the different docking strategies from each
software) and reach convergence among results from dif-
ferent softwares. The models were clustered first by the
docking programs and again by the MMTSB tools. For
the docking of (UreABC-UreD); and (UreABC-
UreDF)3, the main filter for model evaluation was agree-
ment with SAXS profiles, with all results being evalu-
ated despite cluster ranking. For each docking step, 90
models were evaluated (the top 30 results from each
software). Clustered results from each software were then
clustered again with those from the other softwares.
Three clusters were obtained, with the chosen cluster
corresponding to approximately 45% of the analyzed
structures. There were no other clusters with similar fit
to SAXS profile. In addition, docking restricted by
experimental SAXS profiles was attempted using FoXS-
Dock (Schneidman-Duhovny, Hammel, & Sali, 2011).
This approach resulted in a worse fit of theoretical and
experimental curves when compared to the convergent
models derived from sequential rigid docking (Supple-
mentary Figure 4), which may be related to the symmet-
ric organization of the complex.

The obtained (UreABC-UreD); and (UreABC-
UreDF); complexes were initially validated by compari-
son to experimental SAXS profiles, and further rein-
forced by comparison to cross-linking and mutagenesis
data (see below). The (UreABC-UreD); model that
agrees best with SAXS data had its theoretical curve fit
to the experimental data with y=.59 (Figure 2(A)), while
the best (UreABC—UreDF); model had y=.44 (Figure 2
(B)). Alternatively, the UreD—UreF dimer was docked to
the (UreABC); structure, giving a similar result (y=.47)
when compared to the (UreABC-UreDF); model
obtained from docking of the separated accessory pro-
teins (Figure 2(C)). This small difference between the
docking results of separate or bound UreD-UreF may
reflect the intrinsic flexibility of these accessory proteins
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Figure 2. Comparison of theoretical (lines) and experimental (dots) SAXS profiles. Best curve fits for (A) the (UreABC-UreD);
model, (B) the (UreABC—UreDF); model, and (C) (UreABC—UreDF); derived from UreDF dimer docking.

(

(UreABC), (UreABC-UreD),

Figure 3.

(A)
3 X UreD 3 X Uref 3 X UreG
L*‘L* L*L

- o mo.,

(UreABC-Urelr)y (UreABC-UreDFC),

Putative model for the (UreABC—UreDFG); complex in the urease activation pathway. The proteins are colored by chain.

The structures in (B) are rotated by 90° in respect to those in (A). The inset represents the SAXS-derived model for (UreABC—
UreDF); from Quiroz-Valenzuela et al. (2008) reproduced with kind permission from Elsevier.

when forming a dimer, as observed from NMA (Supple-
mentary Figure 5). Nonetheless, the available SAXS res-
olution for the complex does not allow unambiguous
separation between these two results, so the stepwise
docking result was chosen for the subsequent dockings
based on the Quiroz-Valenzuela et al. (2008) model. The
theoretical radii of gyration for the obtained complexes,
47.0A for (UreABC-UreD); and 55.7 A for (UreABC—
UreDF);, agree with experimental observations (44.9
+£0.7 and 53.7+1.4 A, respectively) (Quiroz-Valenzuela
et al., 2008). For comparison, the theoretical radius of
gyration of K. aerogenes crystallographic (UreABC); as
calculated in this work is 37.5 A, while its SAXS-derived

radius of gyration is 35.7+0.8 A (Quiroz-Valenzuela
et al., 2008).

UreG was then docked to the (UreABC-UreDF);
models in better agreement with SAXS, derived from
both the sequential docking of UreD and UreF, and the
crystallography-based UreDF dimer. The preferable bind-
ing sites for UreG in the (UreABC-UreDF); were
derived from mutagenesis studies of the K. aerogenes
activation complex (Boer & Hausinger, 2012), involving
UreF mutated at residues Prol9, Tyr23, Glu30, Glu94,
His214, Arg220, Leu221, Phe222, and Ser224 from
UreF. Clustering of results at this stage revealed a single
cluster with two sub-clusters, indicating high similarity
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of the results. As shown by FoldX, the most prevalent
pose of UreG interacted with (UreABC—UreDF); with an
increased strength of two order magnitude than the least
prevalent one, thus it was selected as the most likely ori-
entation for this protein on the putative model of the
activation complex.

From the position of UreD in the docked complex
(Figure 3 and Supplementary PDB file), the hinge region
of UreB (residues 1-19) (Figure 4(A)), which is essential
for proper urease activation (Carter et al., 2011), could
not act as a binding site for accessory proteins. In fact,
the obtained model suggests that this region could be
required for proper ‘gating’ of the active site for activa-
tion, its absence leading to improper binding of UreB to
the UreAC complex, since deletion of the hinge region
abolishes urease activity (Carter et al., 2011). Likewise,
the model indicates that the region itself does not bind
directly to any accessory protein.

(B)

(UreABC-UreDFG),

Figure 4.

The putative complex also offers insights into the
observed inability of UreB lacking the hinge region to
bind soluble UreD fused to maltose binding protein
(Boer, Quiroz-Valenzuela, Anderson, & Hausinger,
2010). Accordingly, UreD binds both UreB and UreC in
the proposed structure, forming five hydrogen bonds and
143 nonbonded contacts with the former, and six hydro-
gen bonds and 81 nonbonded contacts with the latter.
Thus, UreD may be unable to bind UreB alone, without
the UreC complement (connected to UreB via its hinge
region).

It is also noteworthy that no significant skew towards
putative metal-binding residues is observed at the surface
of the accessory proteins. Based on this observation, a
clear pathway for nickel traffic towards the active site
could not be proposed in the present work.

The putative structure for the activation complex
agrees with previous pull-down (Boer et al., 2010) and

Lys 76~

- Lys 515

(A) One UreB-UreDFG complex is highlighted to indicate putative UreB repositioning (arrow), according to Quiroz-

Valenzuela et al. (2008), the hinge region of the highlighted UreB is colored in grey and (B) Agreement with cross-linking
observations. Proximity of Lys76 of UreB and Lys515 of UreC to UreD (in the UreDFG oligomer) and location of Asp 80 of UreG
in the UreDFG interface. For clarity, only one of three UreDFG oligomers is shown.

(A)

Figure 5.

©

Intrinsic flexibility analyses for (UreABC-UreDFG); complex. Three major movements are depicted (color-headed

arrows). (A) ‘pinching,” (B) ‘twists,” and (C) ‘torsions’ (different torsion intensities are shown). The activation complex is depicted as
looking from below, with the accessory proteins closer to the viewer.
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cross-linking (Chang, Kuchar, & Hausinger, 2004)
assays. The residue Asp80 from UreG, essential for
stabilizing the interaction of this protein with (UreABC—
UreDF) (Boer et al., 2010), is positioned at the interface
between UreG and the UreABC-UreDF complex
(Figure 4(B)) as expected. Similarly, the modeled com-
plex has UreD close to Lys76 of UreB (9.4A) and
Lys515 of UreC (11.5A) (Figure 4(B)), as previously
proposed by studies employing different cross-linkers
(Chang et al., 2004), such as DMS, DMA, and BS>.
Taking into account the length of these cross-linkers (up
to 13 A for BS®), the observed distances are within an
acceptable range to be considered ‘close’.

The final (UreABC-UreDFG); structure shows
significant flexibility. While the wurease apoenzyme
(UreABC); forms a less-flexible core, the accessory
(UreDFQG) proteins form dynamic ‘flaps’ as indicated by
the conformational diversity observed for this oligomer
when subjected to NMA. Besides subtle movements,
these analyses reveal three classes of conformational
changes, namely, ‘pinching,” ‘torsions,” and ‘twists’
(Figure 5). These movements, mainly brought about
by the accessory proteins, might indicate a role of
(UreDFG); in performing, or assisting, in the displace-
ment of UreB (Quiroz-Valenzuela et al., 2008) for proper
nickel incorporation and urease activation. Considering
that SAXS profiles are obtained from samples containing
an ensemble of structures in solution, this flexibility may
explain the deviation of the experimental SAXS curve
when compared to the static (UreABC—UreDF); structure
derived from docking. Additionally, such flexibility may
also be related to functional roles, since the UreDF dimer
has been considered a possible intermediate in urease
activation (Carter et al., 2009).

The recent solving of UreH-UreF ‘dimer of heterodi-
mers’ from H. pylori (Fong et al., 2011) certainly is a
milestone on the unraveling of the urease activation com-
plex. However, the quaternary disposition of ureases
from the Helicobacter genus is significantly different
from those of other bacteria. While H. pylori urease
adopts a sphere-like dodecameric form, K. aerogenes,
Bacillus pasteurii, and possibly many other bacterial
ureases adopt a pyramidal trimeric organization (Benini
et al,, 1999; Ha et al.,, 2001; Jabri et al., 1995; Kra-
jewska, 2009; Pearson et al., 1997). Furthermore, despite
being a UreD ortholog, UreH is very different from this
protein sharing only 17% identity. Therefore, H. pylori is
more of an exception than a general case when it comes
to ureases and such difference is reflected in the distinct
structural organization observed for its activation com-
plex. The K. aerogenes (UreABC-UreDFG); may thus
serve as a general structural model for bacterial urease
activation (not being applicable to Helicobacter spp.). It
is also worth mentioning that plants and bacteria seem to
share most of the activation mechanism, and that plant

ureases can form symmetric hexamers by combining two
trimers (as those found in bacteria) (Witte, 2011). It is
thus tempting to hypothesize that plant trimeric ureases
may be activated prior to the hexamer formation, since
their symmetry would hinder binding of accessory pro-
teins as observed for K. aerogenes.

In conclusion, the current work presents a putative
model for the urease activation complex of K. aerogenes.
It is not only the first 3D depiction of this oligomer, but
also the first structural model to include UreG. Despite
of the urease activation process being far more complex,
including the additional UreE, nickel transference, and
other poorly understood phenomena, our results are
likely to expand the current knowledge on this essential
step for proper ureolytic activity, aiding further high res-
olution studies of this macromolecular assembly.
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HPU UreH RGDAQDVQLNIGPNCKLRITSQSFEKIHNTEDGFASRDMHIVVGENAFLDFAPFPLIPFE
KAU UreD GGDELTISAHLAPGCHTLITMPGASKEFYRSSGAQALVRQOLTLAPQATLEWLPQDAIFFEFP
B xx T e xox
Prim.cons. 2GD222222222P2C2221IT22222K22222222R22222222222A21.222P22212F2
130 140 150 160 170 180
| \ | | \ |
HPU UreH NAHFKGNTTISLRSSSQLLYSEIIVAGRVARNELFKFNRLHTKISILQDEKPIYYDNTIL
KAU UreD GANARLFTTFHLCASSRLLAWDLLCLGRPVIGETFSHGTLSNRLEVWVDNEPLLVERLHL
B P T
Prim.cons. 2R22222TT22L22SS2L1L2222222GR2222E2F22221L22222222D22P2222222L
190 200 210 220 230 240
| \ | I \ I
HPU UreH DPKTTDLNNMCMEDG-—-—-—-— YTHYLNLVLVNCPIELSGVRECIEESEGVDGAVSETASSH
KAU UreD QEGELSSIAERPWVGTLLCYPATDALLDGVRDALAPLGLYAGASLTDRLLTVRFLSDDNL
. . * . * * . * . .. . .
Prim.cons. 22222222222222GTLLCY2222221.22NV2222222G2222222222222222222222
250 260 270
| \ |
HPU UreH LCVKALAKGSEPLLHLREKIARLVTQTTTQKV
KAU UreD TCQRVMRDVWQFLRPHLTGKSPVLPRIWLT--
.-k . . . * . .. .
Prim.cons. 2C22222222221.22222222222222222KV
Alignment data : CLUSTALW options used :
Align_ment lengtl_l 1272 endgaps=1
Identity (*) :.46 is 16.91_% gapdist=8
Strongly similar (:) : 55 is 20.22 % anext=0.2
Weakly similar (.) : 39 is 14.34 % £ap _'10 0
Different : 132 is 48.53 % gapopen=1o.
Sequence 0001 : UreHxx0 ( 261 residues). hgapresidues=GPSNDQERK
Sequence 0002 : UreDxx1 ( 270 residues). matrix=blosum
maxdiv=30
outorder=aligned

pwgapext=0.1
pwgapopen=10.0
pwmatrix=blosum
type=PROTEIN

Supplementary Figure 1. Sequence alignment of K. aerogenes UreD (target sequence) and H.
pylori UreH (template).
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HPU UreF NAHVDNEFLILQVNDAVFPIGSYTHSFGLETYIQQKKVTNKESALEYLKANLSSQFLYTE
KAU UreF MSTAEQRLRLMOLASSNLPVGGYSWSQGLEWAVEAGWVLDVAAFERWOQRROMTEGEFTVD
B - R o HH o : LnononnnL, Rl
Prim.cons. 22222222222Q222222P2G2Y2282GLE2222222V22222222222222222F2222
70 80 90 100 110 120
| \ | I \ |
HPU UreF MLSLKLTYESALQQDLKKILGVEEVIMLSTSPMELRLANQKLGNREFIKTLQAMNELDMGE
KAU UreF LPLFARLYRACEQGDIAAAQRWTAYLLACRETRELREEERNRGAAFARLLSDWQPDCPPP
B : : KooK HE O :
Prim.cons. 2222222Y2222Q2D222222222222222222ELR222222G22F2221.2222222222
130 140 150 160 170 180
| \ | | \ |
HPU UreF FFNAYAQKTKDPTHATSYGVFAASLGIELKKALRHYLYAQTSNMVINCVKSVPLSQONDGO
KAU UreF WRSLCQO--SQ-—--LAGMAWLGVRWRIALPEMALSLGYSWIESAVMAGVKLVPFGQOQAAQ
B HE. R DL .. R * Lo KRR kR R F
Prim.cons. 2222220QKT22PTH222222222222121L22222222Y222222V222VK2VP22Q222Q
190 200 210 220
| \ | |
HPU UreF KILLSLOSPENQLIEKTLELDESHLCTASVONDIKAMQHESLY SRLYMS
KAU UreF QLILRLCDHYAAEMPRALAAPDGDIGSATPLAATASARHETQYSRLEFRS
B N HE H KonooEEL kAR X
Prim.cons. 222L2122222222222L222222222R2222212222HE22YSRL22S
Alignment data : CLUSTALW options used :
Aligqment length 1229 endgaps=1
Identity (*) :.42 is 18.34.% gapdist=8
Strongly similar (:) : 57 is 24.89 % Apext=0.2
Weakly similar (.) : 26 is 11.35 % gapext=a.
Different : 104 is 45.41 % gapopen=10.0
Sequence 0001 : HPU_UreF ( 229 residues). hgapresidues=GPSNDQERK
Sequence 0002 : KAU_UreF ( 224 residues). matrix=blosum
maxdiv=30
outorder=aligned

pwgapext=0.1
pwgapopen=10.0
pwmatrix=blosum
type=PROTEIN

Supplementary Figure 2. Sequence alignment of K. aerogenes UreF (target sequence) and H.
pylori UreF (template).
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Prim.cons. 22222222222222222222222222222G22GSGKT2L2E2L22222D2222A2222D2
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| \ | I \ I
HypB_2HF9 IAKFDAERMEKHGAKVVPLNTGKECHLDAHLVGHALEDLN--====———— LDEIDLLFIE
KAU UreG YTKEDQRILTEAGALAPERIVGVETGGCPHTAIREDASMNLAAVEALSEKEFGNLDLIFVE
B HE LR LKL L HE
Prim.cons. 22K2D2222222GA2222222G2E22222H222222222NLAAVEALSEK2222DL2F2E
130 140 150 160 170 180
| \ | | \ |
HypB 2HF9 NVGNLICPADFDLGTHKRIVVISTTEGDDTIEKHPGIMKTADLIVINKIDLADAVGADIK
KAU UreG SGGDNLSATFSPELADLTIYVIDVAEGEKIPRKGGPGITKSDFLVINKTDLAPYVGASLE
B P I HEE R R
Prim.cons. 22G22222222222222212VI222EG22222K22222222D22VINK2DLA22VGA222
190 200 210 220
| \ | I
HypB 2HF9 KMENDAKRINPDAEVVLLSLKTMEGFDKVLEFIEKSVKEVK
KAU UreG VMASDTQRMRGDRPWTFTNLKQGDGLSTIIAFLEDKGMLGK
B oo FLiRL L e T *
Prim.cons. 2M22D22R222D22222221LK222G222222F2E222222K
Alignment data : CLUSTALW options used :
Aligqment length 1221 endgaps=1
Identity (*) :.52 is 23.53'% gapdist=8
Strongly similar (:) : 47 is 21.27 % Apext=0.2
Weakly similar (.) : 38 is 17.19 % gapext=a.
Different : 84 is 38.01 % gapopen=10.0
Sequence 0001 : HypB_2HF9 ( 211 residues). hgapresidues=GPSNDQERK
Sequence 0002 : KAU_UreG ( 221 residues). matrix=blosum
maxdiv=30
outorder=aligned

pwgapext=0.1
pwgapopen=10.0
pwmatrix=blosum
type=PROTEIN

Supplementary Figure 3. Sequence alignment of K. aerogenes UreG (target sequence) and
HypB from M. jannaschii (template).
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Supplementary Figure 4. Comparison of theoretical (lines) and experimental (crosses) SAXS
profiles from dockings using FoXSDock. Despite the similar fit for (UreABC-UreD); models,
the comparison of (UreABC-UreDF); models obtained from iterative accessory-protein docking
from FoXDock with those from sequential rigid docking revealed that the latter had geater
agreement with experimental data. Depicted are curve fits for (A) the highest-scoring (UreABC-
UreD); model, (B) the most energetically favorable (UreABC-UreD); model, (C) highest-
scoring (UreABC-UreDF); model derived from the highest-scoring (UreABC-UreD); model,
(D) the most energetically favorable (UreABC-UreDF); model derived from the highest-scoring
(UreABC-UreD); model, (E) highest-scoring (UreABC-UreDF); model derived from the most
energetically favorable (UreABC-UreD); model, and (F) the most energetically favorable
(UreABC-UreDF); model derived from the most energetically favorable (UreABC-UreD);
model. The units of q are 1/A.
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Supplementary Figure 5. Intrinsic flexibility analyses for UreDF dimer. Two major
movements are depicted (grey arrows). UreD is depicted in red and UreF in depicted in blue.
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ARTICLE INFO ABSTRACT

Background: Ureases are metalloenzymes involved in defense mechanisms in plants. The insecticidal activity of
Canavalia ensiformis (jack bean) ureases relies partially on an internal 10 kDa peptide generated by enzymatic
hydrolysis of the protein within susceptible insects. A recombinant version of this peptide, jaburetox, exhibits
insecticidal, antifungal and membrane-disruptive properties. Molecular modeling of jaburetox revealed a
prominent 3-hairpin motif consistent with either neurotoxicity or pore formation.

Methods: Aiming to identify structural motifs involved in its effects, mutated versions of jaburetox were built: 1) a
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Siet}:fiioi:eited mutagenesis peptide lacking the 3-hairpin motif (residues 61-74), JbtxA-{3; 2) a peptide corresponding the N-terminal half
p-hairpin (residues 1-44), Jbtx N-ter, and 3) a peptide corresponding the C-terminal half (residues 45-93), Jbtx C-ter.

Results: 1) JbtxA-p disrupts liposomes, and exhibited entomotoxic effects similar to the whole peptide,
suggesting that the p-hairpin motif is not a determinant of these biological activities; 2) both Jbtx C-ter and
Jbtx N-ter disrupted liposomes, the C-terminal peptide being the most active; and 3) while Jbtx N-ter persisted
to be biologically active, Jbtx C-ter was less active when tested on different insect preparations. Molecular
modeling and dynamics were applied to the urease-derived peptides to complement the structure-function
analysis.
Major conclusions: The N-terminal portion of the Jbtx carries the most important entomotoxic domain which is
fully active in the absence of the 3-hairpin motif. Although the 3-hairpin contributes to some extent, probably
by interaction with insect membranes, it is not essential for the entomotoxic properties of Jbtx.
General significance: Jbtx represents a new type of insecticidal and membrane-active peptide.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Ureases (EC 3.5.1.5, urea amidohydrolase), are nickel dependent en-
zymes that catalyze urea hydrolysis into ammonia and carbon dioxide.

Abbreviations: Jbtx, jaburetox; JbtxA-3, B-hairpin deleted version of Jbtx; Jbtx N-ter,
N-terminal domain of Jbtx; Jbtx C-ter, C-terminal domain of Jbtx; Jbtx-2Ec, a version of
Jbtx containing a V5 epitope; LUV, large unilamellar vesicle; MD, molecular dynamics;
RMSD, root mean square deviation; CD, circular dichroism
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Evolutionarily conserved [1], these proteins have been isolated from a
wide variety of organisms including plants, fungi and bacteria. In plants,
ureases contribute to the bioavailability of nitrogen and in defense
mechanisms [2,3]. Ureases represent an unexplored group of plant
proteins with potential use for insect control [3,4] and as antifungal
agents [5]. Studies have shown that ureases from Canavalia ensiformis
(jack bean) and Glycine max (soybean) display insecticidal activity
(reviewed in [6]) and antifungal properties, inhibiting growth and af-
fecting membrane integrity of filamentous fungi [7] as well as of yeasts
[8]in the 10™7 M range. The urease from pigeon pea (Cajanus cajan)
was recently described to exhibit insecticidal and antifungal properties
at similar dose ranges [9].

The molecular basis of the insecticidal mechanism of action of plant
ureases is not yet completely understood [6]. It has been demonstrated
that the entomotoxic effect of canatoxin [10], an isoform of C. ensiformis
(jack bean) urease [11], is partially due to an internal 10 kDa peptide
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(pepcanatox), that is released from the protein upon hydrolysis by
insect cathepsin-like digestive enzymes [12-16]. Jaburetox-2Ec
(Jbtx-2Ec), a recombinant peptide analog to pepcanatox, exhibited
a potent insecticidal effect on two economically important crop
pests: Spodoptera frugiperda (fall armyworm) and Dysdercus peruvianus
(cotton stainer bug) [17,18]. Jbtx-2Ec was also shown to both
permeabilize large unilamellar liposomes (LUVs) [19] and to affect
transmembrane potential of insect Malpighian tubules, causing inhibi-
tion of diuresis [20]. A B-hairpin motif in the modeled structure of
Jbtx-2Ec has been proposed [17,19] and its presence has been
confirmed in the crystallographic structures of jack bean [21] and
pigeon pea [9] ureases. This motif is present also in one class of pore-
forming peptides and neurotoxic peptides [22] such as charybdotoxin,
which affect ion channels [23]. A variant form of Jbtx-2Ec lacking the
fused V5-antigen, here called simply Jbtx, also exhibited antifungal
activity [8].

Aiming to identify motifs possibly involved in the different biological
activities of Jbtx, here we described the cloning and expression of
mutated versions of the Jbtx-encoding cDNA. Truncated versions of
the peptide, with deletions of the regions of the B-hairpin motif, the
N-terminal or the C-terminal halves of the molecule, were tested on
LUV permeabilization, for insecticidal and other entomotoxic effects.
Structural analyses of the truncated peptides were also carried out.

2. Materials and methods
2.1. Jbtx cDNA constructs

Jaburetox-2Ec, the first version of the recombinant urease-derived
peptide cloned in [17], harbored a V5-antigen with 18 amino acids
derived from the pET101/D-TOPO plasmid. In order to eliminate this
foreign sequence, the jack bean urease truncated cDNA encoding 93
amino acids, called simply jaburetox (Jbtx), was cloned and expressed
in Escherichia coli via pET-23a vector (Novagen), as described in [8].
This sequence was used as template for site-directed mutagenesis and
PCR amplifications of the mutant forms as described below.

2.2. ]btx lacking the internal 3-hairpin (JbtxA-3)

In order to delete the B-hairpin motif (residues 61-74) of the
Jbtx peptide, site-directed mutagenesis was performed using the
QuickChange Site-directed Mutagenesis Kit (Stratagene). As this
method is often used to generate a few nucleotide deletions, some
modifications in the primers' design were made, as described by [24].
Pairs of complementary primers were designed (Table 1), and
site-directed mutagenesis was performed according to the kit
manufacturer's instructions. The deleted gene version was confirmed
by sequencing on an ABI Prism 3100 automated sequencer (Applied
Biosystems) platform (ACTGene Ltd, Center of Biotechnology, UFRGS).
Sequence comparisons were performed using the BLASTX software

Table 1
Primers used in this study.
Primer Size Sequence
5’ Del_{3-hairpin ~ 40-Mer AGTATGGTCCGACTATTGGTGAAAAGGATTTTGCCCT
TTA
3’ Del_P-hairpin  40-Mer TAAAGGGCAAAATCCTTTTCACCAATAGTCGGACCAT
ACT
5’ Del_ a-helix 40-Mer CTTTCACCAAAGCCATTCCTTATGGTCCGACTATTGGTGA
3’ Del_ a-helix 40-Mer TCACCAATAGTCGGACCATAAGGAATGGCTTTGGTGA
AAG
5’ N-terminal 25-Mer CCAACATATGGGTCCAGTTAAATGA
3’ N-terminal 25-Mer  CCCCCTCGAGGGTGAAAGGACAATC
5’ C-terminal 25-Mer CCAACATATGAAAGCCATTCCTCGT
3’ C-terminal 25-Mer CCCCCTCGAGTATAAC CCACC

[25], available at (http://www.ncbi.nlm.nih.gov). The resulting peptide
was called JbtxA-{3.

2.3. Jbtx N-terminal (Jbtx N-ter) and C-terminal (Jbtx C-ter) domain
versions

The Jbtx gene regions corresponding to the N-terminal (residues
1-44) and C-terminal (residues 45-93) halves of the peptide were am-
plified by PCR with specifically designed primers (Table 1) and products
were cloned into pET23a (Novagen). PCRs were performed in a final
volume of 50 pL containing 50 ng of the template plasmid DNA,
200 ng of each primer, 200 pM each dNTPs, 2.5 U Pfu taq DNA polymer-
ase (Fermentas) and 1x Pfu reaction buffer. Amplification was carried
out under the following conditions: denaturation at 95 °C for 3 min,
annealing at 55 °C for 30 s and elongation at 72 °C for 2 min. After a
total of 35 cycles, the final products were digested with Ndel and Xhol
(Fermentas), dephosphorylated with thermosensitive alkaline phos-
phatase (Promega) and ligated into the expression vector pET23a
(Novagen). The inserts of the recombinant plasmids were fully
sequenced in order to confirm their sequences essentially as described
above. The resulting peptides were called Jbtx N-terminal (Jbtx N-ter)
and Jbtx C-terminal (Jbtx C-ter). A schematic representation of all
Jbtx-related peptides is shown in Fig. 1.

2.4. Expression and purification of Jbtx recombinant peptides

Recombinant pET23a plasmids were transformed into E. coli BL21-
CodonPlus (DE3)-RIL cells (Stratagene) for Jbtx gene expressions fol-
lowing the provider's instructions. For the purification of the original
Jbtx peptide and its mutated forms, 200 mL of Luria Bertani medium
containing 100 pg/mL ampicillin and 40 pg/mL chloramphenicol were
separately inoculated with 2 mL overnight cultures of each E. coli strain.
Cells were grown for approximately 2 h at 37 °C under shaking until an
optical density of 0.7 was reached. At this point, IPTG was added to cul-
tures to a final concentration of 0.5 mM. After 3 h of additional culture,
cells were harvested by centrifugation and suspended in 10 mL of lysis
buffer (50 mM Tris buffer, pH 7.5, 500 mM NaCl, 5 mM imidazole),
sonicated and centrifuged (14,000 g, 30 min). The supernatant was
loaded onto a Ni*? loaded Chelating Sepharose (GE Healthcare)
column, previously equilibrated with the lysis buffer. After 30 min, the
column was washed with 50 mL of the same buffer containing 50 mM
imidazole. Bound protein was eluted with 200 mM imidazole in the
lysis buffer. Samples were then dialyzed against buffer A (50 mM phos-
phate buffer, pH 7.5, 1 mM EDTA, 5 mM 3-mercaptoethanol) in order
to remove the imidazole. Protein concentration was measured by
Bradford assay [26]. Predicted molecular mass of the peptides was
obtained by submitting the deduced sequences to the ProtScale tool
[27] available at the Expasy site (http://web.expasy.org/protscale).

et

1-93 [ 93 residues; 11.2 kDa]

Jbtx-2Ec

Jbtx

Jbtx N-ter 1-44 [44 residues; 6.3 kDa)

Jbtx C-ter 45-93 [49 residues; 6.8 kDa]

1-61/7593
[ 79 residues; 9.6 kDa]

iy

Jotxa-B

Fig. 1. Schematic representation of the sequences of jaburetox and mutants. The number
of amino acid residues of each molecule (shown in black) is indicated on the right side.



A.H.S. Martinelli et al. / Biochimica et Biophysica Acta 1840 (2014) 935-944 937

Molar concentrations of peptides were calculated assuming a monomeric
form in solution. Hydropathicity analysis of the peptides was carried out
according to [28].

2.5. Tandem mass spectrometry (MS/MS)

In gel digestion of Jbtx peptides was performed for all samples ana-
lyzed, except for the positive control (C+), which was submitted to in
solution digestion. For in gel digestion the protocol in [29] was followed,
using 50 mM ammonium bicarbonate (AB) unless otherwise explained.
Briefly, the bands on the gel were distained with 50 mM AB in 40%
acetonitrile (ACN). Following, gel pieces were dehydrated with 100%
ACN and lyophilized. Reduction was performed with 50 mM dithiothre-
itol (DTT) in 50 mM AB, for 30 min at 56 °C, in the dark, followed by the
alkylation performed with 50 mM iodoacetamide (IAA) in 50 mM AB
for 30 min, at room temperature, also in the dark. The gel pieces were
washed with 50 mM AB + 40% ACN for 15 min, and a second dehydra-
tion step was done. Proteins in the gel were digested for 3 h (Jbtx N-ter
and Jbtx C-ter) or 16 h (Jbtx and JbtxA-B) in 500 pL of 100 mM AB solu-
tion containing 100 ng of sequencing grade trypsin (Promega) at 37 °C.
After digestion, supernatants were transferred to microcentrifuge tubes
and gel pieces were washed with 1% formic acid in 60% ACN, and the su-
pernatants were combined accordingly. Digested peptides were lyoph-
ilized and submitted to tandem mass spectrometry analyses. In the case
of in solution digestion, sample of Jbtx peptide (30 pg in 20 mM sodium
phosphate, 5 mM R-mercaptoethanol, 1 mM EDTA, pH 7.5) was re-
duced with 50 mM DTT and alkylated with 50 mM IAA (30 min each,
at room temperature). Then, DTT to a final concentration of 10 mM
was added for 15 min at room temperature. Digestion was performed
in this case with 0.6 mg of trypsin (Promega) for 3 h at 37 °C.
After the digestion process, the samples were desalted with ZipTip™
(Millipore®) according to the manufacturer’s instructions. The eluted
peptides were lyophilized and analyzed by tandem mass spectrometry.

The lyophilized digested peptides were suspended in 0.1% formic
acid (10 pL) and 5 L of each solution was subjected to reversed phase
chromatography (NanoAcquity UltraPerformance LC-UPLC® chromato-
graph (Waters) using a Nanoease C18, 75 pum ID at 35 °C. The column
was equilibrated with 0.1% trifluoroacetic acid (TFA) and the peptides
were eluted in a 20 min gradient, ramping from 0 to 60% acetonitrile
in 0.1% TFA at 0.6 nL/min constant flow. Eluted peptides were subjected
to electrospray ionization and analyzed by mass spectrometry using a
Q-TOF Micro™ spectrometer (Micromass). The voltage applied to the
cone for the ionization step was 35 V. The three most intense ions in
the range of m/z 200-2000 and + 2 or + 3 charges were selected for
fragmentation. The acquired MS/MS spectra were processed using the
Proteinlynx v.2.0 software (Waters) and the generated .mgf files were
used to perform database searches using the MASCOT software version
2.4.00 (Matrix Science) against the NCBI database, and taxid was re-
stricted to Viridiplantae (taxid:33090). Results were analyzed manually.

2.6. Electrophoresis

The peptide fractions of Jbtx and its mutant forms were visualized
in SDS-Tricine gels [30]. The gels were stained with colloidal Coomassie
G-250 (Sigma Chem. Co) according to [31].

2.7. Western blot

Western blots were performed according to [32]. Briefly, peptides
were electrophoresed, transferred to PVDF membranes (Millipore)
and immersed in a blocking buffer consisting of 5% nonfat dry milk
in phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl and
4.3 mM NaHPO,4-7H,0, pH 7.3). After washing, the membrane
was incubated with rabbit anti-jaburetox-2Ec polyclonal antibodies
(1:7500 dilution) for 2 h at room temperature, followed by a 2 h incu-
bation with anti-rabbit IgG (1:20,000 dilution) alkaline phosphatase

conjugate (Sigma Chem. Co.). Colorimetric detection was carried out
using 5-bromo-4-chloro-3-indolyl-phosphate p-toluidine salt and
nitro-blue tetrazolium chloride.

2.8. Leakage experiment

Large unilamellar vesicles (LUVs) were produced and the leakage
experiment was conducted as described previously [19]. LUVs were
prepared using 10 mg of L-oi-phosphatidic acid (egg chicken, Avant
Polar Lipids), at a concentration of 20 mg/mL. The leakage promoted
by Jbtx and its mutated forms at a final concentration of 5 pg/mL in
25 mM Tris, pH 7.0, was evaluated by the carboxyfluorescein release
assay [19]. The concentration of LUVs in the experiment was estimated
based on the absorbance of the fluorescent probe at 490 nm, and
adjusted to a value of 0.1. In the leakage assays, fluorescence intensity
of the reaction mixture (LUVs plus peptide or buffer) was recorded
as a function of time. The samples were excited at 490 nm and the
fluorescence was acquired at 518 nm. It was assumed that the absence
of leakage (0%) corresponded to the fluorescence of the vesicles at time
zero; 100% leakage was taken as the value of fluorescence intensity
obtained after the addition of 1% (v/v) Triton X-100. All measurements
were carried out in a Cary Eclipse fluorescence spectrophotometer
(Varian).

2.9. Insecticidal activity

Fifth-instar Rhodnius prolixus were kindly provided by Dr. Hatisaburo
Masuda and Dr. Pedro L. Oliveira (Institute of Medical Biochemistry,
Universidade Federal do Rio de Janeiro, R], Brazil) and by Dr. Denise
Feder (Universidade Federal Fluminense, R], Brazil). The phytophagous
milkweed bugs (Oncopeltus fasciatus) were reared in our laboratory as
previously described [15].

2.9.1. Injection assays

Fifth instars of O. fasciatus or R. prolixus were injected into the
hemocoel using a Hamilton Microliter 900 series syringe (Hamilton).
Group of 10 insects (O. fasciatus) or 5 insects (R. prolixus) were injected
with 20 mM sodium phosphate buffer (pH 7.5) containing peptides at a
final dose of 0.015 pg (O. fasciatus) or 0.05 g (R. prolixus) per mg of in-
sect body weight. Control insects received injections of buffer alone.
Mortality rate within each group was recorded after 48 or 96 h. Two
independent bioassays were carried out for each peptide on each insect
model. Results shown are means + standard errors.

2.9.2. Feeding assays

Fifth instars R. prolixus were fed on R. prolixus saline solution
(150 mM Nacl, 8.6 mM KCl, 2.0 mM CaCl,, 8.5 mM MgCl,, 4.0 mM
NaHCOs3, 34.0 mM glucose, 5.0 mM HEPES, pH 7.0) containing 1 mM
ATP and enough peptide (tested individually) to give final doses of
0.1 pg per mg of body weight. Groups of 5 insects for each peptide
were fed for approximately 30 min, at 37 °C, by placing their mouth
apparatus inside glass capillaries containing the test solutions. Control
insects fed solely on R. prolixus saline solution containing 1 mM ATP,
under the same conditions. Mortality rate within each group was
recorded after 24 h. One triplicated bioassay was carried out for each
peptide. The results shown are means and standard errors.

2.10. Measurement of fluid secretion by Rhodnius prolixus Malpighian
tubules

The assay was performed essentially as described in [20], using
R. prolixus serotonin-stimulated Malpighian tubules. Secretion rate
was expressed as the percentage of fluid secretion measured after the
addition of Jbtx or mutated peptides as compared to serotonin
(2.5 x 1078 M) alone (control). For each peptide and dose, 5-6
replicates were done. The results shown are means &+ standard error.
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2.11. In vivo cockroach metathoracic coxal-adductor nerve-muscle
preparation

The in vivo cockroach metathoracic coxal-adductor muscle prepara-
tion was used [33] to characterize further the entomotoxic activity of
Jbtx and its mutated versions. Male adult Phoetalia pallida (3-4 months
after molting) were reared in our laboratory at controlled temperature
(22-25 °C) on a 12 h:12 h light:dark cycle. Animals were immobilized
by chilling and mounted, ventral side up, in a Lucite holder covered
with 1 cm soft rubber that restrained the body and provided a platform
to which the metathoracic coxae could be firmly attached using
entomologic needles. The left leg was then tied at the medial joint
with a dentistry suture line connected to a 1 g force transducer
(AVS Instruments, Sdo Carlos, SP, Brazil). The transducer was mounted
in a micromanipulator to allow adjustment of muscle length. The exo-
skeleton was removed from over the appropriated thoracic ganglion.
Nerve 5, which includes the motor axon to the muscle, was exposed
and a bipolar electrode was inserted to provide electrical stimulation.
The nerve was covered with mineral oil to prevent dryness and stimu-
lated at 0.5 Hz, 5 ms, with twice the threshold, during 120 min. Twitch
tension was digitalized, recorded and retrieved using a computer based
software AQCAD (AVS Instruments, Sdo Carlos, SP, Brazil). Data were
further analyzed using the software ANCAD (AVS Instruments,
Sdo Carlos, SP, Brazil). Jbtx and peptides were dissolved in insect phys-
iological solution (214 mM Na(l, 3.1 mM KCl, 9 mM CaCl,, 0.1 mM
MgS0,, and 5 mM HEPES, pH 7.2 [34]). The test solutions were pre-
pared daily and 20 pL were injected into the insect's third abdominal
segment using a Hamilton syringe.

2.12. Molecular modeling and simulation

The three-dimensional model for Jbtx was built by comparative
modeling with MODELLER9v10 [35] employing the structure of the
C. ensiformis major urease isoform (PDB ID: 3LA4), [21] as template.
Ten models were built, stereochemically evaluated and theoretically
validated for their three-dimensional profiles with PROCHECK [36]
and Verify3D [37], respectively. The best scored model was then
selected. The amino-terminal Met residue and the carboxy-terminal
LEHHHHHH segment were added with SwissPDBviewer [38]. The Jbtx
peptide was then subjected to molecular dynamics (MD) simulations
with GROMACS 4.5 suite [39] using GROMOS96 53a6 force field [40]
for 500 ns. The systems were solvated in triclinic boxes using periodic
boundary conditions and SPC water models [41]. Counterions (Na™)
were added to neutralize the systems. The Lincs method [42] was
applied to constrain covalent bond lengths, allowing an integration
step of 2 fs after an initial energy minimization using Steepest Descents
algorithm. Electrostatic interactions were calculated with Particle Mesh
Ewald method [43]. Temperature and pressure were kept constant by
coupling proteins, ions, and solvent to external temperature and
pressure baths with coupling constants of 7 = 0.1 and 0.5 ps [44],
respectively. The dielectric constant was treated as € = 1, and the
reference temperature was adjusted to 300 K. The system was slowly
heated from 50 to 300 K, in steps of 5 ps, each step increasing the
reference temperature by 50 K, allowing a progressive thermalization
of the molecular system. The simulation was performed to 500 ns,
with no restraint, considering a reference value of 3.5 A between
heavy atoms for a hydrogen-bond, and a cutoff angle of 30° between
hydrogen-donor-acceptor [39].

2.13. Statistical analysis

Data were evaluated by ANOVA followed by the Bonferroni's or Stu-
dent t test using GraphPad Prism software (Version 5.0 for Windows).
See legends to figures for more details. A p < 0.05 was considered
statistically significant.

3. Results
3.1. MD simulation of Jbtx

It has been previously suggested that a prominent 3-hairpin in the
predicted model of the urease-derived peptide Jbtx could be responsible
at least in part for its membrane-disturbing activity and some of its
biological properties [17,19]. The presence of this p-hairpin was
confirmed by x-ray crystallographic data of jack bean urease [21], and
short simulations of the crystal-derived peptide were performed [45].

In order to establish if this 3-hairpin would still be present in
the peptide once it has been released from the urease molecule, a
3D-model of Jbtx was constructed using the crystal structure of jack
bean urease as template and subjected to molecular dynamics for
500 ns (Fig. 2, panels A and B). The MD simulation indicated that Jbtx
becomes more globular when in aqueous solution (Fig. 2, panel B),
changing its conformation along the simulation with an increase
of RMSD, as compared to the initial crystal-derived structure
(Supplementary Fig. 1). The secondary structure of Jbtx changed in
solution, with loss of many helix turns and formation of a minute beta
sheet. The B-hairpin at Jbtx's C-terminal half was conserved despite
the increase in coil content (Fig. 2, panels B and D).

3.2. Expression of recombinant jaburetox (Jbtx) and mutated forms

Aiming to identify motifs probably involved in the biological
activities of Jbtx, mutated forms of the peptide lacking the internal
p-hairpin (JbtxA-B), the N-terminal half (Jbtx C-ter) or the C-terminal
half (Jbtx N-ter) domains were constructed. A schematic representation
of these peptides is shown in Fig. 1.

All the His-tagged peptides were purified and analyzed by SDS-PAGE
(Fig. 3A and B). The predicted molecular masses of the peptides based
on their deduced amino acid sequences are 11,193 Da for ]btx,
9625.6 Da for JbtxA-f3, 6325.8 Da for Jbtx N-ter and 6772.5 Da for Jbtx
C-ter. As it can be observed from the SDS-PAGE results, all the recombi-
nant peptides showed the expected mass, except for the Jbtx N-ter
peptide which behaved as a dimer with an estimated molecular mass
of approximately 12 kDa (Fig. 3B).

Anti-]btx-2Ec polyclonal antibodies recognized equally Jbtx-2Ec,
Jbtx and JbtxA-p (result not shown) and although with a weaker
reactivity, also interacted with the two half-peptides (Fig. 3C).

All bands seen in the lanes corresponding to each peptide were
excised from the SDS-PAGE gels, digested with trypsin and submitted
to MS/MS analysis. The identities of the peptides Jbtx, JbtxA-B, and
Jbtx C-ter (and aggregated forms of the peptides) were confirmed by
MS/MS analysis as shown in Fig. 3D. On the other hand, the peptide
Jbtx N-ter was not identified in the MS/MS assay. The band correspond-
ing to the dimer of the peptide Jbtx N-ter in the SDS-PAGE (Fig. 3B)
reacted positively with the anti-Jbtx antibodies (Fig. 3C), thus
confirming its identity. The tendency to form aggregates previously de-
scribed for jaburetox-2Ec [19,46] persisted in Jbtx, as well as in all the
mutated forms of this peptide, as confirmed by the MS/MS analysis.
After a few days in aqueous solution, all the peptides formed insoluble
precipitates. These aggregates did not revert to the monomeric state
under a number of tested conditions [19]. High ionic strength acceler-
ates the aggregation of Jbtx (data not shown), suggesting hydrophobic
interactions as a driving force for the oligomerization process. Because
it was not possible to ascertain the oligomeric state of each peptide in
solution, their monomeric states were considered when expressing
molar concentrations in the subsequent assays.

Since all mutated peptides retained considerable antigenicity
towards anti-Jbtx-2Ec polyclonal antibodies, they probably kept their
tridimensional structures, resembling the corresponding portions in
Jbtx. The CD spectrum of Jbtx (not shown) indicated the presence
mainly of irregular structures, with a minor contribution of 3-sheets
and helices. This type of CD spectrum has been observed for Chab I,
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Fig. 2. Structural changes in jaburetox and its mutated versions after MD simulation of 500 ns. Three-dimensional representations of the full Jbtx peptide (A) initial and (B) final structures,
with the N-terminal domain (residues 1-44) depicted in pink and the C-terminal domain in blue; (C) Jbtx N-ter (amino-terminal mutant): top, initial state; bottom, final state;
(D) Jbtx C-ter (carboxy-terminal mutant): top, initial state; bottom, final state; Schematic representations of the secondary structure content of the (i) initial and (f) final
structures are colored according to their three-dimensional counterparts. The corresponding amino acid sequences are also shown.
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Fig. 3. (A and B) SDS-Tricine PAGE of jaburetox and their derived peptides. Numbered arrows indicate the bands that were excised and analyzed by mass spectrometry. Lanes:
Jbtx, jaburetox; JbtxA-B, jaburetox with deleted 3-hairpin motif; BSA, bovine serum albumin; C-ter, carboxy-terminal region of jaburetox; N-ter, amino-terminal region of jaburetox.
(C) Western blot analysis with polyclonal anti-jaburetox antibodies. Lanes: BSA, bovine serum albumin as negative control; C-ter, carboxy-terminal region of jaburetox; N-ter,
amino-terminal region of jaburetox; (D) amino acid sequence of jaburetox. The numbered lines above and below the sequence correspond to the arrows in panels A and B, showing

parts of the jaburetox sequence identified by mass spectrometry. The sequence of Jbtx N-ter mutant is shown in light gray and that of the Jbtx C-ter in dark gray. The region corresponding
to the B-hairpin is also indicated.
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a charybdotoxin analog [47], and also for the acid unfolded state of
equine P-lactoglobulin, which has residual helices and 3-hairpins
[48,49].

Simulations were carried out to establish the putative structures in
solution of the mutated peptides representing the two half domains of
Jbtx. The N-terminal mutant (residues 1 to 44) became completely un-
folded after simulation (Fig. 2, panel C), while the C-terminal mutant
(residues 45 to 93) showed propensity towards stabilization of a
newly-formed 3-sheet (Fig. 2, panel D).

3.3. Vesicle leakage promoted by Jbtx peptides

We employed LUVs composed by L-a-phosphatidic acid [19] as a
membrane model to evaluate which part of the Jbtx molecule interacts
with phospholipid membranes and induces vesicle leakage. Fig. 4 shows
typical results. Vesicle leakage was more prominent when LUVs were
treated with either Jbtx C-ter or Jbtx (5 pg/mL), although all peptides
produced at least 80% of leakage at the end of the 10 min incubation
period. Taken together, these findings showed that the 3-hairpin is
not essential for the membrane-disruptive activity of Jbtx. Moreover,
the data indicated that all Jbtx-related peptides are able to induce LUV
leakage, while the C-terminal region of the peptide seems to contribute
the greatest effect. In fact, hydropathicity plots indicated the presence
of prominent hydrophobic regions in both, the N-terminal and the
C-terminal domains of Jbtx (Supplementary Fig. 2).

3.4. Insecticidal effect of Jbtx peptides

In order to compare the insecticidal activity of Jbtx to that previ-
ously described for Jbtx-2Ec [6,18], we tested the entomotoxic effect
of Jbtx upon injection into R. prolixus nymphs. Employing a dose of
0.05 pg/mg of insect weight, 100% mortality was observed 48 h after
injection (result not shown), indicating that the absence of the V5
epitope in Jbtx did not affect its insecticidal property. When the
insecticidal activity of the p-hairpin deleted form (JbtxA-p) was
assayed in R. prolixus nymphs, it produced an entomotoxic (mortality)
effect equivalent to that of the original Jbtx, either by injection
(Fig. 5A) or by feeding (Fig. 5B). Four days after injection into fifth
instars R. prolixus, we have observed that the Jbtx N-term induced up
to 60% mortality, while Jbtx C-ter caused less than 10% mortality

Jbtxa-p

Leakage (%)

T v T v T v T v T
0 2 4 6 8 10
Time (min)

Fig. 4. Effect of jaburetox and derived mutants on LUVs composed by L-oi-phospatidic acid.
The carboxyfluorescein release assay was performed for each peptide at a final concentra-
tion of 5 ug/mL (Jbtx, 0.44 pM; JbtxA-B, 0.51 uM; Jbtx N-ter, 0.79 puM; and Jbtx C-ter,
0.73 uM) in 25 mM Tris, pH 7.0. The absence of leakage (0%) corresponds to the fluores-
cence of the vesicles at time zero; 100% leakage was taken as the value of fluorescence
intensity obtained after addition of 1% (v/v) Triton X-100. The experiments were
performed at 25 °C. The figure shows superimposed tracings of a typical result for each
peptide to facilitate comparison.

(Fig. 5A). On the other hand, 24 h after feeding, both Jbtx N-ter and
Jbtx C-ter had similar lethal effects on R. prolixus nymphs, ranging
from 60 to 80% mortality (Fig. 5B).

Fifth instars O. fasciatus were also injected with Jbtx and its mutant
variants. Similarly to what was observed for R. prolixus upon injections,
Jbtx N-ter (Fig. 6A) and JbtxA-p (Fig. 6B) displayed lethal effects
comparable to that of Jbtx, while Jbtx C-ter was near to inactive
(Fig. 6A), suggesting that the N-terminal portion of the Jbtx carries its
insecticidal domain.

3.5. Antidiuretic effect of Jbtx-related peptides on Malpighian tubules

We have previously described that, in the dose range of 10~ 16 to
10~ 1> M, Jbtx 2-Ec inhibited the serotonin-stimulated fluid secretion in
R. prolixus Malpighian tubules [20]. Fig. 7 shows that Jbtx and all its
variants, at a concentration of 1 x 10~ !> M, were able to inhibit fluid
secretion in the tubules producing similar antidiuretic effect.

3.6. In vivo neuromuscular blockade of cockroach nerve-muscle
preparations induced by Jbtx-related peptides

The injection of Jbtx or its mutant versions (32 pg/g of animal
weight) produced a time-dependent blockade of the cockroach nerve-
muscle preparation (Fig. 8). Jbtx was the most effective and induced a
complete neuromuscular paralysis at 35 4 10 min followed by Jbtx
N-ter at 80 + 2 min (Fig. 8B). In contrast, the neuromuscular blockades
induced by Jbtx A-p or Jbtx C-ter were only partial at the end of the
120 min recording time. The administration of insect saline alone did
not interfere with normal neuromuscular responses during 120 min
recordings (Fig. 8A). Thus, similar to what was observed in the case of
the insecticidal activity (upon injection), these data suggest that the
N-terminal half of Jbtx carries its entomotoxic domain. In this type of
assay, however, there is a contribution of the p-hairpin to the effect.

4. Discussion

In this study we evaluated the jack bean urease-derived peptide Jbtx
and three domain-deleted variants in order to identify the regions of the
molecule that are critical for its entomotoxic activities. A previous
version of Jbtx, harboring a large V5-antigen derived from the pET101/
D-TOPO plasmid and called jaburetox-2Ec (Jbtx-2Ec), was shown to be
lethal to R. prolixus by oral route and hemocoel injection [50,51] and
to permeabilize vesicles composed of charged lipids [19]. Jbtx has the
same 93 amino acid urease-derived sequence and the polyhistidine
tail found in Jbtx-2Ec, but lacks the V5 epitope present in the later.
Here we demonstrated that Jbtx displays insecticidal activity equivalent
to that described for Jbtx-2Ec, evidencing that the epitope V5 is not
implied in its entomotoxicity.

Comparing the structure obtained here for Jbtx with the model of
jaburetox-2Ec generated by comparative modeling [19] (prior to the
first description of the crystal structure of a plant urease [21]),
important conformational similarities can be seen in the region
correspondent to the short helix as well as in the large content of
random coil conformation, even though jaburetox-2Ec exhibited a
more well-defined B-hairpin than Jbtx. The differences in the models
generated for these peptides might be attributed in part to the distinct
initial structures used in the MD simulation, as H. pylori urease and
jack bean urease served as template in the comparative modeling for
jaburetox-2Ec [19] and Jbtx (this work), respectively.

Balasubramanian and Ponnuraj [21] were the first to report in 2010
the crystal structure of a plant (C. ensiformis, jack bean) urease at 2.05 A
of resolution. These authors confirmed the presence of an internal
B-hairpin motif in the jack bean urease, previously suggested by our
group to be present in the structure of jaburetox-2Ec [17,19], and pro-
posed to be involved in the insecticidal activity of both urease and its
derived entomotoxic peptide. The same group described insecticidal
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Fig. 5. Insecticidal effect of Jbtx and derived peptides on fifth instar Rhodnius prolixus. (A) Groups of 5 insects were injected with each peptide separately at final doses of 0.05 g per mg of
body weight. Control insects were injected with Rhodnius saline. The mortality was recorded after 96 h. Two independent bioassays were carried out for each peptide. Results shown are
means and standard error. (B) Groups of 5 insects were fed on R. prolixus saline plus 1 mM ATP and the peptides separately at final doses of 0.1 ug per mg of body weight. Control insects
were fed solely on R. prolixus saline plus 1 mM ATP. Mortality rate within each group was recorded after 24 h. Results shown are means and standard error.

and antifungal properties of the pigeon pea (Cajanus cajan) urease and
reported the presence of a similar 3-hairpin motif in the crystal struc-
ture of this urease [9]. Moreover, Balasubramanian and coworkers,
using molecular modeling studies and short (5 ns) molecular dynamics
simulations of Jbtx, suggested that its 3-hairpin could self-associated
into a 3-barrel able to anchor into a membrane-like environment, and
hypothesized an insecticidal mode of action of Jbtx based on pore
formation [45].

Also present in bacterial ureases, the microbial p-hairpin motif
is formed with contributions from the o- and the 3 urease chains
while its counterpart in the single chain of plant ureases is formed
exclusively by amino acids located in a region corresponding to the
bacterial a-chain [21]. Our group reported that, contrasting to plant
ureases, Bacillus pasteurii urease has no insecticidal activity against
Dysdercus peruvianus [52]. Since the 3-hairpin motif is present in the
B. pasteurii urease as well [21], a plausible explanation for this could
be the fact that part of the sequence corresponding to the N-terminal
half of Jbtx is missing in bacterial ureases.

Here we demonstrated that Jbtx and JbtxA-p, its R-hairpin deleted
version, behaved almost indistinguishably regarding LUV leakage,
antidiuretic effect and insecticidal activity upon injection. These results
strongly suggested that the [-hairpin motif is not involved in
membrane-disturbing activity or in these biological properties of the
peptide.

At that point we had no clues to any other possible motif in the
Jbtx molecule that could be responsible for its biological properties,
so we decided to produce two half-peptides, corresponding to the
N-terminal and C-terminal half versions of Jbtx (Jbtx N-ter and Jbtx
C-ter, respectively). The mutated peptides Jbtx N-ter and Jbtx C-ter
were then tested for LUV leakage and for different types of entomotoxic

activities. Two distinct groups of results were obtained depending on
the assay: (i) Jbtx, JbtxA-p and Jbtx N-ter were equally active while
and Jbtx C-ter was inactive or significantly less active; and (ii) all the
peptides produced similar effects.

When tested for insecticidal activity upon injection into R. prolixus
(Fig. 5A) or O. fasciatus (Fig. 6) nymphs, Jbtx, Jbtx A- and Jbtx N-ter
caused significant mortality after 96 h, while the survival rate of insects
injected with Jbtx C-ter was equivalent to that of control group. It thus
became clear from these experiments that the N-terminal half of Jbtx
(Jbtx N-ter) has the insecticidal domain of Jbtx. This conclusion agrees
with the fact that the deletion of the p-hairpin, which is present in the
Jbtx C-ter, did not interfere on the entomotoxicity.

On the other hand, all the peptides were able to induce blockade of
the cockroach neuromuscular junction in vivo (Fig. 8). The neuromuscu-
lar blockade induced by Jbtx resembles the effect of neurotoxins
which act directly on receptor ion channels [53], among which are
pore-forming neurotoxins [54]. In this work we did not attempt to
elucidate the pharmacological interactions of Jbtx and related peptides
at specific sites of insect neuromuscular junctions. The Jbtx N-ter
peptide had an effect comparable to that of the intact peptide producing
almost complete neuromuscular blockade after 40 min of recordings
while JbtxA-3 and Jbtx C-ter were clearly less active. The activity loss
of JbtxA-B in this bioassay may reflect some critical alteration of the
peptide 3D-structure affecting also its N-terminal domain, which
alone is capable of producing full effect in the absence of the 3-hairpin.

Upon feeding to R. prolixus (Fig. 5B) all the peptides were lethal, even
Jbtx C-ter, contrasting with its lack of activity when injected into the
hemolymph. This fact points to the presence of two active domains in
the Jbtx molecule, with the amphipatic 3-hairpin in the C-terminal
domain probably interacting with insect's gut membranes as predicted,
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Fig. 6. Insecticidal effect of Jbtx and derived peptides on fifth instars Oncopeltus fasciatus. (A) Groups of 10 nymphs were injected with 1.5 pL of Jbtx, Jbtx N-ter or Jbtx C-ter into the he-
mocoel (dose of 0.015 ug/mg of insect body weight) or 20 mM phosphate buffer, pH 7.5 (control group). (B) Groups of 5 nymphs were injected with 1.5 pL of Jbtx or JbtxA-p peptides into
the hemocoel (dose of 0.015 pg/mg of insect body weight) or 20 mM phosphate buffer, pH 7.5 (control group). The mortality rate was recorded after 96 h. Results are means 4+ standard
error of triplicates of two independent experiments. (*) indicates statistically significant difference (p < 0.05) from the control group.
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Fig. 7. Effect of jaburetox and mutants on secretion of Rhodnius prolixus Malpighian
tubules. The assay was performed as described by Staniscuaski et al. [20]. Tubules were
incubated with 2.5 x 10~8 M serotonin (5-hydroxy-tryptamine, 5-HT) for 20 min to
record the maximal secretion. After washing, the tubules were incubated with the
peptides (1 x 10~ '> M) in the presence of serotonin for another 20 min. The secretion
rate was expressed as a percentage from the control (serotonin without peptides). Results
shown are means + standard deviation of 5-6 replicates for each peptide.

when given by oral route. This conclusion could also be drawn from the
facts that all the peptides had equivalent antidiuretic effects (Fig. 7) and
that both terminal domains of |btx were able to induce leakage of
vesicles (Fig. 4). The preliminary results using Planar Lipid Bilayers
another artificial membrane composed only of lipids, also showed that
all mutant versions of Jbtx form ion channels displaying membrane-
disturbing properties (Piovesan A., unpublished data). On the other
hand, Jbtx C-ter showed significantly lower activity than Jbtx or Jbtx
N-ter, when its first contact within the insect was with the hemolymph

probably due to a “saturating” effect of the lipid-rich medium on its
membrane-disrupting ability.

All the peptides, including Jbtx C-ter, produced antidiuresis or were
lethal given by oral route, circumstances where their first interaction
happened with single cell layered tissues such as the Malpighian
tubules [55] or the gut [56]. One hypothesis to explain the lack of
specificity of these assays to discriminate the different Jbtx variants
could be that biological multilayered tissue systems, such as the
neuromuscular junction [57] and the whole insect (by injection,
skipping the first contact with the gut), probably add additional levels
of tissue- or cell specificity to the entomotoxic effects of Jbtx-related
peptides. Altogether, our data indicate that the main entomotoxic
domain of the urease-derived peptide Jbtx is located in its N-terminal
half. However, depending on the bioassay, the C-terminal domain
and/or its p-hairpin motif could also contribute part of the biological
activity of Jbtx.

From the molecular dynamics simulation, it seems that the
monomeric Jbtx peptide is mostly formed by coils (Fig. 2). Our
simulation results confirm and expand previous theoretical observa-
tions [19], such as the compaction of the peptide in solution.
Simulations of the half-peptides indicated that after 500 ns Jbtx N-ter
adopts a random coil conformation while Jbtx C-ter acquires a newly-
formed p-sheet (Fig. 2). These data may explain why Jbtx is highly
prone to aggregation [19], and the instability of Jbtx N-ter in aqueous
solution (unpublished results), possibly a consequence of the unfolding
of the highly hydrophobic N-terminal of Jbtx that would require
protein-protein (or protein-membrane) contact to stabilize.

Presently, to the best of our knowledge, it is not possible to compare
the MD simulated structure of Jbtx to that of any other known
insecticidal or membrane-disrupting peptide. The high level of coils,
especially in the N-terminus, may be related to the peptide toxicity,
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Fig. 8. Neuromuscular paralysis induced by Jbtx and peptides on in vivo cockroach coxal-adductor methatoracic nerve-muscle preparation. (A) Time course of the blockade of the
neuromuscular activity in the presence of 32 ng/g of each version of Jbtx peptides against control insects treated only with saline (means + standard error, n = 12). Note that Jbtx
and Jbtx N-ter were able to induce complete paralysis. * indicates p < 0.05 in comparison to control saline, with ANOVA two way and Student ¢ test. (B) Representative myographic
120 min recording of the coxal-adductor methatoracic nerve-muscle preparation of a Jbtx-treated cockroach.
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since some toxins employ these unfolded states as recognition motifs.
One example of such toxins is colicin, from E. coli [58]. These unfolded
recognition domains may be advantageous for the toxins that carry
them, since they allow these proteins to overcome steric restrictions
while providing large average interaction surfaces per residue [58-60].
There are many reports in the literature of folding and oligomerization
of proteins and peptides that acquire their biologically active state
upon interaction with lipids or membranes. Examples are cecropin A,
a 37-residue insect antimicrobial peptide [61,62], the Cyt1Aa toxin pro-
duced by Bacillus thuringiensis [63], anticancer (3-hairpin peptides [64],
antimicrobial, cell-penetrating peptides and fusion peptides such as
the HIV fusion peptide FP23 [65], to cite a few.

The tendency to oligomerize and to interact with lipids exhibited
by Jbtx brings the question whether the active form of the peptide
(or its N-ter and C-ter versions) is an oligomer rather than a monomer.
The oligomerization/aggregation phenomenon was also observed for
Jbtx-2Ec, causing an enormous impact of the membrane-disruptive
ability of the peptide [19].

Jbtx has promising biotechnological potential as a biopesticide.
We are currently testing transgenic Jbtx expressing sugar cane
(Saccharum officinarum) plants, and so far we have observed an increase
of resistance to several species of lepidopterans in greenhouse
conditions (Becker-Ritt et al., unpublished data). These data indicate
the effectiveness of the peptide as an environment friendly insecticide
with practical application, reducing crop losses while avoiding the use
of chemical toxic agents.

We conclude that the urease-derived peptide Jbtx probably
represents a new example of membrane-active peptide with insecticid-
al and fungitoxic activities. Its insecticidal activity was tracked down
mostly to its N-terminal region and does not require the prominent
B-hairpin present in the C-terminal region, although this part of the
molecule probably contributes to its overall entomotoxic properties.
Understanding the complex behavior of these peptides in solution as
well as in the presence of lipids and biological membranes is a critical
step towards unraveling their mechanisms of action and exploiting
their potential as insecticidal agents.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.11.010.
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Supplementary Fig. 1. Time course of conformational changes of Jbtx in agueous
solution. All-atom root mean square deviation (RMSD, gray line), and radius of gyration
(black line) of the Jbtx molecular dynamic simulation during 500 ns.



3
N-terminus region : C-terminus region
! =
1 g
1 s
! £
1 £
(=]
! s
] >
| am
= I
vl
Q |
v 1
-
=
<
=
E I
=]
Loy I
= 1
1
1 oy
! 3
1 =
1 =
[=5
1 2
1 ES
3 1 B-hairpin jant
1
1 1 | I 1
0 50 101

Residue

Supplementary Fig. 2. Hydropathicity plot for jaburetox. The profile was calculated
considering the Kyte—Doolittle scale (see Materials and methods) and a window size of 7
residues. The position of the B-hairpin motif in the C-terminal domain is indicated.
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5. DISCUSSAO GERAL

“In the ‘discussion” you adopt the
ludicrous pretense of asking yourself if
the information you have collected
actually means anything.”

Peter Medawar

A reconstrugéo filogenética apresentada nesta tese foi a primeira a incluir,
de forma sistematica, dados de todos os taxa sintetizadores de urease. Apesar
disso, a historia evolutiva proposta apresenta algumas limitagdes. A principal
delas envolve a impossibilidade de incluir um grupo externo sem excluir grandes
segmentos das sequéncias alinhadas. A dihidroorotase, grupo externo mais
proximo de ureases, apresenta correspondéncia apenas com o dominio (ou
subunidade) ativo da urease. Entretanto, ao mapearmos na estrutura
tridimensional as regides que foram mantidas no alinhamento empregado na
construgdo das arvores deste trabalho (Figura 11), observamos que a maior

conservacgao se deu, justamente, na regido catalitica.

180°

Figura 11. Regibes de variabilidade de sequéncia identificadas com SimPlot. Em vermelho, regides
conservadas nos alinhamentos; em cinza, regides altamente variaveis. Os dados foram transpostos a
estrutura tridimensional da urease de C. ensiformis (PDB ID 3LA4).
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Assim, é possivel que a reconstrucao filogenética empregando apenas o
dominio catalitico seja recomendada para essas enzimas. Por outro lado, a
analise de conservagao evidencia que as regides nao envolvidas em catalise séo
muito divergentes, e podem explicar as grandes diferencas observadas para as
propriedades moonlighting de ureases. Outras abordagens possiveis para a
reconstrugao filogenética de casos extremos incluem aumentar ao maximo
possivel o numero de sequéncias amostradas e a correcdo dos valores de
bootstrap (conforme proposto por SANDERSON & SHAFFER, 2002).

Outro aspecto importante para analise evolutiva de ureases diz respeito a
sua distribuicdo na natureza. Sua presenca em bactérias, arqueas, plantas e
fungos esta bem estabelecida, enquanto alguns autores defendem a existéncia
de ureases em (alguns) animais. Na década de 1990, enquanto FUJIWARA &
NOGUCHI (1995) apontavam evidéncias de que o ancestral dos animais tinha
perdido essa enzima, PEDROZO ET AL. (1996AB) defendiam sua existéncia no
molusco Aplysia californica, atuando como coadjuvantes no processo de
formacdo de inclusbes de carbonato de calcio. Artigos mais antigos
caracterizaram ureases em diferentes invertebrados, como vermes, crustaceos
e equinodermos (BROOKBANK & WHITELEY, 1954; SIMMONS, 1961). Em nenhum
desses casos foram realizados testes para excluir a possibilidade de que a
urease fosse oriunda de algum organismo simbionte, como ocorre em
nematoides, por exemplo (SALVADORI ET AL., 2012).

Foi demonstrado que a urease do bicho-da-seda (Bombyx mori) é
exogena, sendo absorvida da dieta (constituida exclusivamente por folhas da
amoreira Morus alba), indicando que a urease vegetal passa intacta do intestino
a hemolinfa (HIRAYAMA ET AL., 2000AB). Mais recentemente, foi identificada a
expressao de uma proteina similar a UreG em anfioxo (Branchiostoma belcheri)
(XUE ET AL., 2006), reacendendo a ideia de que animais possuem ureases ainda
nao descritas. A UreG, contudo, € a menos conservada das proteinas acessorias
de ureases (ZAMBELLI ET AL., 2007) e nenhum sinal da enzima ativa foi detectado
no animal, limitando a significancia dessa descoberta.

Em uma descoberta um tanto surpreendente, BAIET AL. (2013) associaram
a presenca de niquel na nogueira-peca (Carya illinoinensis) a uma transi¢cao de
atividade na RNAse de xilema, que passa a ter atividade ureasica na presencga

do metal. Para demonstrar que RNAses podem atuar como ureases, 0S mesmos
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autores converteram a RNAse pancreatica bovina a uma urease com 40% da
atividade especifica observada para a enzima de C. ensiformis (BAIETAL., 2013).
A transicao de atividade, associada ao requerimento pouco compreendido de
niquel em animais domésticos (SPEARS, 1984), poderia explicar o motivo dos
animais terem perdido a urease ao longo de sua historia evolutiva sem ter
nenhum prejuizo aparente no metabolismo de nitrogénio.

Considerando a proposta de que a transi¢cao de trés subunidades para
uma unidade fundida em ureases possa ter ocorrido por transferéncia horizontal,
fica evidente a necessidade de analises envolvendo dados genéticos (i.e.
sequéncias de acidos nucleicos em vez de aminoacidos). A transferéncia
horizontal (seja por meio de elementos mdveis ou virus e incluindo a
transferéncia entre organelas e o nucleo) tem se mostrado uma das mais
importantes forgas evolutivas, especialmente por promover novidades genéticas
entre taxa nao relacionados (GRIBALDO & BROCHIER, 2009; RAouLT, 2010;
SCHAACK ET AL., 2010; DUNNING HOTOPP, 2011). Estima-se que pelo menos um
terco, e talvez a totalidade, dos genes tenha sofrido transferéncia horizontal em
algum ponto de sua histéria (DAGAN & MARTIN, 2007), entretanto, a inclusédo
desses eventos em arvores filogenéticas € problematica, sendo propostas
alternativas, como a formagéao de redes, graficos em anel ou tridimensionais
(MCINERNEY ET AL., 2011). No momento n&o ha consenso quanto a melhor forma
de incluir eventos de transferéncia horizontal em analises filogenéticas
tradicionais, mantendo as arvores como a representagao de escolha (O’MALLEY
& KOONIN, 2011).

Eventos de fusdo génica, provocando unido de dominios proteicos
originalmente independentes, foi demonstrada para algumas proteinas
bacterianas (PASEK ET AL., 2006; ENRIGHT ET AL., 1999). Nesses casos, foi
frequente a fusdo de genes adjacentes. E interessante destacar que a fusdo
observada em ureases nao ocorreu em bactérias (ou arqueas), que possuem
enzimas de duas ou trés subunidades, o que poderia excluir esse tipo de
mecanismo como fonte das fusdes observadas. Em animais, a descricdo da
fusdo de dominios é mais desafiadora (BABUSHOK ET AL., 2007), e parece ter
envolvido a duplicagdo génica na maioria dos casos (BULJAN ET AL., 2010). A
fusdo de dominios esbarra em um tema muito mais complexo e sobre o qual

existem debates em andamento, a origem de novos genes (TAUTZ & DOMAZET-
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Loso, 2011; BULJIANET AL., 2010). Além disso, a presenca de um encadeossomo
(“spliceossomo”) como um carater ancestral em linhagens procaribticas,
conforme proposto por LANE ET AL. (2007) e FORTERRE (2011), também poderia
explicar a fusdo de subunidades observada em ureases, apesar de ser pouco
suportada para outros casos.

As propostas estruturais para os intermediarios de ativacao da urease de
K. aerogenes propostos nesta tese foram pioneiros, ao serem os primeiros a
oferecer resolugdo em nivel atdmico a um oligbmero antes observado apenas
em termos gerais de forma e volume. Um estudo posterior (BIAGI ET AL., 2013),
também baseado em atracamento, propds estruturas para os intermediarios de
ativacdo em H. pylori. Seus resultados apresentam boa concordancia com os
resultados apresentados para K. aerogenes, apesar das grandes diferengas
observadas na estrutura quaternaria de Helicobacter (dodecamérica) em
comparacao a de Klebsiella (trimérica). Recentemente, FONG ET AL. (2013)
publicaram uma estrutura cristalografica para o complexo UreD(H)-Ure-F-UreG
em Helicobacter, que difere daquelas propostas por atracamento, especialmente

quanto a ligacao de UreG (Figura 12).

Figura 12. Estruturas para complexos de ativagdo de urease. (A) Complexo UreDFG de K. aerogenes
derivado de docagem (esta tese); (B) Complexo UreDFG de H. pylori descrito por cristalografia de raios-X
(FONG ET AL., 2013); (C) Complexo UreDFGE de H. pylori derivado de docagem (BIAGI ET AL., 2013). A
representagdo em cubos (baseada em FONG ET AL., 2013) ilustra esquematicamente as diferencas
observadas nas diferentes propostas para os complexos de ativagao. Estrutura B gentilmente cedida por
F. Musiani, estrutura C gentilmente cedida por K-B Wong.
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Outro aspecto importante diz respeito a ligacdo das proteinas a
apourease. O estudo do complexo ativador em K. aerogenes iniciou com a
docagem a apoenzima trimérica, enquanto BIAGI ET AL. (2013) se basearam na
estrutura do complexo UreD-UreF publicado anteriormente por FONG ET AL.
(2011), sem calcular sua ligagdo a apozenzima dodecameérica de H. pylori. Da
mesma forma, o cristal obtido por FONG ET AL. (2013) n&o incluiu a urease. A
comparacgao dos dados de atracamento de UreD a UreF e entdo a UreG filtrados
por perfis de SAXS mostrou-se equivalente a perfis do complexo empregando
UreDF baseados em FONG ET AL. (2011). A resolugdo do SAXS poderia explicar
as diferengcas observadas na orientagdo das proteinas (especialmente UreG)
entre os resultados mostrados na Figura 12.

BiaGl ET AL. (2013) levantaram a possibilidade de que a orientagcéo
observada para UreG no complexo cristalografico de FONG ET AL. (2013), que
havia sido divulgado preliminarmente por FARRUGIA ET AL. (2013), poderia ser
diferente daquela observada por atracamento por retratar a forma inativa da
proteina, que requer alteracdo conformacional para realizar sua atividade.
Entretanto, ao publicarem a descrig¢ao final da estrutura cristalografica de UreD-
UreF-UreG de H. pylori, FONG ET AL. (2013) incluiram ensaios de atividade,
demonstrando que a UreG retratada no cristal estava ativa. E importante
destacar o carater desordenado da proteina acesséria UreG, que pode limitar a
aplicacao de estruturas cristalograficas, reforcando a necessidade de analises
dindmicas no estudo desses sistemas.

Outro aspecto importante diz respeito ao estado de oligomerizagdo das
proteinas acessorias e sobre seu papel em cada etapa. A Tabela 1 resume as
diferencas observadas em duas revisdes recentes, oriundas dos dois principais
grupos trabalhando no tema. Em nossa proposta de docagem, empregamos
proteinas monomeéricas, conforme QUIROZ-VALENZUELA ET AL. (2008) para K.
aerogenes, enquanto BIAGI ET AL. (2013) empregaram proteinas diméricas, como
descrito para H. pylori. Além disso, nossa estrutura foi montada sequencialmente
sobre o trimero de unidades funcionais de ureases, enquanto BIAGI ET AL. (2013)
nao utilizaram referéncias a apourease em seus calculos. Da mesma forma,
FONG ET AL. (2013) cristalizaram o complexo UreD-UreF-UreG sem a presencga

do oligbmero de ureases.
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O complexo proposto por BIAGI ET AL. (2013) inclui a proteina UreE, a
ultima a interagir com o complexo de ativagdo. Essa proteina apresenta um
carater parcialmente desordenado (ZAMBELLI ET AL., 2013), evidenciando a
necessidade de estudos dindmicos, como sugerido para UreG. Além disso, por
ser a responsavel pela “entrega” do niquel que eventualmente sera inserido no
sitio ativo da urease, a descricdo adequada desses fenbmenos provavelmente

requerira calculos quanticos, do tipo QM-MM, associado a outros experimentos

nao cristalograficos, alguns deles ja publicados (ZAMBELLI ET AL., 2013).

Tabela 1: Diferengas quanto as proteinas acessérias, conforme descrito em duas revisdes recentes.

ZAMBELLI ET AL., 2009

CARTERET AL., 2009

Homodimérica Monomérica
Considera sem relevancia Desenvolveu proteina hibrida
UreD biolégica a fusdo UreD-MBP. UreD-proteina de ligacéo a
maltose (MBP) na expectativa de
caracterizar melhor a estrutura da
proteina
Homodimérica Monomérica
UreF . , :
E uma GAP (proteina ativadora Pode ser GAP
de GTPase)
Monomérica ou homodimérica Monomérica
(dependendo do organismo)
UreG o -
GTPase, intrinsicamente Possui alto teor de estrutura
desordenada (Unica enzima com  secundaria em solugao
tal caracteristica)
Homodimérica Homodimérica
UreE
Metalo-chaperona, entrega Ni Metalo-chaperona, entrega Ni
Sequencial Sequencial ou nao
(o complexo de ativagao se forma (pode haver encontro do
sobre a apourease) complexo de ativacéo pre-
Mon;agem formado com a apourease)
o
Complexo | Nzo necessariamente simultaneo  Simultaneo
(unidades podem ou néo ser (todas as unidades ativadas ao
ativadas ao mesmo tempo) mesmo tempo)
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O Jaburetox demonstra a tendéncia a ndo possuir estrutura secundaria
em solucao, apesar de ser capaz de atuar como toxina em organismos-modelo.
Tal caracteristica permite considera-lo uma proteina intrinsicamente
desordenada. Estas proteinas ndo apresentam estruturas organizadas, apenas
pequenos fragmentos com maior propensao a se organizarem em elementos
curtos do tipo hélice ou fita sob determinadas circunstancias (UVERSKY, 2002;
DUNKER ET AL., 2001). Para estas proteinas n&o parece existir uma unica
estrutura responsavel pela fungcdo analisada, mas um conjunto (um ensemble)
de estruturas necessarias para que o efeito final seja obtido (DYSON & WRIGHT,
2005). Todavia, a aceitacdo de que o paradigma estrutura-fungdo poderia néo
ser tao estrito quanto se pensava s6é tomou forga nos ultimos dez anos (TOMPA,
2012).

Os motivos para um dominio (ou uma proteina inteira, como observado
em alguns casos) ser desorganizado sao tdo variados quanto as proteinas
estudadas, ndo havendo um padrdo que seja discernivel atualmente (DYSON,
2011; UVERSKY & DUNKER, 2010). E proposto, entretanto, que a desordem
proteica constitua uma ferramenta adaptativa para a conquista de novos
ambientes, sendo evolutivamente conservada, apesar da manutencdo da
desorganizagdo ser altamente n&o-trivial (SCHLESSINGER ET AL., 2011). Os
mesmos autores especulam que o aumento da desordem proteica tenha sido um
fator crucial na transicdo de procariotos a eucariotos. Especula-se que muitos
dos genes orfaos (ORFans ou TRGs, genes taxonomicamente restritos), genes
que parecem ser exclusivos de uma linhagem, sem homodlogos em linhagens
evolutivamente préximas, apresentem estruturas desordenadas, o0 que
dificultaria sua identificacdo pela maioria dos métodos atualmente empregados
para identificagdo génica automatizada (TAUTz & DOMAZET-LOSO, 2011;
SCHLESSINGER ET AL., 2011).

A urease, uma enzima comum, facilmente obtida, tem-se apresentado
cada mais como uma biomolécula modelo, seja por suas diferentes
propriedades, seja por suas aplicagdes biotecnoldgicas. Sua reagéo de catalise
enganadoramente simples, dependente de um elemento raro em sistemas
bioldgicos, ja seria em si motivo de interesse, mas as ureases oferecem muito

mais. Apresentam varias propriedades independentes da atividade catalitica,
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sendo o protoétipo de proteina moonlighting, além de serem capazes de originar
peptideos intrinsicamente desenovelados ao serem ingeridas por organismos
suscetiveis. Sua cristalizagao levou quase um século para ser efetivada, gerando
um prémio Nobel e definindo o que hoje conhecemos como enzima; enquanto
suas aplicagdes biotecnoldgicas, seja no controle de pragas agricolas ou na
construgéo de abrigos de luxo em dunas, esta limitada apenas pelo numero de
novas propriedades a serem descritas para essas proteinas. Cento e cinquenta
anos depois de sua descoberta, o potencial para inovagdes envolvendo ureases

parece longe de ser esgotado.
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6. CONCLUSOES

“What is wanted is not the will-to-believe,
but the wish to find out, which is its
exact opposite.”

Bertrand Russell

Considerando os objetivos propostos, o presente trabalho permitiu:

P reconstruir a possivel historia evolutiva de ureases, propondo relagcoes
de ancestralidade e derivagao das ureases com diferentes organizagdes

estruturais;

» propor estruturas tridimensionais para os intermediarios de ativacéo de

ureases que estao de acordo com dados obtidos anteriormente;

» caracterizar o comportamento conformacional de peptideos derivados
da urease de C. ensiformis, evidenciando sua tendéncia a um

comportamento diferente do previamente descrito para toxinas similares.

Além disso, permitiu aplicar e consolidar diferentes metodologias
computacionais no estudo de ureases, associado os mesmos a diferentes
experimentos realizados em bancada. De forma geral, os resultados obtidos
auxiliam na compreensdo das relacbes estrutura-funcdo em ureases,
contribuindo em sua aplicagdo biotecnolégica além de aprofundar o

conhecimento de aspectos evolutivos a respeito dessas enzimas.
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7. PERSPECTIVAS

“Urease! What a picture this word
conjures up for all those who have had
even the most fleeting flirtation with
chemistry.”

Burt Zerner

Considerando-se os procedimentos computacionais empregados no
presente trabalho, especialmente relacionados ao estudo de ureases, as

seguintes perspectivas podem ser tragcadas:

» Ampliacdo a analise evolutiva de ureases, incorporando dados genéticos.
Nesse caso, seria interessante guiar os alinhamentos de nucleotideos
com base nos alinhamentos de aminoacidos, além de incorporar dados
de organizagao génica (organizagao em operons, separagao de éxons e
introns, inclusdo de regides reguladoras). Além disso, a separagéo da
analise nos diferentes dominios/subunidades e a analise da filogenia das
proteinas acessorias poderiam revelar historias evolutivas diferentes
daquela observada para ureases inteiras.

» Obtencéo de consenso quanto ao estado de oligomerizagdo das proteinas
acessorias de ureases, o que permitiria um ajuste mais fino das propostas
para estruturas de intermediarios de ativacdo dessas enzimas.
Adicionalmente, poderia ser buscada a realizagdo de novos calculos de
atracamento associados a experimentos de bancada que possam
restringir as solugdes obtidas.

» Analise conformacional dos peptideos derivados de urease por diferentes
métodos, buscando aprofundar o conhecimento sobre a relagéo estrutura-
funcdo nessas toxinas putativas. De maneira mais especifica, a
amostragem conformacional dos peptideos podera ser ampliada com o
emprego de novas técnicas de simulagdo (especialmente troca de
réplicas com témpera do solvente, REST2), além de técnicas biofisicas,

como microcalorimetria e RMN.
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Tabela A: Estruturas 3D de ureases depositadas no Protein Data Bank (http://www.rcsb.org/pdb).

PDB Organismo-fonte* Comentario Resolugao
ID (A)
1FWJ Klebsiella aerogenes Nativa 2,20
1EJR Klebsiella aerogenes  Mutante D221A 2,00
1EJS Klebsiella aerogenes Mutante H219N 2,00
1EJT Klebsiella aerogenes Mutante H219Q 2,00
1EJU Klebsiella aerogenes Mutante H320N 2,00
1EJV Klebsiella aerogenes Mutante H320Q 2,40
1EJW Klebsiella aerogenes  Tipo selvagem a 298K 1,90
1EJX Klebsiella aerogenes  Tipo selvagem a 100K 1,60
1EF2 Klebsiella aerogenes  Substituicdo por manganés 2,50
1A5K Klebsiella aerogenes  Mutante K217E 2,20
1A5L Klebsiella aerogenes Mutante K217C 2,20
1A5M Klebsiella aerogenes Mutante K217A 2,00
1A5N Klebsiella aerogenes Mutante K217A, quimicamente 2,40
resgatado por formato e niquel
1A50 Klebsiella aerogenes  Mutante K217C, quimicamente 2,50
resgatado por formato e niquel
1FWA Klebsiella aerogenes Mutante C319A em pH 7,5 2,00
1FWB Klebsiella aerogenes Mutante C319A em pH 6,5 2,00
1FWC Klebsiella aerogenes  Mutante C319A em pH 8,5 2,00
1FWD Klebsiella aerogenes Mutante C319A em PH 9,4 2,00
1FWE Klebsiella aerogenes Mutante C319A, com acido 2,00
acetohidroxamico ligado
1FWF Klebsiella aerogenes Mutante C319D 2,00
1FWG Klebsiella aerogenes Mutante C319S 2,00
1FWH Klebsiella aerogenes Mutante C319Y 2,00
1FWI Klebsiella aerogenes Mutante H134A 2,00
1KRA Klebsiella aerogenes Apoenzima 2,30
1KRB Klebsiella aerogenes Mutante H219A 2,50



1KRC
4EPD

4EPE

4EP8

4EPB

2UBP
1UBP
3UBP
4UBP

1S3T
1IE7
4A77C
1E9Z
1E9Y

30GA
3QGK
2FVH

4FUR
3LA4
4HOM
4GY7
4GOA
4GTE

Klebsiella aerogenes

Klebsiella aerogenes

Klebsiella aerogenes

Klebsiella aerogenes

Klebsiella aerogenes

Bacillus pasteurii
Bacillus pasteurii
Bacillus pasteurii

Bacillus pasteurii

Bacillus pasteurii

Bacillus pasteurii

Bacillus pasteurii
Helicobacter pylori

Helicobacter pylori

Helicobacter mustelae
Helicobacter mustelae

Mycobacterium
tuberculosis

Brucella melitensis
Canavalia ensiformis
Canavalia ensiformis
Canavalia ensiformis
Canavalia ensiformis

Cajanus cajan

Mutante H320A

Danificada por radiacao a 300 K,

estrutura inicial

Danificada por radiagao a 300 K,

estrutura final

Danificada por radiagao a 100 K,

estrutura inicial

Danificada por radiagao a 100 K,

estrutura final

Nativa

Inibida por beta-mercaptoetanol
Inibida por diamidofosfato

Inibida por acido
acetohidroxamico

Inibida por borato
Inibida por fosfato
Complexada com citrato
Nativa

Complexada com acido
acetohidroxamico

Nativa
Nativa, sem solvente ordenado

Subunidade Gamma

Subunidade Gamma
Nativa

Nativa

Nativa

Inibida por fluoreto

Nativa

2,50
1,70

2,05

1,55

1,75

2,00
1,65
2,00
1,55

2,10
1,85
1,50
3,00
3,00

3,00
3,00
1,80

2,10
2,05
1,52
1,49
2,20
2,20
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* alguns deles sofreram revisao taxonémica: Klebsiella aerogenes € sinbnimo de Enterobacter

aerogenes; Bacillus pasteurii é sinbnimo de Sporosarcina pasteurii; Helicobacter mustelae &
sindbnimo de Campylobacter mustelae.
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Apéndice B

Venomous mammals: a review.
Ligabue-Braun R, Verli H, Carlini CR.
Toxicon, 2012, 59, 680-595.

O artigo a seguir foi elaborado considerando o interesse pessoal exercido
pelo tema e a auséncia de trabalhos elencando avangos recentes na area. O
mesmo recebeu a distingdo “Top 25 Hottest Articles”, por ter sido o terceiro

trabalho mais acessado no periddico Toxicon em 2012.

Novas descobertas foram feitas apos a publicacido desta revisdo. Em
especial, dois artigos caracterizando melhor a draculina, um inibidor dos fatores
IXa e Xa da cascata de coagulacgao, foram publicados quase simultaneamente,
enquanto um novo inibidor (desmolaris) foi identificado:

Francischetti IM, Assumpcéo TC, Ma D, Li Y, Vicente EC, Uieda W, Ribeiro JM.

The "Vampirome": Transcriptome and proteome analysis of the principal

and accessory submaxillary glands of the vampire bat Desmodus

rotundus, a vector of human rabies. J Proteomics. 2013, 82, 288-319.
Low DH, Sunagar K, Undheim EA, Ali SA, Alagon AC, Ruder T, Jackson TN,
Pineda Gonzalez S, King GF, Jones A, Antunes A, Fry BG. Dracula's

children: molecular evolution of vampire bat venom. J Proteomics. 2013,
89, 95-111.
Ma D, Mizurini DM, Assumpgéo TC, Li Y, Qi Y, Kotsyfakis M, Ribeiro JM, Monteiro

RQ, Francischetti IM. Desmolaris, a novel Factor Xla anticoagulant from

the salivary gland of the vampire bat (Desmodus rotundus) inhibits

inflammation and thrombosis in vivo. Blood, 2013 (no prelo).

Além destes, um artigo extenso foi publicado acerca do mais enigmatico
dos mamiferos venenosos, o 6ris. Na referida publicagao sio feitas propostas
arrojadas quanto ao possivel mimetismo dos I6ris, buscando simular serpentes
do género Naja.

Nekaris KA, Moore RS, Rode EJ, Fry BG. Mad, bad and dangerous to know: the
biochemistry, ecology and evolution of slow loris venom. J Venom Anim

Toxins Incl Trop Dis., 2013, 19, 21.
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Finalmente, mais evidéncias fosseis foram analisadas, levando a
conclusdo de que n&o é possivel alegar um “passado venenoso” para mamiferos
com base nos mamiferos venenosos atuais:

Folinsbee KE. Evolution of venom across extant and extinct eulipotyphlans.

Comptes Rendus Palevol, 2013 (no prelo).
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The occurrence of venom in mammals has long been considered of minor importance, but
recent fossil discoveries and advances in experimental techniques have cast new light into
this subject. Mammalian venoms form a heterogeneous group having different composi-
tions and modes of action and are present in three classes of mammals, Insectivora,

Monotremata, and Chiroptera. A fourth order, Primates, is proposed to have venomous
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representatives. In this review we highlight recent advances in the field while summa-
rizing biochemical characteristics of these secretions and their effects upon humans and
other animals. Historical aspects of venom discovery and evolutionary hypothesis
regarding their origin are also discussed.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The fact that mammals can be venomous was neglected
by mainstream science for centuries, and only recently has
received an increasing interest in literature. Such lag in the
unravel of mammalian venoms may be a reflection of
advances on experimental techniques, previously unavail-
able for precise characterization of individual molecules,
combined with the discovery of fossil mammals with
putative envenomation apparatus. Additionally, this
renewed attention may also draw from a review article
written by Dufton (1992), describing venomous properties
of the saliva in the mammalian order Insectivora. Besides

* Corresponding author. Dept Biophysics & Center of Biotechnology,
Universidade Federal do Rio Grande do Sul (UFRGS), Av. Bento Gongalves,
9500, Prédio 43431, Campus do Vale, 91501-970, Porto Alegre, RS, Brazil.
Tel.: +55 51 3308 7606; fax: +55 51 3308 7603.

E-mail addresses: rodrigobraun@cbiot.ufrgs.br (R. Ligabue-Braun),
hverli@cbiot.ufrgs.br (H. Verli), ccarlini@ufrgs.br (C.R. Carlini).

0041-0101/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.toxicon.2012.02.012

these Insectivora representatives (some shrew species and
Solenodon spp.), venom is also found in the orders Mono-
tremata (crural gland in the male platypus), Chiroptera
(salivary glands in vampire bats), and arguably in Primates
(brachial gland in slow and pygmy lorises).

When dealing with venomous animals, one has to
comply with a definition for it. Not surprisingly, there is no
single definition for venom or venomous animal. Biicherl
(1968) states that venomous animals must possess at
least one venom gland, a mechanism for excretion or
extrusion of the venom, as well as apparatus with which to
inflict wounds. When distinguishing venomous from
poisonous, Mebs (2002) states that venomous animals
produce venom in a group of cells or gland, and have a tool,
the venom apparatus, which delivers the venom by injec-
tion during a bite or sting. The venom apparatus in this
definition encompasses both the gland and the injection
device, which must be directly connected. Mebs (2002) also
defines venoms as compounds that are deleterious to
another organism at certain dosage, being composed
mainly by proteins or peptides. For the present review we
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follow the broader definition proposed by Fry et al. (2009).
According to this definition, a venom is a secretion
produced in a specialized gland in one animal and deliv-
ered to a target animal through the infliction of a wound.
This secretion must contain molecules that disrupt normal
physiological processes so as to facilitate feeding or defense
by the producing animal. Additionally, according to these
authors, the feeding secretion of hematophagous special-
ists may be regarded as a specialized subtype of venom.

Even though they have different compositions and act
by different means, all mammalian venoms share the same
history of disregard by science. For centuries there has been
awidespread belief that mammals could be as venomous as
reptiles (Dufton, 1992). This belief, however, remained
overlooked by orthodox mammalogists and was treated as
folklore (Pournelle, 1968). Considering the renaissance of
interest on mammalian venoms, in the next sections we
will outline some historical aspects related to these animals
and their venoms, review the pharmacological effects of
these secretions while pointing out several difficulties
associated with their study, and address how the venom
relates to the animals’ habits. Based on such panorama,
previous theories regarding the origin and importance of
venom(s) in mammals will be discussed.

2. Insectivora venom
2.1. Introduction

The taxonomically complex group Insectivora (Lip-
otyphla) holds most of the venomous mammals. With the
exception of vampire bats, these are the only mammals so
far observed to produce toxic saliva. The American short-
tailed shrew (Blarina brevicauda), the Hispaniolan sol-
enodon (Solenodon paradoxus), the European water shrew
(Neomys fodiens) and the Mediterranean water shrew
(Neomys anomalus) provided the most definite evidences
for salivary venom (Pournelle, 1968). All four species have
significantly enlarged and granular submaxillary salivary
glands from which the toxic saliva is produced (Dufton,

1992). Preliminary studies suggest that the Cuban sol-
enodon (Solenodon cubanus) and the Canarian shrew
(Crocidura canariensis) also produce venomous saliva
(Gundlach, 1877; Lopez-Jurado and Mateo, 1996). Suspicion
remains upon untested insectivores, including the Amer-
ican shrew (Sorex cinereus) and the European mole (Talpa
europaea). Moles have large and granular submaxillary
glands and are known for storing worms in “paralyzed”
state in their burrows (Dufton, 1992). This hoarding habit is
also present in B. brevicauda (Martin, 1981; Merrit, 1986).
Hedgehogs were once considered venomous, but subse-
quent tests revealed no toxicity in their saliva (Mebs, 1999).

2.2. Historical background

One of the first records of venomous insectivores is from
a classic frightening description of the European shrew in
Historie of Foure-Footed Beasts: “It is a ravening beast,
feigning itself gentle and tame, but being touched it biteth
deep, and poisoneth deadly. It beareth a cruel mind, desiring
to hurt anything, neither is there any creature it loveth”
(Topsell, 1607). English beliefs associated ‘shrew’ with
matters of depravity, wickedness, evil, ill omen and
malignancy (Dufton, 1992). Even the Latin name for the
European shrew, Sorex araneus, encompasses the idea that
shrews would have poisonous bites like a spider (aranea in
latin). The belief that the bite of a shrew is highly poisonous
is usually associated with Old World folklore, but is also
common in certain regions of the United States (Pournelle,
1968).

The West Indian natives have long considered the His-
paniolan solenodon (S. paradoxus) (Fig. 1) as having
a poisonous bite (Pournelle, 1968). In 1877, J. Gundlach
described the effects of almiqui (Cuban solenodon, S.
cubanus) bites and made some comparisons with those
from venomous snakes (Gundlach, 1877). Some years later,
CJ. Maynard described in detail the effects of a bite on the
hand that he had received from an American short-tailed
shrew (B. brevicauda) (Maynard, 1889). His report was
largely ignored and no other reliable record of adverse

Fig. 1. General aspect of a Hispaniolan solenodon (Solenodon paradoxus) (photograph by Guillermo Armenteros).
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reactions from shrew bites emerged for fifty years
(Pournelle, 1968).

The presence of toxic substances in the saliva of insec-
tivores found new evidences when Pearson (1942) injected
mice and rabbits with extracts from submaxillary glands of
B. brevicauda. Many studies followed, including other
shrew species and the Hispaniolan solenodon. Despite the
renewed interest on these venomous mammals, no paper
was written on the subject from the 1960s to the 1990s,
when M.J. Dufton published a major review including his
own research data on Insectivora venoms (Dufton, 1992). In
the 2000s this subject was once again on the spotlight,
propelled by the purification and characterization of blar-
ina toxin from B. brevicauda saliva (Kita et al., 2004), and by
the discovery of fossil shrews with envenomation appa-
ratus (Cuenca-Bescés and Rofes, 2007).

2.3. Venom effects on humans and other animals

European folk-tales focused on the effects of shrew bites
upon cattle and horses, describing the affected animals as
paralyzed and deprived of feeling, hinting to systemic
effects. The same tales did not consider shrews as a serious
threat to humans, who experienced only discomfort after
the bite (Dufton, 1992).

Gundlach, in his description of the effects of a Cuban
solenodon bite, reported that the lower incisor punctures
elicited inflammation at the site of the wound, while the
upper incisors did not, adding that intense inflammation
was regarded by the natives as a common effect of these
bites (Gundlach, 1877).

In his account of a B. brevicauda bite to his hand, CJ.
Maynard described an immediate burning sensation at the
wound, swelling, impossibility of using the affected hand
for three days due to intense pain, and a week-long
discomfort after that (Maynard, 1889). A cautionary
article was published in 1969, indicating the potential
hazard imposed by B. brevicauda venom, especially for
children (Chadwick, 1969). Many mammalogists, however,
reported receiving bites from these shrews without ill
effects (Pournelle, 1968).

Comprehensive assays regarding the effects of Blarina
(Pearson, 1942; Tomasi, 1978), Neomys (Pucek, 1968) and
Solenodon (Rabb, 1959) submakxillary extracts were carried
out on mice, rabbits and cats. The symptoms were generally
similar, with a sequence of general depression, breathing
disturbance, paralysis and convulsions. Dosage and route of
administration also play important roles, with intracerebral
and intravenous injections being far more effective than
intraperitoneal or subcutaneous (for a detailed review on
the pharmacology of these venoms see Dufton, 1992).

Despite the importance of small vertebrate prey (mice
and voles) in some insectivore diets, it is the invertebrate
contribution that makes up most of their dietary intake.
Assays with insect prey (crickets and roaches) and B. brevi-
cauda showed that its venom had an immobilizing effect
upon the insects and that the immobilized preys were stored
by the shrew for later consumption (Martin, 1981). In its
natural habitat, B. brevicauda is reported to cache a variety of
animal preys in comatose state, including earthworms,
insects, snails and small mammals (Merrit, 1986).

2.4. Toxic components

For many years the difficulty in obtaining submaxillary
gland material, in adequate quantities and freshness, was
considered the main reason for the lack of progress in the
study of Insectivora venom. However, some other factors
also contributed on this regard (Dufton, 1992), including
the difficulty in maintaining shrews in captivity and the
endangered status of the much larger Cuban and Hispa-
niolan solenodons (Soy and Mancina, 2008; Turvey and
Inchaustegui, 2008), which prohibits any invasive studies
with these animals.

Most of the studies concerning the toxic principle of this
venom were based on very impure mixtures obtained from
B. brevicauda submaxillary glands (Pucek, 1968; Dufton,
1992). The active element targeted in almost all studies
was a putative neurotoxin that would be held responsible
for the observed effects on vertebrates and invertebrates.
Similarities between the effects of shrew and cobra venoms
(Lawrence, 1945) encouraged the search for the major
enzymatic components of the ophidian venom in the
insectivore saliva, but no significant resemblance was
found (Dufton, 1992).

The purification of the toxic component of the B. bre-
vicauda saliva, blarina toxin (BLTX), was achieved in 2004
(Kita et al., 2004). The active mature BLTX is a glycosylated
(N-glycosylations at Asn80 and Asn93) protein composed
of 253 amino acids with a kallikrein-like protease activity.
This toxin cleaves kininogens producing kinins, including
bradykinin, an inflammation mediator which increases
vascular permeability and lowers blood pressure. These
kinins may be the main toxic agents related to Insectivora
venom, explaining some of the symptoms observed
experimentally, such as dyspnea, hypotension and hypo-
kinesia (Kita et al., 2004). Blarinasin, another tissue
kallikrein-like protease from B. brevicauda salivary glands,
is highly similar to BLTX, but is not toxic to mice, sug-
gesting that minor differences (such as differential
glycosylation) may be important for BLTX toxicity (Kita
et al, 2005). Additionally, BLTX is microheterogeneous
regarding its glycosylation state (occurring as similar-sized
proteins with different pl values). The contribution of
other, undefined toxic components that would act syner-
gistically with BLTX in the shrew saliva is not discarded
(Kita et al., 2004).

The LDsq value for intraperitoneal injection of purified
BLTX into male mice was calculated to be 1 mg per kg (Kita
et al, 2004). Previous attempts to establish a LDsg for
partially purified toxin from Blarina in mice reached the
value of 3.4 mg per kg (Pucek, 1968). For rabbits, the LDsq
for fresh extract of salivary glands was 5.85-7.90 mg per kg,
and for partially purified toxin was 1.50-1.95 mg per kg
(Pucek, 1968). Regarding the toxicity of N. fodiens saliva,
20 mg per kg were lethal for rabbits. Intraperitoneal
injection of 21 mg per 20 g of body weight of Microtus
agrestis (field vole) produced only a slight reaction, while
intracerebral injection of 0.2-0.4 mg per 20 g was lethal to
these animals. For mice, intracerebral injection of 0.5-
1.0 mg per 20 g of body weight was lethal (Pucek, 1968).
The extracts of submaxillary glands of Solenodon were
lethal when injected intravenously into white mice at doses
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of 0.38-0.55 mg per g of body weight (death ensued in 2-
6 min). Intraperitoneal injection of 0.56-0.66 mg per g
killed mice in 12 h (Rabb, 1959).

2.5. Biological and evolutionary aspects

Long before the blarina toxin characterization, there
was the proposition of similarities between Insectivora and
reptilian venoms. Most of these inferred similarities asso-
ciated the venom of shrews and solenodons with snake
venoms (Gundlach, 1877; Lawrence, 1945). In his attempt
to identify the toxic components of shrew saliva, Pearson
argued that these animals have modified salivary glands
which produce venom in a way that closely resembles
snake venoms. He also observed, however, that snakes
have their parotid glands modified to produce venom,
while shrews have their submaxillary glands as a venom
source (Pearson, 1942). Venom-producing submaxillary
glands are found in only two lizards, the Gila monster
(Heloderma suspectum) and the Mexican beaded lizard
(Heloderma horridum). The link between the venoms from
Heloderma spp. and shrews was briefly proposed by
Lawrence (1945) but was only confirmed after the char-
acterization of BLTX (Kita et al., 2004). BLTX is similar to
gila toxin (GTX) and horridum toxin (33.6% and 32.4%
identical, respectively), two toxins from the Mexican bea-
ded lizard (Utaisincharoen et al., 1993; Datta and Tu, 1997).
GTX and BLTX also share similar functions and effects upon
prey (Kita et al., 2004). These toxins also have similar,
nonhomologous residue insertions (Fig. 2). The relevance
of these insertions was asserted recently, by means of
structural modeling and molecular dynamics simulations
(Aminetzach et al., 2009). These authors were able to
predict structural modifications that would increase the
catalysis of non-toxic kallikreins to BLTX levels. Predicted
alterations included increased flexibility, differences in
loop length and polarity, as well as general differences in
surface charges. BLTX matches all the predicted criteria for
the transition from a non-toxic to a toxic Kkallikrein.
However, the most remarkable observations of these
authors is that GTX also made the transition from non-
toxic to toxic kallikrein by comparable means, with locally
different alterations leading to a globally similar structures
(Aminetzach et al., 2009). This is one outstanding example
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Fig. 2. Lower jaw of a S. paradoxus showing the characteristic grooved
second lower incisor (arrow) (photograph from specimen USNM 537794,
housed at the Department of Paleobiology, National Museum of Natural
History, Smithsonian Institution).

of convergent evolution at the molecular level, with two
independently evolved serine protease venoms converging
to highly similar protein structures (Aminetzach et al.,
2009; Brodie, 2010).

Other important aspect of Insectivora venom concerns
its function. There is an ongoing debate on this subject,
defined as “hunting big or hoarding small” by Furié6 et al.
(2010). It is well known that shrews cache various preys
in a comatose state, including earthworms, insects, snails,
and to a lesser extent, small mammals such as voles and
mice (Pournelle, 1968; Merrit, 1986). This habit is part of
an adaptive winter profile, which includes utilization of
elaborate nests, foraging confined to a stable thermal
regime and reduced activity during periods of cold (Merrit,
1986). In this context, the venom would act as a tool to
sustain a living hoard, thus ensuring food supply when
capturing prey is difficult (e.g. cold winter). This is espe-
cially significant considering the high metabolic rate of
shrews (Pournelle, 1968). Arguments against this theory
sustain that the venom is used as a tool to hunt bigger
prey. Dufton (1992) proposed that insectivores have an
enhanced dependence on vertebrate food material, which
is larger and more dangerous than their power to weight
ratio would allow, thus requiring an extra asset to over-
come these difficulties. Extant shrews do not have
specialized venom delivery apparatus. Their teeth do not
have channels, but a concavity on the first incisors may
collect and transmit saliva from the submaxillary ducts,
which open near the base of these teeth (Pournelle, 1968).
The discovery of an extinct giant shrew (Beremendia sp.)
with an envenomation apparatus (Cuenca-Bescés and
Rofes, 2007) injected fuel in the “hunting big or hoarding
small” debate. The giant Beremendia (three to four times
larger than the extant N. fodiens) had specialized lower
incisors with a gutter-like grove along the medial side of
the crown (Cuenca-Bescés and Rofes, 2007; Rofes and
Cuenca-Bescés, 2009), resembling the grooved incisors of
Solenodon spp. (Dufton, 1992) (Fig. 3) where the grooves
act conducting the saliva from the salivary gland to the
wound inflicted onto the prey. Cuenca-Bescés and Rofes
(2007) argue that the envenomation apparatus was an
evolutionary adaptation, probably related to increase in
body mass and hunting of larger-sized prey. The venomous
nature of the species was reassessed by Furi6 et al. (2010),
with different implications. In a paleoenvironmental
reconstruction study, these authors concluded that the
Beremendia diet did not rely on larger prey, but on cole-
opterans and gastropods, and the venom was required for
hoarding live prey. This behavior would be a reflection of
the highly unpredictable environment where these giant
shrews lived (Furi6 et al., 2010). These contradicting
explanations point to the absence of consensus on this
subject. It is likely that insectivores may still take advan-
tage of venom by both means, including combining them
to hoard larger prey. It is also interesting to consider
venom as a weapon for intraspecific competition. Rabb
(1959) observed that death was frequent among Hispa-
niolan solenodons kept together in the same enclosure,
with bite marks on their feet being the only observable
cause. Such use in competition may be a secondary aspect
of the insectivore venom.
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Fig. 3. Structural model of BLTX (built based on PDB ID 2ZCK, Ménez et al.,
2008). Regulatory loops are colored in red, and the insertions discussed in
the text are colored in green. A fluorogenic substract analog is shown in
orange. Depicted based on Aminetzach et al. (2009). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

3. Monotremata venom
3.1. Introduction

The platypus (Ornithorhynchus anatinus) is thought to
be the only venomous Monotremata representative (Fig. 4).
Suspicion remains upon echidnas, but no proper venom has
been ascribed to these mammals so far. Platypus are found
in fresh water rivers and streams in most of the eastern
coast of Australia (Grant and Temple-Smith, 1998). These

semi-fossorial, semi-aquatic, egg-laying mammals have
amused people since their discovery in 1798. Among their
uncommon features is the possession of venom-delivering
keratinized spurs in their hind legs (Fig. 5). Both males and
females are born with these spurs, but the latter lose them
during development (Calaby, 1968). The spurs are con-
nected to the venom-producing crural glands, forming the
crural system (Whittington and Belov, 2007). During the
mating season these glands become highly active,
producing venom to be delivered by the channeled spur. In
echidnas, both males and females seem to have degener-
ates spurs (in a way similar to the female platypus), but the
male glands show cyclic activity as observed in male
platypus (Krause, 2009).

3.2. Historical background

There are less than twenty records of platypus enve-
nomation in literature, but at least one case is reported each
year to the specialized agencies in Australia (Tonkin and
Negrine, 1994). The first account on platypus envenoma-
tion was made in the early 1800s (Jamison, 1818), followed
by a detailed analysis on the anatomy and use of the venom
glands (Spicer, 1876), and experimentation with the venom
effect upon test animals and tissues (Martin and Tidswell,
1895; Kellaway and LeMessurier, 1935). Thirty years later,
Calaby reviewed the venomous characteristics of the
platypus (Calaby, 1968). Attacks on humans started to
reappear in specialized literature twenty years later (Petrie
and Pearn, 1987). Fenner et al. (1992) published the most
detailed case report on platypus envenomation. This was
followed by the last report of platypus attack (Tonkin and
Negrine, 1994). Considering the (apparently) facetious
editor’s note that accompanies this last report, platypus
envenomation was not considered a real threat to humans
by the medical community.

The interest on Monotremata venom increased from
1995 onwards, following the first “modern” biochemical
investigation of its components (de Plater et al., 1995). At
least four major components were identified since (as
reviewed by Whittington and Belov, 2007). The Platypus

Fig. 4. General aspect of a duck-billed platypus (Ornithorhynchus anatinus) (photograph by Caleb McElrea).
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Fig. 5. Male platypus hind-leg skeleton with crural spur (arrow) (photo-
graph from a specimen housed at the Museum of Life Sciences, King's
College London).

Genome Project (Warren et al., 2008) allowed a most in-
depth analysis of the venom.

3.3. Venom effects on humans and other animals

Platypus envenomation was fairly common when the
animal was still hunted for its fur (Calaby, 1968). Nowadays
any close contact with the animal is rare and restricted to
biologists, zookeepers and fishermen (who occasionally
catch them in lines or nets) (Whittington and Belov, 2007).

When attacking, the hind legs of the animal are driven
toward one another with considerable force so that the
spurs are embedded in the flesh caught between and if
venom is being produced, a few milliliters are injected by
repeated jabbing (Calaby, 1968; Whittington and Belov,
2007). The spurs have enough strength to support the
weight of the platypus, which often hangs from the victim,
requiring assistance for removal (Fenner et al., 1992). In
humans, all recorded strikes have been on the hand or
wrist. Envenomation results in immediate and acute pain
and swelling. General first-aid procedures and drugs such
as morphine are ineffective in relieving the pain. The only
effective treatment is localized anesthetic blockade sup-
plemented by intravenous narcotic infusion (Fenner et al.,
1992). The symptoms have duration of two weeks to
several months. It is also noteworthy that the envenoma-
tion aftermath is dependent on the season and gland usage
prior to the attack (Calaby, 1968). Considering this varia-
tion, there can be no effect at all (Kellaway and LeMessurier,
1935) to excruciating pain “worse than shrapnel wounds”
(Fenner et al., 1992). No fatalities have been recorded
(Tonkin and Negrine, 1994).

Attacks of platypus to hunting dogs were somewhat
common (Martin and Tidswell, 1895). Most dogs were
struck on the face, with their head becoming swollen and
apparently sore afterward, but death was infrequent
(Calaby, 1968). Attacks among platypus are seldom
observed, but males are often found in the wild with
punctures in their bodies during the mating season (Grant
and Temple-Smith, 1998).

The earliest experimental studies on platypus venom
included its effects upon test animals (Martin and Tidswell,
1895; Kellaway and LeMessurier, 1935). When gland
secretion was injected subcutaneously into a rabbit it
produced localized swelling and tenderness. When injec-
ted intravenously into rabbits (n = 3), a rapid fall in blood
pressure and respiratory distress were observed, being
followed by death. Two animals probably died from

extensive intravascular coagulation. The third animal, in
which the material was injected more slowly, died some-
what later than the others. Its blood did not exhibit signs of
clotting in the vessels and a sample of this blood was found
to clot abnormally slowly (Martin and Tidswell, 1895).
When Kellaway and LeMessurier (1935) injected the
material obtained from Martin and Tidswell (1895) intra-
venously into two rabbits, it resulted in severe dyspnea.
Fresh material produced a rapid and profound fall in blood
pressure and death when intravenously injected into
rabbits.

3.4. Toxic components

Studies on the composition of platypus venom are
restricted by two major reasons. The first reason is the
limited amount of venom that is produced exclusively by
males during the breeding season. The second reason is the
difficulty in obtaining tissue and venom samples from wild
animals, which are protected (de Plater et al., 1998a;
Whittington and Belov, 2007). Nevertheless, the availability
of new protein characterization techniques from the 1990s
onwards allowed identification of some of the venom
components.

The O. anatinus venom is a complex mixture of 19
different fractions. The peptide fractions include C-type
natriuretic peptides (CNPs), defensin-like peptides (DLPs),
nerve growth factors (NGFs), isomerases, hyaluronidase,
protease, and uncharacterized proteins (de Plater et al.,
1995; Kourie, 1999a; Whittington and Belov, 2007). The
platypus venom transcriptome identified 88 putative
venom genes when filtered against transcriptomes of non-
venomous tissues (Whittington et al., 2010). These genes
were analogous to venom genes from other species,
including reptiles, insectivores, fish, and invertebrates.

Natriuretic peptides take part in the control of blood
pressure, exhibiting hypotensive and vasorelaxant proper-
ties. In mammals, three classes have been described: atrial
natriuretic peptide (ANP, predominantly produced by the
cardiac atria), brain natriuretic peptide (BNP, isolated from
brain but predominantly produced by the cardiac ven-
tricules) and C-type natriuretic peptide (CNP, found in brain
and endothelium). CNPs lack natriuretic activity, suggest-
ing a unique physiological role for these peptides (de Plater
et al., 1998a; de Plater et al., 1998b). OvCNPs are CNPs found
in the O. anatinus venom that are homologous to CNP-53
and CNP-22 (de Plater et al., 1998a). They are the most
biologically active peptides in the venom, and may be
responsible for the systemic signs produced by enveno-
mation (e.g. hypotension) (Whittington and Belov, 2007).
When injected into rats, OvCNPs causes edema and hista-
mine release from mast cells, also causing relaxation of
isolated rat uterus and vas deferens (de Plater et al., 1998b).
OVCNPs can also form cation-selective channels in cell
membranes (Kourie, 1999b), inducing calcium influx in
neuroblastoma cells (Kita et al., 2009). Whole venom was
also able to induce calcium-dependent currents in cultured
dorsal root ganglion cells from rats, suggesting Ca®* release
from intracellular stores and involvement of tyrosine or
serine-threonine kinases (de Plater et al., 2001). This effect
seems to be related to putative nociceptors. The interaction
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of venom peptides with membranes and its disruption of
ion transport pathways are consistent with the observed
envenomation symptoms (Whittington and Belov, 2007).

Defensin-like peptides constitute a family of four
peptides structurally similar to anti-microbial B-defensins
found in mammals, with the main structural feature being
six paired cysteine residues (Fig. 6) (Torres et al., 1999,
2000). B-defensins take part in innate immunity, disrupting
bacterial cell membranes and acting as chemokines, being
produced by epithelial cells and neutrophils (Torres and
Kuchel, 2004). These functions are not shared with DLPs,
possibly due to absence of sequence similarity between
these peptide groups (Torres et al., 1999). In view of the fact
that DLPs are the most abundant peptides in the O. anatinus
venom, it is proposed that they could produce the venom-
induced pain, either alone or synergistically with the less-
studied venom NGFs (Torres et al., 2000; Whittington and
Belov, 2007). The latter are proposed to have immuno-
genic effects instead of a putative neuronal action
(Whittington and Belov, 2009).

One intriguing aspect of the platypus venom is the
presence of different forms of peptides that are identical in
sequence. This variation was first shown for OvCNPa and
OvVCNPb (de Plater et al., 1998a) and later for DLP-2 and DLP-
4 (Torres et al., 2005). The reason for such difference is the
unusual presence of a p-amino acid in the second position of
OvCNPb and DLP-2 (Torres et al., 2002, 2005). The residue
conversion agent was later identified as an L-to-p-amino-
acid-residue isomerase (Torres et al., 2006). It is unclear
whether p-amino acids confer functional differences to the
venom peptides, but protease resistance whilst in the crural
gland has been proposed (Torres et al., 2002, 2006).

3.5. Biological and evolutionary aspects

Despite being only part of a bizarre animal, the crural
system was considered one of the most mysterious
anatomical features of the platypus, eliciting many theories

Fig. 6. Structure of DLP-2 from O. anatinus venom (PDB ID 1ZUE, Torres
et al, 2002). The three disulphide bridges are depicted in orange. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

to explain its function (Calaby, 1968). Such theories, as
reviewed by Grant and Temple-Smith (1998), included the
use of the crural system to climb river banks, collect nesting
materials, water-proof the fur, hold the female during
copulation or act as a defensive weapon. Most of the
evidence now supports the proposition of Martin and
Tidswell (1895), that the apparatus is used by males on
one another as a weapon when competing for females,
taking part in sexual selection. It was observed that testicles
and crural glands of the platypus increase and decrease in
size before and after the mating season. During this season
males become more aggressive and are found with punc-
tures in their bodies, especially in the tail region. Adult
males also largely avoid each other. These observations led
Grant and Temple-Smith (1998) to propose a polygynous
mating system for platypuses, with male-male interactions
directing the access to females and thus justifying the
development and retention of the crural apparatus in males.

Even though homologous, the crural system of echidnas
is much less studied than that of platypuses. Spicer (1876)
reported lack of reaction from a male echidna that was
constantly touched, even with “considerable pressure” near
the crural spur, while Calaby (1968) concluded that the
crural gland in these animals is “never very active”. Recently,
Krause (2009) performed a comparative histochemical and
morphological study with echidna and platypus crural
systems, providing insights to this overlooked subject. As
observed for platypus, male short-beaked echidnas
(Tachyglossus aculeatus) are seasonal in their reproductive
activities, and their crural glands undergo changes consis-
tent with their levels of sexual hormones. These animals,
however, lack aggressive use of the spurs and have a poor
mechanism for locking the spur to the tibia during an attack,
thus not supporting the use of the apparatus as a weapon.
Nonetheless, the seasonality of the crural glands suggests
a putative role for them as scent glands. Since nothing is
known about the secretion produced by echidnas, its func-
tion remains unclear (Krause, 2009).

Recently available fossil evidences suggest that crural
spurs may have been a widespread feature in primitive
mammals. According to this proposition, primitive
mammals used their venom-delivering apparatus as
a defensive structure while sharing habitats with dinosaurs
(Hurum et al., 2006; Kielan-Jaworowska and Hurum, 2006).
This proposition, however, relies on comparison with extant
animals since it is not possible to ascertain venom-delivery
based solely on fossil evidence (Orr et al., 2007; Folinsbee
et al., 2007).

As observed for Insectivora, Monotremata venom also
shares many features with reptilian venoms via convergent
evolution (Whittington et al, 2008). Duplications of f-
defensin, CNP and NGF gene families and subsequent co-
option of these non-toxic homologs for venomous activities
have occurred independently in mammals and reptiles
during the evolution of their venoms (Warren et al., 2008). It
is also interesting to note that many of the venom genes,
including DLP-B, DLP-C, OvCNP and NGF, are also expressed in
non-venom tissues, whereas DLP-A is the only peptide
exclusive of venom tissues. OVCNP and NGF are also expressed
in female tissues. Such expression pattern suggests broader
roles for these peptides (Whittington and Belov, 2009).
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4. Chiroptera venom
4.1. Introduction

Following our working definition of venom (Fry et al.,
2009), which regards the feeding secretions of hematoph-
agous specialists as a particular subtype of venom, the
subfamily Desmodontinae represents the venomous
mammals from the order Chiroptera. This group comprises
the most well known venomous bat, Desmodus rotundus
(common vampire bat) (Fig. 7), and two other rare species,
Diphylla ecaudata (hairy-legged vampire bat) and Diaemus
youngi (white-winged vampire bat); all of them generally
found from Mexico to southern Argentina (Tellgren-Roth
et al,, 2009). These bats produce toxic saliva with antico-
agulant properties and have a series of anatomical and
physiological modifications to allow nourishment based
solely on blood (Schondube et al., 2001). Except for
chickens, that may die of hemorrhage after being bitten by
vampire bats, the majority of their prey do not perish from
the attack or contact with the venom. Thus, one can argue
that the vampire bat saliva is not a true venom, since it
causes only minor discomfort for the prey. As observed by
Delpietro and Russo (2009), the feeding behavior of
vampire bats resembles that of parasites. Their venom,
which facilitates feeding by disruption of normal physio-
logical processes of the prey, ensures survival of the latter
for continuous supply of nutrients for the bats.

4.2. Historical background

The term “vampire” is much older than the European
knowledge of hematophagous bats, but their discovery
inspired much elaboration upon the traditional use of the
word. Of Slavonic origin, the term Vampyre is widely
associated to supernatural blood-sucking beings in Eastern
Europe (Ditmars and Greenhall, 1935). Such supernatural
vampire is considered to be the soul of a dead person that
leaves the dead body at night, assuming any of many forms
to suck blood of sleeping people and animals. It is inter-
esting to point out that the original tale did not mention
bats as possible shapes of such entity. The vampire tradi-
tion of Eastern Europe met the hematophagous bats and
incorporated them sometime after the arrival of Columbus

Fig. 7. General aspect of a common vampire bat (Desmodus rotundus)
(photograph by Trisha Shears).

in America. When he discovered the Isle of Trinidad in
1498, he also discovered the hematophagous bats of the
New World (Malaga-Alba, 1954). Later reports from the
XVI century onwards somewhat exaggerated the feeding
habits of the animal. Francisco Montejo, when dis-
embarking in the peninsula of Yucatan in 1527, was victim
of a “great plague of bats” that attacked men and animals
“sucking their blood when they were asleep” (Malaga-
Alba, 1954). Cortez became aware of Camazotz, the cruel
vampire bat god of the Maya mythology, later reporting it
to Spain (Ditmars and Greenhall, 1935). After the return of
the early explorers of the New World tropics, a “vampire
epidemics” broke out in Europe about 1730 (Klinger, 2008).
In 1801 Felix Azara, a Spanish naturalist, described “the
biter” in Paraguay, and Charles Darwin, in 1832, captured
a vampire bat on the back of a horse in Chile (Malaga-Alba,
1954). The association of bats and vampirism grew, sum-
miting in the classic portrait of Dracula, despite the fact
that bats are only mentioned twice in the novel (Klinger,
2008).

Many of the discoveries regarding the habits of hema-
tophagous bats derive from studies on their role as vectors
of trypanosomiasis and rabies (Dunn, 1932; Malaga-Alba,
1954). Based on the observation of freely bleeding
wounds inflicted by vampire bats, many researchers
proposed that some anticoagulant agent should be present
in the bats’ saliva. In 1966, a plasminogen activator was
identified (Hawkey, 1966). In 1991, four of these activators
were characterized at the molecular level (Krdtzschmar
et al., 1991), and later an inhibitor of fIXa and fXa was
also identified (Apitz-Castro et al., 1995).

4.3. Venom effects on humans and other animals

Feeding bites produced by vampire bats have charac-
teristic shape and location. The large, sharp upper incisor
teeth (Fig. 8) produce a crater-like, sharply circumscribed
wound, with a diameter of approx. 4 mm. The bite is
inflicted on the bare skin with the victim’s hair being either
combed or parted by the bat (Malaga-Alba, 1954; Delpietro

Fig. 8. Skeleton of D. rotundus face showing the sharp upper incisors
(photograph by Antonio Sebben).
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and Russo, 2009). The blood is licked up by a piston-like
motion of the tongue for about 30 min (Ditmars and
Greenhall, 1935). The wound they produce not only freely
bleeds when first inflicted, but also continues to bleed for
several hours after the bat has ceased to eat (Hawkey, 1966,
1967). In a comparison made by DiSanto (1960), a wound
produced by D. rotundus bleeds for 3-8 h after infliction,
whereas a similar knife wound ceases bleeding after
15 min.

D. rotundus feeds mainly on domesticated cattle, horses,
goats, pigs and sheep. To a lesser extent they feed on
poultry, wild prey and humans (Delpietro and Russo, 2009).
D. ecaudata feeds on birds, and D. youngi feeds on mammals
but prefers birds (Tellgren-Roth et al., 2009). The prey is
preferably asleep when attacked, minimizing the bat
exposure to risks. The attack is slow and delicate in nature,
with the bat avoiding any chance of being perceived by the
prey. The bites are frequently described as painless, with
the victim hardly waking up when being attacked (Ditmars
and Greenhall, 1935). Besides the residual hemorrhaging,
the vampire bat venom also elicits immune response on
preys frequently fed upon (Delpietro and Russo, 2009).

4.4. Toxic components

Two distinct classes of anticoagulants are found in the
saliva of vampire bats i.e. plasminogen activators and
inhibitors of proteinases (Zavalova et al., 2002; Basanova
et al., 2002). Plasminogen activators act producing local-
ized proteolysis in tissue remodeling, wound healing and
neuronal plasticity (Schleuning, 2001). The tissue type
plasminogen activators (t-PA) are serine proteases that
cleave the plasmin proenzyme to its active form, which in
turn is responsible for degradation of blood clots (Tellgren-
Roth et al., 2009). After long speculations and preliminary
results (as reviewed by DiSanto, 1960), a plasminogen
activator was identified in the saliva of D. rotundus in 1966
(Hawkey, 1966) and extensively studied ever since
(Hawkey, 1967; Cartwright, 1974). The later cloning and
expression of this activator revealed high similarity to t-PA.
It was also found that this activator is not a single protein,

kringle 1

COCH

kringle 2

but a family of four D. rotundus salivary plasminogen acti-
vators (DSPAs) (Krdtzschmar et al., 1991). This is not the
case for the other vampire bats, which have only one t-PA in
their genomes (Tellgren-Roth et al., 2009). The t-PA mole-
cule has five domains: finger (F), epidermal growth factor
(EGF), kringle 1 (K1), kringle 2 (K2) and serine protease (P).
F and K2 domains are both involved in the competitive
binding of fibrin as well as its inhibitor plasminogen
inhibitor 1 and DD(E), a product of degraded cross-linked
fibrin (Stewart et al., 1998). PA shows activity as a single
chain, but this activity is highly enhanced as a cleaved two
chain form (Tellgren-Roth et al., 2009). With the exception
of D. ecaudata PA, the plasminogen activators from vampire
bats have smaller chains with domain deletions when
compared to t-PA. D. youngi PA lacks K2 domain. The four
variants of DSPAs (a1, a2, B, y) lack the K2 domain and
a plasmin-sensitive activation site. DSPA-B additionally
lacks F domain, while DSPA-y lacks F and EGF domains
(Fig. 9). These differences alter many binding properties of
vampire bat PAs when compared to t-PA. The loss of K2
domain leads to decreased sensitivity to fibrinogen, plas-
minogen activator inhibitor, and DD(E). Absence of K2
domain also leads to strong fibrin specificity. The loss of
plasmin-activation site allowed DSPAs to be active as single
chains (Gardell et al., 1989; Krdtzschmar et al., 1991; Bode
and Renatus, 1997; Renatus et al, 1997; Tellgren-Roth
et al, 2009). Based on its extraordinary specificity for
fibrin, DSPA-01 became a candidate for thrombolytic
therapy, being renamed as desmoteplase in medical liter-
ature (Schleuning, 2001). Glycosylation studies revealed
two N-glycosylation sites (more than 30 different oligo-
saccharides linked to Asn117 and Asn362) and one O-
glycosylation site (i-fucose linked to Thr61) in DSPA-al.
Despite equivalent to glycosylation sites in t-PA, there seem
to be differences between the glycosydic structures linked
to these sites, especially for Asn117. N-glycans in this
position of DSPA-o1 are more processed during biosyn-
thesis that the high-mannose counterpart in t-PA (Gohlke
et al,, 1996, 1997). This difference is pointed as a possible
reason for the fourfold lowered clearance rate observed for
DSPA-o1 when compared to t-PA (Witt et al., 1994).
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Fig. 9. Topological scheme of the plasminogen activators from vampire bats. Absent domains in each protein are color-coded. Disulphide bridges are depicted as
thin double lines. Drawn based on Tellgren-Roth et al. (2009). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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The other anticoagulant found in the saliva of vampire
bats (so far only studied in D. rotundus) is draculin, an
inhibitor of activated factors X (fXa) and IX (fIXa) (Apitz-
Castro et al., 1995). fXa is the only enzyme in the coagula-
tion cascade to convert prothrombin into thrombin, the key
enzyme in this process, and the activation of factor X is
considered a common point between intrinsic and extrinsic
pathways of blood coagulation (Hemker and Béguin, 1995).
Draculin is unique among compounds known to inhibit this
enzyme, since it acts as a noncompetitive, tight-binding
inhibitor of fXa (Fernandez et al., 1999). The biological
activity of draculin is dependent on adequate N- and O-
glycosylation and stress inflicted to the bat (e.g. frequent
induced salivation) impairs this modification (for a detailed
description of the glycosyl composition of draculin see
Fernandez et al., 1998). The protein loses activity at rates
proportional to the deglycosylation degree. It is suggested
that native draculin is secreted as a mixture of glycoforms
that modulate its final anticoagulant activity. The differ-
ential glycosylation associated to the noncompetitive
inhibition of fXa are proposed to take part in the fIXa
inhibition, a mechanism that is less understood (Fernandez
et al.,, 1999).

The feeding bites of vampire bats are regarded as
painless, different from their defensive bites. Although this
might indicate an additional anesthetic in the saliva,
Ditmars and Greenhall (1935) suggest that young bats learn
to inflict these bites, and that it seems to involve trial and
error. No study on the putative anesthetic has been per-
formed so far.

4.5. Biological and evolutionary aspects

Vampire bats are highly specialized mammals, with
their entire physiology modified to use blood as their only
source of food and water. They have a T-shaped
gastroesophageal-duodenal junction with a tubular
stomach, contrasting with regular mammalian gastroin-
testinal tracts. This allows the ingested blood to first enter
the intestine and then overflow into the stomach (Mitchell
and Tigner, 1970; Machado-Santos et al, 2009). The
stomach functions as a site for blood storage and water
absorption. After ingesting 50% of its weight in blood, most
of the water is eliminated by “instant diuresis”, and the
highly nitrogenous remains of blood are then processed
with very little water. For this, vampire bats have a high
capacity for urea concentration in their urine, being
considered physiologically equivalent to desert mammals
(Breidenstein, 1982). They have reduced metabolism
during digestion of the highly proteinaceous meal, upon
which they depend entirely. Maltase and sucrase are absent
in their gastrointestinal tracts, and dietary carbohydrates
seem to be almost unused by these bats (Schondube et al.,
2001).

The vampire bats also lack storage fat tissue, requiring to
daily feed on blood. To do so, the bats have modified sharp
teeth, anticoagulants in their saliva and a specialized
tongue. The blood is not sucked as normally depicted, but
rather lapped up in a piston-like movement of the tongue.
For this method to work, the blood must be liquid and
flowing. The evolution of anticoagulants in the saliva of the

three different vampire bat species reveals transitions in
their preferred preys. As discussed by Tellgren-Roth et al.
(2009), gene duplication, domain loss and sequence
evolution altered the fibrin specificity and susceptibility to
plasminogen activator inhibitor 1. The monophyletic Phil-
lostomidae family, where Desmodontinae is included,
holds the greatest diversity in feeding habits of all
mammalian families, including frugivory, carnivory and
hematophagy, the latter being derived from insectivory
(Schondube et al., 2001). In the subfamily, D. ecaudata has
a single copy of plasminogen activator similar to those in
other mammals. This vampire bat feeds only upon birds.
The more generalist D. youngi, which feeds upon birds and
mammals, lost the K2 domain, increasing fibrin specificity.
In D. rotundus rounds of gene duplication and domain loss
led to an active form of plasminogen activator with
decreased sensitivity to plasminogen activator inhibitor 1,
enhancing the ability to feed solely on mammalian blood.
It is interesting to point out that vampire bats are still
considered pests, especially for cattle (Delpietro and Russo,
2009). Since they can carry rabies viruses and also transmit
equine trypanosomiasis (Dunn, 1932; Malaga-Alba, 1954),
vampire bats have been exterminated by many methods,
including shooting, gassing, poisoning, netting, trapping
and dynamiting (Thompson et al., 1972). There is now great
awareness about controlling the vampire bat population
while minimizing the impact on other species, including
nonhematophagous bats that share the same habitats.

5. Arguably venomous mammals
5.1. Introduction

The previous three sections presented mammals from
different orders which satisfy (even if partially, as is the
case of vampire bats) the criteria to be considered
venomous. Nonetheless, there are some intriguing repre-
sentatives of the Primates order that have a different way of
toxin delivery. In these animals, there is no venom appa-
ratus (as defined by Mebs, 2002) since their venom is
produced and injected by unrelated body parts. These
primates, the slow (Nycticebus coucang, Nycticebus benga-
lensis) and the pygmy slow (Nycticebus pygmaeus) lorises
(Fig. 10), are nocturnal arboreal prosimians that inhabit the
forests of Southeast Asia and Western Indonesia. By not
complying with most of the definitions of venomous
animals, they are kept in the “twilight zone” of toxinology
labeling. These mammals are considered indirectly or
secondarily venomous, since their venom is produced in
the brachial gland, licked, and injected into the victim by
the specialized tooth comb (Hagey et al, 2007). The
brachial gland, also termed brachial organ (Krane et al.,
2003) or antecubital organ (Ahmed and Ling, 1976), is
a specialized apocrine sweat gland located in the ventral
side of the elbow (Hagey et al., 2007), and the tooth comb is
a set of spaced incisors on the lower jaw, primarily used for
grooming (Fitch-Snyder and Schulze, 2001). As discussed
below, these animals can be considered “actively
venomous” (to employ an out-fashioned but still informa-
tive term from Biicherl (1968), to differentiate them from
poisonous animals), but the absolute lack of physical
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Fig. 10. General aspect of a slow loris (Nycticebus coucang) (photograph by
David Haring, Duke Lemur Center).

connection between the brachial gland and the tooth comb
makes it hard for lorises to fit in most of the definitions of
avenomous animal. Additionally, this “venom” is toxic only
for some incidentally susceptible species (Hagey et al.,
2007).

5.2. Historical background

Slow lorises are regarded as venomous animals by the
northern Thai folklore (Wilde, 1972). In spite of that, there
are only two reports in the medical literature regarding
loris attacks. The first report was published in the 1970s,
presenting a case of anaphylaxis on an adult man bitten by
a pet slow loris (N. coucang) (Wilde, 1972). The second
report was published in the late 2000s, presenting a pygmy
slow loris (N. pygmaeus) bite inflicted to a pregnant woman
(Kalimullah et al., 2008). Some additional cases are repor-
ted on recent manuals for zookeepers (Fitch-Snyder and
Schulze, 2001).

The venom of a loris reaches the target animal by means
of prolonged bites. It was originally thought that the
animal’s saliva was responsible for the observed symptoms,
causing anaphylaxis on already sensitized individuals
(Wilde, 1972). Observations of captive lorises revealed that
whenever disturbed by handling or capture their brachial
glands secrete about 10 pL of a clear, strong-smelling liquid
(Hagey et al., 2007). This secretion is licked by the lorises
and frequently wiped against their heads. Alterman (1990)
established a connection between this habit and the painful

loris bites, proposing that toxins from the brachial gland
exudate (BGE) would be responsible for the observable
effects on humans. A decade later, Krane et al. (2003) iso-
lated the major component of the BGE of N. coucang, which
exhibits high sequence similarity to Fel d 1, the major
allergen from the domestic cat (Felis catus).

5.3. Venom effects on humans and other animals

Nycticebus bites have a wide variety of effects upon
humans, from none to death, with most of the reported
cases resembling allergic reactions. In his report of a pet
slow loris bite on an adult man, Wilde (1972) described
a series of symptoms. The animal bit the wrist of the
patient, clinging there for several seconds. Five minutes
after the bite, the man noted burning pain on hands and
feet, followed by pulsating backache. Thirty minutes after
the bite he presented anaphylaxis symptoms, characterized
by hypotension, cyanosis of the extremities, and hematuria.
The patient recovered completely after two weeks. Thai
tribes consider that lorises have a poisonous bite which
causes excruciating pain and frequently death (Wilde,
1972). Researchers studying lorises readily develop aller-
gies to the glandular secretions (Hagey et al., 2007), adding
to the picture of bite-induced anaphylactic shock. On the
other hand, Kalimullah et al. (2008) reported no ill effects
from a slow pygmy loris (N. pygmaeus) bite to a pregnant
zookeeper who was allergic to several substances and who
had being exposed to the animal before.

Little is known about predation of lorises and the
putative use of biting as a defense mechanism against
predators (Hagey et al., 2007). Captive lorises, on the other
hand, commonly inflict bites onto enclosure mates. The
resulting wounds are severe, affecting a large area with loss
of fur, prolonged edema, are slow-healing, and often life-
threatening (Fitch-Snyder and Schulze, 2001; Hagey et al.,
2007). Partially purified extracts from N. coucang BGE
were lethal to mice upon subcutaneous injection, even
when diluted 228,000-fold (Alterman, 1990). However,
there is no other report of exudate testing on animals so far.

5.4. Toxic components

The BGE is a complex mixture, comprising volatile low
molecular weight metabolites and non-volatile high
molecular weight protein fractions (for a detailed descrip-
tion of the secretion components see Hagey et al., 2007). An
unidentified steroid (Alterman, 1989) and polypeptides
generated by mixing BGE and saliva (Alterman and Hale,
1991) were suggested to be the active toxic component of
the venom.

The major component of the BGE was isolated by Krane
et al. (2003) and extensively characterized by Hagey et al.
(2007). This new member of the secretoglobin family is
a heterodimeric protein with 17.6 kDa. The a-chain
(7.8 kDa) and B-chain (9.8 kDa) are linked by two disulfide
bridges. These two chains exhibit high sequence similarity
with the two chains of Fel 1 d, the major allergen from
domestic cat (F catus) (Leitermann and Ohman, 1984;
Morgenstern et al., 1991). The BGE protein also shares the
disulfide-bridged dimeric structure with Fel d 1, the only
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Table 1

Summary of venomous and arguably venomous mammals and their venoms.

Mammalian order Venomous representatives Venom source

Known toxic components Most common effects

Insectivora Shrews and solenodons Salivary gland
Monotremata Platypus Crural gland

Chiroptera Vampire bats Salivary gland
Primates Slow and pygmy slow lorises Brachial gland

Blarina toxin Breathing disturbance, paralysis and
convulsions

C-type natriuretic peptides, Acute pain and swelling
defensin-like peptides, nerve
growth factors

Plasminogen activators, draculin

BGE protein

Prolonged bleeding
Allergic reactions

other allergen with this structure discovered so far (Krane
et al., 2003; Kaiser et al., 2003). All three venomous loris
species (N. coucang, N. bengalensis, and N. pygmaeus) have
two protein isoforms (Krane et al.,, 2003; Hagey et al.,
2007). The B-chain of Fel 1 d also occurs in two forms as
a result of alternative splicing, alternative initiation or
expression of different alleles (Griffith et al., 1992). The
epitope specificity of the slow loris allergen and its
comparison to those of Fel 1 d remain to be examined, but
sequence similarity suggests immunogenic cross-reactivity
between these proteins (Valenta et al., 1996; Krane et al.,
2003). The variable sensitivity to loris bites and the onset
of anaphylaxis support the hypothesis that Nycticebus BGE
protein may act as an allergen (Krane et al., 2003).

5.5. Biological and evolutionary aspects

Lorises have a unique mechanism of toxin use, loading
their modified teeth with the exudate of a gland that is not
related to the oral cavity, in a manner that is unrelated to
any other venomous animals. The use of such sophisticated
method of toxin delivery seems incompatible with the
feeding habits of lorises or their defense against predators
(Hagey et al., 2007). The diet of Nycticebus consists of fruits,
invertebrates and small vertebrates (Wilde, 1972; Fitch-
Snyder and Schulze, 2001), none of which require special
killing or immobilizing methods. Orangutans, pythons, and
hawk-eagles are known for capturing and Kkilling lorises,
indicating that biting is not effective in fending off preda-
tors (Utami & van Hooff, 1997; Wiens and Zitzmann, 1999;
Hagey et al., 2007). The toxin thus may take part in other
behaviors of these animals.

The proposition of the brachial gland as the source of
loris toxins has been constantly associated to a putative
dual role for its secretion. According to this hypothesis, the
secretion would constitute an interspecific defense mech-
anism and an intraspecific communication system
(Alterman, 1990). This hypothesis is strongly supported by
Hagey et al. (2007). Lorises (and other nocturnal prosim-
ians) are specialized in olfactory signals. The vigorous urine
marking and sniffing behavior, and the extensive smearing
of the BGE on head and neck hair, which dries to amber-
colored crystals, indicate that urine and BGE make up
most of their scent repertoire. The characteristic Nycticebus
odor is not noticeable to researchers trying to catch the
animal, and lorises only stop licking the gland after the
encounter is over (Hagey et al., 2007). The use of BGE thus
seems inadequate as a quick response to predators, and
may either act repelling the predator or warning other
lorises of the danger, or perhaps both. The complex

composition of BGE associated to individual and social
grooming behaviors that employ the tooth comb reinforce
the use of such exudate as a signaling device (Ehrlich and
Musicant, 1977). The species-specificity of BGE composi-
tion also point to communicatory use of this substance.
Predictions of the BGE protein structure indicate that this
protein may act as box, entrapping important signaling
molecules from BGE and saliva (Hagey et al., 2007). Despite
the constant focus on the brachial gland and its secretion,
the salivary glands of lorises may also take part in the
proposed communication system. Unlike other primates,
the parotid and submandibular glands of slow lorises have
giant secretory granules of unknown function (Tandler
et al.,, 1996). It is reasonable to consider the participation
of this secretion as an additional source of informative
molecules employed in loris communication.

It is rather tragic that lorises are threatened by their
illegal trade as pets and for using in traditional medicine.
When sold alive, most of these animals have their tooth
combs broken or removed with nail clippers, frequently
leading to stress, infection, and death. Major efforts are
being made to avoid the illegal trade of lorises, along with
all wildlife trade that occurs in their home range (Fitch-
Snyder and Schulze, 2001; Starr et al., 2010).

6. Concluding discussion

In the mid 1900s, Pearson argued that reports on
venomous mammals would most probably be due to
bacterial infections related to the animal bites rather than
to toxic compounds produced by the animals (Pearson,
1942). For this reason he also speculated that antibiotics
alone would take care of all supposed effects of the venom.
It took fifty years for this picture to change, despite many
pioneering studies in the field. In his extensive paper,
Dufton (1992) proposed that venom delivery, despite rare
in extant mammals, would be widespread in primitive
mammals and that such feature was still poorly understood
due to the lack of fossil evidences. A decade later this
foresight seemed fulfilled. In 2005, Fox & Scott described
canine grooves in the fossil Bisonalveus browni, probably
taking part in a venom delivery. It soon became debatable
whether canine grooves alone could be considered as
evidence of a venom delivery apparatus. Orr et al. (2007)
and Folinsbee et al. (2007) argued that many extant
mammals (including coatis, lemurs, anthropoid primates,
hippopotamuses, and peccaries) have canine grooves but
no venom, with the grooves serving mainly for structural
purposes. These authors concluded that the comparative
method alone could not ascribe venom delivery to any
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fossil. However, Cuenca-Bescés and Rofes (2007) found
definite evidences for a venom delivery apparatus on
extinct shrews, thus validating the hypothesis of venom in
primitive mammals. Hurum et al. (2006) and Kielan-
Jaworowska and Hurum (2006) made similar discoveries
on extinct mammals with crural spurs, which could be
involved in venom delivery as seen in the platypus. It is still
difficult to ascertain whether venom delivery was common
in primitive mammals, but it is now accepted that it was
present in some of them. It was recently proposed that
venom delivery had multiple origins in West Indian
insectivores. Turvey (2010) found evidences for canine
grooves in the extinct Nesophontes sp., which may point to
different kind of venom channel in this mammal when
compared to other insectivores. This finding could corrob-
orate the hypothesis of venom delivery as a typical trait in
primitive mammals.

In general, humans are generally not the prey and are
not perceived as predators of venomous animals (Hodgson,
1997) and the rarity of cases and variety of effects in
mammalian-induced envenomation do not justify the
development of antivenoms, which would be the most
cost-effective treatment for envenomation (Brown and
Landon, 2010). Despite not posing a threat to public
health, this special group of venoms has helped in the
understanding of molecular processes and provided many
scaffolds for biotechnological applications. The platypus
venom is promising both as a tool to understand mecha-
nisms of pain perception, and as a model to design new
pain relievers, especially for long lasting, treatment-
unresponsive pains (Koh et al., 2009; Whittington et al.,
2009). Desmoteplase, one of the vampire bat anticoagu-
lants, is in the final evaluation stages for the treatment of
myocardial infarction, pulmonary thromboembolism, and
stroke (Baruah et al., 2006; Paciaroni et al., 2009). Toxin-
based drug discovery is now growing hand in hand with
venomics (as reviewed by Calvete, 2009), and mammalian
venoms thus offer great opportunities to readily employ
new knowledge to people’s benefit.

It is interesting to note that toxic components of the
mammalian venoms are examples of convergent evolution,
sharing many characteristics with venoms from other
animal groups. One of the key features of venom is that its
efficacy is dependent on its capacity to produce rapid effect
(e.g. fast prey immobilization or quick pain). This is one of
the proposed constraints that limit the groups of proteins
that can be enrolled as toxin candidates (for an in-depth
discussion on convergent evolution of toxins, see Fry
et al., 2009).

The study of these very unusual venoms (summarized in
Table 1) also led to unexpected discoveries regarding other
aspects of mammalian physiology. Once considered very
restricted in occurrence, L-to-p-amino-acid isomerases were
found on the platypus venom and later in heart muscles from
mice (Koh et al., 2010), indicating that many more occur-
rences of such enzymes in mammals may have been over-
looked. Remnants of the brachial gland exudate protein from
lorises are still present in human and chimp genomes in the
form of pseudogenes (Hagey et al., 2007), pointing to a puta-
tive venomous past for apes. Male mice were shown to
produce salivary kallikrein that is toxic to rats and guinea-

pigs but harmless to mice (Hiramatsu et al., 1980). As
observed by Mebs (2002), kallikrein is rather common among
mammals, being present in human saliva, for example. Only
tiny variations (such as small residue insertions and differ-
ential glycosylation) separate the regular, physiological
kallikrein from its toxic counterpart. It is a remarkable
example of a physiologically important enzyme being
recruited for a toxic role. As has been shown in this review
article, there are many unanswered questions regarding
mammalian venoms. “Classic” assays to ascertain toxicity are
still to be performed for many of these compounds, for which
only anecdotal evidence of toxicity is available.

All these challenging findings show that many features
of mammalian behavior and physiology are still over-
looked, mainly because we are too focused on the expected,
ignoring alternative possibilities. Even humans might be
considered venomous, since they master many different
toxins and their applications (Mebs, 2002). The very
statement that mammals are venomous would be taken as
heretic some years ago. Considering all the possible appli-
cations of the mammalian venoms, it is now time to re-
evaluate what we think as a venomous animal and what
danger it can pose to us. Not surprisingly, we have much
more to learn from than to fear these creatures.
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Apéndice C

Estrutura de receptores-alvo de farmacos
através de modelagem comparativa
Sachett LG, Ligabue-Braun R, Verli H
In Trossini G, Castilho MS (Eds.), Praticas de Modelagem Molecular

O capitulo a seguir, apresentado em sua formatagao preliminar, é parte
do livro-texto “Praticas de Modelagem Molecular’ que encontra-se em fase final
de preparagdo. Algumas segdes do capitulo (como praticas e exercicios

avangados) foram omitidas da presente tese por solicitagdo dos editores.
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Apéndice D

Filogenia Molecular
Ligabue-Braun R, Junqueira DM, Verli H

In Verli H (Ed.), Bioinformatica: da Biologia a Flexibilidade Molecular

O capitulo a seguir, apresentado em sua formatacéo preliminar, é parte
do livro-texto “Bioinformatica: da Biologia a Flexibilidade Molecular” que
encontra-se em fase final de preparagdo. Com distribuicdo eletrénica gratuita,

seu langcamento esta previsto para maio de 2014.
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Apéndice E

Alinhamentos
Ligabue-Braun R, Junqueira DM, Verli H

In Verli H (Ed.), Bioinformatica: da Biologia a Flexibilidade Molecular

O capitulo a seguir, apresentado em sua formatacgéo preliminar, é parte
do livro-texto “Bioinformatica: da Biologia a Flexibilidade Molecular” que
encontra-se em fase final de preparagdo. Com distribuicdo eletrénica gratuita,

seu langcamento esta previsto para maio de 2014.
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10. CURRICULUM VITA

I. Formagao académica:

Mestrado em Biologia Celular e Molecular pela Universidade Federal do Rio
Grande do Sul, de 2009 a 2010. Comportamento conformacional da
urease de 'Canavalia ensiformis'. Orientadores: Prof. Célia Regina Carlini
e Prof. Hugo Verli.

Graduacdo em Ciéncias Bioldgicas - Bacharelado com Enfase Molecular, Celular
e Funcional - pela Universidade Federal do Rio Grande do Sul, de 2005 a
2008. Ureases: uma analise comparativa. Orientadora: Prof. Célia Regina

Carlini. Co-orientadora: Dra. Evelyn Koeche Schroeder.

Il. Formagao complementar: (restrito ao periodo de desenvolvimento da tese)

Computational Molecular Evolution (Curso de curta duragdo), Technical
University of Denmark, Dr. Anders Gorm Pedersen, 2013.

Métodos de Docking Receptor-Ligante, (Curso de curta duracao), Laboratério
Nacional de Computagao Cientifica, Dr. Laurent Dardenne, Dra. Camila
Magalhaes, 2010.

Simulagdo de Proteinas de Biomembranas, (Curso de curta duracgédo),
Laboratério Nacional de Computacao Cientifica, Dr. Hubert Stassen, Dr.

Rafael Bernardi.

lll. Estagios realizados: (restrito ao periodo de desenvolvimento da tese)

Treinamento em Replica Exchange with Solute Tempering (RESTZ2), sob
supervisao do Dr. Francesco Musiani e coordenacgao do Dr. Stefano Ciurli,
outubro de 2013. Laboratério de Quimica Bioinorgénica, Universita di

Bologna, ltalia.
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IV. Prémios recebidos: (restrito ao periodo de desenvolvimento da tese)

3° colocado "Top-25 Hottest Articles - January to December 2012 full year,
Toxicon", Ligabue-Braun, R.; Verli, H.; Carlini, C.R., Toxicon, 59 (2012)
680-695, SciVerseScience Direct - Elsevier.

2° colocado "Top-25 Hottest Articles - April to June 2012, Toxicon", Ligabue-
Braun, R.; Verli, H.; Carlini, C.R., Toxicon, 59 (2012) 680-695,
SciVerseScience Direct - Elsevier.

6° colocado "Top-25 Hottest Articles - July to September 2012, Toxicon",
Ligabue-Braun, R.; Verli, H.; Carlini, C.R., Toxicon, 59 (2012) 680-695,
SciVerseScience Direct - Elsevier.

10° colocado "Top-25 Hottest Articles - October to December 2012, Toxicon",
Ligabue-Braun, R.; Verli, H.; Carlini, C.R., Toxicon, 59 (2012) 680-695,

SciVerseScience Direct - Elsevier.

V. Trabalhos cientificos apresentados em congressos:
a. Nacionais

Ligabue-Braun, R; Sachett, LG; Carlini, CR; Verli, H. Interaction of the major cat
allergen (Fel d 1) with calcium. XLIl Annual Meeting of SBBq, Foz do
Iguacgu, 2013.

Ligabue-Braun, R; Carlini, CR; Verli, H. Structural characterization of the urease
activation complex. XLI Annual Meeting of SBBq, Foz do Iguagu, 2012.

Andreis, FC; Ligabue-Braun, R; Carlini, CR; Verli, H. Phylogenetic
Characterization of Ureases. XLI Annual Meeting of SBBq, Foz do Iguagu,
2012.

Ligabue-Braun, R; Andreis, FC; Carlini, CR; Verli. Phylogenetical, Structural and
Conformational Characterization of Ureases. XL Annual meeting of SBBq,
Foz do Iguagu, 2011.

Ligabue-Braun, R; Schroeder, EK; Carlini, CR; Verli. Molecular dynamics of Jack
bean (Canavalia ensiformis) urease. XXXIX Annual Meeting of SBBq, Foz
do Iguagu, 2010.

Lima, TMF; Feder, V; Olivera-Severo, D; Pinto, PM; Becker-Ritt, AB; Ligabue-

Braun, R; Vainstein, MH; Carlini, CR. Characterization and structural
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aspects from purified urease of Cryptococcus gattii R265. XXXIX Annual
Meeting of SBBq, Foz do Iguagu, 2010.

Ligabue-Braun, R; Schroeder, EK; Carlini, CR. Modeled structures and molecular
dynamics of plant ureases. XXXVIII Annual Meeting of SBBq, Aguas de
Linddia, 2009.

b. Internacionais

Schroeder, EK; Ligabue-Braun, R; Carlini, CR. 'In silico' comparative studies of
Canavalia ensiformis and Glycine max ureases. XVI World Congress of
the International Society on Toxinology and X Congresso da Sociedade

Brasileira de Toxinologia, Recife, 2009.

VI. Publicagbes em periddicos especializados:
a. Internacionais

Ligabue-Braun, R; Andreis, FC; Verli, H; Carlini, CR. 3-to-1: unraveling structural

transitions in ureases. Naturwissenschaften, v. 100, p. 459-467, 2013.

Ligabue-Braun, R; Real-Guerra, R; Carlini, CR; Verli, H. Evidence-based docking

of the urease activation complex. Journal of Biomolecular Structure &
Dynamics, v. 31, p. 854-861, 2013.

Martinelli, AHS; Kappaun, K; Ligabue-Braun, R; Defferrari, MS; Piovesan, AR;
Stanisguaski, F; Demartini, DR; Dal Belo, CA; Almeida, CGM; Follmer, C;

Verli, H; Carlini, CR; Pasquali, G. Structure-function studies on Jaburetox,

a recombinant insecticidal and antifungal peptide derived from jack bean
(Canavalia ensiformis) urease. Biochimica et Biophysica Acta. G, General
Subjects, no prelo (doi:pii:S0304-4165(13)00493-5.
10.1016/j.bbagen.2013.11.010) , 2013.

Ligabue-Braun, R; Verli, H; Carlini, CR. Venomous mammals: A review. Toxicon,
v. 59, p. 680-695, 2012.

Postal, M; Martinelli, AH; Becker-Ritt, AB; Ligabue-Braun, R; Demartini, DR;
Ribeiro, SF; Pasquali, G; Gomes, VM; Carlini, CR. Antifungal properties of

Canavalia ensiformis urease and derived peptides. Peptides, v. 38, p. 22-
32, 2012.
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Salvadori, JDM; Defferrari, MS; Ligabue-Braun, R; Lau, EY; Salvadori, JR;

Carlini, CR. Characterization of entomopathogenic nematodes and

symbiotic bacteria active against Spodoptera frugiperda (Lepidoptera:
Noctuidae) and contribution of bacterial urease to the insecticidal effect.
Biological Control, v. 63, p. 253-263, 2012.

Mulinari, F; Becker-Ritt, AB; Demartini, DR; Ligabue-Braun, R; Stanisguaski, F;
Verli, H; Fragoso, RR; Schroeder, EK; Carlini, CR; Grossi-de-Sa, MF.

Characterization of JBURE-IIb isoform of Canavalia ensiformis (L.) DC

urease. Biochimica et Biophysica Acta. Proteins and Proteomics, v. 1814,
p. 1758-1768, 2011.

VII. Orientagoes de Iniciagao Cientifica:

Fabio Carrer Andreis. Caracterizagdo filogenética de ureases. Centro de
Biotecnologia, UFRGS, de agosto de 2010 a julho de 2013.

VIll. Representacao de classe:

Representacao discente junto ao Conselho Cientifico do Centro de Biotecnologia
da UFRGS, maio de 2010 a abril de 2012.

Representacéo discente junto a Comissao de P6s-Graduagao do Programa de
Po6s-Graduagao em Biologia Celular e Molecular, UFRGS, maio de 2012

a marcgo de 2014.

IX. Educacao e popularizagao de ciéncia e tecnologia:

Co-organizagao, Curso de Férias PPGBCM, "Vocé conhece a célula?", publico-
alvo: professores de ciéncias e alunos de ensino médio, 2013.
Co-organizagao, Curso de Férias PPGBCM, "Plantas... Para que mesmo?",
publico-alvo: professores de ciéncias e alunos de ensino médio, 2011.
Co-organizagao, Curso de Férias PPGBCM, "Plantas... Como funcionam?",
publico-alvo: professores de ciéncias e alunos de ensino médio, 2011.
Co-organizagao, Curso de Férias PPGBCM, "Vocé conhece a célula?", publico-

alvo: professores de ciéncias e alunos de ensino médio, 2010.



194

IX. Bolsas recebidas:

Bolsa CNPqg de doutorado (Edital MCT/CNPq n°® 70/2009), Programa de
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