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RESUMO

Urease (EC 3.5.1.5) é uma metaloenzima dependente de niquel que catalisa a hidrélise da
ureia @ amonia e didxido de carbono. A Soja (Glycine max) produz duas isoformas de
urease: a urease ubiqua (uSBU) e a urease embrido-especifica (eSBU). Nosso grupo
demonstrou que eSBU apresenta propriedades bioldgicas independentes da sua atividade
ureolitica, como ativacdo de plaquetas, atividade inseticida e inibicdo do crescimento de
fungos fitopatogénicos, estes ultimos sugestivos de envolvimento das SBUs em
mecanismos de defesa da planta. Outras ureases também estudadas pelo nosso grupo, sdo
as de Feijdo-de-porco (Canavalia ensiformis). O Feijdo-de-porco produz trés isoformas de
urease: Canatoxina, JBU e JBURE-II, que também apresentam atividades biologicas, ndo
relacionadas a sua atividade enzimatica. Dentre elas, a atividade inseticida tem sido a mais
estudada. A toxicidade das ureases a insetos envolve a liberacdo de um peptideo interno
toxico, mediante a hidrolise por enzimas digestivas do inseto. Um peptideo equivalente foi
clonado em Escherichia coli e denominado Jaburetox. Este peptideo apresenta um amplo
espectro de acdo contra insetos e toxicidade contra fungos. Nossos objetivos nessa tese
foram estudar: 1) as propriedades bioldgicas da urease ubiqua de soja, fusionada a
Glutationa S-Transferase (GST-uSBU), e 2) as propriedades estruturais do peptideo
Jaburetox. No capitulo 1 mostramos que a GST-uSBU é toxica contra fungos filamentosos,
interferindo no metabolismo secundario fungico e na producdo de pigmentos, e também foi
toxica a leveduras, induzindo mudancas morfoldgicas. A proteina de fusdo apresentou
ainda atividade inseticida e induziu agregacdo de plaquetas de coelho e de hemdcitos de
insetos. Os dados sugerem que GST-uSBU serve de modelo para o estudos futuros de
propriedades bioldgicas de ureases de plantas. No captitulo 2, o peptideo Jaburetox foi
estabilizado em sua forma monomérica, com a utilizacdo do agente redutor TCEP (tris (2-
carboxietil) fosfina). O Jaburetox apresentou elevado raio hidrodinamico, caracteristico de
uma proteina intrinsicamente desordenada. Estes dados foram confirmados através de
analises de Dicroismo Circular, de preditores de desordem (PONDR) e por Ressonancia
Magneética Nuclear. A estrutura do peptideo em solucdo foi elucidada, apresentando um
motivo a-hélice na regido N-terminal e duas estruturas do tipo volta, uma na regido central
e outra proxima da regido C-terminal do peptideo. O conhecimento da estrutura
tridimensional do peptideo sera de grande importancia para o entendimento do mecanismo

de acdo inseticida e fungitoxico do Jaburetox.
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ABSTRACT

Urease (EC 3.5.1.5) is a nickel-dependent metalloenzyme that catalyzes the hydrolysis of
urea to form ammonia and carbon dioxide. Soybean (Glycine max) produces two urease
isoforms: ubiquitous urease (USBU) and the embryo-specific urease (eSBU). Our group
demonstrated that eSBU displays biological properties independent of its ureolytic activity,
such as platelets activation, insecticidal activity and inhibition of phytopathogenic fungi
growth. These data suggested that soybean ureases could be involved in plant defense.
Other ureases also studied by our group are jack bean (Canavalia ensiformis) ureases. Jack
bean produces three isoforms of ureases, Canatoxin, JBU and JBURE-II, which also have
biological properties unrelated to enzymatic activity. Among them, the insecticidal activity
has been the most studied. The toxicity of ureases against insects involves hydrolysis by
insect digestive enzymes and the release of a toxic internal peptide. An equivalent peptide
was cloned in Escherichia coli and called Jaburetox. This peptide presents a broad
spectrum of activity against insects and is also fungitoxic. In this thesis, our objectives
were to study: 1) the biological properties of the soybean ubiquitous urease fused to
Glutathione S- Transferase (GST-uSBU), and 2) the structural properties of the peptide
Jaburetox. In chapter 1, we show that GST-uSBU is toxic against filamentous fungi,
interfering on the fungal secondary metabolism, in the pigments production, and also
affected yeasts, inducing morphological changes. GST-uSBU also displayed insecticidal
activity and induced aggregation of rabbit platelets and insect hemocytes. Thus, this fusion
protein could serve as model for future studies related to biological properties on plant
ureases. In chapter 2, the peptide Jaburetox was stabilized in its monomeric form by using
the reducing agent TCEP (tris (2-carboxyethyl) phosphine). Jaburetox showed a large
hydrodynamic radius, which is characteristic of an intrinsically disordered protein. These
data were confirmed by Circular Dichroism analysis, disorder predictors (PONDR) and
Nuclear Magnetic Resonance. The structure of the peptide in solution was elucidated,
showing a a-helix motif in the N-terminal region and two turn-like structures, one located
in the central region and another near the C-terminal of the peptide. The knowledge of
Jaburetox’s three-dimensional structure is an important step towards the understanding of
its insectidal and fungitoxic mode of action.



16

1. INTRODUCAO

Desde os primoérdios da agricultura, aproximadamente 10.000 anos atras, o cultivo
das plantas teve que competir com diversos organismos nocivos como pestes animais
(insetos, acaros, nematdides, roedores, lesmas, caracoéis, passaros), patdgenos de plantas
(virus, bactérias, fungos, organismos do reino Chromista) e ervas daninhas (OERKE,
2006). Estes organismos nocivos, denominados pestes, causam elevadas perdas em
culturas, no mundo todo. As perdas podem chegar a até 80 %, em culturas de beterraba e
de algoddo, por exemplo (OERKE & DEHNE, 2004). Para atender a demanda por
alimentos para a crescente populagdo mundial, hd a necessidade de novas formas de
protecdo das culturas de plantas contra predadores e patégenos, bem como evitar o uso de
compostos quimicos no combate as pestes, pois estes compostos sdo prejudicais a0 meio
ambiente (CARLINI & GROSSI-DE-SA, 2002).

Em relacdo aos fungos, os fungicidas sintéticos tem controlado efetivamente
doencas de plantas por muitos anos, mas uma crescente preocupacao sobre os efeitos
ambientais destes fungicidas devido a sua toxicidade residual, a falta de especificidade e ao
desenvolvimento de resisténcia, enfatizam a necessidade do desenvolvimento de
alternativas para o controle seletivo (LEE, 2007). Uma vez que as plantas estdo sempre
expostas a estes micro-organismos presentes no ambiente, elas dispdem de uma variedade
de mecanismos potentes de defesa, incluindo a sintese de compostos de baixo peso
molecular, proteinas e peptideos que apresentam atividade antifingica. Estas proteinas
parecem estar envolvidas tanto na resisténcia constitutiva quanto induzida ao ataque de
fungos (SELITRENNIKOFF, 2001).

Insetos ndo sdo 0s Unicos responsaveis diretamente pelas massivas perdas nas
lavouras, porém também causam perdas indiretas relevantes devido ao seu papel como
vetor de varios patdgenos de plantas. Estas perdas ocorrem mesmo com 0 uso de pesticidas
e fungicidas (HILDER & BOULTER, 1999). Todas as plantas apresentam resisténcia
enddgena aos ataques dos insetos. Contudo, como resultado da co-evolugéo, insetos
herbivoros tem se adaptado as defesas de plantas (GATEHOUSE, 2002). Plantas
geneticamente modificadas, com resisténcia aumentada a insetos, estdo revolucionando a
agricultura, levando a reducdo do uso de pesticidas e menores gastos de producdo.

Atualmente, as plantas transgénicas no mercado expressam principalmente toxinas
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derivadas da bactéria Bacillus thuringiensis (Bt). Contudo, existem insetos que ndo séo
susceptiveis as toxinas Bt e, por isso, a busca por alternativas para controle dessas pestes

tem ganhado muita atencéo.

Devido ao fato de que as ureases de plantas tém atividade contra insetos resistentes
a toxina Bt, somado a toxicidade a fungos fitopatogénicos, as ureases e seus peptideos
derivados apresentam grande potencial biotecnologico. Dessa forma, o estudo das
propriedades entomotdxicas e fungitoxicas das ureases de plantas é fundamental para o
desenvolvimento de estratégias alternativas para proteger culturas comercialmente
relevantes, contra seus inimigos naturais (CARLINI & POLACCO, 2008;
VANDENBORRE, SMAGGHE, & DAMME, 2011; STANISCUASKI & CARLINI,
2012).
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2. REVISAO BIBLIOGRAFICA
2.1. UREASES

Ureases (EC 3.5.1.5; ureia amidohidrolase) sdo metaloenzimas amplamente
distribuidas na natureza entre plantas, fungos e bactérias, ndo sendo sintetizadas por
animais. Catalisam a hidrolise da ureia, formando amonia e dioxido de carbono. O
substrato ureia € disponivel em abundancia, estando presente na urina de animais, na
decomposicdo de compostos nitrogenados de organismos mortos e, também, devido a sua
aplicacdo como fertilizante. Dessa forma, a producdo de ureases permite aos organismos
utilizarem fontes exdgenas e enddgenas de ureia como fonte de nitrogénio para a sua
nutricdo (MOBLEY & HAUSINGER, 1989; FOLLMER, 2008; KRAJEWSKA, 2009).

Ureases de plantas e de fungos sdo usualmente trimeros (o) ou hexameros (o)
com subunidades de aproximadamente 90 kDa, enquanto que as ureases bacterianas sao
multimeros de duas ou trés subunidades (usualmente [o.,B,y]3s) (MOBLEY, ISLAND, &
HAUSINGER, 1995; SIRKO & BRODZIK, 2000) (Figura 1). A subunidade Unica de
ureases de plantas e de fungos alinha com as subunidades menores das ureases bacterianas
(na ordem y-p-a). O alinhamento das trés subunidades da urease de Klebsiella aerogenes
com a regido ortdloga da urease majoritaria de Canavalia ensiformis revelou mais de 50 %
de identidade. Esta similaridade entre reinos sugere que todas as ureases sdo variantes do
mesmo ancestral e apresentam mecanismos cataliticos similares (MOBLEY et al., 1995;
SIRKO & BRODZIK, 2000; FOLLMER, 2008).

Schizosaccharomyces pombe [ D 835 aa
Canavalia ensiformis ‘ - 840 aa

Figura 1: Organizacdo estrutural de ureases. Em plantas (Canavalia ensiformis) e fungos

(Schizosaccharomyces pombe) as ureases sdo formadas por um Unico tipo de cadeia
polipeptidica. Ja as ureases bacterianas apresentam trés tipos de subunidades (Klebsiella
aerogenes) ou dois tipos de cadeias polipeptidicas (Helicobacter pylori). Retirada de

www.ufrgs.br/laprotox.
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Nosso grupo demonstrou recentemente, através de estudos filogenéticos, que o
ancestral das ureases possuia trés cadeias, e sua transicdo para enzimas com uma cadeia
ndo envolveu intermediarios de duas cadeias. As variantes de urease com uma e duas
cadeias podem ter derivado de um processo de fusdo génica dos trés genes ancestrais
(LIGABUE-BRAUN et al., 2013).

Ureases geralmente apresentam dois fons Ni** em seus sitios ativos, com poucas
excecoes relatadas na literatura, como a Canatoxina isolada de C. ensiformis, que contém
zinco no sitio ativo (FOLLMER et al., 2002) e a urease bacteriana de Helicobacter
mustelae que contém ferro (CARTER et al., 2011). Estudos genéticos e bioquimicos
realizados em sistemas eucariéticos e procarioticos demonstraram que a a maioria destas
enzimas requer proteinas acessorias para a correta inser¢cdo do niquel no sitio ativo
(CARTER et al., 2009; ZAMBELLI et al., 2011).

Um estudo em Arabidopsis thaliana demonstrou que as proteinas acessorias UreD,
UreF e UreG sdo necessarias e suficientes para ativacdo da urease, uma vez que plantas
knockout para qualquer um dos genes destas proteinas acessorias ndo apresentavam
atividade ureolitica. Neste trabalho, também foi demonstrado que a partir da co-expressdo
dos genes para as proteinas acessorias e do gene estrutural da urease de A. thaliana, foi
possivel a ativacdo da urease em células de Escherichia coli (WITTE, ROSSO &
ROMEIS, 2005). Além disso, KIM, MULROONEY & HAUSINGER (2005) reportaram
que apesar de Bacillus subtilis apresentar uma urease cataliticamente ativa, esta bactéria
ndo apresenta genes para as proteinas acessorias. Os autores sugerem que B. subtilis pode
utilizar proteinas acessorias ainda ndo identificadas na ativacdo da urease. Ha na literatura,
também, alguns casos de um ou mais genes de proteinas acessdrias ndo serem encontrados
no operon da urease de determinados organismos. Um exemplo é o operon da bactéria
Mycobacterium tuberculosis linhagem Erdman, o qual ndo contém o gene para a UreD e
mesmo assim sintetiza uma urease ativa. Os autores postulam que o gene para a UreD pode
estar em outra regido no cromossomo bacteriano (CLEMENS, LEE & HORWITZ, 1995).
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2.1.1. UREASES DE PLANTAS

Ureia € uma importante fonte primaria de nitrogénio para plantas. O catabolismo da
arginina é a Unica rota confirmada para geracao de ureia in vivo. A degradacdo das purinas
e ureidos também poderia gerar ureia, porém esta segunda rota ainda € um pouco
controversa. O nitrogénio somente é assimilavel apds a hidrélise da ureia e este é o
principal papel fisiologico atribuido as ureases de plantas. A aménia resultante €
assimilada pela glutamina sintetase, utilizando glutamato como substrato (REAL-
GUERRA et al, 2013). A atividade uredsica estd presente virtualmente em todas as
espécies de plantas, sendo distribuida em todos os tecidos (POLACCO & WINKLER,
1984; TORISKY & POLACCO, 1990; WITTE, 2011).

2.1.1.1. UREASES DE SOJA (Glycine max)

A leguminosa Soja tem sido economicamente muito importante como fonte de
varias proteinas para uso industrial. Aléem do fato de ser uma fonte rica de proteinas e de
facil isolamento, os subprodutos derivados de proteinas da soja sdo de importancia para
aves, para pesca e para alimentacdo de rebanhos leiteiros. Dentre vérias proteinas presentes
na soja, umas delas € urease, presente em abundancia nas sementes e em menor quantidade
nos outros tecidos (KUMAR, DWEVEDI, & KAYASTHA, 2009). O isolamento da urease
de soja, pioneiro dentre ureases de vegetais superiores, foi realizado por Takeuchi, em
1909 (FEARON, 1923).

A urease produz duas isoformas na soja, a urease embrido-especifica (eSBU) que é
sintetizada somente no embrido em desenvolvimento e acumula nas sementes maduras
(codificada pelo gene Eul, GenBank AY230157, Phytozome Glyma05g27840)
(POLACCO, & HAVIR, 1979; POLACCO & WINKLER, 1984; POLACCO &
HOLLAND, 1993) e a urease ubiqua (uSBU) (codificada pelo gene Eu4, GenBank
AY230156, Phytozome Glymallg37250), que é encontrada em pequenas quantidades em
todos os tecidos da planta (TORISKY et al., 1994). uSBU ¢ considerada a isoforma
responsavel pela reciclagem de ureia. Este fato foi demonstrado pelo fato de que mutantes
com silenciamento desta isoforma ndo acumulam ureia em nenhum tecido e ndo ha

prejuizo com o uso da ureia como Unica fonte de nitrogénio. No entanto, mutantes do gene
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Eu4 que ndo expressavam uSBU, apresentaram um fenotipo caracteristico como necroses
nas extremidades das folhas e raizes, acimulo de ureia nas folhas e sementes, além de
retardamento na germinacdo (POLACCO & HOLLAND, 1993). O cDNA de ambas as
isoformas foi sequenciado, mostrando que estas compartilham 87 % de identidade e 92 %
de similaridade (GOLDRAIJ, BEAMER & POLACCO, 2003). Nosso grupo clonou a
uSBU em Escherichia coli no plasmideo pGEX-4T-2, expressando uSBU como uma
proteina fusionada a Glutationa S-Transferase (GST) (MARTINELLI, 2007), com intuito
de realizar ensaios bioldgicos com a mesma, uma vez que, devido as pequenas quantidades
da proteina encontrada na soja, sua purificacdo a partir de tecidos da planta seria

praticamente inviavel.

Em 2010, o genoma da soja foi sequenciado (SCHMUTZ et al., 2010) e foi
confirmada a presenca dos dois genes de urease, Eul e Eu4. Além disso, foi revelado um
terceiro gene (Glyma08g10850), que acredita-se ser uma terceira isoforma de urease. Este
paralogo é provavelmente ndo funcional como enzima, devido ao acimulo de mutacdes
(troca de aminoacidos funcionalmente essenciais, delecdes parciais na sequéncia e um
cédon de parada prematuro). De acordo com as evidéncias de que a urease eSBU possa
estar envolvida com defesa, essa também poderia ser uma funcdo desta terceira isoforma
(WITTE, 2011).

2.1.1.2. UREASES DE FEIJAO-DE-PORCO (Canavalia ensiformis)

O Feijdo-de-porco (Canavalia ensiformis) apresenta trés isoformas de ureases:
urease majoritaria (JBU) (SUMNER, 1926), Canatoxina (CARLINI & GUIMARAES,
1981; FOLLMER et al., 2001) e JBURE-II (PIRES-ALVES et al., 2003; MULINARI et al,
2011). Os estudos da urease majoritaria de Feijdo-de-porco (JBU) foram um grande marco
em Bioquimica. A andlise dos cristais desta urease demonstrou a natureza proteica de
enzimas (SUMNER, 1926), rendendo um prémio Nobel de Quimica ao pesquisador James
Sumner, em 1946. Em estudos com a mesma proteina, foi descoberto um papel biol6gico
do Ni*, que é encontrado no sitio ativo de JBU, e da grande maioria das ureases,
classificando-as como metaloenzimas (DIXON et al., 1975). A Canatoxina, por sua vez,
foi isolada por Carlini & Guimaries (CARLINI & GUIMARAES, 1981) e, somente 20
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anos mais tarde, essa neurotoxina foi identificada como uma isoforma de urease
(FOLLMER et al., 2001). Por fim, a JBURE-II teve seu cDNA clonado em E. coli (PIRES-
ALVES et al., 2003; MULINARI et al., 2011), apresentando alta identidade de
aminoacidos com ureases de plantas (71 a 82 %), sendo, assim, caracterizada como uma
terceira isoforma de urease de C. ensiformis. A apoJBURE-II foi obtida de forma
recombinante em E. coli na auséncia de proteinas acessorias e apresentou varias das

propriedades bioldgicas descritas para Canatoxina e JBU (MULINARI et al., 2011),

2.1.2. UREASES MICROBIANAS

Ureases microbianas sdo importantes enzimas em determinados estados patoldgicos
de humanos e de outros animais, no metabolismo de ruminantes e nas tranformacdes
ambientais de determinados compostos nitrogenados (MOBLEY & HAUSINGER, 1989).
Algumas ureases séo consideradas fatores de viruléncia, pois apresentam importante papel
na patogénese de doencas em humanos e em animais. Entre as bactérias para as quais a
urease foi caracterizada como fator de viruléncia estdo Proteus mirabilis, Helicobacter
pylori, Clostridium perfringens, Klebsiella pneumoniae, Salmonella spp., Staphylococcus
saprophyticus, Ureoplasma urealyticum, Yersinia enterocolitica, entre outras. A
contribuicdo para a patogénese, na maioria desses casos, reflete os efeitos da hidrolise da
ureia, que s@o o aumento de pH e toxicidade, pela liberagdo de amonia e de seus derivados.
Ureia € o maior subproduto do metabolismo de nitrogénio da maioria dos animais
terrestres, é produzida no figado, carreada pela corrente circulatoria até os rins e €
excretada na urina. Sua concentracdo no soro de individuos saudaveis € em torno de 1-10
mM e na urina é de aproximadamente 0,5 M. Adicionalmente, é estimado que entre 20-25
% de toda ureia produzida esteja no trato gastrointestinal, sendo sua concentracdo no
estdmago de 1,7-3,4 mM. Como o K, para ureia da maioria das ureases esta na faixa de
0,1 a 5 mM, nos tecidos a atividade ureolitica ocorre em condicdes saturantes (MOBLEY,
ISLAND & HAUSINGER, 1995; KRAJEWSKA, 2009). Por isso, em humanos, o sistema
urinario e digestério sdo os locais mais comuns de infeccBes por estas bactérias
(MOBLEY, ISLAND & HAUSINGER, 1995; KRAJEWSKA, 2009). A presenca de
atividade ureolitica foi reportada em doencgas como urolitiase, pielonefrite, encefalopatia,

coma hepdtico, infecgdes gastroduodenais, entre outras (MORA & ARIOLI, 2014). Uma
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das ureases bacterianas mais estudada é a urease de H. pylori, que tem sido relacionada a
Ulceras pépticas e cancer de estdmago (TAN & WONG, 2011).

Estudos com as leveduras Cryptococcus neoformans e Coccidioides posadasii
sugerem que mudancgas de pH urease-dependentes estédo envolvidas na evasdo dos fungos
do nosso sistema imunitério e a toxicidade da amonia liberada contribui para a patogénese
de modo sistémico (RUTHERFORD, 2014). Em um trabalho publicado recentemente pelo
nosso grupo, mutantes knockout de Cryptococcus gattii para o gene estrutural (URE1) ou
para os genes que codificam as proteinas acessérias URE4 e URE6 foram construidos. Os
dados sugerem que a uredlise mediada pela urease de C. gattii ndo é a Unica fungéo desta
enzima durante a infeccdo. Enquanto que esta atividade é aparentemente necessaria para a
colonizacao inicial dos pulmdes, a uretlise ndo € tdo importante nos estagios finais da
infeccdo. Estes resultados sugerem que a urease de C. gattii tem um importante papel na
viruléncia, em parte possivelmente devido a mecanismo(s) independente(s) da atividade
ureolitica (FEDER et al., 2015). Uma vez que humanos ndo produzem ureases e nao
possuem enzimas dependentes de niquel, as ureases tem sido propostas como potenciais
alvos terapéuticos, para doencas causadas por micro-organismos produtores desta enzima
(RUTHERFORD, 2014).

Ureases microbianas podem atuar de forma positiva em seres humanos e em
alimentos, fatos reconhecidos apenas recentemente. Ureases produzidas pela comunidade
bacteriana oral atuam na contencdo de caries, sendo que individuos sem céries apresentam
alta atividade ureolitica em amostras de placas bacterianas. Algumas bactérias lacticas,
com documentado comportamento probiotico, sdo ureases-positivas. Igualmente, outras
espécies de bactérias lacticas, que sdo amplamente utilizadas em produtos lacteos
fermentados e na producdo de iogurte, utilizam a atividade uredsica para conter o estresse
acido, além de fornecer dioxido de carbono e amonia para diversas rotas biossintéticas.
Urease ¢ também difundida em diversas espécies pertencentes a microbiota intestinal
humana e € estimado que esta comunidade complexa tem habilidade de hidrolisar de 15-
30% da ureia sintetizada em individuos normais (MORA & ARIOLLI, 2014).

E de grande importancia na agricultura a atividade ureolitica de solos. Esta
atividade deriva de micro-organismos, mas principalmente de ureases do solo, proveniente

de plantas e de células microbianas mortas, tornando a enzima extracelular. A urease no
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solo é estabilizada ao ser imobilizada em argilas e substancias humicas. A presenca desta
forma estavel de urease no solo permite o uso de ureia como um eficiente fertilizante
(KRAJEWSKA, 2009). A urease de Bacillus pasteurii pode ser encontrada livre e
enzimaticamente ativa no solo apds lise celular (CONRAD, 1940). O solo ao redor das
raizes das plantas, a rizosfera, contém uma vasta gama de exsudatos de raizes (WALKER
et al., 2003). Atividades indutoras de secre¢do sdo comuns entre ureases microbianas e de
plantas, e poderiam contribuir para a riqueza de compostos encontrados na rizosfera
(OLIVERA-SEVERO et al, 2006). A urease de Bradyrhizobium japonicum, uma bactéria
diazotréfica simbionte em soja, ndo esta envolvida nos processos de nodulacéo ou fixagdo
de nitrogénio na planta. Porém, as ureases da soja exercem um efeito quimiotatico sobre B.
japonicum e contribuem, por um mecanismo nao esclarecido, para 0s processos de
nodulacéo e fixacao de nitrogénio pela planta (MEDEIROS-SILVA et al., 2012).

2.2. PROPRIEDADES BIOLOGICAS DE UREASES E PEPTIDEOS DERIVADOS

As ureases vegetais e microbianas pertencem a um grupo de proteinas
multifuncionais (moonlighting), apresentando além da atividade ureolitica, outras
propriedades independentes da hidrdlise de ureia (FOLLMER et al., 2004). Estas proteinas
apresentam no minimo dois dominios proteicos distintos, responsaveis por atividades
bioldgicas diferentes: no caso das ureases, um dominio com atividade hidrolitica sobre a
ureia, tiol-dependente e suscetivel de inibicdo por agentes oxidantes, e pelo menos mais
um segundo dominio, tiol-independente, responsavel por outras propriedades biologicas
ndo relacionadas com a hidroélise de ureia (CARLINI & POLACCO, 2008).

2.2.1. PROTEINAS MOONLIGHTING

Proteinas Moonlighting formam uma classe especial de proteinas multifuncionais,
que apresentam funcBes multiplas, autbnomas e muitas vezes ndo relacionadas. Um
importante critério para proteinas moonlighting é a independéncia das diferentes funcdes,
significando que a inativacdo de uma funcéo (por exemplo, por mutacdo) pode ndo afetar
outras funcbes e vice versa (HUBERTS & VAN DER KLEI, 2010). A definicdo de
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proteinas moonlighting exclui proteinas que resultam de splicing alternativo, de
modificacGes pds-traducionais e fusdes de genes; proteinas capazes de utilizar maltiplos
substratos e proteinas catalisando multiplos passos na mesma rota metabélica (SRIRAM et
al., 2005). Uma faceta interessante dessas proteinas é que uma proteina moonlighting em
um organismo pode ndo ser uma proteina moonlighting em outro, sugerindo que pequenas
variagbes na sequéncia da proteina sdo responsaveis pelas acgGes moonlighting
(HENDERSON, LUND, & COATES, 2010).

2.2.2. ATIVIDADE INSETICIDA

A primeira isoforma de urease a ser testada contra insetos foi a Canatoxina, que
mostrou-se letal quando ingerida por Callosobruchus maculatus, Rhodnius prolixus,
Dysdercus peruvianus, Nezara viridula, porém ndo afetou outros insetos como Manduca
sexta, Schistocerca americana, Drosophila melanogaster e Aedes aegypti (CARLINI et al.,
1997; FERREIRA-DASILVA et al., 2000; CARLINI & GROSSI-DE-SA, 2002;
STANISCUASKI et al., 2005). A isoforma majoritaria JBU foi testada contra R. prolixus,
D. peruvianus e Oncopeltus fasciatus, mostrando o0 mesmo nivel de atividade inseticida da
Canatoxina (FOLLMER et al., 2004; STANISCUASKI et al., 2010; DEFFERRARI et al,
2011). Por fim, a isoforma JBURE-1I também apresenta efeitos entomotoxicos, causando
inibicdo de diurese em R. prolixus (MULINARI et al. 2011). O efeito inseticida das
ureases é dependente do ciclo de vida do inseto, afetando preferencialmente ninfas quando
administrado por via oral (FERREIRA-DASILVA et al, 2000; CARLINI & GROSSI-DE-
SA, 2002; STANISCUASKI et al, 2005).

A urease de soja eSBU apresentou atividade entomotoOxica contra Dysdercus
peruvianus (FOLLMER et al., 2004), enquanto que a urease de feijdo-guandu (Cajan
cajan) causou mortalidade em Callosobruchus chinensis (BALASUBRAMANIAN et al.,
2013). Por outro lado, a urease de Bacillus pasteurii ndo apresentou atividade inseticida.
Como esta proteina ndo tem a parte da sequéncia que apresenta atividade inseticida das
ureases, postulou-se que isso explicaria a auséncia de toxicidade (FOLLMER et al., 2004).
Estudos posteriores mostraram efeitos entomotoxicos diretos da JBU como inibicdo de
diurese, interferéncia no transporte de dgua e na contragcdo muscular (STANISCUASKI &
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CARLINI, 2012). Nosso grupo relatou a atividade inseticida de bactérias do género
Photorhabdus (SALVADORI et al., 2012), indicando a existéncia de mais de um dominio

entomotoxico nessas proteinas.

Recentemente, foi reportada a toxicidade da urease de Yersinia pseudotuberculosis
contra a pulga (Xenopsylla cheopis). Y. pseudotuberculosis é a espécie mais proxima de Y.
pestis, a Ultima sendo a causadora da peste bubdnica. Outros resultados deste trabalhos
também evidenciaram que Y. pestis apresenta uma delecdo na proteina acesséria UreD,
sendo in6cua a X. cheopis. Mutantes de Y. pestis expressando esta proteina, tiveram a
atividade ureolitica restabelecida e tornaram-se toxicas a Xenopsylla cheopis. A inibicdo da
atividade ureolitica em Y. pestis é importante, pois esta pulga é a responsavel por transmitir
a bactéria Y. pestis através de sua picada, favorecendo assim a relagcdo simbiotica entre a
bactéria e a pulga (CHOUIKHA & HINNEBUSCH, 2014).

2.2.2.1. JABURETOX

A atividade inseticida de Canatoxina € em parte dependente da liberagdo de um
peptideo interno de 10 kDa (Pepcanatox), liberado por hidrélise da toxina por enzimas
digestivas do tipo catepsina (cisteino e aspartico proteases) encontradas nos insetos C.
maculatus, R. prolixus, N. viridula, D. peruvianus e O. fasciatus (FERREIRA-DASILVA
et al., 2000; CARLINI & GROSSI-DE-SA, 2002; STANISCUASKI et al., 2005;
DEFFERRARI et al., 2011). Por outro lado, ndo ha liberacdo desse peptideo da Canatoxina
quando esta é ingerida por insetos que apresentam enzimas do tipo tripsina (serino
proteases), como M. sexta, S. americana, D. melanogaster e A. aegypti. A ativagédo
proteolitica de canatoxina foi demonstrada pela digestdo in vitro da proteina com enzimas
obtidas de larvas de C. maculatus, os peptideos resultantes foram fracionados por gel
filtracdo e testados contra R. prolixus. Da fracdo mais ativa foi isolado um peptideo toxico
de 10 kDa, denominado Pepcanatox (FERREIRA-DASILVA et al., 2000).

Baseado na sequéncia N-terminal do peptideo Pepcanatox e utilizando como molde
0 cDNA da isoforma JBURE-II, obteve-se, por expressao heteréloga em Escherichia coli,
um peptideo recombinante, o Jaburetox-2Ec (apresentando um epitopo viral V5 e uma

cauda com seis histidinas) (MULINARI et al., 2007). Jaburetox-2Ec apresentou um amplo
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espectro de atividade inseticida, que também incluiu insetos ndo susceptiveis a Canatoxina
como Spodoptora frugiperda (MULINARI et al., 2007). Jaburetox-2Ec causou a inibicéo
da diurese em R. prolixus por um mecanismo que envolve GMP ciclico e distdrbio do
potencial transmembrana dos tabulos de Malpighi (STANISCUASKI et al., 2009). Além
disso, Jaburetox-2Ec permeabilizou lipossomas unilamelares grandes, demonstrando a sua
capacidade de desorganizar bicamadas lipidicas acidicas (PG [L-a-fosfatidil glicerol], PA
[L-a-acido fosfatidico] e PC [L-a-lisofosfatidilcolina]/PA) (BARROS et al., 2009).

Com intuito de compreender o modo de acdo inseticida do Jaburetox-2Ec, estudos
de modelagem molecular foram realizados sugerindo a existéncia de um motivo do tipo
grampo P na por¢do C-terminal do peptideo (MULINARI et al., 2007, BARROS et al.,
2009) (Figura 2). Este motivo foi confirmado na estrutura cristalografica de JBU
(BALASUBRAMANIAN & PONNURAJ, 2010), sugerindo-se que este poderia ser a
regido do peptideo com ativadade sobre membranas (BALASUBRAMANIAN et al., 2013;
BARROS et al., 2009). Um variante do peptideo recombinante Jaburetox-2 Ec, sem o
epitopo V5 e contendo apenas a cauda de histidina, foi clonado e expresso em E. coli e
denominado apenas Jaburetox (POSTAL et al., 2012).
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Figura 2: Similaridades Estruturais de Jaburetox-2Ec. (a) neurotoxina tipo o« BMKMI1 de

escorpido: inibidor de canal de sddio; (b) (PDB ID: 1djt) e -neurotoxina inibidor de canal
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de Potéssio; (c) (PDB ID: 1b3c) e BMKK4; (d) (PDB ID: 1s8 k). Os segmentos dos
peptideos com alta similaridade estrutural sdo mostradas em laranja. Para compara¢do, 0s
dominios grampos f sdo mostrados para: Jaburetox-2EcC (e) e 0s peptideos envolvidos na
formagéo de poros/canais: protegrin-1 (f) (PDB ID: 1pgl), tachyplesin-1 (g) (PDB ID:
1wo0) and polyphemusin PV5 (h) (PDB: 1x7k). Retirada de BARROS et al., 2009).

Visando confirmar experimentalmente a importancia do motivo grampo [, trés
mutantes do peptideo Jaburetox foram construidos: Jbtx AP (mutante com delecdo do
grampo PB), Jbtx N ter (mutante correspondente a metade N-terminal do peptideo) e Jbtx C-
ter (mutante correspondente a metade C-terminal do peptideo, e que contem o grampo j3)
(MARTINELLI et al., 2014). O peptideo com dele¢do do grampo B apresentou todas as
propriedades bioldgicas da forma selvagem do peptideo, demonstrando ndo ser esta a
porcdo biologicamente ativa da molécula. J& em ensaios de injecdo em O. fasciatus e R.
prolixus, somente o peptideo mutante correspondente a metade N-terminal apresentou
atividade inseticida, enquanto os outros dois peptideos foram inécuos. Contudo, Jbtx C-ter
e Jbtx N-ter foram ativos quando ingeridos pelos insetos, indicando diferentes modos de
acdo para os peptideos, dependendo da via de administracdo. Ambos 0s peptideos
causaram o bloqueio da juncdo neuromuscular da barata Phoetalia pallida, inibiram a
secrecdo em tubulos de Malpighi de R. prolixus, além de causarem ruptura de vesiculas
unilamelares grandes. Estes dados sugerem que a por¢ao N-terminal é a responsavel pela
atividade entomotdxica. No entanto, a regido C-terminal do peptideo contribui de forma
importante na interacdo do Jaburetox com membranas celulares (MARTINELLI et al.,
2014) (Figura 3). Comprovando a capacidade do Jaburetox de interagir com membranas,
outros estudos demonstraram que 0 peptideo selvagem e seus mutantes podem se inserir
em bicamadas lipidicas planares e formar canais idnicos cations seletivos. O peptideo Jbtx
N-ter € mais ativo, formando canais em membranas com potenciais negativos, enquanto
que a atividade de formar canais dos outros mutantes é voltagem independente
(PIOVESAN et al., 2014).
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Figura 3: Efeitos dos mutantes do Jaburetox sobre LUVs e atividade inseticida pelas vias
de administracdo injecéo e ingestdo. Retirada de MARTINELLI et al., 2014.

2.2.3. ATIVIDADE ANTIFUNGICA

Canatoxina foi a primeira urease descrita por ser capaz de inibir (1 mg de proteina
purificada) o crescimento radial de diversos fungos filamentosos fitopatogénicos como
Macrophamina phaseolina, Sclerotium rofstii e Colletotrichum gloesporioides
(OLIVEIRA et al., 1999). Estudos posteriores demonstraram que eSBU purificada de
semente de soja inibia o crescimento e/ou germinacdo de esporos dos fungos filamentosos
Colletotrichum musae, Curvularia lunata, Penicillium herquei, Fusarium oxysporum, F.
solani, Trichoderma sp., T. viride e T. pseudokoningii. No mesmo estudo, verificou-se um
espectro de acdo diferenciado para a JBU (F. solani, F. oxysporum, C. musae, C. lunata e
P. herquei) e para a urease de H. pylori (P. herquei e C. lunata). Estas ureases
apresentavam atividade antifingica, independente da atividade ureolitica, em
concentracbes de 0,27 uM (BECKER-RITT et al., 2007). Analise por microscopia
eletrbnica de varredura do fungo fitopatogénico P. herquei, apds tratamento com JBU e
eSBU, evidenciaram desorganizacdo e ramificacdes das hifas, além de ruptura da parede
celular, sugerindo assim a ocorréncia de plasmdlise. A urease purificada de semente de
algodao (Gossypium hirsutum) foi fungitoxica contra os fungos C. musae, C. lunata e P.
herquei na dose de 10 ug (MENEGASSI et al., 2008) e a apourease recombinante JBURE-
I1B de C. ensiformis inibiu o fungo P. herquei (MULINARI et al., 2011).
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Mais recentemente, POSTAL et al., 2012 demonstraram a atividade antifingica de
JBU sobre as leveduras Candida parapsilosis, C. tropicalis, C. albicans, Kluyveromyces
marxianus, Pichia membranifasciens e Saccharomyces cerevisiae em doses de 0,18 uM. A
JBU causou a inibicéo da proliferacdo das leveduras, induziu a formacao de pseudo-hifas,
mudangas no transporte de H' e no metabolismo de carboidratos, bem como
permeabilizacdo de membranas. Ainda nesse trabalho, hidrolisados de JBU foram gerados
com papaina, com intuito de identificar o(s) dominio(s) antifungicos de JBU. Os peptideos
fungitdxicos obtidos foram analisados por espectrometria de massas, identificando-se um
um fragmento contendo a regido N-terminal do Jaburetox. Testado para efeitos
fungitoxicos, o Jaburetox foi ativo contra os fungos filamentosos Mucor sp. e P. herquei e
contra as mesmas leveduras sensiveis a JBU, porém em doses mais elevadas como 9 e 18
uM, sugerindo a existéncia de pelo mais outra regido fungitdxica na JBU, além daquela

correspondente ao Jaburetox.

O grupo indiano do Dr. Karthe Ponnuraj relatou que a urease de feijdo-guandu
(Cajanus cajan) inibiu o crescimento dos fungos Colletotrichum sp., C. lunata, Fusarium
moniliforme e Macrophomina phaseolina e inibiu a germinacdo dos esporos de
Colletotrichum sp., C. lunata, Fusarium moniliforme, Botrytis sp e F. oxysporum. Esta
urease também afetou a germinacdo de esclerodios de M. phaseolina
(BALASUBRAMANIAN et al., 2013).

Recentemente, evidéncias in planta da participacdo de uSBU na resisténcia da soja
a fungos foram obtidas. Plantas de soja transgénicas construidas para super-expressar a
uSBU apresentaram silenciamento do transgene e ainda co-supressdo dos genes endogenos
de urease, resultando em plantas “nulas” para urease. Ensaios com folhas dessas plantas
mostraram maior susceptibilidade aos fungos P. herquei (patégeno de milho), Phomopsis
sp. e Rhizoctonia solani (patdgenos de soja). Inoculadas com o fungo biotrofico
Phakospora pachyrhizi, responsavel pela doenca denominada ferrugem asiatica na soja, as
plantas silenciadas mostraram maior nimero de lesbes causadas pelo patégeno. Alem
disso, cultivares de soja resistentes a ferrugem asiatica (PI561356) apresentaram altos
niveis de expressdo de uSBU apds a infeccdo com P. pachyrhizi, em compara¢do com um
cultivar susceptivel (Embrapa-48). Estes dados corroboram com um possivel papel de
defesa de uSBU contra a infec¢do por fungos em soja (WIEBKE-STROHM et al., 2012).
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2.2.3.1. SOYURETOX

O peptideo Soyuretox é o equivalente ao peptideo Jaburetox obtido a partir da
urease de soja. Para a clonagem em E. coli foi utilizado como molde o gene da uSBU,
previamente clonado em pGEX-4T-2 (MARTINELLI, 2007). Para a determinacdo da
regido equivalente ao Soyuretox, foi realizado um alinhamento das sequéncias de
nucleotideos do gene da urease ubiqua de soja e de JBURE-II, a partir da qual foi realizada
a clonagem do Jaburetox-2Ec (MULINARI et al., 2007). Dos 101 aminoacidos do
Soyuretox, 74 (71,8 %) sdo idénticos em ambos os peptideos e dos 27 diferentes, 20 de 21
estdo localizados na regido N-terminal. Igualmente ao peptideo Jaburetox, o Soyuretox
também apresentou tendéncia a oligomerizagdo (KAPPAUN, 2014).

Estudos de caracterizacdo biologica do peptideo foram realizados, sendo que o
peptideo recombinante apresentou atividade antifingica contra os fungos filamentosos P.
herquei e C. lunata e contras as leveduras C. albicans, C. tropicalis e S.cerevisae nas doses
de 9 e 18 uM. Além disso, o Soyuretox foi superexpresso em raizes de soja do cultivar
Williams 82, o qual é susceptivel a nematdides. Raizes superexpressando Soyuretox
exibiram uma reducdo significativa de 50% na presenca do nematdide Meloidogyne
javanica e de seus ovos, comparando com raizes de plantas tranformadas com o plasmideo
vazio e de plantas ndo transformadas. Os resultados indicam que, utilizado como um
transgene, o Soyuretox confere um efeito protetor contra nematdides e fungos em plantas
de soja (RECHENMACHER et al., em preparacéo).

2.2.4. OUTRAS PROPRIEDADES BIOLOGICAS DE UREASES

A Canatoxina administrada intraperitonealmente a ratos e camundongos (LDsg 0,4-
0,6 e 2-3 mg/kg, respectivamente) induziu dificuldade respiratdria, convulsdo e morte
(CARLINI & GUIMARAES, 1981; CARLINI et al., 1984) em até 24 horas. Em doses
subconvulsivantes, a Canatoxina promoveu em ratos um aumento dos niveis plasmaticos
de gonadotrofinas (RIBEIRO-DASILVA, PIRES-BARBOSA & CARLINI, 1988) e de
insulina (RIBEIRO-DASILVA & PRADO, 1993), além de causar efeitos pro-inflamatorios
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nos animais (BENJAMIN, CARLINI, & BARJA-FIDALGO, 1992). In vitro, a Canatoxina
apresentou potente atividade secretagoga, em doses nanomolares, em diversos sistemas
celulares isolados, incluindo agregacdo e secrecdo de plaquetas (BARJA-FIDALGO,
GUIMARAES, & CARLINI, 1991; CARLINI, GUIMARAES & RIBEIRO, 1985),
secrecdo de dopamina e serotonina por sinaptossomas (BARJA-FIDALGO, GUIMARAES
& CARLINI, 1991), liberagdo de histamina por mastocitos (GRASSI-KASSISSE &
RIBEIRO-DASILVA, 1992) e secrecao de insulina por ilhotas pancreaticas isoladas
(BARJA-FIDALGO, GUIMARAES & CARLINI, 1991a; BARJA-FIDALGO,
GUIMARAES, & CARLINI, 1991). A Canatoxina inibiu o transporte de célcio pela Ca**,
Mg®*-ATPase de membranas de vesiculas do reticulo sarcoplasmético, sem contudo inibir
a hidrélise de ATP (ALVES et al., 1992) e alterou o fluxo de Ca** da membrana
plasmética de plaguetas com canais de Ca”" inibidos por verapamil (GHAZALEH et al.,
1997). A urease de Helicobacter pylori (HPU) também induziu inflamac&o in vivo no
modelo de edema de pata em camundongo. Adicionalmente, a HPU inibiu a apoptose e
ativou neutrofilos humanos a produzir espécies reativas de oxigénio (ROS), efeitos que

poderiam contribuir para a patogénese causada por H. pylori (UBERTI et al., 2013).

Como inicialmente descrito para a Canatoxina, outras ureases, vegetais (JBU e
eSBU) ou microbianas (B. pasteurii e H. pylori) também induziram a agregacdo de
plaquetas de coelho e de humanos (FOLLMER et al., 2004; OLIVERA-SEVERO et al.,
2006; WASSERMANN et al., 2010). Ao contrério de Canatoxina, JBU ndo apresentou
toxicidade quando injetada intraperitonealmente em camundongos (FOLLMER et al.,
2001), mas ambas sdo ativas se administrada por via endovenosa. Além disso, Canatoxina
e JBU interagem com polisialogangliosideos (GD1b e GT1b) e sialoproteinas (mucina,
tireoglobulina, fetuina) na superficie de eritrocitos e também de forma isolada (CARLINI
& GUIMARAES, 1991; FOLLMER et al., 2001).

2.3. ESTUDOS DAS PROPRIEDADES ESTRUTURAIS DE PROTEINAS E
PEPTIDEOS

A Biologia Estrutural encontra-se na interface entre a biologia molecular, a

bioguimica e a biofisica, e tem como foco a investigacao da estrutura de macromoléculas.
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A partir desta, busca-se elucidar a relagéo entre a estrutura e a funcdo de uma determinada
molécula. Os ultimos vinte anos testemunharam um grande crescimento do nimero de
estruturas de proteinas, elucidadas com alta resolucéo, depositadas no Banco de Dados
Protein Data Bank. Este progresso em Biologia Estrutural foi dirigido pelo
desenvolvimento da Tecnologia de Expressdo Recombinante de Proteinas, bem como nos
avancos em metodologias, analises de dados e bioinformética. A bactéria Escherichia coli
€ o hospedeiro mais utilizado para expressar proteinas recombinantes para estudos
estruturais, os quais requerem quantidades elevadas de amostra com adequado grau de
pureza (WIEDEMANN, BELLSTEDT, & GO, 2013, MALUF et al., 2014). Quantidades
significativas de proteina, usualmente entre 5 e 50 mg, dependendo do tamanho da proteina
e da técnica experimental utilizada, sdo requeridas para cada projeto de biologia estrutural,
independente da técnica de elucidacdo da estrutura utilizada, incluindo cristalografia de
Raios X, RMN e criomicroscopia eletronica (PETI & PAGE, 2007).

2.3.1. ESTRUTURAS TRIDIMENSIONAIS DE UREASES JA ELUCIDADAS

As estruturas tridimensionais de poucas ureases foram elucidadas até o momento.
As estruturas das ureases microbianas ja conhecidas sdo as de Klebsiella aerogenes
(1FWJ) (JABRI et al., 1995), de Bacillus pasteurii (4UBP) (BENINI et al., 1999), de
Helicobacter pylori (1E9Z) (HA et al., 2001) e de Helicobacter mustelae (3QGA).

Dentre as estruturas de ureases de plantas resolvidas, a primeira foi a da urease
majoritaria de C. ensiformis, JBU (3LA4) (BALASUBRAMANIAN & PONNURAJ,
2010), obtida somente 83 anos apos o relato da cristalizacdo de JBU por Sumner
(SUMNER, 1926). O mesmo grupo também resolveu a estrutura da urease de feijdo
guandu (Cajanus cajan) (4G7E) (BALASUBRAMANIAN et al., 2013).

Todas as ureases tiveram suas estruturas tridimensionais elucidadas por
Cristalografia de Raios X, devido a elevada massa molecular das ureases, incompativel

atualmente para serem resolvidas por Ressonancia Magnetica Nuclear.
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2.3.2. PROTEINAS INTRINSICAMENTE DESORDENADAS

A maioria das proteinas necessita adotar uma estrutura tridimensional definida, a
fim de exercer suas funces. Isto é exemplificado pelas estruturas de diversas enzimas que
precisam apresentar um determinado enovelamento, para, assim, exercer sua fungéo, que €
a catalise. Contudo, na Ultima década foi demonstrado que grande parte dos genomas, dos
mais diversos organismos, codificam proteinas que ndo adotam uma estrutura
tridimensional definida em condi¢des nativas e funcionais. Este grupo de proteinas é
denominado proteinas intrinsicamente ou nativamente desordenadas, ou regiGes de
proteinas intrinsicamente desordenadas (IDPs, do inglés, intrinsically disordered proteins
ou IDPRs, intrinsically disordered protein regions) (DYSON & WRIGHT, 2005; TOMPA
& FERSHT, 2009; TOMPA, 2011; UVERSKY & DUNKER, 2010). A falta de uma
estrutura globular rigida em condicdes fisiologicas, pode representar uma consideravel
vantagem funcional para as proteinas desenoveladas, pois sua grande plasticidade permite
que elas interajam eficientemente, com alta especificidade, com diversos alvos. Além
disso, uma transicdo de desordem/ordem induzida em IDPs, durante a ligacdo a alvos
especificos in vivo, pode representar um mecanismo simples de regulacdo de numerosos
processos celulares, incluindo regulacdo da transcricdo e traducdo, e o controle do ciclo
celular (UVERSKY, 2002).

As IDPs apresentam na sua sequéncia de aminoacidos algumas particularidades,
detectadas por algoritmos que as caracterizam como desordenadas, dentre elas, baixo
numero de residuos hidrofobicos e grande quantidade de residuos carregados, o que pode
resultar em uma elevada carga liquida (UVERSKY, GILLESPIE, & FINK, 2000). A
maioria das IDPs contem poucos aminoacidos promototes de ordem como lIsoleucina,
Leucina, Valina, Triptofano, Fenilalanina, Tirosina, Cisteina e Asparagina, e sdo ricas em
residuos promotores de desordem: Acido Glutamico, Lisina, Arginina, Glicina, Glutamina,
Serina, Prolina e Alanina (UVERSKY, 2002). IDPs possuem elevados volumes
hidrodinamicos, baixo contetdo de estrutura secundaria e sdo caracterizadas pela alta

heterogeidade estrutural e elevada flexibilidade conformacional (UVERSKY, 2010).

As proteinas podem assumir quatro estados termodindmicos possiveis: ordenada
(ou nativa), tipo Molten globule, Pre-molten globule e tipo Random coil. O estado

termodindmico de uma proteina pode ser diferenciado em funcdo do grau de enovelamento
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da cadeia polipeptidica (Figura 4). A aquisicdo de fungcdo de uma proteina pode estar

associado a uma transicédo entre estes estados (UVERSKY, 2002.)

Ordenada

A

tipo Molten
globule << —

\

tipo Random
coil

Figura 4: Proteinas podem apresentar quatro conformacges das suas cadeias polipeptidicas
(forma ordenada, tipo Molten globule, Pre-Molten globule e do tipo Random coil)
definidos conforme o grau de enovelamente das moléculas. Adaptada de UVERSKY, 2002
e de ZAMBELLI, B. Aula do Curso Metodi Chimico-Molecolari per lo studio delle

proteine.

Uma estratégia importante no estudo de IDPs e IDPRs tem sido o0 uso de algoritmos
preditores de desordem, como por exemplo, os algoritmos do tipo PONDR (Predictors of
Natural Disoreded Regions). Este método é vantajoso em termos de tempo e custo para
estudar as proteinas desordenadas, comparados aos métodos experimentais tradicionais.
Desordens estruturais também podem ser estudadas em grande detalhe por diversas
técnicas experimentais e 0 avanco mais pronunciado foi atingido através da aplicacdo da
técnica de Ressonancia Magnética Nuclear multidimensional. Esta técnica normalmente é
complementada por outras técnicas estruturais, como Espalhamento de Raios-X a baixo
angulo (SAXS) (TOMPA, 2012).
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3. OBJETIVOS

3.1. OBJETIVO GERAL

Nesta tese tivemos como objetivos gerais: 1) estudar as propriedades biologicas da
proteina de fusdo GST-uSBU; e 2) estudar as propriedades estruturais do peptideo

Jaburetox em solugdo.

3.2. OBJETIVOS ESPECIFICOS

Capitulo 1: OTIMIZACAO DA PRODUCAO E PROPRIEDADES
BIOLOGICAS DA PROTEINA DE FUSAO GST-uSBU

e Otimizar a producdo da proteina de fusdo GST-uSBU para a realizacdo de estudos de
suas propriedades bioldgicas;

e Avaliar as propriedades biolégicas da proteina de fusdo GST-uSBU: atividade
antifngica (fungos filamentosos e leveduras), antibacteriana, inseticida e indutora de

agregacao de plaquetas de coelho e de hemacitos de inseto.

Capitulo 1l: PROPRIEDADES ESTRUTURAIS DO PEPTIDEO
JABURETOX

e Otimizar a producéo e obter o peptideo Jaburetox estavel em solucéo;

e Determinar a estrutura secundaria por Dicroismo Circular;

e Determinar o raio hidrodindmico e a massa molecular por Espalhamento de Luz;
e Determinar a Tr, do peptideo em diferentes condicdes;

e Determinar estrutura tridimensional por Ressonancia Magnética Nuclear.
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4. RESULTADOS

41. CAPITULO I: OTIMIZACAO DA PRODUCAO E
PROPRIEDADES BIOLOGICAS DA PROTEINA DE FUSAO GST-
uSBU

Manuscrito a ser submetido a publicacdo ao Archives of Biochemistry and Biophysics.

As regras usuais de formatagdo do periddico foram adaptadas para a melhor leitura do

manuscrito.

Production Optimization and Biological Properties of the Fusion Protein

Glutathione S-Transferase - Soybean Ubiquitous Urease

Fernanda Cortez Lopes, Anne Helene Souza Martinelli, Valquiria Broll, Marina
Schumacher Defferrari, Karine Kappaun, Deise Michele Tichota, Diogo Ribeiro
Demartini, Melissa Postal, Monica de Medeiros Silva, Arlete Beatriz Becker-Ritt,

Giancarlo Pasquali, Célia Regina Carlini

Resumo: Ureases sdo enzimas niquel dependentes que catalisam a hidrolise da ureia a
amonia e dioxido de carbono. A soja (Glycine max) produz duas isoenzimas, a urease
embrido-especifica (eSBU) e a urease ubiqua (uSBU). Nosso grupo demonstrou que eSBU,
purificada de sementes de soja, apresenta atividade antifungica contra fungos filamentosos
fitopatogénicos, entomotoxicidade contra Dysdercus peruvianus e induz agregacdo de
plaquetas de coelho. Estas propriedades de eSBU nédo requerem hidrdlise da ureia. Neste
trabalho, nosso objetivo foi investigar as propriedades bioldgicas da apo-uSBU fusionada a
Glutationa S-Transferase (GST), que é enzimaticamente inativa. A producgéo da proteina de
fusdo foi otimizada a 5 mg por litro de cultivo, utilizando a Metodologia de Superficie de
Resposta. As condic¢des Otimas de inducdo foram 24 °C, 0,55 mM de IPTG e 14 h. A
remocdo da GST afetou a estabilidade da apo-uSBU, por isso os bioensaios foram
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realizados com GST-uSBU. A proteina de fusdo apresentou toxicidade contra fungos
filamentosos e afetou o metabolismo secundario fangico, aumentando ou diminuindo a
producdo de pigmentos por Fusarium oxysporum e Penicillium herquei, respectivamente.
Candida albicans e C. tropicalis foram susceptiveis a GST-uSBU com a formacdo de
pseudo-hifas. A proteina de fusdo apresentou atividade inseticida contra Rhodnius prolixus,
acompanhada pela agregagdo de hemacitos in vivo. A agregacdo de plaquetas de coelho
também foi observada na presenca da proteina fusionada. A atividade antibacteriana nédo
foi observada. Portanto, uSBU apresenta as mesmas propriedades bioldgicas descritas para

eSBU, refor¢ando o papel proposto para ureases de plantas em mecanismos de defesa.
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ABSTRACT

Ureases are nickel-dependent enzymes that catalyze the hydrolysis of urea to ammonia and
carbon dioxide. Soybean (Glycine max) produces two isoenzymes, the embryo-specific
urease (eSBU) and the ubiquitous urease (USBU). Our group demonstrated that eSBU,
purified from soybean seeds, has antifungal properties against phytopathogenic
filamentous fungi, entomotoxicity against Dysdercus peruvianus and induces rabbit
platelet aggregation. These properties of eSBU do not require hydrolysis of urea. Here we
aimed to investigate the biological properties of the enzymatically inactive apo-uSBU
fused to Glutathione S-Transferase (GST). The production of the fusion protein was
optimized to 5 mg per liter of culture using Response Surface Methodology. The optimal
induction conditions were 24 °C, 0.55 mM IPTG and 14 h. Removal of the GST affected
apo-uSBU stability, so bioassays were carried out with GST-uSBU. The fused uSBU was
toxic against filamentous fungi and affected the fungal secondary metabolism, increasing
or decreasing pigment production by Fusarium oxysporum and Penicillium herquei,
respectively. Candida albicans and C. tropicalis were susceptible to GST-uSBU with
formation of pseudo-hyphae by the treated yeasts. The fusion protein showed insecticidal
activity against Rhodnius prolixus accompanied by in vivo hemocyte aggregation. Rabbit
platelet also aggregated in the presence of the fused protein. No antibacterial activity was
observed. Thus, uSBU displays the same biological properties described for eSBU, even

fused to GST, reinforcing the proposed role of plant ureases in defense mechanisms.

Keywords: soybean ubiquitous urease, fusion protein, antifungal activity, fungal pigments,

pseudo-hyphae.
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Introduction

Ureases (EC 3.5.1.5, urea amidohydrolase), metalloenzymes that catalyze the
hydrolysis of urea to produce ammonia and carbon dioxide, are produced by plants, fungi
and bacteria, but not by animals (Follmer, 2008; Krajewska, 2009). Ureases contain two
catalytically important atoms of nickel in their structures (Dixon et al., 1975), which
require a set of accessory proteins to be placed in active site of the apoenzymes (Carter et
al., 2009; Zambelli et al., 2011). In plants, ureases are abundant in some plant tissues,
mainly seeds of some members of the families Fabaceae and Curcubitacea (Follmer, 2008).
It has been postulated that these enzymes are not only involved in nitrogen bioavailability,
but also in defense processes in plants (Polacco and Holland, 1993). Over the last two
decades our group has demonstrated that ureases from different organisms are
multifunctional proteins that display a number of biological properties unrelated to their
enzyme nature, including platelet aggregating, insecticidal and antifungal activities (Carlini
and Polacco, 2008).

Soybean (Glycine max) produces two urease isoenzymes: the embryo-specific
urease (eSBU), encoded by the Eul gene (GenBank accession AY?230157, Phytozome
accession Glyma05g27840.1), synthesized only in the developing embryo, and the
ubiquitous urease (uSBU), encoded by Eu4 gene (GenBank accession AY?230156,
Phytozome accession Glymallg37250.1), present in small amounts in all plant tissues
(Real-Guerra et al., 2013; Torisky et al., 1994). While the uSBU is responsible for
recycling metabolically-derived urea, the role of eSBU remains elusive. Mutants lacking
eSBU do not accumulate urea in any tissue and do not have any impairment on the use of

urea as sole nitrogen source (Polacco and Sparks, 1982; Polacco et al., 1985; Stebbins and
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Polacco, 1995; Witte et al., 2002). The SBU isoforms share 87% of identity and 92% of
similarity at the cDNA level (Goldraij et al., 2003).

Soybeans are susceptible to many predators and pathogens, including insects,
nematodes, fungi and viruses. These pathogens and pests, usually tissue-specific, cause
damage to seeds, roots, leaves, stems and pods, and despite control measures, can reduce
soybean production by almost 28 % worldwide (Oerke and Dehne, 2004). Development of
new technologies to control these pests is quite urgent, and exploring plant natural
compounds represents a major strategy to this end (Carlini and Grossi-De-Sa, 2002). In
agreement with data obtained for other ureases, we have demonstrated that eSBU, purified
from soybean seeds, display several biological properties that are independent of its
ureolytic activity (Real-Guerra et al., 2013) such as the activation of rabbit blood platelets,
insecticidal activity against Dysdercus peruvianus (Follmer et al., 2004) and also in vitro
growth inhibition of the phytopathogenic fungi Colletotrichum musae, Curvularia lunata,
Fusarium oxysporum, F. solani, Penicillium herquei, Trichoderma sp., T. viride and T.
pseudokoningii (Becker-Ritt et al., 2007).

In contrast, uSBU, which occurs in such low concentrations in plant tissues that
conventional purification is very difficult (Polacco & Havir, 1979), was less explored in
the literature. In a recent study, soybean mutants were obtained in which silencing of the
uSBU gene resulted in co-suppression of all ureases genes (Wiebke-Strohm et al., 2012).
These urease-null plants were more susceptible to P. herquei (maize pathogen), Phomopsis
sp. and Rhizoctonia solani (soybean pathogens) and to the biotrophic fungus Phakospora
pachyrhizi, agent of the Asian rust disease (Wiebke-Strohm et al., 2012); corroborating the

hypothesis that uSBU could also be involved in plant defense.
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Aiming a better understanding of the roles of ureases in plants, here we describe the
expression optimization of the fusion protein Glutathione-S-Transferase~ (apo)uSBU using
a Response Surface Methodology and the characterization of some biological properties of

this recombinant protein.

Materials and Methods
GST-uSBU expression and purification

Escherichia coli BL21-CodonPlus (DE3)-RIL (Stratagene) cells were transformed
by heat shock with the construct pGEX-4T-2-GST-uSBU that expresses the fusion protein
GST-uSBU (Martinelli, 2007). This construct contains only the structural gene of uSBU,
the product is an apo-uSBU, with no nickel atoms placed in its active site, rendering it
enzymatically inactive. Cells were cultured in 50 mL falcons containing 15 mL of 2-XYT
medium (16 g.L™ tryptone, 10 g.L™* yeast extract, 5 g.L™ sodium chloride, pH 7.0),
ampicillin (100 pg.mL™) and chloramphenicol (40 pg.mL™), overnight, at 37 °C and 200
rpm. Aliquots of 2 mL of the pre-inoculum were inoculated in 1 L Erlenmeyer containing
200 mL of 2-XYT medium and were incubated at 37 °C, 200 rpm until Agoonm reached 0.7.
Then, 1 mM of IPTG (isopropyl-B-D-thiogalactoside) was added to the culture, the
temperature was cooled down to 28 °C and incubated for additional 16 h at 200 rpm. Cells
were centrifuged for 10 min at 10,000 x g. Cell pellets were suspended in 20 mL PBS (140
mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.3) and the suspension
was sonicated (20 cycles of 1 min, 20 kHz of frequency). The cells lysate was centrifuged
for 40 min at 14,000 x g and supernatant was used in the affinity chromatography

(Martinelli, 2007).



44

A column with 2 mL of Glutathione Sepharose 4B resin (GE Healthcare) was
equilibrated with 40 mL PBS, according to the manufacturer’s instruction. The cell lysate
supernatant was incubated with the resin by running the sample through the column 3
times. Unbound proteins were washed out with 10 mL PBS. The GST-uSBU fusion protein
was eluted in 10 mL of 50 mM Tris-HCI, 10 mM reduced glutathione, pH 8.0. Samples
were dialyzed against 50 mM sodium phosphate buffer, pH 7.5, 1 mM EDTA, 5 mM -
mercaptoethanol to remove the reduced glutathione and stored at 4 °C. For the bioassays
the samples were concentrated by ultracentrifugation using a 30 kDa Amicon for 15 min at
4,000 x g. In order to investigate the activity of GST- uSBU truncated proteins the samples
were ultra-centrifuged using a 50 kDa Amicon for 30 min at 2,500 x g, to obtain two
fractions (>50 kDa and <50 kDa).

Protein concentration was measured by Bradford assay (Bradford, 1976) and the

purity was checked in a 10 % SDS-PAGE.

Recombinant Glutathione-S-Transferase (rGST) Production and Purification

rGST, used as control in the biological tests, was produced by culturing E. coli cells
carrying the empty vector pGEX-4T-2-GST. The conditions of induction were: 37 °C, 1
mM of IPTG for 3 h. The purification of rGST was performed using the same protocol

above (Martinelli, 2007).

Western blot analyses
Western blot analyses were performed according to (Towbin et al., 1979). Briefly,
proteins were electrophoresed, transferred by gravity from 10 % SDS-PAGE to PVDF

membranes (Hybond-P, GE). The membranes were blocked with 5% casein in Tris
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buffered saline (TBS), washed, incubated with rabbit anti-Jaburetox-2Ec (Jaburetox 2Ec is
a recombinant peptide derived from Canavalia ensiformis urease; Mulinari et al., 2007)
polyclonal antibody (1:7,500) or mouse anti-GST monoclonal antibody (1:2000) (donated
by Dr. Henrique Bunselmeyer Ferreira, Centre of Biotechnology, UFRGS) for 2 h at room
temperature. After washing with TBS, the membranes were then exposed to anti-rabbit 1gG
(1:20,000) alkaline phosphatase conjugate (Sigma Chem. Co.) or anti-mouse IgG
(1:20,000) alkaline phosphatase conjugate (Sigma Chem. Co.), respectively. The
colorimetric detection was carried out by using 5-bromo-4-chloro-3-indolyl-phosphate p-
toluidine salt and nitro-blue tetrazolium chloride. Jack bean urease (Canavalia ensiformis)
was used as positive control (Urease type C-IlII Sigma Aldrich) and Bovine Serum

Albumin (BSA, Sigma Aldrich) as a negative control.

Mass Spectrometry

GST-uSBU band (120 kDa) was excised and minced in small pieces. Digestion was
performed according to Martinelli et al. (2014). Peptides generated were subjected to
reversed phase chromatography (NanoAcquity UltraPerformance LC®-UPLC®, Waters,
Milford, United States) in a Nanoease C18, 75 mm ID at 35 °C. The column was
equilibrated with 0.1% trifluoroacetic acid (TFA) and the peptides were eluted in 20 min
gradient, ramping from 0 to 60% ACN in 0.1% TFA at 0.6 nL/min constant flow. Eluted
peptides were subjected to electro spray ionization and analyzed by mass spectrometry
using a Q-TOF Micro™ spectrometer (Micromass, Waters, Milford, United States). The
voltage applied to the cone for the ionization 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 Proteinlynx v.2.0 software (Waters,
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Milford, US) and the generated .mgf files were used to perform database searches using the
MASCOT software (version 2.4.00) (Matrix Science, London, UK) against the NCBI
database, restricting the organism to "Glycine max (taxid:3847)", november 2012.
Tripsin/P was selected as enzyme. Search parameters allowed a maximum of one missed
cleavage, the carbamidomethylation of cysteine, the possible oxidation of methionine,
peptide tolerance of 1.2 Da, and MS/MS tolerance of 1.2 Da. A minimum of two unique

non overlapping peptides was defined as a criterium for protein match.

Urease activity

E. coli BL21 RIL expressing GST-uSBU were grown 24 h at 37 °C in LB agar
plates containing 100 pg.mL™ ampicillin, 40 pg.mL™ chloramphenicol, 1 mM IPTG, 100
uM NiCl,, 0.35 mg.mL™ cresol red and 60 mg.mL™ urea. Alkalization due to urease

activity results in a reddish color around the colonies (Gee et al., 1999).

Expression Optimization of the recombinant GST-uSBU

In order to determine the best conditions of GST-uSBU expression, the effects of
the temperature, IPTG concentration and time of induction on the protein yield were
evaluated using a 2° experimental model with 5 replicates of the central point, resulting in
19 experiments (Table 1). In the statistical model, the coded variables corresponded to
temperature (X;), IPTG concentration (X;) and time (X3), which were the independent
variables, while the protein concentration (Y) was the dependent variable (Haaland, 1989).
The software Statistica version 6.0 (Statsoft Inc., Tulsa, Okla, USA) was used in the

regression analysis of experimental results. The quality of fit of the first-order model
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equation was expressed by R? the coefficient of determination, and its statistical
significance was determined by F-test (Fischer’s F Test).

The optimization of protein production was performed in 2-XYT medium (25 mL
of the medium in 125 mL Erlenmeyer flask), ampicillin (100 pg.mL™) and
chloramphenicol (40 pg.mL™). E. coli was cultured at 37° C, 200 rpm up to an ODegonm
0.7 and then induced with IPTG. Cells were harvested by centrifugation, suspended in
PBS, and disrupted by sonication (five shorts bursts, 30 s each on ice). The lysed cells

were centrifuged at 12,000 x g for 25 min, and the supernatant was further analyzed.

GST-uSBU quantification by Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of GST-uSBU in supernatants was quantified by ELISA.
Aliquots of cell lysate supernatants (50 pL) were adsorbed onto ELISA plates, overnight at
4 °C. After blocking the wells with 50 pL 5% casein in TBS solution for 2 h, 3 washes
were performed with TBS, then 50 uL of the primary antibody anti Jaburetox 2Ec (1:500)
in 2% casein-TBS were added to each well. After 2 h, the wells were washed again and
further incubated for 2 h with 50 pL of the secondary anti-rabbit IgG antibody conjugated
with alkaline phosphatase (1: 10,000) (Sigma Chem. Co.) in 2% casein-TBS. The color
reaction was developed with 50 pL of 1 mM p-nitrophenylphosphate, 10 mM sodium
borate, 0.25 mM MgCl,, pH 9.8. Absorbances were determined on a SpectraMax M3
(Molecular Devices) plate reader at 405 nm. The concentration of the fusion protein was
calculated using a standard curve prepared with the purified fusion protein (0.01-1 ug).

The results were expressed in mg.L ™.
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Table 1: Experimental design and results of the 23 factorial design.

X1 Xz X3 Y1
Temperature IPTG (mM) Time of GST-uSBU
Run (°C) induction (h)  concentration (mg.L™)
1 (-1) 20 (-1) 0.28 (-1) 5.20 0.921
2 (1) 28 (-1) 0.28 (-1) 5.20 0.000
3 (-1) 20 (1) 0.82 (-1) 5.20 0.021
4 (1) 28 (1) 0.82 (-1) 5.20 0.000
5 (-1) 20 (-1) 0.28 (1) 14.76 0.000
6 (1) 28 (-1) 0.28 (1) 14.76 1.066
7 (-1) 20 (1) 0.82 (1) 14.76 0.000
8 (1) 28 (1) 0.82 (1) 14.76 2.653
9 (-1.68) 18 (0) 0.55 (0) 9.98 3.564
10 (1.68) 30 (0) 0.55 (0) 9.98 0.099
11 (0) 24 (-1.68) 0.10 (0) 9.98 4.254
12 (0) 24 (1.68)1.00 (0) 9.98 3.061
13 (0) 24 (0) 0.55 (-1.68) 2.00 2.927
14 (0) 24 (0) 0.55 (1.68) 18.00 3.477
15 (0) 24 (0) 0.55 (0) 9.98 5.362
16 (0) 24 (0) 0.55 (0) 9.98 5.522
17 (0) 24 (0) 0.55 (0) 9.98 5.056
18 (0) 24 (0) 0.55 (0) 9.98 5.367

19 (0) 24 (0) 0.55 (0) 9.98 5.267
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Antifungal Assays

The filamentous fungi Colletotrichum musae, Curvularia lunata, Fusarium
oxysporum, Rhizoctonia solani and Trichoderma viride were donated by Dr. José Tadeu
Abreu de Oliveira from the Department of Biochemistry and Molecular Biology,
Universidade Federal do Ceard, CE, Brazil and Dr. Lidia Fiuza, Universidade do Vale dos
Sinos, Sdo Leopoldo, RS, Brazil. Penicillium expansum M-02 was donated by Dr. Isa
Beatriz Noll from the Laboratory of Toxicology, Food and Science Technology Institute,
Universidade Federal do Rio Grande do Sul, RS, Brazil. Cercospora chevalier, Fusarium
lateritium, Mucor sp., Penicillium herquei, Phomopsis sp., Pythium oligandrum and the
yeasts Candida parapsilosis (CE002), Candida tropicalis (CE017), Candida albicans
(CE022), Kluyveromyces marxiannus (CEO025), Pichia membranifaciens (CE015) and
Saccharomyces cerevisiae (1038) were kindly provided by Dr. Valdirene Gomes from the
Laboratory of Physiology and Biochemistry of Microorganisms, Center of Bioscience and
Biotechnology, Universidade Estadual do Norte Fluminense, Campos dos Goytacazes, RJ,
Brazil.

Antifungal activity against filamentous fungi and yeasts was assayed according to
(Postal et al., 2012) with minor modifications. Briefly, filamentous fungi were cultured on
Potato Dextrose Agar at 28 °C until sporulation. Spores were washed with sterile distilled
water, quantified in a Neubauer chamber, and 10° spores.mL™ were inoculated in 96 wells
flat bottom plates, containing GST-uSBU or rGST at 2 uM (considering the monomeric
form of the proteins) final concentration in Potato Dextrose Broth. GST-uSBU and rGST
were dialyzed previously against Tris-HCI buffer 10 mM, pH 7.0. The dialysis buffer was

used as negative control and 0.1% hydrogen peroxide (H,0,), as a positive control. The
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plates were incubated at 28 °C and monitored turbidimetrically at 620 nm at 24 h intervals
for 48 h.

Yeasts were cultured in Sabouraud Agar for 24 h at 28 °C. Cells were washed with
saline solution (NaCl 0.85 %) and quantified in a Neubauer chamber. Samples at 2 uM
were incubated with 10* cells.mL™ of each yeast in U-bottom microplates, in Sabouraud
Broth at 28 °C for 24 h. Controls were the same as above. After 24 h of incubation, 20 uL.
of each well content were 10-fold serially diluted in saline and plated in Sabouraud agar
(drop plate method) to determine the number of Colony Forming Units (CFU) after 24 h at
28 °C. Three independent bioassays with triplicated groups were carried out. Results

shown are means # standard deviations.

Evaluation of yeast cell permeability

The permeabilization of the plasma membrane was assessed with the fluorescent
dye SYTOX Green (Invitrogen, Grand Island, NY, USA) as described by Postal et al.
(2012). This dye forms a fluorescent complex with nucleic acids, entering cells when the
integrity of their plasma membrane is compromised. Fungal cells were incubated with the
test samples for 24 h and then exposed to 0.2 M SYTOX Green for 30 min at room
temperature. The cells were observed under a microscope (Axioskop 40 — Zeiss) equipped
with a filter for fluorescence detection (excitation wavelength 450-490 nm and emission

500 nm).

Antibacterial activity
Bacillus cereus ATCC 14579 was donated by Dr. Adriano Brandelli, Laboratory of

Biochemistry and Applied Microbiology, Food and Science Technology Institute,
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Universidade Federal do Rio Grande do Sul, RS, Brazil. Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853 were kindly
provided by Pharmacist Elaine Staatlander, Hospital Presidente Vargas, Porto Alegre RS,
Brazil. Bacteria were inoculated in 5 mL Luria Bertani (LB) broth, at 37 °C, overnight.
The cultures were diluted with LB broth until 0.5 McFarland scale (corresponding to 10°
CFU.mL™) then added to 96 wells flat plates and incubated at 37 °C for 24 h. The dialysis
buffer was used as negative control and 0.1% hydrogen peroxide (H,O;), as a positive
control. After 24 h of incubation, 20 uL of each well were 10-fold serially diluted in saline
and plated in LB agar (drop plate method) to determine the number of Colony Forming
Units (CFU) after 24 h at 37 °C (Pompilio et al., 2011, with modifications). Three
independent bioassays with triplicated groups were carried out. Results shown are means +

standard deviations.

Insecticidal Activity and in vivo hemocyte aggregation in Rhodnius prolixus

Fifth instars Rhodnius prolixus (insect’s mean weight 50 mg) were kindly provided
by Dr. Hatisaburo Masuda and Dr. Pedro Oliveira (Institute of Medical Biochemistry,
Universidade Federal do Rio de Janeiro, RJ, Brazil) and by Dr. Denise Feder
(Universidade Federal Fluminense, RJ, Brazil). Samples were injected into the hemocoel
of R. prolixus using a Hamilton Microliter 900 series syringe (Hamilton). Groups of 5
insects were injected with GST-uSBU or rGST (0.05 pg. mg™ of insect body weight),
prepared in R. prolixus saline (NaCl 150 mM, KCI 8.6 mM, CaCl, 2.0 mM, MgCl, 8.5
mM, NaHCOj3; 4.0 mM, glucose 34.0 mM, HEPES 5.0 mM, pH 7.0 (Lane et al., 1975). In
the control group 5 insects were injected with R. prolixus saline previously used as the

dialysis buffer while preparing the proteins (Martinelli et al., 2014). The insects were
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observed for 96 h, lethality being recorded at 24 h interval. Two independent bioassays
were carried out. Results shown are means + standard errors.

Hemocyte aggregation was performed according to (Defferrari et al., 2014). Unfed
insects were injected into the hemocoel with GST-uSBU or rGST diluted in R. prolixus
saline to a final dose of 6 pg protein per insect. Control insects were injected solely with
saline. Six hours after injection, the insects had their surface sterilized by immersion in
70% ethanol and hemolymph was collected from a cut in one of the legs. Hemolymph
samples were immediately diluted in cold anticoagulant solution (EDTA 10 mM, glucose
100 mM, NaCl 62 mM, sodium citrate 30 mM, citric acid 26 mM, pH 4.6) at a ratio of 1.5
(anticoagulant: hemolymph). The number of cells and aggregates (defined as a cluster of
nine or more cells) in the samples was then determined by counting in a Neubauer
chamber. Three independent bioassays were carried out. Results shown are means +

standard errors.

Rabbit Platelet Aggregation

The methods described in (Follmer et al., 2004) and (Wassermann et al., 2010)
were followed. Briefly, platelet-rich plasm (PRP) was prepared from rabbit blood collected
from the ear central artery in the presence of sodium citrate (0.313 % v/v, final
concentration). Blood was centrifuged at 200 x g for 20 min, at room temperature, to give
a PRP suspension. Platelet aggregation was monitored turbidimetrically using a Lummi-
Aggregometer (Chrono-Log Corporation, Havertown, PA, USA). PRP (300 uL) was pre-
incubated for 2 min at 37 °C, with constant agitation and then the test sample (30 pL) was
added: GST-uSBU at 275 nM and 800 nM final concentrations, rGST, 800 nM. Positive

controls were ADP (20 pM) and Collagen 20 mg.mL™ (Sigma Chem. Co.).
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For fluorescence microscopy, Fluorescein isothiocyanate (FITC)-labeled GST-
uSBU was prepared according to manufacturer’s instructions. Rabbit PRP was incubated
with 800 nM FITC-GST-uSBU, under vortex stirring for 5 min at room temperature.
Platelets aggregates were recovered by centrifugation, the pellets were smeared on glass
slides and observed under a Zeiss Axioskop 40 — Zeiss) fluorescence microscopy

(Wassermann et al., 2010).

Statistical analysis

The results were submitted to analysis of variance (ANOVA) and the significance
of differences among means was determined by the Tukey test, with p<0.05 considered
statistically significant. The analyses were performed with the software GraphPad Prism

5.0.1. for Windowvs.

Results
GST-uSBU production and purification

Initially we obtained 2 mg of the fusion protein per one liter of culture. Fractions
of the purification steps are shown in Fig. 1. Together with the intense band of the fusion
protein of ~ 120 kDa (uSBU: 90 kDa and rGST: 26 kDa), other bands of smaller masses
could be seen in the gel. Since these bands were also eluted from the affinity column, they
probably represented GST fused to truncated (incompletely translated) uSBU (the
construct has GST fused on the N-terminal region of urease). Part of the trucated GST-

uSBU was successfully removed by ultrafiltration in 30 kDa membranes (fig.1, lane 4).
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120 kDa—

85 kDa—

60 kDa—>
50 kDa—>

Fig. 1. 10 % SDS-PAGE of purification steps using Glutathione Sepharose resin. M.W.
Molecular ladder marker; Lane 1: crude extract; Lane 2: Unbound fraction; Lane 3: Eluted

fraction; Lane 4: Sample after concentration in a 30 kDa cut off membrane.

Western Blot and Mass Spectrometry Analyses

In order to exclude the presence of contaminants after the purification, we
performed Western Blot analyses (Fig. 2). The smaller mass proteins reacted with both the

anti-Jaburetox 2Ec (confirming they are uSBU fragments) and the anti-GST antibodies.
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Fig. 2. 10 % SDS — PAGE (left) and Western blot (right). Panel (A) anti-Jaburetox (1:
7,500): M.W. Molecular ladder marker, Lane 1: uSBU-GST; Lane 2: BSA; Lane 3: JBU,

Lane 4: rGST. Panel (B) anti-GST (1: 8,000): M.W. Molecular ladder marker, Lane 1:
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uSBU-GST; Lane 2: BSA; Lane 3: JBU, Lane 4: rGST. Samples of 12 pg of each protein

were applied to the gels.

Additional confirmation of the identity of fused protein was obtained by mass
spectrometry of the major band (~120 kDa band) seen in the gel. The data showed 20 % of
coverage of soybean ubiquitous urease sequence (Fig. S1), confirming the identity of

uSBU.

Expression Optimization - Experimental Design

The analysis of the effects of three independent variables (temperature, IPTG
concentration and time after induction) on the expression yield was performed. The
conditions used and the concentration of GST-uSBU in the 19 experiments are shown in
Table 1. The central point conditions were the most favorable: 24 °C, 0.55 mM of IPTG
and approximately 10 h, increasing the yield of GST-uSBU to more than 5 mg per liter of
culture (Fig. 3 and Table 1). For convenience, we chose induction for 14 h (overnight)
which also fitted in region of optimal production of the surface response curve (Fig. 3B
and 3C).

The equation 1 (Eq. 1) describes the yield (protein concentration) of GST-uSBU

according to the independent variables.

g. 1): protein concentration) = 5.40 — 0. 1-1, © =1 -+ 0. 3—1.
(Eq. 1): Y ( i ion) = 5.40 — 0.22X; -1,70X4* — 1.05 X,* + 0.27 X5 — 1.21

X32 + 0.31 X1 X5 + 0.58 X1 X3 + 0.32 X,X3
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Table 2 shows the effect of the independent variables on GST-uSBU production.

The linear effect of the time of induction, within the time frame of 5.20 h to 14.76 h, was

the most expressive variable, increasing in 0.54 mg.L™ the concentration of GST-uSBU.

The increase of temperature from 18 °C to 30 ° C (quadratic) or from 20 °C to 28 °C

(linear) decreased the protein expression in 3.41 mg.L™ and 0.45 mg.L™, respectively. The

increase in the concentration of IPTG from 0.10 mM to 1.0 mM (quadratic) also decreased

the protein expression in 2.11 mg. L™

Table 2: Main effects and interaction analysis for GST-uSBU production

Factors Effect (GST-uSBU  Standard error t value p value
concentration)

Mean 5.42238 0.076022 71.3266 0.000000*
Temperature (L) -0.44621 0.092155 -4.8419 0.008388*
Temperature (Q) -3.40822 0.092279 -36.9338 0.000003*

IPTG (L) -0.19308 0.092155 -2.0951 0.104226
IPTG (Q) -2.11428 0.092279 -22.9118 0.000021*
Time (L) 0.54248 0.092155 5.8866 0.004163*
Time (Q) -2.43706 0.092279 -26.4097 0.000012*
Temperature X IPTG 0.62175 0.120353 5.1661 0.006670*
Temperature X Time 1.16525 0.120353 9.6819 0.000637*
IPTG X Temperature 0.62175 0.120353 5.1661 0.006670*

Software Statistica, L: Linear, Q: Quadratic, confident level of 95 % and R* of 0.75.

* Significant factors, p < 0.05
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The ANOVA of the regression model showed its significance with a calculated F
value of 4.13, higher than the tabulated F value 3.23, for a significance level of 95 %.

Therefore, the model is considered significant.

Biological characterization of GST-uSBU
Urease activity

The fusion protein GST-uSBU is not competent for urea hydrolysis. No enzymatic
activity of the purified GST-uSBU was detected by (Martinelli, 2007) using the Phenol-
Hypochlorite method. Accordingly no change in coloration of the urea segregation agar
was seen after a 24 h culture of GST-uSBU expressing E. coli. The lack of enzymatic
activity reflects the fact that only the structural gene was cloned in the construct pGEX-
4T-2-GST-uSBU. The genes for the accessory proteins were not included in the construct

(Martinelli, 2007).

Antifungal activity

The effect of GST-uSBU on the fungal growth was evaluated. C. lunata, F.
lateritium, F. oxysporum, P. expansum, P. herquei and T. viride were susceptible to the
fusion protein at 2 uM concentration (Fig. 4). rGST alone also showed some antifungal
effect after short incubation times but much less pronounced than that observed for the
fusion protein. In order to investigate whether GST truncated proteins observed in SDS-
PAGE (Fig. 1) could also be active against fungi, the samples were ultrafiltrated in a 50
kDa cutoff device. Only the fraction with molecules of >50 kDa retains antifungal effect
against C. tropicalis, demonstrating that peptides and/or proteins smaller than 50 KDa are

not active (Fig S2).
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Besides the inhibition, changes in the pigment production by the fungi P. herquei
and F. oxysporum was also observed (Fig. 5). Usually P. herquei produces high amounts
of red pigments that diffuse to the potato dextrose agar; F. oxysporum, on the other hand,
produces small amounts of purple pigments in the same culture medium. The inhibition of
the red pigmentation in the diffusion agar experiments was also observed for P. herquei
treated with eSBU purified from seeds (Martinelli, 2004). No changes in the pigmentation

were seen for the negative control or rGST-treated fungi.

A Curvularia lunata D Penicillium expansum M-02
0.8 2.0
-~ -% GST-uSBU 2 uM . -& GST-uSBU 2uM
£ 0s = rGST2uM g -+ (GST 2uM
E . -» Negative Control é 159 / -»- Negative Control
*; -+ Positive Control £ 5 - Positive Control
8 04 I 3 10
5 . 5 ¥:
[ E— =
2 02 g 054
2 S
[y P Fkk wkk
o0 M . | . .
.0+ T 1 0.0 T 1
0 20 ] 40 60 0 20 40 60
Time (h) Time (h)
B Fusarium lateritium Penicillium herquef
0.8
1.04 - -
_ v = GST-uSBU 2 ;M 5 CGST-uSBU 2 1M
3 08 I - [GST2uM £ 0s I - rGST2M
& 08 W =Y -+ Negative Control
~ L] -» Negative Control < i
£ 06 o i S -+ Positive Control
g 061 I -+ Positive Control 2 04 I
5 0.4 ” 4 I/ -
—_ .4 wk ﬁ b '
4 5 o2 é;/
€ 024 S -4
5 0.2 xx ke w *
[ | — z 00 iy 2.
0.0 T T 1 0 y Y v
o 20 20 a0 0 20 Time () 40 60
Time (h)
c Fusarium oxysporum F Trichoderma viride
1.0 2.0
- -# GST-uSBU 2 yM - -# GST-uSBU 2uM
éf 0.84 i -+ rGST2uM é.i‘ 15 = rGST 2 uM
< I - Negative Control = ) - Negative Control
s 0.6 b 4 B -+ Positive Control H -+~ Positive Control
o y < 2 1.01
o 0.44 o
© | g ® I
2 02 2 05 %
S O . wkx S A
- ’ * w —_— —— W
0.0 . : . 0.0 iz — L
0 20 40 60 0 20 40 60
Time (h) Time (h)

Fig. 4. Effect of GST-uSBU on fungal growth. Spores (10° spores.mL™) were incubated on
96-wells plates containing Potato Dextrose Broth, with 2 uM GST-uSBU; 2 uM rGST

(negative control) or 0.1 % hydrogen peroxide (positive control). The incubation was
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performed for 48 h, at 28 °C and fungal growth was estimated at 24 h intervals (absorbance

at 620 N (Agzo nm). N= 3, * p< 0.050, ** p< 0.020, *** p < 0.0001.

Fig. 5. Effect of GST-uSBU on the pigmentation of (A) Penicillium herquei and (B)
Fusarium oxysporum. (1) GST-uSBU; (2) Negative Control (Tris-HCI buffer 10 mM, pH

7.0); (3) rGST.

The effect of GST-uSBU on yeast growth was also evaluated. The susceptible
yeasts were Candida albicans and C. tropicalis (Fig. 6). rGST was not fungitoxic against
the tested yeast at the same dose.

The yeast cell permeability after incubation with GST-uSBU was evaluated using
the fluorescent dye SYTOX Green. A weak fluorescence was observed under dark field for
C. tropicalis and also for P. membranifasciens, despite the fact that no growth inhibition
was seen for the last yeast with the 2 uM dose of the fusion protein (Fig. 7). Pseudo-
hyphae formation in GST-uSBU-treated C. tropicalis (Fig 7A) and P. membranifasciens
was observed (Fig 7C). JBU also induced pseudo-hyphae formation in yeasts (Postal et al.,
2012). Figure 8 illustrates macroscopic changes in the phenotype of C. albicans after

exposition to the fusion protein. According to (Radford et al., 1994), the regular extreme-
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jagged shaped colonies observed for GST-uSBU-treated C. albicans are indicative of a

nearly pure culture of pseudo-hyphae yeasts, supporting the microscopic observations for

the other yeast species seen in Fig.7.
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Fig 6. Colony Forming Unit (CFU) assay of yeasts. 10* cells.mL™ were incubated on U-

shaped 96-wells plates containing Sabouraud Broth, with 2 uM GST-uSBU, 2 uM rGST,

Tris-HCI buffer 10 mM, pH 7.0 (negative control) or 0.1 % hydrogen peroxide (positive

control). The incubation was performed for 24 h, at 28 °C and after that, the CFU was

determined for each yeast. N=3, * p<0.0475, ** p<0.0121, ***p<0.0001.
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Fig 7. Fluorescence microscopy of C. tropicalis (A and B) and P. membranifasciens (C
and D) treated cells with GST-uSBU 2 pM and SYTOX Green. A and C correspond to the
Bright Field and B and D correspond to the Dark Field. Bars correspond to 20 um. Typical

results are shown.
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Fig 8. Changes in phenotype of GST-uSBU treated C. albicans (1) after 24 h incubation
with 2 uM GST-uSBU (1). This change was not observed in: Negative Control (2), Tris-
HCI buffer 10 mM, pH 7.0, 2 uM rGST (3) and Positive Control (4, H,0O,). The photo

shows microplate wells seen from their bottom. Typical results are shown.

Antibacterial activity

No antibacterial activity of GST-uSBU against P. aeruginosa, E. coli and S. aureus
was observed at 2 uM. On the other hand, B. cereus was susceptible to GST-uSBU and
also to rGST. This fact suggests that the antibacterial molecule, in this case, is rGST and

not uSBU (Fig S3).

Insecticidal activity

A survival rate of 26 % was obtained for R. prolixus 96 h after injection of a dose
of 0.05 pg.mg™ GST-uSBU (Fig. 9). rGST showed no deterrent effect when injected into
the insects. This result indicates that GST-uSBU shares the entomotoxic properties

observed for eSBU and jack bean ureases (Stanisguaski and Carlini, 2012).
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Fig. 9. Insecticidal effect of GST-uSBU on fifth instar R. prolixus 96 h after of hemocoel
injection. No lethality was seen in the insects injected with rGST. A group of insects was

injected with R. prolixus saline as negative control. N=5 per group, ** p< 0.0014.

Hemocytes and rabbit platelet aggregation

The presence of aggregated hemocytes in the R. prolixus hemolymph was evaluated
6 h after hemocoel injection of 6ug of GST-uSBU, rGST or saline. Aggregates were
observed only in the hemolymph of GST-uSBU treated-insects (more than 200 aggregates
per puL of hemolymph) (Fig. 10), indicating that the fusion protein displays this same

entomotoxic effect described for JBU (Defferrari et al., 2014). Again, rGST was inactive.
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Fig.10. In vivo hemocyte aggregation induced by GST-uSBU. R. prolixus were injected
with GST-uSBU or rGST (both, 6 pg per insect) or saline, as negative control. After 6 h,

the hemolymph was collected and the aggregates were quantified using a Neubauer

chamber. N=3, *** p<(.0001.

Rabbit platelets were also activated by GST-uSBU in the concentrations of 275 nM
and 800 nM (Fig. 11A). rGST at 800 nM did not cause platelet aggregation. FITC-labeled
GST-uSBU was used to visualize platelets aggregates induced by the fusion protein (Fig
11B). As demonstrated by (Wassermann et al., 2010), the residual erythrocytes (indicated
by an arrow in the bright field) Fig. 11B1 present in PRP were fluorescent in the dark field

(Fig 11B2), indicating that GST-uSBU interacted only with the platelets.
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Fig. 11. GST-uSBU aggregates rabbit platelets. (A) Rabbit platelet aggregation promoted
by 275 nM and 800 nM GST-uSBU. Positive controls with ADP (20 uM) and Collagen
(20 mg. mL™) are also shown. The negative control was rGST 800 nM. (B) Panels
demonstrating the formation of platelets aggregates induced by FITC-labeled GST-uSBU.
Bl is the dark field and B2, the bright field. Arrows indicated erythrocytes and stars

indicate platelet aggregates. Bars correspond to 20 um.
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Discussion

We performed the optimization and the biological characterization of the fusion
protein GST-uSBU. GST-uSBU is not enzymatically active, in the present case this was an
advantage, avoiding the use of generally toxic urease inhibitors during the assays of its
non-enzymatic biological properties. rGST was employed as a control in all assays, to
ensure that the biological effects seen were indeed related to uSBU.

It has been previously reported that the fusion of a protein to a large affinity tag,
such as GST, can be advantageous in terms of increased expression, enhanced solubility
(the hydrophilic surface of GST makes the fusion protein soluble), protection from
proteolysis, improved folding, stability of the recombinant protein in the soluble fraction
besides enabling protein purification via affinity chromatography (Zhan et al., 2001; Smyth
et al., 2003; Young et al., 2012). Martinelli (2007) performed the cleavage of GST from
GST-uSBU using thrombin, observing short term precipitation of the cleaved protein. The
GST tag helps to maintain the fusion protein GST-uSBU soluble and stable for at least 14
days at 4°C. Even so, GST-uSBU had a tendency to aggregate upon more prolonged
storage (data not shown), as also noted for JBU (Follmer et al., 2004a). Addition of EDTA
and B-mercaptoethanol to the storage buffer decreased the rate of precipitation. Hence, the
buffer exchange to Tris-HCI, needed for the biological assays, was performed one day
before the assays.

The optimization of recombinant proteins expression is generally performed using a
trial-and-error approach, with the different expression variables being tested independently
from each other. Therefore, variables interactions are lost, which makes the trial-and-error
approach time-consuming. Moreover, a significant amount of protein is required for every

biological study, then the traditional trial-and-error method has been progressively
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replaced by factorial approaches (Papaneophytou and Kontopidis, 2014). We performed
the optimization using the variables temperature, IPTG concentration and time. The best
conditions of GST-uSBU production were defined as 24 °C, 0.55 mM IPTG and 14 h,
yielding more than 5 mg of the fusion protein per liter of culture. The production of the
recombinant protein PsaA from Streptococcus pneumoniae serotype 14 was optimized
using the same variables chosen in this present study. Low temperature (25 °C) and low
IPTG concentration (0.1 mM) also favored the expression of PsaA, as well as long periods
of cultivation (16 h) (Leites et al., 2011). According to Papaneophytou and Kontopidis
(2014), high temperature promotes cell growth, but is detrimental to heterologous protein
expression, because a higher growth rate could lead to a higher probability of plasmid loss.
Therefore some proteins greatly benefit from a slower, longer induction period which
generally requires a low temperature (Papaneophytou and Kontopidis, 2014). Besides, the
use of low temperatures and low IPTG concentration optimizes costs of the bioprocess,
making it more eco-friendly.

GST-uSBU showed all the biological properties previously reported by our group
for plant ureases, such as antifungal and insecticidal effects, and aggregation-inducing
activity upon insect hemocytes and rabbit platelets. As observed for GST-uSBU, the
filamentous fungi C. lunata, F. oxysporum, P. herquei and T. viride were also susceptible
to 0.57 uM eSBU purified from soybean seeds (Becker-Ritt et al., 2007). The similar
spectrum of inhibition agrees with the high amino acid identity between the two isoforms
(Goldraij et al., 2003). In addition, the oomycete Pythium oligandrum was not susceptible
to GST-uSBU, as it was observed also for JBU (Postal et al., 2012). The cell walls of
oomycetes are mainly composed of -1,3-glucan polymers and cellulose, and unlike fungal

cell walls, they contain little chitin (Kamoun, 2003). These results suggest that chitin could
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be important in the antifungal mode of action of ureases. Recently, it was reported the
cellulolytic activity of a purified urease of pigeon pea (Cajanus cajan), but no chitinase
activity was detected (Balasubramanian et al., 2013). Then, whether there is any interaction
between chitin and plant ureases, this interaction apparently does not cause the hydrolysis
of chitin.

The fusion protein affected the secondary metabolism of filamentous fungi, causing
an increase or decrease of pigments production in F. oxysporum and P. herquei,
respectively. The pigments produced by F. oxysporum were isolated and characterized as
naphthoquinones and anthraquinones (Baker and Tatum, 1998; Tatum et al., 1987). The
fungal pigments, naphthoquinones, are active against bacteria, yeast, fungi, protozoa
(Leishmania brasiliensis) and insect (Calliphora erythrocephala). The pigments also have
cytotoxic activity against mouse leukemia and HelLa cells, as well as, mutagenic and
carcinogenic properties. Fungal naphthoquinones are typical representatives of the
secondary metabolites and are synthesized under conditions of inhibition or total cessation
of fungal growth (Medentsev and Akimenko, 1998). Therefore, the increase of the
pigmentation of F. oxysporum could be a defense mechanism of the fungus against the
toxic protein, GST-uSBU. On the other hand, the pigments produced by P. herquei belong
to the class of phenalenones, such as atrovenetin, herqueinones, sclerodin, hequeichrysin.
Phenalenones showed diverse and significant biological activities, including antimicrobial,
anticancer and cytotoxic activities (Elsebai et al., 2014). We could not find a direct
explanation of why P. herquei pigments were inhibited after treatment with GST-uSBU.
We hypothesize that GST-uSBU may interfere on its pigment production pathway and as a
consequence the fungus becomes more susceptible to the fusion protein. P. herquei is the

most susceptible fungus to the effects of eSBU and JBU identified so far. Because of this
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high susceptibility, it was the fungal model used in the scanning electronic microscopy
studies (Becker-Ritt et al., 2007).

The antifungal activity of eSBU against yeasts was not previously determined. On
the other hand JBU and Jaburetox were active, in the same concentration range as GST -
uSBU, against the same Candida species tested here, and also against K. marxiannus, P.
membranifasciens and S. cerevisiae (Postal et al., 2012). We observed the formation of
pseudo-hyphae after treatment of C. albicans (Fig. 9, lane 1), C. tropicalis and P.
membranifasciens with the fusion protein (Fig 8A and 8C). Pseudohyphal growth allows
yeasts to escape from unfavorable growth conditions and to penetrate natural barriers. The
elongated morphology provides more surface area, in comparison with oval shape, and
allows pseudo-hyphae a more efficient absorption of nutrients (Abu-Elteen and Hamad,
2005). Inhibition of B-(1,3)-glucan syntethase, the mechanism of antifungal action of
echinocandins, results in cytological and ultrastructural changes in fungi, characterized by
growth as pseudo hyphae, thickened cell wall and buds failing to separate from mother
cells (Abu-Elteen and Hamad, 2005). The pseudo hyphae shape observed for GST-uSBU
treated yeasts could indicate an effect of uSBU on the yeast cell wall and/or cell
membrane, or a defense mechanism of the fungi against its fungitoxic action, by assuming
a more infective shape. More studies are necessary at this point to clarify the fungitoxic
mode of action of ureases.

Jaburetox, a 93 amino acids recombinant peptide derived from JBU, shows
antifungal activity, but its activity is lower comparing with the entire protein (Postal et al.,
2012). Here no antifungal activity was detected for the GST-uSBU truncated fragments

with < 50 kDa. We are presently carrying out some experiments with Soyuretox, the
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Jaburetox equivalent peptide in uSBU (Kappaun, 2014) and these studies will help us to
determine the antifungal region of uSBU.

Antibacterial properties of ureases were so far investigated only for eSBU.
Martinelli (2004) reported that eSBU purified from soybean seeds did not affect the growth
of the phytopathogenic bacteria Ralstonia solanacearum, Xanthomonas campestris and
Xanthomonas axonopodis (Martinelli, 2004). Similarly, GST-uSBU did not affect P.
aeruginosa, E. coli and S. aureus suggesting that ureases are devoid of bactericidal
properties.

Regarding to the insecticidal activity of soybean ureases, there are reports of
feeding trials with eSBU in Dysdercus peruvianus. The insects were fed with diets
containing 0.02-0.1 % (w/w) of eSBU and an LDsy of 0.052 % was determined (Follmer et
at., 2004). Here we used hemocoel injection as the administration route to test lethality
induced by GST-uSBU in R. prolixus. (Staniscuaski et al., 2010), reported previously that
JBU caused 96% mortality in 5™ instar R. prolixus after hemocoel injection at 0.25 pg.mg™*
body weight. Using almost the same dose of GST-uSBU we used here, 0.06 pg.mg™, 25 %
of survival was observed for R. prolixus injected with JBU (Defferrari, M.S., personal
communication). In addition, GST-uSBU was able to induce the aggregation of R. prolixus
hemocytes, suggesting deterrent effect on the insect’s immune system. Defferrari and co-
workers reported for JBU, at the same dose, findings of more than 400 aggregates per L
of R. prolixus hemolymph (Defferrari et al., 2014).

Aggregation of rabbit platelet has been described as a property of the jack bean and
soybean (eSBU) ureases (one chain), Helicobacter pylori (two chains) and Bacillus
pasteurii (three chains) ureases, which differ in their quaternary structures (Follmer et al.,

2004; Wassermann et al., 2010). Additionally, as previously reported for H. pylori urease
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(Wassermann et al., 2010), GST-uSBU bound only to platelets, not erythrocytes.
Aggregation of rabbit platelets induced by eSBU was reported by Follmer and co-workers,
with an ECs of 40.74 nM (Follmer et al., 2004). Since the level of identity between eSBU
and uSBU is greater than that shared by plant and bacterial ureases, the less potent
aggregating effect observed here for GST-uSBU could be due to some steric hindrance
imposed by the GST moiety or to an “incomplete” folding of uSBU that affected its
“platelet-aggregating” domain.

Hence, all the biological properties of plant ureases screened for GST-uSBU are
displayed by uSBU, even fused to GST. The fusion of GST to the N-terminal amino acid
of uSBU did not destroy or “hide” the biologically active domains responsible for these
properties.

To our knowledge, JBURE-IIb, an urease isoform of C. ensiformis, was the only
plant urease expressed heterologously in E. coli before this work (Mulinari et al., 2011).
rJBURE-IIb was expressed in the absence of accessory protein and when bacterial cells
were induced in liquid medium, an enzymatically inactive protein was produced.
Nevertheless, this recombinant urease displayed biological properties demonstrated for
JBU and Canatoxin, the other two ureases isoforms produced by C. ensiformis such as
inhibition of P. herquei growth and, also the inhibition of diuresis of R. prolixus isolated

Malpighian tubules (Mulinari et al., 2011).

Conclusions
Our results show the potentialities of GST-uSBU as a model to study plant ureases.
The fusion protein showed the same properties displayed by the native ureases, eSBU and

JBU, isolated from seeds, with the advantages of high yield production and one-step
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purification protocol. Moreover, it was possible to explore more deeply the effect caused
by ureases on fungi. GST-uSBU was capable to interfere in the secondary metabolism of
filamentous fungi and caused morphology changes in yeasts. Altogether, these results

further support the hypothesis of the defense role of plant ureases.
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Supplementary Material

gi[351722261 (100%), 90.712,0 Da

urease [Glycine max]

11 unique peptides, 12 unique spectra, 15 total spectra, 164/837 amino acids (20% coverage)
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Fig. S1: Peptides found in the excised 120 kDa band. Peptides are highlighted in yellow.

The amino acids highlighted in green are modified amino acids after the digestion process,

due to the use of lodoacetamide and Dithiothreitol.
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Fig S2. Antifungal effect on Candida tropicalis evaluating after concentration in a 50 kDa

amicon. The antifungal activity is found in the >50 kDa fraction. N=3, ** p< 0.0011.
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Fig S3. Antibacterial effect of GST-uSBU and GST on Bacillus cereus. 108 CFU.mL™
were incubated on 96-wells plates containing LB, with 2 uM GST-uSBU, 2 uM GST, Tris-
HCI buffer 10 mM, pH 7.0 (negative control) or 0.1 % hydrogen peroxide (positive

control). The incubation was performed for 24 h, at 37 °C and after that, the CFU was

determined. N=3 ** p< 0.0011.
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4.2. CAPITULO Il: PROPRIEDADES ESTRUTURAIS DO PEPTIDEO
JABURETOX

Artigo publicado no periddico The FEBS Journal.

Pliable natural biocide: Jaburetox is an intrinsically disordered

insecticidal and fungicidal polypeptide derived from jack bean urease

Fernanda C. Lopes, Olena Dobrovolska, Rafael Real-Guerra, Valquiria Broll, Barbara

Zambelli, Francesco Musiani, Vladimir N. Uversky, Célia R. Carlini, Stefano Ciurli

Resumo: Jaburetox é um polipeptideo derivado da urease de feijao-de-porco (Canavalia
ensiformis) e téxico para um amplo espectro de insetos, fungos filamentosos
fitopatogénicos e leveduras de importancia médica. A elucidacdo das bases estruturais do
peptideo, para a compreensdao do modo de acdo do Jaburetox é o foco deste estudo
multifacetado. Jaburetox em solucdo é um mondémero de 11 kDa apresentando um elevado
raio hidrodinamico, sugestivo de um polipeptideo desordenado. A natureza intrinsicamente
desordenada do Jaburetox foi predita teoricamente por uma abrangente analise de
bioinformatica e confirmada experimentalmente por espalhamento de luz, bem como
dicroismo circular e espectroscopia de RMN. Os sinais de RMN foram assinalados e
forneceram os deslocamentos quimicos do backbone que indicaram que o Jaburetox
apresenta baixa propensdo de assumir uma estrutura secundaria estavel. Os estudos de
relaxacdo do °N revelaram significativa mobilidade do backbone, especialmente na porcéo
N-terminal do peptideo. A estrutura em solu¢do do Jaburetox apresentou um motivo a-
hélice préximo ao N-terminal e duas estruturas tipo volta situadas na por¢do central da
proteina e proxima ao C-terminal. Regibes similares foram preditas como potenciais locais
de interacdo proteina-proteina utilizando ferramentos computacionais. O conhecimento das
propriedades estruturais do Jaburetox em solucdo é um passo fundamental para

correlacionar sua estrutura com suas atividades biologicas.
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Jaburetox is a polypeptide derived from jack bean (Canavalia ensiformis)
urease and toxic to a broad spectrum of insects, phytopathogenic filamen-
tous fungi and yeasts of medical importance. The elucidation of the struc-
tural basis for the mode of action of Jaburetox is the focus of this
multifaceted study. Jaburetox in solution is a monomer of 11.0 kDa featur-
ing a large hydrodynamic radius, suggestive of a disordered polypeptide.
The intrinsically disordered nature of Jaburetox was theoretically predicted
by a comprehensive bioinformatics analysis and experimentally confirmed
by light scattering as well as by circular dichroism and NMR spectroscopy.
NMR signal assignment provided backbone secondary chemical shifts that
indicated that Jaburetox has a low propensity to assume a stable secondary
structure. N relaxation studies revealed significant backbone mobility,
especially in the N-terminal portion of the polypeptide. The solution struc-
ture of Jaburetox shows the presence of an z-helical motif close to the N
terminus, together with two turn-like structures situated in the central por-
tion of the protein and close to the C terminus. Similar regions were pre-
dicted as potential protein—protein interaction sites using computational
tools. The knowledge of the structural properties of Jaburetox in solution
is a key step to correlate its structural and biological activities.

Abbreviations

HSQC, heteronuclear single quantum coherence; IDP, intrinsically disordered protein; JBU, jack bean urease; LUV, large unilamellar vesicle;
MALS, multiple-angle light scattering; MoRF, molecular recognition feature; QELS, quasi-elastic light scattering; SEC, size exclusion
chromatography; SSP, secondary structure propensity; TCEP, tris(2-carboxyethyl)phosphine.
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Introduction

Ureases (EC 3.5.1.5) are non-redox nickel dependent
enzymes [1] that catalyze urea hydrolysis into ammonia
and carbon dioxide [2-5]. Jack bean (Canavalia ensifor-
mis) urease (JBU) (Fig. 1A) represents an important
milestone in the history of biochemistry. It was the first
enzyme ever crystallized [6], and also the first enzyme
found to have nickel ions in its active site [7]. In addition
to JBU, C. ensiformis displays two additional isoforms
of urease, named JBURE-II [8.9] and canatoxin [10].
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Canatoxin, a toxic protein isolated from C. ensifor-
mis seeds [11] and identified 20 years later as an iso-
form of urease [10], displays insecticidal properties
[12]. This toxicity involves an internal polypeptide of
10 kDa (pepcanatox), released from the protein upon
hydrolysis by cathepsin-like digestive enzymes of
insects such as Callosobruchus maculatus, Rhod-
nius prolixus, Nezara viridula, Dysdercus peruvianus
and Oncopeltus fasciatus [13-16] (Fig. 1A B). Based on
the N-terminal sequence of pepcanatox and using as a
template the cDNA of the urease isoform JBURE-II,

JBU-I 230 -GPVNETNLEAAMHAVRSKGFGHEEEKDASEGFTKEDPNCPFNEFIHRKEYANKYGPTTGDKIRLGDTNLLARIEKDYALYGDECVEGGGKVI 321
JBU-IX 169 -GPVNEANCKAAMEIVCRREFGHKEEEEASEGVTTGDPDCPPTKAIPREEYANKYGPTIGDKIRLGDTDLIAEIEKDFALYGDESVEGGGKVI 260
Jbtx 1 MGPVNEANCKAAMEIVCRREFGHKEEEDASEGVTTGDPDCPFTKAIPREEYANKYGPTIGDKIRLGDTDLIAEIEKDFALYGDESVFGGGKVI 75
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Fig. 1. Purification, stability and hydrodynamics of Jaburetox. (A} Ribbon scheme of the structure of jack bean urease: the ag hexamer is
shown in the central panel, while the left and right panels display the two trimers that compose the overall protein tilted by 90° along the
horizontal axis; the trimer on top is colored red, orange and green for the three a subunits, while the trimer on the bottom highlights in blue
the protein portion that corresponds to the Jaburetox polypeptide; the nickel atoms in the active site are shown as green spheres. (B)
Sequence alignment of Jaburetox (abbreviated as Jbtx) with the corresponding sequence of the two isoforms of urease in jack bean;
a-helices and P-strands in the crystal structure of JBU-l are highlighted in yellow and cyan, respectively. (C} SDS/PAGE profile of the final
purified Jaburetox (right lane} and the molecular mass reference markers (left lane). (D) Thermal denaturation assay of Jaburetox using
Thermofluor. The plot represents the first derivative of the melting curve of the aw data obtained at pH 3.5 (red), pH 4.5 (orange), pH 5.5
{yellow), pH 6.5 (green), pH 7.5 (cyan), pH 8.5 (blue} and pH 9.5 (indigo). The T, values correspond to the apex. (E} Molar mass distribution
of Jaburetox eluted from a SEC column and evaluated using MALS-QELS. The solid line indicates the trace from the refractive index
detector, whereas the dots are the weight-averaged molecular masses measured every second.
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the recombinant polypeptide Jaburetox-2Ec (carrying
a V5 epitope and a His-tag) was produced heterolo-
gously in Escherichia coli [17]. Jaburetox-2Ec shows a
broader spectrum of insecticidal activity, which ako
includes insects not susceptible to the full-length cana-
toxin such as Spodopiera frugiperda [17] because the
hydrolysis of the protein to release the polypeptide is
no longer required. Jaburetox-2Ec causes inhibition of
diuresis in R. prolixus by a mechanism that involves
c¢GMP and disturbance of the transmembrane poten-
tial of Malpighian tubules [18]. Moreover, Jaburetox-
2Ec permeabilizes large unidamellar vesicles (LUVs),
displaying membrane-disruptive activity on acidic lipid
bilayers [19]. A variant form of the recombinant poly-
peptide, corresponding to the His-tagged wurease-
derived sequence with no V5 epitope and simply
named Jaburetox, also displays antifungal properties
against filamentous fungi (Mucor sp. and Penicil-
liumt herguei) and veasts (Candida (Ca)) albicans,
Ca. parapsilosis, Ca. tropicalis, Khiyvveromyvees marxi-
anies, Pichia membranisfaciens and Saccharomyees cere-
visiae), in addition to its entomotoxic activity [20].

In order to understand the mode of action of Jabu-
retox-2Ec, molecular modeling studies were carried out
that suggested the existence of a P-hairpin motif at the
C-terminal portion [17,19] This motif was indeed sub-
sequently observed in the crystallographic structure of
JBU [21], suggesting that it could be a factor for the
membrane-disturbing activity of Jaburetox [19,22]. In
order to confirm the importance of this f-hairpin for
the biological activity of Jaburetox, three mutated ver-
sions of this polypeptide were analyzed: one lacking
the B-hairpin motif, and two additional peptides corre-
sponding to the N-terminal and the C-terminal por-
tions of the recombinant Jaburetox, respectively [23].
The peptide lacking the p-hairpin motif showed all the
properties of the wild-type Jaburetox, thus excluding
this region as the biologically active portion of the
molecule. On the other hand, injection assays into
0. fasciatus and R. prolixus showed that only the
N-terminal portion of Jaburetox carries its insecticidal
activity. However, both parts caused almost the same
mortality rate seen for the NWN-terminal peptide upon
feeding to R. prolixus, indicating different modes of
action for the two peptides depending on the different
tissues of the insect. Although with different potencies,
both the N- and C-terminal portions of Jaburetox
caused the neuromuscular blockage of the cockroach
Phoetalia pallida nerve-coxal muscle preparation, while
both peptides were equipotent in inhibiting the fluid
secretion in the Malpighian tubules of R. prolixus and
in disrupting LUV membranes. These data suggested
that the N-terminal portion carries the entomotoxic
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activity of Jaburetox, and that its C terminus probably
contributes to the polypeptide activity by interacting
with cell membranes [23]. Other studies have demon-
strated that Jaburetox and its mutants can form well-
resolved, highly cation-selective channels. The peptide
corresponding to the N-terminal part of Jaburetox is
more active in negative potentials, while the ion-chan-
nel activity of Jaburetox and the other mutants do not
display voltage dependence [24].

The ohjective of the present study was the experi-
mental characterization of the structural, dynamic and
folding properties of Jaburetox. The hydrodynamic
properties of the polypeptide were determined using
size exclusion chromatography (SEC) coupled with
light scattering experiments. The protein folding was
examined using circular dichrosm (CD), differential
scanning fluonimetry and high resolution NMR. spec-
troscopy. Based on NMR data, backbone mobility
studies were carried out and the 3D structure of Jabu-
retox was determined. The properties that were estab-
lished indicate the presence of a large ensemble of
highly disordered conformers in solution with three
more ordered segments.

Results

Jaburetox expression and purification

Jaburetox was expressed and purified as a His-tagged
polypeptide in order to avoid additional steps in the
purification protocol that might have led to decreased
yields. Indeed, the presence of this tag does not inter-
fere with the biological insecticidal [17] and fungicidal
[20] activities of this urease-derived peptide. The
expression protocol of Jaburetox was optimized in this
work to typically vield 30 mg of Jaburetox per liter of
culture. The previously described protocol had a pro-
tein yield of 10 mg,-L_L [20,23]. Screening of different
culture conditions allowed a maximal yield of protein
expression at 19 °C, 087 mm IPTG and 16 h of
expression time to be obtained. Moreover, before pro-
tein induction, LB medium was exchanged with fresh
M9 minimal medium and the biomass was four-fold
concentrated, according to a previously reported
method [25]. In addition to the advantage of increasing
the cellular performance by removing secondary
metabolites that might inhibit cellular growth, this
method reduces isotope consumption for producing
MNMR samples: indeed, the majority of cell biomass is
generated using unlabeled media, while labeled protein
is produced in a reduced volume of 1sotopically labeled
minimal medium. The purification protocol was
improved by adding a SEC separation after the first
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affinity chromatography purification step. The SDS/
PAGE profile of the final purified protein is shown in
Fig. 1C. Notably, although the predicted molecular
mass determined from the amino acid sequence of
Jaburetox with the six-histidine extension is 11 kDa,
the protein exhibited a 2 kDa shift in the SDS/PAGE
and migrated as a 13 kDa polypeptide. This aberrant
migration during SDS/PAGE experiments is a typical
feature of intrinsically disordered proteins (IDPs)
[26,27], determined by their unusual amino acid com-
positions typically characterized by a high ratio of
charged to hydrophobic residues. As a result, these
disordered proteins interact less efficiently with SDS
and are characterized by a decreased migration veloc-
ity, giving an apparent molecular mass that is higher
than the real one [28].

Jaburetox stability by thermal differential
scanning fluorimetry

Jaburetox tends to aggregate after long-term storage
[19.23], a process that negatively affects the biological
activity of this protein [29]. In order to find condi-
tions to stabilize the protein solutions, the effect of
pH was explored by performing thermal denaturation
assays using differential scanning fluonimetry (Ther-
mofluor [30]). In this assay, a fluorescent probe
(SYPRO Orange) added to the protein solution binds
to exposed hydrophobic residues, thereby increasing
its fluorescence. Maximal fluorescence intensity is
expected when the protein unfolds, which corre-
sponds to a peak in the first derivative plot occurring
at the melting temperature (7T,,). Similar curves and
melting temperatures were consistently observed in
the pH range between 3.5 and 9.5 (Fig. 1D). These
curves revealed the presence of an unfolding process
occurring at an average melting temperature of
54.6 +£ 0.9 °C. If Jaburetox were totally unfolded at
room temperature, no melting transition would be
observed [30], thus indicating the presence of some
degree of folding that is largely independent of pH.
Substitution of the reducing agent f-mercaptoethanol,
previously used in the storage buffer [20,23], with tris
{2-carboxyethyl)phosphine (TCEP) significantly
decreased the tendency of Jaburetox to aggregate
both at 25 °C and at low temperatures (—80 °C),
and the same oligomeric state was obtained after
freezing and thawing. No difference was observed in
the melting temperatures in the absence and in the
presence of TCEP, suggesting that the improved
effect of TCEP wversus [-mercaptoethanol is related
to the more efficient reduction of disulfide bonds that
could form over time by oxidation of cysteine thiol
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groups, and not to an overall stabilization of the
protein fold.

Hydrodynamic properties and aggregation state

Light scattering measurements were carried out in
order to study the aggregation state of Jaburetox in
solution by combining in-line SEC, static multiple-
angle light scattering (MALS) and dynamic quasi-elas-
tic light scattering (QELS) (Fig. 1E). SEC experiments
showed a single peak eluting from the column, indicat-
ing that, in solution, Jaburetox exists in a single and
homogeneous oligomeric form. The latter, according
to MALS measurement, presents a molar mass of
11.03 £ 0.01 kDa, fully consistent with the theoretical
molar mass of the monomeric protein (10 951 Da)
based on its amino acid sequence that includes the six
histidines  (http://web.expasy.org/protparam/). The
hydrodynamic radius measured by QELS is
2.7+ 0.1 nm. This value is larger than the expected
value of 1.74 nm for a well-folded protein of the same
molecular mass [31], and is very close to that predicted
for intrinsically disordered pre-molten globular pro-
teins (246 nm) or random coil proteins (2.77 nm) of
the same molecular mass [31]. This observation sup-
ports the idea that Jaburetox exists in an extended
conformation in solution, probably due to the lack of
secondary or tertiary contacts. To experimentally eval-
uate the amount of secondary structure of the protein
in solution, CD spectroscopy was applied.

Secondary structure of Jaburetox by circular
dichroism

The CD spectrum of the protein under native condi-
tions (Fig. 2A) presents features typical of a random
coil conformation, with a minimum centered at
200 nm. No strong negative signals above 205 nm,
charactenstic of o-helix or [-sheet structures, were
observed. Accordingly, the software carrro (http://cap-
ito.nmr.fli-leibniz.de/), a tool that distinguishes differ-
ent folding states of polypeptides on the basis of their
far-UV CD spectra [32], indicated that the CD spec-
trum of Jaburetox is compatible with a native ensem-
ble of disordered conformations in a pre-molten
globular state, featuring a small amount of secondary
structure (Fig. 2B). The CD spectrum of the protein
undergoes minor changes upon temperature increase
(Fig. 2A), suggesting a modest influence of tempera-
ture on the structural distribution among the ensemble
of protein conformers. In particular, at 90 °C the min-
imum at 200 nm shifts to 202 nm, and the ellipticity at
222 nm, typical of o-helical composition, slightly
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Fig. 2. Circular dichroic properties of Jaburetox. (A) CD spectrum
of Jaburetox at Z9B K (greenl, 323 K (yellow], 363 K ired} and
298 K after cooling temperature (cyan); the inset shows the region
closer to the dichroic point at 211 nm. (Bl Confarmational
classification of Jaburetox accomding to its CD spectrum performed
using the web server carmo (httpy//capito.nmr fli-leibniz. da/f.

increases. In addition, a positive band appears at
192 nm indicative of the presence of some =-helices or
p-strand elements. The spectrum of the protein at
50 °C is mtermediate between the spectrum at 25 °C
and at 90 °C. Overall, this reveals a small expansion
of the secondary structure content at high temperature.
This behavior was previously reported for IDPs [33,34]
and can be explained by the known increased strength
of hydrophobic interactions at higher temperatures.
The effect is particularly significant in the case of
strong electrostatic repulsions by a large number of
electric charges that destabilize the hydrophobic attrac-
tions at lower temperatures [33]. The spectrum of the
native Jaburetox at 25 °C was fully recovered after
cooling the temperature, indicating that the changes
induced by temperature onto the secondary structure
composition are fully reversible (Fig. 2A). The super-
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imposition of the spectra obtained at different temper-
atures reveals an isodichroic point at 211 nm, with a
mean residue ellipticity of —2700 4:Ineg1:m2-|:lmol'l
(Fig. 2A, inset). The presence of a wavelength in
which the molar absorptivity is the same for two (or
more) protein spectra is indicative of the presence of
two prevalent conformational states in equilibrium.
For proteins with prevalence of z-helices, i1sodichroic
points are observed around 203 nm and are related to
the helix—coil transition upon protein unfolding [35].
On the other hand, isodichroic points at higher wave-
lengths have been observed upon conformational tran-
sitions of IDPs, such as a-synuclein [36], and have
been interpreted as indicative of conformational transi-
tions within the random coil ensemble [37]. The pres-
ence of a conformational change between two different
population states observed here is consistent with the
thermal differential scanning fluorimetry experiments,
which showed the presence of a transition induced by
temperature.

Computational analysis of disorder propensity

In a previous study [23], the tertiary structure of Jabu-
retox was calculated by homology modeling, suggest-
ing that Jaburetox contains very few secondary
structure elements, with ~ 70% of the protein in the
random coil conformation. A 13-residue o-helix was
modeled in the N-terminal portion of the protein,
while the C-terminal fragment was proposed to con-
tain a f-hairpin. Molecular dynamics simulations sug-
gested that the protein undergoes a further increase of
the random coil conformation that, at the end of the
simulation, comprised 84% of the protein structure,
with the N-terminal portion losing the a-helical con-
tent and a short B-sheet appearing at the C terminus
[23]. Previous molecular dynamics studies [17,19,22
also suggested that Jaburetox adopts a B-hairpin in its
C-terminal region, as observed in the X-ray crystallo-
graphic structure of JBU [21].

Consistently with the intrinsically disordered nature
of Jaburetox revealed by CD and hydrodynamic
analyses, various computational tools indicated that
this polypeptide i1s characterized by high intrinsic dis-
order propensity. First, we used the known fact that
the amino acid compositions of ordered proteins and
IDPs are very different, with disordered proteins being
systematically enriched in disorder-promoting residues
(A, R, G, Q 5, E, K and P) and depleted in order-
promoting residues (W, Y, F, I, L, V, C and N)
[38,39]. The results of this analysis are shown
in Fig. 3A, which illustrates that Jaburetox is depleted
in major order-promoting amino acids and enriched in
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some disorder-promoting residues, particularly D, G,
A, K, E and P, relatively to typical ordered proteins.
Also, the Uversky plot of mean net absolute charge
versus mean hydrophobicity [40] (access to which is
available at the PONDR®™ website http://www.pondr.
com [41]) indicated that this protein s predicted as
disordered even though it lies close to the boundary
between proteins predicted to be extended and compact
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Fig. 3. Evaluation disorder propensity of Jaburetox. (A}
Compositional analysis of Jaburetox in comparison with the
composition of typical ordered proteins. The compositional profile
of typical IDPs from the DisProt database is shown for comparison
(black bars). Positive bars correspond to residues found more
abundantly in Jaburetox than in ordered proteins, whereas negative
bars show residues in which Jaburetox is depleted. (B) Charge—
hydropathy plot for Jaburetox; data for ordered and disordered
proteins are shown as blue squares and red circles, respectively,
whereas the position of Jaburetox is shown as a green diamond.
The black line represents a boundary separating compact and
extended proteins. (C) Evaluating the per-residue intrinsic disorder
propensity of Jaburetox using four members of the ronos family:
PONDR VL-XT (blue linel, PONDR WSLZ (green line), PONDR VL3
(dark yelow linel, PONDR-FIT (red line); sections with scores
higher than 0.5 correspond to disordered regions. Light pink
shadow around the PONDR-FIT line comesponds to standard errors
of disorder prediction by PONDR-FIT. Location of potential binding
sites predicted by mrsessMPRED, ancHOR, general morFeRED and -
mMorF-PRED are shown as bold dark pink, dark green, dark blue and
pink bars respectively.

(Fig. 3B). Analysis of the per-residue disorder propen-
sity of Jaburetox by a family of ronpr predictors
revealed the presence of long disordered regions in this
protein (ponDR scores above 0.5), especially in its
N-terminal part (Fig. 3C).

It 1s known that protein—protein interactions are
commonly mediated by disordered regions that
undergo disorder to order transitions as a result of
binding. Amino acid sequences of such disordered
binding regions contain specific signals that can be
identified by several specialized computational tools,
such as a-morr-preD [42,43], general MoRFPRED [44],
MFSFSSMFRED  [45] and  awceorR  [46].  Figure 3C
shows that Jaburetox contains several potential disor-
der-based binding sites, such as «-MoRFs, general
MoRFs, sites identified by mrspssMPRED and ANCHOR-
indicated binding sites (AiBSs), which completely or
partially overlap with each other. A larger agreement
is observed among the various tools in the case of a
potential binding site located in the N-terminal region
(residues 1-21) compared to that found in the central
portion (residues 43-55) or in the C-terminal region
(residues 72-81). This is probably due to the fact that
the potential binding site at the N terminus has a
stronger o-helical signal, which is recognized by the
computational tools used in this study.

The presence of these potential disorder-based bind-
ing sites 1s an indication that one of the functions of
the disordered Jaburetox might be related to providing
an interaction platform with various binding partners.
Notably, earlier studies revealed that the majority of
the biological activity of this protein resides preva-
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lently in the N-terminal portion of Jaburetox [23], as
opposed to the Pp-hairpin presumably located within
the C-terminal portion [17,19.22]. In order to derive
experimental structural information for Jaburetox,
NMR spectroscopy was applied.

Assignment of the NMR spectra of Jaburetox

Figure 4 shows the 'H-""N heteronuclear single quan-
tum coherence (HSQC) spectrum of Jaburetox. The
spectrum is characterized by low signal dispersion in
the proton dimension, indicative of a disordered state
of the protein. Heteronuclear 2D and 3D triple reso-
nance NMR spectra of Jaburetox were recorded and
analyzed, and the assignment of the chemical shifts of
backbone 'H, "N and "“C nuclei was obtained using
the scalar connectivities derived by a computer-assisted
resonance assignment software (cara) [47], following a
standard sequential assignment procedure. The identifi-
cation of backbone 'HN and '’N amide peaks was
obtained for 84 of the expected 86 residues of the pro-
tein, corresponding to 97.7% (not counting P3, P38,
P41, P47 and P57, in addition to M1, usually featuring
an -NH;" group and not readily observable because
of exchange with solvent, and G2, which is placed
between the two unassigned residues M1 and P3). Res-
idues El4, D61 and D77 were tentatively assigned
based on their chemical shifts. The only unassigned
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residues were E49 and K62. Nearly complete assign-
ments were achieved for the other backbone nuclei
(100% for "*Ca, 100% for *Cp and 85.2% for "*CO)
while side chain assignments are complete to 8§80.2%
considering only aliphatic 'H and "*C nuclei. The reso-
nance assignments were deposited in the BioMagRes-
Bank (http://www.bmrb.wisc.edu) under accession
number 19830.

Secondary structure propensity of Jaburetox
from NMR chemical shifts

Disordered proteins tend to feature only few long-
range tertiary contacts, and therefore local structural
constraints on the backbone are important in order to
describe the ensemble of possible conformers of the
protein. In this perspective, the structural mformation
encoded in the chemical shifts of backbone nuclei has
emerged as a key indicator of IDP ensemble properties
[48]. Therefore, the experimental chemical shifts of
backbone Cn, Cp and Ho nuclei of Jaburetox were
used to predict the residue-specific secondary structure
propensity (SSP) for this polypeptide in solution using
the program sse [49]. A positive SSP score indicates a
propensity for a-structure, while a negative score indi-
cates a propensity for p-structure or extended loops.
Residues in fully formed =-helices and p-strands are
given scores of +1 and —1, respectively. Figure 5A
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Fig. 5. Secondary structure of Jaburetox.
[A) SSP scores calculated using Ca and CR
chemical shifts for Jaburetox. Residues in
1 fully formed a-helices and f-strands are
expected to give scores of +1 and <1,
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shows that Jaburetox is largely disordered, featuring
only a small helical propensity, with slightly smaller
SSP values in the N-terminal (larger predicted disor-
der) compared to the C-terminal portion (smaller pre-
dicted disorder). The average SSP score 15 (0.23 + (.08,
Some correlation is observed between the SSP score
based on chemical shifts and the score calculated using
ponDR (Fig. 3). An analogous approach carried out
using TaLos+ [50] did not yield any secondary structure
with acceptable level of confidence, consistent with the
picture obtained using ssp, suggesting a very small pro-
pensity to assume any organized secondary structure.
The results of the ssp analysis were used as input to
calculate a structural ensemble representing Jaburetox
in  solution wsing FLExiBLE-MEccano  [51]. This
approach entails the use of amino acid specific statisti-
cal coil sampling to describe the unfolded state of the
protein on the basis of the primary sequence; we fur-
ther implemented the residue-by-residue conforma-
tional propensities, calculated by ssp as described
above, into the calculation. The large range of gyra-
tion radn calculated using FLEXIBLE-MECcamo (Fig. 5B)
suggests a largely diversified ensemble of conformers.
The resulting average valoe of R, (2.7 4 0.7 nm),
together with the hydrodynamic (Stokes, Rg) radius of
2.7 £ 0.1 nm determined experimentally using QELS

8 8 i respectively. (B) Radius of gyration
distribution profile calculated far 10 000
conformers of Jaburetox using FLEXIELE-
meccano. (C) Population probability of
secondany structure (cyan, f-sheet; yellow,
polyproling |1; red, a-helix; blue, random
coil} calculated for 10 000 conformers of
Jaburetox using FLEXELE-MECCAND, (D)
Representative conformers of the
structural clusters that are most populated
by Jaburetox according to the FLEXBLE-
wEccanoysse analysis. Ribbons are colored
from deep blue in the proximity of the N
teminus to red at the C teminus. The
structures are superimposed on residues
1-36 for clarity.

{Fig. 1E), provides support for the nature of Jaburetox
as an intrinsically disordered polypeptide that retains
considerable residual structure in solution: indeed the
R,/Rg ratio is predicted to be ~0.775, ~0.9 or ~ 1.5
for proteins in a globular, pre-molten globular or fully
unfolded state [52,53]. The probability of each residue
existing in s-helix, f-sheet, polyproline 11 or random
coil conformations was also calculated using FLEXIBLE-
meccano (Fig. 5C), further supporting the preponder-
ant presence of helices along the sequence, with
slightly larger probability for helical propensity in the
N-terminal portion of the polypeptide compared to the
C-termmal region. Clustering analysis of the 10 000
structures of Jaburetox explicitly calculated using FLEX-
IBLE-MECCANO was performed using the g_cluster mod-
ule of Gromacs 4.6 [54-57] and the gromos algorithm
[58]. A 1.5 nm cutoff for the rmsd was used to include
structures in the same cluster. A total of 71 clusters
were identified, with the first five clusters accounting
for 64% of the overall conformational ensemble.
Figure 5D shows the superimposition of the representa-
tive structures of these five clusters selected by g_clus-
ter. These show the consistent presence of an o-helix at
the N terminus, of ~ 40 residues, followed by a coiled
region of ~ 20 residues and by another ~ 40-residue
long o-helix in the C-terminal region, observed in two
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of the five most populated clusters covering ~ 42% of
the overall ensemble. A parallel analysis performed
with mLExiBLE-MECcAnO without the use of ssp scores
yielded a structural ensemble characterized by the
absence of conserved extended secondary structure ele-
ments. The consistency of the calculated structural
ensemble, obtained using FLEXIBLE-MECCcANO and ssp
scores, with experimental data obtained using NMR-
based distance constraints was tested by determining
the structure of Jaburetox in solution.

Solution structure of Jaburetox by NMR

The 3D structure elucidation of folded proteins in
solution relies on the availability of long-range dis-
tance information obtained from the nuclear Overha-
user enhancement (NOE). Regions of the protein
distant in the primary sequence but close in space in
the folded structure give rise to NOEs that are utilized
to determine the global fold. As expected, in the case
of Jaburetox, no long-range interactions indicative of
the presence of stable tertiary structure were observed.
However, a few medium-range NOE constraints indic-
ative of helical or turn-like structures were observed,
corresponding to the regions V4-E20, R48-G56 and
I63-174. The solution structure of Jaburetox was cal-
culated using cyamna based on geometrical constraints
derived from these NOEs and dihedral angle con-
straints obtained from taros+ (Table 1). In total, 844
NOE-based upper distance lmits and 12 ¢ and W
torsion angles were used to derive the Jaburetox struc-
ture. The geometrical constraints and coordinate files
of the Jaburetox structural ensemble were deposited in
the Protein Data Bank under the accession code
IMMSE. The NMR-derived solution structural ensem-
ble of Jaburetox, featuring large values of rmsd, con-
firms its disordered fold, as predicted by earlier [23]
and the present bioinformatics studies (Fig. 3). How-
ever, some elements of secondary structure are found
in three different parts of this protein consistently for
all structure conformers of the selected ensemble
(Fig. 6, Table 1): a small x-helical motif at the N ter-
minus (A12-V16), and two turn-like structures located
in the middle of the protein (R48—G56) and at its C
terminus (I63-E74). These regions with transient sec-
ondary structure coincide with the potential disorder-
based binding sites identified by the bicinformatics
analysis described above (Fig. 3C). The presence of
these regions with more structured fold 15 consistent
with the presence of a peak in the thermal shift assays
that implies an unfolding process, highlighting the
power of this methodology to predict the folding state
of proteins. Figure 6 illustrates the Jaburetox struc-
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tural ensemble with the lowest target function superim-
posed using the three different fragments with residual
secondary structure. To allow a more detailed investi-
gation of the structural organization of these regions,
the structure of each fragment was calculated sepa-
rately from the rest of the protein and further refined
following the same protocols as for the full protein
(Fig. 7, Table 1). Although bioinformatics analysis
predicted a slightly longer N-terminal o-helix com-
posed of 13 amino acids (V4-E20), in fact only five of
them (A12-V16) were experimentally confirmed to be
involved in the s-helix formation as indicated by the
presence of the characteristic NOE distance con-
straints. The rest of the residues in this region
(V4-All) exhibited some o-helical propensity which,
together with the backbone relaxation data, may sug-
gest that the formation of a more extended =-helix in
principle could take place in slightly different sample
conditions.

Overall, the NMR-based structural ensemble of Ja-
buretox shows some features that are similar to the
ensemble determined by FLEXIBLE-MECCANO using only
sequence and secondary chemical shift information:
the helical fragment found by NMR close to the N
terminus is composed within the much longer helix
predicted to exist using the FLEXIBLE-MECCANO/SSP
approach but shows a reduced extension; concomi-
tantly, the helical region suggested to appear in the
C-terminal portion of Jaburetox is in fact absent in
the structural family determined by distance and dihe-
dral constraints by NMR, and only two short
sequences with some consistent prevalence of a turn
motif are found in the NMR structure. Overall, these
observations can be interpreted as indicating an over-
estimation of the helical propensity in Jaburetox as
derived from the combination of intrinsic sequence
properties and chemical shift index. We speculate,
however, that helical regions could indeed be formed
under solution conditions so far unattained.

In order to explore the protein folding under more
physiological conditions, the disordered nature of
Jaburetox was investigated by in-cell NMR spectros-
copy, a technique that allows the acquisition of struc-
tural data on biomolecules in the cytoplasm [59-62].
'H-"N HSQC spectra were recorded on E. coli cells
overexpressing Jaburetox upon induction with IPTG
and growth in '“N-labeled media. A typical spectrum,
shown in Fig. 8, demonstrates that, although some
modifications of the backbone are evident by chemical
shift perturbations compared to the spectrum in solu-
tion (possibly derived from differences in the physical
parameters of the milieu), Jaburetox disorder is pre-
served within the cell, and it is not an in vitre artifact
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Table 1. Structural statistics and geometrical constraints derived from NMR for Jaburetox.

Restraints used in structure calculation

MOE constraints for the full protein

MOE constraints for the V4—E20 fragment

MOE constraints for the R48-G56 fragment

MOE constraints for the 163174 fragment

Tarsion angle constraints for the full protein

Structure statistics

cvana target function value for the full protein (A%}

crama target function value for the V4-E20 fragment

crama target function value for the R4B-GE6 fragmeant

crama target function value for the 163-174 fragment

Mean global backbone rmsd for the full protein L;&I

Mean global backbone rmed for the V4-E20 fragment [f\l
Mean global backbone rmsd for the R4B-G56 fragment L-EU
Mean global backbone rmsd for the 163174 fmgment Lf-‘u
Mean global heavy atom misd for the full protein [Al

Mean global heawy atom misd for the V4-E20 fragment L»é.r
Mean global heavy atom mnsd for the R4E-G56 fragment Us.l-
Mean global heavy atom misd for the 163174 fragment LN
Amber energies (keakmol” Y

Amber energy for the full-length protein

Amber energy for the V4-E20 fragment

Amber energy for the R48-G56 fragment

Amber energy for the 183-174 fragment

procheck NMRA Ramachandran statistics

Residues in favomble regions for the fulklength protein (%)
Residues in favomble regions for the V4-E20 fragment (%)
Residues in favomble regions for the R4B-GB6 fragment (%)
Residues in favomble regions for the 163-E74 fragment (%)
Residues in allowed regions for the fulklength protein (%)
Residues in allowed regions for the VA4-EZ0 fragment (%)
Residues in allowed regions for the R48-GE6 fragment (%)
Residues in allowed regions for the 163-E74 fragment (%)
Residues in generously allowed regions for the full-length protein (%)
Residues in generously allowed regions for the V4-E20 fragment (%)

Residues in generously allowed regions for the R4B—GE6 fragment (%)
Residues in generously allowed regions for the I63-E74 fragment (%)

Residues in disallowed regions for the full-length protein (%)
Residues in disallowed regions for the WV4-E20 fragment (%)
Residues in disallowed regions for the R4AB-G5E fragment (%)
Residues in disallowed regions for the 163-E74 fmgment (%)

B44
180
B3
168
12

281562 £ 073
447 + 009
11.8 + 0.05
658 + 0.04
9.36 + 2.45
031 £ 018
1.07 + 0.86
0.70 + 0.4

10,43 + 2.65
111 + 025
241 +1.16
1.35 + 0.68

~1.98E+05
~2 91E+04
~2.37TE+0B
~2.14E+04

329
229
B66.7
125
EB3
43.6
16.7
3Nz
2.4
183
0
425
24
143
16.7
13.8

caused by the purification process. Similarly, in-cell
NMR experiments have been used to demonstrate that
disorder is maintained in the case of a-synuclkein over-
expressed in E. coli cells [63] or for the tau-protein
microinjected into Xenopus cocytes [64].

NMR studies of Jaburetox dynamics

The results of the computational and structural analy-
ses of chemical shifts described above prompted us to
investigate more directly the protein dynamics of Jabu-
retox using '"N relaxation measurements. NMR relax-

10

ation parameters provide valuable insights into the
internal molecular motions of unfolded or partially
folded proteins. The '°N relaxation rates R, and R,
and the 'H-""N NOE values of all assigned backbone
amide groups of Jaburetox were determined and are
shown in Fig. 9A,B,C, respectively. The presence of
local internal motions in the picosecond-nanosecond
time scales contribute to the R;, R and NOE values,
while conformational exchange processes occurring on
the microsecond-millisecond time scale additionally
contribute to increase the R» rates [65]. Therefore, the
analysis of these parameters can provide information
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A

Fig. 6. Structure of Jaburetox by MMR. Ribbon scheme of the
solution structure of Jaburetox calculated using cvaus, represented
by the ensemble of five conformers with the lowest target
function superimposed using three different and sef-consistent
protein fragments: (&) V4-E20, yelow; (B) R4B-G56, green; (C)
163174, red. Figure made using crmera [103].

on local backbone mobility of Jaburetox at different
time scales. NOEs in particular are more sensitive to
fast internal dynamics than R; and R» [66].

A qualitative analysis of the relaxation data for
Jaburetox indicates that small NOE values are generally
observed, indicative of a protein characterized by fast
motion and high flexibility throughout the protein
chain, consistently with the disordered nature of the
protein revealed by the small chemical shift range of
amide protons. The C-terminal region features larger
NOE values compared to the N terminus, indicative of
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a relatively reduced mobility, in agreement with what
1s suggested by disorder predictions (see Fig. 3B). This
difference somehow parallels the distinct biological
activity of the two portions of Jaburetox, with the N
terminus being involved in the toxicity of the protein
against insects while the C terminus is not or less
active [23]. Small or negative NOE values are found in
the initial portion of the N terminus (4-10) and in the
3040 region, indicating larger mobility in the nanosec-
ond-picosecond time range. In the C-terminal region,
several residues exhibit large values of R», which can
be due either to a more structured conformation or to
exchange processes occurring in the millisecond-micro-
second time scale, or to both effects simultaneously.

A preliminary estimate of the rotational correlation
time T, =4.13 £ 0.50 ns was obtained according to
Ty = (120)(6Ra/ Ry — T)'? [67] using 14 experimental
Ry and R, relaxation rates selected by excluding resi-
dues characterized by significant internal mobility as
shown by their small R, (R, < (R, — o) and (R, —
R)/R» = (R; — R)/R,) and small NOE (NOE < 0.35).
This value of 1., was used to obtain a more accurate
value by fitting the same 14 R;/R, ratios to the general
equation that correlates this ratio with the spectral
densities assuming isotropic tumbling [66], an
approach that yielded 1, = 4.17 £ 0.50 ns. This value
corresponds to a molecular mass of 7.0 + 1.0 kDa
estimated using the empincal relationship 1, (ns)
-~ 0.6 kDa determined for folded proteins [68]. This
value supports the presence of the Jaburetox monomer
in solution under the experimental conditions used, in
agreement with the light scattering data reported
above. The value estimated by NMR is slightly lower
than expected, a difference possibly due to the large
mobility of the protein that somehow simulates a
smaller molecular mass.

Relaxation data were analyzed using the reduced
spectral density mapping approach [69-72]. This repre-
sents a more suitable method than the model-free
approach [73-76] because it does not make assump-
tions about the nature of the correlation function that
describes the overall rotational diffusion, nor about
the value of "N chemical shift anisotropy. In addition,
it does not require knowledge of the protein structure,
making it a more reliable approach in the case of
IDPs. The spectral density function J{w) describes the
relative populations of HN bond vector fluctuations at
different frequencies, namely at the frequency corre-
sponding to the overall protein tumbling, as well as at
gy and 087wy J0) 15 influenced by low-frequency
motions (nanoseconds) along with some fluctuations
occurring on the millisecond to microsecond time scale
arising from chemical exchange, J(0.87wy) is influ-

1
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enced by high-frequency motions (picoseconds) and
J(wn) is the most sensitive to motions in the intermedi-
ate time scale. The results of this analysis are shown in
Fig. 9D,E,F. Smaller than average values of J(0) are
observed in the N-terminal region of Jaburetox com-
pared to the C-terminal region, indicating faster
motions. J(ey) is particularly small at the beginning
of the protein sequence, highlighting even faster
dynamics. In the C-terminal region, a few residues dis-
play much higher values of J(0), suggesting a contribu-
tion from conformational exchange phenomena.
Consistently, J(0.87w@y) decreases progressively from
the N to the C terminus, paralleling a decrease of
internal mobility. The possibility exists that exchange
with the solvent, in addition to conformational pro-
cesses, could influence the accurate determination of
the relaxation times. Therefore, this treatment only

12
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Fig. 7. Structure of Jaburetox ordered
portions by NMR. Superimposition of the
10 conformers with the lowest target
function represented as sticks (left panel)
and ribbon (right panel) for the Jaburetox
fragments V4-E£20 (A), R48-G56 (B), 163
174 (C). Figure made using cimera [103).

provides a qualitative picture of the protein dynamics
of Jaburetox and a comparative view of mobility along
the protein sequence.

Discussion

The determination of the solution structure of plant
proteins and peptides with insecticidal and/or antifun-
gal activities is poorly explored in the literature. Some
examples of antifungal polypeptides studied by NMR
are Psdl, a 46-residue recombinant defensin from
Pisum sativum [77,78], Rs-AFP1, a 5l-residue defensin
isolated from seeds of Raphanus sativus L. [79],
Ib-AMPI, a 20-residue peptide derived from seeds of
Impatiens balsamina [80], and EAFP2, a 4l-residue
polypeptide from Eucommia ulmoides [81]. Other
plant-derived insecticides structurally characterized by
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Fig. 8. In-cell NMR spectrum of
Jaburetox. 950 MHz 'H-""N HSQC
spectrum of Jaburetox-expressing E. colt
cells induced with IPTG (shown in red)
overlapped with the spectrum of isolated
Jaburatox in solution (in blugl. The
expenmental conditions are described in
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NMR are Vigna radiata VrD1, a plant defensin [82],
Kalata B2, a cyclic peptide extracted from Qldenlan-
dia affinis [83], PAlb, a 37-residue cysteine-rich plant
defense peptide isolated from P. sativim, and NaDI, a
47-residue polypeptide solated from flowers of Nicori-
anag alara [84] In all these cases, a stable secondary
and tertiary structure was determined.

In this work, we determined the solution properties
of Jaburetox, characterizing this polypeptide as an
IDP. We further used solution NMR spectroscopy, a
powerful tool for studying IDPs [85-88], to establish
the properties of the structural ensemble of Jaburetox
conformations.

Considering the membrane-disturbing properties of
Jaburetox [19,23 24], we would expect that the poly-
peptide would change its conformation to a folded
state when in contact with membranes. The full assign-
ment of Jaburetox reported here will allow us to per-
form NMR studies of this toxic polypeptide in contact
with lipid micelles mimicking insect and fungus mem-
branes [78], determining changes in its conformation
properties based on modifications of the 'H-15N
HSQC spectrum. Many IDPs are known to bind effi-
ciently to artificial and natural membranes and this
interaction is accompanied by a dramatic increase in
their =-helical content [89]. It may be also that these
conformational changes will not happen, since there
are some IDPs that do not require protein folding to
be active. Indeed, function can arise from any of these
conformations and transitions between them [33,90].
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With the currently established NMR assignment of
Jaburetox, the study of its interaction with different
targets is now possible, aiming to find a receptor to
Jaburetox in insects and fungi.

Current efforts in our laboratories are aimed at fur-
ther exploring the folding state of Jaburetox in E. coli
cells, as well as in vitre in the presence of different
crowding agents, membranes and non-interacting pro-
teins, in order to understand whether some part of the
protein undergoes significant conformational change in
the cellular environment. In addition, we are setting
up a method to determine the protein structure in cells
of transgenic soybean plants that express the peptide
using NMR spectroscopy.

The structural characterization of Jaburetox as an
IDP is an important step towards understanding its
toxic properties. Besides the structural peculiarities, the
use of NMR, a powerful tool, could help us go further
to unravel the pathways involved in the toxicity of Ja-
buretox, paving the way to explonng the potential
applications for this naturally occurring polypeptide.

Materials and methods

Jahuretox production and purification

E. coli BL2I(DE3) (Novagen, Madison, WI, USA) cells
were  transformed by heat shock with the construct
pET23a-Jaburerox that expressed a protein containing a
six-histidine tag at the C terminus [20]. Jaburetox analyzed

13



Jaburetox: a dis

25
£ 2
i«

1.5

93

ordered natural biocide F.C. Lopes et al.

J(0) (ns-rad-1)

m
=}
=

0.3

0.2

0

Jiw,,) (ns-rad )

0.04

0.03

0.02

0.01

Ji0.87w, ) (ns-radl) M

0 10 20 30 40 50 60 70 80 90 85

14

Residue number

FEBS Journal 2015 & 2015 FEBS



F. C. Lopes et al

in this study is the polypeptide corresponding to the resi-
dues 169-260 of the urcase JBURE-II from C. ensiformis
(UniProt 1D QEH6VE) containing the additional N-termi-
nal methionine residue and the E195D substitution. Jabure-
tox expression was optimized in 25 mL cultures grown for
16 h, testing different values of temperature (16, 19, 26, 33
and 37 *C) and IPTG concentration (0.1, 023, 0.55, 0.87
and 1.0 mm) wsing a methodology that mvolved a total of
12 experiments to map a caleulated response surface [91].
In all cases, the cells obtained after centrifugation (4500 g)
were meubated for 30 min at room temperature in 300 pl
of 50 mm Tris/HCl buffer at pH 7.8, containing 60 pg of
lysozyme, 6 pg of DNase and 0.3 mm MgCl,. The resultng
suspension of cell lysate and membranes was centrifuged to
remove cell debris, and the supernatant was added to
S0 uL of a slurry of Ni*“-loaded Sepharose FF (GE
Healthcare) resin. The yield of soluble Jaburetox produced
under the different growth conditions was then quantified
by evaluating the amount of protein bound to the resin
using SDS/PAGE in 12% polyacrylamide gels and the soft-
ware MaGel 1.47 (Natonal Institutes of Health, Bethesda,
USA). The regression and graphical analyss of the data
were performed using the staTisTica 6.0 software (Statsoft,
USA). After the best conditions for protein expression were
selected, a recombinant cell pre-inoculum of 50 mL was
cultured overnight, at 37 °C and 150 r.p.m., m 20 mL LB
broth, supplemented with 1% glucose and 50 pgmL ! of
carbemallin. Subsequently, cells were moculated in 1 L of
LB broth containing 50 pgmL~' of carbenicillin and
grown at 37 °C, 150 r.p.m., until Deyy was 0.6-0.7. Cells
were collected by centrifugmg the culture at 4500 g for
30 min, and then the cells were resuspended in 250 mL of
an M9 salt solution (6 gL' Na,HPO,, 3 ¢L' KH,PO,,
05 gL NaCL 0246 gL™' MgS0,) and centrifuged
again. The cell pellet was finally resuspended in 250 mL of
M9 medium supplemented with 1.25 gL' of (NH4)L80,
and 4 gL of glueose. Protein expression was induced
after 1 h by addition of IPTG to a final concentration of
0.87 mM in the presence of 50 pg-mL ™! carbenicillin [25].
Cells expressing the protein were cultured for an additional
16 h at 20 *C. For sotope-labeled samples used in NMR
experiments, 99% "“C-labeled glucose and 98% '*N-labeled
ammonium sulfate (Sigma Aldrich) were used.

Cells were harvested by centrifugation at 11 300 g for
10 min at 4 °C and resuspended i 30 mL of buffer A
(50 mm Tris/HCl buffer, pH 7.5, 500 my NaCl) containing
5 mmM imidazole and 200 pgmL ™" lysozyme. The cell sus-
pension was incubated at room temperature for 20 min,
and then DNase 1 (20 pgmL™") was added followed by an
additional incubation at 37 °C for 20 min. Subscquently,
the cells were passed three times through a French pressure
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cell (SLM, Aminco) at 20 000 Ih-in~. The supernatant was
separated by centrifugation at 27 200 g for 40 min at 4 °C
and loaded onto a Ni* © -loaded 5 mL His-Trap HP col-
umn (GE Healtheare), previously equilibrated with buffer
A. Unbound proteins were washed from the column using
10 volumes of buffer A at a flow rate of 1 mL-min~'. Elu-
tion of Jaburctox was performed using 100 mL of a gradi-
ent of buffer A containing 5-500 mM mudazole. The
fractions containing Jaburetox were collected, concentrated
and loaded onto a Superdex 75 16/60 column (GE Health-
are) pre-equilibrated with buffer B (50 mm phosphate pH
7.5, 1 mm EDTA and 1 mm TCEP) and eluted at a flow
rate of 1 mL-min~'. Sample purity was assessed by SDS/
PAGE using NuPAGE Novex 12% Bis-Tris gels (Life
Technologes) stamed with ProBlue Safe Stam (Giotto Bio-
tech). Fractions containing the protein were pooled and pro-
tein concentration was measured by Bradford assay [92).

Computational analysis of the intrinsic disorder
propensity of Jaburetox

To better understand and wvisualize the relationships
between sequence peculiarities and propensity for intrinsic
disorder, the amino aad composition of the Jaburetox was
analyzed using a tool developed for visualizing amino acid
composition biases in proteins [39]. To this end, the frac-
tional difference in amino acid compositions between Jabu-
retox and a set of representative ordered proteins with low
mutual sequence identity [93] selected from the PDB [94],
as well as the fractional difference in ammo acid composi-
tions between the latter group and a set of typical expen-
mentally vahdated 1DPs from the DisProt database [93],
were caleulated for cach amino acid residue. The (ractional
difference 15 caleulated as (Cx — Corged)/Corger  values,
where Cx 15 the content of a given residue in a protem /pro-
tein set of interest (Jaburetox or typical disordered pro-
teins) and C,per 15 the corresponding value for the sample set
of ordered protemns from the PDB [3Y]. Positive and negative
values indicate residues in a given set that have more and less
order, respectively. Confidence intervals were estimated using
per-protein bootdrapping with 10 000 iterations.

Four different disorder predictors of the rowpr family
evaluated the intrinsic disorder propensity of Jaburetox: (a)
PONDR VL-XT [41], which applies various compositional
probabilitics and hydrophobic measures of amino acid as
the input features of artificial neural networks for the pre-
diction; although it 15 no longer the most accurate predic-
tor, 1t 15 very sensitive to the local compositional biases and
is thus capable of identifying potential molecular interac-
tion motifs; (b) PONDR VSL2B [96], which 15 suitable for
accurate evaluation of short and long disordered regons;

Fig. 9. Dynamics of Jaburetox by MMR. Backbone amide 5N relaxation properties recorded at 298 K and 1BB T on "SN-abeled Jaburetox.
(A} Longitudinal A; relaxation rate; (B} transverse A, relaxation rates; (C) steady-state heteronuclear 'H-""N MOE; values of 0} (D), Jlay) (E}
and Ji0.87@y) (F} resulting from a reduced spectral density analysis of the relaxation data for Jaburetox.
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(c) PONDR VL3 [97], which s sutable for finding long
disordered regions; (d) PONDR-FIT [98], a meta-predictor
that combines the six individual ronDr predictors VL-XT,
VSL2Z, VL3, Foldindex, 1UPred and ToplDP; PONDR-
FIT s moderately more accurate than each of the compo-
nent predictors. Access Lo these predictors 1s provided by
the DisProt database (http://www.disprot.org/metapredic-
tor.php).

Molecular recognition features (MoRFs), defined as
short order-prone motifs within a long disordered region
and able to undergo disorder to order transitions during
the binding to a specific partner, usually have much higher
content of aliphatic and aromatic amino acids than disor-
dered regions in general. Due to these peculiaritics, MoRF
regions are frequently observed as sharp dips in the corre-
sponding plots representing per-residue  distribution  of
PONDR VL-XT disorder scores. Hence, based on the
PONDR VL-XT prediction and a number of other attri-
butes (such as helical propensity), the a-MoRF regions in
Jaburetox could be identified [42,43]. Intrinsically disor-
dered regions can fold, upon interaction with specific bind-
ing partners, not only to a-helial but also to f-strand,
irregular or complex structures; therefore another computa-
tiwonal tool, MorFrrED, was used to find all MoRF types in
Jaburetox (o B, coil and complex) [44]. The MFSPSSMPRED
tool was additionally used, which 1s a masked, filtered and
smoothed position-spedfic scoring matrix-based predictor
for finding potential MoRF regions in disordered proteins
based on contextual local evolutionary conservation [45).
Finally, additional potential binding sites in Jaburetox were
identified by the anceor algorithm [46]). This approach
relies on the pairwise energy estimation approach devel-
oped for the general disorder prediction method weRrED,
being based on the hypothesis that long regions of disorder
contain localized potential binding sites that cannot form
enough favorable intra<chain interactions to fold on thar
own, but are hkely to gain stabiliang energy by interacting
with a globular protein partner. Here we are using the term
ancHor-indicated binding site (AIBS) to identify a region
of a protein suggested by the amchor algorithm to hawve
significant potential to be a binding site for an appropriate
but typically unidentified partner protein.

Hydrodynamic properties of Jaburetox

The molecular mass and hydrodynamic radius of Jaburetox
in solution were determined using a combination of SEC,
MALS and QELS. Jaburetox (140 pn, 400 pL) in builer B
was loaded onto a Superdex 75 10/300 GL column (GE
Healthcare), pre-equilibrated with the same buffer, and
cluted at room temperature at a flow rate of 0.6 mL-min~ "
The column was connected downstream to a multi-angle
laser light (690.0 nm) scattering (MALS) DAWN EOS
photometer and to a 90° angle quasi-clastic (dynamic) hight
scattering (QELS) device (Wyatt Technology). The concen-
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tration of the eluted protein was determined using a refrac-
tive index detector (Opulab DSP, Wyatt), Values of
0185 mLg ' for the refractive index increment (dnjde)
and of 1.330 for the solvent refractive index were used.
Molecular masses were determined from a Zimm plot, using
the Zimm equation [99] with a fitting degree of 1. Data
were analyzed using the astra 49007 software (Wyatt
Technology), following the manufacturer’s indications.

Circular dichroism spectroscopy

The CD spectra of Jaburetox (24 pw in 50 mM phosphate,
pH 7.5) were measured using a Jasco 810 spectropolarime-
ter flushed with N and a cuvette with 0.1 cm path length.
The spectra were registered from 190 to 240 nm with
0.2 nm intervals, at 25 *C and 90 °C. Ten spectra for each
condition were accumulated and averaged to achieve an
appropriate signal-to-noise ratio. The spectrum of the buf-
fer was subtracted. The web server carito (CD Analysis
and  Ploting  Tool,  http://capito.nmr.fli-leibmizde/
index.php) [32] was used to evaluate the fold state
(unfolded, pre-molten globule, molten globule and globu-
lar) of Jaburetox according to its CD spectrum.

Differential scanning fluorimetry

Differential scanning fluorimetry experiments were per-
formed using the Slice pH (HR2-070) kit from Hampton
Research (USA). The experiments were conducted in an
Mx3000P gPCR system (Aglent). Fluorescent signals were
acquired with excitation and emission wavelengths of 495
and 520 nm, respectively. Temperature scans were per-
formed from 25 °C to 90 °C in 1 *Comin ' increments. A
solution of 300 x SYPRO Orange (Life Technologies) in
100% DMSO was prepared from the S000 x  stock solu-
tion and diluted 100-fold in MilliQ water to prepare the
working solution (5x). Experiments were performed in a
96-well plate, each well contaming 20 pL of final solution.
The solutions were prepared with 2 pL kit buffer (final
concentration 100 mw), 2 pL Jaburetox (final concentration
6.4 pM) and 4 pL SYPRO Orange 5 x  working solution
[100]. The fluorescence data were acquired and the curves
were analyzed using the oriGiN PrROE software (1991-2007
Origin Lab Corporation). The melting temperatures (Ty,)
for every condition were cakculated from the first derivative
of the melting peak.

MNMR spectroscopy data collection and analysis
for backbone assignment

NMR spectra were acquired at 298 K on a Bruker Avance
800 spectrometer, operating at the proton nominal fre-
quency of 800.13 MHz (18.8 T) on NMR samples contain-
ing 1 mm of "N and "C uniformly labeled Jaburetox in
50 mmM phosphate buffer, pH 6.5, 1 mm EDTA, 1 mm
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TCEP, in 90% H0/10% D,0. The spectromeler was
equipped with a TXI 5-mm triple resonance cryo-probe
with pulsed field gradienis along the z-axis, using the acqui-
sition parameters provided in Table 2. 2D "N-'H HSQC,
2D 'H-Y'C HSQC, 3D HNCA, HNeoCA, HNCACB,
HNeoCACB, HNCO, HNeaCO, HCCH-TOCSY and
"N-"H/"C-"H NOESY experiments were used to obtain
the sequential backbone and side chain resonance assign-
ment. In these pulse schemes, water suppression 1s achieved
using selective pulse and transverse signal cancellation with
pulsed field gradients assodated with a flip-back pulse. The
NMRE data were processed using Topseiv 3.2 (Bruker
BioSpin). Spectral analysis for resonance assignment was
performed using cara 1.8.4.2 [47).

NMR spectroscopy data collection and analysis
for backbone mobility

The experiments for the determination of "N longitudinal
(Ry =1/T) and transverse (R: = 1/T:) relaxation rates,
and of the '"H-""N crossrelaxation rate measured via
steady-state heteronuclear 'H-"*N NOE, were acquired on
a Bruker Avance 800 spectrometer, operating at the proton
nominal frequency of 800.13 MHz (188 T) using NMR
samples containing 1 mmM  of “N-labeled Jaburetox in
50 mm phosphate buffer, pH 6.5, 1 mm EDTA, 1 mm
TCEP, in 90% H-0/10% D20 at 298 K, using phase-sensi-
tive gradient-enhanced sequences (Table 2) [66,70]. In these
pulse schemes, water suppression 18 achieved using selective
pulse and transverse signal cancellation with pulsed field
gradients with a flip-back pulse in order to avoid saturation
of water magnetization that could affect the NOE values of
solvent-cxposed backbone amide protons. The NMR exper-
iments used to measure relaxation rates consist of a series
of "H-"N HSQC expenments in which spectra are acquired

Table 2. NMR acquisition parameters of Jaburetax.
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at different time intervals after the radiofrequency pulse. T
measurements were based on mnversion-recovery type exper-
iments recorded using 10 different delays: 10, 150, 300, 450,
600, 750, 900, 1150, 1300 and 1500 ms. 7> measurements
were  carried  out  using  Carr-Pureell-Meboom—Gull
(CPMG) spin-echo pulse sequences recorded with 10 differ-
ent delays prior to the 1807 refocusing pulse: 16, 50, 100,
130, 160, 200, 250, 300, 350 and 400 ms. Recycle delays of
4 5 were used in both experiments. 'H-""N NOE values
were obtained recording two sets of spectra in the presence
and absence of a 6 s proton saturation period. The two
spectra were recorded 1n an mterleaved manner to ensure
wentical conditions m the two expenments. Spectra were
processed wsing Toprseiy 3.2 (Bruker BioSpin) and peak
miensitics were analyzed using DYNAMICS CENTER 2.1.5
(Bruker BioSpin). The values of Ry and R; were calculated
by fitting the peak intensities in 'H-""N HSQU spectra
acquired at different relaxation delays to a two-parameter
exponential decay function, using a nonlincar Marquard
algorithm. The errors on the parameters derived from the
fit were estimated from the inverse of the weighted curva-
ture matrix, using a confidence level of 95%. The heteronu-
clear NOE values were estimated as the ratio of the
miensitics in the saturated versus non-saturated spectra. In
all cases, the uncertanty on the mitensiies was denved
from the standard deviation of the noise in each spectrum.
The pynamics cenTER 2.1.5 (Bruker BioSpin) software was
used to carry out the quantitative analysis of the relaxation
data.

Calculation of the structure of Jaburetox using
NMR spectroscopy

NOE cross-peaks were identified, assigned and integrated
in "N-edited and “C-edited 3D NOESY-HSQC spectra

Experiment Label Sequence TD Sl SW (ppmi

TH-T5 HSOC Ty hsqcfpf3gpphwg 1024 x 256 1024 = 1024 1.2 x 40

"H-"C HsOC e hsgoctetgpsisp 1536 x 256 1024 = 512 M2x76

HNCA AT hncagp3d 1024 x 64 x 110 512 x 64 = 128 1.2 x 22 x 44

HNCO BN hncogp3d 1024 x 32 x 96 1024 x 32 x 128 112 x 36 x 92

CBCAcoNH EnEC cbcaconhgp3d 1024 x 64 x 128 512 x 64 x 128 11.2 % 22 x 62

HNCACB TENET hncacbgp2d 1024 x 64 x 128 512 x 64 x 128 1.2 % 22 x 62

HhcoCA BN hncocagp3d 1024 = 64 x 110 512 x 64 x 128 112 % 22 x 44

HNCACO AT hncacogp3d 1024 x 32 x 96 512 x 32 x 64 M2 x36x92

HCCH-TOCSY BN hechdigp3d2 1536 x 64 x 128 1024 x 64 x 128 112 % 76x 76

THC-NOESY TEnTEC noesyhsqoetgp3d 1636 x 56 x 164 1024 x 64 x 128 11.2 % 76 x 112
TSN-NOESY TENET noesyhsgof3gpl 93d 1636 x 48 x 236 512 x 64 x 256 1M1.2x22x112
TH-T"N HSQC (for Al BN hsqctlet3gpsi 1536 x 256 2048 x 1024 112 x 22

TH-T5 HSQC (for Ay T hsqctZet3gpsi 1536 x 256 1024 = 1024 112 x 22

"H-""M HSQC (for NOEs) i hsgcnoef3gpsi 1536 x 512 2048 x 1024 112 x 22

TH-T"M HSOC (for in-cell NMR) 5 sthmacf3gpph 1024 x 128 2048 x 128 16 x 50

TD is the total number of real+imaginary points collected. Sl is the total number of real+imaginary points before the Fourer transform. SW

is the spectral width.
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using cara 1.8.4.2 [47]. The cauma subroutine in cyama 2.1
(www.cyana.org) was used to convert cross-peak mtensities
to distance constraints. Dihedral angle constraints were
derived using TavLost [S0]. The structure was calkeulated
using the torsion angle dynamics program cyama 2.1. A
total of 100 random conformers were anncaled m 8000
steps using NOE and dihedral angle constraints. Five con-
formers were selected on the basis of their lowest and con-
sistent target function values. Their structures were placed
in truncated octahedral water boxes using a 10-A thick
buffer zone of solvent around the protein. The Amber
fM9SB force field [101] for the protein and the TIP3P
water model [102] were used. lons were added to repro-
duce the experimental ion concentration used for NMR
structures. Each system was geometry optimized using
GROMACS 4.6 [54-57]. The quality of the obtained struc-
tures was analyzed using the procHEck PDB validation
server (http://deposit.pdb.org/validate/).

MNMR spectroscopy data collection in cell

BL2ZI(DE3) E. coli cells expressing Jaburetox were grown
in 70 mL of LB medium containing 100 pgmL " ampicil-
lin, at 28 °C for 16 h. Subsequently, cells were centrifuged
at 2000 g for 15 min at 25 °C, and gently resuspended into
S0mL of M9 medium containing ("“NH, .80, After
15 min, protein overexpression was induced with 0.8 mm
IPTG and continued for 4 h. Then, 25 mL of the cellular
culture was centrifuged at 2000 g for 15 min and gently
resuspended with 300 pl of MY medium containing 10%
v/v D,0. The obtained NMR sample reached a final vol-
ume of 600 pL and contained a 50% v/v cellular suspen-
ston. NMR spectra were acquired at 310 K on a Bruker
Avance 950 spectrometer operating at the proton nominal
frequency of 950.20 MHz (22.3 T). The spectrometer was
equipped with a TCI 5-mm ¢ryo-probe with pulsed field
gradients along the z-axis, using a SOFAST-HMQC pulse
sequence and the acquisition parameters provided in
Table 2.
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5. DISCUSSAO GERAL

A otimizacdo da producéo de proteinas recombinantes é necessaria para estudos de
caracterizacdo bioldgica e estrutural, uma vez que sdo requeridas elevadas quantidades de
proteinas para estes estudos. Uma das estratégias empregadas para otimizar condi¢bes de
cultivo é a utilizacdo de metodos estatisticos, que geralmente produzem resultados
vantajosos comparados aos métodos classicos, que modificam um fator por vez. As
técnicas estatisticas nos permitem analisar maltiplas variaveis por experimento, reduzindo
0 numero de experimentos e mostrando os efeitos das interacGes entre os parametros
(DAROIT, CORREA & BRANDELLI, 2011). Na presente tese, o uso do Planejamento
Fatorial, associado a Metodologia de Superficie de Resposta foi vantajoso no aumento da
expressdo da proteina de fusdo GST-uSBU, aumentando sua producdo de 2 mg para 5 mg
por litro de cultivo, auxiliando, assim na caracterizagdo bioldgica desta proteina. Na
otimizacdo da producdo do Jaburetox também utilizamos um planejamento fatorial para
determinar qual concentracdo de IPTG e qual temperatura eram mais adequadas para uma
maior expressdo do peptideo (dados ndo mostrados). De acordo com MALUF et al., 2014,
a temperatura e a concentragdo do agente indutor estdo entre os parametros de maior
impacto sobre a expressdo e, portanto devem ser cuidadosamente avaliados. Neste caso,
apesar de nao ter sido possivel gerar uma superficie de resposta por problemas estatisticos,
os resultados preliminares nos auxiliaram no delineamento das condicdes ideias para
produzir o peptideo, principalmente para a realizacdo da técnica de RMN, que demanda
grandes quantidades da proteina a ser estudada, bem como a utilizagdo de um meio pobre
em nutrientes, como o0 meio minimo M9, que pode ser um fator limitante para a producao
da proteina.

Para aumentar a producdo do Jaburetox, utilizamos a técnica estabelecida por
Marley e colaboradores (MARLEY et al., 2001). Esta técnica utiliza duas etapas de
indculo, sendo a primeira para a multiplicagdo das células em meio rico (LB, por exemplo)
e a segunda para a inducdo em meio pobre (M9) e em menor volume. Os autores
demonstraram que a dimuinui¢cdo do volume em quatros vezes do primeiro para o segundo
indculo, aumenta a producdo de proteinas. Esta técnica oferece vantagens no preparo de
amostras para RMN, uma vez que ha economia no uso de isdtopos marcados. Contudo, ela

também é vantajosa nos cultivos utilizando meios ricos, aumentando o rendimento da
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proteina. Provavelmente, inoculando as células em um meio novo, essa técnica auxilia na
remocdo de subprodutos inibitorios do crescimento e da expressdo, além de promover a
inducdo com uma densidade elevada de células (MARLEY et al., 2001).

O meio M9 é requerido para a producdo de Jaburetox marcado para as analises de
RMN. Para outros fins, estamos utilizado o meio de auto-inducdo para a producdo de
Jaburetox. Este meio é considerado rico, por conter triptona, extrato de levedura, glicerol,
(NH4)2S04, KH,PO,4, NaHPO,, glicose e micronutrientes (TICHOTA, 2014). A lactose é
utilizada como indutor, ao invés do IPTG, trazendo como vantagem um menor custo. Além
disso, altas concentracfes de IPTG podem ser toxicas para as células de E. coli
(KILIKIAN et al. 2000). Como observamos no planejamento fatorial para GST-uSBU,
altas concentracdes de IPTG ndo resultaram necessariamente em altas concentracfes de
proteina, podendo ser esta toxicidade uma das causas do baixo rendimento. TOMAZETTO
e colaboradores, reportaram que IPTG pode também apresentar toxicidade para humanos,
podendo ser considerado ndo apropriado para a producdo de proteinas para usos
terapéuticos, bem como pode ser um gargalo na producdo de proteinas recombinantes em
larga escala, devido a seu alto custo (TOMAZETTO et al., 2007).

A estabilidade e a solubilidade de proteinas recombinantes séo fatores criticos tanto
na producdo, quanto nos estagios pés-producdo. Tanto uSBU, quanto Jaburetox séo
fusionados a uma cauda, GST e polihistidina, respectivamente. O principal objetivo das
caudas, primeiramente, € facilitar a purificacdo, pois a utilizacdo da cromatografia de
afinidade facilita muito este processo, sendo muitas vezes 0 Unico passo necessario. Outro
fator importante é o aumento de solubilidade, o que foi observado no caso da GST-uSBU.
Quando foi efetuada a clivagem da cauda GST, a proteina clivada precipitou
(MARTINELLI, 2007), dessa forma, a cauda atuou positivamente na solubilidade de
uSBU. Quanto ao Jaburetox, ndo temos informac6es a respeito do peptideo sem a cauda de
histidina, mas observamos que esta cauda ndo afetou a atividade bioldgica de Jaburetox
2Ec e nem de Jaburetox (POSTAL et al., 2012), e por isso mantivemos a cauda de histidina
para as caracterizaces bioldgicas dos peptideos e também na caracterizacdo estrutural de
Jaburetox.

Na literatura sdo relatados trabalhos nos quais proteinas fusionadas a GST,
mantiveram suas atividades bioldgicas. SPIEZIA et al. (2012) expressaram conotoxina V2
de Conus ventricosus fusionada & GST. A proteina fusionada apresentou elevada atividade
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inseticida em uma dose de 100 pM por grama de peso das larvas de Galleria mellonella.
Os autores relataram que devido a elevada hidrofobicidade da conotoxina, ndo foi possivel
clivar a cauda de GST, por isso, utilizaram a proteina fusionada no ensaio biologico e
como controle GST, estratégia utilizada também em nosso trabalho. GST nédo apresentou
toxicidade a G. mellonella. Outro grupo relatou a produgdo heteréloga em E. coli da
proteina de fusdo heparinase | de Bacteroides thetaiotaomicron, fusionada a GST. A
proteina fusionada facilitou a purificacdo, permitindo a realizacdo de apenas um passo
cromatografico, bem como a heparinase I-GST exibiu pardmetros cinéticos similares
comparados a heparinase | ap6s a remocdo da GST. Além disso, a presencga da cauda de
GST facilitou a imobilizacdo de heparinase | em fase solida (LUO et al., 2007). DELLA-
CASA et al. (2010) reportaram o isolamento de uma desintegrina, a partir de veneno de
Bothrops insularis, denominada Insularina. Neste trabalho também foi realizada a
expressdo de Insularina recombinante fusionada a GST. A proteina nativa e a recombinante
inibiram a agregacao de plaquetas induzidas por ADP e também atuaram na inibigdo da
adesdo de células endoteliais. Igualmente ao que observamos em nosso trabalho, a remogéo
da cauda de GST foi seguida da precipitacdo de Insularina, sendo que o grupo optou por
trabalhar com a proteina fusionada, utilizando, da mesma forma, GST como controle.
Evitar a agregacdo durante a producdo é um grande desafio, porém mesmo quando
as proteinas sdo obtidas na forma sollvel, podem apresentar tendéncia a agregacao,
especialmente se sdo estocadas e manipuladas em altas concentragbes (VAZQUEZ,
CORCHERO, & VILLAVERDE, 2011). No caso da analise de RMN do Jaburetox, obter a
estabilidade do peptideo era um fator crucial e limitante. Esta técnica requer que a proteina
esteja estavel por pelo menos 7 dias, exposta a temperatura de 25 °C (para simular uma
condicdo mais proxima da condicdo fisiologica) e em alta concentracdo (1 mM). Para
estabilizar o Jaburetox, foi necessario alterar a formulacdo do tampé&o de estocagem, uma
vez que, em Varios trabalhos do grupo haviamos observado a tendéncia a agregacdo do
Jaburetox, principalmente em pHs mais &cidos. Em trabalhos anteriores, tanto Jaburetox-
2Ec, quanto Jaburetox haviam sido utilizados Ditiotreitol (DTT) (BARROS et al., 2009) ou
B-mercaptoetanol. Dessa forma, substituimos o agente redutor utilizado na formulacéo por
TCEP. O TCEP atua em uma ampla faixa de pH, entre 1,5 a 8,5, apresentando maior
estabilidade e poder redutor que o DTT. Além disso, a fosfina da estrutura do TCEP é

comparativamente mais estavel do que o grupamento tiol do DTT em contato com o ar.
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Outra vantagem é poder utilizar o TCEP em presenca de Ni*, pois este metal néo afeta o
TCEP, ao contrario do DTT que é prontamente oxidado (HAN & HAN, 1994; GETZ et al.,
1999; CLINE et al., 2004). Ndo encontramos estudos comparativos entre TCEP e B-
mercaptoetanol na literatura, porém verificamos na rotina de laboratério e em algumas
analises de SLS, que o Jaburetox apresenta tendéncia a agregar quando estocado em
tampoes contendo P-mercaptoetanol. Apesar do Jaburetox ndo formar pontes dissulfeto na
sua forma monomérica, a importancia de se utilizar um agente redutor, bem como um
quelante de metais, como o EDTA, na formulacdo do tampdo de estocagem, sdo
importantes para prolongar o tempo de vida da proteina (BOIVIN et al., 2013).

Visando aplicacdo biotecnoldgica do Jaburetox, estamos trabalhando com o
encapsulamento deste peptideo em nanoparticulas lipidicas, a fim de preparar uma
formulacdo para uso agrondémico e farmacéutico. Foram realizados testes de pre-
formulacdo, pois o preparo de nanoparticulas envolve aquecimento, para a fusdo dos
lipidios. Nestes testes o peptideo foi mantido por 30 minutos a temperaturas que variaram
entre 40 a 100 °C. Observamos que a incubacdo ndo trouxe prejuizo para sua atividade
antifangica contra Pichia membranifasciens, sendo que em algumas temperaturas houve
um aumento da atividade antifungica do peptideo (TICHOTA, 2014). Esta
termoestabilidade esta de acordo com o fato do Jaburetox pertencer a classe das proteinas
intrinsicamente desordenadas. Esta termoestabilidade faz o peptideo ter grande interesse
biotecnoldgico nas mais diversas areas. Podemos explorar, de forma mais detalhada,
possiveis aplicacbes do Jaburetox em outras areas, como por exemplo, no uso deste
peptideo como conservante para a Indastria Alimenticia, principalmente devido a sua
atividade antiflngica. Vale destacar que a atividade antifingica do Jaburetox é de 2 a 3
ordens de grandeza mais potente do que a de outras proteinas e peptideos antifingicos
obtidos de plantas ja conhecidos (POSTAL et al., 2012), e o peptideo parece ser inGcuo
para mamiferos, seja injetado ou por via oral (MULINARI et al., 2007). Estudos para
verificar se o Jaburetox é ativo contra bactérias estdo sendo conduzidos pelo nosso grupo e
poderdo ampliar ainda mais as futuras aplicacdes deste peptideo, mediante prévios estudos

de toxicidade.
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6. ANEXO

TECNICAS PARA ESTUDOS ESTRUTURAIS E DE ENOVELAMENTO DE
PROTEINAS E PEPTIDEOS

6.1. RESSONANCIA MAGNETICA NUCLEAR

Os concomitantes avangos em biologia molecular e em espectroscopia por
Ressonancia Magnética Nuclear (RMN) multidimensional tiveram como reflexo um
aumento surpreendente na utilizacgdo do RMN, a fim de obter informacOes estruturais e
dindmicas de macromoléculas biologicas, incluindo &cidos nucleicos, carboidratos e
proteinas. Essa combinacdo Unica de determinacdo de estrutura e de dinamica, é que torna
a técnica de RMN importante, em particular nos sistemas que ja sdo inerentemente
dindmicos, como as IDPs. A estrutura tridimensional de uma proteina, determinada a partir
de dados de RMN, consiste em um conjunto de diferentes conférmeros que igualmente
satisfazem as restricbes experimentais (FERELLA, ROSATO, & TURANO, 2012;
ALMEIDA, 2014). A possibilidade de medir movimentos na escala de tempo de ns a ms
tem revelado a complexidade de conjuntos de conférmeros de proteinas em solugdo. A
dindmica do backbone de uma proteina pode ser monitorada por medidas de relaxacéo,
tipicamente relaxacao longitudinal *°N (T1), relaxacdo tranversal *°N (T2) e Efeito Nuclear
Overhauser >N-'H NOE (Nuclear Overhauser Effect) heteronuclear (NEVES et al., 2010).

O espectro bidimensional de 'H-N HSQC (heteronuclear single-quantum
coherence), onde cada pico corresponde ao nitrogénio amidico de um aminoacido do
backbone da proteina, € uma importante técnica de screening para determinar o grau de
enovelamento de uma proteina, bem como a qualidade da amostra. Quando o espectro de
'H->"N HSQC é de uma proteina totalmente enovelada, todos os picos s&o intensos e
distribuidos em um ampla faixa de deslocamento quimico e o ndmero de ressonancias
atribuidas as amidas do backbone conferem com o nimero de residuos da proteina (com
excecdo das prolinas). Em proteinas parcialmente desenoveladas, 0s picos sdo menos
dispersos na dimensdo do 'H, os picos mais intensos sdo largos e colapsados em uma

regido estreita ao redor de 8,5 ppm, tipico de estruturas random coil. Picos fora desta faixa
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sdo fracos. Por fim, proteinas completamente desenoveladas apresentam espectro com
picos colapsados, localizados proximos a 8,3 ppm na dimensdo de deslocamento quimico
do 'H. A resolucdo também diminui com o aumento do grau de desenovelamento
(FERELLA, ROSATO & TURANO., 2012; ALMEIDA, 2014).

Para o estudo de proteinas por RMN, cada sinal de ressonancia deve ser associado a
um nucleo especifico. Este processo € denominado de atribuicdo de ressonancias. A
atribuicdo das ressonancias de uma proteina é obtida através da anélise em conjunto dos
espectros de NOESY (Nuclear Overhauser Effect), TOCSY (Total Correlated
Spectroscopy), espectros bidimensionais, heteronucleares e de tripla ressonancia, onde o
intuito é correlacionar cada um dos sinais de ressonancia encontrados nestes espectros,
com o0s protons, carbonos e nitrogénios de cada um dos aminoacidos da proteina, sendo
assim, necessario o conhecimento prévio da sequéncia de aminoacidos da proteina em
estudo (ALMEIDA, 2014).

Atualmente, o nimero de estruturas resolvidas por cristalografia, depositadas no
Protein Data Bank, supera em aproximadamente cinco vezes as resolvidas por RMN
(ALMEIDA, 2014; CAPRILES et al., 2014). Uma das vantagens da técnica de RMN em
relacdo a técnica de Cristalografia de Raios X, é que ndo é necessaria a cristalizagao prévia
da amostra, um fator limitante para a cristalografia. A analise por RMN ¢ realizada em
solucéo, condicdo que € mais proxima da fisioldgica. Contudo, a técnica de RMN necessita
que a proteina esteja soltvel e em altas concentragdes, no minimo 1 mM. Normalmente ha
a necessidade de marcacéo desta proteina com isétopos *3C e °N, o que aumenta os custos
da analise. Uma outra limitacdo inerente desta técnica, € que a mesma esta limitada a
proteinas de tamanhos pequenos a médios (de até 30 a 40 kDa), 0 que ndo ocorre com a

técnica de cristalografia.

6.2. CRISTALOGRAFIA POR DIFRACAO DE RAIOS X

A Cristalografia de raios-X moderna apresenta aplicagdes amplas nas ciéncias dos
materiais, quimica, mineralogia, fisica e biologia. Sua aplicacdo para determinacdo da

estrutura tridimensional de biomoléculas, com destaque para as proteinas, deu origem a
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cristalografia de proteinas, caracterizada como um processo complexo que engloba uma
variedade de estratégias e métodos tradicionais e modernos, integrando especilialidades
como a fisica, matematica, quimica, biologia, bioquimica e bioinformatica. A técnica de
Cristalografia de raios X é a melhor opcdo para caracterizar estruturalmente proteinas
grandes, ou complexos macromoleculares, a uma resolucdo atdmica. Sistemas que sdo
ainda maiores (ou ndo podem ser cristalizados) podem ser investigados pela
Criomicroscopia Eletrénica (FERELLA, ROSATO & TURANO, 2012; MALUF et al.,
2014). A Criomicroscopia Eletrénica apresenta como vantagens em relacdo as técnicas de
RMN e de Cristalografia de raios X: requerer pequenas quantidades de proteina (0,1 mg
pode ser suficiente), possuir poucas restricdes quanto a pureza da amostra e ndo requerer a
cristalizacdo da proteina. Porém, no que se refere a resolucdo, as técnicas de RMN e
Cristalografia, superam a técnica de Criomicroscopia Eletrénica (BAl, MCMULLAN, &
SCHERES, 2014).

A grande heterogeneidade, insolubilidade e grande polidispersidade de JBU em
solucdo podem ter sido os motivos pelos quais sua estrutura cristalogréafica tenha sido
resolvida apenas 83 anos apoés a cristalizagdo por Sumner em 1926. Além disso, o fato de
JBU ndo ser a unica isoforma de urease em C. ensiformis, aumenta a heterogeneidade da
amostra, impactando significativamente na obtencdo da proteina com elevado teor de
pureza e, consequentemente na qualidade e formacdo dos cristais (FOLLMER, 2008,
MALUF et al., 2014).

O processo para obtencdo da estrutura tridimensional de uma proteina por
Cristalografia de raios X compreende etapas de producdo e purificacdo da proteina alvo,
cristalizacdo, coleta e processamento dos dados, resolucdo da estrutura (empregando
informac0es da sequéncia de aminoacidos e diferentes programas) e, por fim refinamento
da estrutura (CAPRILES et al, 2014).

6.3. DICROISMO CIRCULAR

O Dicroismo Circular (CD, do inglés Circular Dichroism) é uma técnica

espectroscopica utilizada para estudar uma grande variedade de moléculas quirais, tais
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como farmacos, polimeros e biopolimeros, em solucdo. Para sistemas enovelados e
estruturados tridimensionalmente, como proteinas globulares, o CD é uma técnica de baixa
resolucdo quando comparado a RMN e Cristalografia de Raios-X. Isto ocorre porque o
CD, ao contrario destes métodos, nao possui resolucdo atomistica, ou seja, ndo é capaz de
identificar atomos especificos das moléculas em estudo. No entanto, o CD € capaz de lidar

com suas estruturas desordenadas (LIMA et al., 2014).

O CD é uma técnica bem estabelecida e um dos métodos espectroscopicos mais
utilizados em quimica de proteinas. Esta técnica apresenta numerosas vantagens: ndo sendo
necessaria a marcacdo da proteina para a analise, requerendo pequenas quantidades do
material e curto tempo de analise (WHITMORE et al.,, 2010). De maneira geral, os
espectros de CD podem ser utilizados para diversos tipos de estudos, incluindo-se: 1)
enovelamento e estrutura secundaria de proteinas, 2) estruturas de proteinas de membranas
inseridas em bicamadas lipidicas; 3) interacdo entre moléculas; 4) interacbes entre
macromoléculas (destacadamente, proteinas, acidos nucleicos e carboidratos); 5)
monitoramento da integridade estrutural de moléculas sob aquecimento e mudangas de pH;
6) quantificacdo de alteracbes conformacionais; 7) caracterizagdo de dominios de
proteinas, a qual pode ser empregada em compara¢fes com modelos gerados
computacionalmente; 8) analise de carboidratos; 9) cinéetica rapida de enovelamento de
proteinas e montagem de complexos macromoleculares, dentre outros (WOODY, 2015;
LIMA et al., 2014). Além disso, estudos de CD podem ser realizados em solucdo, em
condicBes bem proximas das fisiologicas, fazendo deste método uma ferramenta ideal para
investigar as interagcdes entre moléculas envolvidas nos mais diversos processos biologicos
(LIMA et al., 2014).

O CD é uma técnica de grande valor para o estudo de proteinas em solucgdo, pois
muitos motivos conformacionais incluindo o-hélices, folhas B, bem como proteinas
desenoveladas, apresentam caracteristicas bem definidas no espectro de CD no Ultravioleta
(UV) distante (178-250 nm). Hélices o apresentam grandes bandas de CD com
elipiticidade negativa em 222 e 208 nm, e uma forte banda positiva em torno de 193 nm.
O CD de folhas B exibe uma grande banda negativa de maxima absor¢do em 218 nm e uma
grande banda positiva proximo da regido entre 195-200 nm, enquanto proteinas

desordenadas possuem uma banda larga e fraca proximo a 217 nm e forte banda negativa
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proximo a 200 nm. O espectro de CD de uma proteina é basicamente a soma dos espectros
de seus elementos conformacionais (GREENFIELD, 1999; LIMA et al., 2014).

6.4. ESPALHAMENTO DE LUZ ESTATICO E DINAMICO

O espalhamento de luz é uma das técnicas de maior importancia para caracterizar
macromoléculas e coldides. Estas técnicas sdo muito convenientes e efetivas na
investigacdo do formato, massa, agregacdo e interacbes de moléculas bioldgicas, em
condigdes proximas de seu estado natural. Utilizando moderna instrumentacdo, é possivel
obter informacdo sobre a massa molecular, o raio de giro e raio hidrodindmico da proteina
em estudo (BANACHOWICZ, 2006; BLOOMFIELD, 2000).

O Espalhamento de luz dindmico (DLS, do inglés Dynamic Light Scattering)
determina os parametros hidrodindmicos das macromoléculas em solucdo, como o Raio
Hidrodindmico. Uma vantagem da técnica de DLS comparada a outras técnicas
hidrodindmicas € que a DLS é rapida, ndo invasiva e os estudos podem ser realizados em
uma grande variedade de condi¢des. Ja o espalhamento de luz estatico (SLS, do inglés
Static Light Scattering) permite a determinacdo da massa molecular de particulas, que € um
complemento das medidas das dimensdes hidrodinamicas (GAUST & MODLER, 2012).

A determinacdo da massa molecular de proteinas, muitas vezes, é realizada por
Cromatografia de Exclusdo por Tamanho (SEC, em inglés Size Exclusion
Chromatography) que é um método simples e rapido para estimar a massa molecular de
uma proteina em seu estado nativo, baseando-se no seu volume de eluigdo. Contudo, um
problema relacionado a esta técnica € que o volume de eluicdo depende ndo apenas da
massa molecular da proteina, mas também de seu formato. Outros problemas sdo: o
volume de eluicdo ird mudar, caso ocorra intera¢cdo com a matriz da coluna ou com a fase
movel e para proteinas ou complexos protéicos contendo carboidratos, estes carboidratos
podem causar uma distor¢do no volume de eluicdo. Portanto, a grande vantagem de usar
ndo somente a SEC, mas usar a SEC acoplada ao SLS para a determinacdo da massa
molecular de proteinas, € que a determinacdo da massa molecular é independente do

volume de eluicdo (referida como massa molecular absoluta). Uma vez que o detector foi
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calibrado, os Unicos pardmetros necessarios para o software realizar o calculo da massa
molecular é o indice refractivo diferencial (dn/dc) e a concentracdo da proteina. Além
disso, a SEC pode realizar a prévia separacdo de diferentes estados oligoméricos de uma
proteina, antes da analise de SLS, podendo assim, determinar a massa moleceular de cada
oligbmero em separado (OLIVA & FARIN, 2001; YE, 2006).

6.5. FLUORIMETRIA DIFERENCIAL DE VARREDURA

Técnicas baseadas em desnaturacdo térmica tem sido cada vez mais utilizadas para
caracterizar a estabilidade de proteinas e de interacGes. Estas técnicas tem sido escolhidas
para a realizagdo de screening de proteinas contra bibliotecas de compostos e de condi¢des
Otimas de tampdo, que podem estabilizar as proteinas em estudo, reduzindo agregacao e
precipitacdo das mesmas (SENISTERRA, CHAU & VEDADI, 2012).

Uma das técnicas empregadas, € a técnica de Fluorimetria Diferencial de
Varredura, na qual a proteina é exposta a temperaturas crescentes a uma taxa controlada,
geralmente 1 °C por minuto, variando de 25 °C a 95 °C, na presenga de fluor6foros. O
sinal de fluorescéncia pode ser monitorado utilizando uma variedade de leitores de placa,
incluindo equipamentos de PCR em tempo real, utilizando placas de 96 pocos ou até
mesmo de 384 pocos. A metodologia é baseada no fato de determinados corantes
fluorescentes se ligarem inespecificamente a proteinas. Estes corantes emitem
fluorescéncia quando h& aumento da hidrofobicidade. Para muitas proteinas, 0 aumento
gradual de temperatura tem pouco efeito sobre seu enovelamento da proteina, até atingir
determinada temperatura, na qual a proteina desenovela rapidamente. Neste ponto, a
proteina desenovelada ira expor seu core hidrofobico e o corante ira tornar-se fluorescente.
A curva sigmoidal obtida permite o célculo da temperatura de melting (Tn), que
corresponde a temperatura na qual a proteina estad 50% enovelada e 50 % desenovelada
(BOIVIN, KOZAK, & MEIJERS, 2013; SENISTERRA et al., 2012).

Na otimizacdo de um tampdao para estabilizar uma proteina, desvios na T, maiores
que 2 °C sdo considerados significativos. Um desvio positivo da T, pode ser relacionado a

um aumento de ordem estrutural e reducdo da flexibilidade conformacional, enquanto um
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desvio negativo indica que determinado tampédo induz mudangas estruturais na proteina
para uma conformacao mais desorganizada (BOIVIN, KOZAK & MEIJERS, 2013). As Tn,
obtidas pelo método de fluorimetria diferencial de varredura se correlacionam
adequadamente com os valores de T, determinados por outros métodos biofisicos, como
dicroismo circular, medidas de turbidimetria e calorimetria diferencial de varredura
(ERICSSON et al., 2006).
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7. CONCLUSOES

Capitulo 1

A proteina de fusdo GST-uSBU teve sua expressdo otimizada pela Metodologia de
Superficie de Resposta, obtendo-se quantidade suficiente para o estudo de suas
propriedas bioldgicas;

GST-uSBU apresentou propriedades antifingicas, inseticida e de agregacdo de
plaquetas e de hemacitos;

GST-uSBU ndo apresentou atividade antibacteriana contra bactérias de importancia
medica;

GST-uSBU afeta o metabolismo secundéario de fungos filamentosos, principalmente a
producdo de pigmentos, além de causar mudancas morfoldgicas (producéo de pseudo-
hifas) em leveduras como C. albicans, C. tropicalis e P. membranifasciens;

A proteina de fusdo GST-uSBU mostrou ser um modelo adequado para estudos das

propriedades bioldgicas da urease ubiqua de soja.

Capitulo 2

O peptideo Jaburetox pertence a classe das proteinas intrinsicamente desordenadas, no
estado “pre molten globule”;

O uso do agente redutor TCEP estabilizou o peptideo na sua forma monomérica;

A caracterizacdo como proteina intrinsicamente desordenada foi confirmada pelo
elevado Raio Hidrodinamico determinado por DLS, pelos dados obtidos por CD, pelas
analises de algoritmos de desordem (PONDR) e pela técnica de RMN;

Segundo os dados de RMN, o espectro *H-">N HSQC demonstrou picos sobrepostos e
largos, caracteristicos de IDPs, além disso, os deslocamentos quimicos do backbone
demonstraram a baixa propensdo do Jaburetox a apresentar estrutura secundaria;

A estrutura tridimensional do Jaburetox em solucdo (pH 6,5) apresenta um motivo a-
hélice na regido N-terminal e duas estruturas do tipo volta, uma na regido central do
peptideo e outra proxima da regido C-terminal;

Anaélise de Fluorimetria Diferencial de Varredura, demonstrou que o Jaburetox, apesar

de ser uma IDP, apresenta um certo grau de enovelamento;
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e O RMN-in cell comprovou a natureza desordenada do peptideo dentro da célula de
Escherichia coli;

e Com a utilizacdo de técnicas de Bioinformatica, foram preditas no Jaburetox regides
potenciais de ligacdes com outras proteinas, sendo que a maioria das regides preditas

estdo localizadas na regido N-terminal do peptideo.
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8. PERSPECTIVAS

Estudos Estruturais

o Estudos de oligomerizacdo do peptideo Jaburetox em diferentes tampdes
(condicBes de estocagem e dos ensaios bioldgicos) por espectrometria de massas
MALDI-TOF;

Estudos do Mecanismo de Agdo Antifungico

o Realizar estudos de microscopia confocal e microscopia eletronica de transmissao,
além de citometria de fluxo, buscando evidéncias do mecanismo de acao

fungitdxico de GST-uSBU, Jaburetox e Soyuretox;

o Estudos da acdo de GST-uSBU, Jaburetox e Soyuretox contra biofilmes (evitando
sua formacdo ou eliminando o biofilme), utilizando C. albicans e C. tropicalis

como fungos modelo;

o Realizar ensaios de Fluorimetria Diferencial de Varredura com possiveis ligantes

de fungos e insetos (ex. quitina) com GST-uSBU, Jaburetox e Soyuretox;
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